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Therapy of AML
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1.1 Introduction

As with any disease, there are three general options for
treatment of AML: supportive care only, standard ther-
apy, and investigational therapy. Although, as discussed
below, there are instances where the first option is pref-
erable, the natural history of AML typically mitigates
against it [1]. Since by definition there is much more in-
formation available about standard than about investi-
gational therapy, most patients prefer the former, pro-
vided outcome with it is satisfactory. Hence, this review
will begin by describing standard therapy, with empha-
sis on the factors that predict success following its use.
Subsequent discussion will focus on investigational op-
tions of potential use for patients in whom results with
standard therapy are poor.



2 Chapter 1 - Therapy of AML

The criteria for a diagnosis of AML have changed
with publication of a report sponsored by the WHO
[2]. Previous criteria were those of the FAB group and
required a minimum of >30% blasts [3]. The WHO
has lowered this to >20% blasts, in the process eliminat-
ing the myelodysplastic syndrome refractory anemia
with excess blasts in transformation (RAEB-t). Al-
though data mentioned below suggest that blast counts
between 10-100% are not themselves independent pre-
dictors of outcome, we will adhere to the WHO criterion
in the material that follows.

1.2 Standard Therapy

1.2.1 “3+7"

Standard therapy consists of “induction” and “postre-
mission” phases. The intent of the former is to produce,
and of the latter to prolong, a complete remission (CR)
defined as a marrow with <5% blasts and peripheral
blood with >1000 neutrophils and >100000 platelets.
The importance of CR relates to its ability to prolong
survival. Thus, 40 years ago, Freireich et al. [1] docu-
mented that patients who achieved CR lived longer than
those who did not. The difference in survival time was
entirely due to the time spent in CR, suggesting that this
difference resulted from achievement of CR rather than
from a superior natural history. The risk of relapse from
CR is constant for the first 2 years, but once patients
have been in CR for 3 years it declines precipitously
(to <10%), allowing such patients to be considered po-
tentially cured [4].

For 30 years most patients with AML who have been
treated have received remission induction therapy with
what is commonly called “3+7” The “3” refers to the 3
days on which patients receive an agent (most com-
monly an anthracycline such as daunorubicin or idaru-
bicin) that affects topoisomerase II and the “7” to the 7
days of cytosine arabinoside (ara-C) that accompany
and follow the anthracycline. If blasts remain in a mar-
row aspirated 14 days after beginning therapy (day 14), a
second course is often administered, with the number of
days of anthracycline reduced to 2 and of ara-C to 5. If
the day-14 marrow contains very few blasts, the marrow
is reaspirated weekly until response (CR or reappear-
ance of blasts) becomes clear.

Upon documentation of CR, patients frequently re-
ceive additional courses of anthracycline + ara-C, with

a reduction in the doses or in the number of doses.
While some such therapy is almost certainly necessary
today, the proper amount likely depends on the intensity
of the first several courses. For example, a German AML
Cooperative Group (AMLCG) trial randomly assigning
patients who had received 1 post-CR course to no
further therapy or 3 years of maintenance found that
the latter prolonged relapse-free survival time (RFS)
from 7% to 30% [5]. However, a subsequent randomized
AMLCG trial found much less improvement in RFS
(28% vs. 35% at 3 years) and no difference in survival
when patients in the no-further-therapy group received
a more intense induction regimen and one intense post-
remission course [6]. Regarding the specific number of
postremission courses to administer following a first
course of 3+7, the British NCRI (formerly MRC) group
found no difference between 4 and 7 courses [7].

1.2.2 Outcome Following 3+7

CR, survival, event-free survival, and relapse-free sur-
vival rates are very variable after administration of
3+7; substantial numbers of patients die within a few
weeks of beginning therapy and substantial numbers
are potentially cured. Thus, speaking of an average out-
come is not particularly informative. As with all anti-
AML therapy, two general types of variables are asso-
ciated with outcome: those that predict treatment-re-
lated death before response to induction therapy can
be evaluated (“TRD”) and those that predict true resis-
tance to therapy. The criterion for “early death” is some-
what arbitrary. Very few patients achieve CR before day
21. Thus, deaths before day 21 are true early deaths re-
sulting from supportive care failure. However, half the
patients who will achieve CR have done so by day 35. Ac-
cordingly, failure in patients who die between days 21
and 35 and who have not achieved CR is due to both fail-
ure of supportive care and resistance. Beyond day 35, re-
sistance to therapy becomes increasingly responsible for
failure to enter CR. In CR, treatment-related mortality is
rare (5-10%) in contrast to relapse from CR (50-100%).

1.2.3 Predictors of TRD

The principal predictor of TRD is pretreatment perfor-
mance status. Table 1.1 illustrates that the proportion of
patients who are bed-ridden most (performance sta-



Table 1.1. Effect of performance status and age on
treatment-related death (TRD) rates

Age Perfor- Pa- Dead Dead
mance tients by by
status day 21 day 35
(Zubrod)
<50 <3 490 3% 5%
<50 >2 37 32% 46%
50-59 <3 361 4% 7%
50-59 >2 28 25% 38%
60-69 <3 372 7% 11%
60-69 >2 45 43% 50%
70-79 <3 328 8% 17%
70-79 >2 46 52% 68%
80 <2 60 16% 26%
80 >2 10 40% 70%

tus 3), or all (performance status 4) of the time in-
creases with increasing age. However, performance sta-
tus is more important than age. Thus, while the propor-
tion of patients dead 5 weeks after beginning treatment
rises from 5% to 26% as age increases from <50 to 8o,
patients with performance status 3—-4 but who are below
age 50 have higher TRD rates than more ambulatory pa-
tients age >8o.

Renal and hepatic function may also be more useful
in predicting TRD than age. For example, in patients
with performance status <2 and calling a bilirubin or
creatinine >1.9 abnormal, TRD rates within 35 days of
beginning treatment were 5% (43/808), 21% (7/34),
13% (91/688), and 36% (21/58) among, respectively,
patients age <60 with normal pretreatment bilirubin
and creatinine, patients age <60 with abnormal biliru-
bin or creatinine, patients age >59 with normal biliru-
bin and creatinine, and patients age >59 with abnormal
bilirubin or creatinine. The ability of various “comor-
bidity” scales to predict TRD independent of perfor-
mance status, age, and organ function is also being eval-
uated [8, 9].

1.2 - Standard Therapy 3

1.2.4 Cytogenetics as the Principal Predictor
of Resistance in AML

For many years cytogenetic findings in AML blasts have
been the principal predictor of relapse from CR, or fail-
ure to achieve CR despite living long enough (e.g., >35
days) to plausibly have done so [10-12]. Three groups
can be distinguished. A better-prognosis group consists
of patients with a pericentric inversion of chromosome
16 [inv 16] or a translocation (t) between chromosomes
8 and 21 (t 8;21); less often there is a t(16;16). Each of
these abnormalities disrupts the function of a transcrip-
tion factor (“core binding factor,” CBF) regulating the
expression of genes important in hematopoietic differ-
entiation [13]. At most 10% of unselected patients have
CBF AML; these patients are typically age <6o0. A
worse-prognosis group includes patients with monoso-
mies, or deletions of the long arms, of chromosomes 5
and/or 7 typically accompanied by several additional
chromosome abnormalities. Patients with such “-5/-7
AML” constitute 30-40% of all patients, are usually old-
er (>50-60), and disproportionately have “secondary
AML)” i.e., a history of abnormal blood counts for >1
month before the diagnosis of AML (“antecedent hema-
tologic disorder”, AHD) or have received alkylating
agents for other conditions, e.g., breast or ovarian can-
cer or lymphoma. Some consider the rare patients with
inv (3)/t (3;3), t(6;9), t(6;511), t(11;19) or >3 abnormalities
without -5/-7 to belong to the worse prognosis group.
The remaining 50-60% of patients primarily consist
of the 35-40% of all patients with a normal karyotype;
these patients comprise an “intermediate” prognosis
group, whose prognosis bears more resemblance to
the worse- than the better-prognosis group.

1.2.5 Effect of Higher Doses of Ara-C

The significance of cytogenetics applies not only to pa-
tients given 3+7 but also to patients given higher doses
of ara-C, e.g., 0.4-3 g/m*/dose; the 0.4-1.5 g/m” dose is
often called “intermediate-dose ara-C” (IDAC); doses in
the 2-3 g/m2 range are known as “high-dose ara-C
(“HDAC)”); in particular, the benefit obtained with
IDAC/HDAC is proportional to sensitivity to the “stan-
dard” doses used in 347 (100-200 mg/m? daily x7). In a
seminal study randomizing patients in CR among dif-
ferent doses of ara-C [14], Cancer and Leukemia Group
B (CALGB) showed that HDAC’s biggest impact was in
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CBF AML where it produced average cure rates in excess
of 50%. In the normal karyotype group, IDAC and
HDAC were equivalent, with each superior to standard
doses, i.e., those in 3+7. In the worse-prognosis group
any differences among HDAC, IDAC, and standard
doses were small relative to the poor outcome observed
with all three doses. NCRI data suggest that similar re-
sults can be obtained in CBF AML with IDAC as with
HDAC [10], leading to an NCRI trial randomizing be-
tween these 2 doses.

1.2.6 Beyond Cytogenetics

Although cytogenetic findings remain the most impor-
tant prognostic factor in AML, there is considerable
variability in outcome particularly within the inter-
mediate and favorable groups. The presence of (a) sec-
ondary AML, (b) “white blood cell index,” (c) “second-
ary” chromosome abnormalities superimposed on the
primary abnormalities noted above, and (d) molecular
abnormalities such as gene mutations and deregulated
gene expression are useful in unravelling this heteroge-
neity. The poorer outcome in secondary rather than in
de novo AML is well known and appears independent
of the association between secondary AML and worse-
prognosis cytogenetics [15]. Nguyen et al. for the French
AML Intergroup found that relapse-free survival in pa-
tients with t (8;21) given IDAC (or an allogeneic trans-
plant) varied as a function of a “white blood cell index”
defined as [WBCx% marrow blasts]/i00 [16]. Long-
term RFS was >75% with an index <2.5, 60% with an
index 2.5-20, and 30% with an index >20. In general,
the presence of secondary chromosome abnormalities
has little affect on prognosis. However, the German
AML Intergroup and Cancer and Leukemia Group B
(CALGB) have shown that trisomy 22 improves re-
lapse-free survival in inv [16] AML [17, 18], while the
German group has also shown that a missing Y chromo-
some is associated with shorter survival t(8;21) [17]. Of
more general interest, mutations in receptor tyrosine ki-
nases (RTK), such as KIT, and in RAS genes have been
found in 25% of cases of inv 16 AML and in 10% of cases
of t(8;21) AML; KIT mutations appear associated with an
inferior prognosis [19-22].

Given its frequency, the normal karyotype group is
the one in which prognostic heterogeneity is most prob-
lematic. Such patients often have molecular abnormali-
ties involving FLT3, NPM1, CEBPA, MLL, RAS, BAALC,

or EVLi1. Internal tandem duplications (ITD) within
the juxtamembrane domain of the RTK FLT3 occur in
28-34% of patients with normal karyotype AML and
are consistently associated with a significantly inferior
outcome [23-27]. An additional 10-15% of these pa-
tients have mutations within the activation loop of the
second tyrosine kinase domain (TKD) [25, 26, 28, 29].
A recent meta-analysis suggests that FLT3 TKD muta-
tions also negatively affect RFS, although the British
NCRI group has recently reported a favorable effect
[30, 31]. The most common somatic gene alterations in
AML are mutations in the nucleophosmin (NPMi)
gene, resulting in cytoplasmic rather than nuclear lo-
calization of the NPM1 protein. NPM1 mutations have
been reported in 48-64% of normal karyotype AML
[32-36]. Recent studies have found that overall surviv-
al (OS) and relapse-free survival (RFS) are signifi-
cantly better in NPMi+/FLT3 ITD- patients contrasted
with NPMi- and NPMi+/FLT3 ITD + patients [32-36].
NRAS/KRAS mutations occur in approximately 18% of
normal karyotype AML [37]. Although no consistent
prognostic effect has yet been shown, there may be
such an effect after accounting for mutations in other
genes, such as dominant negative mutations in the
transcription factor CEBPA and partial tandem dupli-
cations (PTD) in the MLL1 gene, which occur in 15-
18% and 8-11% of normal karyotype cases, respec-
tively. CEBPA mutations are associated with superior
OS and RFS [38-40], while MLL1 mutations predict
for inferior RFS without significant effect on OS [41-
44]. A significant negative prognostic effect on these
two outcomes has also been reported in cases with
aberrant overexpression of BAALC, a gene that is phy-
siologically expressed in brain tissue and in hemato-
poietic progenitor cells [45, 46].

Genome-wide gene expression profiling based on
DNA microarrays has provided additional prognostic
information [47-49]. In particular, hierarchical cluster-
ing has identified two normal karyotype-predominant
classes that differed in OS, and a gene expression pre-
dictor emerged as the strongest prognostic factor in
multivariate analysis. These findings have been vali-
dated prospectively in an independent data set [50].

Table 1.2, based on outcome in younger adults given
anthracycline + IDAC/HDAC, provides a prognostic sys-
tem combining genetic and cytogenetic information.
The value of cytogenetics in predicting RFS can also
be enhanced by incorporating information regarding
response to induction therapy [51].



Table 1.2. Approximate 3-year event-free survival prob-
abilities based on cytogenetic and molecular findings in
younger adults treated with anthracycline + IDAC/
HDAC

Group

EFS >75% t(8;21) with WBC index <2.5 and
without kit mutation

inv(16), +22 and without kit mutation

EFS 50-75% Other inv(16) without Kit mutation
t(8;21) with WBC index 2.5-20 and
without kit mutation

Normal karyotype and CEBPA+
Normal karyotype and NPM1+/FLT3
ITD-

del(9q)

EFS 25-50% Inv 16 with kit mutation

(8;21) wit WBC index >20 or

with kit mutation

t(9;11)

Normal karyotype and NPM1-/FLT3
ITD-

Normal karyotype and NPM1+ or —/
FLT3 ITD+

Normal karyotype and MLL1 PTD+

inv(3)/t(3;3)

t(6;9)

t(6;11), t(11;19)

abn(12p)

+8

+11

+13

+21

-5/-7 not as sole abnormality

EFS <20%

Complex karyotype

1.2.7 Effect of Allogeneic Stem Cell Transplant
(Allo SCT)

Although first used in patients with chemotherapy-re-
sistant AML, the most frequent use of allo SCT has been
in patients in first CR. Controversy over whether such
patients should receive an allo SCT rather than continue
the therapy that produced CR has been unabated for 25
years. A disinterested observer might thus suspect that
any differences between chemotherapy and allo SCT,
as commonly practiced, must be relatively small.
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Examination of the literature suggests that such is
the case. Formal comparisons between allo SCT and
chemotherapy in first CR typically find that the propor-
tion of patients who do not receive allo SCT, although
they have been assigned to the procedure because suit-
able donors exist, is higher than the proportion of pa-
tients without donors who do not receive chemotherapy
[52, 53]. It is suspected that patients assigned to a treat-
ment but who do not receive it have worse prognoses
than patients who receive the treatment. To avoid such
“selection bias,” comparisons involve patients with a do-
nor, regardless whether the patients receive allo SCT,
and patients without a donor. Such “biologically ran-
domized” comparisons, after eliminating from analysis
patients in the no-donor group who have an event in CR
before the average patient with a donor is transplanted,
typically find that the donor group has longer RES (de-
spite higher TRD rates) but similar OS [52-55]. Thus,
while the rate of TRD + relapse is lower with allo
SCT, patients in the no-donor group live longer once re-
lapse has occurred.

In light of the prognostic heterogeneity of AML, it is
important to assess whether particular groups do better
with allo SCT, in particular patients with “poor prog-
nosis” cytogenetic, or molecular, features, or younger
patients (given the effect of age on TRD, which averages
20-25% after allo SCT), Slovak et al. [12] reported that
relative risks of death in patients assigned chemother-
apy rather than allo SCT were as follows: 2.04 if favor-
able cytogenetics, o.70 if intermediate cytogenetics,
and 1.82 if unfavorable cytogenetics. However, of rele-
vance in the favorable and intermediate groups, patients
assigned chemotherapy received only 1 course of IDAC/
HDAC, and of relevance given the small sample sizes
(each of the 95% confidence intervals included 1.00)
the prognostic heterogeneity of each of the cytogenetic
groups may have affected the conclusions. The paper of
Burnett et al. [54] seems to address these criticisms giv-
en the authors’ use of a more intense chemotherapy reg-
imen in their no donor group, and their use of a prog-
nostic index that incorporated information about re-
sponse to induction into their cytogenetic classification
[51]. With sample sizes approximately three-fold greater
than those of Slovak et al., they found that the only do-
nor group that had superior OS was the intermediate
prognosis group (p =0.02, 56% Vvs. 45% at 7 years). They
noted that “in the absence of an overall survival benefit,
this could be a chance subgroup effect, and it would not
be valid to conclude that there was definite evidence of
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benefit” A donor-no donor comparison by Jourdan et
al. [55] also found that only the intermediate prognosis
donor group had superior OS (p=0.02, 55% vs. 70% at 7
years), although the same comment about subgroup ef-
fect can be made, in addition to which only 79% in the
no-donor group received >1 course of IDAC/HDAC, and
the authors’ prognostic index incorporated WBC count
and FAB category, neither commonly recognized as par-
ticularly “prognostic,” in addition to cytogenetics and
response to the first course of treatment. Two groups
have used a donor-no donor comparison to examine
the effect of allo SCT in patients with poor prognosis
molecular abnormalities. The NCRI found equivalent
OS and REFS in patients with a FLT3 ITD [56] (68 donor,
114 no-donor patients), while examining patients who
were NPMi- or NPMi+/FLT3 ITD + the German-Aus-
trian AML group reported longer RFS in the donor
group (p=0.001, e.g., 60% Vs. 40% at 2 years) [33];
OS was not reported.

All the patients in the Jourdan et al. [55] paper were
age <45, while those in the papers of Slovak et al. [12]
and Burnett et al. [54] were age <56. Only the latter pa-
per examined the effect of age, finding no difference in
OS among patients aged 0-14, 15-34, or 35-56 according
to whether they were in the donor or no-donor group.
This finding, which contradicts prior belief that patients
less than 20-30 years old should receive an allo SCT in
first CR, resulted from improvements in chemotherapy
(e.g., use of IDAC/HDAC). It is not implausible that
similar improvements may eventually affect SCT. For ex-
ample, TRD rates may be reduced by use of peripheral
blood as the stem cell source or by using reduced-dose
conditioning regimens (discussed in the section on in-
vestigational treatments), thus altering OS in favor of
allo SCT. However, there are currently no data indicat-
ing that allo SCT prolongs OS in any patient in first
CR; furthermore, allo SCT typically has more long-term
complications than chemotherapy. If conventional allo
SCT is performed, there seems to be no advantage to ad-
minister HDAC or other postremission therapy prior to
transplantation.

While the donor-no donor comparison approach
has obvious value, it tends to mask the value of allo
SCT in patients who are fit enough to undergo the pro-
cedure. Thus, a transplant-no transplant comparison
might also be of interest. Lending credence to perform-
ing this type analysis is the NCRI’s report that patients
with a donor who were not transplanted had similar
outcomes as patients without a donor [54]. Of course,

if the proportion of patients with a donor who receive
allo SCT is sufficiently low, the transplant-no transplant
comparison becomes primarily of academic interest. In
this regard, it has been shown that even in relatively
young patients the impact of allo SCT on the manage-
ment of AML is quite small [57, 58].

1.2.8 Effect of Autologous Stem Cell Transplant
(Auto SCT)

In several of the studies discussed above, patients in the
no-donor group were randomized between chemother-
apy and auto SCT in first CR. Comparisons of the latter
two strategies may be confounded if, as in the NCRI
trial, both groups get the same amount of chemother-
apy, with the chemotherapy group then stopping treat-
ment, but the auto SCT group then proceeding to auto
SCT [59]. Typically studies report longer RES with auto
SCT, but have not found longer OS, either on average or
in any subgroup [52, 53]. While there is little doubt that
TRD rates with auto SCT will decline thus possibly tilt-
ing the OS balance in its favor vis a vis chemotherapy;, it
is also plausible that this balance might be shifted to
favor chemotherapy if new non-SCT, such as those dis-
cussed below, reduce the risk of relapse.

1.2.9 Effect of Colony Stimulating Factors (CSFs)

As with auto SCT, the space devoted to a discussion of
CSFs in a current review of treatment of AML is much
less than would have been the case several years ago, re-
flecting a decreased interest in such therapy. CSFs and
specifically G- and GM-CSF have neither decreased
TRD (or serious morbidity) when administered dur-
ing/after anthracycline + ara-C [60, 61] nor decreased
resistance (e.g., by “priming” blasts to the effects of
these drugs) when given before/during such therapy
[62-64]. An exception was a trial [65] randomizing
640 patients aged 18-60 to receive or not receive G-
CSF in conjunction with 2 courses of standard dose
ara-C, the first with idarubicin and the second with am-
sacrine, whose mechanism of action is presumed simi-
lar to that of idarubicin. Idarubicin was given on days
6-8, rather than days 1-3 as in the usual 3+7 regimen,
and amsacrine on days 4-6, rather than 1-3. The authors
hypothesized that delayed administration would prevent
interference of the “cell-cycle-dependent synergy” be-



tween G-CSF and ara-C. G-CSF did not affect outcome
in unfavorable prognosis patients (defined to include
those with secondary AML), but improved RES in inter-
mediate-prognosis patients (as defined by cytogenetics
and de novo AML) at 4 years from 33 +/3% to 45 +/
3%. There currently appear to be few large trials at-
tempting to confirm this result; until then there is no
reason to routinely use G- or GM-CSE. Rather, a 3- to
4-day trial of these CSFs might be tried in patients
who have developed serious infections while still neu-
tropenic after chemotherapy.

1.2.10 Candidates for “Standard” Therapy

As noted in the introductory paragraph, the fundamen-
tal principle underlying treatment of AML is to use the
prognostic information illustrated in Tables 1.1, 1.2 to
decide which patients are candidates for standard ther-
apy. “Standard therapy” is defined here as therapy
whose results are well known. It thus primarily consists
of 3+7, of IDAC/HDAC +/- anthracycline, and of allo or
auto SCT, as commonly administered, e.g., using cyclo-
phosphamide and busulfan as the preparative regimen.
In the following discussion we will focus on cytoge-
netics assuming that the molecular tests cited in Table
1.2 are routinely unavailable, but will include discussion
as to how the latter might affect management. The gen-
eral algorithm we will use is presented in Table 1.3. In
principle, the best way to identify patients at low risk
of TRD would almost certainly be via a predictive
“model” that incorporates performance status, age, or-
gan function, and various comorbidities [66]. Regretta-

Table 1.3. General approach to management of AML

Probability Probability of Therapy

of TRD resistant AML

Low Low Standard, includ-
ing IDAC or
HDAC

Low High Investigational
(high intensity)

High Low Standard without
IDAC/HDAC

High High Investigational

(low intensity)
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bly however, age is often used alone as a surrogate for
risk of TRD. Currently, the significance of this practice
is reduced given that investigational drugs are unavail-
able for patients with poor performance status, abnor-
mal organ function, or significant comorbidities. At
any rate we will use >60-65 as the age associated with
an increased risk of TRD. It should be recognized how-
ever that each additional year of age beyond age 18 is as-
sociated with a poorer prognosis, i.e., any age cut-off is
arbitrary [67].

1.2.10.1 Younger Patients (Age <60)
with CBF AML

These patients should receive IDAC or HDAC. This rec-
ommendation is supported by the CALGB trial de-
scribed in the section on IDAC/HDAC. There are con-
flicting data regarding whether, once HDAC is given
(with an anthracycline) during induction, further
HDAC is of value during postremission therapy. A
SWOG trial suggested “yes” [68], an Australasian Leu-
kemia and Lymphoma Group trial suggested “no”
[69]. Patients with CBF AML were a minority in both
studies’ patients; the Australasian, but not the SWOG,
study administered etoposide in addition to idarubicin
and ara-C. While it is thus difficult to fault a practice
administering IDAC/HDAC only as part of postremis-
sion therapy, the author believes that the potential ben-
efit from giving IDAC/HDAC during both induction and
postremission phases is sufficiently high to justify this
practice in patients whose risk of TRD is extremely
low, e.g., performance status 1, age <50. Retrospective
surveys by CALGB suggest that 3-4 consecutive postre-
mission cycles of HDAC (cumulative dose: 54-72 g/m?)
are superior to one cycle (18 g/m*) [70, 71]. However,
since the patients given only 1 cycle did not receive
any other ara-C in remission, the CALGB results speak
primarily to the effectiveness of ara-C rather than to
value of 3 or 4 postremission cycles of HDAC. Indeed,
results of the German AML Intergroup survey [17]
suggest that two cycles of HDAC - in combination with
an anthracycline or mitoxantrone - are equally effective
as 3 or 4, and that there is no prognostic impact of
HDAC on RFS in a dose range between 20.8 g/m* and
56.8 g/m”. Furthermore, use of only 1 cycle of HDAC
consolidation in the British AML1o study [10] produced
results in patients with CBF AML similar to those seen
with 3 or 4 postremission courses in the CALGB studies.
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Nonetheless, for reasons similar to those explaining his
preference for IDAC/HDAC during both induction and
postremission therapy, the author would favor adminis-
tration of 3 or 4 postremission cycles. Neither allo SCT
nor auto SCT should be used in the average CBF patient
in first CR.

CBF patients with KIT mutations and t(8;21) patients
with WBC index >20 have much less favorable out-
comes than other patients with similar cytogenetics
[19-22] (Table 1.2). Such “poor-prognosis” CBF patients
might be candidates for investigational therapy pro-
vided large elements of the standard therapy described
above are retained in deference to the 25-50% success
rate even in such poor-prognosis patients. For example,
a tyrosine kinase inhibitor might be added in patients
with KIT mutations.

Other candidates for standard therapy are those age
<60 (low risk of TRD) with a normal karyotype who
have either a CEBPA mutation or have an NPM muta-
tion and have wild-type FLT3 (50-75% success rate, Ta-
ble 1.2). Given the low-risk of TRD, the author favors use
of IDAC/HDAC with anthracycline during both induc-
tion and postremission phases.

1.2.11 Candidates for Investigational Therapy

1.2.11.1 Elderly Patients (Age >60-65)

Table 1.4 presents results of trials investigating standard
therapy in elderly patients. The depicted average medi-
an survival times of 10 months make it difficult to rec-
ommend standard therapy to many such patients. This
is particularly so given the 15-20% risk of TRD occur-
ring during the approximately 1-2 month remission in-
duction period (Table 1.4), noting that some of the trials
shown in Table 1.4 limited eligibility to patients with
better performance status, normal organ function, and
no major infection. Reducing the doses/duration of an-
thracycline and/or cytarabine has decreased both early
mortality and the anti-AML efficacy of treatment, re-
sulting in no improvement in survival [76]. Addition
of G-CSF or GM-CSF to an anthracycline + ara-C, sub-
stitution of mitoxantrone for an anthracycline, or use of
single agent gemtuzumab ozogamycin [77] have also
failed to lengthen survival (Table 1.4).

It is useful to attempt to identify groups of older pa-
tients for whom standard therapy might be reasonable.
Two such groups are patients CBF AML and patients
with a normal karyotype, who are age 60-69, have de
novo AML, a Zubrod performance status o-2, normal

Table 1.4. Outcomes in older patients given anthracycline + Ara-C

Study Patients Median Probability
[reference] survival survival at
2 years
ECOG [72] 234, 7-8 months ~ 20%
age 256
NCRI (for- 1314, ~ 12 months ~ 25%
merly MRC), age 256
(AML 11)
[7]
SWOG [73] 161, 9 months 19%
age >56
HOVON 211, ~ 10 months ~ 25%
[74] age =260
M.D. 31, >12 months ~ 20%
Anderson age =265
[75]

CR Induction Comment

rate death rate

41% 19% Results same with dauno-
rubicin, idarubicin, or mito-
xantrone and +/- GM-CSF
priming

62% 16% Results same with 1 or 4
courses post-CR and
+/- G-CSF starting 8 days
after end induction

43% 15% Survival worse with mito-
xantrone + etoposide

48% 15% Results same +/- PSC-833

48% Not given Ara-C at 1.5 g/m? daily x3;

survival worse with single
agent gemtuzumab
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Fig. 1.1. Survival probabilities in three groups of elderly patients.
Black line denotes patients with inv(16) or t(8;21) (n=22), gray line
denotes patients with a normal karyotype and de novo AML who
were age 60-69 with a good performance status, normal pretreat-
ment organ function, and no pretreatment infection (n=54), while
dashed line denotes other patients (n=627). The differences be-
tween the first two groups, on the one hand, and the third group, on
the other (p <0.001), suggest that while standard therapy might be
appropriate for the first two groups, it is not for the third group.

values for bilirubin and creatinine, and no pretreatment
infection. Both groups had a median survival of 18
months following various cytarabine-containing regi-
mens, as given at M.D. Anderson Hospital (MDA), with
only a 5-10% TRD rate (Fig. 1.1). However, the probabil-
ities of being in CR 3 years after initial diagnosis, corre-
sponding to the time when patients can be considered
“potentially cured” ranged between 9% and 16%. Given
these data, some patients might prefer standard, and
other patients investigational, therapy.

The “favorable” elderly patients described above
constituted only 8% of the 968 patients age 60 and
above given induction therapy at MDA over the past de-
cade. The others had a median survival, when given
cytarabine- or anthracycline-containing therapy, of 6
months (Fig. 1.1), with a 6% probability of being in
CR at 3 years, and a 25% TRD rate. Thus, I recommend
new therapies for the great majority of older patients
with untreated AML. The National Comprehensive Can-
cer Network, a consortium of prominent American can-
cer centers explicitly cites “clinical trial” as the preferred
option in patients with untreated AML age 60 and above
[78]. There is of course no assurance that results with
investigational therapy will not be worse than those
with 3+7. For example, a CALGB study in older patients
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was stopped before accrual was completed because pa-
tients randomized to the investigational arm (daunoru-
bicin + cytarabine + etoposide + PSC-833) had a higher
death rate than patients randomized to the same 3 drugs
without PSC-833 [79]. While investigational therapy
may thus prove worse than standard, it seems fair to
ask: “how much worse than 3+7 can an investigational
therapy be.” The weight given to the recommendation
for investigational therapy should increase as the num-
ber of unfavorable prognostic factors (age > 69, adverse
cytogenetics, secondary AML, poor performance status,
infection, abnormal organ function) increases (see also
Table 1.2).

Any discussion of choice of therapy must refer to
Sekeres et al’s observations [80] that 74% of older pa-
tients estimated that their chances of cure with 3+7 were
at least 50%; in contrast, 85% of their physicians esti-
mated this chance to be <10%. While the most plausible
cause of this discrepancy is patients’ natural tendency
to believe what they want to believe, there may also be
gaps in communication between physicians and pa-
tients.

1.2.11.2 Younger Patients (Age <60)
with Chromosome Abnormalities
Other Than inv (16) or t(8;21)

Given their median age of 45, these patients would have
a very considerable life expectancy if they did not have
AML. Hence potential cure is of more significance for
them than for older patients (age >60), whose median
age is 0. Figure 1.2 (top) indicates that the probability
of being in CR 3 years after starting initial IDAC/HDAC-
containing treatment (corresponding to our criterion
for potential cure) in the most favorable subset of
younger patients with -5/-7 (i.e., patients with de novo
AML and a performance status <3) is 10%. Their
median event-free survival is 39 weeks (Fig. 1.2, bot-
tom). Hence the author believes that investigational
treatment should be the preferred option in younger pa-
tients with -5/-7, recalling that the weight of evidence
suggests that these patients are not materially benefited
by allo or auto SCT, as typically performed. Exceptions
might be made for the rare patients who have -5/-7 as a
single abnormality [81].

Younger patients with performance status <3, de
novo AML and other cytogenetic abnormalities (exclud-
ing inv 16 and t(8;21) have 3-year EFS that while statis-
tically different than those in comparable -5/-7 patients
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Fig. 1.2. Event-free survival probabilities following IDAC- or HDAC-
containing regimens in patients age <60 with performance status
<2 and with de novo AML (M.D. Anderson data 1991-2005). Despite
these “favorable” features, outcome (particularly EFS at 3 years) in
patients with “-5/-7" is such that investigational therapies are the
preferred option. Although outcome is somewhat better in patients
with other cytogenetic abnormalities (inv 16 and t(8;21) excluded)
(p=0.02 for both EFS and OS), there is sufficient qualitative similarity
between the two groups that the investigational therapy is also the
preferred option in the other cytogenetic abnormality group.

are not materially different (e.g., 17% EFS at 3 years; Fig.
1.2 top). Hence, despite their median event-free survival
of 74 weeks (Fig. 1.2), I believe that the preferred option
in these patients is also investigational therapy. Ob-
viously some would disagree with what is essentially a
subjective view and believe that these patients are can-
didates for standard as well as investigational treatment.
It is noteworthy however that phase 2 studies of new
drugs are routinely performed in untreated patients
with pancreas, or metastatic lung cancer, diseases in
which median event-free survival is not materially dif-
ferent than the 74-week figure noted here.

1.2.12 Candidates for Either Standard
or Investigational Therapy

1.2.12.1 Younger Patients with
a Normal Karyotype

M.D. Anderson data (326 patients treated since 1990
with IDAC/HDAC-containing therapy) indicate that
these patients have a 3-year event-free survival probabil-
ity of 26%. It is not implausible that some patients when
given this information would choose standard therapy,

assuming correctly that investigational therapy could
be worse. Certainly given the reasonable success rate
observed with standard therapy, investigational therapy
in these patients should be based on standard therapy, a
constraint that is less applicable for the patients de-
scribed above in whom investigational therapy is the
preferred option, particularly elderly patients and those
young patients with -5/-7. In light of the relatively low
risk of TRD, and the CALGB data suggesting the super-
iority of IDAC to standard doses of ara-C [14], IDAC
should be included in either induction or postremission
phases or both.

Young patients with a normal karyotype are a group
for whom the molecular information outlined in Table
1.2 will be particularly important. For example, the pres-
ence of a FLT3 ITD would weigh the choice toward in-
vestigational therapy, while an NPM or CEBA mutation
would favor the standard therapy option.

1.2.13 When Should Therapy Start?

At least several days are needed for results of cytoge-
netic and molecular studies to become available. How-
ever, patients with high (>100000) or rapidly rising
WBC counts or a somewhat lower count (>10000-
20000) and symptoms of lung or brain involvement re-
quire immediate institution of definitive therapy, which
should not be delayed by leukapheresis or use of hydro-
xyurea. However, in other patients delaying therapy to
await cytogenetic and molecular results may be feasible.
Knowledge of such results prior to beginning induction
therapy is less important in younger patients since the
risk of TRD is low, and investigational therapy could
be given when results of induction therapy, and of cyto-
genetic/molecular tests, are known. However, initiation
of investigational therapy only in CR is not optimal
since it is known that the type of therapy used for in-
duction has a powerful influence on outcome in CR
(see, for example, [82, 83]). Older patients have higher
rates of TRD, and hence the desirability of delaying a
therapy that is unlikely to be successful (e.g., if the pa-
tient has -5/-7) is even greater. Older patients usually
do not present with features demanding immediate
therapy, making it possible to delay therapy for cytoge-
netic results. Among 197 patients presenting to MDA
with WBC <50 000, multivariate analysis indicated that
age and unfavorable cytogenetics were independent pre-
dictors of CR, but that days from MDA diagnosis to start



of treatment (delay) was not [84]. A delay of > 9 days oc-
curred in only 25% of patients. However, since 2000,
survival is equivalent in the 49 patients age >60 begin-
ning treatment >1 month from MDA diagnosis and in
the 560 similarly aged patients beginning treatment
sooner. Although selection bias may influence these
findings, which are in contrast to those reported by
the ECOG [72], they suggest that the risk of waiting to
obtain results that might influence choice of therapy
is less than the risk of giving therapy that is unlikely
to be successful and may, as with 3+7 in older patients,
be associated with significant rates of TRD. Further-
more, both the ECOG and MDA studies undoubtedly
underestimate the interval from diagnosis to treatment
since neither account for the interval from diagnosis by
referring physicians to confirmation of diagnosis at the
tertiary center.

1.2.14 Patients for Whom Investigational
Therapy is Unavailable

It is important to recognize that, for logistical or finan-
cial reasons, investigational therapies are unavailable
for many patients. The major group for whom ability
to access new drugs is problematic are patients at high
risk of TRD, e.g., older patients and patients with per-
formance status 3-4. The options for these patients
are 3+7 low-dose ara-C (LDAGC, e.g., 20 mg bidx10-14
days by subcutaneous injection every 4-6 weeks), or
“supportive care.” An EORTC study randomly assigned
patients age >65 to immediate 3+7 or to observation/
supportive care, with use of chemotherapy (hydroxyur-
ea or LDAC) if blood counts worsened or symptoms de-
veloped [85]. Median survival was 21 weeks in the 3+7
arm and 10 weeks in the observation arm, and the num-
ber of days spent in hospital was essentially identical.
However, 80% of the 60 patients enrolled had a perfor-
mance status <3, and all patients had relatively normal
organ function. Furthermore, 50% of the patients ran-
domized to observation had to begin therapy within 1
month, suggesting that they were on the verge of pro-
gression when randomized. Thus, data from this trial
can be used to support immediate 3+7 only in patients
who are relatively fit and likely to progress. In its
AML14 trial in patients age >60 not considered fit for
3+7 by community physicians, the NCRI terminated
randomization between LDAC and hydroxyurea because
of longer survival (medians of 6 vs. 4 months) with
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LDAC [86]; number of days in hospital were similar.
However similar to the EORTC trial, only 12% of the pa-
tients had a performance status of 3-4, with another
18% having a performance status of 2; furthermore, it
is unclear, although likely, that hydroxyurea and suppor-
tive care are exchangeable. Finally, Tilly et al. found
equivalent survival in older patients randomized be-
tween LDAC and 3+7, but with less time spent in hospi-
tal in the LDAC group; patients with abnormal organ
function or poor performance status were excluded
[87].

Although the differences in survival between LDAC,
3+7 and supportive care are thus relatively modest, it
appears reasonable to administer LDAC to older pa-
tients who are unable to receive investigational therapy
but have a performance status of Zubrod o-2, and rela-
tively preserved organ function. Because higher doses
of ara-C produce better outcomes in patients with a nor-
mal karyotype, use of 3+7 rather than LDAC should be
strongly considered in such patients. In contrast, in pa-
tients with poor performance status or age >80, suppor-
tive care should be the first option given the TRD rates
listed in Table 1.1 and the absence of data suggesting
benefit from LDAC or 3+7. Similarly, a low and stable
WBC would add support to a choice of supportive care,
since experience suggests that at least some such older
patients can survive for 1-2 years without undue mor-

bidity.

1.2.15 Investigational Therapies

1.2.15.1 Not Involving SCT

Table 1.5 [88-100] lists various investigational agents in
clinical trial. T will divide these into “noncytotoxic”
(NCT) and “cytotoxic” (CT). Examples of the former
are tipifarnib, flt3 inhibitors such as PKC412 and
CEP7o01, hypomethylating agents such as decitabine,
and agents such as oblimersen that act to accelerate
the apoptosis of AML blasts. Examples of CT agents
are clofarabine and cloretazine. Although NCT, but
not CT, agents are often viewed as “targeted,” it should
be kept in mind that CRs following use of standard CT
agents result from the greater sensitivity of AML blasts
than normal cells, i.e., targeting. Clinically the principal
differences between NCT and CT agents are the lower
presumably TRD rates with NCT, consequent to lack
of effect on organs such as the lung or gut. Table 1.5 il-
lustrates that CR rates seem highest when NCT drugs
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Table 1.5. Examples of new drugs being tested in AML

Drug class Example Patients CR Response Effect Ref.
rate <CR rate on survival
Farnesyl- Tipifarnib 170 untreated, 18% 16% Median [88]
trans- median age 73 5.6 months
ferase
inhibitor
FLT3 PKC412 20 relapsed/refractory 5% 35-70% Not stated [89]
inhibitor
CEP701 14 relapsed 0% 36% Not stated [90]
24 untreated age >65 0% 32% Not stated [91]
& not considered fit for
more standard therapy
Proteosome Bortezomid (+ ida- 12 untreated (age >60) 33% 42% Not stated [92]
inhibitor rubicin & cytarabine) and relapsed
Hypo- Decitabine 36 with MDS 28% 59% Mortality rate [93]
methylat- at 8 weeks 7%
ing agent Vs 26% with
AML-type
therapy
Decitabine + all- 29 age >60 and not 14% 17% Median [94]
trans retinoic acid eligible for standard 7.5 months
(ATRA) induction for untreated
AML
Nucleoside Clofarabine 28 untreated age >70, 59% 11% 19% induction [95]
analog or >60 & not consid- mortality rate
ered fit for more
standard therapy
Alkylating Cloretazine 28 relapsed/refractory 4% Not given Median survival [96]
agent 9 weeks
Enhancer of Bcl-2 antisense 29 untreated age >60 48% 10% Not stated [97]
apoptosis (oblimeresen
sodium) (+daunoru-
bicin & cytarabine)
P glycopro- Zosuquidar (+dau- 16 untreated 69% 6% Median 18 [98]
tein inhibitor norubicin & cytara- and relapsed months

bine)

are combined with standard CT agents, or when the new
agent (e.g., clofarabine) bears some resemblance to tra-
ditional CT. Nonetheless, patients at high risk of TRD
might still initially receive NCT given the risk of TRD
with CT (Table 1.3). In contrast, patients at lower risk
of TRD might begin therapy with a combination of an
NCT agent and standard CT or with an investigational

CT agent (Table 1.3). This is particularly the case since
much of the morbidity and mortality associated with
AML results from bone marrow failure, which is most
rapidly reversed by producing a CR; indeed, as dis-
cussed below, it appears that responses < CR are less ef-
fective at prolonging survival than is CR.



Table 1.5 (continued)

Drug class Example Patients
Anti CD33 Gemtuzumab ozo- 64 untreated
antibody gamycin [GO] age <60
attached to (+daunorubicin &

toxin cytarabine or

+ fludarabine
& cytarabine

& idarubicin)

GO (+ dauno- 53 untreated
rubicin + cytarabine) age <60

GO (+cytarabine) 21 age >60
Gemtuzumab

o0zogamycin

Not all investigational therapies need involve new
drugs. For example, for many years it was thought that
no more than 60 mg/m” of daunorubicin could be given
dailyx3 when combined with standard dose ara-C.
However, perhaps reflecting improvements in suppor-
tive care, data from CALGB indicate that the MTD is
>90 mg/m* dailyx3 when given with standard dose
ara-C + etoposide. This result has prompted an ECOG
trial randomizing patients among the 6o and 9o mg/
m* daily x3 schedules [101]. By analogy to ara-C this
approach might be most useful in young patients with
normal karyotype or CBF AML.

There is little doubt of the existence of myeloid leu-
kemia-specific antigens. These antigens underlie the
graft-versus-leukemia (GVL) effect. The most obvious
proof of the existence of GVL is the reinduction of re-
mission by donor lymphocyte infusions after failure of
SCT [102]. An example of a leukemia-associated antigen
is PR1, an epitope of proteinase 3 (PRTN3), a serine pro-
tease expressed in the azurophilic granules of myeloid
leukemia cells (CML and AML) at two- to five-fold the
amount found in normal myeloid cells. Molldrem et
al. suggested that failure of myeloid leukemia patients
to spontaneously develop an immune response PR1 re-
sulted from overexpression of PRTN3 leading to apopto-
sis of PRi-specific high-avidity cytotoxic T-lympho-
cytes (CTL) [103]. Vaccination with PR1 has been stud-
ied under the hypothesis that it might increase PR1 im-
munity if done when the number of AML blasts had
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CR Response Effect Ref.
rate <CR rate on survival
84% - 80% alive with [99]
median follow-
up (f/u) of
8 months
83% - 68% alive with [100]
median f/u 9
months
43% - 48% alive with

median f/u 7
months

been reduced, e.g., following chemotherapy. Clinical re-
sponses have followed PR1 vaccination of patients with
AML [104] and have occurred only in patients in whom
there was at least a two-fold increase in the number of
PRi-specific CTL; in contrast there was no relation be-
tween response and the number of CTL directed against
the “control” antigen PP65. Immune response was in-
deed more common in patients who had minimal resid-
ual, rather than overt, disease when beginning vaccina-
tion. A trial in which patients in CR will be randomized
to receive or not receive PR1 vaccine was initiated in late
2006. Wilms tumor antigen-1 (WT-1) is also an AML-
specific antigen; a vaccine against WT-1 has produced
responses in early phase trials [105, 106].

1.2.15.2 RIC SCT

As noted above, TRD is a major reason that survival
after allo SCT is not superior to that seen with CT.
The use of reduced intensity conditioning (RIC) is in-
tended to address this problem. Although it was be-
lieved that much of the efficacy of allo SCT stemmed
from the high doses of chemotherapy/radiation made
possible by the transplant, current thinking assigns
more of a role to GVL. If GVL, not high dose chemo-
therapy, is the principal mediator of the effectiveness
of allo SCT, it becomes feasible to employ RIC SCT
(“minitransplant”), thus reducing TRD. Tibes et al. de-
scribed a systematic attempt to perform minitransplants



14  Chapter 1 - Therapy of AML

in first CR in all MDA patients age =50 with an abnor-
mal karyotype and a sibling or matched, unrelated do-
nor [107]. Matching for known prognostic factors sug-
gested that the 14 who were transplanted had better out-
comes than the 83 who were not, but these 14 repre-
sented only 5% of all treated patients age >50 with ab-
normal karyotypes. These results question the general
applicability of minitransplant and suggest that it might
be done before patients enter first CR so as to increase
the number of patients who might be candidates given
the low CR rates in older patients (and high-risk young-
er patients). For example, older patients might initially
receive an NCT agent. While waiting to see this agent’s
effect, a donor search might be completed, as might var-
ious logistical arrangements. Minitransplant would be
performed once the response to the NCT agent is
known.

1.2.15.3 SCT

An important development has been the introduction of
new radioimmuno-conjugates as part of the pretrans-
plant preparative regimen [108]. For example, Pagel et
al. have shown that addition of *'I-anti CD45 antibody
to a busulfan/cyclophosphamide (Bu/Cy) conditioning
regimen may improve outcome of allo SCT in first CR
relative to that seen with Bu/Cy [107].

1.2.16 New Response Criteria

For many years response to induction therapy for AML
was classified as CR or no CR. As seen in Table 1.5, re-
sponses less than CR have recently been recognized
[109]. An example is CRp, i.e., CR with incomplete
platelet recovery. Attaining CRp suggests that a treat-
ment is more “active” than if, despite survival time suf-
ficiently long to observe CR or CRp, neither response
occurred (“resistant”). However, it is also important to
assess whether CRp conveys clinical benefit, i.e., length-
ens survival relative to resistant. This appears to be the
case [110]; however, little information is available re-
garding responses such as “hematologic improvement”
or “marrow CR”

1.2.17 Therapy for Relapsed or Refractory AML

Most patients with AML will require “salvage therapy”
because of failure to enter CR after initial treatment
(“primary refractory”) or, more typically, relapse after
a brief CR. As with therapy for untreated disease, the
type of salvage therapy administered should depend
on expected outcome with standard salvage regimens
such as high-dose ara-C or fludarabine + ara-C. The
factors most predictive of response are the duration of
the previous remission (zero in primary refractory pa-
tients) and the number of previous salvage attempts
[111, 112]. If the first CR lasted less than 6 months to 1
year, standard regimens produce CR rates averaging
10-20% when used as first salvage and <5% in > first
salvage. In contrast, first salvage CR rates in patients
with first CRs >1-year average 40-50%. Accordingly,
the first treatment option in patients with short first
CRs or who are receiving > first salvage is investiga-
tional therapy. If such therapy is not available, an argu-
ment can be made for a supportive care only approach.
A stronger case for standard regimens can be made in
patients with longer first CRs. Allo SCT can also be used
for salvage or in second CR. Its potential value is sug-
gested by Wong et al’s observation [113] that survival
in 135 patients who were either primary refractory or
beyond first salvage was similar to that reported by
Breems et al. [114] in 507 first salvage, nonprimary re-
fractory patients, who presumably had a better prog-
nosis than Wong et al’s patients, but only 20% of whom
received an allo SCT. Outcome of allo SCT is clearly bet-
ter in second CR than in first relapse, often prompting a
desire to postpone the procedure until second CR.
Nonetheless, allo SCT in first relapse may still be supe-
rior to chemotherapy in first relapse (the real compar-
ison of interest), even in the presence of circulating
blasts, which is associated with a much greater reduc-
tion in the effectiveness of allo SCT than in the effective-
ness of chemotherapy [113]. Of course, as with allo SCT
in first CR, various selection biases likely affect these
conclusions.

1.2.18 Treatment of Minimal Residual
Disease (MRD)

Most patients ostensibly in remission have residual
AML that eventually becomes apparent, leading to diag-
nosis of “relapse.” Detection of MRD would in principle



permit treatment to be changed before relapse and to be
discontinued in patients with levels of MRD sulfficiently
low that relapse is very unlikely. Since relapse can only
be diagnosed when >5% blasts are present in the mar-
row, the sensitivity of morphologic examination of the
marrow for detection of relapse is only 1 in 20. In con-
trast, if 30 metaphases are examined, cytogenetic exam-
ination has a sensitivity of 1 in 30, while fluorescent in
situ hybridization typically has a sensitivity of 1 in 500.
Polymerase chain reaction (PCR) techniques allow de-
tection of transcripts of such fusion genes as RUNXi-
CBFA2T1, CBFB-MYHi1, or PML-RARa (characteristic
of acute promyelocytic leukemia) at a frequency of
<10(-4). Assays for NPM1 have been proposed as an-
other means of MRD detection [114].

Although the molecular abnormalities described
above are not detectable even at diagnosis in many pa-
tients, all patients may have blasts characterized by
aberrant surface marker expression; for example, the
same blast may display markers characteristic of both
an early and a later stage of differentiation. These pat-
terns are quite specific for AML, as opposed to normal
blasts. Once detected at diagnosis, such leukemia-asso-
ciated immunophenotypes (LAIPs) can thus be used to
serially assess MRD. Flow cytometric methods allow de-
tection of 1 cell expressing an LAIP among 1000-10 000
normal marrow cells [115].

The detection of MRD does not necessarily mean re-
lapse is inevitable. Hence, although more sensitive
methods of MRD detection will lead to more sensitivity
for diagnosis of subsequent relapse, specificity must
also be assured before using a method of MRD detec-
tion to guide clinical decisions. Currently, flow cytome-
try to detect LAIP appears to be both reasonably sensi-
tive and specific [116, 117]. Thus, Kern et al. reported
that the change in the number of LAIP+ cells between
diagnosis and the end of either induction or consolida-
tion therapy predicted subsequent RFS independent of
cytogenetics and in both patients with intermediate or
unfavorable cytogenetics [116].

1.2.19 Clinical Issues

Several practices which may have little effect on mortal-

ity, but considerable effect on patients’ lives, should be

mentioned:

1. Hospitalization. Given the more serious nature of
hospital-acquired than community-acquired infec-
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tion, routine hospitalization during induction or
postremission therapy should be discouraged. In ad-
dition to the possibility of infection being passed
from one hospitalized patient to another by medical
personnel who fail to wash their hands, it has been
pointed out that hospital water distribution systems
may serve as reservoirs of aspergillus and other
molds that are aerosolized and subsequently in-
haled. The possibility of hospitalization in the typi-
cal “reverse isolation” room has little effect on this
recommendation.

2. Masks and avoidance of crowds. The advice to avoid
crowds flies in the face of observations that bacteria
and fungi, rather than viruses, are the typical causes
of infection. The bacteria are invariably residents of
the patients’ own skin (e.g., staph), mouth (pseudo-
monas maltophilia), or intestines (gram-negative
bacilli). The fungi are similarly found on the skin
(candida) or are airborne (aspergillus). However, it
is unlikely that masks will restrict entry of aspergil-
lus into the nose.

3. Fresh fruits and vegetables. Because there is no evi-
dence that avoidance of these foods lessens the risk
of infection, we are conducting a randomized trial in
which patients are either encouraged to eat fresh
fruits and vegetables or advised not to eat them.
Similarly, there are no data suggesting that exposure
to flowers or plants is detrimental.

4. Antidepressants. It is the author’s opinion that
symptoms such as persistent nausea or lack of appe-
tite after completion of chemotherapy are often
symptoms of depression. Another perhaps underap-
preciated cause is antibiotics. Megesterol acetate
(“megace”) may also be useful to promote appetite.

1.2.20 New Approaches to Clinical Trials
in AML [118]

Randomized trials in patients with AML typically enroll
100-200 patients per treatment arm. Such numbers are
needed to have 80% power (type 2 error 20%) to detect
frequently small absolute differences with a false posi-
tive rate (type 1 error) <5%. These rates are sensible
when studying a new drug in a disease where standard
treatment is reasonably good, and thus where the prin-
cipal concern is to prevent use of a falsely promising
drug that might usurp standard therapy. In contrast,
AML is a disease for which there is often no satisfactory
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treatment. Thus, there may be more reason to protect
against a false negative than a false positive result. At
the least, it might be reasonable to specify type 1 and
type 2 errors of 20% each. Such a change together with
an interest in detecting only larger, more clinically
meaningful, differences would enable fewer patients to
be entered per treatment arm, thus allowing more treat-
ments to be studied [119]. While such trials would be
nominally “underpowered,” this ignores the false nega-
tive rate inherent in the selection of which, of many, in-
vestigational regimens to study. For example, if there
are three potential regimens that could be investigated
and if preclinical rationale is an imperfect predictor of
clinical results, limiting investigation to one regimen
potentially entails a false negative rate of 67%. In partic-
ular, the most egregious false negative results when a
treatment is not studied at all [119]. This is problematic
since, although by no means exhaustive, Table 1.5 lists
nine different classes of drugs undergoing investigation.
Use of each class rests on a presumably sound preclini-
cal rationale, and each class may contain many drugs.
Furthermore, there may eventually be combinations of
drugs across classes.

Patients with poor performance status or other fac-
tors likely to increase TRD are often ineligible for clin-
ical trials, although the development of new NCT agents
might particularly benefit such patients. Even when eli-
gible, patients may be excluded because it is believed
they will do poorly. Although the extent of this subtler
form of selection bias is unknown, papers reporting re-
sults of clinical trials only infrequently note that consec-
utive patients were entered and treated. Obviously the
greater the extent of such bias the less likely it becomes
that results will be reproducible in a more representative
group of patients.
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2.1 Introduction

The Acute Myeloid Leukemias (AML) are a diverse set of
phenotypically similar diseases whose classification has
been the source of some controversy in recent years. In
this chapter we discuss the best current clinically and
biologically relevant classification of these diseases, in-
cluding appropriate laboratory studies for accurate di-
agnosis and subclassification. Understanding the basis
for current classification of AML requires additional
knowledge of the Myelodysplastic Syndromes (MDS)
and their relationship to a subset of AML, which will
also be discussed. Finally, some attention will be de-
voted to monitoring AML during treatment.

2.2 Classification of AML

For much of the twentieth century classification of AML
was based on how leukemic blasts, the predominant cell
in the disease process, recapitulate normal hematopoi-
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Table 2.1. Morphologic (modified FAB) description of
acute myeloid leukemia [1]

MO AML with no Romanowsky or cytochemical
evidence of differentiation

M1 Myeloblastic leukemia with little maturation
M2 Myeloblastic leukemia with maturation
M3 Acute promyelocytic leukemia (APL)

M3h APL, hypergranular variant

M3v APL, microgranular variant

M4 Acute myelomonocytic leukemia (AMML)
M4eo AMML with dysplastic marrow eosinophils
M5 Acute monoblastic leukemia (AMolL)

M5a AMol, poorly differentiated

M5b AMol, differentiated

M6 “Erythroleukemia”*

Mé6a AML with erythroid dysplasia

Mé6b Erythroleukemia

M7 Acute megakaryoblastic leukemia (AMKL)

* most M6 is M6a, not erythroleukemia but AML with erythroid dys-

plasia. M6éb, true erythroleukemia, is rare.

esis. Are blasts in a given case myeloblasts, monoblasts,
megakaryoblasts, etc., and are they un-, minimally, or
moderately differentiated. This approach was formal-
ized by the FAB working group in a series of papers be-
ginning in 1976, allowing analysis of its relevance [1]
(Table 2.1). As specified in the table, Mo designates
AML with minimal morphologic or cytochemical differ-
entiation, M1-2 AML with minimal or moderate granu-
locytic differentiation, M3 acute promyelocytic leuke-
mia (APL), M4 AML with mixed myelomonocytic dif-
ferentiation, Msa and Msb monoblastic leukemia with
minimal or moderate differentiation, M6a myeloid leu-
kemia with dysplastic background erythropoiesis, M6b
acute erythroblastic leukemia, and My acute megakar-
yoblastic leukemia. Unfortunately, subsequent analyses
showed a general lack of clinical and biological rele-
vance to this long-standing approach, e.g., failure to
predict outcome, partial and imprecise correlation with
cytogenetics, failure to predict expression of the
membrane pump MDR1, and failure to predict clonality
of presentation and remission hematopoiesis. The
approach remains a useful shorthand descriptor of mye-
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Fig. 2.1. Age incidence of MDS for population at risk (estimated from
[2, 143-151]). Note that these curves are approximations. Popula-
tion-based demographic incidence data are insufficient to describe
exactly the relationship of the MDS and MDR-AML curves. The exact
slope of the DN-AML curve is uncertain; some data suggest a slight
up-slope with progressive age [149].

loblast morphology, but should not be used alone as a
classification of AML. Instead, what has become appar-
ent is that the phenotype of AML is divisible into two
approximately equal broad pathogenetic groups of dis-
ease, which the authors designate DN (de novo)-AML
and MDR (myelodysplasia-related)-AML [2]. The medi-
an age of AML is in the mid-60s in the US and western
Europe, with an exponential age incidence curve with
advancing age, most noticeable after age 50 (Fig. 2.1).
The age incidence of MDR-AML substantially mimics
this exponential curve, while the age incidence of
DN-AML is approximately flat for population at risk
throughout life (Fig. 2.1). Distinction of DN- versus
MDR-AML is very important, as the latter group has
MDS-like background hematopoiesis, with poor mar-
row reserve and the probability of reversion to clonal
hematopoiesis (i.e., MDS) during “remission” MDR-
AML also has a high frequency of resistance to chemo-
therapy at presentation. The WHO (World Health Orga-
nization) Classification of AML (2001) appropriately
adopted this distinction in its first two categories of
AML [3] (discussed below). (It should be noted that in
its fourth category the WHO Classification confusingly
retained a modified FAB AML classification that redun-
dantly overlaps almost completely the first two catego-
ries; comments above about the FAB classification apply
equally to this fourth category of the WHO classifica-
tion.)



2.2.1 De Novo AML

DN-AML is the more common AML of children and
young to middle age adults, with a median age in the
30s corresponding approximately to the median age of
the population [2]. DN-AML occurs with approximately
flat incidence throughout life (Fig. 2.1). This flat inci-
dence curve suggests a single rate limiting pathogenetic
step in development of disease. To the extent that the
molecular pathogenesis of DN-AML has been clarified,
cases are characterized by one of a series of recurring
genetic abnormalities that block differentiation of he-
matopoietic precursors [4-7] (Table 2.2). However, as
suggested by Gilliland, a block of differentiation alone
is insufficient to create the phenotype of AML, and a
drive to proliferate, probably coupled with inhibition
of apoptosis, is also requisite for the acute leukemia
phenotype of DN-AML [8, 9]. Such additional genetic
damage has been identified in a large percentage of
DN-AML cases. The most common abnormality of this
type is mutation of FLT3, a membrane receptor tyrosine
kinase that normally in the presence of its ligand drives
proliferation and inhibits apoptosis of hematopoietic
progenitors [10]. FLT3 mutations in AML constitutively
activate its kinase activity in affected hematopoietic
precursors. Apparently these effects, coupled with a
block of differentiation, combine to generate the AML
phenotype. Other mutations have been described that
drive proliferation in DN-AML, e.g., activating RAS,
cKit, and CSF-1 receptor mutations [11-14]. Both the
proliferative drive mutations and the block of differen-
tiation mutations are mutually exclusive of other muta-
tions in each group, suggesting the members of each
group contribute the same biologic component to trans-
formation. It should be noted that the two sets of genet-
ic damage appear to occur substantially independently
of one another (e.g., FLT3 mutations have been de-
scribed with each common recurring translocation in
DN-AML) [10]. It has been suggested that multiple ad-
ditional biologic events are necessary to transform nor-
mal cells into solid tumor malignancies, but it is unclear
if this information is applicable to acute leukemia, and
if so whether additional events need be genetic versus
epigenetic or physiologic [15, 16]. Virtually all recurring
genetic abnormalities identified to date in DN-AML
either block differentiation or drive proliferation and
inhibit apoptosis.

In the WHO classification of AML (Table 2.3), DN-
AML falls under AML with Recurrent Cytogenetic Ab-
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Table 2.2. Common genetic abnormalities in AML, by
risk group@ [141, 142]

Favorable Intermediate Adverse

Normal karyotype -5, 59-*

+8%, -7%,

+6 7q-*
1(8;21) +21*
t(15;17) +22% Abnormal 3q*
inv(16), -Y Abnormal 9q*
t(16;16),
169-
NPM 12p- 11923
mutation abnormality **
(FLT3-)

NPM mutation 1(9;22)

(FLT3+4)

C/EBPa mutation 20g-*

Other non- 219-

complex

structural or
numerical
abnormalities

17p abnormality
t(6;9)
t(3;21)*

Complex karyo-
type* (=3 un-
related mutations)

* genetic change associated with MDR-AML

** 11923 deletion is seen in MDR-AML. Most other 11923 abnormal-
ities are translocations, and occur in DN-AML rather than MDR-AML.
@ It must be noted that most of these designations are for single
abnormalities, yet at least 2 genetic mutations appear necessary for
transformation, and as shown by the interaction of NPM and FLT3,
both affect prognosis. It should also be noted that risk group is
dependent on treatment; e.g., APL's risk group may change if ATRA
or aggressive anthracycline are not used for treatment.

normalities [3] with subclassification based on the com-
mon recurring cytogenetic translocations of DN-AML.
A limitation of this approach can be seen from the pre-
vious paragraph. The classification includes only one of
the two known genetic elements required for the leuke-
mic phenotype, yet both elements have biologic, prog-
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Table 2.3. WHO classification of AML [3]

AML with recurrent cytogenetic abnormalities
AML with t(8;21)(922;922), (AML1/ETO)

AML with inv(16)(p13;922) or t(16;16)(p13;922),
(CBFBIMYH11)

AML with t(15;17)(922;912), (PML/RARa) (APL)

AML with 11923 (MLL) abnormalities
AML with multilineage dysplasia

With prior myelodysplastic syndrome

Without prior myelodysplastic syndrome
AML and MDS, therapy related

Alkylating agent type

Topoisomerase Il inhibitor type
AML, NOS (modified FAB classification)

AML, minimally differentiated

AML without maturation

AML with maturation

Acute promyelocytic leukemia

Acute myelomonocytic leukemia

Acute monoblastic and monocytic leukemia

Acute erythroid leukemia

AML with erythroid dysplasia
True erythroid leukemia

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma

nostic, and potential therapeutic significance. It is not
clear how to resolve this limitation in a functional clas-
sification of DN-AML. Inclusion of both sets of data,
and other as-yet-undefined relevant genetic, epigenetic,
or physiologic data, in a classification will become
hopelessly complex, yet these details may prove impor-
tant for understanding the biology of and for treating
DN-AML. One solution would be to use the generic
term DN-AML for diagnosis of this entire set of dis-
eases, with a template for inclusion of specific events
blocking differentiation, driving proliferation, and
other data as necessary and available for clinical deci-
sions, biologic studies, and monitoring of disease.

DN-AML has polyclonal background hematopoiesis
at presentation, and remissions that restore normal
polyclonal hematopoiesis with production of normal
peripheral blood counts (reviewed in [2]). Both at pre-
sentation and in remission, background hematopoiesis
lacks the dysplastic morphology characteristic of
MDS. In some instances one of the genetic events re-
quired for transformation may remain present in some
precursor cells in remission, e.g., persistent positivity
for the fusion message AML1/ETO during prolonged re-
mission in some patients with AML with t(8;21). The
clinical significance of this finding is not completely
certain, but such patients may remain in stable remis-
sion indefinitely; it should be noted that the fusion pro-
tein product in this setting usually appears to block dif-
ferentiation of affected cells, rather than driving prolif-
eration, supporting the concept that a block of differen-
tiation alone is insufficient for leukemogenesis. As a
group DN-AML tends to be responsive to cytotoxic che-
motherapy, and that failing, most patients are potential
candidates for allogeneic stem cell transplantation due
to young median age.

Therapy-related AML mimicking DN-AML occurs
in at least two clinical settings. The more common set-
ting is following epipodophyllotoxin chemotherapy,
with 11q23/MLL translocations or less frequently
21q22/AML1 translocations [17]. Less commonly, all of
the common recurring balanced translocations of DN-
AML occur with increased frequency following complex
multiagent chemotherapy [18]. These two settings ap-
pear to be iatrogenic models of DN-AML pathogenesis.

2.2.2 Myelodysplasia-Related AML

MDR-AML is the common AML of the elderly, compris-
ing the majority of AML cases beyond age 60, with a
median age in the 7os [2]. While it does occur in chil-
dren and young adults, its incidence for population at
risk comprises an exponential curve with progressive
age, accounting for this feature of the incidence curve
of AML as a whole (Fig. 2.1). The exponential curve sug-
gests several random events are required for generation
of this set of AML. MDR-AML is characterized by a se-
ries of cytogenetic changes shared with MDS (Table
2.2). Despite extensive efforts, the genes affected and
the biologic impact of the cytogenetic changes common
to MDR-AML and MDS (e.g., -7 59—, +8, 20q-, +21) re-
main unclear. These cytogenetic changes appear to re-



late to progression of MDS, rather than its initiation, as
they are absent in 60% of MDS at presentation, and all
of the common cytogenetic changes may appear as
clonally selected changes after initial presentation of
MDS. Presence of cytogenetic changes characteristic
of DN-AML (Table 2.2) precludes diagnosis of MDR-
AML. In parallel with DN-AML, the limited data avail-
able appear to support the requirement for both a block
of differentiation and a drive to proliferate (coupled
with inhibition of apoptosis) in the pathogenesis of
MDR-AML. Activating RAS [13, 14], FLT3 [10], and C-
FMS [11] mutations, all of which drive proliferation
through the RAS pathway, are found in some cases of
MDR-AML. As in DN-AML, these mutations are mu-
tually exclusive of one another, suggesting they each
contribute the same function to transformation. Dysre-
gulated expression of EVI-1, which blocks the differen-
tiating effect on hematopoietic precursors of GATA-1,
also precedes transformation of MDS to AML in some
cases [19], and inactivating mutations of GATA-1 have
been described in MDR-AML occurring in Down syn-
drome children [20]. Thus, available evidence suggests
two things. First, acquisition of the MDR-AML pheno-
type requires a parallel set of genetic damage to that re-
quired for the DN-AML phenotype, both resulting in
the generic phenotype of AML. Second, in MDR-AML
acquisition of this genetic damage appears to derive
from the mutator phenotype of MDS, while in DN-
AML the flat incidence curve suggests random genetic
damage as the cause.

In the WHO classification, MDR-AML is categorized
as AML with Multilineage Dysplasia [3]. Acceptance of
this basic distinction of MDR-AML and DN-AML
(WHO AML with Recurrent Cytogenetic Abnormalities)
is an important improvement in AML classification [2].
However, several limitations of the WHO classification
deserve discussion. One is semantic. Like AML with Re-
current Cytogenetic Abnormalities (WHO), MDR-AML
(AML with Multilineage Dysplasia [WHO]) may have
“recurrent cytogenetic abnormalities” (e.g., -7 59-,
+8, 20q-, +21), rendering the terminology ambiguous
(Table 2.2). More importantly, more features than just
multilineage background dysplasia should be used to
recognize MDR-AML, including the typical cytogenetic
changes of MDS and MDR-AML (Table 2.2), history
(preceding MDS), and exposure to environmental toxins
suspected of causing MDS and MDR-AML. It may be
difficult to assess background hematopoiesis for multi-
lineage dysplasia in AML, if the marrow blast percent-
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age is high, further limiting reliance on this sole param-
eter, and hematopoietic dysplasia is neither always pres-
ent nor completely specific for MDS and MDR-AML
(e.g., relative folate deficiency can cause virtually iden-
tical morphologic abnormalities). Finally, lacking more
definitive data, patient age is an important parameter;
beyond age 60 the presumption should be that a patient
has MDR-AML until proven otherwise. Similarly, lack-
ing more definitive data, below age 50 the presumption
for treatment purposes should be that a patient has DN-
AML, until proven otherwise.

There is no subclassification of MDR-AML in the
WHO classification. Clinical subclassification for thera-
peutic decisions is based in part on cytogenetics (e.g.,
-8 may convey average risk, -7 or 5Q- high risk)
(Table 2.2), but given limited current treatment options
and poor outcome in most patients (who are elderly),
the significance of this subclassification is limited. As
we learn more about the transforming events in MDR-
AML we will encounter a similar classification dilemma
to DN-AML, i.e., as discussed previously at least two
events are necessary for transformation to AML. In par-
allel with DN-AML, a possible subclassification solution
may be to use a generic diagnosis of MDR-AML with a
template for inclusion of other data as available and re-
levant for clinical treatment, biologic analysis, and dis-
ease monitoring.

In MDR-AML as a group leukemic blasts tend to be
inherently resistant to chemotherapy (e.g., expression of
P-glycoprotein at presentation) [21, 22], while back-
ground hematopoiesis simultaneously is hypersensitive
to chemotherapy, often resulting in prolonged severe
cytopenias during induction therapy. The outcome of
MDR-AML has improved little in the last 25 years with
cytotoxic chemotherapy, and the only significant cura-
tive treatment is allogeneic stem cell transplantation.
Unfortunately, this treatment is not available for most
patients due to an average age in the yos. MDR-AML
has clonal background hematopoiesis at presentation
[23], and often has clonal remissions, often with multi-
lineage dysplasia in hematopoietic precursors, with or
without the cytogenetic abnormalities present in the
leukemia. Thus remissions in MDR-AML appear to rep-
resent reversion of the patient to MDS, rather than to
normal hematopoiesis, and they are often characterized
by persistent cytopenias between chemotherapy dosing,
and prolonged severe cytopenias with chemotherapy.

Therapy-related AML mimicking MDR-AML occurs
following chemotherapy with agents that cause cross-
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link DNA damage (alkylating agents, platinum deriva-
tives, and the nitrosoureas) (reviewed in [24]). These
settings appear to be iatrogenic models of MDR-AML
pathogenesis.

2.3 The Myelodysplastic Syndromes

MDS is an enigmatic and still poorly understood set of
diseases that is pathogenetically related to MDR-AML
[2]. Separation of MDS from AML is currently based
empirically on the marrow blast percentage, rather than
an understanding of biological differences in the two
sets of disease [25, 26]. Intermediate and high-grade
subsets of MDS (see below) are usually fatal with or
without transformation to MDR-AML. Understanding
the biology and pathogenesis of MDS is critical to im-
proving the differential diagnosis of MDR-AML versus
both MDS and DN-AML. Improved understanding
might also contribute to improved treatment of MDR-
AML and MDS, and possibly to future prevention of
progression of MDS to MDR-AML.

The FAB working group standardized classification
of MDS into five defined subsets (Table 2.4) [25]. This
approach has been improved in the WHO MDS classifi-
cation, with inclusion of several new subtypes of MDS,
and removal of one subtype (chronic myelomonocytic
leukemia, CMML) to a new category of Myelodysplas-
tic/Myeloproliferative (MD/MP) diseases (Table 2.5)
[26, 27]. For discussion of AML pathogenesis the
WHO classification can be reduced to Low Grade (LG)
(Refractory Anemia, Refractory Anemia with Ringed
Sideroblasts, MDS associated with isolated del(5q) chro-
mosome abnormality [5q- Syndrome]), Intermediate
Grade (IG) (Refractory Cytopenia with Multilineage
Dysplasia [RCMD]), and high grade (HG) disease (Re-
fractory Anemia with Excess Blasts [RAEB]). MDS, un-
classifiable is inserted to capture cases of unilineage
granulocytic or megakaryocytic disease, which tend to
act as IG/HG disease, rather than like LG disease.

A variety of data (including progressive cytogenetic
damage, acquired structural and functional abnormali-
ties in hematopoietic cells, and the high rate of transfor-
mation to AML) suggest that IG/HG Grade MDS is a
mutator phenotype with inherent genetic instability.
As discussed, MDR-AML appears to require both a
block of differentiation and a drive to proliferate, but
it is doubtful either of these events is the biologic basis
of MDS. A solitary drive to proliferate (with associated

Table 2.4. FAB classification of MDS [25]

Refractory anemia

Refractory anemia with ringed sideroblasts

Refractory anemia with excess blasts

Refractory anemia with excess blasts in transformation

Chronic myelomonocytic leukemia

Table 2.5. WHO classification of MDS [26]

Refractory anemia (RA)
Refractory anemia with ringed sideroblasts (RARS)
Refractory cytopenia with multilineage dysplasia (RCMD)

Refractory cytopenia with multilineage dysplasia
with ringed sideroblasts

Refractory anemia with excess blasts (RAEB),
types -1 and -2

MDS associated with isolated del(5q) chromosome
abnormality (5g- syndrome)

MDS, unclassifiable

inhibition of apoptosis) is the apparent cause of chronic
myelogenous leukemia (reviewed in [28]) and the other
chronic myeloproliferative diseases [29]; these differ
from MDS in being proliferative, lacking MDS-type
morphologic dysplasia, and lacking MDS-type cytoge-
netic abnormalities. A solitary block of differentiation
in hematopoietic progenitors has no clinical phenotype,
except a possible propensity to be transformed by ac-
quisition of a second genetic event that drives prolifera-
tion [30]. Both clinical and transgenic examples of each
of these possibilities lack the phenotype of MDS,
although acquisition of both appears required for
MDS to transform to MDR-AML. A plausible hypothesis
is that subsets of HG MDS type disease represent acqui-
sition of one of these events superimposed on the un-
derlying phenotype of IG MDS. While IG MDS (RCMD)
has relatively short survival (median 2 1/2 years) and
frequent progression to AML (11%), it has a normal
blast percentage in blood and marrow. HG MDS (RAEB)
is characterized by increased marrow blasts, with short-
ened survival and increased propensity to progress to
AML. Thus, RAEB may plausibly but hypothetically rep-
resent a block of differentiation superimposed on the
biology of IG MDS. The MD/MP diseases (WHO)
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(CMML, Juvenile Myelomonocytic Leukemia, and Atyp-
ical Chronic Myeloid Leukemia) have mixed features of
MDS (dysplasia, shared cytogenetic abnormalities) and
the chronic myeloproliferative diseases (proliferation)
[27]. A drive to proliferate through mutations leading
to increased active RAS has been demonstrated in many
MD/MP cases (inactivating ATM mutations [31], activat-
ing RAS mutations [32], PTPN11 mutations [33, 34]), yet
the cases also share morphology and cytogenetic abnor-
malities with MDS. In a possibly informative clinical
scenario, septic patients with MDS may develop a re-
versible leukemoid reaction, often with monocytosis
and mimicking CMML (apparently due to a physiologic
proliferative drive superimposed on MDS). Thus, avail-
able data indicate that while both a drive to proliferate
and a block of differentiation may contribute to MDS
progression, and both are necessary for progression to
MDR-AML, neither represents the underlying patho-
genesis of MDS. The most tenable hypothesis is that
the underlying pathogenic abnormality of IG/HG MDS
is its mutator phenotype, which causes random genetic
damage, including in some cases a drive to proliferate,
block of differentiation, and resultant progression to
MDR-AML.

While IG/HG Grade MDS is a mutator phenotype, at
least some LG MDS is not. Both 5q- Syndrome and Re-
fractory Anemia with Ringed Sideroblasts, if defined
stringently using WHO criteria, have very low rates of
progression to AML with survival approaching age-
matched peers [35, 36]. While 5q- is one of the most
common cytogenetic abnormalities in MDS, in most
cases secondary to an underlying mutator phenotype,
the specific 5q- Syndrome may represent emergence
of a 5q- clone with an associated clonal survival advan-
tage, but a stable biologic state with no underlying mu-
tator phenotype. RARS, defined as unilineage erythroid
abnormalities, may have a similar pathogenesis.

Progression of IGFHG MDS to MDR-AML does not
represent a continuum, but rather stepwise acquisition
of specific genetic events required for transformation,
and should equate with a rapid rate of accumulation
of primitive precursors (blasts) in the marrow, differing
qualitatively from MDS (Fig. 2.2). Thus, separation of
MDS and MDR-AML should be based on evidence of
transformation, a change in the rate of accumulation
of blasts, not just on the marrow blast percentage rising
above a threshold (whether 20% or 30%). While it is
safe to assume that a high marrow blast percentage
(>40-50%) represents transformation to MDR-AML,

MDS Progression

A MDR-4ML

Blast
%

Ihreshold
(20 ar 30%)

Time
{Months)

Fig. 2.2. Blast progression over time in MDS. If the blast percentage
in marrow rises rapidly (A), the case has transformed to AML. In
contrast, if the blast percentage rises slowly over months to exceed
an artificial threshold (whether 20% or 30%), the case should be
considered to be persistent MDS. A single observation of a high
blast percentage in this setting may be interpreted as transforma-
tion to MDR-AML [152, 153].

lower levels require clinical interpretation as to whether
the patient’s disease has shifted from primary marrow
failure to proliferating blasts. If initial data are inconclu-
sive, a repeat marrow after an interval may clarify
whether the basic disease process has changed from
one of marrow failure (MDS) to a proliferative state
(AML) (Fig. 2.2). As our knowledge of these diseases in-
creases, separation of MDS and MDR-AML may even-
tually include demonstration of specific genetic events
leading to transformation, but this is not currently fea-
sible. Finally, this perspective should not be interpreted
to mean that MDS with a high blast percentage is a fa-
vorable disease; it is lethal with short median survival,
but lacking transformation there is little hope for a fa-
vorable response to cytotoxic chemotherapy [35, 36].

2.4 Laboratory Studies for Diagnosis
and Monitoring of AML

Accurate diagnosis and classification in AML and MDS
are essential for treatment decisions, assessment of
prognosis, and correlative biology studies. Initial as-
sessment requires a careful history (work and exposure
history, medical and medication history, family history),
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physical exam, CBC with peripheral smear review, and
bone marrow examination to include in addition to rou-
tine morphologic assessment flow cytometry, cytoge-
netics, and selected molecular genetic analyses. It is
critical that the bone marrow sample obtained at diag-
nosis be sufficient for all diagnostic studies, as there is
usually only one chance to get complete laboratory stud-
ies before commencement of treatment that compro-
mises subsequent analyses. The bone marrow specimen
is crucial for confirming acute leukemia, differentiating
between AML and acute lymphoblastic leukemia (ALL),
and subclassifying both. Therefore, initial samples must
be sufficient to support the full panoply of studies re-
quired for accurate diagnosis. Fortunately, preliminary
studies are largely identical for AML and ALL.

2.4.1 Bone Marrow Sampling

Poor bone marrow sampling presents sufficient recur-
ring problems in diagnosis that a brief review of bone
marrow technique is in order. Before performing mar-
row sampling, neophytes should review on a skeleton
the generally neglected anatomy of the posterior iliac
crest. It is important to be aware of the extensive inner-
vation of periosteum. With proper technique, appropri-
ate reassurance of the patient with attention to his anxi-
ety, and generous local anesthesia including liberal
numbing of periosteum on the posterior iliac crest,
the bone marrow procedure is usually well tolerated
by adolescents and adults without general anesthesia.
If performed poorly and with insufficient local anesthe-
sia, it may approach torture worthy of Torquemada [37].
After appropriate anesthesia, the aspirate needle should
be firmly seated on the posterior iliac crest and ad-
vanced into the marrow space, the trochar removed,
and a volume of marrow quickly aspirated that is suffi-
cient for all diagnostic studies. The one part of the pro-
cedure that cannot be anesthetized is the aspiration it-
self, which produces a dull ache for several seconds.
With sufficient circulating blasts, diagnosis of acute leu-
kemia can be made with a peripheral blood sample, but
blast populations may vary in blood versus marrow, and
when clinical circumstances permit we recommend
analysis of a marrow sample for diagnosis.

Aspirate smears should be made expeditiously,
using at least two forms of smears because of limitations
with all types of smears. A push (actually pull) prep
(same technique as a peripheral smear) is easy to per-

form and generally provides excellent smears, especially
in children and young to middle age adults. Cellular
morphology is excellent with minimal distortion, but
in older patients, packed or empty marrows, or fibrosis,
the minimal turbulence with this method may be insuf-
ficient to disrupt particles, resulting in few spread cells
for review. Coverslip smears also generally provide
good cellular morphology, but require manual staining,
cannot be individually labeled (introducing the possi-
bility of identification errors), and if improperly per-
formed (too little blood, too much capillary spreading
before smearing) may result in extensive disruption of
cells. Squash preparations are generally problematic. If
done well by experienced individuals they can provide
excellent smears, but far too often they result in exten-
sive and nonrandom destruction of cells, compromising
interpretation in difficult cases. Staining of smears may
be manual, but automated stainers are effective for
smears on slides, and more reproducible than manual
stains. Wright-Giemsa staining is preferable to the sim-
ple historical Wright stain, because of better discrimi-
nation of granules and immature cytoplasm; despite la-
bels some standard hematology stain packs now have
staining characteristics of the Wright-Giemsa (rather
than the Wright) stain. Additional aspirate material
may be allowed to clot (clot section) or anticoagulated
and filtered with processing of the filtered particles as
a tissue section. (The filtrate is then typically used for
flow cytometry and other analyses.)

If a core biopsy is obtained, a separate biopsy needle
should be used and redirected to avoid aspiration arti-
fact in the specimen. The biopsy needle should be di-
rected slightly anterolaterally toward the anterior iliac
crest, down the long axis of bone, allowing a long ex-
panse of bone for sampling. The trochar should not
be removed until the needle is seated on the posterior
iliac crest. The biopsy should be of sufficient size for
adequate evaluation. In a normal adult, a biopsy of ap-
proximately 2 cm length should be obtained. Note that
immediate subcortical marrow is often not representa-
tive of deeper marrow, especially for cellularity. Touch
preparations, prepared by gently touching (not smear-
ing) the biopsy on a glass slide, should be made from
the biopsy as a fallback for poor aspirate smears, using
care to avoid damaging the biopsy. Touch preps are pro-
cessed similarly to aspirate smears. Additionally, the
biopsy needle should be rinsed with RPMI and the rinse
saved, as a fallback for flow cytometry and other studies
if aspirate material is insufficient.
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The particle preparation (clot or filtered particles)
and biopsy are fixed, the biopsy decalcified, and both
processed as surgical biopsy samples with H&E staining
of sections. Bs fixation gives optimal results, but it is an
environmental hazard and is being displaced by safer
fixatives. The sections are reviewed for cellularity, dis-
tribution of immature and mature cells, and focal le-
sions such as granulomata or tumor. Immunohisto-
chemical staining of sections may help resolve cases
with poor aspirate smears, poor flow cytometry, or
otherwise ambiguous results, using panels of antibodies
similar to those used for flow cytometry. Finally, while
morphologic analysis is of primary importance in diag-
nosis and management of AML, it is extremely impor-
tant that an ample additional sample be available for
flow cytometric, cytogenetic, and selected molecular ge-
netic analyses in every new case of acute leukemia.

2.4.2 Morphologic Review

Microscopic analysis of air-dried Wright-Giemsa
stained peripheral blood and marrow aspirate smears
remains fundamental to diagnosis of acute leukemia,
and provides some information for separation of AML
and ALL (e.g., Auer rods, typical APL hypergranular
promyelocytes), but other studies (flow cytometry, pre-
viously cytochemistry) are usually required for reliable
separation of AML and ALL. Presence of multilineage
dysplasia in background cells suggests diagnosis of
MDR-AML, although we recommend corroboration
with history, cytogenetics, and patient age. It is impor-
tant for the morphologist to realize the range of blasts
that may be seen in marrow and peripheral blood in
AML, to include myeloblasts in varying stages of differ-
entiation, hypergranular and hypogranular promyelo-
cytes, monoblasts, erythroblasts, and megakaryoblasts,
as described in FAB and WHO publications, other
atlases, and illustrated in accompanying figures [1, 3]
(Figs. 2.3-2.7).

2.4.3 Leukemia Cytochemistry

Cytochemical analysis, critical historically for separa-
tion of AML and ALL and for FAB subclassification of
AML, has been largely supplanted by flow cytometric
characterization of blasts. Selected cytochemistry stud-

ies remain useful for resolving difficult cases where line-
age remains ambiguous with flow cytometric work up.

2.4.3.1 Myeloperoxidase and Sudan Black

Sudan black (SB) or myeloperoxidase (MPO) stains may
be used to confirm myeloid differentiation. SB stains a
lipid in myeloid granules, whereas MPO stains that en-
zyme in myeloid primary granules. Both stains mark
myeloblasts, some monoblasts, and eosinophils.
Although MPO is the better marker for granulocytic
lineage, the enzyme deteriorates rapidly on slides, espe-
cially with light exposure, whereas SB staining may be

Fig. 2.3. Acute promyelocytic leukemia, microgranular variant (FAB
M3v). Peripheral blood smear, Wright’s stain.
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Fig. 2.4. AML with t(8;21), bone marrow aspirate smear (FAB M2).
Wright's stain, showing blasts and myelocytes with orange Hoff.
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Fig. 2.5. AML with inv(16) (FAB M4Eo). Note the abnormal eosino-
philic precursors with orange and basophilic granules. Bone marrow
aspirate smear, Wright's stain.
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Fig. 2.6. Acute monoblastic leukemia (FAB M5). Peripheral blood
smear, Wright's stain.
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Fig. 2.7. Acute megakaryoblastic leukemia (FAB M7). Bone marrow

aspirate smear, Wright’s stain. Note cytoplasmic blebbing and the
binucleate blast.
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performed successfully on smears after several weeks or
more. With cytochemistry AML was defined as having
greater than 3% SB or MPO positive blasts (FAB), but
in practice this requires discretion in application. The
intent is that lymphoblasts are negative with these
stains, but normal myeloblasts (up to 3%) are present
in background hematopoiesis in ALL; in fact this num-
ber may be higher in occasional cases of ALL. Auer rods
are easier to detect with these stains than with Wright-
Giemsa staining. SB may also faintly stain granular ALL,
with much less intensity (elephant gray) than myelo-
blasts or internal control maturing neutrophils (black).

2.4.3.2 Esterase Stains

Naphthol-ASD chloroacetate esterase (a.k.a. specific es-
terase [SE] or Leder stain) stains a myeloid secondary
granule enzyme and also stains mast cells. It is less sen-
sitive than myeloperoxidase but will strongly stain pro-
myelocytes in both the hypergranular and microgranu-
lar variants of acute promyelocytic leukemia. Despite its
name, “specific” esterase is not completely specific, and
stains monoblasts in some cases. Monoblasts and
monocytes stain with a-naphthyl butyrate (ANB) ester-
ase and a-naphthyl acetate (ANA) esterase stains (a.k.a.
nonspecific esterase, NSE), enzymes found in mono-
cytes/macrophages. NSEs in monocytes are inhibitable
by sodium fluoride. Megakaryoblasts also stain with
ANA (but not ANB), and this ANA staining is resistant
to sodium fluoride inhibition. Some have suggested use
of the esterase stains to distinguish monoblastic (NSE
positive) from myelomonocytic (SE and NSE positive)
leukemia; but this approach is not widely accepted be-
cause of the lack of specificity of the “specific” esterase
stain. Lymphoblasts, in particular granular lympho-
blasts, may also exhibit granular positivity with the es-
terase stains.

2.4.3.3 Periodic Acid Schiff Stain

The periodic-acid Schiff (PAS) stain marks lympho-
blasts in some cases of ALL, staining cytoplasmic glyco-
gen with fine to marked or “block” positivity. However,
PAS staining is not specific for ALL. Acute erythroblas-
tic leukemia, erythroblasts in MDS, monoblasts, baso-
phils, and some metastatic tumors (rhabdomyosarco-
ma, Ewing’s sarcoma) may exhibit similar PAS staining.

These stains may be helpful in assigning lineage in
ambiguous cases of acute leukemia. However, aside
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from dysplastic PAS positivity in erythroblasts, they are
not helpful in separation of MDR- versus DN-AML.

2.4.4 Flow Cytometry

Immunophenotyping blasts by flow cytometry has be-
come standard for diagnosis of the acute leukemias, in
particular for separation of AML and ALL, as well as
for recognition of myeloblastic, monoblastic or mega-
karyoblastic differentiation in leukemic blasts. Varia-
tions in details of flow cytometry are beyond the scope
of this chapter, but some comments with respect to its
application to AML are appropriate. A standard flow cy-
tometric approach for acute leukemia is to use a combi-
nation of CD45, side scatter, and forward scatter to rec-
ognize an abnormal population consistent with blasts,
with blasts usually having reduced CD45 and low side
scatter [38]. This population is then characterized with
a series of antibodies directed against surface antigens
present on immature hematopoietic cells to separate B
or T lymphoblasts from blasts with myeloid differentia-
tion, and to delineate lineage commitment of the mye-
loid blasts. It should be noted again that lineage com-
mitment is not a satisfactory approach for subclassifica-
tion of AML, but it is useful for confirming diagnosis of
AML versus ALL. Commonly used surface antigens for
this purpose are: for myeloid differentiation CD1i3,
CD33, CD117, CD16, CD64, CD14, CD11b, CD4(2-), and
CDé61; for B-lymphoid differentiation CD19, CDy9a,
CD22, CD20, CD10, and TdT; and for T-lymphoid differ-
entiation CD2, CD7, CD4, CD8, CD1?% and TdT. None of
these antigens singly are lineage-specific, but rather
lineage-associated, but unambiguous sets of lineage-as-
sociated antigen positivity reliably indicate lineage
commitment of blasts. Myeloid blasts can be further
characterized as having myeloblastic, monoblastic
(CD4+, CD14+, CD64+), or megakaryoblastic (CD61+)
differentiation. There are two general approaches to re-
solve ambiguous cases. One approach, proposed by the
European Group for Immunologic Classification of Leu-
kaemia (EGIL), is a scoring system that applies variable
weight to surface antigens, plus several cytoplasmic
antigens (cytoplasmic [c]CDy9a, cCD22, ¢CD3, and
cMPO) [39] (see Table 2.6). This approach requires a
score of greater than 2 for confirmation of lineage dif-
ferentiation. The second approach treats only a limited
panel of cytoplasmic markers as definitive for lineage
differentiation of blasts: cCD79a or cCD22 for B differ-

Table 2.6. EGIL criteria for immunologic classification of
acute leukemia [39]

Score Myeloid B-lymphoid T-lymphoid
CytCD79a* CytCD3
2 MPO CytigM anti-TCRap
CytCD22 anti-TCRyo
CD117 CD19 CD2
1 CD13 CD20 CD5
CD33 CD10 CD8
CD65 CD19 CD10
CD14 TdT TdT
0.5 CD15 CD24 CcD7
CD64 CD1a

* also seen in some T-ALL
A score of 2.5 or greater is interpreted as lineage commitment in this

system.

entiation, cCD3 for T differentiation, cMPO for myeloid
differentiation, and cCD61 for megakaryoblastic differ-
entiation.

Frequent cases of acute leukemia demonstrate “aber-
rant” expression of antigens typically associated with
another lineage of differentiation (e.g., CD19 or CD2 ex-
pression by blasts in otherwise typical AML). This ex-
pression has little bearing on prognosis of a given case,
and does not indicate bilineage differentiation in most
such cases of acute leukemia. Such expression may pro-
vide a useful marker of leukemic blasts for monitoring
treatment of such cases with flow cytometry for low-lev-
el residual disease. A small percentage of cases of acute
leukemia do demonstrate dual lineage differentiation of
blasts, either B-myeloid or T-myeloid. Many such cases
demonstrate dual morphology with small lymphoblasts
and larger myeloblasts (often more apparent in thicker
areas of smears), often with granular differentiation or
Auer rods in myeloblasts. In addition, cytochemical
stains may demonstrate dual populations, with Sudan
black or myeloperoxidase cytochemical positivity in
the larger blasts. Confirmation of such dual differentia-
tion requires flow cytometric demonstration of expres-
sion of multiple myeloid and either B- or T-lymphoid
lineage-associated antigens or lineage-specific cytoplas-
mic markers. As discussed in the preceding paragraph,
there are two general approaches for confirmation of bi-
lineage commitment of blasts, either use of the EGIL
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scoring system or demonstration of confirmatory cyto-
plasmic antigen positivity. In this situation cytochem-
ical myeloperoxidase or Sudan black positivity in leuke-
mic blasts can supplement flow cytometric demonstra-
tion of myeloid differentiation. Finally, some have re-
commended the terminology of bilineal acute leukemia
for cases with two distinct populations of blasts, versus
biphenotypic for cases with expression of markers of
two distinct lineages of differentiation on the same
blasts. In both settings both populations of blasts usual-
ly have a uniform set of genetic abnormalities. Only
very rarely are two completely unique sets of genetic ab-
normalities present in distinct blast populations in
acute leukemia, suggesting simultaneous occurrence of
two unrelated diseases.

There are several pitfalls and caveats in evaluation of
leukemic blasts with flow cytometry. With standard flow
cytometric CD45/side scatter gating for a blast popula-
tion, the position of leukemic promyelocytes tends to
merge with the normal granulocyte population, com-
promising recognition and separation of the two popu-
lations in APL. Monoblasts and promonocytes tend to
merge with normal monocytes with the same gating,
and this separation is further complicated by the pres-
ence of few distinguishing cytometric markers between
the two populations. Therefore, morphologic correla-
tion is essential when evaluating monoblastic leukemia.
Hypogranular granulocytes in MDS and MDR-AML
tend to merge with the blast gate, because of decreased
side scatter, causing overestimation of the blast percent-
age in such cases. Elimination of erythroid precursors in
processing the sample before flow analysis may falsely
elevate the blast percentage by reducing the denomina-
tor in the sample. Despite these limitations, flow cyto-
metry has become an indispensable tool for rapid and
efficient diagnosis of acute leukemia.

Flow cytometric analysis can be adapted to monitor-
ing minimal residual disease during treatment of AML,
with sensitivity of approximately 1 cell in 10>™%, if an in-
formative phenotype differing from normal populations
is identified (discussed below). In this capacity this
technology may be superior to other approaches be-
cause of its speed and cost, but may require greater than
the current standard 4-color flow cytometry to be infor-
mative and practical in most cases.

A number of reports indicate that demonstration by
flow cytometry of aberrant expression, or aberrant tim-
ing of expression, of antigens in myeloid progenitors
may be a useful adjunct for diagnosis of MDS [40-

42]. Such testing is not yet widely used for this purpose
in clinical practice, in part because it requires more ex-
tensive antigen panels and/or greater than the usual cur-
rent 4-color flow cytometry for implementation. How-
ever, with technical improvements in cytometric equip-
ment such testing could become a valuable adjunct for
confirmation of diagnosis of MDS, and similar testing
of background hematopoiesis could potentially be used
in differential diagnosis of MDR- and DN-AML.

2.4.5 Cytogenetics and Molecular Genetics

Karyotype analysis remains indispensable as a diagnos-
tic tool for acute leukemia, due to its ability to screen
the entire complement of chromosomes for large scale
abnormalities. In the majority of childhood acute leuke-
mia and 54-78% of adult AML, cytogenetic abnormali-
ties are detected on karyotype analysis of blood or mar-
row [43]. Cytogenetic studies at diagnosis help separate
DN- and MDR-AML, and are currently one of the most
valuable prognostic indicators for AML, separating pa-
tients into favorable, intermediate, or unfavorable clini-
cal risk groups (Table 2.2). The translocations of AML
with Recurrent Cytogenetic Abnormalities (WHO) (Ta-
ble 2.3) each have prognostic significance: t(8;21),
inv(16), and t(15;17) confer favorable risk, 11q23 abnor-
malities intermediate risk. Of the karyotypic changes
associated with MDS or MDR-AML, -5 and -7 are in
the adverse risk group, while +8 and +21 are intermedi-
ate risk. A second reason that cytogenetic studies should
be done on all new AML cases is that treatment options
may vary depending on cytogenetic results, particularly
with t(15;17) (APL) and t(9;22) (which may indicate
myeloid blast crisis of CML).

Molecular diagnostic tools such as fluorescent in situ
hybridization (FISH), Southern blotting, and RT-PCR,
while more specific and/or sensitive than classic cytoge-
netics, require focus on specific genes for testing, rather
than providing a screening tool for multiple abnormal-
ities. However, there is a role for these directed tests to
increase detection sensitivity for the common transloca-
tions, additions, and deletions of AML, to confirm trans-
location breakpoints detected by karyotyping, and to de-
tect cytogenetically silent genetic abnormalities [e.g.,
t(12;21) of ALL, FLT3 internal tandem repeats, C/EBPa
mutations]. In addition to karyotyping, most academic
centers use FISH or RT-PCR to test for PML/RARa,
CBFfIMYHi11, AML1/ETO, and MLL disruption, and of-
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ten use FISH to search for -7 5q-, and +8. Although
these examples are usually detected by classic karyotype
analysis, poor viability and inability to obtain meta-
phase spreads may compromise karyotype analysis,
and cryptic insertional translocations occur that cannot
be detected by karyotype analysis. An additional advan-
tage of FISH is that it can be performed on paraffin sec-
tions of nondecalcified tissue, such as bone marrow par-
ticle sections. Thus, in AML cases with a negative kar-
yotype FISH or RT-PCR is recommended for some com-
mon abnormalities. For the more common transloca-
tions, the following are estimates of the percentage of
cases missed if only karyotype analysis is performed:
AML1/ETO, 6% [44]; CBFf/MYH11, 4% [45]; PML/RARa,
15% [46]. These cases include those where karyotype
analysis was unsuccessful, as well as cases with cryptic
translocations. With the additional methods of testing
the overall incidence of the major recurring transloca-
tions in AML in the US and western Europe, from age
2 to middle age, are: MLL (11q23): 3-7%, AML1/ETO:
14%, PML/RARa: 10-15%, CBES/MYHi1: 10% [47]. (It
should be noted that there is heterogeneous distribution
of some of these translocations; e.g. a high incidence of
t(15517) has been described in both northern Italy and in
Latinos in the Los Angeles area in the US.) FISH and PCR
each have distinct advantages for detection of recurring
translocations, and the optimal test depends on the mo-
lecular biology of the particular translocation. If there
are multiple possible break-points for a translocation,
FISH is preferable, as large (approximately 100 kbp)
FISH probes can span multiple breakpoints, whereas
for PCR several reactions with multiple primer pairs
would be required. If there are multiple possible fusion
partners, as with MLL abnormalities, a FISH break-apart
probe can detect disruption of the locus by any translo-
cation. On the other hand, PCR is more sensitive than
FISH, with the ability to detect 1 in 10%™ cells, while
the maximal reliable sensitivity of FISH appears in the
range of 2 to 5 in 10° with double break-apart/fusion
probes [48]. PCR sensitivity is especially suited over
FISH for detection of minimal residual disease, if pres-
ence of a target is confirmed at diagnosis.

2.4.6 Specific Recurring Genetic Abnormalities
of AML

A variety of specific genetic abnormalities have been de-
scribed in patients with AML, some of which appear to

block differentiation, while others drive proliferation
and inhibit apoptosis. Abnormalities of each functional
group appear to be mutually exclusive of other abnor-
malities of the same group, but as discussed previously,
abnormalities of both groups appear necessary to create
the acute leukemia phenotype. As stated previously, de-
spite extensive efforts specific genetic abnormalities
caused by the major chromosomal abnormalities typical
of MDS and MDR-AML (i.e., -7, 59—, +8, 20q-, +21, etc.)
that contribute to disease pathogenesis remain un-
known.

2.4.6.1 Retinoic Acid Receptor Translocations

The successful treatment of acute promyelocytic leuke-
mia with retinoic acid (RA) is a stunning example of the
potential power of molecular medicine. As the associa-
tion between t(15;17) (q22;q21) and APL was known, the
report [49] that oral all trans-retinoic acid (ATRA) in-
duced complete remission in APL led quickly to demon-
stration that t(15;17) involves the retinoic acid receptor a
gene (RARa) at chromosome 17q21 [50-52]. Recognition
of APL morphology remains important to alert clini-
cians to the potential of a concomitant hemorrhagic dia-
thesis, to direct appropriate diagnostic studies, and to
raise the possibility of directed treatment possibilities
[3, 53-55]. The hypergranular variant of APL (Ms3h)
has distinctive hypergranular blasts with a reddish col-
or shift of granules, bilobed grooved nuclei, frequent
Auer rods, and faggot cells with multiple Auer rods.
The microgranular variant (M3v) (Fig. 2.3) has similar
bilobed nuclei, but few obvious granules with Roma-
nowsky staining. Flow cytometric findings demonstrate
standard myeloid markers, but blasts are usually nega-
tive for CD34 and HLA-DR, and often aberrantly posi-
tive for CD2.

Of four 17q21 translocations involving RARa, the
most common is t(15;17), in which the 5 portion of
the major fusion protein is encoded by the PML (Pro-
Myelocytic Leukemia) gene at 15q22, and the 3’ portion
is encoded by the RARa gene at 17q21. The breakpoint in
RARa is invariant in intron 2, incorporating in the fu-
sion protein the C-terminal portion of RARa including
its DNA-binding, ligand-binding, dimerization, and re-
pression domains. There are three breakpoint regions in
PML. The most common, bcr-1 in intron 6, includes the
first 6 exons of PML, and is designated PML(L)/RARa
[56]. The second, ber-3 in intron 3, generates a shorter
transcript, PML(S)/RARa. The third, ber-2, occurs with-
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in exon 6. RT-PCR using a single 3 RARa primer and 2
PML primers to encompass the breakpoint sequences in
introns 3 and 6 detects all 3 transcripts. FISH will also
detect all PML/RARa fusion gene variants.

RARa is half (with RXR) of a heterodimer ligand-
dependent nuclear membrane receptor which mediates
the cellular effects of RA. The heterodimer binds to
RA response elements (RAREs) in the promoters of
many genes important in myeloid differentiation. In
the absence of RA, wild-type RARa/RXR on RAREs
binds to the corepressor proteins SMRT, N-CoR, mSin3,
and histone deacetylases. Deacetylation of histone at the
promoter, mediated by this complex, results in tran-
scriptional repression. Physiologic concentration reti-
noic acid (10™® M) causes a conformational change of
the receptor, release of corepressors, and recruitment
of a coactivator complex (SRC-1) which associates with
histone acetyltransferases [57]. This new complex medi-
ates acetylation of histones at the promoter, relaxes
chromatin conformation, and allows transcription to
proceed (reviewed in [58]).

PML/RARa also heterodimerizes with RXR and
binds to RAREs, competing with RARa/RXR in a domi-
nant negative manner. In the absence of ligand, PML/
RARa (via its 3 RARa portion) binds corepressor pro-
teins similarly to RARa, but requires pharmacologic
concentration ATRA (107° M) to release them and bind
to the coactivator complex, the mechanistic basis for the
induction of differentiation of leukemic cells in APL
with pharmacologic dosage of ATRA [7 57].

Studies of variant RARa translocation t(11;17)
(q23;q21) cases of AML [6, 7] have furthered under-
standing of the mechanism of response of APL to ATRA.
Patients with t(11;17) AML are resistant to treatment
with pharmacologic dosage ATRA. The fusion partner
gene on chromosome 11q23 encodes PLZF, a transcrip-
tional repressor that contributes a second corepressor
binding site to the fusion protein. Although pharmaco-
logic dosage ATRA induces release of corepressors from
the RARa portion of the fusion protein, those binding to
PLZF are unaffected [57-59]. Addition of Trichostatin A,
which inhibits the deacetylase activity of PLZF-asso-
ciated corepressors [7, 60], allows induction of differen-
tiation to proceed.

Finally, two additional RARa translocations, both of
which are ATRA responsive, are associated with APL.
With t(5517)(q35;q21), nucleophosmin (NPM) is fused
with RARa, contributing an oligomerization domain
[61]. With t(11;17)(q13;q21) the NUMA gene is fused to

RARa. The NUMA protein is involved in the mitotic
process and also contributes a coiled-coil dimerization
domain [62]. Thus, all translocation partners of RARa
encode proteins with multimerization domains, and
all these translocations appear to contribute a block of
differentiation to leukemia pathogenesis.

2.4.6.2 Core Binding Factor Mutations

The core binding factor translocations include t(8;21)
(q22;q22) which produces the AML1/ETO fusion protein
[63] and inv(16), which produces the CBFS/MYHu
fusion protein [64]. The murine counterpart of AML1
(RUNX1, CBFa1) was first described as part of the het-
erodimer core binding factor (CBF) which binds to a
core enhancer sequence of the Molony leukemias virus
LTR. Inversion (16)(p13;q22) and t(16516)(p13;q22) dis-
rupt the other component of CBE non-DNA binding
CBFp. The core enhancer sequence is found in the pro-
moter region of a number of human genes, including B-
cell tyrosine kinase [65], T cell receptors a and f [66],
the cytokines IL3 [67] and GM-CSF [68], and the gran-
ulocyte proteins MPO and neutrophil elastase [69].
Core binding factor translocations appear to contribute
a block of differentiation to leukemia pathogenesis.

Core binding factor is essential for hematopoietic
development. Knockout of either AML1 [70] or CBEf
[71] in mice results in fetal death at E11.5-12.5 due to ab-
sence of fetal hematopoiesis. Transgenic experiments
have demonstrated that AML:1 is essential for develop-
ment of hematopoietic stem cells in the aorta/gonadal/
mesodermal region, the source of definitive hematopoi-
esis [72]. The essential role of AML1 in hematopoietic
development appears to be through its function as a
transcriptional activator.

AML;1 is located on chromosome 21q22.3 and com-
prised of 12 exons over 260 kb of DNA, with 4 different
transcripts by alternative splicing [73]. The runt homol-
ogy domain (RHD) in the N-terminal portion of the
protein, homologous to the Drosophila runt protein
[74], is a sequence specific DNA binding domain. This
domain is mutated in the uncommon autosomal domi-
nant inheritance syndrome of familial platelet disorder
with predisposition to AML (FPD-AML) and in AML as-
sociated with AML1 point mutations [75, 76]. CBEf in-
teracts via this domain and changes the conformation
of AMLx1 to increase its DNA binding affinity [77]. C-ter-
minal to the RHD are potential MAP kinase phosphor-
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ylation sites, followed by three activation domains, a
nuclear matrix target signal, a dimerization domain,
and sequences recognized by corepressor proteins (re-
viewed in [5]).

The ETO gene, cloned from the t(8;21) fusion [63], is
the mammalian homologue of the Drosophila nervy
gene [78]. ETO is expressed in CD34+ progenitor cells
but not in more differentiated hematopoietic cells
[79]. ETO does not appear to bind DNA specifically.
However, it may act as a corepressor protein [80], as
it associates with N-CoR and mSin3A, and directly
binds to the class I HDACs (HDAC-1, HDAC-2, and
HDAC-3) [81].

In t(8;21) the breakpoint in AML1 is between exons 5
and 6 [82], yielding a fusion protein with the N-terminal
177aa of AML1 [63] including the DNA binding domain,
but lacking the C-terminal activation domains, core-
pressor interaction sites, and nuclear localization sig-
nals of wild-type AML1 [5]. The breakpoint in the
ETO gene occurs in the introns between the first two al-
ternative exons of ETO, resulting in the inclusion of al-
most all of the coding region for ETO in the fusion tran-
script [63]. The AML1/ETO protein binds to the same
DNA sequence as AML1, heterodimerizes with CBEf
[83], and acts as a dominant negative inhibitor of
wild-type AML1. AML1/ETO can also function as an ac-
tive transcriptional repressor through its association
with HDACs (via ETO). Targets of AML1/ETO repres-
sion are presumed to include genes important for gran-
ulocyte differentiation. In addition, AML1/ETO may in-
directly repress p53 by repressing p19ARF [84], an antag-
onist of the ps3 inhibitor MDM2 [85]; thus reduced p53
checkpoint control might contribute to t(8;21) leukemo-
genesis. Since observed breakpoints in AML1 and ETO
are clustered, RT-PCR using single AML1 and ETO
primers should detect the translocation in all cases. In
addition, an AML1/ETO dual color, dual fusion probe
is available for FISH. Other mutations involving AML1
have been described in AML and MDS. The uncommon
t(3;21) involves the AML1 gene and has been described
in the setting of AML and MDS following alkylating
agent chemotherapy. In addition, several mutations of
AML1 have been identified in FPD-AML and in random
cases of AML, including nonsense mutations and intra-
genic deletion of one allele of AML1. Finally, a minority
of AML following epipodophyllotoxin chemotherapy
are characterized by AML1 translocations.

AML with t(8;21) is a favorable prognostic subtype
of AML, particularly with regimens containing high-

dose cytosine arabinoside. The majority of AML with
t(8;21) demonstrates differentiation of blasts (M2 mor-
phology) with cytoplasmic granules and Auer rods [3,
86]. In Romanowsky stained marrow smears maturing
neutrophils from these patients may have characteristic
salmon pink cytoplasm in the Golgi zone (Fig. 2.4) and
pseudo Pelger-Huet nuclei. Flow cytometry often reveals
aberrant expression of CD19 or CD56.

Inv(16) and t(16;16) result in fusion of the first 165aa
of CBFf to the C-terminal coiled-coil region of MYH11
[64]. The C-terminal region of MYH11 associates with
mSin3za and HDACS, contributing the transcriptional
corepressor activity of the fusion protein. Presumably
CBEf/MYH11, which cannot bind DNA on its own, inter-
acts with AML1 to form a transcriptional repressor
complex [4].

Inversion 16 AML often associates with myelomono-
cytic leukemia with dysplastic eosinophils in marrow
with purple as well as orange granules (M4Eo) [3, 87].
These abnormal granules are evident especially in eosi-
nophilic myelocytes (Fig. 2.5). Cytogenetic detection of
Inv(16) is subtle and may be missed with traditional
standard Giemsa banding karyotype analysis. A com-
mon secondary abnormality, trisomy 22, or characteris-
tic dysplastic eosinophils in smears, should prompt RT-
PCR for CBFf{/MYHi11. Most CBFf; breakpoints occur in
intron 5; breakpoints in 7 different exons have been re-
ported in MYHii, but type A accounts for 90% of cases.
Primers appropriate for these most common break-
points are used for RT-PCR.

2.4.6.3 MLL Abnormalities

The mixed lineage leukemia gene (MLL) (a.k.a. HRX or
ALL1), a transcriptional activator frequently rearranged
in infant leukemia, subtypes of therapy-related leuke-
mia, and mixed lineage leukemia, maps to chromosome
11q23 (reviewed in [88, 89]). The gene consists of 34
exons over 100 kb, encoding a 3969 aa protein [90].
MLL has homology with trithorax, a Drosophila tran-
scriptional regulator which positively regulates homeo-
box genes [91], a large family of developmental regulator
genes essential for growth and differentiation, named
for a shared homeobox sequence motif [92]. Wild-type
MLL is responsible for maintenance of homeobox gene
expression during development [93].

MLL abnormalities are found in 5-10% overall of pa-
tients with ALL and AML, and usually associate with
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poor prognosis with current treatments [94]. In a study
of 550 cases of acute leukemia and MDS with 11q23 rear-
rangements, 16% involved additions, duplications, and
inversions, with an internal tandem duplication being
the most common alteration [95]. Of the remaining,
translocation with 30 different reciprocal partner loci
were identified [96]. The two most common transloca-
tions with AML were t(9;11) (MLL/AF9), and t(6;11)
(MLL/AF6). As the name implies, MLL is often found
with mixed lineage leukemias in which blasts express
both myeloid and lymphoid markers. This association,
and the presence of MLL abnormalities in both ALL
and AML cases, suggest that the genetic error may take
place in an uncommitted hematopoietic stem cell.
Myelomonocytic or monoblastic morphology (M4 or
M5 morphology) are common in AML with MLL abnor-
malities (Fig. 2.6), but a variety of other morphologies
are also seen [95]. Most, but not all, MLL translocations
are restricted to DN-AML, but 11q23 deletion is found in
MDR-AML, and t(11;16)(q23;p13) that results in a fusion
of MLL and CBP (CREB enhancer binding protein) has
been described in cases of therapy-related MDS and
AML. MLL abnormalities appear to contribute a block
of differentiation to leukemia pathogenesis.

The breakpoints of MLL usually occur between
exons 5 and 11 [97], fusing the N terminal approximately
1400 amino acids of the MLL protein to a C-terminal
partner [89]. Due to the complexity of breakpoints
and fusion partners, the best method of detecting
MLL rearrangements is FISH with an MLL break apart
probe. RT-PCR multiplex approaches detect only the
more common MLL translocations, and single primer
set RT-PCR is impractical unless the putative partner
gene is suggested by a cytogenetic translocation.

MLL rearrangements are associated with several
unique types of leukemia. In infant acute leukemia
(birth to 1 year) there is a 60-80% incidence of 11q23 re-
arrangement in both AML and ALL [98]. In therapy-re-
lated acute leukemias with epipodophyllotoxin inhibi-
tors of topoisomerase II, usually AML, there is an 8o-
90% incidence of MLL rearrangements, particularly
t(9;11)(p21-22;q23) and t(11;19)(q23;p13) (most of the re-
mainder involving AML1) [96, 99]. Topoisomerase II
unwinds DNA during replication and transcription by
producing double-strand nicks in the DNA, after which
the ends are rejoined by a ligase activity of topoisomer-
ase II. Topoisomerase II inhibitors such as epipodophyl-
lotoxins inhibit this ligase function so that DNA free
ends accumulate, triggering apoptotic events, but also

apparently facilitating occurrence of translocations
through religation errors. In the MLL gene there are 11
sites similar to topoisomerase II consensus binding sites
in breakpoint cluster areas. Infant leukemia with MLL
translocations has a similar distribution of breakpoints
to therapy related disease, whereas sporadic cases have
more random breakpoints [100]. This observation has
triggered speculation that in utero exposure to environ-
mental topoisomerase II inhibitors such as flavenoids
may have a role in the etiology of infant leukemia
[101], although this remains unsubstantiated.

2.4.6.4 C/EBPa

C/CAAT enhancer binding protein a (C/EBPa) is a tran-
scription factor that regulates granulocytic differentia-
tion [102]. The gene produces two proteins using alter-
native start sites. The larger and predominant 42 kDa
protein consists of two N-terminal transactivating do-
mains, with a C-terminal bZIP domain consisting of a
basic (b) region that mediates DNA sequence binding
and a leucine zipper (ZIP) domain that mediates dimer-
ization [103]. The shorter 30 kDa protein is transcribed
from an alternative internal start site, and retains its
bZIP domain but lacks the first transactivation domain;
it thus retains the ability to dimerize with the long form,
but inhibits transactivation by the dimer. The impor-
tance of C/EBPa in granulocyte differentiation is sup-
ported by the lack of granulocyte differentiation in
CEBPA knockout mice [104], while its conditional ex-
pression triggers granulocyte differentiation in bipoten-
tial precursors [105]. C/EBPa transactivates the genes
for G-CSF and GM-CSF receptors, and several granulo-
cyte-specific proteins. Cytogenetically silent mutations
of CEBPA have been identified in about 8% of AML
cases, and are of two types: C-terminal bZIP domain
mutations and N-terminal truncating mutations that
lead to enhanced production of the 30 kDa protein
[106-108]. The former inhibit dimerization and DNA
binding. The latter dimerize with the long form, but in-
hibit transactivation by the dimer, functioning in a
dominant negative manner. CEBPA mutations are found
predominantly in AML with differentiation (M2), simi-
lar to AML1 mutations, interesting in that C/EBPa inter-
acts with CBF to mediate AML differentiation. Some
cases also have associated eosinophilia (M2Eo). Muta-
tion of CEBPA has also been described in one family
with a familial AML syndrome [109]. Approximately
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one third of AML with CEBPA mutations also have FLT3
mutations. Data suggest that AML with CEBPA mutation
and lacking FLT3 mutation is favorable risk disease, re-
maining cases falling in the intermediate risk AML cat-
egory (Table 2.2).

2.4.6.5 GATA1

GATA1 is a zinc finger transcription factor that regulates
erythroid and megakaryocytic differentiation. Familial
mis-sense mutations in GATA1 results in a syndrome
of dyserythropoietic anemia and thrombocytopenia,
while conditional knockout of GATA: in megakaryocyte
precursors in mice leads to thrombocytopenia and
megakaryoblast proliferation. In acute megakaryoblas-
tic leukemia (AMKL) (Fig. 2.7) that occurs in Down Syn-
drome (DS) children, mutations of GATA1 have been de-
scribed in all tested cases [20, 110, 111]. Similar muta-
tions have also been described in transient myeloprolif-
erative disorder (TMD) in the neonatal period in DS pa-
tients [110]. About one third of DS patients with TMD
later develop AMKL, and identical GATA1 mutations
have been identified in such patients in both TMD
and subsequent AMKL. The described mutations result
in transcription of a truncated form of GATA1 that lacks
its N-terminal transactivation domain, presumably con-
tributing to the block of differentiation in the patients’
leukemic cells. During the intervening period between
TMD and AMKL these patients are hematologically nor-
mal. In a separate scenario, some patients with MDS
and -7 develop translocations at 3q26 prior to progres-
sion to MDR-AML. Some of these translocations lead to
dysregulated transcription of EVI1, a gene not normally
expressed in hematopoietic cells. EVI1 is an antagonist
of GATA1, with an identical sequence-specific DNA
binding domain. Thus, dysregulated expression of
EVI is presumed to block GATA1-mediated differentia-
tion, contributing to leukemogenesis in this setting.
There are no other specific morphologic or clinical cor-
relates to the 3q26 translocations [112].

2.4.6.6 FLT3

FLT3 is possibly the single most commonly mutated
gene in AML (reviewed in [10]). Originally cloned from
CD34+ hematopoietic stem cells, it encodes a type III
receptor tyrosine kinase in the PDGF receptor family.
FLT3 ligand (FL), a type I transmembrane protein ex-

pressed on the surface of support and hematopoietic
cells in the bone marrow, stimulates growth of imma-
ture myeloid cells and stem cells [113]. FL binding in-
duces FLT3 dimerization and activation by cross-phos-
phorylation on intracytoplasmic tyrosine residues.
The activated kinase then phosphorylates intermediates
in downstream signal transduction pathways. Two types
of activating FLT3 mutations have been identified. The
most common are internal tandem repeat duplications
(ITD), in which head-to-tail duplications of various
lengths and positions occur in the juxtamembrane
(JM) portion of the molecule [114]. These may occur
due to DNA replication errors as a result of a potential
palindromic intermediate that may form at that site
[115]. The juxtamembrane domain is an autoinhibitory
domain whose function is blocked by autophosphoryla-
tion [10]. The in frame insertions in the JM domain pro-
duce mutant proteins which are constitutively activated
by autodimerization and phosphorylation in the ab-
sence of ligand [115]. The second type of mutations
are activation loop point mutations, usually an Asp825-
Tyr substitution resulting from a point mutation. Usual-
ly the activation loop inhibits access of ATP and sub-
strate to the kinase domain until phosphorylation oc-
curs as a result of ligand binding. The activation loop
mutations again produce a constitutively active FLT3
protein [10]. Interestingly, FLT3 activity on downstream
signal transduction intermediates is altered by these
mutations. Ligand-activated wild-type FLT3 stimulates
proliferation via activation of the Ras/Raf/MAP kinase
pathway. In contrast, FLT3-ITD only weakly activates
MAP kinase, but strongly activates STAT5 [116].

The frequency of FLT3-ITD in adult AML is 24%, 10-
15% in pediatric AML (reviewed in [10]). FLT3-ITD is
detected very frequently in APL, but has been detected
in all DN-AML subtypes, and in MDR-AML. The fre-
quency is very low in MDS and ALL. In contrast, the
FLT3 activation loop mutation is found in 7% of AML,
3% of MDS, and 3% of ALL [117]. FLT3-ITD is readily de-
tected by PCR of genomic DNA using primer pairs that
span the internal tandem repeat region, the amplified
abnormal product being easily detected by agarose gel
electrophoresis.

The expression of FLT3 may be the most significant
current prognostic factor for poor outcome in patients
less than 60 years old. In a study of 91 pediatric AML
patients, event-free survival at 8 years was 7% for pa-
tients with FLT3-ITD compared to 44% for patients with
wild-type FLT3 [118]. In adults with AML from 16 to 60
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years with otherwise normal cytogenetics, presence of
FLT3-ITD significantly decreased the length of remis-
sion and overall survival [119].

As with BCR-ABL for CML, the contribution of a
constitutively active FLT3 tyrosine kinase to the patho-
genesis of AML introduces the possibility of selective
kinase inhibition as a specific treatment strategy. Small
molecule FLT3 kinase inhibitors that bind to the ATP
recognition domain of the enzyme have been identified,
and several have been tested in phase I clinical trials
[120], with limited frequency and duration of responses.
Their use combined with traditional chemotherapy or
combined with other classes of inhibitors is being inves-
tigated.

2.4.6.7 Other Tyrosine Kinase
and RAS Mutations in AML

Recurring mutations have been described in AML in
other members of the PDGF receptor tyrosine kinase
family. Mutation of cKIT occurs in about 50% of CBF-
mutated (AML1 or CBEf) AML cases. In addition [12],
activating RAS mutations have been described in 19%
of AML [13, 14], and activating mutations of cEMS [11]
have been described in AML, primarily with M4 or
M5 morphology. Interestingly, the PDGF receptor tyro-
sine kinase family functions to drive proliferation
through RAS, and RAS, cKIT, cEMS, and FLT3 muta-
tions appear to be mutually exclusive in AML, suggest-
ing all are contributing the same function in leukemo-
genesis.

2.4.6.8 Nucleophosmin

Nucleophosmin (NPM) is a molecular chaperone that
shuttles between cytoplasm and nucleus, with particular
nucleolar concentration of protein [121]. While NPM ap-
pears to function to transport preribosomal particles
from the nucleolus to cytoplasm, other functions have
also been described, including regulation of centrosome
duplication, regulation of ps3, and functional regulation
and stabilization of p19**F (reviewed in [122]). NPM is
disrupted by the t(2;5) translocation of anaplastic large
cell lymphoma [123], as well as two uncommon trans-
locations in AML, t(5;17)(q25;q21) creating the chimeric
fusion gene NPM/RAR¢®* and t(3;5)(q25;934) creating
the chimeric fusion gene NPM/MLF1 [124]. The precise
role of NPM in leukemogenesis in these translocations

remains to be determined. Cytogenetically silent muta-
tions of NPM have now been identified in 35% of DN-
AML; they appear to be absent in MDR-AML [122, 125,
126]. The mutations were first identified by abnormal
subcellular localization of NPM, with relocation from
its normal predominant nucleolar location to cytoplas-
mic localization. Sequence analysis subsequently identi-
fied mutations in exon 12 of NPM, with each mutation
causing a frame-shift resulting in replacement of C-ter-
minal amino acids with an identical 5 amino acid termi-
nal sequence. The mutations were heterozygous, appear-
ing to function in a dominant manner, presumably
through heterodimerization with normal NPM, to cause
relocation of both normal and abnormal NPM to cyto-
plasm. These NPM mutations have been verified in a
variety of morphologic AML subtypes (excluding
APL, AMKL, and AMML with eosinophilia). Almost half
of NPM-mutated cases also have FLT3 mutation (33%);
despite this association, NPM mutation appeared to
convey favorable response to induction chemotherapy
[126]. A possible mechanism by which NPM mutation
contributes to leukemogenesis remains undefined. Its
frequent association with FLT3 mutation suggests it
does not function to drive proliferation of leukemic
cells, while in translocations it partners with both
ALK1 (another tyrosine kinase, in anaplastic large cell
lymphoma) and RARa.

2.4.6.9 Summary of Morphologic-Genetic
Correlates in AML

The acquired abnormalities in AML that block differen-
tiation correlate to a variable extent with specific mor-
phologic changes. The best correlations are for RARa
translocations and GATA1 mutations. The t(15;17) corre-
lates highly with APL morphology, but the correlation is
not absolute, as 5-10% of APL cases, depending in part
on the skill and experience of the morphologist, lack
t(15;17) or other RARa translocations [3, 53-55]. A skilled
morphologist can sometimes predict an APL case will
lack PML/RARa, because of lack of bilobed grooved nu-
clei, lack of a red color-shift in dysplastic granules with
Romanowsky staining, or less intense or larger granula-
tion than in typical APL cases. In addition, 1-2% of
cases with PML/RARa are AML with minimal to moder-
ate differentiation, and lack APL morphology. There is a
spectrum from hypergranular to microgranular mor-
phology in sets of APL cases, with frequent morpholog-
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ically-intermediate cases that behave clinically like clas-
sic hypergranular APL (e.g., low WBC counts, low level
of peripheral blood blasts). Microgranular morphologic
features tend to be more prevalent in peripheral smears
than in marrow (Fig. 2.3). Attempts to correlate hyper-
granular versus microgranular morphology in APL with
specific PML breakpoints have been inconsistent, and
an explanation for the variable morphology remains
obscure. AML with t(11;17) frequently has more differen-
tiated morphology than APL, resembling myelocytes
[54, 55]. GATA1 mutations are substantially restricted
to AMKL (Fig. 2.7) in DS patients [20, 110, 111]. Other
morphogenetic correlates are less precise. AML with
t(8;21) typically demonstrates granulocytic differentia-
tion, and may have a striking orange Hoff (Fig. 2.4),
but exceptions are frequent (about 20% of cases) [3,
86]. AML with inv(16) or t(16;16) typically has myelo-
monocytic morphology with dysplastic marrow eosino-
phils that contain distinctive basophilic as well as eosi-
nophilic granules (Fig. 2.5), but exceptions are very fre-
quent (about 40% of cases) [3, 87]. MLL and NPM mu-
tations correlate partially with monoblastic or myelo-
monocytic differentiation (Fig. 2.6). MLL also correlates
partially with minimally differentiated and biphenotyp-
ic acute leukemia. It must be re-emphasized that most of
these correlations are partial, and while of biological
interest in understanding the contributions of specific
genes to normal and disrupted hematopoiesis, do not
substitute for cytogenetic and molecular characteriza-
tion of cases.

2.4.6.10 Summary of Identified Genetic
Mutations in AML

Most recurring mutations described to date in AML ap-
pear to contribute to leukemogenesis by either blocking
differentiation (RARa, AML1, CBFA MLL, C/EBPg,
GATA1) or by driving proliferation (FLT3, RAS, cKIT,
cFMS). The mutations in each set appear to be mutually
exclusive of other mutations in that set, suggesting that
members of each set are providing the same function to
leukemogenesis. Some specific mutations appear to
convey favorable prognosis (PML/RARa, AML1, CBEFf
possibly C/EBPa and NPM), while others may convey
an unfavorable prognosis (FLT3, -7, -5) (Table 2.2). Mo-
lecularly targeted therapy is in use (ATRA for APL with
PML/RARa, cKIT inhibitors) or in development (FLT3
and RAS inhibitors) for some of these mutations, with

others predictably to follow. These observations rein-
force previously cited subclassification issues for DN-
and MDR-AML, as specific genetic information beyond
the recurring translocations of DN-AML will become
progressively more necessary for guiding therapy and
prognostication in individual cases of AML.

Some genetic events contribute to diagnostic sepa-
ration of DN- and MDR-AML. The recurring transloca-
tions characteristic of DN-AML essentially exclude di-
agnosis of MDR-AML. Although not routinely tested
for, NPM and C/EBPa mutations appear to be restricted
to DN-AML. The recurring cytogenetic changes of
MDS, if present in AML, presumptively identify MDR-
AML cases, with the caveat that the recurring DN-
AML translocations, if present, supercede the MDS-type
changes in significance for classification. As both DN-
AML and MDR-AML appear to require similar sets of
events for transformation, it seems unlikely that these
events alone will explain the consistent differences in
clinical outcome in the two groups. Instead, the differ-
ences appear to relate to the apparent random patho-
genesis of DN-AML (relatively flat incidence curve) ver-
sus the relationship of MDR-AML to MDS. Specific ge-
netic events that define most MDR-AML cases have not
been defined, and the genetic and pathogenetic basis of
MDS remains obscure.

2.4.7 Microarray Analysis of Acute Leukemia

Microarray analysis, or gene expression profiling, pro-
vides a snapshot of transcription levels of a large num-
ber of genes in a tissue at any one time, giving a more
global view of gene expression than provided by tradi-
tional Northern blot or PCR analysis of selected single
gene expression. There are two general approaches to
microarray analysis, both entailing reverse transcrip-
tion of RNA prepared from tissue samples to fluoro-
chrome-labeled ¢cDNA. In one approach (Affymetrix),
labeled ¢cDNA is hybridized to oligonucleotide arrays
containing sequence from 5,000 or more genes. The ex-
pression value for each gene is presented both numeri-
cally and visually as a color showing expression higher
or lower than the mean of all samples. In the second
approach a mix of test sample and reference cDNA la-
beled with different fluorochromes is hybridized to a
cDNA chip containing an array of selected cDNAs, with
the test sample expression value for each gene displayed
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both numerically and compared to the reference sample
[127].

The aims of microarray studies in AML to date have
been several: (1) discovery of groups of genes whose ex-
pression allows subclassification of AML, (2) discovery
of sets of genes that predict prognosis, and (3) discovery
of sets of genes instructive as to the pathogenesis of
AML. Potential pitfalls include that critical mRNAs
may be expressed only transiently, and may be missed
in analysis of a large population of unsynchronized
cells, or expressed at low levels below the sensitivity
of the test system. In addition, results have proven to
be heavily dependent on methodology (chip selection)
and methods used for statistical analysis.

In microarray studies which have grouped patients
with AML on the basis of gene expression signatures,
most clusters correspond to the common recurrent
translocations or known mutations [128]. Valk et al.
[129] (Affymetrix U133A chip with 13,000 unique genes,
unsupervised cluster analysis) analyzed blood or bone
marrow from 285 patients with AML and identified 16
groups. Patients with the recurrent translocations
t(8;21), t(15;17), and inv(16) formed clearly defined clus-
ters, those with 11q23 translocations were in two clus-
ters, and those with t(15;17) formed two groups correlat-
ing with presence or absence of FLT3 mutations. Other-
wise, FLT3 mutation correlated with no single gene ex-
pression signature. Two clusters of patients had high
percentages of cases with C/EBPa mutations. Ross et
al. (Affymetrix U133A chip, unsupervised two-dimen-
sional hierarchical clustering analysis) demonstrated
in 130 cases of pediatric AML clustering of cases with
three of the common recurring translocations (AML1/
ETO, PML/RARa, and MLL); however, inv(16) cases
did not cluster as well as in the adult study [130].

Bullinger et al. [131] (cDNA microarrays, unsuper-
vised hierarchical clustering) analyzed blood or marrow
from 116 adults with AML, grouping cases with similar
gene expression signatures. The most tightly grouped
set was t(15;17), while t(8;21) and inv(16) fell into several
clusters. Cases with a normal karyotype formed two
separate clusters, one with a high incidence of FLT3 mu-
tations. Additional statistical analysis allowed identifi-
cation of a 133-gene clinical outcome predictor, validated
on an independent test set, which was a strong indepen-
dent predictor for survival. Genes associated with poor
outcome included several homeobox genes (HOXB2,
HOXBs5, PBX3, HOXA4, and HOXA10), which were ex-
pressed in cases with diverse cytogenetic abnormalities.

Wilson et al. [132] (Affymetrix HG_Ugs5Av2 oligonu-
cleotide microarrays, VxInsight unsupervised cluster
analysis) analyzed 170 AML samples and reported the
only study in which recurrent cytogenetic abnormalities
are not tightly clustered. Their analysis produced 6 clus-
ters with distinct gene expression signatures, with most
recurrent cytogenetic abnormalities falling in one clus-
ter. The cluster with the best outcome had a high prev-
alence of NPM mutations, previously associated with a
good prognosis. The cluster of patients with the poorest
outcome demonstrated high expression of genes in-
volved in immune regulation (IRF4, IL10R, and MALT).

Bourquin et al. [133] (Affymetrix U133A microchip,
agglomerative hierarchical clustering), contrasting
acute megakaryocytic leukemia (AMKL) in Down syn-
drome (DS) versus non-DS children, demonstrated dis-
tinct gene expression signatures in the two groups.
Some genes overexpressed in DS-AMKL are encoded
on the triplicated chromosome 21, for example AML1.
Most patients with DS-AMKL have a mutation in the
transcriptional regulator GATA1; analysis of GATA1-re-
sponsive genes in the DS-AMKL samples shows some
activation targets of GATA1 (BACH1, LKF1) are overex-
pressed in DS-AMKL, but some repression targets of
GATA1 (KIT, MYC, and GATA2) are also overexpressed
in DS-AMKL, indicating possible aberrant transcrip-
tional regulation by the mutated GATA1.

In summary, these microarray studies demonstrate
differing effects of recurring genetic abnormalities in
shaping gene expression in individual cases of AML.
However, to date microarray data do not correlate
tightly enough to replace standard genetic methods,
have yet to provide significant insights to AML patho-
genesis, and have not significantly improved AML clas-
sification. They may ultimately contribute discovery of
additional prognostic indicators for AML.

2.4.8 Detection of Minimal Residual Disease
(MRD)

Assessment of residual disease in AML may be useful
for monitoring response to chemotherapy and for early
detection of disease relapse. The three major methods
of detecting MRD are PCR, flow cytometry, and FISH
analysis. Up to 40-50% of AML has a specific transloca-
tion that can be monitored by RT-PCR [134]. Use of
quantitative RT-PCR (Q-RT-PCR) of RNA fusion tran-
scripts of the major recurrent translocations (PML/



RARa, AML1/ETO, CBEf//MYH11), is an established tech-
nique sensitive to detection of 1 in 10*7 cells [134]. In
this setting Q-RT-PCR has minimal background, as
these aberrant transcripts are not present in normal
cells. Q-RT-PCR may also be used in patients with no
fusion transcript, but other mutant phenotypes, e.g.,
FLT3 mutation, partial tandem duplication of MLL
(MLL-PTD), and NPM mutations [48, 135, 136]. A disad-
vantage of FLT3 mutation as a target is that it is not
stable during the course of the disease in about 4% of
patients, and levels of transcript per cell may increase
during disease progression [136]. The latter disadvan-
tage may be overcome by using a DNA template to quan-
tify presence of the FLT3 mutations by PCR. In addition,
detection of transcripts abnormally overexpressed in
AML (e.g., WT1 and PRAME) has been utilized for
MRD assessment [48], but these transcripts are not leu-
kemia specific, limiting their utility.

FISH may be used to detect residual cells bearing
translocations, with probes commercially available for
all the recurrent translocations. However, the sensitivity
is limited by a false positivity rate of up to 5%, depend-
ing on probe selection, due to the probability of chance
apposition of fluorescent signals on overlapping chro-
mosomes. Dual break-apart fusion probes may lower
the false positivity rate by a log, but still do not allow
sensitivity of 1 cell in 10°.

Multicolor flow cytometry is the third method of de-
tection of MRD in AML. Although flow assessment of
MRD is well established in ALL, it is more difficult in
AML to identify a leukemia-associated aberrant immu-
nophenotype (LAIP) [135]. With use of 4-color flow cy-
tometry and a large enough panel of antibodies, LAIP
can be detected in 65-75% of adult cases of AML and
85% of pediatric cases of AML with a sensitivity of up
to 1 cell in 10%, depending on the rarity of the particular
LAIP among normal myeloid populations [135, 136]. The
aberrant phenotype may take the form of crosslineage
expression of antigens, lack or overexpression of an
antigen, or asynchronous expression of antigens.
Although this method is applicable to a larger percent-
age of patients than PCR, and is more rapid and much
cheaper to perform, a drawback is that there is immu-
nophenotypic variation may occur in some AML cases
during the course of the disease [136].

Clinical studies have demonstrated the relevance of
long-term monitoring of MRD during remission in
APL, using Q-RT-PCR of the PML/RARa transcript
[135-137]. A steady increase in transcript levels by Q-
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RT-PCR at two consecutive 3-month time points is pre-
dictive of an impending hematologic relapse [138]. The
median time by which molecular relapse predates he-
matologic relapse is approximately 3 months, and recent
clinical trials have shown that treatment at molecular,
rather than hematologic, relapse may improve overall
clinical outcome [135, 137]. Trials have also demon-
strated that patients with a higher level of PML-RARa
after consolidation have an increased relapse rate, a de-
crease of transcript by greater than 2 logs generally cor-
relating with a positive outcome.

Clinical trials in AML other than APL are ongoing to
assess the validity of treatment decisions based upon
MRD detection at the end of induction and after conso-
lidation therapy. Critical thresholds may vary with both
the genotype of disease in individual cases and with
overall treatment strategies. For example, a greater than
2-log decrease in transcript by the end of consolidation
therapy appears to predict good outcome in both APL
and AML with t(8;21), although the absolute amount
of transcript goes to zero quite rapidly in APL, whereas
low levels of AML1/ETO transcript may persist for a long
time after cessation of therapy [48].

Other unresolved issues are the utility of long-term
monitoring of AML other than APL for early detection
and intervention for relapse, the optimal time interval
between testing for such monitoring, and the validity
of monitoring blood vs. marrow. Transcript levels are
typically up to 1log lower in blood compared to marrow
[136, 139, 140]. We anticipate that MRD assessment of
early therapeutic response by Q-RT-PCR or flow cytom-
etry will become standard care in AML. However, in pa-
tients other than APL the role of long-term monitoring
in remission with preemptive treatment of early relapse
remains to be established.

2.5 Summary

An array of testing to include morphology, flow cyto-
metric immunophenotyping, cytogenetics, and increas-
ingly molecular genetics is necessary to diagnose and
subclassify AML. Careful attention is required to assure
an adequate sample is obtained at diagnosis to accom-
plish this array of testing. Expanding knowledge of
the genetic basis of AML will continue to complicate di-
agnostic requirements and classification, as increased
understanding of biology progresses to therapy directed
at specific genetic targets in AML. The most important
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diagnostic and classification issues are distinction of
DN- versus MDR-AML (because of the fundamental
biologic differences in the two sets of disease), and
recognition of specific genetic subsets of disease amen-
able to targeted therapy (e.g., APL). Monitoring early re-
sponse and adjusting treatment will require repeat anal-
ysis with a subset of testing, to include morphology and
either flow cytometry or high sensitivity molecular test-
ing (i.e., Q-RT-PCR or similar technology). A role for
long-term monitoring of MRD remains to be estab-
lished, except in APL, and microarray analysis of
AML has of yet no demonstrated clinical application.
Finally, there is a great need for better understanding
of the pathogenesis of MDS and MDR-AML, about
which we remain substantially ignorant. While we con-
tinue to make substantial progress in understanding
and treating DN-AML, MDS and MDR-AML remain en-
igmatic diseases and treatment results for MDR-AML
remain dismal in the absence of stem cell transplanta-
tion.
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3.1 Epidemiology

3.1.1 Introduction

Although acute leukemias are infrequent diseases, they
are highly malignant neoplasms responsible for a large
number of cancer-related deaths. Acute myeloid leuke-
mia (AML) is the most common type of leukemia in
adults, yet continues to have the lowest survival rate
of all leukemias. While results of treatment have im-
proved steadily in younger adults over the past 20 years,

there have been limited changes in survival among indi-
viduals of age > 60 years [1, 2].

3.1.2 Incidence

It is estimated that 44240 individuals in the USA will be
diagnosed with one form of leukemia. Approximately
21790 will die of their disease [6]. Although the inci-
dence of acute leukemias accounts for less than 3% of
all cancers, these diseases constitute the leading cause
of death due to cancer in children and persons younger
than 39 years of age [3-5].

AML accounts for approximately 25% of all leuke-
mias in adults in the West and constitutes the most fre-
quent form of leukemia [3, 6]. Worldwide, the incidence
of AML is highest in the USA, Australia, and Western
Europe. The age-adjusted incidence rate of AML in the
USA is approximately 3.7 per 100000 persons (= 2.6
per 100000 when age-adjusted to the world standard
population) [6]. In the USA, 13410 men and women
(7060 men and 6350 women) are estimated to be newly
diagnosed with AML in 2007 [6]. Figure 3.1 shows age-
standardized incidence rates stratified by various coun-
tries [7].

3.1.3 Age

Leukemia is the most common cancer diagnosis in chil-
dren who are younger than 15 years, with an overall in-
cidence of 4.3/100 000 in the USA [8]. In this age group,
however, acute lymphocytic leukemia (ALL) is about
five times more common than AML, thus accounting
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Fig. 3.2. Age-specific incidence of AML: USA 2000-2004 [6].

for about 76% of all childhood leukemia diagnoses.
Conversely, AML makes up only 15-20% of cases in
those aged 15 years or younger [9]. The peak incidence
rate occurs in the first year of life and then decreases
steadily up to the age of 4 years. The incidence rate re-
mains relatively constant in childhood and early adult-
hood [10].

AML is thus a disease of older adults (see Fig. 3.2).
The distribution of prevalent cases of all leukemias in
the UK shows that 42.8% of patients are above the age
of 65 years [11]. Patients newly diagnosed with AML
have a median age of 65 years [12]. It is rare before
the age of 40; thereafter the incidence increases progres-
sively with age.

From 2000-2004, the US incidence rate in people
under the age of 65 was only 1.7 per 100000, while

the incidence rate in people aged 65 or over was 16.8
per 100000 (Fig. 3.2) [6]. Therefore, of the estimated
13400 new AML diagnoses in the US, over half will af-
fect patients 60 years of age or older, a population con-
sidered “elderly” in leukemia literature.

The high incidence and poor prognosis of AML in
the elderly is suspected to be based on the frequent pro-
gression of myelodysplastic syndromes (MDS) to AML,
an increased incidence of MDS with age appears to ex-
plain both. The common AML subtype in the elderly
shares characteristics with AML that follows MDS, Fan-
coni’s anemia, alkylating agent chemotherapy (see also
Sect. “Etiology” below), and an estimated 10-15% of
AML in younger patients. It has been referred to as
MDS-related AML and is characterized by common cy-
togenetic abnormalities shared with MDS, and frequent
multilineage dysplastic morphology in the residual he-
matopoietic precursor cells. A higher frequency of unfa-
vorable biologic and prognostic factors, rather than age
per se, is thus the major determinant for the inferior
prognosis for elderly patients. By contrast, AML with
genotypes typical of younger patients, which may be
considered as true de novo AML, has an approximately
constant incidence throughout lifetime, also in progres-
sive age groups. Five percent of elderly patients with
AML are estimated to belong to the true de novo
AML-group, which shows consistency with the inci-
dence in younger patients [13].

Although incidence rates for AML have been near
stable over time among the different age groups, there
is a slight increase among the oldest group [14].



3.1.4 Gender and Ethnicity

The incidence of AML varies to a certain degree with
gender and race. In the SEER data base for children aged
1-4 years there is an incidence rate of 0.9 per 100 0oo for
boys and 0.8 for girls [6]. In the first few years of life,
the incidence of AML in whites is three-fold higher than
in blacks; however, blacks have slightly higher rates of
AML among children 3 years of age and older [16].

In most countries a slight male predominance of
AML in adults has been documented. In 2004, the US
age-adjusted incidence rate of AML was 3.6 per
100000 for both sexes, 4.5 per 100000 for males, and
3.0 per 100000 for females [6]. The incidence rate of
US males is substantially higher than the incidence rates
of males in all other countries (Fig. 3.1).

In the USA between 2000 and 2004, AML was more
common in whites (3.7 per 100000) than in blacks (3.2
per 100 000).

3.1.5 Mortality

Untreated AML is a fatal disease. Although it is possi-
ble to support patients for a certain period (median
survival: 11-20 weeks) [16, 17], patients not receiving
specific treatment ultimately succumb to the leading
complications associated with bone marrow failure,
such as infection and hemorrhage. Patients typically
seek medical attention for symptoms related to infec-
tion or bleeding. These patients require immediate
therapeutic intervention. Some patients are not candi-
dates for cytotoxic therapy, because of older age and/
or poor performance status or other active severe
medical comorbidities that complicate their care. In
such settings, a supportive strategy may be most ap-
propriate [18]. Firm stratification criteria for decision-
making in this setting are not uniformly established
and patient- and disease-specific risk assessment has
become an additional area of investigation [19].

After long-term increases or mostly level trends that
date from the 1930s, death rates for all leukemias were
decreasing in the 1990s in the USA and Europe [20,
21]. In 2000-2004, the US age-adjusted mortality rate
of AML was 2.7 per 100000. As is the case with inci-
dence, the mortality associated with AML varies with
age, gender, and race. Mortality rates in the USA in-
crease with age. Between 1996 and 2000, the age-ad-
justed mortality rate showed its peak at 17.6 per
100000 in people aged 80-84.
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The mortality rate for males is higher than that for
females, with the US age-adjusted mortality rate at 3.5
per 100000 for males and 2.2 per 100000 for females
in (2000-2004). AML mortality has for several years
been greater in whites than in blacks. The US age-ad-
justed mortality rate was 2.8 per 100000 for whites
and 2.2 per 100000 for blacks in the years 2000-2004
[6]. It is estimated that 7800 adults will have died of
AML in 2003 in the USA [12, 22].

3.1.6 Survivorship |

A comprehensive report on the total leukemia incidence
and survival in the USA covered the period 1973-1990
[23]. Overall survival rates for all leukemia (including
chronic leukemia) patients improved only slightly when
comparing the periods 1974-1976 and 1983-1989, but
were consistently higher in whites compared with
blacks, with little gender difference. When analyzing
survival rates in more detail, it was found that in com-
paring the period 1974-1983 with 1984-1993, overall sur-
vival rates improved steadily among all races/age groups
younger than the age of 45 years. However, for blacks 45
years or older, there was little improvement in overall
survival. In particular, for blacks older than 65 years,
survival rates for leukemia were decreasing, which was
not observed in earlier data [14]. The reasons for these
gender and racial differences seen in leukemia (includ-
ing all subtypes) remain unclear.

The overall US survival rate associated with AML
from 1992-1998 was approximately 20% [22].

Figures 3.3-3.5 depict 5-year survival rates stratified
by age, gender, and race. The 5-year relative survival
rate was highest for those who were younger and female.
In AML, however, as opposed to the entire group of leu-
kemias, blacks had a slightly better 5-year relative sur-
vival rate than whites (20.8 vs. 18.2%) in several areas
of the United States [6].

Survival rates have increased in the last decade
among younger groups (from 9% in the 1980s to 35%
in the 1990s), but have not changed in the older group.
Research now focuses increasingly on improving out-
come in the patient group mainly affected by the dis-
ease.

In a large Italian population-based study (n=1005),
median survival of patients aged >60 years with AML
either treated with supportive or aggressive therapy
was 5 and 7 months, respectively. In patients > 7o years,
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Fig. 3.3. Age associated with 5-year relative survival: USA 1996-2003
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Fig. 3.5. Race associated with 5-year relative survival: USA 1996-
2003 [6].

median survival was 4 months and this, notably, was re-
gardless of the type of therapeutic effort [18]. Age has
further been shown to be inversely associated with (1)
referral to a treatment center [24], and/or inclusion into
a clinical trial [25], (2) tolerance to induction treatment
(early death or death during the immediate postche-
motherapy phase) [26], and (3) the ability to achieve re-
mission [27, 28]. In older patients (> 60 years), standard
induction therapy achieves complete remission in only
30-50% of treated individuals [29].

Even though results of major clinical studies report
higher rates of disease-free survival (e.g., 4-year surviv-
al rates of up to 42%) [30], data can differ considerably.
The differences in survival results seen among various
trials using similar chemotherapy may be explained
by the prevalence of negative prognostic characteristics
within a study population [31]. To understand clinical
features and outcomes of that significant number of pa-
tients not meeting inclusion criteria for clinical studies,
population-based evaluations have found increasing at-
tention. Some results on age distribution, treatment de-
cisions, remission rates, and survival in AML do show
quite significant variability to some of the large clinical
investigations. In one report, of a total of 170 AML pa-
tients, 55% were treated outside a study protocol. Non-
study patients differed significantly from patients in-
cluded in clinical trials with respect to age and perfor-
mance status at clinical presentation, comorbidity, and
type of AML. Patients who participated in a clinical trial
had a median age of 46 years (16-73 years), whereas
those not included were significantly older (median
age 63 years; 21-83 years). Survival was significantly bet-
ter in patients treated in a clinical protocol (median OS:
15 vs. 3.4 months) [25]. For survival results in popula-
tion-based studies see Table 3.1. It can be assumed that

Northern 63 7
Sweden (24)
Northern 71 8
England (93)
Italy (18) 69 28



part of the increase in median survival in the last years
may be attributed to improved supportive care over past
decades.

3.1.7 Survivorship Il

At St. Jude Children’s Hospital, the incidence of and risk
factors for the development of late sequelae of treatment
in patients who survived for more than 10 years (me-
dian: 15 years) after diagnosis of childhood AML have
been evaluated. The most common late effects in adult-
hood consisted in growth abnormalities (51%). Depend-
ing on the treatment modality (chemotherapy only;
combined chemo-, radiotherapy; or combined chemo-,
radiotherapy with consecutive bone marrow or periph-
eral stem cell transplantation), endocrine abnormalities,
cataracts, cardiac abnormalities, academic difficulties,
and secondary malignancies resulted in 14-51%. Besides
physical late effects, psychosocial complications were
observed in long-term survivors [32].

Patients that survived AML and treatment have also
been monitored in a long-term follow-up at the Univer-
sity of Texas M.D. Anderson Cancer Center [33]. Some
very relevant conclusions have been drawn in this re-
port: Only 10% of all 1892 patients entered the poten-
tially cured cohort, which was defined as the patient
population in complete remission after a follow-up of
3 years. Those patients in the potentially cured cohort
were most likely to be able to return to work, suggesting
that the major threat to patients with newly diagnosed
AML is the disease and not the treatment.

3.2 Etiology

The development of AML has been associated with sev-
eral risk factors. Remarkably though, as of yet defined
risk factors account for only a small number of observed
cases [34]. These include age, antecedent hematological
disease, genetic disorders as well as exposures to
viruses, radiation, chemical or other occupational haz-
ards, and previous chemotherapy [9, 35-37] (see Table
3.2).

The development of leukemia is a process consisting
of multiple single steps that requires the susceptibility
of a hematopoietic progenitor cell to inductive agents
at multiple stages. The different subtypes of AML may
have distinct mechanisms, suggesting a functional link
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Table 3.2. Selected risk factors associated with AML

Genetic disorders Down syndrome
Klinefelter’s syndrome
Patau’s syndrome
Ataxia telangiectasia
Schwachman syndrome
Kostman syndrome
Neurofibromatosis
Fanconi anemia
Li-Fraumeni syndrome
Physical and chemical Benzene
exposures Drugs as Pipobroman
Pesticides

Cigarette smoking
Embalming fluids

Herbicides
Drugs as Pipobroman

Chemotherapy Alkylating agents

Topoisomerase Il inhibitors
Anthracyclines

Radiation exposure Nontherapeutic,

therapeutic radiation

between a particular molecular abnormality or muta-
tion and the causal agent [38]. In most cases of AML
the malignancy arises de novo and no leukemogenic ex-
posure can be deciphered.

3.2.1 Genetics

3.2.1.1 Genetic Factors

Genetic disorders and constitutional genetic defects are
important risk factors associated with AML in children
[37]. Children with Down syndrome have a 10- to 20-
fold increased likelihood of developing acute leukemia
[39, 40]. Other inherited diseases associated with
AML include Klinefelter’s syndrome, Li-Fraumeni syn-
drome [41], Fanconi anemia, and neurofibromatosis
[9]. Furthermore, risk factors for developing AML in
children were identified and include race/ethnicity, the
father’s age at time of conception, and time since the
mother’s last live birth [35]. Specifically, Asian/Pacific
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Islander children had a higher risk than non-Hispanic
white infants; children born to fathers older than 33,
compared to those aged 20-34, had an increased risk;
and longer time since the last live birth (at least 7 years)
resulted in an increased risk.

In this context, acute promyelocytic leukemia (APL)
has been investigated in more detail. Representing an
example of a unique AML subtype (FAB M3) with a
characteristic morphology associated with distinct
chromosomal and gene-rearrangement aberrations, it
has been shown to also have separate epidemiological
features. For yet unknown reasons, an increased inci-
dence of APL has been recognized in adult patients ori-
ginating in Latin America and in children in Southern
Europe. Of interest, the APL-specific gene rearrange-
ment is different in patients of Latin American decent,
with the majority of breakpoints in the RARa gene in
the PML/RARa transcript in intron 6 (called ber1). It
is therefore speculated that this particular breakpoint
site may be determined genetically [42-45].

3.2.1.2 Acquired Genetic Abnormalities

Acquired (“somatic”) clonal chromosomal abnormali-
ties are found in 50-80% of AML [24, 46-49] with rising
incidences in patients with secondary leukemia [50]
or older age [13, 51, 52]. Frequently found abnormali-
ties include loss or deletion of chromosome 5, 7 Y,
and 9, translocations such as t(8;21)(q22;q22); t(15;17)
(q22;q11), trisomy 8 and 21, and other abnormalities in-
volving chromosomes 16, 9, and 11.

Cytogenetic abnormalities constitute at present the
most important predictors of short- [53-55] and long-
term [33] outcome. To name selected examples, patients
with a good prognosis are those with functional inacti-
vation of the core binding factors (CBFs): AML1 and
CBFf. These cases include patients with AML and
t(8;21) (q22;q22) or inv(16) (p13;q22), two of the most
frequent recurrent cytogenetic abnormalities in de novo
AML in younger patients [56].

Poor-risk cytogenetics have a loss of all or part of
chromosome 5 or 7, translocations involving 11q23, or
abnormalities of chromosome 3 [57].

A model of a “two-hit-hypothesis” for the AML phe-
notype by so-called class I and II mutations has been es-
tablished. It describes the cooperativity of activating
mutations in FLT3 (Fms-like tyrosine kinase 3) (=class
I) and gene rearrangements involving hematopoietic

transcription factors (=class II). The expression of both
classes may result in the AML phenotype. FLT3 muta-
tions can appear in all subtypes of AML and with the
majority of known chromosomal translocations asso-
ciated with AML. In this hypothesis, FLT3 mutations
serve as exemplary of class I mutations that, alone, con-
fer a proliferative and survival advantage to hemato-
poietic progenitors but do not affect cell differentiation.
Further examples of class I mutations are activating mu-
tations in N-RAS or K-RAS in AML. In contrast, class II
mutations would be exemplified by AML1/ETO, CBEf/
SMMHC, PML/RARa, and MLL-related fusion genes.
They appear to impair hematopoietic differentiation,
but are not solely sufficient to cause leukemia. This
new hypothesis may have important implications to
novel treatment approaches (e.g., molecular targeting
of both, FLT-3 and fusion proteins) [58].

Data has been published showing that individuals
with certain polymorphisms in genes metabolizing car-
cinogens have an increased risk of developing AML [59].
NAD(P)H:quinone oxidoreductase 1 (NQO1), for exam-
ple, is a carcinogen-metabolizing enzyme that detoxifies
quinones and reduces oxidative stress. A polymorphism
at nucleotide 609 of the NQO1 complementary DNA re-
sults in a lowering of the enzymes’ activity. This poly-
morphic variant is associated with a predisposition to
therapy-related AML [60] and selected cytogenetic sub-
groups of de novo AML [61].

3.2.2 Physical and Chemical Factors

A variety of environmental and chemical exposures are
assumed to be associated with a variably elevated risk of
developing AML in adults. A selection of hazards will be
mentioned here.

Exposure to ionizing radiation is linked to AML
[62]. Among survivors of the atomic bomb explosions
in Japan, an increased incidence of AML was observed
with a peak at 5-7 years after exposure. Also, therapeu-
tic radiation has been found to increase the risk of sec-
ondary AML [63].

Chemotherapeutic agents, such as alkylating agents
and topoisomerase II inhibitors, have been reported to
increase the incidence of AML [64, 65] and will be dis-
cussed in detail below. A number of other substances
(therapeutic [66] and occupational [9]) have been
linked to an increased risk of AML. Chronic exposure
to certain chemicals clearly shows an increased risk



for the development of AML. Benzene is the best studied
and widely used potentially leukemogenic agent [67].
Persons exposed to embalming fluids, ethylene oxides,
and herbicides also appear to be at increased risk
[68]. Furthermore, smoking has been discussed to be
associated with an increased risk of developing AML
(particularly of FAB subtype M2), especially in those
aged 60-75 [69]. For summary see Table 3.2.

3.2.3 Viruses

Viruses - particularly RNA retroviruses — have been
found to cause many neoplasms in experimental animal
models, including leukemia [70]. As of now, a clear ret-
roviral cause for AML in humans has not been identified
even though an association between the exposure to cer-
tain viruses and the development of AML has been sug-
gested. Parvovirus Big could thus play a role in the
pathogenesis of AML [71]. It has so far not been demon-
strated, however, that simple infection with either a
RNA- or DNA-based virus alone is a cause of AML.

3.2.4 Secondary AML

As mentioned, the cause of the disease is unknown for
most patients with acute myeloid leukemia. “The true
secondary AML” has been recommended to be referred
to patients who have a clear clinical history of prior
myelodysplastic syndrome (MDS), myeloproliferative
disorder, or exposure to potentially leukemogenic thera-
pies or agents; it is thus a rather broad category [56].
Secondary leukemias are in more than 90% of myeloid
origin. Patients have a particularly poor outcome, with
a lower incidence of achieving complete remission and
shorter duration of survival than for patients with de
novo AML [72-74].

Treatment-related secondary leukemia was first ob-
served in survivors of successfully treated Hodgkin’s
disease [75]. Later on, survivors of ALL [76] and other
disease entities such as ovarian or breast cancer and
multiple myeloma [77] were included. The development
of secondary AML shows a maximum in the 5-10 years
following therapy. The distinct pattern of cytogenetic
and genetic abnormalities in secondary or treatment-re-
lated AML is worthy of notice [78]. AML arises after
previous therapy for other malignancies in a subset of
10-20% of patients. The risk of therapy-related AML
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after intensive chemotherapy may be increased to more
than 100 times [79].

Specific cytogenetic abnormalities currently serve as
the most important factor in distinguishing differences
in AML biology, response to treatment and prognosis
[49]. The different abnormalities result in gene rearran-
gements that may reflect the etiology and pathogenesis
of the disease [80]. Treatment-related or secondary leu-
kemias are examples in which genetic aberrations pro-
vide information on its specific etiology. In understand-
ing the mechanisms associated with the development of
secondary AML, general facts about the possible etiol-
ogy of leukemia can been elucidated.

In this context, genetic pathways with different etiol-
ogy and biologic characteristics have been proposed for
cytogenetic changes that can be related to previous ex-
posure to different chemically well-defined cytostatic
agents with a known mechanism of action [81]. Among
those are for alkylating agents: deletions or loss of 7q or
monosomy 7 with normal chromosome 5 [82-84], and
deletions or loss of 5q or monosomy 5 [85]. For epipo-
dophyllotoxins, balanced translocations to chromosome
bands 11q23, primarily in children, have been described
[76]. Topoisomerase II inhibitors have been linked to
t(8;21), inv(16) [86]. Topoisomerase II inhibitors, an-
thracyclines, mitoxantrone [87], as well as radiotherapy
[88] may be associated with therapy-related acute pro-
lymphocytic leukemia with t(15;17) and chimeric rear-
rangements between PML and RARA genes as well as
different translocations to chromosome bands 11q15
and chimeric rearrangement between the NUP98 gene
and its partner genes [89].

Another subgroup includes 10-15% of all patients
with secondary AML, with normal karyotype or various
chromosome aberrations uncharacteristic of t-AML or
at least not identified as such as of now [90].

It is to be expected that in the future, many more ge-
netic and epigenetic changes may be discovered. As of
now, methylation of the p15 promoter is the only ab-
normality observed in a high percentage of patients
with AML, especially in patients with secondary AML
[o1].

In current times there is a rapid gain in insight re-
garding epi-/genetic changes associated with the devel-
opment of hematological malignancies like AML. It can
be hoped for that many epidemiological and etiological
findings may be explained and the development of new
specific treatment strategies can further be enhanced on
this basis.
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Despite effective initial therapy, the majority of adults
with acute myeloid leukemia (AML) who achieve a com-
plete remission (CR) eventually relapse and usually
within 2 years. Furthermore, approximately 20% of pa-
tients never achieve first complete remission (CR1). In
these settings, alternative treatment strategies have lim-
ited efficacy and allogeneic hematopoietic stem cell
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transplantation (HSCT), with generation of the potent
immunologic reaction graft-vs.-leukemia (GVL) effect,
is considered the best curative strategy. However, many
patients do not have a suitable donor or are not candi-
dates for transplantation. Therefore, the treatment of
patients who relapse or are refractory to conventional
initial therapy is challenging. The definition of refrac-
tory AML includes patients who fail conventional induc-
tion chemotherapy, those with a short (less than 6-12
months) CR1 duration, and patients who have relapsed
twice or more [1]. This definition has been useful in de-
fining relatively uniform populations of patients for
clinical trials.

In general, younger (< 60 years) patients have initial
CR rates of 60-80% with conventional induction che-
motherapy [2-4]. Older (>60 years) adults, represent-
ing the majority of the AML population, have lower ini-
tial CR rates of 40-60% [5, 6]. The rate of CR in patients
with recurrent AML with reinduction chemotherapy is
typically lower than that achieved with initial induction
therapy and most patients have a shorter duration of
CR2 compared to CR1 [7]. If a CR2 is achieved, the me-
dian duration of remission and disease-free survival
(DES) are generally short (<12 months).

During the past several decades, extraordinary in-
sights have been made in deciphering the molecular ge-
netics of AML. The remarkable efficacy of all-trans re-
tinoic acid (ATRA) in acute promyelocytic leukemia
(APL), and of the tyrosine kinase inhibitor, Imatinib,
in patients with chronic myeloid leukemia (CML) high-
light the potential clinical benefits of developing molec-
ularly targeted therapies in leukemia and reflect the ex-
citing shift in clinical research from conventional cyto-
toxic chemotherapy to targeted drug development. A
second major area of promising innovative research fo-
cuses on HSCT with the development of reduced-inten-
sity conditioning (RIC) regimens with allogeneic HSCT
and refinements in the identification of alternative do-
nor sources such as umbilical cord stem cells. The abil-
ity to harness GVL effect has made it possible to extend
the curative potential of allogeneic HSCT to patients for
whom such an intensive approach historically has been
contraindicated because of age or comorbidities.

4.2 Prognostic Factors in Patients with Relapsed
or Refractory AML

With the exception of patients with relapsed APL, the
prognosis for the majority of adults with relapsed or re-
fractory AML whose initial CR duration is less than 12
months is very poor whether treatment includes con-
ventional cytotoxic chemotherapy such as high-dose
ara-C (HiDAC) or investigational agents [8] (Fig. 4.1).
Patients whose CR1 duration is between 1-2 years fare
better with HiDAC rather than investigational strate-
gies. The identification of factors which predict for a fa-
vorable or unfavorable outcome with salvage che-
motherapy can guide therapeutic strategies.

In a seminal study, advancing age, abnormal liver
function, elevated serum lactate dehydrogenase level,
abnormal karyotype, the proportion of blasts plus pro-
myelocytes, and a shorter (<1 year) CR1 duration were
inversely associated with response and survival after
salvage chemotherapy [9]. In two recent studies, the
outcomes of approximately 1200 younger patients with
AML in first relapse based on four clinical parameters
(length of relapse-free interval after CR1, cytogenetics
at diagnosis, age at relapse and whether HSCT had been
performed), known as European Prognostic Index
(EPI), were reported [10, 11]. Prognostic scores ranged
from o to 14 points based on strictly defined criteria,
with higher scores predicting for a worse prognosis.
Using this stratification system, three risk groups were
defined: a favorable prognostic group (0-6), an inter-
mediate risk group (7-9), and a poor risk group (10-
14). Both studies showed comparable 1-year overall

= HDAC 178 pts.
=== |nvestigational 171 pts.

0 52 104 156 208 260 M2
Weeks

Fig. 4.1. Survival probability by type of salvage regimen (HDAC-
based vs. investigational) in patients whose initial CR was <1 year
[8].
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Fig. 4.2. Cumulative rates of overall survival among acute myeloid
leukemia patients in first relapse according to prognostic group.
Favorable risk group A contains patients with score of 1 to 6 points,
intermediate group B: 7 to 9 points, poor group C: 10 to 14 points.
P value was calculated with use of the log-rank test [10].

survival (OS) rates of 70% and 64% for the favorable
prognostic group, 49% and 38% for the intermediate
risk group, and 16% and 17% for the poor risk group.
Results from the Dutch-Belgian Hemato-Oncology
Group (HOVON) are shown in Fig. 4.2. The reproduc-
ibility and simplicity of this stratification schema may
facilitate therapeutic decisions and the assessment of
novel treatment strategies for first salvage therapy.

In addition to improving outcomes in patients with
relapsed and refractory AML, efforts have been under-
taken to identify quantitative methods that predict for
relapse in patients who are in apparent morphologic
CR. For example, early intervention in this setting has
been beneficial in patients with APL where treatment
at the time of molecular relapse may be associated with
a better outcome than that observed with treatment only
after overt relapse demonstrated by morphology of the
bone marrow [12]. Furthermore, such efforts have pro-
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vided important clues into the mechanisms by which
chemoresistance is mediated and may influence the de-
sign of strategies for the prevention of relapsed disease.
As an example, a persistently abnormal karyotype in pa-
tients in apparent CR by morphologic criteria predicts
for relapse [13].

4.2.1 Age

In virtually every study conducted to date, the CR rate
with conventional cytotoxic salvage chemotherapy is in-
versely related to age (Table 4.1) [1, 9, 14-16]. In a retro-
spective study by Rees and colleagues, which included a
large number of patients in each age subgroup, the CR2
rate among 375 patients was 33% for younger patients
compared to 19% among older patients [16]. Further-
more, an analysis by the Eastern Cooperative Oncology
Group (ECOG) of the outcome of approximately 3000
newly diagnosed AML patients, demonstrated a poorer
5-year OS rate among 1000 older (>55 years) patients
compared to 2000 younger (<55 years) patients [17].
In addition, several cooperative groups have shown an
improvement in CR1 rates, but not in OS in older adults
during the last two decades [17, 18]. Since AML is gen-
erally a disease of older adults, with a median age of ap-
proximately 68 years, this observation carries important
implications. Patients with relapsed and refractory
AML, particularly older adults, are frequently encoun-
tered and there is an urgent need for more effective
and less toxic therapy.

4.2.2 Duration of CR1 and Cytogenetics

The most important predictor of achieving a CR2 with
salvage chemotherapy appears to be the duration of

Table 4.1. Selected studies demonstrating the impact of age on achieving a second complete response

Study Age <60 years Age >60 years
CR2/total patients CR2 (%) CR2/total patients CR2 (%)
Rees, et al. 1986 [16] 124/375 33 21/110 19
Keating, et al. 1989 [9] 75/208 36 5/35 14
Hiddemann, et al. 1990 [1] 56/104 54 14/32 44
Kern, et al. 1998 [15] 67/138 49 21/48 44
Sternberg, et al. 2000 [14] 10/22 45 19/25 76
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Table 4.2. Selected studies demonstrating the impact of initial complete response duration on achieving a second complete

response
Study Age <1 years Age >1 years
CR2/total patients CR2 (%) CR2/total patients CR2 (%)
Rees, et al. 1986 [16] 32/251 13 113/234 48
Keating, et al. 1989 [9] 20/105 19 51/82 62
Hiddemann, et al. 1990 [1] 40/87 46 29/49 60
Estey, et al. 1993 [19] 6/24 25 9/10 90
Thalhammer, et al. 1996 [20] 40/121 33 26/47 55

Table 4.3. Impact of diagnostic cytogenetics on second complete response rate and survival in patients with first relapse

AML

Risk groups Weltermann, et al. 2004 [26]
CR rate 3-year survival
(%) (%)

*Good 88 43

** Intermediate 64 18

***Poor 36 0

* Good risk=Presence of t(15;17), t(8;21) or inv (16)

Kern, et al. 2002 [27] Wheatley, et al. 1999 [24]

CR rate CR rate 5-year survival
(%) (%) (%)
80 90 72
49 54 43
30 45 17

** Intermediate risk=Presence of a normal karyotype or cytogenetic abnormalities not included in favorable or poor risk groups

*** Poor risk=Presence of a complex karyotype or abnormalities of chromosome 3, 5, or 7.

the CR1 [1, 9, 16, 19-21]. For reasons of convenience, pa-
tients with relapsed AML are usually categorized into
two groups, those with a CR1 > or <1 year (Table
4.2). The explanation for the apparent recovery of sen-
sitivity and tolerance to cytotoxic chemotherapy with
time is unknown. However, many of the factors present
in newly diagnosed patients such as performance status
may play a role [22].

Pretreatment cytogenetics have important prognos-
tic implications in patients with relapsed and refractory
AML [23-26]. A favorable karyotype is more frequent in
patients whose first remissions were at least 12 months
in duration, while the opposite was found in patients
with an unfavorable karyotype [23]. Other investigators
have provided similar observations concerning the
prognostic significance of pretreatment cytogenetics
on patients with relapsed and refractory AML (Table
4.3) [24-26]. Kern and colleagues reported that unfavor-
able cytogenetics were associated with a lower rate of
CR2 and were a poor prognostic factor with regard to
survival after first relapse [25]. The independent prog-

nostic impact of genomic instability at relapse remains
unclear. Kern and colleagues have also suggested that
cytogenetics at relapse tend to relate to outcome more
strongly than cytogenetics at diagnosis [27]. However,
other studies found that a change in the cytogenetic pat-
tern at first relapse did not influence the prognosis of
therapy for first relapse in the majority of patients [28].

4.3 Treatment of Relapsed and Refractory AML

4.3.1 Introduction

Despite the success of initial treatment in inducing CR
in many patients, most patients with AML eventually
die of their disease. Relapse is likely to become a more
important cause for treatment failure as improvements
in supportive care favorably influence the early death
rate [29]. New, less toxic antifungal agents such as itra-
conazole have replaced amphotericin in neutropenic pa-
tients with hematologic malignancies and can prevent



invasive fungal infections, reduce mortality from these
infections, and decrease the rate of invasive Aspergillus
infections [30].

A number of chemotherapeutic agents have activity
when used alone or in combination in patients with re-
lapsed or refractory AML. The management of patients
with relapsed and refractory AML is highly individual-
ized and based on multiple prognostic factors described
above. Importantly, published data should be inter-
preted with caution since response rates may not only
reflect the therapy used, but also patient selection.
The practical challenges in recruiting patients with pre-
viously untreated AML to clinical trials are formidable
[31].

Furthermore, it is likely that even more barriers ex-
ist for accrual of patients with relapsed and refractory
AML related to performance status and prior therapy.

4.3.2 Conventional Cytotoxic Chemotherapy

During the past three decades, a wide variety of salvage
cytotoxic chemotherapy regimens has been studied in
patients with relapsed or refractory AML which result
in modest success. There is no standard chemotherapy
regimen that provides a durable second or greater CR.
One of the most active and the most studied agents is
ara-C. Doses range from 500 mg/m? to 3 gm/m” every
12 h for up to 6 days given either alone or in combina-
tion with other active agents including anthracyclines,
asparaginase, etoposide, mitoxantrone, or amsacrine
[15, 32-38]. In general, variable second CR rates in the
range of 30 to 65% have been observed with associated
reinduction mortality rates of 12-25%. It is not clear that
the higher doses of ara-C are more effective. A German
AML Cooperative group trial has compared cytarabine
3 g/m* with 1 g/m* administered twice daily on days 1,
2, 7, and 8 in patients younger than age 60 years [15].
All patients received mitoxantrone. There was no sub-
stantial difference in the CR rate (approximately 47%)
or OS rate. Therefore, although dose-intense cytarabine
is viewed as an essential component of many conven-
tional salvage programs, dose escalation to 3 g/m?*
may not be justified in many patients given the poten-
tial for increased toxicity. It is desirable to select a sal-
vage chemotherapy regimen with minimal toxicity since
many suitable patients are subsequently offered HSCT.

Similarly, there is no definitive evidence that addi-
tional agents given with intermediate- or HiDAC im-
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proves OS. A large randomized trial conducted by
Southwest Oncology Group (SWOG) failed to demon-
strate a benefit in OS with the addition of mitoxantrone
to HiDAC every 12 h for total of 6 days [37]. Similarly,
nonstatistically significant results were obtained when
etoposide was combined with HiDAC. A CR rate of
45% with combination compared to CR rate of 40% with
HiDAC [39]. Novel regimens with cytotoxic chemother-
apy such as mitoxantrone and etoposide, or purine ana-
logs, have also been explored, but there is no evidence
that they represent any substantial improvement over
intermediate- or HiDAC-containing regimens [40-44].

4.3.3 Novel Agents Combined with
Conventional Cytotoxic Chemotherapy

Several novel therapies have been combined with con-
ventional chemotherapy to improve outcome. These
include so-called targeted therapies (discussed in detail
below), many of which are small molecules which
inhibit or perturb signal transduction pathways. An-
other strategy has been to promote intracellular drug
retention by inhibiting the efflux pump- p-glycoprotein
(P-gp), a product of the multidrug resistance (MDR)-1
gene. The latter is possible by administration of cyclo-
sporine (CsA) [45, 46] or its analog PSC-833 [47 48].
Other novel inhibitors such as Zosuquidar, with phar-
macokinetic properties such that concomitant chemo-
therapy doses do not have to be reduced as with other
MDR inhibitors, are currently being investigated [49].
Despite strong preclinical data, trials utilizing these
agents alone or in combination with chemotherapy
and gemtuzumab ozogamicin (GO) [50, 51] have shown
variable and generally disappointing results. However,
a Phase III trial conducted by the SWOG demonstrated
significant improvements in relapse-free-survival (RFS)
and OS when CsA was combined with infusional
daunorubicin and HiDAC [45], but these results are
not validated by other studies using a similar strategy
[46]. In addition, the exact mechanism by which CsA
resulted in a benefit in RFS and OS in the SWOG trial
was not clear.



62  Chapter 4 - Relapsed and Refractory Acute Myeloid Leukemia

4.4 Hematopoietic Stem Cell Transplantation

4.4.1 Myeloablative Allogeneic Hematopoietic
Stem Cell Transplantation

4.4.1.1 In Relapsed AML

Allogeneic HSCT remains the only known curative
treatment for patients with relapsed or refractory
AML. However, only a minority of patients benefit from
this strategy. Gale and colleagues demonstrated signifi-
cantly better leukemia-free survival (LFS) with matched
sibling donor (MSD) HSCT compared to chemotherapy
in adults younger than or equal to 30 years and CR1
longer than 1 year (41% vs. 17%; P =0.017) or adults old-
er than 30 years and CR1 shorter than 1 year (18% vs.
7%) [52]. Three-year probabilities of TRM with che-
motherapy and transplantation were 7% vs. 56%, re-
spectively. It is reasonable to consider HSCT in early
first relapse in younger (<60 years) adults if a suitable
MSD is readily available. Clift and colleagues demon-
strated a 5-year DFS of 28% and a cure rate of 25-30%
among 126 patients transplanted for AML in first un-
treated relapse [53]. These results are comparable when
MSD-HSCT is carried out in CR2 [54, 55]. Reiffers and
colleagues demonstrated a 3-year DFS of 35% among
459 patients. Moreover, approximately 50% of patients
in first relapse successfully achieved CR2 and 15-20%
died during reinduction chemotherapy [55].

A widely adopted strategy is to induce CR2 with sal-
vage chemotherapy followed by allogeneic HSCT. There
is no standard chemotherapy regimen for this clinical
setting. The selection of one regimen over the other is
based on CR1 duration and age. The FLAG +/- idarubi-
cin regimen (fludarabine, ara-C, G-CSF) had been used
for cytoreduction, followed by either matched sibling or
MUD-HSCT with some success [56]. Promising results
have been reported with either autologous or allogeneic
HSCT using a preparative regimen which includes in-
creased radiation dose delivered by '*'I-labeled anti-
CD4s antibody [57 58]. Generally, younger patients pro-
ceed to HSCT. A MSD may be preferred compared to a
matched-unrelated donor (MUD) to avoid potentially
prohibitive TRM, but the best choice between either of
these strategies and auto-HSCT has not been prospec-
tively studied. The role of autologous HSCT in younger
patients with CR1 >1 year is unclear, since there are no
randomized trials comparing this approach with MUD-
HSCT. Finally, patients between the ages of 30 to 60 and

CR1 duration of <1 year are also candidates for MSD-
HSCT. All other adult patient subgroups may be best ap-
proached with investigational agents in the context of a
well-design clinical trial.

It is important to emphasize that interpretation of
data comparing HSCT and chemotherapy as consolida-
tion therapy should be viewed with caution. Differing
results are likely, in part, due to patient selection bias
and difficulties in defining duration of response in che-
motherapy arm because most patients proceed to other
therapies including HSCT. Lastly, the superiority of any
particular treatment modality should account for the
prognostic factors and associated treatment-related
morbidity and mortality.

4.4.1.2 Relapse After Transplantation

Relapse following allo-HSCT in CR2 is the major cause
of treatment failure. The optimal management of pa-
tients relapsing after allo-HSCT is controversial. With-
out further therapy, the median survival of patients re-
lapsing after an allo-HSCT is approximately 3-4 months.
Options such as immunotherapy, donor lymphocyte in-
fusion (DLI), or a second allo-HSCT after a fully mye-
loablative conditioning have been explored, but result
in limited success. Choi and colleagues treated 16 pa-
tients who relapsed after allo-HSCT with cytoreductive
chemotherapy followed immediately by G-CSF-primed
DLI [59]. Ten of the 16 patients achieved CR, of whom
4 remained in CR at the time of publication. The OS
at 2 years was 31%. The duration of CR after HSCT (>
or <6 months) was the only significant prognostic fac-
tor for OS. Interestingly, all five patients who relapsed
after the chemotherapy followed by DLI strategy did
so in extramedullary sites. This observation has been
previously made [60]. Retrospective data indicate that
response rates to DLI for relapsed AML range from 15
to 30%. However, CRs are durable in a minority of pa-
tients [61]. Associated toxicities of DLI include acute
GVHD (> grade II in 30%) and a TRM rates are esti-
mated to be up to 20%. In younger patients refractory
to DLI, or among those with a longer CR duration after
allo-HSCT, it is still important to consider a second allo-
HSCT [62]. However, both relapse and mortality rates
associated with second transplants are higher, 42%
and 30%, respectively in the series from the Center
For International Blood and Marrow Transplant Re-
search (CIBMTR) [63] and reduced-intensity condition-
ing (RIC) transplantation is frequently required.



Further investigation and development of new
approaches for this clinical setting to maximize the
effects of GVL and minimize GVHD and toxicity are
underway (discussed below). Umbilical cord blood-de-
rived stem cells are yet an alternative source for trans-
plantation for those patients who lack a suitable MSD
or MUD [64, 65]. To increase the graft cell dose present
in a single umbilical cord unit, double cord units have
been evaluated with some success [66]. Although pro-
mising none of these transplant approaches from alter-
native donor stem cell sources can be considered stan-
dard of care and remain investigational.

4.4.1.3 In Refractory AML

Allogeneic HSCT offers the best chance for achieving
sustained CR in primary refractory AML (PR-AML) pa-
tients. The outcome appears to be better among patients
without peripheral blood blasts and in patients with less
than 30% blasts in the bone marrow prior to condition-
ing [67]. Data from the City of Hope showed a cumula-
tive probability of DFS of 43% at 10 years in 21 young
(< 41 years) AML (n=16) and ALL (n=s5) patients after
MSD-HSCT [68]. Another study by Biggs and colleagues
reported 88 AML patients (<52 years) who were refrac-
tory to at least two courses of cytotoxic chemotherapy
and subsequently proceeded to MSD-HSCT. The 3-year
probability of LES in these patients was 21% (14-31%)
with a 3-year TRM of 44% [69]. Cook and coworkers
showed that allo-HSCT can cure a small proportion of
patients refractory to induction chemotherapy [70].

Similar to MUD-HSCT, the use of partially mis-
matched related donors (PMRD) extends access to allo-
HSCT in PR-AML. This novel strategy is a reasonable
alternative in patients with no MSD available, and
may result in a similar outcome [71]. In a retrospective
trial by Singhal and colleagues, the outcome of 24 MSD
(median age 24 years) and 19 partially HLA-mismatched
related donors (PMRD) (median age 34 years; P=0.04)
allogeneic HSCT recipients with primary refractory
AML and other hematological malignancies were com-
pared. All PMRD patients and 90% of the MSD patients
achieved CR2 [72]. The advantage of PMRD transplan-
tation over MUD-HSCT is the ready and rapid potential
availability of the donor —a factor that is of critical im-
portance in patients with refractory progressive acute
leukemia. Haploidentical stem cell transplantation is an-
other alternative strategy which has met with success
[73-75].
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4.4.2 Non-Myeloablative Allogeneic
Hematopoietic Stem Cell Transplantation

During remission, selected patients who are precluded
from receiving full ablative HSCT may benefit from
RIC or nonmyeloablative (“mini”) HSCT [76-78]. RIC
allows patients to benefit from GVL effect without in-
curring the toxicities of myeloablative conditioning reg-
imens used in fully ablative HSCT. However, the GVL ef-
fect usually requires several months to be maximally
therapeutic [79, 80]. Therefore, leukemia relapse prior
to the establishment of donor chimerism remains a ma-
jor limitation of RIC. The precise role of this modality
as consolidation therapy awaits trials assessing refine-
ments in preparative and immunosuppressive regimens,
in the selection of subpopulations of infused effector
cells [81] and in the identification of appropriate pa-
tients. In addition, RIC followed by haploidentical
HSCT is a novel strategy which has also been explored
[82, 83].

4.4.3 Autologous Hematopoietic Stem Cell
Transplantation

The exact role of autologous HSCT in younger patients
with relapsed AML without an HLA matched donor for
allo-HSCT remains to be defined. With lack of random-
ized studies, the data are unclear and demonstrate vari-
able results. Results from the European Group for Blood
and Marrow Transplantation (EBMT) registry show DFS
probabilities in the range of 30 to 35% for those under-
going autologous HSCT in CR2 [84, 85]. However, auto-
logous HSCT when compared with chemotherapy has
not shown statistically significantly improved survival
[86]. Moreover, for the majority of AML patients who
receive autologous HSCT in CR1 and relapse, a second
autologous HSCT is rarely feasible. The EBMT data
demonstrate that only 56 of 1579 AML patients (3.5%)
were eligible for a second autologous HSCT after failure
of the first autologous HSCT in CR1 [87].

A recent analysis by Lazarus and colleagues for the
IBMTR (1989-1996) showed superior outcomes with
autologous HSCT (n=668) when compared with
MUD-HSCT (n=476) in both CR1 (n=692) and CR2
(n=452) [88] (Fig. 4.3). However, multiple confounding
factors may have favored autologous HSCT including
limitations in defining the degree of genetic disparity
between unrelated donors-recipient pairs, accrual of
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Fig. 4.3. Absolute difference of adjusted survival probabilities with
95% confidence interval (Cl) for patients transplanted in (A) first
(CR1) or (B) second complete remission (CR2) for acute myeloid
leukemia (AML; Difference=Survival with autotransplant Survival
with URD transplant) [88].

older patients, and patients with adverse cytogenetics to
MUD-HSCT.

4.5 Investigational Agents in Relapsed
and Refractory Acute Myeloid Leukemia

4.5.1 New Purine Analogs

Clofarabine  (2-chloro-2'-fluoro-deoxy-9-f-D-arabino-
furanosyladenine) is a newer second generation adeno-
sine nucleoside analog with less toxicity than earlier de-
scribed purine analogs [41]. The drug is highly resistant
to cleavage by bacterial purine nucleoside phosphory-
lase and is resistant to deamination by adenosine de-
aminase (ADA). Clofarabine acts by inhibiting ribonu-
cleotide reductase and DNA polymerase, depleting the
amount of intracellular ANTPs available for DNA repli-
cation and also resulting in premature DNA chain ter-
mination. In a phase II trial in relapsed and refractory
patients with AML and other hematologic malignancies,
an overall response rate of 48% was achieved, including

a CR rate of 32% [89]. In a subsequent phase I-II trial in
relapsed and refractory leukemias, predominantly AML,
clofarabine was combined with cytarabine in an effort
to modulate cytarabine triphosphase accumulation
[90]. The overall response rate was 38% with a CR rate
of 22%. Dose-limiting toxicities include reversible hepa-
totoxicity and rash, but no neurotoxicity. Other cyto-
toxic agents have been introduced. Phase I/II trials with
these novel agents have demonstrated some therapeutic
efficacy and currently are under further investigation in
combination regimens (Table 4.4). Troxacitabine is a
novel L-nucleoside analog with activity in refractory
AML both as a single agent as well as when combined
with cytotoxic chemotherapy [91, 92].

4.6 Gemtuzumab Ozogamicin

Gemtuzumab ozogamicin (GO) (Mylotarg) is an im-
munoconjugate composed of an humanized and CD33
monoclonal antibody chemically linked to a potent
cytotoxic antitumor antibiotic, calicheamicin [93]. The
immunoconjugate is internalized into the leukemia cell
expressing CD33 and the calicheamicin is liberated in-
tracellularly after the acid environment of the cell re-
sults in hydrolysis of the chemical linker [94]. A compi-
lation of three phase II trials show an overall response
rate of approximately 30% (15% CR by conventional cri-
teria and another 15% CRp defined as CR, but with in-
complete recovery of the platelet count) among patients
in first relapse who had a relatively favorable prognosis
since they had a relatively long CR1 duration and could
not have had secondary AML or AML which had
evolved from an antecedent hematologic disorder [95].

These results led to the approval of GO by the US
FDA for older adults in first relapse who are not candi-
dates for intensive chemotherapy [96]. In a final analy-
sis of 277 patients in first relapse treated with GO, 26%
achieved remission (13% CR and 13% CRp) with a medi-
an recurrence-free survival of 6.4 months for patients
who achieved CR [96, 97]. The unique toxicity veno-oc-
clusive disease (VOD) or sinusoidal obstructive syn-
drome (SOS), has been observed rarely (<1%), but the
incidence is higher among patients who undergo allo-
HSCT within 3.5 months from exposure to GO [98,
99]. Given the limited effectiveness of this agent as
monotherapy, phase II studies exploring combinations
of GO with chemotherapy have been carried out. These
trials showed encouraging results. Therefore, GO has



Table 4.4. Novel agents in relapsed/refractory AML

Agent

Clofarabine

Gemtuzumab
ozogamicin

Troxacitabine

Cloretazine

FLT3 inhibitor

SU5416

FTI

Oblimersen

Decitabine

Class

Nucleoside
analogue

Immuno-
conjugates

Nucleoside
analogue

Alkylating
agent

Small molecule
inhibitor

Small molecule
inhibitor

Nonpeptidomet-
ric enzyme-spe-
cific linked
inhibitor

Antisense

Nucleoside ana-
log hypomethy-
lating agent

Mechanism of
action

Inhibits RNR

Antitumor
Antibiotic
Calicheamicin

Inhibits RNR

DNA damage

Inhibits TK

Inhibits VEGF
receptor

Inhibits farnesyl
protein
transferase

Inhibits bcl-2
Removes
methyl groups
from DNA
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Comments

CR in 18% in first salvage patient with short CR1 and 75%

with long CR1, 38% and 50% in second or greater salvage

Phase I trials as single agent or in combination with Ara-C,
particularly in older adults underway [90, 91]

Randomized trials of clofarabine compared to conventional
chemotherapy are ongoing

OR 30% in older adults in late first relapse [93-97]
Randomized trials of conventional chemotherapy +/- GO
and as in vivo purge prior to autologous HSCT underway

OR 18% in refractory AML, combination studies show
anti-leukemia activity; causes unique hand-foot syndrome
[91, 92]

Very modest activity in relapsed AML with short CR1
duration

Phase Il trials underway evaluating chemotherapy +/-
cloretazine [100, 101]

Reduction in blasts in blood and marrow, but rare CR
Phase Il trials evaluating chemotherapy +/- inhibitor
planned [102]

Modest clinical efficacy as a single agent [103]

Modest clinical activity, but with some CRs [104] Phase IlI
trial in older adults in CR1 or any age in CR2 after
consolidation as maintenance underway

Can be combined with chemotherapy [105]

Induces some CRs [106]

CR, complete remission; ara-C, cytosine arabinoside; RNR, ribonucleotide reductase; FLT3, fms-like tyrosine kinase3: TK, tyrosine kinase; VEGF,

vascular endothelial growth factor; OR, overall response; FTI, farnesyltransferase inhibitor.

been incorporated in ongoing randomized trials in un-
treated patients with AML evaluating its benefit when
combined with induction chemotherapy and as an in
vivo purging agent prior to autologous HSCT.

4.6.1 Novel Alkylating Agents

Cloretazine is a sulfonylhydrazine alkylating agent
which has specificity for alkylation at the O° position

of guanine distinguishing it from other alkylating
agents [100, 101]. Very modest activity in high-risk re-
lapsed AML patients (CR1 duration <6 months), has
been demonstrated with a CR2 rate of 4% [101]. This
agent may prove more effective when combined with
other agents. In a phase I trial of patients with gener-
ally advanced AML of cloretazine combined with in-
termediate-dose ara-C, a CR rate of 10% and CRp rate
of 15% were observed [100]. A prospective randomized
trial for patients in first relapse comparing conven-
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tional chemotherapy with or without cloretazine is
underway.

4.6.2 Targeted Agents

A myriad of other agents with novel mechanisms of ac-
tion are now being investigated in patients with re-
lapsed or refractory AML (Table 4.4). These include
FLT3 inhibitors [102], receptor tyrosine kinase inhibi-
tors such as SU5416 [103], farnesyltransferase inhibitors
(FTI), which appear to interfere with Ras signaling,
such as Zarnestra [104], apoptosis inhibitors such as
the bcl-2 antisense oligonucleotide which down regu-
lates bcl-2 [105], and methyltransferase inhibitors which
induce hypomethylation of CpG-containing parts of the
genome such as s5-aza-2-deoxycytidine (Decitabine)
[106]. FLT3 inhibitors such as CEP-yo01 have quite mod-
est antileukemic activity as single agents as demon-
strated by reductions in peripheral blood and occasion-
ally bone marrow blasts, but few, if any, patients achieve
CR. Recent data suggest that combining these agents
with cytotoxic chemotherapy may be a fruitful avenue
of research to pursue [107 108]. Stone and colleagues
tested the FLT3 inhibitor PKC-412 combined with dau-
norubicin and ara-C in newly diagnosed patients.
Ninety-one percent of patients with FLT3 mutations
achieved CR compared to 53% of those without FLT3
mutations. In a trial of another FLT3 inhibitor, CEP-
701 (Lestaurtinib), restricted to first relapse, there was
a greater than 85% inhibition of FLT3 in the plasma in
76% of patients [107].

4.7 Relapsed and Refractory Acute
Promyelocytic Leukemia

4.7.1 Introduction

Acute promyelocytic leukemia (APL) is the only sub-
type of adult AML in which treatment of relapsed and
refractory disease is highly successful. Therefore, a
separate discussion is warranted. Acute promyelocytic
leukemia accounts for approximately 5-10% of patients
with AML and is now highly curable in most patients.
This subtype is characterized by unique genetic fea-
tures including the t(15;17) (q22;q12-21) translocation
and the formation of the PML-RARa fusion transcript.
The t(15517) translocation fuses the promyelocytic leu-

kemia (PML) gene on chromosome 15 to the retinoic
acid receptor (RARa) gene on chromosome 17 result-
ing in the chimeric gene encoding PML-RARa fusion
protein. The fusion transcript-PML-RARa permits
precise diagnosis and provides a marker for the iden-
tification of minimal residual disease [109-111].

4.7.2 Treatment of Relapsed and Refractory APL

The outcome of patients with APL has dramatically im-
proved following the combined use of ATRA and an-
thracycline-based induction, anthracycline-based con-
solidation and maintenance, but relapse still occurs in
10-25% of the patients, generally those classified as
high-risk based on the presenting high white blood cell
(WBC) count requiring salvage therapy [112].

Arsenic trioxide is highly effective in patients with
relapsed or refractory APL and has emerged as the stan-
dard therapy [113, 114]. Patients with an ATRA-free peri-
od longer than 12 months can be retreated with ATRA
and many will achieve another CR [115]. Moreover, ar-
senic trioxide does not require the addition of anthracy-
clines, is well tolerated, and, most importantly, induces
a high rate of molecular remission. Interestingly, Kwong
and colleagues showed successful combination of ar-
senic trioxide with Idarubicin to induce molecular re-
mission (MR) in eight relapsed APL patients [116] (Ta-
ble 4.4); but combination of arsenic with ATRA has a
limited role [117]. Monotherapy with GO in relapsed
APL patients has also been effective [118], but its role
is mainly reserved for patients who, for whatever rea-
son, cannot receive arsenic trioxide therapy (discussed
in detail below).

Once patients achieve CR2, the best postremission
strategy is not known. There are few data addressing
the duration of remission and PCR negativity with ar-
senic trioxide alone in patients with relapsed APL.
One study of a small number of patients suggested that
the DFS might be better when patients in a CR2 follow-
ing arsenic trioxide therapy are treated with arsenic tri-
oxide plus chemotherapy compared to arsenic trioxide
alone (2/11 relapses versus 12/18 relapses; P<o0.01, re-
spectively) [119]. However, for the majority of patients,
a sustained remission can best be induced with autolo-
gous HSCT. Therefore, patients should be considered for
either autologous or allo-HSCT depending primarily on
RT-PCR analysis for PML-RARa after at least two
courses of arsenic trioxide prior to HSCT.



4.7.3 Studies with Arsenic Trioxide

Arsenic trioxide has shown substantial efficacy in treat-
ing both newly diagnosed and relapsed patients with
APL. As a single agent, it induces prolonged CRs, with
few adverse effects and minimal myelosuppression. Ar-
senic trioxide is a highly useful agent in relapsed APL
and studies are underway to establish its role as initial
therapy in combination with ATRA and anthracyclines.

Arsenic trioxide acts on APL cells through a variety
of mechanisms, influencing numerous signal transduc-
tion pathways and resulting in a wide range of cellular
effects. In vitro studies indicate that arsenic trioxide
may exert two effects on APL cells; triggering apoptosis
at relatively high concentrations (1.0-2.0 pumol/L) with
collapse of mitochondrial transmembrane potentials
in a thiol-dependent manner and inducing partial
differentiation at low concentration (0.1-0.5 umol/L)
(Fig. 4.4) [120, 121].

In 1996, investigators in China reported that 73% of
the 30 patients with previously untreated APL and 52%
of 42 patients with relapsed or refractory disease
achieved CR with arsenic trioxide [122]. Additional
studies conducted in the USA and elsewhere confirmed
that arsenic trioxide can induce CR in relapsed APL pa-
tients [116, 119, 123-125] (Table 4.5). In the US trial 11 of
12 patients with relapsed disease who received 12 to 39
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days (median 33 days) of arsenic trioxide at a dose of
0.06-0.2 mg/kg of body weight achieved CR after exten-
sive prior therapy [123]. Moreover, eight of these 11 pa-
tients in CR also tested negative molecularly by RT-PCR
for the PML-RARa transcript. In a subsequent multi-
center phase II trial 34 of 40 patients (85%) with
relapsed or refractory disease who were treated with ar-
senic trioxide at a dose of 0.15 mg/kg/day achieved CR

P{.
| (== |

m g |—~ | Difterentiation |

Fig. 4.4. At low concentrations, arsenic trioxide induces differen-
tiation of malignant promyelocytes through degradation of the
fusion protein PML-RARg; at high concentrations, arsenic trioxide
induces apoptosis of malignant promyelocytes through PML-RARa-
dependent and -independent mechanisms. PML, promyelocytic
leukemia; RARa, retinoic acid receptor alpha; RXR, retinoic X re-
ceptor [33].
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Table 4.5. Studies with arsenic trioxide in relapsed and refractory acute promyelocytic leukemia (APL)

Study N CR rate (%)
Zhang, et al. 1996 [122] 42 22 (52)
Shen, et al. 1997 [125] 10 9 (90)
Soignet, et al. 1998 [123] 12 11 (92)
Niu, et al. 1999 [119] 47 30 (85.1)
Soignet, et al. 2001 [124] 40 34 (85)
Kwong, et al. 2001 [116] 8 8 (100)

Comments
73% of the 30 previously untreated patients achieved CR

Duration of As,O5 treatment for CR between 28
and 44 days (median, 38 days)

8 of 11 patients in CR also tested negative molecularly
by RT-PCR for the PML-RARa transcript

31 patients were treated with arsenic trioxide alone:

CR rate 84%

11 patients with combination of arsenic trioxide

and chemotherapy; CR rate 82%

5 patients with arsenic trioxide and ATRA: CR rate 100.0%

Using a 10-4 sensitivity level 78% of patients exhibited
molecular conversion form positive to negative by RT-PCR
for the PML-RARa transcript

All patients achieved morphological but not molecular
remission after arsenic trioxide, but all patients attained
molecular remission after subsequent idarubicin treatment
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at a median of 53 days (range 28 to 35) [124]. An impor-
tant observation was that 78% of patients exhibited mo-
lecular conversion from positive to negative by RT-PCR
for the PML-RARa transcript. Patients who had failed
multiple chemotherapy regimens and HSCT responded
equally well. The 2-year RFS rate was 50%. Patients
who achieved CR were able to tolerate subsequent
HSCT.

Arsenic trioxide is well tolerated and has unique ad-
verse reactions. These include leukocytosis and the APL
differentiation syndrome (in 25% of patients), dizziness,
hyperglycemia, musculoskeletal pain, and skin rash (in
20% of patients). The differentiation syndrome is simi-
lar to the retinoic acid syndrome and responds readily
to dexamethasone. Neuropathy is generally mild and re-
versible. The most important toxicity is prolongation of
the QT interval on the EKG, presenting a risk of ventric-
ular arrhythmias. The EKG and electrolytes should be
monitored at frequent intervals. Potassium and magne-
sium levels should be kept well within the normal limit
range, because hypokalemia and hypomagnesaemia
may contribute to the QT prolongation and predispose
to ventricular arrhythmias. Other medications which
may prolong the QT interval by inducing hypokalemia,
such as amphotericin and diuretics, should be avoided.
In the clinical trials reported from China, severe hepa-
totoxicity, sometimes fatal, has been observed. However,
in clinical trials in other countries hepatic toxicity has
not been a significant problem [119, 122, 124].

4.7.4 Studies with Hematopoietic Stem Cell
Transplantation in Relapsed Acute
Promyelocytic Leukemia

Once a patient has achieved CR2, it is appropriate to
consider transplantation. The result of autologous
HSCT in CR2 depends on the presence of minimal resid-
ual disease established by molecular techniques in the
collected stem cells prior to transplantation [126]. In
contrast, molecular remission at the time of allo-HSCT
may be less important. Allogeneic HSCT is also capable
of producing long-term remissions in patients who have
achieved a second CR, although high rates of treatment-
related and nonrelapse mortality have been proble-
matic. In one series, for example, treatment-related
mortality was 39%, while nonrelapse mortality was
32% in another [127]. However in both studies, only

three of 12 PCR-positive patients relapsed following al-
logeneic HSCT.

Meloni and colleagues have reported that RT-PCR
negativity at the 107 level seems to be associated with
a favorable posttransplant outcome [126]. These investi-
gators reported a very small study of 15 consecutive pa-
tients with relapsed APL who underwent autologous
HSCT with unpurged marrow. Thirteen patients re-
ceived anthracycline-based chemotherapy as initial
treatment, and two were treated by combined ATRA
and idarubicin. All patients received three cycles of con-
solidation therapy. The CR1 duration ranged from 6 to
40 months. Second CR was achieved in all patients with
oral ATRA. All but three patients received consolidation
therapy with intravenous cytarabine at 1 g/m* days 1
through 4 and intravenous mitoxantrone at 6 mg/m>
days 1 through 4. In this study, six (45%) of the 15 pa-
tients remain alive and well and in molecular remission.
All seven patients who underwent autologous HSCT
with persistent PCR-detectable MRD in the transfused
cells relapsed within 9 months after transplant, which
confirms the value of PCR positivity during remission
as a predictor of relapse in APL. Only one of eight pa-
tients with a negative PCR relapsed, and one developed
secondary leukemia.

In a recent study by European Acute Promyelocytic
Leukemia Group, the outcome of 73 relapsed APL pa-
tients, initially treated with ATRA and chemotherapy
and received auto or allo-HSCT after achievement of
hematological CR2, was retrospectively analyzed [127]
(Table 4.5). RT-PCR analysis was performed before auto
or allo-HSCT in 53% of the patients undergoing trans-
plantation, including 30 of the 50 autologous HSCT pa-
tients and nine of the 23 allogeneic HSCT patients. None
of the patients received arsenic trioxide as salvage che-
motherapy. The outcome among those patients under-
going allogeneic HSCT was less favorable, due mainly
to high incidence of TRM (Fig. 4.5). However, patients
with persistently molecularly positive disease had fewer
relapses following allogeneic HSCT when compared to
autologous HSCT.

Sanz and colleagues [128] on behalf of the EBMT
have also reported an OS, LFS, relapse rate and TRM
for patients in CR1 undergoing allogeneic HSCT of
77%, 70%, 15%, and 20%, respectively, and for autolo-
gous HSCT, 73%, 70%, 24%, and 12%, respectively. For
patients in CR2, the results for allogeneic HSCT were
58%, 57%, 15%, and 33%, respectively compared to
40%, 45%, 44%, and 25%, for autologous HSCT. These
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Fig. 4.5. Outcome of the 122 APL patients in second hematological
complete remission according to postremission therapy. (A) Re-
lapse-free survival; (B) event-free survival; (C) overall survival [127].
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studies demonstrate that patients with negative PCR
after achieving CR2 will fare well with autologous HSCT
and patients with positive PCR should not routinely be
offered an autologous HSCT.

4.7.5 Gemtuzumab Ozogamicin in Relapsed
Acute Promyelocytic Leukemia

Gemtuzumab ozogamicin offers a highly attractive
approach for treatment of APL for several reasons.
Firstly, compared to other AML subtypes, CD33 antigen
is detectable in virtually all cells with a highly homoge-
neous expression pattern [129, 130]. Secondly, P-gp, a
mediator of MDR which acts as an efflux pump to ex-
trude chemotherapy, is minimally expressed on APL
blasts, which accounts for the striking sensitivity of
APL to anti-CD33 strategies [131]. Finally, calicheamicin
is a potent intercalator, similar to anthracyclines, which
are known to be highly effective in APL [132].

GO monotherapy in molecularly relapsed APL has
been well tolerated and is effective [118, 133]. Lo Cocco
and colleagues [118] demonstrated this in 16 such pa-
tients. All patients were treated with two doses of GO
(6 mg/m®), and a third dose was given to patients who
tested negative for PML-RARa fusion transcript. Molec-
ular response was obtained in nine (91%) of 11 patients
after two doses and in 13 (100%) of 13 patients after the
third dose. Of the three remaining patients, one patient
developed hepatic toxicity after a single dose of GO and
therefore received no further therapy, and remaining
two patients progressed while on treatment. Quantita-
tive RT-PCR demonstrated that patients who responded
had a dramatic decline (at least 2 logs) of the PML-
RARa transcript following first GO dose. Of 14 respond-
ers, seven remained in sustained molecular remission
for a median of 15 months (range, 7 to 31 months) while
seven relapsed at 3-15 months later. GO was readminis-
tered in two patients in relapse, and both achieved a
molecular remission. Since a high proportion of pa-
tients relapsed, the authors suggested that patients
should be given further treatment (consolidation/main-
tenance) after achieving molecular remission to im-
prove long-term outcome.
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4.7.6 Central Nervous System (CNS) Relapse
in Acute Promyelocytic Leukemia

Extramedullary disease (EMD) occurs in approximately
5-10% of adults with AML, most commonly in the mye-
lomonocytic, monocytic, and possibly high-risk APL
subtypes [134-136]. Over the last few decades, the inci-
dence of EMD in APL appears to have been increased
possibly due to more long-term survivors. Several inves-
tigators have attributed an increased incidence of CNS
relapse to ATRA exposure and suggested that ATRA in-
duces neural adhesion molecules such as CD1ic, CD13,
and CDs6 facilitating CNS infiltration by APL cells
[129, 137, 138]. However, the Italian cooperative group
GIMEMA found that APL patients receiving ATRA do
not have an increased risk of developing extramedullary
relapse as compared with those treated with chemother-
apy alone [139]. Since relapses in the auditory canal are
noteworthy and rarely reported previously [140] it is
quite possible that ATRA itself may contribute to these
extramedullary relapses or that the therapeutic concen-
tration of ATRA may not reach leukemia cells in these
sanctuaries. Whether or not ATRA plays a role in the de-
velopment of EMD remains a matter for further study.

4.7.7 Treatment of CNS Relapse

Treatment of CNS relapse likely is best treated with sys-
temic reinduction with arsenic trioxide or another sys-
temic approach along with multiple courses of intrathe-
cal methotrexate possibly alternating with ara-C until
the spinal fluid is free of leukemic cells. Then autolo-
gous HSCT can be considered if molecularly negative
cells can be harvested. Mobilization with intermediate-
dose ara-C or HiDAC, depending on the age of the pa-
tient, has the advantage of providing additional treat-
ment of CNS disease. To date, there is no specific risk
factor identified to predict CNS relapse. However, re-
lapse appears to occur more frequently among younger
patients, in patients with WBC counts >10000/mm’,
and patients with the bcr-3 (short isoform) PML-RARa
breakpoint [141]. Whether CNS prophylaxis by intra-
thecal chemotherapy and/or systemic HiDAC should
be routinely performed in patients with any these risk
factors, particularly patients with a WBC =10000/
mm’ remains to be established. Two recent studies have
suggested that intermediate-dose ara-C or HiDAC either

in induction or in consolidation may decrease the risk
of CNS relapse [142, 143].

4.7.8 Strategies to Detect Early Relapse in AML

Current remission criteria have low sensitivity to detect
minimal residual disease (MRD). Therefore, there is in-
terest in investigating more sensitive methods such as
cytogenetics, flow cytometry, and RT-PCR. These meth-
ods when combined with morphological remission cri-
teria may decrease relapses, provide insight into the
clinical efficacy of different therapeutic strategies and
could improve overall prognostic stratification in AML
patients. Marcucci and colleagues [13] evaluated 118
AML patients with abnormal cytogenetics at diagnosis.
Patients converting to normal cytogenetics at CR1
(NCR1; n=103) were compared with those with abnor-
mal cytogenetics both at diagnosis and at CR1 (ACRy
n=15). ACR1 patients had significantly shorter OS
(P=0.006) and DFS (P=0.0001), and higher cumulative
incidence of relapse (CIR) (P=o0.0001). In multivariable
models, the NCR1 and ACR1 groups were predictors for
OS (P=o0.03), DFS (P=0.02), and CIR (P=o0.05) (Fig.
4.6). The relative risk of relapse or death was 2.1 times
higher for ACR1 patients than for NCR1 patients (95%
CI, 1.1-3.9). Notably, there was no significant difference
in time of attaining CR1 between the NCR1 and ACR1
groups. At 3 years, all patients in the ACR1 group had
relapsed compared to 61% in the NCR1 group.
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Fig. 4.6. Overall survival according to the presence or absence of
cytogenetic abnormalities on the first day of complete (CR) fol-
lowing induction chemotherapy in acute myeloid leukemia patients
with abnormal cytogenetics at diagnosis [13].



The ability of immunophenotyping, using 4-color
FACS technology, to identify a leukemia-associated phe-
notype (LAP) has significantly increased the sensitivity
of MRD detection in patients with AML. An Italian
study by Buccisano and colleague [144] used this tech-
nique to evaluate MRD at two time points, at the end
of induction and following consolidation, in a total of
92 patients. The threshold discriminating MRD- from
MRD+ cases was set at 3.5x10(-4) residual leukemic
cells. The results showed that the MRD status at the
end of consolidation was the most significant predictor
of outcome with 5-year actuarial probability of RFS and
OS at 5 years of 71% and 64%, respectively, for MRD-
patients, compared to 13% and 16%, respectively, for
those in the MRD+ patients. Interestingly, the majority
of patients with MRD+ status at the end of consolida-
tion relapsed following autologous HSCT.

Controversy exists as to the prognostic significance
of FMS-like receptor tyrosine kinase (FLT3) mutations.
Although the exact mechanism by which FLT3 mutation
exerts increased relapse risk remains to be defined, it
appears to relate to an increased regrowth potential
caused by a cytokine-independent phenotype rather
than resistance to conventional chemotherapy, making
it another possible therapeutic target. Recent data from
Del Poeta and colleagues [145] suggest that the bax/bcl-2
ratio is a predictor of both OS and time to relapse. How-
ever, the value of this index in risk stratifying AML pa-
tients remains to be defined. In patients with APL, more
sensitive techniques such as RT-PCR to detect PML-
RARa transcript, especially when rises in transcript
quantity are seen serially, correlate with increased prob-
ability of hematological relapse [110] and such data are
now used to identify patients who require early salvage
therapy with arsenic trioxide and subsequent HSCT. All
these approaches are of value in detecting patients at a
high risk of relapse in whom early intervention could be
justified.

4.8 Summary

The treatment of patients with relapsed or refractory
AML is generally disappointing and remains a major
challenge. Depending on a number of prognostic fac-
tors, particularly the duration of CR1, many patients
can achieve a CR2 with salvage chemotherapy. However,
most of such patients are unlikely to be cured without
some form of allogeneic HSCT. Many new antileukemic

References 71

agents with a variety of novel mechanisms of action are
now available and are undergoing rigorous study in the
context of clinical trials as single agents and in combi-
nation with chemotherapy. Many of these new agents
are directed towards specific genetic mutations, which
may perturb specific signal transduction pathways upon
which leukemia cells depend for growth and prolifera-
tion. New transplant strategies hold promise to provide
more patients with the potentially potent GVL effect.
Future directions include the identification of more sen-
sitive prognostic factors, the development of therapy, di-
rected at specific molecular targets based on the biology
of the specific subtype of AML, the identification of
more sophisticated and sensitive methods to detect
MRD, the exploitation of GVL with RIC allo-HSCT
and alternative donors. Gene expression profiling will
likely facilitate the identification and classification of
specific genetic subtypes of AML and direct future ther-
apy [146].
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5.1 Introduction

Acute lymphoblastic leukemia (ALL), also known as
acute lymphocytic leukemia, is a malignant neoplasm
of the lymphocyte precursor cells, or lymphoblasts, that
occurs annually in nearly 4000 people in the US [51].
Leukemic lymphoblasts have exaggerated and uncon-
trolled growth, fail to mount a normal immune re-
sponse, and cause a drop in production of normal bone
marrow cells that leads to a deficiency of circulating red
cells (anemia), platelets (thrombocytopenia), and white
cells other than lymphocytes (especially neutrophils, or
neutropenia) [146]. Both T-cell and B-cell precursors
can give rise to ALL; B-cell ALL represents about 88%
of all cases.

ALL afflicts whites more than blacks, males more
than females, and those in Western, affluent countries
more than those in the developing world. It often occurs
in clusters, or small geographic aggregations of cases,
has been studied extensively, and yet we still know sur-
prisingly little about what causes it. It appears that chro-
mosomal alterations and mutations that are associated
with the disease may be inherited from pregnancy or
develop through infancy and childhood, and these al-
terations and mutations then interact with certain envi-
ronmental exposures which can lead to at least some
types of ALL.
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In this review, we present first the descriptive epide-
miology of ALL (Table 5.1), mainly using incidence and
survival data from the US National Cancer Institute’s
Surveillance, Epidemiology and End Results (SEER)
Program (http://seer.cancer.gov), and mortality data
from the US National Center for Health Statistics
(http://www.cdc.gov/nchs/deaths.htm), followed by a
brief discussion of parental and sociodemographic
characteristics of ALL cases. Where possible, in our dis-
cussion of the descriptive epidemiology, we report pat-
terns for race and gender specific subgroups. However,
when looking at trends or individual years, subgroup
data often are not reported due to small numbers of
events.

We then review the published literature on biologi-
cal, physical, and chemical risk factors for ALL. Because
the incidence of ALL peaks around the third birthday,
our discussion of the etiology of ALL will focus more
on the pediatric population. Our review is neither ex-
haustive nor comprehensive, but rather summarizes
our view of key findings in understanding the patterns
and etiology of this disease.

5.2 Demographic Patterns

5.2.1 Incidence

ALL represents approximately less than 1% of adult can-
cers, and 25% of all childhood cancers. In the USA,
among all ages, it represents less than 0.4% of all can-
cers, 13.6% of all leukemias, and 29.6% of all lymphocy-
tic leukemias. Age-adjusted incidence rates for ALL vary
several-fold, internationally, with the highest rates oc-
curring in Spain, among Hispanics in Los Angeles,
and in Caucasians in Quebec and Ontario, Canada,
and in New Zealand. The lowest rates are found in de-
veloping countries, among US blacks, Israeli Jews, and
Chinese and Asian Indians, whose rates may be many
times lower than those in more affluent, developed
countries [42, 75].

Among children under age 20, ALL is the most com-
mon malignancy, except in Africa and the Middle East.
The highest rates of childhood ALL occur in Costa Rica
and among Hispanics in Los Angeles, and the lowest
rates among US blacks, in the Middle East, and in India
[38, 75]. In the US, it represents almost 25% of all child-
hood cancers and 79.5% of all childhood leukemias, and
99% of all lymphocytic leukemias (Table 5.1). Despite

being the most common type of cancer in children, it
remains a relatively rare disease in both children and
the total population (3.6 and 1.4 cases per 100000 per
year, respectively).

When we compare the secular trends of ALL to
those of all leukemias, we see some marked differences.
Secular trends in leukemia for the entire US population
show that incidence rates from 1975 to 2001 decreased
slightly for white males and increased slightly for white
females (-0.1%, 0.2% per year, respectively), but from
2001 to 2003 rates for white females decreased rapidly
(-6% per year). For black males and females from
1975 to 2003 the rates for leukemia decreased (-0.7%,
-0.6% per year, respectively). In males, for whites and
blacks combined, ALL incidence rates increased from
1975 to about 1990, and then declined through 2002,
while female ALL incidence rates showed a very slight
increase until the late 1990s, when they also began to de-
cline.

In children of both genders and races, total leukemia
incidence rates increased at a rate of about 1.0% per year
from 1975 to the late 1980s, apparently driven by ALL,
which increased at about 1.8% per year during this same
period [117]. Some have suggested that this greater in-
crease in ALL is due to improved characterization of
leukemia subtypes, information that was obtained to
help physicians specify appropriate treatment agents
[77 117]. From the late 1980s on, incidence rates both
for total leukemia and for ALL increased at a rate of
about 0.3% per year [117].

5.2.2 Survival

Less than half of all adult leukemias survive 5 years after
diagnosis, but nearly two-thirds of all adult ALL cases
survive at least 5 years after diagnosis. Childhood leuke-
mia survival is much better than that for adults, with
more than three-quarters of all children with leukemias
and more than four-fifths of ALL cases surviving at least
5 years past diagnosis [117]. Childhood ALL survival is
one of the most dramatic success stories in the history
of chemotherapy, showing a remarkable improvement
due to innovative treatments, with the 5-year survival
rate in 1964 being only 3% [162], rising to 57% in
1975-1977 and 87% in 1996-2002 (Fig. 5.1) [117].
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Fig. 5.1. Survival rates for childhood ALL. Five-year relative survival
rates for ALL and AML: End Results Group National Cancer Institute
Surveillance, Epidemiology and End Results Program, 1996. Squares:
ALL; circles: AML represent defined time periods. The “best fit” curve
was drawn by the author (from Kersey [54]).

5.2.3 Mortality

ALL represents less than 1.1% of total US cancer related
deaths and 28.9% of all leukemia deaths. In US children,
however, ALL represents almost 16% of total cancer
mortality and 50% of all leukemia deaths. Total leuke-
mia mortality rates in whites of both sexes decreased
from the 1980s through 2002. In blacks of both sexes,
however, total leukemia mortality rates increased after
1975, peaking in 1983 among females and in 1991 among
males, then decreasing through 2002. For all children
considered together, the mortality rates both for total
leukemia and for ALL declined from 1975 to 2002, but
the rate of decrease was greater in the 1990s [117].

5.2.4 Sex Differences

Incidence rates for total leukemia, and to a lesser extent
for ALL, are higher among males than among females,
and this gender difference is considerably more pro-
nounced among whites (70% more leukemia in males
and 60% more ALL in males) than among blacks
(30% and 15%, respectively). In children, the incidence
rates for all leukemias, and for ALL, are slightly higher
in males than in females, up to about a 30% excess [77].
Similar patterns are seen in the mortality data for all
leukemias, but for ALL male rates show an even greater
excess [117].

5.2.5 Race Differences

Overall differences in incidence and mortality rates by
race are also noteworthy. In the USA, for leukemia, for
males, females, and all combined, whites have higher in-
cidence rates than blacks (30-40% excess), and this
same pattern is seen even more strongly for ALL (85-
215% excess). A similar pattern is seen for mortality
[117].

In children, SEER summaries provide tabulations of
race-specific data only for all cancers [117]. For those
data, whites have about a 45-55% excess in incidence
rates, depending on gender, and similarly for mortality
rates, whites have a 5-10% excess depending on gender.
Other studies suggest that the rate of ALL in white chil-
dren is double that in black children in the USA [43, 77].

5.2.6 Age Differences

Leukemia incidence increases from birth through age 3,
then decreases until about age 50, when rates begin to
increase slowly. ALL incidence rates increase more dra-
matically from birth to age 3 (up to more than 9 cases
per 100000 per year), drop off to lower levels until
about age 50 (less than 1 per 100 000 per year), and then
increase slightly, but never approach the rates observed
between ages 1 and 14 (Fig. 5.2). The peak incidence per-
iod is from age 2-5 [145] with a smaller, secondary peak
after age 60 (Fig. 5.3). It is interesting to note that the
age 2-5 peak in ALL was noted first in Western coun-
tries between 1920 and 1945, thereafter in Japan and
China, and the incidence rate in affluent countries con-
tinues to increase at a rate of about 1% per year [38].
Understanding the mechanism of this unexplained dif-
ference between Western, affluent, developed countries
and those in the developing world might help unlock
the etiologic secret of what causes the leukemias and
ALL.

5.2.7 Parental and Birth Characteristics

Researchers have noted a variety of patterns among par-
ental and birth characteristics of leukemia and ALL
cases. For example, first-born babies have a higher risk
of ALL, as do high-birth-weight babies [124], babies
whose mothers are over 35 years of age, and mothers
who have had a prior fetal loss [120]. Maternal cigarette
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Fig. 5.2. Age adjusted incidence rates per 100000 by age (data from Ries [117]).
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Fig. 5.3. Age adjusted incidence rates per 100000 by age (data from Ries [117]).



82  Chapter 5 - Acute Lymphoblastic Leukemia: Epidemiology and Etiology

smoking and certain parental dietary constituents have
been associated with increased risk of ALL, although
there are no accepted mechanisms of action. Breast
feeding was thought to be protective against ALL [36],
but this effect has not been supported by more recent
data [74].

5.2.8 Socioeconomic Status

The apparent excess observed in several studies of ALL
in whites and other ethnic groups compared to blacks
has led several investigators to suggest that the inci-
dence of ALL may be directly associated with higher so-
cioeconomic status (SES). While probably not a direct
cause, SES may be a useful marker for underlying risk
factors that may help us better understand the etiology
of ALL.

One must be specific in what one means by SES. SES
can be inferred from data on individuals (e.g., head of
household or family), or aggregate data (e.g., averages
from census regions, such as tracts, communities, or
zip codes). In addition, there is a wide variety of metrics
used, such as mean income, median income, per capita
income, percent below poverty line. While related, each
can give somewhat different results [63, 106].

In general, studies of SES and childhood ALL have
yielded mixed results. A review of six pre-1983 studies
reported a positive association between SES and child-
hood ALL in five of six studies [40]. Studies using res-
idential neighborhood or community measures of SES
generally found that ALL was more common in areas
of higher SES, although some critics suggested that this
was due to a diagnostic bias, such as in a recent Cana-
dian study (OR=0.9, 95% CI 0.8-1.0) [12], possibly at-
tributable to greater access to good medical care. A re-
cent Danish study that reviewed this issue reported that
in previous studies individual measures of SES gave in-
consistent results while SES measures of a child’s resi-
dential area tended to be associated with higher leuke-
mia rates, although some recent studies were less clear
or found the opposite effect [111]. In their own data, they
found that community rather than individual SES was
associated with risk of ALL and, specifically, children
born into poorer regions were at a statistically signifi-
cant greater risk (RR=2.2, 95% CI 1.1-4.6). No associa-
tion was found with SES at diagnosis. The most recent
review, by Poole and colleagues, reported that associa-
tions between childhood leukemia and SES varied with

place and time [106]. They also suggest that different
SES measures (e.g., income and education) collected
at different scales (e.g., individual or community) may
be surrogates for different risks and therefore should
be reported separately. SES remains an interesting but
confusing marker for risk of ALL. One complicating fac-
tor noted by Buffler and colleagues is that SES may be
correlated with and even a surrogate for various envi-
ronmental exposures, such as pesticides, traffic, and
diet [13]. Since many studies adjust for SES because of-
ten it is believed to be a confounder, these adjustments
may remove any associations between environmental
exposures and ALL, obscuring potential etiologic asso-
ciations.

5.3 Etiology

It is somewhat surprising how little is known about the
causes of ALL. It occurs more commonly among whites
and in Western, affluent countries, reaches peak inci-
dence among children, a population of great concern,
and often is reported in concentrated clusters (high lo-
cal incidences), a situation that one might think would
be particularly amenable to etiologic study. Among
childhood, only ionizing radiation and certain genetic
disorders are known risk factors. Many other risk fac-
tors have been suggested but remain under investiga-
tion, such as exposure to pesticides, automobile ex-
haust, certain chemicals such as benzene, nonionizing
radiation (e.g., magnetic fields), parental exposures
(e.g., cigarette smoking, alcohol consumption and use
of some pharmaceuticals), and even parental consump-
tion of certain dietary constituents.

5.3.1 Biological Factors

5.3.1.1 Genetics of Childhood ALL

Leukemia, like other forms of cancer, is ultimately a dis-
ease of the DNA. Although single-gene mutations (e.g.,
BRCA1 and BRCA2) are known to predispose to solid tu-
mors (e.g., carcinomas of breast and ovary), no such
single-gene mutations have been linked to childhood
ALL, which tends instead to be associated with chromo-
somal anomalies.



5.3.1.2 Cytogenetic Abnormalities

Cytogenetic abnormalities frequently found in ALL
cases include germ-line karyotypic abnormalities, so-
matic karotypic abnormalities, translocations, and dele-
tions. The germ-line abnormalities associated with
childhood leukemia include Down syndrome (trisomy
21) [64, 118, 144], Bloom syndrome [64], Fanconi ane-
mia, Klinefelter syndrome, and ataxia-telangiectasia
[37]. The somatic abnormalities associated with child-
hood leukemia include aneuploidy (in one form or an-
other in 92% of childhood ALL cases), pseudodiploidy
(in 41.5% of ALL cases) and hyperdiploidy (in 20-30%
of pre-B ALL and about 90% of early pre-B ALL) [108,
127].

Translocations frequently found in ALL cases in-
clude the TEL-AML1 translocation (found in about
20-25% of B-lineage childhood ALLs) [11, 34, 91, 95,
125]; MLL translocations (found in about 70-80% of in-
fant leukemias [16, 53, 94, 109, 126], but less commonly
in other leukemias, both childhood and adult); MLL-
AF4 gene fusion (very common in infant ALL and also
found in ALL of older children); and other transloca-
tions occurring in childhood ALL including t(9,
11)(p22;q23) [16, 53] and t(11, 19) [46], and CDK6-MLL
[112]. TEL-AML1 is found in about 1% of cord blood
specimens, yet only about 1% of those with this translo-
cation will develop ALL in childhood.

Deletion of 6q occurs in 11% of childhood ALL cases
[108]. Among childhood ALL cases with t(12, 21), 77%
also have 12p12-13 deletions [15].

In short, the chromosomes that are known to be in-
volved in karyotypic abnormalities found in childhood
ALL are 1, 4, 6-9, 11, 12, 14, 19, 21, and 22. Neither X nor
Y is known to be involved with childhood ALL. Translo-
cations are especially common in childhood ALL.

Triggers for molecular anomalies may be inherited
during pregnancy, and may develop during infancy or
early childhood [13].

5.3.1.3 Infectious Etiology

The most widely accepted current theory of causation of
childhood ALL is based on an infectious etiology asso-
ciated with decreased immune function. Three varia-
tions on this theme of the “infection” that have been
put forward are (1) exposure to a specific infectious
agent postnatally, proposed by Kinlen [56], (2) exposure
to a specific infectious agent prenatally or around the
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time of birth, proposed by Smith [137], or (3) a delay
in the initial exposure to infectious agents in general be-
yond the first year of life, proposed by Greaves [39]. A
recent review of this topic is provided by McNally and
Eden [88], but does not resolve the controversy. We pro-
vide a brief review of some of the literature supporting
each of these hypotheses.

5.3.1.4 Postnatal Infection by a Specific
Leukemogenic Pathogen

According to Kinlen’s hypothesis [56, 57], “outbreaks” of
ALL follow epidemics of some common (and perhaps
subclinical) infection, of which ALL is a rare outcome.
These outbreaks tend to occur when infectious and sus-
ceptible populations come into close proximity or inter-
mingle (“population mixing”), thus facilitating the
spread of the pathogen. In relatively rural, isolated pop-
ulations it is more likely that a sizeable portion of the
population has not previously been exposed to the in-
fectious agent, and thus is susceptible.

Kinlen and colleagues have published many studies
that are consistent with this theory. For example, he has
documented high rates of leukemia mortality among
preschool children in Kirkcaldy, following a rapid pop-
ulation increase due to the construction of the new town
of Glenrothes [56], and excess leukemia mortality in five
rural British New Towns founded between 1946 and
1950, which brought together new residents from a vari-
ety of isolated (i.e., low-density) rural settings. The sta-
tistically significant excess leukemia mortality was seen
in rural towns for the time period 1946-1965 but not
1966-1985, consistent with the population mixing hy-
pothesis. The excess leukemia mortality was not seen
in overspill towns, which were less rural and had smal-
ler rates of in-migration, also supporting the population
mixing hypothesis. The relationship between popula-
tion influx and childhood ALL received further support
from a Cumbria-based study of children of “incomers”
(both parents born outside Cumbria), who were at high-
er risk of common ALL than children of “local resi-
dents” (at least one parent born inside Cumbria) [21].
Studies in other countries found similar effects, such
as extraordinarily high childhood leukemia mortality
rates in Italy and Greece during 1958-1987, which have
been attributed to high levels of population mixing as-
sociated with massive rural-to-urban migration in the
years following World War II [59]; a study in Hong Kong
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that showed evidence of statistically significant cluster-
ing of ALL in preschool children in small geographic re-
gions (TPUs) in the highest decile of population growth
during 1981-1991 [5]; a Canadian study in which leuke-
mia incidence among children under 5 years of age was
higher than expected in rural areas where the popula-
tion grew, and lower than expected in growing urban
areas [62]; and a US study using data from the SEER
program that showed that rural counties with the great-
est increase in population from 1980-1989 had the high-
est childhood leukemia incidence rates [153]. In con-
trast, in a study conducted in France, leukemia mortal-
ity rates were average among preschool children who
resided in 43 rapidly-growing French administrative
units (communes) [69].

5.3.1.5 Prenatal Infection by a Specific
Leukemogenic Pathogen

According to Smith’s hypothesis [136, 137], high rates of
ALL are attributable to in utero exposures to infections
that result mainly in cases of precursor B-cell ALL. To
investigate this hypothesis, several studies have com-
pared ALL rates among children of mothers who
reported infections during pregnancy to children of
mothers who did not report infections during preg-
nancy. Early studies have been reviewed by Little [78]
and show equivocal results. For example, the Oxford
Survey of Childhood Cancers, a matched case-control
study in England and Wales, found that children of
mothers ill with an infective disease during pregnancy
had increased rates of childhood malignancies (13 cases
among mothers with infections during pregnancy ver-
sus 1 case among control mothers) [144]. However, in
a more recent and more focused matched case-control
study in Scotland, infection (any, respiratory tract, viral,
genitourinary, or fungal) during pregnancy did not sta-
tistically significantly affect the risk of ALL in children
ages o to 14 [85]. Similarly, a study by Infante-Rivard et
al. looking at recurrent maternal infections did not find
a statistically significant association with ALL in chil-
dren [47]. However, a study of maternal lower genital
tract infection reported a statistically significant asso-
ciation [99], as did a study of mothers with Epstein-Barr
virus (EBV) [72].

5.3.1.6 Delayed Exposure to Pathogens
in General

Greaves’ hypothesis is that secondary mutations and/or
proliferation due to early exposure to general infectious
agents transmitted from parents, siblings, and other
contacts early in life will tend to reduce the risk of child-
hood ALL. This is because he believes that ALL is a con-
sequence of two independent mutations: the first occur-
ring in utero or shortly after birth, and the second oc-
curring between 2 and 6 years of age that may be trig-
gered by infection [35, 38]. Supporting this theory is the
observation that the majority of childhood ALL cases
diagnosed between ages 2 and 6 have the TEL/AML1
mutation. For example, in one study, eight of 12 children
ages 2 to 5 recently diagnosed with TEL-AMLi-positive
ALL, including a pair of twins, were found to have
TEL-AML1 fusion in the neonatal blood spots on their
Guthrie cards, and the twins shared the same TEL-
AML1 sequence (Wiemels et al. 1999a). This is inter-
preted to be the first of the two mutations in Greaves’
theory.

His theory supposes that a second mutation occurs
in early childhood, causing ALL. The second mutation
may be promoted by common infections. Further, rela-
tive isolation, as in Kinlen’s hypothesis, may delay expo-
sures to common infections, enabling the susceptible
preleukemic cells to multiply, increases the likelihood
of occurrence of the second mutation.

Various sources of childhood infection, or protec-
tion from infection, have been considered in light of this
hypothesis. Breast feeding, an opportunity for infec-
tious exposure after birth, tends to show decreased risk
of ALL, although this effect may be confounded by SES,
according to McNally [88], as cases in these studies
tended to have lower SES. As a counter example, re-
searchers have shown that attendance at a day care facil-
ity increases a child’s risk of infection, and thus should
increase their risk of ALL according to this theory, but
was found to be protective. However, as with breast
feeding, SES may be a confounder as cases tended to
have lower SES. Other sources of infectious exposures,
such as older siblings, parents with occupations that
bring them into contact with many people, and migra-
tion, also tend to be protective [88]. Studies have also
found associations of allergies and asthma with ALL
[139, 154].

Finally, seasonality may suggest an infectious etiol-
ogy. Various authors have examined the seasonal pat-



tern of ALL diagnosis or symptoms. Karimi and Yarmo-
hammadi found a late fall, early winter peak in Iran,
Sorensen et al. [138] a fall peak in Denmark, Higgins
et al. [44], Westerbeek et al. [157] and Badrinath et al.
[7] summer peaks in Europe, and Ross and colleagues
[123] a summer peak in the northern USA, with ap-
proximately a 7.5% excess over the mean in July and Au-
gust. This suggests a possible link to allergic and infec-
tions processes in the summer that may trigger the ALL
disease process, although further research is needed to
more precisely define this effect.

5.3.2 Physical Factors

5.3.2.1 lonizing Radiation

The importance of ionizing radiation as an etiologic
agent for leukemia and other lymphohematopoeitic
cancers has been known since the early 1900s from
studies of radiologists [8]. However, the most compel-
ling evidence for this association has come from studies
of survivors of the atomic bomb blasts in Hiroshima
and Nagasaki [107] and patients treated for ankylosing
spondylitis [20]. For both of these types of exposures,
leukemias (other than chronic lymphocytic) were noted
as early as 3 years after exposure, with peak incidence
occurring 5-10 years after exposure, and additional
cases were diagnosed even 30 years after exposure
[60]. For ankylosing spondylitis, the strongest effect
was for AML rather than ALL.

There also is evidence for leukemia risk associated
with occupational exposure to ionizing radiation among
those involved with the nuclear industry [75]. Studies of
military personnel on maneuvers at a nuclear bomb test
showed statistically elevated leukemia incidence and
mortality [96], as do the most recent studies of workers
at other nuclear facilities. A review and pooled analysis
of nuclear worker studies conducted by the Interna-
tional Agency for Research on Cancer (IARC) found sta-
tistically significant excess relative risks for leukemia
excluding chronic lymphocytic leukemia [14]. The leu-
kemia exposure-response effect was consistent with
but smaller than the values estimated from the studies
atomic bomb survivors reported in the BEIR V report
from the National Research Council [97]. Studies of
workers at naval nuclear shipyards are inconsistent,
while studies of fallout from bomb testing showed small
increases in cases of leukemia [33], particularly acute
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leukemias among children, although the interpretations
of these data vary [67, 82, 84, 143].

Prenatal exposures are also a concern. In the 1950s, a
British study showed that radiography of a pregnant
woman’s abdomen increased the child’s risk of leukemia
by about 50% [144]. While this relationship is believed
to be causal, few women today undergo this type of di-
agnostic testing, making this a nonissue, at least in
terms of public health impact. Studies of prenatal expo-
sure from atomic bomb blasts did not show increased
risk, nor did studies of children of atomic bomb survi-
vors who were not exposed prenatally [160]. However,
those exposed prenatally may have higher risks as
adults [159, 161].

Concern about leukemia risk from ionizing radia-
tion also arose in the early 1980s from an apparent clus-
ter among children living in close proximity to the
Sellafield nuclear fuels reprocessing plant in Seascale,
England. Initial studies suggested that residential prox-
imity to the plant, and paternal employment at the plant
were risk factors [30-32]. Further studies, however, did
not confirm either risk factor [10, 50, 70, 86, 149]. Kin-
len suggested that this situation supports his population
mixing theory [58].

Another suggested physical environmental cause of
leukemia is radionuclides in water and air. For example,
ingestion of radium-containing groundwater in an eco-
logic study conducted in Florida showed an association
with leukemia [80]. Subsequent studies seeking to clar-
ify this issue provided limited support [6, 17, 29]. Stud-
ies examining inhaled radon found an increased risk of
leukemia, through the hypothesized mechanism of irra-
diation to the bone marrow. This association was shown
in ecologic studies but not other studies, and thus is un-
likely to be etiologic [71].

5.3.2.2 Nonionizing Radiation

Concern also has been raised over the apparent elevated
leukemia incidence among children and workers ex-
posed to electric and magnetic fields (EMF) [49, 98,
100]. The risk was first documented in a case-control
study of children who had lived in homes with high
magnetic fields [156], and the results were replicated
in many subsequent population-based studies [22, 79,
131]. Some studies did not show this association [28,
76, 148]. As yet, no mechanism for this risk has been es-
tablished. Prompted by positive results in these studies,
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a series of occupational mortality studies were underta-
ken of workers in electrical, electronic, and telecommu-
nications occupations and ham radio operators and
showed increased risks for ALL, AML, CML, and CLL
occurring inconsistently across studies [24, 92, 93, 130,
147]. The interpretation of these studies remains contro-
versial. Because no viable mechanism has been postu-
lated for nonionizing radiation to cause leukemia, there
is much controversy over the definition of relevant ex-
posure and interpretation of results, although only mag-
netic fields rather than electrical fields are implicated.
Exposure metrics under consideration include peak,
average, time-weighted average, and variability mea-
sures, although the data from different studies are con-
tradictory.

Many weight-of-evidence reviews have been con-
ducted to summarize subjectively the available data.
Two recent expert panel reviews of the EMF issue were
conducted in the USA [98, 100] and one in Europe [49].
While the first [98], under the sponsorship of the Na-
tional Academy of Sciences, using a consensus process,
reported that “no conclusive and consistent evidence
shows that exposures to residential electric and mag-
netic fields produce cancer [our emphasis],” they also
asserted that “an association between residential wiring
configurations ... and childhood leukemia persists in
multiple studies ...” The second panel [100], convened
by the National Institute of Environmental Health
Sciences (NIEHS), using a majority rule process, con-
cluded that “ELF EMF are possibly carcinogenic to hu-
mans (Group 2B).” This was based principally on “the
results of studies on childhood leukemia in residential
environments and on CLL [chronic lymphocytic leuke-
mia] in adults in occupational settings.” In addition, the
participants stated that the in vitro and mechanistic
data provide weak support based on studies at very high
levels of exposures (>100 UT). The third expert panel
[49], convened by IARC, also using a majority rule pro-
cess, also concluded that ELF EMF exposures are possi-
bly carcinogenic to humans (Group 2B).

In addition to those data-based, albeit subjective, re-
views, a variety of meta-analyses and pooled analyses
were conducted to summarize this body of literature
analytically. In a meta-analysis, the investigator extracts
results from published papers and combines them sta-
tistically to provide an average risk estimate for the
set of studies as a whole. In a pooled analysis, the inves-
tigator obtains the original, individual subject data for a
set of studies and then combines them statistically to

provide an average risk estimate for the set of studies
as a whole while adjusting for confounding variables
for individual subjects and differences among the study
characteristics. Pooled analyses are believed to be more
reliable than meta-analyses.

A meta-analysis of occupational studies [55] did not
find consistent results regarding the risk of leukemia.
The most recent meta-analyses for residential exposures
to children [151] reported that the risk for leukemia was
elevated and marginally statistically significant, partic-
ularly at the higher exposure cutpoints. There was some
evidence that supported an exposure-response gradient.
Two pooled analyses of childhood leukemia reported
statistically significant elevated risks at the highest ex-
posure categories [3, 41].

There still is much controversy over exposure to
EMFs as a cause of cancer, with the excess risk sug-
gested by the combined studies for exposures 4 times
greater than background being in the range of s50-
100%. However, there is added concern because expo-
sures are ubiquitous, there are no truly unexposed com-
parison groups, and residential exposures rarely can be
greater than 50 times background, while occupational
exposures, although typically only short-term, on rare
occasion can reach 1000 to 40000 times background.

A study of children with ALL found that event-free
survival varied across different levels of EMF exposure
(events were defined as incomplete remission following
therapy, leukemia relapse, secondary cancers, or deaths
from any cause) [25]. After adjusting for risk group and
socioeconomic status, the authors reported elevated
risks of any event (Hazard Ratio =1.9) including mortal-
ity (Hazard Ratio =4.5) among those exposed to higher
magnetic fields (>0.3 uT vs. <o0.1 pT). The robustness
of the study results was limited by small sample sizes.

5.3.3 Chemical Factors

5.3.3.1 Solvents

Workers in a variety of occupations, such as the leather,
shoe, rubber, and printing industries, are exposed to
benzene, and studies have reported increased risks of
leukemia. Although exposure to benzene has been
shown to cause leukemia, most studies have reported
excesses of AML rather than ALL [60], with one excep-
tion [4]. There also has been concern that exposure to
other solvents may cause leukemia, although most data



are inconclusive and may not be specific to ALL [1, 73,
81, 87]. For example, in studies of the health effects of
trichloroethylene, there have been some suggestions of
excess leukemia and other lymphohematopoeitic malig-
nancies [152], although these data are not compelling,
and leukemia subtypes typically were not reported.
Concerns have also been raised about exposures to pet-
roleum workers, although recent updates do not impli-
cate ALL [45, 158].

A few studies have suggested an association between
parental exposures to solvents and childhood ALL. In
one review, direct toxic exposures including solvents,
paints and pigments, and motor vehicle related occupa-
tions were associated with leukemia but not ALL [18]. A
subsequent case-control study reported that mothers of
ALL cases were more likely to report occupational expo-
sure to solvents (OR =1.6; 95% CI=1.1-2.3) and paints or
thinners (OR=1.7; 95% CI=1.2-2.3) during pregnancy
[135]. A subsequent case-control study in Germany also
found an increased risk of ALL among children whose
mothers were exposed to paints or lacquers but not sol-
vents or plastics, prior to conception (OR=1.6; 95%
CI=11-2.4) and during pregnancy (OR=2.0; 95%
CI=1.2-3.3), but not during the postnatal period [132].
Paternal exposures to industrials dusts also showed a
small elevation of risk for ALL. Elevated risks for chil-
dren were also found for exposure to artwork solvents
[135] and, in another study, for those living in homes
that had been painted just prior to or during occupancy
[26]. It was noted that solvents, paints, and thinners are
all likely to cross the placental barrier, suggesting a
mechanism of action [135]. However, post pregnancy,
neither maternal exposure to solvents nor parental ex-
posure to plastic materials was associated with child-
hood ALL.

An overriding concern with studies of the risks of
parental exposures is the possibility of recall bias in
the self-reported exposure assessment [18, 89, 133].

5.3.3.2 Pesticides

Numerous studies have examined the association be-
tween lymphohematopoeitic cancers, pesticides and
farming, and they report limited evidence to suggest
an association with ALL. Some recent studies, however,
have suggested a link specifically to childhood leukemia
and ALL. For example, Infante-Rivard and colleagues
found indoor and garden use of pesticides was asso-
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ciated with increased rates of childhood ALL, and some
of these associations were increased among carriers of
the CYP1A1m1 and CYP1A1m2 mutations [48].

In the Northern California Childhood Leukemia
Study, the use of professional pest control services any
time from 1 year before to 3 years after birth was asso-
ciated with a significantly increased risk of childhood
leukemia (OR=2.8; 95% CI=1.4-5.7), with the highest
risk associated with exposure during the second year
(OR =3.6; 95% CI=1.6-8.3). Children with the most fre-
quent exposure to insecticides had the highest risk of
leukemia (OR =2.4; 95% CI=1.2-5.1), and leukemia risk
was elevated for exposure to indoor insecticides
(OR=1.6; 95% CI=1.0-2.7); exposures to outdoor insec-
ticides or herbicides were not associated with leukemia
risk [83]. A subsequent California case control study
found small but statistically significant elevations of
ALL risk for maternal residential proximity to areas
of use of certain agricultural pesticides [115]. Most re-
cently, Menegaux and colleagues reported that child-
hood ALL was statistically significantly associated with
maternal indoor use of pesticides during pregnancy and
childhood and garden use of pesticides during child-
hood [90].

5.3.3.3 Outdoor Air Pollution

Some researchers have suggested that outdoor air pollu-
tion may be a risk factor for leukemia. Various hypo-
theses exist, most notably that the risk is attributable
to benzene, a component of automobile exhaust. To in-
vestigate this, investigators have conducted more than a
dozen studies in the USA and Europe, assessing the pos-
sible association between leukemia incidence or mortal-
ity and various measures of traffic density, a crude sur-
rogate for air pollution [19, 23, 61, 68, 101, 103, 110, 113,
114, 129, 142, 150]. Some specifically analyzed ALL risk.
Of these studies, eight reported a positive association
for childhood leukemia; five did not. It is difficult to
draw a conclusion as studies varied by design, exposure
measure and adjustments for confounding.

A California study using modeled concentrations of
25 potentially carcinogenic hazardous air pollutants
(HAPs) provided by the US Environmental Protection
Agency at the census tract level, reported an association
of HAPs with childhood leukemia [116]. Their analysis
showed elevated rate ratios and a statistically significant
trend in the tracts ranked highest for the combined 25
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HAPs (RR =1.21; 95% confidence interval, 1.03, 1.42) and
in tracts ranked highest for point source HAP exposure
(RR=1.32; 95% confidence interval, 1.1, 1.57). The
authors suggest that more comprehensive exposure as-
sessments and individual level data are needed to better
understand the observed relationships.

5.3.3.4 Tobacco Smoke

The association of tobacco smoke and lymphohemato-
poietic cancers has been assessed in several studies. In
general, the most consistent findings are for non-Hodg-
kin lymphoma, and those for leukemia are not statisti-
cally significant [2, 141]. However, several studies, in-
cluding more than a dozen case control studies and
two large cohort studies, have looked at the association
between passive smoke exposure and childhood leuke-
mia, and have reported inconsistent results [13]. Limita-
tions of these studies include imprecise exposure esti-
mates and limited adjustment for potentially confound-
ing variables. A meta-analysis reported no statistically
significant association between maternal smoking dur-
ing pregnancy and all leukemias or ALL [9]. More re-
cently, the large United Kingdom Childhood Cancer
Study examined this issue and also did not find any sta-
tistically significant associations of parental tobacco
smoking and either leukemia or ALL [102].

5.3.3.5 Diet

There have been only a limited number of studies inves-
tigating the role of diet in the occurrence of leukemia
among adults. In one study, Kwiatkowski reported a de-
creased risk of ALL with increased consumption of ve-
getables, and an increased risk with consumption of
milk, poultry, and soft water [66]. In another study, as
part of the Iowa Women’s Health Study, Ross and collea-
gues reported that a diet rich in vegetables had a protec-
tive effect against adult leukemia, although only 3 of the
138 leukemia cases were ALL [121]. A Canadian popula-
tion-based case-control study, reported by Fritschi and
colleagues, found that greater fish consumption was as-
sociated with a lower risk of leukemia [27]. Unfortu-
nately, cancer subtypes were not presented.

It has been suggested that both maternal and child-
hood diets may affect the risk of childhood leukemia. A
Chinese case-control study found a reduced risk of
childhood leukemia associated with a child’s consump-

tion of cod liver oil, which contains high levels of vita-
min A and D [134].

Parental diets may also affect childhood leukemia
risks. Some concern was raised by two case control
studies, in the early 1990s, investigating the possible as-
sociation of processed meat consumption by child and/
or parents with risk of childhood leukemia [104] and
ALL [128], suggesting that N-nitroso precursors used
as preservatives might be converted into N-nitroso car-
cinogens. The only statistically significant results found
had to do with hot dog consumption, which may have
been due to confounding by socioeconomic status [13].

As part of the Northern California Childhood Leuke-
mia Study, Jensen and colleagues report that maternal
consumption of vegetables, protein sources, and fruits
were associated with a lower risk of ALL, as did mater-
nal consumption of provitamin A carotenoids and the
antioxidant glutathione [52]. In the same study, Kwan
and colleagues reported a protective effect from child
consumption of bananas, oranges, and orange juice
[65]. In a nationwide study in Greece, Petridou and col-
leagues found that a diet rich in fruits and vegetables
during pregnancy decreases the child’s risk of leukemia,
while one with sugar, syrups, meats, and meat products
increases the risk [105].

Following a specific mechanistic hypothesis regard-
ing diet, Ross and colleagues have examined the role of
dietary inhibitors of DNA topoisomerase II, an enzyme
necessary for gene transcription, DNA recombination
and replication, and acute childhood leukemia [119,
122, 140]. They report that maternal consumption of
foods containing DNA topoisomerase II inhibitors may
increase the risk of AML but does not appear to affect
the risk of ALL. Maternal consumption of fruits and
vegetables, on the other hand, decreases the risk of ALL.

5.3.3.6 Maternal Pharmaceutical Use

There are limited data on the possible association be-
tween maternal use of pharmaceuticals and the risk of
ALL. A study by Wen and colleagues found that mater-
nal use of vitamins and iron during pregnancy was as-
sociated with a decreased the risk of childhood ALL,
while parental use of amphetamines or diet pills and
mind-altering drugs before and during the index preg-
nancy was associated with an increased the risk of
childhood ALL, especially if both parents used the
drugs [155]. They also reported that maternal use of



antihistamines and allergy remedies was associated
with an increased risk of ALL.

5.4 Summary

ALL is a complex, heterogeneous disease that is difficult
to study. It is rare, comprehensive exposure assessments
are complicated to conduct, and most studies are poten-
tially plagued by possible reporting biases, for example
by parents; selection biases, for example in selection of
control and comparison populations; and substantial
confounding, for example by SES. Nonetheless, as the
most common childhood cancer, it has a substantial
public health impact and is of great concern to parents
and the public, in general, and demands prompt, thor-
ough, and reliable research.

Studies have shown associations of ALL with several
risk factors, such as maternal exposure to solvents, res-
idential proximity to electric power lines, and pesti-
cides, but none save ionizing radiation are thorough
and convincing. These studies provide numerous leads
and suggestions for further study.

One topic of investigation that has sparked consider-
able research, particularly in the UK, is the role of infec-
tion and immune response in the occurrence of child-
hood leukemia. This set of etiologic hypotheses includes
consideration of biological, genetic, physical, and chem-
ical risk factors in conjunction with the molecular basis
of this dreaded disease. And yet, here, too, after more
than 25 years of study and investigation, while numer-
ous patterns and associations have been detected and
documented, the underlying debate of what causes
childhood leukemia remains largely unresolved.

We hope that with the recent gains in understanding
the genetic basis and variation of ALL, and the many
advances in molecular and genetic technology, exposure
assessment, and study design and implementations, will
provide additional clues and avenues for future investi-
gation.

References 89

References

1. Acquavella JF, Leonard RC (2001) A review of the epidemiology of
1,3-butadiene and chloroprene. Chem Biol Interact 135-136:43—
52
2. Adami J, Nyren O, Bergstrom R, Ekbom A, Engholm G, Englund A,
et al. (1998) Smoking and the risk of leukemia, lymphoma, and
multiple myeloma. Cancer Causes Control 9:49-56
3. Ahlbom A, Day N, Feychting M, Roman E, Skinner J, Dockerty J, et
al. (2000) A pooled analysis of magnetic fields and childhood leu-
kemia. Br J Cancer 83:692-698
4. Aksoy M, Erdem S, Dincol G (1976) Types of leukemia in a chronic
benzene poisoning: A study in thirty-four patients. Acta Haema-
tologica 55:65-72
5. Alexander FE, Chan LC, Lam TH, Yuen P, Leung NK, Ha SY, et al.
(1997) Clustering of childhood leukaemia in Hong Kong: Associa-
tion with the childhood peak and common acute lymphoblastic
leukaemia and with population mixing. Br J Cancer 75:457-463
6. Auvinen A, Kurttio P, Pekkanen J, Pukkala E, llus T, Salonen L
(2002) Uranium and other natural radionuclides in drinking water
and risk of leukemia: A case-cohort study in Finland. Cancer
Causes Control 13:825-829
7. Badrinath P, Day NE, Stockton D (1997) Seasonality in the diagno-
sis of acute lymphocytic leukaemia. Br J Cancer 75:1711-1713
8. Berrington A, Darby SC, Weiss HA, Doll R (2001) 100 years of ob-
servation on British radiologists: Mortality from cancer and other
causes 1897-1997. Br J Radiol 74:507-519
9. Boffetta P, Tredaniel J, Greco A (2000) Risk of childhood cancer
and adult lung cancer after childhood exposure to passive smoke:
A meta-analysis. Environ Health Perspect 108:73-82
10. Boice JD, Jr, Bigbee WL, Mumma MT, Blot WJ (2003) Cancer mor-
tality in counties near two former nuclear materials processing fa-
cilities in Pennsylvania, 1950-1995. Health Physics 85:691-700
11. Borkhardt A, Cazzaniga G, Viehmann S, Valesecchi MG, Ludwig
WD, Burci L, et al. (1977) Incidence and clinical relevance of
TEL/AML1 fusion genes in children with acute lymphoblastic leu-
kemia enrolled in the German and lItalian multicenter therapy
trials. Blood 90:571-577
12. Borugian MJ, Spinelli JJ, Mezei G, Wilkins R, Abanto Z, McBride ML
(2005) Childhood leukemia and socioeconomic status in Canada.
Epidemiology 16:526-531
13. Buffler PA, Kwan MI, Reynolds P, Urayama KY (2005) Environmental
and genetic risk factors for childhood leukemia: Appraising the
evidence. Cancer Invest 1:60-75
14. Cardis E, Vrijheid M, Blettner M, Gilbert E, Hakama M, Hill C, et al.
(2005) Risk of cancer after low doses of ionizing radiation: Retro-
spective cohort study in 15 countries. Br Med J 331:77-82
15. Cave H, Cacheux V, Raynaud S, Brunie G, Bakkus M, Cochaux P, et
al. (1997) ETV6 is the target of chromosome 12p deletions in
t(12;21) childhood acute lymphocytic leukemia. Leukemia
11:1459-1464
16. Cimino G, Lo Coco F, Biondi A, Elia L, Luciano A, Croce CM, et al.
(1993) ALL-1 gene at chromosome 11923 is consistently altered in
acute leukemia of early infancy. Blood 82:544-546
17. Collman G, Loomis D, Sandler D (1991) Childhood cancer mortality
and radon concentration in drinking water in North Carolina. Br J
Cancer 63:626-629



920

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Chapter 5 - Acute Lymphoblastic Leukemia: Epidemiology and Etiology

. Colt JS, Blair S (1998) Parental occupational exposures and risk of

childhood cancers. Environ Health Perspect 106(Suppl):909-925

. Crosignani P, Tittarelli A, Borgini A, Codazzi T, Rovelli A, Porro E, et

al. (2004) Childhood leukemia and road traffic: A population-
based case-control study. Int J Cancer 108(4):596-599

Darby SC, Doll R, Gill SK, Smith PG (1987) Long term mortality after
a single treatment course with X-rays in patients treated for an-
kylosing spondylitis. Br J Cancer 55:179-190

Dickinson HO, Parker L (1999) Quantifying the effect of population
mixing on childhood leukemia risk: The Seascale cluster. Br J Can-
cer 81:144-151

Feychting M, Ahlbom A (1993) Magnetic fields and cancer in chil-
dren residing near Swedish high-voltage power lines. Am J Epide-
miol 138:467-481

Feychting M, Svensson D, Ahlbom A (1998) Exposure to motor ve-
hicle exhaust and childhood cancer. Scand J Work Env Health
24:8-11

Floderus B, Persson T, Stenlund C, Wennberg A, Ost A, Knave B
(1993) Occupational exposure to electromagnetic fields in relation
to leukemia and brain tumors: A case-control study in Sweden.
Cancer Causes Control 4:465-476

Foliart DE, Pollock BH, Mezei G, Iriye R, Silva JM, Ebi KL, et al. (2006)
Magnetic field exposure and long-term survival among children
with leukemia. Br J Cancer 94:161-164

Freedman DM, Stewart P, Kleinerman RA, Wacholder S, Hatch EE,
Tarone R, et al. (2001) Household solvent exposures and child-
hood acute lymphoblastic leukemia. Am J Public Health 91:
564-567

Fritschi L, Ambrosini GL, Kliewer EV, Johnson KC, Canadian Cancer
Registries Epidemiologic Research Group (2004) Dietary fish in-
take and risk of leukaemia, multiple myeloma, and non-Hodgkin
lymphoma. Cancer Epidemiol Biomarkers Prev 13(4):532-537
Fulton J, Cobb S, Preble L, Leone L, Forman E (1980) Electrical wir-
ing configurations and childhood leukemia in Rhode Island. Am J
Epidemiol 111:292-296

Fuortes L (1990) Leukemia incidence and radioactivity in drinking
water in 59 lowa towns. Am J Public Health 80:1261-1262
Gardner MJ (1991) Childhood cancer and nuclear installations.
Public Health 105:277-285

Gardner MJ, Hall AJ, Downes S, Terrell JD (1987) Follow up study of
children born elsewhere but attending schools in Seascale, West
Cumbria (schools cohort). Br Med J 295:819-827

Gardner MJ, Snee MP, Hall AJ, Powell CA, Downes S, Terrell JD
(1990) Results of case-control study of leukaemia and lymphoma
among young people near Sellafield nuclear plant in West Cum-
bria. Br Med J 300:423-429

Gilbert ES, Land CE, Simon SL (2002) Health effects from fallout.
Health Physics 82:726-735

Golub TR, Barker GF, Bohlander SK, Hiebert SW, Ward DC, Bray-
Ward P, et al. (1995) Fusion of the TEL gene on 12p13 to the
AML1 gene on 21g22 in acute lymphoblastic leukemia. Proc Natl
Acad Sci 92:4917-4921

Greaves MF (1988) Speculations on the cause of childhood acute
lymphoblastic leukemia. Leukemia 2:120-125

Greaves MF (1997) Aetiology of acute leukemia. Lancet 349:344-
349

Greaves MF (1999) Molecular genetics, natural history and the
demise of childhood leukemia. Eur J Cancer 35:1941-1953

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

. Greaves MF (2006) Infection, immune responses and the aetiology

of childhood leukemia. Nat Rev Cancer 6:193-203

Greaves MF, Alexander FE (1993) An infectious etiology for com-
mon acute lymphoblastic leukemia in childhood? Leukemia
7:349-360

Greenberg RS, Shuster JL, Jr (1985) Epidemiology of cancer in chil-
dren. Epidemiology Rev 7:22-48

Greenland S, Sheppard AR, Kaune WT, Poole C, Kelsh MA (2000) A
pooled analysis of magnetic fields, wire codes and childhood leu-
kemia. Epidemiology 11:624-634

Groves FD, Linet MS, Devesa SS (1995) Patterns of occurrence of
the leukemias. Eur J Cancer 31A:941-949

Gurney JG, Severson RK, Davis S, Robison LL (1995) Incidence of
cancer in children in the United States. Cancer 75:2186-2195
Higgins CD, dos-Santos-Silva I, Stiller CA, Swerdlow AJ (2001) Sea-
son of birth and diagnosis of children with leukaemia: An analysis
of over 15000 UK cases occurring from 1953-1995. Br J Cancer
84:406-412

Huebner WW, Wojcik NC, Roamilia K, Jorgensen G, Milano CA
(2004) Mortality updates (1970-1997) of two refinery/petrochem-
ical plant cohorts at Baton Rouge, Louisiana and Baytown, Texas. J
Occup Environ Med 46:1229-1245

Huret JL, Brizard A, Slater R, Charrin C, Bertheas MF, Guilhot F,
et al. (1993) Cytogenetic heterogeneity in t(11;19) acute leuke-
mia: Clinical, hematological and cytogenetic analyses of 48 pa-
tients - Updated published cases and 16 new observations.
Leukemia 7:152-160

Infante-Rivard C, Fortier |, Olson E (2000) Markers of infection,
breast-feeding and childhood acute lymphoblastic leukaemia.
Br J Cancer 83:1559-1564

Infante-Rivard C, Labuda D, Krajinovic M, Sinnett D (1999) Risk of
childhood leukemia associated with exposure to pesticides and
with gene polymorphisms. Epidemiology 10:481-487
International Agency for Research on Cancer (2005) IARC Mono-
graphs on the Evaluation of Carcinogenic Risks to Humans. IARC
Press, Lyon

Jablon S, Hrubec Z, Boice JD Jr (1991) Cancer in populations living
near nuclear facilities. JAMA 265:1403-1408

Jemal A, Siegel R, Ward E, Murray T, Xu J, Smigal C, et al. (2006)
Cancer statistics, 2006. CA Cancer J Clin 56:106-130

Jensen CD, Block G, Buffler P, Ma X, Selvin S, Month S (2004)
Maternal dietary risk factors in childhood acute lymphoblastic
leukemia (United States). Cancer Causes Control 15(6):559-570
Katz F, Ball S, Gibbons B (1990) Acute lymphoblastic leukaemia in
infancy: Clinical and biological features. Leuk Lymph 2:259
Kersey JH (1997) Fifty years of studies of the biology and therapy
of childhood leukemia. Blood 90:4243-4251

Kheifets L, Afifi AA, Buffler PA, Zhang Z, Matkin C (1997) Occupa-
tional electric and magnetic field exposure and leukemia. J Occup
Environ Med 39:1074-1091

Kinlen LJ (1988) Evidence for an infective cause of childhood leu-
kemia: Comparison of a Scottish new town with nuclear reproces-
sing sites in Britain. Lancet ii:1323-1327

Kinlen LJ (1995) Epidemiological evidence for an infective basis in
childhood leukemia [editorial]. Br J Cancer 71:1-5

Kinlen LJ (2000) Infection, childhood leukemia and the Seascale
cluster. Radiological Protection Bulletin 226:9-18



59.

60.

61.

62.

63.

64,

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Kinlen LJ, Petridou E (1995) Childhood leukemia and rural popula-
tion movements: Greece, Italy, and other countries. Cancer Causes
Control. 6:445-450

Kipen HM, Wartenberg D (2005) Lymphohematopoietic malignan-
cies. In: Rosenstock L, Cullen MR, Brodkin CA, Redlich CA, (eds)
Textbook of clinical occupational and environmental medicine.
Elsevier Saunders, New York, pp 744-756

Knox EG, Gilman EA (1997) Hazard proximities of childhood can-
cers in Great Britain from 1953-1980. J Epidemiol Community
Health 51:151-159

Koushik A, King WD, McLaughlin JR (2001) An ecologic study of
childhood leukemia and population mixing in Ontario, Canada.
Cancer Causes Control 12:483-490

Krieger N, Chen JT, Waterman P, Soobader M-J, Subramanian SV,
Carson R (2002) Geocoding and monitoring of US socioeconomic
inequalities in mortality and cancer incidence: Does the choice of
area-based measure and geographic level matter? Am J Epidemiol
156:471-482

Krivit W, Good RA (1957) Simultaneous occurrence of mongolism
and leukemia. Am J Dis Children 94:289-293

Kwan ML, Block G, Selvin S, Month S, Buffler PA (2004) Food con-
sumption by children and the risk of childhood acute leukemia.
Am J Epidemiol 160:1098-1107

Kwiatkowski A (1993) Dietary and other environmental risk factors
in acute leukemias: A case-control study of 119 patients. Eur J Can-
cer Prev 2:139-146

Land CE, McKay FW, Machado SG (1984) Childhood leukemia and
fallout from the Nevada nuclear tests. Science 223:139-144
Langholz B, Ebi K, Thomas C, Peters J, London S (2002) Traffic den-
sity and the risk of childhood leukemia in a Los Angeles case con-
trol study. Annals Epidemiol 12:482-487

Laplanche A, de Vathaire F (1994) Leukaemia mortality in French
communes (administrative units) with a large and rapid popula-
tion increase. Br J Cancer 69:110-113

Laurier D, Grosche B, Hall P (2002) Risk of childhood leukaemia in
the vicinity of nuclear installations—findings and recent controver-
sies [Review]. [118 refs]. Acta Oncologica 41:14-24

Laurier D, Valenty M, Tirmarche M (2001) Radon exposure and the
risk of leukemia: A review of epidemiologic studies. Health Physics
81:272-288

Lehtinen M, Koskela P, Ogmundsdottir HM, Bloigu A, Dillner J,
Gudnadottir M, et al. (2003) Maternal herpes virus infection and
risk of acute lymphoblastic leukemia in the offspring. Am J Epide-
miol 158:207-213

Lemen RA, Meinhardt TJ, Carndall MS, et al. (1990) Environmental
epidemiologic investigations in the styrene-butadiene rubber
production industry. Environ Health Perspect 86:103-106
Lightfoot TJ, Roman E (2004) Causes of childhood leukemia and
lymphoma. Toxicol Appl Pharmacol 199:104-117

Linet MS, Cartwright R (1996) The Leukemias. In: Schottenfeld D,
Fraumeni J, (eds) Cancer epidemiology and prevention. Oxford
University Press, New York, pp 841-892

Linet MS, Hatch EE, Kleinerman RA, Robison LL, Kaune WT, Fried-
man DR, et al. (1997) Residential exposure to magnetic fields and
acute lymphoblastic leukemia in children. N Engl J Med 337:1-7
Linet MS, Wacholder S, Zahm SH (2003) Interpreting epidemiolo-
gic research: Lessons from studies of childhood cancer. Pediatrics
112:218-232

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

References 91

Little J (1999) Epidemiology of childhood cancer. (No. 149). IARC.
IARC Scientific Publications, Lyon, France

London S, Thomas D, Bowman JD, Sobel E, Cheng T-C, Peters J
(1991) Exposure to residential electric and magnetic fields and risk
of childhood leukemia. Am J Epidemiol 134:923-937

Lyman G, Lyman C, Johnson W (1985) Association of leukemia
with radium groundwater contamination. JAMA 254:621-626
Lynge E, Anttila A, Hemminki K (1997) Organic solvents and can-
cer. Cancer Causes Control 8:406-419

Lyon JL, Klauber MR, Gardner JW, Udall KS (1979) Childhood leu-
kemias associated with fallout from nuclear testing. N Engl J Med
300:397-402

Ma X, Buffler PA, Selvin S, Matthay KK, Wiencke JK, Wiemels JL, et
al. (2002) Daycare attendance and risk of childhood acute lympho-
cytic leukaemia. Br J Cancer 86:1419-1424

Machado SG, Land CE, McKay FW (1987) Cancer mortality and
radioactive fallout in southwestern Utah. Am J Epidemiol 125:
44-61

McKinney PA, Juszczak E, Findlay E, Smith K, Thomson CS (1999)
Pre- and perinatal risk factors for childhood leukemia and other
malignancies: A Scottish case control study. Br J Cancer 80:
1844-1851

McLaughlin JR, King WD, Anderson TW, Clarke EA, Ashmore JP
(1993) Paternal radiation exposure and leukemia in offspring:
The Ontario case-control study. Br Med J 307:959-966
McMichael A, Spirtas R (1975) Solvent exposure and leukemia
among rubber workers: An epidemiologic study. J Occup Med
17:234-239

McNally RJQ, Eden TOB (2004) An infectious aetiology for child-
hood acute leukaemia: A review of the evidence. Br J Haematol
127:243-263

Meinert R, Schuz J, Kaletsch U, Kaatsch P, Michaelis J (2000) Leu-
kemia and non-Hodgkin's lymphoma in childhood and exposure
to pesticides: Results of a register-based case-control study in Ger-
many. Am J Epidemiol 151:639-648

Menegaux F, Baruchel A, Betrand Y, Lescoeur B, Leverger G,
Nelken B, et al. (2006) Household exposure to pesticides and
risk of childhood acute leukemia. Occup Environ Med 63:131-
134

Mikhail FM, Serry KA, Hatem N, Mourad ZI, Farawela HM, El Kaffash
DM, et al. (2002) A new translocation that rearranges the AML1
gene in a patient with T-cell acute lymphoblastic leukemia. Can-
cer Genet Cytogenet 135:96-100

Milham S (1982) Mortality from leukemia in workers exposed to
electrical and magnetic fields. N Engl J Med 307:249

Milham S (1985) Silent keys: Leukemia mortality in amateur radio
operators. Lancet 1:812

Morgan GJ, Cotter F, Katz FE, Ridge SA, Domer P, Korsmeyer S, et
al. (1992) Breakpoints at 11923 in infant leukemias with the
t(11;19)(q23;p13) are clusters. Blood 80:2172-2175

Mori H, Colman SM, Xiao Z, Ford AM, Healy LE, Donaldson C, et al.
(2002) Chromosome translocations and covert leukemic clones
are generated during normal fetal development. Proc Natl Acad
Sci 99:8242-8247

Muirhead CR, Kendall GM, Darby SC, Doll R, Haylock RG, O'Ha-
gen JA, et al. (2004) Epidemiologic studies of UK test veterans:
IIl. Mortality and cancer incidence. J Radiation Protection 24:
219-341



92

97.

98.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

12

Chapter 5 - Acute Lymphoblastic Leukemia: Epidemiology and Etiology

National Research Council (1990) Health effects of exposure to
low levels of ionizing radiation. BEIR V. National Research Council
Committee on the Biological Effects of lonizing Radiation (eds)
National Academy Press, Washington, DC

National Research Council (1997) Possible health effects of expo-
sure to residential electric and magnetic fields. Committee on
the Possible Effects of Electromagnetic Fields on Biologic Sys-
tems (eds) National Academy Press, Washington, DC

. Naumberg E, Bellocco R, Cnattingius S, Honzon A, Ekbom A

(2002) Perinatal exposure to infection and risk of childhood leu-
kemia. Med Pediatr Oncol 38:391-397

NIEHS Working Group (1998) Assessment of health effects from
exposure to power-line frequency electric and magnetic fields.
Portier CJ, Wolfe MS. NIH Publication No. 98-3981, -508. Research
Triangle Park, NC, National Institute of Environmental Health
Sciences, National Institutes of Health, US Department of Health
and Human Services, Public Health Service

Nordlinder R, Jarvholm B (1997) Environmental exposure to ga-
soline and leukemia in children and young adults — An ecologic
study. Int Arch Occup Environ Health 70:57-60

Pang D, McNally RJQ, Birch JM, United Kingdom childhood can-
cer study (2003) Parental smoking and childhood cancer: Results
from the United Kingdom childhood cancer study. Br J Cancer
88:373-381

Pearson RL, Wachtel H, Ebi KL (2000) Distance-weighted traffic
density in proximity to a home is a risk factor for leukemia
and other childhood cancers. J Air Waste Manage Assoc
50:175-180

Peters JM, Preston-Martin S, London SJ, Bowman JD, Buckley JD,
Thomas DC (1994) Processed meats and risk of childhood leuke-
mia. Cancer Causes Control 5:195-202

Petridou E, Ntouvelis E, Dessypris N, Terzidis A, Trichopoulos D,
the Childhood Hematology-Oncology Group (2005) Maternal
diet and acute lymphoblastic leukemia in young children. Cancer
Epidemiol Biomark Prev 14(8):1935-1939

Poole C, Greenland S, Luetters C, Kelsey JL, Mezei G (2006) Socio-
economic status and childhood leukemia: A review. Int J Epide-
miol 35:370-384

Preston DL, Kusumi S, Tomonaga M, Izumi S, Ron E, Kuramoto A,
et al. (1994) Cancer incidence in atomic bomb survivors. Part IlI:
Leukemia, lymphoma and multiple myeloma, 1950-1987. Radiat
Res 137:568-597

Pui CH, Crist WM, Look AT (1990) Biological and clinical signifi-
cance of cytogenetic abnormalities in childhood acute lympho-
blastic leukemia. Blood 76:1149-1163

Pui CH, Kane JR, Crist WM (1995) Biology and treatment of infant
leukemias. Leukemia 9:762-769

Raaschou-Nielsen O, Hertel O, Thomsen BL, Olsen JH (2001) Air
pollution from traffic at the residence of children with cancer.
Am J Epidemiol 153:433-443

Raaschou-Nielsen O, Obel J, Dalton S, TjOnneland A, Hansen J
(2004) Socioeconomic status and risk of childhood leukemia
in Denmark. Scand J Public Health 32:279-286

Raffini LJ, Slater DJ, Rappaport EF, Lo Nigro L, Cheung NK, Biegel
JA, et al. (2002) Panhandle and reverse-panhandle PCR enable
cloning of der(11) and der(other) genomic breakpoint junctions
of MLL translocations and identify complex translocation of MLL,
AF-4, and CDK6. Proc Natl Acad Sci 99:4568-4573

113.

114,

115.

116.

17.

118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

Reynolds P, Elkin E, Scalf R, Von Behren J, Neutra RR (2001) A
case-control pilot study of traffic exposures and early childhood
leukemia using a geographic information systems. Bioelectro-
magnetics 5(Suppl):S58-S68

Reynolds P, Gunier RB, Goldberg DE, Hertz A (2004) Residential
exposure to traffic in California and childhood cancer. Epidemiol-
ogy 15:6-12

Reynolds P, Von Behren J, Gunier RB, Goldberg DE, Harnly ME,
Hertz A (2005) Agricultural pesticide use and childhood cancer
in California. Epidemiology 16:93-100

Reynolds P, Von Behren J, Gunier RB, Goldberg DE, Hertz A, Smith
DF (2003) Childhood cancer incidence rates and hazardous air
pollutants in California: An exploratory analysis. Environ Health
Perspect 111:663-668

Ries LAG, Harkins D, Krapcho M, Mariotto A, Miller BA, Feuer EJ,
Clegg L, Eisner MP, Horner MJ, Howlader N, et al. (2006) SEER
Cancer Statistics Review, 1975-2003. Bethesda, MD, National
Cancer Institute (http://seer.cancer.gov/csr/1975_2003)

Robison LL, Mertens A, Neglia JP (1991) Epidemiology and etiol-
ogy of childhood cancer. In: Fernbach D, Vietti TJ, (eds) Clinical
pediatric oncology. Mosby, St. Louis, pp 13-15

Ross JA (1998) Maternal diet and infant leukemia: A role for DNA
topoisomerase Il inhibitors? Int J Cancer 11(Suppl):26-28

Ross JA, Davies SM, Potter JD, Robison LL (1994) Epidemiology of
childhood leukemia, with a focus on infants. Epidemiology Rev
16:243-272

Ross JA, Kasum CM, Davies SM, Jacobs DR, Folsom AR, Potter JD
(2002) Diet and risk of leukemia in the lowa Women’s Health
Study. Cancer Epidemiol Biomark Prev 11:777-781

Ross JA, Potter JD, Reaman GH, Pendergrass TW, Robison LL
(1996) Maternal exposure to potential inhibitors of DNA topo-
isomerase Il and infant leukemia (United States): A report
from the Children’s Cancer Group. Cancer Causes Control 7(6):
581-590

Ross JA, Severson RK, Swensen AR, Pollock BH, Gurney JG, Robi-
son LL (1999) Seasonal variations in the diagnosis of childhood
cancer in the United States. Br J Cancer 81:549-553

Ross JA, Spector LG, Davies SM (2005) Biological basis of cancer
and blood disorder. Etiology of childhood cancer: Recent re-
ports. Pediatr Blood Cancer 45:239-241

Rubnitz JE, Downing JR, Pui CH, Shurtleff SA, Raimondi SC, Evans
WE, et al. (1997) TEL gene rearrangement in acute lymphoblastic
leukemia: A new genetic marker with prognostic significance.
Clin Oncol 15:1150-1157

Sandler DP, Ross JA (1997) Epidemiology of acute leukemia in
children and adults. Semin Oncol 24:3-16

Sandler DP, Ross JA (1997) Epidemiology of acute leukemia in
children and adults. [Review] [223 refs]. Semin Oncol 24(1):
3-16

Sarasua S, Savitz DA (1994) Cured and broiled meat consump-
tion in relation to childhood cancer. Cancer Causes Control
5:141-148

Savitz DA, Feingold L (1989) Association of childhood cancer
with residential traffic density. Scand J Work Env Health 15:
360-363

Savitz DA, Loomis DP (1995) Magnetic field exposure in relation
to leukemia and brain cancer mortality among electric utility
workers. Am J Epidemiol 141:123-134



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

Savitz DA, Wachtel H, Barnes FA, John EM, Tvrdik JG (1988) Case-
control study of childhood cancer and exposure to 60-Hertz
magnetic fields. Am J Epidemiol 128:21-38

Schuz J, Kaletsch U, Meinert R, Kaatsch P, Michaelis J (2000) Risk
of childhood leukemia and parental self-reported occupational
exposure to chemicals, dusts, and fumes: Results from pooled
analyses of German population-based case-control studies. Can-
cer Epidemiol Biomark Prev 9:835-838

Schuz J, Spector LG, Ross JA (2003) Bias in studies of parental
self-reported occupational exposure and childhood cancer.
Am J Epidemiol 158:710-716

Shu XO, Gao Y-T, Brinton LA, et al. (1988) A population-based
case-control study of childhood leukemia in Shanghai. Cancer
62:934-937

Shu XO, Stewart P, Wen W-Q, Han D, Potter J, Buckley JD, et al.
(1999) Parental occupational exposure to hydrocarbons and risk
of acute lymphocytic leukemia in offspring. Cancer Epidem Bio-
mark Prev 8:783-791

Smith M (1997) Considerations on a possible viral etiology for B-
precursor acute lymphoblastic leukemia of childhood. J Immun-
other 20:89-100

Smith MA, Simon R, Strickler HD, McQuillan G, Ries LAG, Linet MS
(1998) Evidence that childhood acute lymphoblastic leukemia is
associated with an infectious agent linked to hygiene conditions.
Cancer Causes Control 9:285-298

Sorensen HT, Pedersen L, Olsen J, Rothman K (2001) Seasonal
variation in month of birth and diagnosis of early childhood
acute lymphoblastic leukaemia. JAMA 285:168-169

Spector LG, Groves FD, DeStefano F, Liff J, Klein M, Mullooly J, et
al. (2004) Medically recorded allergies and the risk of childhood
acute lymphoblastic leukemia. Eur J Cancer 40:579-584
Spector LG, Xie Y, Robison LL, Heerema NA, Hilden JM, Lange B,
et al. (2005) Maternal diet and infant leukemia: The DNA topoi-
somerase Il inhibitor hypothesis: A report from the children’s on-
cology group. Cancer Epidemiol Biomark Prev 14(3):651-655
Stagnaro E, Ramazzotti V, Crosignani P, Fontana A, Masala G, Mili-
gi L, et al. (2001) Smoking and hematolymphopoietic malignan-
cies. Cancer Causes Control 12:325-334

Steffen C, Auclerc MF, Auvrignon A, Baruchel A, Kebaili K, Lam-
billiotte A, et al. (2004) Acute childhood leukaemia and environ-
mental exposure to potential sources of benzene and other hy-
drocarbons; a case-control study. Occup Env Med 61(9):773-778
Stevens W, Thomas DC, Lyon JL, Till JE, Kerber RA, Simon SL, et al.
(1990) Leukemia in Utah and radioactive fallout from the Nevada
test site. JAMA 264:585-591

Stewart A, Webb J, Hewitt D (1958) A survey of childhood
malignancies. Br Med J 28:1497-1507

Swensen AR, Ross JA, Severson RK, Pollock BH, Robison LL (1997)
The age peak in childhood acute lymphoblastic leukemia. Can-
cer 79:2045-2051

The Leukemia and Lymphoma Society (2005) Acute lymphocytic
leukemia. The Leukemia and Lymphoma Society, White Plains,
NY

147.

148.

149.

150.

151.

152.

153.

154,

155.

156.

157.

158.

159.

160.

161.

162.

References 93

Theriault GP, Goldberg M, Miller AB, Armstrong B, Guenel P,
Deadman J, et al. (1994) Cancer risks associated with occupa-
tional exposure to magnetic fields among electric utility workers
in Ontario and Quebec, Canada, and France: 1970-1989. Am J
Epidemiol 139:550-572

Tomenius L (1986) 50-Hz electromagnetic environment and the
incidence of childhood tumors in Stockholm County. Bioelectro-
magnetics 7:191-207

Viel J-E, Richardson S, Danel P, Boutard P, Malet M, Barrelier P, et
al. (1993) Childhood leukemia incidence in the vicinity of La Ha-
gue nuclear waste reprocessing facility (France). Cancer Causes
Control 4:341-343

Visser O, van Wijnen JH, van Leeuwen FE (2004) Residential traf-
fic density and cancer incidence in Amsterdam, 1989-1997. Can-
cer Causes Control 15(4):331-339

Wartenberg D (2001) Residential EMF exposure and childhood
leukemia: Meta-analysis and population attributable risk. Bio-
electromagnetics 5(Suppl):586-5104

Wartenberg D, Reyner D, Scott CS (2000) Trichloroethylene and
cancer: The epidemiologic evidence. Environ Health Perspect
108(Suppl 2):161-176

Wartenberg D, Schneider D, Brown S (2004) Childhood leukemia
incidence and the population mixing hypothesis in US SEER
data. Br J Cancer 90:1771-1776

Wen W, Shu XO, Linet MS, Neglia JP, Potter JD, Trigg ME, et al.
(2000) Allergic disorders and the risk of childhood acute lympho-
blastic leukemia (United States). Cancer Causes Control 11(4):
303-307

Wen W, Shu XO, Potter JD, Severson RK, Buckley JD, Reaman GH,
et al. (2002) Parental medication use and risk of childhood acute
lymphoblastic leukemia. Cancer 95(8):1786-1794

Wertheimer N, Leeper E (1979) Electrical wiring configurations
and childhood cancer. Am J Epidemiol 109:273-284
Westerbeek RMC, Blair V, Eden OB, Kelsey AM, Stevens RF, Will
AM, et al. (1998) Seasonal variations in the onset of childhood
leukaemia and lymphoma. Br J Cancer 78:119-124

Wong O, Harris F, Rosamilia K, Raabe GK (2001) Updated mortal-
ity study of workers at a petroleum refinery in Torrance, Califor-
nia, 1959-1997. J Occup Environ Med 43:1089-1102
Yoshimoto Y (1990) Cancer risk among children of atomic bomb
survivors: A review of RERF epidemiologic studies. JAMA 264:
596-600

Yoshimoto Y, Kato H, Schull WJ (1988) Risk of cancer among chil-
dren exposed in utero to A-bomb radiations, 1950-1984. Lancet
2:665-669

Yoshimoto Y, Neel JV, Schull WJ, et al. (1990) Malignant tumors
during the first 2 decades of life in the offspring of atomic bomb
survivors. Am J Hum Genet 46:1040-1052

Zuelzer WW (1964) Implications of long-term survivals in acute
stem cell leukemia of childhood treated with composite cyclic
therapy. Blood 24:477-494 (as cited by The Leukemia and Lym-
phoma Society 2005)



Molecular Biology and Genetics

Meir Wetzler, Mrozek Kryzstof

Contents

6.1
6.2

6.3
6.3.1
6.3.2
6.3.3
6.34
6.3.5
6.3.6
6.3.7

6.3.8
6.3.9
6.3.10

6.4
6.4.1
6.4.2
6.4.3
644

6.5
6.5.1
6.5.2
6.5.3
6.5.4
6.5.5

Introduction

Cytogenetic Aberrations

Numerical Aberrations

Molecular Aberrations

Structural Aberrations . . .. .........

1(9;22)(q34;,911.2)
MLL Gene Rearrangements
t(4;,11)(g21;923)
del(9p) or t(9p)
del(12p) or t(12p)
t(14911-q13)
Translocations Involving
Band (14q32) Other than
t(8;14)(q24,932)
del6q) . ... oo
t(1;19)(923;p13)
Extrachromosomal Amplification
of the NUP214/ABL Fusion Gene
inT-Cell ALL . .. .............

High Hyperdiploidy . ..........
Hypodiploidy
Trisomy 8 .. ................
Monosomy 7

Relapse-Classifying Gene Sets . . . .
Resistance-Classifying Gene Sets . .
Smad3

95
95

96
96
96
97
97
98
98

929
929
99

6.5.6 Cryptic t(5;14)(q35;932) and the
Overexpression of the TLX3 Gene 102
6.5.7 NOTCHT .................. 102
6.5.8 Pharmacogenetics ........... 102
6.6 Future Directions ................ 103
References . .......... ... ... .. ... ... 103

6.1 Introduction

Acute lymphoblastic leukemia (ALL) is characterized by
distinctive morphologic, cytogenetic, and molecular ge-
netic features, some of which have important clinical
implications for both diagnosis and predicting response
to specific treatment regimens, while the role of others
is yet to be defined. This chapter will describe the cyto-
genetic and molecular aberrations in ALL.

6.2 Cytogenetic Aberrations

Cytogenetic aberrations can be structural, e.g., recipro-
cal and unbalanced translocations, deletions, dicentric
chromosomes, or inversions; or numerical, e.g., gain
of a whole chromosome (trisomy) or loss of a whole
chromosome (monosomy). In many instances, molecu-
lar dissection of structural chromosome abnormalities,
especially reciprocal translocations, identified specific
genes associated with leukemogenesis. The most com-
mon structural cytogenetic aberrations and their af-
fected genes are shown in Table 6.1.
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Table 6.1. Most frequent cytogenetic aberrations and
their corresponding genes

Cytogenetic Genes Frequency
aberration involved * (%)
1(9;22)(q34,911.2) BCR/ABL 11-34
(4;11)(q21;923) MLL/AF4 3-7
del(9p) or t(9p) CDKN2A 5-15
and CDKN2B
del(12p) or t(12p) ETV6 4-5
t(14911-913)F TCR o and o 4-6
t(14932) not IGH, BCL11A, 5
1(8;14)(q24,932) TCL-1BCL11B
del(6q) ? 2-6
1(1;19)(923;p13) E2A/PBX1 3
Extrachromo- NUP214/ABL 4
some 9q

*, please refer to text for abbreviations;

T, please refer to Table 6.2 for 14q11 partner genes.

6.3 Structural Aberrations

6.3.1 £(9;22)(q34;911.2)

The t(9;22)(q34;q11.2) is the single most frequent chro-
mosome abnormality in adult ALL, being detected in
11-34% of patients with ALL, and is associated with
an unfavorable prognosis [1-9]. It rarely occurs in ther-
apy-related ALL [10]. The reciprocal translocation be-
tween chromosomes 9 and 22 results in the head-to-tail
fusion of variable numbers of 5 breakpoint cluster re-
gion (BCR) exons on chromosome band 22qi1.2 with
the exon 2 of the ABL gene (named after the Abelson
murine leukemia virus) located on chromosome band
9934 [11]. The protein product of the fusion gene result-
ing from the t(9;22) plays a central role in the develop-
ment of this form of ALL. Two main types of fusion pro-
teins, plgoBCR/ABL and pzloBCR/ABL, each containing
NH2-terminal domains of Bcr and COOH-terminal do-
mains of Abl, are produced depending on the location of
the breakpoint within the BCR gene. The p19o®“*/45"
product contains the first exon of BCR and occurs in
50-78% of the ALL cases with t(9;22) [12-15]. The
p210°“R*4BL product contains either exon 13 or exon
14 of BCR and is less frequent in ALL. However,

p190®“®4BL transcripts are frequently detected at a

low level in p210®“®**BL positive ALL [16]. Clinically,

there is no clear distinction between the two molecular
variants of the disease [17-19], except for one report
showing that the p210®“*?" product is associated with
patients’ older age [20] and another report demonstrat-
ing a higher risk of relapse in p1go®“**# ALL following
allogeneic transplantation [21]. Of interest, imatinib-
containing treatment did not reveal any outcome differ-
ence between the two disease types [22].

Secondary chromosomal aberrations accompanying
t(9;22) occur in 41-86% of adult ALL patients [18, 19,
23-26]. The most common additional aberrations in
CALGB series [26] were, in order of decreasing fre-
quency, +der(22)t(9;22), 9p rearrangements, hyperdi-
ploidy (>50 chromosomes), +8, and -7. In this study,
the presence of +der(22)t(9;22) was associated with a
higher cumulative incidence of relapse while the pres-
ence of -7 as a sole secondary abnormality was asso-
ciated with a lower complete remission rate [26].

At the molecular level, BCR/ABL has recently been
shown to activate the Src kinases Lyn, Hck, and Fgr
in ALL cells [27]. These kinases have not been activated
in CML, suggesting a unique downstream signaling
pathway in BCR/ABL-positive ALL. Further, application
of DNA microarray gene expression profiling assay re-
vealed that BCR/ABL-positive pediatric ALL is charac-
terized by gene expression profiles distinct from other
prognostically relevant leukemia subtypes [28]. These
results were recently partially confirmed and validated
in samples from adult ALL patients [29]. While adult
BCR/ABL-positive ALL patients could be clearly distin-
guished from patients with T-cell ALL and patients with
11q23 rearrangements, their expression signatures were
similar to those observed in a heterogeneous group of
patients with B-precursor ALL who did not carry
t(9;22) or t(11q23) chromosomal aberrations. It is hoped
that microarray gene expression analyses will lead to
identification of genes that can be targeted with indivi-
dualized therapies and that this will increase response
rates.

6.3.2 MLL Gene Rearrangements

The mixed lineage leukemia (MLL gene, also known as
ALL-1, HTRX, or HRX) gene, located at chromosome
band 11q23 [30], encodes a putative transcriptional reg-
ulator. It is involved in reciprocal translocations with
several gene partners, localized on different chromo-



somes, both in ALL and acute myeloid leukemia (AML)
[31]. While the MLL gene can be amplified in a subset of
AML patients, its amplification is very rare in ALL [32].
The distribution of 11q23/MLL translocation partners
differs between ALL and AML, with t(4;11)(q21;q23)
being by far the most frequent 11q23 translocation in
ALL (see below). The breaks in MLL in most transloca-
tions occur in the 8.3 kb BCR, between exons 8 and 12.
Fusion of a COOH-terminal partner is essential for leu-
kemogenesis, as expression of the NH2-terminus alone
was not sufficient to immortalize cells [33]. Partial tan-
dem duplication, described in AML [34], has not been
thus far detected in ALL. MLL translocations have been
described in both de novo and therapy-related disease
[35].

MLL-positive ALL also has a unique gene expression
profile [29, 36]. Specifically, some HOX (homeobox)
genes are expressed at higher levels in MLL-positive
ALL than in MLL-negative ALL [37]. Furthermore, gene
expression profiles predictive of relapse were recently
identified in pediatric MLL-positive ALL in one study
[38] but did not reach statistical significance in the
other [28]. Further work in this area is ongoing.

6.3.3 t(4;11)(q21;923)

The t(4;11)(q21;q23) is the most frequent chromosomal
rearrangement involving the MLL gene in adult ALL,
being detected in 3-7% of ALL patients, and is asso-
ciated with an unfavorable outcome [1-5, 7, 8]. It results
in two reciprocal fusion products coding for chimeric
proteins derived from MLL and from a serine/proline-
rich protein encoded by the AF4 (ALL1 fused gene from
chromosome 4) gene [39]. Studies have revealed differ-
ent fusion sequences documenting variable MLL and
AF4 exon involvement in t(4;11) [40-42]. To our knowl-
edge, the different fusion sequences affect neither dis-
ease characteristics nor outcome.

Griesinger et al. [43] have demonstrated the pres-
ence of MLL-AF4 gene fusions in adult ALL patients
without cytogenetically detectable t(4;11). Another study
analyzed the clinical significance of molecularly de-
tected MLL-AF4 gene without karyotypic evidence of
t(4;11), and established that patients whose blasts were
MLL-AF4-positive in the absence of t(4;11) had outcome
similar to patients whose blasts were MLL-AF4-negative
[44]. This study suggests that additional treatment is
not needed for patients whose blasts are MLL-AF4-pos-
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itive but t(4;11)-negative. Furthermore, the finding of
MLL-AF4 transcripts by nested reverse-transcriptase
(RT) polymerase chain reaction (PCR) in four of 16 fetal
bone marrow samples, five of 13 fetal livers, and one of
six normal infant marrows shows that healthy individ-
uals carry rare nonmalignant cells with the MLL-AF4
gene fusion and indicates that the presence of MLL-
AF4 is not sufficient for leukemogenesis [44]. Therefore,
to be clinically relevant, the presence of MLL-AF4
should not be detected solely by nested RT-PCR but
confirmed using another technique such as cytogenetic,
Southern blot, and/or FISH analyses.

Secondary cytogenetic aberrations in addition to
t(4;11) are found in approximately 40% of patients [4,
45, 46]. The most common additional changes were
i(7)(qio) and +6 in one series [45] and +X, i(7)(q10),
and +8 in another [46]. With treatment carried out ac-
cording to modern risk-adapted therapy, no difference
in outcome was observed between patients with and
without clonal chromosome aberrations in addition to
t(4;11) at diagnosis [46], although this series was rela-
tively small thus warranting further study of a larger
number of patients with t(4;11) ALL.

Other recurrent, albeit rare in ALL, transloca-
tions include t(6;11)(q27;923), t(9;11)(p22;q23), t(10;11)
(p12;q23), and t(11;19)(q23;p13.3) [47]. The respective
fusion partners of the MLL gene are AF6, AF9, AFio,
and ENL (eleven-nineteen leukemia). Other less com-
mon MLL partners were also described [48].

6.3.4 del(9p) or t(9p)

Deletions or translocations involving the short arm of
chromosome 9 occur in 5-15% of adult ALL patients
[4, 5, 7 8]. Most of the breakpoints are located at
9p21, although other breaksites have also been reported.
Anomalies of gp are most often associated with other
clonal aberrations (in up to 90% of patients), that in al-
most one third of the cases include t(9;22) [8]. These
data suggest that del(9p) likely represent secondary cy-
togenetic abnormalities.

The genes most commonly involved in del(9p) are
CDKN2A (cyclin-dependent kinase inhibitor 2A, also
known as MTS1 and p161NK4A) and CDKN2B (also
known as MTS2 and plslNK“B), both located at gp21
[49, 50] adjacent to each other, with CDKN2B centro-
meric to CDKN2A [51]. One report describes these aber-
rations to occur frequently in T-lineage ALL [52], while
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another does not [49]. Interestingly, in some cases both
genes are deleted and in others only one of them is [52].
In addition to deletion, loss of function of these genes in
ALL can occur through methylation [53, 54]. Finally, in
pediatric ALL, loss of 9p occurred preferentially on the
maternally derived allele [55]; no such data are available
for adult ALL.

Other recurrent aberrations involving the short arm
of chromosome 9 are dicentric chromosomes: dic(9;12)
(p11-13;p11-13) and dic(9;20)(p11;q11); these aberrations
are associated with a favorable clinical outcome [56-
58]. The former has been recently shown to result in a
fusion of the ETV6 (ETS variant gene 6, also known
as TEL) gene at 12p13 with the PAX5 (paired box gene 5)
at 9p13 [59]. This finding has allowed refinement of cy-
togenetic description of the dic(g;12) to dic(9;12)
(p13;p13). The molecular consequences of dic(9;20) are
currently unknown. dic(9;12) is frequently associated
with additional structural chromosomal aberrations or
trisomy 8 [56], whereas trisomy 21 is a nonrandom sec-
ondary aberration in patients with dic(9;20) [57 58].

6.3.5 del(12p) or t(12p)

Abnormalities of the short arm of chromosome 12 have
been described in 4-5% of adult ALL patients [4, 5, 7, 8].
In one series, 20 of 23 cases with abnormal 12p had net
loss of 12p material, eight caused by deletions and 12 by
unbalanced translocations [4]. It is believed that a puta-
tive tumor suppressor gene is located in chromosome
band 12p12.3 [60, 61]. The outcome of patients with ab-
normalities of the short arm of chromosome 12, who
did not have t(9;22) was favorable in two adult ALL se-
ries [5, 8]. A cryptic t(12;21)(p12;q22), commonly found
in pediatric ALL, and also associated with a favorable
outcome, is rare in adult ALL [62-64]. The genes in-
volved in this translocation include ETV6 [65] and
RUNX1 (runt-related transcription factor 1, also known
as AML1 and CBFA2) [66]. An intriguing explanation
for the favorable outcome of pediatric patients with
t(12;21) may lie in the finding that the ETV6/RUNX1
protein can overcome drug resistance through tran-
scriptional repression of the multidrug resistance-1
gene expression [67]. Further, t(12;21) ALL is associated
with a lower expression of genes involved in purine me-
tabolism and lower de novo purine synthesis [68].
Taken together, these data may explain the favorable
outcome of pediatric t(12;21) ALL.

6.3.6 t(14q11-q13)

Abnormalities of the proximal part of the long arm of
chromosome 14 have been described in 4-6% of adult
ALL patients [4, 8]. The genes involved in t(14q11-q13)
are T-cell receptor (TCR) a and 6 [4]. Many partner
chromosomes have been described to participate in
translocations involving bands 14q11-q13 including the
following chromosomal loci: 1q32, 1934, 5934, 8q24,
9p21-p22, 10424, 11p13, 11p15, 1123, 12p13, 14q32, and
Xq28 [48]. Please refer to Table 6.2 for the correspond-
ing genes. The most frequent 14qi1 abnormality is
t(10514)(q24;q11), detected in 13 of 25 patients with
14q11-q13 translocations in one series [4] and four of
11 in another [8]. Translocation (10;14) results in a fu-
sion between T-cell receptor 0 and the TLX1 (tailless,
also known as HOX11) gene [69-71]. The t(10514)
(q24;q11) appears to be a primary cytogenetic abnorm-
ality in adult ALL and to confer favorable outcome.

Table 6.2. 14911 partner genes

Karyotypic Gene Reference
breakpoint
1932 TAL1 [142-144]
1934 TAL1 [145-148]
5033-34 RanBP17/ [149]
HOX11L2
8q24 MYC, ReHF-1 [150, 151]
9p21-p22 CDKN2A [152]
10q24 TLX1/HOX11/ [69, 71,
TCL3 153-156]
11p13 TTG2/RBTN2 [157, 158]
11p15 LMO1 [159]
11923 MLL [160]
12p13 ? [161]
14932 Immuno- [162, 163]
globulin heavy
chain locus
Xq28 MTCP1 [164, 165]



6.3.7 Translocations Involving Band (14q32)
Other than t(8;14)(q24;932)

Abnormalities of the distal part of the long arm of chro-
mosome 14 have been described in approximately 5% of
adult ALL patients [8]. The genes involved in t(14q32)
are the immunoglobulin heavy chain locus [72] and
the kriieppel zinc-finger gene (BCL11A) [73] on chromo-
some 14q32.3, both in B-lineage ALL, the TCL1 (T-cell
leukemia) gene on chromosome 14q32.1 [74] and the
distal region of a kriieppel-like zinc-finger transcription
factor BCL11B (also called CTIP2) on chromosome
14q32.2 [75, 76], both in T-lineage ALL. Many partner
chromosomes involved in translocations affecting
14q32 have been identified. In B-lineage ALL, the loci re-
arranged with 14q32 include 1q21, 1925, 2p13, 5931, 8q11,
11923, 18q21 and 19q13.1, and in T-lineage ALL, 5935, and
14q11 [48].

6.3.8 del(6q)

Deletions of the long arm of chromosome 6 were re-
ported in 2-6% of adult ALL patients [1, 4-7 77]. In
one large series, most deletions encompassed band
6q21 (in 20 of 23 patients), with del(6)(q12q16) being
present in three remaining patients [4]. In most pa-
tients, del(6q) is found together with additional chro-
mosome abnormalities [8]. It is unclear, from data pre-
sented, whether del(6q) represents a primary or second-
ary cytogenetic abnormality. The outcome of patients
with del(6q) was somewhat better than that of patients
with a normal karyotype [4]. The genes involved in this
aberration are not identified to date. It seems clear that
MYRB is not involved [78] but there may be a role for the
estrogen receptor located on 6q25.1 [79] or GRIK2 (glu-
tamate receptor, ionotropic, kainate 2) located on 6q16
[80].

6.3.9 t(1;19)(q23;p13)

This aberration is significantly less common in adult
than in pediatric ALL. It was recognized as a separate
entity in adult ALL in only one series where it was found
in 3% of the patients [4]. The genes involved in this
translocation are E2A (early region of adenovirus type
2 encoding helix-loop-helix proteins E12/E47) on chro-
mosome band 19p13.3 [81, 82] and PBX1 (Pre-B cell leu-
kemia transcription factor 1) on chromosome band 1923
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[83, 84]. Rare ALL cases with t(1;19)(q23;p13.3) lack E2A/
PBX1 fusion gene [85]. A recent study of a t(1;19)-posi-
tive cell line with pre-B cell phenotype identified a novel
gene fusion between the MEFD2D (myocyte enhancer
factor 2D) gene at 1q22 and DAZAP1 (deleted in azoos-
permia associated protein 1) gene at 19p13.3 [86]. It is
currently unknown how frequent the MEF2D/DAZAP1
fusion is among adults with ALL.

At the molecular level, ENA/PBX1 ALL has a unique
gene expression pattern [28]. In addition to the poten-
tial of this pattern to serve for diagnostic purposes,
some of the genes identified can provide insights into
the biology of this disease. For example, gene profiling
of pediatric ENA/PBX1 ALL led to the identification of
high expression levels of the ¢-MER gene in pretreat-
ment samples [28]. c-MER is a receptor tyrosine kinase
[87] with known transforming abilities [88]. Targeting
c-MER may be a potential future therapeutic approach
for this disease.

6.3.10 Extrachromosomal Amplification of the
NUP214/ABL Fusion Gene in T-Cell ALL

Two recent studies revealed a novel genetic phenome-
non in T-cell ALL, namely cryptic extrachromosomal
amplification of a segment from chromosome 9 con-
taining the ABL gene. Barber et al. [89] were the first
to report that amplification involving the ABL gene oc-
curred in five of 210 (2.3%) children and three of 70
(4.3%) adults with T-cell ALL, even though there was
no cytogenetic evidence of amplification such as double
minutes. The authors suggested that amplified ABL se-
quences were located on submicroscopic circular extra-
chromosomal DNA molecules called episomes. No am-
plification was detected among over 1600 pediatric and
300 adult patients with B-cell ALL screened with the
same probe set [89]. A subsequent study [90] confirmed
the episomal localization of the amplified material, and
extended these observations by demonstrating that am-
plified sequences on episomes contained a fusion be-
tween ABL and NUP214 (nucleoporin), a gene also lo-
cated at 9q34. Notably, further analyses have revealed
that NUP214/ABL is a constitutively activated tyrosine
kinase activating similar pathways as BCR/ABL and is
sensitive to inhibition with imatinib. While creation
and amplification of NUP214/ABL fusion gene likely
represents a genetic event of primary significance, most
patients had also concurrent rearrangements, that is
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hemi- or homozygous deletions of tumor-suppressor
genes CDKN2A and CDKN2B, and mutually exclusive
overexpression of either the TLX1 or TLX3 (also called
HOX11L2) gene, thus supporting the notion of a multi-
step pathogenesis of T-cell ALL [90].

6.4 Numerical Aberrations

6.4.1 High Hyperdiploidy

A high hyperdiploid karyotype, defined by the presence
of >50 chromosomes, is detected in 2-9% of adult ALL
patients [1, 2, 4-8]. The most common extra chromo-
somes in 30 patients with high hyperdiploidy (range
51 to 65 chromosomes) were (in decreasing order) 21,
4, 6, 14, 8, 10, and 17 [4]. In pediatric ALL, gain of X
chromosome appears to be the most common chromo-
some abnormality being detected in nearly all children
with a high hyperdiploid karyotype and up to one third
of the patients with low hyperdiploid karyotype (i.e.,
47-50) chromosomes [91]. Interestingly, chromosomes
6, 8, and 10 were also the most common chromosomes
lost in the hypodiploid group, along with chromosome
21. The reason for the involvement of these specific
chromosomes in both types of aberrations is unclear.
Translocation (9;22) is common as a structural aberra-
tion in patients with high hyperdiploidy; it was present
in 11 of 30 (37%) patients in one series [4] and seven of
11 (64%) in another [25]. Patients with hyperdiploidy
and t(9;22) were older and had shorter DFS than those
without t(9;22) [4].

The mechanism leading to hyperdiploidy is un-
known. Several possibilities were suggested including
polyploidization with subsequent losses of chromo-
somes, successive gains of individual chromosomes in
consecutive cell divisions, and a simultaneous occur-
rence of trisomies in a single abnormal mitosis [92].
Paulsson et al. [93] studied samples from 10 pediatric
ALL patients with hyperdiploidy and demonstrated an
equal allele dosage for tetrasomy 21 suggesting that hy-
perdiploidy originated in a single aberrant mitosis.
They further showed that trisomy 8 was of paternal ori-
gin in four of four patients and trisomy 14 was of mater-
nal origin in seven of eight patients [93]. However, im-
printing was not pathogenetically important in all other
chromosomes. Similar studies are needed in adult ALL
with hyperdiploidy.

The clinical outcome of adult patients with hyperdi-
ploid karyotypes varies in different series. In two stud-
ies, the outcome of patients with hyperdiploid karyo-
types was better than that of other adult ALL patients
[1, 5, 7] while the other studies [2, 4, 8, 25] showed poor
outcome for these patients except for those with near
tetraploidy [4]. The reason for this discrepancy is un-
clear. In two studies [5, 8], the analysis was restricted
to patients with hyperdiploidy without structural ab-
normalities. The other studies [1, 2, 4, 7, 25] did not pro-
vide information regarding structural abnormalities. It
may be that T-cell lineage, known to be characterized
by longer DES and overall survival [94], confers a more
important effect on treatment outcome than does chro-
mosome number. A study of a larger cohort of adult ALL
patients analyzing the effect of hyperdiploid karyotype
without structural abnormalities as an independent
prognostic factor is warranted.

At the molecular level, high hyperdiploidy in pedia-
tric patients has a unique gene expression profile [28],
with almost 70% of the genes that defined this group lo-
calized to either chromosome X or 21. The class-defin-
ing genes on chromosome X were overexpressed irre-
spective of whether the leukemic blasts had an extra
copy of this chromosome [28]. It is unclear what mech-
anism leads to this pattern.

6.4.2 Hypodiploidy

Hypodiploidy is defined by the presence of <46 chro-
mosomes. This karyotype is found in 4-9% of adult
ALL patients [1, 4, 5, 7 95]. These patients tend to be
somewhat younger than patients with a normal karyo-
type [4, 5]. Most of these patients have a B-cell lineage
immunophenotype [4, 5, 95], and B-lineage is character-
ized by shorter DFS and overall survival than T-lineage
disease [94]. A recent analysis subgrouped patients with
hypodiploidy into those with near-haploidy (23-29
chromosomes), low hypodiploidy (33-39 chromo-
somes), and high hypodiploidy (42-45 chromosomes)
[95]. There were only six adult patients in that series,
five of them in the low hypodiploidy group and one
in the high hypodiploidy group. The most common
losses in seven patients with hypodiploidy ranging from
30 to 39 chromosomes involved chromosomes 1, 5, 6, 8,
10, 11, 15, 18, 19, 21, 22, and the sex chromosomes [4].
Only one study reported specifically on hypodiploidy
without structural abnormalities [5]. The impact of



structural abnormalities in patients with hypodiploid
karyotypes in the other series is unknown. Patients with
hypodiploidy have a DFS between 2 to 4 months and
therefore the abnormality is classified as unfavorable.

6.4.3 Trisomy 8

Trisomy 8 in ALL is most often associated with other
karyotypic abnormalities; it is rare as a sole abnormal-
ity [96]. Furthermore, most previous reports have used
karyotype prioritization designs [1-5] to compare the
prognosis of different cytogenetic groups. In these de-
signs, patients with trisomy 8 were combined with pa-
tients with other cytogenetic aberrations. Only one se-
ries defined patients with trisomy 8 as a separate group
[8]. Twelve of 23 (52%) patients with trisomy 8 also had
t(9;22). However, patients with trisomy 8 without t(9;22)
but with miscellaneous other abnormalities fared as
poorly as those with trisomy 8 and t(9;22) [8]. It is un-
clear whether the adverse outcome is due to the other
primary abnormalities or associated with the presence
of trisomy 8. A study of a larger cohort of patients is
warranted in order to analyze the effect of trisomy 8
as an independent prognostic factor in adult ALL pa-
tients.

6.4.4 Monosomy 7

As with trisomy 8, monosomy 7 is most often associated
with other karyotypic abnormalities; monosomy 7 as a
sole abnormality is rare in ALL. Only one series defined
patients with monosomy 7 as a separate group [8]. Nine
of 14 (64%) patients with monosomy 7 had t(9;22). Pa-
tients with monosomy 7 without t(9;22) but with miscel-
laneous other abnormalities fared as poorly as those
with monosomy 7 and t(9;22) [8]. It is unclear whether
the adverse outcome is due to the other primary abnor-
malities or is associated with the presence of monosomy
7. A study of a larger cohort of adult ALL patients is war-
ranted in order to analyze the independent effect of
monosomy 7 on prognosis.
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6.5 Molecular Aberrations

Molecular aberrations are divided into those that
emerge from gene profiling, specific aberrations, and
polymorphism.

6.5.1 Relapse-Classifying Gene Sets

Several groups have identified distinctive gene sets in
diagnostic samples from patients whose disease re-
lapsed [28, 29, 97-100]. In spite of the different age
groups studied (pediatric [28, 97, 98] vs. adult [29, 99,
100]), assortment of array platforms, and diverse treat-
ment protocols, all Affymetrix ALL array data and two
sets of cDNA arrays validated the predictability of these
gene sets to delineate the known cytogenetic prognostic
groups [101]. Further, in at least two comparison ana-
lyses, a correlation between the relapse-classifying gene
sets ([97, 100] and [28, 29]) was detected. Utilization of
these gene sets to predict relapse risk and adjust treat-
ment is awaiting validation in prospective trials. Never-
theless, some of these genes, such as ¢-MER, are being
targeted for therapy.

6.5.2 Resistance-Classifying Gene Sets

A different analysis was completed when leukemia cells
were tested for in vitro sensitivity to the four most com-
monly used drugs in ALL, i.e., prednisolone, vincris-
tine, asparaginase, and daunorubicin [102]. Interest-
ingly, only three genes for which results were significant
in these analyses, RPL6, ARHA, and SLC2A14, have pre-
viously been associated with resistance to doxorubicin.
Gene expression profiles that differed according to sen-
sitivity or resistance to the four drugs were compared
with treatment outcome. These two gene sets were sig-
nificantly and independently predictive of outcome.
They are now being analyzed in prospective studies to
tailor treatment according to patterns of resistance.

6.5.3 Smad3

Smad [Sma and Mad (Mothers against Decapentaple-
gic)] 3 is involved in signal transduction from the trans-
forming growth factor (TGF)-f superfamily of receptors
to the nucleus [103]. Smad3 protein was recently shown
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to be absent in T-cell ALL but present in B-cell ALL and
AML [104]. The Smad3 transcript was intact in all leu-
kemia subtypes. These data suggest that Smads3 is func-
tioning as a tumor-suppressor gene in T-cell ALL. In
mice, loss of one allele for Smad3 works in tandem with
homozygous inactivation of p27<*' to promote T-cell
leukemogenesis [104]. It will be of interest to under-
stand the mechanism leading to the downregulation of
Smad3 in this disease.

6.5.4 FLT3

them [113]. Larger studies [114, 115] have confirmed
the cryptic nature of this translocation. Further, in a
few cases, TLX3 was overexpressed without the presence
of the translocation by either conventional cytogenetic
or FISH analyses, suggesting a different mechanism
leading to the gene overexpression. Finally, overexpres-
sion of TLX3 was reported by one group [116] to be as-
sociated with poor prognosis but this has not been con-
firmed by other larger studies [114, 115].

6.5.7 NOTCH1

FLT3 activating mutations are in general rare in ALL but
have been detected in approximately 20% of ALL with
rearrangement of the MLL gene [38, 105, 106], 25% of
hyperdiploid ALL [106, 107], and in the rare subset of
CD117/KIT-positive, CD3-positive ALL [108]. Interest-
ingly, the internal tandem duplication of the FLT3 gene,
commonly detected in AML, has thus far not been seen
in ALL. FIt3 inhibitors (e.g., PKC412, CEP-701) can sup-
press FLT3-positive ALL and therefore warrant clinical
trials [105, 109].

6.5.5 TLX1

Gene expression profiles in T-cell ALL revealed five
different signature patterns: TLX1 (HOXi1), TLX3
(HOX11L2), TAL1 plus LMOi1/2, LYL1 plus LMO2, and
MLL-ENL [110]. Only the TLX1-expressing samples were
associated with a favorable outlook in children [111] and
adults [112] with T-cell ALL. Interestingly, these results
were not reproduced by another group [100] and there-
fore will require further validation prior to implement-
ing treatment strategies according to the presence or ab-
sence of TLX1 gene expression.

6.5.6 Cryptic t(5;14)(q35;q32) and the
Overexpression of the TLX3 Gene

TLX3 gene expression was shown to represent one of the
five signature patterns in T-cell ALL [110]. This gene is
located on chromosome 5q35 and was found to be tran-
scriptionally activated as a result of a translocation be-
tween chromosome 5 and 14, t(5;14)(q35q32) [113].
Studying samples from 23 childhood T-cell ALL patients
revealed that this translocation was cryptic in five of

NOTCH1 point mutations, insertions and deletions pro-
ducing aberrant increases in NOTCH1 signaling are fre-
quently present in T-cell ALL [117-119]. Further,
NOTCH1 signaling was shown to be required for sus-
tained growth and, in a subset of cell lines, for survival.
Finally, experiments with small molecule inhibitors of y-
secretase, a protease required for normal NOTCH signal
transduction and the activity of the mutated forms of
NOTCH3, found inhibitory activity in T-cell ALL with
NOTCH1 mutations. These results provide a rationale
for clinical trials with NOTCH1 inhibitors, such as y-se-
cretase antagonists [118, 119].

6.5.8 Pharmacogenetics

Pharmacogenetics is the study of genetic variations in
drug-processing genes and individual responses to
drugs [120]. It enables the improved identification of
patients at higher risk for either disease relapse or che-
motherapy-associated side effects. In pharmacogenetic
studies, single nucleotide polymorphisms and rarely
haplotypes, that is, larger variations across a gene, are
usually analyzed. To our knowledge, these studies have
been performed only in pediatric ALL and studies in
adult ALL are warranted.

It was recognized, more than 20 years ago, by mea-
suring enzyme activity, that the activity of thiopurine-
S-methyltransferase (TPMT), the enzyme involved in
the metabolism of 6-mercaptopurine and 6-thiogua-
nine, differs among patients and that approximately
one in 300 individuals demonstrates reduced enzyme
activity [121-125]. Molecular testing to identify this
polymorphism was developed shortly thereafter [126,
127] and depicted good correlation with the enzymatic
activity. Based on the molecular testing it has become



clear that homozygous carriers for one of the three
TPMT mutant alleles experience severe myelotoxicity
and increased risk of relapse due to treatment delays
[128, 129]. Interestingly, patients with the mutated
TPMT alleles have a significantly higher risk of develop-
ing secondary brain tumors if treated with whole-brain
radiation [130]. Similarly, there was a trend towards in-
creased risk of secondary AML in patients with de-
creased enzymatic activity [131].

Similarly, single nucleotide polymorphism involving
four of the enzymes involved in methotrexate metabo-
lism have been implicated in increased relapse risk or
toxicity in pediatric ALL patients: methylenetetrahydro-
folate reductase [132-136], reduced folate carrier [137-
139], thymidylate synthetase [140, 141], and methylene-
tetrahydrofolate dehydrogenase [136]. The results of
these analyses are not always statistically significant;
the discrepancies may be due to different patient popu-
lations, an assortment of treatment protocols and/or
small patient numbers.

6.6 Future Directions

We believe that progress in cytogenetic and genetic dis-
section of ALL will lead to risk-adapted treatment in
adult ALL as is already being accomplished for pediatric
ALL. Currently, allogeneic transplantation in first remis-
sion is offered to adults with unfavorable karyotypes.
The future promises a more refined approach, based
on the information from genetic analyses, that will
hopefully lead to improved outcome in adult ALL.
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7.1 Introduction

Acute lymphoblastic leukemia (ALL) is a malignant
neoplasm of lymphocytes characterized by the clonal
accumulation of immature blood cells in the bone mar-
row. These abnormal cells are arrested in the lympho-
blast stage of the normal maturation pathway. Aberra-
tions in proliferation and differentiation of these cells
are common, and normal hematopoiesis is suppressed.
Symptoms result from varying degrees of anemia, neu-
tropenia, and thrombocytopenia or from infiltration of
ALL cells into tissues. Although virtually any organ sys-
tem may become involved, once leukemia cells enter the
peripheral blood, the lymph nodes, spleen, liver, central
nervous system (CNS), and skin are the most common
sites detected clinically.

ALL is a heterogeneous disease with distinct biolog-
ic and prognostic groupings. Treatment strategies tai-
lored to specific prognostic groups have already yielded
dramatic improvements in the outcomes for children
with ALL, and similar risk-adapted strategies based
on the biological heterogeneity of the disease are now
being applied to adults with ALL. Increasing knowledge
of the cytogenetic classification of this disease plays an
important role in the prognostic groupings, and thus,
cytogenetics will be emphasized in this review.

7.2 Clinical Presentation

7.2.1 Epidemiology

ALL is the most common malignant disease in child-
hood, peaking in incidence between ages 2 to 5. In con-
trast, ALL only accounts for approximately 20% of acute
leukemias in adults. Although the median age for adults
with ALL who are entered onto clinical trials is 30-35
years, it is very likely that older patients are underrepre-
sented in these reports. Registry data suggest that the
incidence of ALL increases steadily above the age of
50 years [1].

The incidence of ALL is more common in Cauca-
sians compared with African-Americans; the age-ad-
justed overall incidence in the USA is 1.5/100000 in
whites and 0.8/100 000 in blacks [1, 2]. Geographic vari-
ations, with higher incidence rates in Spain and among
Latin Americans, are likely related to a number of fac-
tors including socioeconomics, ethnicity, and an urban
or rural setting [3]. A higher frequency of ALL has been
reported in industrialized countries and urban areas.
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ALL is slightly more common among males than fe-
males (1.3:1) [2].

7.2.2 Presentation

The clinical presentation of ALL is most often sudden.
Patients commonly present with a short history of
fatigue, or spontaneous bleeding. Malaise, lethargy,
weight loss, fevers, and night sweats are often present
but typically are not severe. Compared to AML, patients
with ALL experience more bone and joint pain. Rarely,
they may present with asymmetric arthritis, low back
pain, diffuse osteopenia, or lytic bone lesions [4]. Chil-
dren experience these symptoms more frequently than
adults. Young children may have difficulty walking
due to bone pain [2]. Lymphadenopathy, splenomegaly,
and hepatomegaly are more common than in AML and
affect half of adults with ALL. CNS involvement is also
more common in ALL compared to AML. Patients may
present with cranial neuropathies (most often involving
the 6th and 7th cranial nerves). Nausea, vomiting, head-
ache, or papilledema may result from meningeal infil-
tration and obstruction of the outflow of cerebrospinal
fluid (CSF) leading to raised intracranial pressure. Tes-
ticular involvement, presenting as a painless, unilateral
mass, is noted at diagnosis in approximately 2% of boys.
It is associated with infant or adolescent age, hyperleu-
kocytosis, splenomegaly, and mediastinal mass [2]. The
diagnosis of testicular involvement is made by wedge
biopsies. Bilateral biopsies are necessary due to the high
incidence of contralateral testicular disease [5].

The physical exam is often notable for pallor, gener-
alized lymphadenopathy, signs associated with throm-
bocytopenia, such as gingival bleeding, epistaxis, pete-
chiae/ecchymoses, or fundal hemorrhages, and hepatos-
plenomegaly. Dermal involvement by leukemia cutis
may be noted.

7.3 Diagnosis

7.3.1 Initial Laboratory Evaluation

The morphologic recognition of lymphoblasts in the
blood and bone marrow and their phenotypic charac-
terization are of major importance to the correct diag-
nosis and classification of ALL. These require careful
evaluation of well-prepared peripheral blood and bone
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marrow aspirate smears, and phenotypic analysis of
the blasts by cytochemical studies and by flow cytome-
try or immunohistochemistry with an appropriate panel
of surface and cytoplasmic markers.

The setting in which lymphoblasts are seen in the
peripheral blood and bone marrow aspirate can vary
significantly. In the majority of cases, the counts and
cellularity are high, but in some there can be pancyto-
penia, and hypocellularity, which make the recognition
of the blasts more critical. A leukoerythroblastic picture
can be seen in some cases, and in rare T-ALL cases there
may be dysplasia in the granulocytic elements. One par-
ticular unusual morphologic presentation of ALL is that
of precursor-B ALL with eosinophilia. The entity can
show eosinophilia proceeding, concurrent with, or fol-
lowing ALL at either diagnosis or relapse. Sometimes
the eosinophilia can be so extreme as to obscure the
blasts. This entity is associated with the specific cytoge-
netic abnormality, t(5;14)(q31;932) [6]. Another unique
presentation is that of precursor-T ALL with a mediasti-
nal mass associated with eosinophilia and immature
myeloid precursors. This is also associated with a recur-
ring chromosomal abnormality, t(8;13)(p11;q12) [6].

The evaluation of cytospin slides made from the ce-
rebrospinal fluid (CSF) may indicate CNS involvement.
The definition of CNS involvement used by the Chil-
dren’s Cancer Group (CCG) is >5 WBC/pL of CSF plus
unequivocal blasts identified on the cytospin [7]. How-
ever, there is much debate regarding this definition, and
difficulties in interpretation arise when there are <5
WBC/pL of CSE but blasts present. One approach has
been to classify CNS leukemia into three groups: CNS
1 (<5 WBC/uL of CSF and no blasts), CNS 2 (<5
WBC/uL of CSF and blasts), and CNS 3 (>5 WBC/uL
of CSF and blasts, or cranial nerve findings) [8]. Addi-
tionally, some studies advocate using immunocyto-
chemistry in addition to cytology to identify blasts in
the CSF more accurately [9].

In cases with a high cell turnover (e.g., mature-B
ALL or ALL-L3), the evaluation of blood chemistries
may reflect evidence of tumor lysis, with hypocalcemia,
hyperkalemia, hyperphosphatemia, elevated LDH, hy-
peruricemia, and elevated creatinine.

7.3.2 Cytomorphology

The cytomorphologic characteristics of lymphoblasts
are varied, but are usually sufficient to suggest a blastic



or neoplastic process for which phenotyping can con-
firm and further characterize the process. The most
typical lymphoblast is a small- to intermediate-sized
cell with round or oval nucleus that has a smudgy nucle-
ar chromatin, absent or small nucleoli, and scanty cyto-
plasm. Comparison to normal-appearing “mature” lym-
phocytes in the blood or marrow aspirate is useful for
the assessment of size and degree of chromatin conden-
sation. The scant cytoplasm is quite dramatic in many
cells as the nucleus has an appearance of bulging out
of the cell cytoplasm. The cytoplasm is pale blue and
not intensely stained. Lymphoblasts with these typical
features have been considered “L1” lymphoblasts ac-
cording to the French American British (FAB) classifica-
tion scheme [10, 11], and are particularly common in pe-
diatric cases.

In some cases, lymphoblasts exhibit significant mor-
phologic variation. Such lymphoblasts are larger than
the typical “L1” lymphoblast, and have oval or irregular
nuclear outlines and less homogeneous chromatin. Nu-
clei are variable but frequently prominent, and some-
times multiple. The cytoplasm is more abundant but
still pale blue. Cases with these more variable lympho-
blasts usually contain at least some typical “L1” lympho-
blasts, which are helpful to note, as they are less likely to
be confused with myeloblasts. Cases with the morpho-
logic varied lymphoblasts were referred to as “L2”
ALL by the FAB [10, 11], but this classification is now be-
lieved to have little significance, and the terminology is
used here only for descriptive purposes. Other than
being more common in children and adults, respec-
tively, “L1” and “L2” ALL do not define specific disease
entities, show no consistent correlation with phenotypic
or cytogenetic features, and have not been adopted in
the WHO classification of ALL, which is based on im-
munophenotype and genotype [12].

Compared to the blasts described above, blasts in
cases of Burkitt lymphoma/leukemia (“L3” blasts by
the FAB scheme [10, 11], referred to as Burkitt leukemia
for the remainder of this review) are usually quite dis-
tinctive. The blasts are large and homogeneous and
have distinctive deep blue cytoplasm, which commonly
contains sharply defined vacuoles. The nuclei of Burkitt
cells are large and round or oval. They have a finely
stippled chromatin, and variable nucleoli, which some-
times are quite prominent. The larger size and intense
cytoplasmic basophilia with vacuolization are decidedly
the most distinctive features but are not entirely specif-
ic. Vacuoles can be seen in monoblastic and erythroid
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leukemia, and, together with the deep blue cytoplasm,
can be seen in other cases of ALL as well as in some
cases of AML [13, 14]. Conversely, some cases of Burkitt
leukemia with the associated chromosomal transloca-
tions lack the usual “L3” morphology [15].

A number of additional cytologic variants of lym-
phoblasts deserve mention. Although there are no par-
ticular clinical, phenotypic, or genetic correlates with
these variant blasts, their recognition will help avoid ex-
clusion of ALL from diagnostic consideration in cases
where they are seen.

Small lymphoblasts can be seen in rare cases of ALL
[16]. These blasts are closer in size to small “mature”
lymphocytes, making them difficult to distinguish from
the small lymphoid cells of chronic lymphocytic leuke-
mia (CLL). The small lymphoblasts also have more con-
densed chromatin, making the distinction still more
difficult. Lymphoblasts with cytoplasmic granulation
can be seen in a small percentage of ALL cases [17,
18]. The granules are usually present in the larger blasts
rather than in the small “L1” type. They are azurophilic
and usually not numerous. Nuclear clefts can be seen in
lymphoblasts and are present as deep nuclear groves.
The so-called hand mirror cell is probably not a defin-
ing characteristic for a certain entity [19]. Whether such
cells are due to an artifact of the preparation is debata-
ble. The different lymphoblasts are illustrated in Fig. 7.1.

7.3.3 Histology

Evaluation of the histology of ALL from biopsy sections
becomes important when there are few circulating blasts
in the blood and when the bone marrow is inaspirable.
It is also critical in evaluating extramedullary sites of
involvement such as lymph nodes, testes or skin.
Whether bone marrow biopsies are necessary in the
typical patient with a high number of blasts in the cir-
culation and bone marrow aspirate is disputable. How-
ever, the biopsy may provide a baseline for cellularity,
degree of residual normal hematopoiesis, and the pres-
ence of necrosis or other associated features.

In typical cases, the marrow cellularity is markedly
increased due to the infiltration by the densely packed
blastic elements with no particular pattern of involve-
ment. Rare cases have a predilection for paratrabecular
growth, but this is very unusual. On H&E stained sec-
tions, the blastic morphology is not easily distinguish-
able from myeloblasts, and the distinction between the
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Fig. 7.1. Varied cytomorphology of lymphoblasts in comparison to
Burkitt leukemia cells and hematogones (Wright-stained blood and
bone marrow aspirate smears). (a) Small uniform blasts, previously
called “L1” type, are about two times the size of erythrocytes, and
have a smudgy homogenous chromatin without prominent nucleoli.
Comparison to small lymphocyte (right) is always helpful. (b) Varied
lymphoblasts, including numerous larger blasts with more open
chromatin, prominent nucleoli and abundant cytoplasm (previously
considered “L-2 “ type). The presence of a few small “L1” blasts in the
background is always helpful in considering ALL. (c) Burkitt leuke-
mia cells (previously called “L3" blasts) are usually distinctive with
homogeneous large size, and deep blue cytoplasm with prominent

“L1” and “L2” blasts, recognized in Wright-stained ma-
terial, is also usually not possible. Burkitt leukemia
does, however, have a particular histologic pattern.
The features are similar to the lymph node involvement
by Burkitt lymphoma. These features are illustrated in
Fig. 7.2.

Hypocellular presentations of ALL are relatively
rare, but can present a diagnostic challenge due to the
paucity of cells and limited material for immunopheno-
typing [20]. Some cases of ALL can present with frank
fibrosis [21], but increased reticulin is more common.
Some cases are inaspirable due to the fibrosis or to
the dense packing of the marrow by lymphoblasts. Ne-
crosis is present in a small number of cases and can
complicate the diagnosis, due to the lack of viable cells
for either morphologic evaluation or for immunophe-
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vacuoles. Vacuoles can, however, be seen in some cases of AML and
ALL. (d) Some lymphoblasts can be small with more clumped
chromatin, and can be difficult to distinguish morphologically from
CLL cells. (e) Granular lymphoblast (arrow). These blasts may resem-
ble myeloblasts, but the granules are myeloperoxidase negative.
(f) Lymphoblast with nuclear cleft, (g) So-called “hand-mirror” cells
are sometimes an artifact of poor preparations, as they are not
equally distributed on the slide. (h) Hematogones (arrows) resemble
lymphoblasts. They can be distinguished by flow immunophenotyp-
ing, and due to the associated background of small lymphocytes
and regenerating bone marrow.

notyping [22]. Necrosis can be focal or widespread,
and can recur with relapsed disease. Occasional cases
can show bone changes, which include osteoporosis or
osteopenia [23].

In some cases of ALL the principle manifestation of
disease is extramedullary [24]. This is not uncommon
in precursor-T-cell ALL/lymphoma which can present
with a mediastinal mass and lymphadenopathy. Other
sites that may be identified prior to blood and bone
marrow disease include lymph node, skin, testes, and
CNS. Whenever there is concern of a lymphoblastic pro-
cess in an extramedullary location, careful review of the
blood and evaluation of the marrow is imperative.

Differential diagnostic considerations based on the
cytomorphologic and histologic features of blasts in
the peripheral blood and marrow depend in part on
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Fig. 7.2. Histologic features of “L1/L2” ALL vs. Burkitt leukemia
(H&E-stained bone marrow biopsy sections). (a, b) “L1/L2" blasts
are equally distributed and have a fine, “blastic” chromatin and vari-
able nucleoli. (¢, d) Burkitt leukemia shows a syncytial appearance.

the patient’s age. In pediatric patients with high periph-
eral blood counts, pertussis must be considered. Pertus-
sis can result in lymphocytosis of 20000-30000/pl,
and the lymphocytes can sometimes appear atypical,
although they should have mature-appearing chroma-
tin. In the bone marrow, hematogones or normal imma-
ture lymphoid elements can be increased in number in
regenerative situations. These require careful evalua-
tion, as they closely resemble malignant lymphoblasts
[25]. Evaluation of the clinical history and careful inter-
pretation of flow immunophenotyping is critical to rule
out ALL (see below). Small round blue cell tumors seen
in pediatric patients can also mimic ALL in the marrow,
but immunohistochemical studies can usually resolve
any diagnostic concerns. In adults, CLL and leukemic
manifestations of lymphoma, particularly the blastic
variant of mantle cell lymphoma [26], can mimic ALL.
Although these can usually be distinguished by mor-
phologic features, it is not uncommon to see an initial
misinterpretation due to poorly prepared peripheral
blood smears. Immunophenotyping is needed to resolve
the diagnosis in such cases. A blastic type of plasma cell
myeloma in the marrow might also provide some initial

The cells are larger, have a punctate chromatin, numerous smaller
nucleoli, and indistinct cytoplasm. The mitotic rate is markedly ele-
vated.

diagnostic difficulty in adults, but this should be
resolved with immunohistochemistry for kappa and
lambda. In both children and adults, the differential also
includes AML, biphenotypic leukemia, and CML pre-
senting in lymphoid blast phase. In all except the latter,
immunophenotyping by flow or by immunohistochem-
istry can resolve the diagnostic dilemma. These differ-
ential diagnostic considerations, as well as a list of non-
hematologic processes that may resemble ALL, are sum-
marized in Table 7.1.

7.3.4 Phenotype

Phenotypic evaluation begins with cytochemical stud-
ies, and specifically with a myeloperoxidase or Sudan
black B reaction, as well as nonspecific esterase reac-
tions (ANA, ANB) to quickly exclude most cases of
AML. AML with minimal differentiation (FAB: MO0), er-
ythroleukemia, and megakaryoblastic leukemia are the
exceptions, as these require additional studies for exclu-
sion. Additional cytochemistry such as PAS, and oil red
O are being used less commonly due to the reliance on



114

Table 7.1. Differential diagnosis of ALL

Non-hematologic processes:
Tuberculosis
Heavy metals
Human immunodeficiency virus (HIV)
Infectious mononucleosis
Autoimmune diseases
Juvenile rheumatoid arthritis
Osteomyelitis

Hematologic processes:

Differential diagnostic considerations from
cytomorphology and histology

In children
Pertussis
Hematogones
Small round blue cell tumors

In adults
Chronic lymphocytic leukemia (CLL)
Prolymphocytic leukemia (PLL)
Lymphoma, especially blastic variant of mantle cell
Plasmablastic myeloma

In children and adults
Reactive lymphocytosis (mononucleosis)
Thymoma

AML with minimal differentiation (M0) and without
maturation (M1)

Acute biphenotypic leukemia

CML presenting in lymphoid blast phase

surface and cytoplasmic markers evaluated by flow cy-
tometry and immunohistochemistry.
Immunophenotypic analysis is critical to confirm
a morphologic diagnosis of ALL [27], to resolve a dif-
ficult differential diagnosis and to further subclassify
cases into precursor-B and precursor-T lineage types.
However, a specific immunophenotype identified at
diagnosis might also be useful for evaluating residual
disease by flow cytometry. Most immunophenotyping
studies are performed from blood or marrow aspirates
with surface and cytoplasmic markers by flow cytom-
etry, but a growing number of markers are now avail-
able for immunophenotyping on tissue sections by
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Table 7.2. Inmunophenotype

A. Pertinent markers available for immunohistochemical
studies
General: TdT, CD34
B-cell: CD20, CD79A
T-cell: CD3, CD4, CD8, CD5, CD45RO
Myeloid: MPO, CD68, lysozyme, glycophorin A,
Factor VIII, CD61
Other: keratin, NSE, myogenin, CD99

B. Commonly used markers for flow immunophenotyping
in acute leukemia
General: CD34, HLA-DR, TdT, CD45
B-cell markers: CD10, CD19, cCD22, CD20, cCD79A,
CD24, cy, slg
T-cell markers: CD1a, CD2, cCD3, CD4, CD8, CD5, CD7
Myeloid: cMPO, CD117, CD13, CD33, CD11¢, CD14,
CD15

C. B-lineage ALL phenotypes:
Pro-B: TdT+, CD19/22/79A+, CD10-, cu-, slg-
Common precursor-B: TdT+, CD19/22/79A+, CD10+,
cu—, slg-
Pre-B: TdT+, CD19/22/79A+, CD10+, cui+, slg-
Burkitt: TdT-, CD19/22/79A+, CD10+, slg+

D. T-lineage ALL phenotypes
Pro/immature Thymocyte: TdT+, cCD3+, CD2/5/7+/-
Common thymocyte: TdT+, cCD3+, CD2/5/7+,
CD4+/CD8+, CD1a+

Mature thymocyte: TdT+/-, CD3+, CD2/5/7+, CD4+ or
CD8+, CD1a-

immunohistochemical techniques. This is of impor-
tance especially in cases which have low peripheral
blast counts and in which bone marrow material is in-
sufficient for flow analysis or in which a diagnosis is
being made from an extramedullary site. Currently,
there are many markers available for tissue immuno-
phenotyping in acute leukemia [28], and a list of per-
tinent markers is given in Table 7.2A. There are var-
ious recommendations concerning which antibodies
to include in a routine flow cytometric panel for the
work-up of an acute leukemia [29, 30], but there is no
uniformly accepted panel. Commonly used markers
are listed in Table 7.2 B.



The vast majority of cases of ALL (~85%) are of B
lineage. These have been grouped into further subtypes,
which may correspond to different levels of maturation
in normal B-cell development. However, such differen-
tiation schemes are not universally agreed upon and
the terminology for the different subtypes is also not
uniform. In fact, due to the lack of conformity, and
the questionable significance of the further subclassifi-
cation, the WHO classification scheme simply classifies
cases as “precursor-B” and “precursor-T” ALL without
additional categorization. The most common B-lineage
ALL is the precursor-B phenotype with B-cell markers
(CD19, CD22), TdT, cytoplasmic CD79A, CD34, CD1o
(CALLA), and lack of cytoplasmic p (cp) and of surface
immunoglobulin (sIg) expression. This type has vari-
ably been called “common precursor B” ALL, or “early
precursor-B” ALL. A less common type lacks CALLA
and may be at an earlier level of maturation that has
been termed “pro-B” ALL. This type has a worse prog-
nosis. A type with more maturation than common pre-
cursor-B ALL is characterized by the presence of c, and
is referred to as “Pre-B”ALL. Reports are conflicting,
but this may be more commonly associated with
t(1;19)(q23;p13). Burkitt leukemia has the immunophe-
notype of mature B cells with sIg expression. Whether
rare cases of non-Burkitt ALL also exhibit a mature B
phenotype (sIg+) is questionable, although such cases
have been reported on [31]. B-lineage ALL phenotypes
are listed in Table 7.2C.

T lineage ALL accounts for only 15-20% of cases
and can also be separated into phenotypic groups
which may correspond to different stages of thymic T-
cell development [32]. As in B-lineage ALL, a type
with intermediate differentiation is the most common.
This “common thymocyte” type shows expression of
the pan T-cell markers, CD2, cytoplasmic CD3 (cCD3),
CDy, and CDs5 and distinctively shows coexpression of
CD4 and CD8, and expression of CD1a. A more primi-
tive type called “prothymocyte” or “immature thymo-
cyte” type has TdT, cCD3, and variable expression of
CDs5, CD2, and CDy, but lacks CD4, CD8, and CD1a. A
more mature phenotype than the “common thymo-
cyte” type has variable TdT, the pan T-cell markers,
CD4 or CD8 but lacks CD1a. Again, because of lack of
conformity and variability of marker expression, the
WHO classification recognizes only the “precursor-T”
group without further immunophenotypic categoriza-
tion [12]. T-lineage ALL phenotypes are listed in Table
7.2D.
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Table 7.3. Scoring system for biphenotypic leukemia

Lineage
Score B-lymphoid T-lymphoid Myeloid
2 cCD79A cCD3 MPO
cu anti-TCR
cCD22
1 CD19 CD2 cD117
CD20 CD5 CD13
CD10 CD8 CD33
CD10 CD65
0.5 TdT TdT CD14
CD24 CcD7 CD15
CD1a CD64

Greater than 2 points are needed to consider a lineage involved [36]

Coexpression of other nonlymphoid markers is
common on the lymphoblasts in both precursor-B and
precursor-T ALL, and does not necessarily indicate bili-
neal potential. The myeloid markers, CD13 and CD33,
are the most frequently expressed [33]. In the past, these
have erroneously been interpreted as indicating a biphe-
notypic process and a worse prognosis, but more re-
cently, this has not been found [34, 35]. Recently, more
strict criteria with a uniform grading system have been
instituted to help define the “biphenotypic” entity, illu-
strated in Table 7.3 [36]. Cytoplasmic expression of mye-
loperoxidase in ALL has also been reported by flow cy-
tometric analysis. However, this does not correspond to
the cytochemical detection of enzyme reactivity, and
when identified with a polyclonal antibody, it is of only
questionable significance [37].

Differential diagnostic considerations that have to
be considered in immunophenotyping include hemato-
gones, thymoma, biphenotypic leukemia, and CML pre-
senting in lymphoid blast phase. Hematogones have the
same immunophenotype as common precursor B ALL
cells, but the hematogones exhibit a spectrum of ma-
turation with a continuum of cells from immature to
mature showing loss of CD34, and gain of CD20 and
slg [38, 39].

Thymoma cells have the phenotype of common thy-
mocytes, and cannot be distinguished from common T
ALL/lymphoblastic lymphoma by immunophenotype
alone. Correlation with clinical presentation and histol-
ogy are important for the correct interpretation. When
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CML presents in lymphoid blast crisis, distinction from
Philadelphia chromosome positive ALL cannot be made
based on immunophenotype, as the blasts are fre-
quently precursor B lymphoblasts. In most cases the
presence of a concurrent myeloid component to the leu-
kemia will alert one to the correct diagnosis. If this were
not present, lineage analysis showing the BCR/ABL fu-
sion in myeloid as well as lymphoid cells has been sug-
gested as a means to differentiate the stem cell process,
CML, from the lymphoid-restricted process, ALL [40].
In some cases, only the emergence of a myeloid compo-
nent after treatment can indicate the correct diagnosis.

7.3.5 Cytogenetic Evaluation

Cytogenetic analysis of each patient’s ALL cells has be-
come an essential component of diagnosis prior to
treatment. It has furthered our understanding of leuke-
mogenesis at a molecular level. Specific and well-char-
acterized recurring chromosomal abnormalities facili-
tate diagnosis, confirm subtype classification, and have
major prognostic value for treatment planning. Abnor-
malities in chromosome number or structure are found
in approximately 90% of children and 70% of adult ALL
patients [41]. These cytogenetic abnormalities are ac-
quired somatic (rather than germline) mutations that
frequently result from translocations of chromosomal
DNA, resulting in new (abnormal) protein products
from the resultant fusion genes. It is assumed that the
protein products from these fusion genes are responsi-
ble for the cellular dysregulation that leads to the malig-
nant state. Deletions or loss of DNA may eliminate genes
that have tumor suppressor functions. Gains of addi-
tional chromosomes may lead to gene dosage effects
that provide transformed cells with survival advantages.

Conventional cytogenetic analysis requires dividing
cells, is technically difficult, and can be time consuming
due to the presence of multiple abnormal cell lines and
complex chromosomal banding patterns. Therefore, al-
ternative diagnostic methods have been sought, includ-
ing fluorescence in situ hybridization (FISH), in which
labeled probes are hybridized to either metaphase chro-
mosomes or interphase nuclei and then detected with
fluorochromes. This method of analysis is more rapid,
and in some cases more sensitive, than conventional cy-
togenetic analysis. Additionally, FISH can be used to
study differentiated or nondividing cells.
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7.3.6 Molecular Evaluation

Polymerase chain reaction (PCR) is an enzyme assay
that provides a more sensitive and rapid method to de-
tect clonal gene rearrangements. Translocations that re-
sult in fusion genes are especially suited for analysis
with reverse transcriptase PCR (RT-PCR), a technique
in which the fusion mRNA is reverse transcribed into
cDNA, and then amplified by PCR using gene-specific
primers. Quantitative RT-PCR allows for quantification
of minimal residual disease (MRD). A number of large
prospective studies in pediatric ALL have demonstrated
the independent prognostic significance of MRD detec-
tion [42, 43]; less is known about the significance of
MRD detection in adult ALL.

7.4 Conclusion

In summary, the initial approach to the diagnosis of
ALL still involves evaluation of the peripheral blood
smear and bone marrow specimens with cytomorphol-
ogy, immunohistochemistry, and cytogenetic analysis.
Cytogenetic analysis is used to establish prognostically
distinct subgroups of ALL. Through enhanced knowl-
edge of the leukemogenic pathways involved in the dif-
ferent ALL subgroups, one can anticipate improved ac-
curacy in diagnosis and prognosis, and ultimately, im-
proved disease outcome for these patients.
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8.1 Introduction

The diagnosis of acute lymphoblastic leukemia (ALL) is
dependent on the identification and characterization of
blast cells in peripheral blood or bone marrow.
Although it is not clear why blasts have a tendency to
circulate in some patients and not in others, ALL can
be reliably diagnosed using peripheral blood or bone
marrow blasts when blasts are in circulation [79]. How-
ever, distinguishing blasts from activated lymphocytes
is difficult in some patients, particularly children. Stan-
dard care and thorough evaluation of patients with ALL
thus require good bone marrow aspiration, with high-
quality smears and bone marrow biopsy specimens.
When bone marrow biopsy specimens are available,
touch imprints should be made [1].

Diagnosis and classification are generally based on
the morphologic, cytochemical, and immunologic fea-
tures of the blasts. However, cytogenetic and molecular
studies are frequently needed to confirm the diagnosis,
predict clinical behavior, and stratify patients for ther-
apy [14, 27, 36, 45, 65]. The French, American, and Brit-
ish (FAB) classification of ALL, which recognizes three
subclasses of ALL (L1, L2, and L3), is based strictly on
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blast morphology and cytochemistry [5], whereas the
World Health Organization (WHO) classification
scheme also incorporates immunophenotyping and cy-
togenetics [36].

Clinically and biologically, ALL and lymphoblastic
lymphoma are considered a single entity and the terms
are often used interchangeably [58]. However, the term
“lymphoma” is preferred when the bulk of the disease
is in the lymph nodes or soft tissues, whereas “leuke-
mia” should be used when the bulk of the disease is
in the bone marrow and blood [21, 53]. Approximately
80% of patients with ALL have enlarged lymph nodes,
most likely due to involvement with the leukemic pro-
cess [21].

In this chapter we present diagnostic criteria for
ALL and its subtypes and discuss the importance of cy-
togenetic and molecular abnormalities for diagnosis,
classification, and determining clinical management.

8.2 Morphology

Lymphoblasts in patients with ALL tend to be heteroge-
neous in size and shape. Unlike the recent WHO classi-
fication, which takes cytogenetic and immunologic fea-
tures into account, the FAB classification of ALL empha-
sizes the presence of subgroups of precursor lympho-
blasts: L1, which is more common in children than in
adults (85% vs. 30%) and L2, which is more common
in adults than in children (60% vs. 15%). The FAB
and WHO classifications both recognize the more ma-
ture subtypes of B-cells as Burkitt L3 cells [s5, 80].

L1 precursor lymphoblasts are small with scant cyto-
plasm, fine chromatin, and indistinct nucleoli (>90% of
total blasts) (Fig. 8.1). L2 precursor lymphoblasts, on the
other hand, are typically medium-to-large cells with
high nucleus-to-cytoplasm ratios, prominent nucleoli,
and irregular or folded nuclear membrane outlines
(Fig. 8.1). Morphologic heterogeneity is almost always
seen in L2 and, to a lesser degree, L1 precursor lympho-
blasts. Occasional cells with vacuoles can be seen in L2-
type precursor lymphoblasts, especially after relapse or
therapy [64]. Although the reproducibility of classifying
L1 and L2 precursor lymphoblasts is poor, distinguish-
ing L1 from L2 morphology remains useful for diagno-
sis and for its descriptive value. Several studies suggest
that patients with the L1 cell type have better response
to therapy, with better disease-free survival than pa-
tients with the L2 cell morphology [2, 5, 44, 56, 77].

L3 (Burkitt) blasts have distinct morphology, with
medium-sized and more uniformly rounded nuclei
and finely clumped chromatin. The diagnostic feature
of this cell subtype is a deeply basophilic and vacuolated
cytoplasm (Fig. 8.2). The vacuoles in L3-type cells con-
tain lipids and stain positively with oil-red O stain. Nu-
cleoli are seen but are not dominant [5]. The cells of
Burkitt leukemia have a very high rate of turnover (pro-
liferation and apoptosis). This phenomenon manifests
morphologically as the starry-sky appearance fre-
quently seen in bone marrow biopsy specimens or tis-
sue sections (Fig. 8.1), and biochemically with extreme-
ly high levels of lactate dehydrogenase [7, 72].

In addition to morphology, ALL is classified accord-
ing to the B-cell or T-cell status. B-cell precursor ALL
accounts for about 85% of ALL cases, with T-cell ALL
accounting for about 15%. Although T-cell ALL lympho-
blasts occasionally demonstrate conspicuous folded or
cerebriform nuclei, T-cell precursor lymphoblasts can-
not be reliably distinguished from B-cell lymphoblasts
based on morphology alone [80]; immunophenotyping
is always needed for confirmation.

8.3 Cytochemistry and Immunophenotyping

The key diagnostic cytochemical feature of ALL is the
lack of myeloperoxidase (MPO) activity and negativity
for nonspecific esterase (NSE) [5, 71]. The functional
MPO test using cytochemistry remains the gold stan-
dard for assessing MPO activity, but laboratories are in-
creasingly using the chloroacetate esterase stain and im-
munostain, especially for detection by flow cytometry
[62]. To distinguish ALL from increased peripheral
blood or bone marrow blasts, fewer than 3% of blasts
should express MPO activity [5]. However, it is not un-
usual to detect slightly greater than 3% MPO-positive
blasts in patients with chronic myeloid leukemia
(CML) in lymphoid blast crisis, with overwhelming
lymphoid surface markers. Most likely these few
MPO-positive blasts reflect the active chronic cell pop-
ulation that coexists along with the lymphoid blasts. Su-
dan black B (SBB) can also be used to confirm the pres-
ence of MPO granules in these cells [71]. However, some
cases of ALL exhibit fine SBB-positive granules rather
than large, dark positive granules. Periodic acid-Schiff
(PAS) staining is also positive in ALL lymphoblasts,
showing a large, globular pattern. This PAS pattern is
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Fig. 8.1. Morphology of blasts in acute lymphoblastic leukemia. (A) L1 blasts; (B) L2 blasts; (C) “Starry sky” morphology on bone marrow
biopsy in a case with L3 leukemia; (D) L3 blasts.
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Fig. 8.2. Schematic approach for the diagnosis of blasts that are
negative for myeloperoxidase and nonspecific esterase.

not specific and can be seen in erythroleukemia and
other leukemia subtypes [71].

Negativity for MPO and NSE should raise the possi-
bility of an ALL diagnosis, but further flow cytometric
evaluation is necessary as illustrated in Fig. 8.2. Gener-
ally, the following markers are useful and used by most
laboratories: CD34, TdT, CDia, CD2, CD19, CD3, CDy,
CD4, CD8, CDio, CD13, CDi14, CD22, CD33, CD64,
CD117, ¢CDy9a, and surface immunoglobulin (Ig)M.
MPO should be evaluated by flow cytometry if it was
not assessed with cytochemical staining. Other cyto-
plasmic stains are useful when the lineage of the leuke-
mic cells cannot be determined with these markers. Cy-
toplasmic CD3 (cyCD3), cylgM, and cyCD22 are usually
helpful.
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Terminal deoxynucleotidyltransferase (TdT) expres-
sion along with CD19+ or cyCD79a and surface or cyto-
plasmic CD22+ are diagnostic for early precursor B-cell
involvement, irrespective of CD13 and CD33 expression.
The expression of CDio (common ALL antigen,
CALLA) in addition to the above markers is diagnostic
for more mature (intermediate) precursor ALL.
Although CD1g protein expression is diagnostic for B-
cell lineage, it is detected in 80% of acute myeloid leu-
kemia (AML) cases that carry the t(8;21) chromosomal
abnormality [46]; however, these cases are MPO posi-
tive and easily distinguished from ALL. CD2o is ex-
pressed in approximately 55% of patients with precursor
B-cell ALL and more frequently in Burkitt leukemia pa-
tients. In most but not all cases, precursor B-cell cells
are surface IgM-negative. Blast cells that lack TdT ex-
pression are classified as Burkitt (L3) if they show L3-
type morphology (vacuolated, deeply basophilic cyto-
plasm); otherwise, they should be classified as “Bur-
kitt-like” Most importantly, these cells must show blast
morphology (Fig. 8.1).

The diagnosis of precursor T-cell ALL is based on
lack of expression of B-cell markers and expression of
surface CD3 (sCD3) or cytoplasmic CD3 (cyCD3) in
MPO-negative/NSE-negative blasts. However, approxi-
mately 10% of precursor T-cell ALL cases are TdT neg-
ative [25] and many coexpress CD4, CD8, and CD2. Lack
of CD1a expression indicates early-stage differentiation;
these T-cell ALL cases appear to be especially aggressive
[71].

8.4 Atypical Acute Lymphoblastic Leukemia

8.4.1 Burkitt-Like (Atypical Burkitt) ALL

Rare cases of ALL show blasts with only mature B-cell
markers (TdT-, CD1g9+, and surface IgM+) that are
morphologically similar to the L2 rather than L3 cell
type (lack deep blue cytoplasm with vacuoles). These
cases are classified as Burkitt-like and are treated as
Burkitt leukemia [24, 25].

8.4.2 ALL with Eosinophilia

Some cases of ALL demonstrate significant eosinophi-
lia, which appears to be stimulated by the secretion of
IL-5 and IL-3. The eosinophils have normal morphology
and are reactive, not leukemic. In some of these pa-

tients, the IL-3 gene on chromosome 5q31 is translocated
to the IgH gene locus on chromosome 14 (translocation
t(5514) (q31;932) [9, 71, 83]. Rarely, patients may present
with eosinophilia without evidence of ALL, raising the
question of hypereosinophilic syndrome, which con-
verts to ALL within weeks to months. The eosinophilia
disappears with remission and may come back as an
early sign of relapse [9, 71, 83].

8.4.3 Aplastic and Hypoplastic ALL

Rarely, young patients with ALL may present with hy-
poplastic or aplastic bone marrow. In the early stage,
leukemic blasts may not be conspicuous and overt leu-
kemia may manifest within weeks to months after mar-
row recovery. This manifestation is frequently inter-
preted as myelodysplastic syndrome or aplastic anemia,
but the lack of dysplastic changes should help rule out
myelodysplastic syndrome. This phenomenon may be
due to an unusual immune response attempting to sup-
press the leukemic hematopoietic cells, which coinci-
dentally suppresses normal hematopoietic cells. The
other possibility is that the leukemic cells produce in-
hibiting factors that suppress normal hematopoiesis
(71, 55].

8.4.4 Granular ALL

Rare cases of ALL show significant numbers of blasts
with large (o.25-micron) basophilic granules. These
granules are believed to be either abnormal mitochon-
dria or cytoplasmic organelles, but their clinical signif-
icance is not known. Although the granules are MPO
negative, they are more common in ALL cases that co-
express myeloid markers [37, 42, 71]. The blasts should
not be confused with those of acute basophilic leukemia,
which is more frequently seen in patients with acute-
phase CML.

8.4.5 Hand Mirror ALL

Blasts in some cases of leukemia show uropod (handle)
morphology with elongated cytoplasm, which may rep-
resent an attachment or endocytotic process. This mor-
phology can be seen in reactive lymphoid and monocy-
toid cells as well as blasts. Once thought to be specific
for ALL or mixed-lineage leukemia, this morphology
can also be seen in AML [81].



8.4.6 Natural Killer ALL (Blastic NK)

Rare cases of ALL have been reported in which the
blasts lack myeloid and lymphoid markers (CD3 and
CD19) but express CDs56. These cases are classified as
ALL of the natural killer cell phenotype. Blastic NK cells
may show cytoplasmic CD3 and, occasionally, other T-
cell markers (CD4 or CDy), and can be positive or neg-
ative for TdT. They lack evidence of T-cell receptor gene
rearrangement. These cases should be distinguished
from myeloid leukemia that expresses myeloid markers
in addition to CD56. Expression of CD56 can also be
seen in some cases that are typically lymphoblastic,
with clear T-cell surface markers. Such cases should
be considered precursor T-cell ALL with CD56 expres-
sion [52, 61, 71].

8.4.7 Biphenotypic and Bilineage ALL

In biphenotypic leukemia, markers specific for lym-
phoid as well as myeloid lineages can coexist in the
same blast population. When two distinct cell popula-
tions coexist, one with lymphoid and the other with
myeloid markers, the term “bilineage” applies. Bipheno-
typic and bilineage ALL are lumped together with other
undifferentiated subtypes in the WHO classification of
“acute leukemia of ambiguous lineage” Despite signifi-
cant confusion over the terminology, there is agreement
that cells of ALL can express CD13 or CD33 or both,
especially when they are positive for Philadelphia chro-
mosome. These cases should be called “ALL with mye-
loid markers” rather than “biphenotypic ALL.”
Biphenotypic ALL is characterized by the expres-
sion of lymphoid markers (CD19 with TdT or CD3 with
TdT) along with myeloid markers (MPO with CD13, or
MPO with CD33). Several scoring systems can be used
for the diagnosis of biphenotypic ALL; the Immunolog-
ic Classification of Leukemia is the most widely ac-
cepted [4, 75]. The importance of classification is to de-
cide whether a patient should be treated for lympho-
blastic leukemia or for myeloid leukemia. For practical
purposes, MD Anderson Cancer Center uses a simpli-
fied approach for classifying these cases with ambigu-
ous lineage or minimal differentiation. This approach
is based on blasts being negative for MPO and NSE
and positive for TdT (Fig. 8.3). If these blasts express
one of the major lymphoid markers (CDio, CDiy,
CD3) or two of the other lymphoid markers, the case
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Fig. 8.3. Schematic approach for a clinically useful diagnosis of
leukemia of ambiguous lineage (minimally differentiated) as used by
MD Anderson Cancer Center.

is classified as lymphoblastic leukemia, irrespective of
whether myeloid markers are expressed [4, 14, 31, 49,
71]. Patients who have one myeloid marker but fewer
than two lymphoid markers (other than CD19g, CD3, or
CD10) are classified as having ALL with minimal differ-
entiation.

8.4.8 MPO-Positive ALL

This term should be reserved for rare cases of ALL that
demonstrate typical lymphoid markers without myeloid
markers, except for strong positivity (20-30%) for MPO.
Most of these cases show lymphoblasts with deep baso-
philic cytoplasm [82]. These cases should be distin-
guished from Burkitt cases as well as AML.

8.5 Cytogenetic and Molecular Abnormalities

Approximately 45% of ALL cases demonstrate recurrent
ALL-specific cytogenetic abnormalities on conventional
karyotyping studies, establishing cytogenetic study as a
valuable diagnostic and prognostic tool for evaluating
patients with ALL. In addition, most of these abnormal-
ities can be detected using fluorescence in-situ hybridi-
zation (FISH), Southern blotting of genomic DNA, and
reverse transcription-polymerase chain reaction (RT-
PCR) of mRNA. FISH and RT-PCR are used to detect
minimal residual disease and to monitor patients after
therapy; real-time RT-PCR allows the quantitative mon-
itoring of residual disease. The most common cytoge-
netic abnormalities are listed in Table 8.1 and discussed
below.
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Table 8.1. Molecular abnormalities of acute lymphoblastic leukemia (ALL)

Chromosomal Gene Cytogenetic lesion % Adult ALL % Pediatric ALL
abnormality
8q24 Myc-lg t(8;14), 1(8;22), t(2,8) 5 2
>46 chromosomes NA Hyperdiploidy 5 25
<46 chromosomes NA Hypodiploidy 5 6
12p12 ETV6-AML1 1(12;21)(p12;922) 1 22
19p13.3 E2A-PBX1 t(1;19), t(17;19) 3 5
11923 MLL (4;11)(921;g23), 8 10
1(9;11) (p21;923),
t(11;19) (923;913.3),
(3:11)(922,923),
t(x;11)(q13;923)
9q34 BCR-ABL t(9;22)(q34:911) 25 3
14911 T-cell antigen t(14911) 20 15
receptor
5935 HOX11L2 t(5;14)(q35;932) 1 25
1p32 TAL-1 t(1;14)(p32:911) 12 7
10924 HOX11 t(10;14)(924;,911), 8 1
t(7;10)(q35;924)
9p21 pi1e™ta, p15iINKeb Del(9p21-22) 15 20
9932 TAL-2 t(7;9)(934;932) Rare Rare
13914 miR15/miR16 Del(13q14) 3 2
11922 ATM Del(11922-23) 28* 16*
6023 Unknown Del(6q), 6 5
t(6;12)(q23;p13)

* = As determined by loss of heterozygosity (LOH)

8.5.1 Hyperdiploidy

8.5.2 Hypodiploidy

Hyperdiploidy, defined as the gain of additional chro-
mosomes, is one of the most frequent cytogenetic ab-
normalities in ALL (25% of pediatric ALL and 5% of
adult ALL). This increase in chromosomes is not ran-
dom: the most commonly gained chromosomes are 4,
8, 10, and 21, followed by chromosomes 5, 6, 14, and
17. Most hyperdiploid cells contain either 47 to 50 chro-
mosomes or 51 or more. Patients with ALL and high hy-
perdiploidy have longer response and survival durations
after therapy, particularly those with more than 50 chro-
mosomes. In general, hyperdiploid cells are more sensi-
tive than nonhyperdiploid cells to chemotherapy and
show more rapid induction of apoptosis [10, 13, 65].

Hypodiploidy, or the presence of fewer than 46 chromo-
somes, is seen in 5% of ALL and this abnormality is
generally considered a poor prognostic factor. However,
near haploidy (23-29 chromosomes) is particularly as-
sociated with poor outcome [67].

8.5.3 Philadelphia Chromosome

The Philadelphia translocation is one of the most fre-
quently identified chromosome abnormalities among
adults with ALL (25%), while only 3% of pediatric
ALL is Philadelphia chromosome positive. The presence



of the Philadelphia chromosome is associated with uni-
formly poor outcomes [21, 26, 34].

Philadelphia chromosome results from a reciprocal
translocation between the long arms of chromosomes
9 and 22 [t(9;22)(q34;q11)], which moves the ABL gene
from 9q34 into the BCR (breakpoint cluster region) re-
gion of chromosome 22q11. The resulting BCR-ABL fu-
sion gene encodes a tyrosine phosphokinase that is con-
stitutively active and leads to downstream activation of
several proteins, including the Crkl and AKT pathway,
Ras/Raf-1 pathway, Stat 1 and 5 pathways, platelet-
derived growth factor (PDGF), and the c-kit receptor
tyrosine kinase [26, 34, 65]. Depending on the exact
position of the translocated ABL gene (exon b2) within
BCR, three different fusion products can be generated:
p19o (molecular weight 190 kd, exon e1), p210 (exon
b2 or b3), and p230 (exon e19). Patients with CML ex-
press mostly the p210 protein and rarely p230, whereas
ALL patients mainly express p19o. Some ALL patients
present with p210 expression, but most of these cases
represent lymphoid blast crises of CML.

8.5.4 12p12.3 Abnormalities

Translocation t(12;21)(p12;q22), which results in the
ETVe6 (TEL)-AML1 (CBFA2) fusion protein, is detected
in 20-25% of children with B-cell precursor ALL. This
is the most common cytogenetic-molecular abnormal-
ity in childhood ALL, but is relatively uncommon in
adult ALL (<5%). Rare cases of prenatal t(12;21) have
been documented, suggesting that the translocation
may not be sufficient for overt leukemia and requires
additional mutations (second hits) that occur after
birth. Because the t(12;21)(p12;q22) translocation is not
detected with conventional cytogenetic studies, FISH
or RT-PCR should be used to identify this abnormality.
Deletion in this region without translocation has also
been reported. The ETV6-AML1 fusion protein in chil-
dren with ALL is associated with an excellent prognosis,
with longer event-free and overall survival [18, 20, 43,
65, 73].

8.5.5 1123 Abnormalities

The MLL (mixed lineage leukemia) gene, located at the
11q23 locus, is involved in translocations onto other
chromosomes as well as duplication. The most common
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MLL translocations in ALL are t(4;11)(q21;q23), t(9;11)
(p21;923), t(11;19)(q23;q13.3), and t(3;11)(q22;q23), which
are associated with poor outcomes and a high incidence
of myeloid marker expression [40, 69].

The ATM (ataxia telangiectasia mutated) gene, also
located near chromosome 11q22-23, is frequently deleted
in ALL. About 16% of pediatric ALL patients have loss
of heterozygosity (LOH) at this locus. Haidar and col-
leagues reported that 10 of 36 (28%) adults with ALL
had LOH of the ATM gene [35]. Only one (3%) of the
36 patients showed abnormalities involving chromo-
some 11923 by conventional cytogenetic studies, indicat-
ing that most of these deletions are submicroscopic [35,
59]. The presence of this abnormality in adults is asso-
ciated with better response to therapy [35].

8.5.6 824 Abnormalities

The c-myc gene is located on chromosome 8q24 and can
be translocated into one of the three immunoglobulin
chain loci in Burkitt leukemia: IgH on chromosome
14, Iglambda on chromosome 22, or Igkappa on
chromosome 2. These translocations are detected in
cytogenetic and FISH studies as t(8;14)(q24;q32),
t(8;22)(q24;q11), and t(2;8)(p12;q24). Translocation of
the c-myc gene into the T-cell receptor alpha/delta gene
has been reported in T-cell ALL as translocation
t(8;14)(q24;q11). All these translocations lead to quanti-
tative increases in the expression of c-myc mRNA and
protein, due to juxtaposition of the c-myc gene to the
Ig or T-cell receptor gene enhancer. The c-myc protein
activates the expression of genes necessary for cells to
enter the S-phase and proliferate. This chromosomal ab-
normality is detected in approximately 80% of Burkitt
ALL cases; mechanisms other than translocation are be-
lieved to be responsible for increased expression of the
c-myc gene in the remaining cases [12, 33, 39].

8.5.7 19p13.3 Abnormalities

The E2A gene is located on chromosome 19p13.3. Trans-
location t(1;19)(q23;p13) forms the E2A-PBX1 fusion
gene, leading to expression of the E2A-PBX1 fusion pro-
tein. This abnormality is seen in precursor B-cell ALL
and is detected in approximately 5% of pediatric and
3% of adult ALL cases. A similar translocation
t(17;19)(q22;p13) involving the E2A gene results in ex-



126  Chapter 8 - Diagnosis of Acute Lymphoblastic Leukemia

pression of the fusion protein E2A-HLF. The E2A-PBX1
and E2A-HLF fusion proteins are strong transcription
factors that appear to activate several downstream genes
[23, 32, 51, 76]; both are associated with poor outcomes.

8.5.8 5g35 Abnormalities

A recently described cryptic translocation in T-cell ALL,
t(5:14)(q35;932), moves the HOX11L2 (HOX11like2)(RNX;
TLX3) homeobox gene into close proximity of the CTIP2
gene on chromosome 14. This translocation, which can
be detected with FISH or RT-PCR, leads to overexpres-
sion of HOX11L2. Translocation t(5;14) appears to be re-
stricted to T-lineage ALL and is more common in chil-
dren than adults (22% vs. 13%) [6, 19].

8.5.9 1p32 Abnormalities

The TAL-1 (SCL; TCL-5) gene, located on chromosome
1p32, codes for a 42-kd nuclear protein with a helix-
loop-helix DNA binding motif. Found in approximately
25% of cases [3, 41, 63], TAL-1 alterations are the most
common genetic abnormalities in T-cell ALL and
can be formed by translocation or deletion. The
t(1;14)(p32;q11) translocation associates TAL-1 with the
T-cell receptor alpha/delta locus, whereas nonrandom,
submicroscopic interstitial deletions between SIL and
the 5" untranslated region of the TAL-1 gene give rise
to a SIL-TAL-1 fusion transcript. Both alterations dis-
rupt the coding potential of TAL-1 in a similar manner,
leading to its ectopic expression in T cells.

8.5.10 10q24 Abnormalities

Translocations involving the HOX11 homeobox gene, lo-
cated on chromosome 10924, are present in about 5% of
T-cell ALL cases. Translocation t(10514)(q24;q11) places
HOX11 under transcriptional control of the T-cell recep-
tor alpha/delta gene, while translocation t(7;10)(q35;q24)
places it under control of the T-cell receptor beta gene.
Both translocations lead to transcriptional activation of
HOX11 (TLX1; TCL3) [30, 46, 70]. HOX11 overexpression
appears to be a favorable prognostic factor in adult T-
cell ALL [30].

8.5.11 6q Abnormalities

Chromosomal bands 6q15 to 6q23 are frequently deleted
in T- and B-cell ALL. Such deletions have been reported
in approximately 5% of cases, but are believed to be
more frequently detected if PCR analysis of LOH is
used. Translocations involving this region of chromo-
some 6, including t(6;12)(q23;p13) (ETV-6 gene) and
t(6511)(q27;q23) (a region close to the MLL gene), have
also been reported. There is a suggestion that this ab-
normality is associated with more aggressive disease
(17, 38, 54, 74].

8.5.12 9932 Abnormalities

The TAL-2 gene encodes a helix-loop-helix protein, a
transcriptional factor that activates various genes and
leads to cellular proliferation [84]. The TAL-2 gene is ac-
tivated by translocation t(7;9)(q34;q32), which juxta-
poses it with regulatory elements of the T-cell receptor
beta gene. This abnormality is rare and best detected by
cytogenetic and FISH studies, but its clinical relevance
has not been established.

8.5.13 T-Cell Antigen Receptor Gene
Abnormalities

The genes for T-cell receptors alpha/delta, gamma, and
beta are located on chromosomes 14qu1, 7q15, and 7935,
respectively; the delta receptor gene is located within
the alpha gene. All of these loci are involved in chromo-
somal translocations that lead to activation of transcrip-
tion factors or oncogenes [65]. The clinical relevance of
the translocations that they are involved with is depen-
dent on their partner gene. In most of these transloca-
tions the partner genes are deregulated and become un-
der the influence of the promoter/enhancer of the T-cell
receptors in a fashion similar to that seen in Burkitt leu-
kemia.

8.5.14 13q14 Abnormalities

Deletion of band 13q14 is detected in ALL and many
other leukemias and tumors, suggesting the presence
of tumor suppressor genes in this region. Numerous
genes have been investigated as targets for this deletion,



including the retinoblastoma gene, but none of the po-
tential targets investigated so far have been consistently
implicated.

Micro-RNAs are short (21- or 22-nucleotide) RNAs
transcribed from a family of closely related noncoding
genes. Although their function is not completely under-
stood, micro-RNAs are thought to regulate expression
by binding mRNA of specific genes [15, 16, 50]. Two mi-
cro-RNA genes, miR15 and miR16, were recently re-
ported to be the target for the 13q14 deletion in chronic
lymphocytic leukemia and are most likely deleted in
ALL. Cytogenetic and FISH studies can detect this ab-
normality, but higher percentage of this abnormality
has been reported when LOH is used [22].

8.5.15 9p21 Abnormalities

Abnormalities of the short arm of chromosome ¢ at
band p21 occur in up to 15% of patients with ALL. These
patients, mainly children, tend to present with unfavor-
able clinical characteristics (high white blood cell and
blast counts and organomegaly) and predominantly T-
cell immunophenotype. Clinical outcome is character-
ized by high relapse rates and short overall survival.
The tumor suppressor genes p16™** and p15™** are
located in this region and their products are of the cy-
clin-dependent kinase inhibitor (CDKI) family. Dele-
tions of p16™*** and p15™%#* are most common in T-cell
ALL, where they can be found in 60-80% of cases. Hy-
permethylation of the 5'-CpG promoter islands silences
this gene locus [28, 60, 66].

8.5.16 Molecular Abnormalities Detected
by Expression Microarrays

Expression microarrays with cDNA or oligonucleotide
sequences from a few to more than 33000 genes have
been used to subclassify ALL and to stratify patients ac-
cording to their risk and response to therapy. The ex-
pression microarray approach has yielded useful and
interesting insights into the biology of ALL. It has
proved useful as a discovery tool, and the data generated
from this approach show that the number of genes re-
quired for specific diagnoses and subclassifications is
small and can be adapted using standard diagnostic
techniques such as real-time RT-PCR [8, 29, 48, 57
68]. However, numerous technical issues related to the
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reproducibility and the practicality of this approach
need to be resolved before it is accepted for clinical use.
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9.1 Introduction

Remarkable progress has been made in the treatment
and outcome of adult acute lymphoblastic leukemia
(ALL) over the past 3 decades. This progress is the result
of an accumulation of a mosaic of knowledge and ex-
perience, which have led to a more profound under-
standing of the biology of the disease, and at the same
time the development of new drugs and treatment strat-
egies. Advances in the understanding of the biology has
highlighted significant differences between childhood
and adult ALL (e.g., high frequency of Philadelphia-pos-
itive ALL and low incidence of TEL-AMLi1-positive dis-
ease in adults) and thus explains at least partly the di-
vergence of outcomes that is still observed between chil-
dren and adults. Moreover, ALL is increasingly recog-
nized as a group of heterogeneous disease entities with
unique responses to therapy and prognosis. The combi-
nation of further cytogenetic-molecular dissection of
ALL subtypes with the emergence of new and targeted
therapies will thus continue to constitute the fundament
upon which further progress will hopefully occur in
adult ALL.

9.2 The General Treatment Outline of ALL

Most of the initial therapeutic advances in adult ALL
have arisen from successful adaptation of ALL treat-
ment strategies in children. ALL therapy incorporates
multiple drugs into regimen-specific sequences of dose
and time intensity and is divided into several phases: (i)
induction; (ii) a sequence of intensified consolidation;
(iii) a prolonged maintenance phase; and (iv) CNS pro-
phylaxis (Fig. 9.1). Intensive combination therapy in
ALL following this pattern has resulted in complete re-
mission (CR) rates of 80% to 90% and leukemia-free
survival rates of between 30% and 40% [1-4]. Various
groups in the USA and around the world are investigat-
ing modifications of these treatment blocks in an effort
to improve upon the outcome. These strategies not only

Vincristine
o INDUCTION Steroids
= Anthracylines
:: Cyclophosphamide
8 4
o
2 CONSOLIDATION Modified induction
9 Rotational consolidation
INTENSIFICATION Stem cell transplant

4

Vincristine
Prednisone
6-Mercaptopurine
Methotrexate

MAINTENANCE

RISK-/[SUBSET-ORIENTED THERAPY

Fig. 9.1. Basic principle of ALL therapy.
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include addition of known chemotherapy drugs or
further intensification of chemotherapy doses, but also
incorporation of new and targeted drugs (e.g., monoclo-
nal antibodies and tyrosine kinase inhibitors), reassess-
ment of the position of stem cell transplant as part of
consolidation in first remission, use of molecular mon-
itoring for minimal residual disease, and hence estab-
lishment of novel prognostic systems leading to more
patient-specific therapy approaches based on risk pro-
file and ALL subset (Table 9.1).

The backbone of induction therapy consists of vin-
cristine, steroids, and anthracyclines to which various
other drugs such as L-asparaginase, cyclophosphamide,
or cytarabine have been added. Dexamethasone has re-
placed prednisone for better antileukemia activity and
achievement of higher levels in the CSF [5, 6]. Retro-
spective studies suggested that early dose intensification
of daunorubicin would lead to superior leukemia-free
survival and cure rates. Italian investigators used three
cycles of daunorubicin at 30 mg/mz2/day for 3 days for
a total of 270 mg/m2 during induction [7]. They re-
ported long-term disease-free survival (DFS) of 55%.
Other studies have not confirmed an improvement in
DFS, but noted fewer relapses after 2 years [8]. High-
dose cytarabine and mitoxantrone or even single-agent
high-dose idarubicin without the traditional vincris-
tine-steroid combination as the basic therapy have been
investigated, but there is little evidence of their advan-
tage [9, 10]. Overall, it has been difficult to prove higher
remission rates with these strategies. However, intensi-
fied induction may result in better quality responses
and longer survival in subsets of patients. Maximum
supportive care is a significant contributor to the suc-
cess of induction therapy. Use of antibiotics including
antifungal prophylaxis, laminar air flow rooms for older
patients (=60 years), and hematopoietic growth factors
permit administration of dose-intensive therapy with
relatively low induction mortality due to myelosuppres-
sion-associated complications. The Cancer and Leuke-
mia Group B (CALGB) randomized untreated ALL pa-
tients to receive either G-CSF or placebo during inten-
sive remission induction therapy [11]. Patients who
received G-CSF experienced a shorter time to recover
the neutrophil count >1x109/L (16 days vs. 22 days,
p<o.001), spent fewer days in hospitals (22 days vs.
28 days, p=0.02), and had fewer deaths during induc-
tion (5% vs. 11%).

Consolidation strategies include repetition of a
modified induction regimen, use of rotational consoli-
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Table 9.1. New strategies in the therapy of adult ALL

Category Question/approach

Modifications of current therapy

Induction Addition of other drugs to induction
(cytarabine, L-asparaginase, metho-
trexate)

Intensification of anthracycline doses
Dexamethasone instead of pred-
nisone

Other induction regimens: high-dose
cytarabine, mitoxantrone, liposomal
daunorubicin

Consolidation Role of high-dose anthracyclines
Early use of stem cell transplant
Optimal timing of consolidation
(early or later during maintenance)

Subtype-specific consolidation

Maintenance Duration of therapy

Intensified vs. conventional

CNS prophylaxis Risk-adapted

Intrathecal vs. craniospinal XRT

Supportive care Use of hematopoietic growth factors
(G-CSF, GM-CSF, erythropoietin)
Antifungal prophylaxis

Use of laminar air flow rooms

Role of stem cell transplantation

Consolidation in first remission
vs. later after relapse
Role of reduced-intensity transplants

Incorporation of novel agents

Monoclonal antibodies
Tyrosine kinase inhibitors

Risk models

Molecular monitoring and role of
minimal residual disease
Risk-adapted and subset-specific
treatment strategies

Salvage therapy

dation programs frequently involving high doses of cy-
tarabine, methotrexate, cyclophosphamide, or L-aspara-
ginase, and stem cell transplant. There is evidence that
some of these components may contribute to subset-
specific improvements in outcome. For example, high-



dose methotrexate may be especially effective in low-
risk B-lineage ALL and T-ALL, whereas cyclophospha-
mide and L-asparaginase have led to improved outcome
in T-lineage ALL patients [12, 13]. Early use of stem cell
transplantation (SCT) remains disputed. Although re-
commended for patients with poor-prognosis ALL (Phi-
ladelphia-chromosome-positive, 11q23 translocations),
the benefit of SCT for standard-risk patients in first
CR is not established [14]. The Eastern Cooperative On-
cology Group (ECOG) together with the Medical Re-
search Council of the United Kingdom (MRC UK) is in-
vestigating early matched-related allogeneic SCT for
those CR patients <50 years who have a histocompati-
ble donor, whereas all other patients are randomized
between autologous SCT and consolidation therapy fol-
lowed by maintenance for 2.5 years [15]. In the standard-
risk group, the s5-year EFS rates were 66% with allo-
geneic SCT and 45% for the randomized group
(p=0.06) whereas the rates were 44% and 26% for
high-risk patients. These data require further matura-
tion, but may suggest that allogeneic SCT in first CR
for patients <50 years may be beneficial not only for
high-risk patients.

The backbone of maintenance therapy has remained
fairly constant throughout the various ALL regimens
and consists of vincristine, prednisone, 6-mercaptopur-
ine, and methotrexate for the duration of 2-3 years.
Although maintenance therapy is proven to be benefi-
cial in ALL, there is so far no evidence that intensifica-
tion of maintenance provides any additional benefit [16,
17]. No maintenance therapy is given to patients with
Burkitt leukemia (mature B cell ALL) as these patients
respond well to short-term, dose-intensive regimens
and relapse after 1 year in remission is rare. Classic
maintenance schedules have also not proven valuable
in patients with Philadelphia chromosome-positive
ALL although for the opposite reason. These patients
may benefit from incorporation of tyrosine kinase inhi-
bitors (e.g. imatinib) with or without additional che-
motherapy.

Improvements have been achieved in some ALL sub-
sets such as mature B cell ALL and T lineage ALL (in-
cluding lymphoblastic lymphoma/leukemia) where the
prognosis has been traditionally poor. Incorporation
of high doses of cytarabine and cyclophosphamide, as
well as L-asparaginase in the consolidation of T lineage
ALL have increased the cure rates up to 50-60% [18].
Similar cure rates are now achieved in patients with ma-
ture B cell ALL when treated with high doses of cytara-
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bine and methotrexate and hyperfractionated cyclopho-
sphamide administered in short-term, dose-intensive
regimens [12, 13].

9.3 New Agents

Several novel agents are being investigated in ALL (Ta-
ble 9.2). The two groups of agents that have the potential
to make the biggest impact currently are the tyrosine
kinase inhibitors and the monoclonal antibodies (ritux-
imab, alemtuzumab, anti-B4bR). CD20 is expressed in
around 35% of ALL patients with higher expression
found in Philadelphia chromosome-positive ALL and
mature B-cell ALL. In addition, it was found that pres-
ence of CD20 on ALL blasts is associated with worse
outcome [19]. Thus, including rituximab as part of the
induction/consolidation part of therapy may improve
the prognosis of ALL patients further [20]. ALL blasts
also show high expression of the CDs52 antigen. Unlike
CD20, CDs2 is also expressed on cells of T lineage
and use of the anti-CD 52 monoclonal antibody alemtu-

Table 9.2. Investigational agents in ALL

Class of agent Example

Clofarabine
Nelarabine (Compound 506U)

Nucleoside analogs

Purine nucleoside BCX1777
phosphorylase

inhibitors

Liposomal Liposomal vincristine
compounds Liposomal daunorubicin

Tyrosine kinase Imatinib, dasatinib, nilotinib

inhibitors Antiangiogenesis agents

Oligonucleotides BCL-2 antisense

Monoclonal Rituximab (anti-CD20)

antibodies Alemtuzumab (anti-CD52)
Anti-B4bR (anti-CD19 + ricin)
Gemtuzumab (anti-CD33)
Anti-CD7 + ricin

Flavones Flavopiridol

Proteasome Bortezomib

inhibitors

Others Pegylated asparaginase,

bryostatin, arsenic trioxide
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zumab may therefore provide additional benefit to pa-
tients with particularly T-cell leukemias or lymphomas.
The group at M.D. Anderson has started to incorporate
alemtuzumab in the hyper-CVAD induction program for
patients with relapsed or refractory T-cell hematopoie-
tic malignancies. The CALGB is testing alemtuzumab
in the setting of postremission therapy for those pa-
tients whose lymphoblasts were CD52-positive at diag-
nosis [8]. In another randomized CALGB study, anti-
B4bR (anti-CD19 monoclonal antibody conjugated to
blocked ricin) during minimal residual disease showed
little additional clinical evidence [21].

Imatinib is increasingly explored in Philadelphia
chromosome-positive ALL. Thomas et al. pioneered
imatinib-chemotherapy combinations in previously un-
treated patients [22]. Imatinib is added at a dose of 400
mg/day for the first 14 days of each of the eight induc-
tion/consolidation courses of the hyper-CVAD regimen
which is followed by 1 year of maintenance with imati-
nib at 600 mg orally daily. Of 15 patients who have been
treated with active disease (11 with de novo ALL and
four who were primary failures following nonimatinib
containing induction therapy), all achieved CR. Ten pa-
tients underwent allogeneic stem cell transplantation
within a median of 3.5 months. Among 10 patients
who did not undergo transplant, five remain in contin-
uous CR for a median of 20 months. The German ALL
study group (GMALL) is conducting a randomized
phase II study of induction therapy with imatinib versus
standard induction chemotherapy in patients > 55 years
with Philadelphia chromosome-positive ALL [23]. In a
preliminary update, all patients treated with imatinib
induction achieved CR whereas two patients assigned
to chemotherapy induction failed and were crossed over
to the imatinib arm. It is hoped that accumulating ex-
perience resulting from these and other regimens will
establish the role of in kinase situs in Philadelphia
chromosome-positive ALL and set a new standard of
care for these patients.

A number of other novel agents are investigated in
relapsed in refractory disease states and include new
nucleoside analogs (clofarabine, nelarabine), liposomal
agents (liposomal vincristine), or hypomethylating
agents (decitabine).
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9.4 Conclusion

ALL is a heterogeneous disease where ALL subsets are
characterized by distinct clinical, biological, and thus
prognostic features. In addition to developing novel
therapies, adapting these therapies according to the risk
profile of individual patients has become a main focus
in ALL treatment in recent years [24]. Traditional risk
factors such as age, white blood cell count, time to re-
sponse, or cytogenetic abnormalities have shown to in-
fluence outcome. More recently, assessment of minimal
residual disease has emerged as a tool to gauge individ-
ual response following achievement of a complete re-
mission. The GMALL study group is prospectively mon-
itoring minimal residual disease of patients during in-
duction and early consolidation and has started to stra-
tify patients according to residual disease levels at day
71 as low-, high-, or intermediate risk for relapse. The
goal of these further refinements is clear: (i) identifica-
tion of patients who should be transplanted in first CR;
(ii) adjustments of intensity during consolidation; and
(iii) possible modifications in the intensity and duration
of maintenance therapy.

ALL therapy in adults has stepped out of the
shadows from its pediatric role model. Even though
battling the odds seems more cumbersome in adults,
important progress has been made to combine an in-
creasing understanding of the biology of adult ALL with
the development of novel therapies and the accumulat-
ing experience of the clinical behavior of ALL during
therapy. ALL therapy has become a complex endeavor
and will be even more so in the future. The following
articles in this section will provide a far more in-depth
description of this progress and create an outlook at
state-of-the art therapy in this intriguing disease.
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10.1 Introduction

The Cancer and Leukemia Group B (CALGB) has per-
formed a series of studies evaluating different aspects
of induction and postremission treatment in adults with
acute lymphoblastic leukemia (ALL). In recent years,
these clinical trials have been supplemented by system-
atic morphologic, immunophenotyping, cytogenetic
and molecular genetic studies, leading to the identifica-
tion of different risk groups of patients who may war-
rant individualized treatments. Importantly, these pro-
tocols have enrolled all adult patients older than 15 years
with ALL without an upper age restriction and did not
exclude Philadelphia (Ph) chromosome positive pa-
tients.

Between 1988 and 2001, the CALGB enrolled and
treated 759 adults with untreated acute lymphoblastic
leukemia (ALL) on one of five clinical trials using inten-
sive multiagent therapy. The median age was 36 years
(range 16 to 83 years); <17% were 60 years old. Of 276
centrally reviewed and evaluable cases, 28% were Ph
chromosome positive; 5% had a t(4;11). Overall, com-
plete remission (CR) was achieved in 81% of the patients
[611/759, 95% confidence interval (CI), 78-83%]. The
median disease-free survival (DFS) measured from time
of CR was 2.0 years (95% CI, 1.6-2.3 years), and the
median overall survival was 2.0 years (95% CI, 1.7-2.3
years). At 3 years, 40% (95% CI, 36-44%) remained in
continuous CR, and 41% (95% CI, 37-44%) were still
alive. Age was a strong determinant of patient outcomes
as shown in Figs 10.1 and 10.2.

10.2 CALGB Study 8811

Intensive multiagent chemotherapy programs produce
CRs in the majority of adults with ALL. CALGB study
8811 built upon observations by the CALGB and others
that a more intensive remission induction program
might produce more durable responses [1]. A single
dose of cyclophosphamide (1200 mg/m*) was added to
a modification of the four-drug regimen (daunorubicin,
vincristine, prednisone, L-asparaginase) used in earlier
CALGB studies (7612 and 8o11) [2,3]. The treatment
schema is shown in Table 10.1. In addition, a more in-
tensive program of L-asparaginase administration was
used during induction and the first 2 months of postre-
mission consolidation because of reports suggesting the
importance of intensive asparaginase therapy in chil-
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Fig. 10.1. Disease-free survival at 3 years for 611 adults who
achieved a complete remission from ALL after treatment in five
CALGB trials between 1988 and 2001.
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Fig. 10.2. Overall survival at 3 years for 759 adults with newly di-
agnosed ALL enrolled in five CALGB trials between 1988 and 2001.

dren with high-risk ALL. Other aspects of postremis-
sion therapy were patterned after that used by the adult
German multicenter ALL (GMALL) study group and in-
cluded a total of 2 years of scheduled chemotherapy [4].

In this trial, 85% of the 197 evaluable patients (med-
ian age, 32 years; range 16 to 8o years) achieved a CR,
including 94% of patients less than 30 years old, 85%
of patients aged 30-59, and 39% of patients =60 years
old. The median duration of CR was 2.4 years (95%
CI, 2.0-5.3 years) and was also age-related. Improved re-
sults were noted in patients with T-cell ALL (estimated
3-year survival, 69%) compared to B-lineage ALL (esti-
mated 3-year survival, 38%). The most recent data indi-
cate that 43% of patients survived > 5 years (95% CI, 36-
50%) and 42% (95% CI, 35-50%) were in continuous CR
(CCR) for >5 years.

In contrast to earlier CALGB studies, there was no
adverse impact on outcome associated with the coex-
pression of myeloid antigens [5]. Although the CR rate
was very high, remission induction treatment was com-
plicated by prolonged granulocytopenia requiring an
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average of 26 days of hospitalization. In particular, the
mortality in patients > 60 years of age was unacceptably
high, and dose reductions of the cyclophosphamide and
the daunorubicin were implemented for these patients.
Similarly, the first course of consolidation therapy was
also quite myelosuppressive, requiring an average of
14 days of hospitalization during this 2-month treat-
ment.

10.3 CALGB Study 9111

The major cause of treatment-related morbidity and
mortality for patients with ALL is infection due in part
to bone marrow suppression by cytotoxic therapy.
Therefore, the CALGB designed a double-blind, place-
bo-controlled clinical trial (9111) to test the effectiveness
of filgrastim (granulocyte colony stimulating factor, G-
CSF) in reducing the complications of treatment by po-
tentially shortening the time to neutrophil recovery fol-
lowing courses of remission induction chemotherapy
and postremission consolidation treatment [6].

We randomly assigned 198 adults with untreated
ALL (median age, 35 years; range 16 to 79 years) to re-
ceive either placebo or G-CSF (5 pg/kg/day) subcuta-
neously, beginning 4 days after starting the intensive re-
mission induction chemotherapy and continuing until
the neutrophil count was 21000/pl for 2 days. The study
assignment was unblinded when individual patients
achieved a CR. Patients initially assigned to G-CSF then
continued to receive G-CSF through 2 monthly courses
of consolidation therapy. Patients assigned to placebo
received no further study drug.

The median time to recover neutrophils >1000/pl
during the remission induction course was 16 days (in-
terquartile range (IQR), 15 to 18 days) for the patients
assigned to receive G-CSF and 22 days (IQR, 19-29 days)
for the patients assigned to placebo (p <o0.001). Patients
in the G-CSF group had significantly shorter durations
of neutropenia (<1000/pl) and of thrombocytopenia
(<50000/ul) and fewer days in hospital (median, 22
days vs. 28 days, p=0.02) compared to patients receiv-
ing placebo. The patients assigned to receive G-CSF had
a higher CR rate (87% vs. 77%) and fewer deaths during
remission induction (5% vs. 11%) than did those receiv-
ing placebo. During Courses IIA and IIB of consolida-
tion treatment, patients in the G-CSF group had sig-
nificantly more rapid recovery of neutrophils >1000/pl
than did the control group by approximately 6-9 days.



Table 10.1. CALGB chemotherapy regimen for acute lymphoblastic leukemia in adults [1, 6]

Course |: Induction (4 weeks)
Cyclophosphamide*
Daunorubicin*

Vincristine
Prednisone*
L-Asparaginase (E. Coli)

*For patients >60 years old:
Cyclophosphamide
Daunorubicin

Prednisone

v 1200 mg/m2
\% 45 mg/m2
\% 2 mg
PO/IV 60 mg/m2/d
SC/IM 6000 1U/m2
800 mg/m2
30 mg/m2
60 mg/m2/d

10.3 - CALGB Study 9111

Day 1

Days 1, 2, 3

Days 1, 8, 15, 22

Days 1-21

Days 5, 8, 11, 15, 18, 22

Day 1
Days 1, 2, 3
Days 1-7

In CALGB study 9111, patients received G-CSF 5 ng/kg subcutaneously once daily, starting on day 4 and continuing

until the absolute neutrophil count was >1000/ul on two consecutive determinations >24 h apart (see text).

Course lIA: Early intensification (4 weeks; repeat once for Course 1IB)

Intrathecal methotrexate
Cyclophosphamide
6-Mercaptopurine
Cytarabine

Vincristine

L-Asparaginase (E. Coli)

Course Ill: CNS prophylaxis and interim maintenance (12 weeks)

Cranial irradiation
Intrathecal methotrexate
6-Mercaptopurine

Methotrexate

Course IV: Late intensification (8 weeks)

Doxorubicin
Vincristine
Dexamethasone
Cyclophosphamide
6-Thioguanine

Cytarabine

Course V: Prolonged maintenance (until 24 months from diagnosis)

Vincristine
Prednisone
6-Mercaptopurine

Methotrexate

15 mg
\% 1000 mg/m2
PO 60 mg/m2/d
SC 75 mg/m2/d
\% 2 mg
SC/IM 6000 1U/m2

2400 cGy

15 mg
PO 60 mg/m2/d
PO 20 mg/m2
\% 30 mg/m2
\% 2 mg
PO 10 mg/m2/d
\% 1000 mg/m2
PO 60 mg/m2/d
SC 75 mg/m2/d
\% 2 mg
PO 60 mg/m2/d
PO 60 mg/m2/d

PO 20 mg/m2

Day 1

Day 1

Days 1-14

Days 1-4, 8-11
Days 15, 22

Days 15, 18, 22, 25

Days 1-12

Days 1, 8, 15, 22, 29
Days 1-70

Days 36, 43, 50, 57, 64

Days 1, 8, 15

Days 1, 8, 15

Days 1-14

Day 29

Days 29-42

Days 29-32, 36-39

Day 1 of every 4 weeks
Days 1-5 of every 4 weeks
Days 1-28

Days 1, 8, 15, 22

139
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However, the patients in the G-CSF group did not
complete the planned first 3 months of chemotherapy
any more rapidly than did the patients in the placebo
group. Overall toxicity was not lessened by the use of
G-CSE.

After a median follow-up of 4.7 years, the DFS for
the patients assigned to G-CSF (median, 2.3 years) was
greater compared to those assigned to placebo (median,
1.7 years), although this did not reach statistical signifi-
cance. The same is true for OS in the two groups (medi-
ans, 2.4 years with G-CSF and 1.8 years with placebo).
Older age (> 60 years) was associated with a lower CR
rate, slower neutrophil and platelet recovery, and longer
hospitalization during induction, all of which were im-
proved by G-CSF therapy. There was no adverse effect of
G-CSF on the outcome of patients with myeloid antigen
positive or Ph+ ALL. It was concluded that the addition
of G-CSF to the CALGB induction treatment reduced the
duration of hematologic toxicity and improved some
measures of clinical outcomes, particularly in older pa-
tients. G-CSF was therefore added as part of the induc-
tion regimen in subsequent trials.

10.4 CALGB Study 9311

Half of all older adults with B-lineage ALL have Ph+ dis-
ease, and most of these are not able to undergo allo-
geneic stem cell transplantation (SCT). In addition,
there is considerable room for improving the outcome
for the remaining patients with B-lineage ALL. Clinical
experience using the immunotoxin, anti-B4 blocked ri-
cin (anti-B4-bR), had demonstrated reduction in tumor
size in patients with B-cell lymphoproliferative disor-
ders [7]. There was also evidence that this immunotoxin
might be useful in bone marrow purging for patients
with follicular lymphomas undergoing autologous bone
marrow transplant. Anti-B4-bR (ImmunoGen, Inc.,
Cambridge, MA) is comprised of an anti-CD19 mono-
clonal antibody conjugated to blocked ricin, which has
cytotoxic activity in lymphoid malignancies and is cap-
able of killing malignant cells resistant to chemother-
apy.

The Leukemia Committee of the CALGB therefore
explored the use of anti-B4 blocked ricin in B-lineage
ALL during a minimal disease state. In CALGB study
9311, two 7-day courses of the immunotoxin were given
1 week apart after completion of the first 2 months of
intensive therapy given as in the 9111 protocol and prior
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to the central nervous system (CNS) prophylaxis phase
[8]. Serial polymerase chain reaction (PCR) assays of
BCR-ABL, immunoglobulin heavy chain (IGH), and T-
cell receptor (TCR) genes were used to measure the im-
pact of lineage-specific intensification treatment on
minimal residual disease.

Eighty-two adults were enrolled; 78 were eligible.
The median age was 34 years (range 17 to 81). Sixty-
six patients (85%) achieved a complete remission.
Forty-six patients received the anti-B4-blocked-ricin,
which was generally well tolerated; 80% were able to re-
ceive both courses. The most common toxicity was
asymptomatic transient elevation of liver function tests
in 72%. Lymphopenia occurred in 46%. Two patients
developed antibodies to the anti-B4-blocked-ricin. Mo-
lecular monitoring before and after the experimental
course of intensification did not show a consistent
change in the number of leukemia cells remaining,
and the immediate posttreatment PCR studies did not
correlate with remission duration. Although, intensifi-
cation therapy with anti-B4-blocked-ricin is feasible
for patients with CD19-positive ALL, there was little evi-
dence for additional clinical benefit from the anti-B4-
blocked ricin.

Six patients enrolled on study 9311 had T-cell ALL
and lacked the CD19 antigen. In place of the anti-Bs-
bR course, these patients received one course of high-
dose cytarabine (2 gm/m* every 12 h for 6 days) for
postremission consolidation. The toxicity of this course
was acceptable. Four (67%) of these patients have re-
mained in CCR for longer than 3 years.

10.5 CALGB Study 9511

Two components of these more recent CALGB ALL trials
differed from previous group trials: the more extensive
use of asparaginase and the use of cyclophosphamide
[9]. The addition of these agents appears to have led
to improved CR rates and better DFS. CALGB 9511 was
a phase II study of pegylated (PEG)-asparaginase as a
replacement for E. coli asparaginase in previously un-
treated adult patients with ALL. The protocol otherwise
used the same chemotherapy treatment schedule as de-
livered in CALGB studies 8811, 9111, and 9311.

ALL cells lack asparagine synthetase and are thus
dependent on exogenous asparagine for survival. Rapid
depletion of asparagine results in selective killing of
ALL cells since normal cells are able to synthesize aspar-



agine. Because asparaginase is not markedly myelosup-
pressive, it is easily added to combination chemother-
apy regimens.

Three preparations of asparaginase are available.
One preparation is derived from Escherichia coli (E.
coli) and is commercially available for use in the USA.
A second preparation is derived from Erwinia caroto-
vora and is commercially available in Europe; it can
be ordered in the USA only for patients with allergy
to E. coli asparaginase. PEG-asparaginase is derived
from E. coli L-asparaginase by covalently conjugating
units of polyethylene glycol (PEG) to the protein. Differ-
ences between PEG-asparaginase and the other two
forms of the drug include decreased immunogenicity
and a longer half-life. The half-life of E. coli asparagi-
nase is 1.2 days, Erwinia asparaginase o.7 days, and
PEG-asparaginase 5.7 days [10]. Currently, PEG-aspara-
ginase is indicated for use in adult patients with hyper-
sensitivity to native E. coli asparaginase at a dose of
2000 U/m” every 14 days.

The optimal dosing schedule of PEG-asparaginase
in adults remains to be determined. Studies in children
have shown that a dose of 2000 U/m* delivered every 2
weeks produced asparagine depletion for 14 days in
more than 70% of patients despite inclusion of some pa-
tients with neutralizing antibodies [11]. We therefore
chose initially to test a dose of 2000 U/m* (maximum,
3750 U) administered SC or IM once during each of
the first three courses of therapy in newly diagnosed pa-
tients [12]. PEG-asparaginase was given on day 5 during
Course I and day 15 during Courses IIA and IIB (Table
9.1). Pharmacokinetic studies of asparaginase levels
were also done. Asparaginase levels provided a surro-
gate measure of asparagine depletion since levels
>0.03 U/ml produce complete asparagine depletion.
The frequency of antiasparaginase neutralizing anti-
bodies was also measured using an enzyme-linked im-
munoassay (ELISA) method.

Pharmacokinetic sampling of the first 21 patients
studied in this trial showed that asparaginase levels
were >0.03 U/ml in all 21 patients at 7 days and in 16
of 20 patients (80%) at 14 days but in only 5 of 20
(25%) at 24 days after the initial dose of PEG-asparagi-
nase [12, 13]. When the second dose was given on day 15
of the second chemotherapy course, 16 of 18 evaluable
patients (83%) had complete asparagine depletion 7
days later, and 12 of the 18 (67%) had depletion at 14
days. A third dose was given on day 15 of the third che-
motherapy course, and 14 of 16 patients (85%) had de-
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pletion at 7 days and 13 of 16 (79%) at 14 days following
this final dose. Therefore, through all three doses, 67-
80% of patients maintained sufficient asparaginase
levels to deplete asparagine for 2 weeks. Antibodies to
PEG-asparaginase developed in three patients but none
before the end of the third course. No grade 3 or 4 aller-
gic reactions or pancreatitis were observed. Hypergly-
cemia was reported in 38% of patients. Four patients
(15%) had grade 3 phlebitis or thrombosis, and one
patient had a deep vein thrombosis of the leg with em-
bolization to the lung.

Preliminary retrospective analyses in pediatric ALL
populations have suggested that the longer periods of
asparagine depletion that result from the use of E. coli
asparaginase are associated with better outcomes than
the shorter periods of depletion that result from the
use of Erwinia asparaginase. Therefore, a second cohort
of patients was treated on the 9511 trial, and a second
dose of PEG-asparaginase was added on day 22 of the
induction course to extend the duration of asparagine
depletion [13]. Pharmacokinetic analyses of this cohort
of patients showed asparagine depletion in 18 of 20 pa-
tients (90%) at 14 days and 10 of 14 (71%) at 31 days.
Further analyses are pending.

10.6 CALGB Study 9251

Patients with mature B-cell ALL (Burkitt-type, ALL-L3,
surface immunoglobulin positive, t(8q24)) fare poorly
with conventional ALL chemotherapy approaches. Early
CALGB data for patients with the t(8;14) showed that
none of those patients were long-term disease-free sur-
vivors. Of the eight patients with the L3 subtype en-
rolled on CALGB 8811, two failed to achieve CR and five
relapsed after a median remission duration of only 3
months; all five developed CNS involvement.

CALGB study 9251 was derived from a series of re-
ports, both in children and adults, which highlight a dif-
ferent approach to the treatment of these diseases. Re-
peated short courses of cyclophosphamide and high-
dose methotrexate led to CR rates of 85-95% and im-
pressive long-term DFS in a large number of patients
with Burkitt-type leukemia or lymphoma. All regimens
contained aggressive CNS prophylaxis and some in-
cluded an initial cytoreduction using modest doses of
cyclophosphamide and corticosteroids. In CALGB
9251, therapy was given over an 18-week period of time
[14, 15]. We used a regimen similar to that used success-
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fully by the German ALL study group for patients with
L3 ALL [16]. The major differences between the 9251
regimen and Hoelzer’s are the use of etoposide instead
of teniposide and the use of cytarabine as a continuous
infusion for 48 h rather than as subcutaneous injections.

We enrolled 92 adults with Burkitt leukemia or lym-
phoma and studied two cohorts to evaluate the efficacy
of intensive chemotherapy with and without cranial ra-
diation for CNS prophylaxis. Prophylactic cranial radia-
tion (2400 cGy) and 12 doses of triple intrathecal che-
motherapy were given to the first cohort of patients
[14]. A subsequent group underwent the same chemo-
therapy, except intrathecal therapy was reduced to six
doses and radiotherapy was given only to those at high
risk [15].

The median follow-up is 6.8 years in cohort 1 and 4.1
years in cohort 2. Toxicity was significant with all pa-
tients having severe myelosuppression and most pa-
tients having grade 3 or 4 mucositis. Three occurrences
of transverse myelitis, two severe neuropathies, three
cases with aphasia, and one of blindness were documen-
ted in the first cohort of 52 patients. In the subsequent
cohort of 40 patients, there were none of these occur-
rences and patients experienced less neurologic toxicity
overall (61% vs. 26%, p=0.001). Responses were similar
(74% CR overall), and the 3-year event-free survival
(EFS) from diagnosis was 52% (95% confidence interval,
38-65%) for the first cohort and 45% (29-60%) for the
second. The DFS rates were 66% and 67%, respectively.
We concluded that intensive, short-duration chemother-
apy with less intensive CNS prophylaxis controlled this
sanctuary site with little neurotoxicity and may be cura-
tive for adults with Burkitt leukemia or lymphoma.

10.7 CALGB Study 19802

Aggressive combination chemotherapy for adults with
ALL has resulted in CR rates of 70-90%, but overall sur-
vival (OS) remains at 30-40%. We hypothesized that
early dose intensification of daunorubicin (Dnr) and cy-
tarabine (Ara-C) may improve DFS and that aggressive
high dose intravenous (IV), oral, and intrathecal (IT)
methotrexate (MTX) could replace cranial radiotherapy
(RT) for CNS prophylaxis. The CALGB undertook a
phase II study (19802) to examine these issues [17, 18].
Treatment consisted of 6 monthly courses of intensive
therapy followed by 18 months of maintenance therapy.
Five drugs (cyclophosphamide [Cy], Dnr, prednisone,
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vincristine, l-asparaginase) were given with G-CSF sup-
port for remission induction as in study 9111. In patients
<60 years old, the Dnr dose in the induction module A
was increased in cohorts from 45 mg/m?*/day on days 1,
2, and 3 (used in prior CALGB ALL studies) to 60 and
then to 80 mg/m* daily for 3 days. In patients 260 yrs
old, Cy was omitted from module A, and Dnr was in-
creased from 30 to 60 mg/m*/day for 3 days. Cy plus
high-dose Ara-C, and CNS prophylaxis with IV, oral,
and IT MTX were introduced in later treatment modules
for all patients. No cranial RT was given.

Between 1999 and 2001, 163 adults with untreated
ALL (FAB L1 and L2) were enrolled on study. The medi-
an age was 41 years (range 16 to 82); 61% were male. The
median white blood cell (WBC) count at presentation
was 10 050/pl (range 500 to 348500). A large proportion,
43% (42/97) of centrally reviewed and evaluable cases,
had poor risk cytogenetics as defined in prior CALGB
studies [19]. Seventy-eight percent (127/163) of patients
(95% CI, 71-84%) achieved a CR, comparable to CR
rates (81-85%) achieved in three prior CALGB studies
with lower doses of Dnr. By age, the CR rates were
91% (43/47) for patients <30 years, 78% (65/83) for pa-
tients 30-59 years, and 58% (19/33) for patients =60
years. There were 11% induction deaths and 11% induc-
tion failures due to refractory ALL. Thirty-nine patients
<60 years received Dnr at 60 mg/m?; two of these pa-
tients (5%) died during induction and two (5%) had re-
fractory disease. These results were similar when com-
pared to eight (9%) induction deaths and 11 (12%) with
refractory disease among the 91 patients who received
Dnr at 80 mg/m”. Thirteen high-risk patients had an al-
logeneic SCT in first CR and 12 more underwent trans-
plantation after relapse.

With a median follow-up of 2.4 years for survivors,
63/163 (39%) are alive and 44/127 (35%) are in continu-
ous CR. Relapses have occurred in 66 (52%) patients; of
these, eight (5%) had isolated CNS relapses. The median
DFS is 1.5 years (95% CI, 1.0-1.9) and the median OS is
1.6 years (95% CI, 1.2-2.4). Age > 60 years impacted ad-
versely on DFS. Of interest, neither poor-risk cytoge-
netics nor presenting WBC >30 ooo/pl significantly af-
fected DFS. Both older age and adverse cytogenetics
were associated with shorter OS.

In conclusion, intensification of Dnr during treat-
ment of adult ALL is feasible, and the postremission
therapy piloted in CALGB 19802 was generally well tol-
erated and could be given in the outpatient setting. To
date, intensified Dnr has not resulted in an improve-



ment in DFS as reported by others. However, very few
relapses after 2 years have been noted. CNS prophylaxis
without cranial RT has been well tolerated and has not
resulted in an increase in CNS relapses. Longer follow-
up is needed to determine the potential benefit of inten-
sified Dnr on late relapses. Nevertheless, further Dnr
dose escalation seems unlikely to result in significant
improvements in outcome. Novel agents that eradicate
minimal residual disease should be introduced into clin-
ical trials of adult ALL.

10.8 CALGB Study 19801: T-cell ALL in Relapse

There have been almost no new drugs introduced into
the treatment of ALL in recent years. Nelarabine (Com-
pound 506U78; GlaxoSmithKline) is a pro-drug of 9-D-
arabinofuranosylguanine (ara-G), a deoxyguanosine
analog. Previous studies have demonstrated that imma-
ture T-lymphocytes are extremely sensitive to the cyto-
toxic effects of deoxyguanosine [20]. The toxicity of
deoxyguanosine to T-cells is related to the accumulation
of deoxyguanosine triphosphate (dGTP) with subse-
quent inhibition of ribonucleotide reductase, inhibition
of DNA synthesis, and resultant cell death. Recent infor-
mation indicates that the rate of ara-GTP catabolism is
similar in T-cells and B-cells, but that initial ara-G con-
centrations are higher in T-cells than B-cells for a given
dose. Thus, T-cells have a greater intracellular exposure
to ara-GTP than do B-cells.

Prior phase I studies determined a maximum toler-
ated dose of 40 mg/kg/day for 5 days in adult patients.
The dose limiting toxicity was neurologic, consisting
of seizures, obtundation and ascending paralysis. As
predicted by preclinical in vitro studies, the highest re-
sponse rates were observed in patients with relapsed T-
cell ALL and lymphoblastic lymphoma (LBL). In order
to decrease the risk of neurologic toxicities, we tested a
dosing regimen of 1.5 g/m* given IV once per day on an
alternate day schedule (days 1, 3, 5) in an intergroup
study carried out by the CALGB and the Southwest On-
cology Group (SWOG).

Between 1998 and 2001, a total of 40 patients were
enrolled, 22 with T-ALL and 18 with LBL [21]. Patients
with greater than 25% lymphoblasts within the bone
marrow were considered to have ALL. The lymphoblasts
had to express at least two T-cell antigens. All patients
were refractory to at least one induction regimen or
were in first or greater relapse after achieving a CR. Pa-
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tients could not have evidence of CNS disease and had
to have a calculated creatinine clearance of greater than
50 ml/min. A maximum of two induction courses was
administered. Each cycle was repeated every 21 days.
Those patients achieving a CR were allowed to receive
an additional two courses as consolidation therapy.
The median age was 34 years (range 16 to 66). There
were 33 males and seven females. Of the 21 evaluable pa-
tients with ALL, there were six CRs and two partial re-
missions (PR) for a total response rate of 38% (95% CI,
18-62%). For the 17 evaluable patients with LBL, there
were four CRs and no PRs for a total response rate of
24% (95% CI, 7-50%). The overall response rate
(CR+PR) for the 38 evaluable patients was 32% (95%
CI, 18-49%). One patient had a seizure and subsequent
confusion, which resolved. One patient developed hallu-
cinations but was also receiving narcotics. He was re-
treated without the recurrence of additional neurologic
symptoms. The principal toxicity was marrow suppres-
sion. Grade 3 or 4 neutropenia and thrombocytopenia
occurred in 43% and 33% of patients, respectively.

The median OS for the 40 patients was 4.6 months
(95% CI, 3-10 months). The median DFS for the 10 pa-
tients achieving CR was 9.8 months (95% CI, 3-15
months). The 1-year OS is 32% (95% CI, 16-47%) and
the 1-year DFS is 40% (95% CI, 10-70%). These results
suggest that nelarabine is well tolerated, and has signif-
icant antitumor activity in patients with relapsed or re-
fractory T-cell lymphoblastic leukemia/lymphoma.
Studies using nelarabine in patients with newly diag-
nosed T-cell malignancies are warranted.
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11.1 Introduction

The GET-LALA (Groupe d‘Etude et de Traitement de la
Leucémie Aigué Lymphoblastique de I’Adulte) group
has performed a series of studies evaluating different as-
pects of remission induction and postremission treat-
ment in adults with acute lymphoblastic leukemia

(ALL). The LALA group was formed by interested he-
matologists, physicians, and statisticians in the begin-
ning of the 1980s. The first working party was set up
in 1982 with Professor Denis Fiere as chairman of the
Steering Committee, and the first randomized trial in-
volving multiple French centers was started in 1983.
Since then several other trials have been opened to per-
sons over 15 years of age. In recent years, clinical trials
have been supplemented by systematic morphologic,
immunophenotyping, cytogenetic, and molecular ge-
netic studies leading to the identification of different
risk groups of patients who may warrant individualized
treatments. With the development of data managing and
the establishment of a large network of collaborating
physicians and biologists, the later trials became larger,
and reporting was more reliable. The major aim of all
the trials was the improvement of remission duration
and survival rates of adult ALL patients, the definition
of prognostic factors, and the development of risk-
adapted treatment strategies. The number of participat-
ing centers in France has increased from 11 in 1982 to 47
in the LALA-94 trial that also involved 8 centers in Bel-
gium. Since 2002 with the creation of the GRAALL
(Group for Research on Adult Acute Lymphoblastic Leu-
kemia), resulting from the fusion of the LALA and GOE-
LAMS (Groupe Ouest-Est d‘étude des Leucémies et Au-
tres Maladies du Sang) groups, the group protocols are
administered in hospitals all over France and in some
Belgian centers. International collaborations were also
developed with the Australasian Leukemia and Lympho-
ma Group (ALLG) and the Swiss Group for Clinical Can-
cer Research (SAKK) allowing to randomize sufficient
numbers of patients to demonstrate the effects of treat-
ments in more accurately defined risk groups. Insight
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into the biologic and molecular abnormalities in ALL
might also provide the necessary clues that allow a
clearer understanding of the crucial differences in the
behavior of the different subtypes of ALL patients.

11.2 General Principles

In the 1960s, a major development in the treatment of
ALL came from St. Jude Children’s Research Hospital
in Memphis, with Don Pinkel introducing a four-phase
treatment plan for ALL, what he called “Total therapy”
[1] that took into account the advantage of combination
chemotherapy in overcoming initial drug resistance and
inhibiting acquired resistance, as well as the superiority
of some drugs for remission induction and others for its
continuation. All available antileukemic agents were in-
cluded in the plan. The principles that were applied re-
sulted in the regular cure of more than 50% of children
with ALL. These principles were induction therapy
using vincristine and prednisone, consolidation che-
motherapy, a maintenance chemotherapy using 6-mer-
captopurine and methotrexate, and then radiotherapy
to the central nervous system (CNS) to prevent menin-
geal relapse. This resulted in a tremendous increase in
the survival rate of patients with ALL. This regimen also
recognized the importance of early intensification che-
motherapy, the need for specific CNS treatment to pre-
vent meningeal relapse, and the idea of continuing com-
bination chemotherapy for 2 to 3 years. With this basic
therapeutic strategy, results improved regularly over
time with complete remission (CR) rates above 90%
with recent programs and survival approaching 7o-
80% [2]. Unfortunately, the success that has been
achieved in children with ALL has not yet been trans-
lated into adult patients [3]. Although CR rates
approach now those in children, only 30-40% of adults
with ALL can expect a cure 4. Less frequent than ALL in
childhood, ALL in adults has long been mishandled [4,
5]. The first cooperative studies in adults with ALL were
initiated during the 1970s and the early 1980s [6-9], of
which the first trial of the LALA group.

11.3 LALA-83 Trial (1983-1985)

A pilot study on 45 patients from 16 to 73 years old was
initiated in 1982 to test the feasibility of an intensive and
short induction phase followed by an early consolida-
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tion phase [10]. Eleven French centers participated to
that pilot study. All patients received a 5-day course of
induction chemotherapy with prednisone, vincristine,
cytarabine, and rubidazone. An “AAA” regimen consist-
ing of Adriamycin, cytarabine (Aracytine), and Aspara-
ginase was used as consolidation. CR was achieved in
73% of patients and the sequence intensive induction-
early consolidation was well tolerated and proved feasi-
ble. This allowed the development of a larger multicen-
ter trial. The LALA-83 trial started at the beginning of
1983 and ran through 1985, including 225 patients from
33 French centers. The major aims of this trial were to
study the usefulness of aggressive CR induction and

LALA-83 Trial
Rl
178 2/8
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Me CR
Salvage VRAP
R CR
15-40 years 15-40 years
I+ identical sibling v identical sibling
Alle SCT Alle 5CT
CHS Prophyhoxis
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RrE
Consolidation Consolidation No &
Maintenanca Abaintenonce Maintenance

Fig. 11.1. Schema of LALA-83 trial. Induction therapy consisted of
VRAP with rubidazone 450 mg/m?/d on day 1; vincristine 1.2 mg/
m?/d on days 1 and 5; cytarabine 100 mg/m?/d on days 1-5; and
prednisone 80 mg/m?/d on days 1-5; or VCP with vincristine

1.4 mg/m?/d on days 1, 8, 15, and 21; cyclophosphamide 400 mg/
m?/d on days 1, 8, 15, and 21; and prednisone 60 mg/m?*/d on
days 1-15. Consolidation therapy consisted of three 1-month
courses of adriamycin 40 mg/m? on day 1; cytarabine 60 mg/m?/d
on days 3-7; and asparaginase 1000 U/m?%/d on days 8-12. Main-
tenance chemotherapy consisted of methotrexate 15 mg/m?/week
and 6-mercaptopurine 90 mg/m?/d for 2 years. Alternating courses
of reinduction consisting of either vincristine 1.4 mg/m? on day 1;
cyclophosphamide 600 mg/m? on day 1; and prednisone 60 mg/
m?/d on days 1-8; or adriamycin 40 mg/m? on day 1; and cytarabine
60 mg/m?/d on days 1-5, were performed. Abbreviations:

CNS, central nervous system; R1, first randomization; R2, second
randomization.



early consolidation in adult ALL, and to study the value
of HLA-matched allogeneic stem cell transplantation
(SCT) performed in early first CR (Fig. 11.1) [11]. One
third of the patients were randomized in the VCP (vin-
cristine, cyclophosphamide, prednisone) induction
arm, while two thirds in the more aggressive VRAP
(vincristine, rubidazone, cytarabine, prednisone) arm.
CR rates were not statistically different with, however,
a higher toxicity in the VRAP arm. Overall, the CR rate
after one or two courses of induction therapy was 77.5%.
Of patients evaluable for postremission therapy, 39 of 42
patients with a suitable donor were allografted in first
CR, 39 patients initially treated by VCP arm received
consolidation with 3 monthly courses of “AAA)” fol-
lowed by a 3-year maintenance therapy, 63 patients ini-
tially treated by VRAP arm were randomized to receive
AAA consolidations and maintenance therapy, or only
maintenance therapy. The median overall survival
(OS) was 13.5 months for the entire cohort. The best re-
sults were observed after allogeneic SCT with 6-year dis-
ease-free survival (DFS) at 53% [12]. There was a signif-
icantly better survival for patients initially treated with
VCP and receiving AAA consolidations followed by
maintenance therapy. In the multivariate analysis, age
(cut-off at 35 years) and initial white blood cell count
(cut-off at 30x10°/1) appeared as the main prognostic
factors suggesting their use in a risk model further de-
veloped in subsequent trials.

11.4 LALA-85 Trial (1985-1986)

At the beginning of the 1980s, the overall probability of
achieving CR exceeded 75%, and approximately 35% of
patients achieving CR could be cured using chemother-
apy alone [7, 13]. It was therefore appropriate to study
alternative forms of treatment such as allogeneic or
autologous SCT. In the LALA-83 trial, allogeneic SCT
was performed in all patients aged under 40 years hav-
ing an HLA-identical sibling, showing a slight advantage
of SCT over optimal chemotherapy [12]. The LALA
group tested, in this pilot study, the feasibility of purged
autologous SCT, after an intensive induction regimen in
which zorubicin was used instead of the classical dau-
norubicin (Fig. 11.2) [14]. The postinduction che-
motherapy arm began with 3-month consolidation ac-
cording to AAA regimen. The maintenance chemother-
apy was similar to that of the Lio maintenance regimen,
using eight drugs sequentially [4]. In patients, aged 15 to
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Fig. 11.2. Schema of LALA-85 trial. Induction therapy consisted of
rubidazone 100 mg/m?/d on days 1-3; vincristine 1.4 mg/m?/d on
days 1, 8, and 15; cyclophosphamide 400 mg/m?/d on days 1, 8, and
15; and prednisone 60 mg/m?%/d on days 1-15. Consolidation ther-
apy consisted of three 1-month courses of adriamycin 40 mg/m” on
day 1; cytarabine 60 mg/m?/d on days 3-7; and asparaginase
1000 U/m?/d on days 8-12. Maintenance chemotherapy consisted
of a modified L10 regimen for 4 cycles of 64 days including pred-
nisone 60 mg/m?/d on days 1-8; adriamycin 20 mg/m? on days
15-17; vincristine 1.4 mg/m?/d on days 1 and 8; 6-mercaptopurine
60 mg/m?/d on days 25-56; methotrexate 20 mg/m?/d on days 35,
42, 49, and 56; and dactinomycin 1000 gamma/m2 on day 56; al-
ternating with 4 cycles of 64 days including prednisone 60 mg/m?%/d
on days 1-8; cyclophosphamide 800 mg/m? on day 15; carmustine
80 mg/m? on day 15; vincristine 1.4 mg/m?/d on days 1 and 8;
6-mercaptopurine 60 mg/m?/d on days 25-56; methotrexate

15 mg/m?/d on days 35, 42, 49 and 56; and dactinomycin

1000 gamma/m2 on day 56. Abbreviations: R1, first randomization.

50 years, without identical sibling donor, the che-
motherapy arm was randomly compared to autologous
SCT. Ex vivo purging of the stem cells was performed
using mafosfamide or monoclonal antibodies plus com-
plement. From May 1985 to December 1986, 164 patients
from 33 institutions entered the trial. The overall CR
rate was 83%. For the whole group, DFS was 34% and
0OS 42% with a median follow-up of 30 months [14].
Twenty-seven patients received autologous SCT. No dif-
ference appeared between the three arms of postremis-
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sion (chemotherapy, allogeneic SCT, autologous SCT) in
terms of DFS or survival. However, the number of allo-
cated patients in each arm was too small to draw any
conclusions. Furthermore, 12 out of the 34 allografted
patients have relapsed, of whom 10 had received T-de-
pleted marrow.

11.5 LALA-87 Trial (1986-1991)

The previous pilot study has led the LALA group to pro-
pose a new trial (LALA-87 trial) testing the different
strategies for postinduction therapy with the aim to as-
certain clearly the value of transplantation and of che-
motherapy in first CR [15]. The objective was therefore,
first, to evaluate randomly, after consolidation che-
motherapy, the benefits of autologous SCT over classical
maintenance chemotherapy (L1o regimen), and second,
to pursue the evaluation of allogeneic SCT in first remis-
sion. Finally, a randomized evaluation of zorubicin over
daunorubicin as a part of the induction regimen was
performed (Fig. 11.3). This multicentric cooperative trial
was conducted between 1986 and 1991 by 43 French and
Belgian institutions.

In ALL, many attempts have been made to intensify
induction regimens by adding a fourth or a fifth drug
[13, 16, 17], but the actual benefit of this approach re-
mained questionable. In the LALA-87, we proposed the
administration of a high-dose anthracycline added to
cyclophosphamide in induction therapy. Of the 572 as-
sessable patients, 76% achieved CR. No differences in
terms of CR, DFS, or survival were observed when con-
sidering the two randomized induction regimens. The
OS rate of the entire cohort was 27% at 10 years [18].
The survival rate for the 436 patients achieving CR
was 30% at 10 years. All patients aged 51-60 years were
treated with chemotherapy only. The 10-year survival of
those patients was 18%. In the LALA-87 trial, assign-
ment to postremission arm based on the results of
HLA typing was considered as a “genetic randomiza-
tion”. Patients with an HLA-matched sibling donor were
assigned to the allogeneic SCT arm, while those without
donor were assigned to the control arm, and then sec-
ondarily randomly allocated to receive autologous SCT
or chemotherapy. In the allogeneic SCT trial, based on
an intent-to-treat analysis, the 10-year survival rate
was 46% in the allogeneic SCT arm vs. 31% in the con-
trol arm (p=o0.04). In the autologous SCT trial, based
on an intent-to-treat analysis, the 10-year survival was
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Fig. 11.3. Schema of LALA-87 trial. Induction therapy consisted of
vincristine 1.5 mg/mzld on days 1, 8, 15 and 22; cyclophosphamide
600 mg/m?/d on days 1 and 8; and prednisone 60 mg/m?/d on
days 1 to 22. In addition, two anthracyclines, either rubidazone
(RBZ) 100 mg/m?/d on days 1 to 3 or daunorubicin (DNR) 50 mg/
m?/d on days 1 to 3, were compared (R1). In absence of CR, patients
received salvage therapy including cytarabine 500 mg/m?/12 h on
days 1 to 4, and amsacrine 120 mg/m?%/d on days 1 to 3. Consoli-
dation therapy consisted of three 1-month courses of either rubi-
dazone 120 mg/m? on day 1 or daunorubicin 60 mg/m? on day 1;
cytarabine 60 mg/m?/d on days 3 to 7; and asparaginase 1000 U/
m?/d on days 8 to 12. Maintenance chemotherapy consisted of a
modified L10 regimen for 4 cycles of 64 days including prednisone
60 mg/m?/d on days 1 to 8; daunorubicin 60 mg/m? on day 15 or
rubidazone 120 mg/m? on day 15; vincristine 1.5 mg/m?*/d on
days 1 and 8; 6-mercaptopurine 60 mg/m?%/d on days 25 to 56;
methotrexate 15 mg/m?/d on days 35, 42, 49 and 56; and dacti-
nomycin 1000 gamma/m? on day 64; alternating with 4 cycles of 64
days including prednisone 60 mg/m?/d on days 1 to 8; cyclopho-
sphamide 800 mg/m? on day 15; carmustine 80 mg/m? on day 15;
vincristine 1.5 mg/m?/d on days 1 and 8; 6-mercaptopurine 60 mg/
m?/d on days 25 to 56; methotrexate 15 mg/m?/d on days 35, 42, 49
and 56; and dactinomycin 1000 gamma/m? on day 64. Abbrevia-
tions: AlloSCT, allogeneic stem cell transplantation; Amsa, amsa-
crine; AraC, cytarabine; Autologous SCT, autologous stem cell
transplantation; CNS, central nervous system; DNR, daunorubicin;
RBZ, rubidazone; R1, first randomization; R2, second randomization.

34% in the autologous SCT arm vs. 29% in the che-
motherapy arm (p=NS). Overall results were in the
range of those published by most larger cooperative
groups. The LALA-87 confirmed the efficacy of allo-



geneic SCT [19-21]. In the second trial comparing auto-
logous SCT and chemotherapy, there was only a trend
for better results in the autologous SCT arm.

11.6 LALA-91 Pilot Study (1991-1993)

Between 1991 and 1993, 57 patients were included in a
pilot multicenter trial in which we used sequential ad-
ministration of prednisone from day 1 to day 7 and
day 15 to day 21, in combination with a conventional
chemotherapy combining vincristine, daunorubicin,
and cyclophosphamide, with the aim of decreasing the
risk of complications in relation with steroid adminis-
tration [22]. A high rate of CR (89%) was observed
without severe toxicity. Severe infectious complications
occurred in only 14% of cases. Sequential use of predni-
sone seemed at least as effective as continuous adminis-
tration at the expense of a few adverse side effects and
was therefore included in the further trials (LALAG-92
and LALA-94).

11.7 LALA-94 Trial (1994-2002)

The prognosis of adult patients with ALL, treated with
modern chemotherapeutic regimens, is dependent on
a number of variables. These features have been utilized
to identify patients with low and high risk of relapse.
Treatment tailored to individual risk groups has resulted
in dramatic improvements in outcome for pediatric pa-
tients with ALL, and risk-adapted strategies based on
biological and clinical features were also applied to
adults with ALL to improve survival. The major prog-
nostic factors in adults are age, cytogenetics, immuno-
logic subtype, white blood cell count, and time to
achieve CR [23]. Risk-adapted strategy is based on a
dose efficacy scheme and the optimal treatment strategy
is related to a perfect knowledge of prognostic factors.
However, prognostic factors are regimen-dependent
and could therefore change according to the period of
study.

Based on the LALA-87 trial results [15], aggressive
induction plus more potent intensification programs
with chemotherapy plus SCT have been proposed to im-
prove treatment results. We introduced in the LALA-94
trial a risk-adapted postremission strategy according to
initial features and to initial response to therapy, and we
re-evaluated transplantation for high-risk ALL [24]. Be-
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tween 1994 and 2002, a total of 1000 untreated ALL pa-
tients (excluding mature B-cell ALL) from 68 French,
Belgian, Swiss, and Australian centers entered the
LALA-94. All patients received a standard 4-drug/s-
week induction course. After one course of induction
chemotherapy, patients were systematically stratified,
by initial clinical and biological characteristics (based
on cytogenetic analysis and molecular examination)
and by their response to initial therapy, in different risk
groups. Postinduction intensity was designed according
to the risk level (Fig. 11.4). Standard-risk ALL com-
prised all T-cell lineage ALL patients achieving CR after
one course of chemotherapy and B-cell lineage ALL pa-
tients defined by the absence of CNS-positive ALL, the
absence of Philadelphia chromosome, t(4;11), t(1;19), or
other abnormalities involving 11q23 rearrangements, a
white blood cell count <30x10°/l, an immunopheno-
type characterized by CD10*/CD19", or CD20"/CD19"
and the absence of myeloid markers, and achievement
of CR after one course of chemotherapy. Standard-risk
ALL followed a chemotherapy program for 2 years with
a randomization on day 35 between either an intensive
consolidation chemotherapy, combining mitoxantrone
and intermediate-dose cytarabine (HAM), followed by
maintenance therapy or only maintenance chemother-
apy. Philadelphia chromosome-positive ALL and CNS-
positive ALL were individualized. On the basis of inten-
tion-to-treat principle, these patients achieving CR,
after an induction course followed by HAM intensive
consolidation, were distributed in one of the following
groups: matched related allogeneic SCT if they had a
sibling donor, or autologous SCT if they did not meet
criteria for the first group. High-risk ALL was defined
as nonstandard-risk ALL without Philadelphia chromo-
some or CNS involvement. In this group, all patients
with a HLA sibling were scheduled for allogeneic SCT.
Patients without a sibling donor were randomly as-
signed between the chemotherapy program and autolo-
gous SCT.

Report on 922 eligible patients showed a CR rate of
84%. Median OS was 23 months and median DFS was
17.5 months with 3-year DFS at 37%. In standard-risk
ALL, the 3-year DFS rate was 41%, with no difference
between arms of postremission randomization. In
high-risk ALL and ALL with CNS involvement, the 3-
year DFS rates were 38% and 44%, respectively. In
high-risk ALL, autologous SCT and chemotherapy re-
sulted in not significantly different outcome. Patients
with an HLA-matched sibling had improved DES [24].
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Fig. 11.4. Schema of LALA-94 trial. The induction course was admi-
nistered over a 4-week period and consisted of either idarubicin
9 mg/m?/d on days 1, 2, 3, and 8, or daunorubicin 30 mg/m?/d
on days 1-3, and 15 and 16; vincristine 2mg/d on days 1, 8, 15,
and 16; cyclophosphamide 750 mg/m?/d on days 1 and 8; and pre-
dnisone 60 mg/mZ/d on days 1-7, and 15-21. Postinduction che-
motherapy varied according to risk-groups. It could consist of either
cytarabine 1 g/m?/12h on days 1-4, and mitoxantrone 10 mg/m?/d
on days 3-5; or cyclophosphamide 1 g/m?/d on days 1, 15, and 29;
cytarabine 75 mg/mZ/d on days 3-6, 10-13, and 17-20; and 6-mer-
captopurine 60 mg/m?/d on days 1-28. Maintenance chemotherapy
was a program for 2 years with alternating courses of methotrexate
1.5 g/m? on day 1, and L-asparaginase 1000 U/m? on day 2

Philadelphia-positive and/or BCR-ABL-positive ALL
confirmed a poor outcome with a 3-year OS rate of
28%. Median DFS values for autografted patients and
for allografted patients were 6.5 and 15.5 months with
3-year DFS rates at 15% and 34%, respectively
(p=o0.001) [25]. After each course, minimal residual dis-
ease (MRD) was tested by specific reverse transcriptase-
polymerase chain reaction (RT-PCR) with a median
sensitivity of 107.

Better results in terms of CR may be obtained by
using more intensive chemotherapy and better suppor-
tive care to reduce early deaths [26]. In the LALA-94
trial, encouraging results in terms of remission propor-
tion could be explained by reduced toxicity with fewer
infections related to lower doses corticosteroids [22]
and the use of hematologic growth factors in some cen-
ters [27], and efficacy of HAM salvage therapy [26, 28-
30]. In Philadelphia-positive ALL, HAM-associated sal-
vage rate was higher in patients with M-BCR than in
those with m-BCR ALL (55% vs. 30%, p=0.05). BCR-

(9 courses); vincristine 0.4 mg/d on days 1-4, doxorubicin 12 mg/
m?/d on days 1-4, and dexamethasone 40 mg/d on days 1-4 (2
courses); and cyclophosphamide 1 g/m2 on day 1, and cytarabine
500 mg/m? on day 1 (8 courses). Methotrexate 15 mg/m?*/week
and 6-mercaptopurine 60 mg/m*/d were administered between
maintenance courses from day 220 to month 30. Abbreviations: Al-
10SCT, allogeneic stem cell transplantation; AutoSCT, autologous
stem cell transplantation; AraC, cytarabine; CNS+, central nervous
system-positive; CPM, cyclophosphamide; DNR, daunorubicin;
HAM, high-dose cytarabine plus mitoxantrone; Ida, idarubicin;
PDN, prednisone; Ph+, Philadelphia-positive; VCR, vincristine; 6MP,
6-mercaptopurine.

ABL status after HAM was predictive of remission dura-
tion and survival [25].

11.8 Results of Stem Cell Transplantation
in LALA Study Group

11.8.1 Allogeneic Stem Cell Transplantation

The optimal consolidation therapy for adults with ALL
in first complete remission remains unclear. Trials eval-
uating allogeneic stem cell transplantation have uni-
formly shown higher treatment-related mortality and
decreased disease relapse, resulting in centers favoring
a conservative approach and recommending transplan-
tation only for patients <30 years old with very high-
risk ALL, such as Philadelphia-positive ALL [20, 31].
In the LALA-87 trial, allogeneic SCT was compared to
chemotherapy or autologous SCT in first CR [18, 32].
Based on an intent-to-treat analysis, the survival rate
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Fig. 11.5. DFS according to genetic randomization in the LALA-94 trial.

was 46% with allogeneic SCT vs. 31% with chemother-
apy or autologous SCT (p =0.04). In the high-risk group
(including Philadelphia-positive ALL), survival rates at
10 years were 44% in the allogeneic SCT group vs. only
11% in the control arm (p=0.009). In the standard-risk
group, the corresponding numbers were 49% and 39%,
respectively. These results supported the value of allo-
geneic SCT in first CR in patients with high-risk ALL
[18].

Actually, non-Philadelphia-positive high-risk ALL
represents the majority of ALL cases. In the LALA-94
trial, allogeneic SCT did better than the other postre-
mission therapeutic strategies in terms of DFS in Phila-
delphia-negative high-risk patients using the results of
the HLA typing as a random allocation (5-year DFS:
45% vs. 23%; p=o0.007) (Fig. 11.5) [24]. Furthermore, al-
logeneic SCT appeared definitively of benefit to Phila-
delphia chromosome-positive ALL [25], t(4;11) ALL,
and t(1;19) ALL [33]. These results, together with recent
data showing no difference in related compared with
unrelated transplant in first CR [34], suggest the feasi-
bility of using matched unrelated donor SCT in future
clinical trials for those patients in absence of a sibling
donor.

Our results confirmed those of the Medical Research
Council UKALL XII/Eastern Cooperative Oncology
Group E2993 trial, in which data suggested that allo-
geneic SCT was beneficial in first CR, regardless of the
risk group, challenging the current approach of restrict-

ing allogeneic SCT to high-risk ALL patients in first CR
only [35].

11.8.2 Autologous Stem Cell Transplantation

In the LALA-87 trial, based on an intent-to-treat analy-
sis, survival at 10 years was 34% in the autologous SCT
arm vs. 29% in the chemotherapy arm (p=NS). Sixty-
six percent of patients actually received transplantation.
After stratification according to standard-risk and high-
risk criteria, the difference was still not significant. In
high-risk ALL (including Philadelphia-positive ALL),
the OS rate at 10 years was 10% for the autologous
SCT arm vs. 16% for the chemotherapy arm. In stan-
dard-risk ALL, the 10-year OS rate was 49% in the auto-
logous SCT arm and 40% in the chemotherapy arm [18].
In the LALA-94 trial, autologous SCT and chemotherapy
resulted in high-risk ALL in comparable median DFS
(15.2 vs. 11 months) with 3-year DES of 39% and 24%,
respectively (p=NS). However, there were some flaws
in all studies: the number of patients in each arm was
small, and some patients allocated to the transplanta-
tion group actually did not undergo transplantation.
In a retrospective study including adult patients
randomized in the three successive trials—LALA-8s,
LALA-87, and LALA-94 —autologous SCT did not show
superiority over chemotherapy in high-risk ALL pa-
tients, although a different pattern of relapse was ob-
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served after autologous SCT with fewer late relapses
[36]. The use of autologous SCT in first remission
was, however, not advocated.

11.9 Prognostic Factors

The majority of adults with ALL now achieve CR. Unfor-
tunately, despite these achievements, the majority of
these patients still relapse. One way of approaching this
challenge is to examine options for postremission ther-
apy based on the prognostic factors. Different classifica-
tions have been proposed [13, 16, 37], identifying
roughly three risk groups: a standard-risk group that
contains patients with B- or T-lineage ALL who have
no adverse cytogenetics [absence of t(9;22)/BCR-ABL,
t(4;11)/MLL-AF4, or t(1;19)/E2A-PBX1], are under age
30, present with white blood cell counts of less than
30x10°/1, and achieve CR in less than 4 to 6 weeks; a
poor-risk group that contains patients with adverse cy-
togenetics, present with WBC counts of more than
100x10%/1, or who achieve late CR, and patients aged
more than 6o years; and an intermediate-risk group
that contains patients with prognostic characteristics
of neither the standard-risk nor the poor-risk group.
These prognostic factors were also considered in the
LALA trials, in which other factors were identified. In
the LALA-87 trial, T-cell lineage ALL had a more favor-
able outcome than B-cell lineage ALL [38]. T-ALL pa-
tients had a significantly more favorable outcome than
favorable outcome than B-cell lineage ALL patients only
in the chemotherapy arm. A useful measure in risk as-
sessment could be the rate of clearance of leukemic cells
from the blood or bone marrow during the early phase
of therapy. Slow clearance of the cells has proved to be
an indicator of poor prognosis, requiring intensification
therapy [39].

Improved understanding of the molecular pathogen-
esis of ALL, as well as the development of innovative
molecular monitoring techniques, is beginning to pro-
vide both new prognostic information and insights into
future therapeutic strategies. The identification of new
molecular markers of disease may also increase our
ability to tailor treatment for specific risk groups in
ALL. Both T cell receptor (TCR) and genotypic stratifi-
cation have been shown to contribute to risk-adapted
management of adult T-cell lineage ALL [40]. Detection
of MRD is also beginning to provide important prog-
nostic information that may affect postremission strat-
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egies. This was applied in the GRAALL-o03 trial, in
which treatment decisions were based on the detection
and quantification of leukemia cells at different times
during postremission treatment [41]. Ultimately, the
goal of risk-stratification was to provide the rationale
for successful subset-specific therapeutic strategies to
improve outcome for all adults with ALL.

11.10 Treatment of Elderly Patients

A number of clinical and laboratory characteristics in-
fluence the response to treatment and thus the survival
of patients with ALL. Among them, age is one of the
most important prognostic variables [7]. Only few re-
ports have been published on ALL in the elderly, but
all confirmed the poor prognosis in elderly patients
with ALL with survival rates of less than 10% at 5 years
[42]. This may be related to the biology of leukemia in
the elderly [7, 43] and/or could be related to an increase
in the number of early deaths during induction [44, 45].
Toxicity is probably not mainly hematologic since re-
generation after chemotherapy is not significantly de-
layed, but mainly extrahematologic. This may lead to in-
complete application of a proposed treatment schedule,
which additionally worsens the outcome. Another major
reason for the poor outcome in elderly ALL patients is a
higher prevalence of disease refractory to standard che-
motherapy programs related to the higher incidence of
adverse risk factors, particularly the increasing fre-
quency of Philadelphia chromosome-positive ALL with
age.

The LALA group has developed special schedules for
elderly patients with ALL since 1992. The LALA group
initiated a study (LALAG-92) aimed at improving the
prognosis of ALL in older patients [46]. Induction ther-
apy was derived from the young adult protocol LALA-87
[15] with chemotherapy administered at lower dose and
tailored according to the response assessed on day 15. In
addition, the feasibility of maintenance with interferon
(IFN) combined with chemotherapy was assessed
(Fig. 11.6). The introduction of IFN in the treatment of
ALL was supported by anecdotal reports suggesting that
IFN may prove effective in some relapsing ALL [47, 48].
Moreover, in patients receiving IFN after bone marrow
transplantation, the risk for subsequent relapse was re-
duced [49], and a hemizygous or homozygous deletion
of the IFN gene has been reported in 30% of ALL pa-
tients, which led to the hypothesis that a functional or
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Fig. 11.6. LALA trials in the elderly. Abbreviations: AraC, cytarabine;
CPM, cyclophosphamide; DNR, daunorubicin; IFN, interferon-g;
HAM, intermediate-dose cytarabine + mitoxantrone; Imatinib, ima-
tinib mesylate; Lasp, L-asparaginase; Mitox, mitoxantrone; MTX,

quantitative defect of endogenous IFN may be involved
in the pathogenesis of ALL [50]. From 1992 to 1995, 40
patients from 11 French and Belgian centers were in-
cluded in the LALAG-92 study [46]. Compared with
younger adults treated according to the LALA-87 proto-
col, elderly patients did not present with more adverse
prognostic features, except for a lower incidence of T-
cell ALL. After completion of induction therapy, 85%
achieved a CR, while treatment-related mortality during
induction was 7.5%. Median OS and DFS were 14.3
months and 14 months, respectively, which, although
inferior to results obtained in younger adults, compared
favorably with available data in the elderly. Treatment
with IFN proved feasible in most patients, but had to
be discontinued in 32% of cases because of toxicity.

In 1997, The LALA group initiated a study (LALAG-
97) derived from the 1992 study, with as main purposes
to better understand the value of IFN and to assess the
toxicity and the impact on OS of an intensified induc-
tion and of a double consolidation (Fig. 11.6). At inclu-
sion, patients were randomly allocated to therapy with

A e A e
SMPLANT X

Imatinib+PDid
VAD
BMP+AMT X
Muaintenance
(12 months)
mitoxantrone; PDN, prednisone; R, randomization; VAD, vincristine +

adriamycin + dexamethasone; VCR, vincristine; VDS, vindesine; 6MP,
6-mercaptopurine.

vincristine or with vindesine during induction and
the dose of daunorubicin was increased. The consolida-
tion phase was intensified. A 3-month course of IFN was
started after the first consolidation phase. A second con-
solidation phase and maintenance were given after IFN
therapy. From 1997 to 1999, 58 patients were included in
this study [51]. A CR was obtained in 58% of patients.
OS and DFS were also inferior to those observed in
the previous trial [46]. The pattern of relapses over time
suggested that the 3-month IFN treatment phase with no
additional chemotherapy might have contributed to the
comparatively poor outcome of this cohort.

Despite the poor prognosis in this type of leukemia,
improvements have been observed over time. The devel-
opment of supportive care and the introduction of
growth factors could have been responsible for notable
improvements in outcome related to complete applica-
tions of proposed treatment schedules. This was also
probably due to an improvement of specific therapy
against leukemia. “Personalized” treatments, adminis-
tered until 1987, have been progressively given up, and
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Fig. 11.7. Comparison of Philadelphia-positive ALL patients treated
in the elderly with imatinib mesylate and chemotherapy (AFR09)
with those treated according to our previous protocol (LALAG-97).

replaced, in all patients with WHO performance status
<3, by therapeutic schedules either similar to those ad-
ministered to adults under 60 years of age, or specifical-
ly design for elderly patients. However, “age-adapted”
therapies did not show any advantage in terms of
DFS. Higher toxicity of “young adult-like” therapy was
contrabalanced by a higher relapse rate after “age-
adapted” therapy probably related to lighter mainte-
nance therapy [52].

Prognosis of Philadelphia-positive elderly ALL
could be transformed by the introduction of imatinib
mesylate [53] and could become even better than that
of the other subtypes of ALL in the elderly. This
prompted the GRAALL to treat apart Philadelphia-pos-
itive and Philadelphia-negative ALL and to implement a
treatment protocol alternating chemotherapy and imati-
nib in previously untreated elderly patients with Phila-
delphia-positive ALL (AFRoy trial) (Fig. 11.6). Our first
results showed very encouraging data with a projected 1-
year event-free survival (EFS) at 57% for patients treated
with imatinib and a 1-year OS at 71% (Fig. 11.7) [54].

11.11 GRAALL Trials (2003-Present)

Despite improvements in outcome of adult patients with
ALL, several questions were still open. Is the current
stratification using standard-risk and high-risk ALL ab-
solutely adequate in adults? Although risk models have
been proposed, the prevailing view was that the vast ma-
jority of affected adults should be considered having a
high risk of recurrence and that all adult ALL patients
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should be treated with intensive protocols. Encouraging
results of T-cell lineage ALL after allografting in a re-
cent retrospective study [55], together with the poor
outcomes observed in the LALA-94 trial with che-
motherapy alone [24] and the identification of T-cell
lineage subtypes associated with a poor outcome [39],
suggested further studies examining allografts com-
pared with more intensive chemotherapy regimens.
The use of more intensive chemotherapy regimens
was supported by a retrospective study comparing the
characteristics and outcome of 100 adolescents treated
in the French adult LALA-94 trial and 77 adolescents
treated during the same period in the French pediatric
FRALLE (French Acute Lymphoblastic Leukemia)-93
trial [56]. In this study, the comparison pointed out that
adolescents treated in the pediatric protocol had a sig-
nificantly better outcome in terms of CR achievement
and EFS. Such a more favorable evolution was not ex-
plained by a difference in patients characteristics, and
was already remarkable after the induction course, sug-
gesting the major role of drugs and global treating atti-
tude disparities between pediatric and adults depart-
ments. These results incited not only treatment of ado-
lescents using pediatric protocols but also the design of
new trials inspired by pediatric protocols to treat young
adults over 20 years. Disparity was particularly ob-
served in patients with B-cell lineage ALL, but was also
present in patients with T-cell ALL. Differences in in-
duction courses, which could underlie this gain in CR
rates, were essentially the continuous administration
of higher doses of prednisone and the use of L-aspara-
ginase in the FRALLE-93 protocol. Higher doses of ma-
jor drugs in the treatment of ALL were used in the pe-
diatric protocol within a shorter period of time. The
3-time daily administration schedule of steroids has
early been demonstrated superior to more spaced ad-
ministration in children ALL [57]. Moreover, a recent
study of the Dana-Farber Cancer Institute demonstrated
improved response to increased steroids dose in pedia-
tric patients [58]. Children aged 9-18 years have been
shown to benefit from higher doses of L-asparaginase
despite an increased related toxicity, and repeated doses
of L-asparaginase during early treatment significantly
improved outcome in pediatric patients with T-ALL
[59]. Moreover, the pediatric delayed intensifications ap-
peared to contribute to an improve outcome. This strat-
egy, initially proposed by the Berlin-Frankfurt-Munster
study group [60], has been demonstrated in children
older than 10 years [61], with increased benefit of an
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Fig. 11.9. Philadelphia-negative ALL: Comparison of GRAALL-03 and LALA-94 trials in terms of EFS.

augmented therapy including double delayed intensifi-
cations in slow early responder patients [62].

Based on these results and those from the LALA-94
study, a prospective Phase 2 study (GRAALL-03) was
initiated in 2003 (Fig. 11.8). The major goals of this trial
were to increase the indications of allogeneic SCT in
both Philadelphia chromosome-negative B-lineage
ALL and T-lineage ALL depending on initial prognostic

factors; to evaluate the initial response to a prephase of
corticosteroids; to evaluate the response to initial che-
motherapy evaluated on day 8 and day 28; and to define
a therapeutic strategy adapted to the evaluation of MRD.
A total of 144 patients were included between 2003 and
2005. CR was achieved in 91% of patients after one or
two chemotherapy courses. Estimated 18-month EFS
and OS were 65% and 74% respectively (Fig. 11.9) [41].
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nal, ** not decisional); CPM, cyclophosphamide; DXM, dxametha-
sone; DXR, doxorubicin; G-CSF, granulocyte colony-stimulating

Early response to initial therapy (response to cortico-
steroid prephase and response to chemotherapy at
day 8) was not correlated to baseline high-risk factors
and should be considered in further adult ALL studies.
The evaluation of morphological early response corre-
lated closely with postinduction MDR measurement.
The hyperfractionated cyclophosphamide (HyperC) re-
inforcement in patients with a poor early response ap-
peared to be a promising approach to improve their out-
come and will be randomly tested in the further
GRAALL-o5 study.

In the LALA-94 trial, negative BCR-ABL MRD and
allogeneic donor availability were two independent
good-risk factors for survival in Philadelphia-positive
ALL patients reaching hematologic CR after standard
induction followed by intensive HAM consolidation
[25]. In a phase 1/2 study initiated in 2003, we combined
increasing dosages of imatinib mesylate with HAM with
an attempt to increase the fraction of patients achieving
molecular remission, and to evaluate the safety of the
combination regimen and the feasibility of autologous
peripheral blood stem cell collection after HAM [63].
The recommended dosage of imatinib was 600 mg per
day for further combinations of imatinib and intensive
chemotherapy. After HAM, peripheral blood stem cell
collection was feasible under imatinib administration.

factor; HDAC, high-dose cytarabine; HDMTX, high-dose methotrex-
ate; HyperCVAD, regimen of hyperfractionated cyclophosphamide,
vincristine, doxorubicin, and dexamethasone; IM, imatinib mesylate;
IT, intrathecal; MFD, matched familial donor; MUD, matched unre-
lated donor; PDN, prednisone; VCR, vincristine.

Failure to improve the molecular remission rate as com-
pared to our historical control could be explained by the
relatively short exposure to imatinib and/or by the ab-
sence of in vivo synergism between imatinib and cytar-
abine or mitoxantrone. More benefit might be antici-
pated by incorporating imatinib early in the treatment.
This is currently tested in the GRAAPH-o5 (Fig. 11.10)
comparing an induction therapy “based” on imatinib
to an induction therapy combining the regimen of hy-
perfractionated cyclophosphamide, vincristine, doxoru-
bicin, and dexamethasone (HyperCVAD) chemotherapy
with imatinib as conceived by the M.D. Anderson Can-
cer Center [64, 65].
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12.1 Introduction

Prognosis of adult ALL has improved over the last few
decades. Following the lead from the pediatric experi-
ence, dose-intense multiagent regimens now achieve re-
mission rates exceeding 80% with s-year survival prob-
abilities of around 40%. In addition, ALL is more and
more recognized as a heterogeneous group of diseases.
Definition of subgroups based on cytogenetic-molecu-
lar markers has important practical implications includ-
ing better delineation of prognostic groups, design of
risk-adapted therapies, and eventually integration of
novel agents into existing therapies that target pathways
relevant for ALL pathophysiology. The hyper-CVAD
program is one example of a regimen that has been
successfully patterned after a previous pediatric regi-
men and that has developed along advances based on
better understanding of ALL biology and availability

of new drugs with activity in ALL. This article
summarizes the rationale for the development of
hyper-CVAD, experience with this regimen in adult
ALL, and recent modifications and subtype-specific
approaches.

12.2 The Hyper-CVAD Regimen in Adult ALL

12.2.1 Development and Treatment Outline

To address the problem of poor prognosis in children
with mature B-cell ALL (Burkitt’s leukemia/lymphoma),
Murphy, et al. developed a short-term dose-intense che-
motherapy regimen that consisted of a combination of
fractionated cyclophosphamide, followed by vincristine
and adriamycin in combination with CNS prophylaxis
of intrathecal methotrexate and cytarabine [1]. Follow-
ing hematologic recovery, patients would receive a sec-
ond cycle, this time with a noncross-resistant combina-
tion of high-dose intravenous methotrexate and cytara-
bine. This sequence was repeated four times for a total
of eight courses. The rationale of the combination was
based on the cell cycle characteristics of the rapidly pro-
liferating mature B ALL cells. Given a generation time of
the ALL cells of about 25 h and a plasma half-life of cy-
clophosphamide of around 6 h, fractionation of cyclo-
phosphamide every 12 h would indicate that the leuke-
mic blasts are exposed to the active metabolite at least
twice during their doubling time and thus exert a more
powerful effect than would be possible with once daily
dosing [2, 3]. Of 29 children treated, 27 (93%) achieved
complete remission (CR) with an estimated 2-year dis-
ease-free survival of 81%. Although highly effective, sig-
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nificant myelosuppression-associated morbidity, as well
as renal and neurotoxic complications occurred. Use of
hematopoietic growth factor support and additional
supportive care measures ameliorated some of these
problems and made the regimen adaptable to adult
ALL patients.

The Hyper-CVAD regimen follows the principles
common to other contemporary adult ALL programs:
(1) dose-intense systemic chemotherapy to induce re-
mission quickly followed by an intensified consolida-
tion; (2) prolonged maintenance therapy; (3) effective
CNS prophylaxis; and (4) accompanying supportive
care measures including hematopoietic growth factors
and prophylactic antibiotics [4]. Dose and schedule of
hyper-CVAD are summarized in Table 12.1. CNS prophy-
laxis consists of intrathecal (IT) therapy with alternat-
ing methotrexate and cytarabine, the number of IT in-
jections depending on the risk of CNS relapse. Mature
B-cell ALL, serum lactate dehydrogenase (LDH) levels,
and a high proportion of bone marrow cells in a prolif-
erative state (>14% of cells in S+G2M phase of the cell
cycle) have been associated with a higher risk of CNS
disease in adults. Those patients with low-risk of CNS
disease receive four intrathecal treatments (two IT in-
jections per treatment cycle), those with intermediate
risk eight, and those with high-risk disease 16 intrathe-
cal treatments including all patients with mature B-cell
ALL.

Maintenance consists of daily 6-mercaptopurine,
weekly methotrexate, and monthly pulses of vincristine
and prednisone, given over 2-3 years (POMP). Exten-
sion of maintenance beyond 3 years has not shown ad-
ditional benefits, whereas omission of maintenance
therapy has been associated with shorter DFS rates [5,
6]. No maintenance therapy is given in mature B-cell
ALL; these patients respond well to short-term dose-in-
tense regimens, and relapses beyond the first year in re-
mission are rare. Patients with most other immunophe-
notypes continue to receive standard POMP mainte-
nance. Differences of current programs for patients with
Philadelphia chromosome-positive ALL are outlined in
more detail below.

Accompanying supportive care measures include
antibiotic prophylaxis and hematopoietic growth factor
support. Granulocyte colony-stimulating factor (G-CSF)
is administered at 10 mcg/kg/day starting 24 h follow-
ing completion of chemotherapy and is continued until
neutrophil recovery to at least 1x10°/L. Antibiotic pro-
phylaxis during induction and intensified consolidation
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consists of a combination of fluoroquinolones, antifun-
gals, and antivirals, and is changed to trimethoprim-
sulfamethoxazole and an antiviral drug (e.g., valacyclo-
vir, famciclovir, acyclovir) during maintenance.

Outcome of hyper-CVAD has been reported on 204
adults with newly diagnosed ALL [7]. Median age was
39.5 years and about one third of patients were at least
50 years old. Mature B-cell ALL was diagnosed in 9%
and T-cell ALL in 17%. Philadelphia chromosome
(Ph)-positive ALL occurred in 16% of patients. CNS dis-
ease was demonstrated at the time of diagnosis in 7%.
Of 204 patients, 185 (91%) achieved CR. Seven patients
(3%) had resistant disease and 12 patients (6%) died
during induction. The median time to CR was 21 days
with 81% of patients achieving CR following the first
course. The estimated median survival was 35 months
with a 5-year estimated survival rate of 39%. Younger
age was associated with a better outcome: 54% esti-
mated 5-year survival for patients younger than 30 years
and 25% for those older than 60 years. Other factors
that correlated with poor outcome included Ph-positive
disease, thrombocytopenia, hepatomegaly, hyperbiliru-
binemia, and hypoalbuminemia. Compared with the
earlier and less intense VAD (vincristine, adriamycin,
dexamethasone) program, CR rate (91% vs. 75%,
p>o0.01) and survival (p > 0.01) have been superior with
hyper-CVAD. Hyper-CVAD has thus been established as
an active induction regimen in adult ALL demonstrat-
ing superior outcome to previous regimens used at
MDACC [8].

12.2.2 Modifications of Hyper-CVAD

A number of issues emerged related to Hyper-CVAD,
which were addressed in subsequent modifications of
the regimen. These issues included the still higher in-
duction mortality in patients over age 60 years (17%
vs. 3% in younger patients), reports that suggested long-
er disease-free survival with early anthracycline intensi-
fication [9], expression of CD20 and impact on out-
come, differing CNS relapse rates between low and high
risk patients, and occurrence of late relapses following
completion of therapy.

To respond to the higher induction mortality in old-
er patients, patients over age 60 are offered to undergo
the induction course in a laminar airflow room in which
they will remain for the duration of the induction
(which is typically about 21 days). CNS prophylaxis re-



Table 12.1. Outline of the hyper-CVAD regimen

Therapy stage Dose and schedule
Induction and intensified

consolidation -
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Hyper-CVAD (courses 1, 3, 5, and 7)
Cyclosphosphamide 300 mg/m? i.v. over 3 h q 12 h for 6 doses on days 1-3

- Mesna 600 mg/m? as a continuous i.v. continuous infusion over 24 h daily on days 1-3
(starting with cyclophosphamide and finishing 6 h after the last dose)

— Doxorubicin 50 mg/m? i.v. continuous infusion over 24 h on day 4

- Vincristine 2 mg i.v. days 4 and 11

- Dexamethasone 40 mg/day days 1-4, and 11-14

Methotrexate (MTX) and high-dose cytarabine (courses 2, 4, 6, and 8)
— MTX 200 mg/m? i.v. over 2 h followed by 800 mg/m? i.v. over 22 h on day 1

- Citrovorum factor rescue 15 mg q 6 h for 8 doses (starting 24 h after completion of MTX)

— Cytarabine 3 g/m? i.v. over 2 h q 12 h for 4 doses on days 2 and 3

CNS prophylaxis

Methylprednisolone 50 mg i.v. twice daily on days 1-3

IT MTX 12 mg on day 2 and cytarabine 100 mg on day 7 of each course

Low- risk patients: 4 IT (courses 1-2)

Standard and unknown-risk patients: 8 IT (courses 1-4)

High-risk patients: 16 IT (courses 1-8)

Maintenance therapy POMP

- 6-mercaptopurine 50 mg orally three times per day

— MTX 20 mg/m? orally weekly

- Prednisone 200 mg orally days 1-5 q month

- Vincristine 2 mg i.v. g month

Supportive care -

Antibiotic prophylaxis (e.g., levaquin, fluconazole, valacylovir)

- Hematopoietic growth factor support during induction and consolidation

- Use of laminar air flow rooms (patients >60 years of age)

mains a mainstay of the hyper-CVAD regimen. As
among 35 patients with “unknown CNS risk” who re-
ceived eight IT injections none experienced a CNS re-
lapse, and as among 51 patients with low-risk for CNS
relapse, the CNS relapse rate was 6%, the number of
IT therapies was changed to six for low-risk disease,
and eight for all other risk categories except mature B
ALL where patients still receive 16 IT treatments. Be-
cause of late relapses, maintenance was extended to
3 years. In addition, two intensification courses of hy-
per-CVAD followed by methotrexate and L-asparagi-
nase, each, at months 6 and 18 of maintenance were
added. Thomas, et al. demonstrated that expression of
CD2o0 has been associated with a worse prognosis with
both conventional [e.g., vincristine, adriamycin, dexa-

methasone (VAD)], or intensive ALL therapy (hyper-
CVAD) [10]. Of 324 patients with de novo ALL (mature
B ALL excluded) and of whom complete flow cytometry
data were available, 120 cases (37%) were CD2o-positive
(defined as >20% expression by flow cytometry).
Although remission rates were comparable, 3-year re-
mission duration (28% vs. 58% with hyper-CVAD;
p = 0.02) and 3-year survival (27% vs. 52%; p <0.001)
were significantly worse in the CD20-positive group
compared with those patients whose blasts were
CD20-negative. Consequently, anti-CD2o therapy (ri-
tuximab) was added to those patients whose blasts ex-
pressed CD20. The modifications are summarized in
Table 12.2. Approaches to specific ALL subsets (Ph-pos-
itive and mature B ALL) are detailed below.
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Table 12.2. Modifications of hyper-CVAD

Rationale
Worse prognosis of CD20-positive ALL than
CD20-negative disease

Anthracycline intensification reported to be
associated with better DFS

Ph-positive ALL continues to have poor
prognosis

Late relapses following completion of therapy

CNS prophylaxis

Improvement of supportive care

Modification
Addition of rituximab to hyper-CVAD in CD20-positive patients

Anthracycline intensification following induction course

Addition of imatinib to hyper-CVAD and change of maintenance based on
continuous exposure to imatinib

Extension of maintenance from 2 to 3 years with 2 additional courses of
hyper-CVAD plus MTX/L-asparaginase on months 6 and 18 of maintenance

Number of IT injections was changed from 4 for low-risk and 8 for stan-
dard-risk patients to 6 IT injections for both groups. High-risk patients
receive 8 injections and patients with mature B ALL a total of 16

Routine use of antibiotic prophylaxis and hematopoietic growth factors.

In addition, laminar airflow rooms for patients >60 years

In a recent update, 77 patients with newly diagnosed
or primary refractory (after one course only) ALL were
treated with the modified regimen [11]. Patients with
mature B ALL were excluded. Their median age was
40 years with >20% aged >60 years. Overall response
rate was 98%. Mortality remained higher in patients
260 years (6/18) compared to younger patients (2/59).
With a median follow up of 17 months, the 2-year DFS
rate was 50% overall, and 73% vs. 40% for CD20-posi-
tive and CD20-negative ALL, respectively. Although an-
thracycline intensification did not appear to improve
outcome, addition of rituximab in CD2o-positive pa-
tients may have a favorable impact on prognosis. Longer
follow up and more patients are needed to validate this
observation.

12.3 Subset-Specific Approaches

Based on cytogenetic-molecular markers and immuno-
phenotypic features, specific approaches are pursued in
ALL subsets such as Ph-positive disease and mature B
ALL. A summary of a subtype-specific treatment algo-
rithm is presented in Fig. 12.1.

12.3.1 Ph-Positive ALL

Ph-positive ALL remains a distinct poor-prognosis
group in ALL [12]. Although remission rates following

a standard hyper-CVAD induction are comparable to
Ph-negative patients, remissions are brief with median
CR durations of 16 months [13]. Imatinib mesylate, a
highly active BCR-ABL tyrosine kinase inhibitor, has
shown encouraging results in Ph-positive ALL where
the response rate was 20% when given as single agent
in patients with relapsed and refractory disease [14].
Over the last few years, several combination programs
of imatinib with dose-intensive chemotherapy to in-
crease response rates and improve durability of re-
sponses in Ph-positive ALL have been investigated
[15-19]. Thomas, et al. were the first to combine imati-
nib with hyper-CVAD [18, 19]. In a recent update, 25 of
26 patients (96%) with active disease at study entry
achieved CR at a median time to response of 21 days
[19]. Thirteen of the patients were able to proceed with
allogeneic stem cell transplant within a median of
3 months from start of therapy. Molecular responses
as assessed by RT-PCR for BCR-ABL occurred in 9 of
19 patients. Two-year DFS was 87% with the hyper-
CVAD imatinib combination compared with 28% with
hyper-CVAD alone. The input of next generation tyro-
sine kinases (dasatinib, nilotinib) is currently evaluated.

12.3.2 Mature B ALL (Burkitt Leukemia)

Response of mature B-cell ALL to conventional ALL
therapy used to be poor, with long-term disease-free
survival rates hardly exceeding 10% [20, 21]. Use of dif-
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Fig. 12.1. Subtype-specific approach to ALL therapy. MTX, metho-
trexate; AC, cytarabine; POMP, vincristine, prednisone, 6-mercapto-
purine, methotrexate; IT inj., intrathecal injections; MRD, minimal re-
sidual disease; PCR, polymerase chain reaction. 7 Rituximab is added

ferent noncross-resistant agents in tandem and in dose-
and schedule-intense regimens such as Hyper-CVAD
formed the basis of many contemporary programs with
significant improvement in outcome [1, 22, 23]. Com-
plete remissions were attained in >80% of patients; 2-
year DFS rates increased to 60-80%. Relapses are rare
after the first year in remission. Intensive early prophy-
lactic intrathecal therapy (with or without cranial irra-
diation), in addition to intensive systemic methotrexate
and ara-C, significantly reduced the CNS relapse rate.
In the modified hyper-CVAD program by Thomas,
et al., induction courses were administered in the lam-
inar airflow room for patients over age 6o years and ri-
tuximab was added for high expression of CD20, which
is virtually ubiquitous in mature B ALL [24]. Thirty-one
human immunodeficiency virus (HIV)-negative pa-
tients with either mature B ALL or Burkitt lymphoma
were treated. Median age was 46 years (range 17 to
77 years). A total of eight courses were planned with
two IT treatments accompanying each course for a total
of 16 IT treatments. Of 23 evaluable patients, the CR rate
was 91%. All nine patients over age 60 achieved a com-
plete remission. No induction deaths occurred. Among
17 patients who were followed for at least 1 year, no one
relapsed. Compared to a historical control population of

if CD-positive. 2 mediastinal irradiation is performed if bulky medi-
astinal mass/adenopathy existed at diagnosis. 3 Imatinib, dasatinib,
nilotinib

48 patients with mature B ALL who were treated with
hyper-CVAD without addition of rituximab, response
rates (regardless of age) and 2-year survival rates were
superior with the modified hyper-CVAD approach.
Treatment of patients with mature B ALL associated
with the acquired immunodeficiency syndrome (AIDS)
or HIV remains challenging. Cortes, et al. reported the
hyper-CVAD experience in 13 patients [25]. Median
age was 43 years (range 32 to 55 years). Nine of the pa-
tients received concomitant highly active antiretroviral
therapy (HAART). Nine patients were diagnosed with
HIV at diagnosis, whereas the remaining four patients
had a history of known HIV infection for a median of
37 months prior to the diagnosis of the leukemia/lym-
phoma. Median absolute CD4 count was 77 cells/pL
(range 9 to 544 cell/ L) with only one patient maintain-
ing CD4 counts >200 cells/pL. CR rate was 92%. Median
time of survival was 12 months and 48% of patients
were still alive at 2 years. Therapy with HAART is an
essential component of therapy for mature B ALL. Of
seven patients who received HAART from the start of
therapy, six were still alive and in CR after a median
of 29 months, whereas none of the four patients who
didn’t receive HAART survived. Toxicities were compar-
able to that of non-HIV patients with mature B ALL.
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12.4 Summary

The developments of dose-intensive, multiagent therapy
programs, which were patterned after experience in
childhood ALL have created the current standard of
approach in adult ALL. Further improvement will de-
pend on dissecting the biologic heterogeneity of ALL
further, identifying targets for therapy, and developing
novel agents in clinical trials. The goal of these develop-

ments remains subtype-specific and risk-adapted thera-

PY>
for

which will eventually improve long-term outcome
adults with ALL.
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13.1 Introduction

Since 1978 more than 4500 adult ALL patients have been
treated according to the protocols of the German Multi-
center Study Group for Adult Acute Lymphoblastic Leu-
kemia (GMALL). GMALL protocols are administered in
hospitals all over Germany and the number of partici-
pating centers in Germany increased from 25 in 1981
to 120 in the most recent trial. Up to now seven conse-
cutive trials for adult de novo ALL have been conducted.
The major aim of all trials was the improvement of re-
mission duration and survival of adult ALL patients, de-
tailed diagnostic characterization, the development of
prognostic models and the evaluation of risk-adapted,
individualized and targeted treatment strategies. The
time-periods and further aims of these studies are
briefly summarized in Table 13.1.

Several accompanying trials of the GMALL have
been initiated in parallel, such as treatment protocols
for:

Elderly patients with ALL and B-ALL

Ph+ ALL

B-ALL, Burkitt’s Lymphoma, and other high-grade

lymphoma

T-lymphoblastic lymphoma

Relapsed ALL

These strategies can only partly be described in the fol-
lowing sections.
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Table 13.1. Studies of the German Multicenter Study Group for Adult ALL

Studies Period Aims Patients (~)
01/81 1978-1983 Application of a modified pediatric treatment protocol in adult ALL 384
Central diagnosis review (morphology/cytochemistry, immuno-
phenotyping)
02/84 1983-1987 Stratification to standard and high-risk patients 569
Intensified consolidation therapy for high-risk patients
B-NHL81 protocol for mature B-ALL
03/87 1987-1989 High-dose cytarabine/mitoxantrone as consolidation therapy 350
in high-risk patients
B-NHL84 protocol for mature B-ALL
04/89 1989-1993 Extended central diagnosis review (cytogenetics, molecular genetics) 580
Randomized evaluation of high-dose consolidation therapy in
high-risk patients
Allogeneic stem cell transplantation in all high-risk patients in CR1
05/93 1993-1999 Risk-adapted, intensified consolidation therapy with 3 risk groups 1200
Randomized evaluation of conventional vs. intensified main-
tenance therapy
Pilot study for evaluation of minimal residual disease
B-NHL90 protocol for mature B-ALL and B-NHL
06/99 1999-2003 Pilot study for GMALL 07/03 830
07/03 2003-ongoing Shortened and intensified induction therapy 680

Evaluation of a combined risk stratification according to

conventional risk factors and MRD

Risk-adapted postremission therapy

Stem cell transplantation (allogeneic sibling, unrelated, and

autologous) in high-risk and very-high-risk patients

13.2 Therapy for Younger (15-65 Years) Patients
with B-Precursor and T-Lineage ALL

13.2.1 GMALL Trials 01/81-07/03

In the earlier trials (01/81-05/93), an 8-week induction
therapy with two phases was scheduled with several mi-
nor modifications [1]. All patients received reinduction
therapy, and maintenance therapy with methotrexate
(M) and 6-mercaptopurine (MP) was scheduled for a to-
tal treatment duration of approximately 2 1/2 years. The
overall treatment outline of GMALL studies 01/81-07/03
is given in Fig. 13.1.

The results of earlier trials (01/81-04/89) have been
summarized previously [1-4]. Major findings referred
to identification of new prognostic factors, develop-
ment of subgroup-specific and risk-adapted regimens,
intensified consolidation and maintenance, and ex-
tended indications for stem cell transplantation (SCT).
In study 03/87 it was shown that postponed (standard
risk=SR patients) or omitted (high risk=HR patients)
CNS irradiation was associated with inferior overall
outcome and a higher rate of CNS relapse [1]. Com-
plete remission (CR) rates, remission duration, and
survival improved stepwise with significant differences
between subgroups.
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Fig. 13.1. Overview on treatment approaches in seven consecutive GMALL studies. SR, standard risk; T, T-ALL; HR, high risk; BMT, bone

marrow transplantation; R, randomization.

13.2.2 Study 05/93

Based on improved knowledge of clinical and biological
features as prognostic factors (PF) and specific effec-
tiveness of distinct treatment elements in subtypes of
ALL, a subgroup-specific consolidation therapy was in-
itiated in study os5/93. The trial had four treatment
arms: (1) SR B-precursor ALL (patients without adverse
PF); (2) HR B-precursor ALL (at least one PF); (3) T-
ALL; and (4) older patients above 50 years (Elderly)
(PFs of the trial are listed in Fig. 13.4). The general prin-
ciple was to intensify treatment with high-dose metho-
trexate (HDM) in SR B-lineage ALL, with cyclophospha-
mide (CP) and cytarabine (AC) in T-ALL, and with
HDM and HDAC followed by SCT in HR B-lineage
ALL. Furthermore, there was a randomized comparison
of intensified versus conventional maintenance therapy
in SR and T-ALL.

Twelve hundred patients with a median age of 35
(15-65) years were included. The CR rate was 83% with

Pre Induction | Induction Il

phase
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DEXA [N (RER]
VCR ] [] ]
DNR (1] [ G-MP snenanpnensnannnnnnnn
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Fig. 13.2. Induction therapy in GMALL Study 07/03. DEXA, dexa-
methasone; CP, cyclophosphamide; VCR, vincristine; DNR, dauno-
rubicine; PEG-ASP, PEG-L-asparaginase; MTX, methotrexate; i.th.,
intrathecal; CNS 24 Gy, CNS irradiation; 6-MP, mercaptopurine;
ARAC, cytarabine.

a range of 70% in older patients to 87% in SR B-lineage
ALL (Table 13.2). In T-ALL, immunologic subtypes had
a substantial impact on outcome, with a rate of contin-
uous complete remission (CCR) of 63% for thymic, 28%
for mature, and 25% for early T-ALL, and ruled out the
prognostic impact of WBC and time to CR.
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Table 13.2. Results of the GMALL Trial 05/93 [5]

SR
Evaluable 291
CR 87%
Early death <56 days 3%
Continuous CR at 5 years (CCR) 47%
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HR Elderly T-ALL
352 216 304
85% 70% 86%
3% 17% 5%
27% 16% 51%
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Fig. 13.3. Overall outline of GMALL Trial 07/03. BM, bone marrow
evaluation; MRD, evaluation for minimal residual disease; CNS Gy,
24 Gy CNS irradiation; SC, stem cell; SR, standard risk; HR, high risk;

In SR, high CR and CCR rates were obtained, but re-
lapses occurred continuously up to 6 years. In HR, in-
tensified induction/consolidation did not improve over-
all CR and CCR with the exception of pro-B-ALL with a
reasonable CCR of 41%, whereas CCR was only 19% in
other HR patients (WBC late CR as only PF). In Ph+
ALL, CCR improved slightly to 21% at 3 years (9% in
study 04/89). This may be due to extended indications
for SCT [5]. Based on the results in the ER group
(>50 years) the GMALL study group decided to initiate
a trial with dose-reduced chemotherapy for older pa-
tients (>55-65 years according to biological age).

13.2.3 Study 06/99 and 07/03

The GMALL study 06/99 was initiated as a pilot trial.
One major aim was to develop a new, shortened, and in-
tensified induction regimen based on the following new
principles compared to previous GMALL trials: (1) Dexa-

43 51 53

VHR, very high risk; SCT, stem cell transplantation; auto, autologous;
allo, allogeneic; MUD, matched unrelated.

methasone (DEXA) instead of prednisone to improve
antileukemic activity and prophylaxis of CNS relapse;
(2) prephase with CP; (3) G-CSF parallel to chemother-
apy; (4) intensified daunorubicin with two 2-day cycles
(DNR) vs. 4 weekly applications; and (5) one dose PEG-
L-ASP instead of 14 days conventional ASP. Induction I
was followed by GMALL induction phase II as pre-
viously reported (Fig. 13.2) and a uniform consolidation
I. Thereafter treatment was risk adapted. Patients with
HR features and with very HR ALL (Ph+) were trans-
ferred to SCT in first CR including allogeneic sibling,
matched-unrelated, and autologous SCT. Patients with
SR ALL received six consolidation cycles and a reinduc-
tion therapy. Maintenance therapy was stratified ac-
cording to the course of minimal residual disease
(MRD) (see below). Figure 13.3 gives an overview on
the study design.

Overall, 843 patients with a median age of 36 years
were included. The CR rate was 83%, with 12% failure/
PR and 7% early death (ED). The CR rate improved after
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Fig. 13.4. Development of high-risk features in the GMALL studies.

modifications of the DEXA regimen. With lower doses
of DEXA, the rate of ED and severe infections decreased
significantly. The earlier application of G-CSF during
phase I of induction contributed to a significant de-
crease of grade III/IV granulocytopenias and probably
also mucositis [6]. The optimized regimen for induction
(Fig. 13.2) was used in the ongoing study o07/03. Interim
results confirmed the high antileukemic activity with
CR rates of 89% and the feasibility with 4% ED. Beside
the optimized induction, the use of Imatinib in Ph+
ALL parallel to induction (see below) contributed to
the improvement. Further progress is attempted by ad-
ditional use of rituximab in CD20-positive patients. The
aim of this trial is to improve overall survival (OS) to
above 50%, and according to interim results this goal
seems to be achievable.

13.2.4 Results of Stem Cell Transplantation

>  {(9:22)/BCR-ABL
t(4;11)/ALL1-AF4
MRD persistence

T-lineage

CR > 4 wks
Early T-ALL
Mature T-ALL
MRD persistence

to sibling SCT (25%) [7]. Equal survival rates for
matched related (45%) or unrelated (42%) SCT in 1%
CR were also reported from an overview analysis of nine
German SCT centers [8].

In the GMALL study 06/99, also high-risk T-lineage
ALL patients were candidates for SCT in CR1. The OS
after sibling SCT (n=50) was 53% and after unrelated
SCT (n=71) 44%. Results of SCT differed significantly
between the subgroups ranging from 74% in ProB and
64% in HR-T-ALL to 44% in Ph+ALL and 18% in HR-
B-lineage ALL. Thus it could be demonstrated that
pro B-ALL and HR T-ALL profit substantially from allo-
geneic SCT. The results for Ph+ALL were promising and
underlined the value of MUD SCT. HR-B-lineage ALL
did poorly with chemotherapy alone as well as with
SCT [9].

13.3 Therapy of Ph/BCR-ABL-Positive (Ph+) ALL

The general principle was to administer allogeneic SCT
in CR1 only for HR patients (definition Fig. 13.4) start-
ing with study 04/89. Patients with Ph+ ALL were also
eligible for matched, unrelated BMT (starting with
study 05/93). Starting with study 06/99 sibling and un-
related SCT were used on an equal footing.

In GMALL study 05/93 survival after SCT in CR1 in
HR patients was 34% for sibling (n=68) and 51% for un-
related donors (n=31). The most favorable results for
sibling SCT were obtained in pro-BALL (59%). In Ph+
ALL, unrelated SCT improved survival (50%) compared

Treatment of this formerly most unfavorable subtype
was revolutionized by the invention of imatinib as the
first therapy targeted to the increased tyrosine-kinase
(TK) activity induced by the bcr-abl rearrangement.
An early phase II trial in relapsed/refractory Ph+ ALL
demonstrated a CR rate of 29% [10]. Resistance and re-
lapse developed rapidly in the majority of patients,
although a proportion of patients could be transferred
to allogeneic SCT [11]. It could be demonstrated further-
more that treatment response was significantly corre-
lated to the quantitative course of BCR-ABL levels in
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bone marrow and blood [12] and thereby MRD evalua-
tion provided an excellent method for response evalua-
tion.

In younger patients (<55 years), the GMALL group
therefore integrated imatinib in front-line therapy of
Ph+ ALL - first in the interval after induction therapy.
With this schedule, no molecular remissions could be
achieved. In the next step imatinib was administered
parallel to chemotherapy in phase II of induction.
With this schedule, the CR rate increased to 96% and
half of the patients achieved molecular remissions
[13]. More than 70% of the patients were transferred
to SCT, and OS of Ph+ ALL improved significantly.
Neither toxicity of chemotherapy nor mortality after
SCT increased. Therefore, in the most recent trial ima-
tinib is given parallel to phase I of induction to in-
crease the number of molecular remissions and the
risk of resistance.

The application of imatinib after SCT proved to be
very promising due to synergisms with graft-versus-
leukemia effects. These effects, however, depend on
molecular response. The majority of patients, who ob-
tained a molecular remission with SCT and imatinib,
achieved a long-term survival, whereas most of the
patients who did not respond to imatinib relapsed
eventually [14]. In an ongoing trial, the GMALL evalu-
ates now whether prophylactic use of imatinib after
SCT is superior to the application in patients with
positive MRD status.

In older patients (>55 years), a GMALL pilot trial
for elderly ALL showed a very poor response rate in
Ph+ ALL (19%) [15]. Therefore, the GMALL group
started a randomized trial for elderly Ph+ ALL com-
paring induction chemotherapy with imatinib only
(600 mg) with a dose-reduced chemotherapy induc-
tion. After induction all patients received imatinib to-
gether with consolidation chemotherapy. The CR rate
was 93% for the imatinib induction compared to 54%
with chemotherapy. However, LFS and survival were
similar in both arms due to a high rate of relapse
[16], and only one third of the patients achieved a mo-
lecular CR.

Most probably pre-existing or developing resis-
tance to imatinib is a major problem. With gene ex-
pression analysis it was demonstrated that resistance
to imatinib is associated with a set of 56 differentially
expressed genes [17]. A high proportion of patients
develop resistance mutations in the TK domain at re-
lapse (90%) and in a considerable proportion these
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mutations are already present at diagnosis (40%) [18].
These results may help to predict response to imatinib
and other TK inhibitors. Also a less genotoxic che-
motherapy in combination with imatinib or other TK-
inhibitors will be evaluated in the next GMALL studies
for Ph+ ALL.

13.4 Studies for Mature B-ALL and High-Grade
B-Cell Non-Hodgkin’s Lymphomas

Major advances in the treatment of mature B-ALL were
achieved by innovative childhood B-ALL studies with
short, intensive cycles including high doses of fraction-
ated CP and HDM in combination with conventional
drugs. The GMALL study group developed such a regi-
men in two consecutive trials as described previously.
Both protocols were based on six short, intensive and al-
ternating cycles at 21-day intervals (ABABAB) with dif-
ferences in the dose of HDM (0.5 g/m* in study B-
NHL83 and 1.5 g/m”® in study B-NHL86) [19]. A signifi-
cant improvement with a CR rate of 63% and 74%, re-
spectively, was obtained and the CCR rate increased
from 53% in study B-NHL83 to 71% in study B-NHL86
[19].

13.4.1 B-NHL90 Protocol

In the protocol B-NHLgo the dose level for M was
doubled to 3 g/m* (patients <50 years). The protocol
was also opened for patients with Burkitt’s lymphoma
and other high-grade B-cell NHL. Overall 270 patients
were included. The CR-rate was 83% in Burkitt NHL
(n=118), 75% in B-ALL (n=89), 70% in B-lymphoblas-
tic lymphoma (n=10), 76% in large cell anaplastic NHL
(n=21), and 66% in diffuse large cell B-NHL (n=32)
with survival rates of 70, 38, 64, 80, and 61%, respec-
tively. Despite substantial hematoxicity and mucositis,
the ED rate of overall 4% (mostly B-ALL: 11%) and death
in CR of 3% were low. Higher age had no impact on CCR
in Burkitt’s NHL. It was concluded that dose intensifica-
tion for HDM did not lead to a further improvement of
outcome in B-ALL. On the other hand, results in Bur-
kitt’s NHL were very promising with less toxicity than
in B-ALL [20].



13.4.2 B-ALL/NHL 2002 Protocol

More than 80% of patients with mature B-ALL show a
CD2o-positive phenotype. Therefore, in the subsequent
trial two major changes of the protocol were implemen-
ted: (1) introduction of rituximab before each of the six
chemotherapy cycles followed by two consolidation
doses of rituximab, and (2) implementation of a HDAC-
and HDM-based cycle C in younger patients (<55 years)
changing the schedule to ABCABC. The dose of M was
reduced to 1.5 g/m* Older patients received a dose-re-
duced version of the schedule without cycle C.
According to an interim analysis in 53 patients who
had completed the first two cycles, CR was achieved
after only two cycles (AB) in 10/11 B-ALL patients
(91%). In 26 Burkitt’s NHL patients, the response rate
(15 CR/10 PR) after two cycles was 96%. Fifty out of
53 patients were alive after a median follow-up of
137 days. Rituximab was administered without excess
toxicity. The survival rate was improved significantly
to approximately 90% in younger patients with B-
ALL, in BuNHL, and other B-NHL. In older patients
with B-ALL, mortality is not negligible, and more fre-
quent relapses are observed [21]. It was also demon-
strated that the protocol is applicable in HIV-positive
patients with B-ALL or Burkitt’s lymphoma [22]. In
the future, the reduction of toxicity, namely mucositis,
and further improvement of outcome in older patients
with mature B-ALL will be the focus of the study group.

13.5 Prognostic Factors

Central diagnostic review in all patients including mor-
phology/cytochemistry, immunophenotyping, cytoge-
netics, molecular genetics, and eventually MRD made
a major contribution to the identification of prognostic
factors in the GMALL studies.

13.5.1 Immunophenotyping

The refined classification according to surface and in-
tracytoplasmatic markers of ALL blasts by flow cytome-
try contributed to a better characterization of ALL sub-
types, their specific clinical and biologic features, and
revealed their prognostic relevance [4, 23-25]. In the
GMALL, immunophenotype contributes substantially
to the prognostic model and also to treatment stratifica-
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tion, e.g., application of rituximab in all CD20o-positive
patients. In an early paper, prethymic phenotype
(cyCD3+, CD2-, sCD3-) was identified as a poor prog-
nostic feature [26] and the unfavorable outcome of ma-
ture T-ALL was detected later [5, 27]. Therefore, early
and mature T-ALL is now considered a high-risk sub-
group and patients are candidates for SCT in first CR.
The prognostic relevance of phenotype rules out all
other prognostic factors including WBC >100 0oo/pl.

Similar observations have been made for early B-
lineage ALL (also referred to as pro B-ALL, CD1o-nega-
tive ALL). This subtype was associated with an inferior
prognosis in GMALL studies [4]. In study 04/89, an im-
proved outcome was observed for early B-lineage ALL
patients treated according to the high-risk protocol with
either HDAC consolidation or allogeneic SCT [28]. More
recently it was demonstrated that CD10-negative pre-B-
ALL has a similarly unfavorable outcome as pro-B-ALL
[29].

13.5.2 Cytogenetic and Molecular Analysis

t(9;22) or the corresponding BCR-ABL fusion transcript
is the most frequent aberration in adult ALL. In the
GMALL trials, initial detection and follow-up for
MRD are performed by central laboratories [30], and
prospective analysis of MRD has a major impact on
treatment decisions. Recently, the presence of a fusion
gene NUP214-ABL1 also conferring increased TK activ-
ity was also detected in 4% of the T-ALL patients. This
may represent a target for therapy with TK-inhibitors
[31]. Quantitative analysis of MRD is also established
for t(4;11) and the corresponding fusion gene ALL1-
AF4 [32].

More recently, the GMALL group has focussed on
the application of gene expression analysis in T-ALL.
For the GMALL studies, the most important question
is whether new adverse prognostic factors can be iden-
tified within the favorable subgroup of thymic T-ALL in
order to select additional patients who could benefit
from SCT in first CR. It was demonstrated that overex-
pression of the HOX11 oncogene confers a favorable
prognosis but is mostly confined to thymic T-ALL.
Within thymic T-ALL it did not show prognostic rele-
vance. HOX11L2 overexpression is a rare feature that is
observed in 10% of T-ALL cases and identifies within
thymic T-ALL patients with poor prognosis [33].
Furthermore, it was demonstrated that high expression
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of the ETS transcription factor ERG, which has an inci-
dence of 50% within T-ALL, is associated with an infe-
rior survival in T-ALL. The prognostic relevance was
confirmed in a multivariate analysis together with im-
munophenotype (early/mature), presence of HOX11L2
and absence of HOX11. Most importantly, within thymic
T-ALL high ERG and HOX11L2 were confirmed as ad-
verse prognostic factors [34]. The overexpression of
ERG was then correlated to the overexpression of the
BAALC gene, which is present in 25% of adult T-ALL
cases. The latter is also correlated with inferior prog-
nosis. The prognostic significance of BAALC increased
if combined with ERG. Patients with low BAALC/low
ERG had a favorable prognosis compared to an unfavor-
able prognosis in patients with high BAALC/high ERG
[35].

13.5.3 MRD Analysis

The GMALL central laboratory for MRD analysis has
demonstrated in a large patient cohort that persistence
of MRD above 10™# until week 16 (after consolidation 1),
which is observed in 25% of the patients, confers a very
poor prognosis with a relapse rate above 90%. On the
other hand, there is a small proportion of patients
(10%) who decline rapidly below 10™* at day 11 and
day 24 (after induction 1). These patients have an excel-
lent prognosis. In the remaining patients the relapse
rate was nearly 50% [36].

Thanks to the frequent MRD analyses during first
year of therapy, it was possible to identify molecular re-

Table 13.3. MRD-based stratification in GMALL study 07/03

MRD risk group Day 71°
MRD low risk (MRD-LR) <10
MRD high risk (MRD-HR) >107*

MRD intermediate risk (MRD-IMR)
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lapses in patients who had already achieved a molecular
remission. If the MRD level increased during the second
year to more than 107, 89% of the patients relapsed. As
a result of this study molecular relapse is treated in the
GMALL trials similarly to cytologic relapse and identi-
fies patients for salvage therapy and SCT [37].

Based on these findings, the ongoing GMALL trial
07/2003 comprises a risk stratification based on MRD
analysis in patients with SR according to conventional
factors. Patients with high level of MRD after consolida-
tion I (>107*) were allocated to a MRD-HR group and to
SCT in first CR. Patients with low level of MRD after in-
duction and consolidation I were defined as MRD low
risk and received no maintenance therapy. The remain-
ing patients (MRD intermediate risk) with inconclusive
course of MRD or technical problems were scheduled
for intensified maintenance (Table 13.3).

According to an interim analysis of MRD risk stra-
tification at month 12 in 98 SR patients, the risk groups
according to MRD were distributed as follows: MRD-LR
36%, MRD-HR 9%, and MRD-IMR 55%. The major rea-
sons for allocation to MRD-IMR were lack of a second
marker (58%), insufficient sensitivity (51%), and incon-
clusive course of MRD (28%). Most patients in the
MRD-IMR group had, however, combinations of several
reasons. Further treatment after MRD risk stratification
was evaluable in 88 patients. In nearly all MRD-LR pa-
tients therapy was stopped. The relapse risk (RR) in this
cohort was so far 20-30%. In MRD-HR less than half of
the patients could receive SCT. In several cases the re-
lapses occurred shortly after the end of the first year
of therapy and before the MRD results were available.

Week 16 until week 52°

and Always <107
Negative in week 52
and >107*

MRD evaluation not possible

Technical prerequisites not fulfilled

Inconclusive course of MRD

Molecular relapse

2 after induction, before first consolidation
® during consolidation

Increase of MRD above 107* later than week 16 after previous negative status

¢ Technical prerequisites: At least 2 clone-specific markers, minimum sensitivity of 10~ material from decisive time-points available



Only patients with immediate SCT remained relapse
free in the MRD-HR group. In MRD-IMR half of the pa-
tients received intensified maintenance. In this group
the RR was overall also around 20-30% with lowest
RR for intensified maintenance and highest RR for pre-
mature stop of therapy. Unexpectedly the MRD-IMR
group was large (>50%) partly due to strict quality
standards for MRD evaluation as mandatory for a pro-
spective study. Further characterization of this sub-
group also by other means e.g. gene profiling is at-
tempted. Overall the interim results demonstrate that
the treatment recommendations for the MRD risk
groups are reasonable although the relapse rate was
higher than expected. Nevertheless the major question
is still whether the intermediate risk group can be re-
duced and whether any type of treatment de-escalation
is justified in adult ALL [38].

13.5.4 Development of Risk Models
in the GMALL Studies

The risk model for adult ALL first described for study
01/81 [2] was continuously developed in subsequent
trials (Fig. 13.4). It is important to note that in the
meantime prognostic factors are different for B-precur-
sor and T-ALL and individualized factors such as course
of MRD are added. Furthermore, although increasing
age is one of the most significant adverse prognostic
features, it is not included in the risk stratification.
The aim of risk stratification is to identify patients
who could benefit from SCT and since outcome of
SCT also decreases with age, it is not an adequate feature
for this purpose.

13.6 Future Risk Stratification and Treatment
Concepts for Adult ALL

Risk and subtype adjusted treatment strategies led in
the GMALL studies to considerable improvement of out-
come in mature B-ALL, T-ALL and Ph-positive ALL but
to a lesser extent in B-precursor ALL. Future concepts
will integrate a variety of additional factors thereby re-
sulting in a more complex, flexible and patient specific
treatment approach [39]. These approaches include:
Subgroup adjusted treatment e.g. for mature B-ALL
and Burkitt’s NHL
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Age adapted treatment e.g. specific protocols for el-
derly fit, elderly frail and adolescent patients.
Individualized treatment e.g. according to MRD,
drug resistance or TK domain mutations

Risk adapted indications for SCT

Targeted therapies e.g. with kinase inhibitors in Ph+
ALL, monoclonal antibodies and other new drugs
e.g. subtype specific therapy in T-ALL

Evaluation of new cytostatic drugs

Beside these sophisticated approaches a better adher-
ence to protocols, support of patients to improve their
compliance and documentation of compliance would
be warranted. Treatment should be done at experienced
centers and closer cooperation between internal medi-
cine and pediatrics including cooperative studies is at-
tempted.
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14.1 Introduction

The Philadelphia chromosome (Ph) is the shortened
chromosome 22 resulting from the reciprocal transloca-
tion between 5’ part of the BCR gene from chromosome
22 combines with the 3’ part of the ABL gene, resulting
in an chimeric BCR-ABL tyrosine kinase that is consti-
tutively activated and oncogenic. The Ph is the genetic

hallmark of chronic myeloid leukemia (CML), and it
is also the most frequent cytogenetic abnormality in
adult acute lymphoblastic leukemia (Ph+ ALL), where
it is present in roughly 25% of cases. The Ph occurs less
often in pediatric ALL, with a prevalence of <5%. In
both age groups the Ph chromosome describes a sub-
group of ALL with a poor prognosis. Thus, patients with
Ph+ ALL are usually offered a hematopoietic stem cell
transplant if a suitable donor is available. The tyrosine
kinase inhibitor, imatinib mesylate, has been found to
block the activity of the BCR-ABL tyrosine kinase and
has made an impact in the short-term management of
Ph+ ALL. Unfortunately the effect of Imatinib mono-
therapy tends to be short-lived in Ph+ ALL, and it is
by no means curative. Therefore, recent approaches
are investigating combinations of Imatinib with either
other small molecular inhibitors, chemotherapy, and
transplant regimens. Although the numbers of patients
reported are still small, the results suggest that these
combinations using Imatinib with other therapies may
improve clinical outcomes for this highly recalcitrant
malignancy.

14.2 Molecular Biology of the Ph Chromosome

The most common breakpoints of the BCR and ABL se-
quences yield two fusion BCR-ABL genes in Ph+ ALL
(Fig. 14.1) [1-4]. These two different BCR-ABL variants
result from the different breakpoint locations in the
BCR gene, while the breakpoint in ABL occurs reliably
5’ to ABL exon 2, except in rare circumstances. The typ-
ical 210 kD BCR-ABL fusion protein, found in CML and
Ph+ ALL, involves a break in the major breakpoint clus-
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Fig. 14.1. A schematic of the BCR-ABL breakpoint. The p210 BCR-
ABL variant (found in both CML and ALL) stems from a breakpoint
in the M-BCR region of the BCR gene (bold) combining with the
downstream domains of ABL exposed after a break between exons

ter region (M-bcr), linking the (5" upstream domains of
the BCR gene to the tyrosine kinase domains of ABL.
The alternative BCR-ABL oncoprotein found in Ph+
ALL involves a more proximal break in the BCR gene
at the minor breakpoint cluster region (m-bcr). This
chimeric mRNA vyields a 190 kD BCR-ABL fusion pro-
tein, which is often referred to as p19o Ph variant (note
that some investigators refer to this fusion protein as
“p185™).

While conventional cytogenetic evaluation cannot
discriminate between the p210 and pigo BCR-ABL
forms, molecular biology methods make the determina-
tion of the type of BCR-ABL breakpoint straightfor-
ward. Polymerase chain reaction- (PCR) based assays
accomplish this task [3, 5, 6] by using different oligonu-
cleotide primers specific to the BCR sequences involved
in either the pi9o or p210 breakpoints. PCR methods
also have revealed rare alternative breakpoints utilizing

1 and 2. The p190 BCR-ABL (found in ALL) occurs when the BCR
break occurs more upstream. Boxes and cylinders are exons, and
the lines connecting them are introns.

BCR exon 2 (e2) coupled to ABL exon 2 [7], or the use of
ABL exon 3 rather than exon 2 [8]. The biological signif-
icance of these rare BCR-ABL variants is unknown.

The frequency of BCR-ABL subtypes varies with the
lineage of Ph+ leukemia. Thus, CML is almost always
associated with p210 BCR-ABL. In pediatric Ph+ ALL,
nearly 90% of cases are pigo BCR-ABL, yet in adult
ALL approximately 25-50% of cases harbor the p210
BCR-ABL fusion variant. Indeed, the ratio of p210/
p19o BCR-ABL may increase by decade of patient age
[9]. Also, low and variable amounts of pigo BCR-ABL
transcripts can be detected in patients with p210 BCR-
ABL [10-12] by RT-PCR assays. This dual transcript ex-
pression suggests an mRNA splicing preference result-
ing in a vast predominance of the p210 BCR-ABL tran-
script. The mechanisms controlling such splicing pro-
cesses, and the potential effect on disease activity, are
unknown.
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14.2.2 The Molecular and Cell Biology
of the Ph Chromosome

The fact that the same p210 BCR-ABL translocation can
be found in both CML and ALL, begs the question
whether or not CML lymphoid blast crisis (CML-LBC)
and Ph+ ALL are the same, or different, diseases. Since
CML is thought to arise in a multipotent “stem cell,” the
Ph might be expected to be found both in lymphoid
blasts and myeloid cells in CML-LBC, whereas ALL
arises in a lymphoid restricted progenitor, the Ph might
be expected to be found in lymphoid blasts, but not
myeloid cells in true Ph+ ALL. Unfortunately, studies
of lineage involvement in Ph+ ALL patients have not
yielded such a straightforward answer. There are cases
described of both pigo and p210 Ph+ ALL lymphoid
lineage restricted disease [13-21], in addition to cases
showing multilineage [13-17, 20-22]. In addition, cases
with convincingly documented CML-LBC have been
shown, predictably, to have multilineage involvement
[15, 19]. There is a suggestion that Ph+ ALL with in-
volvement of the myeloid lineage has a better outcome
than lymphoid-restricted disease [14, 15, 17]. Thus, un-
der the Ph+ ALL term a somewhat heterogeneous group
of diseases seem to be included: (1) a lymphoid lineage
restricted ALL that can be either p19o or p210, the ma-
jority of p1go cases would be included in this group; (2)
a “stem cell” ALL with the Ph (either p19o or p210) pres-
ent in both lymphoid and myeloid lineages, bearing
BCR-ABL; and (3) occasionally misclassified CML-
LBC, a “stem cell” leukemia with the p210 BCR-ABL
variant.

More recent reports argue that the leukemic stem
cell (LSC) in p19o ALL originates in the hematopoietic
stem cell compartment. This p19o bearing cell has the
ability to renew itself, although it appears to be a lym-
phoid-restricted precursor that does not express B-line-
age markers [23, 24]. Moreover, Castor et al. [21] found
that in the mouse model system, CD34+CD38-CD19-
cells from p210 Ph+ ALL leukemia would not reconsti-
tute NOD-SCID mice with leukemia, while CD19+ pre-
cursors could. Thus, while the Ph may arise in progeni-
tors in different stages of differentiation yielding differ-
ent lineage involvement, the leukemic stem cell with the
ability to self perpetuate seems to be lymphoid com-
mitted in Ph+ ALL.

The abnormal activation of ABL, a result of the chimeric
BCR-ABL, has a central role in the transformation of
Ph+ leukemic cells. Aberrant expression of the BCR-
ABL tyrosine kinase increases proliferation, inhibits
apoptosis, and alters cell-adhesion properties. Several
animal models have been used in transplantation or
transgenic approaches to demonstrate that BCR-ABL
activity is sufficient to cause leukemogenesis. Such ef-
fects can be demonstrated using either the p210 or
p19o BCR-ABL construct. However, the introduction
of the pigo or p210 BCR-ABL gene appears to yield
somewhat different types of leukemia. Transgenic 190
BCR-ABL mice develop a virulent leukemia that is re-
stricted to the pre-B lymphocytes. These mice typically
die of disease early, with 50% mortality by 10 weeks [25,
26]. In contrast, p210 BCR-ABL mice develop B, T, and
myeloid leukemias, and have a more chronic disease,
with the 50% mortality occurring at approximately
30 weeks [27]. A bone marrow transduction model
has been used to place a p210 BCR-ABL retroviral con-
struct in mice [28]. These animals typically developed
clonal myeloproliferative disease followed by the onset
of acute lymphoma/leukemia similar to blast crisis.
The data suggest that pigo BCR-ABL drives a more
virulent, lymphoid-biased disease process, whereas
p210 BCR-ABL tends to target a disease more resem-
bling CML.

The wild-type ABL protein, a nonreceptor tyrosine
kinase, has low enzymatic activity and is predominantly
localized to the cytoplasm, with a lower level of pres-
ence in the nucleus. BCR-ABL, both p210 and pigo,
are cytoplasmic in leukemic cell lines reflecting the nor-
mal BCR location [29]. It is unclear which of the genetic
pathways inappropriately activated by BCR-ABL are
necessary for malignant transformation, and whether
additional genetic “hits” are required (or if the onco-
genic process is different between CML and Ph+
ALL). Thus, pathways involved in cell proliferation,
namely the RAS-MAPK, JAK-STAT, and PI3K pathways,
are aberrantly activated by BCR-ABL. The anomalous
activation of the RAS signaling cascade is achieved
when BCR-ABL complexes directly with the adaptor
protein Grbz2, which, when coupled to the RAS guanine
nucleotide releasing protein SOS, interacts with and ac-
tivates RAS [30]. Stats appears to phosphorylated in
BCR-ABL cells, though neither Statsa nor Statsb appear
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to be indispensable for the transformation process in-
duced by BCR-ABL, at least in murine models, as leth-
ally irradiated mice deficient for STAT5 a/b and in-
fected with p210 or pigo leukemia develop myeloid
and B-cell tumors [31]. The pigo form of BCR-ABL
phosphorylates phospholipase gamma, and phosphati-
dylinositol 3’ kinase [32], that in turn likely activate
proliferative pathways. In addition, there is evidence
that BCR-ABL acts to inhibit apoptotic pathways [33].
Moreover in CML, BCR-ABL appears to influence ad-
hesion to bone marrow stromal elements, thus releas-
ing immature cells into the periphery, as well as divor-
cing the cell from adherence-mediated cell cycle con-
trol [34, 35]. It is not known whether this occurs in
Ph+ ALL.

An interesting observation is the fact that the Src ki-
nases (Lyn, Hck and Fgr), while essential for the induc-
tion of B-ALL by BCR-ABL in mouse models, are not re-
quired for the induction of CML, and the inhibition of
Src kinases independent of the inhibition of BCR-ABL
(by CP76030) inhibits the lymphoid transformation
[36]. This again reinforces that the leukemogenesis of
p190 and p210 ALL and CML may be subtlety but fun-
damentally different.

14.2.3 The Biology of p190 Versus p210 BCR-ABL

Several differences among the p19o and p210 fusion
genes have been described in different biological mod-
els. The first characteristic that differentiates both tran-
scripts is the in vitro kinase activity. The kinase activity
of the chimeric BCR-ABL protein is higher in p1go BCR-
ABL than in the p210 variant (and p210 activity is great-
er than the rare p230 BCR-ABL variant, caused by a
more downstream BCR break) [37 38]. Li et al. uncov-
ered significant additional differences among the three
different BCR-ABL chimeric proteins [38]. The three
BCR-ABL types transformed in vitro murine myeloid
and lymphoid IL-3 dependent cells, but the transforma-
tion of lymphoid cells (BA/F3) with p19o resulted in the
highest proliferative rate. Furthermore, in a bone mar-
row transduction/transplantation system with marrow
enriched for myeloid precursor cells (with donors
treated with 5-FU), mice transplanted with precursors
transduced with any of the three fusion genes developed
a CML-like disease. On the other hand, when using un-
treated-donors, a greater percentage of mice trans-
planted with pigo-transfected marrow developed B-
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ALL, and they developed it faster than mice trans-
planted with p210- or p23o-transfected marrow. The ac-
tivation of STAT6, induced by p19o but not by p210, may
be involved in the preferred lymphoid transformation
by pigo BCR-ABL [39].

In addition, there are some clinical data that suggest
that patients with the pigo BCR-ABL do worse than
those with p210 after conventional chemotherapy [40].
Different prognostic value of the persistence of minimal
residual disease after transplant for the two breakpoints,
with pigo BCR-ABL having a worse prognosis [10, 41]
also favors that the different transcripts determine
somewhat different diseases.

14.3 Treatment of Ph+ ALL

Despite modern chemotherapy regimens having im-
proved the outcome of pediatric and adult ALL in the
last decades, the improved results in the aggregate have
not translated into an improvement in Ph+ ALL, where
treatment with chemotherapy alone still affords dismal
survival statistics [42, 43]. Newer strategies incorporat-
ing Imatinib appear promising for short-term benefits,
but their impact in long-term survival remains to be
seen.

14.3.1 Pediatric Ph+ ALL

Childhood ALL is a paradigm of a malignancy curable
with chemotherapy alone. However, despite cure rates
exceeding 80% with current treatment protocols [44],
children with Ph+ ALL (Table 14.1) have an extremely
poor prognosis when compared to those with Ph-nega-
tive ALL [45-49]. Although most (80-100%) Ph+ ALL
patients will obtain an initial complete remission (CR)
[42, 45-48, 50-55], their event-free survival (EFS) and
overall survival (OS) range from 28-50% and 40-50%
at 5 years. More recent studies incorporate related or
unrelated allogeneic hematopoietic stem cell transplan-
tations (HSCT) for first CR Ph+ ALL patients, prefer-
ring to treat these patients with ablative regimens soon-
er rather than later [42, 45-48, 54, 56, 57].

Despite the overall poor prognosis in Ph+ ALL, sev-
eral studies have defined prognostic subgroups among
pediatric patients with Ph+ ALL. In a meta-analysis of
ten different trials, Arico et al. [42] found that age
and initial WBC, included in the Rome/NCI criteria
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Table 14.1. Outcomes after chemotherapy in pediatric Ph+ ALL

Ref. Author Years N (%) CR EFS/DFSY*®" HSCT
[49] Crist, et al. 1981-1989 52 (2%) 78% - 7 CR1
[53] Ribeiro, et al. 1984-1994 18 (5%) 72% 20%" 4 CR1
[51] Schrappe, et al. 1986-1995 61 (1%) 75% 38%" 24 CR1
[54] Forestier, et al. 1986-1997 17 (1.3%) - 41%% 6 CR1
[50] Uckun, et al. 1988-1995 30 (2%) 97% 20%" 10 CR1
[55] Hann, et al. 1990-1997 25 (2%) - 27% -

[48] Silverman, et al. 1991-1995 6 (1.6%) 100% 50%"Y 6 CR1
[46] Pui, et al. 1994-1998 7 (2.9%) 85.7% 28.6% 4 CR1
[42] Avrico, et al. 1986-1996 326 (7) 82% 28%> 79 CR1
[47] Arico, et al. 1995-1999 30 (15.2%) 86.6% 46% V¢ =

[45] Roy, et al. 1997-2002 42 (2.3%) 86% 52%3 28 CR1

(%) refers to the % of ALL patients who were Ph positive in the study. Estimates of median survival were made by analysis of the published

survival curves, or when possible, directly from the text. HSCT: Indicates number of patients who underwent a transplant in first CR. (-): not

reported. * EFS in this study were calculated on 26 patients who achieved CR.

for childhood ALL classification [58, 59], could discri-
minate Ph+ ALL patients into better (age <10 years,
WBC at diagnosis <50 0o0/pl), intermediate, and worse
(WBC at diagnosis >100 000/ul) prognosis groups that
demonstrated 5-year DFS rates of 49%, 30%, and 20%,
respectively. While secondary cytogenetic abnormalities
are relatively common (~60%) in pediatric Ph+ ALL, it
is not clear that they have a detrimental influence on
outcome [60].

The prognostic value of in vivo steroid response dur-
ing induction chemotherapy in pediatric ALL patients
was initially reported in the ALL-BFM 83 study [61].
“Good” and “poor” responders to an initial 7-day
course of prednisone (“good” defined as <1000 periph-
eral blasts/ul vs. >1000 blasts/pl in poor responders at
day 8) had significant differences in their EFS (76%
vs. 43%, respectively). Schrappe et al. [51] studied pre-
dnisone response in the subgroup of childhood ALL
presenting with Ph chromosome. While all good ste-
roid-responsive patients achieved CR after induction,
only 30% of poor prednisone-responsive patients ob-
tained a CR, and the probability of EFS after 4 years
was more favorable for the good responder group
(52% vs. 10%, respectively). In a Cox regression model,
poor prednisone response was the only independent
risk factor for survival (WBC, age, nonresponse to in-
duction therapy, and coexpression of myeloid markers
were not independently associated with outcome). No-

tably, the prevalence of poor responders among Ph+
ALL children was three times higher than in unselected
pediatric ALL patients (32% vs. 10%).

The marrow blast response to induction chemother-
apy without steroid use has been used to differentiate
two different outcome groups in the ALL 97 trial [45].
The reduction of bone marrow blasts to less than 25%
within the first 2 weeks on induction therapy discrimi-
nated the good response group (OS 74%, compared to
40% in patients without such a reduction in marrow
blast percentage). In addition, a recent publication
stratified risk by in vitro drug sensitivity testing and
found that patients with resistance to multiple drugs
had worse EFS compared to those whose blasts were
sensitive in vitro [62].

14.3.2 Adult Ph+ ALL

(Table 14.2). The implementation of more intensive che-
motherapy regimens for the treatment of adult ALL, de-
signed after pediatric trials, has resulted in notable im-
provement of outcomes. These treatment protocols have
raised the CR rates for Ph+ ALL to 70-90% [43, 63-67].
Unfortunately, despite these promising CR rates, remis-
sions are short, median overall survivals are measured
in months, and treatment options after relapse have lit-
tle impact in long-term survival [68].
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Table 14.2. Outcomes after chemotherapy for adult Ph+ ALL
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Ref. Author Years N (%) CR EFS/DFSY*®" HSCT
[69] Preti, et al. 1980-1993 41 (12%) 56% - 6 CR1
[64] Faderl, et al. 1980-1997 67 (13%) @559%/90% 109%> -

[66] Thomas, et al. 1984-1996 43 64% - 11 CR1
[65] Secker-Walker, et al. 1985-1992 40 (11%) 83% 13%> 11 CR1
[67] Westbrook, et al. 1987-1990 17 (30%) 71% - -

[63] Annino, et al. 1988-1996 47 (6%) 83% - 14 CR1
[43] Gleissner, et al. 1992-1999 175 (37%) 69% *6%/13%>Y 57 CR1
[*84] Lee, et al. 2000-2003 29 86% 78.1% 25 CR1
[*80] Thomas, et al. 2001-2003 32 96% 87%% 10 CR1
[*82] Lee, et al. 2001-2004 20 90% - 15 CR1
[*83] Towatari, et al. 2002-2003 24 96% 68%'"Y 15 CR1

(%) refers to the % of ALL patients who were Ph-positive in the study. HSCT: Indicates number of patients who underwent a transplant in first CR.

(-): not reported. (*): Chemotherapy included Imatinib. (@): CR rate for patients treated with Pre-hyper-CVAD chemotherapy (55%)/CR rate for

patients treated with hyper-CVAD chemotherapy (90%). (#): 3 years DFS for patients who did not undergo transplant (6%) / patients who

underwent transplant (13%).

The prevalence of Ph+ ALL increases with age, and
is usually linked with a higher WBC, two factors consid-
ered to be associated with worse prognosis in and of
themselves [43, 65, 69]. Efforts to classify adult Ph+
ALL into prognostic subgroups in adults have been at-
tempted, as in the pediatric trials, but the studies lack
the statistical power of their younger counterparts. Be-
tween 65-70% of Ph+ ALL patients present with second-
ary karyotype aberrations [66, 70-73]. Supernumerary
Philadelphia chromosome, monosomy 7, trisomy 8,
and del gp21 have been associated with an inferior prog-
nosis. The GIMEMA 0288 study [63] evaluated the value
of prednisone response before induction in a very sim-
ilar way to the previously mentioned pediatric studies.
In adult ALL in general, prednisone response was an in-
dependent factor for CR, OS, and DFS. Among 36 pa-
tients with Ph+ ALL, 72% were good prednisone re-
sponders, and 83% achieved CR. Seven of 36 patients
in this study had a initial low WBC and a good predni-
sone response, and enjoyed a prolonged CR without
HSCT. The trial LALA-94 evaluated the value of early
response to chemotherapy to predict outcome in adult
Ph+ ALL and found that the lack of response to chemo-
therapy by day 8 predicted a lower likelihood of CR and
worse survival [74, 75].

14.3.3 Imatinib-based Therapy of Ph+ ALL

Since the discovery of Imatinib, new options in the
treatment of Ph+ leukemia have been embraced. This
small molecule, 2-phenylamino pyrimidine, binds com-
petitively to the ATP binding site in the Abl kinase do-
main and inhibits the phosphorylation of its substrates.
Phase I and II [76-78] clinical trials showed Imatinib
alone has an effective cytoreduction activity in 60%
of patients with relapsed or refractory Ph+ ALL, with
20% of patients achieving complete hematologic re-
sponses (that is, normalization of the peripheral blood
WBC). However, the relatively short responses achieved
with Imatinib as a single agent in these studies (median
estimated times to progression and OS were 2.2 and
4.9 months, respectively), have enticed investigators to
incorporate this drug in different stages of the treat-
ment of Ph+ ALL in combination with other therapies.
Moreover, there is concern with regard to a possible
high risk of CNS disease in patients treated with Imati-
nib alone [79-81] that may reflect the low penetration of
the blood/brain barrier by the drug.

Multiple protocols incorporating Imatinib in the
chemotherapy-based treatment of Ph+ ALL have been
published. A recent study of 20 Ph+ ALL cases com-
bined Imatinib to the hyper-CVAD induction regime
(consisting of eight courses of hyper-CVAD alternating



with consolidation with high dose methotrexate and
Ara-C) and followed by maintenance with Imatinib
[80]. Remarkably, CR was achieved in 100% of patients
(93% after the first treatment course, compared to the
historical rate of 66% with hyper-CVAD alone), includ-
ing five patients with primary refractory disease. More
encouraging, of the 10 patients treated on protocol who
were not eligible for subsequent HSCT, five remained in
continuous CR with a median follow-up of 20 months,
while only two relapsed. The OS and DFS results with
the Imatinib/hyper-CVAD regimen appeared superior
to the historical results obtained with hyper-CVAD
alone [64]. Similarly, Imatinib has been administered
in conjunction with Linker-type chemotherapy, yielding
CR rates >90% [82, 83].

Imatinib has also been used as a single agent during
the interim period between induction chemotherapy
and consolidation, and then later between consolidation
and HSCT. This strategy achieved a reduction BCR-ABL
mRNA of 0.77 and 0.34 logs after each cycle of therapy,
and was accompanied by a lower relapse rate (compared
to historical controls) in patients during consolidation
(4.3 vs. 40.7%); a higher rate of patients proceeded to
transplant in first CR (86.2 vs. 51.5%). The DFS after
transplant for patients successfully getting to transplant
at 3 years was 78% [84, 85].

Imatinib has been used as a treatment for minimal
residual disease (MRD) after transplantation in order
to abort relapse. In a prospective multicenter trial,
52% of patients became BCR-ABL negative after 1.5
months of treatment with Imatinib. Patients who be-
came PCR negativity early after the initiation of Imati-
nib had a significantly higher DFS and OS at 1 year than
patients who did not become BCR-ABL negative (91%
and 100% vs. 23% and 13%, respectively) [86].

The effectiveness of Imatinib alone is limited by the
relatively frequent development of resistance [87]. Com-
pared to patients treated for chronic phase CML, the
rate of response to Imatinib in Ph+ ALL is not only sub-
stantially lower but also much shorter. Progression on
Imatinib has been associated with the presence of point
mutations (either in the ATP binding domain or the ac-
tivation loop of Abl) that interferes with Imatinib bind-
ing to Abl, or amplification of BCR-ABL [88]. The short
time span from response to relapse in Ph+ ALL suggests
the pre-existence of a mutated clone that expands under
the selective pressure of Imatinib. Indeed, the presence
of Abl point mutations affecting the ATP-binding pocket
have been described in Imatinib naive patients [89, 90].

14.4 - Hematopoietic Stem Cell Transplantation 183

New strategies are being developed to overcome re-
sistance to Imatinib. First of all, as described above, Im-
atinib is being incorporated in poly-chemotherapy reg-
imens. Secondly, new Abl inhibitors are being developed
and tested in clinical trials: AMN 107 has been found to
inhibit the proliferation of Imatinib-resistant BCR-ABL
expressing cells [91], and BMS-354825 [92], a small mol-
ecule that inhibits kinases of the Src family as well as
Ab], is able to overcome most of the clinically relevant
described mutations. This last compound may be of
special interest in Ph+ ALL as Src kinases are involved
in the transformation of BCR-ABL induced B-ALL in the
murine model. Remarkably, the mutation T315] main-
tains its resistance to both new Abl inhibitors. Other
approaches to overcome resistance include the delivery
of Imatinib at a much higher dose to specific cell types
therefore overcoming resistance and avoiding nonspe-
cific toxicity. For example, high-dose cell-specific Imati-
nib distribution may be achieved by engineering Imati-
nib encapsulated in liposomes that carry antibodies
specific for CD19 [93].

14.4 Hematopoietic Stem Cell Transplantation

Given the short remission duration of Ph+ ALL after
chemotherapy, allogeneic HSCT is considered the treat-
ment of choice in the setting of a suitable patient and
donor (Table 14.3). Results of HSCT are difficult to eval-
uate and compare given the heterogeneity of transplant
regimens, patient cohorts, and merciful rarity of the
disease. But it is clear that allogeneic HSCT can achieve
a cure in a significant proportion of patients [94]. Re-
ports of autologous HSCT are few [42, 74, 95, 96]. The
data suggests that incidence of relapse is higher follow-
ing autologous transplant when compared to allogeneic
HSCT recipients [74]. The factors that are associated
most strongly with successful outcome after HSCT are
stage of disease (first remission being the most favor-
able), and the occurrence of graft-versus-host disease
[41, 96-101]. In a review of 121 patients from three dif-
ferent French adult and pediatric protocols, Esperou et
al. [97] found the disease status at the time of transplant
was the only independent factor predictor for survival
(estimated OS 4 years for patients undergoing HSCT
in first CR 42%, compared to 5% for patients trans-
planted in more advanced disease stages), consistent
with previous reports [101, 102]. The type of donor
(HLA matched-related or matched-unrelated) does not
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Table 14.3. Outcomes after hematopoietic stem cell transplant

Ref. Author Years N EFSYeers Comments

[94] Barrett, et al. 1978-1990 67 31%% Similar results for CR1 and >CR1

[101] Snyder, et al. 1984-1997 23 64% All patients studied in CR1

[95] Dunlop, et al. 1986-1995 19 ©269%/22%>Y EFS: 2/9 autologous, 2/11 MRD (12 CR1, 3 CR,
5 RLPS)

[42] Arico, et al. 1986-1996 38 *65% EFS with autologous transplant: 6/25

[100] Sierra, et al. 1988-1995 18 49%2 All matched unrelated donors

[96] Kroger, et al. 1990-1997 14 38%>Y 13 MRD, 6 URD, 5 autologous. DFS for
allogeneic transplants in 1°* CR 46% at 3y.

[97] Esperou, et al. 1992-2000 121 - 2 yr OS: 50% for CR1 and 17% for >CR1

[75] Thomas, et al. 1994-2002 140 **2404°Y 75 allogeneic, 65 autologous. 3 year DFS 15%

for autografted patients and 34% for allografted

MRD: matched related donor. URD: unrelated donor. (@): 26% 3y DFS for autologous bone marrow transplantation; 22% 3y DFS for allogeneic
bone marrow transplantation. (-) Not reported. (¥) Estimated EFS in patients treated with HLA-Matched related donor. (**) Reported on 198
patients diagnose with Ph+ ALL and treated on protocol LALA-94.

appear to have a significant effect on outcome, as the
higher risks of relapse in the related setting is offset
by problems with GVHD in the unrelated setting [41].

14.5 The Detection of Minimal Residual Disease

As noted above, disease burden at the time of transplant
has a strong impact on survival. This effect is also evi-
dent when looking at more subtle levels of disease that
can be detected by sensitive methods of MRD detection
(especially RT-PCR assays for BCR-ABL). Thus, the de-
tection of MRD after induction and consolidation ther-
apy is fairly common in Ph+ ALL, and is associated with
an increase risk of relapse [103-105]. By using quantita-
tive RT-PCR for BCR-ABL, Pane et al. [104] found that
patients who achieved > 3 log reduction after consolida-
tion had a significantly better DFS and OS. Moreover,
analysis of the MRD during the phase II Imatinib stud-
ies showed that the kinetics in the reduction in the num-
ber BCR-ABL predicted the group of “good responders”
with a longer time to progression [106]. Furthermore,
high levels of MRD at diagnosis, and an increase in
the level of MRD 22 logs predicted patients at a high
risk of relapse [107].

MRD after HSCT also predicts relapse. Unlike the
chemotherapy setting, a significant percentage of pa-
tients who undergo allogeneic HSCT become BCR-

ABL negative after transplant. The detection of MRD
by RT-PCR correlates strongly with subsequent relapse,
usually within 3 months; the risk seems to be higher for
patients with the p1go BCR-ABL transcript compared to
the p210 variant [10, 41, 98, 103, 105, 108, 109]. Moreover,
the MRD status prior to transplant has been shown to
be significantly predictive of EFS [41, 74, 110].

14.6 Conclusion

Despite advances in conventional chemotherapy and
targeted therapy, Ph+ ALL continues to be a very poor
prognostic variable in adult and pediatric ALL. A better
understanding of the molecular biology of BCR-ABL
may lead to advances in more active targeted therapies,
but for now, the only curative modality remains stem
cell transplantation. As advances in this modality in-
crease, the likelihood of potential cures with transplan-
tation combined with novel targeted therapy likely
looms at the best strategy for curative therapy.
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15.1 Introduction

Accounting for 1-3% of all cases of acute lymphoblastic
leukemias (ALL), Burkitt cell ALL (L,ALL) is character-
ized by the morphology of blast cells, the presence of
monoclonal surface immunoglobulins (sIg), and by

chromosomal translocations, usually t(8;14) (q24;q32)
and less commonly its variants t(2;8) (p12;q24) or
t(8;22) (q24;q11) [1-4]. These translocations lead to rear-
rangements of the protooncogene c-myc, located at
band 8q24 [5]. Recently, the World Health Organization
(WHO) classification of lymphoid diseases recognized
the Burkitt lymphoma and the L,ALL as a single entity;
a mature B-cell neoplasm with an oncogenic c-myc
overexpression [6].

L,ALL predominates in children and adolescents,
and is less common in adults [7]. Its prognosis, both
in children and adults, had long been regarded as uni-
formly poor, because of frequent central nervous system
(CNS) involvement and early relapses. Over the last
15 years, however, survival has improved in children,
with the use of aggressive protocols combining intensive
induction and consolidation chemotherapy and early
CNS disease treatment. The impact of these new ap-
proaches on the outcome of adult ALL, has also been
subsequently demonstrated.

15.2 Clinical and Hematological Characteristics
of L;ALL in Adults and Outcome with
“Conventional” ALL Treatment

15.2.1 Clinical and Hematological Characteristics
of L;ALL

No clearcut separation can be made between Burkitt’s
lymphoma (BL) with marrow involvement and L,ALL.
Diagnosis of L,ALL rather than BL therefore somewhat
varies between authors, but is generally considered
when bone marrow blasts are greater than 25%, in the
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absence of massive extramedullary tumor mass, espe-
cially in the abdomen, and when the presentation con-
sists mainly of signs of marrow failure. Marrow infiltra-
tion, in L,ALL, is in fact generally massive, with greater
than 50% blasts. The disease largely predominates in
males (by about 3 to 1), and median age ranges between
25 and 35 years, but about one quarter of the patients are
older than 50. Hepatosplenomegaly and moderately en-
larged lymph nodes are seen in 50-60% of the cases.
The frequency of CNS involvement at diagnosis has
been reported to vary greatly, from 12% to greater than
70%. This variation may have different causes. One of
them could be taking into account clinical findings like
mental neuropathy. Mental neuropathy is indeed a fre-
quent clinical finding in BL and L,;ALL, rarely seen in
other lymphomas or acute leukemias. It appears to re-
sult from infiltration of inferior dental nerves, and
therefore can reasonably be considered as a sign of
CNS disease, even when isolated [8]. We observed it
in 60% of our L,ALL cases, and only one half of those
patients had other signs of CNS involvement. CNS dis-
ease, in L,ALL, is also often diagnosed in the presence
of other cranial nerve palsies, not always associated to
the presence of blasts in the CSE Other organs are in-
volved in about 30% of the L,ALL cases, including me-
diastinal tumors, and stomach, abdomen, skeleton and
epidural masses, leading to paraplegia, which can be a
presenting sign of the disease.

Thrombocytopenia is present in most patients, but
anemia is less frequent; leukocytosis is found in two
thirds of the cases but exceeds 50x10°/l in only 10-
20% of the patients. Circulating blasts are often asso-
ciated to myelocytes and metamyelocytes, a rather un-
usual finding in most other types of acute leukemias.

A high correlation is found, in ALL, between L, mor-
phology and the presence of surface immunoglobulins,
(sIg) although cases of morphologically L, or L, ALL
with slIg, and cases of morphologically L,ALL without
slg have been reported, both in children and adults
[9-12]. In the study of Hoelzer, et al., six of the 68 pa-
tients included had discrepancies between morphologi-
cal and immunological diagnosis: Five were positive for
slg but had L, or L, morphology; one had L, morphol-
ogy but no slg. Patients with sIg and L, or L, morphol-
ogy had a very poor outcome, and probably constitute
(both in adults and children) a subtype of ALL different
from L,ALL, that requires other therapeutic approaches.
In the same report, three additional patients with L,
morphology were found to have a different immuno-
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phenotype (c-ALL in two cases and preB-ALL in one
case). Kantarjian et al. also reported L, morphology in
only 11 of their 18 cases of mature B cell ALL.

t(8;14) is the most frequent translocation observed
in blasts cells, t(2;8) and t(8;22) being only occasionally
seen. In recent series, 38-68% of L;ALL had typical
t(8;14) or t(2;8) and t(8;22) abnormality detected [9,
13-15]. Comparative genomic hybridization (CGH) anal-
ysis also showed that L,ALL had higher number of cy-
togenetic changes, including a high level of genetic am-
plification than BLs [16]. Additional chromosomal ab-
normalities are found in 30-40% of the patients when
karyotype is assessed by conventional cytogenetic anal-
ysis, and do not appear to carry prognostic value [17].

15.2.2 Outcome of Adult L;ALL Treated with
Conventional ALL Regimens

A relatively large number of small series of L,ALL (with
3-10 patients) treated with conventional ALL regimens
have been reported, and their results have been uni-
formly poor [17-26]. Conventional ALL treatments,
usually combining vincristine (VCR) an anthracycline
(ANTHR), prednisone (PR), L asparaginase (L-ASP)
and 5-6 intrathecal injections of MTX (the latter being
mainly given during consolidation therapy) yielded CR
rates of only 30-50%, with most patients subsequently
relapsing, especially in the CNS. In addition to rapid
progression in many patients, failure to achieve CR
was often due to early death associated with acute tu-
mor lysis syndrome. We also observed, in some cases
treated with conventional protocols, eradication of mar-
row blasts but concomitant rapid progression of CNS
disease, leading to early death [18]. Median survival,
in those series, did not exceed a few months and almost
no patients were cured.

Due to similar poor results in disseminated BL and
L,ALL in children, several pediatric groups, especially
the St. Jude’s group, the BFM German group and the
French SFOP attempted new strategies which dramati-
cally improved prognosis in children.

15.3 Improved Strategies in the Treatment

of Disseminated BL and L;ALL in Children

Experience accumulated over the years by pediatric
groups had indeed shown that “classical” ALL regimens,
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or “lymphoma regimens” combining relatively moder-
ate doses of cyclophosphamide (CPM), ANTHR, VCR,
and PR plus “conventional” CNS prophylaxis, that could
cure localized BL, were not sufficient to eradicate sys-
temic and CNS disease in disseminated BL and L,ALL
[27-30] (HD MTX, 3 g/m?). Several groups then showed
that considerable improvement in the outcome of disse-
minated BL and L,ALL in children could be obtained.
The St. Jude’s group, French SFOP, and German BFM
group introduced treatment protocols that included, in
particular, fractionated high doses of CPM (or ifosfa-
mide), intermediate or high dose (HD) methotrexate
and Ara C, and VM26 or VP16 in addition to doxorubi-
cin and VCR (Tables 15.1, 15.2). Very early CNS treat-
ment, with repeated intrathecal therapy and CNS irra-
diation (which could often be replaced by courses of
HD-MTX at 3 g/m*) was added to reduce the incidence
of CNS disease.

Those groups also showed that, in order to reduce
the risk of potentially lethal tumor lysis syndrome,
treatment had to start by a small dose (“prephase,” gen-
erally combining CPM, VCR, and PR), high-dose che-
motherapy being usually started 1 week later. The com-
bination of urate oxidase with induction therapy can
also reduce the risk of severe renal injury during early
phase of induction therapy [31]. With these intensified
protocols, and introduction of a treatment prephase,
the prognosis of stage III and stage IV BL had greatly
improved, 70-75% of the patients achieving cure. This
large pediatric experience also showed that virtually
no relapse occurred after 1 year of diagnosis.

However, patients with CNS involvement and
L,ALL still had poor outcome using such protocols
and had many relapses involving in particular the
CNS, and finally cure rates of only 20-30%. This led
to start approaches using further intensification of
CNS treatment with HDMTX (at 5 g/m* in BEM trials
and 8 g/m” in SFOP trials), a greater number of triple
intrathecal injections (with AraC, MTX, hydrocorti-
sone), consolidation with VP16 and HD Ara C, and
cranial irradiation [28, 32, 33]. With those protocols,
about 75% of BL with CNS involvement and L,ALL
could be cured in the experience of the French SFOP
and the German BFM group. Those results were re-
cently confirmed by a UK group, using a SFOP proto-
col [34].
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15.4 Current Treatment of Newly Diagnosed
L;ALL in Adults

The approaches that showed improved results in chil-
dren were rapidly proposed to adults. In particular,
the SFOP and BFM protocols were applied to adults,
with no or minor modifications (Tables 15.1, 15.2).
Groups involved in the treatment of adult ALL also used
the bases of those protocols to adapt their treatment of
L,ALL. Results of the published experience with such
treatments are shown in Table 15.3.

Application of those reinforced protocols to adult
L, ALL rapidly led to improved results. For example,
all the seven adult L,ALL patients treated by our
group from 1981 to 1984 with conventional (or with
slightly reinforced CNS prophylaxis) ALL protocols
died within 1 year of diagnosis [18]. By contrast, six of
the nine subsequent adult L,ALL cases, treated by
SFOP 86 protocol, were cured of their disease. Favor-
able results of SFOP programs, especially SFOP 86
protocol in adult L,ALL, were more recently confirmed
by Soussain et al. in 24 patients [35]. Nineteen of them
achieved CR, and 14 of them were alive in prolonged
first CR. Importantly, eight of the 18 patients who
achieved CR in that series were allografted (six cases)
or autografted (two cases) in first CR. Three of them
died from toxicity, two relapsed and only three were
cured of their disease. By comparison, all the 11 pa-
tients consolidated with chemotherapy alone remained
disease free. This transplantation series may have had
especially poor results, notably when compared with a
previous French series of allogeneic BMT performed
in first CR in adult BL with initial CNS and/or marrow
involvement, where seven of nine patients had favor-
able outcome [36]. Still, results of Soussain, et al. and
the recent EBMT series [37] suggest that intensification
with an allo or autograft is not justified in L,ALL in
first CR.

Pees et al. [38] and Todeschini et al. [39] also applied
childhood BL and L,ALL trials to adults (BFM-NHL and
POG protocols, respectively) with favorable results,
although on smaller numbers of cases. POG 86 trial
consists of six courses alternating a cycle A and a cycle
B, which are largely similar to BEM-NHL trials, but in-
clude, like SFOP 86 trial, HDAraC. Magrath et al. [33]
also found that adults with disseminated BL treated with
a childhood BL protocol that included the same drugs at
similar doses as BEM and SFOP trials achieved as favor-
able results as with children.
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Table 15.1. Principles of SFOP Protocols 84 and 86

Prephase: COP

VCR

CPM

MTX (CIT)

PRED
COPADM 1

VCR

CPM

ADR

HDM

MTX (IT)

PRED
COPADM 2: idem but

VCR

CPM
CYM 2 courses

HD MTX

MTX (IT)

Ara-C cont. inf.

Ara-C (IT)

Sequence 1

- VCR

- CPM

- ADR

- HD MTX
MTX + (IT)
- PRED

Sequence 2 (SFOP 86 only)
- ARA C
- VP 16

1 mg/m?

300 mg/m?

60 mg/m? (in 2 fractions)

2 mg/m2 (max. 2 mg) d,
500 mg/m?/d (in 2 fractions) d, to d,
60 mg/m? d,
3 g/m? d,
d; and dg
60 mg/m? (in 2 fractions) d; to dg
d; and dg
1 g/m?/d d, to d,
3 g/m? d,
d2
100 mg/m?*/d d, to dg
de
2 mg/m? (max. 2 mg) d,
500 mg/m? d; and d,
60 mg/m?> d,
3 g/m? d
d,
60 mg/m? (in 2 fractions) d; to dg
100 mg/m?*/d d; to ds
150 mg/m?*/d d; to ds

In SFOP 84 trial, treatment is stopped after the first sequence 1. In SFOP protocol 86, CYM courses were replaced by 2 CYVE courses: Ara C

3 g/m?%d d, to ds and VP16: 200 mg/m?/d d- to ds and cranial irradiation. Patients received four maintenance courses alternating sequence 1 and

2. Subsequent trials (SFOP 89 and SFOP 95) followed the same approach with relatively minor changes, intermediate risk patients receiving an

LMB 84 type protocol, and high risk patients (including L3ALL) receiving an LMB 86 type protocol.

The German adult ALL group experience of intensi-
fied treatment of L,ALL currently remains the largest
published in this disorder. Hoelzer et al. [9], who had
observed no cure in nine L;ALL patients treated with
a conventional ALL trial, subsequently decided to start

a specific L, trial (B-NHL83) which, like the SFOP and
BFM trials, included a prephase, followed by repeated
cycles with intermediate dose MTX, fractionated CPM
and VCR (Table 15.4). The CR rate was 63%, and 47%
of the patients who had achieved CR relapsed. Relapses
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Table 15.2. Principles of BFM 90 trial

Prephase Prednisone (orally/IV)
Cyclophosphamide (IV 1 h)
Methotrexate IT
Cytarabine IT
Prednisolone IT

Course A Dexamethasone (orally/IV)
Ifosfamide (IV 1 h)
Methotrexate IV 24 h
Methotrexate IT
Cytarabine IT
Prednisolone IT
Vincristine IV

Cytarabine IV 1 h
Etoposide IV 1 h

Course B Dexamethasone
Cyclophosphamide (IV 1 h)
Methotrexate IV 24 h
Methotrexate IT
Cytarabine IT

Prednisolone IT

Vincristine IV

Doxorubicin IV 1 h

Patients with L;ALL receive six courses alternating A and B (ABABAB).

involved the CNS in 57% cases, and the marrow in 43%
of the cases. Forty nine per cent of the patients were
eventually considered to be cured of their disease. Sub-
sequently, this group used another trial, with higher
doses of MTX, of VM26 and Ara C (B-NHL 86). With
this trial, the CR rate slightly increased to 74%, and
the relapse rate dropped to 23%. Furthermore, only
17% of the relapses involved the CNS. Long-term surviv-
al, however, was similar (51%) in the B-NHL 86 trial, due
in part to older age of patients and death from allo-
geneic BMT in two cases. In studies B-NHL 83 and B-
NHL 86, five patients were allografted, four in first CR
and one in PR, and one was autografted in first CR.
Three allografted patients died, two from toxicity and
the patient who had achieved PR from progressive dis-
ease. Those results, like results of the French group,
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30 mg/m? d to ds
200 mg/m? d; to ds
12 mg d,
30 mg d;
10 mg d;
10 mg/m? d; to ds
800 mg/m? d; to ds
5 g/m? d
6 mg ds and dg
15 mg d; and dg
5 mg d; and dg
1.5 mg/m? d,

150 mg/m? d4 and ds
100 mg/m? d, and ds
10 mg/m? d; to ds

200 mg/m? d; to ds
5 g/m? d,
6 mg d; and dg
15 mg d, and dg
5 mg d; and dg
1.5 mg/m? d,
25 mg/m? d, and ds

confirmed that allogeneic BMT seems to have no or lim-
ited place in the first line treatment of L,ALL.

The CALGB chose to adapt the German adult ALL
protocol where etoposide replaced teniposide. Patients
with an L,ALL or a Burkitt lymphoma with a CNS in-
volvement were included in two successive phase II
trials [13, 14]. For L,ALL, 18 out of the 24 patients
reached CR (75%). Seven of them relapsed. Overall sur-
vival for L,ALL was 45% with a median follow-up of
5 years. Most of the relapsing occurred during the first
year. Only two patients experienced relapse more than
1 year after the start of therapy. CNS prophylaxis was
modified between these two successive trials. The initial
trial planned 12 doses of triple intrathecal chemother-
apy combined with early radiotherapy (given halfway
through therapy). A high neurological toxicity was ob-
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Table 15.4. Protocols of the German ALL group

B-NHL 83

Prephase

CcpP
PRED

Block A

MTX
MTX
CP
VM26
ARAC
PRED

Block B

MTX
MTX
cP
ADR
PRED

B-NHL 86

Prephase

CcpP
PRED

Block A

MTX, ARAC, DEXA
VCR

MTX

IFO

VM26

ARAC

DEXA

Block B

MTX, ARAC, DEXA
VCR

MTX

CcP

ADR

DEXA

200 mg/m?
3%20 mg/m?

12 mg

500 mg/m?
200 mg/m?
165 mg/m?
300 mg/m?
60 mg/m?

12 mg

500 mg/m?
200 mg/m?
50 mg/m?
60 mg/m?

200 mg/m?
3x20 mg/m?

2 mg

1500 mg/m?
800 mg/m?
100 mg/m2
150 mg/m?
10 mg/m2

2 mg

1500 mg/m?
200 mg/m?
25 mg/m?
10 mg/m?

15.4

- Current Treatment of Newly Diagnosed L;ALL in Adults

i.v. (1 h)/d
p.o./d

i.v./d
i.v./d
iv./12 h
p.o./d

iv./d
i.v. (15 m)/d
p.o./d

di—ds
di—ds

d
di-ds
ds
ds
di-ds

d
dqi-ds
ds
di—ds

d

d1

dqi-ds

d,; and ds
d; and ds
dqi-ds

d,

d

dqi-ds

d4 and ds
dqi-ds
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In B-NHL 83 and 86, patients received six cycles alternating block A and B (ABABAB). In the protocol B-NHL 93, cranial irradiation was omitted, and
MTX escalated to 3 g/m?.



198

served with this protocol, which was then modified [14].
The second group of patients received only six intrathe-
cal chemotherapy injections and radiotherapy was giv-
en later in the course of the protocol (after chemother-
apy). Neurological toxicity was significantly reduced
with this less-intensive CNS prophylaxis. CNS relapses
and overall treatment efficacy were not modified [13,
14].

Kantarjian et al. [41] reported results of a protocol
alternating eight cycles of hyper-CVAD (with fraction-
ated CPM and high dose VAD) and HD MTX (3 g/m®)
combined to HD AraC (3 g/m*) and overall 16 intra-
thecal injections in 11 cases of L,ALL. Eight achieved
CR, but the 5-year survival rate was only 33%. Causes
of failure were not detailed. When all mature B cell
ALL cases were considered, only 29% of the cases
could be cured.

The combination of Rituximab and “Burkitt-tai-
lored” chemotherapy has recently been tested in Burkitt
and Burkitt-like leukemia and lymphoma [42, 43]. Pre-
liminary results in HIV-positive and HIV-negative pa-
tients showed a high response rate in patients with Bur-
kitt leukemia/lymphoma. Patients with ALL have not
been evaluated separately and it remains to be seen
whether the favorable response rate observed with these
new combinations will translate into improved survival.

Finally, like in children, almost all relapses in adult
disseminated BL and L,ALL occur within 1 year of diag-
nosis, and prolonged maintenance treatment therefore
is also unnecessary in those patients.

15.5 Prognostic Factors in Adult L;ALL

The considerable improvement that has been observed
in the outcome of L,ALL in adults makes delineation
of the patient population still at high risk of failure with
those regimens particularly important. In the two pub-
lished series with sufficiently large numbers of L,ALL
patients treated “optimally;” patients with poor perfor-
mance status at diagnosis [35] and older patients [9]
had somewhat lower CR rates. Patients with CNS in-
volvement or other extramedullary disease had poorer
outcome in the study of Hoelzer et al. [9]. In the French
SFOP 84 trial, CNS involvement was also a poor prog-
nostic factor. However, it was no more a prognostic fac-
tor in the SFOP 86 trial, which incorporated higher dose
MTX (8 g/m?), high-dose Ara C 3 g/m?, and cranial irra-
diation at 24 Gy [28].
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Hoelzer, et al. [9] also found high WBC counts
(>50x%10°/1) and hemoglobin <8 g/dl to be associated
with a higher risk of relapse whereas LDH levels had
borderline significance. No other biological prognostic
with prognostic importance clearly exists in L;ALL.
We found in particular that p53 mutations had no prog-
nostic value in BL or L,ALL, contrary to most other
hematological malignancies [44].

Recently, additional cytogenetic abnormalities to the
classical c-myc rearrangement were found to be asso-
ciated with a poor outcome [45-46]. The prognostic val-
ue of additional cytogenetic abnormalities needs to be
validated on more adult cases but represent new biolog-
ical prognostic factors of special interest. Abnormalities
in 1q and y7q detected by CGH analysis could be asso-
ciated with a poor outcome in patients with Burkitt lym-
phoma or L,ALL [16].

15.6 Treatment of Resistant and Relapsing
Disease

Experience in the treatment of childhood BL has sug-
gested that salvage chemotherapy, followed by intensifi-
cation with autologous SCT could salvage about 40% of
relapsing patients and patients who achieved only PR
with first-line therapy. Drugs used for salvage chemo-
therapy included in particular HD MTX and high-dose
AraC, and/or etoposide and cisplatin.

This relatively high incidence of durable salvage,
however, was mostly reported in selected series of pa-
tients that often had received less than optimal first-line
therapy, and who were able to reach autologous SCT. It
was less clear if similar efficacy could be observed in
unselected patients who had only partial response or re-
lapsed after first-line treatment using recent intensive
multiagent protocols. For example, Philip et al. [47] re-
ported the outcome of 27 patients with BL who had re-
lapsed after the SFOP 84 trial (14% of the patients who
had achieved CR). Three of them had early death; 15 of
the remaining 24 patients had at least partial response
to salvage regimens (VP16 and HD AraC, VP16 and cis-
platin or MIME) and could be autografted. Four of them
had prolonged survival, whereas none of the patients
who could not be autografted survived. Thus, only four
of the 27 patients who relapsed could be durably sal-
vaged.

In the case of adult L,ALL initially treated with con-
ventional ALL protocols, reports suggest that virtually
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none of the patients who relapsed could be durably sal-
vaged [17-19]. Those patients generally had failure, only
PR, or had rapid relapse after salvage treatment, and
rarely achieved sufficient tumor reduction to envisage
subsequent intensification by allogeneic or autologous
SCT.

Outcome of adult L,ALL patients who had PR or re-
lapsed after first-line, more optimal intensive protocols
(SFOP, BEM or German ALL trials) also appeared dis-
mal. In the French experience [35], four of the six adult
L,ALL patients refractory or who relapsed after first line
treatment were refractory to salvage treatment. The re-
maining two patients, who had sufficient tumor re-
sponse with salvage chemotherapy, could be intensified
by allo (one case) or auto (one case) SCT. However, they
also rapidly died from relapse. Only two patients in the
report of Soussain et al. [35] on adult BL and L,ALL
could be salvaged after a relapse, but they initially
had stage I and stage IIg BL. Outcome of relapses was
not detailed in Hoelzer’s et al. study [9], but none of
the patients who relapsed appeared to have obtained
subsequent disease cure.

The EBMT recently assessed the benefit of allogeneic
bone marrow transplant when compared to high-dose
therapy and autologous stem cell reinjection in lympho-
mas including Burkitt lymphomas [45]. No benefit was
observed with allogeneic bone marrow transplant when
compared to autologous bone marrow transplant in this
series including 71 patients who received an allograft
compared to 416 patients who received an autograft.
Most of the patients were intensified when their disease
remained chemosensitive, but results with allogeneic or
autologous bone marrow transplant were disappointing.
Allogeneic bone marrow transplant gave similar results
to autologous bone marrow transplant, with a median
survival of 4.7 months from the date of transplant and
a progression-free survival of 2.5 months [37].

15.7 L3;ALL in Adults Positive for the Human
Immunodeficiency Virus (HIV)

Although the number of HIV-associated NHL is now de-
creasing with improvement of treatment of HIV infec-
tion in industrialized countries, this virus has led to a
major increase in BL cases. For example, the National
Cancer Institute of Italy recently reported, during an
8-year period, 131 cases of HIV-associated NHL, of
which 46 (35%) were BL. During the same time, only
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29 of the 1004 (2.8%) negative NHL diagnosed at the
same institution were BL [48]. Large studies have shown
that, in HIV-positive patients, BL tended to develop at a
stage when immune functions are still relatively pre-
served, whereas other types of HIV-associated NHL (in-
cluding large cell NHL, immunoblastic NHL, and Bur-
kitt-like NHL), tend to develop at a stage of profound
immunodeficiency. EBV infection is also found less of-
ten in HIV-associated BL than in HIV-associated immu-
noblastic NHL [49].

Bone marrow involvement is reported in 20-60% of
HIV-associated BL. However, it is unclear from most
published series how many of those patients fulfilled
criteria for L,ALL [49]. Only occasional cases clearly de-
scribed as HIV-associated L,ALL have been reported
[17-19].

The outcome of HIV-associated NHL is generally
poorer than that of NHL occurring in HIV-negative pa-
tients, due both to greater aggressiveness of the disease
and to the underlying poor general condition and im-
mune deficiency. In HIV-associated BL, CR rates of
20-45%, and median survival of 3-6 months have gen-
erally been reported with chemotherapy [19, 50-51]. De-
tails regarding patients with bone marrow involvement
were not available in those reports, however. In the re-
port of the Italian NCI [48], treatment results in HIV-
positive adult BL, regardless of disease stage, were less
favorable than in HIV-negative BL: CR rate of 40% vs.
65% (p = 0.03). The difference was due to a higher in-
cidence of deaths from opportunistic infections in
HIV-associated BL, but also to the fact that HIV-positive
cases were generally treated less intensively. Survival
was also poorer in HIV-positive BL (median 7 months)
as compared to HIV-negative BL (median not reached).
DEFS at 4 years was, however, identical in the two groups
(74 vs. 73%). The French BL study group also reported
18 cases of BL, among 103 cases of HIV-positive NHL
[52]. Only two of the 18 patients met criteria for AIDS
before the diagnosis of NHL. Bone marrow involvement
was reported in seven of them, but the degree of marrow
infiltration was not known. Those seven patients re-
ceived high-dose CHOP plus CNS prophylaxis. Only
two of them achieved CR, and they both had prolonged
response.

Treatment results in the rare cases of precisely de-
scribed L,ALL in HIV-positive patients were uniformly
poor [17-19]. The possible impact of highly active anti-
retroviral therapy (HAART) in combinations with in-
tensive Burkitt protocols has recently been investigated
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in HIV-positive Burkitt lymphomas and leukemias [53,
54]. The combination of HAART and intensive che-
motherapy was feasible and resulted in long-term survi-
vors in both series, which suggests that HAART should
be combined with chemotherapy in L,ALL patients.
However those patients had generally received “classi-
cal” ALL protocols, and it is difficult to determine if un-
derlying HIV infection worsened prognosis.

The impact of intensive protocols now applied to
non-HIV related cases of disseminated BL and L,ALL
on the prognosis of HIV-related cases is also difficult
to determine. Such protocols should probably be ap-
plied whenever possible, i.e., in patients without ad-
vanced AIDS symptoms and without very low CD,
counts.

15.8 Conclusion

L,ALL is a rare type of adult ALL, probably difficult to
distinguish from disseminated BL involving the bone
marrow. This tumor is highly proliferative, and tends
to involve the CNS at diagnosis or rapidly during the
disease course. It shows rapid chemosensitivity, initially
leading to the risk of severe acute tumor lysis syndrome.
Principles of its treatment, by comparison to the other
types of ALL, include (i) a low-dose chemotherapy “pre-
phase” to prevent acute tumor lysis syndrome; (ii) mul-
tiagent chemotherapy using high-dose cyclophospha-
mide, an anthracycline, high-dose MTX, high-dose
Ara C and probably VP16. A short and intensive treat-
ment (6-8 months) without maintenance, is indicated;
(iii) early, intensive CNS treatment, with multiple triple
intrathecal injections, high-dose MTX and high-dose
Ara C, and possibly cranial irradiation. Autologous or
allogeneic stem cell transplantation do not appear to
be useful in first CR.

Using such approaches, recent results suggest that
about two thirds of L,ALL in adults can be cured, i.e.,
more than in any other type of adult ALL.
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16.1 Introduction

Lymphoblastic lymphoma (LBL) is a rare entity of non-
Hodgkin’s lymphoma (NHL) with an incidence of less
than 2% (1.7% for T- and less than 1% for B-lympho-
blastic lymphoma) within all NHL [1]. In the USA, the
population-based incidence was 0.2/100000 in males
and 0.1/100 000 in females between 1978 and 1995. The
age distribution is bimodal with higher rates in individ-
uals younger than 20 and in those older than 50 years
[2]. LBL represents a distinctive lymphoma entity with
cytological and histological features similar to those of
acute lymphoblastic leukemia (ALL). LBL and ALL are
generally separated by an arbitrary cut-point of 25%
bone marrow (BM) infiltration. Patients with BM infil-
tration below 25% are considered as LBL. In the new
WHO classification of lymphatic neoplasia both are
summarized as B- or T-precursor lymphoblastic leuke-
mia/lymphoma [3].

Despite the generally accepted viewpoint that ALL
and LBL represent different manifestations of the same
disease, a recent gene expression analysis showed that a
clear segregation of T-ALL and T-LBL based on differ-
entially expressed genes is possible. Thus the study
demonstrated an overexpression of the MLL-1 gene in
T-LBL and of CD47 in T-ALL. Furthermore, adhesion
molecules and extracellular matrix proteins were up-
regulated in T-LBL. Some of the latter differences may
be due to mechanisms in stroma cells. However, there
is also evidence that important growth regulatory path-
ways may be different in T-ALL and T-LBL, which may
partly explain the different clinical presentation of both
diseases [4].
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16.4 Therapeutic Approaches

Most published studies in adults summarize patients
with LBL of B- and T-cell origin. Approximately 80%
of LBL carry T-markers which is different from ALL
with >70% B-markers [s5, 6] (Table 16.1). The reported
disease features of LBL are therefore dominated by the
T-cell subtype.

T-LBL can be separated in subtypes according to
differentiation markers similarly to T-ALL. The thymic
subtype (CD1 positive) is found most frequently. In a
childhood ALL series the incidences for early, thymic,
and mature T-ALL were 18, 71, and 10%, respectively
[7]. For adult LBL the incidence of immunologic sub-
types has not been reported so far. Whereas in T-ALL
the immunophenotype is an important prognostic mar-
ker with inferior outcome for early and mature T-ALL
and superior outcome for thymic T-ALL [8], it’s impact
on outcome is unknown in T-LBL.

16.3 Clinical Features

LBL generally has a male preponderance (61-75%). The
majority of patients show advanced disease with stage
III-1V in 58-95%. B symptoms (16-48%) and elevated
LDH (48-84%) were present in a considerable propor-
tion of patients. The incidence of initial CNS involve-
ment is similar to ALL (0-10%) (Table 16.1).

T-LBL patients showed, compared to B-LBL younger
age [9], a higher rate of mediastinal [10] or BM [9, 10]
involvement and stage IV disease [9] whereas extrano-
dal involvement was more frequent in B-LBL [10].

In the so far largest study on T-LBL in adults, 89% of
the patients showed a mediastinal involvement often
(40%) associated with pleural effusion. Seventy percent
of the patients had lymph node or organ involvement
(11%) and most of them (72%) had advanced stage III/
IV disease with LDH values increased above two times
the normal in 33% of the patients [11].

In contrast to T-ALL, peripheral blood values - par-
ticularly hemoglobin and platelet counts — were gener-
ally near to normal in this patient cohort indicating a
potentially better BM reserve and tolerability of che-
motherapy [11].

Therapeutic approaches for adult LBL included in the
past conventional protocols for NHL, intensive combi-
nation chemotherapy protocols designed for high grade
NHL, and protocols for the treatment ALL, with or with-
out prophylactic cranial irradiation (as in most ALL
protocols) and with or without prophylactic or thera-
peutic mediastinal irradiation. Furthermore, stem cell
transplantation (SCT) - particularly autologous SCT -
was included to a different extent in treatment strate-
gies. These different treatment approaches in conjunc-
tion with differences in patient characteristics - partic-
ularly median age and the proportion of patients with
stage III/IV disease - may explain the considerable vari-
ations in outcome. The cumulative results of different
approaches are summarized in Table 16.2.

16.4.1 Chemotherapy Regimens Designed
for NHL

Earlier reports on conventional NHL protocols such as
CHOP-based regimens yielded relatively low complete
remission (CR) rates (53-71%) and rates for disease-free
survival (DFS) (23-53%) [14, 16, 19-21] (Table 16.2).

Improved results for adult patients with LBL were
later reported for a modified CHOP regimen with addi-
tional application of asparaginase, CNS prophylaxis,
and maintenance therapy. With this regimen, known
as “Stanford/NCOG,” CR rates of 79-100% and DFS
rates of 23-56% were achieved [22-25]. Thus there was
growing evidence that intensified and prolonged che-
motherapy together with CNS prophylaxis is beneficial
in LBL.

With more intensive NHL regimens, designed for
childhood NHL such as the LSA2-L2 or LNH-84 regi-
men, the CR rates were higher (73-84%) but not the
DFS rates (35-44%) [14, 26]. Two studies which both in-
cluded SCT yielded a more favorable DES of 75% [27] or
overall survival of 85% in T-LBL [28].

16.4.2 Chemotherapy Regimens Designed
for ALL

The largest experience on treatment of adult LBL is
available from ALL-type regimens (Table 16.3). In ear-
lier studies at the Memorial Sloan Kettering Cancer
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Table 16.2. Cumulative* treatment results in adult patients with lymphoblastic lymphoma

Author N Studies N patients Age (median) CR DFs
Conventional NHL 5 114 28-45 58% 36%
(53-71%) (23-53%)
Modified NHL 5 112 14-22 92% 49%
(79-100%) (23-56%)
High grade NHL 4 64 25-34 67% 51%
(57-84%) (35-75%)
ALL Protocols 9 282 22-37 80% 56%
(55-100%) (45-67%)

* according to [29]

Table 16.3. Results of ALL-type regimens in adult patients with lymphoblastic lymphoma

Author Year N pts Age Induction CNS proph- CR rate DFS
(median) ylaxis

Slater, et al. [30] 1986 20 22 MSKCC L10/17 i.th. 80% 45%

Bernasconi, et al. 1990 18 25 V,PD,C + ¢/m i.th, CRT 78% 45%

[12] 13 V,RAD,C + ¢/m i.th. 77% (both)

Morel, et al. [14] 1992 22 34 FRALLE i.th. 91% 52%

+/- CRT

Daenen, et al. [33] 1995 18 (T) 22 V,PRAD + ¢/m i.th. 100% 66%
+/- SCT

Engelhard, et al. 1996 35 26 V,PD,AAC,TG,C i.th., CRT 66% 67%

[9] 18 (T) + ¢/m 72%

8 (B) 50%

Zinzani, et al. 15 1996 53 37 L17-L20 +/- SCT i.th. 55% 56%

Bouabdallah, 1998 38 30 ALL protocols i.th., 89% 45%

et al. [16] +/- SCT +/- CRT

Hoelzer, et al. [11] 2002 45 25 GMALL 04/89 i.th., CRT 93% 62%
GMALL 05/93

Thomas, et al. [18] 2004 33 28 fC,V,AD,DX, HDM, i.th. 91% 70%
HDAC repeated

Song, et al. [34] 2007 34 26 ALL-type induc- i.th. +/- n.. 72%
tion + auto SCT TBI

¢/m, consolidation/maintenance; SCT, stem cell transplantation; i.th., intrathecal; CRT, cranial irradiation; V, vincristine; P, prednisone; D, dauno-
rubicin; C, cyclophosphamide; AD, adriamycin; A, asparaginase; AC, cytarabine; TG, thioguanine; fC, fractionated cyclophosphamide;
DX, dexamethasone; HDM, high dose methotrexate; HDAC, high dose cytarabine; (T), T-LBL; (B), B-LBL



Center, CR rates of 80% and DFS of 45% could be
achieved with different ALL-type regimens (L2, Lio,
Li7) [30]. Similar or even better results with CR rates
between 55 and 100% and DFS rates between 45 and
67% were reported later for ALL-type regimens |9, 11,
12, 14-16, 31, 32].

16.4.2.1 MDACC

The MD Anderson Cancer Center (MDACC) reported
the results of 33 patients treated according to the Hy-
per-CVAD regimen. The schedule is based on alternat-
ing cycles with fractionated cyclophosphamide (CY-
CLO) combined with other drugs and cycles with HD-
ARAC and methotrexate (HD-MTX). The majority of
patients received consolidative mediastinal irradiation
after eight cycles. The cohort included mainly T-LBL
(80%) with 70% stage III-IV disease.

The CR rate was 91% with 9% partial responses. The
progression-free survival at 3 years was 66% and the
survival 70% with 62% and 67% for the T-cell subtype,
respectively. The major relapse localization was the me-
diastinum (50% of the relapses). Ten percent of the CR
patients developed CNS involvement at relapse. Except
CNS involvement at diagnosis, no prognostic factors
could be identified [18].

16.4.2.2 GMALL

The largest cohort of T-LBL was reported by the Ger-
man Multicenter Study Group for Adult ALL (GMALL).
Forty-five patients were treated with standard 8-drug
induction including prophylactic CNS irradiation and
mediastinal irradiation followed by consolidation and
reinduction therapy. In the majority of patients, treat-
ment ended after reinduction at about 30 weeks.

The CR rate was 93%. Thirty-six percent of the pa-
tients relapsed. No late relapses after the first year from
diagnosis were observed. The majority of relapses
(47%) involved the mediastinum, although six out of
seven patients had received mediastinal irradiation with
24 Gy. The survival was 51% at 7 years, 65% for CR pa-
tients, and the DFS was 62%. Advanced stage, age, LDH
and other parameters had no prognostic impact [11].

16.4.3 Summary

These studies provide strong evidence that intensive
chemotherapy in T-LBL may lead to favourable outcome
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without SCT in first CR even in patients with advanced
disease and that particularly late relapses may be
avoided to a large extent. Additional evidence for the
high effectivity of ALL-type chemotherapy in T-LBL
comes from a report on 105 children with T-LBL. The
event-free survival of 90% was superior to previous
studies in childhood T-LBL [7].

16.5 CNS Prophylaxis

Initial CNS involvement is observed in approximately
7% of LBL patients, which is similar to the incidence
in ALL [11, 12, 14, 18, 19, 30, 35]. As in ALL, a high rate
of CNS relapse (32-50%) was observed in earlier studies
where patients did not receive specific CNS-directed
prophylaxis [19, 35]. The inclusion of i.th. therapy leads
to a substantial reduction of the CNS relapse rate [19]
which ranged from 0% to 36% in studies with CNS
prophylaxis based on i.th. therapy only [12, 19, 23, 30,
35] and from 3% to 21% in studies with i.th. therapy
and CNS irradiation [12, 23, 26, 35].

Several historical comparisons underline the poten-
tial role of prophylactic CNS irradiation [23, 36]. In the
GMALL study, 91% of the study patients received CNS
irradiation and all of them had intensive i.th. therapy.
This approach proved to be effective since only one of
42 CR patients experienced a CNS relapse [11]. CNS ir-
radiation is not part of the Hyper-CVAD regimen,
which, however, included i.th. therapy and systemic
high-dose therapy. CNS involvement at relapse was seen
in three of 30 CR patients [18].

Overall published results underline the importance
of effective CNS prophylaxis in LBL and there is some
evidence that CNS irradiation is a successful approach.
It may be reasoned, however, whether CNS irradiation
could be omitted in patients with stage I-II disease in
order to avoid toxicity and treatment delays during in-
duction therapy.

16.6 Mediastinal Tumors

One major specific issue in T-LBL is the role of media-
stinal tumors (MedTu) as a cause for initial treatment
failure and as relapse localization. Most patients show
large MedTu at diagnosis, which in some patients even
leads to emergency situations with acute respiratory
distress and/or acute vena cava superior syndrome.



208

After induction, residual MedTu are sometimes difficult
to assess and hamper the confirmation of CR. The me-
diastinum is also the most frequent site of recurrence.
Several questions arise from this issue, such as prognos-
tic impact of residual tumors, useful diagnostic proce-
dures, and additional directed treatment of MedTu,
which may either be prophylactic or therapeutic.

16.6.1 Prognostic Impact
of Residual Mediastinal Tumors

The rapid achievement of CR had a prognostic impact
in childhood LBL. Three out of 64 T-LBL patients with
complete response at day 33 of induction showed local
progress (5%) compared to three out of 35 (9%) with
only partial remission [7]. In this study, however, the
overall incidence of local progression was very low.
One pediatric study demonstrated an inferior survival
in patients without normalization of chest radiography
after induction [37]. Also in adult T-LBL an inferior out-
come was observed in patients with incomplete re-
sponse to induction therapy, which was mainly due to
residual MedTu [11]. On the other hand, in patients
treated with a HD-MTX based regimen none of three
patients with residual mass after induction relapsed
[28].

16.6.2 Diagnostic Procedures

Not surprisingly, in T-LBL patients with large MedTu
often residual structures are detectable after induction
therapy by X-ray or computed tomography (CT). Addi-
tional diagnostic procedures aim to answer the question
whether this is necrotic or scar tissue or whether vital
tumor cells are present. When resection or biopsy was
performed in 10 pediatric T-LBL patients with residual
tumor after induction therapy, necrotic tissue was
found in all cases [7]. Imaging techniques such as posi-
tron emission tomography (PET) are probably not help-
ful very early after induction therapy due to the ongoing
effects of the chemotherapy. They are, however, impor-
tant for staging at later time-points. Recently it was re-
ported that persistently positive PET results were highly
predictive for residual or recurrent disease in NHL [38].
In the GMALL studies PET diagnostics are performed in
patients with residual mediastinal structures after in-
duction and first consolidation.
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Altogether there is some evidence that residual Med-
Tu after induction therapy are associated with increased
relapse risk. In addition to the intensification of sys-
temic chemotherapy, the most frequently discussed
approach for prevention of mediastinal recurrence
and treatment of residual tumors is mediastinal irradia-
tion (MedRad) with two principally different strategies:
irradiation of all patients with MedTu or irradiation in
patients with residual tumor only.

16.6.3 Mediastinal Irradiation

Mott et al. reported a significant advantage in terms
of DFS for pediatric T-LBL patients with low-dose ir-
radiation (15 Gy) (66%) compared to 18% for those
without in an early study with probably suboptimal
chemotherapy [39]. Other strategies in childhood T-
LBL included MedRad in case of emergency only [7
40, 41]. In the latter study the local recurrence rate
(7%) was very low although no MedRad was adminis-
tered. This may be due to a more rigorous early appli-
cation of cyclophosphamide and ARAC and HD MTX,
specifically designed as “extra compartment protocol”
during consolidation [7]. This is underlined by the re-
sults of an HDMTX-based NHL protocol in adult T-
LBL where only three of 14 relapses occurred in the
mediastinum [28].

In the GMALL series of adult T-LBL, the mediastinal
relapse rate was higher (47% of all relapses), despite an
induction therapy similar to the pediatric approach and
prophylactic MedRad with 24 Gy in 85% of the patients
early during or after induction chemotherapy. Consoli-
dation with HD-MTX was, however, less intensive. Me-
diastinal relapses occurred in patients with complete
resolution of MedTu as well as in those with residual
tumors after induction therapy [11].

In the cohort of the MDACC, the majority (74%) of
patients had received MedRad with 30-39 Gy after eight
cycles of chemotherapy. Three patients progressed be-
fore this time-point and one out of three patients with-
out MedRad due to other reasons experienced media-
stinal relapse. The mediastinal relapse rate was 12% in
those who had received MedRad [18].

Altogether these findings underline that effective
treatment of MedTu is an important specific issue in
the treatment of adult T-LBL. In pediatric LBL low me-
diastinal recurrence rates are achieved by intensive che-
motherapy, which may, however, not be feasible in adult



patients. Therefore MedRad still has a role in adult LBL.
Since an irradiation dose of 24 Gy may not be sufficient
in the new GMALL protocol for T-LBL, patients receive
prophylactic MedRad at a dose of 36 Gy similar to the
dose included in NHL protocols for local irradiation. Ir-
radiation is delivered after induction therapy without
parallel chemotherapy in order to reduce hematotoxic-
ity. On the other hand, MedRad leads to delays of sys-
temic chemotherapy and since hematopoietic tissue is
involved, toxicity of subsequent chemotherapy cycles
may be increased. Due to this dilemma the optimal
strategy remains to be defined.

16.7 Prognostic Factors

One important issue in adult LBL is the identification of
prognostic factors in order to define indications for SCT
in first CR. A variety of risk factors for relapse have been
described in single studies such as higher age (>30-
40 years) [12, 14, 15, 30, 42], increased LDH (either
above normal or above 2x normal) [11, 12, 14, 15, 21,
23], CNS [12, 18, 23, 30], bone marrow [12, 23, 24, 42,
43] or extranodal involvement [21], stage IV disease
[12, 15, 23, 42, 43], presence of B-symptoms [14], or de-
creased hemoglobin [14]. The majority of them are in-
dicators for advanced disease or large tumor mass. Par-
tial or late response was also associated with a poorer
outcome [11, 14, 30].

Both recent larger trials with intensive chemother-
apy hardly identified prognostic factors in adult LBL.
In the GMALL series on T-LBL, the only significant
prognostic factor for survival was elevated LDH. No
single risk factor for relapse risk could be identified.
Particularly the stage of disease and age did not have
a prognostic impact [11]. In the MDACC series only
CNS involvement at diagnosis was significantly asso-
ciated with poorer outcome [18]. Similarly no prog-
nostic factors were identified in the largest series in
childhood T-LBL. Neither age, stage, LDH, nor im-
munophenotype appeared to have an impact on DFS
[7]. The decreased relevance of single prognostic
factors may therefore be a consequence of more effec-
tive chemotherapy in adult as well as in childhood
LBL.

A convincing prognostic model has not yet been
defined for adult LBL. New prognostic factors are re-
quired to define indications for SCT in CR1. The bet-
ter characterization of biologic markers, e.g., immuno-
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phenotype of T-LBL, may contribute to this aim. Ra-
tional assessment of individual treatment response
and relapse risk may be based on evaluation of mini-
mal residual disease from bone marrow or peripheral
blood. Furthermore, analysis of gene expression pro-
files, as recently published for T-ALL [44] and T-LBL
[4], may help to identify new prognostic markers in
T-LBL.

16.8 Results of Stem Cell Transplantation
in LBL

SCT was included to a different extent in published stud-
ies and sometimes restricted to high risk LBL patients
(Table 16.4).

16.8.1 Autologous SCT

The majority of studies evaluated the role of autologous
(auto) SCT with a weighted mean for DFS of 61 (31-77)%
[13-16, 45-47, 49, 50]. One prospective study was based
on treatment with two sequential high-dose induction
courses (without HDAC or HDMTX) followed by BEAM
and autologous SCT. Thirteen patients with LBL were
included and the CR rate was 73%. At 5 years the surviv-
al was 46% and the DFS 40%, which is inferior to che-
motherapy studies. Surprisingly, results with this regi-
men were significantly better in Burkitt’s lymphoma
[52].

This favorable result for auto SCT in de novo and
advanced disease may be at least partly due to selection
mechanism, e.g., part of the patients reaching auto SCT
after intensive front-line therapy may have been already
cured by chemotherapy and the few patients reaching
auto SCT after relapse of LBL may represent those few
with chemosensitive disease at relapse.

16.8.2 Allogeneic SCT

Less experience exists with allogeneic (allo) SCT in LBL
[16, 45, 50] with a mean DFS of 74 (59-91%) in a few
small series (Table 16.4). In a survey of the European
Bone Marrow Transplantation Registry (EBMTR), the
survival of 222 LBL patients with allo SCT in first remis-
sion or advanced disease was 38% with a considerable
rate of transplant related mortality (TRM) (31%). In this
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Table 16.4. Results of SCT in lymphoblastic lymphoma

Author
Auto CR1

Milpied, et al. [45]
Baro, et al. [46]

Morel, et al. [14]
Bouabdallah, et al. [16]
Verdonck, et al. [47]
Santini, et al. [13]
Sweetenham, et al. [48]
Jost, et al. [42]
Zinzani, et al. [15]
Conde, et al. [49]
Sweetenham, etal.[50]
Song, et al. [34]

Total

Auto > CR1
Baro, et al. [46]
Morel, et al. [14]
Conde, et al. [49]

Total

Allo CR1
Milpied, et al. [45]
Bouabdallah, et al. [16]

Sweetenham,
et al. [50]

Total

Allo > CR1
Morel, et al. [14]
Van Besien, et al. [51]

Total

According to [11]

@ for allo and auto together; no difference observed

b percentage, not probability
¢ overall survival

9 including Burkitt’s lymphoma

Year

1989
1992
1992
1998
1992
1991
1994
1995
1996
1999
2001
2007

1992
1992
1999

1989
1998
2001

1992
1996

N

13
14
5
16
9
21
105
17
10
58
31
25
241

1
15

12
1

30

25
32

DFS

68%°
77%
60%"
62%"
67%"
66%
63%¢
31%¢
70%°
76%
55%
69%

61
(31-77)%

50%
43%°
36%

47
(43-50)%

68%°
91%°
59%

74
(59-91)%

14% ®
17%

16
(14-17)%

study the lower relapse rate after allo SCT was out-
weighed by higher mortality [53].

16.8.3 Auto Versus Allo SCT

In several reports, results of auto and allo SCT were
compared. Milpied, et al. reported a series of 25 patients
with stage III-IV LBL. The LFS was 68% with no differ-
ence between allo and auto SCT [45]. Another group re-
ported results of allo SCT in LBL which was performed
in younger patients with advanced disease. Ten out of 12
patients mainly transplanted in CR1 survived disease
free. LFS after allo SCT was superior (78%) to auto
SCT (50%) in this study [16].

Results of SCT (auto N = 128; allo N = 76) in 204
LBL patients at different stages of disease are available
from an analysis performed by the International Bone
Marrow Transplantation Registry (IBMTR) and the
Autologous Blood and Marrow Transplantation Registry
(ABMTR). Not surprisingly, there was a higher TRM
after allo (18%) compared to auto (3%) SCT. On the
other hand, the authors observed a lower relapse rate
of 34% for allo compared to 56% for auto SCT after long-
er observation time. Altogether there was no difference
of survival at 5 years with 44% for auto and 39% for allo
SCT. Prognostic factors for DES were donor source, BM
involvement, and disease stage [54]. As these are regis-
try data, the options for interpretation are limited. The
overall result is not superior to chemotherapy, but in-
cludes patients with advanced disease. The risk profile
of the patients and the effects of previous therapy, which
may be particularly important for auto SCT, are not
analyzed. However, there seems to be a graft-versus-
lymphoma effect in LBL. Since TRM may be lowered
in more recent trials, allo SCT could be an option for
high-risk T-LBL. In patients after relapse allo SCT
should probably be preferred to auto SCT in patients
with an available donor.

16.8.4 Auto SCT Versus Chemotherapy

In the largest prospective trial with randomized compar-
ison of auto SCT and conventional consolidation/main-
tenance, however, only 65 of 98 eligible patients were ac-
tually randomized. The DFS for conventional che-
motherapy was 24% compared to 55% for auto SCT.
No difference was detected for survival (45 vs. 56%).



In this study, however, the overall CR rate of 56% and the
DES for chemotherapy were suboptimal [50].

It is a well-known fact that results of chemotherapy
and SCT cannot be easily compared since retrospec-
tively analyzed SCT patients generally represent a se-
lected patient cohort excluding patients not achieving
CR, with early relapse or poor general condition. Partic-
ularly patients with LBL generally achieve remission
rapidly and if they relapse, they do it early. Thus it
can be assumed that these patients are not represented
in the transplantation cohort and that a significant
number of the transplanted patients are already cured
by previous chemotherapy.

A recent study tried to circumvent these issues by an
intent-to-treat analysis. In 34 T-LBL patients, SCT was
planned upfront after an NHL/ALL-type induction reg-
imen. SCT was actually realized in 29 patients (24 auto,
4 allo), which is a high proportion. The overall survival
was 72% for all patients and 79% for those who actually
proceeded to SCT. For auto SCT the DFS is 69% [34].
This is the first study showing convincingly that auto
SCT may yield similar results as chemotherapy in an in-
tent-to-treat analysis.

16.8.5 Summary

Auto or allo SCT may confer an advantage in survival for
high-risk LBL. However, in recent studies survival after
chemotherapy is similar to the reported results of allo
or auto SCT; furthermore, no convincing risk model
for LBL is available at present and therefore clear indi-
cations for SCT in first CR are missing. Particularly for
allo SCT results are still scarce and treatment-related
morbidity and mortality is high; it should therefore
probably be restricted to relapse patients.

16.9 Outcome of Salvage Therapy

The outcome of patients with relapsed LBL was poor in
most studies. The disease generally shows a rapid pro-
gression and response rates after salvage chemotherapy
are low. Results of auto SCT are also inferior beyond first
CR (Table 16.4). In a report from the EBMTR, the DES
for auto SCT in CR2 or in resistant disease was 31 and
15%, respectively, compared to 63% in CR1 [48]. Also
in another large cohort, the DFS after auto SCT in
CR1 was 76% compared to 38% for CR2 [49]. From sin-
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gle studies DFS rates between 14 and 50% have been re-
ported for auto SCT in CR2 [14, 46, 55]. For allo SCT be-
yond first CR the DFS was low (16%), which seems to be
a realistic result.

The major problem is to achieve a stable second re-
mission. Several new treatment options may be evalu-
ated. Salvage treatment should aim to refer the patients
to an allo SCT as soon as possible. In patients without a
compatible donor auto SCT in second remission is an
option if stem cells are available or may be performed
as interim therapy before allo SCT. Therefore storage
of peripheral stem cells during front-line treatment ap-
pears to be reasonable since particularly in patients
without a sibling donor, the search for an unrelated do-
nor may be too time-consuming.

16.10 Summary and Future Prospects

For the development of future treatment strategies in
adult LBL various questions remain open since no ran-
domized studies are available. The use of ALL-type reg-
imens appears to be justified although a prospective
comparison with intensive NHL regimens is desirable.
In this rare disease this aim could, however, only be
achieved with large cooperative studies.

The requirement for intensive prophylaxis of CNS
relapse in T-LBL is evident. It remains, however, open
whether this aim can be achieved by intensive intrathe-
cal therapy and systemic high dose chemotherapy,
whether CNS irradiation is required or whether it
may be restricted to patients with stage III/IV disease.

The major problem of local disease control is the ef-
fective treatment of mediastinal tumors. This may be
achieved by increased dose for mediastinal irradiation,
although this approach may compromise further che-
motherapy due to bone marrow suppression.

At the same time intensification of systemic treat-
ment can be attempted since treatment-related mortal-
ity is generally low in LBL. The value of cytostatic drugs
with particular effectivity in T-ALL should be analyzed.
From adult T-ALL it is known that CYCLO and ARAC
contributed to an improvement of overall results [29].
In childhood T-ALL intensive use of asparaginase [56]
and MTX [57] contributed to better outcome. In T-
LBL superior results were attributed to intensive treat-
ment including cyclophosphamide, MTX, and dexa-
methasone during early phase of treatment. As a result
no relapses occurred later than 1 year compared to
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other studies with relapses up to 5 years [7]. Also pre-
treatment with CYCLO pulses may play a role in T-
LBL. In T-ALL the introduction of pretreatment with
fractionated CYCLO in one study lead to a reduction
of failure rate from 5/39 without CYCLO pretreatment
to 0/8 with pretreatment [58]. The efficacy of fraction-
ated CYCLO is also underlined by the successful hy-
per-CVAD regimen [18].

New cytostatic drugs such as 2-CDA, forodesine Hy-
drochloride, and nelarabine with specific activity on T-
cells or immunotherapy with T-cell specific antibodies
such as anti-CD3 and anti-CDs52 (Campath) deserve
evaluation in relapsed and refractory patients. For nel-
arabine it was shown recently that it is equally effective
in relapsed T-ALL and T-LBL with response rates of 42
and 38%, respectively [59]. This drug is of interest not
only for salvage therapy but also for integration in
front-line therapy of T-LBL

SCT may have a role in the treatment of high-risk
patients with T-LBL although it is still not clear how
high-risk patients have to be defined in the context of
contemporary intensive ALL-type regimens. Particular-
ly before auto SCT, intensive chemotherapy aiming to a
high CR rate and effective tumor reduction seems to be
necessary. New prognostic factors are required to define
indications for SCT in first remission. The better char-
acterization of biologic markers, e.g., immunopheno-
type of T-LBL, may contribute to this aim. Methods
for MRD evaluation from bone marrow or even periph-
eral blood have to be established. Microarray analyses
may contribute to characterization of disease biology
and identification of new prognostic markers. It was al-
ready demonstrated that the majority of T-LBL patients
show individual T-cell receptor rearrangements similar-
ly to T-ALL. Thus, in the future, indications for SCT may
be based at least partly on the evaluation of MRD.
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17.1 Introduction

Adult patients with acute lymphoblastic leukemia (ALL)
can now achieve complete remission (CR) rates of 8o-
90% [1-3]. However, only 25-50% of these patients
achieve long-term, disease-free survival. Current re-
search efforts are focused on innovative postremission
strategies with the goal of improving disease-free
(DFS) and overall survival (OS). The identification of
different prognostic groups based on the biology of
the malignant clone and prognostic factors allows for
risk-adapted therapy. Multiple randomized trials have
demonstrated that hematopoietic stem cell transplanta-
tion (SCT) improves the outcome of patients with high-
risk ALL. In this chapter, we will define the different dis-
ease risk groups, the clinical outcomes of major trans-
plant trials for ALL, and the therapeutic factors that af-
fect outcome after SCT.

17.2 Prognostic Factors in Adult ALL

Several biologic features and specific clinical character-
istics have been consistently noted to influence the out-
come of adult ALL and impact on risk-stratification (Ta-
ble 17.1). Older age, a high white blood cell count (WBC)
at presentation, and failure to achieve a clinical remis-
sion within the first 4 weeks of treatment are generally
accepted adverse clinical features. The detection of spe-
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Table 17.1. Adverse prognostic features in Adult ALL

Age greater than 60 years*
WBC count greater than 30000/pL

Cytogenetics: t(9;22)(q34;q11), trisomy 8, t(4;11)(921;923),
monosomy 7, a hypodiploid karyotype, t(1;19)(q23;p13)

Delayed time to complete remission, greater than 4 weeks

* Established in US series; German series use age 30, 35, or 50 years as

cut-off.

cific recurring cytogenetic abnormalities has emerged
as the most important prognostic factor for risk strati-
fication of adults with ALL [4]. Clonal chromosomal
aberrations can be detected in cells from 62% to 85%
of adult ALL patients, and numerous studies have
shown their significance as predictors of outcome [5,
6]. In one review of this literature, six abnormalities
were associated with unfavorable outcome, defined as
having a 0.25 or less probability of continuous CR at
5 years. These included, in decreasing frequency,
t(9;22)(q34;q11), trisomy 8, t(4;11)(q21;q23), monosomy
7 a hypodiploid karyotype, and t(1;19)(q23;p13) [7 8].
In addition to the adverse prognostic factors listed
in Fig. 17.1, the detection of minimal residual disease
(MRD) using qualitative or semiquantitative polymer-
ase chain reaction (PCR) or flow cytometric techniques
also provides important prognostic information [9].
MRD levels have been investigated both before and after
transplantation, and this topic is addressed in a separate
chapter of this book. In brief, persistent MRD positivity
postinduction appears to be associated with an in-
creased risk of relapse [10]. Brisco, et al. studied 27
adults with B-lineage ALL for MRD in first complete re-
mission (CR1). Relapse occurred in eight of nine pa-
tients with a high level of disease detected using semi-
quantitative PCR (levels >107%), compared to six of 13
patients with lower MRD levels (levels <107°) [11].
MRD positivity after transplant has been most ex-
tensively studied in Philadelphia chromosome (Ph)-
positive ALL. In 28 patients evaluated, Radich, et al.
found that the relative risk (RR) for relapse was signifi-
cantly higher for patients with a detectable BCR/ABL
transcript following transplantation than for those
without detectable BCR/ABL (RR=5.7, p=0.025) [12].
The prognostic significance of the PCR assay remained
after controlling for other prognostic variables. The risk
of relapse was greater for patients with a pigo fusion
transcript than for those with p210 BCR/ABL. The me-
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dian time from detection of a positive PCR result to re-
lapse was 94 days. Other investigators have found sim-
ilar results [13-16]. Generally, patients who are persis-
tently BCR/ABL negative following transplantation are
unlikely to relapse. Conversely, patients who are BCR/
ABL+ following transplantation are at high risk for sub-
sequent relapse.

17.3 Results with Allogeneic Transplantation
for High-Risk ALL

17.3.1 First Complete Remission

Review of a number of small, phase II trials in high-risk
adult ALL who have undergone ASCT in CR1 suggests a
higher DFS when compared with historic controls based
on conventional chemotherapy [17-23]. High-risk in
these studies was defined as patients having at least
one or more of the following: age greater than 30 years,
WBC greater than 30x10°/L at presentation, extrame-
dullary disease, unfavorable cytogenetic abnormalities,
and requiring more than 4 weeks to achieve CR. As
shown in Table 17.2, DFS ranges broadly from 21% to
71%, with a 3- to 8-year follow-up. The large difference
in the outcome of these phase II studies is influenced by
multiple variables, including differences in patient se-
lection, type of graft vs. host disease (GVHD) prophy-
laxis, and different supportive care regimens. The
choice of preparative regimen may have played a smal-
ler role since all received a total body irradiation (TBI)-
based conditioning regimen.

Two large, prospective controlled trials have directly
compared transplant with chemotherapy in patients in
CR1. The French Leucemie Aigue Lymphoblastique de
I’Adulte LALA 87 protocol was a cooperative study that
examined the role of chemotherapy and SCT for adult
ALL patients. This was a prospective, randomized study,
initiated in November 1986 and completed in July 1991,
which enrolled 634 newly diagnosed patients. After ex-
clusions, 572 patients were analyzed with 10-year fol-
low-up results. The median age of patients entered in
this trial was 33 years. Patients received induction che-
motherapy with cyclophosphamide, vincristine, predni-
sone, and one of two anthracyclines. Central nervous
system prophylaxis was administered. Complete re-
mission was achieved in 436 (76%) patients. After CR
was achieved, patients older than 5o years received
postremission chemotherapy. Patients between 15 and
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Study No. Med. age (yrs) Preparative GVHD II-IV GVHD3 3-yrs DFS%
pts regimen prophylaxis
Wingard, 1990 [23] 18 24 (5-36) CY/TBI CSA +/- MP 8 42
Blaise, 1990 [17] 25 22 (4-36) CY/fTBI, ML/fTBI MR 7 71
CY/ML/fTBI
Chao, 1991 [18] 53 28 (1-45) Ara-C/CY/TBI CSA +/- MP 6 61
CY/TBI MTX +/- MP
VP-16/TBI
Doney, 1991 [20] 41 22 (18-50) CY/fTBI or MR 7 21 (5 yrs)
Single dose TBI
Sutton, 1993 [21] 184 25 (15-44) CY/TBI MR 15 deaths 49.5 (6 yrs)
(retrospective (majority)
review)
Vey, 1994 [22] 29 24 (16-41) CY/TBI CSA/MTX 7 62 (8 yrs)
DeWitte, 1994 [19] 22 15-51 CY/TBI CSA NR 58

CY, cyclophosphamide; TBI, total body irradiation; fTBI, fractionated TBI; VP-16, etoposide; MR, multiple regimens; NR, not reported;

CSA, cyclosporine; MTX, methotrexate; MP, methylprednisolone.

40 years of age were assigned to allogeneic SCT if they
had an HLA-matched sibling donor. Patients between
ages 40 and 50, and those under the age of 40 without
a matched sibling donor, were further randomized to
consolidation chemotherapy or autologous SCT using
bone marrow purged with antibodies or mafosfamide.
Consolidation chemotherapy consisted of three monthly
courses of daunorubicin or zorubicin, Ara-C, and aspar-
aginase followed by long-term maintenance therapy.
The transplant preparative regimen consisted of TBI
and cyclophosphamide. The study separately evaluated
high- and standard-risk subsets. High-risk was defined
as having one or more of the following factors: presence
of the Ph chromosome, null ALL, age >35 years, WBC
count >30x%10°/L, time to CR >4 weeks. The remaining
patients were considered standard risk.

This study showed that survival at 10 years was sig-
nificantly greater for the allogeneic SCT group com-
pared to consolidation chemotherapy (46% SCT vs.
31% chemotherapy, p=o0.04). Furthermore, when these
groups were stratified into high and standard risk, there
was a highly significant benefit for allogeneic SCT in the
high-risk subset, but no statistically significant benefit
seen for the standard risk subset (high risk: 44% SCT,
11% chemotherapy, p=0.009; standard risk: 49% SCT,
43% chemotherapy, p=0.6) [24, 25]. There was no sta-

tistically significant difference in outcome between pa-
tients who received autologous SCT versus consolida-
tion chemotherapy (34% SCT, 29% chemotherapy,
p=0.6), with no difference detected in either the high-
or standard-risk subset.

The United Kingdom Medical Research Council’s
(MRC) UKALL XII/Eastern Cooperative Oncology
Group (ECOG) E2993 is also conducting a prospective
trial to define the role of allogeneic SCT, autologous
SCT, and conventional dose chemotherapy in adult pa-
tients with ALL in CR1. Initiated in 1993, over 1200 pa-
tients have been enrolled to date. All patients received
two phases of induction therapy, and continued to allo-
geneic SCT if they achieved CR and had a histocompa-
tible donor. The remaining patients were randomized to
standard consolidation/maintenance therapy for 2.5
years vs. a single autologous SCT. The conditioning reg-
imen for both allogeneic and autologous transplants
was fractionated TBI (1320 cGy) and VP-16 (60 mg/
kg). Based on the data presented in an abstract in
2001 [26], 239 patients received an allogeneic SCT (170
Ph-) and 291 patients received chemotherapy or autolo-
gous SCT. The overall event-free survival (EFS) for the
allogeneic SCT group was 54 vs. 34% (p=0.04) for the
chemotherapy or autologous BMT group. Excluding
the t(9;22) karyotype, when patients were stratified into
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high or standard risk, the difference in EFS becomes
more dramatic in the high-risk subset (allogeneic
BMT 44% vs. chemotherapy/autologous BMT 26%,
p=0.06).

In conclusion, both of these large prospective con-
trolled studies determined that allogeneic SCT im-
proved the outcome for adults with high-risk ALL in
CRu.

17.3.2 Beyond CR1

There are no data suggesting that durable remissions
can be achieved with standard chemotherapy for adults
with ALL who fail to achieve an initial complete remis-
sion or have recurrent disease. Second complete remis-
sions can often be achieved, but are typically of shorter
duration than the initial response. Patients who undergo
an allogeneic SCT in CR2 have achieved long-term, leu-
kemia-free survival (LFS) rates between 14% to 43%, as
illustrated in Table 17.3 [20, 23, 27-30]. Therefore, if pa-
tients are in remission, allogeneic SCT results in greater
LFS when compared to chemotherapy. The primary
cause of failure is relapse (>50%).

Table 17.3. Allogeneic transplantation for ALL in CR2

Study No. LFS (%) Risk of
patients relapse

IBMTR, 1989 208 (high 22 (4 yrs) 56

[27] risk)
97 (stan- 36 (4 yrs) 49
dard risk)

Barrett, 1989 391 26 (5 yrs) 52

[28]

Wingard, 1990 36 43 (5 yrs) 26

[23]

Doney, 1991 48 15 (5 yrs) 64

[20]

Greinix, 1998 27 14 (3 yrs) 78

[29]

Michallet, 47 30 +/- 8% 44+/-

2000 [30] (5 yrs) 12%
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17.3.3 Primary Refractory ALL

With current induction regimens, only 5-10% of adults
with newly diagnosed ALL fail to achieve remission.
These patients often have poor prognostic factors at
presentation, and additional attempts at induction che-
motherapy are usually of limited benefit. Several studies
suggest that patients with an HLA-identical sibling ben-
efit by receiving allogeneic transplantation without un-
dergoing a second attempt at induction therapy [31-33].
In the largest of these studies, 38 patients with ALL fail-
ing to achieve remission received HLA-identical sibling
transplants. Approximately 35% of these patients with
refractory disease became long-term, disease-free survi-
vors. In a retrospective review of patients with primary
refractory and relapsed ALL, the records of 314 adults
were reviewed for disease outcome at MD Anderson
Cancer Center between 1980 and 1997. Allogeneic SCT
was performed in 29 patients (13 in salvage and 16 in
CR2). The rates for durable CR posttransplant were
comparable between the two groups; 5/13 (38%) in the
salvage group and 5/16 (31%) in the remission group.
Although patient numbers are small and a variety of
transplant conditioning regimens were used, these re-
sults corroborate the findings of earlier studies, and
suggest that allogeneic transplant should be considered
for these patients with an otherwise dismal chance of
long-term survival [34, 35].

17.4 Philadelphia Chromosome-Positive ALL

Philadelphia chromosome-positive (Ph+) acute lym-
phoblastic leukemia is well established to have a very
poor prognosis. The recent incorporation of imatinib
mesylate into combination chemotherapy has been a
major development. Imatinib is a highly effective, tar-
geted therapy directed against the BCR/ABL tyrosine
kinase that is overexpressed as a result of the t(9;22)
(q34;q11) in chronic myeloid leukemia and Ph+ ALL
[34]. The rapid initial response to therapy and minimal
side effects make imatinib an ideal drug for incorpora-
tion into clinical trials for treatment of newly diagnosed
Ph+ ALL. In a study by Thomas et al., 20 patients with
newly diagnosed Ph+ ALL received concurrent hyper-
CVAD (cyclophosphamide, vincristine, Adriamycin,
dexamethasone) and imatinib at the 400 mg dose. All
patients achieved CR. Ten patients received allogeneic
SCT in first CR within a median of 3.5 months, with



nine remaining alive in CR with a median follow-up of
12 months. Among ten patients ineligible for SCT, one
relapsed after 12 months, two died in CR from comorbid
conditions at 15 and 16 months, and five remained in
continuous CR for a median of 20 months [36].
Although this is an early study with very short follow-
up, these results are very encouraging for a subset of pa-
tients with a traditionally very poor prognosis.

Data from the MRC UKALL XII/ECOG E2993 study
described earlier revealed similar poor results for Ph+
patients treated with chemotherapy only. In this on-
going, prospective, randomized study, 167 Ph+ patients
were treated on the MRC UKALL XII/ECOG E2993 pro-
tocol between 1993 and 2000. Seventy-two patients re-
ceived a matched-related or unrelated donor transplant
in CR1, while seven received an autologous transplant
and 88 received chemotherapy due to lack of donors.
As expected, the 5-year EFS and OS were significantly
higher for the allogeneic transplant group, 36% and
42%, respectively, compared to 17% and 19% for the
nonallogeneic transplant groups [37]. These results sug-
gest that the presence of the Ph chromosome is most
detrimental to maintaining long-term remission, and
underscore the need for long-term follow-up of ongoing
studies with imatinib. Until long-term results are ob-
tained, all Ph+ patients should still receive an allogeneic
SCT in CRu1 if a donor is available.

Disease outcome from a series of single-center retro-
spective studies are listed in Table 17.4 [19, 38-40]. It is
difficult to draw conclusions from these small series that
vary considerably with respect to type of patient (CR1 or
beyond), type of preparative regimen, GVHD prophy-
laxis, and supportive care. The reported DFS rate varies
widely between 20% to 80%, and it is difficult to deter-
mine if a particular preparative regimen is superior.
Generally, data from most series suggest that Ph+ pa-
tients fare best when transplanted in CR1. Follow-up
from the prospective MRC UKALL XII/ECOG E2993
study is eagerly anticipated.

Table 17.4. Allogeneic transplantation for Ph+ ALL
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It is hoped that the incorporation of imatinib into
the transplant conditioning regimen or early posttrans-
plant will further improve results. The Cancer and Leu-
kemia Group B (CALGB), in combination with the
Southwest Oncology Group (SWOG) are enrolling pa-
tients in a Phase II trial of sequential chemotherapy, im-
atinib, and allogeneic or autologous SCT for adults with
newly diagnosed Ph+ ALL. The primary objectives of
this study will be to determine the ability of imatinib
to produce a complete molecular response (achieve
BCR/ABL- status by RT-PCR) following sequential che-
motherapy, imatinib therapy, and transplantation, and
to determine the ability of imatinib to improve DFS
and OS in this high-risk group of patients. The safety
and efficacy of concurrent imatinib administration with
high dose chemotherapy is being investigated in blast
phase CML patients currently enrolled in clinical trials
at MD Anderson Cancer Center, and results may be ap-
plicable to Ph+ ALL patients.

The feasibility of alternative donor transplants has
also been investigated in Ph+ ALL patients in efforts
to provide allogeneic transplantation to patients who
lack a matched sibling. At the Fred Hutchinson Cancer
Research Center, matched unrelated donor (MUD)
transplantation was investigated in 18 patients with
Ph+ ALL between 1988 and 1995. The study included
children and adults, with the median age being 25 years.
Seven patients were in CR1, one in CR2, three in first re-
lapse, and seven with advanced disease. The preparative
regimen involved TBI and cyclophosphamide. Six pa-
tients who were transplanted in CR1, one in CR1, and
two while in second remission remained leukemia-free
at a median follow-up of 17 months. The probability of
LFS at 2 years was 49%, similar to rates reported for
matched-sibling-SCT [41]. However, it must be empha-
sized that this was a highly selected population of rela-
tively young patients. Too few adults with Ph+ ALL have
received cord blood or haploidentical donor transplants
to comment on results.

Study No. pts Med. age (years) Prep. regimen 3-year DFS%
Stockschlader, 1995 [39] 10 31 VP-16/CY/TBI 46

Dunlop, 1996 [40] 11 27 TBI-based 21.8

Snyder, 1999 [38] 23 30 VP-16/fTBI 65 (SCT before 1992)

81 (SCT after 1992)

CY, cyclophosphamide; TBI, total body irradiation; fTBI, fractionated TBI; VP-16, etoposide.
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Donor lymphocyte infusion (DLI) has also been in-
vestigated in patients with Ph+ ALL. DLI is most effec-
tive as treatment for Ph+ chronic phase CML, but has
little benefit for patients with either myeloid or lym-
phoid blast crisis. Although peptides derived from
bcr-abl may be immunogenic, the immunologic target
of DLI is unknown and minor histocompatibility anti-
gens and overexpressed myeloid lineage related proteins
might be involved.

DLI has had very limited efficacy in Ph+ ALL [42,
43]. It is not known whether this disparity in efficacy
stems from differences in the immunogenicity of the
p19o BCR/ABL (most Ph+ ALL) vs. the p210 BCR/ABL
(most CML), differences in growth kinetics of Ph+
ALL relapse (high tumor burden) vs. those in CML
(lower tumor burden), or other disease specific factors.
Interestingly, in a study of 11 patients, including one
with Ph+ ALL, second allogeneic PBSC transplants from
the original donor were administered for treatment of
relapse. All patients achieved CR, but responses were
not durable. The patient with Ph+ ALL achieved a com-
plete clinical and molecular response, but died at
12 weeks due to CNS relapse. This was the only site of
disease at time of death [44].

17.5 Factors Influencing Transplant Outcome

17.5.1 Preparative Regimens

17.5.1.1 Radiation-based

Several different preparative regimens for allogeneic
SCT have been described in attempts to decrease trans-
plant related mortality (TRM) and improve DFS. The
most widely used regimen is the combination of total
body irradiation (TBI) and cyclophosphamide devel-
oped by Thomas and colleagues. TBI can be adminis-
tered as single dose, or fractionated over 3-5 days. A
comparative analysis of fractionated-dose vs. single-
dose TBI in adult ALL patients showed a significantly
higher TRM in the single-dose group (p=o0.017), but
an increase in the relapse rate of the fractionated-dose
group; consequently, there were no differences in the
overall LFS between the two groups [21]. The Minnesota
Group compared TBI/cyclophosphamide with TBI/Ara-
C in a study including both adults and children, and
found no outcome difference in regards to toxicity or
outcome [45]. The City of Hope group studied fraction-
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ated TBI with etoposide followed by SCT in patients
with advanced leukemia. A Phase I/II trial indicated that
etoposide at 60 mg/kg is the maximum tolerated dose
when combined with TBI. In that study, 36 ALL patients
were treated; 20 had relapsed disease. The DFS was 57%,
with a 32% relapse rate suggesting that the regimen has
significant activity in advanced ALL [46].

Novel methods to allow selective delivery of radia-
tion to sites of leukemia without increasing systemic
toxicity are currently under investigation. One method
with great potential is the incorporation of radiolabeled
monoclonal antibodies (MoAb) into the conditioning
regimen. A Phase I transplant trial using "'I-labeled
anti-CD45 antibody combined with cyclophosphamide
at 120 mg/kg and 12-Gy TBI was recently published
[47]. All patients had advanced hematologic malignan-
cies. The dose limiting toxicity was grade III/IV muco-
sitis. Nine patients with ALL (five with relapsed/refrac-
tory ALL; four in CR2 or CR3) received allogeneic (six
patients) or autologous (3 patients) transplants using
this preparative regimen; three patients were disease-
free 19, 54, and 66 months posttransplant. A more re-
cent study evaluated the feasibility of using ***rhenium
(**8Re)-labeled anti-CD66 in combination with standard
high-dose chemotherapy/TBI (12 Gy) in 50 advanced
leukemia patients, including 11 with ALL, undergoing
allogeneic or autologous SCT. All patients achieved
primary engraftment. After a median follow-up of
11 months, 28/50 (56%) patients were in CR, nine (5%)
patients relapsed, and 13 (7%) died from treatment-re-
lated causes [48]. The ultimate benefits of this approach
with respect to safety and improvements in survival will
be defined by Phase II studies for patients with ALL.
Much more clinical data has been gathered for nonra-
diolabeled MoAbs as discussed below.

17.5.1.2 Nonradiation-based

Nonradiation-containing regimens, most commonly bu-
sulfan and cyclophosphamide, have been investigated in
hopes of decreasing radiation-related complications.
Fractionated TBI/etoposide was compared with busul-
fan/cyclophosphamide in a prospective, randomized
study conducted by the Southwest Oncology Group
(SWOG 8612). One hundred twenty-two patients with
leukemia beyond CR1 received either FTBI/etoposide
or busulfan/cyclophosphamide in preparation for SCT.
One hundred fourteen (93%) proceeded to SCT. All pa-
tients received cyclosporine and prednisone for post-



transplant immunosuppression. There was no signifi-
cant difference with respect to toxicity, incidence of
acute GVHD, OS, or DFS between the two groups. The
leading cause for treatment failure was leukemic relapse
(39%) [56]. Furthermore, retrospective analysis of regis-
try data from the International Bone Marrow Transplant
Registry (IBMTR) shows similar rates for LFS and re-
lapse when busulfan/cyclophosphamide is compared
to TBI/cyclophosphamide [49].

The addition of monoclonal antibodies to the trans-
plant conditioning regimen is another method of devel-
oping potentially more effective, and less toxic, regi-
mens. Antibody therapy is generally considered to be
an option when the target antigen is expressed on at
least 30% of the targeted cells [50]. ALL blasts express
a variety of B- or T-cell differentiation antigens, such
as CD19, CD20, CD22, CD33, and CD52, which can serve
as targets for directed therapy [50]. The greatest clinical
data has been gathered for rituximab, a chimeric MoAb
directed against CD20, which has demonstrated efficacy
in patients with non-Hodgkin’s lymphoma. At the MD
Anderson Cancer Center, rituximab has been incorpo-
rated in both the upfront induction regimen for ALL pa-
tients who present with CD20 positive disease, as well as
in the transplant conditioning regimen for these pa-
tients. Preliminary results for rituximab combined with
hyper-CVAD for induction therapy have been favorable
(Thomas, abstract). The transplant protocol utilizing ri-
tuximab, cyclophosphamide, and TBI is still in the pro-
cess of patient accrual, but no excess adverse results
have been noted thus far (Khouri, personal communica-
tion).

CD1g is expressed in a large portion of B-lineage
ALL patients, and several antibodies have been devel-
oped against the CD19 antigen. Since this antigen read-
ily modulates internally, studies have generally involved
anti-CD19 MoAb-based immunotoxins. Preliminary re-
sults from small phase I studies suggest that they are
feasible as an adjunct to chemotherapy, but that efficacy
for MoAbs as monotherapy is limited, especially in the
setting of overt relapse or rapidly progressive disease
[51, 52].

Campath-1H, a humanized MoAb developed
against the CDs2 antigen, is particularly interesting
since it targets a subset of ALL for disease eradication,
as well as a novel method of T-cell depletion to pre-
vent GVHD in the allogeneic transplant setting. The
clinical efficacy has been limited in the nontransplant
setting [53, 54], but the agent may be potentially more
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useful with allogeneic SCT. Campath-1H either as an
intravenous treatment or for ex vivo purging of the al-
logeneic cells, is effective to reduce the incidence and
severity of graft-vs.-host disease following allogeneic
SCT. Novitzky et al. evaluated 13 patients with ALL
(eight in CR1) and 37 patients with AML (33 in CR1),
who had undergone HLA-identical sibling transplants.
The conditioning regimen consisted of TBI/cyclopho-
sphamide. Bone marrow or PBSC were exposed to
CAMPATH-1H ex-vivo. Patients received no posttrans-
plant immunosuppression. All but one patient en-
grafted, and only 22% of all patients developed grade
I or II GVHD; there was no severe GVHD. There is
concern that the immunosuppressive effect of Cam-
path-1H may inhibit the immune graft-vs.-malignancy
effect and 54% (7/13) of the ALL patients in this study
relapsed [55]. A study is ongoing at MD Anderson
combining Campath-1H with cyclophosphamide and
TBI to provide both disease eradication and in vivo T-
cell purging in a transplant protocol for CD52+ lym-
phoid malignancies at MD Anderson Cancer Center.
The trial is currently in the process of accruing pa-
tients, and preliminary results are promising (Khouri,
personal communication). Large, randomized studies
will be required to determine whether inclusion of
Campath-1H will improve the overall outcome for pa-
tients undergoing transplantation for ALL.

17.5.1.3 Nonmyeloablative SCT (NMSCT)

Numerous studies have now demonstrated successful
donor stem cell engraftment with NMSCT for hemato-
logic and solid organ malignancies. These regimens
use reduced doses of chemotherapy +/- low dose TBI
as immune suppression to prevent graft rejection and
allow development of an immune graft-vs.-malignancy
(GVM) effect. GVM appears to be operative against
ALL; the major evidence being a reduced rate of relapse
in patients who have GVHD. However, ALL appears less
effected by GVM than the other major forms of leuke-
mia and the role of NMSCT requires further evaluation.
The major benefit of NMSCT is a lower risk of drug tox-
icity and treatment-related morbidity and mortality,
which is most relevant to older or debilitated patients
unable to tolerate ablative preparative regimens. This
option would be particularly attractive for patients with
Ph+ ALL where the majority of patients are older than
50 years.
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Martino et al. reported on the largest published co-
hort of adult ALL patients receiving NMSCT [56]. He
analyzed the results of 27 patients with high-risk ALL
that were included in four prospective studies. Similar
to other reduced-intensity transplant series, these were
older patients with advanced disease. The median age
was 50 years; 23 (85%) patients were beyond CR1, 44%
were chemorefractory, and 41% were Ph+. Donors were
mismatched related donors or volunteer unrelated do-
nors in 12 cases (44%). The incidence of grades II-IV
acute GVHD was 48%, and 13 of 18 evaluable patients
(72%) developed chronic GVHD. With a median fol-
low-up of 809 days, the incidence of TRM was 23%,
the probability of OS was 31%, and the incidence of dis-
ease progression was 49% at 2 years. The incidence of
disease progression in patients with and without GVHD,
35% and 47%, respectively, approached statistical signif-
icance (p=o0.05). The incidence of disease relapse was
33% in patients transplanted in CR compared to 60%
in those with overt disease.

These observations for NMSCT must be validated in
well-defined prospective trials. NMSCT, as an immu-
notherapeutic approach, is probably most appropriate
in patients with low-bulk disease. In this study, and
others, a higher relapse rate was observed for patients
transplanted with overt disease [57]. Thus, NMSCT does
not appear indicated for patients with overt relapsed or
resistant ALL. The initial studies appear most promis-
ing for older patients transplanted in remission, and
the reported OS and TRM rates were quite favorable
considering the advanced disease state of the patients
and the number of unrelated transplants included in
this series. Thus, it is reasonable to enroll older patients
(age >50 years) and those with a high risk of TRM onto
prospective studies of NMSCT. Younger allogeneic
transplant candidates without major comorbidities,
should still receive high dose therapy with ablative pre-
parative regimens, as established effective treatment for
ALL.

17.5.2 Source of Stem Cells

17.5.2.1 Bone Marrow vs. Peripheral Blood
Stem Cells

Bensinger et al. published a prospective, randomized
trial comparing bone marrow (BM) to peripheral blood
as the source of stem cells. Between March 1996 and July
1999, 172 patients, including 22 with ALL, with a median
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age of 42 years, were randomly assigned to receive BM
or filgrastim-mobilized peripheral blood stem cells
(PBSC) from HLA-identical relatives for hematopoietic
rescue after dose-intensive chemotherapy. After ran-
domization, patients were stratified according to age
and stage of cancer, with roughly equal numbers in
the two groups. It was concluded from this study that
allogeneic PBSC result in faster engraftment without
an increased risk of GVHD (median day to neutrophil
recovery defined as >s0o/mm? 16 vs. 21, p-value
<0.001; median day to platelet recovery defined as
>20000/mm?>, 13 vs. 19, p-value < 0.001). It was also ob-
served that patients who received PBSC had a lower in-
cidence of relapse at 2 years, and higher OS and DFS
[55]. While similar subsequent series have confirmed
that PBSC result in faster engraftment, a large retrospec-
tive analysis from the IBMTR and EBMT showed that
the incidence of chronic GVHD was significantly higher
with the use of PBSC (65 vs. 53%, p=0.02). In addition,
the risk of relapse was not significantly different be-
tween these two groups [58]. Thus, a large, multicenter,
prospective study was developed to help define the role
of PBSC in allogeneic SCT. In this collaborative effort by
the BMT-CTN, adult leukemia patients requiring MUD
transplantation will be randomized to BM or PBSC do-
nors. Results of this trial are eagerly anticipated.

17.5.2.2 Umbilical Cord Blood (UCB)

Recently, UCB transplantation (UCBT) is beginning to
emerge as a viable alternative hematopoietic stem cell
source for patients who lack an HLA-matched donor.
UCBT is less likely to produce severe GVHD compared
to bone marrow transplantation, and thus has the ad-
vantage of allowing for greater HLA disparity between
donor and recipient. Its disadvantage, however, is the
significantly lower cell dose in UCB when compared
to PBSC or BM (the cell dose in one average UCB unit
is 1/10 of a typical BM allograft and 1/100 of a PBSC al-
lograft), predictably resulting in a longer time to en-
graftment, and potentially greater early posttransplant
complications. UCB transplants have had the best re-
sults in children where a relatively high cell dose/kg
can be administered. There has been a greater risk of
complications in adult recipients.

More than 500 adults have undergone UCBT world-
wide [59-64], mainly for hematologic malignancies.
Similar to the pediatric series, the majority of patients



received HLA-mismatched grafts and myeloablative reg-
imens. The largest series was reported by Eurocord, and
contains 108 adults, with 32 cases of ALL, with a mean
follow up of 20 months. The mean age was 26 years
(range 15 to 53 years), mean weight 60 kg (range 35 to
110 kg), and mean number of nucleated cells infused
1.7%x10’/kg. The overall 1-year survival was 27%. Surviv-
al for early disease stage patients, including CML in
chronic phase or acute leukemia in remission, was
39 vs. 17% for those transplanted with more advanced
disease. The 60-day probability of neutrophil engraft-
ment was 81% at a mean time of 32 days (range 13 to
60 days). The incidence of acute GVHD >II was 38%.
Most deaths were due to infection or GVHD. These find-
ings were corroborated by other series. The TRM at
100 days approached 43-54% for the myeloablative reg-
imens, and 28-48% using nonmyeloablative regimens
[59], with main reasons for TRM being regimen-related
toxicity, infection, and relapse. Nucleate cell dose was a
significant variable, conferring better outcome when the
cell dose was >2x107/kg and/or CD34 cells >1.2x10°/kg
[60, 62]. HLA disparity had less influence on EFS [60].
In summary, despite cell dose limitations, UCBT on clin-
ical protocols may be a viable option for selected adult
patients with limited treatment options. Current re-
search in UCB expansion may help to overcome the cell
dose limitations and contribute toward reducing the
TRM.

17.5.3 Source of Donor Cells: Partially Matched
Related or Matched Unrelated Donors

The majority of studies indicate that the best chance for
cure for refractory or high-risk ALL is allogeneic SCT
with a matched related donor. Unfortunately, less than
30% of these patients have a matched sibling donor.
Thus, much work continues to be done in making par-
tially matched related donor (PMRD) and matched un-
related donor (MUD) transplantation safe and more fea-
sible as curative therapy. Typically these transplants
have been associated with a higher risk of graft rejec-
tion, GVHD, and infection. However, more precise
HLA matching of donor and recipient via the use of
high resolution allele-based typing for class I and II
HLA molecules has allowed selection of better matched
donors; this has resulted in a progressive improvement
in the incidence of severe GVHD, and survival in pa-
tients undergoing MUD transplantation [65].
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Two large, retrospective series compared the out-
come of MUD SCT with autologous SCT. Weisdorf et
al. reported the results of 517 ALL patients (median
age 14 years, range 1 to 50) who received MUD-SCT
and compared them to 195 patients (median age
18 years, range 1 to 50) who underwent autologous
SCT between 1989 and 1998. The proportion of patients
in CR1 vs. CR2 was similar for both groups. However,
patients receiving MUD transplants had a greater fre-
quency of high-risk karyotypes and elevated WBC
count at presentation. TRM was higher in the MUD-
SCT vs. the autologous SCT group (42 vs. 20%,
p=0.004). Conversely, relapse was more frequent after
autologous SCT (49 vs. 14% in CR1, 64 vs. 25% in
CR2), resulting in net similar outcomes with either
transplant approach. Three-year survival rates were
45-50% for patients transplanted in CR1 and 30-40%
for patients in CR2 [66]. The Acute Leukemia Working
Party of the European Cooperative Group for Blood and
Marrow Transplantation (EBMT) reported very similar
outcomes for ALL patients receiving MUD SCT
(n=118) compared to those receiving an autologous
transplant (n=236). A significantly higher TRM, from
GVHD and graft failure, in the MUD-SCT group was
offset by a significantly higher risk of relapse in the
autologous SCT group, resulting in similar 2-year LFS
for both groups (39% MUD, 32% auto) [67].

Due to the small numbers of patients and differing
approaches to partially matched related donor (PMRD)
transplantation, little data exists for this investigational
approach. Most studies suggest a higher rate of rejec-
tion and acute GVHD, but similar overall survival for
patients with donors matched for five of the six HLA
A, B and DR antigens as with fully matched sibling do-
nors [68]. Greater degrees of mismatch are associated
for higher risks of rejection, GVHD and treatment re-
lated mortality. Singhal et al. reported the results of
164 patients (84 with ALL) who received a PMRD trans-
plant between 1993 and 1999 at the South Carolina Can-
cer Center, and compared them to 164 patients (81 with
ALL) who received an autologous transplant at the Roy-
al Marsden Hospital, UK between 1984 and 1999 [69]. At
5 years, the cumulative TRM was 52%, incidence of re-
lapse 32%, and DFS 16% for patients receiving PMRD
transplants compared to 16%, 54%, and 30%, respec-
tively, for those receiving autologous SCT. The retro-
spective nature of this study and differences in patient
care that can result from two different treatment sites
limit the conclusions regarding this comparative study;
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it does, however, suggest that an autologous SCT may be
preferable to PMRD transplantation in the absence of an
HLA-matched donor. In summary, the decision to pro-
ceed with MUD or autologous transplantation, or to
proceed with other “Phase I” approaches for these
high-risk patients currently remains very complex,
and should be based on the specific situation of each in-
dividual patient.

17.5.4 The Role of T-Cell Depletion

Studies have shown consistently that a major therapeu-
tic effect of allogeneic SCT is derived from the GVM.
There is a reduced risk of relapse in patients with
GVHD, and a major difficulty lies in separating the ben-
eficial GVM effect from the adverse consequences of
GVHD. This objective is a major focus of ongoing re-
search.

GVHD is primarily mediated by donor-derived T-
lymphocytes. One approach to prevent acute GVHD, is
to deplete T-cells from the donor marrow or PBSC. After
initial immune reconstitution, donor T-lymphocytes
(DLI) can be administered with a lower risk of GVHD
to enhance the GVM anti-leukemic effect. As described
previously, Campath-1H, directed against the CD52 anti-
gen, provides a novel approach for both ex vivo and in
vivo T-cell purging.

The role of T-cell depleted SCT remains controver-
sial. While T-cell depleted SCT are associated with a
lower incidence of acute and chronic GVHD, GVM ef-
fects may be reduced and leukemia-free survival has
not been improved in controlled trials for either
matched sibling or unrelated donor transplants. Several
groups have reported a decreased risk of relapse with T-
cell-depleted SCT by manipulating the preparative reg-
imen to compensate for potential lack of a GVM effect.

Aversa et al. evaluated 54 consecutive acute leukemia
patients with median age 30 (30 AML, 24 ALL) under-
going ex-vivo, T-cell-depleted BMT using bone marrow
from HLA-identical or D-DR-mismatched (two pa-
tients) sibling donors [70]. Antithymocyte globulin
and thiotepa were added to standard TBI/cyclophospha-
mide conditioning. The risk of relapse was 12% for AML
patients and 28% for ALL patients. At median follow-up
of 6.9 years, the EFS for AML was 74%, and 59% for
ALL. Schattenberg et al. compared the outcome of
HLA-identical, T-cell depleted BMT in patients less than
50 years old versus greater than 50 years old [71]. The
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standard conditioning regimen of TBI/cyclophospha-
mide was intensified with the addition of idarubicin at
42 mg/m® The study evaluated 131 patients, which in-
cluded 34 patients with ALL. The 2-year LES for the
ALL patients in this small study was 64%, which com-
pares very favorably with HLA-identical transplants that
are not T-cell depleted.

Unmodified transplants from HLA haploidentical
donors is associated with a prohibitively high risk of
acute GVHD. Transplantation of high doses of CD34+
cells which are extensively depleted of T-lymphocytes
has been effective to achieve engraftment without
GVHD in these very high risk patients.

17.5.5 Immunomodulation with DLI

The presence of a GVM effect is based primarily on ob-
servations of lower relapse rates in patients who develop
GVHD. Table 17.5 summarizes results obtained from
both single institution and registry data, and demon-
strates a consistent decrease in relapse rates for patients
who develop GVHD vs. those who do not [20, 72, 73]. A
GVM effect that is associated with the presence of
GVHD has been described in ALL, AML, and CML; in-
terestingly this effect appears most potent in ALL and is
reflected by the data in Table 17.5 [74]. In distinct con-
trast to these consistent observations of the benefit of
GVHD in reducing the relapse rate following allogeneic
SCT is the marked absence of a significant GVM effect
in ALL following DLI. In contrast to CML and AML
where DLI often results in complete remissions in pa-
tients with relapsed disease following allogeneic trans-
plant, DLI does not appear to be effective for ALL with
relapse following an allogeneic transplant. The EBMT
Working Party for Acute and Chronic Leukemia studied
the effect of DLI on acute and chronic leukemia in re-
lapse after SCT. One hundred thirty-five patients were
treated, including 22 with ALL (nine in CRi, five in
CR2, eight beyond CR2). The median age of the ALL pa-
tients was 21.5.

In contrast to 73% of CML patients achieving CR
with DLI, no patients with ALL responded [75]. Collins
et al. reviewed data on 140 patients receiving DLI at a
number of transplant centers. Fifteen patients with
ALL were included; three in CR and 12 with progressive
disease. There was an 18% response rate to DLI seen in
the ALL group in contrast to 60% seen in the CML
group [76].
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Table 17.5. Risk of relapse following non-T-cell depleted allogeneic transplantation in ALL

Study
Doney, 1991 [20]

No. patients
192 (SCT in CR2)

200
(SCT in CR)

Sullivan, 1989 [72]

(SCT in relapse)

Horowitz, 1990 [73]
(IBMTR)

349 (SCT in CR1)

Direct and indirect evidence suggests that donor T
cells and NK cells are primary mediators of GVM.
The target antigens for the GVM response are unknown.
It is difficult to generate a T-cell response to lympho-
blasts. ALL cells do not express costimulatory molecules
and are poor stimulators of T-cell reactivity.

G-CSF mobilized PBSC have also been investigated
as a source of donor lymphocytes for adoptive therapy.
The numbers of T cells and NK cells found in PBSC are
comparable to those present in a DLI. Eleven patients
(four CML, five AML, one ALL) received PBSC postre-
lapse; all patients with acute leukemia received cytore-
ductive therapy prior to PBSC. All six patients with
acute leukemia achieved a CR, with median remission
duration of 24 weeks [77]. Perhaps the success noted
in this study resulted, in part, from the cytoreduction
prior to DLI, which may play an important role in the
DLI efficacy. DLI has been combined with IL-2 in an at-
tempt to augment efficacy in ALL patients. Four pa-
tients with relapsed ALL were treated with this approach
and all responded [77]. No conclusions can be drawn
from such small series of patients. However, these re-
sults are intriguing, and suggest that adoptive cell ther-
apy and associated immunomodulatory therapy may be
further developed as a treatment modality, and may
eventually become a viable salvage option for ALL re-
lapses following allogeneic transplants.

Risk of relapse (%)

No GVHD 80
Grade II-IV GVHD 40
No GVHD 56
Acute GVHD 27
Acute & chronic GVHD 22
No GVHD 81
Acute GVHD 39
Acute & chronic GVHD 43
No GVHD 44
Acute GVHD 17
Chronic GVHD 20
Acute & chronic GVHD 15

17.6 Long-Term Complications of Allogeneic SCT

Socie et al. analyzed the characteristics of 6691 patients
listed in the IBMTR who underwent allogeneic SCT for
AML, ALL, CML, or aplastic anemia between January
1980 and December 1993 [78]. The median duration of
follow-up was 8o months. Mortality rates in this cohort
were compared with those of an age-, sex-, and nation-
ality-matched general population. All patients were free
of disease 2 years posttransplant, with 89% survival at
5 years. Mortality rates remained significantly higher
than the general population throughout the study
among patients who underwent transplantation for
ALL or CML, and through the ninth year for patients
who had AML. Specifically, for patients with ALL, the
relative mortality rate was 20.1 2 years after transplanta-
tion, 25.9 5 years after transplantation, and 15.4 10 years
after transplantation. Not surprisingly, recurrent leuke-
mia was the chief cause of death for patients who under-
went SCT for leukemia and GVHD among those in
either disease category, followed by infection, new can-
cer, and organ failure. Older age was associated with an
increased risk of relapse in the ALL group, with 48% re-
lapse observed in ALL compared with 11% relapses in
the overall group. Chronic GVHD was the second lead-
ing cause of death overall, with 23% observed in the ALL
cohort. A low incidence of secondary cancer was re-
ported overall (6%), with a slightly higher rate observed
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in the ALL group (10%). Increased rates of secondary
cancer may be noted with longer follow-up.

Quality of life and psychosocial functioning are ma-
jor issues following allogeneic SCT. Broers et al. evalu-
ated quality of life in a prospective study of 125 consecu-
tive patients who underwent BMT between 1987 and
1992 [79]. Patients were evaluated with questionnaires
measuring quality of life, functional limitations, psy-
chological distress, anxiety, depression, and self-esteem.
Questionnaires were answered prior to the BMT,
1 month after following discharge, at 6 months, 1 year,
and 3 years after BMT. Nearly 90% of patients reported
a good to excellent quality of life at 3 years. Changes in
quality of life and psychological distress could be ex-
plained entirely by changes in functional limitations
and somatic symptoms. The minority of patients who
reported a worse quality of life reported experiencing
continued serious functional limitations. One such lim-
itation is the late neurotoxic effects of BMT on cognitive
functioning. Harder et al. investigated this phenomenon
in a consecutively treated cohort of long-term adult sur-
vivors [80]. Forty patients were included, 87.5% had un-
dergone allogeneic transplantation. All received total
body irradiation up to 12 Gy. Assessment took place
22-82 months after BMT. Mild to moderate cognitive
impairment was found in 24 patients (60%). Compared
with healthy population norms, selective attention and
executive function, information processing speed, ver-
bal learning, and verbal and visual memory were most
likely to be affected. Therefore, cognitive functioning
should be used as an outcome parameter in BMT stud-
ies, and emphasis should be placed on interventions
that help patients cope with their physical limitations.

17.7 Conclusion

In conclusion, allogeneic SCT has been demonstrated to
have a major therapeutic benefit for selected patients
with high-risk ALL. However, much work remains to
be done to improve survival for patients with this chal-
lenging disease. Results of trials of novel strategies are
eagerly awaited including the incorporation of molecu-
larly targeted chemotherapy, targeted immunotherapy
using monoclonal antibodies or adoptive cellular thera-
py, and novel nonmyeloablative preparative regimens
with promise to decrease treatment-related morbidity
and improve survival.
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18.1 Introduction

Recent treatment strategies for adult acute lymphoblas-
tic leukemia (ALL) have resulted in improved complete
remission (CR) rates of 80-90% [1-3]. However, long-
term disease-free survival (DFS) rates have remained
disappointingly low at 30-40%. Current research efforts
are focused on an improved understanding of the biol-
ogy of the disease, and innovative postremission strate-
gies that will prolong disease-free duration. Stem cell

transplantation (SCT) is one strategy that may improve
disease outcome. Allogeneic SCT has been demon-
strated to improve DFS in high-risk ALL patients in
multiple large series. High risk is defined by specific bi-
ologic and clinical features that have been noted to con-
sistently influence the outcome of adult ALL (Ta-
ble 18.1). Age greater than 60 years, an elevated white
blood cell count at presentation, failure to achieve clin-
ical remission within the first 4 weeks of treatment, and
specific recurring cytogenetic abnormalities are all con-
sidered adverse clinical features. In a multivariate anal-
ysis of risk factors in adult ALL, karyotype was identi-
fied as the most important factor for DFS [4]. In gener-
al, patients with a normal karyotype have improved sur-
vival compared to those harboring a cytogenetic ab-
normality. In one series, six abnormalities were noted
to result in unfavorable outcome, defined as having a
0.25 or less probability of continuous CR at 5 years.
These include, in decreasing frequency, patients with
t(9;22)(q34;q11), trisomy 8, t(4;11)(q21;q23), monosomy
7 a hypodiploid karyotype, and t(1;19)(q23;p13) [4-6].
However, in contrast to allogeneic SCT, most pro-
spective, randomized studies of chemotherapy com-
pared with autologous and allogeneic SCT have not

Table 18.1. Adverse prognostic features in Adult ALL
Age >60 yrs
WBC count >30000/pL

Cytogenetics: t(9;22)(q34;q11), trisomy 8, t(4;11)(q21;923),
monosomy 7, a hypodiploid karyotype, t(1;19)(q23;p13)

Delayed time to CR >4 week
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Table 18.2. Results of autologous transplant trials in adult ALL

Study No. Median Disease
patients age (yrs) status

Doney, 1993 89 184 CR1-10;
>CR2-52;
relapse - 27

Uckun, 1992 14 13 CR

Abdallah, 32 24 CR

2001

Singhal, 2003 81 18 >CR1

Preparative Purging DFS
regimen (follow-up time)
CY +/- TBI None Cr1-50%;
CR2-27%;
relapse — 8% (1 yr)
HIiDAC/TBI MoAb + rabbit 21% (3 yrs)
complement
+4-HC
CY +/- TBI Mafosfamide 37.5% (4.5 yrs)
or immuno-
magnetic
beads+MoAb
TBl-based; bu- MoAb 30% (5 yrs)

sulfan-based (13 patients)

No, number; CR, complete remission; DFS, disease-free survival; CY, cyclophosphamide; TBI, total body irradiation; HIDAC, dose-intensive cytarabine;
MoAb, monoclonal antibody; 4-HC, 4-hydroperoxycyclophosphamide; ALL, acute lymphoblastic leukemia; AML, acute myelogenous leukemia.

shown an advantage for autologous SCT over conven-
tional chemotherapy in any particular risk group of pa-
tients [7-9]. The two main drawbacks of autologous
SCT are the absence of a graft-vs.-leukemia (GVL) effect
and the potential for residual leukemic contamination of
the autologous graft. Unfortunately, allogeneic SCT is
limited to the approximately 30% of patients who have
an appropriate human leukocyte antigen (HLA) donor,
and further restricted to patients who can withstand the
morbidity of the procedure. Thus, autologous SCT, in
combination with novel, targeted agents and innovative
posttransplant maintenance regimens, must be consid-
ered in efforts to improve disease outcome.

In this chapter, we will first review the outcomes of
major clinical trials that have evaluated the efficacy of
autologous SCT to identify groups of patients that
may benefit most from this approach. Second, we will
review the factors that affect treatment outcome, includ-
ing the stem cell source, preparative regimen, and
purging techniques. Finally, we will discuss novel
approaches incorporating autologous SCT that are
under development.

18.2 Outcome of Autologous SCT in Adult ALL

Limited conclusions can be made regarding the efficacy
of autologous SCT based on small, single-center series
that use a variety of purging methods. Doney, et al. re-

ported on 89 patients with ALL, median age 18.4 years,
who received autologous SCT after dose-intensive che-
motherapy +/- total body irradiation (TBI). Autografts
were not purged. Ten patients were in first remission, 52
were in second or greater remission, and 27 were in re-
lapse. Disease-free survival at 1 year was 50, 27, and 8%,
respectively, demonstrating the significance of disease
burden on DES [10]. The effect of purging on outcome
was evaluated in three other series. Autografts were
purged with mafosfamide or immunomagnetic beads
[11], or monoclonal antibodies [12, 13]. Overall DFS
times ranged from 27-50% for patients in remission,
and the incorporation of various ex vivo purging meth-
ods did not appear to significantly alter disease outcome
(Table 18.2). As described in a later section, the advent
of imatinib mesylate (Gleevec, STI-571) may improve
current disease outcome, as it may provide an effective
in vivo purging method.

18.3 Comparison of Autologous SCT
with Allogeneic SCT and Chemotherapy

Two large, multicenter, prospective, randomized studies
have investigated the role of conventional chemotherapy
and transplant in adult ALL patients. The French (Leu-
cemie Aigue Lymphoblastique de I’Adulte [LALA])
study was initiated in November 1986 and completed
in July 1991, and enrolled 634 patients in the LALA 87
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protocol to assess the role of allogeneic SCT and autolo-
gous SCT in adult ALL. After exclusions, 572 patients
were analyzed. The median age of patients entered onto
this trial was 33 years, with 10-year follow-up. Patients
received induction chemotherapy with cyclophospha-
mide, vincristine, prednisone, and one of two anthracy-
clines. Central nervous system (CNS) prophylaxis was
administered. Four hundred thirty-six patients (76%)
achieved complete remission. After CR was achieved,
patients older than 50 years received postremission che-
motherapy. Patients between 15 and 40 years of age were
assigned to the allogeneic SCT arm if they had an HLA-
matched sibling donor. Patients between ages 40 and 50,
and those under the age of 40 without a matched sibling
donor, were further randomized to consolidation che-
motherapy or autologous SCT using bone marrow
purged with antibodies or mafosfamide. Consolidation
chemotherapy consisted of three monthly courses of
daunorubicin or zorubicin, Ara-C, and asparaginase fol-
lowed by long-term maintenance therapy. The trans-
plant preparative regimen consisted of TBI and cyclo-
phosphamide. There was no statistically significant dif-
ference in outcome between patients who received auto-
logous SCT vs. consolidation chemotherapy (34% SCT,
29% chemotherapy, p=o0.6). After stratification into
high and standard risk, there was still no statistical dif-
ference between these two groups. At 10 years, only al-
logeneic SCT resulted in significantly greater survival
among all risk groups (46% allogeneic SCT, 31% che-
motherapy, p=0.04), and even more marked among
the high-risk subset (high-risk: 44% allogeneic SCT,
11% chemotherapy, p=o0.009; standard-risk: 49% SCT,
43% chemotherapy, p=0.6) [8, 14].

The United Kingdom Medical Research Council’s
(MRC) UKALL XII/Eastern Cooperative Oncology
Group (ECOG) E2993 is an on-going international effort
to prospectively define the role of allogeneic SCT, auto-
logous SCT, and chemotherapy in adult patients with
ALL in CR1. Initiated in 1993, over 1200 patients have
been enrolled to date. All patients received two phases
of induction therapy, and continued to allogeneic SCT
if they achieved CR and had a histocompatible donor.
The remaining patients were randomized to standard
consolidation/maintenance therapy for 2.5 years vs. a
single autologous SCT. The conditioning regimen for
both allogeneic and autologous transplants was frac-
tionated TBI (1320 cGy) and VP-16 (60 mg/kg). Based
on the data presented in an abstract in 2001 [9], 239 pa-
tients received an allogeneic SCT and 291 patients re-
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ceived chemotherapy or autologous SCT. The overall
event-free survival (EFS) for the allogeneic SCT group
was 54 vs. 34% (p=0.04) for the chemotherapy or auto-
logous BMT group. Excluding the t(9;22)(q34;q11) kar-
yotype, when patients were stratified into high or stan-
dard risk, the difference in EFS becomes more dramatic
in the high-risk subset (allogeneic BMT 44% vs. chemo/
autologous BMT 26%, p=0.06). In conclusion, both of
these large series defined in a prospective manner the
efficacy of allogeneic SCT over chemotherapy or autolo-
gous SCT for adults with high-risk ALL in CR1.

However, as stated previously, not all patients have
an available HLA-appropriate donor. Weisdorf et al. re-
ported the results of 337 ALL patients (121 adults; 216
children) who received matched unrelated donor
(MUD) SCT and compared them to 214 patients (54
adults; 160 children) who underwent autologous SCT
between 1987 and 1993. For those transplanted in CRi,
autologous SCT yielded a significantly higher DES
(42% autologous SCT vs. 32% MUD, p=0.03). In con-
trast, for those transplanted in CR2, MUD SCT yielded
a better DFS (20% autologous SCT vs. 42% MUD,
p=0.02). The worse outcome with autologous SCT in
CR2 likely reflects the increased relapse hazard in the
advanced leukemia group. When the data were analyzed
separately for children and adults in CR2, MUD SCT still
yielded a higher DFS when compared to autologous SCT
(adults, MUD 42%+/- 22% vs. autologous SCT 0%,
p=0.006) [15]. These results were corroborated by a
study performed by the Acute Leukemia Working Party
of the European Cooperative Group for Blood and Mar-
row Transplantation (EBMT). Data from ALL patients
undergoing SCT between January 1987 and December
1994 was analyzed [16]. One hundred eighteen patients
with a median age of 14 years received MUD SCT; 236
patients with a median age of 16 received autologous
SCT. Disease status ranged from CR1 to CR3. There were
no significant differences in the 2-year leukemia free
survival (LFS) for MUD SCT vs. autologous SCT in this
retrospective analysis of ALL patients matched for diag-
nosis, age, stage of disease, and year of transplantation
(39% MUD, 32% auto). However, relapse was signifi-
cantly lower in the MUD SCT group (MUD 32% vs. auto
61%, p<o.0001), while transplant-related mortality
(TRM) was significantly higher in this group (MUD
42% vs. auto 17%, p <0.0001).

Finally, in an attempt to compare the outcomes of
autologous SCT vs. haploidentical SCT in adults with
acute leukemia beyond first remission, Singhal, et al. re-
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ported on 164 patients (ALL, n=_84) who received a par-
tially matched related donor transplant (PMRDT) at the
Division of Transplantation Medicine, South Carolina
Cancer Center between February 1993 and December
1999, and compared outcomes to 131 patients (ALL,
n=2381) who had received an autologous SCT at the
Royal Marsden Hospital, Surrey, UK between April
1984 and November 1999 [13]. For PMRDT, patients
were prepared with cyclophosphamide/TBI/methyl-
prednisolone * anti-thymocyte globulin (ATG), fol-
lowed by cyclosporine/methylprednisolone/ATG for
GVHD prophylaxis. In the autologous SCT group, pa-
tients received a variety of TBI- or busulfan-based
preparative regimens. All PMRDT patients received T-
cell-depleted bone marrow (BM). In the autologous
SCT group, 114 patients received BM and 17 patients
received peripheral blood stem cells (PBSC). Marrow
was purged with anti-CDs2 monoclonal antibody
(MoADb) in 13 autologous SCT patients. The s5-year
cumulative incidence of TRM was 52% after PMRDT
vs. 16% after autologous SCT (p<o.0001). The 5-year
cumulative incidence of relapse was 32% after PMRDT
vs. 54% after autologous SCT (p=0.006). The actu-
arial unadjusted 5-year DFS was 16% after PMRDT vs.
30% after autologous SCT (p=0.006). In conclusion,
these findings suggest that the increased risk of re-
lapse after autologous SCT is offset by the increased
TRM of PMRDT, and therefore, autologous SCT is a
superior option for patients with advanced leukemia
who do not have an HLA-identical related donor.
These conclusions are limited by the retrospective na-
ture of this study, and the heterogeneity in the thera-
peutic approach of the two different institutions.

18.4 Factors Influencing Transplant Outcome

18.4.1 Source of Stem Cells

Powles et al. established the superiority of PBSC in
shortening the time to hematopoietic cell recovery
[17]. This is especially important since purging methods
can delay hematopoietic recovery. In addition, a study
by Atta, et al. demonstrated differences in leukemic con-
tamination between PBSC and BM grafts [18]. In 40
consecutive BCR/ABL positive patients, 32% of un-
purged PBSC were already BCR/ABL negative as com-
pared to unpurged BM. Furthermore, the positive PBSC
were contaminated at a lower level as compared to the
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BM grafts. However, other studies have not detected a
difference in graft contamination, perhaps due to differ-
ences in methodology [19].

18.4.2 Preparative Regimens

Several different preparative regimens for autologous
SCT have been described in attempts to decrease TRM
and improve DFS. The most widely used regimen is
the combination of TBI and cyclophosphamide devel-
oped by Donnall Thomas and colleagues in the 1970s.
The TBI, ranging between 1200 and 1350 cGy, can be ad-
ministered as a single dose, or fractionated over 3-
5 days. A comparative analysis of fractionated-dose vs.
single-dose TBI in adult ALL patients showed a signifi-
cantly higher transplant-related mortality (TRM) in the
single-dose group (p =0.017), but an increase in the re-
lapse rate of the fractionated-dose group; consequently,
there were no differences in the overall LFS between the
two groups [20]. A number of different chemotherapy
agents, including high-dose cytarabine, vincristine,
melphalan, etoposide, and/or anthracyclines have been
combined with TBI with no clear advantage for any spe-
cific combination [21-24].

In attempts to intensify the antileukemic effect of
the preparative regimen, the addition of a third agent
to the classic cyclophosphamide/TBI combination has
also been investigated. However, in contrast to results
obtained with children [25, 26], the intensification of
the preparative regimen improved DFS at the expense
of increased TRM in adults, thereby, ultimately not im-
proving OS [27]. Thus, novel methods to allow selective
delivery of therapy to sites of leukemia without increas-
ing systemic toxicity are currently under investigation.

Radio-immunoconjugated MoAbs with iodine-131 or
yttrium-go have already been used in advanced lym-
phoma patients with promising results [28]. A Phase I
transplant trial using '*'I-labeled anti-CD45 antibody
combined with cyclophosphamide/TBI was conducted
in patients with advanced hematologic malignancies.
The dose-limiting toxicity was grade III/IV mucositis.
Nine patients with ALL (relapsed/refractory, n=5; CR2
or CR3, n=4) received allogeneic (n=6) or autologous
(n=3) transplants using this preparative regimen; three
patients were disease-free 19, 54, and 66 months post-
transplant. A more recent study evaluated the feasibility
of using ***rhenium (***Re)-labeled anti-CD66 in combi-
nation with standard high dose chemotherapy/TBI



(12 Gy) in 50 advanced leukemia patients, including 11
with ALL, undergoing allogeneic or autologous SCT.
All patients achieved primary engraftment. After a med-
ian follow-up of 11 months, 28/50 (56%) patients were in
CR, nine (5%) patients relapsed, and 13 (7%) died from
treatment-related causes [29]. The ultimate benefits of
this approach with respect to safety and improvements
in survival will be defined by Phase II studies for pa-
tients with ALL.

Nonradiation containing regimens, most commonly
busulfan and cyclophosphamide, have been investigated
in hopes of decreasing radiation-related complications.
Fractionated TBI/etoposide was tested against busul-
fan/cyclophosphamide in a prospective, randomized
study conducted by the Southwest Oncology Group
(SWOG 8612). One hundred twenty-two patients with
leukemia beyond CR1 received either fractionated TBI/
etoposide or busulfan/cyclophosphamide in preparation
for SCT. One hundred fourteen (93%) proceeded to SCT.
All patients received cyclosporine and prednisone for
posttransplant immunosuppression. There was no sig-
nificant difference with respect to toxicity, incidence
of acute GVHD, overall survival, or DFS between the
two groups. The leading cause for treatment failure
was leukemic relapse (39%) [30]. Furthermore, retro-
spective analysis of registry data from the International
Bone Marrow Transplant Registry (IBMTR) shows sim-
ilar rates for LFS and relapse when busulfan/cyclophos-
phamide is compared to cyclophosphamide/TBI [31].
Careful comparisons of the incidence of second malig-
nancies with each of these regimens have not been made
but may have important consequences. Thus, a variety
of preparative regimens can be used, but leukemic re-
lapse remains the most significant factor affecting DFS.

18.4.3 Ex Vivo Purging

One major disadvantage of autologous SCT is autograft
contamination leading to an increased rate of relapse.
Ex vivo purging methods were developed to decrease
the residual leukemic burden of the graft. Pharmacolog-
ical agents include 4-hydroperoxycyclophosphamide (4-
HC), mafosfamide, and edelfosine. One major concern
regarding chemical purging is the potential toxic effect
on normal progenitor cells [32]. In efforts to overcome
this toxicity, some investigators have tested the simulta-
neous administration of chemoprotectant agents such
as amifostine or adenosine triphosphate [33, 34].
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Immunological methods of purging rely on MoAbs
combined with immunotoxins [35], exposed to comple-
ment [27, 36-38], or combined with an iron-bound anti-
body followed by a magnetic depletion [39]. It is diffi-
cult to make any conclusions regarding the efficacy of
a particular purging method based on results from mul-
tiple, single-center experiences using a variety of pur-
ging methods. Generally, immunological purging meth-
ods are able to eliminate 2-4.5 logs of leukemia cells.
Between o and 84% of mononuclear cells are lost during
the purging process; between 34 and 96% of CD34 cells
are recovered after purging [27]. Although purging with
monoclonal antibodies does not typically impair he-
matologic recovery after transplant, some studies have
noted a delay in engraftment [40].

Ex vivo purging of the autograft with anti-sense oli-
godeoxynucleotide (ODN) or ribonucleotide interfer-
ence (RNA-I) methods are still largely in preclinical
phases but have great potential for certain subtypes of
ALL. These methods target a specific mRNA or RNA se-
quence, and can effectively block the production of a
protein; thus, they may be very effective therapy for leu-
kemogenesis that is driven by a specific protein, such as
in t(9;22)(q34;q11) ALL. Gewirtz et al. used ODN direct-
ed against the c-myb proto-oncogene to purge auto-
grafts of Philadelphia chromosome positive (Ph+)
chronic myelogenous leukemia (CML) patients who
were not eligible to receive allogeneic SCT (chronic
phase, n=20; accelerated phase, n=5) [41]. Autografts
were purged ex vivo with ODN for either 24 or 72 h.
After purging, Myb mRNA levels declined substantially
in approximately 50% of patients. However, cytogenetic
response post transplant was mixed in this small pilot
study, raising the issue of overall clinical efficacy. Still,
the study established the feasibility of ex vivo purging
with antisense ODN, and may lead to the development
of more effective antisense ODN targeted against a vari-
ety of proteins.

18.5 Novel Transplant Approaches

18.5.1 Maintenance Therapy Post-SCT

Although the concept of maintenance therapy is estab-
lished for the chemotherapy treatment of ALL, its use
post transplant is not defined. Powles et al. reported
on the use of chemotherapy after autologous SCT to
prolong DFS. From July 1984 to December 1998, 77 adult
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ALL patients received an autologous transplant in CR1
at the Royal Marsden Hospital. The preparative regimen
consisted of melphalan and total body irradiation until
December 1992; subsequently, patients received high-
dose melphalan alone. Patients were scheduled to re-
ceive 6-mercaptopurine (71%), methotrexate (57%),
and/or vincristine and prednisone (38%) for 2 years
after the transplant. The median time to relapse post-
transplant was 13 months. The cumulative incidence of
relapse at 10 years was 42% (95% CI, 31-55%). The 10-
year probability of DFS was 50% (95% CI, 38-62%).
Age >30 years, longer than 4 weeks to attain CR, and
high risk karyotype [t(9;22)(q34;q11) and t(4;11)
(q21;q23)] were adverse features. Risk stratification
using these features identified three prognostic risk
groups with o (47%), 1 (36%), or 2 (17%) adverse fea-
tures. The respective 10-year cumulative incidences of
relapse were 20, 48, and 85% (p <o0.001), and the prob-
abilities of DFS were 72, 41, and 10% (p=0.003). Pa-
tients who received two or three maintenance drugs
had a lower relapse rate than those who received only
o or 1. Posttransplant maintenance therapy offered a
benefit for low and standard risk patients, but not those
with high-risk disease [42].

18.5.2 Targeted Therapies: Imatinib Mesylate

The most exciting recent development in the treatment
of the t(9;22)(q34;q11), Ph+ subtype of ALL has been the
promising early results observed with imatinib, a mole-
cule specifically targeted to the BCR/ABL tyrosine ki-
nase that is overexpressed as a result of the t(9;22)
(q34:;q11) in CML and Ph+ ALL. Imatinib is a specific in-
hibitor of the abl protein tyrosine kinase that has dem-
onstrated remarkable targeted therapeutic efficacy in
patients with the CML and ALL with increased bcr/abl
activity [43]. The Cancer and Leukemia Group B
(CALGB), in combination with the Southwest Oncology
Group (SWOG) have recently initiated a Phase II trial of
sequential chemotherapy, imatinib, and allogeneic or
auto-SCT for adults with newly diagnosed Ph+ ALL.
The primary objectives of this study will be to deter-
mine the ability of imatinib to produce a complete mo-
lecular response following sequential chemotherapy,
imatinib, and transplantation, and to determine the
ability of imatinib to prolong DFS and OS in this
high-risk group of patients. The ongoing ECOG2993/
UKALL 12 protocol for Ph+ ALL patients follows a sim-
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ilar strategy [44]. The results of these trials are eagerly
anticipated.

18.5.3 Immunotherapy

In an attempt to induce an immunological response
similar to GVL in allogeneic SCT, immunomodulators,
such as interleukin-2 (IL-2), have been tried without
success in the autologous SCT setting. Blaise, et al. con-
ducted a prospective, randomized study to investigate
the efficacy of IL-2 after autologous BMT for acute leu-
kemia in CR1. One hundred thirty patients were en-
rolled (ALL, n=52). Analysis was based on an intent
to treat, and 59% of patients randomized to IL-2 started
the drug after a median of 68 days post transplant, and
received 77% of the scheduled dose. With a median fol-
low-up of 7 years, OS and LFS were not statistically dif-
ferent between the two study groups [45].

In vivo and ex vivo purging with MoAbs directed
against surface antigens expressed by leukemic blasts,
such as CD20o and CD52, are underway in many clinical
trials, and results are eagerly anticipated.

Finally, active immunotherapy using dendritic cells
(DCs) loaded with tumor-associated antigens to induce
specific T-cell immunity is a potentially effective
approach that is still in early development. Rijke, et al.
investigated the use of HB-1 antigen as an autologous
T-cell vaccine target, based on their previous studies
that indicated HB-1 is a B-cell lineage-specific antigen
that is recognized by donor-derived cytotoxic T lym-
phocytes (CTLs) on allogeneic B-ALL tumor cells. They
demonstrated that HB-1 induces both helper and cyto-
toxic T-cell responses by in vitro studies [46]. This
approach now needs to be evaluated in the in vivo set-
ting.

18.6 Conclusion

In conclusion, transplantation is an effective modality
in the treatment of ALL. In patients with high-risk
ALL, multiple randomized trials have demonstrated
the tremendous therapeutic benefit for early allogeneic
SCT. However, in patients without an appropriate HLA
donor, autologous SCT may be a reasonable approach
to extend DFS for those in remission. The leukemic bur-
den pretransplant will affect disease outcome, and ran-
domized, prospective studies are necessary to deter-



mine the best pretransplant conditioning regimen and
purging methods to decrease disease burden. In addi-
tion, further studies are required to determine the ben-
efit of maintenance therapy posttransplant to decrease
the rate of disease relapse. Finally, immunologic thera-
pies currently under preclinical investigation may pro-
vide an effective alternative to the GVL phenomenon,
and improve the outcome with autologous SCT in future
trials.
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19.1 Introduction

Although prognosis of adult ALL has improved over the
last few decades, still only 30-40% of patients achieve
long-term, disease-free survival and can be considered
cured [1, 2]. The remainder will eventually relapse and
die from disease progression or other ALL-related con-
sequences. New strategies, refinements of old ones, and
novel agents are therefore needed. How modifications of
induction regimens can positively impact the outcome
in subsets of the disease is exemplified in mature B-cell
ALL where short, dose-intensive chemotherapy leads to
survival of 50-70% of the patients and T-cell ALL in

which addition of cyclophosphamide, high-dose metho-
trexate and cytarabine in the induction and consolida-
tion sequence is associated with similar survival rates
[3]. Other subgroups such as Philadelphia chromo-
some-(Ph) positive ALL are still largely incurable
with chemotherapy alone although the combination of
BCR-ABL tyrosine kinase inhibitors with intensive che-
motherapy is showing promising leads in this group of
patients as well.

Several paths to better treatment strategies can be
pursued and must not be seen isolated from each other:
(1) continuous modification of current therapy pro-
grams in light of a better understanding of disease sub-
types and regimen-specific components; (2) develop-
ment of new drugs targeted against identifiable cytoge-
netic-molecular abnormalities; and (3) appreciation of
the role of pharmacogenetics in ALL and developing
mechanisms to overcome drug resistance. Successful
implementation of any of those strategies ultimately re-
quires a more profound understanding of the biological
characteristics of ALL taking into account the heteroge-
neity of ALL. Given the complexity of ALL treatment
programs, it can hardly be expected that there is a single
new agent that will stand out on its own so that progress
in ALL will require not only integration of new agents
into treatment algorithms, but also to learn how to bet-
ter use the armamentarium of currently available agents
and combinations (Table 19.1) [4].
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Table 19.1. Novel strategies in ALL

Class of agents/parameters
1. New agents

Liposomal and pegylated formulations
Nucleoside analogs

Purine nucleoside phosphorylase (PNP) inhibitors
Oligonucleotides

Proteasome inhibitors

Tyrosine kinase inhibitors

Farnesyltransferase inhibitors

Monoclonal antibodies

2. Modifications of induction regimens
Supportive care

Risk-adapted CNS prophylaxis

Maintenance

3. Pharmacogenetics and mechanisms of drug resistance

19.2 New Chemotherapy Agents

19.2.1 Liposomal Preparations

Liposomal preparations of chemotherapeutic agents
change the pharmacological properties of the original
and active compound resulting in most cases in better
efficacy with reduced toxicity. Several liposomal agents
are being investigated in ALL salvage therapy among
which liposomal (sphingosomal) vincristine and pegy-
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Examples

Liposomal vincristine

Pegylated asparaginase (pegaspargase)
Clofarabine

Nelarabine

Forodesine (BCX-1777)

BCL-2 antisense

Bortezomib (Velcade)

Imatinib

Nilotinib

Dasatinib

Semaxinib (SU5416)

Tipifarnib (R115777)
Lornafarnib (SCH66336)
Rituximab (anti-CD20)
Alemtuzumab (anti-CD52)
Anti-CD19 + ricin/genistein/PAP
Anti-CD7 + ricin

Laminar air flow room for older patients (>60 years)
Adjust number of intrathecal therapy

Examine role of craniospinal XRT

Duration

Intensification

Role of asparaginase

lated asparaginase (see below) have received the most
attention.

Vincristine has been an active anticancer agent for
many years and is widely used in the treatment of nu-
merous malignancies, but neurotoxicity is a frequent
DLT. The therapeutic activity and drug toxicity of vin-
cristine can be improved by encapsulating vincristine
into a liposomal delivery system [5]. Changes in the
pharmacological properties are reflected by a compari-
son of plasma half-lives between the active compound



and its liposomal cousin. Whereas the half-life of free
vincristine is only 10 minutes, it is up to 8 h with the
liposomal preparation [6]. Liposomal vincristine has
been studied successfully in lymphoma salvage, as part
of the CHOP (cyclophosphamide, adriamycin, vincris-
tine, prednisone) plus rituximab regimen in Non-Hodg-
kin’s lymphoma (NHL) patients, and in early clinical
studies in ALL salvage.

Liposomal vincristine was well tolerated and
achieved a response rate of 35% in patients with re-
lapsed and refractory NHL [7]. In a more recent update
important predictors of response included number of
prior regimens and sensitivity to the most recent treat-
ment regimen. Response rates of up to 64% were re-
ported in those patients with sensitive disease and not
more than two prior regimens [8]. Rodriguez et al. sub-
stituted liposomal vincristine for free vincristine and
investigated the liposomal preparation as part of the
CHOP plus rituximab combination in patients with pre-
viously untreated NHL [9]. Patients received standard
doses of CHOP, which included liposomal vincristine
at 2 mg/m” (no dose capping). Of 68 patients who were
evaluable for response 63 (93%) responded, which in-
cluded 62 patients with complete remission (CR), one
with unconfirmed CR and one patient with partial re-
sponse. At a median follow up of 29.5 months, median
progression-free survival (PFS) and overall survival
(0OS) have not been reached. The treatment was well tol-
erated with only mild neurotoxicity. In a small study in
ALL of single-agent liposomal vincristine at 2 mg/m?*
given every 2 weeks, responses occurred in two of 14
(14%) evaluable relapsed/refractory patients [10]. In a
more recent phase I trial for patients with relapsed
and refractory ALL, liposomal vincristine (dose range
1.5 mg/m” to 2.25 mg/m*) weekly for four doses per
course was given in combination with pulse dexametha-
sone (40 mg daily on days 1-4 and 11-14) [11]. Of 14 eva-
luable patients, 4 (29%) achieved CR extending through
all dose levels, and another two (14%) achieved hema-
tologic improvement. Almost all patients experienced
peripheral neuropathy, which did not exceed grade 2
on the NCI Common Toxicity scale. The study is on-
going. Once the MTD has been defined, substitution
of vincristine for the liposomal preparation in ALL in-
duction protocols such as the hyper-CVAD regimen is
planned.
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19.2.2 Nucleoside Analogs

Since their establishment as antitumor drugs in the
1960s, nucleoside analogs have been among the most
active agents for patients with cancer. In addition to
the established and more traditional nucleoside analogs
such as cytarabine, fludarabine, cladribine, or pentosta-
tin, new nucleoside analogs are emerging that demon-
strate additional metabolic properties and mechanisms
of actions, and their activity is currently evaluated in
clinical trials including in patients with ALL [12].

Nelarabine (compound 506U78, ara-G) is the
water-soluble prodrug of the deoxyguanosine analog
guanosine arabinoside (ara-G) [13]. Nelarabine is not
active by itself and requires conversion to ara-G by
the enzyme adenosine deaminase, which is an efficient
enough process to result in cytotoxic levels of ara-
GTP in circulating leukemia cells. It has been demon-
strated that ara-GTP is accumulated at higher levels in
T lymphoblasts than in myeloblasts or B lympho-
blasts. In addition, it has been shown in human leuke-
mia cell lines that cytotoxicity to T lymphoblasts was
increased with greater accumulation and more pro-
longed retention of ara-G in these cells [14-17]. Several
early clinical trials of nelarabine have been conducted
in refractory acute and chronic leukemias. Using a
schedule of 1200 mg/m* or more daily for up to
5 days, response rates of 40-50% have been reported
in refractory T-cell ALL. At most of these schedules,
neurotoxicity (including seizures, obtundation, as-
cending paralysis) was the DLT and the maximum-tol-
erated dose (MTD) in adults has been established at
40 mg/kg/day for 5 days [18].

Alternative schedules and doses are therefore being
explored. To reduce the risk of neurotoxicity, the CALGB
and SWOG investigated a nelarabine schedule of 1.5 g/
m?*/day given on days 1, 3, and 5 every 21 days [19].
Forty patients (22 ALL and 18 lymphoblastic lymphoma
[LL]) were enrolled. All patients were refractory to at
least one induction regimen or were in first or subse-
quent relapse without demonstrable CNS disease. Of
21 evaluable ALL patients, the OR was 38% (including
six CR patients). For the group of LL patients, 24% re-
sponded (including four CR) for an overall response
rate of 38% in 38 evaluable patients. Myelosuppression
was the main toxicity with minimal neurotoxicity re-
ported. The median DFS for the CR patients was
9.8 months. The POG/CCG Intergroup investigated nel-
arabine in patients with relapsed and refractory T-cell
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malignancies <21 years of age [20]. Depending on sal-
vage status, doses of 400 mg/m” up to 650 mg/m* daily
for 5 days every 21 days were used. The initial dose of
1.2 g/m* daily proved too neurotoxic. Among patients
with T-cell leukemia in first relapse (650 mg/m?), re-
sponse rates exceeded 50% and were lowest in those
with extramedullary relapse (400 mg/m®). Although
nelarabine was well tolerated at these dose levels,
peripheral neuropathy remained the most significant
adverse event. The efficacy of nelarabine in T-cell leuke-
mias notwithstanding, doses and schedules need to be
further investigated in particular subsets of adults and
children. Combinations of nelarabine with other nu-
cleoside analogs such as fludarabine based on biochem-
ical modulation of intracellular ara-GTP levels have
been reported [21].

Clofarabine is a second-generation nucleoside ana-
log that has been synthesized as a rational extension
of the experience with other deoxyadenosine analogs
such as fludarabine and cladribine. After cellular up-
take, clofarabine is converted to the monophosphate
compound by the enzyme deoxycytidine kinase
whereby phosphorylation of clofarabine by deoxycyti-
dine kinase is substantially more efficient than that of
fludarabine or cladribine. Furthermore, retention of
the triphosphate form of clofarabine in cells is also
longer than that of fludarabine and cladribine. Clo-
farabine is active by inhibition of DNA synthesis,
ribonucleotide reductase (resulting in depletion of
normal deoxynucleotides and increased DNA incor-
poration of the analog referred to as self-potentiation),
and various DNA polymerases [22].

In a phase I study of clofarabine in children with re-
lapsed and refractory acute leukemias, the MTD has
been established at 52 mg/m* daily for 5 days every
month with the DLT defined by reversible hepatotoxic-
ity and skin rash at doses of up to 70 mg/m* daily [23].
Out of 17 patients with heavily pretreated ALL, four
(24%) achieved CR and one (6%) PR, which made for
an overall response of 30%. In a subsequent larger phase
II study, which included 49 children with ALL, 31% re-
sponded (six CR, four CRp, five PR) with a median sur-
vival of 42 weeks (range 7 to 63.1 +) for these patients
[24]. Among the patients who were refractory to the last
prior chemotherapy, 23% (7/30) patients with ALL re-
sponded. Based on the positive experience and the re-
sponse rates in pediatric ALL, clofarabine received Food
and Drug Administration (FDA) approval in December
2004 for children with relapsed/refractory ALL who
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have at least received two prior regimens. Phase I stud-
ies in adults with acute leukemias defined the MTD for
clofarabine at 40 mg/m?*/day [25]. Less experience exists
with clofarabine in adult ALL. A large phase II study of
62 patients with relapsed acute leukemias included 12
ALL patients, two-thirds of whom received clofarabine
in their second or subsequent salvage [26]. Two patients
responded (one CR, one CRp) for an overall response of
16%. The complete responder had Ph-positive disease
and was primary refractory to induction with the
VAD regimen. The potential of clofarabine for adult
ALL remains to be explored. Clinical studies of clofara-
bine combinations (e.g., with cyclophosphamide) are
underway.

19.2.3 Epigenetic Therapy

Aberrant methylation of promoter-associated CpG is-
lands and silencing of tumor-related genes due to hy-
permethylation is an epigenetic modification that is
frequently observed in human cancers and leukemias
[27]. A particularly high frequency of this process has
been observed in ALL both at presentation and at re-
lapse where methylation of genes can be demonstrated
in up to 80% of patients [28, 29]. Several groups have
been able to identify a number of genes involved in
hypermethylation, which identified subsets of patients
with a “hypermethylator” phenotype that has prog-
nostic significance. Roman-Gomez et al. evaluated the
methylation status 15 genes in 251 ALL patients [30].
In more than 75% of the patients, at least one gene
was hypermethylated with >4 genes hypermethylated
in about 36%. Although there was no difference in CR
rates among the groups with variable numbers of
genes affected, DFS and overall survival were signifi-
cantly different: 75.5% and 66.1%, respectively, for the
nonmethylated group compared to only 9.4 and 7.8%
for patients with >4 involved genes (p<o.00o01 and
p<0.0004, respectively). In a multivariate analysis,
methylation status emerged as an independent prog-
nostic factor for survival. Genes frequently involved
include p73, the cyclin dependent kinase inhibitors
p15, and ps57<'*?, which play an important role in cell
cycle regulatory pathways. Shen et al. demonstrated
that methylation of one single gene such as ps57/<*>
does not affect outcome of ALL patients, whereas
methylation of at least two genes involved in cell cycle
regulatory pathways resulted in unfavorable disease-



free survival and overall survival [31]. Use of hypo-
methylating agents such as 5-aza-2'-deoxycytidine
(decitabine) or 5-azacytidine may thus provide thera-
peutic benefit for patients with a defined methylator
phenotype. Although experience with these agents in
ALL remains sparse, understanding defined genetic
and epigenetic changes in adult ALL may offer an-
other dominant molecular mechanism whose targeting
may lead to risk-adapted therapies.

19.2.4 Signal Transduction Inhibitors

Ph-positive ALL is the most common subtype in adult
ALL and has historically been associated with one of
the worst outcomes to even intense-dose multiagent
chemotherapy regimens [32]. Ph-positive leukemic
blasts are characterized by expression of BCR-ABL ty-
rosine kinases of either 210 kD (p210) or 190 kD (190)
as a consequence of the reciprocal translocation be-
tween the long arms of chromosomes 9 (harboring
the ABL gene) and 22 (BCR). Whereas p210 occurs most
commonly in chronic myeloid leukemia (CML), p19o is
more frequently expressed in Ph-positive acute leuke-
mias and is also a more active tyrosine kinase activity
than p210. Imatinib mesylate (Gleevec) is a small mole-
cule with potent antiproliferative activity against BCR-
ABL cell lines in vitro at submicromolar concentrations
that are easily achievable clinically. Although imatinib
has made its biggest impact in the treatment of patients
with CML, p1go- and p210-expressing cells are equally
sensitive, making Ph-positive ALL a suitable target as
well.

Although single-agent imatinib is active in Ph-pos-
itive ALL, almost all patients will eventually relapse
and progress so that major efforts are being invested
in combination programs of imatinib with dose-inten-
sive chemotherapy to increase response rates and im-
prove durability of responses. Thomas et al. were the
first to combine imatinib with the ALL induction
regimen hyper-CVAD (cyclophosphamide, vincristine,
doxorubicin, dexamethasone alternating with high-
dose methotrexate and cytarabine) [33]. In a recent
update, 25 of 26 patients (96%) with active disease at
study entry achieved CR at a median time to response
of 21 days [34]. Thirteen of the patients were able to
proceed with allogeneic stem cell transplant within a
median of 3 months from start of therapy. Molecular
responses as assessed by RT-PCR for BCR-ABL oc-
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curred in nine of 19 patients. Two-year DFS was 87%
with the hyper-CVAD imatinib combination compared
with 28% with hyper-CVAD alone in this group of pa-
tients. Similar results have been reported by the Japan
Adult Leukemia Study Group (JALSG) by Towatari et
al. [35]. Of 24 patients with Ph-positive ALL, all but
one (96%) achieved CR after a single course of induc-
tion therapy. PCR testing was negative in almost 80%
of patients during follow up. Fifteen patients (63%)
were able to proceed to an allogeneic stem cell trans-
plant. Ottmann et al. compared the efficacy of imati-
nib in Ph-positive ALL when given either intermit-
tently between chemotherapy courses or concurrently
[36]. Concurrent administration achieved higher CR
rates (96 vs. 58%) and more profound decreases of
BCR-ABL levels by PCR testing.

More potent second-generation tyrosine kinase in-
hibitors such as nilotinib and dasatinib have recently
entered clinical trials [37]. Both agents proved more po-
tent in proliferation assays than imatinib and also
showed activity against imatinib-resistant cell lines.
The role of new kinase inhibitors in Ph-positive ALL
is currently investigated in clinical trials.

19.2.5 Monoclonal Antibody Therapy

Monoclonal antibody therapy has emerged as one of
the most effective additions to the therapy of hemato-
logic malignancies including the acute leukemias. The
attraction of monoclonal antibodies is based on two
characteristics: (1) selectivity of the tumor target by
virtue of expression of more or less tumor-specific cell
surface antigens; and (2) different mechanisms of ac-
tions compared to more traditional cytotoxic che-
motherapy involving elements of the complement sys-
tem, human effector functions, and most likely intra-
cellular signaling pathways leading to apoptotic cell
death. ALL blasts express several antigens that can
serve as therapeutic targets including CDi1g, CD2o,
CD33, or CDs52 [38].

Rituximab is an anti-CD2o directed chimeric mono-
clonal antibody that has been developed for the therapy
of relapsed and refractory indolent NHL. Expression of
CD2o0 is detected in 35% of adult ALL, particularly in el-
derly patients and has been associated with a worse
prognosis [39]. Expression is higher in ALL subsets;
up to 55% in Ph-positive ALL and almost ubiquitous
in mature B ALL (Burkitt). Combination of rituximab
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with induction and consolidation regimens in CD2o-
positive ALL has been explored. Thomas et al. reported
their experience with Hyper-CVAD plus rituximab in
patients with Burkitt and Burkitt-like leukemia and
lymphoma [40]. The CR rate among 22 evaluable non-
HIV patients was 95% with no induction deaths occur-
ring in this group. With a median follow up of
18 months, only two patients relapsed. Historical ex-
perience of hyper-CVAD alone in mature B ALL showed
a CR rate of 81% with 3-year survival rates of between
17% (patients older than 6o years) and 77% (patients
younger than 60 years). Rituximab has also been re-
ported to induce molecular remissions in the setting
of minimal residual disease in ALL [41].

Alemtuzumab is a humanized monoclonal antibody
recognizing CDs52. CDs52 expression is highest on T and
B lymphocytes and most frequently found in chronic
lymphoproliferative disorders. Alemtuzumab has estab-
lished activity in chronic lymphocytic leukemia, pro-
lymphocytic, and other T-cell NHL. CDs2 is also de-
tected in 30-50% of ALL blasts. Experience in ALL is
limited. Anecdotal reports do not support its use as sin-
gle agent in relapsed and refractory disease [42]. Alem-
tuzumab is currently investigated as part of intense in-
duction/consolidation programs and in combination
with hyper-CVAD in aggressive T-cell malignancies in-
cluding T-cell ALL.

CD1g is expressed on a large proportion of ALL
blasts in most patients with B-lineage disease, and sev-
eral antibodies targeting CD19 have been developed and
are investigated in clinical trials. The antitumor activity
of CD19 by itself is weak, but can be enhanced by con-
jugation with other components. Ricin is a plant toxin
with potent antiribosomal activity in vitro. When con-
jugated as blocked ricin to CD19 (anti-B4 blocked ricin),
enhanced cytotoxic activity in lymphoid malignancies
has been demonstrated [43]. In a small study of relapsed
childhood ALL, biologic activity (reduction in blast per-
centage) was observed in five of 19 patients, although no
objective responses occurred. The CALGB used anti-B4
blocked ricin in B-lineage ALL after induction of resid-
ual disease [44]. Although antibody administration was
feasible as part of a complex induction and consolida-
tion regimen, no benefit could be proven with respect
to remission duration or minimal residual disease levels
as assessed by PCR. Experience with other conjugates
(e.g., the tyrosine kinase inhibitor genistein, pokeweed
antiviral protein immunotoxin) suggest antitumor ac-
tivity in small studies, but experience remains limited.
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19.2.6 Other Agents

19.2.6.1 Pegylated Asparaginase

L-asparaginase has been an important component of
ALL therapy for many decades. Asparaginase depletes
external sources of asparagine, which ALL blasts re-
quire for survival, as they are unable to synthesize as-
paragine. However, native asparaginase has been pro-
blematic for two reasons: (1) need for frequent injec-
tions; and (2) immunogenicity that can result in ana-
phylactic reactions or development of neutralizing anti-
bodies with rapid clearance and short plasma half-lives
of asparaginase [45]. To overcome these shortcomings,
E. coli asparaginase has been covalently linked to
mono-methoxy-polyethylene glycol, rendering native
asparaginase less immunogenic and extending its plas-
ma half-life to up to 6 days (5-9 times longer), enabling
up to biweekly administrations and thus making thera-
py more convenient for patients.

When 144 children with ALL relapse were random-
ized to receive PEG-asparaginase either weekly or bi-
weekly, there was, however, a significant difference in
CR rate favoring weekly administration (97 vs. 82%,
p=0.003) [46]. The CR rate was significantly associated
with higher levels of asparaginase, which in turn corre-
lated to low antibody titers. Except for infectious com-
plications, other toxicities including hypersensitivity
(4%) were infrequent. A Children’s Cancer Group study
conducted a randomized comparison of native E. coli
asparaginase and PEG asparaginase in children with
newly diagnosed ALL as part of induction and delayed
intensification [47]. The PEG asparaginase group more
rapidly cleared lymphoblasts from early marrow sam-
ples and developed less frequently antibodies, which
were associated with low asparaginase activity in the
native arm. No difference was noted in event-free sur-
vival. A recent study in 28 children with relapsed ALL
confirmed the pharmacokinetic advantages of PEG as-
paraginase, which are characterized by high levels of as-
paraginase activity in serum and CSF and consequently
effective asparagine depletion [48]. Limited experience
with PEG asparaginase is available in adult ALL pa-
tients.

19.2.6.2 Forodesine (BCX-1777)

Purine nucleoside phosphorylase (PNP) catalyzes the
reversible phosphorolytic cleavage of purine ribonu-
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cleosides and 2’-deoxyribose-a-1-phosphate. PNP defi-
ciency or inhibition suppresses the proliferation of hu-
man T-cells due to subsequent accumulation of deoxy-
guanosine triphosphate (dGTP), which leads to allo-
steric inhibition of ribonucleoside diphosphate reduc-
tase (RNR), an enzyme necessary for DNA synthesis.
As patients with inherited PNP deficiency are character-
ized by profound suppression of T-cell immunity, inhi-
bition of this purine salvage enzyme is predominantly
targeted at T-cell hematologic malignancies although
in vitro studies indicated that B-lineage ALL cells are
susceptible to PNP inhibition as well.

Several phase I and II trials are underway to inves-
tigate the safety profile and clinical activity of forode-
sine in patients with advanced T-cell malignancies. In
a phase I/II multicenter dose escalation study, 15 pa-
tients with various hematologic malignancies (including
six patients with B-lineage ALL) received forodesine at
doses from 40 mg/m* up to 135 mg/m” intravenously
(typically given every 12 h for 4 days following one sin-
gle infusion in the first day) [49]. There was one com-
plete response at 135 mg/m* and hematologic benefits
for six other patients (including five with ALL). Maxi-
mum PNP inhibition was achieved at 40 mg/m®. Duvic
et al. treated 13 patients with cutaneous T-cell lympho-
ma (CTCL) or Sezary syndrome with forodesine at dose
between 40 mg/m® and 135 mg/m” per infusion [50].
They report one complete and two partial responses.
Overall, nine patients showed at least an improvement
in skin lesions and/or a pharmacodynamic response.
A phase II study of forodesine in relapsed T-cell ALL
is being conducted at MD Anderson Cancer Center.
An oral formulation of forodesine will become available
for clinical studies in the near future.

19.3 Getting to Know Chemotherapy:
The Role of Pharmacogenetics
and Mechanisms of Drug Resistance

Although development of new drugs remains crucial,
further understanding of the pharmacodynamics and
pharmacokinetics of existing agents can help to in-
crease their efficacy. Considerations of drug metabolism
and pharmacogenetics are therefore becoming increas-
ingly important to assess sensitivity to chemotherapy
and prognosis. Many antineoplastic agents display a
wide range of interpatient variability of their steady
state plasma and intracellular levels, which may influ-

243

ence response and outcome to therapy [51]. Polymorph-
isms in expression of various genes account for differ-
ences in drug absorption, distribution, and metabolism.
Thymidylate synthase (TS) is an important target of
methotrexate. Homozygosity for a triple-tandem repeat
polymorphism of the TS gene has been associated with
increased levels of the enzyme, and with worse prog-
nosis in children with ALL [52]. Polymorphisms of
the methylenetetrahydrofolate reductase (MTHFR) gene
have been correlated with a higher incidence of adverse
events, but also greater sensitivity of leukemic blasts to
methotrexate [53, 54]. In a study by Evans et al., patients
with low methotrexate concentrations had significantly
shorter CR durations and methotrexate clearance was
an independent prognostic factor for remission dura-
tion [55]. Polymorphisms affecting the thiopurine
methyltransferase (TPMT) gene may likewise lead to in-
creased sensitivity to 6-mecaptopurine, to a higher risk
of acute hematopoietic adverse events, but also to a
more favorable leukemia-free survival [56]. Most of
these studies have been conducted in children with
ALL and it is unknown how these pharmacokinetic
variables contribute to the outcome in adult ALL. There
is growing interest in adult ALL as well, to designing
programs that allow monitoring of pharmacogenetic
properties and individualize dose and schedule of ther-
apy accordingly.

Differences in sensitivity of ALL cells to chemother-
apy are also based on cytogenetic-molecular character-
istics determining, among other things, drug disposi-
tion and clearance [51]. Several karyotype abnormalities
have been described that have been associated with al-
tered responsiveness to therapy. Patients with hyperdi-
ploid cytogenetics are highly sensitive to antimetabo-
lite-type chemotherapy. In many cases, the leukemic
cells of these patients harbor additional copies of a gene
coding for cellular methotrexate transporters, and high-
er-than-average concentrations of intracellular metho-
trexate polyglutamates have been demonstrated in vitro
after treatment with methotrexate in leukemic blasts of
these patients [57]. Patients whose cells harbor a TEL-
AML1 fusion [as seen in translocation t(12;21)] are more
sensitive to asparaginase [58]. ALL with translocation
t(4;11) and MLL rearrangements have increased sensi-
tivity to cytarabine possibly by overexpression of cellu-
lar cytarabine receptors [59]. Phenotypes resistant to
standard doses of methotrexate include T-lineage ALL
where high doses of methotrexate have been associated
with better outcome and ALL associated with transloca-
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tion t(1;19), which has been associated with resistance to
standard antimetabolite-based therapy, but has a better
prognosis using intensified chemotherapy.

19.4 Conclusion

Although remission rates in adult ALL now equal those
seen in children, long-term, disease-free survival re-
mains vastly inferior. Therapy in adult ALL thus re-
mains a challenging task. The development of new
agents that are specific for ALL is crucial, but can only
be applied efficiently and to optimum benefit if paired
with a thorough understanding of disease biology.
Further dissection of ALL subtypes and characteriza-
tion of their biological behavior therefore continues to
be of crucial importance. In addition to new and tar-
geted drugs, developments in two other aspects may
provide further benefit: (1) elucidation of pharmacoki-
netic properties of currently used drugs; and (2) other
modifications of existing combination regimens.
Among the latter included are improvements in suppor-
tive care (e.g., use of laminar air flow rooms in patients
over 60 years of age), risk-adaptation of CNS prophy-
laxis, extension and possibly intensification of mainte-
nance therapy, or use of rituximab in CD2o-positive
ALL. Taken together, these approaches will allow are
more sophisticated and individualized approaches to
ALL therapy in adults, and hopefully an improved
long-term outcome.
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20.1 Introduction

Considerable progress has been made in the treatment
of both childhood and adult acute lymphoblastic leuke-
mia (ALL) during the past two decades. The majority of
both children and adults achieve a complete remission
(CR) while the majority of children are now cured with
current therapies, most adults will ultimately experience
a relapse and die of their leukemia. The ability to distin-
guish good-risk patients who are likely to be cured with
conventional chemotherapy from those who are likely
to relapse has important clinical implications.

In both adult and pediatric ALL, relapse is thought
to result from residual leukemia cells (as many as
10'°) that remain following achievement of morphologic
remission and are below the limits of detection using
conventional microscopic and cytogenetic assessment
of the bone marrow [1-3]. A variety of sensitive tech-
niques have been used to monitor the persistence of
the leukemic clone during treatment in an attempt to
identify patients who are in morphologic and cytoge-
netic remission, but in whom there is persistence of
subclinical, or minimal residual disease (MRD), and
who may be at increased risk for relapse.

Moreover, MRD studies in ALL have the potential to
provide novel insights into the clinical efficacy of both
standard and novel treatment strategies aimed at im-
proving the cure rate. Recent prospective studies de-
signed to validate the clinical significance of MRD de-
tection in ALL are beginning to answer several impor-
tant questions:

1. Does detection of MRD following achievement of
clinical remission predict treatment outcome?

2. If early MRD measurements are predictive of re-
lapse, can MRD detection be used to guide therapy
(i.e., can therapy be intensified or reduced based on
MRD results)?

3. What is the optimal clinical time-point(s) for MRD
assessment?

4. Does clinical intervention based on MRD result im-
prove survival?

5. Isit essential to eradicate MRD (as detected by these
highly sensitive assays) in order to achieve a cure?

6. Can peripheral blood monitoring be substitute for
bone marrow MRD evaluation?
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Table 20.1. Characteristics of major techniques currently employed for detection of MRD in ALL

Sensitivity
Applicability
Precursor-B-ALL
Children

Adults

T-ALL

Children

Adults

Advantages

Disadvantages

Flow cytometric immuno-
phenotyping
10°-107

80-90%
70-80%

>95%
>95%
Adequate sensitivity

Applicable for most pa-
tients

Quick: (2-3 days) and rela-
tively cheap

Distinguish living from
dead leukemia cells

Analysis is quite complex
and depends on the exper-
tise of the operator
Difficult to distinguish be-
tween normal regenerating
bone marrow progenitors
and residual blasts of B-cell
precursor leukemias

Expert operators have to
continuously be available
locally since analysis can
be reliably done only on
fresh cells

PCR analysis of chromo-
some aberration*
107*-107°

40-50%
35-45%

10-25%
5-10%
Relatively easy and cheap

Sensitive and leukemia
specific

Stable target during disease
course

Rapid: 2-3 days

Suitable for monitoring
uniform patient groups
(Ph+ ALL)

Minimal tissue requirements

Useful in minority of
patients

Cross contamination of PCR
products leading to false-
positive results (even at
diagnosis)

Risk of RNA degradation
and inefficiency during
conversion of mRNA to
cDNA (which may reduce
the sensitivity of RT-PCR
monitoring leading to
false-negative results)

PCR analysis of IgH/TCR genes

107107

95%
90%

>95%
90%
Minimal tissue requirements

Applicable for virtually all patients if
IGH, IGK-Kde, TCRG, and TCRD gene
rearrangement are used as targets

Sensitive and patient specific

Rapid during follow up: 2-3 days
(if junctional region is identified and
RQ-PCR is used)

Applicable for virtually all patients if
IGH, IGK-Kde, TCRG, and TCRD gene
rearrangement are used as targets
Sensitive and patient specific
Time-consuming at diagnosis: iden-
tification of the junctional regions
and sensitivity testing

Relatively expensive

Need for preferably two PCR targets
per patient because of chance of
clonal evolution



Table 20.1 (continued)

Disadvantages

Flow cytometric immuno-
phenotyping

Instability of antigenic ex-
pression on leukemic cells
(lineage switch, loss of anti-
gens) during or after the
treatment course
(Immunophenotypic shifts)

20.2 -

PCR analysis of chromo-
some aberration

Lack of reproducibility of
results when small numbers
of transcripts are present
Presence of oligoclonal
populations that can cause
both false-negative and
false-positive results
Difficult quantification of
MRD
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PCR analysis of IgH/TCR genes

Risk of RNA degradation and ineffi-
ciency during conversion of mRNA to
cDNA (which may reduce the sensi-
tivity of RT-PCR monitoring)

Lack of reproducibility of results
when small numbers of transcripts
are present

Presence of oligoclonal populations
that can cause both false-negative

This chapter will focus on current strategies for moni-
toring MRD in ALL and will attempt to address these
questions by summarizing some of the recent studies
of MRD monitoring in ALL.

20.2 Methods for Detection of MRD

MRD detection techniques rely on the ability to identify
a unique marker on the leukemia cells. The two methods
that typically have been employed for MRD detection
and monitoring include polymerase chain reaction
(PCR) methods and flow cytometry (FC). For PCR tech-
niques, monitoring of a leukemia-specific fusion gene
(e.g., BCR-ABL) or a clone-specific rearrangement of
the immunoglobulin heavy chain (IgH) or T-cell recep-
tor (TCR) genes have been used. For flow cytometric
MRD monitoring, an aberrant immunophenotype pres-
ent on the cell surface of the leukemic blasts can be
identified at diagnosis and used for MRD monitoring.
These techniques have far greater sensitivity than stan-
dard cytogenetic analysis and may detect anywhere
from one in ten thousand to one leukemia cell in a back-
ground of one million normal cells. General character-
istics of each of these techniques are described below
and summarized in Table 20.1.

20.2.1 Flow Cytometric Detection of MRD

Multiparameter flow cytometry is a widely applicable
and reliable approach for monitoring MRD in ALL

and false-positive results

due to the presence of aberrant or unusual immunophe-
notypes expressed on the cell surface of the lympho-
blast. These aberrant immunophenotypes can be the re-
sult of cross-lineage expression (e.g., presence of mye-
loid antigens on a lymphoid progenitor cell), asynchro-
nous expression of lymphoid maturation antigen (e.g.,
when two or more antigens not normally present at
the same stage of normal hematopoietic differentiation
are coexpressed on the lymphoblast), antigen overex-
pression, absence of normal maturation antigens, and/
or ectopic antigen expression [4-6].

FC detection of MRD can be utilized in the majority
of cases of both B- and T-lineage ALL and is rapid,
relatively sensitive, and quantitative, with the ability
to detect one leukemia cell in a background of 10°-10*
normal cells. Disadvantages to this technique include
a lack of standardization across laboratories, with sig-
nificant variation depending on the expertise of the op-
erator, difficulty in distinguishing between normal
regenerating bone marrow progenitors and residual
leukemic blasts, and the instability of the antigenic ex-
pression of the leukemic clone with resultant immuno-
phenotypic shifts during treatment that can result in
false-negative MRD results [7, 8]. Conversely, the selec-
tion of inappropriate antigens to distinguish leukemic
cells from normal cells may result in false-positive
MRD results.
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20.2.2 PCR-based MRD Detection

PCR amplification of a specific DNA sequence or com-
plementary DNA (cDNA) unique to the leukemia clone
can permit identification of one malignant cell among
10*-10° normal cells, making it, in general, a slightly
more sensitive method of MRD detection than FC.
Two types of PCR targets can be used to detect MRD
in ALL patients: junctional regions of leukemia clone-
specific rearranged IgH and TCR genes; or leukemia-
specific breakpoint fusion regions of chromosome rear-
rangements. In addition to the commonly used targets
which are described in detail below, several studies have
suggested that the Wilms tumor suppressor gene, WTi,
aberrantly expressed in the majority of cases of AML
and ALL, may also serve as a useful target for MRD
analysis [9-21].

The deletion and random insertion of nucleotides
during IgH and TCR gene rearrangement generates
unique junctional sequences that can serve as clone-
specific markers of the leukemia that can be identified
at the time of diagnosis and used for serially MRD as-
sessment. The precise nucleotide sequence of the junc-
tional region can be used in the design of oligonucleo-
tide patient-specific primers for PCR amplification and
detection of MRD during and following treatment of the
leukemia [22]. The clone-specific IgH or TCR gene rear-
rangements can be identified at diagnosis in 80-95% of
cases by using various PCR primer sets [22, 23]. Subse-
quently, patient-specific primer and probe sets based on
the rearranged DNA sequence of the leukemic clone can
be generated and used for MRD detection.

Leukemia-specific (chromosomal) rearrangements
are also useful PCR targets for detecting MRD. Oligonu-
cleotide primers are designed at opposite ends of the
breakpoint fusion region so that the PCR product con-
tains the tumor-specific fusion sequences. In most of
the chromosome translocations common to adult ALL,
the breakpoints are spread over regions larger than
2 kb of DNA, which is the maximal distance that can
be reliably amplified [24]. Therefore, MRD detection
of the more common fusion genes, such as BCR-ABL re-
sulting from the t(9;22) and MLL-AF4 resulting from
the t(4;11), depends on identifying the resultant leuke-
mia-specific fusion mRNA. This fusion mRNA can be
used as a target for MRD analysis using PCR after the
fusion mRNA (consisting of transcribed coding exons)
is converted to cDNA using the enzyme reverse tran-
scriptase (RT). This technique is known as reverse tran-
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scriptase PCR (RT-PCR). Two other fusion gene prod-
ucts in ALL are amenable to MRD detection using RT-
PCR techniques. The E2A/PBX1 fusion gene resulting
from the t(1;19) translocation is found in approximately
5% of ALL cases, irrespective of age [25-33]. The TEL-
AML1 fusion gene product results from the cryptic
translocation, t(12;21) and occurs in as many as 25%
of children with precursor-B ALL [34-37]. Several stud-
ies suggest that the results of MRD detection using RT-
PCR of TEL-AML1 are concordant with MRD detection
using PCR of IgH or TCR rearrangements [38, 39]. RT-
PCR of fusion genes is highly sensitive and specific. It
is also less labor intensive than PCR of clonal IgH or
TCR gene rearrangements since a single set of primers
can be utilized for each fusion gene product. Despite
these advantages, the general applicability of using leu-
kemia-specific fusion genes for MRD detection remains
relatively low, since only about one-third of both pedia-
tric and adult ALL cases harbor a recurring fusion gene
for PCR amplification.

Early PCR-based MRD studies used qualitative or, at
best, semiquantitative methods for detection of the leu-
kemia-specific target. These PCR methods relied on
endpoint measurements; that is, analysis of the reaction
product after PCR amplification is completed. MRD
measurements depended on multiple dilutions with
coamplification of standards and were cumbersome, er-
ror prone, and technically demanding [40-42]. During
the last several years, real-time quantitative PCR (RQ-
PCR) has been introduced and has become the new
standard for PCR-based MRD analysis [38, 43-45] In
contrast to PCR endpoint quantification, RQ-PCR per-
mits accurate quantification during the exponential
phase of PCR amplification. This method has a very
large dynamic detection range over five orders of mag-
nitude, thereby eliminating the need for serial dilutions
of follow-up samples. In addition, the quantitative data
are quickly available since post-PCR processing is not
necessary. Therefore RQ-PCR is suitable for quantitative
detection of MRD using either junctional regions of IgH
or TCR gene rearrangements, or using breakpoint fu-
sion regions of chromosome aberrations.

PCR-based methods are very specific, highly sensi-
tive, and widely applicable to the majority of patients
with ALL. Recently, standardized methods for RQ-PCR
analysis have been published to provide more accurate
comparisons of MRD results from different laboratories
[24, 46]. However, the design of primers and probes for
detection of patient-specific IgH gene or TCR gene rear-



rangements can be relatively costly and time-consum-
ing. In the latter case, to reduce the costs associated with
designing fluorescent probes that match patient-specific
sequences, “consensus” probes matching recurring
germ line segments, such as V [47], ] [48], and Kde
regions [49] that are applicable to multiple patients
can be used. Another concern is clonal evolution, sec-
ondary rearrangements that can occur during the dis-
ease course which may result in the loss of the specific
junctional region identified at diagnosis, thereby pro-
ducing false-negative MRD results. Therefore, it has
been recommended that two or more independent
PCR targets for each patient are used to monitor MRD
[22, 23, 50].

20.3 MRD Monitoring in Clinical Trials of ALL

20.3.1 MRD Studies in Pediatric ALL

Measurements of MRD during therapy of pediatric ALL
have demonstrated the ability to provide crucial infor-
mation about the response to treatment and the risk
of relapse. A number of large-scale prospective trials
have been performed that illustrate the prognostic value
of MRD measurements during the first weeks of thera-
py. The group at St. Jude Children’s Hospital evaluated
MRD on day 19 of remission induction therapy in a
large cohort of 110 children treated at their center using
flow cytometric techniques [51]. They found unique
phenotypic markers for MRD monitoring in 90% of
the children using their panel of antibodies. Interest-
ingly, 51 of 110 patients studied achieved a profound re-
mission by day 19 of induction therapy, defined as a
MRD level of <0.01%. The treatment outcome for this
group of patients was outstanding, with a 3-year cumu-
lative incidence of relapse of 1.9 £1.9% for this group as
compared to 28.4%6.4% for patients with MRD levels
20.01% (p<o.001). The independent prognostic value
of MRD quantification has also been observed when
FC MRD monitoring is performed during the first
weeks of remission induction therapy (Table 20.2)
[52-58]. These studies emphasize the point that this
technology is feasible and useful as a prognostic marker
and can provide quantitative MRD information, even
when samples are sent from participating clinical cen-
ters to a central referral laboratory for analysis. How-
ever, since a standardized quantitative FC protocol has
not yet been developed and accepted, a careful compar-
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ison of results from different centers is difficult to ac-
complish.

In contrast, during the last several years, the Europe-
an pediatric centers have begun to adopt a standardized
protocol for PCR-based MRD quantification of IgH and
TCR gene rearrangements [24, 46]. In a landmark paper,
Cave and colleagues [59] demonstrated that measure-
ment of MRD level in early remission was the most im-
portant predictor of clinical outcome in 178 children
treated in a large French cooperative group study. These
investigators, using a semiquantitative technique,
showed that detection of high MRD levels (defined as
>107%) after achievement of morphologic remission
were strongly predictive of relapse; whereas, patients
with very low levels of MRD had similarly good out-
comes as those patients in whom no MRD was detected.
Indeed, other investigators have also suggested that it
may not be essential to eradicate all MRD in order to
achieve prolonged DFS [60]. The precise nature of these
residual clonal cells that do not appear to give rise to re-
lapse remains to be defined, but may highlight the mul-
tistep pathogenesis that is presumed to be responsible
for the development of acute leukemia. These studies
also suggest that MRD measurement at a single treat-
ment time-point may not provide sufficient clinical
prognostic information and that serial MRD measure-
ments augment the predictive capacity of the test. In an-
other large study of MRD involving 240 children with
ALL, van Dongen et al. [61] found that combining semi-
quantitative MRD information from several time-points
during treatment identified three risk groups. Forty-
three percent of patients were in a low-risk group with
a 3-year relapse rate of only 2%; 43% were in an inter-
mediate-risk group with a relapse rate of 23%; and
15% were in a high-risk group with a 75% relapse rate.
Other studies confirm the significance of serial, quanti-
tative measurements of MRD [41, 62-67]. These and
other PCR-based MRD studies are summarized in Ta-
ble 20.3.

Investigators have also compared MRD results in
blood and marrow to determine whether monitoring
using blood samples, which is far more accessible and
tolerable for patients, yields similar results to bone mar-
row MRD monitoring [51, 68-75]. To date, the data sug-
gest that blood monitoring may yield comparable re-
sults to marrow MRD levels for patients with T-lineage
ALL using both flow cytometric and PCR-based meth-
ods [51, 71]. The results of blood MRD detection with
precursor-B  ALL, however, do not seem to be as
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Table 20.2. Selected flow cytometry MRD studies

Study N
Ciudad 1998 53C/A*
[56]

Ciudad 1999 45C*
[109]

Dworzak 2000 63C*
[58]

Coustan 2000 195C*
[55]

Coustan 2002 110C*
[110]

Dworzak 2002 108C*
[53]

Krampera 2003 47A%
[77]

*C, children; *A, adults

Timing

After induc-
tion therapy

After induc-
tion

During main-
tenance
After Rx

Median
4 months after
CR

End of induc-
tion

Week 14
Week 32

Day 19

Day 33
Week 22-24

Preconsolida-
tion

Pre-third
reinduction
Pre-sixth
reinduction

Relapse/MRD
MRD (+)
27/30

(90%)

9/19
(47%)
13/13
(100%)
21/21
(100%)

10/14
(71%)

19/42
(45%)

10/18 (55%)
4/4 (100%)

14/59 (23%)

9/38 (24%)
5/6 (83%)

15/18
(83%)
8/11
(72%)
3/4
(75%)

MRD (-)
5/23
(21%)

10/41
(24%)
19/55
(34%)
9/38

(23%)

10/49
(20%)

2/123
(19)

1/14 (7%)
2/8 (25%)

3/51 (5%)

4/59 (7%)
6/48
(13%)

15/29
(51%)
7/21
(33%)
6/20
(30%)

Major conclusion

Gradual increase in MRD levels showed a
higher relapse rate and shorter median RFS

Significant increase in immature B-cell sub-
sets or an altered B-cell differentiation pre-
dicts a high relapse rate (P <0.01) and a
shorter DFS (P <0.01). MRD at specific time
points during follow-up (end of induction,
maintenance, or after treatment) was asso-
ciated with a significantly shorter DFS
(P<0.01)

Comparative phenotype mapping proved
to be a reliable method for MRD detection
in pre-B ALL

Detectable MRD at each time-point was
associated with a higher relapse rate
(P<0.001). The incidence of relapse among
patients with MRD at the end of the induc-
tion phase was 68% +/- 16% (SE) if they re-
mained with MRD through week 14 of con-
tinuation therapy, compared with 7%+/-7%
if MRD became undetectable (P=0.035)

MRD <0.01% on day 19 in 46% of patients;
identifies a group of patients with excellent
prognosis; 3-year cumulative incidence of
relapse was 1.9% + 1.9%, as compared with
28.4% + 6.4% for MRD+ patients

Patients with persistent disease (1 blast/ul)
at day 33 and week 12 of treatment had a
100% probability of relapse, compared with
6% in all others. It was found, however,
that the sensitivity of the markers used
was limited in bone marrow samples from
patients who were recovering post chemo-
therapy

Adult T-ALL patients with detectable MRD
at the end of induction and following in-
duction cycles should be considered at in-
creased risk of relapse



Table 20.3. Major PCR-based MRD studies

Study N Method Timing
Brisco 1996 27A * IgH/TCR Day 34-43
[76]
Roberts 24C* IgH/TCR Up to
1997 [60] (Quantita- 35 months
tive) after end
of therapy
Foroni 1997 30A* IgH/TCR After in-
[64] (Qualita- duction
tive) 3 months
6 months
12 months
Cave 1998 178C* IgH/TCR After in-
[59] (Quantita- duction
tive) After con-
solidation
6 months
after con-
solidation
Van Dongen 240C* IgH/TCR After in-
1998 [61] moTAL-1 duction
(Qualoita- 4-6
tive) months
12 months
End of
treatment
Goulden 66C* IgH/TCR After
1998 [62] (Qualita- 6 months
tive) After end
of therapy
Grumayer 68C* IgH/TCR Day 15
2000 [108] (Qualita-
tive)

Relapse/MRD
MRD (+)
11/18

(61%)

5/20

(25%)

2/5
(40%)

5/8
(62%)

4/5
(80%)

1/2
(50%)

25/63
(39%)

15/32
(46%)

21/38
(55%)

40/98
(40%)

32/47
(68%)

18/21
(85%)

5/6 (83%)

23/33
(69%)

18/28
(64%)

16/54
(29%)
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MRD (-)
3/9
(33%)

0/2
(0%)

2/5
(40%)
1/5
(20%)
1/10
(1%)
3/9
(33%)
7/88
(7%)
8/95
(8%)
25/215
(11%)

2/71
(2%)
18/166
(10%)
14/166
(8%)
9/148
(6%)
5/29
(17%)
6/30
(20%)

0/14
(0%)

Major conclusion

ALL in adults is more drug-resistant
than in children

The cure of ALL may not require the
elimination of all leukemia cells

Resolution of MRD in ALL occurs more
rapidly in children compared to adults

Early MRD+ assessment in adult ALL
may not correlate

MRD >1% at the end of induction or
MRD >0.1% at later TP high risk of

relapse

MRD at day 33 and day 78 defines
risk of relapse:

High risk: MRD >1% at day 33 or
MRD >0.1% at day 78

Low risk: MRD <0.01% at day 78

EFS: High risk=16%; Low risk=98%

Strong correlation between clearance
of MRD early in therapy and improved
DFS outcome in childhood ALL

MRD <0.01% on day 15 of induction
therapy (in 20% of patients) identifies
group of patients with excellent prog-
nosis
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Table 20.3 (continued)
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Study N Method Timing Relapse/MRD Major conclusion
MRD (+) MRD (-)
Nyvold 2002 104C* IgH/TCR Day 15 2/34 9/36 MRD < 0.01% at day 29 identifies pa-
[65] (Qualita (5%) (25%) tients with extremely good prognosis
tive) Day 29 15/60 0/40
(25%) (0%)
Gameiro 50C* IgH/TCR 1 month 12/25 6/17 MRD detection in first 24 months cor-
2002 [66] (Qualita (48%) (35%) related with outcome
tive) 2 months 3/4 3/13
(75%) (23%)
3 months 7/11 11/31
(63%) (35%)
5 months 3/3 6/21
(100%) (28%)
Mortuza 50A* IgH/TCR 1 months 9/13 3/10 % of MRD+ patients who relapsed
2002 [78] (Semi- (69%) (30%) specifical time-points
quantita- 5 months 2/2 3/8 0-2 months 64%; 3-5 months 75%;
tive) (100%) (37%) 6-9 months 80%; 10-24 months 55.5%
9 months 0/0 0/4 (0%)
Marshall 83C* IgH/TCR 1 month 22/28 11/57 MRD at 1 and 24 months from diag-
2003 [67] (Quantita- (78%) (19%) nosis can identify almost all patients
tive) 12 months 7/20 12/59 who will relapse either during or after
(35%) (20%) the completion of therapy
24 months 8/22 14/54
(36%) (25%)

*C, children; *A, adults

straightforward; whereas one study shows equivalence
of blood and marrow MRD levels [68], two studies dem-
onstrated that MRD levels in marrow were higher than
blood MRD detection [51, 71]. Based on the current data,
marrow MRD monitoring remains the “gold standard”
for children with precursor-B ALL.

20.3.2 MRD Studies in Adult ALL

Results of MRD evaluation in trials of adult ALL, albeit
less numerous than the pediatric MRD studies, have
also demonstrated the prognostic significance of MRD
measurements during treatment, but with higher fre-
quencies of persistent MRD positivity in adults [64,

76]. The results of several of these trials are also sum-
marized in Tables 20.2 and 20.3 [54, 56, 64, 66, 76-79].
Following remission induction, high MRD levels
(defined as a ratio of target gene to control gene of
>107°) using clone-specific PCR of IgH gene rearrange-
ments have been associated with a high risk of relapse of
89% [76]. Similar results have been found using RQ-
PCR of IgH or TCR gene rearrangements for adults
treated on a recent CALGB study [80]. However, even
a low MRD level (<107%) following induction was still
associated with a significant relapse risk of up to
46%. In another prospective trial using qualitative
PCR monitoring of IgH gene rearrangements, MRD ki-
netics were compared in precursor-B ALL patients who
achieved prolonged DFS and in those who relapsed [78].



In long-term survivors, the incidence of a MRD-positive
result decreased continuously from a high of 36% fol-
lowing induction therapy to a low of 7% at months
10-24 of treatment. In contrast, 64% and 56% of pa-
tients who relapsed were MRD-positive following in-
duction and at 10-24 months, respectively. MRD was a
significant predictor of relapse risk at all time points;
however, the predictive value of a positive result ap-
peared the strongest between 4 and 9 months following
achievement of remission. These investigators found
MRD to be a significant prognostic marker in a multi-
variate analysis. Similarly, using flow cytometric MRD
detection, high MRD level (defined as >107) at any of
several postremission treatment time-points was asso-
ciated with a high relapse rate of 94% [56].

From these studies, it appears that MRD assessment
at several time-points during treatment might enhance
predictive value in adult ALL. The German Multicenter
ALL study group (GMALL) found that combining the
results of several MRD measurements during the first
year of treatment enhances the predictive value of any
single time-point. In a recent study, they evaluated the
predictive value of quantitative MRD detection in 196
standard-risk ALL patients in first CR treated on a sin-
gle German cooperative group study who were moni-
tored sequentially during the first year of treatment.
They found that combining MRD values from three
time-points during the first 16 weeks of treatment iden-
tified three novel risk groups. Patients with a rapid
MRD decline (<107* at day 11 and day 24 of remission
induction) had a 3-year relapse rate of 0%. In contrast,
those patients with slow MRD decline (MRD of >107*
through week 16 of therapy) had a relapse rate of 94%
at three years. The remaining patients fell into an inter-
mediate risk group where the relapse rate was 47%.
Thus, MRD quantification during treatment identified
new prognostic subgroups within an otherwise homo-
geneous standard risk subset of ALL who might benefit
from risk-adapted therapeutic approaches [81].

20.3.3 MRD Monitoring in Selected Disease
Subsets: t(4;11) and t(9;22)

Several smaller studies focusing on the impact of MRD
detection in high-risk ALL have been performed using
RT-PCR of the leukemia-specific fusion transcripts,
MLL-AF4 and BCR-ABL. The MLL-AF4 fusion gene re-
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sults from the t(4;11) and is found in approximately 3-
6% of adults and children with ALL and is the most
common cytogenetic abnormality in infants with ALL
[82, 83]. The t(4;11) has been associated with a very poor
prognosis when standard chemotherapy is adminis-
tered, but improved survival has been reported for pa-
tients receiving an allogeneic transplant in first remis-
sion. A prospective analysis of MRD monitoring in 25
patients with the MLL-AF4 fusion gene is the largest
study of this ALL subset and demonstrated, using a
qualitative RT-PCR assay, that patients who remained
PCR negative 3-6 months following diagnosis enjoyed
prolonged survival [84]. In contrast, this and other
smaller studies showed that patients who remained
PCR-positive or converted from a negative to a positive
test following transplant were destined to relapse [83,
85, 86].

Beginning in the late 1990s, studies to assess MRD
status following allogeneic stem cell transplantation
(allo-SCT) have provided intriguing information about
the risk of relapse in Philadelphia chromosome positive
(Ph+) ALL patients using RT-PCR monitoring of the
BCR-ABL fusion gene transcript [74, 87-93] (Ta-
ble 20.4). Using qualitative RT-PCR testing with sensi-
tivities reported in the 1 in 10°°° range, all of these stud-
ies found that patients who were consistently PCR neg-
ative following Allo-SCT were unlikely to relapse. Con-
versely, patients in whom MRD was detected after
allo-SCT were at very high risk of relapse. In the largest
published series, Radich et al. found that the relative
risk of relapse (RR) was significantly higher for patients
with detectable BCR-ABL fusion gene transcript follow-
ing transplantation than for those without detectable
transcript (RR=5.7, p=0.025) [90]. The prognostic sig-
nificance of the PCR assay remained after controlling
for other clinical variables (e.g., stem cell source, pres-
ence of graft-vs.-host disease) that could influence re-
lapse risk. Interestingly, the genetic context of MRD
may also be of relevance. In their study, Radich noted
that the risk of relapse was greatest for PCR+ patients
with a pigo BCR-ABL transcript in comparison to pa-
tients who had detectable p210 BCR-ABL transcripts
after transplantation. The median time from detection
of a positive PCR result to relapse was 94 days.

MRD detection prior to transplant for Ph+ ALL is
also a good predictor of relapse-free survival after
Allo-SCT [90, 94]. Based on these data, there has been
a concerted effort to eradicate MRD prior to moving
forward with transplant for these high-risk patients.
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Table 20.4. MRD and outcome: Pre- and Posttransplant

Study N Relapse/MRD
MRD positive
Vervoordeldonk 1997 13C 8/8 (100%)
[103]
Knechtli 1998 [99] 64C 12/12 (100%)
Uzunel 2001 [100] 30C 8/15 (53%)
Van der Velden 2001 17C 4/6 (66%)
[102]
Bader 2002 [98] 38C 11/17 (64%)
Mortuza 2002 [78] 15A 6/6 (100%)
Goulden 2002 [104] 64C 12/12 (100%)
Radich 1995 [93] 20 11/13 (84%)
Vervoordeldonk 1997 23C 9/9 (100%)
[103]
Knechtli 1998 [106] 68C 28/32 (87%)
Mortuza 2002 [78] 13A 2/2 (100%)
Uzunel 2003 [107] 32C 8/9 (88%)

To achieve this goal, several studies have now incorpo-
rated imatinib mesylate, a potent inhibitor of the abl
tyrosine kinase into front-line therapy for Ph+ ALL.
RQ-PCR analysis demonstrates a rapid reduction in
MRD when imatinib is added to front-line therapy
with the majority of patients (82%) becoming PCR neg-
ative prime to Allo-SCT [95, 96]. Moreover, with a me-
dian follow-up of 25 months after Allo-SCT, outcome in
these patients appears to be improved with a DFS of
78% [97].

MRD negative
0/5 (0%)

8/38 (21%)

0/5 (0%)

4/11 (36%)

2/14 (14%)

1/9 (11%)

8/41 (19%)

1/7 (14%)

6/14 (42%)

8/36 (22%)
1/11 (9%)

6/23 (26%)
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Major outcome

MRD in harvested BM predicts relapse after
transplantation with autologous purged BM
in children in 2nd remission of pre-B-ALL

2-year EFS for these groups was 0%, and
73%, respectively (P <0.001)

Match to Allo-SCT had higher relapse rate
than MRD- patients

MRD before Allo-SCT predicts outcome in
children with ALL

5-year EFS for these groups was 23% and
78% (P=0.022)
Detection of MRD prior to auto-SCT predicted

relapse but not predictive of outcome with
Allo-SCT

The prognostic value of any MRD result is
dependent upon the treatment received
both prior to and following Allo-SCT
Detection of MRD in ALL predicts relapse
after Allo-BMT

PCR-positivity in harvested bone marrow
predicts relapse after transplantation with
autologous purged bone marrow in children
in second remission of precursor B-cell acute
leukemia

MRD after Allo-BMT is a poor prognostic sign

Detection of MRD following Allo-SCT
predicted relapse

MRD detection after Allo-SCT is correlated to
relapse in patients with ALL

20.3.4 Prognostic Significance of MRD

in Patients Undergoing Stem Cell
Transplantation

The prognostic significance of MRD measurements be-
fore and following Allo-SCT have extended beyond the
studies described above for Ph+ ALL. In both children
and adults, MRD measurements using clone-specific
PCR of IgH and/or TCR gene rearrangements for all dis-
ease subsets have demonstrated prognostic significance



of pre- and posttransplant MRD measurements (Ta-
ble 20.5) [66, 78, 93, 98-105]. Using semiquantitative
PCR methods, two large studies in pediatric ALL were
able to identify three risk groups based on pretransplant
MRD status [98, 99]. For patients who were MRD neg-
ative prior to transplant, DFS was 78% in both series; for
those with intermediate-level MRD, DFS was 48% and
36%, respectively; and for those with high levels of
MRD (but in clinical remission) prior to Allo-SCT,
DFS was only 23% and 0%, respectively. The majority
of studies reported and summarized in Table 20.5 also
suggest that the presence of MRD prior to transplant
is associated with significantly higher relapse rates fol-
lowing transplant. In contrast, only one study in adult
ALL patients found that MRD detection prior to trans-
plant had no predictive value; whereas, MRD detection
following Allo-SCT in this series was highly predictive
of relapse [78]. Of the several studies where serial
MRD measurements were taken, the presence of MRD
following Allo-SCT was an ominous sign, with the ma-
jority of these patients relapsing within months fol-
lowing transplant [78, 93, 103, 106, 107]. Taken to-
gether with the results described above for the subset
of patients with Ph+ ALL, the data suggest that MRD
analysis prior to transplant can contribute significant
prognostic information and that the goal of pretrans-
plant therapy should be to achieve MRD negative sta-
tus. Whether RQ-PCR methods will help to refine the
prognostic capabilities and guide therapeutic interven-
tions pre- and posttransplant (e.g., novel molecular
targeted therapy, early withdrawal of immunosuppres-
sive therapy, posttransplant immunotherapy) remains
an open question.

20.3.5 The Future: Risk-Adapted Therapy Based
on MRD

The demonstration that MRD measurement provides
valuable and validated independent prognostic informa-
tion has led to the implementation of MRD-based risk-
adapted therapy based on MRD in several pediatric and
adult ALL trials. Two general strategies are being evalu-
ated: intensification of postremission treatment (e.g., al-
logeneic stem cell transplant in first remission) for pa-
tients with high levels of MRD, or decreased duration or
intensity of treatment for patients with low or undetect-
able levels of MRD. The Children’s Oncology Group in
North America plans to combine two prognostic mark-

20.4 - Summary 257

ers to assign postremission therapy: results of a remis-
sion induction day 14 bone marrow examination and a
day 29 MRD evaluation. MRD measurements will be
performed using a 4-color flow cytometric assay in
two central reference laboratories. Patients defined as
“high risk” based on these two tests will be assigned
to an intensified postremission course of treatment.
The Dana Farber ALL consortium also plans to use
MRD detection to further stratify postremission thera-
py. Using RQ-PCR following induction therapy, patients
will be assigned to receive additional postremission
therapy with daunorubicin and/or cytarabine. In these
North American studies, there will be no de-escalation
of therapy based on MRD. In contrast, the ongoing Eu-
ropean BFM-AEIOP uses the results of RQ-PCR per-
formed in reference laboratories to assign “MRD-high
level” patients to Allo-SCT in first remission, while
“MRD-low level” patients will receive a reduced course
of postremission therapy. In adult ALL, the GMALL
group is performing a prospective study with MRD-
based treatment decisions after 1 year of chemotherapy
in patients considered standard risk according to con-
ventional risk factors described above [81]. For MRD
low-risk patients, defined as MRD levels of <107 at
all postremission time-points, treatment will be stopped
after 1 year and maintenance therapy will be omitted;
whereas, MRD high risk patients, defined as patients
with MRD >10"* at any postremission time-point, will
have treatment intensification, focusing on Allo-SCT.

20.4 Summary

In conclusion, MRD evaluation provides independent
prognostic information in both children and adults with
ALL. To date, there is quite convincing evidence in both
pediatric and adult ALL studies of MRD that a high level
of MRD at the end of induction therapy is associated
with a higher relapse rate. Furthermore, the continuous
detection of high levels of MRD during consolidation
and maintenance therapy, the re-emergence, or increase
in MRD levels all appear to herald relapse. In contrast,
declining or negative MRD results are associated with a
favorable prognosis. From the studies that have been
completed over the last decade, there appear to be suffi-
cient data to justify the incorporation of MRD status
into decisions about postremission treatment assign-
ment and several studies outlined in the section above
are now underway using this strategy. MRD evaluation



258

Table 20.5. MRD studies in Ph+ALL
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Study N Rx Relapsed MRD-status Major conclusion
MRD+ MRD-

Gehly 1991 [92] 4 Allo 1/1 (100%) 0/3 (0%) Interval between MRD detection and relapse
in Ph+ALL may be relatively short and quite
different from Ph+ CML post transplant

2 Auto 1/1 (100%) 1/1 (100%)
Miyamura 1992 9 Allo 5/5 (100%) 1/4 (25%) Median interval between PCR positivity and
[91] clinical relapse was only 4 weeks

6 Auto 2/2 (100%) 0/4 (0%)

Radich 1995 [93] 8 Auto 1/8 (12%) = PCR+ following Allo-SCT predictive of relapse

Mitterbauer 1995 7 - 6/6 (100%) 1/1 (100%) One-step combined with two-step RQ-PCR

[88] analysis gives valuable information about the
efficacy of treatment and the dynamics of the
leukemia

Radich 1997 [90] 30 Allo 8/21 (38%) 0/9 (0%) Median time from first PCR-positive test to
relapse was 94 days

6 Auto 2/2 (100%) 2/4 (50%) p190 confers higher risk of relapse than p210

Sierra 1997 [89] 18 Allo 5/18 (62%) - PCR+ following match Allo-SCT correlates
with relapse

Preudhomme 1997 8 cT 6/7 (85%) 0/1 (0%) Relapse is always preceded by switch to PCR

[87] positivity of Ph+ by 4 to 6 months

5 Allo 3/3 (100%) 0/2 (0%) Lower sensitivity of RT-PCR in PB compared
with BM
4 Auto 2/3 (66%) 0/1 (0%)
Mitterbauer 1999 4 cT 4/4 (100%) - Relapse is preceded by 5 to 15 weeks by one
[74] step PCR
3 Allo 2/3(66%) -
2 Auto 0/2 (0%) =

CT=Chemotherapy
Auto=Autologous stem cells transplant
Allo=Allogeneic stem cell transplant

also has begun to provide important insights into the ef-
ficacy of treatment for specific molecular cytogenetic
subsets of ALL.

Several important issues remain to be answered in
carefully controlled trials. If MRD measurements are
to be incorporated into clinical trials and used for treat-
ment stratification and evaluation of treatment efficacy,
the unresolved issues of technique standardization and
quality control must be addressed. The Europe Against
Cancer (EAC) and BIOMED initiatives have resulted in
the development of standardized and validated method-

ology for quantitative PCR analysis in order to permit
accurate comparison of MRD data [46]. Adoption of this
approach in future trials and standardization of meth-
odologies for flow cytometric MRD studies will be es-
sential to accurately evaluate data from different clinical
trials, and to help to answer important questions that
remain including: (1) what level of MRD is clinically im-
portant; (2) when are the critical treatment time-points
for MRD evaluation; (3) will MRD-based treatment in-
tervention improve outcome. Finally, any MRD result
must be interpreted in the context of the treatment ad-



ministered and the clinical context in which it is being
evaluated. Prospective MRD monitoring may enhance
our ability to interpret the efficacy of these new treat-
ment strategies. Only by addressing these issues using
standardized methods for MRD evaluation will the clin-
ical promise of this important bio-marker be realized.
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21.1 Introduction

Central nervous system (CNS) involvement is identified
at the time of diagnosis in less than 5% of children with
acute lymphoblastic leukemia (ALL) [1]. However, prior
to the institution of adequate CNS prophylaxis, it was a
major obstacle to cure in childhood ALL as 50-75% of
patients would eventually relapse in the CNS [3, 2].
The routine use of CNS prophylaxis has improved the
long-term prognosis of patients, and CNS relapse occurs
in less than 10% of patients treated with contemporary
protocols [3]. Effective means of CNS prophylaxis in-
clude cranial irradiation, intrathecal chemotherapy
(IT), and high-dose systemic chemotherapy (HDCT)
with agents that can cross the blood-brain barrier [4].
A risk-oriented approach has been developed for child-

hood CNS prophylaxis, in an attempt to reduce the oc-
currence of CNS relapse while minimizing the poten-
tially serious adverse effects of radiotherapy and che-
motherapy [4].

Less than 10% of adults with ALL have CNS involve-
ment at presentation [5, 6]. However, without CNS
prophylaxis, approximately one third of patients will
eventually have CNS involvement [6-8], with a 5-year
CNS event-free survival rate of 42% [5]. These data
may be an underestimation as CNS disease has been
identified at autopsy in patients who were thought to
have bone marrow disease only [9]. CNS prophylaxis
in adults has mostly been patterned after studies in
childhood ALL, but several features are unique to adult
ALL. Unfortunately, few studies dealing with CNS leuke-
mia in adult ALL have been reported. Herein we review
some of the relevant aspects of CNS disease in adult ALL
including diagnostic and prognostic criteria, current
prophylaxis and treatment options.

21.2 Diagnosis

Cytologic examination of the CSF is the most important
tool for the diagnosis of meningeal localization of lym-
phoid malignancies. However, early meningeal involve-
ment may be difficult to detect and false-negative rates
up to 40% for the first lumbar puncture have been re-
ported [10]. Patients with leukemia often develop CSF
lymphocytosis. Staining for terminal deoxynucleotidyl
transferase (TdT) is helpful to distinguish between leu-
kemic lymphoblasts and normal lymphocytes [11, 12].
However, unequivocal identification of leukemic cells
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in nontraumatic lumbar puncture in the CSF, regardless
of cell count, signifies clinical meningeal leukemia.

CNS involvement among children with ALL has his-
torically been defined at most institutions by either the
presence of at least 5 leukocytes per microliter of cere-
brospinal fluid (CSF) associated with the presence of
leukemic blasts (identified on a cytocentrifuged prepa-
ration) or the presence of a cranial nerve palsy on phys-
ical examination [13]. A large trial conducted at St. Ju-
de’s Hospital introduced a new classification of patients
with ALL and CNS status at diagnosis: CNS1 denotes the
absence of identifiable leukemic blast cells in CSF;
CNS2, the presence of blast in a sample that contains
<5 WBC/ul; and CNS3, a nontraumatic sample that con-
tains >5 WBCs/pl with identifiable blasts, or the pres-
ence of a cerebral mass or cranial nerve palsy with leu-
kemic cells in CSF [14]. The probability of 5-year CNS
leukemia-free survival for CNS1 was significantly higher
than for CNS2 and CNS3 (96% vs. 87% Vs. 74% respec-
tively) (p<o.001). The projected 5-year survival rates
for these groups of patients were 75%, 49%, and 53% re-
spectively [14].

Although the adverse prognosis of CNS2 status was
confirmed by the Pediatric Oncology Group [15] several
other investigators could not confirm this association
among patients classified as having intermediate-risk
ALL [16-18]. This discrepancy can be explained by dif-
ferences in treatment regimens and in the clinical char-
acteristics of the patients studied.

It has been argued that leukemic blasts may be iatro-
genically introduced into the cerebrospinal fluid by a
traumatic lumbar puncture (defined as more than
10 red blood cells per pl of CSF). A recent report by Gaj-
jar et al. [19] provides evidence of the adverse impact of
a traumatic lumbar puncture at the time of diagnosis on
treatment outcome of children with ALL. The EFS for
patients with one CSF sample contaminated with blasts
was worse that that for patients with no contaminated
CSF (5-year EFS estimates 76 + 6% and 60 +6% respec-
tively, p=0.026); for those patients with two consecutive
contaminated CSF the 5-year EFS was 46 +9%. In a Cox
multiple regression analysis, the strongest prognostic
indicator was two consecutive contaminated CSF sam-
ples, with a hazard ratio of 2.39 [95% confidence inter-
val (CI) 1.36-4.20]. Investigators from Germany pub-
lished a large retrospective study among 2,021 pediatric
patients with ALL, enrolled in the BMF-95 trial [18]. Pa-
tients were analyzed according to type of CNS involve-
ment and traumatic lumbar puncture (TLP) with (+) or
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EFS according to CNS status
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Fig. 21.1. Event-free survival (EFS) for the five CNS status groups is
shown.

without (=) CNS blasts. CNS2, CNS3, and TLP+ groups
contained a higher percentage of patients with unfavor-
able characteristics. Cox regression analysis identified
TLP+ and CNS3 status as prognostically significant.
The CNS3 risk ratio was 2.3 with 95% CI, 1.4 to 3.6,
p=o0.0005; the TLP+ risk ratio was 1.5 with 95% CI,
1.02 to 2.2; p=0.04. Five-year event-free survival (EFS)
was 79% overall, 80% for CNS1, and 83% for TLP-.
CNS2 patients have an EFS of 80%, but the cumulative
incidence of relapses with CNS involvement is higher
compared with CNS1 patients (0.10 vs. 0.04). TLP+ pa-
tients have a significantly reduced EFS (73%, p=0.003)
because of an increased incidence of CNS relapses.
CNS3 patients suffer from more systemic and CNS re-
lapses (EFS 50%) (Fig. 21.1). These data emphasize the
importance of a properly performed lumbar puncture
by an experienced clinician particularly at diagnosis,
when higher numbers of blast cells are circulating in
the peripheral blood [20].

There has been no organized analysis of these or
other criteria for adult ALL. Currently, CNS leukemia
is defined by the presence of >5 WBC/ul in the CSE
with morphologically unequivocal lymphoblasts in cy-
tocentrifuged sample [21]. However, the presence of
blasts in the CSF when the WBC is <s5/ul may have a
similar clinical significance [14].

Several markers of CNS disease have been investi-
gated to substitute or complement the results of cytol-
ogy. DNA content may be abnormal and has a high



specificity (95%) but low sensitivity [22]. High serum
f2-microglobulin (B2M) levels in patients with ALL
are associated with lower CR rates (p=0.02), shorter
survival (p <o0.01), and higher incidence of CNS leuke-
mia (p<o0.001) [23]. Serial determination of CSF B2M
correlated well with the presence of CNS involvement.
These data suggest that serial and simultaneous deter-
minations of B2M in serum and CSF may be useful in
early diagnosis of CNS involvement and in monitoring
intrathecally in patients with acute leukemia [24].

CD2y is a transmembrane disulfide-linked 55-kD
homodimer present on most peripheral blood T cells
and on a subset of B cells and is also a member of the
TNF-receptor family. CD27 is also expressed on human
malignant B cells and high levels of soluble CD27 can be
present in the serum of patients with B-cell malignan-
cies [25]. Soluble CD27 (sCD27) has been reported ele-
vated in patients with CNS involvement from lymphoid
malignancies [26]. In one study, sCD27 had a higher
sensitivity and specificity than CSF B2M. Other CSF tu-
mor markers, such us fibronectin and tumor necrosis
factor a (TNF) have a low specificity [27, 28].

Molecular techniques have also been investigated as
a way to detect CNS disease. T-cell receptor delta rear-
rangements were identified in the CSF in nine of 21 pa-
tients studied and were identical to those identified in
the bone marrow [29]. The long-term significance of
these findings remains to be determined.

Imaging techniques, in particular magnetic reso-
nance imaging (MRI), have also been used as aids in
the diagnosis of CNS leukemia [30]. Fourteen patients
with leptomeningeal compromise from several solid tu-
mors were evaluated with both MRI and with standard
computerized tomography (CT). The results suggested
that MRI might be more accurate in identifying lepto-
meningeal metastasis compared to CT. However, all of
these imaging techniques have a false-negative rate of
up to 30%.

21.3 Pathology

Meningeal leukemia arises from neoplastic lymphocytes
or myelocytes in the cranial arachnoid tissue [31]. These
proliferating cells extend through the superficial arach-
noid tissue into the arachnoid surrounding blood ves-
sels: arteries, veins, arterioles, and venules [13] causing
cerebral hypoperfusion secondary to the leukemic mass
clogging these vessels. Eventually, they can burst out of
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the arachnoid trabeculae into the CSFE, resulting in leu-
kemic meningitis that leads to symptoms including
headache, vomiting, meningismus, and papilledema
[32]. With further increase of leukemic cell mass, the
malignant cells are able to penetrate into the cerebral
parenchyma leading to further cerebral dysfunction.
The vasculature of the cranial nerves can be compressed
and damaged by leukemic nerves infiltrates as the
nerves traverse the leptomeninges, resulting in clinical
neuropathy [33]. Endocrine abnormalities such as Cush-
ing’s syndrome and diabetes insipidus may result from
malignant invasions of the hypothalamus and pituitary
gland, respectively. Spinal leptomeningeal leukemia can
extend to dorsal nerve roots, producing tabetic symp-
toms, or to the cauda equina, causing paraparesis [13].

21.4 Prognostic Factors

Several risk factors have been associated with the devel-
opment of CNS leukemia. Age is an important factor. In-
fants and preschool children are more susceptible than
adolescent or adults, possibly because a higher propor-
tion of their vasculature is in the leptomeninges [1].

ALL with mature B-cell immunophenotype (L3 of
the FAB classification) have a high risk of CNS involve-
ment, with 12-42% of patients presenting with CNS in-
volvement at diagnosis. They also have a higher risk of
CNS relapses, isolated or with BM relapse occurring in
17-57% of patients [34, 35]. The T-cell immunopheno-
type is also associated with a high risk of CNS leukemia
[36].

The translocation t(9,22) (q34;q11.2), which repre-
sents the Philadelphia chromosome (Ph+), occurs in
3-5% of children and 20-30% of adults with ALL [37].
The presence of the Ph+ chromosome has been consid-
ered a high-risk feature for CNS disease in some re-
ports. However, some investigators suggest that in this
type of ALL, the prognosis is determined by the use
of treatment with glucocorticoids and IT with metho-
trexate given with induction chemotherapy, or by other
factors (age and leukocyte count at diagnosis) in chil-
dren treated only with intensive chemotherapy [38].

The expression of CD7 and CD56 in leukemia cells
has been suggested to have prognostic implications with
respect to CNS and other extramedullary disease. One
study showed that CD7 and CD56 positivity at diagnosis
is associated with a lower probability of achieving com-
plete remission [39]. Ravandi et al. [40] found that CD56
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Table 21.1. Risk groups for CNS leukemia in adult ALL [33, 34]

LDH (U/1) S + G2M (%) Estimated (%) CNS B2M (mg/l) Estimated (%) CNS
leukemia at 1 year leukemia at 1 year

<600 <14 4 NS NS

<600 =14 13 NS NS

>600 <14 29 <4 21

>600 =14 56 24 67

NS, Not significant

expression, although infrequently found, was associated
with a higher incidence of CNS disease at diagnosis
(19% vs. 4%, p=0.016) in adult patients with ALL.
The incidence of CNS disease at any time was also high-
er in patients with CD56+ disease (31 vs. 14%, p = 0.057).
Among the 109 patients uniformly treated with the Hy-
perCVAD regimen, CD56 expression was associated with
a statistically significant higher incidence of CNS dis-
ease (33 vs. 9%, p=0.026). The authors concluded that
CDs56 expression may be used in combination with
other high-risk features (e.g., LDH, S-phase fraction,
mature B-cell phenotype) to design a risk-oriented
approach to CNS prophylaxis [40].

Race has been considered an important prognostic
factor for CNS disease in some reports, but it may be
related to the presence of other high-risk features. In a
recent retrospective analysis of 412 children and adoles-
cents (68 African American, 338 Caucasian, and six
other race) with newly diagnosed ALL, African Ameri-
can children were significantly more likely than Cauca-
sian children to have higher risk features, including an
initial leukocyte count greater than 100x10°/1, a T-cell
immunophenotype, a translocation t(1;19) with E2A-
PBX1 fusion, and were less likely to have hyperdiploid
karyotype, a favorable prognostic factor in childhood
ALL. Still, the clinical outcomes for these cohorts were
not significantly different: 5-year event-free and overall
survival rates were 80.7% (95% CI, 70.3-91.1%) and
86.2% (95% CI, 77.2-95.2%) for African American chil-
dren respectively, compared to 79.4% (95% CI, 74.7-
84.1%) and 85.0% (95% CI, 80.9-89.1%) for Caucasian
children. The lack of a racial effect on the long-term out-
come of therapy was still apparent in a multivariate Cox
regression analysis. The authors concluded that with an
equal access to effective antileukemic therapy, African
American and Caucasian children with ALL can expect
the same high rate of cure [41].

In a review of the natural history of CNS acute leu-
kemia in adults, elevated serum LDH, alkaline phospha-
tase, and uric acid are all strongly correlated with the
development of CNS leukemia. In a multivariate analy-
sis, LDH proved to be the best predictor of the risk of
CNS disease [42].

By incorporating all significant clinical variables as-
sociated with increased risk of CNS disease in adults
with ALL into a multivariate analysis, a prognostic
model has been proposed [43]. Mature B-cell disease,
serum LDH levels, and the proportion of bone marrow
cells in the S+G2M phases had independent prognostic
value. The risk of developing CNS leukemia within
1 year was 5% when LDH was normal (i.e., <600 U/l)
and the proportion of cells in S+G2M phase was
<14% in the bone marrow. In contrast, the risk was
20% when either variable was above these values, and
56% when both were elevated [43]. The major disadvan-
tage of this model is that the S+G2M fraction is not
measured routinely and is not readily accessible. Inter-
estingly, serum B2M levels could discriminate two
groups with different risks within the high-risk group
(as defined above) [44]. Only seven of 60 (12%) low-risk
patients had elevated B2M levels and an increased risk
could not be demonstrated for this group (Table 21.1).

21.5 CNS Prophylaxis

Three therapeutic modalities can be used to prevent
meningeal leukemia: intrathecal injection of antileuke-
mia antimetabolites with or without corticosteroids,
high-dose systemic administration of high doses of
the antimetabolites or other agents that can cross the
blood-brain barrier (BBB) sufficient to achieve thera-
peutic levels in the CSF (HDCT), and cranial irradiation
(45, 46].



IT involves the direct injection of drugs into the CSF
and is an obvious way to bypass the BBB. Relatively
small doses of a drug given by intrathecal injection
can achieve high local concentrations, due to the small
volume of CSE Furthermore, because of intrinsically
low levels of metabolizing enzymes in the CSFE, agents
that are subject to rapid metabolism in blood may avoid
degradations in the CSF [47]. For example, one of the
principal mechanisms of inactivation of cytarabine in
the bloodstream is deamination catalyzed by cytidine
deaminase. Cytidine deaminase is present at much low-
er concentration in CSF, which results in an eightfold
longer half-life of the drug in CSF than in plasma. In ad-
dition, more unbound drug is available to diffuse from
CSF to brain tissue because of the very low protein con-
tent in the CSF [48].

IT has historically employed methotrexate single
agent or methotrexate combined with cytarabine, with
or without steroids. Liposomal cytarabine (DepoCyt)
is a slow-release formulation of cytarabine that is man-
ufactured by encapsulating the aqueous drug solution
in spherical multivesicular particles known as Depo-
Foam, which consist of 96% water and 4% biodegrad-
able lipid. A recent trial of intrathecal DepoCyt in chil-
dren with neoplastic meningitis showed that eight of the
14 assessable patients demonstrated evidence of benefit
manifested by prolonged disease stabilization or re-
sponse [49].

The importance of IT for CNS prophylaxis in adults
with ALL was first established in a randomized trial
comparing CNS chemo-prophylaxis with cranial irra-
diation with 2,400 rads plus IT methotrexate versus cra-
nial irradiation alone [8]. Three of 28 evaluable patients
(11%) receiving IT had a CNS relapse, compared with 11
of 34 patients (32%) not receiving any prophylaxis.

Several chemotherapy agents used systemically may
have CNS activity when used at adequate doses. Sys-
temic administration of high-dose cytarabine reaches
therapeutic levels in the CSFE, which is slowly degraded
to ara-U due to the absence of cytidine deaminase in
this compartment [45]. Thus, systemic administration
of high-dose methotrexate or high-dose cytarabine
can effectively eradicate CNS leukemia [50, 51], although
there is patient-to-patient variability in the drug con-
centrations of these agents achieved in the CSE.

Systemic administration of dexamethasone and
prednisone have been utilized in combination with IT,
and have significant antileukemic activity. Dexametha-
sone is five to six times more potent than prednisone
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[52]; in addition dexamethasone achieves higher CSF
levels and has longer half-life in the CSF than predni-
sone [53].

Although cytarabine, methotrexate, and steroids
(particularly dexamethasone) are the most important
systemically administered agents used for CNS prophy-
laxis, other agents may have some role. Etoposide admi-
nistered intravenously or as low-dose orally prolonged
administration achieves effective concentration in the
CSF and may contribute to successful CNS prophylaxis
in same pediatric regimens [54].

The oral absorption of 6-mercaptopurine (6-MP) is
highly variable. However, prolonged IV infusion can
reach therapeutic levels in the CSF and is associated
with improved antileukemic activity in vitro [55]. A re-
cent report from Children’s Cancer Group in standard-
risk ALL patients compared daily oral versus weekly in-
travenous 6-MP. The 6-year EFS were similar in both
groups. However, patients receiving IV 6-MP had unex-
plained shorter survival after relapse than oral 6-MP pa-
tients [56].

IV administration of L-asparaginase can deplete the
CSF of L-asparagine for prolonged periods of time [57,
58]. Pegylated L-asparaginase has a prolonged half-life
that may result in high plasma levels of asparaginase,
and prolonged asparagine depletion in serum and CSF
is achieved [59].

Cranial irradiation has been frequently utilized in
patients with high-risk CNS disease [60, 61], but CNS
regimens without cranial irradiation have also achieved
excellent results [62, 63]. The Pediatric Oncology Group
published a clinical study where two different regimens
of intrathecal and systemic chemotherapy were used for
CNS prophylaxis in children with acute leukemia. The
standard regimen (S) consisted on six injections of tri-
ple intrathecal chemotherapy (TIC) with methotrexate,
hydrocortisone, and cytarabine administered during in-
tensification treatment and at 8-week intervals through-
out the maintenance phase for 17 additional doses. The
second regimen, standard and methotrexate pulses
(SAM), also specified six TIC administrations during
intensification, but substituted pulses of intermediate-
dose parenteral methotrexate (IDM, 1 g/m®) every
8 weeks for the 17 maintenance TIC injections, with a
low-dose IT methotrexate boost administered with the
first four maintenance IDM pulses. Otherwise, systemic
therapy on regimen SAM was identical to regimen S.
The 5-year of an isolated CNS relapse was regimen S:
good risk 2.8%, and poor risk 7.7%; for the regimen
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SAM: good risk 9.6%, and poor risk 12.7%. In poor-risk
patients, approximately one third of the isolated CNS re-
lapses occurred before preventive CNS therapy was be-
gun at week 9. Hence, regimen S has provided better
CNS preventive therapy for both good- and poor-risk
patients (p <o.001 overall) [62].

Several issues remain debatable: which drugs are the
best IT combinations, the preferred schedule of admin-
istration, and the use of a risk-oriented strategy. Some
of the lessons learned from childhood ALL have been
analyzed in an attempt to answer these questions. A
risk-oriented approach is clearly indicated.

In low-risk childhood ALL patients, IT alone can ef-
fectively prevent CNS disease, and this is the preferred
method for CNS prophylaxis for this group of patients
because of toxicities of cranial irradiation in a growing
child [61, 64]. Although the definition of low-risk dis-
ease varies, CNS relapse rates in this group are <5%
in most studies. For intermediate-risk patients two
studies have combined IT with HDCT [65, 66] whereas
others combined low-dose (1200 rads) cranial irradia-
tion with IT [61]. Both approaches have similar response
rates with long-term CNS disease-free survival (DFS)
rates about 90% with or without cranial irradiation.

There are few studies regarding CNS prophylaxis in
adult ALL and they vary considerably with respect to in-
clusion criteria, dose of radiation, dose of chemother-
apy, and timing of prophylaxis. A summary of selected
trials is presented in Table 21.2.

Table 21.2. CNS prophylaxis by induction treatment regimen

Treatment regimen® CNS prophylaxis

Low risk

VAD High-dose systemic chemotherapy®
Modified VAD High-dose systemic chemotherapy
Hyper-CVAD High-dose systemic® + IT (x4) chemotherapy’
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It is clear that at least two modalities are required
for adequate prophylaxis. Most trials have used a com-
bination of IT and cranial irradiation. However, an
approach combining high-dose IV methotrexate, cyt-
arabine, and dexamethasone in conjunction with 16
doses of IT methotrexate alternating with cytarabine
has been reported to greatly reduce the risk of CNS leu-
kemia [5, 67].

Analysis of multiple chemotherapy approaches
without cranial irradiation from a single institution
was published by Cortes et al. [5]. Patients at low risk
for CNS leukemia were given high-dose cytarabine
and intermediate-dose methotrexate. Their 5-year CNS
event-free rate was 85%, which compares favorably to
the historical 65% with no prophylaxis (p=o0.05).
Comparatively, for patients with high-risk CNS leuke-
mia who had no prophylaxis, the s-year CNS event-
free rate was 28%, compared to 67% with HDST, 70%
with HDST plus late (at the time of CR) IT, and 98%
(at 3-year EFS) with HDST and early (starting with in-
duction chemotherapy) IT [5]. This study emphasizes
the importance of early start of prophylaxis (i.e., at
the start of induction chemotherapy) and the use of a
risk-oriented approach for prophylaxis. In this study
risk was determined by the serum LDH level and the
percentage of cells in S + G2M phase in the bone mar-
row.

Mature B-cell ALL is by definition associated with
high risk for CNS disease. Between 10 to 40% of patients

High risk
High-dose Systemic chemotherapy®
High-dose systemic® + IT (x22) chemotherapy

High-dose systemic® + IT (x4) chemotherapy

CNS, central nervous system; high-risk, mature B-cell immunophenotype, or the presence of either elevated serum levels of lactate dehydro-

genase or high proliferative index in the bone marrow (i.e., >14% cells in S and G2M phase; all others were low risk); VAD, Vincristine, doxorubicin,

and dexamethasone; IT, intrathecal.

High-dose ara-C (3 g/mZevery 12 h for six doses).

-~ o O N T v

patients received four IT doses.

IT started in complete response for patients on the modified VAD regimen and during induction for patients on the hyper-CVAD regimen.
High-dose cytosine arabinoside (ara-C) (3 g/m? every 12 h for six doses) and moderate dose methotrexate (MTX) (400-1600 mg/m?).

Ara-C 100 mg weekly x8, then every other week x8, then monthly x6 (22 IT doses in 12 months).
High-dose ara-C (3 g/m? every 12 h for four doses) and high-dose MTX (1 g/m?).
MTX 12 mg on day 2, ara-C 100 mg on day 8 with each hyper-CVAD or MTX/ara-C course. High-risk patients received 16 IT doses, low-risk



with this form of ALL have CNS leukemia at the time of
diagnosis [34, 35, 68]. Hoelzer et al. [34] used IT and cra-
nial irradiation and the rate of isolated CNS relapse de-
creased from 20 to 0% with the introduction of triple IT
(methotrexate, cytarabine, and dexamethasone). At MD
Anderson Cancer Center (MDACC) [35] the HyperCVAD
regimen includes HDCT (methotrexate, cytarabine,
dexamethasone, cyclophosphamide, doxorubicin, and
vincristine) together with eight alternating IT doses of
methotrexate and cytarabine for a total of 16 doses.
No isolated CNS relapses were observed among 26 pa-
tients treated with this regimen.

In conclusion, CNS prophylaxis in adult ALL can be
achieved without cranial irradiation. For patients with
low-risk for CNS disease, prophylaxis with HDST alone
and an abbreviated course of IT (e.g., 4-6 doses) may
provide effective prophylaxis. For those patients with
high-risk for CNS disease, early HDST and IT virtually
eliminates the risk of CNS relapse. The risk-oriented
approach is an excellent tool to minimize risk and opti-
mize efficacy.

21.6 CNS Treatment

The treatment of patients who develop CNS leukemia
has unfortunately not been standardized, and there is
little information about the optimal management of
adult patients. There are two different scenarios of oc-
currence of CNS leukemia: at the time of diagnosis
and CNS relapse. Patients, who present at the time of di-
agnosis with CNS involvement, are treated with a more
intensive IT regimen than the one used for prophylaxis.
This may also include cranial irradiation. Kantarjian et
al. [67] treated patients with CNS leukemia with twice-
weekly IT doses, alternating methotrexate and cytara-
bine, until the CSF had no more identifiable leukemia
cells in two consecutive determinations. Patients then
followed the standard IT prophylaxis schedule consist-
ing of an IT methotrexate and cytarabine dose with each
of the eight courses of chemotherapy. CNS irradiation
was not incorporated into this treatment program, ex-
cept for those patients with cranial-nerve root involve-
ment who received 2400 to 3000 rads of radiation in
10-12 fractions directed to the base of the skull or to
the whole brain. Using this approach, the presence of
CNS leukemia at the time of diagnosis did not have
an adverse impact on outcome, suggesting that the
strategy was effective.
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Another approach used 3000 rads cranial irradia-
tion and IT for patients with CNS leukemia at the time
of induction [69, 70]. Linker et al. [70] treated 109 adult
patients with ALL excluding patients who were more
than 50 years old, and Burkitt’s leukemia. CNS prophy-
laxis was initiated within 1 week of the achievement of
CR. Eighteen hundred rads of cranial irradiation were
delivered in 10 fractions over 12-14 days. Six weekly
doses of 12 mg of IT methotrexate were administered
by lumbar puncture. Patients with CNS involvement at
diagnosis began their weekly IT methotrexate during
the induction chemotherapy and received 10 weekly
doses. Thereafter, these high-risk patients received IT
methotrexate monthly during the first year of therapy
and their dose of cranial irradiation was increased to
2,800 rads. This study accrued 109 patients who ranged
in age from 16 to 49 years, with a median age of
25 years. Seven patients presented with CNS disease at
diagnosis. The results of this therapeutic approach
showed that neither sex, WBC count, or the presence
of CNS disease were predictive of outcome. Patients
with no leukemia evidence on day 14 of induction (re-
ceiving three doses of daunorubicin) had projected
CCR rate of 51% * 8% compared with 40% + 8% for pa-
tients achieving remission after four doses of daunoru-
bicin [70].

CNS disease is present at the time of diagnosis more
frequently among patients with mature B-cell ALL.
Good results have been obtained with a regimen using
intensive IT and high-dose systemic chemotherapy [34,
35]. In one recent study, 26 adults with newly diagnosed
mature B-cell ALL received Hyper-CVAD and CNS
prophylaxis alternated IT methotrexate and cytarabine
on days 2 and 7 of each course for a total eight courses
[35]. Their median age was 58 years (range 17 to
79 years), and 46% were =60 years. Complete hematol-
ogic remission (CR) was obtained in 21 patients (81%).
There were five induction deaths (19%). Eleven (42%)
patients had CNS disease at the time of diagnosis and
had a similar outcome. The presence of CNS disease
at diagnosis was not associated with a lower probability
of remission or survival. No isolated CNS relapses were
observed.

CNS relapse can occur in three clinical settings: iso-
lated CNS relapse, concomitant bone marrow (BM) and
CNS relapse, and CNS relapse after BM recurrence. Over
80% of children with isolated CNS recurrence will die or
will have a subsequent recurrence if there is no change
in their systemic therapy [71]. A similar outcome can be
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expected in adults. In one study, all 18 patients who had
an isolated CNS recurrence eventually had a recurrence
in the BM or died despite responding to treatment for
CNS disease but with no change in systemic therapy
[6]. This suggests that even when the disease is not
readily identified in the blood or BM at the time of
CNS relapse, there is residual disease. Indeed, Neale et
al. [72] identified molecular evidence of minimal resid-
ual disease in BM from four of six patients with T-cell
ALL and seemingly isolated CNS recurrence. Goulden
et al. [73] found evidence of minimal residual disease
by polymerase chain reaction analysis in BM from 12
of 13 children with B-lineage ALL who were otherwise
considered to have isolated extramedullary disease.

Using intensive systemic reinduction regimens to-
gether with IT with or without cranial irradiation at
the time of isolated CNS relapse has resulted in remark-
ably improved results. With intensive regimens, chil-
dren who had isolated CNS recurrences had a better sur-
vival compared with patients who had BM recurrences.
Ribeiro et al. [74] treated 20 children who had isolated
CNS recurrences with triple IT therapy given weekly for
at least 4 weeks, until two consecutive CSF examina-
tions showed no CNS disease, and then every 6 weeks.
In addition, patients received cranial irradiation (the
cranium was treated with 2400 rads and spine with
1500 rads) and systemic chemotherapy. Five drugs sys-
temic reinduction treatment included standard dose
prednisone, vincristine, and asparaginase plus tenipo-
side and cytarabine. After reinduction therapy, conti-
nuation therapy consisted of four drug pairs (etoposide
plus cyclophosphamide, methotrexate plus mercapto-
purine, teniposide plus cytarabine, and vincristine plus
prednisone) administered sequentially every 5 weeks.
All patients achieved CR and the estimated 5-year EFS
rate was 70%. A similar approach was used by Ritchey
et al. [75] in 83 patients (median age 4.1 years) who
had isolated recurrences. All patients achieved second
CR, and the 4-year event free survival rate was 71%.
Thus, patients with “isolated” CNS disease should re-
ceive systemic reinduction chemotherapy together with
IT. With this strategy, children with isolated CNS relapse
have a significant probability of being cured and this
group constitutes indeed a favorable subset among
those with CNS relapse.

The experience in adults has not been as favorable.
In a recent series from MDACC [76] thirty-two adult pa-
tients with CNS recurrence were analyzed. The timing
of CNS recurrences were: 17 patients isolated (53%),
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eight patients after BM recurrence (24%), and seven pa-
tients simultaneous BM and CNS recurrence (21%).
Seventeen patients (53%) had no neurologic symptoms
at the time of CNS recurrence and their diagnosis was
made on a routine lumbar puncture. The majority of
patients (88%) were treated with VAD (vincristine,
adriamycin, and dexamethasone) regimen for induction
and the rest received Hyper-CVAD. All patients received
IT to treat the CNS recurrence. The majority received
alternating IT agents twice weekly until CSF was nega-
tive, although the specific sequence and frequency of
administration varied. The IT agents used were cytara-
bine in all 32 patients, methotrexate in 26 patients, hy-
drocortisone in 19 patients, and thiotepa in one patient.
The 15 patients with cranial palsies or motor and sen-
sory deficits also received cranial irradiation. IT was ef-
fective in achieving a CNS CR in 30 patients (94%), but
10 patients (31%) had a second CNS recurrence. How-
ever, the median survival was only 6 months. Only
28% of patients were alive at 1 year, and only 6% were
alive at 4 years. This single institution study demon-
strated that adults patients with ALL and isolated CNS
recurrence had a slightly better outcome compared to
others with CNS recurrence concomitant or after BM re-
lapse. However, the prognosis for isolated CNS recur-
rence clearly is worse for adults than for children. Iso-
lated CNS recurrences occur much earlier in adults than
in children. This may be due at least in part to the ear-
lier occurrence of CNS relapse in adults. The median
duration of first CR in the MDACC series was 21 weeks,
compared with 2 years in children with isolated CNS re-
currence, and only 15-17% had a first CR duration of
<1 year [75, 77]. A short CR duration has been proposed
as the single most important prognostic variable for
children with isolated CNS recurrence [75]. Thus, CNS
relapse confers a very poor prognosis to adult patients,
even in the setting of isolated CNS relapse and despite
the use of systemic chemotherapy at the time of relapse.
New approaches are needed for this setting.

Bone marrow transplantation (BMT) is unfortu-
nately also ineffective in the management of CNS leuke-
mia. Thompson et al. [78] reported the probability of
CNS relapse was 52% for patients with a history of
and/or active CNS disease at the time of BMT. The prob-
ability was 17% for patients receiving IT Mtx after BMT,
although IT significantly increased the risk of leukoen-
cephalopathy. However, in a study by van Besien et al.
[79] all four patients with active CNS disease at the time
of BMT, and 16 of 20 with history of CNS disease re-



lapsed despite receiving IT methotrexate for 9 months
post transplant.

21.7 Toxicity of CNS Prophylaxis and Treatment

CNS-directed therapy involving single- or multiple-
agent IT approaches, whether alone or particularly
when combined with cranial irradiation, can induce sig-
nificant toxicities [1]. The earliest understanding of the
effects of ALL and its treatments on the CNS was based
on autopsy studies. Price et al. [80, 81] described major
neuropathologic findings including subacute leukoen-
cephalopathy, mineralizing microangiopathy, and sub-
acute necrotizing leukomyelopathy. Multiple retrospec-
tive outcome studies have been published concerning
cognitive, motor, and behavioral functioning of surviv-
ing ALL patients. These include mostly patients that
were initially diagnosed and treated during their child-
hood. Some of these effects may be attenuated with low-
er doses of irradiation (e.g., 1800 rads) more frequently
used in recent trials [82, 83].

A recent study including 1612 consecutive pediatric
patients with newly diagnosed ALL treated on sequen-
tial protocols at St. Jude Children’s Research Hospital
[84] between 1967 and 1988 analyzed the long-term ef-
fects of cranial irradiation. With a median follow-up
duration of 15.9 years, the cumulative incidence of brain
tumors at 20 years was 1.39%. Twenty- two brain tumors
(10 high-grade gliomas, one low-grade glioma, and 11
meningiomas) were diagnosed in 21 patients after a
median latency of 12.6 years (high-grade gliomas,
9.1 years; meningiomas, 19 years). The use of dose-in-
tensive antimetabolite therapy together with cranial ir-
radiation also increased the risk of brain tumors [77].
The psychosocial outcomes of surviving cancer as a
child or adolescent are complex. Among 9535 young
adults who survived ALL [85], 17% had depressive, so-
matic, or anxious symptoms. About 10% reported mod-
erate to extreme pain as a result of their cancer therapy,
and 13% expressed frequent fears related to their cancer
experience. The role CNS therapy had in the genesis of
these symptoms is difficult to estimate.

The Children’s Cancer Group also investigated the
impact of CNS treatment on scholastic performance of
593 adult survivors of ALL and compared them with
409 sibling controls [86]. Survivors treated with
2400 rads cranial irradiation were much more likely
to enter special education or learning disabled pro-
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grams. In general, survivors were as likely to finish high
school and enter college as the controls, but those
treated with 2400 rads or treated before the age of
6 years were less likely to enter college than those
who received less amounts of radiation. There were
no gender differences in educational achievements. In
addition, moderate doses of radiation (2400 rads) are
associated with obesity, particularly in female patients
treated at a young age. In an analysis of 1765 adult sur-
vivors of childhood ALL, female survivors who had re-
ceived cranial irradiation with >2000 rads were two to
three times more likely to be obese in comparison with
siblings of childhood cancer survivors [87].

Although less well studied, significant toxicity has
also been reported with CNS prophylaxis in adults, in-
cluding neurologic changes, acute and chronic neuro-
toxicity, decreased tolerance to systemic chemotherapy,
and infections associated with therapy-related immuno-
suppression. The use of prophylactic cranial irradiation
in patients with small lung cancer has resulted in bor-
derline dementia in 25% of patients, moderate to
marked neuropsychologic deficits in 50%, and signifi-
cant emotional distress in 16% [88]. In adults with leu-
kemia and lymphoma, minor but significant neuropsy-
chological symptoms are also frequently detected.

Because spinal irradiation can result in growth re-
tardation [89], long-term neurologic changes and cardi-
ac dysfunction [90], it is now used less frequently. In
addition, as mentioned earlier, strategies using IT and
high-dose systemic chemotherapy have significantly re-
duced the incidence of CNS leukemia.

21.8 Conclusions

Without CNS prophylaxis, CNS leukemia will occur in
approximately 30-50% of patients with ALL in CR. With
effective CNS prophylaxis, most adults with ALL will re-
main free of CNS leukemia. During the last decades,
multiple approaches for CNS prophylaxis have been de-
veloped with combination of IT, HDST, and cranial irra-
diation. Excellent results can be achieved with regimens
that do not include radiation therapy. The exclusion of
radiotherapy decreases acute and long-term toxicities.
A prophylactic approach tailored to the risk of CNS
leukemia has proven valuable in childhood ALL, and in
at least one adult study. Further studies should focus on
defining risk groups for CNS leukemia, and designing
effective prophylaxis for each group. In view of the poor
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prognosis of patients with CNS relapse, adequate
prophylaxis is critical. Still, new agents and approaches

are

needed for patients who develop CNS disease as

their outcome is uniformly poor with the strategies
investigated to date.
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22.1 Introduction

Treatment of acute lymphoblastic leukemia in children
is one of the great success stories of combination che-
motherapy. Unfortunately, adults fare much worse and
the majority of adult patients ultimately fail their ini-
tial treatment program. Most current induction regi-
mens obtain complete responses (CRs) in 65-90% of
newly diagnosed adult patients with acute lympho-
blastic leukemia (ALL). Early deaths account for some
of the induction failures, but in most studies 10-25%
of patients have disease resistant to vincristine/pred-
nisone-based regimens. In addition to these primary
refractory patients, 60-70% of patients who achieve a
CR relapse. Treatment of relapsed and refractory pa-
tients is therefore an important and common problem.
Numerous regimens have been reported in the setting

of relapsed ALL. There are two widely tested
approaches to reinduction therapy for adult patients
with recurrent or refractory ALL. One option is to
treat the patient with a regimen that is similar to their
original induction therapy (this strategy is obviously
not used for primary refractory patients). Combina-
tions of vincristine, prednisone, and an anthracycline
intensified with cyclophosphamide and/or L-asparagi-
nase represent traditional induction therapy, and var-
iations on this approach are employed frequently in
the salvage setting. Patients who have had a long first
remission or who develop recurrent disease after com-
pleting maintenance chemotherapy occasionally can
achieve a second CR with a repetition of their initial
induction regimen [1].

Unfortunately most patients develop recurrent dis-
ease within the first 12-24 months of achieving their
first remission, at a time when they are still receiving
maintenance chemotherapy [2-5]. For these patients,
the likelihood of achieving a second CR with reinduc-
tion therapy similar to their initial regimen is low. In
addition, for the 10-25% of patients whose disease is
primarily refractory to standard induction therapy,
simply repeating the same induction treatments offers
essentially no hope of obtaining a CR. A second option
for these patients is to employ an active salvage regimen
that relies on agents that are relatively distinct from tra-
ditional induction treatments. The most commonly
tested regimens of this type are based on high-dose cyt-
arabine, which, as a single agent, may induce a CR in
approximately 30% of patients with recurrent or refrac-
tory ALL. In combination with other agents, particularly
anthracyclines, high-dose cytarabine-based regimens
appear to yield even higher response rates.
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An example of the type of regimen that reiterates the
initial treatment program was the report by Koller et al.
using “hyper-CVAD” This regimen is patterned after
the style of therapy developed to treat Burkitt’s lympho-
ma/leukemia and utilizes fractionated cyclophospha-
mide, high-dose cytarabine, and high-dose methotrex-
ate [6]. Sixty-six adults with relapsed ALL received this
regimen consisting of eight courses of alternating che-
motherapy with growth factor support followed by oral
maintenance chemotherapy. The authors reported a fre-
quency of CR of 44% with a median survival of approxi-
mately 8 months. Three-year survival was poor at ap-
proximately 10%.

High-dose cytarabine has been used alone and in
combination with a number of different agents. In com-
bination with L-asparaginase [2-4], doxorubicin [5],
idarubicin [7 8], or mitoxantrone [9-12], CRs as high
as 72% have been reported in relapsed patients with
ALL. Issues of patient mix make it difficult to assess if
a specific regimen is superior to others, but in general
a combination of high-dose cytarabine and an anthra-
cycline has the greatest likelihood of achieving a second
CR in relapsed patients (or a first CR in refractory pa-
tients). The toxicity of these regimens should be bal-
anced against the benefits of achieving a CR. An exam-
ple of such a regimen is the combination of high-dose
cytarabine with a single high dose of idarubicin. We re-
ported that this active regimen produced CRs in 44% of
patients [13, 14].

However, second CRs are notoriously difficult to
maintain and typically each succeeding response (if
one can be achieved) is briefer than the preceding
one. In general, patients with a suitable allogeneic trans-
plant option should be referred for such a transplant in
second CR.

22.2 Bone Marrow Transplant in Adult Acute
Lymphoblastic Leukemia

Human leukocyte antigen- (HLA) matched identical
sibling bone marrow transplants have been used in
adults with ALL in a variety of settings. This dose-in-
tense treatment has the ability to eradicate leukemia
in a small subset of patients with disease refractory to
conventional chemotherapy. In general, there are three
main prerequisites for performing an allogeneic trans-
plant. The patient must be in acceptable physical condi-
tion to withstand the rigors of the transplant. Secondly,

the disease should be in a minimal disease state (prefer-
ably complete remission) to reduce the risk of relapse
posttransplant. Finally, a suitable donor must be identi-
fied. HLA typing should be performed on the patient
and the patients’ immediate family at the time of diag-
nosis. Early HLA typing is preferred because this typing
may take up to 2 weeks to complete and if deferred until
relapse, unwanted delays in identifying a donor may oc-
cur. If a suitable related donor is not identified, we rec-
ommend no further testing until a transplant is recom-
mended. At that time extended family members may be
typed, but in addition, a preliminary search of unrelated
donors should be initiated. This initial search through
the National Marrow Donor Registry is performed free
of charge to the patient. This is a one-time search of
over ten million adult donors and more than 190000
cord blood units to help identify potential candidates.
In addition to the preliminary domestic search, an inter-
national search may also be initiated depending on the
patient's racial and ethnic background. If a potential do-
nor is identified, additional testing will be necessary,
and this is known as the “formal” search. Once an un-
related donor is identified, logistical planning for the
transplant can begin.

However, the lack of availability of HLA-matched
donors and the toxicity and mortality seen with trans-
plant often limits the utility of this approach. Davies
et al. [15] studied the outcome of 115 consecutive pa-
tients with recurrent ALL over a 2-year period from
1991-1993. A matched, related donor was identified in
35% of which 75% made it to transplant (26% of the
original cohort). Of the 75 patients without a related do-
nor, 58 patients had an unrelated donor search initiated.
An unrelated donor was identified for 22 (37%) of those
whom a search was performed and 15 of these patients
proceeded to a matched, unrelated donor transplant
[15]. Fortunately, the likelihood of finding a suitable
matched, unrelated donor has improved; however, there
are still some patients for whom a suitable donor cannot
be identified.

Unfortunately allogeneic transplant is not a panacea
for treating relapsed ALL. In part, the limits of trans-
plant can be seen by reviewing patterns of failure. Pat-
terns of failure with allogeneic transplant in ALL are
dissimilar to that of patients transplanted for AML. In
AML, patients treated with allogeneic transplant often
fail therapy because of treatment-related mortality (in-
fectious complications, GVHD, etc.). In contrast, pa-
tients with ALL who undergo allogeneic transplant suf-
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fer from both treatment-related mortality and a signifi-
cant rate of relapse. Ultimately, few patients are long-
term disease-free survivors. A major cause of this high
degree of relapse is related to the modest “graft-versus-
leukemia” effect associated with treating ALL. Graft-ver-
sus-leukemia is the process by which the transplanted
(donor) immune system eliminates residual leukemic
cells and as such is a type of graft-versus-host reaction.
Graft-versus-leukemia appears to be less active in ALL
than in AML or CML. Supporting this concept are data
from the International Bone Marrow Transplant Regis-
try that compared identical twin (syngeneic) trans-
plants to HLA-identical sibling transplants [16]. Graft-
versus-leukemia should be more pronounced in the al-
logeneic transplants as compared with the syngeneic
transplants, and in this study there was a significantly
higher relapse rate in the syngeneic transplants for
AML and CML, but not for ALL. This implies that
graft-versus-leukemia is less important in ALL. A sec-
ond indication that graft-versus-leukemia is less active
in ALL comes from an analysis of studies of donor T-cell
infusions used to treat leukemia that has relapsed after
allogeneic bone marrow transplant. In this study, donor
lymphocyte infusions produced complete responses in
73% of patients with CML, 29% of patients with AML,
and 0% of patients with ALL [17]. There is however, a
mild graft-versus-leukemia effect in ALL and a report
of 1132 patients with ALL demonstrated that acute and
chronic graft-versus-host disease are associated with
lower overall rates of relapse compared to those patients
without graft-versus host disease [18].

There is significant controversy over the use and
timing of allogeneic transplant in adult ALL. The results
of 192 adults with ALL transplanted at the Fred Hutch-
inson Cancer Center report a 5-year disease-free surviv-
al of only 15% for patients transplanted in second CR or
beyond [19]. Another study suggested more favorable
results, but this is difficult to interpret as the results
combined both pediatric and adult patients, or patients
in first CR (who may already be cured) with higher-risk
patients [20]. As only a small subset of patients with re-
lapsed disease are cured with allogeneic transplant,
many investigators have chosen to evaluate this modal-
ity in patients in first CR. However, two large compari-
sons of allogeneic transplant versus standard chemo-
therapy for patients in first CR have failed to demon-
strate an improved survival for the transplant arm [21,
22]. In one of these studies, subset analysis suggests a
benefit for certain high-risk patients [21]. However, this

277

benefit was not confirmed in the other study [22]. Thus,
currently the only patients for whom allogeneic trans-
plant in first CR can be routinely recommended are in
patients with t(9;22) and t(4;11). For other adult patients,
we recommend that allogeneic transplant be reserved
for second CR.

Autologous transplant for adult ALL is even less ef-
fective than allogeneic transplant [23]. The extremely
poor results in patients in second CR led to testing this
modality in patients in first CR. However, both a non-
randomized [24] and randomized trial [25] have shown
no benefit to autologous transplant compared with
maintenance chemotherapy in patients in first CR. This
modality should therefore be considered investigational
at this time and not routinely performed in patients in
first CR.

22.3 Philadelphia Chromosome-Positive Adult
Acute Lymphoblastic Leukemia

Philadelphia-chromosome positive (Ph+) disease car-
ries a very poor prognosis, and long-term survival, even
with high-dose chemotherapy, is rare. Thus, for patients
with Ph+ disease, allogeneic transplant in first CR is
commonly recommended and may be curative in a min-
ority of patients [26, 27]. The development of imatinib
(Gleevec®, formerly STI-571), a tyrosine kinase inhibitor
with relative specificity for bcr-abl, has dramatically
changed the treatment and outcome of patients with
CML [28]. This agent also has activity in Ph+ ALL
[29]. In this setting, however, it is less active than it is
in CML with only 29% of relapsed or refractory patients
achieving a CR [29]. Unfortunately, the median time to
progression is only 2.2 months, demonstrating the de-
velopment of resistance to imatinib in this patient group
[30, 31]. Currently, many investigators are assessing
combination therapy with imatinib and chemotherapy
in both the initial treatment [32] or in the relapsed set-
ting [33].

22.4 CNS Relapsed in Adult Acute
Lymphoblastic Leukemia

CNS relapse occurs in approximately 10% of patients
who have received appropriate prophylaxis. In the ma-
jority of these patients, simultaneous bone marrow re-
lapse can be documented. In occasional patients, CNS
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relapse may occur without demonstrable systemic re-
lapse (“isolated CNS relapse”); however, this event al-
most always predicts subsequent bone marrow relapse,
and patients with isolated CNS relapse should receive
reinduction chemotherapy following treatment of their
CNS disease. Treatment of established CNS disease re-
quires a combination of radiotherapy and intrathecal
chemotherapy. Radiotherapy should consist of 1800-
2400 cGy (in 150-200 cGy fractions) administered to
the whole brain. Higher doses should be avoided be-
cause of the risk of late toxicity and the fact that some
patients may later require total body irradiation as part
of a conditioning regimen for an allogeneic transplant.
Despite encouraging results in children, spinal radio-
therapy should be avoided in adults because the dose
of radiotherapy to marrow-bearing areas subsequently
limits the ability to administer necessary systemic che-
motherapy. Furthermore, though this approach can help
control the CNS disease it does not prolong survival as
these patients will typically succumb to refractory sys-
temic disease [34]. Intrathecal therapy with methotrex-
ate (12 mg) for patients with established CNS disease
should be administered intraventricularly, preferably
via an Ommaya reservoir. Intrathecal chemotherapy
can be administered as often as two or even three times
per week with at least 1 day off between doses until the
CSF is cleared of leukemic blasts, then twice a week for
2-3 weeks, and then twice a month for 2 or 3 additional
months. Patients who develop CNS disease despite
prophylaxis with intrathecal methotrexate, or those
who do not clear the blasts from the CSF promptly
(within two treatments) with methotrexate, should
receive intraventricular therapy with cytarabine at a
dose of 60 mg.

22.5 Newer Agents

Given the poor overall long-term results for adult pa-
tients with relapsed ALL, newer agents are being evalu-
ated. Clofarabine, a nucleoside analog that is a hybrid of
fludarabine and cladribine, has been reported in a small
group of patients (n=12) with ALL [35]. One patient
(8%) achieved a complete response that lasted 4 months.
Another investigational agent, perhaps with greater
promise is nelarabine, a pro-drug of ara-G. This arabi-
nosyl analog of deoxyguanosine has shown activity
[36, 37]. Nelarabine, the prodrug of ara-G, was evaluated
in a phase I multicenter trial of 26 patients [36]. Com-

plete (n=5) or partial remission (n=5) was achieved
in patients; seven out of eight patients with T cell
ALL, one with T lymphoid blast crisis of CML, and
one with T cell lymphoma, and one with B cell CLL.
Interestingly, responses were not seen in patients with
B-lineage ALL.

22.6 Conclusions

The treatment of adult patients with relapsed acute lym-
phoblastic leukemia remains a daunting task. As we
gain a better understanding of the biology that distin-
guishes relapsing patients from those who are success-
fully treated, we hope to develop novel, targeted thera-
pies to improve the initial treatment of the patients
and thereby minimize the number of patients requiring
treatment in the relapsed setting. Currently, the only
realistic chance for long-term, disease-free survival is
to induce a second CR (we favor high dose cytarabine
with high dose anthracycline approach) followed by
an allogeneic transplant.
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23.1 Introduction

The clinical presentation of acute lymphoblastic leuke-
mia (ALL) may range from nonspecific symptoms such
as progressive malaise, fever, and fatigue to severe life-
threatening manifestations, requiring immediate medi-
cal intervention.

23.2 Metabolic Complications

Severe metabolic disturbances may accompany the ini-
tial diagnosis of ALL as well as the first phase of the in-
duction chemotherapy [1].

Patients with high leukemic burden are at risk of de-
veloping acute tumor lysis syndrome (ATLS), manifest-
ing by hyperuricemia, hyperkalemia, hyperphosphate-
mia, and secondary hypocalcemia. Such electrolyte ab-
normalities may lead to the development of oliguric re-
nal failure due to the tubular precipitation of urate and
calcium phosphate crystals, fatal cardiac arrhythmias,
hypocalcemic tetany, and seizures.

Administration of vigorous intravenous hydration of
2—4 times daily fluid maintenance (approximately 31/
m?/d), sodium bicarbonate to alkalinize the urine (must
be given with caution since it may potentiate hypocalce-
mia), oral or intravenous allopurinol to control hyper-
uricemia, and phosphate binders to treat hyperphos-
phatemia remain the standard therapy for management
of ATLS in the USA.

Although urine alkalinization (urine pH >7) histori-
cally has been recommended for the prophylaxis and
treatment of ATLS [2], it remains controversial. Since
maximum uric acid solubility occurs at the pH of 7.5,
alkalinization of urine promotes the urinary excretion
of the urate. However, solubility of urate precursors -
xanthine and hypoxanthine - is dramatically reduced
at such pH, leading to the development of urinary
xanthine crystals and xanthine obstructive uropathy
[2, 3].

A xanthine analog allopurinol, which competitively
inhibits xanthine oxidase and the conversion of xan-
thine and hypoxanthine to uric acid, has been demon-
strated to effectively decrease the formation of uric acid
and reduce the incidence of uric acid obstructive uropa-
thy [4, 5]. However, allopurinol has several significant
limitations. First, allopurinol only prevents further uric
acid formation and has no effect of already existing uric
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acid. Second, administration of allopurinol increases
the serum levels of the purine precursors, xanthine
and hypoxanthine, which may lead to xanthine nephro-
pathy and obstructive uropathy [4, 6]. Third, allopuri-
nol reduces the degradation of other purines, including
6-mercaptopurine (6-MP) and azathioprine, requiring
50-70% of their dose reduction [6].

An alternative to preventing uric acid formation by
inhibiting xanthine oxidase with allopurinol is to pro-
mote the catabolism of uric acid to much more soluble
allantoin by urate oxidase [7]. Urate oxidase (UO) is an
endogenous enzyme commonly found in many mam-
malian species, but not in humans, due to a nonsense
mutation in the coding region of the urate oxidase-en-
coding gene [8]. A nonrecombinant UO, extracted from
Aspergillus flavus species, has been demonstrated to re-
duce uric acid levels in patients at risk for ATLS and has
been available in France since 1975 and in Italy since
1984 [9-11]. Subsequently, the gene coding for the UO
was isolated from the A. flavus species and expressed
in the yeast Saccharomyces cerevisiae strain to yield large
quantities of the pure recombinant form of UO [12].

Recombinant UO (rasburicase) [12], which recently
became available in the USA, was demonstrated to be
a safe and effective alternative to allopurinol in several
multicenter clinical trials [5, 13, 14]. In a randomized
clinical trial rasburicase was shown to significantly re-
duce the exposure to uric acid in patients with hyper-
uricemia compared to allopurinol [5]. Although the rec-
ommended dose of rasburicase is 0.15-0.2 mg/kg/day
for 5 days, at our institution, an excellent control of hy-
peruricemia was achieved with a lower dose of 3 mg/
day. Administration of 3 mg of rasburicase to 18 pa-
tients with hyperuricemia secondary to leukemia/lym-
phoma resulted in the normalization of the uric acid
in 11 patients with just a single dose of rasburicase, in
six patients with two doses, and in one patient with
three doses [15].

Patients with ALL, who either present with or are at
high risk of developing ATLS (high tumor burden with
WBC >50%10°/L, high LDH, or mediastinal mass; ele-
vated uric acid level; renal infiltration with leukemic
cells, or renal insufficiency) are good candidates for ras-
buricase therapy [6].

Hypocalcemia, one of the most dangerous sequelae
of ATLS, may result in potentially lethal cardiac (ven-
tricular arrhythmias, heart block) and neurological
(hallucination, seizures, coma) manifestations [16]. In
an asymptomatic patient with laboratory evidence of
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hypocalcemia and hyperphosphatemia, calcium re-
placement is not recommended, since it may precipitate
metastatic calcifications [16]. However, in a patient with
symptomatic hypocalcemia, calcium gluconate may be
carefully administered to correct the clinical symptoms.

Hyperkalemia, defined by a potassium level of
>6 mmol/l, caused by massive cellular degradation,
may precipitate significant neuromuscular (muscle
weakness, cramps, paresthesias) and potentially life-
threatening cardiac (asystole, ventricular tachycardia,
and ventricular fibrillation) abnormalities [16]. Patients
should be treated with oral sodium-potassium exchange
resin, such as kayexalate 15-30 g every 6 h and/or com-
bined glucose/insulin therapy [17].

Serum electrolytes, uric acid, phosphorus, calcium,
and creatinine should be monitored several times a
day, depending on the severity of the clinical condition
and degree of metabolic abnormality. Early hemodialy-
sis may be required in patients who develop oliguric re-
nal failure or recalcitrant electrolyte disturbances. The
electrocardiogram should be obtained and cardiac
rhythm monitored while these abnormalities are cor-
rected.

23.3 Lactic Acidosis

Primary leukemia-induced lactic acidosis (LA) is a rare
yet potentially fatal event, characterized by low arterial
pH due to the accumulation of blood lactate. It has been
suggested that LA occurring in the setting of hematolog-
ical malignancy is associated with an extremely poor
prognosis [18]. Lactate, the end product of anaerobic
glycolysis, is metabolized to glucose by the liver and
kidneys. Because leukemic cells have a high rate of gly-
colysis even in the presence of oxygen and produce a
large quantity of lactate, LA may result from an imbal-
ance between lactate production and hepatic lactate uti-
lization [18]. Several factors may contribute to the high
rate of glycolysis. Overexpression or aberrant expres-
sion of glycolytic enzymes, such as hexokinase, the first
rate-limiting enzyme in the glycolytic pathway [19], al-
lows tumor cells to proliferate rapidly and survive for
prolonged periods [20]. Although insulin normally reg-
ulates the expression of this enzyme, insulin-like growth
factors (IGFs), which are overexpressed by malignant
leukemic cells, can mimic insulin activity [21-23]. Lac-
tate production may also be increased by the paracrine
and systemic action of TNF-a [24].



LA is frequently associated with ATLS and its extent
is correlated with the severity of ATLS. There is labora-
tory evidence to suggest that loss of mitochondrial
function induced by cytotoxic therapy, leads to compen-
satory glycolysis and subsequently to lactate accumula-
tion and acidosis [25]. In a review of twenty-five cases of
lactic acidosis attributed to underlying malignancy,
more than two-thirds were associated with leukemia
and lymphoma [26]. Twenty-five cases of LA associated
with acute leukemia has been reported by Sillos et al.
with eight cases of ALL [18]. Typically, the patient with
lactic acidosis presents with weakness, tachycardia,
nausea, mental status changes, hyperventilation, and
hypotension, which may progress to frank shock as
acidosis worsens. Laboratory studies show decreased
blood pH (<737), a widened anion gap (>18), and
low serum bicarbonate.

The most important therapy for lactic acidosis is the
treatment of the underlying leukemia. The role of so-
dium bicarbonate in the treatment of lactic acidosis re-
mains controversial. The deleterious effect of severe
acidemia on cardiovascular function can potentially
be ameliorated by sodium bicarbonate administration;
however, no study has shown a convincing survival ad-
vantage for alkali therapy in this condition [27]. In ad-
dition, there are several reports suggesting that admin-
istration of sodium bicarbonate may increase lactate
and CO, production, impair oxygen delivery, and wors-
en lactic acidosis [28]. Hemodialysis and hemofiltration
with bicarbonate-based replacement fluid is a successful
therapy for severe LA not associated with malignancy
[29, 30]. Hemofiltration with bicarbonate-based replace-
ment fluid used in a patient with LA and underlying
acute leukemia resulted in rapid correction of acidosis;
however, plasma lactate level decreased only after the
initiation of chemotherapy [18].

23.4 Hypercalcemia

Severe hypercalcemia is a rare serious manifestation of
ALL, reported in 2.5-4.8% patients at diagnosis [31]. Pa-
tients may experience severe malaise, diffuse abdominal
pain, emesis, and changes in mental status. Both hu-
moral and local mechanisms have been implicated in
the pathogenesis of hypercalcemia in ALL [32]. Para-
neoplastic production of parathyroid hormone-related
protein (PTHrP) is thought to be responsible for hyper-
calcemia via a humoral effect, while osteolytic skeletal
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metastasis and cytokines, such as TNF-a, IL-6 and
IL-2, may be responsible for local osteolytic hypercalce-
mia [33, 34]. Occasionally a combination of high cal-
cium and phosphorus level leads to the calcinosis cutis
- an aberrant deposition of calcium salts in the skin
[35]. The combination of hydration, loop diuretics, in-
travenous bisphosphonates, corticosteroids, and calcito-
nin is usually sufficient to achieve adequate control of
hypercalcemia [36]. Patients who do not respond to bis-
phosphonate infusions should be considered for addi-
tional therapy with gallium nitrate, which is a potent in-
hibitor of bone resorption [37]. Randomized double-
blinded studies have demonstrated superiority of gal-
lium nitrate compared to calcitonin, etidronate, and pa-
midronate for acute treatment of resistant hypercalce-
mia. Administered as a continuous intravenous infusion
at a dose of 200 mg/m*/day over 24 h for up to 5 days,
gallium nitrate induces normocalcemia in 70-90% of
patients [38].

However, cutaneous lesions are usually resistant to
the initial therapy, causing significant morbidity. Pa-
tients experience severe resting and mechanical pain
usually requiring a combination of morphine, tricyclic
antidepressants, and anti-inflammatory medications
for adequate pain control. Cases of calcinosis cutis have
been described to resolve over a period of time, once
control of the calcium and phosphate levels have been
established, which would imply successful therapy for
the underlying ALL [39, 40].

23.5 Hyperleukocytosis

Although hyperleukocytosis is a common presenting
feature (10-30%) in patients with ALL, symptomatic
leukostasis is exceedingly rare [41, 42]. However, when
present, it constitutes a medical emergency and efforts
should be made to lower white blood cell count
(WBC) rapidly. Historically, leukapheresis has been
used in ALL patients (especially children) with high
WBC count (>200000/mm?®) and neurological and pul-
monary symptoms suggestive of leukostasis [43]. Theo-
retically, leukapheresis should reduce the end organ
damage by decreasing tumor burden and alleviating
metabolic complications associated with leukostasis.
Unfortunately the short- and long-term benefits of this
procedure remain controversial and there are no data to
suggest that the response rate or overall outcome are im-
proved in an asymptomatic patient [44, 45]. Cautious
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preinduction therapy with glucocorticoids, adding vin-
cristine and cyclophosphamide in cases of B-cell ALL, is
a preferred means for the amelioration of hyperleukocy-
tosis [46, 47]. Preinduction chemotherapy in combina-
tion with urate oxidase has dramatically decreased the
frequency of tumor lysis syndrome and the need for he-
modialysis in patients with B-ALL [48].

If administration of chemotherapy is not feasible in
a patient with hyperleukocytosis and symptoms of
leukostasis, or it must be delayed secondary to the sig-
nificant metabolic abnormalities, renal insufficiency, or
possibly pregnancy, emergency leukapheresis may be
used to decrease or stabilize WBC count. However, based
on the available data, leukapheresis cannot be recom-
mended as a routine therapy or as a form of tumor de-
bulking in an asymptomatic adult patient with ALL.

23.6 SVC/Mediastinal Mass

Patients with ALL (particularly T-ALL) may present
with symptoms of cough, dyspnea, stridor, or dysphagia
from the tracheal and esophageal compression by a me-
diastinal mass. More than 27% of children who pre-
sented with mediastinal mass have acute airway com-
promise [49]. Compression of great vessels by a bulky
mediastinal mass may also lead to the life-threatening
superior vena cava syndrome. In addition to the
above-mentioned symptoms, patients might develop cy-
anosis, facial edema, increased intracranial pressure,
and syncope.

The prognosis of patients with SVC syndrome is
strongly correlated with the prognosis of underlying
disease. Diagnosis of primary condition must be estab-
lished promptly, and therapy with steroids, radiation,
and/or chemotherapy must be initiated without delay.
When the therapeutic goal is only palliation of SVC syn-
drome, or if emergent treatment of the venous obstruc-
tion is required, direct opening of the occlusion with en-
dovascular stenting and angioplasty with possible
thrombolysis should provide prompt relief of symptoms
[50]. Other medical measures such as head elevation
and oxygen administration, which can reduce cardiac
output and venous pressure, might be helpful.
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23.7 DIC

Disseminated intravascular coagulation (DIC) is a
known complication of ALL in children [51-53] and
adults [54]. The frequency of DIC in adults is reported
to be 10-16% at presentation and 36-78% during remis-
sion induction therapy [55-57]. Hypofibrinogenemia
(<100 mg/dl) was detected in 41% of patients with
ALL at the time of diagnosis and after initiation of ther-
apy [58]. Hemorrhagic symptoms are usually mild;
however, serious hemorrhage occurs in 20% of patients
with laboratory evidence of DIC [55].

Patients who develop DIC tend to have a higher
WBC (77900/mm® vs. 9400/mm?) counts and a higher
frequency of palpable splenomegaly than the patients
who do not develop DIC. However, no statistically sig-
nificant relationship was established between DIC and
age, FAB subtype, immunophenotype, karyotype,
LDH, and percentage of blasts in the bone marrow.
An etiologic link between CD34 expression and DIC
has been suggested [57].

ALL patients who developed DIC after the initiation
of chemotherapy had a lower platelet level and higher
level of the E-fragment of serum fibrinogen/fibrin deg-
radation products (FDP) at presentation, suggesting
that they already had DIC at presentation. These find-
ings indicate that perhaps patients with high WBC
counts, higher FDP level, a low platelet count, and sple-
nomegaly at presentation require closer monitoring for
DIC after the initiation of chemotherapy.

The best way to treat DIC is to treat the underlying
ALL. However, exacerbation of DIC may occur during
induction therapy and with ATLS.

The coagulation profile must be obtained at the time
of diagnosis and repeated frequently, especially when
laboratory evidence of DIC is detected, to guide the
replacement therapy in DIC. Theoretical concerns for
exacerbating DIC with blood products have not been
substantiated clinically, and hemostatic competence to
avoid severe bleeding must be maintained. It is reason-
able to keep activated partial thromboplastin time
(aPTT) at about 1.5 times normal level with FEP, plate-
lets at about 50000/l with platelet transfusions, and
fibrinogen level over 100 mg/dl with cryoprecipitate.
Heparin therapy is rarely indicated in the patient with
ALL and DIC. However, if required, heparin levels
should be followed, since the monitoring aPTT may lead
to over- or under-treatment of the patient.



23.8 L-Asparaginase and Coagulopathy

L-asparaginase (L-asp), an enzyme from bacteria that
destroys the amino acid asparagine, required primarily
by leukemic cells, is an important component of combi-
nation chemotherapy for ALL. L-asp can produce deple-
tion of many of the hemostatic, anticoagulant, and fibri-
nolytic factors such as fibrinogen, factors IX, XI, anti-
thrombin III, proteins C and S, and plasminogen with
an associated risk of thrombosis and hemorrhage [59-
61]. These effects are likely due to the decreased protein
synthesis by the liver, rather than clotting factor con-
sumption or the production of the abnormal molecules
[60, 62, 63]. This reduction of the synthesis of the clot-
ting factors appears to be proportional to the elimina-
tion of asparagine from the plasma, and normalizes as
soon as L-asp is discontinued [64].

Although marked reductions in fibrinogen and fac-
tors IX and XI due to L-asp occurs frequently, excessive
bleeding is rare [60]. There is no prospective data to
suggest a fibrinogen level at which replacement is re-
quired. It is reasonable to temporarily discontinue the
L-asp when fibrinogen level decreases to 50-70 mg/dl.
However, in general, we do not recommend fibrinogen
replacement therapy in an asymptomatic patient re-
gardless of fibrinogen level. When clinically significant
bleeding occurs or a patient is required to undergo a
surgical procedure, therapy with cryoprecipitate or
FFP is usually successful in correcting the hemostatic
defect [65].

The concentration of the anticoagulant proteins AT
111, protein C, and protein S can decrease to 30% of nor-
mal level in patients treated with L-asp, levels low en-
ough to predispose to thrombosis. The low level of cir-
culating fibrinogen does not appear to offset the risk of
thrombosis, since cases of severe central nervous system
(CNS) thrombosis are reported in patients with a fibri-
nogen level of 29 mg/dl [66]. Prophylactic use of FFP
was ineffective in preventing the decrease in antithrom-
bin III level induced by L-asp [67].

In a setting of L-asp therapy, the presence of an in-
herited hypercoagulable state such as Factor V Leiden,
or the prothrombine gene mutation was shown to in-
crease the risk of thrombosis in some studies [68],
but not in others [69]. The presence of the antiphospho-
lipid antibody increases the risk of thrombosis in pa-
tients treated with L-asp [69].

CNS thrombosis occurs in approximately 4% of
adult patients with ALL, usually 2-3 weeks after the
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initiation of therapy with L-asp. Although most pa-
tients recover without significant neurological conse-
quences, death and permanent neurological defects
have been reported [70-72]. While the risk of throm-
bosis is greatest during the remission induction phase
of chemotherapy with L-asp, it may occur at any stage
of therapy [73].

Pegaspargase, a modified form of native E. coli as-
paraginase, has been reported to cause hypofibrinogen-
emia in more than 50% of patients, however the clinical
evidence of thrombosis were rarely encountered [73a,
73b]. Pancreatitis was reported in approximately 15%
of patients treated with E. coli L-asparaginase and in
1-4% of patients receiving pegaspargase [73c]. Hepato-
toxicity and hyperbilirubinemia are common complica-
tions of asparaginase therapy, although typically are
grades 1-2 and are reversible with the discontinuation
of therapy [73b]. However, in one study grade 4 hyper-
bilirubinemia was reported in 54% of patients who re-
ceived 1-4 doses of pegasparaginase [73a]. The rate of
allergic reaction appears to be less frequent in patients
receiving pegasparaginase compared to ones treated
with E. coli L-asparaginase [73d].

23.9 Neurological Complications

Five to ten percent of adult patients with ALL may pre-
sent with clinically significant neurological findings re-
lated to the leukemic infiltration of CNS [74]. CNS in-
volvement may manifest as generalized headache and
papilledema from raised intracranial pressure, blind-
ness due to the bilateral optic nerve infiltration, trigem-
inal neuralgia secondary to 7th cranial nerve infiltration
and lymphomatous meningitis, transverse myelopathy,
and epidural spinal cord compression [75-78].

Significance of such symptoms must be recognized
immediately and chemotherapy with systemic and in-
trathecal methotrexate or cytarabine, steroids, and ra-
diation therapy should be administered promptly in
hopes to prevent permanent damage.

In a study of 36 patients with leukemic involvement
of the nervous system (46 episodes of CNS involvement)
21.7% of the episodes involved the cranial nerve, most
commonly the bulbar motor, facial, and optic nerves
[79]. Although CNS involvement is likely to require ra-
diation therapy, the optimal protocol for radiation ad-
ministration is yet to be determined. Patients with
symptomatic cranial nerve palsy are recommended to
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receive a total radiation dose of 3000 cGy, with 1000-
1,500 cGy of it applied to the nerve sheath and the cra-
nial base [80].

23.10 Other Organ Involvement

Leukemic cells may infiltrate virtually any organ sys-
tem, especially in mature B-cell ALL (32%) and T-cell
ALL, and usually do not cause significant morbidity.
However, patients presenting with diffuse abdominal
pain require immediate evaluation by the surgeon,
due to high mortality rate (100%) from bowel perfora-
tion attributable to leukemic infiltrates [81]. Cases of
splenic rupture form leukemic infiltrate and priapism
due to leukostasis in corpora cavernosa and dorsal
vein and sacral involvement in ALL have been de-
scribed [82, 83].
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transformation (RAEB-t) 2

retinoblastoma gene 127

retinoic acid (RA) 33

retinoic acid receptor a gene (RARa) 33

retinoic acid receptor (RARa) 66

retinoic acid syndrome 68

reverse transcriptase (RT) 250

RHD, see runt homology domain 34

ribonucleoside diphosphate reductase
(RNR) 243

ribonucleotide interference (RNA-I) 233

RIC, see reduced intensity conditioning 13,
62

rituximab 133, 165, 173, 198, 221, 241

RNA retroviruses 53

RT-PCR 32

RTK, see receptor tyrosine kinases 4

runt homology domain (RHD) 34

S

Saccharomyces cerevisiae 282

salvage treatment 199

SCT, see stem cell transplantation

- allogeneic 217

- nonmyeloablative 221

- psychosocial functioning 226

- quality of life 226

serum fibrinogen/fibrin degradation prod-
ucts (FDP) 284

SFOP programs 193

signal transduction inhibitors 241

single nucleotide polymorphism 103

226, 229
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single-gene mutations 82

sinusoidal obstructive syndrome (SOS) 64

Smad3 101

smears 28

socioeconomic status 82

Southern blotting 32

spinal irradiation 271

splenomegaly 110

Src kinases 180

stem cell leukemia 179

stem cell transplantation

- LALA study group 150

stem cell transplantation (SCT)
204, 229

stem cells 222

- bone marrow 222

- peripheral blood 222

sudan black (SB) stain 29

sulfonylhydrazine alkylating agent 65

SVC syndrome 284

SWOG 219, 234

5g-syndrome and refractory anemia 27

150, 171

140, 147,

T

T cell receptor (TCR) 152
T-cell 224

- depletion 224

T-cell receptor (TCR) 98

T-cell receptor (TCR) gene 250
T-cell receptors 126
T-lymphocytes 224

TBI 232

TBI, see total body irradiation 220
TCR gene rearrangements 256
TEL-AML1 fusion gene 250
teniposide 270

terminal deoxynucleotidyl transferase
(TdT) 263

terminal deoxynucleotidyltransferase
(TdT) 122

tetrasomy 21 100

thiopurine methyltransferase (TPMT) 243

thiopurine-S-methyltransferase (TPMT) 102

thrombocytopenia 77, 138, 143, 192

thymidylate synthase (TS) 243

thymoma cells 115

TLX1 gene expression 102

TNF-receptor family 265

tobacco smoke 88

topoisomerase Il 36

topoisomerase Il inhibitors 52-53
total body irradiation 278
total body irradiation (TBI) 216, 220, 230

total leukemia mortality 80
TPMT, see thiopurine-S-methyltransfer-
ase 102
transplant related mortality (TRM) 209, 220
transplant-related mortality (TRM) 231-232
TRD, see treatment-related death 2
TRD, treatment-related death
- therapy 2
- treatment 2
treatment-related death (TRD) 2
trichloroethylene 87
triple intrathecal chemotherapy (TIC) 267
trisomy 8 100-101, 182
trithorax 35
TRM, see transplant related mortality 220
tumor necrosis factor a (TNF) 265
tyrosine kinase 38
tyrosine-kinase (TK) 171

V)

UCB, see umbilical cord blood 222
umbilical cord blood (UCB) 222
urate oxidase 193

urate oxidase (UO) 282

uric acid formation 282

urine alkalinization 281

Y

veno-occlusive disease (VOD) 64

vincristine

133,137,142, 146, 148, 153, 162,

192, 238, 270, 275

- liposomal

vincritine
vindesine

W

238-239
101
153

white blood cell index 4
Wright-Giemsa staining 28

X

xanthine oxidase 281

z

zorubicin

147, 217, 231





