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Preface

Among the truly great success stories of modern medicine are the striking improvements 
in survival and cure rates for children with acute leukemia during the past 4–5 decades. 
This is particularly, but no longer exclusively, true for acute lymphoblastic leukemia 
(ALL). Although improvements in supportive care have clearly contributed to this 
success in both ALL and acute myeloid leukemia (AML), the improvements have 
largely resulted from specific refinements in anti-leukemia therapy and enhanced 
biological insights into these diseases. Although definitive mechanisms of causation 
remain elusive, they are far less so. Genomic interrogation of the leukemias, both the 
leukemia cell and the affected host, has and will continue to yield much useful insight 
as to molecular etiology as the technology improves. Such findings have enormous 
potential for therapeutic exploitation and hopefully, through investigation of gene-
environment relationships, provide important information for the generation of risk 
prevention strategies.

The final common pathway for translating scientific discovery to clinical applica-
tion is through clinical research and the conduct of controlled clinical trials, ultimately 
resulting in continually improved standards of care. It has been an honor and immea-
surable source of gratification to have played a small role in this success. Despite the 
success, we remain resolute in advancing science to fight this battle for as long as we 
are able and until such time that cure is a reality for every child with leukemia.

We are enormously indebted to our legendary teachers and mentors as well as to 
numerous wonderful colleagues in basic, clinical, statistical, and epidemiologic 
research, many of whom have contributed to this project. In addition to our scientific 
colleagues as collaborators, clinical research would be impossible without the effec-
tive and essential partnership of patients and families impacted by leukemia who are 
willing participants in clinical trials. Many have directly benefitted as a result of their 
participation, and many more have unselfishly contributed to knowledge which has 
only helped those who have followed them. It is to all of these children and families 
that we humbly and thankfully dedicate this book.

Gregory H. Reaman 
Franklin O. Smith III
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1.1  Classification and Natural History

1.1.1  Classification: Immunophenotype, 
Morphology

All cells that comprise distinct entities in the blood 
(e.g., platelets, T-cells, etc.) arise from a pluripotent 
stem cell, which can form lymphoid stem cells or trilin-
eage myeloid stem cells. In the classical model of 
hematopoiesis, lymphoid stem cells differentiate fur-
ther into T-cell progenitor and B-cell progenitor cells, 
which eventually can mature into T- and B-cells, respec-
tively (McKenzie 1996). Myeloid stem cells form 
myeloid cell progenitors, granulocyte/macrophage pro-
genitors, and eosinophil progenitors, from which 
mature cells such as erythrocytes, platelets, polymor-
phonuclear leukocytes, monocytes/macrophages, and 
eosinophils arise. However, recent data support a more 
complex model for hematopoiesis, whereby intermedi-
ate progenitor cells retain both lymphoid and myeloid 
potential; thus the developmental potential of cells at 
various stages is less clear (Ceredig et al. 2009; 
Kawamoto and Katsura 2009). Nevertheless, acute leu-
kemias that arise in children often occur in the earlier 
stages of lymphoid or myeloid cell maturation.

Childhood ALL was initially classified using the 
French-American-British (FAB) Cooperative Group 
criteria using morphological features (Bennett et al. 
1976) and consisted of three subgroups: L1, L2, and 
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L3. The system was lacking, however, in guiding risk 
stratification for treatment, and it also included the leu-
kemic phase of Burkitt lymphoma (L3). Subsequently, 
ALL was classified immunologically, given that immu-
nological features were found to be useful in treatment 
assignment (Kersey et al. 1975). The most recent World 
Health Organization (WHO) classification for child-
hood ALL consists of three major subgroups: acute 
leukemias of ambiguous lineage (rare and not dis-
cussed here), B lymphoblastic leukemias/lymphoma, 
and T lymphoblastic leukemias/lymphoma, where 
 leukemia is distinguished from lymphoma when a 
mass is present based on the percentage of lympho-
blasts in the bone marrow (>25% is generally classified 
as leukemia). B lymphoblastic leukemias are further 
subclassified with respect to recurring genetic abnor-
malities (Vardiman et al. 2009). Molecular and/or 
genetic classifications of childhood ALL (a few 
described below) are important in identifying biologi-
cally and prognostically distinct subtypes, but, with the 
exception of infant leukemias, have not been routinely 
used in epidemiological studies.

Childhood AML has usually been classified into eight 
different subtypes (M0–M7) using the FAB system, 
which relies primarily on morphological and cytochemi-
cal assessments (Bennett et al. 1976; Bennett et al. 1985; 
Bennett et al. 1991). However, as with ALL, it is appar-
ent that immunological, molecular, and cytogenetic fea-
tures can play a role in AML outcome. Thus, the World 
Health Organization has defined further delineated cate-
gories for AML (Vardiman et al. 2009).

1.1.2  Classification: Molecular  
and Cytogenetics

In addition to morphological and immunological fea-
tures, most pediatric acute leukemias are characterized 
by recurring somatic genetic abnormalities in blood 
cells (most commonly leukocytes) that can often be 
detected cytogenetically; they can broadly be catego-
rized as those involving: (1) numerical changes in 
chromosome number (i.e., gain or loss of chromo-
somes), (2) chromosome structural changes (i.e., trans-
locations, deletions, amplifications, and inversions), or 
(3) a combination of numerical and structural changes. 
In addition, gene-specific mutations and epigenetic 

aberrations contribute to the pathogenesis of acute leu-
kemia (Plass et al. 2008; Garcia-Manero et al. 2009). 
Leukemia occurs as a consequence of genetic changes 
that result in altered self-renewal processes, enhanced 
proliferation, blocked differentiation, and evasion of 
apoptosis. The genetic abnormalities have prognostic 
importance and tend to be lineage specific, with dis-
tinct genetic abnormalities reported in B-, T-, and 
myeloid-cell lineage leukemias. In addition, infant leu-
kemia is characterized by a genetic profile that differs 
from that of older children (Armstrong et al. 2002). 
Below, an overview of the most commonly occurring 
genetic abnormalities in each of the major subtypes of 
acute leukemia, including infant leukemia, is provided. 
Focusing on these particular subgroups may provide 
the most relevant information for understanding the 
etiology of leukemia.

1.1.2.1  Acute Lymphoid Leukemias

ALL frequently harbors genetic abnormalities involving 
transcription factors and chromatin modifiers involved 
in the control of normal B- and T-cell lineage develop-
ment (Teitell and Pandolfi 2009). The most commonly 
described genetic abnormalities for B-ALL and T-ALL 
are shown in Table 1.1 and are discussed below.

B-ALL comprises an estimated 85% of ALL cases. 
The most common chromosome numerical abnormality 
in B-ALL is hyperdiploidy, affecting ~30% of B-ALL 
cases. The ETV6-RUNX1 (also called TEL-AML1) trans-
location (t(12;21)(p13;q22)) is the most frequent chro-
mosome structural abnormality. Other common genetic 
abnormalities include the translocations BCR-ABL 
(t(9;22)(q34;q11.2)) and E2A-PBX (t(1;19)(q23;p13)) 
and translocations involving the Mixed Lineage 
Leukemia (MLL) gene located at chromosome 11q23 
(Armstrong and Look 2005). Interestingly, transloca-
tions involving the MLL gene/chromosome band 11q23 
(most frequently MLL-AF4) are much more common in 
infant leukemia, being reported in ~75% of cases, while 
hyperdiploidy and the ETV6-RUNX1 translocation are 
very rare in infants (Silverman 2007; Chowdhury and 
Brady 2008).

T-ALL comprises the remainder of ALL cases and 
is characterized by genetic abnormalities that are gen-
erally distinct from those detected in B-ALL. Common 
abnormalities found in T-ALL include ectopic 
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expression of the transcription factor genes TAL1 
(1p32), HOX11 (10q24), HOX11L2 (5q35.1), and 
LYL1 (19p13) due to illegitimate recombination near 
enhancers within the TCR b and a/d chain loci located 
at 7q34 and 14q11 respectively (Armstrong and Look 
2005; Graux et al. 2006). In addition, the MLL-ENL 
(t(11;19)(q23;p13)) translocation that is also observed 
in B-ALL and AML is found in ~2% of T- ALLs 
(Armstrong and Look 2005) and mutations in the genes 
CDKN2A, NOTCH1, FBXW7, and MYB have fre-
quently been reported (Van Vlierberghe et al. 2008). 
Although T-ALL is more common, overall, in males 
(Raimondi et al. 1988; Pui et al. 1999; Karrman et al. 
2009), it is interesting to note that the male:female 
(M:F) ratio varies by chromosomal abnormality. For 
example, rearrangements involving the TCR b and a/d 
chain loci have been reported in one study to be seven 
times more common in males than females (Karrman 
et al. 2009) compared to an overall M:F ratio for 
T-ALL of 2–3:1 (Raimondi et al. 1988; Pui et al. 1999; 
Karrman et al. 2009), suggesting that hormonal influ-
ences are involved in the etiology of specific 
translocations.

1.1.2.2  Acute Myeloid Leukemias

An estimated 200 unique chromosomal abnormalities 
have been detected in AML cells (Mrozek et al. 2004) 
and a summary of the most common are shown in 
Table 1.2. Frequently recurring translocations in AML 
are AML1-ETO t(8;21)(q22;q22) (Martinez-Climent and 
Garcia-Conde 1999), PML-RARA (t(15;17)(q22;q21)), 
MYL11-CBFB (inv(16)(p13q22) and t(16;16)(p13;q22)), 
and those involving the MLL gene (Mrozek et al. 2004; 
Balgobind et al. 2009), which have been reported in 
~13% of AML cases (Mrozek et al. 2004). Similar to 
ALL, MLL translocations are much more common in 
AMLs affecting infants (Armstrong and Look 2005).

Taken together, the number and complexity of genetic 
abnormalities found in childhood leukemia make it 
challenging to design new epidemiological studies and 
interpret data from existing studies, especially when one 
considers that specific genetic abnormalities may have 
distinct etiologies. Nevertheless, these data have been 
useful in defining the timing of when childhood leuke-
mia likely occurs, and thus can help narrow the focus 
when searching for potential causes.

Genetic abnormality/ 
genes involved

Cytogenetic aberration(s) Estimated  
Frequency (%)b

Predominant  
cell type

Hyperdiploidy  
(>50 chromosomes)

4, 6, 10, 14, 17, 18, 21c 25 B-precursor

ETV6-RUNX1 t(12;21)(p13;q22) 22 B-precursor

MLL + partners t(11q23) 10 B- and T-precursor

BCR-ABL t(9;22)(q34;q11.2) 3 B-precursor

MYC t(8;14), t(2;8), t(8;22) 2 B-precursor

E2A-PBX1 t(1;19)(q23;p13) 5 B-precursor

TAL1 t(1;14)(p32;q11) 7 T-precursor

t(1;7)(p32;q34)

LYL1 t(7;19)(q34;p13) 1.5 T-precursor

HOX11L2 t(5;14)(q35;q32) 2.5 T-precursor

t(5;14)(q35;q11)

HOX11 t(7;10)(q35;q24) 0.7 T-precursor

t(10;14)(q24;q11)

Table 1.1 Common genetic abnormalities in childhood acute lymphoblastic leukemiaa

aFrom Heerema et al. (2000), Pui et al. (2004), Armstrong and Look (2005)
bEstimated frequencies are those compiled by Pui et al. (2004)
cMost common
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1.1.3  Natural History of Leukemia

In the last 15 years, molecular studies have utilized the 
observations of chromosomal rearrangements in child-
hood leukemia, which in turn, have elucidated the 
natural history of the disease. In particular, the timing 
of the translocation or hyperdiploid event in some 
childhood leukemia cases has been determined to have 
a prenatal origin and is considered a first-hit because of 
the protracted latency that follows in many cases.

One of the most important lines of evidence with 
regard to in utero initiation of leukemia comes from 
studies of identical twins. Twins who share a placenta 
and later develop leukemia often have identical translo-
cation breakpoints, in contrast to the random transloca-
tion breakpoints found in dizygotic twins with separate 
placentas or non-twin siblings. In the seminal study 
published by Ford et al. (1993), leukemia cells were 
examined from three pairs of identical twins with 
pre-B/null ALL. Using restriction enzymes, all three 
twin pairs demonstrated MLL rearrangements. Although 
the restriction fragments were identical among each 
twin pair, they differed among the twin pairs and from 
other leukemic controls. There were no MLL rearrange-
ments found in remission or parental blood. Further, 
two of the three twin pairs demonstrated common 
allelic immunoglobulin rearrangements, suggesting 
that the leukemia arose from a single cell clone and 
subsequently spread to the other twin via shared pla-
cental circulation. Additional twin studies, including 
twins that have developed leukemia several years apart, 
have confirmed these findings (Greaves et al. 2003; 
Greaves and Wiemels 2003). Therefore, the presence 

of identical breakpoints in twins provides strong evi-
dence that the initiating event occurs in utero in one 
twin and is transferred to the other twin via shared pla-
cental circulation (Greaves et al. 2003).

Additional molecular evidence for an in utero ori-
gin of leukemic translocations comes from studies of 
Guthrie cards, or neonatal blood spots (NBS), which 
are collected at birth to test for metabolic diseases. 
Using long-range PCR, Gale et al. (1997) identified 
MLL fusion transcripts in Guthrie cards that were 
obtained retrospectively from three infants who subse-
quently developed leukemia between 5 months and 
2 years. These MLL-AF4 fusion transcripts were iden-
tical to those amplified in the leukemia cells, and pro-
vided conclusive evidence that the initiation of 
leukemia occurred in utero. Subsequent to this land-
mark study, additional studies have detected several 
different leukemic translocations in the NBS or 
reserved cord blood of children with leukemia, in some 
instances more than 10 years before the onset of dis-
ease (Maia et al. 2004; Greaves 2005).

These molecular studies provide clear evidence for a 
prenatal origin, at least in some cases, of childhood leu-
kemia. Interestingly, however, not all individuals with 
leukemic translocations at birth will subsequently 
develop leukemia. In a study of cord blood obtained 
from healthy infants, the ETV6-RUNX1 translocation 
was detected in 1% of samples, a frequency 100 times 
greater than the incidence of childhood leukemia, indi-
cating that secondary hits are involved in ETV6-RUNX1 
leukemogenesis (Mori et al. 2002). The existence of a 
prenatal origin of genetic abnormalities commonly 
detected in T-ALLs has not been well studied. However, 

Genetic abnormality/ 
genes involved

Cytogenetic  
aberration(s)

Estimated  
Frequency (%)a

AML French  
American-British type

ETO, AML1 t(8;21)(q22;q22) 10–15 M2

PML, RARA t(15;17)(q22;q21) 8–15 M3

MYH11, CBFB inv(16)(p13q22) 6–11 M4Eo

t(16;16)(p13;q22)

MLL + partners (AF9,  
ENL, and AF6)b

t(11q23) 13.1 M4/M5, t-AML

−7/7q– 5–7 AML, t-AML

+8 5–9.5 AML

Table 1.2 Common genetic abnormalities in childhood acute myeloid leukemia

aFrequencies reported by Martinez-Climent and Garcia-Conde (1999), Mrozek et al. (2004)
bMost common
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evidence from four studies suggests that T-ALL can 
originate in utero, albeit less frequently than B-ALL. In 
one study of 16 cases that surveyed NBS by PCR for the 
presence of T-ALL genetic abnormalities, one child had 
evidence that the leukemia initiated prior to birth (Fischer 
et al. 2007). In another study of monozygotic twins con-
cordant for T-cell leukemia/lymphoma, their leukemic 
cells had identical TCRb gene rearrangements (Ford 
et al. 1997). A third study reported identical TCRg gene 
rearrangements between the NBS and the leukemic cells 
at diagnosis in three patients (Fasching et al. 2000). 
Finally, a fourth study reported detection of a Notch1 
mutation in the NBS of one of three patients, which was 
also present in the patient’s leukemic cells at diagnosis 
(Eguchi-Ishimae et al. 2008). This is strong evidence 
that additional environmental and genetic insults must 
occur before frank leukemia develops in some children.

1.2  Incidence, Survival, and Trends

To begin to understand the potential underlying causes 
of a disease, epidemiologists often evaluate group level 
data including rates of incidence and survival to deter-
mine if there are differences in person, place, and/or 
time. These descriptive analyses usually do not allow for 
evaluation of individual information (e.g., exposures) 
that can help explain any differences observed (Wakefield 
2008); thus they are typically considered hypothesis 
generating rather than hypothesis confirming.

1.2.1  International Incidence Rates

As shown in Figs. 1.1 and 1.2, respectively, the annual 
incidence rates for childhood ALL and AML diagno - 
sed from 0–14 years vary considerably by country 
(International Incidence of Childhood Cancer, 1998; 
Coebergh et al. 2006; Fajardo-Gutierrez et al. 2007; 
Michel et al. 2007; Stack et al. 2007; Petridou et al. 
2008; Bao et al. 2009). Some of the highest incidence 
rates for childhood ALL occur in US Hispanics (49.9/
million), Costa Rica (46.3/million) and US Whites 
(45.4/million), as well as in Greece (44.9/million), and 
Mexico (44.5/million); intermediate rates occur in The 
Netherlands (30.9/million), Osaka/Japan (28.4/million), 
and Lima/Peru (25.4/million); low rates occur in US 

Blacks (18.7/million), Bombay/India (16/million), and 
Uganda (3.3/million). For AML, highest rates occur in 
the Maori of New Zealand (14.4/million), US Hawaiians 
(11.3/million), and Shanghai/China (10.6/million); 
intermediate rates occur in US blacks (7.1/million), 
Ireland (6.8/million), and Canada (6.3/million); low 
rates occur in Greece (5.5/million), India (Bombay) 
(4.8/million), and Kuwait (2/million Kuwaiti, 1.6/mil-
lion non-Kuwaiti). While these observations are of 
interest, it is important to be cautious when considering 
differences in incidence rates across various countries 
since cancer registries can vary in scope, completeness, 
and overall numbers of cases observed. However, the 
patterns suggest that the highest rates of childhood ALL 
occur among select ethnic populations in the United 
States along with people of European origins in  developed 
countries. In contrast, children of African origin, even in 
developed countries, have low rates. For AML, the high-
est incidence rates among people of Maori and related 
ethnic descent are notable, and could suggest environ-
mental and/or genetic contributions to disease risk.

There are also striking differences in incidence rates 
by age (Parkin et al. 1998). In developed countries, ALL 
incidence rates peak between the ages of 2 and 5 years 
(see United States data in Fig. 1.3). Immunophenotyping 
reveals most cases of this age peak are CD10+ B-cell 
lineage ALL alone, rather than T-cell or null-cell lin-
eage ALL, and, therefore, are referred to as “common 
ALL” (cALL) (Greaves et al. 1985). Null cell ALL 
occurs mainly in infancy, while T-cell ALL is more fre-
quent in adolescents. In contrast, in most developed 
countries, the incidence of AML is at its maximum in 
infancy, declines thereafter before rising in adolescence 
(Parkin et al. 1998).

1.2.2  U.S. Incidence Rates and Trends

The incidence of childhood leukemia has been increas-
ing significantly in the United States; ALL rates 
increased by an average of 0.8% annually during the 
period 1973–2006, while those for AML increased by 
an average of 0.9% annually (Fig. 1.4). Recent analysis 
of trends since 1992 shows incidence rates continue to 
rise (Linabery and Ross 2008a). Childhood leukemia 
has a peak incidence at ~3 years for ALL and 1 year for 
AML (Fig. 1.3). ALL is more commonly diagnosed in 
males than females with M:F incidence ratios of 1.2:1 



8 J.A. Ross et al.

50

N
ig

er
ia

, I
ba

da
n

U
ga

nd
a,

 K
am

pa
la

N
am

ib
ia

E
gy

pt
, A

le
xa

nd
ria

V
ie

t N
am

, H
an

oi
Z

im
ba

bw
e,

 H
ar

ar
e,

 A
fr

ic
an

s
A

lg
er

ia
, S

et
if

In
di

a,
 B

om
ba

y
Is

ra
el

, n
on

-J
ew

s
C

hi
na

, T
ia

nj
in

B
ul

ga
ria

Is
ra

el
, J

ew
s

U
ni

te
d 

S
ta

te
s,

 B
la

ck
s

In
di

a,
 M

ad
ra

s
T

ha
ila

nd
E

st
on

ia
K

or
ea

, S
eo

ul
B

ra
zi

l, 
G

oi
an

ia
N

ew
 Z

ea
la

nd
, M

ao
ri

Ja
pa

n
S

in
ga

po
re

, M
al

ay
K

uw
ai

t, 
K

uw
ai

ti
P

hi
lip

pi
ne

s,
 M

an
ila

 a
nd

 R
iz

al
C

ub
a

P
er

u,
 L

im
a

P
ol

an
d

S
lo

va
ki

a
C

ze
ch

 R
ep

ub
lic

Ja
pa

n,
 O

sa
ka

U
ru

gu
ay

K
uw

ai
t, 

no
n-

K
uw

ai
t

S
lo

ve
ni

a
N

et
he

rla
nd

s
C

ol
om

bi
a,

 C
al

i
Fr

an
ce

P
or

tu
ga

l
S

pa
in

U
ni

te
d 

K
in

do
m

, E
ng

la
nd

 a
nd

C
ro

at
ia

H
un

ga
ry

U
ni

te
d 

K
in

gd
om

, S
co

tla
nd

C
hi

na
, S

ha
ng

ha
i

P
ue

rt
o 

R
ic

o
Ir

el
an

d
E

ur
op

e
U

ni
te

d 
S

ta
te

s,
 n

on
-H

is
pa

ni
cs

Ita
ly

S
w

itz
er

la
nd

N
or

w
ay

U
ni

te
d 

S
ta

te
s,

 S
E

E
R

 1
3

G
er

m
an

y
S

in
ga

po
re

, C
hi

ne
se

E
cu

ad
or

, Q
ui

to
A

us
tr

al
ia

S
w

ed
en

H
on

g 
K

on
g

U
ni

te
d 

S
ta

te
s,

 S
E

E
R

 1
3

C
an

ad
a

N
ew

 Z
ea

la
nd

, n
on

-M
ao

ri
D

en
m

ar
k

M
ex

ic
o-

10
 d

is
tr

ic
ts

G
re

ec
e

U
ni

te
d 

S
ta

te
s,

 W
hi

te
s

C
os

ta
 R

ic
a

U
ni

te
d 

S
ta

te
s,

 H
is

pa
ni

cs

A
n

n
u

al
 In

ci
d

en
ce

 r
at

es
 p

er
 m

ill
io

n
 p

o
p

u
la

ti
o

n
 a

t 
ri

sk
0

5
10

15
20

25
30

35
40

45

Fi
g

. 1
.1

 A
ge

 a
dj

us
te

d 
in

ci
de

nc
e 

ra
te

s 
fo

r 
ac

ut
e 

ly
m

ph
ob

la
st

ic
 l

eu
ke

m
ia

 i
n 

ch
ild

re
n 

ag
ed

 0
–1

4 
ye

ar
s.

 A
ll 

ra
te

s 
ar

e 
st

an
da

rd
iz

ed
 t

o 
th

e 
w

or
ld

 s
ta

nd
ar

d 
po

pu
la

tio
n 

(I
nt

er
na

tio
na

l 
In

ci
de

nc
e 

of
 C

hi
ld

ho
od

 C
an

ce
r, 

19
98

; C
oe

be
rg

h 
et

 a
l. 

20
06

; F
aj

ar
do

-G
ut

ie
rr

ez
 e

t a
l. 

20
07

; M
ic

he
l e

t a
l. 

20
07

; S
ta

ck
 e

t a
l. 

20
07

; P
et

ri
do

u 
et

 a
l. 

20
08

; B
ao

 e
t a

l. 
20

09
)



91 Epidemiology of Childhood Acute Leukemia

14

E
gy

pt
, 

A
le

xa
nd

ria
N

ig
er

ia
, 

Ib
ad

an
N

am
ib

ia
K

uw
ai

t,
 n

on
-K

uw
ai

t
U

ga
nd

a,
 K

am
pa

la
K

uw
ai

t, 
K

uw
ai

ti
B

ul
ga

ria
H

on
g 

K
on

g
In

di
a,

 M
ad

ra
s

E
st

on
ia

In
di

a,
 B

om
ba

y
S

w
ed

en
C

ze
ch

 R
ep

ub
lic

Is
ra

el
, 

Je
w

s
B

ra
zi

l, 
G

oi
an

ia
U

ni
te

d 
K

in
gd

om
, 

S
co

tla
nd

H
un

ga
ry

G
re

ec
e

A
lg

er
ia

, 
S

et
if

C
ub

a
T

ha
ila

nd
P

ol
an

d
N

et
he

rl
an

ds
F

ra
nc

e
U

ni
te

d 
K

in
do

m
, 

E
ng

la
nd

 a
nd

 W
al

es
C

an
ad

a
C

ol
om

bi
a,

 C
al

i
P

ue
rt

o 
R

ic
o

E
ur

op
e

C
hi

na
, 

T
ia

nj
in

S
w

itz
er

la
nd

G
er

m
an

y
Ire

la
nd

P
er

u,
 L

im
a

S
in

ga
po

re
, 

C
hi

ne
se

S
lo

va
ki

a
U

ni
te

d 
S

ta
te

s,
 B

la
ck

s
V

ie
t 

N
am

, 
H

an
oi

Is
ra

el
, 

no
n-

Je
w

s
Ja

pa
n

U
ni

te
d 

S
ta

te
s,

 W
hi

te
s

P
or

tu
ga

l
U

ni
te

d 
S

ta
te

s,
 n

on
-H

is
pa

ni
cs

U
ni

te
d 

S
ta

te
s,

 S
E

E
R

 1
3

U
ni

te
d 

S
ta

te
s,

 H
is

pa
ni

cs
S

lo
ve

ni
a

Ita
ly

U
ru

gu
ay

Ja
pa

n,
 O

sa
ka

A
us

tr
al

ia
N

ew
 Z

ea
la

nd
, 

no
n-

M
ao

ri
N

or
w

ay
S

pa
in

D
en

m
ar

k
P

hi
lip

pi
ne

s,
 M

an
ila

 a
nd

 R
iz

al
K

or
ea

, 
S

eo
ul

S
in

ga
po

re
, M

al
ay

C
os

ta
 R

ic
a

E
cu

ad
or

, Q
ui

to
C

ro
at

ia
M

ex
ic

o-
10

 d
is

tr
ic

ts
C

hi
na

, 
S

ha
ng

ha
i

Z
im

ba
bw

e,
 H

ar
ar

e,
 A

fr
ic

an
s

U
ni

te
d 

S
ta

te
s,

 S
E

E
R

 1
3 

H
aw

ai
i

N
ew

 Z
ea

la
nd

, 
M

ao
ri

A
n

n
u

al
 in

ci
d

en
ce

 r
at

es
 p

er
 m

ill
io

n
 p

o
p

u
la

ti
o

n
 a

t 
ri

sk
0

2
4

6
8

10
12

Fi
g

. 1
.2

 A
ge

 a
dj

us
te

d 
in

ci
de

nc
e 

ra
te

s 
fo

r 
ac

ut
e 

m
ye

lo
id

 le
uk

em
ia

 in
 c

hi
ld

re
n 

ag
ed

 0
–1

4 
ye

ar
s.

 A
ll 

ra
te

s 
ar

e 
st

an
da

rd
iz

ed
 to

 th
e 

w
or

ld
 s

ta
nd

ar
d 

po
pu

la
tio

n 
(I

nt
er

na
tio

na
l I

nc
id

en
ce

 
of

 C
hi

ld
ho

od
 C

an
ce

r, 
19

98
; C

oe
be

rg
h 

et
 a

l. 
20

06
; F

aj
ar

do
-G

ut
ie

rr
ez

 e
t a

l. 
20

07
; M

ic
he

l e
t a

l. 
20

07
; S

ta
ck

 e
t a

l. 
20

07
; P

et
ri

do
u 

et
 a

l. 
20

08
; B

ao
 e

t a
l. 

20
09

)



10 J.A. Ross et al.

and 2.0:1 for children diagnosed between the ages of 
0–14 and 15–19 years, respectively (Fig. 1.5). For 
AML, incidence rates are also slightly higher in males 
than females for individuals in the younger, but not the 
older, age group. The incidence of ALL is highest 
among whites and lowest among blacks. In contrast, 
AML incidence rates do not vary markedly by race. By 
ethnicity, higher ALL rates have been reported for indi-
viduals of Spanish-Hispanic-Latino ethnicity than those 
who do not have this ethnic background (Fig. 1.6).

1.2.3  Survival

Survival rates from leukemia have improved significantly 
over the period from 1977–2001 (Figs. 1.7 and 1.8). For 
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ALL, 5 year overall survival increased from 68% during 
1977–1981 to 86% during 1997–2001. For AML, rates 
have also improved, with 55% of cases surviving at least 
5 years from diagnosis for the latest period compared to 
only 24% from 1977–1981 (Fig. 1.7). The dramatically 
improved survival across time is due to therapeutic 
advances and enrollment in national clinical trials (Reaman 
2004; Kumar et al. 2005; Linabery and Ross 2008b). For 
both ALL and AML, 5 year survival rates are similar 
between males and females (Fig. 1.7). By race, 5 year sur-
vival for ALL was higher for White and children of other 
races than Black children in the earlier periods with recent 
rates being similar. For AML, survival rates have been 
variable with respect to race across time (Fig. 1.8).

1.3  Risk Factors for Childhood Leukemia

1.3.1  Genetic Syndromes

A small proportion of childhood leukemias are associ-
ated with predisposing genetic syndromes (see Table 1.3; 
Ries et al. 1999), but in total contribute to less than 5% 
of cases. Down syndrome is the most common genetic 
syndrome in children with leukemia. It is estimated that 
about 1 in 100 children with Down syndrome develop 
leukemia, which represents a 10–20-fold higher risk 
than children without Down syndrome; these odds 
increase to 500-fold for the AML-M7 megakaryocytic 
subtype (Zipursky et al. 1992). Trisomy 21, the hallmark 

of Down syndrome, is also found in the leukemia cells 
of children without Down syndrome. Further, as noted 
above, recurring translocations involving the AML1 
gene on chromosome 21, including t(12;21) in ALL, 
and t(8;21) in AML, have been characterized in children 
with leukemia. While candidate genes on chromosome 
21 have been suggested to be etiologically relevant 
(Malinge et al. 2009), as well as other genes such as 
GATA1 on the X chromosome (Cabelof et al. 2009), 
only a small minority of children with Down syndrome 
eventually develop leukemia. Thus, leukemia in children 
with Down syndrome is likely a multi-step process that 
involves additional genes, environmental exposures, or a 
combination of both.

Other syndromes which dramatically raise the risk of 
childhood leukemia are neurofibromatosis, Schwach-
man syndrome, Bloom syndrome, and ataxia telangi-
ectasia (for both ALL and AML), Klinefelter syndrome, 
and Langerhans cell histiocytosis (for ALL), familial 
monosomy 7, Kostmann granulocytopenia, and Fanconi 
anemia (for AML).

1.3.2  Environmental and Other Risk 
Factors for Childhood Leukemia

Despite the large number of epidemiologic studies, 
few risk factors for childhood leukemia other than 
genetic syndromes have been identified. Many studies 
have been hampered by relatively small sample sizes, 
diagnostic heterogeneity (e.g., combining ALL and 
AML together, lack of consideration of additional 
molecular data (translocations, etc.)), and the limita-
tions that accompany a case-control study design. 
Case-control studies are the standard epidemiological 
study design for rare diseases, but can be affected by 
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Leukemia type Inherited conditiona

ALL and AML Down syndrome, neurofibromatosis, 
Schwachman syndrome, Bloom 
syndrome, ataxia telangiectasia

ALL Klinefelter syndrome, Langerhans cell 
histiocytosis

AML Familial monosomy 7, Kostmann 
granulocytopenia, Fanconi anemia

Table 1.3 Major genetic syndromes associated with childhood 
leukemia

aSummarized in Ries et al. (1999)
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potential biases that are difficult to quantify and cor-
rect. For example, for case-control studies of child-
hood leukemia, parents of children with leukemia and 
parents of healthy children (selected via various meth-
ods) are often interviewed about exposures and events 
that may have occurred years ago. Parents of children 
with leukemia may recall an event as being more note-
worthy to report (e.g., a single pesticide exposure dur-
ing pregnancy) than a parent of a healthy child, which 
can lead to spurious, inflated associations. Unless these 
parental reports can be validated, or replicated in other 
settings using different study designs, it can be diffi-
cult to draw definitive conclusions. Nonetheless, there 
are some associations of risk factors with childhood 
leukemia reported in the literature with fair consis-
tency, which increase their credence. Some of the 
major risk factors that have been examined in leuke-
mia epidemiology are summarized here.

1.3.2.1  Ionizing Radiation

Ionizing radiation exposure through in utero diagnos-
tic x-rays is an established risk factor for childhood 
ALL and AML but it likely contributes to very few if 
any cases presently due to a decline in dosage and fre-
quency of use during pregnancy (Doll and Wakeford 
1997). Other sources of ionizing radiation, including 
radon (Raaschou-Nielsen 2008), fallout from atomic 
bombs (Delongchamp et al. 1997) and the Chernobyl 
nuclear power accident (Davis et al. 2006), postnatal 
x-rays (Little 1999; Meinert et al. 1999; Shu et al. 
2002a; Infante-Rivard 2003), and parental occupation 
(Gardner et al. 1990; Urquhart et al. 1991; Draper et al. 
1993; Kinlen et al. 1993; McLaughlin et al. 1993; 
Roman et al. 1993; Roman et al. 1996; Draper et al. 
1997; Pobel and Viel 1997; Meinert et al. 1999; 
Dickinson et al. 2002; Johnson et al. 2008), have also 
been explored, but are, on the whole, equivocal. 
Exposure to electromagnetic fields (EMF), a non-ion-
izing radiation source, has been explored in relation to 
childhood leukemia in several studies, many of which 
used actual measurements rather than estimates based 
on proximity to voltage lines (Calvente et al, 2010). 
While there does not appear to be an overall associa-
tion with EMF exposure and childhood leukemia, a 
recent review indicated that the highest level of EMF 
exposure, to which very few children are exposed, may 
increase the risk of leukemia (Schuz and Ahlbom 

2008). However, the authors also thoughtfully noted 
that there is no biologic causal mechanism identified to 
explain the association between high levels of EMF 
and childhood leukemia, nor can chance or bias be 
ruled out. Lastly, it has been of interest to determine 
whether low-dose exposure to natural background 
radiation (e.g., cosmic rays, terrestrial radiation) in the 
range of 0.5–2.5 mSV/year contributes to the develop-
ment of leukemia. Using statistical models developed 
by the U.S. Committee on the Biological Effects of 
Ionizing Radiation (BEIR VII) and the United Nations 
Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR), Wakeford et al. (2009) esti-
mated that between 8% and 30% of childhood leuke-
mia cases diagnosed in children younger than 14 years 
can be attributed to natural background radiation.

1.3.2.2  Prior Chemotherapy

Children who are treated for a prior malignancy, espe-
cially with treatments that include alkylating agents or 
epipodophyllotoxins, are at an increased risk of devel-
oping leukemia, particularly AML (Hijiya et al. 2009). 
The increased risk appears to be associated with dos-
ing schedule, host factors (e.g., genetic susceptibility), 
and concurrent use of radiation and/or other treat-
ments. While the overall proportion of children who 
subsequently develop leukemia following therapy for a 
primary cancer is quite small (Hawkins et al. 1992), 
there is recent evidence that an elevated risk continues 
long after therapy has ceased (Haddy et al. 2006).

1.3.2.3  Reproductive History

Maternal age greater than 35 years at the time of the 
child’s birth appears to be associated with an increased 
risk of childhood leukemia, which is apparent even after 
controlling for Down syndrome, parity, and paternal 
age. A recent study analyzed data obtained from five 
states (Minnesota, New York, California, Washington, 
and Texas) that had linked their cancer and birth regis-
tries. Of 4,476 and 804 cases of ALL and AML, respec-
tively, and ~54,000 controls, the risk of both types of 
leukemia increased by ~8% (95% CI 1.05–1.11) for 
every 5 year increase in maternal age (Johnson et al. 
2009). Two other large studies have also reported 
increased risks of childhood leukemia with older 



131 Epidemiology of Childhood Acute Leukemia

maternal ages (Dockerty et al. 2001; Yip et al. 2006). It 
is not clear why advanced maternal age is associated 
with an increased risk of leukemia, but it could involve 
epigenetic mechanisms, since oocyte genetic mutations 
are not thought to increase substantially with maternal 
age (Crow 2000). Although the data are not entirely 
consistent, there is also a suggestion that history of 
maternal fetal loss (stillbirth, miscarriage) is associated 
with a slightly increased risk of childhood leukemia 
(van Steensel-Moll et al. 1985; Kaye et al. 1991; Yeazel 
et al. 1995; Ross et al. 1997). This association may 
reflect either a chronic exposure or an underlying 
genetic susceptibility that results in a range of effects 
from fetal death to leukemia.

1.3.3  Lifestyle Factors

1.3.3.1  Cigarette Smoking

Infante-Rivard (2008) recently reviewed 12 published 
reports since 1988 that evaluated maternal (or in some 
cases, paternal) cigarette smoking around the time of 
conception, during pregnancy, or postnatally in the eti-
ology of childhood leukemia. While there was at least 
one case-control study published since this review that 
suggested a positive association for paternal but not 
maternal cigarette smoking (Rudant et al. 2008), the 
evidence by and large suggests little positive associa-
tion (Infante-Rivard 2008). This lack of association is 
striking, given the known carcinogenicity of tobacco, 
and the identification of metabolites of a tobacco-spe-
cific carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK) in the urine of neonates of mothers 
who smoked cigarettes during pregnancy (Lackmann 
et al. 1999). However, since childhood leukemia is het-
erogeneous, it is possible that only a small subset 
would be at risk, and thus previous studies have been 
underpowered to detect such an association.

1.3.3.2  Alcohol Consumption

Maternal alcohol consumption during pregnancy has 
also been explored in relation to childhood leukemia 
overall as well as to ALL and/or AML (reviewed in 
Infante-Rivard and El-Zein (2007)). For childhood 
ALL, the data are equivocal; at least three studies have 

reported no association, two studies reported an 
increased risk, and two reported a decreased risk 
(Infante-Rivard and El-Zein 2007; Menegaux et al. 
2007). For childhood AML, the evidence is more com-
pelling for a positive association. At least three studies 
have reported an increased risk (Severson et al. 1993; 
van Duijn et al. 1994; Shu et al. 1996), which appeared 
to be more apparent in younger age groups and/or spe-
cific morphologic subtypes.

1.3.3.3  Occupational Exposures

There have been several studies that have evaluated 
parental job classifications and/or occupational expo-
sures around the time of pregnancy in relation to child-
hood leukemia. While there are some suggestions of 
positive associations (e.g., pesticides, radiation, sol-
vents), the data are largely inconsistent (reviewed in 
Belson et al. (2007)). It is difficult to compare findings 
across studies especially with the different methodo-
logies used to measure occupational exposures (e.g., 
dosimetry, workplace records, job title, recall, etc.), vari-
ous study designs employed, and lack of statistical power 
for specific exposures. In addition, some studies have 
used parental occupation as a proxy measure of exposure 
to infections, rather than to chemicals of interest (Roman 
et al. 1994; Fear et al. 1999, 2005). In a case-control 
study of occupational exposures and childhood leukemia 
in Germany, Schuz (Schuz et al. 2003) provided strong 
evidence of recall bias, with over-reporting of occupa-
tional exposures in the prenatal period, particularly when 
the time period between exposure and interview was 
short. Thus, for future interview studies, it will be impor-
tant to consider methods to validate reported exposures.

1.3.3.4  Maternal/Child Diet

Dietary exposures have been infrequently studied in child-
hood leukemia. This lack of investigation is likely due to 
the difficulty in incorporating an extensive food frequ-
ency questionnaire into an already lengthy interview. 
Nevertheless, there are some intriguing findings regarding 
maternal dietary exposures. As noted above, the vast 
majority of infants with leukemia have trans locations 
involving the MLL gene. Identical MLL trans locations 
have been observed in patients who develop secondary 
leukemias (primarily AML) following chemotherapy 
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with drugs that inhibit DNA topoisomerase II (Felix 
1998). Thus, it was hypothesized that maternal exposure 
to DNA topoisomerase II inhibitors during pregnancy 
may contribute to the risk of infant leukemia with MLL 
translocations (Ross et al. 1994). Diet is a major source of 
DNA topoisomerase II inhibitors. Foods such as canned 
and dried legumes, onions, apples, berries, soy products, 
coffee and other caffeinated beverages, green and black 
tea, cocoa, and red wine are all rich sources of various 
chemicals that inhibit DNA topoisomerase II (Ross et al. 
1994; Spector et al. 2005). A preliminary case-control 
study (84 infant cases, 97 infant controls) found a statisti-
cally significant increased risk of infant AML with 
increasing maternal consumption of foods that inhibited 
DNA topoisomerase II (Ross et al. 1996b). No associa-
tion was found with infant ALL. Unfortunately, no data 
were available on MLL status. A subsequent larger study 
(240 cases, 255 controls) reported an increased risk of 
infant AML with MLL rearrangements with increasing 
maternal consumption of foods that inhibited DNA topoi-
somerase II (Spector et al. 2005). There was little evi-
dence of an association with the other three infant groups 
(ALL/MLL–, ALL/MLL+, AML/MLL–). Additionally, 
indirect evidence of a potential association between DNA 
topoisomerase II inhibitors and infant leukemia has been 
investigated with regard to polymorphism in a gene, 
NAD(P)H: quinione oxidoreductase 1 (NQ01), which 
metabolizes some of the relevant biochemicals (see 
Sect. 1.3.4).

For childhood leukemia overall, analyses conducted 
in the Northern California Childhood Leukemia Study 
found an inverse association with a maternal diet high 
in fruits and vegetables (Jensen et al. 2004), which was 
also reported in a study from Greece (Petridou et al. 
2005). These data coincide with reports of an inverse 
association with maternal vitamin supplementation 
described below. Child diet was investigated in one 
study (Kwan et al. 2004), also noting an inverse asso-
ciation with fruit and vegetable consumption. Finally, 
there were a few past reports that suggested a possible 
association with parental or child consumption of cured 
meats (Peters et al. 1994; Sarasua and Savitz 1994).

1.3.3.5  Vitamin Supplementation

Growing evidence suggests maternal vitamin supple-
mentation during pregnancy, especially folic acid, to 
be associated with a decreased risk of childhood ALL 

(Thompson et al. 2001; Wen et al. 2002; Ross et al. 
2005), although at least one study found no association 
(Dockerty et al. 2007). There is no evidence of an 
inverse relation with childhood AML (Ross et al. 
2005), but this has not been studied to any great extent. 
Unfortunately, these are isolated studies that have not 
taken into account individual genetic variation in vita-
min metabolizing enzymes (discussed further in 
Sect. 1.3.4), which may influence the risk in associa-
tion with the level of vitamin intake. For example, little 
data exists on whether single nucleotide polymor-
phisms (SNPs) in the MTHFR gene in combination 
with low maternal or childhood dietary folic acid 
intake influence the leukemia risk.

1.3.3.6  Pesticides

In addition to occupational exposure, studies have inves-
tigated in utero and child exposure to pesticides through 
household and garden use. Two compre hensive reviews 
of pesticides and childhood cancer,  including leukemia, 
have been recently published (Infante-Rivard and 
Weichenthal 2007; Nasterlack 2007), to which the 
reader is directed for more detailed information. By and 
large, no firm conclusions can be drawn regarding 
household pesticide exposure, primarily because of con-
cerns regarding bias and misclassification. Nevertheless, 
recent studies that have incorporated more comprehen-
sive assessment of exposure are supportive of an 
increased risk of childhood leukemia (both ALL and 
AML). These positive associations appear most striking 
with reported exposure during pregnancy (Infante-
Rivard and Weichenthal 2007). Again, as with vitamins, 
few studies have  investigated these environmental  toxins 
in the context of biomarkers of exposure or gene– 
environment interactions.

1.3.3.7  Infections

As noted above (in International incidence rates sec-
tion), ALL occurs much more frequently in developed 
than in developing nations (Parkin et al. 1998). 
Moreover, the early childhood peak in ALL incidence 
has been noted to have emerged in populations experi-
encing economic growth (Fraumeni and Miller 1967; 
Hrusak et al. 2002). The fact that pre-B-cell ALL 
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alone, and not other types of leukemia, comprises most 
of the childhood peak (Greaves et al. 1993) suggests 
that higher rates of ALL in industrialized countries are 
not due to improved reporting, and that it is this form 
of ALL, specifically, that is associated with some fac-
tor related to economic growth. Though there are many 
such factors, infection has been the focus of research 
since ALL is a malignancy of immune cell progenitors 
and the infectious burden clearly declines in nations 
with more developed economies. There are two promi-
nent hypotheses that regard infection as explaining the 
international variation in childhood leukemia inci-
dence. Kinlen suggests that childhood leukemia in 
general is a rare response of immune cells to infection 
by an as yet unrecognized pathogen, posited to be, 
most likely, a virus (Kinlen 1988). Greaves suggests 
that pre-B cell ALL, specifically, results from the pro-
liferation of lymphoblasts, and the attendant acquisi-
tion of “second hit” mutations, following infections in 
general (Greaves 1988). Both theories postulate that 
delayed exposure to infection early in infancy, such as 
is seen in developed nations, will increase risk of 
developing leukemia in childhood.

Data in support of these related hypotheses include 
a weak but significant spatio–temporal clustering 
(Alexander et al. 1998) and seasonality of leukemia 
cases (Westerbeek et al. 1998; Ross et al. 1999), both 
of which are suggestive of a role for infections, though 
not exclusively. Several ecologic studies have consis-
tently found that emigration to previously isolated 
areas is followed by a spike in leukemia incidence; 
such “population mixing” may indicate conditions that 
facilitate the transmission of infections (Kinlen 1995). 
More recent studies using more precise demographic 
measures of population mixing have, in general, found 
an increased risk of leukemia with greater population 
growth and diversity of immigrants, but have not estab-
lished whether this increase was modified by urbaniza-
tion (Langford 1991; Stiller and Boyle 1996; Dickinson 
and Parker 1999; Koushik et al. 2001; Boutou et al. 
2002; Dickinson and Parker 2002; Parslow et al. 2002).

Unfortunately, history of infection as established by 
questionnaire or record abstraction is subject to recall 
bias and misclassification of asymptomatic individuals 
(McKinney et al. 1987; Shu et al. 1988; Buckley et al. 
1994; Dockerty et al. 1999; McKinney et al. 1999; 
Schuz et al. 1999; Neglia et al. 2000; Chan et al. 2002; 
Naumburg et al. 2002; Perrillat et al. 2002). Evidence 
in support of infection is mainly through proxy 

measures, since serum taken at the time of leukemia 
diagnosis cannot assess whether infection preceded 
leukemia (Gahrton et al. 1971; Heegaard et al. 1999; 
MacKenzie et al. 1999; Groves et al. 2001; MacKenzie 
et al. 2001; Salonen et al. 2002). Rather, proxy mea-
sures of infection may be more readily recalled and 
less prone to misclassification. For instance, time in 
attendance at day care and birth order, both of which 
can be proxy measures of exposure to infection, have 
demonstrated inverse associations with leukemia with 
some consistency (Zack et al. 1991; Westergaard et al. 
1997; Infante-Rivard et al. 2000a; Neglia et al. 2000; 
Rosenbaum et al. 2000; Dockerty et al. 2001; Chan 
et al. 2002; Ma et al. 2002; Perrillat et al. 2002; Shu 
et al. 2002b; Vineis et al. 2003). Lengthy breast feed-
ing has also been inversely associated with leukemia 
(Parker 2001; Lancashire and Sorahan 2003) and may 
signify either early exposure to common viruses and 
bacteria or nutritional and immunologic benefits 
(Dworsky et al. 1983). The use of proxy measure of 
infection, while useful, still requires validation in a 
more controlled clinical research setting.

1.3.3.8  Birth Weight

High birth weight (variously defined, but usually 
>4,000 g) is associated with an increased risk of acute 
leukemia in most large studies (increased risks range 
from 25–75%) (Hjalgrim et al. 2003). A more recent 
study points to accelerated fetal growth, rather than 
high birth weight per se, as being important (Milne 
et al. 2007). The pathways or mechanisms underlying 
the association between fetal growth, birth weight, and 
subsequent development of cancer are largely unknown. 
It is possible that the increased risk of childhood leuke-
mia may be due to increased levels of growth factors in 
heavier babies, such as insulin-like growth factor-1 
(IGF1) (Ross et al. 1996a). As follow-up, others exam-
ined IGF1 levels in leukemia cells (Petridou et al. 
2000). Further, correlations between growth factors 
(including IGF1) and stem cell potential have been 
reported in cord blood analyses (Baik et al. 2005). 
Associations with accelerated fetal growth and birth 
weight may also be due to disruptions in imprinting of 
growth factor-related genes (such as IGF2) through 
methylation. However, much remains to explore, 
including understanding temporal relationships and 
underlying mechanisms.
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1.3.4  Genetic Susceptibility

While certain inherited genetic mutations strongly 
increase the risk of leukemia as summarized in Table 1.3, 
the contribution of SNPs to leukemia risk is not well 
understood. Chokkalingam and Buffler (Chokkalingam 
and Buffler 2008) recently reviewed studies that have 
examined associations between SNPs and childhood 
leukemia. SNPs in genes hypothesized to modulate can-
cer risk were commonly examined, including those 
involved in folate metabolism, xenobiotic transport and 
metabolism, DNA repair, and immune function. Most 
genes have been examined in single studies that have 
neither taken into account gene–gene or gene– 
environment interactions nor examined compre hen- 
sive genetic pathways. Associations between childhood 
ALL and SNPs in the methylenetetrahydrofolate 
reductase (MTHFR) gene, the glutathione-S-transferase 
(GST) genes, the CYP1A1 gene, and the NQO1 gene 
have been reported most frequently (>6 studies); the 
key findings are summarized briefly here.

The MTHFR gene encodes the enzyme methylenetet-
rahydrofolate reductase, an enzyme that plays a critical 
role in the regulation of intracellular folate homeostasis. 
Two SNPs in MTHFR have been identified, C677T and 
A1298C, both of which have been linked to reduced enzy-
matic activity (Kim 2005). Two meta-analyses have 
recently reported pooled risk estimates from recessive ran-
dom effects models for associations between childhood 
ALL and MTHFR polymorphisms (Pereira et al. 2006; 
Zintzaras et al. 2006). The first meta-analysis, based on 
four studies, reported a significant pooled odds ratio (OR) 
of 0.70 (0.51–0.94) for the 677TT genotype versus the 
677CC/677TC genotypes, while the second meta-analy-
sis, based on ten studies, reported a nonsignificant pooled 
OR of 0.88 (95% CI 0.73–1.06). Neither study reported a 
significant association between ALL and the 1298CC ver-
sus 1298AA/1297AC genotype. Although both studies 
used similar methods, they differed with respect to the 
studies included, with the larger meta-analysis including 
all studies included in the smaller meta-analysis. Three 
studies (Reddy and Jamil 2006; Kamel et al. 2007; Petra 
et al. 2007) published since these meta-analyses have 
reported inconsistent data with respect to MTHFR geno-
type and ALL risk. These data indicate that MTHFR geno-
type does not have a substantial influence on ALL risk.

GSTs encode for Phase II enzymes that are involved  
in the metabolism of several xenobiotics, including poly-
cyclic aromatic hydrocarbons. Three enzymes from this 
family have been examined in >6 studies (GSTM1, 

GSTT1, and GSTP1) (Chokkalingam and Buffler 2008). 
Genotypes that have been frequently studied with regard 
to ALL risk are the null variants of the GSTM1 and 
GSTT1 genes and the A1578G variant of the GSTP1 
gene. The null variants result in complete loss of enzy-
matic activity, while the A1578G GSTP1 polymorphism 
results in reduced enzymatic activity. A meta- analysis of 
studies published between 1/1997 and 7/2004 reported no 
significant associations between childhood ALL and the 
GSTM1 null genotype (OR = 1.21; 95% CI 0.94 –1.55,  
n = 9 studies), the GSTP1 A1578G allele (OR = 1.07; 
95% CI 0.97–1.19, n = 4 studies), or the GSTT1 null 
 genotype (OR = 0.93; 95% CI 0.86–1.03, n = 7 studies) 
(Ye and Song 2005). Several studies published since the 
meta-analysis have been inconsistent, reporting no asso-
ciation or an increased risk for GSTM1 (Chokkalingam 
and Buffler 2008; Rimando et al. 2008), and no signifi-
cant associations for GSTT1 (Chokkalingam and Buffler 
2008; Rimando et al. 2008) or GSTP1 with ALL 
(Chokkalingam and Buffler 2008).

CYP1A1 is the most frequently studied enzyme of the 
cytochrome P450 family whose members also function in 
xenobiotic metabolism. CYP1A1 expression is upregu-
lated in response to polycyclic aromatic hydrocarbons, 
including benzo[a]pyrene, a carcinogen in cigarette smoke 
(Nebert and Dalton 2006). The most frequently studied 
CYP1A1 variant with respect to childhood ALL is termed 
“m1” (6235T>C, CYP1A1*2A). Seven studies reviewed 
by Chokkalingam and Buffler (Chokkalingam and Buffler 
2008) reported inconsistent results, with four studies 
showing increased risks and three showing no associa-
tion. One recently published study did not find an associa-
tion between this variant and ALL (Lee et al. 2009).

The NQO1 gene is a member of the NAD(P)H dehy-
drogenase (quinone) family that encodes for a Phase II 
enzyme that functions in the detoxification of quinones, 
including some that are known carcinogens. Over 93 
SNPs have been reported in the NQO1 gene, of which 
rs1800566 (NQO1*2) has been most commonly studied. 
The rs1800566 variant denotes a change from a C to a T 
at nucleotide position 609 and has been linked to reduced 
enzyme activity (Guha et al. 2008). A meta-analysis that 
included seven case-control studies reported no overall 
significant association between NQO1*2 (³1 allele) and 
ALL. Interestingly, in a subset of studies (n = 4) that 
examined the association between this SNP and MLL 
leukemia, a marginally significant increased OR of 1.39 
(95% CI 0.98–1.97) was reported (Guha et al. 2008), a 
finding that emphasizes that distinct etiologies may exist 
for different molecular leukemia subtypes.
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Although the data are largely null to date with 
respect to ALL risk for the most frequently examined 
candidate genes, it is possible that an individual’s gen-
otype is only relevant to leukemia risk in the presence 
of certain exposures. For example, three studies have 
provided varying degrees of evidence for the existence 
of a gene–environment interaction between CYP1A1 
genotype and parental smoking (Infante-Rivard et al. 
2000b; Clavel et al. 2005; Lee et al. 2009). Thus, much 
further exploration is needed.

In contrast to the candidate gene approach described 
above that examines associations between SNPs and 
leukemia a few genes or variants at a time, genome-
wide association (GWA) studies test associations of 
SNPs across the entire genome simultaneously. A key 
strength of a GWA study is that it does not require an a 
priori hypothesis about a gene–disease relationship. 
However, GWA studies have the main limitation of a 
large sample size requirement (estimated by one study 
to be >1,000 case and control subjects needed to detect 
significant relative risks in the range of 1.5 for risk 
allele frequencies of >0.05 with >60% power on com-
mercially available platforms (Spencer et al. 2009)).  
A sample size of this magnitude is difficult to achieve 
in childhood leukemia studies, especially if heterogene-
ity is considered. Despite this limitation, two ALL 
GWA studies that included 503 and 317 cases, respec-
tively, have been conducted and have reported the first 
unequivocal evidence that germline genetic variation 
contributes to ALL risk (Papaemmanuil et al. 2009; 
Trevino et al. 2009). Both studies reported the strongest 
associations with ORs ranging from 1.65–1.91 between 
ALL and SNPs in the ARID5B and IKZF1 genes. Both 
of these genes have biologically plausible relationships 
to ALL due to their role in lymphoid differentiation and 
reported IKZF1 deletions in childhood ALL (Mullighan 
et al. 2007; Mullighan et al. 2009). Interestingly, SNPs 
in some of the candidate genes described above were 
not reported to be significantly different between cases 
and controls in these GWA studies. For example, in one 
of the GWA studies, the authors specifically noted no 
significant associations with MTHFR, CYP1A1, and 
NQO1 polymorphisms (Trevino et al. 2009).

1.4  Challenges and Future Directions

It is unfortunate that even with several large, well-
designed epidemiological studies having been con-
ducted, we still do not know what causes leukemia in 

most children. One of the difficulties in conducting 
studies is assembling a sufficient number of cases to 
have the ability to detect statistically significant asso-
ciations. Further, there is concern regarding recruiting 
an appropriate comparison group, which is presenting 
more of a challenge today than years ago. Recently, 
there have been developments to help overcome some 
of the challenges involving identification of cases and 
controls (described below).

Another difficulty is that the primary exposure assess-
ment tool in epidemiologic case-control studies is the 
questionnaire. As noted above, questionnaires can be 
fraught with misclassification (e.g., difficulty accurately 
remembering past events) and biases (e.g., over- or 
underreporting a specific exposure differently among 
cases and controls). Cohort studies, in which people are 
followed prior to development of the disease, minimizes 
or eliminates recall bias; however, it is practically very 
difficult to conduct a large enough study of pregnant 
women to accumulate enough cases of childhood leuke-
mia among their offspring. Nevertheless, the International 
Childhood Cancer Cohort Consortium represents an 
opportunity to combine data from large cohort studies of 
pregnant women across nations to evaluate childhood 
cancer outcomes (Brown et al. 2007). The results of this 
ambitious effort will be of interest given the challenges 
in combining data across studies that used different 
questionnaires, sampling methods, etc.

In addition to the best study design possible, it may 
be wise to focus on biomarkers of exposure that could 
be exploited from currently available resources (e.g., 
NBS) as well as to incorporate gene–environment 
interaction when feasible. Lastly, it would be fruitful 
to consider utilization of animal models to test some of 
the strongest epidemiological observations. Examples 
are provided below.

1.4.1  Improvements in Identification  
of Cases and Controls for Studies 
in the United States

1.4.1.1  Cases

The Children’s Oncology Group (COG) is a network of 
over 200 institutions and hospitals in the United States, 
Canada, Mexico, Australia, New Zealand, and Western 
Europe that treat the vast majority of childhood cancer, 
including leukemia (Ross et al. 1996c; Liu et al. 2003). 
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Since the 1980s, there have been a number of epide-
miological studies of childhood leukemia. However, in 
addition to being approved by the institutional review 
board (IRB) at the investigator(s)’ institution, epide-
miological (as well as other nontherapeutic) studies 
were increasingly required to be approved by the IRB 
of every COG institution prior to implementation at a 
given site. This requirement often resulted in substan-
tial delays, and thus subsequent loss of potential par-
ticipants for study, which could contribute to bias. In 
order to address this issue, the Childhood Cancer 
Research Network (CCRN) protocol was recently 
developed in the COG (Steele et al. 2006). The CCRN 
protocol, administered around the time of diagnosis, 
requests written consent from parents (and children if 
they are age eligible) for release of information related 
to the cancer and some demographic information. 
Second, it requests written consent for possible future 
contact to consider taking part in a nontherapeutic 
study. Any future COG-approved study using CCRN 
data would be separately explained and consented to 
potential participants by the investigator(s) conducting 
the study following IRB approval at the institution 
overseeing the study.

Since implementation in December 2007, nearly all 
COG institutions have obtained IRB approval for the 
CCRN protocol and several thousand patients have 
been enrolled to date; over 93% have agreed to a future 
contact. Based on this outstanding institutional and 
parental participation, we expect that the CCRN will 
transform epidemiological research in COG by signifi-
cantly diminishing administrative hurdles and provid-
ing approved COG investigators nearly real-time 
access to potential participants. New epidemiological 
studies are already underway for osteosarcoma and 
neuroblastoma, and a large leukemia study is planned.

1.4.1.2  Controls

One of the biggest challenges for conducting national 
case-control studies is the identification of an appropri-
ate control group. Random-digit dialing (RDD) used to 
be the method of choice for selecting controls nation-
ally in pediatric cancer studies (Robison and Daigle 
1984). However, with the increasing use of answering 
machines, caller identification, and cell phones, along 
with the persistent annoyance of telemarketers, RDD is 
no longer viable on a national scale (Ross et al. 2004; 

Bunin et al. 2007; Spector et al. 2007b). One potential 
alternative to RDD may be birth records (Ross et al. 
2004). In 2003, a survey of all vital statistics registrars 
was conducted in 32 states, representing close to 75% 
of young children in the United States; this survey indi-
cated that obtaining birth certificate controls for recruit-
ment with appropriate approvals is feasible (Spector 
et al. 2007b). Two recent COG epidemiology studies 
have utilized this method to recruit controls under the 
age of 6. In one of these studies, RDD and birth certifi-
cate controls were compared and the controls were 
similar to each other, which was reassuring, but still 
differed from the underlying population (Puumala et al. 
2009). A clear advantage to birth registry controls, 
however, is that non-responders can be characterized 
through information on the birth certificates (not pos-
sible with RDD) as well as through geocoding.

1.4.2  Opportunities for Validation

1.4.2.1  Neonatal Blood Spots

Screening tests for inborn errors of metabolism (e.g., 
galactosemia, phenylketonuria) are performed on vir-
tually every child born in the United States through a 
NBS obtained shortly after birth. This testing involves 
lancing of a heel and collection of ensuing blood drops 
on a Guthrie card by medical personnel; the card is 
subsequently sent for testing at the respective state 
health department. Some NBS are stored after testing, 
but states have varying rules regarding length of stor-
age and access (Olney et al. 2006; Therrell et al. 2006). 
Further, since laws are continually changing, it is dif-
ficult to predict how easily NBS will be able to be 
accessed in the future. Nevertheless, NBS represent an 
invaluable source of biological samples that could be 
used to evaluate in utero exposures. In addition to 
being a source of DNA, several research groups have 
developed (or are developing) methods to meas - 
ure various biomarkers such as cytokines, nutrients, 
viruses, metals, and tobacco metabolites (Olshan 2007; 
Spector et al. 2007a). It will be of great interest to 
incorporate acquisition of NBS into national case-con-
trol studies of childhood leukemia for study of specific 
biomarkers, although there will need to be specific bio-
marker validation studies conducted before this could 
be implemented nationwide.
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1.4.2.2  Maternal-Fetal Cohort Studies

It will also be important to utilize pregnancy cohort 
studies for the consideration of specific methodologi-
cal issues. Women could be identified early in their 
pregnancies (or immediately prior to conception), 
administered questionnaires, and followed through 
pregnancy to evaluate issues related to recall. In addi-
tion, biospecimens could be collected from both the 
mother and infant for exposure validation and the 
exploration of gene–environment interactions. Some 
examples of the possibilities include the following:

Recall: As noted above, it is difficult to determine 
how well parents recall exposures during pregnancy. 
Maternal-fetal cohorts can provide insight into the reli-
ability of parental recall by comparing responses to 
questionnaires given during pregnancy and repeated 
some time after birth. For instance, a study that gave a 
food frequency questionnaire to women during preg-
nancy and again 3–7 years later found fairly high cor-
relations, of up to 80%, between surveys (Bunin et al. 
2001). It should be noted that the ability of a question-
naire to elicit similar responses (i.e., reliability) is differ-
ent than its ability to elicit an accurate measurement of 
exposure (i.e., validity). For those exposures that are not 
easily determined other than by questionnaire, it is only 
possible to determine reliability. Nevertheless, the valid-
ity of questionnaires for those exposures documented in 
medical records or elsewhere, which constitute gold 
standards, may be assessed in maternal–fetal cohorts.

Exposure validation: With the incorporation of 
detailed questionnaires, there is also the opportunity to 
validate specific exposures of interest that can be readily 
measured in biological samples. For example, using a 
food-frequency questionnaire along with an assessment 
of vitamin supplement use, a variable can be created 
with regard to folic acid intake during pregnancy. This 
variable in turn can be validated against maternal and 
cord blood levels of folate, along with an assessment of 
the influence of various polymorphisms in the folic acid 
pathway (Molloy et al. 2002; Torres-Sanchez et al. 
2006; Barbosa et al. 2008).

Biomarkers of carcinogen exposure and effect: Many 
environmental mutagens (including pesticides, cigarette 
smoke metabolites, etc.) have only a short half-life 
in vivo. It has, therefore, been necessary to find more 
persistent surrogate markers of biological effect for 
clinical research studies, such as DNA adducts, glyco-
phorin A (GPA) mutations and hypoxanthine-guanine 

phosphoribosyl transferase (HPRT) mutations. The fre-
quency of HPRT mutations serves as a marker for muta-
tions that occur through more direct mechanisms (point 
mutations, gross structural alterations), while the GPA 
assay can detect mutations resulting from chromosome–
chromosome interactions (Bigbee et al. 1998). Both 
mechanisms are implicated in carcinogenesis. A few 
maternal-infant studies have explored environmental 
exposures such as cigarette smoking or pesticides and 
GPA or HPRT mutations in cord blood (Lunn et al. 
1999; Yoshioka et al. 2001). Others have evaluated 
tobacco-related carcinogens (e.g., NNK) in infant urine 
(Lackmann et al. 1999). However, none takes into 
account a comprehensive assessment of exposures rel-
evant to childhood leukemia risk. Further, few have 
considered genetic polymorphism pathways that may 
modify risk. A well-designed maternal-infant cohort 
could evaluate measures of exposure, biological effect, 
and potential modification by SNPs.

1.4.3  Comprehensive Use of Animal 
Models to Assess Exposure/ 
Cancer Relationships

Although animal models have been used for decades in 
the study of risk assessment and molecular pathogene-
sis, there has been minimal study relevant to the perina-
tal period (Anderson 2006), during which many leu- 
kemia cases have been shown to be initiated (Greaves 
2005). Moreover, this period of development may be 
particularly pertinent to etiologic studies, as evidence 
from animal models that shows that the fetus is espe-
cially vulnerable to the genotoxic effects of carcino-
gens (Anderson 2004). A major limitation of the use of 
conventional animal models that develop hemato logical 
malignancies is their lack of genetic similarity to human 
childhood leukemia (McCormick and Kavet 2004). 
Given this limitation, genetically engineered murine 
models may be more relevant for childhood leukemia 
etiology research. A few of these models are reviewed 
briefly below.

Murine and other animal models have been devel-
oped to elucidate the role of cooperating genetic and 
environmental factors in leukemia etiology. Murine 
models now exist for several of the translocations 
found in childhood ALL. These include ETV6-RUNX1, 
found in the most common form of childhood ALL, 
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and several of the MLL fusion genes, including 
MLL-AF9 (present in AML), and MLL-AF4 (found in 
B or mixed lineage ALL). ETV6-RUNX1 and the MLL 
fusion genes are of special interest because they fre-
quently develop prenatally. Data from ETV6-RUNX1 
murine and zebrafish models is generally consistent 
with the human epidemiological data showing that 
ETV6-RUNX1 functions as a “first-hit” (Andreasson 
et al. 2001; Bernardin et al. 2002; Fischer et al. 2005; 
Sabaawy et al. 2006; Schindler et al. 2009) that requires 
additional cooperating oncogenic events and a pro-
longed period of time for the development of overt leu-
kemia (Bernardin et al. 2002; Schindler et al. 2009).

The human MLL fusion gene leukemias differ from 
ETV6-RUNX1, in that the latency period is frequently 
shorter. Murine knock-in models of MLL-AF4 and 
MLL-AF9 have been developed in which the fusion gene 
is expressed under the control of endogenous regulatory 
mechanisms and thus expressed at physiologic levels 
(Corral et al. 1996; Johnson et al. 2003; Chen et al. 2006; 
Chen et al. 2008; Krivtsov et al. 2008). The constitutive 
expression murine models for the MLL fusion genes all 
suggest that, while latency is shorter than in the ETV6-
RUNX1 leukemia, additional cooperating events are 
important in the formation of overt leukemia.

The murine models for these and other fusion genes, 
including AML1-ETO, could be used for etiology stud-
ies (McCormick and Kavet 2004). These models can 

potentially be used to explore genetic variation in puta-
tive cancer susceptibility genes and environmental 
exposures (e.g., benzene, pesticides, high birth weight) 
that may influence leukemia development. We note, 
however, that the genetic differences between human 
and mouse provide constraints in fully modeling the 
etiology of human childhood leukemias.

1.5  Conclusion

In conclusion, it will be important for epidemiologists, 
clinicians, basic scientists, geneticists, and other disci-
plines to work together to develop a comprehensive 
interdisciplinary study of childhood leukemia, which 
includes bidirectional sharing of information across 
disciplines. An illustration of how such a study might 
be conducted in the United States is presented in 
Fig. 1.9. The COG CCRN would be used for the usual 
case-control study approach. For childhood leukemia, 
focus would be centered on exposures that are mainly 
important during the in utero/neonatal period, includ-
ing high birth weight, vitamin supplements, infections, 
and chemicals. Once the case-control study is estab-
lished, NBS could be obtained on some of the children 
through work with various health departments. The 
NBS could be used to evaluate translocations as well 

MLL/high birth weight
Folic acid/B cells/ALL

AML1-ETO/pesticides/AML 

Epidemiology- CCRN

Affected/Healthy Children

Birth weight
Vitamin supplements

Infections
Chemicals

Biomarkers of exposure and
effect; changes in DNA
methylation, gene expression 

Basic Science: Molecular Biology

Genetics 

SNPs,
Translocations

Neonatal
blood
spots

Healthy/Susceptible Mice

Basic Science: Murine Models

Clinical Research

Pregnancy Cohort

− maternal blood

− cord blood 

Fig. 1.9 Proposal for an 
interdisciplinary study of 
childhood leukemia
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as biomarkers of exposure and effect. Further, a com-
plementary maternal-fetal cohort could be conducted 
that includes collection of questionnaires and biologi-
cal specimens. These data could be used to provide 
additional support for or against the interpretation of 
the case-control study. For example, do polymorphisms 
in the folic acid pathway influence cord blood levels of 
folate, and if so, how well does folate measured in 
NBS correlate with cord blood levels? Finally, in col-
laboration with basic science colleagues, high risk and 
normal risk murine models could be used to determine 
potential associations with the exposures. All of these 
studies would be intertwined in the sense that they pro-
vide additional data for or against the original hypoth-
eses from the case-control study.
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2.1  Introduction

Discoveries of the underlying biological pathways that 
drive leukemogenesis in children have taken place at an 
astonishing pace. These findings have resulted in large 
part because of the evolution of technical developments 
in analyzing chromosome structure, the development 
of monoclonal antibodies capable of recognizing dis-
crete cell surface proteins that correlate with cell lin-
eage and differentiation state, recombinant DNA 
technology, and engineered mouse models (e.g., trans-
genic and “knock out” models). More recently, advances 
in high-throughput genomics and progress in stem cell 
biology have transformed the field of cancer biology in 
general and perhaps more so in hematological malig-
nancies. A cohesive view of the stepwise process of 
transformation and the cellular heterogeneity of the 
leukemic clone is emerging and, importantly, leukemia-
specific targets have been identified and novel thera-
peutic approaches have been directed at these lesions.
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2.2  The Cellular Biology of Acute 
Lymphoblastic Leukemia (ALL)

2.2.1  Lymphoid Development and 
Immunophenotype of Acute 
Lymphoblastic Leukemia

2.2.1.1  Lymphoid Development

The immune system in mammals includes three main 
lymphoid cell populations: B-cells, T-cells, and Natural 
Killer (NK) cells. They arise from progenitors located 
in central lymphoid organs such as fetal liver, bone 
marrow, and thymus. Lymphocyte subpopulations can 
be recognized by the expression of surface and intrac-
ellular markers, which can allow the dissection of dif-
ferent lineage-restricted maturation stages and/or 
functional subtypes. Blood cells, including lympho-
cytes, originate from a small number of self-renewing 
hematopoietic stem cells (HSCs) capable of producing 
all cell types in the blood (Bryder et al. 2006). 
Amplifications in cell numbers in concert with pro-
gressive restrictions in  lineage potential lead HSCs to 
generate terminally differentiated cell progeny.

The understanding of lymphoid differentiation 
has arisen primarily from studying mouse models. 
The majority of the multipotent progenitor cells in 
the mouse bone marrow (BM) do not express high 
levels of classical lineage markers, but express 
SCA1 and KIT (Lin–/SCA+/Kit+ (LSK) cells) 
(Fig. 2.1). A primary event in HSC differentiation is 
loss of self-renewing potential, while retaining the 
capacity for multilineage differentiation to give rise 
to multipotent progenitors (MPPs). Subsequent dif-
ferentiation processes can be demonstrated by the 
identification of lympho-myeloid-restricted multi-
potent progenitors (LMPP), with the capacity to 
produce granulocytes, macrophages (GM), and all 
the defined lymphoid cell types such as B-cells, 
T-cells, and NK-cells (Adolfsson et al. 2005). LMPP 
can differentiate into early lymphoid progenitors 
(ELPs) that start to express recombination activat-
ing gene 1 (Rag1) and Rag2 and initiate rearrange-
ment at the immunoglobulin heavy chain (IGH) 
locus. ELPs can further differentiate into thymic 
precursors of the T-cell lineage (early T- cell-lineage 
progenitors, ETPs) or into bone-marrow  common 
lymphoid progenitors (CLPs), which are lymphoid 
restricted.
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Fig. 2.1 Mouse B-cell 
development from early 
hematopoietic progenitors. 
HSC, Hematopoietic stem 
cell; MPP, Multipotential 
progenitor; ELP, Early 
lymphoid progenitor; CMP, 
Common myeloid progenitor; 
CLP, Common lymphoid 
progenitor; DC, Dendritic 
cell; LSK, Lin-/SCA+/Kit+; 
ETP, Early T-cell-lineage 
progenitor; NK, Natural 
killer. (Modified from Czerny 
and Busslinger 1995)
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2.2.1.2  B-Cell Development

Expression of the B-cell marker B220 by a subset of 
CLPs (known as pro-B cells) coincides with their entry 
into the B-cell-differentiation pathway. The next step 
can be identified by expression of CD19 and completion 
of IGH diversity (DH)-to-joining (JH) gene segment 
rearrangement by pre-BI cells. The IGH locus then con-
tinues to rearrange its variable (V)-region gene segments 
until productive VH–DJH alleles are generated in large 
pre-BII cells. These cells cease to express Rag1 and 
Rag2, and they display the product of the rearranged 
IGH gene at the cell surface, where it assembles with 
the surrogate immunoglobulin light chains (IgLs), 
Vpre-B, and l5, together with the signaling molecules 
IgA (which is encoded by the MB-1 gene) and Igb 
(which is encoded by the B29 gene) to form the pre-B-
cell receptor (pre-BCR). Expression of the pre-BCR is a 
crucial check-point in early B-cell development, at 
which the functionality of the heavy chain is monitored. 
Signaling through the pre-BCR allows for allelic exclu-
sion of the IGH locus and stimulates a burst of prolifera-
tive clonal expansion of large pre-BII cells, which is 
followed by reexpression of RAGs and rearrangement 
at the IGL locus in small pre-BII cells. During normal 
development, appearance of the assembled BCR at the 
cell surface defines the immature B-cell stage (Fig. 2.1) 
(Czerny and Busslinger 1995; Busslinger 2004).

Stages of human B-cell development seem to follow 
mechanisms similar to mouse, confirming the previous 
studies (reviewed in Ghia et al. (1998)). Although some 
differences in surface marker expression as well as dif-
ferences in growth requirements remain, the strong 
resemblance of B-cell development in mouse to that in 
man allows for a comparison of the two systems. For the 
early multipotent progenitor to proceed in development 
into a lymphoid-restricted stage, an interplay between 
several concurrent mechanisms, including external sig-
nals, internal transcription factor networks, and epige-
netic changes, have to take place (Bryder and Sigvardsson 
2010; Ramirez et al. 2010). Differentiation processes of 
multipotent LSK cells into lymphoid-restricted progeni-
tors is correlated with the expression of FLT3, the recep-
tor for the FLT3 ligand (FL) and IL7R (Ramirez et al. 
2010). The transcription factors essential for priming 
lineage-associated genes and restricting fates to the 
B-lineage within CLP compartment are Ikaros, Purine 

box factor 1 (PU.1), and E2A. Ikaros is encoded by 
Ikaros Family Zinc Finger 1 (IKZF1) and contains vari-
able numbers of Kruppel-like zinc fingers in two 
domains that mediate DNA binding and formation of 
dimers and multimeric complexes (Yoshida et al. 2006). 
Following the expression of E2A and EBF1, Ikaros 
mediates chromatin accessibility necessary for V(D)J 
recombination, and it also modulates the expression  
of early B-cell-specific genes, including IgLL1 (l5) 
(Thompson et al. 2007).

2.2.1.3  T-Cell Development

Mammalian T-cells originate from pluripotent precur-
sors in the bone marrow or fetal liver that migrate to 
the thymus, where T-cell differentiation is initiated and 
sustained. T-cell progenitors migrate into the thymus 
and then respond to the surrounding environment by 
proliferating extensively, and initiate the T-cell differ-
entiation transcriptional program, gradually turning 
off genes that allow differentiation to non-T-cell lin-
eages (Hayday and Pennington 2007). They then 
undergo T-cell receptor (TCR) gene rearrangements 
and assemble TcR complexes. These cells can mature 
into different T-cell lineages, including gd T- and ab 
T-cells. The ab T-cells further diverge into different 
sublineages, such as CD4+ T-cells, CD8+ T-cells, nat-
ural killer T- (NKT) cells, and regulatory T-cells (TReg 
cells). The T-cell-lineage commitment process consists 
of a progression of distinct developmental stages, and 
particular regulatory changes that drive the cells from 
one stage to the next (Rothenberg et al. 2008) (Fig. 2.2). 
Clear changes in gene expression and developmental 
potential mark these transitions. Once they migrate 
from the thymus to the periphery, each of these cell 
subsets will have different functions. Genetic evidence, 
from germline and conditional knockout mouse mod-
els, emphasizes the requirements for a stable core 
group of transcription factors that act repeatedly at 
successive stages.

One major progenitor source in adult mice consists 
of LMPPs in the bone marrow or blood, which can give 
rise to macrophages, dendritic cells (DCs), NK-cells, 
B-cells, and T-cells, but not erythrocytes or megakaryo-
cytes (Adolfsson et al. 2005; Yoshida et al. 2006). 
Within the mouse LMPP population, cells with the 



32 W.L. Carroll et al.

capacity to migrate to the thymus are probably distin-
guished by their expression of the CC-chemokine recep-
tor 9 (CCR9), in addition to the stem- and progenitor-cell 
markers KIT, stem-cell antigen 1 (SCA1), and the 
growth-factor-receptor tyrosine kinase FLT3 (Schwarz 
et al. 2007). Development from the early T-cell-lineage 
progenitor (ETP) stage to the double-negative 3 (DN3) 
stage is independent of the TcR and is coordinated with 
migration through distinct thymic microenvironments. 
ETPs and DN2 cells proliferate extensively while 
acquiring their first T-cell characteristics. As the T-cells 
reach the DN3 stage, they stop proliferating, greatly 
increase TCR gene rearrangement, and generate the first 
fully rearranged TCR loci. DN3 T-cells that succeed in 
making in-frame TCR gene rearrangements become 
activated by TcR-dependent selection (these are referred 
to as DN3b cells); this distinguishes them from DN3 
cells that are not yet selected (referred to as DN3a cells). 
Expression of TcRb qualifies the cells to undergo b 
selection, turning on expression of CD4 and CD8 to 
become double positive (DP) cells, and eventually 
acquiring cell-surface TcRab complexes. This prepares 
them for positive selection and negative selection to 
generate mature CD4+ or CD8+ TcRab+ T-cells. 

Alternatively, DN3 T-cells that successfully rearrange 
TCR g- and d-chains instead of b-chains are selected as 
gd T-cells (Rothenberg et al. 2008).

Several transcription factors are involved in expres-
sion during the progression of T-cell precursors from 
the ETP to the later stages, including most of the T-cell 
factors known to be essential for early T-cell develop-
ment as well as most factors implicated in cell-lineage 
plasticity, those implicated in the regulation of TCR 
and other T-cell-lineage gene expression (reviewed in 
Rothenberg et al. (2008)).

2.2.1.4  Immunophenotype of Acute Leukemia

Cellular immunophenotype can be defined as the 
expression of leukocyte antigens (proteins or glycopro-
teins) either on the cell surface or in the cytoplasm, 
detectable by applying immunologic methods with the 
use of monoclonal antibodies. Many monoclonal anti-
bodies available for such purposes have been grouped 
into Clusters of Differentiation (CD) based on their 
reactivity with identical antigens (Mason et al. 2002). 
Precursor cells and their malignant counterparts can be 
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Fig. 2.2 Stages in early 
T-cell development. LMPP, 
lymphoid primed multipotent 
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recognized on the basis of morphological and cytochem-
ical characteristics. However, a more accurate charac-
terization of the leukemic clone can be assessed by 
immunophenotyping (van Dongen et al. 1988). Modern 
immunophenotyping approaches are based on the use 
of flow cytometric technique (Carter and Meyer 1994). 
A typical flow cytometry consists of one or more laser-
based light sources that provide monochromatic light 
beams (generally at 488 nm and at 635 nm). The cells, 
flowing through the laser beam, refract the light and, if 
present, fluorochromes are excited and emit fluores-
cence. Signals obtained by interaction of the cell with 
the light provide information about the cells including 
volume (Forward Side Scatter, FSC), nucleo-cytoplas-
matic complexity (Orthogonal side light scatter, SSC), 
and presence of antigens due to their cross-link with 
fluorochrome-conjugated specific antibodies. By flow 
cytometry, it is possible to assess many biological fea-
tures with potential impact on the diagnosis and man-
agement of acute leukemia including the detection of 
minimal residual disease (MRD). Systematic guide-
lines for immunological classification of acute lympho-
blastic leukemias (ALLs) have been proposed by the 
European Group for the Immunological Characterization 
of Leukemia (EGIL) (Bene et al. 1995) (Table 2.1). 
More recently, correlation of immunophenotype with 
cytogenetic and molecular genetic characteristics has 
identified new biologically and clinically distinct sub-
groups of ALL. Details related to the immunological 
classification of ALL are provided in chapters dedi-
cated to classification and treatment of ALL.

2.2.2  Antigen Receptor Genes  
and Clonality

2.2.2.1  Immunoglobulin (Ig)  
and T-Cell Receptor (TCR) Gene 
Rearrangements in ALL

Somatic rearrangement of Ig and TCR gene loci 
occurs during early differentiation of any B- and 
T-cell, by joining the germline variable (V), diversity 
(D), and joining (J) gene segments (reviewed in 
Janeway et al. (2001)). By this process, each lympho-
cyte gets a specific combination of V-(D-) J segments 
that encode the variable domains of Ig or TcR mole-
cules. The uniqueness of each rearrangement further 
depends on random insertion and deletion of nucle-
otides at the junction sites of V, (D), and J gene seg-
ments, making the junctional regions of Ig and TCR 
genes “fingerprint-like” sequences for that particular 
clone. Due to the clonal origin of the neoplasm, each 
malignant lymphoid disease will represent the expan-
sion of a clonal population with a specific Ig/TCR 
signature.

The frequencies and patterns of Ig and TCR gene 
rearrangements in ALL can be analyzed by Southern 
blot- and PCR-based methods (reviewed in Szczepanski 
et al. (2001)). Currently, PCR-based methodologies are 
more easily and frequently applied to the detection of 
clonal Ig and TCR gene rearrangements. Virtually all 
B-lineage ALL patients have rearranged Immuno-
globulin heavy chain (IGH) genes (van Dongen and 
Wolvers-Tettero 1991). In addition, rearrangements of 
the Ig Kappa deleting element (Kde) occur at a rela-
tively high frequency (approximately 60%) (Beishuizen 
et al. 1997). Cross-lineage incomplete TcR Delta 
(TCRD) rearrangements occur in more than 40% of all 
patients (40% Vd2-Dd3, 19% Dd2-Dd3, and 13% 
showed both) (van der Velden et al. 2003). Complete 
TCRD rearrangements (Vd-Jd) are very rare in B-lineage 
ALL. Detection of TcR Gamma (TCRG) rearrange-
ments occurs in more than 50% of the B-lineage ALL 
patients (van der Velden et al. 2003). Cross-lineage TcR 
Beta (TCRB) recombination occurs in a small percent-
age (15–20%) of B-lineage ALL patients.

Most T-ALL patients have rearranged TCRB, TCRG 
and/or TCRD genes (van Dongen and Wolvers-Tettero 
1991). Frequency analysis of the patterns of recombi-
nation in T-ALL patients showed that TCRG rearrange-
ments represent the most frequent ones (identifiable in 

Table 2.1 Immunological classification of acute lymphoblastic 
leukemia according to EGIL proposal (Bene et al. 1995)

B-lineage ALL (CD19+ and/or CD79a+ and/or CD22+)

Pro-B-ALL (B-I) No expression of other 
differentiation of B-cell antigens

Common ALL (B-II) CD10+

Pre-B- ALL (B-III) Cytoplasmic IgM+

Mature B-ALL (B-IV) Cytoplasmic or surface  
kappa or lambda+

T-lineage ALL (cytoplasmic/membrane CD3+)

Pro-T-ALL (T-I) CD7+

Pre-T-ALL (T-II) CD2+ and/or CD5+  
and/or CD8+

Cortical-T-ALL (T-III) CD1a+

Mature T-ALL (T-IV) Membrane CD3+, CD1a-
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84% of patients), followed by complete and incomplete 
TCRD joinings. In practice, TCRG and/or TCRD gene 
rearrangements occur in >95% of childhood T-ALL 
patients (Pongers-Willemse et al. 1999; van der Velden 
et al. 2003). Incomplete IGH rearrangements (DH-JH) 
could be identified in 12% of T-ALL cases, consistent 
with the finding that cross-lineage Ig gene rearrange-
ments occurred at relatively low frequency in T-ALL 
(10–20%) and are virtually restricted to incomplete 
IGH rearrangements (Pongers-Willemse et al. 1999).

2.2.2.2  Assessment of Clonality  
by PCR Amplification

The assessment of clonality by Ig and TCR gene relies 
on the PCR amplification of the different target gene 
recombinations. Primers and protocols have been stan-
dardized (van der Velden and van Dongen 2009). After 
PCR identification of Ig/TCR targets, the clonal origin 
of PCR products must be assessed by heteroduplex 
analysis or by gene scanning, to confirm their origin 
from the malignant cells and not from contaminating 
normal cells with similar Ig or TCR gene rearr-
angements. The homo-heteroduplex analysis takes 
 advantage of the different migration properties in poly-
acrylamide gel of V-(D-) J rearrangements containing 
a few mismatches (heteroduplex) compared with fully 
matched V-(D-) J junctions (homoduplex). Fingerprint 
analysis consists of PCR amplification with a fluores-
cent primer and an electrophoretic run in polyacrylam-
ide gels, where clonal amplification results in a single 
peak within a background of polyclonal, constitutional 
amplification products. After the clonal rearrange-
ments are recognized, several methods can be applied 
to specifically detect the leukemia-derived PCR prod-
ucts, for example, during the follow-up of patients who 
have undergone therapy. The major variable lies in the 
sensitivity of the test, which can significantly interfere 
with interpretation of the assay results.

2.2.2.3  Use of Ig and TCR Gene Rearrangements 
for the Detection of MRD

Sequential monitoring of MRD with specific and sen-
sitive methods (capable of recognizing one leukemic 
cell among 10−4 or more normal BM cells, at least 100-
fold more sensitive than morphologic examination), 

recently compelled the redefinition of complete remis-
sion in patients with ALL, and further improved the 
clinical utility of risk assessment. Several techniques 
have been developed over the past 10 to 15 years to 
complement morphology in assessing response to 
treatment, including immunologic and molecular 
methods, fluorescent in situ hybridization (FISH), 
in vitro drug response, and colony assays (reviewed in 
Szczepanski et al. (2001)). Ig and TCR genes are the 
most widely applicable genes and therefore can be 
considered a universal target for MRD detection in 
childhood ALL (Cazzaniga and Biondi 2005; van der 
Velden and van Dongen 2009). Its feasibility has been 
proved in a multicenter ALL trial (Flohr et al. 2008).

In the most sensitive assay so far available, clonal 
PCR products from homo-heteroduplex analysis are 
directly sequenced. V, D, and J gene segments are then 
identified, and randomly inserted nucleotides are rec-
ognized by comparison with germline sequences in 
databases (http://imgt.cines.fr; http://www.ncbi.nlm.
nih.gov/igblast). The sequence information allows the 
design of junctional region-specific oligonucleotides, 
which can be used to detect malignant cells among 
normal lymphoid cells during follow-up of patients in 
two different ways. One uses the oligonucleotides as 
patient-specific junctional region probes in semi-quan-
titative hybridization experiments (“dot blot”) to detect 
PCR products derived from the malignant cells. 
Alternatively, the junctional region-specific oligonu-
cleotide can be used as a primer to quantitatively 
amplify the rearrangements of the malignant clone.

The applicability of the allele-specific oligonuc-
leotide (ASO) primer approach depends on its sensi-
tivity and specificity. The specificity of detection is 
checked for each probe on at least three different 
 polyclonal samples. The sensitivity of each probe is 
assessed by testing serial dilutions of the patient’s 
blasts in a mixture of polyclonal marrow mono-
nuclear cells. In this way, PCR-based MRD detec - 
tion via clone-specific junctional regions generally 
reaches a sensitivity of 10−4 to 10−5. A less-sensitive 
assay consists of a modified fingerprint analysis, in 
which the patient- and clone-specific peak corre-
sponding to PCR amplification from residual leu-
kemic cells can be discriminated from normal 
back ground. Polyclonal background levels vary, but 
usually limit the sensitivity of this approach to the 
detection of one leukemic cell among 10−2 to 10−3 
normal cells.
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IGH rearrangements represented the most sensitive 
group of targets and usually reached sensitivities 
£10−4. However, despite excellent RT-PCR sensitivi-
ties, IGH gene loci are prone to oligoclonality in 
30–40% of B-lineage ALL (for example, multiple 
rearrangements (subclones) within the same clone) 
owing to continuing and secondary rearrangement 
processes (Szczepanski et al. 2001). Therefore, the 
use of oligoclonal Ig/TCR targets in MRD PCR analy-
sis can lead to an underestimation of the leukemic 
tumor load, because they might occur in a subclone of 
low frequency, hence leading to potentially false-neg-
ative results. In consequence, IGH targets should 
 routinely be used in combination with IGK-Kde rear-
rangements (especially Vk-Kde), since these targets 
represent highly stable ‘end-point rearrangements’ 
suitable for sensitive MRD detection. Using incom-
plete TCRD rearrangements as a third priority further 
increases the number of applicable MRD targets as 
Vd2-Dd3 and Dd2-Dd3 recombinations show little 
clonal instability and also comprise a group of mark-
ers with sensitivity comparable to DH-JH rearrange-
ments. In contrast, TCRG rearrangements in precursor 
B-lineage ALL have proven to be less applicable in 
MRD detection since their sensitivity is more fre-
quently limited (>10−4) due to small junctional regions 
and nonspecific amplification of TCR gene rearrange-
ments in normal T-lymphocytes. Taking the published 
results on target availability and sensitivity into 
account, the following priority order using antigen 
receptor gene rearrangements for MRD PCR targets in 
B-lineage ALL can be deduced: IGH > IGK (Vk-Kde) 
> TCRD > TCRG and IGK (intron-Kde).

The success rate of detecting appropriate MRD-
PCR targets is lower in T-ALL compared to precursor 
B-lineage cell ALL. The addition of TCRB gene rear-
rangements to MRD-PCR target identification increa-
ses the availability of targets in T-ALL. Moreover, the 
junctional regions of (complete) TCRD rearrange-
ments, similar to IGH in B-lineage ALL, frequently 
include extensive N-nucleotide insertions, thus enabl-
ing the design of highly specific ASO primers. In con-
trast, the junctions of TCRG and incomplete IGH 
rearrangements are commonly smaller resulting in a 
significantly lower ratio of sensitive targets (about 
75%). Taking results on target sensitivity in T-ALL 
together, the  following conclusion on the preferential 
use of MRD PCR targets can be drawn: TCRD/TCRB 
> IGH (DH-JH) > TCRG.

2.2.3  Leukemia-Initiating Cells in ALL

Recent evidence supports the hypothesis that specific 
subsets of tumor cells retain features similar to stem 
cells and are capable of propagating clonal cancer cells. 
The presence of leukemia-initiating cells has important 
biologic and therapeutic implications. While there is 
generally broad acceptance about the identification of 
such a cell population in myeloid malignancies, which 
was first elegantly demonstrated by Dick and col-
leagues (Lapidot et al. 1994), the identification of a 
uniform lymphoblastic leukemia-initiating cell has 
been much more evasive. Indeed, it is also well recog-
nized that murine xenograft modeling systems and dif-
ferent experimental methodologies can yield disparate 
results with respect to the engraftment of leukemia and 
the minimum number of cells required to propagate 
disease. These findings have undoubtedly made the 
field of ALL stem cell biology even more challenging.

While subtle differences in definitions have led to 
some confusion, for the purposes of this discussion, a can-
cer stem cell is a tumor-initiating cell. The definition of a 
cancer stem cell needs to be distinguished from a normal 
stem cell; while both share critical features of self-renewal 
and differentiation, it is important to realize that a tumor-
initiating cell may in fact reflect a reprogrammed progeni-
tor cell that acquires stem cell-like features (Krivtsov et al. 
2006). There is general agreement, however, that one 
essential experimental property of any unique subpopula-
tion of cancer initiating cells is its ability to produce leu-
kemia in an immunocompromised mouse (Clarke et al. 
2006). Recent advances in the identification of primitive 
stem cell markers have facilitated sorting methods to 
achieve very pure populations of normal stem cells, but it 
is not clear that cancer-initiating stem cells uniformly dis-
play only one set of these markers, and this is true for 
investigations of cancer stem cells in ALL.

In addition, the type and age of immunocompro-
mised mouse, the level of radiation, and the mode of 
delivering the purified cancer initiating cells appear to 
greatly affect experimental results. In the earliest stud-
ies, Lapidot used intravenous injection of acute myeloid 
leukemia (AML) cells into severe combined immuno-
deficient (SCID) mice and determined that the cells 
required to confer leukemia were contained within the 
CD34+/CD38− cell fraction (Lapidot et al. 1994). 
Limiting dilution analysis in this system demonstrated 
that 1/250,000 cells were required. Since this seminal 
work was published, additional mouse models with 
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progressive degrees of immunodeficiency have become 
available for study. Some of the more recent of these, 
the NK cell-depleted Non-Obese Diabetic/SCID (NOD/
SCID) and the NOD/SCID gamma (NSG) mice have 
been recently used by le Viseur and colleagues to model 
ALL (le Viseur et al. 2008). Interestingly, these progres-
sively more immunocompromised mouse models result 
in fewer and fewer cancer-initiating cell requirements. 
Intrafemoral injection has also been used by a number 
of investigators to maximize the “homing” of cancer ini-
tiating cells and limit the number of cells that get trapped 
in pulmonary capillaries, a potential requirement for 
engraftment of myeloid diseases, but ALL cells do not 
seem to absolutely require this additional step.

Identifying a single cancer initiating cell population 
for ALL has been elusive, not only in part due to the 
various strains of mice employed and the methodologies 
to engraft them, but also likely due to the genetic hetero-
geneity of human ALL. Recent genomic studies have 
firmly established that ALL is a disease requiring mul-
tiple genetic hits for full transformation (Mullighan et al. 
2007a). Greaves and colleagues have further shown in 
elegant FISH studies that there is not always a linear 
hierarchy to acquiring these multiple mutations, but that, 
in fact, there is considerable complexity to the acquisi-
tion of these lesions that more resembles “a branching 
pattern,” akin to Darwin’s theories of evolution (Greaves 
2009). In this manner, one can appreciate how difficult it 
would be to a priori identify a single population of leu-
kemia-initiating cells for all subtypes of ALL.

Earlier data supported the ability of CD34+/CD38− 
or CD34+/CD19− human leukemia cells to engraft 
NOD-SCID mice (Cobaleda et al. 2000), while other 
studies have demonstrated the engraftment capability of 
several different lineages, including CD19+ cells. 
Indeed, it has been shown by several groups that TEL/
AML1 (ETV6/RunX1)-positive leukemia cells able to 
confer disease are restricted to the CD34+/CD19+ pop-
ulation (Hotfilder et al. 2002; Castor et al. 2005; Hong 
et al. 2008) and are conspicuously absent from the 
CD19− fraction. Hong and colleagues were able to 
study a set of monochorionic twins, one of whom was 
diagnosed at the age of 2 years with ETV6/RUNX1-
positive ALL, while the other remained healthy at the 
time of their report (Hong et al. 2008). A population of 
CD34+CD38−/lowCD19+ cells that was detected in the 
patient’s bone marrow was also detected at extremely 
low levels in the healthy twin (0.002%) and harbored 
the identical fusion gene. However, further analysis of 
these cells revealed that a DJ recombination event had 

occurred in the healthy twin while a VDJ and DJ recom-
bination event had occurred in the affected twin, sug-
gesting that there was further clonal evolution from the 
same basic cell population shared by both siblings. 
Engineering healthy human cord blood to express ETV6/
RUNX1 alone resulted in a population of CD34+CD38−/

lowCD19+ cells with significant self-renewal and differ-
ential pot ential, but did not confer acute leukemia, sup-
porting that these cells exhibited at least some of the 
hallmark features of stem cells, but that additional events 
are required for full transformation. Indeed, the vast 
maj ority of children with TEL/AML-positive leukemia 
 frequently display additional events at diagnosis, includ-
ing loss of the normal TEL allele.

More recently, le Viseur and colleagues have reported 
that lymphoblasts displaying a wide spectrum of differ-
entiation markers were able to engraft primary as well 
as successive immunocompromised recipients, using an 
intrafemoral injection strategy in NOD/SCID mice (le 
Viseur et al. 2008). One fascinating observation was that 
leukemia cells from patients with high-risk disease were 
more likely to yield multiple fractions (CD34+CD19−, 
CD34+CD19+, and CD34−CD19−) with stem cell 
potential and that only CD19+ cells from standard-risk 
patients were able to confer disease. While high-density 
single nucleotide polymorphism data was not available 
for sorted cell fractions, based on Greaves recent work 
showing the genetic heterogeneity within ALL cells by 
FISH analysis (Greaves 2009), one could hypothesize 
that these populations of high-risk leukemia cells might 
very well harbor a more complete compendium of 
genetic lesions required for full transformation as 
opposed to standard-risk leukemia cells.

In summary, recent data have yielded heteroge-
neous results about the identification of a unique leu-
kemia-initiating cell population in B-lineage ALL, 
consistent with some variation in the phenotype within 
particular biological subtypes of ALL.

2.3  The Molecular Biology of ALL

2.3.1  Introduction to Cancer Genomics 
and New Technology

The development of new tools for high throughput eval-
uation of human genomes and detailed direct sequencing 
has ushered in a new field of personalized medicine. 
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This approach integrates clinical, genetic, and environ-
mental information for treatment decisions on individual 
patients. “Genomic Medicine,” defined as the use of 
information from the genome or its derivatives (mRNA, 
micro-RNA, protein, and metabolites), is already impact-
ing the way childhood ALL is classified and treated.

The sequencing of the human genome was com-
pleted in 2003, 50 years after the landmark discovery 
by Drs. Watson and Crick of the structural basis of 
DNA. The human genome contains some 3.2 billion 
base pairs and it is estimated that only 2% of the 
genome encodes the 20,000 to 25,000 genes. The non-
protein coding portion of the human genome contains 
regulatory sequences including regions that generate 
small noncoding RNAs that regulate transcription and 
translation of protein-coding elements. While the base 
sequence of individuals from different racial and eth-
nic backgrounds is 99.9% identical to one another, 
more subtle genomic variation exists between individ-
uals with the most frequent difference being single 
nucleotide polymorphisms (SNPs). By definition, a 
SNP means that the frequency of the minor allele 
exceeds 1% in at least one population. In addition, 
many insertions and deletions occur and all such 
changes may lead to a change in protein structure, 
thereby influencing function and/or changes in regula-
tory regions that impact on expression.

The ability to analyze chromosome structure with 
new standard karyotyping techniques led to a mole-
cular classification that correlated with outcome. 
However, karyotyping is limited by the need for fresh 
tumor, overgrowth of cultures by nonneoplastic cells, 
and generally low resolution. Many of these difficul-
ties are overcome by FISH, which relies on the use of 
DNA probes that are hybridized to cells. While this 
technique requires preselection of possible lesions, it 
has refined the mapping of chromosome structure and 
led to the identification of new lesions such as the 
prognostically important ETV6-RUNX1 (TEL-AML1), 
seen in 20% of B-precursor ALL that is not detected 
using standard karyotyping. Many subtypes of child-
hood ALL are characterized by sentinel transloca-
tions such as t(9;22)(q34;q11) that results in the 
chimeric BCR-ABL1 fusion or the t(12;21)(p13;q21) 
ETV6-RUNX1. The well-defined structural elements 
of these fusions lend themselves to detection using 
PCR-based methods. The added value of these 
approaches is the greater sensitivity (1 × 105–106) 
compared to FISH (1 in 100) and the fact that they 
can be quantitative.

In recent years, high throughput hybridization 
array-based methods that are capable of detecting 
global mRNA and miRNA levels as well as DNA copy 
number changes (e.g., deletions and amplifications) 
have surfaced. In addition, the “SNP” arrays can sur-
vey the genome for the inheritance of SNPs that can 
also be used to discover predisposition loci (so-called 
genome-wide association studies (GWAS)).

2.3.2  Host Susceptibility to ALL

2.3.2.1  Genetic Syndromes and Down  
Syndrome ALL

A number of genetic syndromes are linked to an 
increased incidence of leukemia. Many chromosomal 
breakage syndromes such as ataxia telangiectasia, 
Bloom syndrome, Fanconi anemia, and Shwachman 
syndrome are well known to be associated with ALL, 
but Down syndrome (DS) accounts for the overwhelm-
ing majority of ALL cases linked to a genetic condi-
tion (Malinge et al. 2009). The incidence of ALL and 
acute megakaryocytic leukemia in patients with DS is 
20-fold and 500-fold, respectively, greater than the 
general population (Lange 2000). In fact, 97% of all 
cases of cancer in patients with DS are leukemia. What 
accounts for this predisposition is unknown, but the 
fact that trisomy 21 is a common acquired abnormality 
in ALL seems to indicate that a gene(s) on chromo-
some 21 influences hematopoiesis and predisposition 
to malignant transformation. Experiments using fetal 
liver cells show an increased number of erythroid, 
megakaryocytic, and other hematopoietic progenitors 
in culture. Analysis of children with partial trisomy 21 
has led to definition of a “Down Syndrome Critical 
Region” that includes attractive candidates including 
RUNX1, ERG, and ETS2 (Korenberg et al. 1994).

The biological features of ALL in DS are unique 
from those that occur in non DS children. While chil-
dren with DS who develop ALL do so at an age simi-
lar to other children with ALL, there are fewer cases 
of T-ALL, and among B-cell precursor cases (BCP), 
there are far fewer hyperdiploid (HD) and ETV6-
RUNX1 cases. In fact, the absence of HD and ETV6-
RUNX1 low-risk genotypes explains the relatively 
poor prognosis of ALL in DS (Whitlock et al. 2005).

A critical question is whether ALL in DS represents a 
unique biological subtype. Indeed, approximately 20% 
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of DS ALL samples harbor mutations in JAK2 compared 
to 10% of very high risk non-DS ALL cases (Malinge 
et al. 2007). However, global gene expression profiling 
and copy number analysis using an unsupervised 
 app roach where samples are compared based on global 
genetic analysis indicates that ALL in DS is a very het-
erogeneous disease (Rabin et al. 2009). While molecular 
subtypes such as BCR-ABL1 and MLL rearranged ALL 
cluster in relatively discrete subgroups indicating modu-
lation of shared biological pathways, no such clustering 
is observed for ALL in DS. However, a more detailed 
supervised analysis to discovering unique changes shared 
by DS samples that are distinct from non-DS ALL 
reveals that approximately two-thirds of cases show 
increased expression of the cytokine receptor, cytokine 
receptor-like factor 2 (CRLF2) (Rabin et al. 2009). 
Deregulated expression of CRLF2 seen in 5% of ALL 
can be caused by translocations into the IGH locus 
(Hertzberg et al. 2010). More commonly in ALL in DS, 
an interstitial deletion involving the pseudoautosomal 
region 1 of Xp22.3/Yp11.3 creates a fusion between the 
first noncoding exon of P2RY8 with the coding region of 
CRLF2 (Mullighan et al. 2009a). While P2RY8-CRLF2 
fusions are seen in 7% of patients with ALL, these lesions 
are observed in 53% of samples from patients with ALL 
in DS. CRLF2 is known to dimerize with IL7RA to form 
a receptor for thymic stromal lymphopoietin (TSLP) and 
this pathway has an important role in T-cell and dendritic 
cell development as well as B-cell proliferation. There is 
a strong association between activating JAK2 mutations 
and the P2RY8-CRLF2 fusion. In preclinical models,  
the two cooperate in transformation, while each alone  
fails to induce cytokine independence in Ba/F3 mouse 
B-progenitor cells. Since most cases of ALL with CRLF2 
overexpression lack JAK2 mutations, it is suspected that 
other mutations in the JAK-STAT pathway exist. These 
findings are discussed in more detail below.

2.3.2.2  Germline Genetic Variation and ALL

The causes of most cases of ALL remain elusive and 
while a number of environmental exposures including 
infections have been proposed to be associated with ALL, 
many have not been substantiated in follow-up studies 
(Belson et al. 2007). Certain individuals may be predis-
posed to the multistep process of leukemogenesis based 
on differences in germline genetic variation possibly trig-
gered by environmental exposures. The premise is that 

genetic variation in genes that affect the metabolism of 
environmental triggers, thereby heightening exposure 
and/or the response to infectious challenges, might prime 
lymphoid cells to second step molecular lesions (Greaves 
2006). Indeed, studies in candidate genes like DNA 
 mismatch repair, glutathione-S-transferase, cytochrome 
P450, and HLA genes have supported this hypothesis 
(Krajinovic et al. 2002a, b; Chen et al. 1997).

As mentioned, the sequencing of the human genome 
has identified individual variation such as SNPs and this 
variation can be used to determine the location of genes 
whose variation might be linked to the development of 
cancer (Dutt and Beroukhim 2007). These studies broadly 
compare variation between cancer and control populations 
in normal cells of the host (e.g., germline non cancer cells) 
and are called genome-wide association studies (GWAS). 
Two groups have now reported germline genetic variants 
that are associated with the risk of ALL. In one study, 10 
SNPs representing three loci on 7p12.2, 10q21.2, and 
14q11.2 were associated with the risk of ALL, while in the 
second study, 18 SNPS annotated to 12 unique genes were 
detected (Papaemmanuil et al. 2009; Trevino et al. 2009). 
In both studies, polymorphisms associated with ARID5B, 
a member of the AT-rich interaction domain of transcrip-
tion factors, were linked to childhood ALL. This associa-
tion was highly significant for B-cell hyperdiploid ALL. 
While the mechanism of the risk induced by SNPs located 
in ARID5B is unknown, homozygous knockout mice of 
ARID5B display disrupted B-cell development, indicating 
a role in differentiation of the B-cell lineage. A strong 
association with SNPs in IKZF1 encoding the IKAROS 
transcription factor that plays a key role in B-cell differen-
tiation was also observed. This finding is provocative since 
IKZF1 deletions are observed in B-cell ALL and are asso-
ciated with a poor prognosis (Papaemmanuil et al. 2009). 
It is noteworthy then that the risk alleles indentified are 
associated with decreased expression, thereby suggesting 
that the germline risk might be associated with less effi-
cient B-cell differentiation.

2.3.3  Somatic Genetic Changes in ALL

2.3.3.1  Chromosomal Lesions and Karyotype

Successful treatment of ALL in the current era incorpo-
rates measures of modern risk classification that allow 
clinicians to allocate patients to specific therapies. 
Intensity of therapy has led to improvements in 
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outcome; yet, it comes with added toxicity, so risk-
based therapy optimally improves outcome and mini-
mizes toxicity. One key determinant for allocating 
appropriate therapy includes the identification of spe-
cific somatic genetic risk factors that have been studied 
in cohorts of patients for prognostic significance and 
biological relevance. Indeed, the detection of somatic 
genetic events in human cancer remains a keen area of 
research as technologies have evolved to rapidly 
sequence the human genome with finer resolution.

The first insights into cancer genetics emerged with 
the ability to perform cytogenetic analysis on cultured 
bone marrow and peripheral blood (Tjio and Whang 
1962), with subsequent mapping of chromosomes 
based on successful techniques to detect unique band-
ing patterns. In 1960, Nowell and Hungerford first 
identified the Ph+ chromosome in human leukemias, 
characterized by a translocation between chromosome 
9 and 22 detected by metaphase karyotype (Nowell 
and Hungerford 1960). Further molecular analysis in 
the 1970s revealed that the product of this balanced 
translocation was the BCR/ABL fusion gene, present in 
most cases of chronic myeloid leukemia, and in appr-
oximately 2–3% of childhood ALL. This seminal 
observation of cancer arising from a single clonal event 
is the subject of intense scrutiny today, and the com-
plexity and heterogeneity of these somatic events 
across human disease is now astonishing.

Further refinement of karyotypic analysis has con-
tinued to evolve, and FISH allows clinicians to more 
accurately identify relatively large regions of gain, 
loss, disruption, and translocation, depending on the 
specific fluorescently labeled DNA probes utilized. 
Indeed, both traditional karyotype and FISH analysis 
are still able to more accurately identify translocations 
that are not detected by newer approaches such as high 
density SNP arrays. However, one complementary 
benefit to the copy number gain or loss information 
provided by SNP arrays is the identification of regions 
of copy neutral loss-of-heterozygosity, or acquired iso-
disomy, an increasingly frequent event detected in 
human cancer (Dutt and Beroukhim 2007). The spec-
trum of somatic abnormalities that can be detected 
using karyotypic or FISH analysis of ALL alone is 
powerful, but then, also somewhat limited in this era of 
high throughput genomic technologies. However, a 
discussion about ALL risk classification cannot pro-
ceed without a basic review of the most common and 
powerful cytogenetic predictors of outcome.

There are two main types of chromosomal lesions 
that can be detected using conventional karyotype: 
chromosomal number and structural abnormalities. 
Numerical abnormalities resulting in ploidy changes 
can be associated with dramatically different clinical 
outcomes. For instance, high hyperdiploidy (51–65 
chromosomes) is generally associated with a favorable 
outcome in childhood ALL, especially when accompa-
nied by trisomies of chromosomes 4, 10, and 17, while 
hypodiploidy (<44 chromosomes) is associated with 
inferior outcomes (Trueworthy et al. 1992; Heerema 
et al. 2000; Harrison et al. 2004; Nachman et al. 2007). 
Indeed, some of the most dismal outcomes with mod-
ern therapy occur amongst patients whose leukemia 
cells approach near haploidy (23–29 chromosomes) 
(Harrison et al. 2004).

Some of the most common structural abnormalities, 
such as balanced or unbalanced translocations, that 
carry variable prognostic significance in childhood ALL 
can be readily detected by metaphase analysis or FISH, 
including the t(4;11) (MLL/AF4), the t(12;21) (TEL/
AML1 or ETV6/RunX1), the t(1;19) (E2A/PBX1), and 
the afore mentioned t(9;22) (BCR/ABL) fusion genes. 
These alte rations differ in incidence between children 
and adults with ALL. A brief discussion of each of the 
most  significant translocations will ensue.

The t(4;11) or MLL/AF4 translocation is most fre-
quently found in infants with B-lineage ALL. Up to 
93% of infants under the age of 90 days harbor MLL 
rearrangements (48% t(4;11), 32% (11;19), and 4% 
t(1;11)), and most of these children will die with cur-
rently available therapy (van der Linden et al. 2009). 
Beyond 90 days, the prognosis of infants with MLL 
rearrangements (alternative partners are myriad, but 
commonly include AF9 or ENL) is not as dismal, but 
event-free survival (EFS) remains at approximately 
50% (Silverman et al. 1997; Pui et al. 2002; Silverman 
2007; van der Linden et al. 2009). In older children 
with MLL rearrangements, early response to therapy 
seems to be an essential component to determine out-
come, with patients exhibiting EFS ranging from 33 ± 
16% (poor response to prednisone) to 80 ± 18% 
(favorable response to prednisone) (Pui et al. 2003).

Some controversy exists over the treatment of 
patients with high-risk MLL rearrangements; in infants, 
collective data does not support the automatic use of 
hematopoietic stem cell transplant (HSCT) for these 
children in first complete remission (CR1); and recent 
strategies in the Children’s Oncology Group (COG) 
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support this approach (Pui et al. 2003). However, novel 
approaches to therapy, including FLT3 inhibition, are 
being tested in these children based on data to suggest 
that overexpression (but not mutation) of FLT3 is com-
mon in these children (Armstrong et al. 2001). Future 
analysis will determine if such targeted agents will be 
valuable in this disease.

The t(12;21) or TEL/AML1 (ETV6/RUNX1) fusion 
gene was initially identified using FISH strategies 
(Romana et al. 1995); it is a cryptic translocation that is 
not readily detectable by conventional karyotype. It is the 
most common translocation in childhood ALL, detected 
in up to 28% of B-lineage ALL patients (reviewed in Loh 
and Rubnitz (2002)). In multiple studies, it has been 
identified to confer a favorable prognosis, independent of 
presenting white blood cell count, age, or sex. It is most 
frequently found in younger children and is known to 
occur as a prenatal event in utero, leading to the hypoth-
esis that it represents an initial somatic event, required 
but not sufficient for full leukemic transformation (Ford 
et al. 1998). Up to 1% of newborns harbor this fusion 
gene, but only a fraction of these children will subse-
quently develop ALL, supporting this hypothesis (Mori 
et al. 2002). At diagnosis, deletion of the wildtype TEL 
allele is found in approximately 80% of children with 
TEL/AML1-positive ALL, also supporting the idea that 
additional genetic “hits” are required (Romana et al. 
1995). Experimentally, multiple established investigators 
have had difficulty modeling TEL/AML1-positive leuke-
mia in transgenic mice. Taken together, this supports the 
multistep pathogenesis required for full transformation 
to leukemia.

The t(1;19) translocation results from a translocation 
of the E2A gene on chromosome 1 with the PBX1 gene 
on chromosome 19. There are both balanced and unbal-
anced translocations, and the early data indicated that 
only the balanced translocation conferred an independent 
poor prognosis. However, this is a key example of the 
important component of therapy as a prognostic variable. 
Because of improvements in outcome related to the 
intensification of systemic chemotherapy over the years, 
most investigators no longer consider the t(1;19) as a 
higher risk leukemia. Indeed, through successive clinical 
trials, the St. Jude Children’s Research Hospital studies 
have moved the t(1;19)-positive patients into a group 
with some of the best outcomes (Raimondi et al. 1990).

The t(9;22) or BCR/ABL translocation is also a very 
recent modern success story with the advent of tyrosine 
kinase inhibitor (TKI) therapy. Prior to the introduction 

of imatinib, cure rates for children with Ph+ ALL were 
35% in the absence of HSCT (Arico et al. 2000; Schultz 
et al. 2007). The COG recently completed a clinical 
trial that combined TKI therapy with intensive chemo-
therapy (AALL0031) and reported EFS in patients 
continuously treated with imatinib and chemotherapy 
is 80% at a median follow-up time of 3 years (Schultz 
et al. 2009). Newer trials will test the contribution of 
dasatinib, a second generation of TKI, in combination 
with chemotherapy.

Additional, less common lesions with either prognos-
tic significance or biological relevance that can be 
detected with karyotype or by FISH include deletion of 
7p/monosomy 7, iamp21, or CRLF2 translocations/dele-
tions. The presence of monosomy 7 is frequently associ-
ated with a dismal prognosis in myeloid malignancies. 
Thus, Heerema and colleagues identified 75 children 
among 1880 (4%) who were treated on legacy Children’s 
Cancer Group (CCG) clinical trials with a loss in chro-
mosome 7, defined as either monosomy 7, del 7p, or del 
7q (Heerema et al. 2004). Both monosomy 7 and del 7p 
were independently associated with a poorer EFS when 
adjusted for the presence of the Ph+ chromosome, 
National Cancer Institute (NCI) risk status, and ploidy. 
However, overall survival (OS) was not significant for 
monosomy 7 when Ph+ status was taken into account.

In children treated on Medical Research Council 
(MRC) UKALL trials, the presence of iAMP21 was sig-
nificantly associated with a poorer EFS and OS at 5 years 
(Moorman et al. 2007). However, additional analyses 
published by the Berlin-Franfurt-Münster group (BFM) 
indicated that response to Induction therapy measured 
by minimal residual disease assays might allow further 
stratification of those patients with iAMP21 who require 
more intensive therapy (Attarbaschi et al. 2008). Indeed, 
in their series, only those patients with intermediate or 
high-risk MRD levels at the end of Induction experi-
enced a relapse event (n=8), while those with low levels 
did not (n = 9) (p = 0.02).

2.3.3.2  Copy Number Abnormalities

Over the past 3 years, using comprehensive genomic 
platforms and technologies such as gene expression pro-
filing, genome-wide assessment of copy number varia-
tions in normal and leukemic DNA, targeted DNA 
resequencing of potential candidate genes, and the use of 
next generation sequencing methods that either sequence 
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transcriptomes or whole genomes, many new genetic 
abnormalities have been discovered in pediatric ALL. 
Through these studies, a more comprehensive picture of 
the full spectrum and the unexpected and striking com-
plexity of the cooperating somatic genetic lesions that 
promote lymphoid leukemogenesis has begun to emerge. 
New discoveries have emerged in particular through the 
work of several research teams around the world who 
have applied genomic approaches to the study of chil-
dren with “high-risk” ALL, a clinical risk category 
largely defined by pretreatment clinical characteristics 
(age >10 years and presenting WBC count >50,000/mL) 
and the absence of genetic abnormalities associated with 
“low-risk” (hyperdiploidy, t(12;21)(ETV6-RUNX1)) or 
“very high-risk” (hypodiploidy, t(9;22)(BCR-ABL1)) 
disease. Over 25% of children diagnosed with ALL are 
initially classified as “high-risk,” a risk category in which 
outcomes remain poor with high rates of relapse and 
relapse-free survivals (RFSs) of only 45–60%. As the 
underlying genetic features and recurring genetic muta-
tions associated with this form of ALL had not been pre-
viously identified or characterized, this risk category was 
particularly ripe for discovery. As discussed herein, 
comprehensive molecular technologies focused on high-
risk ALL have identified new genes and genetic differ-
ences that impact treatment response and molecular 
classifiers that are being rapidly translated to the clinical 
setting for improved risk classification. Therapeutic 
agents targeted to new genetic mutations are beginning 
to be tested in early phase clinical trials.

A landmark study published in 2007 (Mullighan 
et al. 2007c) first reported on the spectrum of genome-
wide genetic abnormalities in pediatric ALL, focusing 
on DNA copy number variations and targeted sequenc-
ing of candidate genes in regions of copy number varia-
tion. Using relatively high resolution (500K) SNP 
arr ays to detect copy number variations, these investi-
gators studied a selected series of 242 pediatric ALL 
cases from St. Jude that represented a spectrum of 
B-precursor and T-cell ALL. They discovered that over 
40% of pediatric B-precursor ALL cases had copy 
number variations (primarily deletions, but also regions 
of amplification), structural rearrangements, and point 
mutations in genes that primarily serve as transcrip-
tional regulators of the B-cell development pathway. 
Strikingly, many of these copy number variations, dele-
tions, and mutations occurred in concert with the estab-
lished, frequently recurring cytogenetic abnormalities 
long known to be associated with ALL, such as t(12;21)

(ETV6-RUNX1), t(1;19)(TCF3-PBX1), t(9;22)(BCR-
ABL1), or translocations involving 11q23(MLL), high-
lighting the previously unappreciated genetic 
complexity of pediatric ALL (Table 2.2). CDNK2 and 
PAX5 deletions or mutations were the most frequent 
genetic abnormalities seen in the St. Jude ALL cohort, 
each occurring in approximately 32% of all cases stud-
ied. However the frequency of these mutations varied in 
specific cytogenetic subgroups. While PAX5 mutations 
were detected in 100% of ALL cases with hypodip-
loidy, only 50% of ALL cases with t(1;19)(TCF3-
PBX1) or t(9;22)(BCR-ABL1), and only 33% of ALL 
cases with t(12;21)(ETV6-RUNX1) had PAX5 muta-
tions. These studies suggest that PAX5 mutations, which 
result in reduced levels of the PAX5 protein or hypo-
morphic alleles, are an important secondary or cooper-
ating mutation in the development of pediatric ALL. 
PAX5 mutations were seen more rarely in ALL cases 
with 11q23 (MLL) abnormalities (18%), in hyperdip-
loid ALL (11%), and in T-cell ALL (10%) (Table 2.2) 
(Mullighan et al. 2007c).

Gene/copy 
number 
abnormality 
(deletion)

COG 9906 
B-ALL case 
cohort  
(N = 221)

St. Jude 
B-ALL case 
cohort  
(N = 232)

P (Fisher  
exact)

N (%) N (%)

CDKN2A 101 (45.7) 77 (33.2) 0.007

PAX5   70 (31.7) 72 (31.0) NS

IKZF1   55 (24.9) 40 (17.2) 0.05

ETV6   28 (12.7) 52 (22.4) 0.007

RB1   25 (11.3) 14 (6.0) 0.06

BTG1   23 (10.4) 17 (7.3) NS

13q14.2  
(miRNA)

  21 (9.5) 16 (6.9) NS

C20orf94   19 (8.6) 18 (7.8) NS

EBF   18 (8.1) 11 (4.7) NS

IL3RA   15 (6.8) 15 (6.5) NS

DMD   15 (6.8)   9 (3.9) NS

FHIT     2 (0.9) 12 (5.2) 0.012

B-Development 
Pathway Lesions

111 (50.2) 98 (42.2) 0.09

Table 2.2 DNA copy number abnormalities detected in B-precur-
sor ALL cases in a cohort from St. Jude Children’s Research 
Hospital and the Children’s Oncology Group 9906 Trial
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Other critical transcription factors regulating B-cell 
development were also found to be deleted in the St. Jude 
ALL cohort, including ETV6 (in 22% of cases), EBF1 
(in 4% of cases), IKZF1/IKAROS (in 17% of cases), and 
IKZF3 (AIOLOS). Deletions of IKZF1/IKAROS were 
noted to be particularly frequent in pediatric (75%) and 
adult (>90%) ALL cases with t(9;22)(BCR-ABL1). In a 
subsequent study, St. Jude investigators determined that 
IKZF1/IKAROS deletions were very frequently acquired 
with the transformation of chronic phase chronic myel-
ogenous leukemia (CML) to ALL blast crisis in both 
children and adults (Mullighan et al. 2008a). These 
highly significant studies clearly demonstrated that, in 
addition to well-known recurring translocations, pediat-
ric ALL is associated with a wide spectrum of cooperat-
ing mutations that arise by DNA deletion, amplification, 
or point mutation in transcription factors controlling 
B-cell development, implying that disruption of these 
development pathways is critical for the promotion of 
B-cell  leu kemogenesis.

As these studies by Charles Mullighan and James 
Downing were underway at St. Jude, other investiga-
tors, including Cheryl Willman and colleagues at the 
University of New Mexico Cancer Center, William L. 
Carroll at New York University Cancer Institute, 
Monique de Boer and Richard Pieters at Erasmus 
University, and Ursula Kees and colleagues in Australia 
were also focusing on the use of gene expression profil-
ing platforms and computational and statistical model-
ing tools to identify genes and develop molecular 
classifiers for improved outcome prediction and risk 
classification in pediatric leukemias. A second, but 
equally important goal of many of these studies was to 
use these gene expression profiles to discover new ther-
apeutic targets for ALL. Through the development of a 
collaboration with the COG, the Willman group focused 
on gene expression profiling in a uniformly treated 
group of approximately 200 high risk B-precursor ALL 
patients registered to COG trial P9906 testing an aug-
mented BFM regimen. (Kang et al. 2010). Study of this 
high-risk ALL cohort by gene expression profiling, 
described in detail below, was ideal, as the majority of 
cases had no known recurring genetic abnormalities 
and had experienced a poor outcome to current thera-
pies. As these studies progressed, it became clear that 
detailed investigation of this high-risk ALL cohort 
using multiple different comprehensive genomic plat-
forms would be particularly fruitful for the identifica-
tion of novel genetic abnormalities in leukemic cells 

and for the identification of germline genetic polymor-
phisms associated with risk, therapeutic response, and 
toxicity. Thus, a collaboration was born between the 
COG and investigators at the University of New Mexico 
Cancer Center, St. Jude Children’s Research Hospital, 
the NCI, and the cancer genome sequencing efforts of 
the NCI Cancer Genome Atlas Project, and the first 
National Cancer Institute TARGET (Therapeutically 
Applicable Research to Generate Effective Treatments; 
www.target.cancer.gov) was launched. The goal of this 
project was to use multiple comprehensive genomic 
platforms (gene expression, copy number variation, 
and germline genetic polymorphisms) to derive large 
genomic data sets, and, to integrate the analysis of these 
datasets to identify candidate genes for targeted seque-
n cing (and ultimately next generation sequencing) to 
identify new ALL-associated genetic abnormalities 
that could be exploited for the development of more 
effective therapies.

Using DNA samples from this same COG P9906 
cohort of high-risk ALL cases, Mullighan and col-
leagues again assessed copy number variations in leu-
kemic DNA with SNP arrays and found significant 
chromosome gains and losses (Mullighan et al. 2009b, c). 
In contrast to their initial studies in the St. Jude cohort, 
in which the majority of ALL cases were either low or 
standard/intermediate-risk, the spectrum and frequency 
of DNA deletions and amplifications were different in 
the COG high-risk ALL cohort (Table 2.2). In the 
high-risk cohort, in which the majority of cases lacked 
known recurring cytogenetic abnormalities, over 50% 
of the cases had deletions or amplifications in genes 
that serve as regulators of B cell development, with 
frequent deletions in CDKN2A (in 45% of cases), 
PAX5 (in 32% of cases), and IKZF1/IKAROS (in 25% 
of cases). Though not statistically significant, deletions 
in RB1 (11% of cases), BTG1 (10%), the 13q14 region 
containing micro RNAs (9.5%), and EBF (8.1%) were 
also seen at a higher frequency in the high-risk ALL 
cohort when compared to the earlier St. Jude case 
series. However, as the COG P9906 high-risk ALL 
cases had been uniformly treated, the prognostic sig-
nificance of these copy number variations and muta-
tions could be more readily determined. Strikingly, 
despite their frequency, PAX5 mutations were not 
found to have any prognostic significance in either the 
St. Jude or the COG ALL cohorts. In contrast, deletion 
of IKZFI/IKAROS, BTLA, and EBF1 were each indi-
vidually associated with a significantly higher risk of 



43 2 The Biology of Acute Lymphoblastic Leukemia

relapse (Fig. 2.3). Interestingly, all children whose 
ALL blasts contained a BTLA deletion experienced 
relapse. Yet, in multivariate analyses, only deletion of 
IKZF1/IKAROS was determined to have indepen - 
dent prognostic significance. In the COG high-risk 
cohort, 70% of the ALL cases containing IKZF1/
IKAROS deletions relapsed, compared to only 26% in 
cases lacking IKZF1/IKAROS deletions (p = 0.002) 
 (Mullig han et al. 2009b).

Through the integrated analysis of the copy number 
variation data and the gene expression profiling data 
performed on the same cohort, a second novel discov-
ery was made: a significant fraction of the high-risk 
ALL cases containing IKZF1/IKAROS deletions shared 
a gene expression profile similar to or reflective of 
“activated” tyrosine kinase signaling pathways; these 
cases clustered similarly to, but distinct from, ALL 
cases containing a t(9;22)(BCR-ABL1) (Mullighan et al. 
2009c; Harvey et al. 2010). Gene set enrichment anal-
yses clearly demonstrated the similarity of these high-
risk ALL cases that lacked a t(9;22)(BCR-ABL1) to 
true ALL cases with t(9;22)(BCR-ABL1), leading to 
the speculation that these cases might have an underly-
ing mutation in a gene encoding a tyrosine kinase 
(Mullighan et al. 2009c). Den Boer and colleagues 
from the Netherlands published very similar results on 
an independent cohort of 190 newly diagnosed ALL 
cases (Den Boer et al. 2009). They reported that 
approximately 15% of cases had a gene expression 
signature that they termed “BCR-ABL1-like” and found 
that these cases were associated with a very poor out-
come with a 5 year disease-free survival of 59.5% 

(95% CI: 37.1–81.9%); such cases were found to be 
particularly resistant to l-asparaginase (p = 0.001) and 
daunorubicin (p = 0.017). Interestingly, like Mullighan, 
Willman and colleagues, they reported that these 
“BCR-ABL1-like” ALL cases had frequent deletions of 
genes involved in the B-cell development pathway, 
including IKAROS, E2A, EBF1, PAX5, and VPREB1. 
Thus, parallel studies by these two teams of investiga-
tors not only demonstrated that pediatric ALL is a 
more genetically complex disease than previously 
appreciated, but also identified new genetic subtypes 
of ALL with prognostically important deletions of 
IKZF1/IKAROS and associated gene expression pro-
files reflective of activated or mutated tyrosine kinases. 
As discussed in subsequent sections, these and other 
studies laid the foundation for the discovery of novel 
tyrosine kinase mutations in pediatric ALL.

2.3.3.3  Gene Expression Profiling

Over the past 7 years since the technologic platform 
was first introduced, gene expression profiling microar-
rays have been used by several groups to identify gene 
expression “signatures” or profiles associated with 
recurrent cytogenetic abnormalities (Yeoh et al. 2002; 
Ross et al. 2003) and in vitro drug responsiveness in the 
acute leukemias (Cheok et al. 2003; Holleman et al. 
2004; Lugthart et al. 2005; Sorich et al. 2008). Fewer 
studies have developed and reported gene expression 
signatures or have developed and modeled gene ex pre-
s sion classifiers predictive of survival that could be 

Fig. 2.3 Likelihood of relapse in high-risk B-precursor ALL 
patients from the COG 9906 cohort in children whose leukemic 
blasts contained (dotted line) or lacked (solid line) deletions of 

IKZF1 (left panel), BTLA (middle panel), or EBF1 (right panel). 
y-axis: probability of relapse; x-axis: days
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validated on independent case cohorts or datasets gen-
erated by other laboratories. Using a selected cohort of 
approximately 90 children with high-risk ALL (a 
matched case: control series of failure vs. continuous 
complete remission), Bhowjani, Carroll, and colleagues 
developed a 24 probe set signature that predicted day 7 
marrow status (p = 0.0061) and a 47 probe set signature 
predictive of long-term response (Bhojwani et al. 2006; 
Bhojwani et al. 2008). While these gene expression 
classifiers could be validated on other independent 
ALL cohorts, and while interesting candidate genes 
that are now being pursued as novel therapeutic targets 
(SURVIVIN) were identified, in multivariate analysis, 
these predictors did not retain independent prognostic 
significance beyond traditional prognostic features rou-
tinely used in risk classification, including age, WBC, 
and recurring cytogenetic abnormalities. Similarly, 
Hoffmann, Kees, and colleagues from the University of 
Western Australia profiled 55 ALL cases and identified 
3 genes (GLUL, AZIN, and IGJ) whose signatures 
together were predictive of outcome in an independent 
test set; a multivariate analysis to determine whether 
these genes retained independent prognostic signifi-
cance beyond traditional prognostic factors was not 
reported (Hoffmann et al. 2008).

Under the auspices of the NCI TARGET Project, 
using samples from the same COG P9990 high-risk 
ALL cohort used to discover IKZF1/IKAROS deletions 
and the activated tyrosine kinase signature or novel 
“BCR-ABL1-like” subset of ALL, Kang, Willman and 
colleagues performed gene expression profiling and 
employed supervised learning methods to develop a 
gene expression classifier highly predictive of outcome 
in high-risk ALL (Kang et al. 2010). From the gene 
expression profiles obtained using Affymetrix U133-
Plus2 gene expression arrays with pretreatment leuke-
mic samples from 207 uniformly treated children with 
high-risk ALL, supervised learning algorithms and 
extensive cross-validation techniques were used to build 
a 42 probe-set (38 gene) expression classifier predictive 
of RFS. This gene expression classifier was able to dis-
tinguish two groups with differing relapse risks at pre-
treatment: low (4 year RFS: 81%, n = 109) vs. high 
(4 year RFS: 50%, n = 98) (p < 0.0001). In multivariate 
analyses, only the gene expression classifier (p = 0.001) 
and flow cytometric measures of MRD (p = 0.001) 
retained prognostic significance and each provided 
independent prognostic information. Together, these 
measures could be used to classify children with 

 high-risk ALL into low (87% RFS), intermediate (62% 
RFS), or high-risk (29% RFS) groups (p < 0.0001) 
(Fig. 2.4). A 21-gene expression classifier predictive of 
end-Induction MRD effectively substituted for flow 
cytometric measures of MRD, yielding a combined 
classifier that could distinguish these three risk groups 
at diagnosis (P < 0.0001). These classifiers were further 
validated on the independent high-risk ALL cohort  
(P = 0.006) studied by Carroll and colleagues (Bhojwani 
et al. 2008) and retained independent prognostic signifi-
cance (P < 0.0001) in the presence of other recently 
described poor prognostic factors for high-risk ALL 
(IKAROS/IKZF1 deletions, JAK mutations (discussed 
below), and the activated tyrosine kinase signature or 
novel “BCR-ABL1-like” signature). These studies thus 
demonstrated that gene expression classifiers could be 
used to improve ALL risk classification and for prospec-
tive identification of children who will respond to, or 
fail, current treatment regimens. The classifier devel-
oped by Kang and colleagues particularly identified a 
group of children most likely to fail current therapeutic 
approaches (whose 5 year RFS rate was essentially 0%). 
The ability to identify children at diagnosis who are 
likely to receive little to no benefit from therapeutic 
intensification allows one to prospectively target these 
children to alternative treatment regimens.

Low Risk

Intermediate Risk

High Risk

YEARS

%
 S

U
R

V
IV

A
L

0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1 2 3 4 5

Fig. 2.4 Striking differences in relapse-free survival in the low, 
intermediate, and high-risk groups defined by the combined 
gene expression classifier for relapse-free survival and flow 
cytometric measures of minimal residual disease at end-Induc-
tion in a cohort of high-risk ALL patients from COG Trial 9906 
(Modified from Kang et al. 2010)
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Unexpectedly, 72/207 (38%) of the “high-risk” ALL 
patients studied in the COG 9906 ALL cohort were 
found by the combined gene expression classifier for 
RFS and flow MRD to have a significantly better sur-
vival (87% RFS at 4 years) when compared with the 
entire cohort (66% survival at 4 years). This group of 
patients, which included all 20 cases with t(1;19)(TCF3-
PBX1) and an additional 52 cases whose underlying 
genetic abnormalities remain to be discovered, was 
characterized by high expression of the tumor suppres-
sor genes and signaling proteins RGS2, NFKBIB, 
NR4A3, DDX21, and BTG3. Application of the com-
bined classifier also identified 38/207 (20%) patients in 
the COG 9906 cohort who had a dismal 4 year RFS of 
29% (approaching 0% at 5 years), as discussed above. 
Highly expressed in this group of patients with the worst 
outcome were genes (BMPR1B, CRLF2, CTGF (CCN2), 
TTYH2, IGJ, PON2, CD73, CDC42EP3, TSPAN7, 
SEMA6A) involved in adaptive cell signaling responses 
to TGFb, stem cell function, B-cell development and 
differentiation, and the regulation of tumor growth. Not 
surprisingly, given that all cases with a “BCR-ABL1-
like” or “activated tyrosine kinase” signature were 
assigned to the highest risk group with the combined 
classifier, six of the genes associated with the kinase 
signature (BMPR1B, ECM1, IGJ, PON2, SEMA6A, and 
TSPAN7), also found by Den Boer and colleagues (Den 
Boer et al. 2009), were contained within the gene 
expression classifier for RFS.

Perhaps most important among these findings, par-
ticularly in terms of the potential clinical utility of gene 
expression-based classifiers for risk classification, was 
the demonstration that the gene expression classifier 
for RFS and/or the combined classifier retained inde-
pendent prognostic significance for outcome predic-
tion in the presence of new genetic abnormalities 
associated with a poor outcome in pediatric ALL 
(IKAROS/IKZF1 deletions, JAK mutations, and kinase 
signatures). Kang and colleagues found that the com-
bined classifier further refined outcome prediction in 
the presence of each of these mutations or signatures, 
distinguishing which cases with JAK mutations, acti-
vated tyrosine kinase signatures, or IKAROS/IKZF1 
deletions would have a good (“low-risk”), intermedi-
ate, or poor (“high-risk”) outcome. Thus, as discussed 
below, while IKZF1 deletions and JAK mutations are 
exciting new targets for the development of novel ther-
apeutic approaches in pediatric ALL, assessment of 
these genetic abnormalities alone may not be fully 

sufficient for risk classification or to predict overall 
outcome. As gene expression profiles reflect the full 
constellation and consequence of the multiple genetic 
abnormalities seen in each ALL patient and as mea-
sures of minimal residual disease are a functional bio-
logic measure of residual or resistant leukemic cells, 
they may have an enhanced clinical utility for refine-
ment of risk classification and outcome prediction.

Taking an alternative approach, Harvey, Willman, 
Mullighan, and colleagues also studied the gene expres-
sion profiles derived from the COG high-risk ALL 
cohort using unsupervised learning methods for “class 
discovery”: the identification of distinct cluster groups 
of patients who shared common patterns of gene 
expression (Harvey et al. 2010a). Expression profiles 
were correlated with DNA copy number abnormalities 
and clinical and outcome features. Unsupervised clus-
tering revealed eight unique patient cluster groups in 
the high-risk ALL cohort, two of which were associ-
ated with known chromosomal translocations (t(1;19)
(TCF3-PBX1) or MLL), and six of which were novel, 
lacking known cytogenetic abnormalities. Harvey and 
colleagues developed a novel statistical method, termed 
ROSE (Recognition of Outliers by Sampling Ends), 
similar to COPA (Cancer Outlier Profile Analysis) 
(Tomlins et al. 2005) to define the “outlier” genes asso-
ciated with each unique cluster group. Such “outlier” 
genes, frequently expressed several logs above or 
below the median in a subset of cases compared to lev-
els of expression across all the samples, are often either 
directly involved in genetic lesions (e.g., transloca-
tions, deletions, insertions) or are present in pathways 
downstream of these activating events. Thus, methods 
such as COPA and ROSE allow one to potentially mine 
gene expression profiling data sets to identify potential 
target genes disrupted through novel genetic lesions. 
One of the unique clusters (termed R6) discovered by 
Harvey and colleagues was characterized by high 
expression of AGAP1, CCNJ, CHST2/7, CLEC12A/B, 
and PTPRM; ERG DNA deletions; and a 4-year RFS 
of 94.7±5.1%, compared to 63.5±3.7% for the remain-
ing cohort (p = 0.002). A second unique cluster, termed 
R8, was characterized by high expression of distinct 
outlier genes BMPR1B, CRLF2, GPR110, and MUC4; 
frequent deletion of EBF1, IKZF1, RAG1-2, and 
IL3RA-CSF2RA; an activated tyrosine kinase or BCR-
ABL1-like signature; Hispanic race/ethnicity (p < .001); 
and a very poor 4-year RFS (21.0 ± 9.5%; p < .001) 
(Harvey 2010b Fig. 2.5). These studies further revealed 
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the striking clinical and genetic heterogeneity within 
high-risk B-precursor ALL and pointed to novel genes 
which may serve as new targets for diagnosis, risk clas-
sification, and therapy.

2.3.3.4  Discovery of Novel Therapeutic  
Targets Through DNA Sequencing  
and Genomic Studies

The discovery of the subset of high-risk ALL cases 
with an “activated tyrosine kinase” or “BCR-ABL1-
like” gene expression signature provided an important 
clue for targeted DNA resequencing. As part of the 
COG NCI TARGET Project, investigators selected 125 
genes (based on recurrent copy number variations, gene 
expression profiles, genes involved in tyrosine kinase 
signaling pathways, and known cancer genes) and 
sequenced them in 187 cases in the COG high-risk 
B-precursor ALL cohort from COG P9906 (Zhang 
et al. 2009). The entire coding region and untranslated 
regions (UTRs) of each gene were sequenced. Somatic 
mutations were frequently found in genes that encode 
for proteins involved in signal transduction, B-cell 
development, and p53/RB signaling. A notable finding 
was the presence of somatic mutations resulting in con-
stitutive activation of RAS signaling in at least 39% of 

the high-risk ALL cases. Seventy-three cases had at 
least one mutation in NRAS (30), KRAS (28), PTPN11 
(9), FLT3 (7), and NF1 (6), including seven patients 
with multiple mutations (KRAS and NRAS (3), FLT3 
and NF1 (1), PTPN11 and FLT3 (1), PTPN11 and FLT3 
(1), PTPN11 and NRAS (1), PTPN11 and KRAS (1)). 
While RAS may represent an important and previously 
unappreciated target in this form of ALL, RAS muta-
tions were not predictive of event-free survival or 
relapse in this cohort. Notably, RAS pathway mutations 
occurred most frequently in ALL cases lacking known 
sentinel cytogenetic lesions (68/145 cases, 47%, p < 
0.0001). Sequence mutations that are known or pre-
dicted to impair normal B-cell development were 
observed in at least 14% of the cohort (PAX5 (21), 
IKZF1 (7)), while sequence mutations disrupting TP53/
RB1 signaling ((TP53 (10), RB1 (4), CDKN2A (4)) 
occurred in 10% of cases (Zhang et al. 2009).

In addition to the discovery of a high frequency of 
RAS pathway mutations in high-risk ALL, activating 
sequence mutations in members of the JAK family of 
tyrosine kinases were discovered in approximately 
11% of the high-risk ALL cases (Mullighan et al. 
2009c). Not unexpectedly, cases with JAK mutations 
were found nearly exclusively in the R8 gene expres-
sion cluster group, described above, where they were 
strongly associated with IKZF1/IKAROS deletions, the 
BCR-ABL1-like or activated tyrosine kinase gene 
expression signature, and the worst overall outcome. 
Activating mutations were found in JAK1 (n = 3 cases), 
JAK2 (n = 16, where the R683G mutation predomi-
nated), and JAK3 (n = 1) in 20 of 187 (10.7%) cases 
(Fig. 2.6). Only two of the ALL cases in this high-risk 

60 1 2 3 4 5

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Fig. 2.5 Relapse-free survival in all high-risk B-precursor ALL 
patients accrued to COG Trial P9906 (dotted line) and in gene 
expression cluster group R8 (solid line), with the poorest overall 
survival. y-axis: survival; x-axis: years. (Modified from Harvey 
et al., submitted for publication)

Fig. 2.6 The spectrum of mutations in the JAK family of 
tyrosine kinases in the COG 9006 High-Risk ALL cohort. 
Mutations in individual patients are shown in solid triangles. 
(From Mullighan et al. 2009c)
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cohort occurred in children with Down Syndrome. The 
JAK1 and JAK2 mutations involved highly conserved 
residues in the kinase and pseudokinase domains and 
resulted in constitutive JAK-STAT activation. These 
results first suggested that inhibition of JAK signaling 
is a logical target for therapeutic intervention in ALL 
cases harboring JAK mutations, and early phase clini-
cal trials testing JAK inhibitors in pediatric malignan-
cies are now underway in the COG. Interestingly,  
as these data developed, Bercovich, Izraeli, and col-
leagues also first reported the presence of JAK2 muta-
tions in nearly 20% of ALL cases arising in children 
with Down syndrome, with five different mutant alleles 
each affecting R683G (Bercovich et al. 2008), as men-
tioned in preceding sections. Thus, both ALL arising 
in Down Syndrome and cases of high-risk ALL were 
discovered to harbor novel mutations in the JAK fam-
ily of kinases yielding a promising new target for ther-
apeutic intervention in ALL.

While the discovery of JAK mutations in ALL was 
tantalizing and an important advance, the story contin-
ued to rapidly advance through parallel investigations 
by several teams of investigators. Examination of whole 
genome copy number variations in the COG high-risk 
ALL cohort, particularly focusing on cases with vari-
ous gene mutations reported previously, led to the dis-
covery of a subset of high-risk ALL cases, often with 
JAK mutations, who also had genomic deletions within 
the pseudoautosomal region (PAR1) of Xp22.3/Yp11.3, 
near the IL3-RA and a novel gene termed CRLF2 
(encoding cytokine receptor-like factor 2, or, the thy-
mic stromal lymphopoietin receptor) (Mullighan et al. 
2009a). Even more tantalizing was the finding that 
cases with these copy number variations frequently had 
very high levels of expression of CRLF2, which was 
previously discovered as an “outlier” gene associated 
with the gene expression cluster group that had the 
poorest overall outcome (R8), discussed above. 
Reexamination of the gene expression profiles within 
the COG high-risk ALL cohort revealed 29/207 cases 
(14%) with markedly elevated CRLF2 expression. As 
these studies were underway, Christine Harrison and 
colleagues first reported two different CRLF2 genomic 
rearrangements in ALL: a translocation of the immuno-
globulin heavy chain locus (IGH) to CRLF2 at Xp22.3 
or Yp11.3, or deletion upstream of CRLF2 in approxi-
mately 5% of patients with B-progenitor ALL (Russell 
et al. 2009). Investigators in the NCI TARGET Project 
then determined that the PAR1 deletion upstream (cen-
tromeric) of CRLF2 juxtaposes the first noncoding exon 

of P2RY8 to the entire coding region of CRLF2, result-
ing in a P2RY8-CRLF2 fusion, and that this fusion 
occurs in over 50% of cases of childhood ALL associ-
ated with Down syndrome (DS) (Mullighan et al. 
2009a). Similar results were rapidly reported by Izraeli 
and colleagues (Hertzberg et al. 2010). In each series of 
cases studied by each of these groups across the world, 
CRLF2 rearrangements were also shown to be associ-
ated with concomitant mutation of JAK1 and JAK2 and 
these lesions together were shown to be transforming 
in vitro (Mullig han et al. 2009a; Harvey et al. 2010b; 
Hertzberg et al. 2010). Weinstock and colleagues also 
first reported interesting activating mutations of CRLF2 
in B-precursor ALL, particularly the Phe232Cys gain 
of function mutation (Yoda et al. 2010). CRLF2 genetic 
abnormalities are particularly frequent in children with 
high-risk B-progenitor ALL, where they are very sig-
nificantly associated with Hispanic/Latino ethnicity, 
JAK1 or JAK2 mutations, IKAROS/IKZF1 deletions, 
and a very poor outcome (Fisher exact test P < .0001 
for each) (Harvey et al. 2010b). Within this cohort, 
ALL patients with CRLF2 rearrangements had 
extremely poor treatment outcomes when compared to 
those without CRLF2 rearrangements (35.3% vs. 71.3% 
relapse-free survival at 4 years; p = .0001). Together, 
these observations suggest that activation of CRLF2 
expression, mutation of JAK kinases, and alterations of 
IKZF1 cooperate to promote B-cell leukemogenesis 
and identify these pathways as important new therapeu-
tic targets in this disease (Fig. 2.7).

Continued discovery of novel genetic mutations in 
ALL are also resulting from the use of next generation 
sequencing techniques. As a complementary approach 
to identify novel genomic alterations, the NCI TARGET 
group of investigators is currently using Illumina next 
generation sequencing technology to sequence the 
tumor transcriptome of representative cases from the 
COG P9906 high-risk ALL cohort (Mulligan et al. 
2009d). cDNA libraries were generated from poly-A 
enriched RNA, and 36–50 base paired-end sequencing 
was performed using the Illumina Genome Analyzer. 
Sequence alignment, variant detection, and fusion 
transcript identification were performed using custom 
scripts and multiple published reference alignment and 
de novo assembly algorithms. Interestingly, putative 
novel fusion transcripts were identified in several 
cases, including a novel transcript with an in-frame 
fusion of exon 9 of the striatin gene STRN3 to exon 18 
of JAK2 (STRN3-JAK2) and a fusion of NUP214 to 
ABL1. Both of these fusions occurred in ALLs with a 



48 W.L. Carroll et al.

BCR-ABL1-like gene expression signature that lacked 
known JAK mutations, suggesting that additional novel 
activating kinase mutations can be discovered via 
detailed sequence analysis of the 50% of BCR-ABL1-
like ALLs that have high levels of CRLF2 expression 
and CRLF2 genomic rearrangements but lack JAK 
mutations. In addition, these data identified over 400 
candidate nonsynonymous single nucleotide and inser-
tion/deletion variations in each patient. Whole genome 
sequencing of matched normal DNA is underway to 
remove germline variation from the putative variants, 
and transcriptomic sequencing of additional cases of 
high-risk childhood ALL are being performed. 
Together, these data indicate that transcriptomic 
sequencing is a powerful method to identify novel 
genetic alterations in ALL and may be used to identify 
novel targets for therapeutic intervention.

2.3.3.5  Epigenetic Modifications  
and Posttranscriptional  
Regulation by microRNAs

The structure of the genome, as it is packaged in the cell 
nucleus, comprises the helical DNA associated with 
multiple proteins to form a complex structure called 
chromatin. DNA strands are wrapped around histone 
proteins, forming disc-shaped nucleosomes that are 
arranged in arrays, like beads on a string. The tails of 
histone proteins protrude from the nucleosomes and 
can be chemically modified. Epigenetics is the study of 
biochemical modifications of chromatin. These modifi-
cations do not alter the primary sequence of DNA, but 
have an impact on gene expression regulation, most fre-
quently gene suppression. The field of epigenetics is 

rapidly expanding from DNA methylation to include 
histone modifications and, more recently, to the discov-
ery of microRNAs as having a role in DNA methylation 
control (Robertson and Wolffe 2000; Jones and Baylin 
2007). Another relevant reason for the increased inter-
est in epigenetic lesions in cancer lies in the possibility 
to reverse the epigenetic marks to a physiological gene 
expression by using several chemotherapeutics agents, 
including DNA hypomethylating agents and histone 
deacetylase inhibitors (Garcia-Manero and Issa 2005; 
Muller and Florek 2010).

Most current techniques use bisulfite treatment of 
DNA to detect regions of methylation (Clark et al. 
1994). Sodium bisulfite is used to convert cytosine 
residues to uracil residues in single-stranded DNA, 
under conditions in which 5-methylcytosine remains 
nonreactive. The converted DNA is amplified with 
specific primers and sequenced. All the cytosine resi-
dues remaining in the sequence represent previously 
methylated cytosines in the genome. These concepts 
have been further developed by the combination of 
bisulfite PCR and pyrosequencing that allows asse-
ssment of allele-specific DNA methylation. In this 
method, DNA is first treated with sodium bisulfite and 
then genes of interest are subsequently amplified using 
PCR. Allele-specific methylation can then be deter-
mined by pyrosequencing each allele individually 
using sequencing primers that incorporate SNPs that 
allow differentiation between the two parental alleles 
(Wong et al. 2006). More recently, in order to over-
come the limitations of analyses restricted to specific 
loci, a genome-scale and entire methylomes can now 
be performed and can be characterized at single-  
base-pair resolution. Several methods of DNA methy-
lation profiling techniques are currently available with 
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different relative merits and limitations, especially for 
data analysis and comparison (Laird 2010).

Aberrant DNA methylation of multiple promoter 
CpG islands is a common feature of adult ALL 
(reviewed in Garcia-Manero et al. (2009)). The results 
in pediatric ALL are far more limited. When selected 
genes were analyzed (i.e., the estrogen receptor gene 
(ER), multidrug resistance gene 1 (MDR1), p15, c-ABL, 
CD10, p16, and p73), most of the pediatric ALL 
patients had methylation of >/= 1 gene, and 4 patients 
(25%) had methylation of 3–4 genes. By contrast, 
methylation of the same genes was <2% (or methyla-
tion-specific polymerase chain reaction negative)  
in nonneoplastic tissues (Garcia-Manero et al. 2003). 
When aberrant methylation of multiple genes was cor-
related with standard prognostic factors, including 
immunophenotype, age, sex, WBC count, and presence 
of specific translocations (ETV6/RunX1, BCR-ABL, 
E2A-PBX1, or MLL-AF4), only age (³10 years) and 
WBC count at diagnosis (³50 × 109/L) were found 
associated with a higher frequency of methylation 
(Garcia-Manero et al. 2003). T-ALLs have a lower fre-
quency of methylation than B-precursor ALLs. Among 
the different molecular subgroups, MLL-positive ALLs 
demonstrate the highest frequency of methylation, 
while ALLs carrying the t(1;19) have the lowest 
(Gutierrez et al. 2003). The most common epigenetic 
lesion in childhood ALL is the methylation of 
E-cadherin (72%) independent of the molecular sub-
type or other clinicopathological factors. Distinct pro-
moter CpG island methylation patterns separate 
different genetic subtypes of MLL-rearranged ALL in 
infants. MLL translocations t(4;11) and t(11;19) char-
acterize extensively hypermethylated leukemia, 
whereas t(9;11)-positive infant ALL and infant ALL 
carrying wild-type MLL genes epigenetically resemble 
normal bone marrow (Stumpel et al. 2009). The combi-
nation of gene expression and the analysis of methyla-
tion of the 5¢CpG region of selected genes can provide 
new insights into leukemogenesis. In 100% of the 
infant MLL cases, methylation of the FHIT 5¢CpG 
region occurs, resulting in strongly reduced mRNA and 
protein expression. FHIT expression can be restored 
upon exposing leukemic cells to the demethylating 
agent decitabine, which induces apoptosis. Likewise 
and more specifically, leukemic cell death is induced 
by transfecting MLL rearranged leukemic cells with 
expression vectors encoding wild-type FHIT, confirm-
ing tumor suppressor activity of this gene (Stam et al. 

2006). The degree of aberrant methylation may portend 
a poor prognosis (Roman-Gomez et al. 2007). Among 
infant ALL patients  carrying t(4;11) or t(11;19) trans-
locations, methylation influences relapse-free survival, 
with patients displaying accentuated methylation being 
at high relapse risk (Stam et al. 2006).

Finally, whether inhibition of aberrant DNA methy-
lation may be an important novel therapeutic strategy 
for childhood ALL is still uncertain. DNA methyl-
transferase inhibitors prevent hypermethylation of pro-
moter CpG islands and rescue normal expression of 
tumor suppressor genes. Promising preclinical data in 
MLL-rearranged leukemia showed that demethylating 
agent zebularine reverses aberrant DNA methylation 
and effectively induces apoptosis (Stam et al. 2006). 
Clinical trials of the DNA methyltransferase inhibitor 
5-azacytadine (azacitidine) has been assessed in adult 
malignancies (Muller and Florek 2010), but not in 
pediatric ALL. The more potent 5-aza-2¢-deoxycytidine 
(decitabine) is currently being evaluated in several 
early phase studies in pediatric ALL, and has been 
associated with successful remission status in a case 
report of a pediatric patient with multiply relapsed 
ALL (Yanez et al. 2009).

MicroRNAs are small (19 to 22 nucleotide) RNA 
molecules that are capable of regulating genes at the 
posttranscriptional level (Iorio and Croce 2009). It is 
estimated that 1% of the genome is made up of miRNA 
genes and that up to 30% of genes may be regulated by 
miRNAs (Bartel 2004). MicroRNAs are first produced 
in the nucleus as longer transcripts with hairpin regions. 
They are subsequently processed by RNAase III 
Drosha into 70 to 100 nucleotide (nts) precursor mol-
ecules that are further processed in the cytoplasm by 
the RNAase III Dicer to generate a mature double 
stranded miRNA. miRNAs usually bind to the 3¢ 
untranslated regions of transcripts where they lead to 
degradation and/or inhibition of translation.

Not surprisingly, miRNA dysregulation has been 
implicated in cancer development and progression. 
Indeed, two miRNAs, miR-15a and miR-16-1, were 
first shown to reside in an area of frequent deletion in 
chronic lymphocytic leukemia and subsequent experi-
ments established that underexpression of these miR-
NAs resulted in downstream up-regulation of Bcl-2 
and Mcl-1 (see below) (Calin et al. 2005). Many addi-
tional examples of how altered miRNA expression 
alters tumor suppressors and oncogenes have been 
discovered.
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The contribution of miRNAs in the pathogenesis of 
childhood ALL is just being elucidated. Investigators 
have demonstrated that miRNA expression signatures 
correlate with biological subtype in childhood ALL 
(Fulci et al. 2009; Schotte et al. 2009). Kotani et al 
showed that miR – 128b and miR-221 are down regu-
lated in MLL-AF4 ALL and that restoration of levels 
restores glucocorticoid sensitivity (Kotani et al. 2009). 
On the other hand, the miR-17–92 cluster may be ampli-
fied and overexpression has been shown to increase 
 proliferation and replating capacity of normal bone 
marrow cells, thereby underscoring their importance as 
oncogenes (Mi et al. 2007). These observations under-
score the therapeutic potential of such approaches. 
Antisense oligonucleotides to oncogenic miRNAs and 
the reintroduction of tumor suppressor miRNAs can 
reverse some aspects of the leukemia phenotype.

2.4  Signaling Pathways  
in Childhood ALL

Although the majority of patients with ALL respond 
well to current therapies, some patients necessitate 
intensified chemotherapy regimens because of high-
risk features. These patients are unlikely to benefit from 
further adjustments to the dosing or timing of the same 
chemotherapy. Research in the past years clearly dem-
onstrated that childhood ALL is a heterogeneous group 
of cancers, containing different genotypic and pheno-
typic signatures. This progress has implicated signaling 
pathways in the pathogenesis of the disease, to which 
novel therapies can be directed, such as treating MLL-
rearranged leukemia with FLT-3 inhibitors, or Notch1-
mutated T-cell ALL with a gamma-secretase inhibitor. 
High throughput sequencing and array technology will 
continue to discover aberrant signaling pathways in 
childhood ALL that will lead to more refined targeting 
of leukemia-specific signaling pathways.

In lymphoid leukemias, several signaling pathways 
are pathologically altered to provide a survival advan-
tage for uncontrolled malignant growth, and thus poten-
tially serve as excellent targets for cancer treatment. 
Although tyrosine kinases represented the initial model 
of targeted therapy in CML, it is now known that a wide 
variety of biochemical intracellular pathways, gene 
expression patterns, and cell surface markers might be 
deregulated and thus contribute to a cell’s malignant 

phenotype, and additional potential targets are likely to 
be discovered in the near future by new technologies. A 
number of relevant signaling pathways aberrantly regu-
lated in pediatric ALL represent targets for novel thera-
peutic approaches.

2.4.1  BCR-ABL Tyrosine Kinase

The t(9;22) translocation, occurring in about 2–3% of 
childhood ALL, generates the Philadelphia chromo-
some (Ph+). As a consequence, the cytoplasmic tyrosine 
kinase ABL on chromosome 9 is linked with the BCR 
gene on chromosome 22, resulting in a constitutively 
active kinase protein (reviewed in Quintas-Cardama and 
Cortes (2009)). The dysregulated ABL tyrosine kinase 
(TK) leads to cellular proliferation by activating the 
phosphoinositide 3-kinase (PI3K) and the downstream 
prosurvival proteins AKT and mTOR, therefore induc-
ing the transformation process. A small molecule, ima-
tinib mesylate, has been developed to compete for the 
BCR-ABL tyrosine kinase ATP binding site, stabilizing 
it in its inactive conformation. In clinical trials in CML, 
it successfully halted the aberrant TK constitutive activ-
ity, leading to sustained clinical remissions (Druker 
et al. 2001). More recently, imatinib has been used in 
combination with chemotherapy in a small subset of 
pediatric patients with Ph+ ALL, with excellent results 
without any additional toxicity (Schultz et al. 2009) 
although long-term survival data are not yet known.

Despite initial successes with imatinib, de novo 
mutations involving the ATP binding pocket have been 
found in cases resistant to this first generation of ABL 
inhibitor. New generations of ABL TK inhibitors (i.e., 
dasatinib) have been developed in an attempt to over-
come this resistance (reviewed in Quintas-Cardama 
and Cortes (2009)).

2.4.2  FLT-3 Receptor Tyrosine Kinase

Point mutations, overexpression or internal tandem 
duplications (ITD) of the Fms-like tyrosine kinase 
(FLT-3) are found in MLL-rearranged (MLL-R) ALL, 
some T-cell ALLs, and high hyperdiploid ALL, as well 
as acute myelogenous leukemia and other malignan-
cies (reviewed in Meshinchi and Appelbaum (2009)). 
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These mutations constitutively activate the FLT-3 tyro-
sine kinase, which in turn activates the RAS/RAF/
ERK, PI3K/AKT/mTOR and signal transducer and 
activator of transcription-5 (STAT5) pathways, result-
ing in uncontrolled cell proliferation and loss of nor-
mal apoptotic control. Therefore, the presence of 
FLT-3 aberrancies is associated with a prosurvival 
phenotype, high resistance to multiple chemothera-
peutic agents, and poor prognosis. Several drugs have 
been developed to target this signaling pathway, includ-
ing lestaurtinib (CEP-701), midostaurin (PKC-412), 
and several others, and are currently being tested in 
clinical studies to improve selectivity and efficacy of 
targeting this receptor (reviewed in Meshinchi and 
Appelbaum (2009)).

2.4.3  JAK Tyrosine Kinase

The Janus kinase (JAK) family of tyrosine kinases is 
activated by cytokine binding to a Type I cytokine 
receptor. Activation of JAK leads to phosphorylation 
of STAT, and subsequent activation of both the RAS/
RAF and PI3K/AKT pathways, ultimately leading to 
the leukemic phenotype. As noted previously, sev-
eral activating JAK mutations have been identified, 
 freq -uently associated with other gene abnormali-
ties, inclu ding deletion or mutation of IKZF1 and 
overexpression the CRLF2 gene as a consequence of 
genomic rearrangements, both of which confer  
poor prognosis (Bercovich et al. 2008; Mullighan 
et al. 2009b,c; Harvey et al. 2010; Hertzberg et al. 
2010b). Interestingly, two mutations affecting the 
same domain of the JAK2 gene are associated with 
two completely different hematological diseases, 
polycythemia vera (617 mutation) and ALL (683 
mutation). An explanation for this unusual geno-
type-phenotype association may be due to differ-
ences in protein binding with crucial lineage-specific 
signaling molecules mediated by the two sites.

The IKZF1 gene codes for the IKAROS transcrip-
tion factor, necessary for normal lymphocyte develop-
ment. IKAROS deletion is present in up to 30% of ALL 
cases depending on the clinical and biological subtype 
(for example, it is more frequent in Ph+ ALL) and is 
associated with poor prognosis (Mullighan et al. 2008a; 
Mullighan et al. 2009b). CRLF2 is a subunit of the type 
I cytokine receptor, which forms a heterodimer with 

IL7R; cytokine binding to this receptor is known to 
stimulate B-cell proliferation. Rearrangements invol-
ving CRLF2 have been found to cause constitutive 
dimerization with IL7R, resulting in cytokine-indepen-
dent activation of JAK2 and STAT5, B-cell prolifera-
tion and cell transformation, especially in the presence 
of a constitutively activated JAK mutation. Several JAK 
inhibitors are being clinically tested in adult trials, and 
in the future, they might lead to improved prognosis for 
pediatric patients with IKAROS mutations and CRLF2 
overexpression, particularly in Down syndrome ALL 
cases and Latino/Hispanic patients in whom those rear-
rangements are more prevalent (Harvey et al. 2010b).

2.4.4  Pre-B Cell Receptor

The pre-B cell receptor in normal early B cell develop-
ment has the dual function to promote survival and 
proliferation of pre-B cells and subsequently to induce 
differentiation. It consists of an immunoglobulin m 
heavy chain (IGHM) coupled to the surrogate light 
chain with its two components VpreB (VPREB1) and 
l5 (IGLL1) (Nahar and Muschen 2009). B cell precur-
sor-ALL is characterized by cells arrested at early 
stages of B cell development. Interestingly, a defective 
expression of IGLL1, CD79B, IGHM, and SLP65 was 
shown as a frequent feature in Ph+ ALL; in addition, 
recent genomic studies in various subtypes of ALL 
identified multiple genetic lesions within the pre-B-
cell receptor signaling pathway (Mullighan et al. 2007), 
indicating that the developmental arrest in B-cell lin-
eage ALL may predominantly reflect aberrant pre-B 
cell receptor function, although this hypothesis needs 
to be functionally tested.

2.4.5  RAS Pathway

Activating mutations of the RAS gene have been observed 
in several pediatric leukemias. The intracellular protein 
RAS is associated with prosurvival cytokine receptor 
signaling via RAF, MEK, and ERK 1/2 (Case et al. 
2008). Because the addition of a farnesyl isoprene group 
by farnesyltransferase is a posttranslational modification 
of the RAS protein required for its localization to the 
cellular membrane and subsequent cell transformation, 



52 W.L. Carroll et al.

farnesyltransferase inhibitors are currently tested as tar-
get therapies for multiple intercellular proteins, includ-
ing RAS, especially in T-ALL, which seems to be more 
sensitive to this drug than precursor B-cell leukemias 
(Goemans et al. 2005).

2.4.6  NOTCH1 Pathway

NOTCH is a transmembrane heterodimeric receptor 
that, after activation by ligands and cleavage by the 
g-secretase, releases the intracellular domain Notch1, 
which translocates to the nucleus and acts as a tran-
scription factor regulating T-cell development in nor-
mal cells. The fundamental components of the NOTCH 
pathway include the Delta and Serrate family of ligands, 
four distinct NOTCH receptors (NOTCH1-4), and the 
RBPJ/CSL (CBF1/Su(H)/LAG-1) DNA-binding pro-
tein (reviewed in Ferrando (2009)). Mutations in the 
NOTCH receptor have been found in more than 50% of 
pediatric T-cell ALL; they result in ligand-independent 
cleavage and activation of Notch1, and are leukemo-
genic in in vivo studies (Ferrando 2009). The prognos-
tic significance of NOTCH activation in T-ALL is still 
uncertain, because differences in therapy seem to influ-
ence the effect of NOTCH1 mutations on prognosis 
(Ferrando 2009). Currently, g-secretase inhibitors are 
under testing, with the aim to prevent release of Notch1 
from the transmembrane receptor, thereby decreasing 
viability of T-cell ALL. Although severe gastrointesti-
nal toxicity has been observed, this could be prevented 
by concomitant use of glucocorticoids, which also 
seem to increase their antileukemic effects. Moreover, 
second generation g- secretase inhibitors, with decrea-
sed toxicity, are being evaluated (Real and Ferrando 
2009).

2.4.7  Therapy Targeted  
to Signaling Pathways

Although a better comprehension of the signaling 
pathways can direct several selected and promising 
therapies, many challenges still need to be overcome, 
including definition of resistance pathways, either 
intrinsic to the leukemic cell or induced by the treat-
ment. In addition, considering the complexity of the 

biological system, inhibition of a single protein might 
be compensated by related pathways. Moreover, all 
therapies have a certain degree of potential side effects 
due to their relative activity on normal somatic cells. In 
the future, increasing recognition that childhood ALL 
is a heterogeneous group of cancers, composed by dif-
ferent genotypic and phenotypic signatures, each of 
which requires development of novel specific treat-
ments based on the exact specifications of the disease, 
such as treating MLL-rearranged leukemia with a 
FLT-3 inhibitor, or treating T-cell ALL with a gamma-
secretase inhibitor is likely. Moreover, this specificity 
will require ongoing editing based on new knowledge 
coming from high throughput sequencing and array 
technologies. The overarching goal is that application 
of targeted therapy will allow improvement and/or 
maintenance of the cure rate by reducing or eliminat-
ing the use of pan-cytotoxic chemotherapeutic agents, 
thereby decreasing both short and long-term side 
effects of current ALL treatment.

2.5  The Apoptotic Pathway and ALL

Apoptosis is an evolutionarily conserved intrinsic cell 
death mechanism required for the maintenance of cell 
and tissue homeostasis. In contrast to necrosis, apop-
totic cells display a distinct morphology characterized 
by membrane blebbing, cell shrinkage, nuclear conden-
sation, DNA cleavage, and phagocytosis by neighbor-
ing mononuclear cells (Fulda 2009a). Progress in this 
field greatly accelerated with the first discovery of the 
antiapoptotic Bcl-2 protein family, whose expression is 
upregulated as a result of the t(14; 18) in follicular lym-
phoma (Reed and Pellecchia 2005). Many agents used 
in anticancer therapy eradicate cancer cells by initiating 
apoptosis. Apoptosis in hematological malignancies is 
initiated by two major pathways (Fulda 2009b); both 
pathways converge terminally to activate “effector” 
caspases including caspases -6, -7, and -3 (Schimmer 
et al. 2001). These cysteine proteases mediate the dis-
mantling of essential structural and biochemical ele-
ments of the cell. The intrinsic pathway is activated by 
DNA damage, among other stimuli, that leads to 
changes in mitochondrial permeability, usually through 
elevation of p53. This leads to the release of proapop-
totic factors from the intermembrane space into the 
cytoplasm: cytochrome c, second mitochondria-derived 
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activator of caspase (Smac)/direct inhibitor of apopto-
sis binding protein with low pI (DIABLO), apoptosis 
inducing factor (AIF) and Omi/high temperature 
requirement protein A2 (HtrA2) (Kroemer and Blo-
mgren 2007). Cytochrome c interacts with Apaf-1 and 
procaspase 9 within the apoptosome to activate caspase 
9, an “initiator” caspase that in turn activates down-
stream effector caspases. The extrinsic pathway is 
 activated by the engagement of death receptors of the 
tumor necrosis family such as the CD95 receptor and 
TNF-related apoptosis inducing ligand (TRAIL) recep-
tor. Upon ligand binding Fas-associated death receptor 
domain (FADD) and caspase 8, another initiator 
 caspase, form the death-induced signaling complex 
(DISC).

The Bcl-2 family of proteins is made up of indi-
vidual members that modulate the apoptotic response 
(Adams and Cory 2007). The family is composed of 
antiapoptotic members such as Bcl-2, Bcl-X

L
, and 

Mcl-1 and proapoptotic members like Bax and Bak. 
BH3 only proteins are important proapoptotic mole-
cules such as Bim, Bid, Bad, Bik, Noxa, and Puma. 
While the exact mechanism of their interaction is con-
troversial, the relative balance of family members 
appears to sensitize the cell to apoptosis. Activation of 
Bax and/or Bak leads to oligomerization on the mito-
chondrial membrane and loss of membrane integrity. 
Antiapoptotic proteins like Bcl-2, Bcl-XL, and Mcl-1 
inhibit Bax/Bak activation. Certain BH-3 proteins like 
Bim, tBid (the activated form of Bid), and Puma bind 
all antiapoptotic Bcl-2 family members, whereas the 
others bind selected members. BH-3 proteins either 
directly activate Bax/Bak or indirectly activate them 
by interfering with antiapoptotic proteins.

Inhibitors of apoptosis (IAP) proteins are endogenous 
caspase inhibitors that provide another layer of modula-
tion to the apoptotic pathway (Hunter et al. 2007). There 
are eight human homologs including X-linked inhibitor 
of apoptosis (XIAP), cellular IAP1 (cIAP1), surviving 
BIRC5 and living among others. IAP proteins prevent 
apoptosis through a variety of mechanisms depending 
on the individual family member, including direct inhi-
bition of caspase enzymatic function, promotion of cas-
pase protein degradation, stabilization of other IAPs, 
and inhibition of Smac/DIABLO.

Corruption of the basic apoptotic machinery allow-
ing evasion of cell death is postulated to be one of the 
universal steps in the multistep process of cancer 
development. A key development in the field was the 

cloning of the t(14;18) characteristic of adult lympho-
mas, where juxtaposition of the IGH locus leads to 
overexpression of Bcl-2. However, the prognostic rel-
evance of Bcl-2 family proteins in childhood ALL has 
not be shown conclusively. Bcl-2 levels were not pre-
dictive of outcome in the majority of studies published 
and levels are not elevated at relapse (Coustan-Smith 
et al. 1996). Paradoxically, in one study, a high Bcl-2/
Bax ratio was associated with a good outcome, but in 
another study, a low Bax/Bcl-2 ratio was observed at 
relapse (Prokop et al. 2000). Conflicting results con-
cerning the prognostic relevance of Bcl-2 family 
expression indicate a complex relationship that may be 
related to the relative balance of pro- and antiapoptotic 
members. Indeed, in looking at apoptotic protein 
expression in vivo following chemotherapy, Bcl-2 lev-
els were stable, whereas, Bax levels either remained 
stable, increased, or decreased (Liu et al. 2002).

Other components of the apoptotic machinery have 
been examined for their role in childhood ALL espe-
cially as they may modulate therapeutic response. 
Many chemotherapeutic agents lead to increased p53 
protein levels and activation of the intrinsic apoptotic 
pathway. p53 mutations are distinctly rare in childhood 
ALL, although elevated MDM-2, a protein that degrades 
p53, has been noted to be overexpressed at relapse 
(Marks et al. 1997). Certain drugs, like steroids and 
vincristine, initiate apoptosis via non-p53 dependent 
mechanisms and even p53-dependent drugs like anthra-
cyclines can initiate apoptosis in vivo without up-regu-
lation of p53. While mutations in CD-95 were identified 
in T-ALL, they were not observed in B-precursor ALL, 
and levels of CD-95, not sensitivity to CD-95-induced 
apoptosis, correlated with response or outcome in 
childhood ALL (Beltinger et al. 1998). However, low 
levels of caspase 8-associated protein are associated 
with high levels of minimal residual disease, thus 
implicating participation of the extrinsic pathway in 
treatment response. The sensitivity of ALL cells to glu-
cocorticoids appears in part to be related to up-regula-
tion of the proapoptotic Bim protein while resistance in 
infants with MLL rearranged ALL is predicted based 
on higher levels of antiapoptotic Mcl-1 transcripts 
(Stam et al. 2010; Bachmann et al. 2005). Survivin lev-
els were prognostic of outcome of B-precursor ALL in 
one study, while others investigators have reported high 
levels at relapse (Bhojwani et al. 2006).

The elucidation of the apoptotic pathway has pro-
vided new opportunities for drug development to 
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promote apoptosis in cancer cells with new agents 
alone or in combination with conventional chemother-
apy and irradiation. The first agent targeting the apop-
totic pathway focused on Bcl-2, since overexpression 
confers chemoresistance. Oblimersen sodium (G3139, 
Genasense) is a BCL-2 antisense oligodeoxynucleotide 
that leads to degradation of BCL-2 mRNA (O’Brien 
et al. 2005). Preclinical models show that oblimersen 
can induce apoptosis alone and is synergistic with con-
ventional agents. There is data to indicate that its 
mechanism of action may also be due to nonantisense 
effects mediated by the CpG motifs present in the mol-
ecule (Kim et al. 2007). Oblimersen has been evalu-
ated in a number of clinical trials including those 
involving patients with chronic lymphocytic leukemia, 
acute myelogenous leukemia, multiple myeloma, and 
small cell lung cancer among others (Kang and 
Reynolds 2009). While there was a suggestion in some 
of these trials that oblimersen might have added a sur-
vival advantage, the drug is yet to gain FDA approval.

More recently, a series of small molecules has been 
developed that interact directly with Bcl-2 proteins (e.g., 
Bcl-2, Bcl-XL, Mcl-1, and Bcl-w) at their hydrophobic 
binding groove in the place of BH3 only proteins. These 
“BH3 mimetics” include gossypol, ABT-737, ABT-263 
(an oral version of ABT-737), GX15-070 (Obatoclax), 
and others. Each has differing affinities for Bcl-2 pro-
tein family members, and preclinical evaluation docu-
ments increased response to conventional radiation and 
chemotherapy. These agents are actively being explored 
in clinical trials for a wide variety of malignancies 
including ALL (Kang and Reynolds 2009).

Finally, since increased expression of IAPs has cor-
related with outcome in some hematological malignan-
cies, multiple strategies have been developed to negate 
the antiapoptotic effect of these proteins (Fulda 2009b). 
Based on the structure of Smac binding to XIAP (Bir3) 
as well as cIAP 1 and cIAP2, small molecule antago-
nists of IAPs have been developed. Since the BIR2 
domain of XIAP interacts with caspase-3, XIAP BIR2 
antagonists have also been developed. Survivin is a 
particularly attractive target since expression is 
enhanced in tumor cells compared to normal cells. 
Gene expression profiling has also shown that survivin 
is upregulated in ALL blasts at relapse (Bhojwani et al. 
2006). Many Phase II trials are now evaluating 
LY2813008, a survivin antisense oligonucleotide, and 
agents to repress survivin transcription (YM155 and 
EM-1421) are also in early phase protocols.

2.6  The Biology of Relapsed ALL

A central question related to the biology of relapse is 
what is the origin of the relapsed clone? Does it emerge 
with therapy or was it present at diagnosis? Is relapse a 
completely new clone or did it surface from a reservoir 
of premalignant cancer stem cells? Many studies have 
confirmed that relapsed blasts demonstrate biological 
differences from those noted at diagnosis. (Lilleyman 
et al. 1995; Guglielmi et al. 1997) However, analysis 
of antigen receptor rearrangements confirms that, in 
almost all cases, relapsed blasts are clonally related to 
the original disease. As mentioned, rearrangements of 
the T-cell receptor (TCR) and immunoglobulin (Ig) 
genes are clonal markers that can be detected in 90% 
of B-precursor ALL and 95% of T-cell ALL cases. 
While 40–50% of all relapse samples display a new 
rearrangement, at least one stable clonal Ig/TCR rear-
rangement is almost always observed (>95%) at 
relapse. (Szczepanski et al. 2002; Germano et al. 2003) 
Furthermore, studies show that the relapsed sample 
almost always contains the same dominant karyotypic 
features observed at initial diagnosis (Heerema et al. 
1992). Thus studies prove, with rare exceptions, that 
relapse is clonally related to the disease at diagnosis. 
Despite this, the only consistent genetic change char-
acteristic of relapse involves frequent deletions involv-
ing 9p, consistent with p16INK4a deletion/inactivation 
(Germano et al. 2003).

A number of studies examining antigen receptor 
rearrangements on a broader range of diagnosis/relapse 
samples have now shown that, in many cases, the 
relapsed clone existed at diagnosis, albeit making up  
a minor subset of the bulk leukemia population 
(Guggemos et al. 2003). These resistant cells showed a 
much lower rate of regression after application of ini-
tial chemotherapy and the greater their numerical con-
tribution to the bulk leukemia at diagnosis, the shorter 
the duration of first remission (Choi et al. 2007). 
However, while the relapse clone could be detected at 
diagnosis in many cases, this was not a uniform find-
ing, still suggesting that some relapses may be due to 
the genesis of additional mutations during therapy 
(Henderson et al. 2008). Finally, in a select number of 
relapse cases defined by the presence of the t(12;21) 
ETV6/RUNX1 (TEL-AML1) fusion, there is evidence of 
a fetal preleukemic stem cell that acts as a reservoir for 
the re-emergence of a clonally related second leukemia 
(Seeger et al. 2001; Pine et al. 2003; Zuna et al. 2004).
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The development of chemoresistance is another key 
issue in relapsed ALL, as evidenced by the lower 
remission re-Induction rate and event-free survival. Ex 
vivo analysis of chemosensitivity to individual agents 
demonstrates that relapsed samples are significantly 
more resistant to 6-thiogaunine, vincristine, predni-
sone, dexamethasone, cytarabine, doxorubicin, idaru-
bicin, and steroids (Hongo and Fujii 1991; Klumper 
et al. 1995). Resistance to steroids is the most dramatic 
difference noted in relapsed blasts.

Global gene expression analysis correlating gene 
expression signatures with drug resistance provides 
for a nonbiased approach to identifying biological 
pathways responsible for drug resistance and relapse 
of the disease. Recent analysis of in vitro resistant vs. 
sensitive samples led to the definition of genes whose 
protein products play a role in drug resistance 
(Holleman et al. 2004). Differentially expressed genes 
were noted for cells resistant to four drugs commonly 
used in therapy. Notably, 121 of these 124 genes had 
previously never been implicated in resistance to the 
four agents studied. Furthermore, resistance genes 
were unique to each agent and no single cross-resis-
tance gene was identified. In a follow-up study, 45 
genes were identified for which expression correlated 
with cross-resistance to all four agents, as well as an 
unanticipated signature that was associated with sensi-
tivity to asparaginase and  re sistance to vincristine 
(Lugthart et al. 2005).

Gene expression profiles of 35 matched diagnosis/
relapse pairs (32 B-precursor cases) revealed 126 
probe sets (48 high at diagnosis, 78 high at relapse) 
that were significantly different at relapse compared to 
diagnosis in B-precursor ALL (pair wise analysis: 
false discovery rate <10%). The most striking differ-
ence was the much greater representation of genes 
involved in proliferation, cell cycle control, and cellu-
lar metabolism in samples at early relapse (Bhojwani 
et al. 2006). Previous studies have also noted that 
relapsed blasts are in a higher proliferative state (Staber 
et al. 2004; Beesley et al. 2005). Genes that were iden-
tified, including those involved in DNA repair (e.g., 
PTTG1, RAD51, POLE2) and those that play a role in 
inhibiting apoptosis (e.g., survivin (BIRC5), AATF, 
API5, AVEN), may aid the cells in overcoming the 
toxic effects of DNA damaging chemotherapeutic 
agents. Importantly, many of these genes such as sur-
vivin (BIRC5) are attractive targets for therapeutic 
intervention.

While gene expression studies are informative, 
they are incapable of distinguishing “driver” vs. 
“passenger” pathways. To discover genes and path-
ways fundamentally involved in drug resistance, 
many investigators have performed copy number 
analysis, reasoning that the identification of unique 
copy number abnormalities (CNAs) at relapse could 
be associated with outgrowth of a clone that escaped 
chemotherapy. In a pilot cohort of 20 diagnosis/
relapse leukemia pairs from B-precursor ALL 
patients, genome-wide copy number profiles were 
surveyed using Affymetrix 500K SNP arrays. (Yang 
et al. 2008) This analysis revealed a total of 758 
somatic genetic lesions. The number of genetic 
lesions varied significantly among patients, ranging 
from 3 to 84 per sample. These CNAs included gross 
copy number changes indicated by conventional 
cytogenetic analysis, but were mostly cryptic. Thus, 
the median size of CNAs identified in this study was 
353 Kb, with 22.7% < 100 Kb, and 66.4% < 1 Mb. 
The median copy number loss per sample was 9 at 
diagnosis and 9.5 at relapse. Copy number gains 
were less common (p < 0.001), with a median of only 
3.5 amplification events per sample at diagnosis and 
4 at relapse. Across patients, there was a modest 
increase of CNAs at relapse (p = 0.035). Systematic 
enumeration of CNA events in the matched diagnosis 
and relapse samples revealed features that are com-
mon and those that differ at these two time points. Of 
the 74 copy number gains observed at diagnosis, 71 
(94.7%) persisted in the relapse sample from the 
same individual. Likewise, 256 of 288 (88.9%) copy 
number loss events at diagnosis remained at relapse. 
Conversely, 24 novel amplifications and 45 novel 
deletions arose at relapse, accounting for 25.0% and 
14.9% of total copy number gains and losses at 
relapse, respectively. It should also be noted that the 
majority of the diagnosis or relapse-specific CNAs 
were focal, with a median size of 537 Kb. There was 
a significant correlation between the change in DNA 
copy number and change in gene expression from 
diagnosis to relapse (p = 2.2 × 10−16).

Although all 44 autosome arms showed one or more 
CNAs, a number of regions appeared to be affected 
more frequently. The most common CNA events were 
deletions at 9p21.3, occurring in 12 of 20 (60.0%) 
cases and persisting from diagnosis to relapse. Of these 
12 cases, 11 exhibited deletion of both CDKN2A and 
CDKN2B, consistent with prior reports (Maloney et al. 
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1999; Graf Einsiedel et al. 2002). CNAs involving sev-
eral transcription regulators essential in early lymphoid 
specification and B-lineage commitment (Nutt and 
Kee 2007) (PAX5, EBF1, and IKZF1) were also com-
mon in this relapsed ALL cohort. Somatically acquired 
deletions at these four loci (CDKN2A/B, PAX5, EBF1, 
and IKZF1) have been previously reported in child-
hood ALL. (Maloney et al. 1999; Graf Einsiedel et al. 
2002; Mullighan et al. 2007; French et al. 2009) 
However, the frequencies of these lesions (except 
PAX5) appeared to be higher in the relapsed cases ana-
lyzed here relative to newly diagnosed B-precursor 
ALL (Mullighan et al. 2007) CDKN2A, 60.0% vs. 
33.9% (p = 0.038); EBF1, 25.0% vs. 4.2% (p = 0.0013); 
and IKZF1: 35.0% vs. 8.9% (p = 0.0016). Over-
representation of these genetic aberrations, especially 
IKZF1 and EBF1 in relapsed ALL cases indicate their 
potential prognostic value at diagnosis. The fact that 
numerous examples were identified in which IKZF1 
and EBF1 deletions were seen only in the relapse clone 
indicates that such deletions may not be required for 
full transformation, but that they endow a subclone 
with drug resistance properties. Other investigators 
have published similar findings in 47 matched pairs of 

B-precursor ALL (Mullighan et al. 2008b). While 
many regions of interest were identical in the two stud-
ies, there were clear differences. Whether these differ-
ences are due to variations in therapeutic regimens can 
be answered only with a larger data set.

These results show clear differences in the genetic 
profile of blasts from patients who relapse early vs. late, 
consistent with the better (but still suboptimal) salvage 
rates for those patients who relapse off therapy. 
(Fig. 2.8) shows a model that incorporates findings 
from many laboratories. In this model, most cases of 
early relapse occur because an intrinsically drug- 
resistant (IDR) clone exists at diagnosis before therapy 
is initiated. Under the selective pressure of chemother-
apy the clone emerges relatively soon in treatment. In 
another scenario, a subclone that may or may not repre-
sent a leukemic stem cell (LSC) and is relatively resis-
tant to standard therapy undergoes additional genetic 
events that lead to drug resistance (acquired drug resis-
tance, ADR). A version of this second model is repre-
sented by late relapsing ETV6/RunX1 cases described to 
date, which represent a “new” but clonally related clone 
that is sensitive to retreatment since it emanates from a 
LSC. However, more commonly, the low salvage rates 

Fig. 2.8 Hypothetical Model of Relapsed ALL. A pre-leukemic 
stem cell (LSC, blue) gives rise to frank ALL (light blue cells). 
Intrinsically drug resistant (IDR) clones (dark blue) may be 
present at diagnosis. LSCs and other subclones may survive ini-

tial treatment and acquire additional lesions that result in 
acquired drug resistance (ADR). IDR clones are more likely to 
account for early relapse whereas more cases of late relapse are 
associated with ADR clones
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seen in most cases of late relapse indicate that acquired 
drug resistance is operative (for example, not a “new 
leukemia”). In both models (IDR and ADR clones), 
residual blasts at end-Induction signify a greater likeli-
hood of relapse. However, the remaining clones in these 
two cases are qualitatively different insofar as in the 
second scenario, additional mutations and or epigenetic 
lesions are needed to result in the drug-resistant pheno-
type. Early Intensification is capable of eradicating such 
clones, but failure to apply augmented therapy early 
allows a window for such changes to occur. Finally, in a 
small number of cases, relapse represents a true non-
clonally related second malignancy.

2.7  Summary

ALL is a biologically heterogeneous disease repre-
sented by distinct clinical and biological subtypes. 
Recent data using genome-wide approaches indicates 
that certain individuals may be predisposed to the 
development of ALL and host differences are likely to 
account for some differences in response to therapy 
also. ALL is a multistep process requiring the acquisi-
tion of multiple somatic lesions, and the definition of 
such pathways are being elucidated, including those 
lesions directly associated with drug resistance. These 
pathways are now being used for treatment assignment 
and serve as targets for novel therapy.
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3.1  Introduction

AML is a heterogeneous and complex disease that is 
the culmination of the interaction between genetic and 
 epigenetic alterations in the hematopoietic progenitors, 
leading to dysregulation of multiple critical signal 
transduction pathways, resulting in hematopoietic 
insufficiency due to the accumulation of immature 
myeloid progenitors. Despite identification of numer-
ous cytogenetic, molecular and epigenetic alterations in 
AML, attempts at defining a unifying disease causing 
event in AML have failed. In contrast to chronic myel-
oid leukemia (CML), in which evolution of a single 
event (BCR-ABL translocation) is causally associated 
with disease pathogenesis, such a single step process 
does not appear to be responsible in AML pathogene-
sis. In vivo studies have demonstrated that common 
cytogenetic alterations such as t(8;21) or inv(16) that 
are highly associated with AML are not sufficient for 
the disease pathogenesis. These findings led to the 
hypothesis that evolution of AML may require multiple 
genetic changes and that the disease may require coop-
eration between two or more alterations.

One such model suggests that AML is the result of 
cooperation between two classes of genetic alterations,  
in which the initial event leads to maturation arrest  
(Dash and Gilliland 2001). The initial transforming events 
are genomic alterations such as core binding factor (CBF) 
translocations and mixed lineage leukemia (MLL) 
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translocations that are referred to as type II mutations and 
are thought to arise in the hematopoietic stem/progenitor 
cells (Fig. 3.1a). Cells which are transformed by such a 
mechanism would have self renewal properties, but lack 
proliferative potential and represent a minor clone in the 
hematopoietic progenitor population, and may potentially 
persist as a minor clone for extended periods of time.

Multiple studies have demonstrated that in teenage 
patients with t(8;21) AML, the fusion transcript was 
able to be detected in the patients’ neonatal Guthrie card 
blood spots, demonstrating intrauterine origin of the 
transforming event and long latency of evolution of 
AML (Greaves 1993; Mahmoud et al. 1995; Wiemels 
et al. 2002). The arrested clone would persist as a sub-
clinical population until a time when an additional 
genetic event occurs, providing a proliferative advan-
tage to the arrested clone. The proliferative change 
referred to as type I mutation includes activating muta-
tions such FLT3/ITD and c-KIT mutations (Fig. 3.1b). 
Hematopoietic cells with concomitant type I and type II 
mutations would have both self-renewal capacity and a 
significant proliferative advantage (Fig. 3.1c), thus 

outcompeting other hematopoietic cells, resulting in 
AML phenotype and the resultant hematopoietic insuf-
ficiency. In vivo studies have provided support for this 
cooperativity model, in which transduction of individual 
mutations did not result in AML phenotype; however, 
simultaneous introduction of the two mutations led to 
rapid evolution of leukemia (Schessl et al. 2005). Recent 
technologic advances have allowed more complete 
interrogation of the AML transcriptome, genome and 
epigenome, leading to the identification of an increasing 
number of alterations associated with AML and sug-
gesting that the process that leads to AML pathogenesis 
may prove to be even more complex. Data suggest that 
additional genomic and epigenomic events in leukemic 
cells may lead to further alteration of the leukemic clone 
and introduce genomic heterogeneity and clonal evolu-
tion within the leukemic cell population (Fig. 3.1d).

Disease associated alterations in AML can be 
grouped into several broad categories as outlined below. 
Large structural alterations of the chromosomes identi-
fied in leukemic cells, including duplications, deletions 
and translocations, are identified by standard karyotype 

Fig. 3.1 Acquisition of type II mutations such as core binding 
factor (CBF) translocations in the hematopoietic stem/progeni-
tor population (a) leads to the transformation of the progenitor 
cell by causing impaired differentiation (b). This transformed 
clone with impaired differentiation capacity may persist as a 
minor population for years or decades until such time as it 

acquires a second “hit” that imparts proliferative advantage to 
the arrested clone, leading to explosive expansion of the clone, 
and the leukemic phenotype (c). Acquisition of additional geno-
mic or epigenomic events in the leukemic cells may lead to 
clonal evolution within the leukemic population (d)
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analysis in the majority of children with AML. Specific 
karyotypic abnormalities remain the most significant 
tools for diagnosis as well as for defining prognosis in 
AML. More recently, disease associated mutations of 
specific genes that mediate hematopoietic development 
have been identified that alter multiple signal transduc-
tion pathways and contribute to AML pathogenesis. 
Such mutations have come to define AML biology as 
they are prevalent, provide prognostic information and 
act as potential targets for directed therapy. Additional 
areas are emerging as major contributors to the patho-
genesis of AML, including regulation of translation by 
non-coding RNA (miRNA) as well as epigenetic alte-
rations due to aberrant DNA methylation and altered 
 histone modifications.

3.2  Cytogenetic Alterations

Nonrandom numerical and structural chromosome 
aberrations have been identified in approximately 80% 
of children with AML and are considered to be major 
contributors in an early stage of disease development. 
Karyotypic alterations of the leukemic blast are regarded 
as one of the most significant biological markers that 
define AML biology, and the presence of specific chro-
mosomal abnormalities have significant prognostic 
implications. New WHO classification of AML has rec-
ognized this intimate association of cytogenetic altera-
tions with diagnosis and prognosis in AML, by including 
the cytogenetic alterations as part of the classification 

schema of AML (Chap. 5). Informative cytogenetics 
are generally available in >80% of children with AML 
and clonal abnormalities are demonstrated in 80% of 
those with informative cytogenetics (Kalwinsky et al. 
1990; Raimondi et al. 1999).

The number of chromosomal alterations identified in 
AML is in excess of 300, although >70% of pediatric 
AML cases fall into six specific cytogenetic categories, in 
which about 20% lack cytogenetic abnormalities, nearly 
20% have CBF AML, 12% have t(15;17) and nearly 20% 
have rearrangements involving the MLL gene (Fig. 3.2) 
In addition to karyotypic alterations, disease associated 
mutations are identified in AML, with the highest preva-
lence in those with normal karyotype; >90% pediatric 
AML cases have at least one genomic alteration.

3.2.1  t(15;17) Translocation

Acute promyelocytic leukemia (APL), which is due to 
the abnormal accumulation of immature granulocytes 
(promyelocytes), is defined by a chromosomal translo-
cation involving the retinoic acid receptor alpha (RARa 
or RARA) gene and is unique from other forms of AML in 
its biology as well as responsiveness to targeted  therapy 
with retinoids. Retinoids are derivatives of Vitamin A, 
which upon binding and stimulation of their receptors 
(RAR and RXR receptors), regulate embryogenesis, cell 
differentiation and apoptosis. In the absence of ligand, 
RAR-RXR dimers create a complex with transcriptional 
repressors that cause transcriptional repression through 
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Fig. 3.2 Cytogenetic abnormalities identified in childhood AML. 
Panel to the left demonstrates the most common karyotypic alter-
ations identified in childhood AML; 80% of all children have dis-
ease associated genomic structural alterations. Mutation profile in 

those without cytogenetic abnormalities (normal karyotype) is 
shown in the right panel, where 76% of those in the normal karyo-
type population have one of the known mutations; thus >95% of 
all children with AML have at least one genomic alteration
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histone deacetylation (HDAC). Stimulation with retinoic 
acid (RA) causes conformational change of the complex, 
leading to the release of co-repressors and recruitment of 
co-activators, acetylation of histones associated with 
activation of transcription of target genes resulting in 
cellular differentiation. Translocations of chromosome 
17 involving the RARA gene also usually involve the 
reciprocal translocation of PML zinc finger gene on 
chromosome 15. The t(15;17) translocation juxtaposes 
the PML and RARA gene and leads to the expression of 
a novel fusion product, which is a potent recruiter of 
transcriptional repressors that are resistant to de-repres-
sion by physiologic concentrations of RA. Leukemic 
cells with t(15;17) are arrested in the immature, promy-
elocyte stage. Identification of the underlying molecular 
biology of APL allowed for the utility of pharmacologic 
doses of RA to overcome the transcription repression 
induced by the PML/RARA fusion product, allowing for 
continued differentiation of the leukemic cells down 
granulocytic pathway; such findings led to APL being 
the first disease to be treated by a molecularly targeted 
therapy. With the incorporation of all trans retinoic acid 
(ATRA) into the therapeutic regimen, patients with APL 
have an excellent outcome with an overall survival of 
approximately 75–85% at 3 years; thus patients with 
APL are currently treated differently from those having 
other types of AML. Understanding the biologic basis of 
APL allowed for the development of a rational, targeted 
therapy for this subtype of AML. The resultant fusion 
transcript is also used for monitoring response to therapy 
and predicting relapse, as emergence of the fusion tran-
script can be detected in advance of morphologic relapse, 
allowing for initiation of treatment at the time of mini-
mal disease, thus improving the survival for those with 
impending relapse.

3.2.2  CBF AML

Recurrent chromosome translocations, inversions, and 
deletions result in structural genomic rearrangements 
often involving genes that encode transcription factors 
(Caligiuri et al. 1997; Look 1997). CBF is an alpha/
beta heterodimeric transcription factor involved in the 
transcriptional regulation of several genes important 
in hematopoiesis. They are characterized by a DNA 
binding subunit (CBF-alpha; encoded by AML1  
or RUNX-1 gene) and a non-DNA binding subunit 

 (CBF-beta; encoded by CBFB). Disruption of the CBF 
subunit alpha and beta genes is involved in t(8;21)
(q22;q22) and inv(16)(p13q22), respectively (Ito 
1996; Mrozek et al. 1997). The RUNX1/AML1 gene, 
which is located on chromosome band 21q22, is dis-
rupted in t(8;21) (q22;q22) translocation, which is 
present in nearly 12% of children with de novo AML. 
The CBF-beta subunit is encoded by CBF-beta on 
chromosome 16q22 and is disrupted by inv(16)
(p13q22) and t(16;16)(p13;q22) rearrangements. The 
CBF-alpha subunit binds directly to the enhancer core 
DNA sequence of target genes, whereas the beta 
 subunit, which lacks DNA binding capacity, increases 
the affinity and stabilizes the binding of the alpha sub-
unit to the DNA. The precise mechanism through 
which the disruption of AML1 and CBF beta in the 
t(8;21)(q22;q22) and inv(16)(p13q22), respectively, 
contribute to leukemogenesis is unclear. Data from 
in vitro studies and transgenic animal models suggest 
a dominant negative role for the fusion genes created 
by these rearrangements that lead to the expression of 
a leukemic phenotype through a possible common 
pathway.

3.2.3  t(8;21); AML1/ETO

This balanced translocation between chromosomes 
8 and 21 results in the creation of a novel fusion tran-
script that juxtaposes the AML1 gene on chromosome 
21 to the ETO gene on chromosome 8. The AML1 
N-terminus contains the DNA binding motif, whereas 
the C-terminus contains a transcriptional activation 
domain (Ito 1996). The ETO gene on chromosome 8 
encodes a protein that functions as a transcription fac-
tor. The functional domains of the protein include two 
zinc finger domains as well as a proline rich region 
(Miyoshi et al. 1993). The chimeric AML1/ETO fusion 
gene that is created as a result of t(8;21) translocation 
contains virtually the entire ETO coding region that is 
fused to the DNA binding domain of the AML1 gene 
minus the activation domain. Over-expression of this 
AML1/ETO chimeric protein, which retains the 
DNA binding function of the AML1 gene but without 
its activation function, acts as a dominant negative 
regulator of AML1 function, thus preventing trans-
activation of CBF targets and contributing to leukemic 
transformation.
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3.2.4  Inv(16)

Two distinct translocations, inv(16)(p13q22) and 
t(16;16)(p13;q22), collectively referred to as inv(16), 
result in the fusion of the CBF-beta gene from chromo-
some 16q22 with the MYH11 gene from chromosome 
16p13. The MYH11 gene encodes a myosin heavy chain 
(van der Reijden et al. 1993). A number of variants of 
the CBFbeta/MYH11 fusion transcripts have been iden-
tified in those with inv(16) AML, with the most com-
mon variant detected in approximately 85% of patients 
with inv(16). It is not known whether the different fusion 
transcripts have any clinical or biological significance.

The exact mechanism whereby the CBFbeta/
MYH11 fusion gene contributes to malignant transfor-
mation is unclear; however, data from murine models 
suggest that CBFbeta/MYH11 interferes with normal 
hematopoiesis in a dominant-negative manner, result-
ing from the N-terminal portion of the CBF-beta fus-
ing to the C-terminal domain of the MYH11. Such an 
interaction directly represses the AML1-mediated 
transcriptional activation by sequestering AML1 into a 
functionally inactive complex, resulting in a similar 
leukemogenic paradigm as in t(8;21).

Cumulatively, CBF AML (inv(16) and t(8;21)) 
account for nearly a quarter of all childhood AML 
cases, and the prevalence of these translocations declines 
with age; in contrast, the prevalence is 10–15% in adults 
and <5% in AML patients older than 60 years. The 
presence of t(8;21) or inv(16) is associated with clinical 
outcome. Patients with either of these mutations appear 

to have a more rapid response to chemotherapy, a lower 
rate of relapse and improved survival compared to  
those without these translocations (Lange et al. 2008). 
Although the exact mechanism of responsiveness in this 
subtype is not clear, there are data that support the con-
clusion that patients with CBF AML benefit from inten-
sification of cytarabine arabinoside as part of their 
Consolidation therapy.

3.2.5  AML with MLL Rearrangement

MLL is a large protein with multiple functional domains 
that is ubiquitously expressed in hematopoietic cells 
and is involved in the regulation of hematopoietic dif-
ferentiation and proliferation. The MLL gene is located 
on chromosome 11, band 23; it is a methyltransferase 
that is involved in the regulation of Hox gene expres-
sion and methylation of histone residue H3K4. In vitro 
data have demonstrated that MLL fusion proteins can 
transform hematopoietic precursors to leukemia init-
iating cells, implicating this gene in stem cell mainte-
nance and hematopoietic regulation. (Krivtsov et al. 
2006; Krivtsov et al. 2009). Structural alterations 
involving the MLL gene are common in AML and 
appear to have an age dependent prevalence. There is a 
high prevalence of MLL rearrangements in AML 
patients less than 2 years of age (Chessells et al. 1995), 
and this prevalence decreases with increasing age 
(Balgobind et al. 2009); the prevalence of MLL rear-
rangements in adults with AML is <5% (Fig. 3.3a) 
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Fig. 3.3 (a) Prevalence of mixed lineage leukemia (MLL) trans-
locations in different age groups. MLL is highly prevalent (27%) 
in children < 2 years of age. The prevalence decreases to 13% 

and 8% in those 2–10 and >10, respectively. Prevalence of MLL 
in adults is 3%. (b) Prevalence of most common MLL transloca-
tion partners
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(Grimwade et al. 1998; Balgobind et al. 2009). In MLL 
rearrangements, the N terminus of MLL can be juxta-
posed to the C terminus of over 50 different partners 
(Fig. 3.3b), resulting in the loss of the methyltrans-
ferase domain. A major group of MLL fusion partners 
appears to interact with the methyltransferase that posi-
tively regulates transcription by methylation of specific 
histone lysine residues. Studies using gene expression 
profiling in MLL patients with AML, ALL or bipheno-
typic leukemia have demonstrated that those with MLL 
translocations have a unique gene expression profile 
regardless of the morphologic diagnosis of their dis-
ease, suggesting a common set of regulated pathways 
that could be therapeutically exploited.

In addition to the above mentioned alterations that 
are present in nearly 70% of all childhood AML, less 
common structural alterations are described with vari-
able biology and prognostic significance. Notable 
examples are monosomy 7 (−7), monosomy 5 and 
deletion 5q. These alterations cumulatively account for 
2–4% of cases of childhood AML, and >10% of adult 
AML. Although specific genes in these chromosomal 
regions that contribute to disease pathogenesis have 
not been identified, the presence of these alterations  
is associated with resistance to chemotherapy and 
extremely poor survival (Hasle et al. 2007).

3.2.6  Sub-karyotypic (Cryptic) 
Chromosomal Abnormalities

Gross cytogenetic abnormalities involving large chro-
mosomal regions can be detected by conventional cyto-
genetics, and the frequency and implication of these 
changes have been described above. Karyotypic analy-
sis in AML is limited by the ability to grow leukemic 
cells in vitro prior to analysis as well as the size of the 
region involved. Small structural alterations, including 
deletions or duplications, can escape detection by con-
ventional cytogenetics and may require more special-
ized techniques such as fluorescence in situ hybridization 
(FISH). Loss of heterozygosity (LOH) that is generally 
associated with deletions leads to haplo-insufficiency 
that may contribute to malignant transformation. New 
technology using single nucleotide polymorphism 
(SNP) genotyping and copy number evaluation of the 
leukemic DNA can identify genomic alterations not 
amenable to detection by conventional means. The new 

techniques have identified regions of copy-neutral LOH 
(CN-LOH), also referred to as acquired uniparental dis-
omy (aUPD) (Raghavan et al. 2005, 2008; Gupta et al. 
2008). aUPD is a homologous recombination mediated 
process by which a homozygous state is achieved after 
an initial acquisition of a heterozygous mutation. In this 
DNA repair process, a mutant allele is used as a tem-
plate, and the wild-type allele is converted to that of the 
mutant one, resulting in a homozygous state. Such an 
event leading to acquisition of LOH can alter the gene 
dosage of a particular mutation and may have signifi-
cant clinical implications. aUPD has been described in 
specific populations of AML including FLT3/ITD and 
CEBPA mutations with varying prevalence in different 
studies (Radtke et al. 2009; Walter et al. 2009).

3.3  Disease Associated Mutations  
in Signal Transduction Pathways

Chromosomal translocations described above are con-
sidered to cause differentiation arrest. A broad body of 
data has demonstrated that such alterations are not suf-
ficient for frank leukemic transformation, and addi-
tional events are required for the evolution of leukemic 
phenotype. Activating mutations of the kinase-medi-
ated RAS/MAP signal transduction pathways have 
been demonstrated to provide the proliferative signal 
for the arrested clone and lead to leukemic progression. 
Regulation of cellular processes is initiated by extracel-
lular signals (cytokines) whose actions are mediated 
through various signal transduction pathways, resulting 
in cellular differentiation, proliferation and survival. 
Stimulation of specific membrane bound receptors by 
their native ligand leads to the activation of their intrac-
ellular kinase moieties. The activated receptor recruits a 
number of proteins in the cytoplasm to form a com - 
plex of protein–protein interactions in the intracellular 
domain. SHC proteins, GRB2, GRB2-associated binder 
2 (GAB2), SHIP, CBL, and CBLB (CBLB-related pro-
tein) are a few of the many adaptor proteins that interact 
with the activated receptor (Dosil et al. 1993; Zhang 
et al. 2000; Lavagna-Sevenier et al. 1998a, b). As each 
protein binds to the complex, it becomes activated in 
turn, resulting in a cascade of phosphorylation reac-
tions that culminates in activation of a number of sec-
ondary mediators, including MAP kinase, STAT, and 
AKT/PI3 kinase signal transduction pathways. 
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These activated mediators are chaperoned to the nuclear 
interphase by heat shock protein 90 (HSP90), in which 
the message is translocated to the nucleus. In the 
nucleus, these transcriptional mediators trigger a series 
of events culminating in regulation of cell differentia-
tion, proliferation, apoptosis, and cell survival. As 
integrity of cellular processes are highly dependent on 
regulation of signal transduction pathways, alterations 
of pathway stimulation, either upstream (by receptor 
mutations) or downstream (by signal transducers), can 
alter the balance of proliferation, differentiation and 
apoptosis. Mutations in the above mentioned signaling 
cascades are common in AML and their prevalence and 
biologic significance is described below.

3.3.1  FLT3 Mutations

FMS-like tyrosine kinase 3 (FLT3), a receptor tyrosine 
kinase (RTK), is a membrane-bound receptor with an 
intrinsic tyrosine kinase activity that is highly expressed 
in hematopoietic stem/progenitor cells and regulates 
hematopoietic differentiation and proliferation. FLT3 
is expressed at variable levels in all myeloid malignan-
cies. Mutations in the FLT3 gene have been identified 
in AML that lead to constitutive activation of the recep-
tor kinase activity. Internal tandem duplication of the 
juxtamembrane domain coding sequence in FLT3 
(FLT3/ITD) was initially identified in a high propor-
tion of patients with AML (Nakao et al. 1996). 
Additional studies identified missense mutations in the 
activation loop domain of the tyrosine kinase moiety 
of the FLT3 receptor (FLT3 Activation loop mutation, 
FLT3/ALM) (Yamamoto et al. 2001).

3.3.2  FLT3 Internal Tandem  
Duplications (FLT3/ITD)

These mutations are the result of a segmental duplica-
tion of a fragment of the juxtamembrane domain cod-
ing region (encoded by exons 14 and 15) of FLT3 and 
are highly prevalent in hematologic malignancies, 
occurring in CML (5–10%), MDS (5–10%), and AML 
(15–35%) patients (Nakao et al. 1996; Stirewalt et al. 
2001; Meshinchi et al. 2006; Kottaridis et al. 2001; 
Gale et al. 2007). Prevalence of FLT3/ITD is highly 

age dependent; it is rare in infant AML and the preva-
lence increases in a step-wise manner to 5–10% in age 
5–10, 20% in young adults and >35% in AML patients 
older than 55 years (Meshinchi et al. 2006). There is 
also considerable variability in the size of the dupli-
cated segment (ranging from 3 to >400 base pairs) and 
this variability may have biologic and clinical signifi-
cance (Nakao et al. 1996; Stirewalt et al. 2001; 
Meshinchi et al. 2006). FLT3/ITDs lead to constitutive 
activation of the FLT3 receptor and promote cellular 
proliferation via the activation of multiple signaling 
pathways including RAS/MAPK, STAT and the AKT/
PI3 kinase pathways. Studies have demonstrated that 
cytokine independent cellular proliferation of FLT3/
ITD-transduced cells was mediated by RAS and 
STAT5 pathways (Mizuki et al. 2000). Demonstration 
of STAT5 activation in FLT3/ITD highlighted that 
some of the effects of FLT3/ITDs are unique to the 
mutated receptor, where in contrast to FLT3/ITD, 
ligand-induced FLT3-WT activation does not lead to 
STAT5 activation and no STAT5 DNA binding (Mizuki 
et al. 2000). Other studies have demonstrated that in 
addition to RAS and STAT pathways, FLT3/ITDs con-
stitutively phosphorylate and activate AKT, and that 
ligand independent growth requires this aberrant AKT 
activation by FLT3/ITDs, such that the ligand inde-
pendent growth is reversed if AKT activation is 
blocked. Presence of FLT3/ITD is associated with 
laboratory and clinical characteristics and outcome. 
Patients with FLT3/ITD have higher diagnostic white 
blood count, higher marrow blast percentage and more 
likely to have normal karyotypes. Furthermore, pres-
ence of FLT3/ITD is highly associated with clinical 
outcome, where those with FLT3/ITD have a higher 
relapse rate and poor outcome. Large studies have 
demonstrated the prognostic significance of FLT3/ITD 
in adult and pediatric AML trials (Thiede et al. 2002; 
Meshinchi et al. 2006). In these studies, survival of 
patients with FLT3/ITD was 20–30% compared to 
50% for those without FLT3/ITD. In addition, it was 
demonstrated that the mutant to wild type allelic ratio 
observed in patients with FLT3/ITD appeared to influ-
ence outcome (Meshinchi et al. 2006; Thiede et al. 
2002) Evaluation of various thresholds of FLT3/ITD 
allelic ratio (ITD-AR) established an allelic ratio 
threshold that demarcates patients with FLT3/ITD at 
high risk of relapse from those expected to have a 
more favorable outcome, demonstrating that it is not 
merely the presence of FLT3/ITD, but the level of 
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mutant allele that determines clinical outcome 
(Meshinchi et al. 2006). Additional reports have dem-
onstrated similar difference in clinical outcome for 
patients with AML having different mutant to wild 
type allelic ratios (Thiede et al. 2007). Currently, AML 
trials conducted by the Children’s Oncology Group 
(COG) utilize a FLT3/ITD allelic ratio of ³0.4 to iden-
tify FLT3/ITD positive patients who are at high risk of 
relapse; these patients are referred for stem cell trans-
plantation using the most suitable available donor.

3.3.3  FLT3 Activation Loop  
Mutation (FLT3/ALM)

FLT3/ALM are missense point mutations within the 
activation loop of the FLT3 kinase domain that promote 
autonomous and constitutive activation of the receptor 
kinase, similar to that of FLT3/ITD (Yamamoto et al. 
2001; Thiede et al. 2002). However, there are signifi-
cant biological differences between the two types of 
FLT3 mutations (Choudhary et al. 2005; Grundler et al. 
2005; Rocnik et al. 2006; Vempati et al. 2007), as FLT3/
ITDs and FLT3/ALMs appear to promote activation of 
different downstream effectors (Choudhary et al. 2005) 
and different biological responses. Animal studies have 
demonstrated that mice harboring FLT3/ITDs primarily 
develop an oligoclonal myeloproliferative disorder, 
while mice harboring FLT3/ALM are more likely to 
develop oligoclonal lymphoid disorders (Grundler et al. 
2005). In addition, despite their biologic similarity, 
patients who harbor the two different mutations appear 
to have drastically different clinical outcome; those 
with FLT3/ALM differ from those with FLT3/ITD as 
their outcome is not different from those without FLT3 
mutations. Prevalence of FLT3/ALM is 6–8%, regard-
less of age, and the presence of FLT3/ALM and FLT3/
ITD appears to be mutually exclusive (Meshinchi et al. 
2006). These studies further demonstrated that the pres-
ence of FLT3/ALM is not associated with leukocytosis, 
and in contrast to FLT3/ITD, patients with FLT3/ALM 
AML do not have adverse outcomes.

3.3.4  c-KIT Mutations

c-KIT is a proto-oncogene located on chromosome band 
4q11–12 which, similar to FLT3, encodes a transmem-
brane protein that is a member of the type III receptor 

tyrosine kinase family (Paschka et al. 2006; Renneville 
et al. 2008). Ligand induced activation leads to c-KIT 
dimerization and transphosphorylation, thereby activat-
ing downstream signaling pathways (Renneville et al. 
2008). Preferential activation of alternative pathways 
leading to cytokine independent growth and increased 
drug resistance have been reported to be linked to spe-
cific c-KIT mutations (Ning et al. 2001a, b, c). Mutations 
of c-KIT are infrequent in adult AML (2–8%) and tend 
to cluster within the activation loop (exon 17) and a 
region of the extracellular domain integral to receptor 
dimerization (exon 8) (Renneville et al. 2008). Their 
prevalence is higher, however, in CBF AML patients 
(6–48%) and may be associated with worse clinical out-
come in adults (Care et al. 2003; Cairoli et al. 2005; 
Nanri et al. 2005; Schnittger et al. 2005; Paschka et al. 
2006). Although adult data suggested that the presence 
of KIT mutations are associated with worse clinical out-
come, a study conducted in pediatric cooperative trials 
demonstrated a prevalence of c-KIT mutations of nearly 
20% but lack of clinical significance in pediatric CBF 
AML (Pollard et al. 2010).

3.3.5  Other Receptor Tyrosine  
Kinase Mutations

FMS and PDGFR are other members of class III RTK 
receptors that function in hematopoietic development. 
Activating point mutations in the kinase domains of 
FMS have been described in 5–10% of selected AML 
cases in adults (Ridge et al. 1990; Padua et al. 1998), 
although mutations in FMS were not identified in pedi-
atric patients with AML (Meshinchi et al. 2003). 
Although expression and translocations involving 
PDGFR have been demonstrated in hematopoietic dis-
orders, mutations in this gene have not been reported 
in AML (Yamada et al. 2006).

3.4  Other Frequent Mutations in AML

3.4.1  RAS Mutations

Mutations in N-RAS gene occur in approximately 
10–30% of adult AML cases (Radich et al. 1990; 
Stirewalt et al. 2001) and 10% of pediatric AML 
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(Berman et al. 2009). Point mutations frequently occur 
in codons 12, 13, and 61 (Byrne and Marshall 1998), 
and prevent the hydrolysis of RAS-GTP, keeping RAS 
in the “on” or activated state. The coincident occur-
rence of both a FLT3 and RAS mutation in the same 
case is very rare, as might be expected, since there 
may be no a priori selective advantage to two muta-
tions affecting the same pathway. However unlike 
FLT3-ITD mutations, RAS mutations are not prognos-
tically important (Berman et al. 2009). With both FLT3 
and RAS mutations, there may be discordance between 
diagnostic and relapse specimens. Thus, a patient with 
either a RAS or FLT3 mutation at diagnosis may 
relapse without the mutation (or vice versa). This sug-
gests that these mutations are not the primary onco-
genic events.

3.4.2  Nucleophosmin (NPM1) Mutations

NPM1 encodes a ubiquitously expressed and highly 
conserved phosphoprotein that is primarily localized 
to the nucleolus, but shuttles rapidly between the 
nucleus and cytoplasm in its role as a molecular chap-
erone. The NPM1 protein has been shown to contrib-
ute to many basic cellular processes, including 
biosynthesis of ribosomes, prevention of protein aggre-
gation in the nucleolus, and regulation of centrosome 
duplication through cyclin E/cyclin-dependent kinase 
2 phosphorylation. Abnormalities in NPM1 have been 
implicated in the pathogenesis of various hematopoi-
etic malignancies, including anaplastic large cell lym-
phoma with t(2;5) translocation, resulting in expression 
of the NPM1-ALK fusion protein. Mutations in NPM1 
are common in AML, with a prevalence of 30% in 
adult and 8–10% in pediatric AML (Dohner et al. 
2005; Brown et al. 2007; Gale et al. 2007; Hollink 
et al. 2007). NPM1 mutations appear to be more preva-
lent in AML with normal karyotype, with a prevalence 
of nearly 40–50% in adults and 20% in pediatric AML. 
Disease associated mutations, characterized by four 
base insertions in exon 12 of the NPM gene, lead to 
impaired nuclear localization of the nucleophosmin 
protein. Presence of NPM mutations portends favor-
able outcome with reduced relapse risk and improved 
survival; those with NPM mutations have an outcome 
similar to those with CBF AML. There is significant 
overlap between NPM mutations and FLT3/ITD, as 
nearly one third of those with NPM mutations also 

have FLT3/ITD. In adult AML, it has been shown that 
FLT3/ITD retains its high-risk status in the presence of 
NPM mutations. In pediatric AML, the presence of 
NPM1 mutations in the presence of FLT3/ITD has 
been reported to partially ameliorate the poor progno-
sis conferred by FLT3/ITD alone (Hollink et al. 
2007).

3.4.3  CEBPA Mutations

CCAAT/enhancer binding protein-alpha (C/EBPa) is 
encoded by the CEBPA gene and functions as a tran-
scription factor that regulates proliferation and ter-
minal granulocytic differentiation. It is a member of 
the basic region leucine zipper class of transcription 
 factors, and is expressed in a variety of tissues, 
including adipocytes, hepatocytes, and Type II alve-
olar cells. In the hematopoietic system, C/EBPa is 
expres sed in cells of myelomonocytic origin and 
regulates the expression of genes that regulate granu-
locyte differentiation. CEBPa has been shown to 
inhibit E2F pathways, downregulate C-MYC and thus 
allow myeloid differentiation. Mutations in the 
CEBPA occur in 4% of childhood AML cases and the 
overwhelming majority of cases with these muta-
tions occur in a bi-allelic manner, in which two dis-
tinct mutations occur, one in the N-terminal domain 
(NTD) and the second in the opposite allele affecting 
the bZip domain (Ho et al. 2008). NTD mutation 
results in an early termination codon, which trun-
cates the p42 protein, allowing intact translation of 
only the p30 protein. In a bi-allelic model, the bZip 
mutation in the opposite allele disrupts the bZip 
domains of its protein products, resulting in loss of 
function. Such a bi-allelic mutation would result in 
the expression of p30 as the only functional protein. 
Kirstetter et al. demonstrated that sole expression of 
p30 may be sufficient for the development of AML; 
in their mouse model, expression of the p30 isoform 
in the absence of p42 resulted in a fully-penetrant 
AML phenotype (Kirstetter et al. 2008). This model 
would argue that both types of mutations are required 
for AML pathogenesis. COG studies have demon-
strated that CEBPA mutations tend to occur in 
patients with normal cytogenetics and are associated 
with decreased relapse risk as well as improved 
 survival compared to patients without a mutation 
(Ho et al. 2009).
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3.4.4  Wilms Tumor-1 (WT1) Gene 
Expression and Mutation

The WT1 gene, located on chromosome 11p13, encodes 
a zinc-finger protein that exists in multiple isoforms 
and functions as a transcription factor. WT1 is expressed 
primarily in tissues of the developing genitourinary and 
hematopoietic systems, and mutations in WT1 occur in 
both syndrome-associated and sporadic cases of neph-
roblastoma (Wilms Tumor), the most common child-
hood renal malignancy. WT1 is also expressed in CD34+ 
hematopoietic progenitors, and is over-expressed in a 
subset of acute leukemias, including AML, ALL, and 
CML in blast crisis (Bergmann et al. 1997). Somatic 
mutations of WT1 gene have been reported to have vari-
able prognostic significance (Paschka et al. 2007). 
Initial studies in adults suggested that the presence of 
WT1 mutations was an independent prognostic factor 
for poor outcome. However, recent studies, including a 
comprehensive evaluation of pediatric AML, have iden-
tified WT mutations in 8–10% of patients; further, it 
was demonstrated that a strong association between 
WT1 mutations and FLT3/ITD existed. In that study, 
although the presence of WT1 mutation was associated 
with worse outcome, it was shown that the prognostic 
significance of WT1 mutation was due to FLT3/ITD; 
however, in patients without FLT3/ITD, the presence of 
a WT1 mutation did not portend poor outcome (Pollard 
et al. 2008). In contrast, Hollink et al. have reported that 
WT1 mutations represent an independent poor risk fac-
tor (Hollink et al. 2009). Furthermore, although expres-
sion of WT1 has been used as a marker of disease 
response and emergence of MRD (Bergmann et al. 
1997; Lapillonne et al. 2006), no significant association 
of WT1 expression was observed in a pediatric trial 
study (Noronha et al. 2009). Comprehensive evaluation 
of WT1 expression within specific risk groups has not 
been performed in childhood AML and currently is not 
utilized in risk group stratification.

3.4.5  TET2 Mutations

Disease associated genomic alterations in TET2 gene 
(4q24) have recently been demonstrated in myeloid 
malignancies in adults. The prevalence of these muta-
tions appears to be 20% in MDS, 10–20% in myelopro-
liferative disease and 12% in adult AML (Delhommeau 

et al. 2009; Tefferi et al. 2009). Although the preva-
lence of TET2 mutations is not well defined in child-
hood AML, early data from COG suggest that these 
mutations are uncommon, with a prevalence of 3% and 
unclear prognostic significance (Fig. 3.4).

Recent advances in whole genome sequencing have 
enabled interrogation of the entire leukemic genome for 
identification of novel disease associated mutations. 
Initial evaluation of a patient with AML, identified 
numerous previously undescribed mutations; however, 
screening of an additional 200 patients failed to demon-
strate any of these mutations in a larger cohort (Ley et al. 
2008). This study highlights the need to separate the 
mutations that promote the leukemic process from “pas-
senger” mutations that do not contribute to AML initia-
tion or progression. Whole exome sequencing and whole 
transcriptome sequencing allow sequencing of the entire 
exonic and the transcribed sequences, respectively, 
allowing additional means of evaluating disease profile. 
Application of these new technologies to AML will 
enable identification of genomic alterations that would 
be impractical to identify on a gene by gene basis.

3.5  Epigenetic Dysregulation  
in Myeloid Leukemogenesis

As described above, AML is characterized by genomic 
alterations that are crucial to disease pathogenesis. An 
increasing body of evidence demonstrates that epige-
netic modifications may contribute to the pathogenesis 
of leukemia. The term epigenetics refers to heritable 

16% 15%

12%

9%
8%

7%
6%

5% 5% 5%

3%
2% 2%

0%

ID
H1

12%

8%

4%

0%

P
re

va
le

n
ce

 (
%

)

KIT
 C

BF

FLT
3/

IT
D

N-R
AS

W
T1

FLT
3/

ALM
NPM

CEBPa
SHIP

PTPN11
TET2

RUNX1

M
LL

-P
TD

Mutation type

Fig. 3.4 Prevalence of disease-associated mutations in pediatric 
AML



733 Biology of Acute Myeloid Leukemia

changes in phenotype or gene expression caused by 
mechanisms other than alterations in the genome 
(DNA). Epigenetic changes that underlie the deve-
lopment of leukemia can be in one of two major cate-
gories: changes in the DNA methylation state and 
alterations in histone modification patterns. These two 
processes work in concert to lead to the activation or 
repression of gene expression. Emerging evidence 
shows that altered methylation and changes in histone 
modifications may be involved in normal and malig-
nant hematopoiesis and contribute to myeloid leuke-
mia and outcome (Chen et al. 2010).

3.5.1  Altered Methylation Pattern in AML

Evidence linking alterations in DNA methylation and 
malignancies has prompted comprehensive evaluations 
of DNA methylation patterns in AML in an attempt to 
identify specific methylation “signatures” that can be 
used for risk identification as well as identification of 
potential targets for epigenetically directed therapies. 
One study in adult AML used DNA methylation pat-
terns to group patients into 16 different cohorts based 
on their methylation pattern (Figueroa et al. 2010). The 
methylation pattern segregated patients with specific 
mutations and cytogenetic groups. This study also 
identified a 15 gene methylation classifier predictive of 
overall survival. The contribution of alterations in DNA 
methylation patterning and its clinical significance is 
not yet well defined in childhood AML, but such evalu-
ations are currently underway. Histone acetylation is 
associated with transcriptionally active chromatin 
(euchromatin) and is catalyzed by histone acetyltrans-
ferases (HATs). Several transcriptional co-activators, 
including CREB binding protein (CBP), have been 
shown to possess HAT activity. Conversely, transcrip-
tional co-repressor complexes such as nuclear co-
repressor 1 (NCOR1) have been shown to contain 
subunits with histone deacetylase (HDAC) activity. As 
acetylation and methylation status of the histone lysine 
residues help to determine whether chromatin is in the 
transcriptionally active or repressed state, altered his-
tone modification patterns could mediate malignant 
transformation by altering expression of oncogenes. As 
alterations in methylation and acetylation status have 
significant contributions to myeloid transformation and 
proliferation, they are attractive targets for epigenetic 

therapy by DNA methyltransferase (DNMT), as well as 
histone deacetylase (HDAC) or methylase inhibitors.

3.5.2  MicroRNA Dysregulation in AML

MicroRNAs (miRNAs) are evolutionarily conserved 
non-coding RNAs that contain 19–25 nucleotides and 
arise by cleavage from 70 to 100 nucleotide hairpin 
precursors (Bartel 2004, 2009; Bartel and Chen 2004; 
Chen et al. 2010). They hybridize to complementary 
messenger RNA (mRNA) targets and most commonly 
function by inhibiting translation of specific mRNAs. 
miRNAs have provided a new dimension to our under-
standing of complex gene regulatory networks. miR-
NAs can function as oncogenes or as tumor suppressor 
genes in leukemias, although the data for the latter are 
more limited. Specific miRNAs have been shown to be 
highly expressed in MLL leukemias (Mi et al. 2007), 
and miRNA expression signatures have been defined 
for AML cases with specific mutations or transloca-
tions. Common oncogene and tumor suppressor muta-
tions also appear to be associated with unique miRNA 
signatures. For example, miR155 is up-regulated in 
cases with FLT3-ITD mutations (Garzon and Croce 
2008). miRNA deregulation, specifically the expres-
sion pattern of 12 miRNAs, has also been associated 
with clinical outcome (Marcucci et al. 2008). As miR-
NAs can contribute to leukemogenesis by functioning 
as oncogenes or tumor suppressor genes, miRNAs also 
have the potential to be therapeutic targets or tools. 
They can be targeted by modulating expression level 
of the miRNA, or using miRNA-based cancer gene 
therapy to target multiple gene networks that are con-
trolled by a single, aberrantly expressed miRNA. 
Increased understanding of epigenetic regulation of 
myeloid leukemogenesis may provide new understand-
ing of AML biology and identify new tools for more 
accurate diagnosis, risk stratification and treatment.

3.6  Conclusions

Acute myeloid leukemia is an enormously complex 
disease characterized by a myriad of genomic and 
epigenomic alterations that interact to create a wide 
variety of different AML subtypes having significantly 
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different outcomes. Knowledge of the genomic altera-
tions, whether karyotypic abnormalities or specific 
disease associated mutations, provides a great deal of 
information for clinical decision making. Patients with 
CBF AML (t(8;21) and inv(16)) are expected to have a 
favorable outcome and these patients can be spared 
more intensive post-Induction therapy such as hema-
topoietic cell transplantation. Given the growing body 
of evidence on the prognostic significance of CEBPA 
and NPM mutations, patients with these mutations are 
considered low-risk and are treated similar to those 
with CBF AML. In contrast, patients with monosomy 
7 or with monosomy 5/del5q are considered to have an 
extremely high risk of relapse and although these alter-
ations are rare in childhood AML, there have been no 
improvements in the outcome of patients with these 
alterations in the last decade.

More complete understanding of the underlying 
mechanisms and the genes linked to disease pathogen-
esis is needed. Patients with FLT3/ITD are at high risk 
of relapse. As FLT3 mutation causes constitutive acti-
vation of the FLT3 receptor kinase, specific kinase 
inhibitors are being clinically tested. Patients with high 
mutant FLT3/ITD to normal allelic ratios also have 
high risk disease and are thus usually considered for 
stem cell transplantation in first complete remission. 
Although the presence of c-KIT mutations have not 
been definitively shown to be associated with adverse 
outcome in children, such mutant receptors may be 
inhibited by kinase inhibitors; these patients would be 
candidates for directed therapy with specific kinase 
inhibitors. Despite the increasing breadth of informa-
tion about the genetic and epigenetic alterations in 
AML, a specific risk status can be identified for only 
30–40% of the patients and the ability to assign risk 
status or specific therapy for the remaining cohort, 
with a survival rate of near 50%, is lacking. With the 
increase in the number of tools for interrogation of 
AML genomic and epigenomic changes, the ability to 
allocate patients to individualized therapy directed by 
the underlying biology of their disease is anticipated.
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4.1  Introduction and Overview

Acute lymphoblastic leukemia (ALL) is the most com-
mon pediatric malignancy and accounts for 25% of 
cancers that occur before 15 years of age and 19% 
among persons less than 20 years of age (Ries et al. 
1999). Based on the most recent estimates from the 
Surveillance, Epidemiology and End Results (SEER) 
Program of the National Cancer Institute (NCI), there 
are about 3,000 cases of ALL diagnosed in the United 
States each year among persons less than 20 years of 
age. The incidence peaks at 80–90 cases/million at 2–3 
years of age, begins to drop abruptly at age 5–6 years 
reaching a rate of about 20 cases/million at 8–11 years 
of age, and then gradually decreases to an annual rate 
of about 10 cases/million by 20 years of age.

Cure rates for ALL have improved dramatically over 
time, with 5-year overall survival (OS) rates increasing 
from less than 10% in the late 1960s to 80% in the 
period 1990–1994 and 87.5% in 2000–2004 (Pulte 
et al. 2008). Many individual institutions and coopera-
tive groups have reported continued improvements in 
outcome in the past 10–15 years, and it is anticipated 
that 85–90% of children and adolescents diagnosed 
with ALL in the current era will be long-term survivors 
(Moricke et al. 2008, 2010; Pulte et al. 2008; Pui et al. 
2009; Conter et al. 2010; Gaynon et al. 2010; Pui et al. 
2010; Salzer et al. 2010; Silverman et al. 2010). 
Incidence and survival rates for ALL are similar in high 
income countries in North American and Western 
Europe, but are generally much lower in developing 
and/or low income countries (Hunger et al. 2009).

While lymphoblasts from patients with ALL gener-
ally have a similar appearance, the disease is clinically 
and biologically heterogeneous, and is more accurately 
considered as a constellation of different disorders. 
There are major clinical, epidemiological, biological 
and outcome differences between B-precursor cell 
(about 85% of cases) and T-cell (about 15% of cases) 
ALL. Immunophenotypic classes can be further sub-
classified into groups characterized by recurrent sentinel 
chromosome abnormalities, particularly translocations 
that are early, perhaps even initiating, events in leuke-
mogenesis (Pui et al. 2008). Translocations activate cel-
lular proto-oncogenes by one of two general mechanisms 
(Harrison 2009). The first, which is common in both 
precursor B- and T-ALL, joins an oncogene to one of the 
immunoglobulin (Ig) heavy or light chain loci (chromo-
some 14q32: heavy chain gene, IgH; chromosome 2q12: 
light chain gene, Igk; chromosome 22q11: light chain 

gene, Igl), or to one of the T-cell receptor (TCR) loci 
(chromosome 14q11: TCRd or TCRa chromosome 
7q35: TCRb). This juxtaposition leads to dysregulated 
expression of structurally intact proteins whose expres-
sion is normally tightly regulated. An example of this 
class of translocations is the t(8;14)(q24;q32) and vari-
ant translocations that occur in essentially all cases of 
Burkitt lymphoma/leukemia and result in dysregulated 
high-level expression of c-MYC (Thorley-Lawson and 
Allday 2008). The second type of chromosome translo-
cation occurs much more frequently in B-precursor as 
compared to T-cell ALL and creates fusion genes that 
encode for chimeric proteins possessing novel structural 
and functional properties not present in the parental wild 
type proteins (Hunger 1996). This class of translocation 
typically affects transcription factors, often fusing a 
DNA binding and/or protein oligomerization domain 
from one protein with effector domains, such as a tran-
scriptional activation domain, from another protein. 
Translocations of this class typically occur in introns of 
each gene; exons of the two genes are then joined 
together during mRNA splicing. Creation of a functional 
chimera generally requires that the joined exons from 
each gene are in the same reading frame (Hunger et al. 
1994). A prototypic example is the cryptic t(12;21)
(p13;q22) that occurs in about 25% of B-precursor ALL 
cases and leads to production of an ETV6-RUNX1 
(TEL-AML1) fusion protein (Loh and Rubnitz 2002). 
When gene expression profiles of ALL lymphoblasts are 
analyzed using unsupervised methods, leukemias that 
share specific common recurrent sentinel chromosome 
translocations cluster together with one another, sug-
gesting that these sentinel lesions drive the phenotype 
(Yeoh et al. 2002; Ross et al. 2003).

4.2  Historical Development  
of Treatment Regimens for Newly 
Diagnosed Childhood ALL

4.2.1  Early Events Leading to First Cures 
of Childhood ALL

The development of effective treatments for childhood 
ALL was one of the major successes of twentieth cen-
tury medicine. The first demonstration of effective use of 
chemotherapy in any cancer occurred in 1948 when 
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Sidney Farber reported that children with ALL treated 
with aminopterin could enter remission (Farber and 
Diamond 1948). Despite the identification of other effec-
tive chemotherapy agents (methotrexate [MTX], cyclo-
phosphamide, prednisone, 6-mercaptopurine [6-MP]) 
for ALL during the next 15 years, few children with 
ALL were cured until the early 1960s. During the 1960s, 
parallel developments at several centers and cooperative 
groups showed that childhood ALL could be cured. 
These early groups included many of the centers and 
cooperative groups that play major roles in contempo-
rary childhood ALL therapy: the “total therapy” trials at 
St. Jude Children’s Research Hospital (SJCRH), the 
pilot studies in West Berlin that evolved into the 
 Berlin-Frankfurt-Münster (BFM) group, the Cancer 
Chemotherapy Group A that evolved into the Children’s 
Cancer Group (CCG) and subsequently merged with the 
Pediatric Oncology Group (POG, which started as the 
Pediatric divisions of the Cancer and Leukemia Group B 
and the Southwest Oncology Group) to form the 
Children’s Oncology Group (COG), and the Dana Farber 
Cancer Institute (DFCI) and later the DFCI consortium 
(Riehm et al. 1980; Rivera et al. 1993; Gaynon et al. 
2000; Maloney et al. 2000; Silverman et al. 2000).

Studies performed at SJCRH in the 1960s were 
summarized by Pinkel in a 1971 publication describ-
ing experience treating 37 children with ALL, eight of 
whom were alive 5 years later; seven of these eight 
remained in remission after stopping chemotherapy 
(Pinkel 1971). This was the first demonstration that a 
significant number of children with ALL could be 
cured. The introduction of routine presymptomatic 
central nervous system (CNS) therapy led to further 
improvements in outcome for childhood ALL. The 
therapy utilized was quite limited by today’s standards: 
Induction with vincristine and prednisone, followed by 
long-term use of daily 6-MP, weekly MTX, vincristine 
and cyclophosphamide every 1–2 weeks, and cranio-
spinal irradiation (500 cGy initially, later increased to 
1,200 cGy) (Rivera et al. 1993).

4.2.2  Phases of Multi-agent 
Chemotherapy

By the 1980s, the basic structure of contemporary ALL 
treatment regimens was recognizable and consisted of 
four phases: Induction, CNS preventative therapy  
or Consolidation, Intensification, and Maintenance or 

Continuation. Induction therapy in ALL typically lasts 
4–6 weeks and includes 3–5 systemic agents. Almost 
all regimens include a corticosteroid (either prednisone 
or dexamethasone), vincristine, and L-asparaginase, 
which comprise the “3-drug” Induction (Ortega et al. 
1977). An anthracycline, typically daunorubicin, is 
also included in many regimens (“4 drug” Induction) 
(Sallan et al. 1978), with other agents such as cyclo-
phosphamide used in a small minority of protocols. 
Over 98% of children with ALL will enter remission 
by the end of 4 weeks of Induction therapy, and the 
mortality rate from toxicity during Induction therapy is 
generally less than 2–3% in industrialized countries 
(Pui et al. 2008).

The idea that the CNS served as a “sanctuary site” 
for lymphoblasts emerged in the mid-1960s when the 
introduction of effective systemic chemotherapy led 
to high remission rates, but a majority of patients 
experienced relapse within 6–12 months, with many 
of these relapses involving only the spinal fluid. Based 
on these observations, presymptomatic CNS radiation 
was introduced in the late 1960s and early 1970s and 
led to substantial increases in cure rates (Aur et al. 
1972). Modern CNS preventative therapy includes 
periodic administration of intrathecal (IT) chemother-
apy (usually MTX, but sometimes “triple IT therapy” 
that also includes cytarabine and hydrocortisone) 
starting at the time of the first diagnostic lumbar punc-
ture (Pui and Howard 2008). Systemic agents with 
improved CNS penetration (dexamethasone rather 
than prednisone, intravenous MTX) may also play an 
important role in CNS control (Bostrom et al. 2003; 
Pui et al. 2008). Most groups now administer cranial 
irradiation to only a minority (15–25%) of ALL 
patients, and some have completely eliminated this 
treatment modality (see below) (Pui et al. 2009; 
Veerman et al. 2009).

Following the induction of remission, patients 
receive additional chemotherapy designed to “consoli-
date” the remission that lasts about 6 months. The 
intensity and duration of the Consolidation or Inten-
sification phase differs between regimens. Alternating 
cycles of non-cross resistant chemotherapy drugs are 
commonly employed, and almost all regimens include 
a re-Induction/re-Consolidation phase based on the 
BFM protocol II (see below) (Schrappe 2004). The 
Maintenance phase of treatment generally continues 
until 2–3 years from the time of diagnosis and consists 
of daily oral 6-MP and weekly oral MTX, with vari-
able administration of IT chemotherapy. Some centers 
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or groups also employ periodic doses of vincristine 
and corticosteroid “pulses” lasting 5–7 days.

4.2.3  Evolution of BFM Therapy

One of the major developments in childhood ALL 
therapy was the report by Riehm and colleagues in 
1977 of their experience with an intensive 8-week, 
8-drug Induction protocol (the BFM Protocol I) (Riehm 
et al. 1977). In the second 4 weeks of Protocol I, four 
doses of IT MTX and cranial radiotherapy (18 Gy) 
were given. Protocol I was followed by Maintenance 
therapy that consisted of daily 6-MP, weekly MTX, 
and three prednisone-vincristine pulses. Patients 
treated with this regimen in the original West Berlin 
pilot study obtained a 55% 5-year EFS (Riehm et al. 
1977, 1980). Once a significant percentage of children 
with ALL could be cured, it became possible to iden-
tify prognostic factors (see below for a more detailed 
discussion of prognostic factors). One of the first rec-
ognized prognostic factors was the initial white blood 
cell count (WBC), with children with a higher WBC 
having inferior cure rates as compared to those with a 
lower WBC (Henze et al. 1981a, b). The BFM 76/79 
study showed that outcome, especially of those with a 
high WBC, could be improved by repeating Protocol I 
(with minor modifications) (Henze et al. 1981a). This 
second 7-week block became known as Protocol II 
(delayed Intensification (DI) in the COG studies) and 
was administered either immediately after Protocol I 
or after a 4-month interim Maintenance (IM) phase. 
Overall, patients treated in the BFM 76/79 study had a 
10-year disease-free survival (DFS) rate of 67%, with 
the best results obtained when the IM phase was given 
between Protocols I and II (Henze et al. 1981a).

Another major development in BFM-based therapy 
was the introduction of the prednisone prophase in 
ALL-BFM 83 (Riehm et al. 1990). This 1-week course 
of prednisone (60 mg/m2/day × 7 days) with a single 
dose of IT MTX given on day 1 was designed to 
decrease complications related to tumor lysis syn-
drome. The prednisone prophase became highly pre-
dictive of outcome as an indicator of rapid response to 
therapy (Riehm et al. 1990). In ALL-BFM-86, proto-
col M was introduced (Reiter et al. 1994). This 8-week 
phase occurs between Protocol I and Protocol II (sub-
stituting for the IM phase used in prior studies) and 

consists of four courses of high-dose (HD; 5 g/m2) 
MTX infused over 24 h with leucovorin rescue. In par-
allel to the introduction of protocol M, the indications 
for cranial radiotherapy were progressively restricted.

The German BFM group expanded to include the 
Austrian (1980s) and Swiss (1990s) groups. Other 
European groups began to cooperate with the BFM 
group in this time frame, forming the so-called “BFM-
family.” In the 1990s, other groups from Europe and 
other continents joined the BFM-family, which in 1995 
was named the International BFM Study Group 
(I-BFM-SG) (Schrappe et al. 2000a, b). The BFM, 
AEIOP (Italy), GATLA (Argentina), PINDA (Chile), 
CPH (Czech Republic), Hungarian, and EORTC-
CLCG (Belgium, France and Portugal) study groups 
began the first I-BFM-SG trial in 1995, which was 
designed as a prospective meta-analysis to evaluate the 
role of vincristine/dexamethasone pulses during Main-
tenance in the context of contemporary BFM therapy 
(see below) (Conter et al. 2007).

In 2000, the AIEOP and BFM groups started a com-
mon study (AIEOP-BFM ALL 2000) in which patients 
were stratified according to early response based on mea-
surement of minimal residual disease (MRD) by PCR of 
Ig/TCR gene rearrangements (Flohr et al. 2008). The treat-
ment schedules used by the two groups were, however, 
slightly different. A major development in BFM regimens 
over the past several decades has been the use of different 
post-Induction treatment strategies for patients at high risk 
of treatment failure (Moricke et al. 2008). Three different 
therapeutic strategies were evaluated in the AIEOP-BFM 
ALL 2000 study for very high-risk patients following 
completion of protocol: (1) six high-risk blocks of myelo-
suppressive therapy and one Protocol II; (2) three high-
risk blocks and Protocol II given twice; (3) three high-risk 
blocks and Protocol III (a 4-week reduced intensity ver-
sion of Protocol II) given three times.

The AIEOP-BFM ALL 2009 study has recently 
begun to accrue patients and additional groups includ-
ing the CPH, INS (Israel) and SW (Sydney, Australia) 
will participate in this trial. Patients at high risk of 
relapse, defined on the basis of early response (poor 
prednisone response or high levels of MRD) or adverse 
cytogenetic features will receive three polychemother-
apy blocks followed by three delayed Intensifications as 
post-Induction treatment. Indications for hematopoietic 
stem cell transplantation (HSCT) will depend largely on 
MRD response; treatment tailoring will also be imple-
mented for patients with persistent high MRD levels.
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4.2.4  COG Adaptation and Modification 
of BFM-Based Therapy

In the early to mid-1980s, the CCG recognized that 
reported outcomes with BFM therapy appeared superior 
to those obtained by the CCG with less intensive treat-
ment. Based on this, two pivotal trials were conducted to 
compare BFM-based therapy to CCG regimens of the 
time. The CCG trials used BFM-76 therapy and so never 
included the prednisone prophase introduced in BFM-
83, or HD MTX as given in protocol M introduced in 
BFM-86. Children with ALL and unfavorable present-
ing factors were randomized in CCG 106 (1983–1987) 
to receive either the CCG standard regimen, a regimen 
based on BFM-76 that included slightly modified ver-
sions of Protocol I (referred to as Induction and 
Consolidation) and Protocol II (DI, which included re-
Induction and re-Consolidation phases), or the “New 
York” regimen (Gaynon et al. 1993). Both experimental 
regimens produced outcomes that were substantially 
better than those obtained with the control CCG regi-
men, but the BFM-76-based regimen was associated 
with less toxicity, fewer inpatient hospital days, and 
lower cumulative anthracycline and cyclophosphamide 
doses than the New York regimen. Because of these fac-
tors, the BFM-76-based regimen became the backbone 
for subsequent CCG high-risk (HR) ALL trials, which 
therefore have included a 4-drug Induction (Protocol Ia), 
a cyclophosphamide and cytarabine-based Consolida-
tion (Protocol Ib), 2 months of IM consisting of daily 
oral 6-MP and weekly oral MTX, and a DI that included 
re-Induction and re-Consolidation phases.

In parallel, the CCG 105 trial (1983–1989) random-
ized children with intermediate-risk (similar, but not 
identical, to NCI standard-risk) ALL to receive either 
the baseline CCG regimen, the BFM-76-based regimen 
with both Protocols I and II, or intermediate BFM-76-
based arms that included either Protocol I but not 
Protocol II, or Protocol II but not Protocol I. All three 
BFM-76-based arms were better than the CCG arm, but 
there was little difference between the BFM arms 
(Tubergen et al. 1993; Hunger et al. 2005). As a conse-
quence of these results, the CCG adopted the regimen 
that included Protocol II but not Protocol I, so that sub-
sequent CCG (and COG) trials for standard-risk (SR) 
ALL utilized a 3-drug Induction without anthracyclines, 
a 4-week Consolidation with oral 6-MP and weekly IT 
MTX, 2 months of IM with daily oral 6-MP and weekly 

oral MTX, followed by a DI phase analogous to the 
BFM Protocol II. Earlier CCG studies that included a 
less intensive (and less effective) chemotherapy back-
bone had shown that monthly 5-day pulses of predni-
sone with one intravenous (IV) dose of vincristine given 
during Maintenance therapy improved outcome (Bleyer 
et al. 1991). These pulses have remained a component 
of all subsequent CCG/COG treatment regimens, 
although their importance in the context of contempo-
rary treatment regimens has never been proven (see 
below) (Richards et al. 1996; Conter et al. 2007).

Several subsequent clinical trials established the 
framework of contemporary COG ALL treatment regi-
mens. Trials were typically stratified to include patients 
at either lower or higher risk of relapse. Starting in the 
late 1980s and early 1990s, this stratification was gen-
erally based on the “NCI/Rome” criteria, with standard-
risk patients being those 1–9.99 years of age with an 
initial WBC less than 50,000/mL, and high-risk patients 
being those age 10+ years and/or with an initial WBC 
greater than or equal to 50,000/mL (Smith et al. 1996). 
The CCG also showed that early response was an 
important predictor of outcome, analogous to the pred-
nisone response used in BFM trials (Gaynon et al. 
1997). However, the CCG focused on the bone marrow 
(BM) blast count after 7 or 14 days of multi-agent sys-
temic therapy. In children with HR ALL, an M3 (>25% 
blasts) day 8 BM response was the strongest predictor 
of poor outcome (Gaynon et al. 1990; Steinherz et al. 
1996). Based on this, CCG 1882 randomized HR-ALL 
patients with slow early response (M3 BM at day 8 of 
Induction) to receive the standard CCG BFM-76-based 
regimen or an “augmented” regimen that included mul-
tiple changes (Nachman et al. 1998) The major changes 
included: (1) lengthening the Consolidation phase to  
2 months and adding doses of non-myelosuppressive 
agents (vincristine and asparaginase) during periods of 
myelosuppression that occur 2 weeks after cyclophos-
phamide and cytarabine pulses; (2) utilizing the Capizzi 
I regimen of escalating IV MTX without leucovorin 
rescue plus asparaginase, rather than an oral MTX and 
6-MP based IM phase; and (3) administering two rather 
than one IM and DI phases. This “augmented BFM 
(ABFM)” regimen resulted in significant improvements 
in 5-year EFS (75% vs 55%; p < 0.001) and OS (78 vs 
67%; p = 0.02) for these slow responder patients 
(Nachman et al. 1998). The subsequent CCG 1961 trial 
showed that the ABFM regimen also improved out-
come for HR-ALL patients with a rapid early response 
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(25% or fewer BM blasts at day 8 of Induction), and 
that the key components of ABFM were the augmented 
post-Induction therapy rather than second IM/DI phases 
(Seibel et al. 2008).

For children with intermediate-risk ALL (most of 
whom met current SR-ALL definitions), CCG 1891 
showed that, in the context of a prednisone-based 
Induction, administering two DI courses was better 
than one (Lange et al. 2002). The successor CCG 1922 
SR-ALL trial showed that dexamethasone (6 mg/m2) 
was superior to prednisone (40 mg/m2) when given 
during Induction and Maintenance therapy in a treat-
ment backbone that had a single DI phase (Bostrom 
et al. 2003). Interestingly, outcomes in CCG 1891 with 
a prednisone backbone and two DI phases appeared 
quite similar to those obtained in CCG 1922 with a 
dexamethasone backbone and one DI phase. CCG 
1991 was conducted in parallel to CCG 1961 and ran-
domized SR-ALL patients in a 2 × 2 manner to com-
pare, on a dexamethasone backbone, one versus two 
DI phases and the standard oral MTX and 6-MP based 
IM phase to a regimen of escalating intravenous (IV) 
MTX without leucovorin rescue, in this case without 
any additional doses of asparaginase. The IV MTX 
based IM phase proved superior to the oral regimen, 
almost entirely due to a reduction in the rate of 
extramedullary relapses, and nearly identical outcomes 
were obtained with one or two DI phases (Matloub 
et al. 2006, 2008).

These studies established the foundation of con-
temporary COG B-precursor ALL trials, which enroll 
approximately 1,800 patients/year. The baseline regi-
men for children with NCI SR-ALL (AALL0331 
trial) includes a 3-drug Induction, a 4-week oral 
Consolidation, an 8-week IV MTX based IM phase, 
an 8-week DI phase, and Maintenance therapy with 
monthly dexamethasone and vincristine pulses. A 
low risk group, that includes patients with ETV6-
RUNX1 fusion or simultaneous trisomies of chromo-
somes 4, 10 and 17, is randomized to receive this 
baseline regimen with or without four additional 
doses of PEG-asparaginase given every 3 weeks fol-
lowing Induction therapy. Standard-risk ALL patients 
without favorable genetic features are randomized to 
receive the 4-week oral Consolidation or the 8-week 
augmented Consolidation from the ABFM regimen. 
Those standard risk patients with a poor initial 
response (>5% BM blasts at day 15 or >0.1% MRD 

at day 29 of Induction) are non-randomly assigned to 
receive the full ABFM therapy with two IM and DI 
phases. The AALL0331 trial completed accrual in 
May 2010.

In parallel, the COG AALL0232 trial for children, 
adolescents and young adults with HR B-precursor 
ALL uses the so-called hemi-ABFM (hABFM) base-
line regimen that consists of a 4-drug induction, aug-
mented 8-week Consolidation, an 8-week Capizzi IV 
MTX with PEG asparaginase-based IM phase, a single 
8-week DI phase, followed by Maintenance therapy 
with monthly corticosteroid and vincristine pulses. All 
patients are randomized to receive the Capizzi MTX 
IM phase or four courses of HD MTX given as admin-
istered in BFM trials. When AALL0232 began in 
2003, all patients were randomized to receive 14 days 
of dexamethasone (10 mg/m2) or 28 days of predni-
sone (60 mg/m2) during Induction. However, patients 
older than 10 years experienced excess rates of osteone-
crosis (ON) with dexamethasone during induction, so 
the steroid randomization was subsequently limited to 
patients <10 years of age. High-risk patients with a 
poor initial response (>5% BM blasts at day 15 or 
>0.1% MRD at day 29 of Induction) are non-randomly 
assigned to receive the full ABFM therapy with two 
IM and DI phases. This study will complete accrual in 
late 2010.

The COG now treats children with T-cell ALL on a 
separate clinical trial (AALL0434, accrual about 200 
patients/year), which uses the same baseline hABFM 
regimen as is used for those with high-risk B-precursor 
ALL. The AALL0434 trial, which will continue to 
accrue patients until 2013, asks two randomized ques-
tions. The first is a Capizzi MTX vs. HD MTX ques-
tion during IM, identical to that asked in the high-risk 
B-precursor ALL trial. The second question involves 
the randomized administration of six 5-day courses of 
nelarabine integrated into the hABFM backbone. 
Nelarabine, a prodrug of Ara-G, is uniquely cytotoxic 
to T-lymphoblasts and demonstrated very promising 
efficacy in patients with relapsed/refractory T-ALL 
(Berg et al. 2005). However, significant neurotoxicity 
was encountered when this agent was administered to 
heavily pre-treated patients with relapsed T-ALL. Prior 
to starting the current Phase III trial, the COG con-
ducted a pilot study in newly diagnosed T-ALL patients 
and showed minimal toxicity and encouraging signs of 
efficacy in patients with a poor initial response to 
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therapy (Dunsmore et al. 2008). The current AALL0434 
study will establish whether or not this promising 
agent improves the outcome of newly diagnosed 
T-ALL patients.

4.2.5  Development and Evolution  
of DFCI Consortium ALL Regimens

The DFCI consortium trials have evolved indepen-
dently of BFM and COG regimens. A key component 
of DFCI therapy has been the use of weekly high 
doses of asparaginase during the Consolidation or 
Intensification phase of therapy. This approach was 
first shown to be beneficial in the DFCI 77-01 trial 
(1977–1979) (Sallan et al. 1983). In more recent 
DFCI trials, high-dose (25,000 IU/m2) weekly aspara-
ginase treatment begins immediately after the con-
clusion of Induction therapy. The DFCI 91-01 trial 
utilized 30 weeks of high-dose asparaginase and 
found that patients that tolerated 25 or fewer doses 
had an inferior outcome to that obtained by patients 
who tolerated 26 or more doses (Silverman et al. 
2001). The manner in which asparaginase is used in 
DFCI trials is quite different from that employed by 
most other groups, and the excellent outcome of DFCI 
trials has prompted others to explore whether intensi-
fied asparaginase treatment might improve outcomes 
when added to different chemotherapy backbones.

The DFCI trials have also included frequent vin-
cristine/steroid pulses during all phases of post-Induc-
tion therapy, and relatively high cumulative doses of 
anthracyclines in higher risk patients. Significant car-
diotoxicity was encountered early in the evolution of 
DFCI studies in the 77–01 trial, after which the total 
anthracycline dose was limited and a lower cumulative 
dose was used for non-high-risk patients (Sallan et al. 
1983). The DFCI group has tested several interven-
tions to limit cardiotoxicity, including different sched-
ules of anthracycline administration and the use of the 
cardioprotectant dexrazoxane, with the latter showing 
very promising early reductions in cardiac injury as 
measured by less elevation in troponin T levels 
(Lipshultz et al. 2004). Long-term studies currently in 
progress will determine whether changes in this bio-
marker are reflective of reductions in the incidence of 
late clinical cardiotoxicity.

4.2.6  Development and Evolution  
of SJCRH ALL Regimens

Therapy used in SJCRH trials has evolved consider-
ably from the early Total Therapy trials (Rivera et al. 
1993; Pui et al. 2000, 2010). A major focus of recent 
SJCRH trials has been the reduction, and now com-
plete elimination, of presymptomatic cranial irradia-
tion along with the use of up-front windows to explore 
new therapies and detailed correlative biology studies 
(Pui and Howard 2008; Pui et al. 2009). The initial  
7 weeks of therapy on SJCRH trials is an intensive 
Induction/Consolidation phase similar to the BFM 
Protocol I, but with the second block of therapy start-
ing earlier (Pui et al. 2009); this is followed by an 
8-week block analogous to the BFM Protocol M, but 
with doses of MTX individualized to obtain pre-speci-
fied target blood concentrations. Patients then receive 
a 6-month early Continuation/re-Induction phase, dur-
ing which all patients (low, standard and high-risk) 
receive two re-Induction treatments. Stand ard and 
high-risk patients also received 20 weekly doses of 
asparaginase during this phase. Maintenance therapy 
for low-risk patients consists of oral 6-MP and MTX 
with periodic dexamethasone/vincristine pulses, while 
the remaining patients are treated with rotating pairs of 
agents (6-MP plus MTX, cyclophosphamide plus 
cytarabine, dexamethasone plus vincristine). Intrathecal 
triple therapy rather than IT MTX alone is used 
throughout treatment. This approach produced out-
standing results in the Total XV study conducted from 
2000 to 2007, with no signs of increased CNS failures 
after the elimination of cranial irradiation (see below) 
(Pui et al. 2009).

4.2.7  Treatments Used by Other  
ALL Cooperative Groups

A number of other cooperative groups have made sig-
nificant contributions to ALL therapy; outcomes of tri-
als from most of these groups have recently been 
published (Conter et al. 2010; Kamps et al. 2010; 
Liang et al. 2010; Mitchell et al. 2010). The outcomes 
obtained with the different regimens are relatively sim-
ilar to one another and the minor differences that exist 
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may be due to the different number and size of centers 
included, the different age ranges of treated patients, 
and the differences in genetic composition of patients 
treated by different groups.

4.3  Unique Subsets of ALL

4.3.1  Infants

Only 2–3% of ALL cases occur in infants less than  
1 year old (approximately 100 cases/year in the United 
States), but this is a biologically unique subset of ALL 
with a poor outcome. While outcome for infants with 
ALL has improved significantly over the past 10–15 
years, the 4-year EFS was only 47% in the Interfant-99 
trial, which was the largest infant ALL study ever con-
ducted, but which still only enrolled 482 patients from 
1999 to 2005 (Pieters et al. 2007). Infant ALL is bio-
logically distinct from acute leukemia that occurs in 
older children, with translocations of the 11q23 MLL 
(mixed lineage leukemia) gene present in 70–80% of 
infant ALLs (Rubnitz et al. 1994; Pieters et al. 2007). 
Infants with MLL-rearranged ALL have a significantly 
worse outcome than do the 20–30% with germline 
MLL, but the outcome of the latter group is still signifi-
cantly worse than obtained among older children with 
ALL. Approximately 50% of the 11q23 translocations 
join MLL to AF-4 (chromosome 4q21), 20% to ENL 
(chromosome 19p13.3) and 10% to AF9 (chromosome 
9p22). Several dozen other MLL translocation partners 
have been described, with most occurring in a small 
percentage of cases. While some controversy exists, 
the outcome of infants with different MLL transloca-
tion partners is generally similar.

New therapies are needed for infant ALL, as only 
about half of patients (and even fewer of the patients 
with MLL translocations) are cured despite the use of 
extremely intensive chemotherapy regimens that 
approach, or in some cases cross, the bounds of accept-
able toxicity (Dreyer et al. 2007a). HSCT has been 
explored by both US and European groups with mar-
ginal impact on outcome. The Interfant group found 
that HSCT was modestly superior to chemotherapy for 
a high risk subgroup (MLL-rearranged with age < 6 
months or initial WBC > 300,000/mL), but did not ben-
efit most patients (Pieters et al. 2007). The COG found 

no benefit for HSCT in infant ALL (Dreyer et al. 
2007b). Further improvements in outcome for this 
group will likely require integration of more targeted 
non-cytotoxic therapies; both the COG and Interfant 
are currently testing, or planning to test, FLT3 inhibi-
tors in infant ALL (Brown et al. 2006).

4.3.2  Young Adults

Young adults (YA) 16–21 years of age with ALL have 
historically had significantly lower EFS and OS com-
pared to children and younger adolescents (Chessells 
et al. 1998; Pulte et al. 2009). The inferior outcome in 
older adolescents may be partially attributable to the 
differences in biology between YA and younger chil-
dren, with the YA showing a lower rate of favorable 
biological subsets (ETV6-RUNX1 fusion or hyperdip-
loidy with favorable chromosome trisomies) and a 
modestly higher rate of unfavorable biological subsets 
such as Philadelphia chromosome-positive (Ph+) ALL. 
However, these differences do not completely account 
for the differences observed in outcome between YA 
and young children with ALL.

One important factor that influences outcome is the 
setting in which treatment is delivered to YA ALL 
patients. There have now been several retrospective 
studies that have demonstrated dramatically better out-
comes for YA ALL patients enrolled and treated on 
pediatric as compared to adult cooperative group pro-
tocols. The first and largest was a comparison of ALL 
patients 16–20 years of age treated on CCG or Cancer 
and Leukemia Group B (CALGB) (adult) clinical tri-
als from 1988 to 2001 (Stock et al. 2008). Despite hav-
ing similar percentages of patients with favorable or 
unfavorable biological features in the two groups, the 
YA patients treated on CCG trials had a dramatically 
better outcome than those treated on CALGB trials 
(7-EFS 63% vs 34%; p < 0.001). Similar differences 
were seen when the outcome of YA patients 15–20 
years old with ALL treated on the pediatric FRALLE-93 
protocol was compared to outcome of patients of the 
same age treated on the adult LALA-94 protocol 
(5-year EFS of 67% vs 41%; p < 0.0001) (Boissel et al. 
2003). Analogous differences in the outcome of YA 
ALL patients treated in different environments were 
seen in the Netherlands (de Bont et al. 2004). Outcomes 
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for YAs with ALL treated on pediatric cooperative 
group trials continue to improve. Nachman et al. 
reported the largest series to date; 262 YAs with ALL 
treated on CCG 1961 between 1996 and 2002 attained 
a 5-year EFS of 71.5% and OS of 77.5%, with rapid 
responder patients randomized to the ABFM therapy 
having a 5-year EFS of 81.8% (Nachman et al. 2009). 
While the adult cooperative groups have tested routine 
use of HSCT in ALL patients older than 15 years of 
age (Goldstone et al. 2008), the results of CCG 1961 
establish that there is no role for the routine use of 
HSCT in first remission for YAs with ALL.

While the reason(s) behind the dramatically better 
outcome of YA patients treated on pediatric rather than 
adult ALL trials are uncertain, clearly the outcome dif-
ferential suggests that it should be considered standard 
of care for YAs with ALL to be treated at a pediatric 
center on a pediatric ALL regimen, or at an adult cen-
ter that is testing such a regimen as part of a clinical 
trial. It also seems logical to test pediatric ALL regi-
mens in adults older than 21–22 years of age. Indeed, 
the COG has extended the age of eligibility on its ALL 
trials to 30 years of age, but very few patients older 
than 23–24 years old have been enrolled. A number of 
adult cooperative groups and centers have begun to use 
pediatric ALL regimens for YAs and to test these 
 regimens in adults older than 22 years of age. The US 
adult cooperative groups are conducting a joint study 
(C10403) of COG ALL therapy in patients 16–29 
years of age. Ribera and colleagues recently reported 
outcomes of the Spanish Program Espanol de Trata-
miento en Hematologia pediatric-based protocol ALL-
96 regimen in patients 15–30 years of age (Ribera et al. 
2008). Outcomes were similar for patients 15–18 vs 
19–30 years of age, with 6-year EFS 61% and OS 
69%. The DFCI group has been treating adults with 
ALL who are 18–50 years of age with a regimen iden-
tical to their pediatric protocol, with very promising 
early results and an acceptable toxicity profile 
(DeAngelo et al. 2007). Similarly, the French extended 
pediatric ALL regimens to patients up to 60 years of 
age on the GRAAL2 study with encouraging results, 
but they did encounter increased rates of morbidity and 
mortality in patients older than 45 years of age (Huget 
et al. 2008). These emerging data establish that is fea-
sible to use pediatric ALL regimens for patients up to 
45–50 years of age, and suggest that this approach 
leads to major improvements in cure rates.

4.3.3  Philadelphia  
Chromosome-Positive ALL

Historically, one of the worst prognostic factors in 
pediatric ALL has been the t(9;22)(q34;q11.2) or 
Philadelphia chromosome. Although Ph+ ALL accou-
nts for only about 3% of children with ALL, this group 
has had an extremely poor outcome, with the largest 
study of patients treated from 1986 to 1996 showing a 
7-year EFS of 25% and OS of 36% (Arico et al. 2000). 
Optimizing chemotherapy and HSCT regimens pro-
duced only a modest improvement in outcome with a 
subsequent retrospective review of over 600 Ph+ ALL 
patients treated by 14 cooperative groups from 1995 to 
2005 showing 7-year EFS of 31.2% and OS of 44.2% 
(Arico et al. 2008).

However, the development of imatinib, a tyrosine 
kinase inhibitor (TKI) targeted at the BCR-ABL1 
kinase produced by the t(9;22), has revolutionized treat-
ment of chronic myeloid leukemia and serves as a para-
digm for the potential benefit of targeted therapies in 
high-risk ALL subtypes defined by sentinel molecular 
lesions (Druker 2009). Imatinib is active as a single 
agent in patients with Ph+ ALL, but responses are tran-
sient. A number of groups have incorporated imatinib 
into multi-agent chemotherapy regimens. The COG 
AALL0031 trial (2002–2006) incorporated imatinib, 
starting after completion of Induction therapy, into a 
very intensive chemotherapy regimen in a stepwise 
fashion (Schultz et al. 2009). Patients in the last cohort 
of this study (#5) received continuous treatment with 
imatinib 340 mg/m2/day from the start of Consolidation, 
with the drug administered on a 2 week on/2 week off 
schedule for the last year of Maintenance therapy. 
Addition of imatinib did not increase toxicities and the 
regimen was well tolerated. The patients treated in 
Cohort 5 attained a 3-year EFS of 80%, which was 
more than double that seen in historical controls (35 ± 
4%; p < 0.0001). There was no advantage for HSCT, 
with 3-year EFS similar for patients in Cohort 5 treated 
with chemotherapy plus imatinib or sibling donor 
HSCT. While these results require longer follow-up, 
they suggest that active molecularly targeted therapies 
can dramatically improve the outcome of ALL patients 
with specific sentinel chromosome lesions. One can 
anticipate that this paradigm will be extended to other 
patient subgroups in the next 5–10 years as new 
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 high-risk genetic lesions are identified and new targeted 
therapies are developed (Mullighan et al. 2009 a, b).

4.3.4  Down Syndrome

Acute lymphoblastic leukemia occurs much more fre-
quently in children with Down syndrome (DS-ALL) as 
compared to those without DS (1 in 300 children with 
DS vs 1 in 3,500 children without DS) (Whitlock 
2006). The subgroup of DS patients, which accounts 
for about 3% of children with ALL, presents unique 
challenges, since DS patients have increased treatment-
related morbidity and mortality. Many groups have 
reported that children with DS-ALL have inferior out-
comes to those without DS, with both an increased risk 
of relapse and higher rates of non-relapse death. The 
distribution of ALL subtypes that occurs in children 
with DS differs from that seen in non-DS ALL. For 
example, T-ALL is almost never seen in children with 
DS (Forestier et al. 2008). Among B-precursor ALL 
patients there also appears to be a different frequency 
of sentinel cytogenetic lesions in children with 
DS-ALL. An analysis of 2,811 consecutive children 
with B-precursor ALL enrolled in COG protocols who 
underwent comprehensive analysis to detect the com-
mon recurrent sentinel genetic lesions, provided impor-
tant insights into these differences (Maloney et al. 
2010). While there was no difference in common clini-
cal risk factors (age, gender, WBC, and NCI risk group) 
between patients with (80) and without (2,731) DS, the 
DS-ALL patients had significantly lower rates of the 
favorable cytogenetic lesions ETV6-RUNX1 (2.5% vs 
24%, p < 0.0001) and trisomies of chromosomes 4 and 
10 (7.7% vs 24%, p = 0.0009). Without correcting for 
these sentinel genetic lesions, the outcome of DS-ALL 
patients was inferior to that of the non-DS patients with 
5-year EFS of 69.9% versus 78.1±% (p = 0.078), and 
5-year OS of 85.8% versus 90.0% (p = 0.033). However, 
when children with the unfavorable (MLL, BCR-ABL1) 
or favorable (ETV6-RUNX1 and trisomies 4 and 10) 
genetic lesions were excluded, the EFS and OS were 
similar for children with and without DS. Recent iden-
tification of genetic lesions that lead to over-expression 
of the cytokine receptor homologue CRLF2 and JAK2 
mutations in DS-ALL further underscore the unique 
genetic features of this ALL subtype (Bercovich et al. 
2008; Mullighan et al. 2009c Nature Genetic; Russell 

et al. 2009). These differences and the increased rates 
of non-relapse mortality in children with DS-ALL sug-
gest that this subgroup might be treated differently 
from children without DS, with more attention to sup-
portive care and perhaps incorporation of targeted ther-
apies in the future.

4.4  Treatment Controversies and 
Critical Questions in Childhood ALL

4.4.1  The Role of Cranial Radiotherapy

The addition of presymptomatic cranial or craniospinal 
irradiation to ALL treatment regimens produced dra-
matic improvements in cure rates of childhood ALL in 
the late 1960s and early 1970s (Aur et al. 1972; Pui and 
Howard 2008). However, irradiation also resulted in 
development of secondary brain tumors and caused 
significant long-term deleterious effects on growth, 
endocrine and neurocognitive function (Pui and Howard 
2008). With improvements in systemic therapy it has 
become possible to progressively decrease the percent-
age of patients that receive cranial irradiation as well as 
the dose. However, 15–30% of patients still receive cra-
nial irradiation (1,200–1,800 cGy for selected patients 
that do not have CNS disease and 1,800–2,400 cGy for 
patients with overt CNS disease) with most ALL treat-
ment protocols (Pui and Howard 2008). Patients in 
whom presymptomatic cranial irradiation is employed 
include those with poor early responses to therapy, 
adverse genetic features, high WBC, and T-cell ALL. 
Two recent reports have described very encouraging 
early outcomes with treatment regimens in which no 
patients received cranial irradiation (Pui et al. 2009; 
Veerman et al. 2009). Both studies were relatively small 
compared to large cooperative BFM and COG trials, 
but the findings are provocative and challenge other 
groups to consider ways in which the use of presymp-
tomatic cranial irradiation can be further reduced or 
eliminated. Pui has also suggested other approaches 
that may help to decrease the rate of CNS relapse, 
including having highly experienced clinicians perform 
diagnostic lumbar punctures with platelet transfusions 
used to bring the platelet count above 100,000/mL, 
optimal choice of equipment and positioning of the 
patient post lumbar puncture (Pui and Howard 2008).
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4.4.2  Pulses of Steroids and Vincristine 
During Maintenance Therapy

There are significant differences in how different 
cooperative groups use pulses of vincristine and ste-
roids during Maintenance therapy. The pulses were 
first shown to improve outcome in studies conducted 
in the 1970s and early 1980s that used relatively 
non-intensive chemotherapy backbones. For exam-
ple, CCG 161 (1978–1983) randomized low-risk 
patients to receive or not receive monthly pulses of 
vincristine 1.5 mg/m2 and 5 days of prednisone 
40 mg/m2; they showed a significant EFS advantage 
in the patients that received pulses (Bleyer et al. 
1991). However, patients treated in this study 
received only a 3-drug prednisone-based Induction 
and no post-Induction DI phase or other form of 
Intensification. A meta-analysis of randomized ALL 
trials showed a statistically significant advantage of 
vincristine/prednisone pulses on EFS, but there was 
no effect on OS (Richards et al. 1996). However, this 
analysis was limited to trials that began before 1987, 
which are not reflective of contemporary therapy. 
None of the regimens used a dexamethasone-based 
Induction and none included a DI phase; the overall 
EFS was less than 70%.

More recently, the I-BFM SG IR-95 group 
 conducted a prospective meta-analysis trial that 
 randomized almost 3,000 patients treated with BFM-
based therapy to receive or not receive six pulses of 
dexamethasone 6 mg/m2/day × 7 and vincristine 
1.5 mg/m2 on days 1 and 8 during Maintenance ther-
apy (Conter et al. 2007). The outcomes of the two 
groups were virtually identical with 7-year DFS rates 
of 77.5% with pulses and 78.4% without pulses, 
showing no benefit to pulses in the context of inten-
sive BFM-based therapy. Thus, while maintenance 
steroid/vincristine pulses may be beneficial in the 
context of low intensity therapy, pulses (as adminis-
tered in the BFM trial) have little effect on outcome 
when modern intensive treatment backbones are used. 
The groups (COG, DFCI, SJCRH) that currently use 
significant amounts of steroid/vincristine pulses 
administer them somewhat differently than given in 
the I-BFM trial and the routine use of such pulses 
may need to be reconsidered. The COG plans to con-
duct a randomized trial to examine this question start-
ing in 2010.

4.4.3  Identification of the Optimum 
Corticosteroid for Induction 
Therapy

CCG 1922 established that dexamethasone 6 mg/m2 
was superior to prednisone 40 mg/m2 for children with 
SR-ALL (Bostrom et al. 2003). Similarly, the United 
Kingdom MRC97 trial found that dexamethasone 
6.5 mg/m2 was superior to prednisone 40 mg/m2 among 
all children with ALL (Mitchell et al. 2005). Other 
groups have asked analogous randomized questions, 
but different prednisone to dexamethasone conversion 
factors have been used. A major confounding factor 
has been the occurrence of increased infectious mor-
bidity and mortality when dexamethasone was incor-
porated into a 4-drug Induction regimen, making it 
challenging to balance the improvements in outcome 
obtained with dexamethasone with the increased 
occurrence of major morbidities and toxic deaths.  
A prime example of this dilemma is provided by recent 
results of the AIEOP-BFM ALL 2000 study that ran-
domized patients to receive a 4-drug Induction con-
taining 10 mg/m2/day of dexamethasone or 60 mg/m2/
day of prednisone (Schrappe et al. 2008). Patients ran-
domized to receive dexamethasone had a significant 
improvement in 6-year EFS, a significant reduction in 
risk of relapse, but also a significant increase in infec-
tious death during Induction. However, at the time the 
results were presented there was no effect of steroid 
preparation on survival. The beneficial effects of dex-
amethasone were seen particularly in patients with 
poor prednisone response and those with T-ALL. 
Trying to strike a balance between the relative advan-
tages and disadvantages of dexamethasone, the 
AEIOP-BFM group has decided to use dexamethasone 
in Induction for T-ALL patients, but to continue to use 
prednisone for patients with B-precursor ALL.

4.4.4  Identification and Treatment  
of Low-Risk Subsets of Childhood ALL

Subsets of patients with ALL can be identified that 
have an outstanding outcome with contemporary treat-
ment regimens. It is tempting to try to minimize mor-
bidity and long-term toxicity by identifying patients 
for whom treatment might be de-escalated. Hunger 
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and colleagues have advocated that reductions in ther-
apy and/or not including patients in randomized trials 
designed to improve EFS should only be considered 
for patients with an expected long-term EFS of at least 
95% (Hunger et al. 2005). It can be challenging to con-
sider what to do with patient groups that attained an 
outstanding EFS with intensive therapies. For exam-
ple, the SJCRH Total XV trial attained a 5-year EFS of 
97.6% and OS of 98.9% for patients with ETV6-
RUNX1 fusion, but all patients received an intensive 
Induction/Consolidation similar to the BFM Protocol 
Ia and Ib, followed by four courses of HD MTX (Pui 
et al. 2009; NEJM). Could this outstanding result be 
maintained with less therapy? If so, which components 
of therapy should be eliminated? In contrast, other 
cooperative groups have treated lower risk patients less 
intensively, potentially providing a mechanism to iden-
tify an effective therapy that provides a high cure rate 
to lower risk patients that could be defined as the “stan-
dard” therapy for future trials. The POG had a large 
experience with using a 3-drug Induction regimen and 
six courses of intermediate dose MTX (1 gm/m2 over 
24 h) as the only post-Induction Consolidation therapy, 
with no anthracyclines or alkylating agents. While this 
regimen does not yield cure rates that are as high as 
obtained with BFM-type regimens for most patients, 
the 12% of B-precursor ALL patients with SR-ALL, 
ETV6-RUNX1 fusion or trisomies of both chromo-
somes 4 and 10, and Induction day 8 peripheral blood 
and day 29 BM MRD <0.01%, had a 97% 5-year EFS 
with this therapy (Borowitz et al. 2008). This excellent 
outcome has been maintained with longer follow-up 
and this therapy will be one of two regimens recom-
mended for these low risk patients in the next genera-
tion of COG ALL trials.

4.4.5  The Role of Hematopoietic Stem 
Cell Transplant in First Remission

The indications for HSCT in children with ALL in first 
remission (CR1) have evolved as chemotherapy out-
comes have improved, and will continue to evolve in 
the future (Mehta and Davies 2008). There are no ran-
domized trials that directly address the question of 
when HSCT is appropriate for ALL in CR1, so most 
recommendations have been based on historical con-
trol comparisons and/or parallel clinical experien ces. 

Distinctions are sometimes, but not always, made 
between matched sibling HSCT and unrelated donor 
HSCT, although more and more agreement is being 
reached that unrelated donor transplant using a highly 
matched donor will yield equivalent outcomes to 
HSCT with a matched sibling donor.

With these caveats in mind, there are currently only 
two widely agreed upon indications for HSCT in CR1: 
low hypodiploidy (modal chromosome number less 
than 44) and classic Induction failure (M3 marrow at the 
end of primary Induction therapy). The consensus on 
the use of HSCT in CR1 for patients with hypodiploidy 
is based more upon universally poor outcomes obtained 
with chemotherapy than on definitive proof that HSCT 
results in improved outcomes, although there are some 
encouraging unpublished data with HSCT in hypodip-
loid ALL (Nachman et al. 2007; Mehta and Davies 
2008). Most clinicians also consider primary Induction 
failure to be an indication for HSCT in CR1 based on 
the very poor outcomes seen in these patients, and there 
are data from non-randomized trials suggesting that out-
comes are better with HSCT than with chemotherapy 
(Silverman et al. 1999; Balduzzi et al. 2005; Oudot et al. 
2008). A nearly-completed large international collabor-
ative review of over 1,000 patients with ALL and 
Induction failure will provide more insight into clinical 
features associated with outcome following Induction 
failure and the relative role of HSCT in different patient 
subsets (Biondi et al. 2009).

Until recently, HSCT was considered the treatment 
of choice for children with Ph+ ALL in CR1. A large 
collaborative review of 326 children with Ph+ ALL 
published in 2000 showed a clear advantage for 
matched sibling HSCT vs. chemotherapy, but no 
advantage for unrelated donor HSCT (Arico et al. 
2000). Preliminary results from a follow-up study of 
762 children with Ph+ ALL treated between 1995 and 
2005 without tyrosine kinase inhibitors showed similar 
outcomes of matched sibling and unrelated donor 
HSCT in CR1, with both yielding significantly better 
DFS than chemotherapy, but this did not translate into 
an advantage in OS (Arico et al. 2008). The early 
results of intensive chemotherapy plus imatinib from 
COG AALL0031 call for a reconsideration of the role 
of HSCT in CR1 for children and adolescents with 
Ph+ ALL (see above) (Schultz et al. 2009).

There is much less agreement on the role of HSCT 
in CR1 for other high-risk subsets of childhood ALL. 
As discussed earlier, the COG and European Inter-fant 
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groups are currently taking different approaches 
regarding the role of HSCT in infants with ALL in 
CR1. Older children with ALL and MLL transloca-
tions, particularly the t(4;11)(q21;q23) have classically 
had poor outcomes with chemotherapy and are often 
considered to be candidates for HSCT in CR1, espe-
cially if they have also had a poor early response to 
chemotherapy. A large retrospective review failed to 
show benefit to HSCT in patients over 1 year of age 
with the t(4;11), but was limited to patients diagnosed 
between 1983 and 1995 (Pui et al. 2003). More recent 
experience showed an EFS advantage, but no OS 
advantage, for matched sibling HSCT in CR1 for 
HR-ALL patients including those with the t(4;11) 
(Balduzzi et al. 2005).

Another group that has often been considered as can-
didates for HSCT in CR1 are patients with T-cell ALL 
and either a poor early response or high WBC count 
(Balduzzi et al. 2005). However, results of CCG 1961 
showed nearly identical results with chemotherapy for 
children with T-cell ALL and an initial WBC above or 
below 200,000/mL, suggesting that HSCT in CR1 is not 
warranted in such patients (Hastings et al. 2006). Early 
results from a COG pilot study of Nelarabine plus 
BFM-based chemotherapy were very promising for 
T-ALL patients with a poor prednisone response or high 
levels of MRD at end-Induction, suggesting that these 
may not be appropriate indications for HSCT in patients 
with T-ALL in CR1 (Dunsmore et al. 2008). In contrast, 
Coustan-Smith and colleagues have recently identified 
a subset of T-ALL patients with “early T-cell precursor 
(ETP)” ALL that have a very poor outcome with che-
motherapy and might be appropriate candidates for 
HSCT in CR1 (Coustan-Smith et al. 2009).

4.5  Prognostic Factors and Risk 
Stratification Approaches

A number of prognostic factors have been defined in 
childhood ALL and are used by many treatment groups 
to guide the selection of treatment regimens. The fac-
tors of critical importance are those which have been 
predictive of outcome over time, regardless of the 
nature of treatment administered. Collectively, prog-
nostic factors are assessed in individual patients at 
diagnosis and during early phases of treatment and 
used to predict risk for disease recurrence. The term 

“risk stratification” is used to describe the selection of 
a treatment regimen whose intensity is modulated 
according to the risk for relapse, such that those chil-
dren who are predicted to have favorable outcomes 
receive lesser intensity regimens, sparing unwanted 
toxicity, while those at a higher risk for treatment fail-
ure receive more intensified therapy. Several clinical 
parameters (e.g., age, gender, extramedullary disease), 
routine laboratory tests (WBC), blast cytogenetic fea-
tures (e.g., presence or absence of specific transloca-
tions and ploidy) and initial response to therapy as 
assessed by reduction in tumor burden during early 
phases of therapy are now used routinely for risk strati-
fication and are described below. As additional prog-
nostic markers are defined and the interrelationship of 
variables such as blast cytogenetics and early treatment 
response are better understood, treatment will evolve to 
become more individually tailored. While there is gen-
eral agreement between different cooperative groups 
about important risk factors, the groups have taken very 
different approaches to treatment stratification.

Despite the contribution of risk stratification to 
overall improvements in ALL outcomes, further refine-
ments are needed, as the majority of children who 
relapse lack known adverse prognostic markers.

4.5.1  Clinical Features

The two most important clinical prognostic features in 
childhood ALL are age and initial WBC. Infants and 
adolescents with ALL have inferior outcomes (Crist 
et al. 1986; Sather 1986) and a high presenting WBC 
was one of the first recognized adverse prognostic 
markers in BFM studies (Henze et al. 1981b). The 
prognostic importance of these variables was solidified 
at a NCI sponsored workshop in the US in 1993, where 
the impact of age and WBC was analyzed across sev-
eral cooperative group protocols (Smith et al. 1996). 
This led to the so-called NCI/Rome definitions of stan-
dard and high-risk ALL summarized earlier, which 
have allowed a common framework and context within 
which to assess the importance of additional and evolv-
ing prognostic features, such as blast cytogenetics and 
early treatment response.

Gender has also been prognostic of outcome in 
many studies, with boys having a higher rate of relapse 
than girls; because of this, some cooperative groups 
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administer Maintenance therapy longer in males than 
in females (Shuster et al. 1998; Pui et al. 1999). The 
presence of CNS leukemia is also an adverse prognos-
tic factor (Mahmoud et al. 1993; Schultz et al. 2007), 
prompting some groups to classify patients with CNS 
leukemia (at least 5 WBCs/ml with blasts) as high-risk 
and to intensify CNS-directed therapy for those with 
CNS-2 disease (less than 5 WBCs/ml with blasts).

4.5.2  Blast Immunophenotype  
and Genotype

Blast immunophenotype is also prognostic of outcome 
and T-ALL, which represents approximately 15% of 
cases of newly diagnosed ALL in children, has histori-
cally been linked with a poorer prognosis. In comparison 
to B-precursor ALL, T-ALL is more frequently associ-
ated with unfavorable clinical features such as older age, 
a high WBC count, male gender, bulky adenopathy and 
CNS involvement (Crist et al. 1986; Pui et al. 1990; 
Uckun et al. 1997a). The difference in prognosis may in 
part also relate to intrinsic differences in the chemosen-
sitivity of lymphoblasts. For example, T-ALL blasts are 
less sensitive than B-precursor ALL blasts to MTX 
(Kager et al. 2005). However, despite these features, the 
outcome for T-ALL has improved markedly in recent 
years due to the application of intensive chemotherapy 
and now mirrors that seen in B-precursor ALL (Goldberg 
et al. 2003; Pui et al. 2008). An exception to this is the 
recently defined ETP subset of T-ALL discussed earlier 
(Coustan-Smith et al. 2009).

Early studies suggested that antigen promiscuity in 
B-precursor ALL, most commonly with coexpression 
of the CD13 and CD33 myeloid antigens, was also 
associated with inferior outcomes (Wiersma et al. 
1991). Subsequent studies (Uckun et al. 1997b; Putti 
et al. 1998) did not support this conclusion and at the 
present time therapy is generally not intensified or 
altered for myeloid antigen positive ALL.

The leukemia karyotype has emerged as one of the 
most important prognostic variables across multiple 
cooperative group trials, regardless of the therapy 
administered. Blast ploidy is one of the most signifi-
cant prognostic indicators in B-precursor ALL. Patients 
with high hyperdiploid blasts (>50 chromosomes), 
which is commonly associated with simultaneous tri-
somies of specific chromosomes, have a very favorable 

prognosis with a 5-year EFS rate likely exceeding 90% 
(Harris et al. 1992; Trueworthy et al. 1992; Heerema 
et al. 2000; Sutcliffe et al. 2005; Schultz et al. 2007).

In contrast, hypodiploidy portends a poor outcome. 
Hypodiploidy occurs in 6–9% of childhood ALL cases, 
with the vast majority having 45 chromosomes. 
Approximately 1% of children with ALL have extreme 
hypodiploidy, which is defined as blasts with <44 
chromosomes, or a DNA index < 0.81. While the out-
comes for children with a modal chromosome number 
of 44–45 is intermediate, and similar to that observed 
with pseudodiploid and low-hyperdiploid ALL (47–50 
chromosomes), outcomes for children with extreme 
hypodiploidy are particularly poor, and this group is 
now classified as very high-risk by most groups 
(Chessels et al. 1997; Heerema et al. 1999; Nachman 
et al. 2007; Schultz et al. 2007). As a part of clonal 
evolution, doubling of the hypodiploid clone can occur, 
mimicking hyperdiploid ALL (Nachman et al. 2007). 
Care should be taken to identify these cases so that 
appropriate therapy can be administered.

In addition to alterations in chromosome number, cer-
tain sentinel chromosome translocations have major 
prognostic importance in childhood ALL. The most 
common chromosomal translocation is t(12;21), which 
results in the ETV6-RUNX1 fusion gene. This alteration 
occurs in approximately 25% of cases of childhood 
B-precursor ALL and is associated with favorable out-
comes (Loh et al. 2006; Schultz et al. 2007; Rubnitz et al. 
2008). The favorable chromosome trisomy and ETV6-
RUNX1 positive cases together account for up to 50% of 
standard-risk B-cell precursor ALL cases (Loh et al. 
2006; Schultz et al. 2007; Rubnitz et al. 2008), and when 
associated with a favorable early response to treatment as 
described below, they constitute the “low-risk” group of 
patients on COG therapeutic studies with outcomes 
exceeding 95% with less intensive therapy, lacking alky-
lating agents or anthracyclines (Borowitz et al. 2008).

In contrast to the favorable outcomes observed in 
ETV6-RUNX1 positive ALL, the t(9;22) translocation, 
producing the BCR-ABL1 fusion transcript, and trans-
locations involving the MLL gene portend poor out-
comes (Arico et al. 2000; Pui et al. 2002). Treatment of 
Ph+ ALL was discussed earlier. MLL translocations 
lead to production of chimeric transcription factors 
consisting of the amino-terminal portion of MLL fused 
to one of more than 40 partner genes (Hunger et al. 
1993; Daser and Rabbitts 2005), and are another unfa-
vorable risk cytogenetic subgroup (Behm et al. 1996). 
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These translocations are observed in more than 80% of 
infant ALL cases. MLL translocations can also be seen 
in older children, and while they have a negative prog-
nostic impact with EFS of 40–60%, outcomes of older 
children with these rearrangements are superior to 
those seen in infants, who have long-term EFS ranging 
from 20% to 40% (Rubnitz et al. 1994; Chessells et al. 
2002; Pui et al. 2002). MLL translocations in non-
infant patients confer a particularly poor prognosis in 
those with slow initial responses to chemotherapy 
(Schultz et al. 2007).

While the biological basis for differential treatment 
responses among the cytogenetic subtypes of ALL is 
often unclear, in vitro drug sensitivity studies have 
linked sensitivity to particular classes of drugs to certain 
cytogenetic subtypes. For example, ETV6-RUNX1 posi-
tive lymphoblasts show particular sensitivity to l-aspar-
aginase (Ramakers-van Woerden et al. 2000; Loh et al. 
2006). Similarly, hyperdiploid ALL blasts have been 
shown to accumulate very high levels of MTX polyglu-
tamates, making them particularly sensitive to MTX 
cytotoxicity (Whitehead et al. 1992). These differences 
in drug sensitivity in vitro may offer an explanation for 
the excellent outcomes achieved in these subsets of 
patients when treated with regimens in which MTX and 
asparaginase are essential components of therapy.

With the advent of new technologies for genome-
wide analyses, several new cytogenetic alterations of 
potential prognostic importance are emerging. A gene 
expression signature was recently identified among 
children with high-risk B-precursor ALL treated on 
the COG 9906 study, which was highly predictive of 
relapse free survival, identifying a group of patients 
with a 50% likelihood of relapse (Kang et al. 2010). 
The “molecular risk classifier” was validated in an 
independent high-risk cohort and further prospective 
validation is presently underway.

Several other novel genetic aberrations of prognostic 
significance have been identified from genome-wide 
single-nucleotide polymorphism (SNP) array analyses in 
children with high-risk ALL, including alterations of 
PAX5, IKZF1 (Ikaros) and the JAK family of tyrosine 
kinase (Mullighan et al. 2007,  2009a, b). Genomic alter-
ations of the gene encoding the cytokine receptor CRLF2 
are also emerging as a high-risk cytogenetic feature 
(Mullighan et al. 2009c Native Genetic; Russell et al. 
2009). Future risk algorithms will likely incorporate 
some of these new genetic alterations, if their prognostic 
significance is confirmed in ongoing prospective trials.

4.5.3  Early Treatment Response

Early response to therapy is one of the most important 
prognostic variables in childhood ALL, as it encom-
passes aspects of the host, disease and therapy. Early 
response can be measured in many ways, including 
reduction of blasts in the blood or bone marrow, or by 
more sensitive measures such as the detection of  
MRD using flow-cytometry or molecular techniques. 
Numerous studies have shown the favorable prognos-
tic impact of rapid responses to treatment, regardless 
of the measure used.

The BFM group established the prognostic impor-
tance of early treatment response by demonstrating 
that the rate and magnitude of disappearance of lym-
phoblasts from the peripheral blood after a 1-week 
prednisone prophase was highly predictive of outcome 
(Riehm et al. 1990). Patients with ³1,000/mL blasts in 
the blood on day 8 after an initial 7-day prednisone 
prophase combined with a single dose of intrathecal 
MTX defined a group of poor-responders at very high 
risk for subsequent relapse (Schrappe et al. 2000a, b). 
Investigators at SJCRH have also confirmed the nega-
tive prognostic significance of residual peripheral 
blasts after an initial week of multi-agent Induction 
therapy; patients who were blast negative on day 8 had 
a 5-year EFS of 77% compared to 34% among those 
with residual circulating blasts (Gajjar et al. 1995).

Using morphological measurement of residual mar-
row blasts after 7 or 14 days of multi-agent Induction 
chemotherapy, the Children’s Cancer Group (CCG) 
also demonstrated that early treatment response was 
highly associated with favorable long-term outcomes 
(Gaynon et al. 1990, 1997). In CCG studies conducted 
from 1989 to 1995, day 8 marrow status was routinely 
determined by conventional morphology. Among non-
infant patients who achieved remission at end-Induc-
tion, 52%, 23%, and 25% of children had an M1 (<5% 
blasts), M2 (5–25% blasts) and M3 (>25% blasts) day 
8 marrow status, respectively. Their EFS was 80 ± 1%, 
74 ± 2% and 68 ± 2%, respectively (Gaynon et al. 
2000). Similarly, the combined impact of the day 8 and 
15 marrow response on outcome was investigated in 
CCG studies for NCI standard-risk and high-risk ALL 
conducted from 1996 to 2002. The outcomes for both 
standard-risk and high-risk patients who achieved an 
M1 marrow by day 15 were superior to those with 
M2/3 marrows, with a 5-year EFS of 84.4% versus 
66.6% for NCI standard-risk patients and 77% versus 
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59% for NCI high-risk patients, despite intensification 
of therapy for those with slow early responses (Schultz 
et al. 2007).

Despite the demonstrated value of early morpho-
logical response in predicting outcome, the majority of 
relapses still occur among those with favorable kinetic 
responses. For example, 70% of events on ALL-BFM 
90 occurred in patients with prednisone good response 
(Schrappe 2004). Thus, more sensitive measures to 
monitor the tempo and depth of remission were sought. 
Over the past 20 years, technological advances have 
allowed for the detection of residual leukemia cells 
below the threshold detected by conventional morphol-
ogy, and MRD can now be identified with lower limits 
of sensitivity of 1 in 104 to 1 in 106 cells (Roberts et al. 
1997; Cave et al. 1998; Evans et al. 1998; Goulden 
et al. 1998; van Dongen et al. 1998; Biondi et al. 2000; 
Coustan-Smith et al. 2000; Panzer-Grumayer et al. 
2000; Uckun et al. 2000; Schmiegelow et al. 2001; 
Borowitz et al. 2008). A number of strategies have been 
developed to monitor MRD including flow cytometry, 
PCR techniques to identify Ig/TCR rearrangements, 
and PCR detection of fusion gene transcripts.

Several prospective studies (Cave et al. 1998; van 
Dongen et al. 1998; Coustan-Smith et al. 2000) pro-
vided initial strong evidence that quantitative measures 
of MRD identify patients at high risk for relapse (Cave 
et al. 1998; van Dongen et al. 1998; Coustan-Smith et al. 
2000). Recent data from the COG protocol P9900 have 
also demonstrated the powerful prognostic impact of 
end-Induction MRD in almost 2,000 patients (Borowitz 
et al. 2008). Day 8 peripheral blood and end-Induction 
(day 29) BM MRD was measured by flow cytometry in 
a single central reference laboratory; however, the 
results were not provided to treating physicians or used 
to alter therapy on the linked series of therapeutic trials. 
Informative end-Induction flow cytometry MRD results 
with sensitivity of at least 0.01% were available for 92% 
of patients within 24–48 h of specimen receipt. End-
Induction MRD was highly prognostic, with 5-year EFS 
of 88 ± 1%, 59 ± 5%, 49 ± 6% and 30 ± 8% for those 
patients who were MRD negative, or MRD positive in 
the ranges of 0.01–0.1%, 0.1–1%, and >1%, respec-
tively. This study also defined 0.01% an optimal cutoff 
for risk stratification given the differences in outcome 
between those patients who were MRD negative com-
pared to those with end-Induction MRD in the range of 
0.01–0.1%. End-Induction marrow MRD was the most 
important prognostic variable in multivariate analysis in 

this study. However, 50% of relapses still occurred in 
the patients that had MRD <0.01% at end-Induction. 
Day 8 peripheral blood MRD further identified a group 
of patients with excellent outcomes. When used in con-
junction with favorable clinical and cytogenetic fea-
tures, along with negative day 29 MRD, the absence of 
peripheral blood MRD on day 8 identified a subgroup of 
12% of patients that had a 97 ± 1% 5-year EFS with 
minimal therapy.

Given the prognostic significance of MRD, it has 
become a critical determinant for risk stratification 
within the COG and other cooperative groups. On the 
AIEOP-BFM ALL2000 trial, PCR-based MRD at two 
time points (day 33 and day 78) was feasible in 78% of 
patients and was used for risk stratification and selec-
tion of post-Consolidation treatment intensity, replac-
ing many other risk variables (Flohr et al. 2008). Within 
the COG, risk algorithms are used initially to assign 
children with newly diagnosed ALL to a standard-risk 
(3-drug) or high-risk (4-drug) Induction based on NCI 
risk group and clinical features. At the end of Induction, 
blast cytogenetics, as well as early morphological 
response and end-Induction MRD, are used to refine 
classification into one of four risk groups: low, stan-
dard, high, and very high-risk. Future risk algorithms in 
the COG will use the combination of favorable cytoge-
netics and negative day 8 peripheral blood MRD and 
day 29 BM MRD to define a low-risk group of patients 
with B-precursor ALL who will receive minimal ther-
apy with a predicted EFS exceeding 95%.

Given the powerful predictive value of early MRD 
response, MRD may be a useful surrogate marker to 
assess the potential utility of novel treatment interven-
tions. Although it may never replace randomized trials 
with EFS as a primary endpoint, it can allow investiga-
tors to prioritize the many new agents among patient 
groups where novel approaches are urgently needed.

4.6  Relapsed ALL

4.6.1  Overview

Relapse of ALL is defined as the reappearance of leuke-
mia in bone marrow, blood or any other anatomic com-
partment following achievement of complete remission 
with first-line therapy. Relapses have become less fre-
quent during the past 10–20 years as frontline therapies 
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have been improved by tailoring treatment intensity 
based on patient clinical and response characteristics. 
Moreover, molecular genetic techniques enabled us to 
identify patients with poor response to therapy early by 
measuring MRD and to allocate them to allogeneic 
stem cell transplantation. With contemporary frontline 
treatment regimens, the probability of EFS is now above 
80%, and relapse rates have been reduced to about 15%. 
Because of the high frequency of childhood ALL, 
relapses nevertheless still constitute a substantially fre-
quent diagnosis in pediatric oncology and have still 
been reported to be the most common cause for death 
from cancer in children under 15 years of age (Henze 
1997; Roy et al. 2005b; Nguyen et al. 2008).

The success of treatment for relapse is limited by 
various factors. In general, leukemia cells that have 
survived frontline therapy are more resistant than those 
present in newly diagnosed patients. In addition, 
patients have a worse tolerance of treatment, particu-
larly when relapse occurs, while the patient is still 
receiving primary therapy. Because of the already 
accumulated toxicity of chemotherapy and/or radia-
tion therapy, doses of certain drugs and irradiation 
must be restricted in order to avoid severe and unac-
ceptable late effects.

Thus, treatment for relapsed ALL is associated with 
specific problems that must be considered and addressed 
for each individual patient, and the chances for success 
are significantly worse than in newly diagnosed ALL.

4.6.2  Diagnostic Procedures at Relapse

It is essential that a diagnosis of relapsed ALL be abso-
lutely certain. Thus, the diagnostic procedures should 
follow the same rules as applied at first diagnosis: fol-
lowing careful physical examination, BM, cerebrospi-
nal fluid (CSF) and, if applicable, biopsy material from 
additional involved sites have to be obtained and inves-
tigated morphologically as well as by immunopheno-
typing, cytogenetic and molecular genetic methods.

A relapse is considered to be an isolated BM relapse 
if the BM contains at least 25% leukemia cells without 
evidence of leukemia at other sites. Isolated extramed-
ullary relapse is diagnosed when there is proven leuke-
mia at sites other than the BM, and there are less than 
5% blasts in the BM. Combined relapses are those 
with extramedullary involvement and ³5% BM blasts.

The most frequent sites of extramedullary relapses 
are the CNS and the testicles. Clinical signs of a CNS 
relapse may be headaches, vomiting, blurred vision or 
polyphagia. Usually, the CSF contains a clearly ele-
vated number of leukemic cells. The standard criteria 
for CNS relapse are the presence of at least 5 WBC/mL 
of CSF with blasts identified on a cytospin preparation. 
Mere pleocytosis with single suspicious cells is not 
proof of a CNS relapse, and the lumbar puncture 
should be repeated after 1 or 2 weeks. Rarely, leuke-
mic infiltrates may be detected by MRI scan.

The second most common site of extramedullary 
relapse of ALL is in the testicle(s). Testicular relapses 
may be uni- or bilateral and are usually diagnosed fol-
lowing detection of painless testicular enlargement. 
Definitive diagnosis requires biopsy or orchiectomy of 
the involved testis and biopsy of the other, clinically 
uninvolved testis. Other far less frequent extramedul-
lary relapse sites of leukemia include the mediastinum, 
skin, bone and muscle, prostate or other abdominal 
organs, or the eye.

At relapse, immunophenotyping and (molecular) 
genetic testing should be performed as was done at initial 
presentation. Translocations (e.g., t(9;22), t(12;21), and 
t(4;11)) can provide important prognostic  information. 
Clone-specific rearrangements of Ig/TCR genes can be 
used as MRD markers to assess the quality of second 
remission (CR2) and for monitoring therapy (Steward 
et al. 1994). Sentinel cytogenetic lesions and clone- 
specific Ig/TCR rearrangements can also be used to dis-
tinguish a relapse from a second leukemia (Vora et al. 
1998; Lo Nigro et al. 1999).

4.6.3  Risk Factors in Relapsed ALL

Relapse of ALL should be regarded as a new condi-
tion, i.e., almost all previously relevant prognostic fac-
tors lose their significance. There are several very 
important prognostic factors that can be used to assess 
the possibility of cure after relapse, and to select the 
appropriate treatment for a patient who has relapsed.

4.6.3.1  Time to Relapse

As shown in Fig. 4.1, the most important risk factor at 
relapse is the duration of first CR, with lower cure rates 
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for those that relapse earlier following initial diagnosis 
(Chessells et al. 1994; Gaynon et al. 1998; Nguyen 
et al. 2008). Different cooperative groups use slightly 
different definitions of early, intermediate, and late 
relapse. In the BFM trials for treatment of children with 
relapsed ALL, late relapses are defined as those occur-
ring more than 6 months after cessation of frontline 
therapy. Very early relapses occur within 18 months 
after the initial diagnosis, and early relapses are all oth-
ers between very early and late. These definitions allow 
a very clear discrimination concerning the second CR 
rate as well as the probability of EFS (Fig. 4.1).

Similar results have been reported by other groups, 
although the relevant points of reference for the defini-
tion of early or late relapse are somewhat different 
(Schroeder et al. 1995; Gaynon et al. 1998; Wheeler 
et al. 1998; Nguyen et al. 2008). Some groups use the 
duration of remission after elective cessation of front-
line treatment (Miniero et al. 1995) and some others the 
duration of first CR not related to the duration of front-
line therapy. For example, the COG uses the following 
definitions for time from initial diagnosis to relapse: 
early: <18 months; intermediate: 18–36 months; and 

late: >36 months (Nguyen et al. 2008). These different 
definitions used by different groups make it complicated 
to compare outcomes of studies for relapsed ALL.

4.6.3.2  Site of Relapse

As shown in Fig. 4.2, the site of relapse is also highly 
predictive of outcome following relapse. Children with 
BM relapses have a worse outcome compared to those 
with extramedullary relapses, particularly in the case of 
late relapses. Surprisingly, the prognosis of patients with 
combined BM relapses is superior to those with isolated 
BM relapses (Buhrer et al. 1993; Chessells 1998; 
Jahnukainen et al. 1998; Nguyen et al. 2008). Although 
this has been a constant finding in BFM relapse trials and 
also been confirmed by multivariate Cox regression anal-
ysis, the reason for this observation is uncertain. A pos-
sible explanation would be that, in part, extramedullary 
relapses originate from leukemia cells that have survived 
in a protected environment, such as CNS or testis that has 
lower exposure to chemotherapy. As a consequence, 
these cells might be less drug-resistant and more 
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Fig. 4.1 Event-free survival (EFS) 
by time to relapse in BFM REZ 
trials (late: later than 6 months 
after cessation of frontline therapy; 
early: earlier than 6 months after 
cessation of frontline therapy and 
later than 18 months after initial 
ALL diagnosis; very early: earlier 
than 18 months after initial ALL 
diagnosis). pEFS probability of 
event-free survival, cens. censored
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responsive to chemotherapy even after they have reseeded 
the BM and then appeared as a combined relapse.

Less exposure to chemotherapy may therefore be the 
explanation for the better prognosis of extramedullary 
relapses in general. In the CNS, leukemic cells are par-
tially protected by the blood brain barrier; in the testes, 
the lower temperature might play a role in modulating of 
the effect of chemotherapy. In case of relapse at these 
sites, however, it has to be assumed that the leukemic cell 
burden is so high that chemotherapy alone is not suffi-
cient to eliminate these cells completely. Additional local 
therapy is necessary to control the leukemia at the 
extramedullary site and to prevent subsequent hemato-
logical relapses which occur as second events at about 
the same frequency as local relapses. This gives impres-
sive evidence that leukemia is always a systemic disease 
and the term “isolated” relapse is, at best, descriptive. 
Local therapy is never sufficient to treat relapse and addi-
tional systemic therapy is always necessary, even for 
“isolated” extramedullary relapses (Buchanan et al. 1991; 
Henze et al. 1991; Winick et al. 1993; Ribeiro et al. 1995; 
Gaynon et al. 1998). Con sistent with this clinical obser-
vation, a significant majority of patients with clinically 

“isolated” extramedullary relapse are found to have clear 
evidence of BM involvement with high sensitivity molec-
ular techniques (Neale et al. 1994; Lal et al. 1998;Uckun 
et al. 1999; Hagedorn et al. 2007).

4.6.3.3  Immunophenotype

The distribution of immunophenotypes in relapse 
patients is generally similar to that seen at initial pre-
sentation. In ALL-REZ BFM trials 90–96, about 14.7% 
of children with relapsed ALL had T-cell ALL. In a 
multivariate Cox regression analysis, T-cell immuno-
phenotype was found to be a statistically significant 
adverse prognostic factor, a finding confirmed by other 
groups (Henze et al. 1989; Abshire et al. 1992; Chessells 
et al. 1994). The vast majority of T-cell ALL relapses 
are very early and early relapses, and late relapses are 
extremely rare. The response to re- Induction treatment 
is typically poor, even worse than in otherwise compa-
rable patients with B-precursor ALL. Therefore, T-cell 
immunophenotype constitutes an independent adverse 
prognostic feature at relapse.
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4.6.3.4  Genotype

Even more than in newly diagnosed ALL, the presence 
of the Philadelphia chromosome at relapse predicts a 
poor outcome. In the pre-imatinib era, up to 10% of 
relapsed pediatric ALL cases were Ph+, with particu-
larly increased rates among those with early or very 
early relapses. After relapse, the prognosis of these 
patients was dismal due to a high rate of nonresponse 
to therapy or subsequent relapses (Fletcher et al. 1991; 
Beyermann et al. 1997). With the availability of ima-
tinib, the percentage of relapses that are Ph+ is decreas-
ing (Schultz et al. 2009).

As discussed earlier, the most common chromo-
some translocation in newly diagnosed childhood ALL 
is the cryptic t(12;21)(p13;q22) that produces ETV6-
RUNX1 fusion. This fusion gene is associated with a 
favorable prognosis (Borkhardt et al. 1997; Takahashi 
et al. 1998; Rubnitz et al. 2008). After the first descrip-
tion of this genetic abnormality, a low incidence in 
relapsed ALL was reported (Rubnitz et al. 1997, 1999; 
Loh et al. 1998). Surprisingly, in patients enrolled in 
the BFM relapse trials the frequency of ETV6-RUNX1-
positivity was not much different than that observed in 
children with newly diagnosed ALL. However, the 
median time to relapse was about 4 years, markedly 
longer than in other patients and the prognosis of suc-
cessful salvage therapy for these patients was signifi-
cantly better compared with ETV6-RUNX1 negative 
children (Seeger et al. 1998).

Evidence of ETV6-RUNX1 fusion has been detected 
in 1–2% of normal cord blood samples. This oncogene 
can induce a preleukemic phenotype but is insufficient 
for overt leukemogenesis. Remarkably, the ETV6-
RUNX1 fusion generated during fetal hematopoiesis 
has been shown to produce a clinically covert pre-
leukemic clone that can persist postnatally for at least 
15 years (Greaves and Wiemels 2003). Therefore, 
 evidence exists that some ETV6-RUNX1 positive 

“relapses” may be second leukemias caused by an 
accumulation of additional genetic lesions in cells of a 
persisting preleukemic clone (Konrad et al. 2003). This 
could also be an explanation for the better prognosis 
after “relapse” in this ALL subtype.

Intrachromosomal amplification of chromosome 21 
(iAMP21) is a recently described sentinel genetic 
lesion in childhood ALL that was present in 2% of 
1,630 children treated on the UK MRC ALL97 proto-
col. The abnormality was found in common or pre-B 
ALL; the children were significantly older (median 9 
years vs 5 years), and had a lower WBC count (median 
3.9 vs 12.4) compared with children without this 
abnormality. Patients with iAMP21 had a significantly 
worse outcome compared with other patients (Strefford 
et al. 2006; Moorman et al. 2007). The same incidence 
of this abnormality with slightly better outcomes was 
reported for patients having been treated according to 
BFM protocols (Attarbaschi et al. 2008). Thus far, 
there is no data about the potential impact of iAMP21 
in relapse patients.

4.6.3.5  Summary of Risk Factors in Relapsed ALL

Time to relapse, site of relapse and immunophenotype 
of leukemic cells have been identified as independent 
prognostic factors determining the risk for subsequent 
relapse. In addition, the presence of the Philadelphia 
chromosome has, at least in the pre-imatinib era, been a 
strong independent adverse prognostic feature at 
relapse. Taking these factors together, the BFM relapse 
group has proposed a risk stratification system that 
includes four groups, S1–S4 (Table 4.1, Fig. 4.3a). 
Within this system, patients of group S2 with an inter-
mediate prognosis can be split into subgroups based on 
peripheral blast cell count, site, and Ph+ positivity, lead-
ing to subsets with probabilities of post-relapse EFS 
between 24% and 53% (Table 4.2 and Fig. 4.3b).

Site Immunophenotype non-T Immunophenotype (pre-)T

Isolated EM Combined BM Isolated BM Isolated EM Combined BM Isolated BM

Time

Very early S2 S4 S4 S2 S4 S4

Early S2 S2 S3 S2 S4 S4

Late S1 S2 S2 S1 S4 S4

Table 4.1 BFM ALL relapse risk groups by immunophenotype, timepoint and site of relapse

EM extramedullary, BM bone marrow
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For this group, the indications for HSCT in CR2 
have been controversial. Recently, response to relapse 
therapy, as measured by MRD, has helped to better 
define the chances of treatment success and refine the 

indications for HSCT in CR2. Children with a sys-
temic relapse in the S2 group that responded rapidly to 
re-Induction therapy had a better prognosis with con-
tinuing chemotherapy than those children with slow or 
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Fig. 4.3 (a) Event-free survival of 
different post-relapse risk groups 
(ALL-REZ BFM 83–90). pEFS probabil-
ity of event-free survival; cens. censored, 
S1-S4 BFM ALL relapse risk groups.  
(b) Event-free survival for subgroups of 
risk group S2 (ALL-REZ BFM 83–90). 
pEFS probability of event-free survival; 
cens. censored, S2A-S2D BFM strategic 
group S2 subsets



100 S.P. Hunger et al.

insufficient response (Eckert et al. 2001). Based on 
these results, the ALL-REZ BFM 2002 trial, which 
continues to accrue patients, uses MRD response to 
stratify treatment and identify patients for whom HSCT 
is indicated in CR2.

4.6.4  Treatment of Relapsed ALL

4.6.4.1  Remission Induction Chemotherapy

Chemotherapy is always required in order to obtain a 
second remission. In general, the probability of suc-
cess is high in children with late relapses, whereas sec-
ond CR rates are lower in early relapses and much 
lower in children with very early systemic recurrences 
or with T-cell or Ph+ ALL. The lower CR rates in 
relapse patients are presumably due to drug resistance. 
Resistance may be due to subclones already existing at 
initial diagnosis or may be acquired (Langlands et al. 
1993; Klumper et al. 1995). Several mechanisms of 
resistance (e.g., MDR1 gene related multiple drug 
resistance, p53 mutations, increased activity of dihy-
drofolate reductase, or reduced expression and/or 
function of the glucocorticoid receptor and postrecep-
tor pathways) have been described (Kaspers et al. 
1994; Kawamura et al. 1995). However, in spite of the 
clinical significance of resistance to glucocorticoids, 
the molecular mechanism is not yet defined, and there 
is no clear general pattern of clinically relevant resis-
tance mechanisms in childhood ALL.

Attempts have been made to measure the sensitivity 
of ALL blasts to chemotherapy in vitro using the 
methyl-thiazol-tetrazolium assay. Such studies have 
typically shown that blasts obtained at relapse were 

much more resistant to a variety of chemotherapy 
agents including glucocorticoids, L-asparaginase, 
anthracyclines and thiopurines as compared with sam-
ples obtained at first diagnosis of childhood ALL 
(Klumper et al. 1995). However, the results of these 
measurements could not successfully be transferred 
into clinical practice by attempting to “tailor” therapy 
according to the resistance profile.

Systematic prospective and structured trials for 
relapsed ALL have been developed on a broader basis 
since the 1980s. Consecutive trials including patients 
on a nation-wide basis with stratified treatment have 
been performed by the ALL-REZ BFM study group 
since 1983 and in the United Kingdom starting in the 
early 1990s. The general assumption was that treat-
ment for relapse had to be more intensive than front-
line therapy because the cells were likely to be resistant 
to the conventionally used drugs. In fact, this is not 
always the case; relatively high remission rates of over 
90% could be achieved using a 4-drug Induction regi-
men with vincristine, prednisone, asparaginase and 
daunorubicin. However, the quality and duration of 
these remissions were poor and were followed by fre-
quent and rapid subsequent relapses.

In general, patients with late relapses may be treated 
with chemotherapy regimens using drugs similar to 
frontline therapy. Late relapses occur more frequently 
in patients who were standard or low-risk patients at 
first manifestation of ALL, and the long time to relapse 
is a biologic feature of the leukemia. Usually, in these 
children high second CR rates can be obtained and 
maintained by re-Induction/Consolidation courses fol-
lowed by Maintenance therapy or HSCT. Different 
Induction regimens have been used, consisting either 
of conventional 4-drug regimens or multi-drug combi-
nation chemotherapy (Culbert et al. 1991; Sadowitz 
et al. 1993; Morland and Shaw 1996; Rivera et al. 
2005; Roy et al. 2005a, b). In the ALL-REZ BFM pro-
tocols, the short R1 and R2 courses have been the 
backbone of Induction and post-Induction therapy, as 
shown in Fig. 4.4 and Table 4.3, and resulted in remis-
sion rates of about 95% in patients with late BM relapse 
(Einsiedel et al. 2005; von Stackelberg et al. 2008).

In contrast, re-Induction rates are much lower in 
patients with very early and early relapses (Raetz et al. 
2008a). Early relapses occur most frequently in patients 
with high-risk features at first manifestation, and the 
poor response rates have in part to be attributed to the 
more aggressive biology of the leukemia cells, but may 

Site

Time

Isolated 
BM

Late

Combined BM

Late   Early

Isolated EM

Early/very 
early

PBC < 1/mL A A B D

PBC 1–10,000/mL B

PBC ³ 10,000/mL C

BCR-ABL positive C C C

Table 4.2 Subsets of ALL strategic group S2 by peripheral blast 
cell count (PBC), BCR-ABL1 status, timepoint and site of relapse

EM extramedullary, BM bone marrow
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also be a consequence of the more intensive frontline 
therapy that has been given to these patients. Thus, 
treatment after relapse has to be more intensive, but 
even with intensive regimens second CR rates are only 
about 70%, which is still quite unsatisfactory. There is 
an urgent need for new and alternative drugs for these 
children (Raetz et al. 2008a, b).

As frontline therapies have changed and are different 
in various study groups and the definitions of relapse 
characteristics are not uniform, data on treatment results 
for relapsed ALL are not easy to compare. Interestingly, 
evidence was found in trial ALL-REZ BFM 95/96 that 
increased dose intensity during early Induction therapy 
might be beneficial. Both remission rate and EFS were 
significantly better in patients with short time intervals 
between the first two courses of chemotherapy adminis-
tered for relapse than in children with delayed adminis-
tration of therapy (Herold et al. 2004).

4.6.4.2  Post-remission Therapy

For many years, allogeneic stem cell transplantation 
was believed to be necessary and the treatment of 

choice for all children with BM relapses. Post-
remission chemotherapy, as well as autologous HSCT, 
were only utilized for patients in whom no suitable 
stem cell donor could be found. Because of this, there 
are relatively few published results on long-term out-
come of treatment with relapsed ALL using che-
motherapy alone. The POG reported results using 
alternating drug pairs combined with re-Induction 
courses consisting of weekly cytarabine/tenipo - 
side alternating with weekly vincristine/cyclophosph-
amide for children with early BM relapse (Buchanan 
et al. 2000; Rivera et al. 2005). Maintenance therapy 
with standard doses of 6-MP/MTX plus vincris - 
tine/cyclophosphamide, prednisone/doxorubicin or 
 teniposide/cytarabine re-Induction pulses has been 
administered to children with late BM relapse 
(Sadowitz et al. 1993). In the UK, 4-drug remission 
Induction therapy was followed by etoposide, cyta-
rabine, dexamethasone, asparaginase, epirubicin, vin-
cristine, thioguanine and cyclophosphamide for chil-  
dren allocated to chemotherapy. Stem cell trans - 
plantation was recommended for children who relapsed 
on frontline treatment and those with a relapse in the 
 marrow (isolated or combined) within 24 months of 
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Fig. 4.4 Overview of treatment regimens in the ALL-REZ BFM 2002 study
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stopping treatment. However, acceptance of these 
 recommendations varied with treatment centers and 
availability of donors (Lawson et al. 2000; Roy et al. 
2005a, b). In BFM relapse trials, alternating multidrug 
courses, R1 and R2, followed by standard-dose 
MTX/6-thioguanine Maintenance therapy up to a total 
duration of 2 years, has been used as post-remission 
treatment for children with early or late BM relapse 
(Henze et al. 1991). Preventive cranial irradiation has 
been administered to all children with isolated bone 
marrow relapse in ALL-REZ BFM 87 and subsequent 
ALL-REZ trials because an excess of CNS relapses 
following isolated BM relapse was observed in earlier 
trials. This approach led to a significant reduction of 

CNS relapses and an improved overall outcome 
(Buhrer et al. 1994).

In summary, results with chemotherapy have 
been poor in patients with early systemic relapses, 
mostly below 10% EFS, in all published trials. 
However, long-term EFS of approximately 40% can 
be achieved with chemotherapy in children with late 
BM relapse (Pui et al. 1988; Sadowitz et al. 1993; 
Lawson et al. 2000; Einsiedel et al. 2005; Roy et al. 
2005a, b).

4.6.5  Treatment of Extramedullary 
Relapses

4.6.5.1  CNS Relapse

Even though the use of cranial irradiation has been 
progressively decreased, and in some cases eliminated, 
in the treatment of newly diagnosed ALL, the rate of 
CNS relapse has continued to decrease over time. As 
this has happened, new factors have been identified 
that define patients at increased risk of CNS relapse. 
For example, presence of the t(1;19) has emerged as a 
risk factor for CNS relapse in SJCRH trials (Jeha et al. 
2009). Once a CNS relapse occurs, cranial irradiation, 
in the context of systemic chemotherapy, is a critical 
component of treatment. The question of whether or 
not craniospinal irradiation is necessary is still an issue 
of some debate. Although craniospinal irradiation was 
reported to be superior to cranial irradiation in an early 
trial (Land et al. 1985), many contemporary protocols 
for treatment of CNS relapse do not employ spinal 
irradiation (Barredo et al. 2006). When CNS irradia-
tion is used in combination with intensive chemother-
apy, high rates of long-term neurotoxicity, in particular 
leukoencephalopathy, can occur. In POG trial 8304, 
the observed rate of leukoencephalopathy after 24 Gy 
cranial irradiation was 17% (Winick et al. 1993). In 
particular, intrathecal and/or high-dose IV MTX 
should be avoided following CNS irradiation therapy. 
Because of this, most trials defer radiation therapy 
until after high-dose systemic chemotherapy has been 
completed.

Exceptionally good results, with about 70% EFS 
accompanied with acceptable neurotoxicity, were 
achieved in POG trial 9061 with delayed craniospinal 
irradiation following intensive systemic chemotherapy 

Drug Dose Route Days drug 
given

Course R1

Dexamethasone 20 mg/m2 PO 1–5

6-Mercaptopurine 100 mg/m2 PO 1–5

Vincristine 1.5 mg/m2 IV 1, 6

Methotrexate 1 g/m2 IV 1

Methotrexate 12 mg IT 1

Cytarabine 30 mg IT 1

Prednisone 10 mg IT 1

Cytarabine 2 g/m2 q 12 h IV 5

l-asparaginase 25,000 U/m2 IM/IV 6

Course R2

Dexamethasone 20 mg/m2 PO 1–5

6-Thioguanine 100 mg/m2 PO 1–5

Vindesine 3 mg/m2 IV 1

Methotrexate 1 g/m2 IV 1

Methotrexate 12 mg IT 1 (and 5)a

Cytarabine 30 mg IT 1 (and 5)a

Prednisone 10 mg IT 1 (and 5)a

Daunorubicin 50 mg/m2 IV 5

Ifosfamide 400 mg/m2 IV 1–5

l-asparaginase 25,000 U/m2 IM/IV 6

Table 4.3 Drugs and dosing of alternating chemotherapy: 
courses R1 and R2, backbone of ALL-REZ BFM trials

PO by mouth, IV intravenously, IT intrathecally, q every, 
IM intramuscularly
aChildren with overt meningeal leukemia
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for CNS relapse (Ritchey et al. 1999). No specific 
 factors could be identified that would explain the 
ex cellent outcome compared with other published 
approaches. In a subsequent POG trial for children 
with a first isolated CNS relapse occurring after at least 
18 months of first CR, favorable results were achieved 
with 12 months of intensive systemic chemotherapy 
followed by 18 Gy cranial radiation and Maintenance 
chemotherapy (Barredo et al. 2006). Building on this, 
the current COG trial for children with late (>18 
months after initial diagnosis) isolated CNS relapse 
intensifies systemic chemotherapy and decreases the 
cranial irradiation dose to 12 Gy. In two other large 
series of patients with isolated CNS relapse, DFS rates 
were 37 ± 3% (CCG; n = 220), or ranged from 24% to 
64% (UKALL; n = 98), depending on the duration of 
first remission (Gaynon et al. 1998; Wheeler et al. 
1998). BFM relapse trials, in which patients with 
 isolated CNS relapse were treated with the same che-
motherapy regimens used for systemic relapse, supple-
mented by CNS irradiation, have achieved similar 
results (Henze 1997).

The role of HSCT in the treatment of CNS relapses 
is unclear, in particular because there is probably no 
graft-versus-leukemia effect in the CNS. However, 
about half of the relapses following CNS relapses are 
systemic relapses. Thus, HSCT might well have a ben-
eficial effect. In a retrospective analysis, favorable 
results were observed with HSCT in patients with early 
CNS relapses (Harker-Murray et al. 2008). Similar 
8-year probabilities of leukemia-free survival were 
reported after chemotherapy with irradiation and trans-
plantation (66% and 58%, respectively) when patients 
were adjusted for age and duration of first remission 
(Eapen et al. 2008). No advantage of HSCT was found 
in study Cooprall-97 (Domenech et al. 2008), and sim-
ilar outcomes with HSCT as reported for chemother-
apy were also observed in a retrospective analysis from 
Japan (Tsurusawa et al. 2007).

4.6.5.2  Testicular Relapse

Like CNS relapses, testicular relapses have also 
become rare. In part, this is a consequence of the intro-
duction of high or intermediate dose MTX into front-
line trials. However, in trials not using these elements, 
the frequency of testicular relapses has also been 
reduced compared with earlier reports. Whereas the 

majority of CNS relapses are early relapses occurring 
during the first 2 years after diagnosis of ALL, testicu-
lar relapses tend to occur later, frequently only after 
the end of Maintenance therapy. The better prognosis 
after testicular relapse as compared with CNS relapse 
is therefore at least in part explained by the late time 
point of relapse.

A frequently discussed question is the choice of 
local therapy. Most study groups in the U.S. recom-
mend bilateral irradiation of the testes, and most authors 
recommend radiation doses above 22 Gy (Atkinson 
et al. 1976; Nachman et al. 1990; Buchanan et al. 1991; 
Wofford et al. 1992; Grundy et al. 1997). However, the 
optimum dose of testicular irradiation is not clear, and 
second relapses have been observed after doses of 
20–26 Gy in about 5% of patients (Uderzo et al. 1990; 
Buchanan et al. 1991; Wofford et al. 1992).

A significant negative consequence of testicular irra-
diation is that reproductive gonadal function is not pre-
served after doses of 24 Gy (Freeman et al. 1983; 
Brecher et al. 1986; Leiper et al. 1986). In contrast, with 
12 or 15 Gy testicular irradiation, Leydig cell function is 
sufficiently preserved to allow spontaneous puberty 
(Castillo et al. 1990). Therefore, orchiectomy of a clini-
cally involved testis is recommended for patients treated 
in BFM relapse trials with biopsy of a clinically unin-
volved testis. If biopsy shows no histologic evidence of 
involvement with leukemia, irradiation at a reduced 
dose of 15 Gy is performed (Henze 1997). With this 
approach, the incidence of relapse in the contralateral 
uninvolved testicle was very low, and most boys with 
unilateral relapse experienced spontaneous puberty.

Adverse prognostic factors in patients with testicu-
lar relapse are short duration of first CR and T-cell 
immunophenotype. In addition, in BFM trials, boys 
with bilateral testicular involvement at relapse had a 
clearly inferior outcome when compared to those who 
only had unilateral involvement at relapse (G. Henze, 
unpublished observations).

4.6.6  Role of Allogeneic  
Stem Cell Transplantation

While HSCT is rarely indicated for children in first CR, 
salvage therapy after relapse remains the major indica-
tion for HSCT in childhood ALL. Large donor regis-
tries have been established such that suitable donors 
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can be found for about 80% of patients (MacMillan 
et al. 2008). Furthermore, banked unrelated donor cord 
blood as a source of stem cells has become an important 
option for children with leukemia, particularly smaller 
children with weight less than about 50 kg (Lori et al. 
2007; Gluckman and Rocha 2008). In recent years, 
there has been renewed interest in HSCT using haploi-
dentical related donors (Handgretinger et al. 2007; 
Aversa et al. 2008; Lang and Handgretinger 2008). As 
the options for allogeneic HSCT donors have increased, 
autologous HSCT has been largely abandoned for 
patients with relapsed ALL.

During the past 10 years, the number of alternative 
donor HSCT performed on children in Europe has 
increased significantly and has reached 61% of the 
allografts (Lanino et al. 2008). Guidelines have been 
developed to facilitate identification of a suitable 
donor for children with relapsed ALL who lack a 
matched sibling donor. It is recommended that a 
simultaneous search for an unrelated donor and for  
a cord blood unit should be started. To maximize the 
chance of success of an unrelated donor HSCT, the 
patient and the donor should be matched at the HLA-
A, -B, -C and -DRB1 alleles. A single HLA class I or 
II allele mismatch is accepted. However, multiple mis-
matching for more than one class I allele and simulta-
neous disparities in class I and II alleles increase 
mortality. The impact of additional mismatches for 
HLA-DQ and -DP loci is still under investigation. 
Optimally, a 10/10 allele-matched donor should be 
used. Whereas in a matched pair analysis, persistently 
high rates of treatment-related mortality (TRM) were 
observed in earlier years (Borgmann et al. 2003), cur-
rent transplant results with well-matched unrelated 
donors appear to be no different than those obtained 
following HSCT with matched sibling donor (Dahlke 
et al. 2006; Eapen et al. 2006b; Gassas et al. 2007). If 
a suitable donor or a cord blood unit cannot be found 
within an acceptable time span, haploidentical HSCT 
should be offered. The outcomes of children with 
acute leukemia transplanted with unrelated donor BM, 
cord blood, and also with haploidentical stem cells 
have improved markedly in the past 5–10 years, 
largely attributable to lower TRM.

In general, HSCT provides better control of leu-
kemia, particularly for those children with early 
relapse, and, as long as TRM is minimized, leads to a 
higher relapse-free survival rate than chemotherapy. 
Very high-dose chemotherapy can be administered in 

combination with total body irradiation (TBI) in order 
to destroy remaining resistant leukemia cells. In addi-
tion, the anti-leukemic effect of allogeneic HSCT is 
enforced by the immunologically mediated and actu-
ally desired graft-versus-leukemia (GVL) effect, which 
is, however, associated with graft-versus-host disease 
(GVHD), the latter and infection still being respon-
sible for most of the transplant-related deaths. Never-
theless, subsequent relapse remains the most common 
cause of failure after allogeneic HSCT. Despite the 
better anti-leukemic effect of HSCT as compared with 
chemotherapy, the risks of a subsequent relapse have 
to be carefully balanced against the hazards of the still 
substantial acute and long-term toxicity. Therefore, 
outcomes after HSCT should continue to be tracked in 
prospective and controlled clinical trials (Schrauder 
et al. 2008).

For ALL, most data indicate that transplants using 
preparative regimens that include TBI in conjunction 
with chemotherapy lead to better results than those that 
do not include TBI. Various chemotherapy/TBI prepar-
ative regimens have been reported and are used widely 
in pediatrics (Brochstein et al. 1987; Dopfer et al. 1991; 
Weyman et al. 1993; Moussalem et al. 1995; Uderzo 
et al. 1995). A retrospective analysis of the BFM Study 
Group showed that best results were achieved with TBI 
plus etoposide (Dopfer et al. 1991). In a more recent 
publication, however, no significant difference in out-
come could be found comparing TBI/etoposide and 
TBI/cyclophosphamide (Gassas et al. 2006).

Attempts to compare results of chemotherapy with 
HSCT for treatment of relapsed ALL are very difficult 
because of the numerous confounders, such as type of 
donor, stem cell source, time to transplant, conditioning 
regimen, experience and size of the transplant center 
and others. Therefore, most published data are based on 
retrospective analyses. In a matched pair analysis, 
results of allogeneic HSCT and chemotherapy were 
compared. The two patient groups were matched for 
sex, age, immunophenotype, initial leukocyte count 
and duration of first remission (Barrett et al. 1994). The 
EFS obtained with HSCT was 40 ± 3%, which was sig-
nificantly better than the 17 ± 3% EFS in patients treated 
with chemotherapy alone. The probability of treatment-
related death, however, was almost twice as high after 
HSCT (27 ± 4% for HSCT vs 14 ± 4% after chemo-
therapy). In contrast, no advantage of allogeneic HSCT 
over chemotherapy or autologous HSCT was found in 
the PETHEMA ALL 93 trial (Ribera et al. 2007).
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In general, HSCT is more effective than chemother-
apy in controlling leukemia in patients with BM relapse, 
particularly those with early BM relapse. Thus, early 
BM relapse represents a clear and established indica-
tion for HSCT. For patients with late BM relapses, the 
indication for HSCT has been a long-lasting subject of 
debate. Subsequent relapses occur more frequently 
after chemotherapy, but the final outcome was not sig-
nificantly different than after HSCT. Similarly, no 
advantage of HSCT over chemotherapy was observed 
for late relapsing patients in a collaborative study of the 
COG and the Center for International Blood and 
Marrow Transplant Research (Eapen et al. 2006a, b). 
Therefore, many investigators prefer to defer allogeneic 
bone marrow transplantation at the time of first (late) 
BM relapse, and reserve it for use in third CR (Borgmann 
et al. 1997). As already mentioned above, the data sup-
porting the use of HSCT for patients with isolated 
extramedullary relapses are much more limited.

The BFM relapse study group aimed to identify 
more accurately the group of patients with late BM 
relapses who would benefit from allogeneic HSCT in 
CR2. As shown in Fig. 4.3b, the S2 group can be split 
into subgroups with a better or worse prognosis. 
However, this was not sufficiently precise to identify 
clearly which patients should undergo HSCT in CR2. 
Much better discrimination was achieved using MRD 
response to chemotherapy administered for relapse as 
a criterion (Eckert et al. 2001). Rapid and early 
response as defined by MRD <10−3 after the first two 
courses of Induction therapy was capable of distin-
guishing two subsets of group S2 with a markedly dif-
ferent prognosis (probability of EFS 0.86 in children 
with MRD <10−3 vs 0 in children with MRD > 10−3,  
p < 0.001). In the current ALL-REZ BFM 2002 trial, 
MRD forms the basis of allocation of children of group 
S2 to either chemotherapy or HSCT in CR2.

The burden of MRD immediately prior to the time of 
transplant has also been shown to be a predictor of out-
come post-HSCT (Bader et al. 2009). Patients with a 
low leukemic cell burden before HSCT (MRD < 10−4) 
had a much better prognosis than patients with MRD 
³ 10−4. Detectable MRD prior to HSCT was also reported 
to be an adverse prognostic factor by others (Sramkova 
et al. 2007). Thus, there is now evidence that MRD has 
become an important tool to assess the quality of remis-
sion, to guide selection of treatment strategies, and to 
predict the outcome of children with relapsed ALL 
(Szczepanski 2007; Kreyenberg et al. 2009).

In summary, allogeneic HSCT is an important com-
ponent in the treatment of children with relapsed ALL. 
HSCT is clearly indicated in patients with high-risk 
features, such as early and very early BM relapses, as 
well as with T-cell ALL. MRD has become a reliable 
and helpful method to discriminate between patients 
with late BM relapse who will benefit from HSCT and 
others who will not. Potential benefits always have to 
be balanced against transplant-related early toxicity 
and late sequelae.

4.6.7  Study of New Agents  
in Relapsed ALL

One of the top priorities in pediatric ALL is the identi-
fication of new agents to improve outcomes for patients 
with recurrent ALL, particularly those with early mar-
row relapses and T-cell disease. Responses to single 
agent therapy have been poor in patients with refrac-
tory and recurrent leukemia, so most contemporary 
regimens combine new agents with an established che-
motherapy platform. This presents a challenge as the 
baseline toxicity with chemotherapy alone is often sig-
nificant (Raetz et al. 2008a, b).

Ideal new agent candidates are those that uniquely 
target blasts and have favorable toxicity profiles. One 
class of agents that is currently under investigation in 
relapsed ALL is monoclonal antibodies. This class of 
drugs has unique mechanisms of action and generally 
has limited and non-overlapping toxicities when com-
pared with cytotoxic agents, making them attractive 
candidates for combined therapy. Campath-1H, a 
monoclonal antibody directed against CD52, has been 
combined with chemotherapy (Angiolillo et al. 2009) 
and a COG study using epratuzumab, an anti-CD22 
IgG1 monoclonal antibody (Carnahan et al. 2007) 
that is expressed in >90% of cases of B-precursor 
ALL, is presently under way (Raetz et al. 2008a, b).

Other agents of potential promise that are being 
 investigated in relapsed ALL include clofarabine and 
bortezomib. Clofarabine is a new-generation nucleoside 
analog. After promising 30% overall response rates were 
observed in heavily pretreated pediatric patients with 
refractory or relapsed ALL (Jeha et al. 2004), this agent 
was granted accelerated approval by the US Food and 
Drug Administration in 2004 for the treatment of children 
with relapsed or refractory ALL after at least two prior 
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regimens. Clofarabine is presently being investigated in 
combination with cytarabine, and also with etoposide and 
cyclophosphamide; favorable early outcomes have been 
observed (Hijiya et al. 2009; Locatelli et al. 2009).

Bortezomib, which selectively inhibits the 26S pro-
teasome, stabilizes many cell cycle-regulatory proteins 
and appears to sensitize malignant cells to apoptosis 
(Horton et al. 2006). Single-agent Phase I studies of bort-
ezomib in relapsed/refractory pediatric leukemia (Horton 
et al. 2007) and solid tumors (Blaney et al. 2004) have 
been completed, and this agent is currently being studied 
in combination with chemotherapy for children with 
relapsed B-precursor and T-ALL (Messinger 2010).

The COG is using CR2 rates and MRD levels at the 
end of Induction therapy as well as 4-month EFS to 
measure the activity of combinations containing new 
agents in patients with early first relapse of ALL in 
order to prioritize and identify agents and regimens of 
promise for further study in the future. If these or other 
agents prove effective in the relapse setting, they also 
may be suitable candidates for incorporation into 
frontline therapies in the future.

4.6.8  Summary and Perspectives  
on Relapsed ALL

Relapses have become relatively rare events in ALL 
although, because of the frequency of ALL, they are still 
a significant cause of death. With currently available 
treatment modalities, cure rates after relapse are in the 
range of 50% and contribute to the overall increased sur-
vival of children with ALL to approximately 90% in the 
modern era. Remission rates are still unsatisfactory  
in children with high-risk features; novel drugs and 
approaches are urgently needed for these patients. 
Candidate agents include small molecules or other tar-
geted immunological or pharmacological therapies using 
individual immunological or genetic characteristics of 
leukemia cells. If such distinctive features can be detected 
in relapse patients, they will probably also have conse-
quences for newly diagnosed patients and contribute to 
further reduction of relapses, higher cure rates and hope-
fully to the development of better and less harmful thera-
pies. Therefore, careful and comprehensive diagnostic 
procedures have to be performed in relapse patients in 
order to improve insight into the biology of ALL and to 
use the newly acquired knowledge for future patients.

4.7  Clinical Trial Design  
Considerations and Endpoints

4.7.1  Trial Design

Randomized clinical trials have been conducted in 
pediatric ALL for almost 50 years, and these trials have 
had significant influence on clinical trial design for 
other types of pediatric and adult cancer. Data from a 
randomized trial conducted in the early 1960s in child-
hood ALL, likely the first ever conducted in this dis-
ease, have been used in survival analysis books 
(ACUTE LEUKEMIA GROUP B et al. 1963; Marubini 
and Valsecchi 1995). This trial had a sophisticated 
sequential design and tested, in a randomized fashion, 
the use of 6-MP versus placebo as Maintenance therapy 
for children with ALL who had achieved partial/com-
plete remission at the end of a corticosteroid Induction. 
The trial was stopped due to superiority of the experi-
mental 6-MP arm in preventing relapses (9/21 relapses 
in the experimental group vs 21/21 relapses in the con-
trol group). The authors presented the study as “a model 
for evaluation of other potentially useful therapy.” 
Since that time, remarkable progress has been made in 
the development of effective treatments in childhood 
ALL. Critical to these advances has been the conduct 
of many clinical trials, randomized or not, and national 
and international cooperation.

A clinical trial is an experiment testing a medical 
treatment on human subjects. During trial design, the 
experiment must be structured so that a clinical question 
on the relative merits of different therapies can be 
answered. The design and conduct of a clinical trial is 
subject to ethical constraints, to protect the subject safety 
and well being, and to scientific constraints, to guarantee 
its integrity. Rigorous methodologies and procedures are 
necessary to ensure that biases are minimized (validity), 
so to avoid systematic errors that can cause the estimate 
of interest to deviate from its “true” unknown value. 
Moreover, trial design and conduct must aim to maxi-
mize precision (i.e., accuracy of estimates, through con-
trol of random errors with appropriate sample size) and 
the applicability of trial results to future patients. 
Randomization (when done properly) is the best approach 
to ensure validity, and characterizes Phase III studies. 
Phase II studies can also utilize randomized trial designs, 
for instance to select one drug from between two or more 
promising drugs to be considered for the comparison 
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with best standard treatment in a subsequent Phase III 
trial. Classification into Phase I-IV studies has evolved 
into a more general classification in order to describe the 
development of medical products, like biologically tar-
geted therapies, other than traditional pharmaceuticals 
(Piantadosi 2005). This classification distinguishes stud-
ies based on their principal aim as follows: (I) early-
development studies (translational or treatment-mechanism 
testing studies); (II) middle-development studies (assess-
ing treatment tolerability); (III) late-development studies 
(including comparative studies as well as expanded 
safety or post-marketing studies). Broadly speaking, 
whichever classification is adopted, different phases are 
characterized by different designs simply because they 
have different objectives. A complete review of the meth-
odologies of these trials is beyond the scope of the cur-
rent section, which will focus on highlighting specific 
aspects of trial design that have recently drawn the atten-
tion of childhood ALL researchers. One important dis-
tinction in Phase III trials is between trials that seek to 
establish superiority (or difference) as compared to those 
designed to test for non-inferiority. This latter type of 
trial design has a useful application in the context of 
intensive frontline chemotherapy regimens, for address-
ing questions on de-intensification. Non-inferiority trials 
are designed to answer the question “Does the experi-
mental treatment produce cure rates that are as good as 
the established therapy, while being preferable on other 
grounds such as increased safety, improved patient con-
venience, lower costs, etc.?”

Typically, non-inferiority trials are considered for 
patients that are projected to have an excellent outcome 
with an established therapy, for example at least 
90–95% 5-year EFS. The trial is designed to optimize 
therapy under controlled conditions, de-intensifying 
certain therapy elements with known short or long-
term side effects, without compromising the excellent 
expected EFS. Up to 30% of children with ALL treated 
in current protocols in North America and Western 
Europe may be candidates for this type of trial.

Most commonly, however, the type of question that 
is of interest in clinical trials is whether or not a new 
treatment, obtained by adding novel drugs or modify-
ing how existing drugs are administered, improves 
outcome. A prudent approach is that of designing the 
trial to test whether the new treatment differs from the 
established therapy using a two-sided test of hypothe-
sis rather than a one-sided test, as in a pure superiority 
design. This approach is recommended especially in 

the context of comparing two different treatment strat-
egies, where the experimental arm is not an “add-on” 
arm that involves a novel promising drug with regard 
to the standard control arm but, for instance, uses the 
same drugs with increased intensity. Superiority (dif-
ference) trials lead the way to building scientific evi-
dence on new therapeutic options in two different 
scenarios in childhood ALL.

The first scenario consists of Phase III trials that are 
designed to achieve modest, but clinically important, 
outcome improvements (efficacy), with more efficient 
definitions of therapeutic strategies that use existing 
chemotherapeutic agents. These studies are generally 
powered to detect less than 10% absolute increase (or 
difference) in EFS in the subpopulation of patients, 
usually of relevant size, who have a relatively good 
prognosis. In childhood ALL, these studies typically 
address the so called intermediate-risk patients, 
accounting for approximately 50% of the ALL popula-
tion, who have a 70–80% 5-year EFS. These studies 
may ask a randomized question on intensification or 
on the inclusion of new formulations of existing drugs 
such as, for example, using the pegylated form of 
l-asparaginase instead of the native product.

The second scenario focuses on subgroups of 
patients at high risk of failure, for example, those with 
persistent disease, either at the molecular or morpho-
logical level, following completion of Induction or 
Consolidation frontline therapies. In these relatively 
rare ALL subpopulations, characterized by less than 
50% 5-year EFS, there is hopefully room for marked 
improvement in outcome with treatment alterations 
such as intensification of conventional cytotoxic che-
motherapy, use of HSCT, or addition of novel agents, as 
in the case of tyrosine kinase inhibitors in Ph+ ALL 
patients. Studies that evaluate the role of HSCT in high-
risk patients are challenging both in the design and 
analysis phase. Transplant is administered based on 
donor availability and clinical judgement rather than on 
random assignment and the comparison with outcome 
of non-transplanted patients may be seriously biased. 
Basic principles which should be kept in mind when 
designing such trials include the precise definition of 
the target population and donor search (e.g., criteria of 
eligibility for HSCT and of donor selection) and the 
recruitment of all eligible patients in the trial, regard-
less of clinical course and result of the donor search. An 
unbiased evaluation can be obtained by a design based 
on donor availability, rather than on the treatment 
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actually performed, the so-called evaluation by “genetic 
randomization,” which mimics the intention-to-treat 
principle in this context (Balduzzi et al. 2005). When 
this approach is not reasonable or feasible, efforts 
should be made to ensure that statistical analysis prop-
erly adjusts for potential sources of bias (e.g., waiting 
time to transplant, confounding factors) and/or by using 
novel statistical approaches (Galimberti et al. 2002).

Superiority (difference) trials also include those that 
test new drugs or HSCT in patients with relapsed ALL. 
Such patients, especially those with an early first 
relapse or a second relapse, may also be candidates for 
Phase I and II studies on the pharmacokinetics, safety 
and activity of new drugs. In recent years, new regula-
tions have been introduced in Europe that may facili-
tate the evaluation of new drugs (Pritchard-Jones et al. 
2008). These regulations mandate submission of pedi-
atric investigational plans for new drugs that have 
potential benefit for children’s diseases. Optimization 
of the design of Phase I and II studies is particularly 
important in ALL in view of the limited number of 
high-risk patients available and the growing number of 
new drugs that must be assessed for toxicity, activity 
and efficacy. The development of adaptive designs or 
of Bayesian designs is an area of increasing interest in 
this context (Thall 2008; Schoenfeld et al. 2009).

Much progress has been made in the treatment of 
childhood ALL due to clinical trials conducted by 
large national and international study groups such as 
the COG, BFM, AEIOP, and I-BFM-SG. However, 
even these large groups may not be able to effectively 
conduct clinical trials on their own for certain patient 
subgroups. Larger scale international cooperative 
Phase III trials may be needed for at least two reasons. 
First, advances in understanding the prognostic factors 
and molecular basis of childhood ALL are increas-
ingly leading to the subdivision of patients into risk 
groups with different survival profiles. This has led to 
the identification of relatively rare subpopulations that 
account for less than 5% of ALL patients for whom 
specific therapeutic questions are warranted, such as 
infants with MLL translocations and patients with Ph+ 
ALL. The second reason is that, even in more common 
subpopulations (like ALL patients at intermediate or 
low-risk of failure), the optimal sample size for a ran-
domized trial can easily reach thousands of patients if 
it is powered to detect a “modest” improvement (i.e., 
6–8% absolute increase in EFS) or to test non-inferior-
ity (i.e., ruling out an unacceptable 3–4% decrease in 

EFS). While Phase III trials for such populations may 
be less “interesting” because they do not test novel 
drugs or treatment strategies, but rather seek to opti-
mize existing treatments, they are very important to 
clinical practice as they help to define the best treat-
ment for the large majority of newly diagnosed ALL 
patients. Expansion of recruitment from national to 
international communities can be successful, although 
it may sometimes need an innovative approach to study 
design and conduct. For example, a study design that 
prospectively used the principles of meta-analysis was 
adopted in the international trial on the addition of vin-
cristine/dexamethasone Maintenance pulses discussed 
earlier (Valsecchi and Masera 1996; Conter et al. 
2007). Characterization of subgroups which differ in 
their risk of failure and therapeutic needs continues to 
grow in importance. This means that statistical design 
of clinical studies in ALL will be increasingly influ-
enced by the discovery of biomarkers that are predic-
tive of outcome and by the need to develop appropriate 
prognostic stratification systems (Hoering et al. 2008; 
De Lorenzo et al. 2009).

4.7.2  Endpoints for Clinical Trials

In drug development in oncology, Phase II studies are 
used to assess whether a novel drug (or combination 
regimen) has sufficient activity to justify the conduct 
of a Phase III trial on efficacy. When the goal is to 
assess the biologic activity, objective response, mea-
sured relatively early in time after the start of treat-
ment, is traditionally the endpoint. When the goal is to 
assess efficacy, an outcome measure that unequivo-
cally reflects tangible benefits to patients is of interest. 
The most convincing and direct evidence of such a 
“definitive” benefit for a cancer patient is survival. 
Treatments that affect survival are very likely to have a 
fundamental biological action. Regulatory authorities 
from Canada, Europe and the USA have provided 
guidance on the definition of endpoints, and survival is 
regarded as the gold standard for Phase III trials on 
anti-cancer drugs (Administration 2007; Canada 2007; 
Agency 2008). However, in recent years, other out-
comes have become important for new drug approval, 
particularly progression free survival (PFS). This 
development has generated a debate in the scientific 
community on whether PFS is a surrogate for overall 
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survival (Fleming et al. 2009). Recent developments in 
Phase II trial design are also starting to use endpoints 
other than objective clinical responses. The advent of 
biologically targeted cytostatic anti-cancer agents has 
led the way to the design of randomized Phase II stud-
ies, with PFS as the primary endpoint rather than the 
traditional objective response (Dhani et al. 2009). 
Phase III trials that are designed to guide clinical prac-
tice, rather than satisfy requirements for drug develop-
ment, deserve a specific discussion of best outcome 
measures, as will be done in the following section, 
after defining surrogate endpoints from a methodologi-
cal point of view.

4.7.3  Surrogate Endpoints: Principles

The choice of the endpoint depends strongly on 
whether the researcher identifies an endpoint of activ-
ity as a surrogate for efficacy. In ALL, the advent of 
reliable methods to measure MRD has created new 
perspectives in trial design. The potential gain in short-
ening duration of clinical trials is evident, as MRD can 
be measured early to detect response, while EFS needs 
long follow-up, especially if the event rate is initially 
low. The gain in efficiency may come from the fact 
that a novel drug given early during treatment may 
potentially affect MRD levels quite markedly even in 
a population that is expected to have a relatively good 
long-term outcome. However, deciding that efficacy of 
treatment can be assessed in terms of MRD response 
requires that this response measure is properly vali-
dated as a surrogate endpoint. This is a difficult task; 
examples of definitive validation of putative surrogate 

endpoints are rare in oncology, and usually require a 
meta-analysis of several trials (Burzykowski et al. 
2008). Validation of a surrogate requires that: (1) the 
candidate endpoint is a prognostic factor for an estab-
lished clinical endpoint (EFS or survival); and that (2) 
it captures fully the treatment effect on the clinical 
endpoint. While the first condition is easily met since, 
in practice, candidate surrogates are often selected 
because of their strong correlation with clinical out-
come; the second condition is much more difficult to 
prove. Indeed it means not only that treatment must 
affect both the potential surrogate biomarker and the 
clinical outcome, but also requires that all mechanisms 
of action of treatment are reflected in the effect on the 
surrogate biomarker (De Gruttola et al. 2001). The 
behavior of a response parameter that is a perfect sur-
rogate is illustrated in Fig. 4.5. The scenario is that of 
an experimental treatment that shows a marked effect 
on response, with an absolute increase of 20% on the 
60% baseline level in the control arm. Here responders 
(and non-responders) have exactly the same failure 
rate whether they were treated with the experimental 
or standard therapy. This is because, by definition of 
surrogate, response is able to fully capture the effect of 
treatment on clinical outcome. So, with a 20% long-
term failure rate in responders and 50% in non-
responders (or a corresponding 80% or 50% 4-year 
EFS in responders and non-responders, respectively), 
the effect on clinical outcome is that failure rate 
changes from 32% in the standard arm to 26% in the 
experimental arm, with an absolute gain of 6%. Even 
if simplified, this is not an unrealistic scenario and 
shows that a high activity on a valid surrogate bio-
marker may translate into a modest effect on clinical 
outcome. In other words, even if early response is a 
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perfect surrogate, a fairly large increase in early 
response rate is required to translate into detectable 
EFS or survival gain. There are many reasons why a 
biomarker that is candidate to be a surrogate endpoint 
may not be a valid surrogate of the clinical endpoint, 
as illustrated in Fig. 4.6 (Fleming and DeMets 1996).

4.7.4  Primary Endpoint in ALL  
Trials: EFS or Survival?

The choice of the primary endpoint in a Phase III trial 
is of paramount importance as it defines the outcome 
on which the main results will be reported, serves as 
the basis for sample size calculation, and determines 
the length of follow-up. The primary endpoint needs to 
be well defined biologically and important to the study 
question. Also, when possible, a “hard” end point is 
preferred, which is not prone to observer bias or sub-
jective evaluation. The methodological principles that 
should be kept in mind when selecting a study end-
point are summarized in Table 4.4 (Piantadosi 2005).

In childhood ALL, Phase III trials not aimed at drug 
development are largely planned with EFS time rather 

than survival time as the primary endpoint. Event-free 
survival is a composite endpoint that includes all types of 
events that clinically represent important treatment fail-
ures. The EFS time is typically the time from the date of 
study entry until the time of first event, which is classi-
cally defined as relapse, death, disease resistance such as 
Induction failure (not counted if the study includes only 
patients that have already entered remission) or  second 
malignant neoplasm (especially important in long-term 
evaluation). In the following, relapse and death will 

Characteristics Meaning

Relevant Clinically important/useful

Quantifiable Measured or scored on an appropriate 
scale

Valid Measures the intended effect

Objective Interpreted the same by all observers

Reliable Same effect yields consistent 
measurements

Sensitive Responds to small changes in the effect

Specific Unaffected by extraneous influences

Table 4.4 Methodological considerations on endpoints
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mostly be referred to as competing events as, by far, these 
are quantitatively and qualitatively the most important 
types of treatment failures that occur in childhood ALL. 
With this, EFS in childhood ALL corresponds to what is 
more generally termed PFS in oncology clinical trials. In 
childhood ALL, EFS is generally used as the primary 
outcome in frontline clinical trials as it is more specific 
than survival, while also satisfying the other characteris-
tics listed in Table 4.4. Children treated for newly diag-
nosed ALL who relapse are treated with relapse regimens 
which, depending on type and time of relapse, can be 
relatively successful. Thus, long-term survival is also 
modified by the effect of second line treatment and 
 confounded by that, in some cases. The definition of pro-
gression may be ambiguous in some cancers. In ALL, 
relapse and resistance are usually precisely defined in the 
protocol according to criteria that are standardized and 
universally accepted, with little room for interpretation 
on the biologic event and possibly only some arbitrari-
ness in timing of ascertainment. However, if this timing is 
the same in different treatment arms, with the same time 
schedule for follow-up, conditions for internal validity of 
the study comparison are fulfilled.

It is known from many years of research that longer 
remission is strongly associated with longer survival in 
ALL, and that the relapse rate diminishes toward zero 
the longer the patient is in remission. Generally, in mod-
ern childhood ALL trials, long-term results show a 
10-year OS that is approximately 10% higher in abso-
lute value than the 10-year EFS of approximately 75% 
(Conter et al. 2010; Gaynon et al. 2010; Kamps et al. 
2010; Mitchell et al. 2010; Moricke et al. 2010; Pui et al. 
2010; Salzer et al. 2010; Silverman et al. 2010). It is also 
interesting to see how different eras of protocols that 
have improved EFS have also improved survival, which 
is a relevant result from the perspective of the ultimate 
clinical benefit to the patient and stimulated research to 
elaborate on a definition of “cure” (Shah et al. 2008).

It is a good principle that a new drug should be 
 marketed and used only if it is superior (or, in some 
cases not-inferior) to the standard counterpart in terms 
of mortality outcomes. Nonetheless, in ALL trials that 
focus on optimizing frontline therapy, it may be worth-
while to adopt a new schedule that induces a relevant 
improvement in EFS but has only a minor effect on OS. 
As an extreme example, suppose that a new schedule for 
Maintenance therapy is tested compared to a standard 
treatment and its effect is only that of reducing long-
term relapses. If it is then supposed that all these patients 

that relapse can be cured with salvage therapy, then EFS 
would be improved but long-term OS would be the same 
as in the standard Maintenance. If EFS is considered as 
a surrogate for OS, this is an extreme example of what 
was demonstrated in Fig. 4.5, with a marked effect on 
EFS having little impact on OS. However, the new 
Maintenance treatment would be worthwhile to adopt, 
even though it only affects EFS, because it would pre-
vent relapses, which are very serious conditions that 
generally lead to intensive retrieval therapies. This 
assumes that the new Maintenance treatment does not 
cause major morbidities, as those might also impair sur-
vival or subject all patients to toxicity rather than only 
those that relapse and require retrieval therapy.

This raises another issue in the debate between EFS, 
which is a composite endpoint, and survival (which 
may also be seen as a composite endpoint if cancer-
related deaths are distinguished from other causes of 
death; however survival for any cause is regarded here 
as the best way to analyze survival in childhood ALL 
trials). As for any composite endpoint, it is of interest 
to evaluate also the effect of treatment on single types 
of events, to better understand how treatment affects 
the rate of relapse/death from cancer, and at what cost 
in terms of deaths from toxicity. A difficult situation 
arises, for instance, when a treatment intervention 
leads to better disease control (fewer relapses), but is 
associated with increased toxicity and more deaths. 
This can be the case in some trials that compare HSCT 
to chemotherapy. It is important to note that even with 
an increase in toxic deaths; there can still be an advan-
tage for the experimental arm in both EFS and sur-
vival, if the mortality increase is very low. In contrast, 
if the experimental intervention improves disease con-
trol but leads to an excess number of deaths, survival 
can be inferior. Because of these considerations, the 
description and comparison of different “components” 
of the EFS is very important for the interpretation of 
trial results and selection of optimal therapy. The sepa-
rate analysis of relapse by the so called “relapse free 
interval” (RFI) (more generally termed time to pro-
gression (TTP) in many oncology trials) is done by 
censoring death as first event (i.e., death not following 
relapse). RFI is indeed estimating the time to relapse in 
the hypothetical setting where patients are not at risk 
of death from any cause other than progression. 
Instead, methods that account for competing risks can 
appropriately describe the effect of treatment sepa-
rately on relapse and death that is not due to 
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progression (Putter et al. 2007). Properly analyzed, 
EFS as primary endpoint will allow one to dissect the 
relative issues of toxicity vs. disease control.

Thus, EFS is generally the best primary measure of 
ALL treatment outcomes, as opposed to what may be 
the case in studies focused on new drug development. 
Overall survival should always be reported as the main 
secondary outcome, and increasingly more attention is 
being focused on health-related quality of life follow-
ing treatment for childhood cancer.

4.8  Summary and Future Directions

ALL is the most common malignancy that occurs dur-
ing childhood and the treatment of this disease is a 
paradigm for how cancer can be treated successfully. 
Subgroups of children with ALL can now be identified 
that have expected cure rates in excess of 95%; for 
these children, future investigations will focus on 
maintaining excellent cure rates and minimizing toxic-
ity. However, there are other subgroups of childhood 
ALL for which current treatments are unsatisfactory 
and for which intensification of myelosuppressive che-
motherapy is unlikely to substantially improve out-
comes. Biological investigations of ALL are evolving 
rapidly and high throughput genomic technologies and 
whole genome nucleotide sequence analyses are iden-
tifying new potential therapeutic targets in ALL. Future 
treatments for ALL, particularly for high-risk subsets, 
will likely focus on integration of molecularly targeted 
therapies with combination chemotherapy in order to 
improve cure rates. Better understanding of the 
genomic predictors of toxicity will also likely lead to 
new strategies to prevent or ameliorate the most debili-
tating long-term effects of ALL therapy.
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5.1  Acute Myeloid Leukemia  
in Children: Overview

The acute myeloid leukemias (AML) represent a het-
erogeneous group of malignancies derived from the 
pluripotent hematopoietic stem cell. These leukemias 
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are generally characterized by genetic lesions that 
result in a combination of defects causing unregulated 
proliferation of cells and defects in cellular maturation 
(Gilliland and Griffin 2002). AML accounts for approx-
imately 15–20% of acute leukemia in children. In con-
trast to acute lymphoblastic leukemia (ALL) in 
childhood, for which an age-related peak incidence in 
children is associated with unique genetics, biology, 
and response to therapy, AML in children is very het-
erogeneous with large subsets representing disease that 
is generally similar to that in adults. Pediatric AML 
does not exhibit a dramatic peak in childhood other 
than for infants with disease involving translocation of 
the mixed lineage leukemia (MLL) gene. In both chil-
dren and adults, AML is a relatively drug-resistant dis-
ease. Progress in improving outcome over the past 40 
years has been associated with the use of pulses of 
high-dose, high systemic exposure intensive chemo-
therapy approaches. Refinements in chemotherapy 
regimens and major improvements in supportive care 
practices have resulted in the ability to achieve com-
plete remission (CR) in 80–90% of pediatric patients 
and long-term event free survival (EFS) in 40–60% of 
patients. While high-dose chemotherapy Consolidation 
with hematopoietic stem cell transplantation (HSCT) 
once represented the predominant treatment approach, 
recent studies have revealed that large subgroups of 
patients characterized by specific cytogenetic and 
molecular features do not require transplantation as ini-
tial therapy. Conversely, other molecular analyses have 
identified very high risk subgroups at the time of initial 
diagnosis that possess highly resistant stem cell disease 
and are likely to benefit from stem cell transplantation.

The key recent advances in treatment of AML have 
reflected the recent identification of molecular and 
cytogenetic risk groups and the development of new 
risk-adapted therapy approaches. In accordance with 
these findings, clinical and morphological classifica-
tions for AML in children and adults have now been 
largely replaced by cytogenetic and molecular risk 
classification schemes, such as that outlined by the 
World Health Organization (WHO) in collaboration 
with the Society for Hematopathology and the European 
Association of Haematopathology (Vardi man et al. 
2009). These new classification approaches have not 
only effectively identified patients who benefit from 
different chemotherapy approaches, but they also hold 
promise to help identify subsets of patients who may 
potentially benefit from targeted molecular therapies.

5.2  Acute Myeloid Leukemia:  
Diagnosis and Classification

5.2.1  Diagnosis: Clinical Manifestations

The clinical presentation of AML most commonly 
reflects the consequences of diffuse leukemic infiltra-
tion of the bone marrow. The suppression of normal 
hematopoiesis results in laboratory findings of anemia 
and thrombocytopenia with leukopenia or leukocyto-
sis and variable numbers of blasts in the peripheral 
blood. Associated symptoms include anemia, fevers, 
and bleeding, with relatively frequent findings of 
organ infiltration including hepatosplenomegaly, skin 
involvement, and thromboses. Common clinical fea-
tures are summarized in Table 5.1. Hepatosplenomegaly 

Down 
syndrome

Non–Down 
syndrome

p-value

Patients  
enrolled (No.)

161 947

Median age 
(years)

1.8 7.5 <0.001

Enlarged  
liver (%)

50.6 40.2 0.015

Enlarged  
spleen (%)

49.4 41.2 0.057

Enlarged  
nodes (%)

25.6 45.2 <0.001

CNS disease 
(+CSF)

4.5 20.1 <0.001

WBC

Median/mm3 6,800 19,900 <0.001

<20,000 (%) 80 50.1 <0.001

20–100,000 (%) 19.4 33.8

>100,000 (%) 0.6 16.2

BM blast (%)

0–5 2.6 3.5 <0.001

5–30 31.6 13.2

>30 65.8 83.2

Median  
platelets/mm3

26,000 53,000 <0.001

Table 5.1 Clinical features of Down syndrome and non-Down 
syndrome AML. Patients enrolled onto CCG 2891(1989–1999) 
(From Gamis et al. 2003)
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is noted in approximately 15–30% of AML patients 
(Hurwitz et al. 1993; Lange et al. 2008). Approximately 
5–10% of patients present with disease involving the 
central nervous system (CNS) (Hurwitz et al. 1993; 
Lie et al. 1996; Hann et al. 1997; Woods et al. 2001; 
Lie et al. 2003). Monocytic leukemias are character-
ized by skin involvement as well as gingival swelling. 
Leukemias with the t(8;21) translocation and FAB-
M2 morphology can present with extramedullary mass 
disease in the orbits, skull and other bones, skin, 
lymph nodes, gastrointestinal and genitourinary tracts, 
and brain (Tallman et al. 1993; Krishnan et al. 1994; 
Pui et al. 1994).

5.2.2  Overview of Laboratory  
Diagnostic Studies

The development of risk-adapted therapies has pro-
vided extraordinary improvements in the outcome for 
children and adults with AML. The accurate diagnosis 
and classification of AML is essential for the selection 
of appropriate effective therapy regimens and interpre-
tation of results from clinical trials. Including clinical 
and laboratory experts from the United States and 
Europe, the European LeukemiaNet recently issued 
expert opinion-based recommendations for the use and 
interpretation of laboratory studies in the diagnosis 
and management of AML (Dohner et al. 2010).

5.2.3  Clinical Diagnosis: Morphologic 
Classification Schemes

A bone marrow aspirate and biopsy should generally 
be a central part of the routine diagnostic evaluation of 
potential AML unless the patient’s clinical status 
 precludes the procedure. Marrows with extensive leu-
kemic infiltration or fibrosis often have technically 
suboptimal aspirate specimens which are either unable 
to be successfully aspirated or diluted by peripheral 
blood. Bone marrow biopsies and touch imprints have 
particular utility in these circumstances and are often 
critical for establishing a diagnosis. Standard evalua-
tion should be conducted using a May-Grunwald-
Giemsa or a Wright-Giemsa stain with evaluation and 
counting of a minimum of 200 leukocytes on the blood 

smears and 500 nucleated cells on marrow smears 
(Dohner et al. 2010). In addition, a lumbar puncture 
should be conducted for the assessment of CNS 
involvement and presymptomatic intrathecal therapy. 
Some patients may have clinical complications (e.g., 
coagulopathy or hypotension) that necessitate a delay 
in evaluation of the CNS.

As discussed above, AML is characterized by dys-
regulated proliferation and arrest of differentiation 
along pathways normally found in hematopoietic 
development. The French–American–British (FAB) 
classification system was developed in 1972 and pro-
vided the primary morphologic classification of acute 
myeloid leukemia (Bennett et al. 1976; Bennett et al. 
1985). The FAB classification system is based on 
cytochemical and morphologic analyses of blasts and 
includes ten different subtypes (Table 5.2). Use of the 

FAB AML subtype Common  
cytogenetic  
alteration

M0 Acute myeloblastic leukemia 
minimally differentiated

M1 Acute myeloblastic leukemia 
without maturation

M2 Acute myeloblastic  
leukemia with maturation

t(8;21)(q22;q22), 
t(6;9)

M3 Hypergranular  promyelocytic 
leukemia
Microgranular variant

t(15;17)

M4 Acute myelomonocytic 
leukemia

inv(16)(p13q22), 
del(16q)

M4eo Acute myelomonocytic 
leukemia with bone marrow 
eosinophilia

inv(16), t(16;16)

M5a

M5b

Acute monoblastic/acute 
monocytic leukemia
Poorly differentiated (M5A)

Differentiated (M5B)

del (11q), t(9;11), 
t(11;19)

M6a
M6b

Acute erythroid leukemia 
(erythroid/myeloid and pure 
erythroleukemia)

M7 Acute megakaryoblastic 
leukemia

t(1;22)

M8 Acute basophilic leukemia

Table 5.2 FAB classification of AML (From Bennett et al. 
1985)
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FAB classification in conjunction with early therapies 
helped to identify key therapeutic differences within 
AML subgroups and particularly between AML and 
ALL. Immunophenotyping has largely superseded the 
use of cytochemical staining techniques emphasized in 
the FAB classification, and the WHO classification 
(see below) has superseded use of the FAB because it 
incorporates cytogenetic and other classification fea-
tures that guide application of contemporary risk-
adapted therapies for AML.

5.2.4  Clinical Diagnosis: 
Immunophenotyping

Expression cell surface and cytoplasmic markers aid 
in the classification of acute myeloid leukemia by defi-
nition of precursor stage, as well as markers of granu-
locytic, monocytic, megakaryocytic, and erythroid 
pathway maturation. Lineage-specific AML cell sur-
face antigens include CD33, CD13, CD14, CDw41 
(platelet IIB/IIIA), CD15, CD11b, CD36, and glyco-
phorin A (Dinndorf et al. 1986; Kuerbitz et al. 1992; 
Smith et al. 1992). B-lymphocytic antigens, CD10, 
and T-lymphocyte antigens are present on a proportion 
of AML, but have not clearly had prognostic signifi-
cance. However, specific antigen expression can be 
associated with certain AML subgroups. The expres-
sion of glycoprotein IB, glycoprotein IIB/IIIA, and 
factor VIII antigen is associated with megakaryocytic 
leukemias (Creutzig et al. 1990). In addition, the 
expression of CD34 and CD15 with heterogeneous 
expression of CD13, along with rare expression of 
HLA-DR, is highly characteristic of the presence of 
PML-RAR alpha gene rearrangements (Orfao et al. 
1999). Though there is no uniform consensus regard-
ing interpretation of blast expression levels, generally 
when 20% or more of leukemic cells express a marker, 
it is considered to be positive, though select markers, 
including cytoplasmic CD3, myeloperoxidase, TDT, 
CD34, and CD117, may be considered positive at 
lower levels. European LeukemiaNet guidelines out-
line criteria for determining lineage involvement for 
de novo AML (Table 5.3), and also for the approach to 
diagnostic characterization of mixed phenotype acute 
leukemias (MPAL). Notably, sophisticated multicolor 
flow cytometry analyses are able to detect heterogene-
ity in blast cell populations that may reflect prognostic 
significance.

5.2.5  Clinical Diagnosis: Conventional 
and Molecular Cytogenetics

Conventional cytogenetics is a requisite investiga-
tion for the contemporary classification and thera-
peutic planning for AML. In parallel, fluorescence 
in situ hybridization (FISH) is a powerful tool to 
complement cytogenetics in the detection of key 

Expression of markers 
for diagnoses 

Diagnosis of acute 
myeloid leukemia 
(AML)a

 Precursor stage CD34, CD38, CD117, CD133, 
HLA-DR 

 Granulocytic markers CD13, CD15, CD16, CD33, 
CD65, cytoplasmic myeloperoxi-
dase (cMPO) 

 Monocytic markers Nonspecific esterase (NSE), 
CD11c, CD14, CD64, lysozyme, 
CD4, CD11b, CD36, NG2 
homologue 

  Megakaryocytic 
markers 

CD41 (glycoprotein IIb/IIIa), 
CD61 (glycoprotein IIIa), CD42 
(glycoprotein 1b) 

 Erythroid marker CD235a (glycophorin A) 

Diagnosis of mixed 
phenotype acute 
leukemia (MPAL) 

 Myeloid lineage MPO or evidence of monocytic 
differentiation (at least two of the 
following: NSE, CD11c, CD14, 
CD64, lysozyme) 

 B-lineage CD19 (strong) with at least one 
of the following: CD79a, cCD22, 
CD10, or CD19 (weak) with at 
least two of the following: 
CD79a, cCD22, CD10 

Table 5.3 European LeukemiaNet Guidelines for determining 
lineage involvement in leukemia (From Döhner et al. 2010)

aFor the diagnosis of AML, the table provides a list of selected 
markers rather than a mandatory marker panel

Requirements for assigning more than one lineage to a single 
blast population adopted from the WHO classification.3 Note 
that the requirement for assigning myeloid lineage in MPAL is 
more stringent than for establishing a diagnosis of AML. Note 
also that MPAL can be diagnosed if there are separate popula-
tions of lymphoid and myeloid blasts

Most cases with 11q23 abnormalities express the NG2 
homologue (encoded by CSPG4) reacting with the monoclonal 
antibody 7.1
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gene rearrangements. The identification of recurrent 
balanced translocations and inversions and other 
recurrent genetic abnormalities is the core element 
for the current WHO Classification system for acute 
myeloid leukemia. In general, a minimum of 20 
metaphase cells is required to exclude abnormal 
karyotypes. Notably, cytogenetic analyses from 
peripheral blood specimens may also be helpful 
when the marrow specimen is inadequate or unable 
to be obtained. Alternatively, if the patient’s clinical 
condition permits, a repeat bone marrow aspirate for 
cytogenetic and molecular analyses should be 
obtained if the initial sample was inadequate.

5.2.6  Clinical Diagnosis: Molecular 
Genetic Analyses

Molecular genetic analyses of blasts for key leukemogenic 
mutations are a critical aspect of contemporary AML 
diagnosis (see below). Screening for somatically acquired 
mutations in the FLT3, NPM1, and CEBPA genes has 
potential prognostic and therapeutic implications, and is 
strongly encouraged by the European LeukemiaNet expert 
panel in the initial evaluation of patients with AML. In this 
regard, the recently updated WHO Classification includes 
AML with mutations in NPM1 or CEBPA as new provi-
sional entities. Current investigations are analyzing the 
role of somatic mutations in the MLL, NRAS, WT1, KIT, 
RUNX1, TET2, TP53 and IDH1 genes, and gene expres-
sion alteration in ERG, MN1, EVI1, and BAALC.

5.2.7  World Health Organization 
Classification System

The presence of recurring cytogenetic abnormalities is 
the most prognostically significant finding in acute myel-
oid leukemias. The World Health Organization (WHO) 
Classification of the Myeloid Neoplasms incorporated 
diagnostic cytogenetic information into an AML classifi-
cation system in 2002 (Vardiman et al. 2002). Two key 
differences between the WHO and previous FAB classi-
fication included: (1) a lower blast threshold (from 30% 
to 20% blasts in the blood or marrow) for the diagnosis 
of AML, and (2) the primary use of recurring clonal 
cytogenetic abnormalities as a basis for categorizing 
AML cases with unique clinical and biological 

subgroups. Notably, the presence of key clonal recurring 
cytogenetic abnormalities including t(8;21)(q22;q22), 
inv(16)(p13;q22), or t(16;16)(p13;q22), and t(15;17)
(q22;q12) were considered to be AML regardless of blast 
percentage. In 2008, the WHO classification of myeloid 
neoplasms in acute leukemia was revised in the light of 
new genetic and biological information (Table 5.4) 
(Vardiman et al. 2009). This diagnostic classification 
system included new provisional entities, including 

Acute myeloid leukemia and related neoplasms 
Acute myeloid leukemia with recurrent genetic 
abnormalities 

AML with t(8;21)(q22;q22); RUNX1-RUNX1T1 
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); 
CBFB-MYH11 
APL with t(15;17)(q22;q12); PML-RARA 
AML with t(9;11)(p22;q23); MLLT3-MLL 
AML with t(6;9)(p23;q34); DEK-NUP214 
AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); 
RPN1-EVI1 
AML (megakaryoblastic) with t(1;22)(p13;q13);  
RBM15-MKL1 
Provisional entity: AML with mutated NPM1 
Provisional entity: AML with mutated CEBPA 

Acute myeloid leukemia with myelodysplasia-related 
changes 
Therapy-related myeloid neoplasms 
Acute myeloid leukemia, not otherwise specified 

AML with minimal differentiation 
AML without maturation 
AML with maturation 
Acute myelomonocytic leukemia 
Acute monoblastic/monocytic leukemia 
Acute erythroid leukemia 

Pure erythroid leukemia 
Erythroleukemia, erythroid/myeloid 

Acute megakaryoblastic leukemia 
Acute basophilic leukemia 
Acute panmyelosis with myelofibrosis 

Myeloid sarcoma 
Myeloid proliferations related to Down syndrome 

Transient abnormal myelopoiesis 
Myeloid leukemia associated with Down syndrome 

Blastic plasmacytoid dendritic cell neoplasm 

Acute leukemias of ambiguous lineage 
Acute undifferentiated leukemia 
Mixed phenotype acute leukemia with t(9;22)(q34;q11.2); 
BCR-ABL1 
Mixed phenotype acute leukemia with t(v;11q23);  
MLL rearranged 
Mixed phenotype acute leukemia, B-myeloid, NOS 
Mixed phenotype acute leukemia, T-myeloid, NOS 
Provisional entity: natural killer (NK) cell lymphoblastic 
leukemia/lymphoma 

Table 5.4 The 2008 revision of the World Health Organization 
(WHO) classification of myeloid neoplasms. (From Vardiman 
et al. 2009)
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AML with mutated NPM1 and AML with mutated 
CEBPA. The 2008 revision of the WHO also included  
a new category incorporating transient abnormal mye-
lopoiesis as well as MDS and AML that is Down syn-
drome-related. MDS and AML related to Down syndrome 
are biologically identical and thus are considered together 
as “Myeloid leukemia associated with Down syndrome” 
(see Table 5.4). Incorporation of the WHO revised clas-
sification into contemporary treatment regimens permits 
sophisticated correlation and identification of activity of 
conventional chemother apy and novel targeted agents in 
defined biological subgroups.

5.3  Overview of Risk-Stratified 
Approaches

5.3.1  Overview

The main relevance of prognostic factors in AML is to 
predict the likelihood of achieving remission and/or the 
risk of relapse, and thereby to identify patients for whom 
conventional combination chemotherapy may be inade-
quate and HSCT in first complete remission (CR1) is 
indicated. It is suggested that allogeneic HSCT may 
only benefit patients with a relapse risk of greater than 
35% (Cornelissen et al. 2007). While this figure must be 
dependent on the anticipated procedure-related mortal-
ity, patients at low risk of relapse are unlikely to benefit. 
Predictors of relapse can include pre- or post-treatment 
characteristics, but will always be protocol dependent. 
The major pre-treatment characteristics are cytogenet-
ics, age, white blood cell (WBC) count, secondary leu-
kemia and FLT3/ITD, NPM1 and CEBPA mutations. 
The major post-treatment prognostic predictor is the 
speed and depth of response to treatment, which may be 
assessed morphologically, immunologically or molecu-
larly. While cytogenetics and response to treatment are 
the main prognostic factors that drive risk stratification 
in current treatment protocols, risk group stratification 
is becoming increasingly complicated. There are many 
potential future predictors of outcome, but most have 
not undergone sufficient assessment or validation in 
children, or indeed adults, to be reliably used to stratify 
treatment at present. Amongst these are WT1, MLL–
PTD, RUNX1, TET2, IDH1 and TP53 mutations; 
BAALC, ERG, EVI1 and MN1 gene expression levels, 
microRNA and gene expression profiles and resistance 

proteins. While new markers identify targets for novel 
therapies, combinations of markers may interact to fur-
ther refine risk group stratification.

5.3.2  Age and White Blood  
Cell Count at Presentation

Age and WBC count at presentation are recognized as 
prognostically important but are not routinely used to 
risk-stratify treatment in children. Increasing age in both 
children and adults is independently associated with a 
worse outcome, with children greater than 10 years 
doing less well than younger children (Razzouk et al. 
2006). Within the pediatric age range, a higher white 
cell count at presentation is associated with a lower CR 
rate, higher relapse risk, and worse overall survival.

5.3.3  FAB Classification

As outlined above, cytogenetics and use of the WHO 
classification have largely replaced FAB classification. 
Notably, the previously reported inferior outcome for 
acute megakaryoblastic leukemia (AMKL) (M7) in 
non-Down syndrome (non-DS) AML (Athale et al. 
2001; Dastugue et al. 2002; Barnard et al. 2007) and the 
benefit for HSCT (Athale et al. 2001; Garderet et al. 
2005) have recently been challenged (Reinhardt et al. 
2005). The Berlin-Frankfurt-Münster (BFM) study 
group reported an improved outcome for non-DS 
patients with megakaryoblastic leukemia, treated on 
recent more intensive trials and found no benefit for 
HSCT (Reinhardt et al. 2005). Non-DS M7 AML may 
be a heterogenous disease, and a better outcome has 
recently been reported for non-DS M7 AML in associa-
tion with t(1;22) compared to non-DS M7 AML without 
this karyotypic abnormality (Dastugue et al. 2002).

5.3.4  Acute Promyelocytic Leukemia  
and Down Syndrome AML

Both acute promyelocytic leukemia (APL) and DS AML 
are recognized as distinct subtypes of AML in the 2008 
WHO classification, with unique features and favorable 
outcomes when treated on appropriate protocols that 
recognize their individual chemotherapy sensitivities, 
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including anthracyclines and differentiating agents in 
APL and high-dose cytarabine in DS AML. Each of the 
entities is discussed in detail below.

5.3.5  Cytogenetic Abnormalities

The leukemia blast karyotype is a key determinant of 
outcome in AML (Grimwade et al. 1998; Raimondi 
et al. 1999). However, the usefulness of the diagnostic 
karyotype is limited by conflicting data on the prog-
nostic significance of some primary cytogenetic aber-
rations, including t(8,21), various translocations 
involving the MLL locus on 11q23, and the definition 
of a complex karyotype. The main limiting factor is 
that app roximately 25% of children (Harrison et al. 
2010, Raimondi et al. 1999) (and approximately 40% 
of adults) with AML have a normal karyotype (cyto-
genetically normal: CN AML), although molecularly 
heterogenous disease. Based on multi variable analysis 
of results from the Medical Research Council (MRC) 
AML 10 trial, a cytogenetically based risk group clas-
sification (Grimwade et al. 1998; Wheatley et al. 1999) 
has been validated and adopted by a number of coop-
erative groups. Differences in outcome among these 
groups are probably explained by small numbers or by 
differences in the treatment delivered. This cytogenetic 
risk score classifies good-risk patients as those with 
t(15,17), t(8,21), inv(16)/t(16,16); poor risk as those 
with those with −5, del(5q), monosomy 7 (−7), abnor-
malities of 3q and a complex karyotype (5 or >); and 
all others as intermediate-risk (Grimwade et al. 1998; 
Wheatley et al. 1999). The successor trial MRC AML 
12 adopted this cytogenetic risk score and reported 
children (455 with a cytogenetic result) aged less than 
15 years old and with favorable (excluding APL), nor-
mal, and other intermediate and adverse karyotypes to 
have a 10-year overall survival (OS) of 64%, 60% and 
43%, respectively. Based on 5,876 adult cases (age 
16–59 years), the original MRC cytogenetic classifica-
tion has been further refined to include rarer abnor-
malities not previously considered separately. The only 
karyotypes associated with a favorable outcome remain 
t(15,17), t(8,21), and inv(16)/t(16,16), but the adverse 
cytogenetic risk group has been extended to include 
abn(3q) (excluding t(3;5)), inv(3)/t(3,3), −5/del(5q)/
add(5q), −7/add(7q), t(6,11), t(10,11), t(9,22), −17/
abn(17p) with other changes and complex (>3 unre-
lated abnormalities) (Grimwade et al. 2009a). Analysis 

of 729 children treated on MRC AML 10 and 12 
reported the interesting new findings that 12p abnor-
malities and t(6;9) (p23;q34) predict a poor outcome. 
Additionally,   abnormalities of 3q and complex karyo-
types do not appear to have the same degree of adverse 
outcome as reported for adults (Harrison et al. 2010). 
Recently an adverse prognosis has been reported in an 
adult study for autosomal monosomy in conjunction 
with at least one other autosomal monosomy or struc-
tural abnormality (Breems et al. 2008).

The core binding factor leukemias (CBF), t(8;21) 
and inv(16), are heterogeneous (Marcucci et al. 2005; 
Appelbaum et al. 2006) and adult studies suggest that 
the OS may be significantly inferior for patients with 
t(8;21) compared to those with inv(16)/t(16,16), pre-
dominantly because of a lower salvage rate after relapse 
(Marcucci et al. 2005). Outcome is treatment depen-
dent and patients with CBF leukemias may do particu-
larly well when they receive high-dose cytarabine 
(Bloomfield et al. 1998; Byrd et al. 1999; Appelbaum 
et al. 2006). Gemtuzumab ozogamicin (Mylotarg), a 
recombinant humanized anti-CD33 monoclonal anti-
body linked to the potent anti-tumor intercalating 
agent, calicheamicin, has recently been reported 
to preferentially benefit CBF leukemias (Burnett 
et al. 2006).

Rearrangements of the MLL gene are the most com-
mon abnormalities in children with AML, although the 
frequency varies among studies (10–20%) (Rubnitz 
et al. 2002; Harrison 2010). A recent retrospective 
international study of 756 children with 11q23-rear-
ranged AML demonstrated significant heterogeneity 
within this abnormality (Balgobind et al. 2009). This 
study failed to confirm the previously reported favor-
able prognosis for t(9;11)(p22;q23) (Rubnitz et al. 
2002), but multivariate analysis identified t(1;11)
(q21;q23) to be an independent predictor of a favorable 
outcome while t(10;11)(p12;q23), t(10;11)(p11.2;q23) 
and t(6;11)(q27;q23) independently predicted an infe-
rior outcome (Balgobind et al. 2009). Patients in this 
study were treated on different chemotherapy proto-
cols, which may in part explain differences in outcome 
between groups across MLL-rearranged subtypes.

An international collaborative study (Hasle et al. 
2007) of 258 children with AML and −7 (n = 172) or 
del(7q) (n = 86), both with or without other cyto-
genetic changes, demonstrated heterogeneity within 
chromosome 7 abnormalities. Monosomy 7 was asso-
ciated with a lower CR rate (61% vs 89%, p < 0.001) 
and inferior 5-year survival (30% vs 51%, p < 0.01) 
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compared to patients with del(7q). Additional cytoge-
netic abnormalities impacted outcome. Favorable risk 
cytogenetics were strongly associated with del(7q) 
and retained their favorable 5-year survival compared 
to del(7q) without additional favorable cytogenetics 
(75% vs 46%, p = 0.03). By contrast, patients with −7 
and adverse cytogenetics (inv(3), −5/del(5q), or +21) 
had a dismal outcome (5-year OS 5%), which was not 
improved by HSCT.

5.3.6  Molecular Mutations

Patients with AML and a cytogenetically normal karyo-
type (CN-AML) are classified within the intermediate-

risk group, despite having molecularly heterogenous 
AML. CN–AML and those within cytogenetically defined 
subgroups may be further risk group stratified by prog-
nostically significant molecular characteristics. Class I 
mutations (RAS, FLT 3, c-KIT) activate signaling path-
ways, increasing proliferation and inhibiting apoptosis 
while class II mutations (CEBPA, MLL-PTD and proba-
bly NPM1) affect transcriptional processes leading to 
impaired differentiation. In addition to these mutations 
regulating signaling and transcription pathways, the 
expression levels of a number of genes (BAALC, ERG, 
EVI1) may have independent prognostic significance in 
AML. Many patients with AML harbor more than one 
mutation, and these mutations interact with each other 
and do not influence outcome in isolation. The complex-
ity of these interactions is illustrated in Fig. 5.1.

Fig. 5.1 Pie chart illustrating the molecular heterogeneity of 
cytogenetically normal AML based on mutations in the NPM1, 
CEBPA, MLL, FLT3 (internal tandem duplication [ITD] and 
tyrosine kinase domain [TKD] mutations at codons D835 and 
I836], NRAS, and WT1 genes. The bluish colors denote NPM1 
mutated subsets, the orange/red colors CEBPA mutated subsets, 
and the yellow/green colors MLL mutated subsets; the grey 

 colors depict subsets without hypothetical class II mutations, 
and the white sector shows the  subset without any mutation in 
the above mentioned genes. Data are derived from mutational 
analysis of 485 younger adult patients with cytogenetically nor-
mal AML from AMLSG (From Dohner et al. 2010. On behalf of 
the European LeukemiaNet. Blood 2009; Oct 30. Epub)
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5.3.6.1  Fms-Like Tyrosine  
Kinase 3: FLT3 Mutations

FLT3 is a tyrosine kinase receptor and therefore of 
both prognostic and clinical importance because of 
the potential for targeted therapy with FLT 3 inhibi-
tors. Normal FLT3 signaling is involved in regulation 
of hematopoietic stem cell development. Internal 
mutations in the FLT3 receptor have been identified in 
a large subset of AML. The FLT3 receptor is a tyrosine 
kinase expressed on the surface of hematopoietic stem 
cells. Two predominant types of mutations are found 
in FLT3 and AML, including internal tandem duplica-
tions (ITD) mapping to the juxta-membrane portion of 
the receptor, and activating mutations in the kinase 
domain. Mutations in either the ITD or kinase domain 
both constitutively activate FLT3 signaling. There is 
an age-associated increase in incidence of AML with 
FLT3/ITD mutations, accounting for 12–17% of AML 
in children and adolescents, and rising to approxi-
mately 34% of adults (Meshinchi et al. 2001; Zwaan 
et al. 2003a; Meshinchi et al. 2006). Approximately 
10% of patients exhibit leukemic blasts with point 
mutations primarily in the kinase domain at aspartic 
acid 835 or isoleucine 836. Tandem duplications of 
FLT3 (FLT3/ITD) are associated with an increased 
relapse risk and inferior survival in both children and 
adults (Abu-Duhier et al. 2000; Kottaridis et al. 2001; 
Meshinchi et al. 2001; Zwaan et al. 2003a; Meshinchi 
et al. 2006) and in two pediatric studies were the stron-
gest predictor of relapse in multivariate analysis 
(Meshinchi et al. 2001; Zwaan et al. 2003a). The prog-
nostic impact of FLT3/ITD for both adults and chil-
dren is reported to be dependent on the mutant/wild 
type allele ratio (Whitman et al. 2001; Thiede et al. 
2002; Zwaan et al. 2003; Gale et al. 2008) with high 
FLT3/ITD allelic ratios, indicative of homozygous 
mutations generated by acquired uniparental disomy, 
being associated with a particularly poor outcome. 
The impact of FLT 3 mutations in the tyrosine kinase 
domain (FLT3–TKD) are variably reported (Mead 
et al. 2007). Current clinical trials are examining the 
potential activity of small molecule FLT3 receptor 
tyrosine kinase inhibitors in conjunction with chemo-
therapy, and it is yet unclear if these regimens can 
obviate the role for allogeneic HSCT in these 
patients.

5.3.6.2  Nucleophosmin: NPM1 Mutations

The nucleophosmin member 1 (NPM1) gene product 
functions as a likely chaperone molecule between the 
nucleus and cytoplasm. NPM1 functions in ribosome 
biogenesis, maintenance and duplication of centro-
somes, and regulation of genomic stability proteins 
including p53 and ARF. Mutation of the NPM1 gene is 
the most common mutation in adult AML (up to 35%) 
and is present in about 50% of adult CN-AML (Falini 
et al. 2005; Thiede et al. 2006), but only occurs in about 
8% of children (Cazzaniga et al. 2005; Brown et al. 
2007) and then mainly in older children. NPM1 muta-
tion alters the distribution of the protein and causes pre-
dominantly a cytoplasmic localization. NPM1 mutations 
interact prognostically with FLT3 ITD and in the 
absence of FLT3/ITD predict a better response to 
Induction chemotherapy and a favorable overall sur-
vival (Dohner et al. 2005; Falini et al. 2005; Thiede 
et al. 2006; Brown et al. 2007; Mrozek et al. 2007; 
Schlenk et al. 2008), but this advantage is lost in the 
presence of FLT3/ITD mutation. NPM1 mutations com-
monly co-exist with FLT3/ITD in CN-AML. Recently 
it has been suggested that patients with wild type FLT3/
ITD, and NPM1 mutations have a favorable disease, 
should be classified as good-risk, and should not be can-
didates for HSCT in CR1 (Schlenk et al. 2008).

5.3.6.3  CCAAT/Enhancer Binding  
Protein Alpha: CEBPA Mutations

CEBPA mutations are found in about 5–15% of adult 
AML (Schlenk et al. 2008; Wouters et al. 2009) and 
generally in association with CN-AML. CEBPA muta-
tions carry a favorable outcome when biallelic muta-
tions are present (Wouters et al. 2009).

There is growing evidence that NPM1 and CEPBA 
mutations are class II mutations and primary genetic 
lesions which impair hematopoietic differentiation.

5.3.6.4  c-kit Mutations

c-kit mutations are detected in 3–11% of pediatric AML 
cases (Meshinchi et al. 2003; Goemans et al. 2005) and 
are strongly associated with CBF leukemias. c-kit co 
don 816 mutations negatively impact adult patients with 
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t(8;21) compared to those with wild type c-kit (Boissel 
et al. 2006; Paschka et al. 2006; Schnittger et al. 2006) 
and may explain the heterogeneity in outcome reported 
for this cytogenetic group. c-kit mutations are likely to 
have the same negative impact in patients with inv(16), 
although the evidence is less clear (Boissel et al. 2006; 
Paschka et al. 2006). The prognostic significance of 
c-kit mutations in children with CBF leukemia is lim-
ited by study size. A BFM study found a c-kit mutation 
in 31% of 16 patients with t(8,21) AML and reported no 
difference in outcome between patients with and with-
out the mutation (Goemans et al. 2005), while the 
Japanese Childhood AML Cooperative Study Group 
reported an inferior outcome for 8 of 46 (17%) patients 
with t(8;21) and c-kit mutation (Shimada et al. 2006). 
c-kit is a tyrosine kinase receptor and offers the poten-
tial for treatment with a tyrosine kinase inhibitor.

5.3.6.5  MLL-PTD Mutations

Partial tandem duplication of the mixed lineage leuke-
mia MLL (MLL-PTD) gene occurs in 5–10% of adult 
CN-AML and is reported to be associated with an infe-
rior disease free survival (DFS) (Schlenk et al. 2008). 
MLL-PTD mutations usually coexist with FLT3/ITD 
(30–40%) (Schlenk et al. 2008) and the impact of co-
existence on outcome is not clear. MLL-PTD AML 
may respond to demethylating agents.

5.3.6.6  BAALC (Brain and Acute Leukemia 
Cytoplasmic Protein), EVI1 and ERG

High level BAALC (brain and acute leukemia cytoplas-
mic protein), EVI1 and ERG expression independently 
negatively impact on outcome in CN AML. BAALC 
interacts with FLT3/ITD, and the presence of both 
abnormalities confers a particularly poor prognosis 
(Baldus et al. 2006).

5.3.6.7  RAS and WT1 Mutations

RAS mutations are more common in CBF inv(16) leuke-
mias, but their prognostic impact is unclear. They may 
be targets for farnesyl transferase inhibitors. WT1 gene 
mutations have been reported to confer an adverse prog-
nosis (Paschka et al. 2008), although not consistently.

Molecular genetic aberrations and their clinical 
implications have recently been the subject of extensive 
review (Schlenk and Dohner 2009; Scholl et al. 2009).

5.3.7  Correlation of Prognostic  
Signature with Clinical Data

The inter-relationship between mutations/cytogenetics/
clinical features and outcome is complex. The Leu-
kemiaNet international expert panel has recently rec-
ommended a new standardized reporting for the 
correlation of cytogenetics and molecular genetic data 
with clinical data in AML (Table 5.5) (Dohner et al. 
2010). This re-defines favorable risk disease as CBF 
leukemias, CN-AML NPM1 mutated/FLT3 negative 
and CN-AML CEPBA mutated. These patients are at 
low risk of relapse and unlikely to benefit from HSCT. 
CN-AML continues to be classified as intermediate-
risk but is subclassified by NPM1 and FLT3/ITD status. 
A risk classification schema for the management of 
adult AML patients with normal karyotypes that incor-
porates the status of FLT3, NPM1, BAALC, MLL-PTD 
and CEBPA has been proposed (Mrozek et al. 2007). 
Others propose the incorporation of additional poor 
prognostic factors including WT1, ERG and EVI-1 
expression (Scholl et al. 2009). However, many of these 
molecular markers have not been extensively studied in 
children. Before new prognostic markers can be used to 
direct treatment in children with AML, their prognos-
tic/predictive value must be validated in children and 
their benefit tested within the setting of a clinical trial.

5.3.8  Initial Response to Treatment

Current risk group stratification based on cytogenetic 
and molecular characterization fails to identify all 
patients at risk of relapse within cytogenetic/molecu-
larly characterized risk groups. Early response to 
 therapy is a powerful predictor of outcome, but mor-
phological assessment is relatively crude. The EFS at 
5 years for children treated on BFM 83 and 87 was 
inferior for those with more than 5% blasts on day 15 
compared to those with less than 5% blasts (56% vs 
27%, p = 0.0001 and 61% vs 40%, p = 0.001) 
(Creutzig et al. 1999). In the MRC trial, patients are 
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assigned to one of three risk groups based on diag-
nostic cytogenetics and morphological response after 
course 1 of chemotherapy. Based on 467 patients 
treated on AML 12, patients in CR (<5% blasts), par-
tial response (PR) (5–15% blasts) and residual dis-
ease (RD) (>15% blasts) after course 1 had 10 year 
survival rates of 76%, 55% and 25% and relapse rates 
of 31%, 42%, and N/A (because patients with re -
fractory disease were unevaluable for relapse), 
respectively. When combined with cytogenetics, the 
OS at 10 years for good, standard and poor-risk 
patients was 83%, 70% and 39%, respectively with 

relapse risks of 21%, 36% and 53% respectively. 
While discriminatory, the MRC risk score unfortu-
nately only identifies about 20% of the patients des-
tined to relapse, and about 60% of relapses come 
from standard-risk and 20% from good-risk groups.

5.3.9  Minimal Residual Disease  
Assays and Markers

Minimal residual disease (MRD) assays provide sensi-
tive measurements for detecting low levels of leukemic 
cells that cannot be detected morphologically 
(Campana 2003). MRD can be assessed molecularly 
by real-time quantitative polymerase chain reaction 
(RT PCR) of leukemic specific targets (gene fusions, 
e.g., AML-ETO; gene mutations, e.g., NPM1; and 
overexpressed genes, e.g., WT1) or immunologically 
by multiparameter flow cytometry identifying an aber-
rant leukemia-associated immunophenotype (LAIP). 
The advantage of the latter is that an immunopheno-
typic AML “signature” can be identified in more than 
90% of AML cases, while the molecular heterogeneity 
of AML is quite extensive and not easily amenable to 
the development of specific RT PCR assays in most 
cases. The sensitivity of flow cytometry is at least a log 
less than RT PCR assays at 103–104 compared to RT 
PCR 103–106, but the sensitivity of flow cytometry 
may improve with six to eight color laser technology. 
The usefulness of MRD measurement includes early 
assessment of response to therapy to improve risk 
stratification and to guide Consolidation therapy, and 
subsequent monitoring to detect impending relapse 
and guide pre-emptive therapy.

The kinetics of AML1-ETO and CBFb-MYH11 fusion 
transcripts monitored by RT PCR, including the tran-
script level at diagnosis, extent of reduction after Induction 
chemotherapy and any increase in transcript level after 
attainment of CR, are thought to be predictive of out-
come. WT1 transcripts and NPM1 may be useful for 
monitoring levels of disease and predicting outcome.

5.3.10  Minimal Residual Disease Studies

There is a paucity of prospective studies of the useful-
ness of MRD measurement. Pediatric studies on the 

Table 5.5 European LeukemiaNet Guidelines for standardized 
reporting for correlation of cytogenetic and molecular data in 
AML with clinical data. Dohner et al, 2010. Standardized reporting 
for correlation of cytogenetic and molecular genetic data in AML 
with clinical dataa (From Dohner et al. 2010. On behalf of the 
European LeukemiaNet. Blood 2009; Oct 30. Epub)

Genetic group Subsets

Favorable t(8;21)(q22;q22); RUNX1-RUNX1T1

inv(16)(p13.1q22) or t(16;16)(p13.1; q22); 
CBFB-MYH11

Mutated NPM1 without FLT3-ITD 
(normal karyotype)

Mutated CEBPA (normal karyotype)

Intermediate-I Mutated NPM1 and FLT3-ITD  
(normal karyotype)

Wild type NPM1 and FLT3-ITD  
(normal karyotype)

Wild type NPM1 without FLT3-ITD 
(normal karyotype)

Intermediate-II t(9;11)(p22;q23); MLLT3-MLL

Cytogenetic abnormalities not 
classified as favorable or adverse

Adverse inv(3)(q21q26.2) or t(3;3)(q21;q26.2); 
RPN1-EVI1

t(6;9)(p23;q34); DEK-NUP214

t(v;11)(v;q23); MLL rearranged

−5 or del(5q); −7; abnl(17p); complex 
karyotypeb

aFrequencies, response rates and outcome measures should be 
reported by genetic group, and, if sufficient numbers are avail-
able, by specific subsets indicated; excluding cases of acute pro-
myelocytic leukemia
bThree or more chromosome abnormalities in the absence of one 
of the WHO designated recurring translocations or inversions, 
i.e., t(15;17), t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;q23), 
t(6;9), inv(3)/t(3;3); indicate how many complex karyotype 
cases have involvement of chromosome arms 5q, 7q, and 17p
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predictive value of minimal residual disease have 
reported conflicting results. Sixteen percent of 252 
children who achieved morphological remission on 
the Children’s Cancer Group (CCG)-2961 trial had 
detectable MRD (defined as greater than 0.5% blasts 
with an aberrant phenotype) after Induction therapy, 
and on multivariate analysis this was shown to be the 
most powerful independent prognostic factor associ-
ated with poor outcome (Sievers et al. 2003). A study 
from St. Jude Children’s Research Hospital mirrored 
these findings and reported a 2 year OS of 33% for 
patients with detectable MRD at the end of Induction 
therapy compared to 72% for MRD-negative patients 
(p = 0.022) (Coustan-Smith et al. 2003). However, 
multivariate analysis of 150 children treated on AML 
BFM 98 study failed to show additional predictive 
value for MRD measured by flow cytometry compared 
to other routinely employed risk factors (Langebrake 
et al. 2006).

5.3.11  Summary

Current approaches to risk group stratification are 
unrefined and confined to cytogenetics, response to 
treatment (assessed by different criteria and meth-
ods), and limited molecular characterization for some 
groups. While able to discriminate risk groups, these 
parameters fail to identify the majority of patients 
who will relapse. AML is a very heterogenous disease 
both within CN-AML and within cytogenetically-
defined risk groups, and molecular characterization 
may further refine these risk groups and identify tar-
gets for therapy. Systematic evaluation of MRD 
assessment in conjunction with refined molecular/
cytogenetic risk groups will further inform post-
remission therapy. While it is important to establish a 
hierarchy of prognostic factors, their prognostic and 
predictive value needs to be validated in children with 
AML and not assumed from adult data, and must be 
tested within the context of a specific protocol or 
treatment. At present, refinement of risk stratification 
helps define the need for HSCT, but increasingly 
molecular characterization will offer the potential of 
novel targeted therapy. New prognostic/predictive 
indicators can only be adopted into clinical practice 
when properly validated for childhood as well as 
adult AML.

5.4  Treatment of Pediatric AML

5.4.1  Overview

Clinical trials for the therapy of pediatric acute 
myeloid leukemia have exhibited steady improve-
ment in initial remission induction rates, disease-
free survival, event-free survival, and overall 
survival over the past 5 decades. The key advances 
in treatment have been as a result of identification 
and optimization of the dosing and schedule of 
active drugs (predominantly cytarabine and anthra-
cyclines, as outlined above), the identification of 
key subgroups of patients benefiting from special-
ized treatment approaches, and improved suppor-
tive care for infections and other complications. 
Contemporary treatment approaches incorporate 
four to six courses of intensive chemotherapy, and 
most groups do not use lower dose “Maintenance” 
therapy approaches. The use of myeloablative high-
dose chemotherapy Consolidation with allogeneic 
HSCT in CR1 is controversial and under investiga-
tion. It is generally not employed in patients with 
favorable-risk and standard-risk cytogenetics, but it 
is used in some groups for patients with intermedi-
ate-risk disease and a matched related donor. 
Alternative donor HSCT approaches are generally 
reserved for patients with high risk cytogenetic or 
molecular features, or with resistant or residual 
disease.

Refinements in the treatment of pediatric AML 
have largely resulted from the development of bio-
logic and risk-stratified approaches to therapy. Early 
cancer clinical trials in the 1950s and 1960s for chil-
dren with leukemia included patients with ALL and 
AML on the same regimen, and identified early major 
differences in the response of these two diseases to 
different chemotherapy drugs. Subsequent clinical 
 trials treated patients with AML on separate regimens 
and identified unique distinguishing biology and 
response in patients with APL, Down syndrome leu-
kemia, and various cytogenetic subgroups of AML. 
These observations were paralleled by the develop-
ment of active risk-adapted regimens for different 
subgroups, and have in turn provided a foundation for 
improvements in the overall cure rate of pediatric 
AML as the overall survival was increased in each 
subgroup.
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5.4.2  Childhood AML Therapy:  
MRC Experience

Intensive anthracycline- and cytosine-based chemo-
therapy combined with advances in supportive care 
have resulted in a dramatic improvement in the sur-
vival of children with AML treated on United Kingdom 
(UK) MRC trials. For the past 2 decades, children (n = 
1,053) and adults have been treated on the same or 
very similar protocols within three trials: MRC AML 
10 (1988–1995), MRC AML 12 (1995–2002) and 
MRC AML 15 (2002–2008).

5.4.2.1  Induction Therapy

Primary areas of investigation in MRC studies have 
been the  comparison of  anthracyclines/anthracene-
diones and  testing the benefit of the addition of active 
agents to the intensive cytarabine and anthracycline 
core regimen. Successive MRC trials have failed to 
show any significant superiority in CR rate or OS for 
any of the four tested intensive Induction regimens. 
MRC AML 10 tested the comparative benefits of 
thioguanine with etoposide by comparing DAT (ara-C, 
daunorubicin, thioguanine) with ADE (ara-C, daunoru-
bicin, etoposide). There was no significant difference in 
CR rate (DAT 90% vs ADE 93%, p = 0.3, odds ratio 
(OR) = 1.58 (0.68,3.51)), EFS (DAT 48% vs ADE 45%, 
p = 0.5, hazard ratio(HR) = 0.89 (0.65,1.23)) or OS 
(DAT 57% vs ADE 51%, p = 0.3, HR = 0.83 (0.59,1.17)), 
but there was a non-significant excess of deaths in CR 
in the ADE arm (8% vs 15% p = 0.09) (Stevens et al. 
1998). There was no evidence that children with mono-
cytic involvement (FAB type M4 or M5) in particular 
benefited from an etoposide-containing regimen (p = 
0.9). ADE was brought forward into MRC AML 12 in 
the belief that the observed lack of advantage for ADE 
was in part due to the excess of deaths in CR, which 
could be negated by improved supportive care.

MRC AML 12 found mitoxantrone (MAE) and 
daunorubicin (ADE) to be of equal efficacy in Induction 
when combined with similar doses of cytarabine and 
etoposide. No significant difference was noted in CR 
rates (ADE 92% vs MAE 90%, p = 0.3, OR = 1.30(0.70, 
2.4)) or deaths in CR or EFS. Induction deaths were 
not significantly higher for MAE (MAE 6% vs ADE 
3%, p = 0.2) (Gibson et al. 2005). There was a possi-
bility that MAE was superior for both DFS (p = 0.03, 

HR = 0.72 (0.54, 0.96)) and relapse risk (RR)   
(p = 0.05, HR = 0.73 (0.54, 1.00)), but OS was not 
significantly different (ADE 61% vs MAE 65%, p = 
0.2, HR = 0.84 (0.63, 1.12)).

AML 15 compared ADE with FLAG-Ida (fludara-
bine, cytarabine, granulocyte colony stimulating factor 
(G-CSF), and idarubicin) with or without the addition 
of gemtuzumab ozogamicin at 3 mg/m2 in Induction. 
The data are unpublished and premature. However, in 
adult patients there appears to be no difference in the 
CR rate; an apparent reduction in the relapse risk in the 
FLAG–Ida arm fails to translate into an improvement 
in OS because of an increase in deaths in CR for 
patients receiving FLAG-Ida (Burnett et al. 2009). 
Gemtuzumab ozogamicin at 3 mg/m2 combined with 
Induction chemotherapy appears to benefit predomi-
nantly favorable prognosis CBF leukemias.

In summary, no intensive regimen has resulted in a 
superior CR rate or OS, and any advantage of one regimen 
over another in terms of a reduction in relapse rate has been 
balanced by an increase in deaths in Induction or CR.

5.4.2.2  Consolidation/Post-remission Therapy

MRC AML 12 failed to show an advantage for an addi-
tional course of post-remission chemotherapy (four 
versus five courses of treatment in total) in any risk 
group of patients already receiving intensive treatment, 
irrespective of whether HSCT was included, although 
confidence intervals were wide: deaths in CR, four 
courses 2% versus five courses 1% (p = 0.6, HR = 0.64 
(0.11, 3.7)); relapse risk, four courses 37% versus five 
courses 37% (p = 1.0, HR = 1.01 (0.67, 1.50)); OS, four 
courses 74% versus five courses 74% (p = 1.0, HR = 
1.01 (0.63,1.62)). This suggests that the benefit from 
conventional post-remission chemotherapy may reach 
a plateau and that further improvement may only be 
achieved by alternative or targeted therapies.

MRC AML trials have traditionally delivered high 
cumulative doses of anthracycline and anthracene-
dione therapy (AML 10: 550 mg/m2; AML 12: 300–
610 mg/m2 calculated on a conversion factor, with 
mitoxantrone 1 mg/m2 being equivalent to daunorubi-
cin 5 mg/m2). AML 15 tested whether the cumulative 
dose could be safely reduced and high-dose (HD) 
Ara-C substituted without loss of anti-leukemic effi-
cacy by comparing two blocks of anthracycline-driven 
MRC Consolidation with two blocks of HD Ara-C 
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(550 vs 300 mg/m2). Follow-up is too short to answer 
this important question, but preliminary data suggest 
that there may be no detriment to substituting anthra-
cyclines with HD Ara-C in Consolidation (Burnett 
et al. 2009). Gemtuzumab ozogamicin 3 mg/m2 has 
also been tested in combination with chemotherapy in 
Consolidation. Preliminary results suggest no benefit.

5.4.2.3  Hematopoietic Stem  
Cell Transplantation

The combined data from MRC AML 10 and AML 12 
suggest no survival benefit for allogeneic HSCT in first 
CR for any risk group in children. While allogeneic 
HSCT was associated with a significant reduction in 
RR for good and standard risk patients (p = 0.02), but 
not for poor risk patients, this did not translate into a 
survival advantage for any risk group (p = 0.3) because 
the reduced relapse risk was counterbalanced by an 
increase in procedure-related deaths (p = 0.001). It 
may be argued that these data date from 1998 to 2002 
and that more recent improvements in transplant-
related mortality may allow an advantage for HSCT to 
emerge. However, the MRC data failed to show a 
reduction in relapse risk for poor-risk patients, without 
which a survival advantage cannot be achieved.

In MRC AML 10, autologous HSCT in CR 1 reduced 
relapse (p = 0.03) and improved DFS (p = 0.02) but did 
not significantly improve long-term survival (p = 0.2), 
not because of a counter-balancing effect on procedural 
mortality, which was low (3%), but because of an infe-
rior survival after relapse (autologous HSCT 7% vs 
Stop 27%, p = 0.05).

MRC studies thus suggest that the role of alloge-
neic HSCT is limited in first CR and that the ceiling of 
benefit for chemotherapy may have been reached. 
Successor studies aim to improve outcome by molecu-
lar characterization and the use of targeted therapies in 
appropriate risk groups or biological subtypes. This 
will include exploring dosing and scheduling in chil-
dren. The measurement of MRD by flow cytometry 
and molecular markers where possible may improve 
risk stratification and offer the potential for treatment 
intensification, which may include targeted therapies 
or stem cell transplantation. Alternatively, MRD may 
suggest that allogeneic HSCT can appropriately be 
restricted, reducing the risk of associated procedure-
related mortality and morbidity.

5.4.3  Childhood AML Therapy: European 
and Japanese Experience

Although international collaboration is being expanded, 
there are still several groups in the mainland of Europe 
(exclusive of the UK) that conduct independent clini-
cal trials for newly diagnosed pediatric AML. From 
North to South these groups include the NOPHO 
(Nordic Society for Pediatric Hematology/Oncology), 
the BFM group, LAME (the French Leucémies Aiguës 
Myéloblastiques de l’Enfant group), and AIEOP (the 
Italian Associazione Italiana Ematologia Oncologia 
Ped iatrica). Worldwide, other than the Children’s 
Oncology Group (COG) and the St. Jude consortium, 
Japan also has an active clinical trial for newly diag-
nosed AML. In other countries, investigators either 
participate in COG or MRC protocols, or have adapted 
protocols from the BFM-AML group. The Netherlands 
and Belgium are currently establishing a pilot study, 
with collaboration with the NOPHO/Hong Kong con-
sortium in the near future. The main aspects of pediat-
ric AML trials conducted by these groups will be 
discussed, focusing on Induction therapy, Consolidation 
therapy, the use of HSCT, and Maintenance therapy. In 
many cases, the hypotheses tested in the European and 
Japanese studies are linked to results from investiga-
tions by other pediatric and adult groups.

5.4.3.1  Induction Therapy

The backbone of treatment to induce remission is two 
courses of intensive chemotherapy. The classic combi-
nation is 3 days of daunorubicin and 7 days of cytara-
bine. Usually, a third drug like etoposide or thioguanine 
is added to this combination. NOPHO applies even 
four drugs, by adding both etoposide and thioguanine 
to cytarabine and idarubicin. More than 80% of patients 
achieve CR with a 3- (or 4-) drug regimen and ade-
quate supportive care (Yates et al. 1973; Weinstein 
et al. 1980; Yates et al. 1982; Pui 1995; Hann et al. 
1997; Lowenberg et al. 1999; Pui et al. 2004; Zwaan 
and Kaspers 2004; Kaspers and Ravindranath 2005).

Various strategies have been used to increase CR rates 
and subsequent survival: substitution of daunorubicin 
with idarubicin or mitoxantrone, increased dosages of 
cytarabine, and reduced intervals between the initial 
cycles of chemotherapy (intensive timing) (Ravindranath 
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et al. 1996; Woods et al. 1996; Creutzig et al. 2001b; 
O’Brien et al. 2002; Perel et al. 2002; Pui et al. 2004). 
The general conclusion that can be drawn from these 
studies is that a more intensive remission induction che-
motherapy improves the quality of remission, which 
favorably affects the likelihood of long-term disease-free 
survival. In particular, a comparison of different sched-
ules in relation to the rate of resistant disease and progno-
sis suggested that a cumulative anthracycline dose of less 
than 100 mg/m2 after one Induction course is associated 
with a worse outcome (Kaspers and Ravindranath 2005). 
However, it has to be kept in mind that death due to tox-
icity during Induction can offset the expected benefits of 
some of these strategies. In that perspective, it is interest-
ing that rates for CR and overall survival are by and large 
similar for MRC, COG and NOPHO trials, when MRC 
does not advocate intensively timed Induction  chemo 
therapy but COG and NOPHO protocols have incorpo-
rated this strategy.

The addition of a third drug, thioguanine or etopo-
side, to intensive anthracycline and cytarabine Induction 
platforms has been tested by the BFM and the MRC 
groups, similar to approaches in the North American 
Pediatric Oncology Group (POG) and CCG groups. Yet, 
the contribution of a third drug in Induction chemother-
apy is not clear (Creutzig et al. 1987; Steuber et al. 1990; 
Ravindranath et al. 1991; Woods et al. 1996; Stevens 
et al. 1998; Kaspers and Ravindranath 2005). A direct 
comparison of etoposide and thioguanine, added to 
cytarabine and daunorubicin, did not reveal statistically 
significant differences in remission rates, event-free or 
overall survival (Stevens et al. 1998). The MRC group 
has recently tested the efficacy and safety of gemtu-
zumab ozogamicin as a third drug in Induction therapy 
in adult AML (Kell et al. 2003; Zwaan and Kaspers 
2004). The clinical efficacy of this drug in childhood 
relapsed and refractory AML does suggest its useful-
ness, and so do the preliminary results from the MRC 
trial, which, however, mainly concerned adults (Zwaan 
et al. 2003a, b). It remains to be proven if long-term out-
come will improve with the implementation of this drug 
in up-front combination chemotherapy in children, but 
COG is studying that (Zwaan et al. 2003a, b).

Currently, the best approach is not apparent, and 
neither CR rates nor EFS or OS rates differ signifi-
cantly among study groups. A goal for current European 
studies it to enhance drug exposure to potentially result 
in high quality complete remissions with as low as 
 possible amounts of MRD. Underlying this goal is a 

strategy to combine drugs with different mechanisms 
of action, as long as toxicity remains manageable.

Supporting strategies to intensify high-dose cytara-
bine in pediatric AML Induction therapy are adult 
studies demonstrating superior post-remission out-
come with this approach (Weick et al. 1996; Bishop 
et al. 1998). The recently complete MRC AML15 
study may also provide information on this issue, 
including information on pediatric AML, since it did 
include a comparison of standard low-dose and high-
dose cytarabine at Induction and enrolled children as 
well. Unfortunately, other differences in that Induction 
therapy may confound the results.

5.4.3.2  Consolidation/Post-remission Therapy

Most groups now use multiple courses of intensive che-
motherapy as Consolidation therapy. Higher-risk 
patients theoretically may benefit from an additional 
(fifth) course of chemotherapy, but such a risk-group-
adapted therapy has not been proven to be better in 
pediatric AML. Including two courses for Induction, 
the minimum total number is four as applied by the 
MRC group, and results of that group are among the 
best in the world. Study MRC AML 12 did not show a 
statistically significant benefit for five total courses as 
compared to four, but that question continued to be 
studied in AML15, and pediatric results have not yet 
been reported. The NOPHO is studying the role of two 
doses of gemtuzumab ozogamicin as post-Consolida-
tion therapy, which one might consider to be an extra 
course of chemotherapy. The Japanese group re ported 
that they could safely reduce the number of 
Consolidation courses from eight to six to five for stan-
dard-risk patients and to six for higher-risk patients 
(Tomizawa et al. 2007; Tsukimoto et al. 2009). One 
may conclude that between four and six courses of che-
motherapy in total are usually needed in pediatric AML 
(i.e., two to four courses of Consolidation therapy). 
Depending on the content of each course, the number 
of courses will also influence the cumulative dose of 
anthracyclines or related drugs. It seems fair to state 
that the optimal cumulative dose is unknown but that 
cumulative doses at Induction should not be less than 
100 mg/m2. On the other hand, it is quite clear that 
cumulative doses of anthracyclines above 300 mg/m2 
are associated with increasing risk of cardiotoxicity 
(Kremer et al. 2001).
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Most studies have included several courses of inter-
mediate- or high-dose cytarabine in their post-remission 
chemotherapy strategy. The POG 8821 study, for exam-
ple, used a six-dose schedule, and the CCG and Nordic 
trials used an eight-dose timed split-dose schedule 
(Capizzi and Powell 1987; Capizzi et al. 1988; Lie et al. 
1996, 2003; Woods et al. 1996; Kaspers and Ravindranath 
2005). Some studies combined cytarabine with non-
cross-resistant agents. The MRC group, for instance, 
included the combination of amsacrine, cytarabine, and 
etoposide (MACE), mitoxantrone/cytarabine, and cytara-
bine/L-asparaginase (CLASP). The LAME 89/91 and the 
BFM93 trials combined high-dose cytarabine with mitox-
antrone (HAM) (Wells et al. 1994a; Michel et al. 1996; 
Dahl et al. 2000; Creutzig et al. 2001a, b).

A majority of European groups now assume that 
high-dose cytarabine should be incorporated into treat-
ment, although there are no recent randomized studies 
in pediatric AML that have been reported yet to support 
that policy. An older study by the POG with overall 
inferior outcome as compared to currently achievable 
survival rates did not reveal an improvement with higher 
doses of cytarabine as part of Consolidation therapy 
(Ravindranath et al. 1991). However, in adult AML it 
has been shown that high-dose cytarabine at Induction 
results in better post-remission outcome (Weick et al. 
1996; Bishop et al. 1998). High-dose cytarabine as post-
remission strategy especially benefited adults with core 
binding factor or normal karyotype AML (Bloomfield 
et al. 1998). Knowing that pediatric AML on average 
includes better risk and thus more chemosensitive 
patients than adult AML, it seems reasonable to extrap-
olate these data and to indeed incorporate higher doses 
of cytarabine in pediatric protocols. Moreover, preclini-
cal studies have shown that AML cells from some 
patients are more resistant to cytarabine and that in some 
patients the active transport of cytarabine into the AML 
cells is limited, a mechanism which is necessary in the 
case of lower concentrations of cytarabine (Zwaan and 
Kaspers 2004; Hubeek et al. 2005). Both mechanisms 
of resistance theoretically can be overcome by higher-
dose cytarabine. However, these studies do not identify 
the optimal moment to use high-dose cytarabine.

5.4.3.3  Hematopoietic Stem  
Cell Transplantation

All European groups except the BFM-AML group still 
recommend allogeneic HSCT for certain risk groups. 

In contrast, all groups except AIEOP do not recom-
mend autologous HSCT (stem cell reinfusion would be 
more appropriate) anymore, in view of several random-
ized studies that did not demonstrate a benefit from 
autologous stem cell reinfusion as compared to chemo-
therapy (Ravindranath et al. 1996; Woods et al. 2001). 
Several studies seem in favor of using allogeneic HSCT 
in AML subgroups. However, with contemporary che-
motherapy that results in DFS of more than 50%, the 
number of studies with appropriate data-analysis (cor-
recting at least for time-to-transplant) that demonstrated 
significantly improved OS with allogeneic HSCT is 
actually limited to two studies reported by the LAME 
(Perel et al. 2005) and the European Organisation for 
Research and Treatment of Cancer (EORTC) (Entz-
Werle et al. 2005) groups. These two studies both have 
a major confounder, which was the Maintenance ther-
apy given only to patients that were not transplanted. 
Such Maintenance therapy was proven to have an 
adverse effect on outcome (Perel et al. 2005; Wells 
et al. 1994a, b), thus negatively influencing the outcome 
for chemotherapy-only patients but not for patients that 
were treated with allogeneic HSCT. The BFM-AML 
group reported no improved OS with allogeneic HSCT 
in either studies −87 and −93 analyzed together or in 
study AML-BFM-98 (Langebrake et al. 2005; Creutzig 
et al. 2006; Reinhardt et al. 2006). Therefore, since 
2006 this group has not advocated the use of allogeneic 
HSCT in AML patients in CR1, while other groups still 
recommend allogeneic HSCT for higher-risk patients.

With respect to the risk of relapse, some European 
studies have suggested that allogeneic HSCT may 
offer a benefit. The ability to retrieve relapsed AML 
appears to be lower after allogeneic HSCT in CR1 than 
that of relapsed AML after chemotherapy only. This 
observation was reported by the NOPHO group (Lie 
et al. 2005; Abrahamsson et al. 2007). The relative 
benefit of allogeneic HSCT in CR1 depends on the 
effectiveness and type of chemotherapy. For patients in 
CR1, allogeneic HSCT does not consistently exhibit a 
significant benefit in overall survival, it is costly, and it 
is associated with increased late effects. These issues 
must be carefully balanced against the reported reduced 
risk of relapse with allogeneic HSCT.

5.4.3.4  Maintenance Therapy

Maintenance chemotherapy has been used in the past 
by several groups and is still being used by the 
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 BFM-AML group. However, most of the other studies 
in pediatric AML have not observed improved out-
come with Maintenance therapy in the context of 
 contemporary high-dose intensive Induction and 
Consolidation treatment regimens. Two studies have 
suggested an adverse impact on OS, apparently because 
of reduced salvagability after relapse (Wells et al. 
1994a, b; Perel et al. 2005). Therefore, the use of 
Maintenance chemotherapy in pediatric AML cannot 
be generally recommended. An obvious exception is 
the treatment of APL, in which Maintenance treatment 
with all-trans retinoic acid (ATRA) and low-dose che-
motherapy including methotrexate and mercaptopu-
rine does provide benefit for patients (Testi et al. 2005). 
It cannot be excluded that specific subgroups benefit 
from Maintenance chemotherapy, as well as the pos-
sibility that other types of Maintenance therapy are 
beneficial. For example, the NOPHO is studying the 
value of two doses of gemtuzumab ozogamicin as 
post-Consolidation therapy in a randomized study, 
while LAME is studying the effect of interleukin-2.

5.4.4  Childhood AML Therapy:  
North American Experience

5.4.4.1  Induction Therapy

Based upon single agent efficacy data in adults and 
children, early studies demonstrated significant activ-
ity for combinations of cytarabine and anthracyclines 
in pediatric AML remission induction. The CCG 241 
study (1975–1979) incorporated cytarabine and dauno-
mycin into multi-agent (5-azacytidine, vincristine and 
prednisone) therapy for newly diagnosed pediatric 
AML (Chard et al. 1978). The POG 8101 (1981–1986) 
study provided pivotal data demonstrating that a 
“3+7+7 DAT” combination regimen of 3 days of 
45 mg/m2/day daunorubicin, 7 days of continuous 
 infusional low-dose (100 mg/m2/day) cytarabine and  
7 days of 6-thioguanine provided superior outcomes 
for children with AML when compared to a vincris-
tine, dexamethasone and cytarabine regimen originally 
designed for ALL (Steuber et al. 1991). In this study, 
the DAT regimen was established as a standard ele-
ment in pediatric AML therapy with a complete remis-
sion rate of 82% (compared to 61% for the other 
regimen; p = 0.02). Combinations of anthracycline and 
cytarabine remain at the core of AML Induction 

regimens, and the CCG 213 study (1986–1989) did not 
demonstrate benefit with the addition of etoposide, 
thioguanine and dexamethasone (Wells et al. 1994a, b). 
Similarly, the CCG-2961 study (1996–1999) was not 
able to identify a benefit for the addition of idarubicin 
and fludarabine into an intensive timing remission 
Induction/Consolidation regimen (Lange et al. 2008).

Building upon observations suggesting benefit with 
enhanced cytarabine exposure, the POG 8498 study 
(1984–1988) tested the effect of dose intensification 
during the second Induction course using additional 
high-dose 3 g/m2 q12 h × 6 doses of cytarabine fol-
lowed by L-asparaginase. POG 8498 showed a trend 
toward higher EFS (34% vs 29%) and DFS (42% vs 
34%) when compared with standard dose DAT plat-
forms (Ravindranath et al. 1991). The POG 9421 study 
(1995–1999) examined incorporation of high-dose 
cytarabine as part of the first Induction course and the 
use of the multidrug resistance modulator cyclosporine. 
However, intensifying Induction with high-dose DAT 
and the addition of cyclosporine to Consolidation che-
motherapy did not prolong the duration of remission or 
improve overall survival (Becton et al. 2006). In com-
bination with data from MRC and BFM studies (see 
below), these observations have helped define effective 
cytarabine schedules (e.g., 7–10 days of dosing) or 
high-dose cytarabine exposure in second Induction 
course, which remains at the core of contemporary 
Induction regimens.

Although these early improvements in Induction reg-
imens resulted in significant increases in remission 
induction rates, the impact on EFS and OS was less dra-
matic. These observations suggested that a small popula-
tion of residual blasts or leukemia stem cells survives 
after Induction and later cause relapse. The mechanisms 
of drug-resistance in AML are complex and multifacto-
rial; however, preclinical data suggest that the leukemic 
stem cells found in the endosteal region of the marrow 
are cell cycle quiescent and escape the effects of chemo-
therapy (Mikkola et al. 2010; Saito et al. 2010). 
Cytarabine generally requires active cell division to exert 
full anti-leukemic activity, and in mouse models, it 
appears that the use of hematopoietic growth factors 
mobilizes quiescent AML stem cells and stimulates pro-
liferation, rendering them sensitive to the cytotoxic 
effects of cytarabine (Saito et al. 2010). Exposure to che-
motherapy has been hypothesized to exert similar effects 
on cell cycle quiescent leukemia stem cells (i.e., recruit-
ment into the cell cycle and increased sensitivity to sub-
sequent chemotherapy, particularly S phase active agents 
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such as cytarabine [Vaughan et al. 1984]). In the pivotal 
CCG 2891 study (1989–1995), Woods and colleagues 
tested the hypothesis that intensively timed sequential 
chemotherapy with concurrent G-CSF in Induction 
would overcome resistance based upon leukemia cell 
cycle quiescence. CCG 2891 employed a core regimen 
of a 4-day cycle of dexamethasone, cytarabine, 6-thiogua-
nine, etoposide and daunorubicin (DCTER) and enrolled 
589 patients. The randomized study design compared 
two Induction approaches involving either (1) “intensive 
timing” in which the second cycle of chemotherapy was 
administered after a 6-day rest regardless of low or drop-
ping blood counts, or (2) “standard timing” in which the 
second cycle of chemotherapy was administered at least 
14 days or more from the beginning of the first cycle, 
depending on bone marrow status and recovery of 
hematopoiesis (Woods et al. 1996). This study demon-
strated that intensively timed Induction therapy resulted 
in a marked improvement in actuarial EFS at 3 years of 
42% versus 27% for patients on the standard timing arm 
(p = 0.0005). In addition, patients receiving intensively 
timed Induction therapy had superior DFS results at 3 
years from the end of Induction, 55% versus 37% for 
standard timing patients (p = 0.0002).

5.4.4.2  Consolidation/Post-remission Therapy

In post-Induction therapy, cycles of non-cross resistant 
drugs or high-dose exposure to limited agents (e.g., 
high-dose cytarabine) are administered to eradicate 
minimal residual disease and increase potential for 
cure. The biological heterogeneity of AML poses dif-
ficulties in identifying straightforward conclusions 
regarding the intensity or number of post-remission 
cycles required for high cure rates. The CCG 213P 
study (1983–1985) investigated the utility and timing 
of cycles of very high-dose cytarabine in therapy inten-
sification in children with AML who had achieved 
remission after Induction therapy. This study suggested 
that Maintenance therapy did not appear to benefit 
patients who had received intensively timed high-dose 
cytarabine Intensification therapy, though patients 
receiving non-aggressive Intensification appeared to 
have improved outcome with Maintenance therapy. 
Patients who received two intensive courses of 
 high-dose cytarabine and asparaginase administered at 
7-day intervals exhibited a significant increase in DFS 

when compared with patients receiving the same ther-
apy administered at 28-day intervals (OS 58% vs 41% 
from the end of Induction, p < 0.04) (Woods et al. 
1990). Using a randomized design, the successor CCG 
213 study (1986–1989) also demonstrated no benefit for 
Maintenance therapy after intensive cytarabine expo-
sure in post-Induction/Consolidation therapy (Wells 
et al. 1994a, b). The hypothesis that im munologic inter-
ventions could initiate an anti-leukemia response in the 
post-remission setting and eliminate MRD was tested in 
the CCG-2961 study. However, the use of interleukin-2 
in Maintenance did not show a benefit in reduction of 
relapse (Lange et al. 2008).

5.4.4.3  Hematopoietic Stem  
Cell Transplantation

The majority of randomized North American studies 
incorporating analysis by intent to treat have consis-
tently indicated efficacy for myeloablative high-dose 
chemotherapy Consolidation therapy with stem cell 
rescue from an HLA-matched family donor (MFD) 
(Dahl et al. 1990; Feig et al. 1993; Nesbit et al. 1994; 
Dinndorf and Bunin 1995; Appelbaum 1997; Cassileth 
et al. 1998). However, improvements in contemporary 
chemotherapy approaches have suggested that large 
subsets of children with AML in CR1 have equivalent 
outcomes without need for stem cell transplantation 
and its increased risk for immediate and long-term tox-
icities (Creutzig and Reinhardt 2002). The relatively 
modest number of children receiving HSCT as part of 
AML therapy has created difficulties in the clear iden-
tification of risk factors and patients who will likely 
benefit from the procedure.

A recent large multi-cooperative group analysis of 
factors impacting transplant outcome by Horan and col-
leagues combined data on 1,373 patients drawn from 
four cooperative group Phase III trials: POG 8821, CCG 
2891, CCG 2961, and MRC 10 (Ravindranath et al. 
1996; Stevens et al. 1998; Woods et al. 2001; Horan 
et al. 2008; Lange et al. 2008). The data set aggregated 
from the four studies compared 893 patients assigned to 
chemotherapy alone with 480 assigned to allogeneic 
HSCT. The majority of the 480 allogeneic HSCT 
patients included in this intent-to-treat analysis were 
from the CCG studies (n = 334), with additional patients 
from the POG (n = 70) and MRC (n = 76) studies.
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This analysis confirmed that OS and DFS were 
superior for the HSCT group. At 8 years, estimates for 
OS for HSCT and chemotherapy groups were 63% and 
57% (HR = 0.77; p < 0.007), respectively, and DFS 
estimates were 56% and 46% (HR = 0.70; p < 0.001), 
respectively. The incidence of relapse was much lower 
in patients assigned to HSCT compared with those 
receiving chemotherapy alone (28% vs 47% (HR = 
0.51; p <0.001)). However, patients assigned to HSCT 
had a higher rate of treatment-related mortality com-
pared to those receiving chemotherapy alone (16% vs 
7% (HR = 1.97; p < 0.001)).

The Horan study also stratified into favorable-, 
intermediate-, and poor-risk disease groups. Favorable-
risk disease included patients with inv(16) and t(8;21). 
Patients with monosomy 7, monosomy 5, deletions of 
5q, or more than 15% blasts after the first course of 
chemotherapy were considered to have high-risk dis-
ease. All other patients were classified as having inter-
mediate-risk disease. In addition, a small number of 
MRC patients with abnormalities of 3q and patients 
with five or more cytogenetic abnormalities were 
 classified in the high-risk disease subgroup. The risk-
stratified analysis showed a significant benefit in OS 
for patients who received a transplant in CR1. No sig-
nificant overall benefit was seen in patients with favor-
able-risk or poor-risk disease. In the intermediate-risk 
group, the estimated OS at 8 years was 51% for the 
patients assigned to chemotherapy alone, compared 
with 62% for the patients assigned to HSCT (HR = 
0.69; p <0 .006). As might be expected, the predomi-
nant beneficial effect of allogeneic transplant was in 
reducing the risk of relapse in this subgroup of pati-
ents; the relapse incidence was 26% in the HSCT 
patients compared to 54% in the chemotherapy-only 
patients (HR = 0.42; p < 0.001). In the favorable-risk 
disease group, a higher incidence of HSCT treatment-
related mortality negated the beneficial effects of a 
modest reduction in the risk for relapse.

5.4.4.4  Current Areas of Investigation

A review of five consecutive St. Jude AML studies 
clearly identified challenges for future directions in 
pediatric AML therapy. Similar to other studies, incre-
mental progress was achieved by identification of 
active agents and refinements in dose and schedule of 
administration. However, these investigations elegantly 

identified limits in the benefit of increasing the inten-
sity of chemotherapy (AML-87) or prolongation of 
post-remission therapy by adding sequential myeloab-
lative (AML-80) or nonmyeloablative (AML- 83) che-
motherapy cycles. A powerful result of these studies is 
that risk-adapted and risk-targeted approaches will be 
necessary to further improve approaches for pediatric 
AML (Ribeiro et al. 2005).

The COG-AAML0531 study for children with 
de novo AML is investigating whether the addition of 
gemtuzumab ozogamicin to contemporary therapy will 
improve EFS over treatment with chemotherapy alone. 
AAML0531 introduces gemtuzumab ozogamicin into 
the first Induction course and in Intensification/
Consolidation courses of a regimen similar to MRC 
AML12 therapy with five courses of total treatment. In 
AAML0531, high-risk patients receive a HSCT if a 
matched family donor (MFD) or alternative donor is 
available. Intermediate-risk patients receive a HSCT 
only if a MFD is available. High and intermediate-risk 
patients without an appropriate HSCT donor and all 
low-risk patients receive additional chemotherapy with 
or without gemtuzumab ozogamicin consistent with 
the initial randomization.

5.4.4.5  Summary

Recent MRC, European, Japanese and North American 
studies parallel findings in other groups and observe 
overall survival rates of 45–65% for most children 
with AML with contemporary treatment approaches. 
These studies have highlighted key elements of cur-
rent approaches for AML therapy, including: (a) the 
benefit of dose-intensification early in therapy, includ-
ing timed-sequential therapy approaches, (b) the need 
for intensive Consolidation therapy, and (c) the key 
importance of stratification approaches with cytoge-
netics/molecular genetics and response to therapy as 
the key predictors of response. In parallel, these 
approaches to risk stratification have assisted in the 
development of tailored less intensive but highly effec-
tive therapies for patients with Down syndrome, and 
the use of tailored therapy for patients with acute pro-
myelocytic leukemia (see below). In addition, these 
investigations are generating improved methods to 
predict which patients will benefit from allogeneic 
transplantation in CR1, and a rationale for the use of 
novel targeted therapy approaches for patients with an 
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extremely poor prognosis, including FLT3 high allelic 
ratio internal tandem duplications, and patients with 
leukemic cells with high-risk cytogenetic features.

5.4.5  Extramedullary  
and CNS-Directed Therapy

The incidence of AML cells in the cerebrospinal fluid at 
initial diagnosis differs between studies, but is in the 
range of 5–30%. Moreover, CNS involvement at relapse 
is observed in up to 10% of patients, while it was up to 
20% in studies in which CNS prophylaxis had not been 
used (Pui et al. 2004; Kaspers et al. 2008). Therefore, 
there are good arguments to administer prophylaxis for 
CNS relapse. Most groups successfully use intrathecal 
(IT) chemotherapy given four to six times, in that their 
CNS relapse rates or cumulative incidence of any relapse 
do not seem to be higher than that reported by the BFM-
AML group, which still uses cranial irradiation. The lat-
ter policy is based on a single randomized study, and 
cranial irradiation provided a statistically significant 
benefit only when randomized and non-randomized 
patients were pooled. Of interest, the main benefit con-
cerned less bone marrow relapses (Creutzig et al. 1993). 
Indeed, a St. Jude study showed that even CNS leuke-
mia at initial diagnosis can be successfully treated with 
chemotherapy only (Abbott et al. 2003). In conclusion, 
prophylaxis of CNS relapse is indicated using intrathe-
cal chemotherapy, either single-agent cytarabine or 
cytarabine in combination with prednisolone and meth-
otrexate, while there seems to be no place for prophy-
lactic cranial irradiation in the setting of current intensive 
chemotherapy. There are no data in favor of either sin-
gle-agent cytarabine or triple chemotherapy.

Children with CNS disease at diagnosis have tradi-
tionally received intrathecal chemotherapy and cranial 
radiotherapy. The CCG-2891 study showed that chil-
dren with CNS leukemia at diagnosis can be cured with-
out the use of cranial irradiation (Woods et al. 1996)

5.4.6  Hematopoietic Stem  
Cell Transplantation

Acute myeloid leukemia can be modulated by the graft 
versus leukemia effect of allogeneic HSCT, and both 

allogeneic and autologous HSCT have been reported 
to result in a reduction in relapse risk in children 
(Stevens et al. 1998; Burnett et al. 2002). However, the 
benefit of allogeneic transplantation in CR1 is in crea-
singly challenged by a DFS approximating 60% 
reported for chemotherapy alone. Importantly, many 
studies fail to translate a reduction in relapse rate into 
an improvement in OS (Stevens et al. 1998; Burnett 
et al. 2002; Reinhardt et al. 2006), and others only 
demonstrate improved survival for specific risk groups 
(Horan et al. 2008). Differences in reported benefits 
for allogeneic transplantation may be explained by dif-
ferences in the intensity, effectiveness and outcome of 
chemotherapy (Creutzig et al. 2001a, b; Woods et al. 
2001; Entz-Werle et al. 2005; Perel et al. 2005) and the 
method of data analysis (Wheatley 2002).

The lack of benefit found by the MRC for alloge-
neic HSCT in CR1 mirrors the experience of the BFM, 
who also find no improvement in OS, but is contradic-
tory to experience reported by the COG (Woods et al. 
2001). Cytogenetics and speed of response to treat-
ment, variably assessed, are powerful indicators of 
outcome in AML and may be used to target the most 
intensive therapy to those patents at greatest risk of 
relapse. However, it is questionable whether allogeneic 
transplantation benefits even high-risk patients. The 
MRC report a reduction in the relapse risk for good 
and standard-risk patients only undergoing allogeneic 
HSCT (although no benefit in OS), but not for poor-
risk disease patients. Without a reduction in relapse 
rate, allogeneic HSCT cannot benefit patients. Inte-
restingly, the COG reported a significant improvement 
in DFS and OS for HLA-matched related HSCT in 
intermediate-risk patients only but not good or poor 
risk patients (Horan et al. 2008).

Allogeneic HSCT only provides an advantage for 
patients with AML if the observed reduction in relapse 
rate is sufficiently great to absorb the procedure-related 
mortality and the relapse rate post-transplant. Supporters 
of allogeneic HSCT in CR1 cite the high procedure-
related mortality associated with older trials used to 
assess the benefit of allogeneic HSCT as unfavorably 
compromising HSCT outcomes, and argue that 
improvements in current HSCT practice might alter the 
balance in favor of HSCT. There is some evidence that 
current low procedure-related mortality, improved 
transplant procedures and more effective rescue of 
patients relapsing after transplant have improved HSCT 
outcomes (Vicente et al. 2007), but it remains to be 
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proven that these will be significantly superior to che-
motherapy, which is also improving over time.

While allogeneic HSCT can reduce the relapse risk, at 
least in some risk groups, benefit in overall survival will 
require a low procedure-related mortality and innovative 
modulation of the graft versus leukemia effect. Some 
studies report both a reduction in relapse rate and an 
improvement in DFS. The failure to translate this benefit 
into an improvement in OS is due to improved salvage, 
particularly in those patients not previously transplanted, 
and raises the question of whether HSCT might best be 
reserved for second CR. HSCT may benefit some risk 
groups more than others, and improved risk group strati-
fication by molecular characterization and MRD may 
help identify these groups. Most studies have involved 
the use of matched family or volunteer donors and the 
benefit of haplo-identical donors and cord stem cells 
remains untested. The role of any improvement in out-
come must also be balanced against the long-term mor-
bidity in children and must be cost effective.

5.5  Treatment Strategies  
in Special Subgroups

5.5.1  Acute Promyelocytic Leukemia

5.5.1.1  Introduction

APL is a rare subtype of AML characterized by dis-
tinctive morphology (M3 or M3v), the t(15;17) trans-
location, a potentially fatal coagulopathy at presentation 
and unique sensitivity to anthracycline-containing che-
motherapy and differentiating agents all-trans retinoic 
acid (ATRA) and arsenic trioxide (ATO). Children 
with APL treated with a combination of anthracycline-
based chemotherapy and ATRA are reported to have a 
5 year OS of 87–90%, DFS of 78–82% and EFS of 
71–77% (Mann et al. 2001; de Botton et al. 2004; 
Ortega et al. 2005; Testi et al. 2005). Unpublished data 
suggest that outcomes have improved further with the 
increased use of ATRA, adherence to supportive care 
guidelines and the use of ATO in salvage therapy. 
However, these results are achieved with high cumula-
tive anthracycline doses, with their potential for car-
diotoxicity in children. ATRA and ATO target the 
APL-associated PML-RARa oncoprotein and offer a 

low or non-chemotherapy treatment approach, which 
is being increasingly tested in adult patients with this 
subtype of AML. While theoretically an attractive 
approach in children, there is limited information on 
the use of ATO in frontline therapy or on its long-term 
toxicity in this age group.

5.5.1.2  Demographic Features

APL represents approximately 4–8% of pediatric AML 
(Gregory and Feusner 2003), although a higher inci-
dence has been reported in children of Hispanic and 
Mediterranean origin, which may suggest a genetic pre-
disposition and/or exposure to environmental factor(s) 
in the causation. The median age at presentation has 
been reported between 12 and 15 years (de Botton et al. 
2004; Ortega et al. 2005; Testi et al. 2005). It rarely 
occurs in the first year of life. Therapy-related APL has 
been described in children previously exposed to epi-
podophyllotoxins (Detourmignies et al. 1992).

5.5.1.3  Pathogenesis

APL is characterized by rearrangements of the retin-
oic acid receptor-a (RARa) gene on chromosome 
17q21. Several partner genes have been identified, 
but RARa is most commonly (>95 %) fused to the 
PML gene (Promyelocytic Leukemia) on chromo-
some 15q22 as a result of the t(15,17) (q22;q21) 
translocation. Identification of the underlying molec-
ular lesion is critical to the management of APL 
because it determines sensitivity to molecularly 
 targeted therapies, ATRA and ATO. PML- RARa / 
t(15,17) (q22;q21) APL is retinoid sensitive as are the 
rarer APL subtypes seen in children of NPM1-RARa 
/ t(5;17) (q35;q21) and NuMA-RARa / t(11;17) 
(q13;q21) translocations. The sensitivity of these 
rarer subtypes to ATO has not been established. 
PLZF-RARa / t(11;17) (q23;q21) and STAT5b-RARa 
/ t(17;17) (q11.2;q21) fusions are retinoid resistant 
(Grimwade et al. 2000; Mistry et al. 2003). PRKAR1A 
– RARa / t (17;17) (q21;q24) and FIP1L1-RARa/ 
t(4;17) (q12;q21) have also been described. Secondary 
chromosomal changes can be present at diagnosis.

RARa is a ligand-dependent transcriptional activa-
tor that binds to specific DNA sequences found in the 
promoters of retinoic acid-responsive genes, which are 
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involved in normal myeloid development. In APL, the 
chimeric oncoprotein (i.e., PML-RAR a, NPM1-RARa, 
etc.) is capable of DNA binding but prevents transcrip-
tion of RARa target genes and myeloid cell differentia-
tion. ATRA functions by binding to the RARa moiety 
of PML-RARa, causing degradation of the fusion pro-
tein and thus allowing terminal differentiation of leu-
kemia promyelocytes.

5.5.1.4  Diagnosis

APL is classified amongst Acute Myeloid Leukemia 
with recurrent genetic abnormalities by the WHO clas-
sification and as AML M3 or M3v by the FAB 
classification.

Morphology: The morphology of APL is distinc-
tive, with two subtypes, M3 and M3v (15–30%): clas-
sical hypergranular M3 is characterized by hypergranular 
promyelocytes containing heavy azurophilic granules, 
bundles of Auer rods (faggots) and bilobed nuclei, 
while hypogranular/microgranular variant M3v blasts 
have an apparent paucity of granules.

Immunophenotype: APL has a distinctive, but not 
diagnostic, phenotype of positivity for CD33, CD13, 
CD9 and rare expression of HLA-DR, CD34, CD7, 
CD11b and CD14. Antigen profiles (CD2 and CD56) 
may correlate with inferior outcome.

Immunohistochemistry: Immunohistochemical stain-
ing provides a rapid diagnosis. The characteristic 
(microspeckled) nuclear PML distribution pattern of 
APL blasts is readily distinguishable from the wild-
type (speckled) PML nuclear staining of normal cells.

Cytogenetics: Conventional cytogenetics or fluores-
cence hybridization identifies both common and rarer 
RARa translocations. Conventional cytogenetics fail to 
identify the t(15;17) in approximately 10% of patients 
with PML-RARa transcripts, including those in whom 
the fusion gene is generated through insertion events in 
which chromosomes 15 and 17 may appear normal 
(Grimwade et al. 2000).

Molecular analysis: Molecular diagnosis by reverse 
transcriptase polymerase chain reaction is important in 
cases lacking the t(15;17) by conventional cytogenet-
ics and is critical to determine PML-RARa isoform 
type (bcr1,bcr2,bcr3) to allow subsequent, MRD mon-
itoring of fusion gene transcripts by RT PCR assays 
(Sanz et al. 2009).

5.5.1.5  Prognostic Factors

The strongest predictors of outcome are the persistence 
of MRD, followed by the WBC count (Grimwade and 
Lo Coco 2002; Grimwade et al. 2009a, b). M3v mor-
phology, FLT 3 length mutations, bcr3 PML break-
point and higher PML-RARa expression ratios have 
been variably reported to be of independent signifi-
cance but are interrelated and often found in associa-
tion with a high WBC count.

MRD: Persistence or recurrence of PML–RARa or 
RARa-PML fusion transcripts detected by RT PCR 
monitoring is the strongest independent predictor of 
clinical relapse and exceeds WBC count (p = 0.02) on 
multivariate analysis (Grimwade et al. 2009a, b).

WBC count at diagnosis: The presenting WBC 
count strongly predicts for the risk of Induction death 
and relapse (Burnett et al. 1999; Ortega et al. 2005; 
Testi et al. 2005). The Sanz criteria classify APL into 
low, intermediate and high-risk based on the WBC 
count and platelet count (Sanz et al. 2000), but other 
groups have not found the platelet count to be of pre-
dictive value. In the GIMEMA-AIEOP study, the EFS 
was 83% versus 59% at 10 years (p = 0.7) for standard 
(WBC < 10 × 109/L) versus high-risk (WBC =/> 10 × 
109/L) children respectively, and all Induction deaths 
(4%) were in high-risk patients (Testi et al. 2005). 
Children more commonly have high-risk disease (35–
40%) than adults (de Botton et al. 2004; Ortega et al. 
2005; Testi et al. 2005).

5.5.1.6  Treatment

Children with APL treated on anthracycline- and 
ATRA-based protocols have a CR rate of around 95% 
and an EFS of 70–80% (Mann et al. 2001; de Botton 
et al. 2004; Ortega et al. 2005; Testi et al. 2005). These 
results have been achieved with heterogeneous regi-
mens. APL is uniquely sensitive to anthracyclines, 
ATRA and ATO. This presents two challenges for the 
treatment of children with APL. Firstly, high cumula-
tive anthracycline doses (650 mg/m2) (Testi et al. 2005) 
are commonly used, and reducing cardiotoxicity 
should be a priority in a leukemia with such a favor-
able outcome. Secondly, there are limited data on the 
use of ATO in frontline therapy in children both in 
terms of efficacy and late toxicities.
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Induction therapy: The diagnosis of APL is gener-
ally considered an oncologic emergency, and therapy 
with ATRA should be initiated immediately in patients 
presenting with leukemia and characteristic peripheral 
blood blast morphology, particularly with evidence of 
coagulopathy. Patients are at high risk for early fulmi-
nant fatal coagulopathy, with deaths predominantly 
occurring within the first 5–10 days of presentation, 
and amenable to treatment with ATRA. The simultane-
ous use of ATRA and anthracycline monotherapy is 
currently considered optimal Induction chemotherapy 
(Mandelli et al. 1997; Fenaux et al. 1999; Sanz et al. 
2003, 2009). In two separate trials employing simulta-
neous anthracycline (idarubicin) and ATRA as Induc-
tion therapy, the CR and Induction death rates for 
children were reported at 92% and 96% and 4% and 
7.5% respectively (Ortega et al. 2005; Testi et al. 2005). 
Primary resistance to ATRA and idarubicin is extremely 
rare. However, children who do not have retinoid sen-
sitive APL should receive standard intensive AML 
type therapy with anthracyclines and cytarabine.

Consolidation therapy: Comparable results are repor-
ted for anthracycline monotherapy (anthracyclines and 
ATRA) and combination chemotherapy (anthracyclines, 
ATRA, cytarabine with or without intercalating agents). 
Any advantage for the addition of any drug to anthracy-
cline monotherapy is protocol dependent and may relate 
to the anthracycline and to its cumulative dose, cumula-
tive doses of the other drugs and to the risk group. Whilst 
anthracycline monotherapy in Consolidation has the 
advantage of reduced morbidity and mortality, there were 
no remission deaths in four reported pediatric studies 
(Mann et al. 2001; de Botton et al. 2004; Ortega et al. 
2005; Testi et al. 2005) using variable Consolidation 
courses.

The benefit of cytarabine in Consolidation is 
 uncertain. Combined analysis of the GIMEMA and 
PETHEMA APL trials, which differed only in the 
inclusion or exclusion of drugs other than anthracy-
clines during Consolidation, showed that the omission 
of non-anthracycline drugs was not associated with an 
inferior anti-leukemia effect (Sanz et al. 2000). In con-
trast, the European APL 2000 study reported benefit 
for cytarabine in combination with daunorubicin 
(495 mg/m2) and ATRA in newly diagnosed patients 
with APL (Ades et al. 2006). Cytarabine was given in 
both Induction and Consolidation. The benefit of 
cytarabine may be dependent on the anthracycline and 

its cumulative dose. A comparison of PETHEMA LPA 
99 (high cumulative dose of idarubicin and mitoxan-
trone, no cytarabine) and APL 2000 (lower cumulative 
dose of daunorubicin and cytarabine) found benefit for 
cytarabine in high-risk patients with a WBC count of 
>10 × 109/L (p = 0.026) (Ades et al. 2006).

Patients with high-risk disease may benefit from 
more intensive Consolidation. The PETHEMA LPA 99 
study employing anthracycline monotherapy in Con-
solidation reported a reduction in the relapse rate in 
high and intermediate-risk patients from 20.1% to 8.7% 
(p = 0.004) when ATRA was added to Consolidation 
and the anthracycline dose intensified (750 mg/m2 
daunorubicin equivalent) (Sanz et al. 2004). High risk 
patients treated on AIDA 2000 received identical Induc-
tion and Consolidation to those treated on AIDA 0493 
with the addition of ATRA to each Consolidation block. 
The relapse rate for high-risk patients in AIDA 2000 
was 2% at a median follow-up of 2 years compared to 
29% for AIDA 0493 at a median follow-up of 4.5 years 
(p = 0.0004) (Lo Coco et al. 2004).

Maintenance treatment: The benefit of Maintenance 
therapy with intermittent ATRA (15 days every 3 
months) in combination with 6-mercaptopurine and 
methotrexate has been variably reported (Tallman et al. 
1997; Fenaux et al. 1999; Testi et al. 2005). It is unclear 
if ATRA in Maintenance is of benefit to patients who 
receive prolonged exposure in earlier phases of treat-
ment or to those who are in molecular remission at the 
end of Consolidation.

Molecular monitoring in APL: Serial molecular 
MRD monitoring by RT PCR during and after therapy 
can detect persistent or recurrent molecular disease 
and guide pre-emptive therapy. The persistence of 
PML-RARA transcripts at the end of Consolidation 
(but not Induction) predicts for the risk of hematologi-
cal relapse as does the recurrence of PCR positivity; 
both situations may be averted by pre-emptive therapy 
(Diverio et al. 1998; Burnett et al. 1999). The results 
from two pediatric studies suggest that less than 5% of 
children are MRD positive at the end of Consolidation 
(Ortega et al. 2005; Testi et al. 2005).

Hematopoietic stem cell transplantation: The only 
role for HSCT in frontline therapy is for the small 
number of patients with persistent or recurrence of 
MRD who may benefit from either allogeneic or autol-
ogous transplantation dependent on their molecular 
status after salvage therapy.
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All-trans retinoic acid: An ATRA dose of 25 mg/m2 
appears to be effective in children (de Botton et al. 
2004; Ortega et al. 2005; Testi et al. 2005), which is 
considerably lower than that of 45 mg/m2 routinely 
employed in adults. Three studies using an ATRA dose 
of 25 mg/m2 report EFS of 71–82% and OS of 76–90%, 
suggesting efficacy.

Hemorrhage: Death from hemorrhage, particularly 
intracranial hemorrhage (ICH), is the most common 
cause of failure to achieve CR, and children with a WBC 
count >10 × 109/L and the M3 variant are at particular 
risk. This classifies APL as a medical emergency. The 
coagulopathy can be initiated or exacerbated by chemo-
therapy, and ATRA, which improves the coagulopathy, 
must be started immediately on morphological suspicion 
and not delayed until the diagnosis is molecularly con-
firmed. Patients with a high WBC count should not 
undergo leukopheresis as this can exacerbate the coagul-
opathy. The incidence of death from ICH in children is 
reported at 3–4% despite increased awareness, pre-emp-
tive therapy and the use of ATRA (de Botton et al. 2004; 
Ortega et al. 2005; Testi et al. 2005). Fibrinogen levels 
should be maintained above 1.5–2 g/L with fresh frozen 
plasma (FFP) or cryoprecipitate and the platelet count 
above 50 × 109/L until the coagulopathy resolves (Milligan 
et al. 2006). There is no proven benefit for the use of hep-
arin, tranexamic acid or anti-fibrinolytic drugs. NovoSeven 
may be considered in life-threatening hemorrhage unre-
sponsive to platelets, FFP and cryoprecipitate.

APL differentiation syndrome: APL differentiation syn-
drome is associated with high mortality if not promptly 
treated (De Botton et al. 1998; de Botton et al. 2003). It is 
thought to be related to surface adhesion molecule modu-
lation and cytokine release following ATRA- or ATO-
induced differentiation of APL cells (Frankel et al. 1992). 
Dexamethasone should be introduced at the earliest signs 
of APL differentiation syndrome, and if the condition 
 progresses, ATRA/ATO should be temporarily discontin-
ued. Although there is no proven benefit for prophylactic 
 dexamethasone, it is usually given simultaneously with 
chemotherapy to patients with high WBC count who are at 
particular risk (De Botton et al. 1998, 2003). The incidence 
of APL differentiating syndrome is similar in children and 
adults (definite 3–5%, indeterminate 5–15%) with a mor-
tality rate of less than 1% (Mann et al. 2001; de Botton 
et al. 2004; Ortega et al. 2005; Testi et al. 2005).

Pseudotumour cerebri: Children have a higher 
 incidence of ATRA-associated headache and pseudotu-
mour cerebri than adults: 13–30% and 5–9%, respec-
tively for children receiving ATRA at a dose of 25 mg/m2 

(Mann et al. 2001; Ortega et al. 2005; Testi et al. 2005) 
and 39% and 16%, respectively for those receiving 
45 mg/m2 (de Botton et al. 2004). In addition, these stud-
ies suggest that there is no relative benefit in terms of 
disease control in treating children with doses higher 
than 25 mg/m2.

Arsenic trioxide (ATO): Preliminary data from adult 
studies suggests at least comparability between ATO 
and single agent ATRA in terms of the achievement of 
CR (>90%) and that combined ATO and ATRA is 
superior to ATO or ATRA alone (Niu et al. 1999; 
Soignet et al. 2001; Shen et al. 2004). A small single 
center pediatric study using monotherapy with ATO 
reported a hematological and molecular remission rate 
of 91% with a relapse-free survival (RFS) and OS of 
81% and 91%, respectively at 30 months (George et al. 
2004). ATO and ATRA with or without the addition of 
gemtuzumab ozogamicin have shown favorable results 
in adults (Estey et al. 2006; Ravandi et al. 2009). The 
addition of ATO to Consolidation (Consolidation 
blocks 1 and 2: ATO 0.15 mg/kg/day for 5 days/week 
for 5 weeks) following remission induction with ATRA 
and chemotherapy has been reported to significantly 
improve the EFS and OS in adults with newly diag-
nosed APL (Powell 2007). ATO is usually well toler-
ated, although its use in Induction and hematological 
relapse is associated with hyperleukocytosis and APL 
differentiation syndrome. Other adverse effects include 
prolongation of the QT interval, reversible periphe-  
ral neuropathy and skin hyperpigmentation. Little is 
known of late ATO cardiac and neurological toxicity, 
but hyperpigmentation, palmar keratosis, distal neu-
ropathy and muscular atrophy have been observed with 
long-term use. There is a need to define toxicity in 
children and to assess the role and best strategy for the 
use of ATO in this age group.

5.5.1.7  Refractory or Relapsed Disease

Approximately 3–5% of children have persistent 
molecular disease at the end of Consolidation and 
20–25% have either a molecular or hematological 
relapse. The outcome following molecular relapse with 
pre-emptive therapy is superior to that following hema-
tological relapse. Approximately 3–5% of APL 
patients develop extramedullary (EM) relapse, usually 
involving the CNS or the skin.

ATO has emerged as the single most active agent 
in patients with relapsed APL, with CR rates of 
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approximately 80–90% and most patients achieving 
molecular remission after two cycles (Ghavamzadeh 
et al. 2006; Lo Coco et al. 2007; Tallman 2007). 
There appears to be no advantage for combining 
ATRA with ATO in the relapsed setting.

The best Consolidation strategy after ATO-induced 
second remission is unknown, but options include 
additional cycles of ATO, ATRA, gemtuzumab ozo-
gamicin, and standard chemotherapy and HSCT. 
Gemtuzumab ozogamicin offers the combination of 
calicheamicin – a cytotoxic agent with similarities to 
anthracyclines, and an anti-CD33 antibody; CD33 is 
homogenously expressed in virtually 100% of APL. 
Data from the European Bone Marrow Transplant 
(EBMT) Registry report a 5-year cumulative incidence 
of leukemia-free survival (LFS) of 51% for 195 patients 
autografted in CR2 and a 5-year LFS of 59% for the 
137 patients allografted in CR2 (Sanz et al. 2007). The 
appropriate procedure is guided by the molecular sta-
tus, age, availability of an HLA-identical donor and 
the time from diagnosis to transplant.

Extramedullary relapse has been increasingly 
reported since the introduction of ATRA in the treat-
ment of APL (Evans and Grimwade 1999; Specchia 
et al. 2001; Breccia et al. 2003; de Botton et al. 2006). 
This may be due to longer survival increasing the num-
ber of patients at risk, although the role of ATRA in 
mediating increased expression of adhesion molecules 
has been questioned. It has also been suggested that 
APL differentiation syndrome and intracerebral bleed-
ing during Induction might be associated with an 
increased risk of extramedullary relapse (Evans and 
Grimwade 1999; Specchia et al. 2001; Breccia et al. 
2003; de Botton et al. 2006).

EM relapse usually occurs in the CNS and is typi-
cally accompanied by overt or molecular bone marrow 
relapse. EM relapse in APL should be regarded as a sys-
temic relapse and both CNS directed and systemic ther-
apy given (Sanz et al. 2009). Irrespective of the intensity 
of treatment, patients with an EM relapse have an OS 
comparable with those with a hematological relapse. 
Although ATO crosses the blood–brain barrier, the con-
centrations in cerebral spinal fluid (CSF) achieved by 
intravenous infusion are probably insufficient for the 
treatment of meningeal leukemia (Knipp et al. 2007). 
This combined with the potential for increased ATO 
neurological toxicity in individuals receiving concomi-
tant intrathecal chemotherapy and cranial irradiation 
may limit its usefulness in CNS relapse. This argues in 
favor of the use of CNS intrathecal prophylaxis in the 

frontline protocols (starting with Consolidation), at 
least for patients with unfavorable presenting features 
associated with a higher risk of CNS relapse, expecting 
that this might result in a significant proportion of 
patients being over-treated.

5.5.1.8  New Drugs

FLT-3 inhibitors: FLT-3 inhibitors offer the possibility of 
using combination therapy that targets both mutations 
contributing to the pathogenesis of APL: FLT-3 inhibitors 
for FLT3/ITD and ATRA for the PML/RARa fusion. 
However, FLT3 mutations may only exist in subclones or 
be lost at relapse, and FLT3 inhibitors and ATRA may not 
work synergistically in vivo (Gale et al. 2005). Histone 
deacetylase (HDAC) inhibitors (Fazi et al. 2005) may have 
a potential role in the treatment of APL in the future.

5.5.1.9  Conclusions

The outcome for children with APL is likely to continue 
to improve as novel approaches such as the addition of 
ATO and gemtuzumab ozogamicin to conventional front-
line therapy and the possibilities of low- or non-chemo-
therapy approaches are explored. The anti- leuke mia 
effect of reducing the cumulative anthracycline dose, or 
substituting lipsomal anthracyclines, should be tested 
within a clinical trial. The  benefit, content and duration 
of Maintenance merit clarification. Risk stratification 
may be more accurately defined by molecular monitor-
ing than by the WBC count, and targeting treatment to 
the risk of relapse may reduce unnecessary toxicity to 
standard-risk patients. The ideal frequency of molecular 
monitoring, the best pre-emptive therapy, and the role of 
novel agents should be established. Finally cardiotoxic-
ity and treatment-related myelodysplasia deserve careful 
monitoring, as do the toxicities of new agents as they are 
introduced.

5.5.2  Down Syndrome Transient 
Myeloproliferative Disorder  
and Myeloid Leukemia

5.5.2.1  Epidemiology and Incidence

Children with Down syndrome are at an increased 
risk for developing both acute myeloid and acute 
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lymphoblastic leukemia. The increased incidence of 
acute myeloid leukemia in children with Down syn-
drome was first described in 1957 by Krivit and Good, 
and is predominately observed during the first 4 years 
of life (Krivit and Good 1957). The risk for the devel-
opment of hematologic abnormalities including leu-
kemia is relatively high in early childhood though it 
decreases with age. Hasle and co-workers conducted 
a Danish population-based study of 2,814 individuals 
with Down syndrome and found that the risk for leu-
kemia decreased dramatically as patients became 
older, with a standardized incidence ratio (SIR) of 56 
for children aged between 0 and 4 years, decreasing 
to 10 for individuals between 5 and 29 years of age. 
Significantly, no cases of leukemia were observed 
after 29 years of age. The cumulative risk of leukemia 
is 2.7% by age 30 (Hasle et al. 2000). Among Down 
syndrome leukemia patients, malignancies derived 
from primitive megakaryocytic and erythroid blood 
progenitors predominate (FAB-M7 subtype), with a 
600-fold increase in relative risk for acute mega-
karyocytic leukemia (AMLK) as compared to other 
children (Zipursky et al. 1994). The biological and 
clinical features of AMKL in children with Down 
syndrome are distinctly different from other forms of 
AMKL, and Down syndrome AMKL is now consid-
ered a specific sub-type of AML in DS in the World 
Health Organization (WHO) classification (see 
above). In addition, the risk for myelodysplastic syn-
drome (MDS) with marrow fibrosis is also markedly 
increased in children with Down syndrome, with an 
estimated relative risk of 175, and in many cases the 
MDS precedes the development of leukemia (Creutzig 
et al. 1996; Lange et al. 1998).

Newborns with Down syndrome are also at risk for 
development of an abnormal myeloproliferative disor-
der, and approximately 5–10% may exhibit leukocyto-
sis with circulating blast-like cells (Zipursky 2003). 
This is often accompanied by hepatosplenomegaly, 
reflecting a proliferation of a hematopoietic progenitor 
from the liver. Most cases of the myeloproliferation 
resolve spontaneously, and the main thrust of therapy is 
to protect the patient from life-threatening complica-
tions of hyperleukocytosis, liver injury, or related meta-
bolic complications. This transient myeloproliferative 
disorder (TMD) almost exclusively presents in infants 
less than 2–3 months of age, and is associated with an 
estimated 10–20% risk for the development of subse-
quent characteristic acute myeloid leukemia of infants 

with Down syndrome in 3–4 years (Massey et al. 2006; 
Klusmann et al. 2008; Muramatsu et al. 2008). While 
all children with Down syndrome share the additional 
genes from chromosome 21, the reason why only a 
small subset develops acute leukemia or exhibits neo-
natal transient myeloproliferative disorder is unknown.

5.5.2.2  Biology of TMD and AML  
in Children with Down Syndrome

Human chromosome 21 contains over 300 genes and 
other regulatory transcripts, including the Down syn-
drome critical region at 21q22, which is associated with 
the predominance of phenotypic characteristics of Down 
syndrome. Multiple lines of evidence clearly implicate 
additional copies of this region of chro mosome 21 as at 
least partially responsible for the  initiation of Down syn-
drome leukemia. Notably, in individuals who are mosaic 
for Down syndrome, if a leukemia or transient myelo-
proliferative disorder occurs, it is always found to harbor 
additional copies of chromosome 21. Chromosome 21, 
and particularly the 21q22 region, includes a variety of 
genes implicated in leukemia. These include oncogenes 
such as ERG, ETS2, RUNX1, and SON, as well as other 
genes critical in folate/single carbon metabolism and 
oxidant stress. Limited detailed examination of onco-
genes found on chromosome 21q22 has, as of yet, not 
identified consistent frequent patterns of mutation lead-
ing to pathologically constitutive activation. In addition, 
various mouse models with trisomy of syntenic regions 
of chromosome 21 variably exhibit hematologic disor-
ders such as anemia, macrocytosis and platelet abnor-
malities, but they are not consistently associated with 
spontaneous leukemia. These observations have led to 
the search for other associated genetic mutations that 
may be responsible for or contribute to the evolution of 
leukemia in patients with Down syndrome.

In the context of AMKL, a key observation has been 
the identification of somatic mutations in the mega-
karyocyte-erythroid transcription factor, GATA1, 
located at chromosome Xp11.23 (Wechsler et al. 2002). 
The blasts in the vast majority of patients with Down 
syndrome and transient myeloproliferative disorder and 
AMKL, possess N-terminal truncating mutations in 
GATA1 that produce a shortened version of the protein 
(GATA1s), and result in a block in differentiation and 
proliferation of megakaryocytic precursors (Wechsler 
et al. 2002; Groet et al. 2003; Hitzler et al. 2003; 
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Mundschau et al. 2003; Rainis et al. 2003; Xu et al. 
2003; Shimada et al. 2004). The reason for the particu-
lar propensity of GATA1s mutations to be found in 
Down syndrome, TMD and AMKL is unknown, and it 
appears likely that additional cancer-causing mutations, 
or genetic “hits,” are also necessary for the full develop-
ment of AMKL. In the absence of Down syndrome, an 
inherited mutation of GATA1 results in the expression 
of only the short isoform and causes anemia and neu-
tropenia, but not leukemia (Hollanda et al. 2006). A 
variety of mutations in other oncogenes (e.g., JAK3 
genes, FLT3, and RAS) have been described as occur-
ring at variable frequencies in the AMKL of Down syn-
drome patients, as have alterations of tumor suppressor 
genes including TP53 (Malinge et al. 2009). Recently, 
the chromosome 21 micro-RNA, miR-125b-2, has been 
identified as increasing proliferation and enhancing 
self-renewal of megakaryocytic and megakaryocytic/
erythroid progenitors, and it appears to interact with the 
GATA1s in preclinical Down syndrome AMKL models. 
The target genes of miR-125b are down-regulated in 
DS-AMKL, and miR-125b-2 has been proposed as an 
onco-miR involved in the pathogenesis of Down syn-
drome AMKL (Klusmann et al. 2010). These additional 
mutations and genetic alterations may provide clues to 
other pathways that specifically cooperate with trisomy 
21q22 and GATA1s mutations in the development of 
TMD and AMKL.

This emerging data suggests a stochastic pathway 
for the development of AMKL in children with Down 
syndrome, with additional copies of chromosome 
region 21q22 representing a “first hit,” the subsequent 
acquisition of GATA1s mutations representing a “sec-
ond hit,” and transformation to leukemia also requiring 
altered expression or mutations in other pathways. The 
leukemias in children with Down syndrome may share 
common early “hits” with a variety of subsequent par-
allel common pathways to leukemia. The acquisition of 
late leukemogenic mutations may be influenced by 
other features associated with increased genotoxicity in 
Down syndrome (e.g., alterations in oxidant and single 
carbon/folate metabolism, etc.), and various models for 
leukemogenesis have been proposed (Cabelof et al. 
2009; Malinge et al. 2009; Roy et al. 2009).

The unique biology of myeloid leukemia in chil-
dren with Down syndrome may also offer insight into 
the superior clinical response of these patients to cytar-
abine and anthracycline regimens, and parallel in vitro 
studies that demonstrated marked sensitivity of DS 

leukemia blasts to chemotherapy (Taub et al. 1999; 
Frost et al. 2000; Zwaan et al. 2002; Taub and Ge 
2005). Leukemia cells from patients with Down syn-
drome also exhibit marked sensitivity to anthracyclines 
(2–7-fold), mitoxantrone (ninefold), amsacrine (16-
fold), etoposide (20-fold), 6-thioguanine (threefold), 
busulfan (fivefold), vincristine (23-fold), and predni-
solone (more than 1.1-fold), when compared to leuke-
mia cells from patients without Down syndrome 
(Zwaan et al. 2002). Elegant studies from the labora-
tory of Taub and co-workers also demonstrate that 
AMKL blasts generate significantly higher levels of 
the active intracellular cytarabine metabolite, ara-CTP, 
when compared to blasts from AML patients without 
Down syndrome. This group has developed the hypoth-
esis that mutated GATA1s reduces expression of cyti-
dine deaminase (CDA), the enzyme that deaminates 
and inactivates cytarabine, rendering cells more sensi-
tive to cytotoxicity. Supporting this notion, they have 
demonstrated significantly lower CDA expression in 
megakaryoblasts from patients with Down syndrome 
when compared to blasts from other AML patients. In 
addition, transfection of the full-length GATA1 cDNA 
resulted in significantly increased CDA expression and 
reduced cytarabine sensitivity in a DS AMKL cell line 
(Ge et al. 2005). Related investigations have linked 
alterations in single carbon metabolism with increased 
expression of chromosome 21q22.3 genes, including 
cystathionine-b-synthase (CBS). CBS catalyzes an 
intermediate step in the synthesis of cysteine, and 
increased activity in patients with Down syndrome is 
associated with significantly lower levels of homo-
cysteine, methionine and S-adenosylmethionine, and 
potentially altered folate metabolism. These observa-
tions may also explain in part sensitivity to cytarabine 
as well as methotrexate (Taub et al. 1999; Taub and Ge 
2005). Overexpression of chromosome 21-localized 
genes, including superoxide dismutase, may be linked 
to increased chemotherapy drug sensitivity.

5.5.2.3  Clinical Features and Management  
of TMD in Children with Down Syndrome

In TMD, immature megakaryoblasts accumulate in the 
liver predominantly and to a lesser extent in the bone 
marrow and peripheral blood; this results in leukocyto-
sis, which can be severe. Transient myeloprolifera-  
tive disorder is most commonly a disorder of hepatic 
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hematopoiesis and, thus, a prenatal presentation or in 
utero diagnosis is not uncommon. TMD exhibits a vari-
able clinical presentation and course, and it is likely 
that most patients are asymptomatic and do not come to 
medical attention. However, a subset of patients may 
develop life-threatening leukocytosis, hydrops fetalis, 
liver dysfunction and bleeding diathesis, or pericardial 
and/or pleural effusions, as well as hepatosplenomeg-
aly, lymphadenopathy or leukemia cutis. Approximately 
70–80% of patients with TMD exhibit a spontaneous 
remission. Causes of death in TMD are largely associ-
ated with organ failure secondary to hyperviscosity 
affecting the heart, lungs or kidneys, bowel ischemia 
and necrotizing enterocolitis, or liver failure secondary 
to fibrosis. Liver abnormalities in patients with TMD 
can often present insidiously and manifest only with a 
persistently and progressively increasing conjugated 
bilirubinemia. Immunophenotypic evaluation of TMD 
blasts reflect largely myeloid and megakaryoblastic dif-
ferentiation with expression of CD33, CD38, CD117, 
CD34, CD7, CD56, CD36, CD71, CD42b, and recep-
tors for thrombopoietin and erythropoietin (Yumura-
Yagi et al. 1992; Girodon et al. 2000; Karandikar et al. 
2001; Langebrake et al. 2005). Leukemia-associated 
recurring chromosomal abnormalities are uncommon 
in TMD (Forestier et al. 2008).

TMD generally resolves slowly over several months, 
and is most commonly managed with supportive treat-
ment including low-dose chemotherapy, exchange 
transfusion or leukapheresis. Patients with severe leu-
kocytosis or symptomatic disease, including those with 
hepatic dysfunction and evolving fibrosis, have been 
successfully managed with low-dose cytarabine. Several 
low-dose cytarabine regimens have been employed by 
the cooperative cancer groups and include: (1) POG 
9481 cytarabine dosing of 10 mg/m2 per dose twice a 
day for 7 days (Massey et al. 2006), (2) COG 2971 dos-
ing of 3.33 mg/kg/24 h as continuous intravenous infu-
sion for 5 days (Gamis 2005), and the (3) AML-BFM 
93, 98 and 04 series dosing of 0.5–1.5 mg/kg for 3–12 
days (Klusmann et al. 2008). In most circumstances, 
there is a prompt response to cytarabine with eradica-
tion of peripheral blasts in the first 1–2 weeks of ther-
apy. Mortality from symptomatic TMD is approximately 
15–20%, and multivariate analysis has revealed severe 
leukocytosis (WBC > 109/L), preterm delivery, ascites, 
and bleeding diathesis as risk factors for poor outcome 
(Zipursky 2003; Klusmann et al. 2008; Muramatsu 

et al. 2008). Approximately 20% of patients with TMD 
will progress or recur with acute megakaryoblastic leu-
kemia. After successful recovery from an episode of 
TMD, patients require close monitoring for residual 
complications, but also for the potential increased risk 
for the development of leukemia in the next 2–4 years 
of life. General recommendations include monthly 
hemogram with white cell differential and platelet count 
for the first year and, if normal, every 2 months for the 
subsequent years.

5.5.2.4  Clinical Features and Management  
of AML in Children with Down Syndrome

AMKL in patients with Down syndrome has signifi-
cantly different clinical features when compared with 
AML in other children, and in the CCG 2861/2891 
study of 118 patients with Down syndrome and 1,088 
patients without Down syndrome, some of the charac-
teristic differences were: a younger median age of pre-
sentation (1.8 vs 7.5 years), lower presenting white 
blood cell counts (7.6 × 109/L vs 19.9 × 109/L), lower 
platelet count at diagnosis (29.0 × 103/mL vs 52.0 × 
103/mL), a greater frequency of antecedent MDS (20% 
vs 8%), and an under-representation of characteristic 
t(8;21); t(15;17); 16q22 AML chromosomal transloca-
tions (Lange et al. 1998). Down syndrome AMKL rep-
resents a unique biology and is now recognized as a 
distinct diagnostic entity in the WHO classification of 
myeloid leukemias. Central nervous system involve-
ment is also less frequent, and the bone marrow mor-
phology can reveal accompanying varying levels of 
dysplasia and fibrosis with abnormalities in mega-
karyocytes (Gamis et al. 2003; Creutzig et al. 2005; 
Zeller et al. 2005; Rao et al. 2006). Paralleling the biol-
ogy of AMKL, immunophenotypic characterization of 
blasts generally reflects the differentiation along path-
ways in early myeloid differentiation (expression of 
CD33, CD38, CD117, CD34, and CD7), megakaryo-
cytic lineage markers (expression of CD42b and CD41), 
and erythroid lineage markers (expression of CD36 and 
Glycophorin A) (Yumura-Yagi et al. 1992; Girodon 
et al. 2000; Karandikar et al. 2001; Langebrake et al. 
2005). Consistent with the unique biology of this dis-
ease, the characteristic translocations t(1;22) and t(1;3) 
that occur in other forms of AMKL are generally not 
observed in Down syndrome AMKL (Lange 2000; 
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Forestier et al. 2008). Compared to other pediatric 
patients with AML, children with Down syndrome and 
AMKL exhibit significantly increased frequencies of 
dup(1q), del(6q), del(7p), dup(7q), +8, +11, del(16q), 
and +21 (Forestier et al. 2008).

Recent clinical findings indicate that AMKL in 
younger children with Down syndrome often responds 
well to multi-agent chemotherapy regimens of modest 
intensity, with cure rates in excess of those observed in 
children with acute myeloid leukemia without Down 
syndrome. Ravindranath was the first to observe supe-
rior outcomes for patients with Down syndrome and 
AML who were treated with high-dose cytarabine on 
POG 8498 (Ravindranath et al. 1992). This finding 
paralleled biological investigations of cytarabine and 
anthracycline sensitivity in AMKL blasts from patients 
with Down syndrome (see above), and Down syn-
drome patients consistently exhibited relatively low 
relapse rates in multiple subsequent small and large-
scale clinical studies in pediatric AML (Table 5.6). 
However, these studies also indicated that children 
with Down syndrome have an increased risk of side 
effects with chemotherapy, and high rates of regimen-
related mortality may compromise overall outcome. 
This phenomenon was most clearly identified in the 
CCG 2891 study, which was a randomized trial for 
children with AML comparing intensive timing versus 
standard timing of the same five-drug cytarabine and 
anthracycline-based Induction chemotherapy regimen. 
The intensive timing Induction delivered the two 
Induction chemotherapy courses separated by a 6-day 
rest interval, regardless of marrow recovery, while in 
the standard timing Induction, the second course was 
administered after marrow recovery if the day-14 mar-
row had less than 5% blasts or on days 14–17 if signifi-
cant residual leukemia was present. The CCG 2861 
and 2891 studies enrolled 1,206 children with AML, 
including 118 children with Down syndrome and 
1,088 children without Down syndrome, and the 
results revealed a marked excess of regimen-related 
mortality in the children with Down syndrome treated 
on the intensive timing arm (32%) when compared to 
children with Down syndrome treated with standard 
timing (2%), or compared with other children with 
AML but without Down syndrome (5% mortality in 
standard timing; 11% with intensive timing) (Lange 
et al. 1998). The optimal chemotherapy regimen for 
children with Down syndrome and AMKL remains 

under investigation, and most cooperative groups have 
developed separate strata within larger AML studies or 
independent clinical studies for patients with Down 
syndrome and AMKL. As indicated in Table 5.6, con-
temporary treatment regimens exhibit approximately 
74–85% EFS for children with Down syndrome and 
AMKL. The intensity of therapy has been successfully 
significantly reduced in clinical regimens for children 
with Down syndrome and AMKL without compromis-
ing relapse rates.

In addition to infectious complications and mortal-
ity, children with Down syndrome appear to have 
increased risk for clinical cardiotoxicity. The POG 
9421 study included 57 patients with Down syndrome 
and AMKL and treated patients with five cycles of che-
motherapy, including daunorubicin 135 mg/m2 and 
mitoxantrone 80 mg/m2. Symptomatic cardiomyopa-
thy was seen in ten patients (17.5%) relatively soon 
after completion of treatment, and three died as a result 
of congestive heart failure. It is postulated that increased 
dosage of genes located on chromosome 21, including 
carbonyl reductase and superoxide dismutase, predis-
poses to risk of anthracycline-related cardiomyopathy 
(O’Brien et al. 2008).

AML in the older child and young adult with Down 
syndrome appears to have a somewhat more resistant 
biology, paralleling that seen in other children without 
Down syndrome, and current therapy recommenda-
tions include treatment on standard acute myeloid leu-
kemia regimens. This may be reflected in part in recent 
observations that Down syndrome patients who had 
TMD and subsequently developed AMKL exhibited 
superior EFS and fewer relapses when compared with 
Down syndrome patients with AMKL and no previous 
history of TMD (91% vs 70%; log-rank p = 0.039) 
(Klusmann et al. 2008). The results of the CCG 2891 
study indicated inferior outcomes with increasing age 
at diagnosis of Down syndrome-AML, particularly for 
children older than 4 years; this was mirrored in the 
CCG 2971 study (Gamis et al. 2003). These data con-
tinue to support the notions that tailoring therapy to the 
unique biology of Down syndrome-AML in the younger 
patient may hold great promise to preserve excellent 
relapse-free survival with markedly reduced toxicity. 
Current COG approaches treat older children (>4 years 
of age) with Down syndrome leukemia on the same 
pediatric AML regimens with other children without 
Down syndrome.
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Table 5.6 Down syndrome-AML clinical studies: outcomes and chemotherapy drug exposure. (From Ravindranath et al. 1992; 
Creutzig et al. 1996; Ravindranath et al. 1996; Lange et al. 1998; Craze et al. 1999; Kojima et al. 2000; Creutzig et al. 2005; 
Abildgaard et al. 2006; Al-Ahmari et al. 2006; O’Brien et al. 2008)

Regimen Number  
of patients

Cytarabine 
dose  
(g/m2)

Anthracycline 
dose  
(mg/m2)

EFS (%) Treatment-related 
mortality  
(%)

Refractory (%) Relapse 
(%)

Japanese Consortium
(Kojima et al. 2000)

33 4.2 300  80 9 0 9

HSC-Toronto
(Al-Ahmari et al. 2006)

18 6.7 0  67 NR – 33

MRC AML 10
(Craze et al. 1999)

32 10.6 650  59 34 0 8

MRC AML 10
Modified
(Craze et al. 1999)

13 ND ND  46 8 8 38

CCG 2861/2891
STD timing
(Lange et al. 1998)

85 15.2 320  74 2 2 ND

CCG 2861/2891
INT timing
(Lange et al. 1998)

25 15.2 320  52 32 4 ND

POG 9421
(O’Brien et al. 2008)

57 20.7 135/80  77 4 – 14

BFM-98
(Creutzig et al. 2005)

66 23–29 220–240  89 5 0 6

BFM-87/93
(Creutzig et al. 1996)

21 23–43 220–400  48 33 0 14

POG 8498
(Ravindranath et al. 1992)

12 40.7 230 100 0 0 0

POG 8821
(Ravindranath et al. 1996)

34 48.1 350  68 18 – 17

NOPHO-AML93
(Abildgaard et al. 2006)

41 49.6 150/30  85 5 5 7

NOPHO-AML88
(Abildgaard et al. 2006)

15 50.1 450  47 33 13 7

Abildgaard et al. (2006) Ann Hematol 85:275–280
Al-Ahmari et al. (2006) Br J Haematol 133:646–648
Craze et al. (1999) Arch Dis Child 81:32–37
Creutzig et al. (2005) Leukemia 19:1355–1360
Creutzig et al. (1996) Leukemia 10:1677–1686
Kojima et al. (2000) Leukemia 14:786–791
Lange et al. (1998) Blood 91:608–615
O’Brien et al. (2008) J Clin Oncol 26:414–420
Ravindranath et al. (1992) Blood 80:2210–2214
Ravindranath et al. (1996) N Engl J Med 334:1428–1434
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5.6  Refractory and Relapsed AML

About 5% of children with newly diagnosed AML still 
have ³5% blasts in their bone marrow after two courses 
of combination chemotherapy, which is called resis-
tant (or refractory) disease. Moreover, about 20% of 
patients conventionally defined as achieving CR have 
minimal residual leukemia (0.1–4% blasts) at the end 
of two cycles of Induction therapy. The prognosis of 
these children with resistant, MRD-positive or relapsed 
AML is relatively poor (Webb et al. 1999; Pui et al. 
2004; Kaspers and Ravindranath 2005).

The most frequent event for newly diagnosed patients 
with AML is a relapse, occurring in about one in three 
children. Bone marrow usually is involved, and the CNS 
in up to 10% of cases (including combined relapses). 
About 50% of patients suffer an early relapse, arbitrarily 
defined as within 1 year from initial diagnosis, and 50% 
suffer a late relapse, after 1 year. Outcome from relapse 
is significantly better in case of a longer duration of CR1 
(Stahnke et al. 1998; Webb et al. 1999; Kaspers et al. 
2009). However, the international study Relapsed AML 
2001/01 showed early treatment response to be an even 
more important prognostic factor (Kaspers et al. 2009). 
In that study, early response was determined by morpho-
logical examination of the bone marrow obtained at day 
28 from start of re-Induction, and defined as good in case 
of less than 20% AML blasts, and poor in case of 20% or 
more of such blasts. Day 28 in practice is between days 
28 and 42 from the start of re-Induction therapy. In addi-
tion to treatment response, favorable cytogenetics t(8;21) 
and inv(16), as initially identified in studies with newly 
diagnosed children, also seem to be a favorable prognos-
tic factor at relapsed AML (Webb et al. 1999; Kaspers 
et al. 2009). Study Relapsed AML 2001/01 and several 
other recently published studies report a probability of 
long-term survival from relapsed AML of more than 
30%, as summarized by Goemans et al. (2008). There-
fore, re-Induction chemotherapy should be offered to all 
children and adolescents with relapsed AML who can 
tolerate intensive treatment. However, patients that 
respond poorly to the first course of re-Induction chemo-
therapy, patients that do not achieve a second complete 
remission, and patients that relapse again could be offered 
more experimental therapy in that setting of a very dis-
mal prognosis. Fortunately, innovative treatment seems 
achievable within 10–20 years from now.

Whether or not treatment of a patient with relapsed 
AML with curative intention should be attempted may 

depend on many factors, such as age, duration of first 
remission, cytogenetic findings, the treatment modali-
ties the patient received before relapse, and especially 
the physical and psychological condition of the patient 
and his/her parents. There are only a few studies on the 
treatment of relatively unselected groups of children 
with relapsed AML. High-dose chemotherapy with two 
or more of the agents cytarabine, mitoxantrone, etopo-
side, idarubicin, and fludarabine, can induce complete 
remission in 50–80% of the relapsed AML cases. 
Patients with AML that express CD33 can be treated 
with gemtuzumab ozogamicin alone or in combination 
with other agents, although responses in CD33-negative 
cases have been reported. Children who achieve subse-
quent CR should receive HSCT including autografts or 
allografts from related or unrelated HLA-matched 
donors. The survival rate from relapsed AML is about 
20%, but is significantly higher in late relapses 
(Lowenberg et al. 1999; Pui et al. 2004; Kaspers and 
Ravindranath 2005).

In the setting of the so-called “International Pediatric 
AML Group,” and coordinated by the AML committee 
of the International BFM Study Group, a large inter-
group randomized study in pediatric relapsed and refrac-
tory AML is ongoing. For the first re-Induction course, 
the FLAG regimen is being compared with FLAG plus 
liposomal daunorubicin, followed by another course of 
FLAG. Stem cell transplantation is intended in all 
patients, either from a matched sibling donor (preferred) 
or an unrelated matched donor. Results are encouraging 
and survival is demonstrated in both early and late 
relapses. Moreover, the study proves the possibility to 
run an international study in pediatric AML with more 
than ten groups participating worldwide.

5.7  New/Recent Approaches to Therapy

5.7.1  Approaches to MRD

Another group with unfavorable prognosis is the group 
of patients with minimal residual disease (MRD). These 
patients have persistent measurable AML blast cells 
after one to two courses of intensive chemotherapy 
(Coustan-Smith et al. 2003; Pui et al. 2004). MRD can 
be detected by polymerase chain reaction (PCR) ampli-
fication of antigen receptor genes and/or of fusion tran-
scripts, and by flowcytometric detection of ectopic or 
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aberrant immunophenotypes. Flowcytometry is appli-
cable in the majority of patients with AML. There is a 
strong correlation between MRD levels detected during 
clinical remission and treatment outcome (Sievers et al. 
2003; Campana and Coustan-Smith 2004). Monitoring 
of MRD will probably allow the identification of 
patients at high risk for a subsequent relapse and to 
adjust further treatment (Campana and Coustan-Smith 
2004; Kaspers and Creutzig 2005). However, the pre-
diction of a subgroup with an excellent prognosis based 
on MRD measurements still is difficult, probably 
because of the limited sensitivity of flow cytometry in 
comparison to PCR-based techniques (which unfortu-
nately are useful in only a minority of AML patients).

5.7.2  Targeted Therapy Approaches

Significant improvements have already been achieved 
with conventional drugs that have been available for 
the treatment of AML for decades. Therefore, it seems 
realistic to expect major advances with the develop-
ment of new drugs and especially novel treatment 
modalities. Discussion of all of these challenges is 
beyond the scope of this chapter, but they have been 
reviewed elsewhere (Kaspers and Zwaan 2007). In 
brief, innovative treatment will consist of at least four 
different modalities. First, the development of novel 
but conventional drugs. A good example might be clo-
farabine, a relatively novel nucleoside analogue that is 
being studied in both children and adults with AML. 
Second, the design of drugs with novel mechanisms of 
action, often targeted at leukemia-specific abnormali-
ties. Typical examples are monoclonal-antibody medi-
ated treatment such as with gemtuzumab ozogamicin 
(targeting CD33-positive cells) and with tyrosine 
kinase inhibitors (targeting FLT3- or kit-mutated AML 
cells). Third, improving the graft-versus-leukemia 
effect of donor cells without an increase in graft-ver-
sus-host-disease. And finally, the development of vac-
cination and other immunotherapy approaches. 
Innovative treatment will become more and more tai-
lored and personalized, which will necessitate large-
scale and thus international collaboration. Such 
collaborative efforts will be the only way to enroll a 
sufficient number of patients with a specific subtype of 
AML in a given study. Despite such an international 
setting, randomized studies in large cohorts of patients 

will more and more become impossible because of 
limited patient numbers eligible for subgroup-directed 
therapy. Thus, innovative trial designs will also be nec-
essary. Fortunately, international large-scale collabora-
tion has been realized in the past 10–20 years, especially 
in the setting of the International BFM Study Group, 
the so-called International Pediatric AML Group, and 
the International Consortium for Childhood APL. 
These collaborations together with the efforts of many 
professionals in pediatric AML will undoubtedly fur-
ther improve the outcome of this disease in terms of 
cure, side-effects and late effects.

5.8  Summary: Advances in Therapies for 
Pediatric Acute Myeloid Leukemia

Advances in cytogenetics and molecular biology have 
yielded significant insight into the biological heteroge-
neity of acute myeloid leukemia, and the response of 
different biological subgroups to specific chemother-
apy approaches. These insights have led to the develop-
ment of targeted therapies (e.g., all-trans-retinoic acid 
and arsenic trioxide for acute promyelocytic leukemia 
with the PML/RAR translocation), or modified conven-
tional chemotherapy treatment regimens tailored for 
host and disease biology (e.g., Down syndrome acute 
megakaryoblastic leukemia and Fanconi anemia with 
AML). However, for the majority of patients with 
AML, chemotherapy dose-exposure appears to have 
reached a maximum level now limited by significant 
toxicity, and for many patients, treatment outcomes 
remain unsatisfactory. The core chemotherapeutic regi-
mens were developed over 3 decades ago and are based 
largely upon anthracyclines and cytarabine. Significant 
incremental progress in improving outcomes has been 
based upon refinements in chemotherapy dose and 
scheduling and parallel advances in supportive care 
with reduction in the risk of complications. Primary 
recent advances in pediatric AML therapy include:

1. Molecularly targeted therapy for acute promyelo-
cytic leukemia

2. Therapies tailored to the unique disease biology 
and host sensitivity of patients with Down syn-
drome and AML

3. Improved outcomes with dose exposure and inten-
sity in Induction
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4. Better characterization of patients who do and do 
not derive benefit from allogenic transplantation

5. Importance of cytogenetics and molecular classifi-
cation to predict response

6. Early insights into the number of post-remission cycles 
of Intensification needed for curative approaches
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6.1  Concept of Pharmacogenetics  
and Pharmacogenomics

Pharmacogenetics and pharmacogenomics refer to the 
study of the genetic basis for variation in drug response. 
Pharmacogenomics agnostically surveys the entire 
genome for genetic factors affecting response to medi-
cation, while pharmacogenetics primarily focuses on a 
handful of genomic loci based on prior knowledge. 
Still rapidly evolving, pharmacogenetics and pharma-
cogenomics have already significantly changed many 
fields of medicine. Thus, genetic variation has been 
implicated in drug efficacy (e.g., CYP2D6 and tamox-
ifen in breast cancer [Hoskins et al. 2009], CYP2C19 
and clopidogrel in platelet aggregation [Shuldiner et al. 
2009; Simon et al. 2009]), and toxicity (e.g., TPMT and 
6-mercaptopurine-related myelosuppression (Relling 
et al. 1999b), CYP2C9 and warfarin-induced bleeding 
(International Warfarin Pharmacogenetics et al. 2009), 
HLA-B*5701 and flucloxacillin-induced liver damage 
(Daly et al. 2009).

6.1.1  Types of Genetic Variations

Genetic variations can be either inherited (germline poly-
morphisms) or acquired (somatic mutations). Common 
forms of inherited genetic variations include sequence 
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variations such as single-nucleotide polymorphisms 
(SNPs; a single base difference in DNA sequence among 
individuals), genomic insertions and deletions (gain or 
loss of short segments of sequence in the genome of an 
individual, usually less than 100 base pairs), and struc-
tural variations such as copy number variants (gain or loss 
of large segments of sequence in the genome of an indi-
vidual, inversions, or translocations). Genetic changes in 
tumors are more frequent and more commonly include 
functionally deleterious sequence and structural varia-
tions, and may also include aneuploidy and uniparental 
disomy (deletion of one copy of a chromosomal segment 
followed by duplication of the remaining copy).

The most common type of germline sequence varia-
tions are SNPs. There are 17.8 million SNPs depo-  
sited in dbSNP (http://www.ncbi.nlm.nih.gov/projects/
SNP/), the central SNP repository maintained by the 
National Institutes of Health, through submission by 
individual investigators as well as large-scale genetic 
variation discovery consortia (e.g., International Hap Map 
project; www.hapmap.org). Recent advances in high-
throughput parallel sequencing technology (next genera-
tion sequencing) have inaugurated an era of genomics in 
which complete sequencing of individual human genomes 
can be accomplished with fewer resources (2 months 
with $3 million) compared to when the Human Genome 
Project was conducted (10 years and $3 billion). Complete 
sequences of a handful of human genomes determined 
by next generation sequencing confirm that the total 
number of SNPs in any individual genome is approxi-
mately three to four million, 30% of which are unique to 
the individual of interest (private SNPs) (Ley et al. 2008; 
Wang et al. 2008; Wheeler et al. 2008). On average, only 
0.2% of SNPs are considered deleterious (resulting in 
change in amino acid sequence nonsynonymous). It 
should be noted that SNPs can also affect gene function 
by regulating transcription activity (UGT1A1*28 pro-
moter SNPs) (Fisher et al. 2000), mRNA stability and 
microRNA binding (DHFR 3¢UTR SNP) (Mishra et al. 
2007), translation efficiency and protein folding (ABCB1 
C3435T) (Kimchi-Sarfaty et al. 2007).

Another common form of inherited polymorphism 
is copy number variation (CNV), which has received 
increasing attention in recent years. It is estimated that 
up to 12% of human genome is subject to CNV, and 
the resultant alterations in gene dosage and expression 
have been implicated in disease predisposition and pro-
gression (Ouahchi et al. 2006; Wain et al. 2009). Copy 
number changes can also occur in drug target and drug 
metabolizing genes, and are therefore important subjects 

of pharmacogenetic and pharmacogenomic studies. For 
instance, the epidermal growth factor receptor (EGFR) 
gene copy number is predictive of clinical response 
to EGFR antibodies (cetuximab) or small molecule 
inhibitors (gefitinib) (Hirsch et al. 2009). Copy num-
ber variation in the glutathione transferase genes is also 
well documented, with 50% and 20% of the Caucasian 
population affected by the GSTM1 and GSTT1 dele-
tions, respectively (Moyer et al. 2007, 2008). CYP2D6 
deletion (CYP2D6*5) and duplication (CYP2D6×2) 
are observed in 5.1% and 7.2% of the Caucasian popu-
lation, respectively (Ledesma and Agundez 2005).

6.1.2  Phenotype–Genotype Relationships 
and Goals of Pharmacogenetics 
and Pharmacogenomics

Drug response phenotypes can be largely classified as 
drug efficacy and drug toxicity. Efficacy phenotypes 
can be clinical response such as minimal residual dis-
ease (MRD), risk of relapse, or primary tumor cell 
in vitro sensitivity to antileukemic agents. Identification 
of patients who are likely or unlikely to benefit from a 
particular therapy will allow clinicians to design more 
effective and individualized treatment. Another impor-
tant type of phenotypic trait is drug-related toxicity. In 
pediatric leukemia therapy, patients are treated for an 
extended period of time with intense chemotherapeutic 
drugs, many of which are associated with serious 
adverse effects. Because of the developmental stage of 
this patient population, some toxicities of leukemia 
therapy have prolonged negative impacts. For instance, 
a fraction of children who receive etoposide as acute 
lymphoblastic leukemia (ALL) therapy also go on to 
develop secondary cancer (therapy-induced acute 
myeloid leukemia [AML]) (Pui 1991), to which most 
patients succumb. Therefore, a single chemotherapeu-
tic agent can manifest side effects in multiple forms 
and the underlying mechanisms as well as genetic 
basis can be distinct. Another type of phenotype of 
interest in pharmacogenetics and pharmacogenomics 
is the pharmacologic properties of the drug, such as 
variability in plasma clearance (e.g., pharmacokinetics 
of methotrexate (MTX)) and metabolism/activation of 
a drug (e.g., leukemia intracellular accumulation of 
MTX polyglutamates). Such pharmacologic variabil-
ity can contribute to the variability in clinical response 
or toxicity. While systemic drug disposition and drug 

http://www.ncbi.nlm.nih.gov/projects/SNP/
http://www.ncbi.nlm.nih.gov/projects/SNP/


165 6 Pharmacogenetic and Pharmacogenomic Considerations in the Biology and Treatment of Childhood Leukemia

toxicities are more likely associated with germline 
genetic variations, tumor response is determined by 
genetic factors of both host and tumor (Fig. 6.1).

There are multiple goals of pharmacogenetics and 
pharmacogenomics. Genetic variations associated with 
clinically relevant phenotypes with sufficient intergeno-
type differences (large odds ratios between risk allele 
carriers and noncarriers) can be utilized to direct dosing, 
and/or choice of specific medications. Although much 
interpatient variability in pharmacokinetics and dynam-
ics is due to inherited variation, if each genetic polymor-
phism associated with drug response has only a small 
effect size, these variants will be unlikely to be amena-
ble for clinical application. Even for drugs for which 
response variability is highly inheritable, the possibility 
exists that multiple genetic variations contribute to effi-
cacy/toxicity, each with a relatively moderate effect. 
Such pharmacogenetic and pharmacogenomic results 
are still valuable in better understanding the biology and 
pharmacology of the drug, although they may not be 
useful for patient care decisions.

6.2  Acute Lymphoblastic Leukemia

ALL is the most common type of cancer in children 
with 3,500 new cases every year in the US (Pui and 
Evans 2006). The use of combination chemotherapy to 
cure ALL in children has emerged as a paradigm for 
treating disseminated cancers (Simone 1979, 2003). 
Similarly, elucidation of the pharmacogenomics of ALL 
and its translation to clinic practice has clearly exempli-
fied the value of pharmacogenomics in optimizing phar-
macotherapy of human cancers and non-malignant 
conditions in general (Cheok and Evans 2006).

6.2.1  Genetic Variations Related  
to Drug Efficacy

Although the overall cure rate of childhood ALL is 
approaching 90%, significant variability exists in 

Fig. 6.1 Both inherited host 
(constitutional) genomic 
variations (green circles) and 
somatically acquired genomic 
variation specific to the 
leukemic cells (purple circles) 
can affect phenotypes of 
interest in children with 
leukemia
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response to ALL therapy, with some subtypes at a higher 
risk of relapse (Pui and Evans 2006). Clinical response 
to chemotherapy is most certainly multifactorial and is 
dictated by genetic factors of both host and tumor.

6.2.1.1  Genetic Aberrations in Tumor Affecting 
Anti-leukemic Drugs

A remarkable feature of pharmacogenomics of ALL is 
the early and extensive utilization of genome-wide 
screening technology. While initial studies using DNA 
microarray-based gene expression profiling, focused 
on molecular classification of leukemia (AML vs ALL, 
T-cell vs B-cell ALL, genetic subtypes of ALL) (Yeoh 
et al. 2002), this technology was soon employed to 
identify genetic changes in the leukemia cells respon-
sible for chemosensitivity. Interrogating 9,670 genes 
across the genome, Cheok et al. compared expression 
patterns in primary ALL cells sampled before and after 
exposure to four upfront treatments (high-dose MTX 
plus 6-mercaptopurine, low-dose MTX plus 6-mercap-
topurine, high-dose MTX alone, and 6-mercaptopurine 
alone) (Cheok et al. 2003). Distinct gene expression 
signatures (up- or down-regulated following chemo-
therapy) were identified for each treatment regimen, 
suggesting highly specific cellular responses to each 
agent. Of note, only 14% of genes whose expression 
changed when these drugs were given as single agents 
also changed when they were given in combination; 
thus the effects of combination therapy are not simply 
the sum of effects of each single agent. Similar analy-
ses of asparaginase-treated ALL patient samples reve-
aled increased expression in tRNA synthetases, solute 
transporters and CCAAT/enhancer binding protein 
family members, reminiscent of effects of amino acid 
starvation (Fine et al. 2005).

Global gene expression patterns were also associ-
ated with in vitro sensitivity of primary ALL cells to 
antileukemic agents. Holleman et al. studied primary 
leukemia cells from 173 children with ALL for both 
gene expression profile and in vitro sensitivity to pred-
nisolone, vincristine, asparaginase, and daunorubicin 
(Holleman et al. 2004). Distinct sets of genes were 
identified for association with sensitivity to each agent 
(Fig. 6.2), suggesting independent mechanisms of 
drug resistance. In a subsequent study, Lugthart et al. 
sought to characterize genetic determinants of de novo 

multiple drug cross-resistance of leukemia cells 
(Lugthart et al. 2005). In vitro sensitivity profiles were 
significantly correlated among chemotherapeutic 
agents (i.e., cases resistant to asparaginase were also 
resistant to prednisolone), and cross-resistance was 
less common in patients older than 10 years at diagno-
sis and in certain genetic subtypes of ALL (TEL-
AML1 or E2A-PBX1). Forty-five genes were identified 
as associated with cross-resistance to four mechanisti-
cally distinct antileukemic agents and this gene 
expression signature was also predictive of risk of 
relapse in two independent cohorts of patients with 
ALL. Of the 108 genes discriminating single drug 
resistance in the study by Holleman et al., only 15% 
were also among the genes discriminating cross-resis-
tance, reflecting distinction between single drug and 
multiple drug resistance.

Efforts continue using gene expression profiling to 
identify genetic predictors of response to specific 
agents used in ALL. Sorich et al. studied the genome-
wide gene expression pattern of 161 children with 
ALL and their in vivo response to an upfront MTX 
window therapy (Sorich et al. 2008). They described a 
50-gene signature whose expression was significantly 
correlated with change in circulating leukemic blasts 
before and after MTX treatment; the signature included 
genes in the nucleotide biosynthesis pathway (thymi-
dylate synthetase [TYMS], dihydrofolate reductase 
[DHFR], and CTP synthetase [CTPS]), which exhib-
ited the strongest associations with MTX response.  
To characterize genetic determinants of tumor cell 
activation of MTX (i.e., polyglutamation), a recent 
genome-wide study comprehensively interrogated leu-
kemia cell gene expression, somatic copy number 
alterations, and inherited SNPs genotypes (French 
et al. 2009); increased chromosome 18 copy number 
was predictive of MTX polyglutamate accumulation 
even after adjusting for hyperdiploidy.

There are genomic variations associated with resis-
tance to glucocorticoids. A recent study by Real et al. 
demonstrated that expression of genes in the NOTCH 
pathway are important determinants of glucocorticoid 
sensitivity in T-cell ALL (Real et al. 2009). They 
 elegantly showed that chemical blockade of the  
NOTCH pathway using a g-secretase inhibitor effec-
tively  sensitized leukemia cells to dexamethasone by 
 autoregulation of glucocorticoid receptor. In B-lineage 
ALL, Cheok et al. showed that components of the SWI/
SNF chromatin-remodeling complex, important in 
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 steroid-induced transcription activation, were signifi-
cantly associated with dexamethasone sensitivity in 177 
children with ALL (Pottier et al. 2008). Experimentally, 
gene silencing of SMARCA4 and SMARCB2 both 
resulted in glucocorticoid resistance. Of interest, pred-
nisolone resistance in precursor B-ALL is also associ-
ated with elevated expression of genes involved in 
glucose metabolism, and the rate of glycolysis in human 
ALL cell lines is positively correlated with glucocorti-
coid resistance. Inhibition of glycolysis (small molecu-
lar inhibitors or short hairpin RNA), reversed resistance 
to prednisolone in both cultured cell lines as well as pri-
mary ALL samples (Hulleman et al. 2009). Gene 
expression signature of glucocorticoid resistance was 
also used to guide high-throughput screening of small 
molecules modulating glucocorticoid sensitivity (Wei 
et al. 2006). The mTOR inhibitor rapamycin sensitized 

ALL cells to glucocorticoid-induced apoptosis by 
down-regulating antiapoptotic MCL1.

Another approach to discover drug resistance genes 
is to compare genetic aberrations between matched 
diagnosis and relapse ALL samples, on the premise 
that relapse disease arises at least partly as a result of 
drug resistance to chemotherapy (Klumper et al. 1995). 
Studying 35 matched diagnosis/relapse pairs, Bhojwani 
et al. (Bhojwani et al. 2006) observed significant dif-
ferences between diagnosis and relapse in the expres-
sion of genes involved in cell-cycle regulation, DNA 
repair, and apoptosis in patients who relapsed early 
(within 36 months of first remission). In contrast, no 
common pattern of changes was noted among late-
relapse pairs. Also, early relapse samples were more 
similar to their respective diagnostic samples, while 
late-relapse samples exhibited greater divergence in 

Fig. 6.2 Results of supervised hierarchical-clustering and princi-
pal-component analyses of genes whose expression discriminates 
between drug-resistant and drug-sensitive B-lineage acute lym-
phoblastic leukemia (ALL) with respect to prednisolone, vincris-
tine, asparaginase, and daunorubicin. Each column represents an 
ALL sample, labeled according to whether it was sensitive 
(green) or resistant (red) to a given drug, and each row represents 

a probe set. The “heat” maps (left) indicate a high (red) or a low 
(green) level of expression. The three-dimensional plots on the 
right show three principal components based on the significant 
discriminating genes for each drug. Each circle represents an 
individual ALL sample; red circles indicate those with drug-
resistant ALL, and green circles those with drug-sensitive ALL 
(© 2004 Massachusetts Medical Society; Holleman et al. 2004)
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gene expression compared to their diagnostic samples. 
Survivin (BIRC5) was significantly up-regulated at 
relapse in two independent cohorts of relapsed ALL 
patients and has been shown to effectively modulate 
sensitivity to chemotherapeutic agents used in ALL. A 
subsequent study by this group surveyed somatic copy 
number alterations in 20 diagnosis/relapse ALL pairs 
(Yang et al. 2008). Most copy number changes were 
preserved from diagnosis to relapse, while a fraction of 
genomic lesions (17%) was novel at relapse. A recur-
rent relapse-specific focal deletion of MSH6 resulted in 
reduction of gene expression in respective pairs; 
reduced expression of MSH6 was associated with resis-
tance to mercaptopurine and prednisolone. To gether, 
these results provided a plausible mechanism by which 
acquired genetic aberrations contribute to drug resis-
tance at ALL relapse.

6.2.1.2  Genetic Variations in the Host Affecting 
Anti-leukemic Drugs

Polymorphisms in genes involved in drug metabolism 
and transport have been reported to modulate efficacy 
of antileukemic agents and clinical outcome of ALL 
(summarized in Table 6.1). The cytochrome P450 
enzymes (particularly the CYP3A subfamily) are 
involved in the Phase I metabolism of many antileuke-
mic agents (e.g., cyclophosphamide, etoposide, doxo-
rubicin, and vinca alkaloids), and polymorphisms  
in CYP3A4/3A5 might contribute to variation of ALL 
therapy outcome (Aplenc et al. 2003; Fleury et al. 
2004; Rocha et al. 2005). Importantly, glucocorticoids 
are potent inducers of CYP3A enzymes, which influ-
ence the clearance of glucocorticoids themselves as 
well agents metabolized by CYP3As (e.g., etoposide; 
Kishi et al. 2004).

A number of Phase II metabolism enzymes are 
involved in inactivation of antileukemic agents. 
Thiopurine methyltransferase (TPMT) inactivates 
6-mercaptopurine and genetic variations in this gene 
profoundly decrease TPMT enzymatic activity. In fact, 
the relationship between TPMT polymorphisms and 
response to the thiopurines in children with ALL (effi-
cacy and toxicity) is among the best established exam-
ples of clinical application of pharmacogenetics 
(Relling et al. 1999; Stanulla et al. 2005a; Schmiegelow 
et al. 2009a, b); in some protocols, low or intermediate 

TPMT activity phenotypes are associated with lower 
relapse rates. Through glutathione conjugation, gluta-
thione S-transferases (GSTs) generally inactivate glu-
cocorticoids, vincristine, anthracyclines, methotrexate, 
cyclophosphamide, and epipodophyllotoxins, and 
polymorphisms in various GST genes (GSTT1, GSTM1, 
GSTP1) have been extensively studied in prognosis of 
childhood ALL (Chen et al. 1997; Anderer et al. 2000; 
Stanulla et al. 2000, 2005a, b; Davies et al. 2002; 
Krajinovic et al. 2002a, b; Rocha et al. 2005;). Genetic 
variations in the NADPH dehydrogenase, quinine 1 
(NQO1), have also been linked to treatment outcome 
of ALL (Krajinovic et al. 2002a, b; da Silva Silveira 
et al. 2009).

Both ABC transporters and solute carriers are 
important in intracellular uptake and efflux of antileu-
kemic agents (Jamroziak et al. 2004; de Jonge et al. 
2005; Stanulla et al. 2005a, b; Ansari et al. 2009). 
Molecular targets of certain antileukemic drugs (e.g., 
NR3C1 and the folate pathway) are also polymorphic 
and therefore plausible sources for response variabil-
ity (Krajinovic et al. 2002a, b, 2004, 2005; Lauten 
et al. 2003; Fleury et al. 2004; Aplenc et al. 2005; de 
Jonge et al. 2005;; Chiusolo et al. 2007; Dulucq et al. 
2008; Ansari et al. 2009; da Silva Silveira et al. 2009; 
Ongaro et al. 2009; Pietrzyk et al. 2009). Recently, 
Davies et al. studied 16 genetic variations in 529 chil-
dren with newly diagnosed ALL and found that a pro-
moter polymorphism of CCR5 was most highly 
associated with response to remission induction treat-
ment (measured as MRD) (Davies et al. 2008). The 
authors hypothesized that chemokine receptors retain 
leukemia cells in the bone marrow stroma, which in 
turn confers protection against chemotherapeutic 
agents (Iwamoto et al. 2007).

With the exception of TPMT, the prognostic value 
of genetic variations in most drug metabolizing 
enzymes and transporters studied thus far has been 
controversial primarily due to the lack of reproducibil-
ity (Table 6.1). While some discrepancy can be attrib-
uted to sample size and statistical design, prognostic 
genotypes are highly treatment-dependent. Because 
ALL treatment regimens vary from study to study 
(e.g., antimetabolites-focused vs. not), the importance 
of certain drug metabolizing enzymes and transporters 
also differ significantly dependent upon the use of anti-
leukemic agents they target. Therefore, caution should 
be used in attempting to generalize these results 
(Table 6.1).
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Mechanism 
of action

Polymorphism Drugs targeted dbSNP 
ID

Clinical 
phenotype

Conclusion Ref (sample size)

Phase I 
metabolism 
enzymes

CYP3A4 *1B Glucocorticoid, 
vincristine, 
cyclophosphamide, 
etoposide

rs2740574 Relapse Not significant (Fleury et al. 2004) 
(N = 222) (Aplenc 
et al. 2003) (N = 
1204) (Rocha et al. 
2005) (N = 246)

CYP3A5*3 Glucocorticoid, 
vincristine, 
cyclophosphamide, 
etoposide

rs776746 Relapse Not significant (Aplenc et al. 2003) 
(N = 1204) (Rocha 
et al. 2005)  
(N = 246)

CYP3A5*6 Glucocorticoid, 
vincristine, 
cyclophosphamide, 
etoposide

rs10264272 Relapse Not significant (Aplenc et al. 2003) 
(N = 1204)

Phase II 
metabolism 
enzymes

GSTM1*0 
(deletion)

Glucocorticoid, 
vincristine, 
doxorubicin, 
etoposide, 
methotrexate

Not  
applicable

Relapse Significant 
(deletion is 
associated with 
fewer relapse)

(Rocha et al. 2005) 
(N = 246); (Stanulla 
et al. 2000) (N = 
128); (Chen et al. 
1997) (N = 416)

Relapse Not significant (Davies et al. 2002) 
(N = 710);  
(Krajinovic et al. 
2002a, b) (N = 320)

In vivo 
response to 
prednisolone

Not significant (Anderer et al. 2000) 
(N = 135)

GSTT1 deletion Glucocorticoid, 
vincristine, 
doxorubicin, 
etoposide, 
methotrexate

Not 
applicable

Relapse Significant 
(deletion is 
associated with 
fewer relapse)

(Stanulla et al. 2000) 
(N = 128)

In vivo 
response to 
prednisolone

Significant (Anderer et al. 2000) 
(N = 135)

Relapse Not significant (Rocha et al. 2005) 
(N = 246) (Davies 
et al. 2002) (N = 
710) (Chen et al. 
1997) (N = 416)

GSTP1*B Glucocorticoid, 
vincristine, 
doxorubicin, 
etoposide, 
methotrexate

rs1695 Relapse 
(central 
nervous 
system)

Significant 
(variant is 
associated with 
fewer relapse)

(Stanulla et al. 2005) 
(N = 68)

Relapse Not significant (Krajinovic et al. 
2002) (N = 320); 
(Stanulla et al. 2000) 
(N = 128); (Rocha 
et al. 2005)  
(N = 246)

Table 6.1 Candidate genetic polymorphisms investigated for association with childhood acute lymphoblastic leukemia (ALL) 
outcome

(continued)
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Mechanism 
of action

Polymorphism Drugs targeted dbSNP 
ID

Clinical 
phenotype

Conclusion Ref (sample size)

TPMT*2/*3A 6-Mercaptopurine, 
6-thioguanine

rs1800462/ Minimal 
residual 
disease after 
mercaptopu-
rine 
treatment

Significant 
(variant is 
associated with 
better 
response)

(Stanulla et al. 2005) 
(N = 814)

rs28933403

Relapse Significant 
(variant is 
associated with 
better 
response)

(Relling et al. 1999) 
(N = 180); 
(Schmiegelow et al. 
2009) (N = 599)

NQO1*2 Doxorubicin rs1800566 Relapse Significant 
(variant is 
associated with 
more relapse)

(Krajinovic et al. 
2002) (N = 320);  
(da Silva Silveira 
et al. 2009) (N = 95)

Transporters ABCB1 C3435T Vincristine, 
doxorubicin, 
etoposide

rs1045642 Relapse Significant 
(variant is 
associated with 
fewer relapse)

(Stanulla et al. 2005) 
(N = 68); (Jamroziak 
et al. 2004)  
(N = 113)

Relapse Not significant (Rocha et al. 2005) 
(N = 246);

ABCB1 
G2677T/A

rs2032582 Relapse Not significant (Rocha et al. 2005) 
(N = 246);

ABCC4 T1393C Relapse 
(variant is 
associated 
with fewer 
relapse)

Significant (Ansari et al. 2009) 
(N = 275)

ABCC4 A934C rs2274407 Relapse 
(variant is 
associated 
with more 
relapse)

Significant (Ansari et al. 2009) 
(N = 275)

SLC19A1 G80A rs1051266 Relapse Not significant (Rocha et al. 2005) 
(N = 246)

Methotrexate 
sensitivity

Not significant (de Jonge et al. 
2005) (N = 157)

Drug target NR3C1 G198A Glucocorticoid rs6189 Relapse Not significant (Fleury et al. 2004) 
(N = 222)

NR3C1 G200A rs6190 Relapse Not significant (Fleury et al. 2004) 
(N = 222)

NR3C1 A1220G rs6195 Relapse Not significant (Rocha et al. 2005) 
(N = 246); (Fleury 
et al. 2004)  
(N = 222)

NR3C1 A-3807G rs10052957 Relapse Significant (Ansari et al. 2009) 
(N = 310)

NR3C1 C646G rs41423247 Relapse Significant (Ansari et al. 2009) 
(N = 310)

Table 6.1 (continued)
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Table 6.1 (continued)

Mechanism 
of action

Polymorphism Drugs targeted dbSNP 
ID

Clinical 
phenotype

Conclusion Ref (sample size)

NR3C1 9b T/C rs6198 Relapse Significant (Ansari et al. 2009) 
(N = 310)

TYMS enhancer 
repeat

Methotrexate rs34743033 Relapse Significant 
(variant is 
associated with 
higher TYMS 
activity and 
more relapse)

(Rocha et al. 2005) 
(N = 246); 
(Krajinovic et al. 
2002) (N = 205); 
(Krajinovic et al. 
2005) (N = 259);  
(da Silva Silveira 
et al. 2009) (N = 95); 
(Dulucq et al. 2008) 
(N = 277)

Relapse Not significant (Ongaro et al. 2009) 
(N = 122); (Lauten 
et al. 2003) (N = 80)

Methotrexate 
sensitivity

Not significant (de Jonge et al. 
2005) (N = 157)

DHFR 
A-1612G/T

Methotrexate rs1650694 Relapse Significant 
(variant is 
associated with 
higher DHFR 
activity and 
more relapse)

(Dulucq et al. 2008) 
(N = 277)

DHFR A-317G Methotrexate rs408626 Significant (Dulucq et al. 2008) 
(N = 277)

MTHFR C677T Methotrexate rs1801133 Relapse Significant 
(variant is 
associated with 
more relapse)

(Aplenc et al. 2005) 
(N = 520); 
(Krajinovic et al. 
2004) (N = 201); 
(Pietrzyk et al. 2009) 
(N = 403); (Ongaro 
et al. 2009)  
(N = 122)

Relapse Not significant (Rocha et al. 2005) 
(N = 246); (Chiusolo 
et al. 2007) (N = 82)

MTHFR A1298C Methotrexate rs1801131 Methotrexate 
sensitivity

Significant 
(variant is 
associated with 
lower 
sensitivity)

(de Jonge et al. 
2005) (N = 157)

Relapse Not significant (Rocha et al. 2005) 
(N = 246); (Aplenc 
et al. 2005) (N = 
520); (Chiusolo et al. 
2007) (N = 82); 
(Krajinovic et al. 
2004) (N = 201)

MTHFD1 
G1958A

Methotrexate Relapse Significant 
(variant is 
associated with 
more relapse)

(Krajinovic et al. 
2004) (N = 201)
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TPMT alleles TPMT 
genotype

Phenotype Population 
frequency

Recommended starting 
thiopurine dosages

TPMT *1/*1 Homozygous 
wild-type

High activity ~91% of most 
populations

No basis for focusing on 
thiopurines rather than other 
agents

TPMT *1/*X Heterozygous Intermediate 
activity

~9% of most 
populations

Focus on dosage decrease of 
thiopurine rather than other 
agents; start at 30–50% of 
normal doses; consider cap  
on thiopurine dose

Where X = *2, *3A, *3B, 
*3C, *9, *16, *17, or *18

TPMT *X/*Y Homozygous 
variant or 
homozygous 
deficient

Low activity ~0.3% of most 
populations

Focus on dosage decrease of 
thiopurine rather than other 
agents; start at 5–10% of 
normal doses; consider 3 days/
week rather than daily dosing

Where X and Y = *2, *3A, 
*3B, *3C, *9, *16, *17, or 
*18

Table 6.2 Thiopurine genotypes and phenotypes

With the advancement in high-throughput geno-
typing technology, it is now feasible to agnostically 
screen the entire genome with reasonable resolution 
for genetic variations associated with response to 
antileukemic agents. For instance, Yang et al. recen-
tly performed a genome-wide association study to 
identify germline SNPs related to MRD status after 
remission induction therapy (Yang et al. 2009). 
Interrogating 476,796 genetic variations in 487 chil-
dren with ALL, the authors identified 102 SNPs 
associated with MRD in two independent patient 
cohorts. Particularly, genotypes at several SNPs in 
IL15 exhibited one of the strongest association sig-
nals (p = 8.8 × 10−7). IL15 expression in diagnostic 
blasts was also correlated with leukemia burden 
after Induction treatment in both cohorts. A proli-
feration-stimulatory cytokine, IL15 can protect 
 hematologic tumors from glucocorticoid-induced 
apoptosis in vitro (Tinhofer et al. 2000), and IL15 
expression in ALL blasts has also been linked to risk 
of relapse of central nervous system leukemia (Cario 
et al. 2007). Most notably, of 102 SNPs associated 
with MRD, 21 were associated with antileukemic 
drug disposition, generally linking leukemia eradi-
cation with greater drug exposure. The fact that this 
agnostic approach discovered and validated genetic 
variations with previously unrecognized association 
with treatment response in childhood ALL, argues 
for the value of genome-wide screening of inherited 
polymorphisms in future pharmacogenomic studies 
of ALL.

6.2.2  Genetic Variations Related to Drug 
Toxicity

The thiopurines, mercaptopurine (which is a metabolite 
of the medication azathioprine) and thioguanine, are 
widely used to treat ALL and AML and their methyla-
tion is catalyzed by a highly polymorphic enzyme, 
 thiopurine methyltransferase (TPMT) (Remy 
1963;Weinshilboum and Sladek 1980; Woodson and 
Wein shilboum 1983; Lennard et al. 1989; Krynetski and 
Evans 1998; McBride et al. 2000; Evans and McLeod 
2003). Activity is inherited as an autosomal codominant 
trait, with ~91% of most populations displaying high 
enzyme activity, 9% having intermediate activity, and 
0.3% having undetectable activity (Weinshilboum and 
Sladek 1980). Polymorphic TPMT activity is due to 
inherited polymorphisms in the TPMT gene, most of 
which involve nonsynonymous SNPs (Table 6.2). Three 
of these SNPs account for over 85% of all variant alleles, 
making genotyping for TPMT polymorphisms tenable, 
but at least 28 variant alleles have been identified, most 
of which have been associated with decreased activity 
in vitro (Lennard et al. 1995; Schaeffeler et al. 2004; von 
Ahsen et al. 2004; Hamdan-Khalil et al. 2005; Stanulla 
et al. 2005a, b; Garat et al. 2008; Ujiie et al. 2008). Most 
of these involve nonsynonymous SNPs (Salavaggione 
et al. 2005; Ujiie et al. 2008) that result in highly unsta-
ble and/or rapidly degraded TPMT protein, without 
affecting TPMT gene expression (Krynetski et al. 1995; 
Tai et al. 1997).
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TPMT directly inactivates the parent base drug mol-
ecules, shunting drug away from activation, and thus 
TPMT activity is inversely related to the concentra-
tions of the cytotoxic thioguanine nucleotide (TGN) 
metabolites that are at least partly responsible for both 
the desired antileukemic and undesired adverse effects 
of thiopurines. A secondary metabolite of mercaptopu-
rine, but not thioguanine, is metabolized to methylth-
ioinosine monophosphate, which itself inhibits de novo 
purine synthesis and contributes to both antitumor 
effects and host toxicity (Allan and Bennett 1971; 
Dervieux et al. 2001; Krynetski and Evans 2003). 
Thus, high TPMT activity (wild-type genotype) has 
been associated with lower host toxicity and, variably, 
to a higher risk of leukemic relapse (Lennard et al. 
1987, 1990). Conversely, patients with low TPMT 
activity are at higher risk of myelosuppression follow-
ing thiopurine therapy (Lennard et al. 1989; Evans 
et al. 1991), but have lower levels of MRD (Stanulla 
et al. 2005a, b) and may be at lower risk of relapse 
(Lennard et al. 1990). TPMT heterozygotes display a 
phenotype intermediate between the two homozygous 
states (Evans et al. 2001). Low TPMT activity (or high 
TGN levels) has been associated with the development 
of secondary tumors in patients who have received 
chronic thiopurine therapy (Relling et al. 1998, 1999; 
Thompsen et al. 1999; Schmiegelow et al. 2009a, b). 
Thus, many advocate prospective testing for TPMT sta-
tus by genotypic or phenotypic tests to allow pre- 
emptive dosage reductions to minimize acute and 
long-term toxicities. Using an approach to adjust dos-
ages of ALL maintenance therapy based on thiopurine 
testing and target levels of myelosuppression, TPMT 
heterozygotes received lower mercaptopurine doses 
than the majority of patients with wild-type TPMT, but 
their relapse risk was not greater (Relling et al. 2006). 
As of 2009, the product labeling for all three thiopu-
rines highlighted the higher risk of toxicity with low 
TPMT, the availability of testing, and precautions 
regarding dosing.

Dosing of thiopurines is facilitated not only by 
genotyping tests, but also by phenotyping tests. 
Erythrocyte concentrations of TGN reach steady-state 
levels after 2–4 weeks of constant dosing after all three 
thiopurines, and are inversely related to TPMT activity 
(Lennard et al. 1995; Lennard and Lilleyman 1996). 
The complete absence of detectable thioguanine 
metabolites is an excellent indicator of noncompliance 
with therapy (Lennard et al. 1995), which can be a 

significant problem with these orally administered 
agents. Following azathioprine or mercaptopurine (but 
not thioguanine), the tertiary metabolite methylmer-
captopurine monophosphate is present in red cells, 
with levels in homozygous wild-type individuals being 
10–50 times greater than those for thioguanine nucle-
otides, 3–15 times greater in TPMT heterozygotes, and 
the methyl metabolites are undetectable in the rare 
homozygous deficient individuals (Relling et al. 1999). 
Thus, absolute levels as well as ratios of the nucleotide 
metabolites can be useful adjuncts to genotyping and 
phenotyping tests for TPMT.

Pharmacogenetic studies of MTX toxicity in child-
hood ALL have primarily focused on genetic varia-
tions in the folate pathway (Fig. 6.3). While in adult 
patients receiving MTX for prevention of graft-versus-
host disease following hematopoietic cell transplant, 
the variant T allele at MTHFR C677T polymorphism 
predicted higher risk of oral mucositis and slower 
recovery of platelet counts (Ulrich et al. 2001; Robien 
et al. 2004), this association was not consistently con-
firmed in children with ALL (Aplenc et al. 2005; Kishi 
et al. 2007). In a comprehensive study of chemother-
apy-related toxicities in 247 children with ALL, the 
contribution of genetic variations differed significantly 
among phase of ALL therapy. During the Induction 
phase, when drugs subject to the steroid/cytochrome 
P450 pathway predominated, genotypes in VDR intro 
8 and CYP3A5 *3 were related to gastrointestinal tox-
icity and infection. During the Consolidation and 
Continuation phases, when antifolates predominated, 
the RFC polymorphism (A80G) predicted gastrointes-
tinal toxicity. In a more recent genome-wide screen-
ing, genetic variations at the SLCO1B1 locus exhibited 
strong, albeit unexpected, association with MTX 
plasma clearance (p = 1.5 × 10−10) (Trevino et al. 2009). 
Of interest, genotypes at this SLCO1B1 SNP were also 
predictive of grade 3–4 gastrointestinal toxicity of 
MTX during Consolidation therapy.

Children with ALL receive intensive treatment with 
glucocorticoid (orally two to three times per day dur-
ing 4–6 weeks of remission induction and for 5–7 
days/month as pulse therapy during Maintenance ther-
apy). Potential adverse effects include osteonecrosis, 
altered fat distribution, obesity, diabetes, myopathy, 
hypertension, immune suppression with a resultant 
increase in infections, and altered mental status. To 
identify the pharmacogenetic basis for glucocorticoid-
induced hypertension, Kamdem et al. determined the 
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genotypes for 203 candidate polymorphisms in genes 
either related to hypertension or likely to affect the 
pharmacokinetics or pharmacodynamics of antileuke-
mic agents in 698 children with ALL (Kamdem et al. 
2008). SNPs in the ALPL, APOB, BGLAP, CNTNAP2, 

CRHR, LEPR, NTAN1, and SLC12A3 genes exhibited 
significant associations with drug-related hyperten-
sion (p < 0.05). A corticotropin-releasing hormone 
receptor-1 (CRHR1) polymorphism, rs1876828, is 
predictive of bone mineral density among patients 

Fig. 6.3 Cellular pathway of methotrexate and major targets. 
Methotrexate, an analogue of reduced folate, targets endoge-
nous cellular folate metabolism. At pharmacologic concentra-
tions of 0.1–10 uM, cellular entry of methotrexate is by the 
reduced folate carrier (SLC19A1). Its main intracellular target 
is dihydrofolate reductase (DHFR), inhibition of which results 

in accumulation of dihydrofolate (DHF) and a depletion of 
cellular folates. Cytoplasmic folylpolyglutamyl synthase 
(FPGS) adds glutamate residues to methotrexate, improving 
its intracellular retention and the affinity for target enzymes 
(TYMS, PPAT, GART and ATIC) (© 2009 PharmGKB; Klein 
et al. 2001)
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who have completed glucocorticoid-containing ther-
apy for ALL (Jones et al. 2008), consistent with its 
correlation with glucocorticoid-induced changes in 
lung function in patients with asthma (Tantisira et al. 
2004). Osteonecrosis (avascular necrosis) occurs in 
10–15% of children receiving ALL therapy and is 
directly linked to the use of corticosteroids (dexame-
thasone or prednisone) (Mattano et al. 2000; Ribeiro 
et al. 2001). In a case–control study of ALL patients 
treated at St. Jude Children’s Research Hospital, 
genetic variants predicted to be high-affinity for VDR 
and low activity for TYMS were associated with higher 
risk for osteonecrosis, suggesting roles for glucocorti-
coid and antimetabolite (MTX and mercaptopurine) 
pharmacodynamics in the osteonecrosis risk (Relling 
et al. 2004). However, a subsequent study of children 
treated on CCG1882 protocol did not observe any 
associations of VDR and TYMS polymorphisms with 
risk of osteonecrosis, possibly due to differences in 
ALL therapy (St. Jude patients receive more MTX-
intensive treatment) (French et al. 2008). Instead, a 
PAI-1 SNP was found to contribute to risk of osteone-
crosis after adjusting age, sex, and treatment arm. 
Further studies are warranted to determine the exact 
contribution of genetic variation in risk of glucocorti-
coid-induced osteonecrosis and to investigate specific 
genetic variations in the context of particular treatment 
regimens.

In vincristine-containing ALL chemotherapy proto-
cols, impaired motor performance due to peripheral 
neuropathy is well documented (Hartman et al. 2006). 
Vinca-alkaloid drugs are metabolized by CYP3A4/3A5 
and transported by ABCB1. Both CYP3A4*1B and 
CYP3A5*3 were associated with neuropathy in chil-
dren treated on the CCG-1891 protocol (Aplenc et al. 
2003), although motor performance was not related to 
genotypes at CYP3A5 *3/*3, CYP3A5 *1*3, ABCB1 
C3435T, G2677A/T, or MAPT haplotypes in a smaller 
BFM cohort of 34 children with ALL (Hartman et al. 
2009). Variability in plasma clearance of vincristine 
was not explained by ABCB1 C3435T, G2677A/T 
polymorphisms (Plasschaert et al. 2004). A signifi-
cantly lower incidence of neuropathy was observed in 
black children with ALL compared to white patients 
receiving identical vincristine regimens, implying 
plausible roles of ancestry-related genetic variations 
(Renbarger et al. 2008).

Adverse effects specific to asparaginase include 
thrombosis, pancreatitis, and allergy. However, thus 

far, there is little evidence for a genetic basis for these 
complications among patients with acute leukemia. 
There are conflicting data as to whether thromboses 
among children with ALL are related to the frequency 
of prothrombotic genetic polymorphisms such as those 
in factor V Leiden, MTHFR, and in prothrombin 
(Nowak-Gottl et al. 1999; Wermes et al. 1999a, b; 
Mitchell et al. 2003; Chung et al. 2008), although the 
majority of evidence indicates genetic variants are not 
strongly predictive of thrombosis risk in patients with 
leukemia.

6.3  Acute Myeloid Leukemia

AML constitutes approximately 15–20% of childhood 
leukemias (Smith et al. 1999). The prognosis of children 
who have AML has improved greatly during the past  
3 decades. Complete remission (CR) rates as high as 
80–90% and overall survival (OS) rates of 60% are now 
reported (Creutzig et al. 2005; Entz-Werle et al. 2005; 
Gibson et al. 2005; Kaspers et al. 2005; Perel et al. 2005; 
Pession et al. 2005; Ravindranath et al. 2005; Ribeiro et al. 
2005; Smith et al. 2005). This success reflects the use of 
increasingly intensive Induction chemotherapy followed 
by post-remission treatment with additional anthracy-
clines and high-dose cytarabine, as well as myeloablative 
regimens followed by hematopoietic stem cell transplan-
tation (HSCT) for those with sibling donors, to maintain a 
durable long-term remission. Thirty to 40% of patients 
with AML relapse despite improvements in risk-assign-
ment and dose-intensive risk adapted treatment. In addi-
tion, the intensive therapy needed for cure is associated 
with significant morbidity and mortality. The occurrence 
of a substantial number of deaths in remission caused by 
toxicity of therapy is an important limitation to success of 
treatment for AML (Creutzig et al. 2004; Rubnitz et al. 
2004; Slats et al. 2005).

Genetically determined variations in response to 
damage induced by chemotherapy are being inten-
sively investigated as causes of differential susceptibil-
ity to leukemogenesis and differential response to 
therapy (Naoe et al. 2000; Wiemels et al. 2001; 
 Kraji novic et al. 2002a, b). Key drugs currently used in 
therapy of AML include cytarabine (ara-C), anthracy-
clines and other anti-metabolites. As in ALL, poly-
morphisms in genes that encode drug-metabolizing 
enzymes, transporters, or targets can profoundly 
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influence the efficacy and toxicity of AML therapy, 
thereby affecting the outcome of therapy.

6.3.1  Genetic Variations in the Host 
Affecting Antileukemic Drugs

6.3.1.1  Race and Ethnicity

Recent studies have analyzed the influence of host fac-
tors on outcome in pediatric AML. In a Children’s 
Cancer Group study, Aplenc et al. analyzed 791 chil-
dren treated in the CCG 2891 trial and showed that 
Hispanic and black children have a poorer outcome 
(OS) than white children (37% vs 48% (p = 0.016) and 
34% vs 48% (p = 0.007), respectively) (Aplenc et al. 
2006). The authors confirmed the reduced survival in 
black children identified in that trial in the successor 
trial CCG 2961. There were no significant differences 
in the characteristics of the leukemias in the different 
ethnic groups, and all therapy was documented as hav-
ing been administered according to schedule, suggest-
ing pharmacogenetic differences in drug metabolism 
as the most likely cause for the differences in 
outcome.

6.3.1.2  Pharmacogenetic Variation  
in Metabolism of Cytarabine

Cytosine arabinoside (cytarabine; 1-B-D-arabino-
furanosylcytosine), an arabinose-containing analogue 
of the pyrimidine nucleoside deoxycytidine, is an 
active chemotherapeutic agent for hematological 
malignancies, particularly AML (Ellison et al. 1968; 
Beard et al. 1974; Keating et al. 1982). Cytarabine 
forms the backbone of both Induction and Consolidation 
therapy for AML, given at standard or high doses 
(Bodey et al. 1969). The cytotoxic effect of cytarabine 
requires transport into the cells followed by metabolic 
activation. Intracellular transport of cytarabine, when 
administered in standard doses, is mediated by the 
human equilibrative transporter hENT1 (Wiley et al. 
1983; Galmarini et al. 2002). At high doses, cytarabine 
diffuses into the cell at a rate that exceeds that of pump-
mediated transport (Kessel et al. 1969). Inside the cell, 
cytarabine is phosphorylated to its active triphosphate 

form (ara-CTP) through the sequential action of deoxy-
cytidine kinase (dCK), deoxycytidylate kinase and 
nucleoside diphosphate kinase (Schrecker et al. 1968; 
Chou et al. 1977; Galmarini et al. 2002). Phosphorylation 
by dCK is the rate-limiting step in this process. Ara-
CTP is incorporated into DNA and inhibits DNA syn-
thesis in a competitive fashion (Furth et al. 1968; 
Graham et al. 1970). Cytidine deaminase (CDD) is a 
pyrimidine salvage pathway enzyme that catalyzes the 
hydrolytic deamination of cytidine and deoxycytidine 
to their corresponding uracil nucleosides. CDD deami-
nates cytarabine, resulting in the formation of its inac-
tive metabolite 1-B-D-arabinofuranosyluracil (Chabner 
et al. 1974; Cacciamani et al. 1991; Betts et al. 1994). 
Several studies have suggested that increased levels of 
CDD may play an important role in the development 
of resistance to cytarabine (Steuart et al. 1971; Yusa 
et al. 1992).

A common polymorphism, A79C, in the CDD gene 
changes a lysine residue to glutamine, resulting in 
decreased enzyme activity. Bhatla et al. investigated 
CDD A79C genotypes for 457 children with AML 
treated on protocols CCG 2941 and 2961 and analyzed 
the impact of CDD genotype on therapy outcomes 
(Bhatla et al. 2009). Treatment-related mortality fol-
lowing Induction chemotherapy was significantly ele-
vated in children with the CC genotype compared with 
AA and AC (Fig. 6.4). However, this difference was 
only significant in children randomized to receive IDA-
FLAG (cytarabine=7,590 mg/m2) as Consolidation 
therapy, and was not significant in those receiving 
IDA-DCTER (cytarabine 800 mg/m2). These data indi-
cate that while host genotype may influence response 
to therapy, the importance of genotype may vary 
depending on the dose of drug being used, and also on 
the dosing schedule; therefore, generating a pharmaco-
genetic profile to predict response to therapy may be 
challenging and requires careful consideration of the 
package of therapy being given.

Polymorphisms or altered expression of proteins 
involved in cytarabine metabolism, such as deoxycyti-
dine kinase, DNA polymerase, and as nucleoside 
transporter, play a role in leukemic blast cell sensitiv-
ity to this agent. Factors that reduce the intracellular 
concentration of ara-CTP may induce chemoresistance 
in AML patients. These factors include reduced influx 
of cytarabine by the hENT1 transporter, reduced phos-
phorylation by dCK, and increased degradation by 
high Km cytoplasmic 5¢-nucleotidase (5NT) and/or 
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CDD. Increased levels of DNA polymerase alpha 
(DNA POL) and reduced levels of topoisomerase I 
(TOPO I) and topoisomerase II (TOPO II) have also 
been detected in cytarabine-resistant cell lines. 
Galmarini et al. (2002) analyzed the expression of 
these parameters at diagnosis, using reverse transcrip-
tion polymerase chain reaction, in the blast cells of 
123 adult AML patients treated with cytarabine to 
determine whether these factors are important in clini-
cal cytarabine resistance. In univariate analysis, 
patients with expression of 5NT or DNA POL at diag-
nosis had significantly shorter disease-free survival 
(DFS). In multivariate analysis, DNA POL positivity 
and hENT1 deficiency were related to a shorter DFS. 
In univariate analysis, patients with 5NT-positive 
blasts had significantly shorter OS. In multivariate 
analysis, shorter OS was related to DNA POL positiv-
ity. These results suggest that expression of DNA POL, 
5NT and hENT1 at diagnosis may correlate with resis-
tance to cytarabine in AML patients.

The same group also analyzed dCK and high-Km 
5¢-nucleotidase (cytosolic Nucleotidase II – cN-II) 
mRNA expression by the quantitative real-time poly-
merase chain reaction in leukemic blasts at diagno- 
sis from 115 AML patients treated with cytarabine 
(Galmarini et al. 2003). In a multivariate analysis tak-
ing into account other clinical and laboratory variables, 
high cN-II expression and a high cN-II/dCK ratio were 

found to be independent prognostic factors for DFS 
and also predicted shorter OS. Overall, these authors 
concluded that dCK and cN-II mRNA expression in 
leukemic blasts at diagnosis is correlated with clinical 
outcome and may play a functional role in the resis-
tance to cytarabine in patients with AML.

6.3.2  X-Ray Repair Cross-complementing 
– 3 (XRCC3)

DNA is at constant risk of damage from both endog-
enous and exogenous sources. Cells have highly com-
plex pathways to accomplish repair of DNA damage 
and maintain genomic integrity (Ishikawa et al. 2006; 
Kennedy et al. 2006). DNA double strand breaks 
(DSBs) can form in response to a variety of exogenous 
agents like ionizing radiation and certain chemother-
apeutic drugs. Variations in individual DNA repair 
capacity may also influence chemotherapy response 
and associated toxicity; genetic polymorphisms have 
been described in multiple genes associated with 
DNA repair. During the homologous recombination 
process of DSBs repair, the XRCC3 protein inter-
acts directly with and stabilizes the RAD51 protein 
(Bishop et al. 1998; Masson et al. 2001; Yamada et al. 
2004). Epidemiological studies have noted positive 
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associations between XRCC3 polymorphism C241T, 
and development of melanomas, bladder cancer, 
breast cancer, lung cancer and gliomas (Winsey 
et al. 2000; Matullo et al. 2001; Kuschel et al. 2002; 
Popanda et al. 2004; Wang et al. 2004). Similarly, a 
recent report associated this polymorphism with sus-
ceptibility to AML in adults. The authors reported 
increased susceptibility to both de novo and therapy-
related AML when both variant alleles were present 
(Seedhouse et al. 2004).

A recent pediatric study followed up on this obser-
vation and evaluated the role of XRCC3 C241T poly-
morphism in childhood AML. The authors reported 
that XRCC3 polymorphism did not play a role in sus-
ceptibility to childhood AML, but showed that patients 
heterozygous for the XRCC3 C241T allele had improved 
post-Induction DFS compared to children homozygous 
for the major or minor allele, each of whom had similar 
outcomes. Improved survival was due to reduced 
relapse in the heterozygous children, and this effect 
was most marked in children randomized to therapy 
likely to generate DNA double-strand breaks (etopo-
side, daunomycin) as opposed to anti-metabolite based 
therapy (fludarabine, cytarabine) (Bhatla et al. 2008).

These data further demonstrate that pharmacoge-
netic associations may be specific to the therapy proto-
col in which the observations were made, and that 
identifying pharmacogenetic profiles that are general-
izable to more than one complex therapeutic protocol 
will likely be challenging. This is a particular chal-
lenge in oncology when multiple drugs are almost 
invariably used, and the whole treatment protocol 
needs to be considered.

6.3.3  Glutathione S-Transferase 
Polymorphisms

Polymorphism in GSTs have been studied in both child-
hood ALL and AML patients. GSTs are a family of 
enzymes that add sulfur molecules (as glutathione) to a 
wide range of acceptor molecules (Salinas et al. 1999). 
The reaction is generally a detoxification, and the conju-
gate is degraded by the enzymes of the gamma-glutamyl 
cycle (Board 1981; Seidegard et al. 1988; Pemble et al. 
1994). GST theta (GSTT1) and mu (GSTM1) genes are 
absent in approximately 15% and 50% of the population, 
respectively (Rebbeck 1997). GST expression has been 

shown to play an important role in determining the cyto-
toxicity of some chemotherapeutic drugs, including 
alkylating agents such as chlorambucil, cyclophosph-
amide, melphalan, nitrogen mustard, and thiotepa, inter-
calating agents such as doxorubicin, and mitomycin C 
and carmustine (Tsuchida et al. 1992). In studies of labo-
ratory cell lines, increased expression of GST has been 
shown to be associated with development of resistance to 
a range of cytotoxic drugs, including alkylating agents 
(Hoban et al. 1992), anthracyclines (Chao et al. 1992), 
and nitrosourea (Smith et al. 1989).

Alkylating agents and anthracyclines are important 
drugs in the treatment of AML and are subject to detoxi-
fication by GST. Three hundred and six children with 
AML receiving chemotherapy on Children’s Cancer 
Group therapeutic studies were genotyped for GSTT1 
and GSTM1 to test the hypothesis that toxicity would be 
greater in children without the genes (Davies et al. 2001). 
Patients with a GSTT1-negative genotype had reduced 
survival compared with those with at least one GSTT1 
allele (GSTT1 positive) (52% vs 40% at 5 years; log-rank 
p = 0.05) (Fig. 6.5). A multivariate model of survival 
adjusted for age group, sex, white blood cell (WBC) 
count, chloroma, central nervous system involvement, 
and French–American–British group confirmed the 
increased risk of death in the GSTT1-negative cases (rela-
tive risk, AQ 1.6; p = 0.02). The frequency of death in 
remission was increased in GSTT1-negative cases com-
pared with GSTT1-positive cases (24% vs 12%, log-rank 
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p = 0.05) (Fig. 6.6). The frequency of relapse from end of 
Induction was similar in GSTT1-negative and GSTT1-
positive cases (38% vs 35%, log rank p = 0.5).

Data linking GST polymorphisms to outcomes in 
AML were replicated in some, but not all, studies of 
adult patients with AML (Naoe et al. 2002; Mossallam 
et al. 2006; Weiss et al. 2006; Barragan et al. 2007; 
Voso et al. 2008; Lee et al. 2009). These discrepancies 
between studies may reflect the retrospective nature of 
the studies, differences in patient populations in terms 
of age or other prognostic factors, and variable treat-
ment regimens. Taken together, these data indicate that 
GST genotypes affect the outcome of AML therapy, 
but the effect needs to be measured in context with the 
patient population and therapy received.

6.3.4  CD33: Coding Region 
Polymorphisms

Gemtuzumab ozogamicin (GO) (Mylotarg CMA-
676;Wyeth Pharmaceuticals, Philadelphia, PA) is a 
humanized monoclonal antibody directed against the 
CD33 surface antigen that is conjugated to a derivative 
of the cytotoxic antibiotic calicheamicin (Hamann 
et al. 2002), and is associated with a 25% response rate 
in adult patients with CD33-positive AML in first 
relapse (Bross et al. 2001; Sievers et al. 2001; Larson 

et al. 2002). Approximately 90% of patients with AML 
have myeloid blast cells that express significant levels 
of CD33 (Dinndorf et al. 1986; Legrand et al. 2000). 
On binding, the antibody-antigen complex is internal-
ized into target cells, and the calicheamicin molecule 
is released through hydrolysis. Calicheamicin binds to 
the minor groove of cellular DNA and causes double-
strand breaks that lead to apoptosis (Ikemoto et al. 
1995). Based on positive experience in treatment of 
relapsed/refractory and de novo adult patients with 
AML (Bross et al. 2001; Sievers et al. 2001; Larson 
et al. 2002), as well as promising early pediatric data 
(Arceci et al. 2005; Aplenc et al. 2008), an ongoing 
Phase III trial within the Children’s Oncology Group is 
evaluating the effect of GO when added to standard 
AML therapy.

In a recent study, Lamba et al. (2009) undertook a 
comprehensive analysis of CD33 expression, includ-
ing polymorphisms in the CD33 gene, and correlated 
the results to GO response as measured by changes in 
MRD levels. The authors sequenced the complete cod-
ing region of the CD33 gene from the genomic DNA 
of 22 pediatric AML patients enrolled on the St Jude 
AML02 protocol. Eight polymorphisms were identi-
fied; however, only Val14Ala, Arg69Gly, Arg304Gly, 
Ser305Pro and a 3¢-UTR SNP occurred with a mini-
mum allele frequency of greater than 10%. None of the 
SNPs were significantly associated with CD33 expres-
sion levels (p > 0.34 for each polymorphism). The 
number of T-alleles of rs12459419 had a significant 
positive association with the MRD-change variable  
(p = 0.024), with increasing number of T-alleles asso-
ciated with a poorer response to GO-containing regi-
mens (either alone or in combination with cytosine 
arabinoside, daunorubicin, and etoposide (ADE)). All 
three patients with poor MRD response to GO (MRD 
level >0.01) were homozygous TT (Val14Val) for the 
rs12459419 variant (allele frequency 100%), whereas 
only 2 of 19 patients (11%) with response to GO (MRD 
levels, <0.01) were homozygous TT.

6.3.5  XPD

Recent data from elderly AML patients treated on 
MRC11 trial showed reduced event-free survival 
(EFS) and OS, along with increased risk of develop-
ing treatment-related leukemia, in XPD751 glutamine 
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homozygotes (CC), suggesting that the glutamine vari-
ant confers greater protection against chemotherapy-
induced leukemic blast cell death, leading to earlier 
disease relapse and ultimately shorter OS (Allan et al. 
2004). However, in contrast to the adult data, XPD751 
did not influence outcome of therapy in 465 children 
with AML (Mehta et al. 2006).

These different findings in adult and pediatric popu-
lations underscore the different biology of AML in 
children and adults. For example, AML in older adults 
is more likely to have adverse cytogenetic features 
compared to children (Dastugue et al. 1995; Leith et al. 
1997). Also, over time adult patients have more oppor-
tunity to accumulate additional genetic insults (sec-
ondary hits), with perhaps increased susceptibility to 
develop cancers that are more resistant to therapy. 
Outcomes for treatment of adult AML are commonly 
inferior to those reported in pediatric series (Rees et al. 
1986; Hiddemann et al. 1999; Goldstone et al. 2001; 
Stone 2002). Moreover, compared to children, older 
adults have poorer tolerance of combination chemo-
therapy regimens, leading to the use of less-intensive 
treatment protocols. Progress in AML therapy in chil-
dren has largely been made by aggressive inten-
sification of chemotherapy. It is also possible that 
intensification of chemotherapy in children can over-
come a marginal modulating effect of particular genetic 
variant.

6.3.6  P-Glycoprotein Polymorphism  
and Outcome of AML

One of the major etiologies for treatment failure in 
patients with AML is clinical resistance to chemother-
apy, which is associated with the expression of multi-
drug resistance (MDR) proteins (Sonneveld et al. 
2001). Among those, members of the family of ade-
nosine triphosphate-binding cassette (ABC) trans-
porter proteins play a role as drug efflux pumps in the 
plasma membrane (Klein et al. 1999; Sonneveld and 
List 2001). The classical MDR phenotype results from 
expression of the MDR1 gene and its 170-kd protein 
product, P-glycoprotein (P-gp), also designated as 
ABC protein transporter, subfamily B, member 1 
(ABCB1) (Juliano et al. 1976). The ABCB1 gene is 
localized on chromosome 7q21.17 and consists of 28 

exons (Ambudkar et al. 2003). P-gp acts as an energy-
dependent drug efflux pump for chemotherapeutic 
drugs such as the anthracyclines and epipodophyllo-
toxins, commonly used in AML therapy (Ambudkar 
et al. 1999).

In patients with AML, increased P-gp expression 
and enhanced drug efflux have been reported with 
increasing age. Approximately 35% of AML patients 
under 60 years of age and 71% of elderly AML patients 
express detectable Pgp levels in blast cells before treat-
ment (Leith et al. 1999). Pgp activity and expression 
have been established to represent independent risk 
factors for treatment failure in AML (Tsimberidou 
et al. 2002; Mahadevan and List 2004) and increased 
Pgp expression is also detected in relapsed patients 
(Guerci et al. 1995).

Mickley et al. reported the first evidence of the pres-
ence of polymorphisms in the human MDR1 gene 
(Mickley et al. 1998). Since then, attention has been 
focused on SNPs located in the MDR1 coding region  
and their association with Pgp expression/function 
(Kantharidis et al. 2000; Marzolini et al. 2004; Wang 
et al. 2006). Hoffmeyer et al. identified 15 polymor-
phisms of the MDR1 gene with various frequencies. 
The authors described a noncoding sequence change 
C3435T in exon 26 of the MDR1 gene at a wobble 
position as being significantly correlated with altered 
enterocyte P-gp expression and function (Hoffmeyer 
et al. 2000). Population frequencies of these genetic 
variants vary according to racial background. As deter-
mined by Cascorbi et al., the three most frequent SNPs 
in the Caucasian population are located in exons 12, 
21, and 26 (positions 1236, 2677, and 3435) (Cascorbi 
et al. 2001).

In a cohort of 150 AML patients aged 60 years or 
older, van der Holt et al. investigated whether 
C1236T, G2677T, and C3435T variants of the ABCB1 
gene in AML correlate with P-gp function and 
expression in leukemic blasts and with ABCB1 tran-
script levels (van der Holt et al. 2006). All patients 
were treated in a multicenter, randomized, Phase III 
trial comparing standard Induction treatment with or 
without the P-gp inhibitor PSC-833 (van der Holt 
et al. 2005). None of these allelic variations predicted 
a difference in complete remission rate and survival 
endpoints, a finding that was later replicated (Hur 
et al. 2008).

These results are in contrast to a previous report 
from Illmer et al. involving 410 Caucasian patients 
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with AML, which showed significantly lower OS  
and an increased risk of relapse in patients with the 
 wild-type variant of G2677T (despite lower MDR1 
mRNA expression in bone marrow blasts) and in 
patients with the wild-type genotype of all three most 
common SNPs in exons 12, 21, and 26 (Illmer et al. 
2002). Authors concluded that these observations indi-
cate that allelic variants of the MDR1 gene may influ-
ence therapy outcome by additional mechanisms, 
different from P-gp expression on AML blasts, possi-
bly involving pharmacokinetic effects of P-gp.

Another study by Kim et al. analyzed 110 Korean 
patients with AML, and found that C/C genotype at 
−3435 (p = 0.05) and G/G at −2677 (p = 0.04) were 
strongly associated with a higher probability of CR 
and EFS, but were not found to be associated with 
improved OS (Kim et al. 2006). In addition, a C/C 
genotype at exon 26 was significantly associated with 
a lower expression of P-gp, suggesting that improve-
ment in the CR and EFS were linked to increasing  
the intracellular accumulation of chemotherapeutic 
agents related to the lowered Pgp expression. In terms 
of the lack of effect of MDR1 genotype on long-term 
outcome (OS), findings from this study correlated 
with other similar observations (Leith et al. 1999; 
Illmer et al. 2002), suggesting the possibility that 
MDR1 gene SNPs may affect pharmacokinetics and 
pharmacodynamics of various drugs, altering the 
drug clearance, and in turn may influence the treat-
ment outcomes independent of Pgp activity and 
expression.

To further understanding of the factors that 
 influence Pgp expression in AML blasts, Seedhouse 
et al. compared the effect of leukemia-specific factors 
(cytogenetics, WBC count, type of AML, and bcl-2 
overexpression), genetic factors (ABCB1 polymor-
phisms – G1199A, G2677T, and C3435T), and age on 
blast Pgp protein expression and function in a large 
cohort of AML patients. Presentation bone marrow or 
peripheral blood samples from 817 patients entered 
into the United Kingdom AML14 (n = 323) and 
AML15 (n = 494) trials were studied prospectively 
over a 7-year period (1999–2006). AML14 was a trial 
for patients >60 years of age with AML or high-  
risk myelodysplastic syndrome (>10% blasts), and 
AML15 predominantly included patients <60 years 
of age. Age, low WBC count, high bcl-2, secondary 
AML and myelodysplastic syndrome, and adverse 
cytogenetics all correlated strongly with high Pgp 

protein expression. However, ABCB1 3435TT 
homozygosity was negatively correlated with Pgp. 
The genetic polymorphism 3435TT (which results in 
unstable mRNA) has a significant effect on Pgp 
expression, but this is only seen in 40% of cases in 
which mRNA and protein are detectable, indicating 
that only if Pgp is turned on by leukemia-specific fac-
tors do genetic factors secondarily affect expression 
levels (Seedhouse et al. 2007).

The proximal promoter region controls expression 
of most MDR1 transcripts, and several associations of 
SNPs variants and Pgp expression have been reported, 
although several of these findings are contradictory 
(Ueda et al. 1987; Kioka et al. 1992; Cornwell and 
Smith 1993; Tanabe et al. 2001; Calado et al. 2002; 
Taniguchi et al. 2003; Takane et al. 2004; Wang et al. 
2006; Lourenco et al. 2008). Genotypes determined in 
tumor and somatic tissues may differ due to cytoge-
netic and molecular changes associated with malignant 
transformation and progression. Discordance between 
germ line and tumor genotypes may be particularly rel-
evant in leukemia because cytogenetic abnormalities 
are frequent.

6.4  Pharmacogenetics and Leukemia 
Survivors

Improved survival from leukemia means there are 
more individuals at risk for late side effects of expo-
sure to chemotherapy. It is crucial to recognize the 
importance of follow-up of these patients to monitor 
for and address potential therapy-related long-term 
complications. There has been increasing interest in 
using pharmacogenetic markers to predict such com-
plications and potentially modify therapy to avoid 
these consequences.

Anthracycline-related congestive heart failure (CHF) 
is an important long-term complication among child-
hood cancer survivors. Preclinical abnormalities of car-
diac structure and function have been reported in 60% 
of patients who received anthracyclines (Wouters et al. 
2005), and the risk of overt, clinically symptomatic 
CHF has been estimated at 4–5% (Green et al. 2001). 
Potential risk factors for anthracycline-related CHF 
include total cumulative dose, female sex, radiation 
therapy, and younger age at diagnosis (Lipshultz et al. 
2005). The pathogenesis of anthracycline-related 
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chronic cardiotoxicity appears to be mediated by a 
combination of oxidative damage and perturbations in 
cardiac iron homeostasis induced by anthracycline 
C-13 alcohol metabolites (Minotti et al. 2004).

The potential role of genetic variability in the patho-
genesis of chronic cardiotoxicity remains to be eluci-
dated. Blanco et al. investigated the impact of two 
functional candidate genetic polymorphisms on the risk 
of anthracycline-related CHF among childhood cancer 
survivors (Blanco et al. 2008). Thirty patients with CHF 
and 115 matched controls were genotyped for polymor-
phisms in NQO1 (NQO1*2) (nicotinamide adenine 
dinucleotide phosphate: quinone oxidoreductase 1 
gene) and CBR3 (carbonyl reductase 3 gene), the CBR3 
valine [V] to methionine [M] substitution at position 
244 [V244M]. Enzyme activity assays with recombi-
nant CBR3 isoforms (CBR3 V244 and CBR3 M244) 
and the anthracycline substrate doxorubicin were used 
to investigate the functional impact of the CBR3 V244M 
polymorphism. There was a trend toward an associa-
tion between the CBR3 V244M polymorphism and the 
risk of CHF (OR, 8.16; p = 0.056 for G/G vs A/A; OR, 
5.44; p = 0.092 for G/A vs A/A). In line, recombinant 
CBR3 V244 (G allele) synthesized 2.6-fold more car-
diotoxic doxorubicinol per unit of time than CBR3 
M244 (A allele). These preliminary results are limited 
by a relatively small sample size; therefore, confirma-
tory larger studies and similar other studies would be 
useful to help optimize long-term outcomes of these 
patients.

6.5  Conclusion

Further knowledge of and insight into the role of host 
genetic polymorphisms will ultimately lead to integra-
tion of pharmacodynamic and pharmacogenomic stud-
ies in individualizing therapy for children with AML 
to enhance efficacy and reduce toxicity.
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7.1  Introduction

7.1.1  Overview

The past several decades have yielded remarkable 
improvements in long-term survival of children with 
acute leukemia, primarily resulting from sequential, con-
trolled, multicenter clinical trials evaluating intensifica-
tion of chemotherapy in a risk-adjusted paradigm based 
upon clinical and biologic features (Pui et al. 2004). 
These improvements have been particularly striking for 
acute lymphoblastic leukemia (ALL), the most common 
malignancy in children. In ALL, prolonged event-free 
survival (EFS) rates now approach 80%. This progress 
unequivocally represents one of the greatest success sto-
ries in modern medicine (Pui and Evans 2006; Moricke 
et al. 2008). Despite this success, however, many patients 
with ALL still relapse. Unfortunately, the outlook for 
children with relapsed ALL is grim, especially if the 
relapse occurs within 3 years of diagnosis (Nguyen et al. 
2008). Also disconcerting are the significant, and not 
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uncommonly debilitating, acute and late complications 
associated with curative therapeutic approaches for  
ALL (Pui et al. 2003; Mody et al. 2008).

Therapeutic success has proven more difficult for chil-
dren with acute myeloid leukemia (AML), although pro-
longed EFS rates for childhood AML now approximate 
50% (Rubnitz 2008). In both AML and the higher risk 
subsets of ALL, a limit in the effectiveness of chemother-
apy intensification to improve outcome has been reached 
due to offsetting increases in unacceptable toxicities. 
Furthermore, intensification of therapy with allogeneic 
hematopoietic stem cell transplantation (HSCT) only 
modestly improves the outcome of these patients, while 
introducing even higher risks of acute and late complica-
tions (Oliansky et al. 2007; Mulrooney et al. 2008).

Further improvements in outcome for childhood 
acute leukemia will likely depend on the development 
of new therapeutic strategies. To accomplish this, sev-
eral interdependent and complementary areas of research 
are needed. These include (1) refinement in the defini-
tions of specific subclasses of these diseases, which 
warrant varying intensities of therapy due to the relative 
risk of treatment failure (Pui and Evans 2006; Meshinchi 
and Arceci 2007); (2) an improved understanding of the 
biology of the leukemic stem cell (LSC), since eradica-
tion of the LSC (as opposed to mere reduction in the 

numbers of bulk leukemia cells) is emerging as a rele-
vant goal of leukemia therapy (Bonnet and Dick 1997); 
and (3) the discovery and characterization of genetic 
and epigenetic alterations that are important in the 
pathogenesis of these diseases, either overall or for spe-
cific molecularly defined subsets, and that can be poten-
tially targeted by novel therapeutic approaches. This 
review will focus on these novel molecularly targeted 
drug therapies for childhood ALL and AML (Table 7.1, 
Fig. 7.1). In this context, “targeted” refers to agents that 
selectively disrupt a tumor-specific biological pathway 
or a subset of cells within the bulk population that is 
essential for leukemia maintenance.

7.1.2  Molecular Pathogenesis  
of Leukemia: The Basis  
of Targeted Therapy

Recurrent translocations provided the most important 
initial clues to the molecular pathogenesis of leukemia 
(and cancer in general), and, in some notable cases, have 
facilitated development of successful molecularly tar-
geted therapies. Perhaps the best example is found in 
chronic myelogenous leukemia (CML), for which the 

Class Molecular target Agent(s) Disease Subset Phase

Monoclonals CD33 Gemtuzumab ozogamicin AML CD33+ III

CD22 Epratuzumab, CAT-8015 ALL CD22+ II

CD19 Blinatumomab ALL CD10+ I

TKI BCR-ABL Imatinib, Dasatinib ALL Ph+ II

FLT3 Lestaurtinib, Sorafenib, 
Midostaurin

AML FLT3 mutated II

ALL MLL rearranged II

Proteasome 
inhibitors

NF-kB Bortezomib AML, ALL I

mTOR inhibitors mTOR Sirolimus, Temsirolimus AML, ALL I

Epigenetic 
modulators

HDAC Vorinostat, Entinostat AML, ALL I

DNA 
methyltransferase

Azacitidine, Decitabine AML, ALL I

Notch inhibitors Gamma secretase MK0752, LY450139 ALL T-cell,  
Notch-mutant

I

Apoptosis 
modulators

BCL2 family Oblimersen, Oblatoclax ALL, AML I

XIAP AEG35156 AML I

Table 7.1 Summary of molecularly targeted agents in clinical development for childhood acute leukemia
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discovery of the reciprocal translocation t(9;22)(q34;q11) 
(the Philadelphia chromosome, or Ph) led sequentially to 
identification of the BCR-ABL fusion protein, an under-
standing that resultant activation of the ABL kinase was 
central to the pathogenesis of CML, and, finally, the 
development of novel agents (imatinib and others) that 
could eradicate CML cells by inhibiting ABL kinase 
activity. This example is also helpful in understanding 
the importance of the LSC concept in the development 
of novel, molecularly targeted therapies. While a high 
proportion of patients with CML can achieve remission 
with imatinib therapy alone, it is unknown whether ima-
tinib therapy successfully eradicates the CML stem cell, 
since it is not yet clear that long-term remissions after 
cessation of imatinib therapy will be widely achievable 
(Graham et al. 2002; Michor et al. 2005). Longer follow-
up of patients treated in this manner will answer this 
important question.

Another example is acute promyelocytic leuke - 
mia (APL), which is characterized by the reciprocal 

 trans location t(15;17)(q22;q21). The differentiation 
block induced by the resultant PML-RARa fusion pro-
tein has been successfully targeted with all-trans retinoic 
acid (ATRA), which, in combination with chemother-
apy, has transformed a disease with a relatively high risk 
of relapse into one in which most cases are cured. In this 
case, the APL stem cell appears to be effectively eradi-
cated by this approach. Interestingly, the APL stem cell 
seems to have distinct characteristics compared to the 
stem cell for other subtypes of AML, in that it has the 
more differentiated phenotype of a committed myeloid 
precursor (as opposed to the primitive phenotype remi-
niscent of the normal hematopoietic stem cell, which is 
characteristic of the other subtypes of AML) (Grimwade 
and Enver 2004). This may in part explain the relative 
ease with which APL can be successfully treated in chil-
dren and adults with the combined use of chemotherapy 
and differentiating agents.

Other recurrent cytogenetic abnormalities are char-
acteristic of unique biological subsets of childhood 

Fig. 7.1 Molecularly targeted agents in childhood leukemia. GSI gamma secretase inhibitors, mTOR mammalian target of 
rapamycin
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acute leukemias. For example, in B-precursor ALL, 
the t(12;21) translocation that results in the ETV6-
RUNX1 fusion gene is correlated with a good outcome, 
as are cases with “high” hyperdiploidy (>50 chromo-
somes). In contrast, cases showing rearrangements of 
the MLL gene (11q23), hypodiploidy (<44 chromo-
somes), and the t(9;22) (Ph+ ALL) fare poorly. 
Leukemic stem cells are less well characterized for 
childhood ALL when compared with AML, but evi-
dence suggests that their phenotype varies depending 
on the biological subtype (Cox et al. 2004; Castor et al. 
2005; le Viseur et al. 2008). While these abnormalities 
have led to a better understanding of leukemogenesis 
and improved prognostication, they have not as yet 
(except in the case of Ph+ ALL, which will be dis-
cussed in this chapter) led to the development of tar-
geted therapies analogous to imatinib or ATRA.

The ability to move beyond standard cytogenetic 
approaches for the discovery and characterization of 
molecular alterations in ALL and AML has begun to 
pave the way for development of additional novel, tar-
geted therapies that will hopefully improve the out-
come for children with these diseases. The recent 
development of high throughput technologies to assess 
global genetic and epigenetic alterations in leukemia is 
greatly accelerating the identification of potential “tar-
getable” abnormalities. The translation of the identifi-
cation of molecular targets into effective therapies, 
however, is proving to be more difficult, resulting in a 
bottleneck that is unlikely to be relieved without a par-
adigm shift in how clinical research is conducted in the 
era of molecular therapeutics.

7.2  Monoclonal Antibodies  
and Immunoconjugates

7.2.1  Differentiation Antigens  
as a Potential Target for 
Immunotherapy Approaches

The antigen expression profiles of leukemic blasts 
 parallel those of normal stages of B- and T-cell differen-
tiation in ALL and the normal stages of myeloid differ-
entiation in AML. The phenotypic characterization of 
acute  leukemia is an essential component of the diag-
nostic work-up of both diseases and is increasingly 

utilized, in concert with other parameters of cell biology 
in risk-adjusted treatment decisions (Bonnet and Dick 
1997; Pui and Evans 2006; Meshinchi and Arceci 2007). 
In addition, these relatively lineage-specific antigens 
have been demonstrated to offer potential options for 
targeted immunotherapy approaches. Targeted immu-
notherapy includes monoclonal antibodies directed 
against specific cell surface antigens that destroy leuke-
mia cells through immune mechanisms such as anti-
body-dependent cellular cytotoxicity (ADCC) and/or 
complement mediated cytotoxicity. In addition, mono-
clonal antibodies can be conjugated to additional moi-
eties (e.g., cytotoxins or radioactive isotopes) in an 
attempt to enhance anticancer activity. Ideally, the dif-
ferentiation antigens to target are those that are expressed 
on the overwhelming majority of leukemia cells, but 
which are not expressed on  normal hematopoietic stem 
cells or on other normal tissues.

7.2.2  Anti-CD33 (Gemtuzumab 
Ozogamicin)

CD33 is a cell surface sialoglycoprotein that is 
 increasingly expressed on normal myeloid cells as they 
 differentiate; it is expressed on the surface of leukemia 
cells in 90% of cases of AML in adults and children 
(Brashem-Stein et al. 1993; Freeman et al. 1995). 
Gemtuzumab ozogamicin (Mylotarg®, Wyeth) is a 
humanized, monoclonal anti-CD33 antibody conjugated 
to the potent cytotoxin, calicheamicin (Sievers et al. 
2001; Zwaan et al. 2003; Arceci et al. 2005; Larson et al. 
2005). As a single agent in relapsed or refractory primary 
AML, gemtuzumab ozogamicin demonstrated response 
rates of 30–35% in both adult and pediatric patients. In a 
pediatric Phase I/II trial the response rate in children with 
primary refractory disease was the same as that for 
patients with relapsed disease, suggesting that the agent 
might circumvent recognized causes of drug resistance 
(Linenberger et al. 2001). Major toxicities seen in chil-
dren at the maximum tolerated dose of 2–3 mg/m2 
(depending on high-dose cytarabine regimen) include 
myelosuppression and sinusoidal obstruction syndrome 
(SOS), also known as veno-occlusive disease of the liver, 
in patients undergoing subsequent allogeneic stem cell 
transplantation (Aplenc et al. 2008). This was noted to 
occur in patients who underwent transplantation within 
3½ months of exposure to gemtuzumab. A pilot study 
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performed by the Children’s Oncology Group (COG) 
determined the maximum tolerated dose of gemtuzumab 
when given with high-dose cytarabine and in combina-
tion with mitoxantrone. Subsequent pilot studies have 
established the safety of the agent in combination with 
multi-drug regimens including the intensive Medical 
Research Council (MRC)-based chemotherapy in chil-
dren with newly diagnosed AML. Feasible coadminis-
tration of the immunotoxin with both cytarabine, 
daunomycin and etoposide as well as mitoxantrone and 
cytarabine have been demonstrated (Franklin et al. 2008). 
A randomized Phase III study in de novo pediatric AML 
is testing the hypothesis that the immunotoxin improves 
survival by decreasing the likelihood of primary Induction 
failure as well as relapse.

Clinical response to gemtuzumab has been inversely 
correlated with mdr-1, P-glycoprotein expression, pre-
sumably related to increased cellular efflux of cali-
cheamicin (Linenberger et al. 2001). The combinations 
of gemtuzumab with inhibitors of drug efflux are under 
investigation. A potential limitation of the use of gem-
tuzumab is the relative and inconsistent expression of 
CD33 by leukemia stem cells and the hypothesis that 
the eradication of such is required for long-term dis-
ease-free survival and cure. Longer follow-up of cur-
rent clinical trials will definitively demonstrate the 
agent’s ability to induce initial cytoreduction as well as 
improve long-term outcome.

7.2.3  Anti-CD22 (Epratuzumab) 

Epratuzumab (Immunomedics) is a humanized monoclo-
nal antibody (IgG1) directed against CD22, which is a 
B-cell-restricted 135 kD glycoprotein, initially present in 
the cytoplasm of early B-cell precursors and later 
expressed on the cell surface during B-cell differentiation. 
The antigen is widely expressed in B-cell lymphomas and 
B-precursor ALL (Carnahan et al. 2003). The mechanism 
of cytotoxicity of epratuzumab is thought to include both 
ADCC as well as complement mediated cytotoxicity and 
direct induction of apoptosis. In addition to direct cyto-
toxicity and decrease in CD22-bearing cells, the antibody 
induces other B-cell modulatory activity. Single-agent 
studies have demonstrated its tolerability in children and 
pilot studies in combination with re-Induction chemother-
apy in children have demonstrated feasibility and tolera-
bility as well as efficacy when used in combination with 
vincristine, prednisone, L-asparaginase, and doxorubicin 

at a dose of 360 mg/m2 (Raetz et al. 2008). Efficacy evalu-
ation of epratuzumab in combination with conventional 
chemotherapy in newly diagnosed high-risk B-precursor 
ALL patients is planned by the COG.

Anti-CD22 immunotoxins are also in development, 
including BL22, which conjugates a pseudomonas exo-
toxin-A to anti-CD22 and is undergoing adult clinical 
trials in chronic lymphocytic and hairy cell leukemia. 
An additional immunotoxin that combines anti-CD22 
and anti-CD19 monoclonal antibodies conjugated to 
deglycosylated ricin A (Combotox®) has demonstrated 
preclinical activity in childhood ALL and is undergoing 
clinical evaluation in adults with relapsed B lineage 
ALL (Herrera et al. 2000; Herrera et al. 2003).

The second-generation investigational anti-CD22 
immunotoxin, CAT-8015(HA22), has demonstrated 
clinical activity early in a pediatric Phase I trial. However, 
dose-limiting toxicities of the agent occur and appear to 
be due to vascular leak syndrome (Wayne et al. 2009).

7.2.4  Anti-CD19

The CD19 antigen is more ubiquitously expressed by 
normal B-lymphocyte progenitors and more univer-
sally expressed by B-precursor ALL cells and provides 
a better theoretical target for targeted immunothera-
peutic approaches. A novel class of bispecific T-cell 
associated antibodies (BiTE) that redirects T-cells 
through anti-CD3 for lysis of target cells is under clini-
cal investigation. Blinatumomab (MT103) targets the 
CD19 antigen on B-cells, the expression of which is 
ubiquitous in B-cell precursor ALL. In a single-agent 
Phase II trial of this agent in patients with B-precursor 
ALL who had evidence of minimal residual disease 
(MRD) at end Induction, MRD status was reversed in 
13 of 16 patients. Thirteen of 16 evaluable patients 
experiencing molecular complete remission after a 
single cycle of blinatumomab had extended clinical 
and molecular and complete remission and two of the 
patients who failed had isolated extra-medullary 
relapse (Zugmaier et al. 2009). Based on this compel-
ling clinical activity, plans for pediatric investigation 
in relapsed ALL (in both the pre- and post-transplant 
settings) are under consideration. The strong investiga-
tional interest in the agent is somewhat tempered by 
isolated observations of central neurotoxicity, the eti-
ology of which is not clear.



198 P. Brown et al.

In summary, the early experience of some of these 
investigational agents provides a sound rationale for 
their expanded clinical study in relapsed ALL and in 
patient subgroups at high risk for treatment failure.

7.3  Tyrosine Kinase Inhibitors (TKI)

7.3.1  BCR-ABL: Imatinib, Dasatinib

Historically, children with Ph+ ALL have had a dismal 
prognosis, with EFS of only approximately 20% when 
treated with chemotherapy alone (Arico et al. 2000). 
As mentioned, efforts to develop small molecular 
inhibitors of the BCR-ABL protein led to the develop-
ment of imatinib, which binds to and inhibits its tyrosine 
kinase activity. Imatinib has potent clinical activity in 
CML and has revolutionized treatment of this disorder 
(Druker et al. 2001a, b). However, both de novo and 
acquired imatinib resistance are observed in CML and 
represent the major cause of treatment failure (Gorre 
and Sawyers 2002). In Ph+ ALL, 60–70% of previ-
ously treated patients respond to single-agent imatinib 
therapy, but responses are short-lived with median time 
to progression of 2–3 months (Druker et al. 2001a, b; 
Ottmann et al. 2002). Clinical trials in adults have 
shown that addition of imatinib to hyper-CVAD (cyclo-
phosphamide, vincristine, Adriamycin, dexametha-
sone) is safe and is associated with at least a short-term 
improvement in survival in Ph+ ALL (Thomas et al. 
2004). The combination of imatinib plus Induction 
chemotherapy has been shown to be superior to 
Induction chemotherapy alone in quickly lowering dis-
ease burden, assessed by Day 14 marrow status, and 
showed a trend toward improved Induction rate (Lee 
et al. 2005a, b).

The recently completed COG AALL0031 trial estab-
lished the safety and tested the efficacy of an intensive 
chemotherapy backbone plus imatinib in treating chil-
dren with Ph+ ALL (Schultz et al. 2009). The addition of 
imatinib was safe and associated with relatively minor 
additional toxicity (mild asymptomatic transaminitis 
requiring intermittent rather than continuous dosing dur-
ing Maintenance therapy). While the long-term impact 
of imatinib on EFS of pediatric Ph+ ALL patients 
remains to be determined, recent results in adult and 
pediatric patients indicate a favorable response in the 

context of multi-agent chemotherapy as assessed by 
early endpoints, such as complete response (CR) rate 
(for patients receiving imatinib in Induction), levels of 
MRD, and proportion of patients proceeding to trans-
plant (Lee et al. 2005a, b). In addition, the early outcome 
data from AALL0031 are promising (Schultz et al. 
2009). The 3-year EFS of patients receiving continuous 
imatinib (n = 44) is 80.5 ± 11.2%, including those 
assigned to a sibling HSCT (n = 13) and those receiving 
off-protocol alternative donor HSCT (n = 6), and exclud-
ing those failing to achieve remission after 4 weeks of 
standard Induction chemotherapy (n = 6). This is signifi-
cantly higher than historical controls, both from previous 
Pediatric Oncology Group studies (n = 120; 3-year EFS 
35.0 ± 4.4%) and from other published data (n = 267, 
2-year EFS 40.9 ± 5.4%) (64). While these results are 
encouraging, longer follow-up is needed to determine if 
these impressive early results will hold up over time. It is 
hypothesized that further gains in outcome for patients 
with Ph+ ALL are most likely to derive from integration 
of more potent targeted agents or incorporation of agents 
that act synergistically with imatinib into intensive com-
bination chemotherapy regimens.

A variety of newer agents may improve upon the 
activity of imatinib and thereby increase the efficacy of 
the current treatment program for Ph+ ALL. The new 
class of ABL/Src kinase inhibitors, and specifically 
dasatinib, are the most promising of these agents. 
Signaling through the Src family kinases HCK, LYN, 
and FGR is required for leukemic transformation in 
Ph+ ALL (but not Ph+ CML) (Hu et al. 2004). In June 
2006, dasatinib was granted accelerated approval by 
the Food and Drug Administration (FDA) for treat-
ment of adults with chronic phase, accelerated phase, 
or myeloid or lymphoid blast phase CML, and regular 
approval for adults with Ph+ ALL with resistance or 
intolerance to prior therapy. In vitro, dasatinib is 325 
times more potent than imatinib at blocking the ABL 
kinase activity (O’Hare et al. 2005). Furthermore, 
dasatinib is active in vitro against most known ima-
tinib-resistant BCR-ABL mutants (Shah et al. 2004; 
Carter et al. 2005a, b). Dasatinib has displayed a high 
level of efficacy for patients with imatinib-resistant 
CML with minimal side effects, including mild myelo-
suppression and nausea (Talpaz et al. 2006). Dasatinib 
is a particularly attractive agent for treatment of Ph+ 
ALL due to its dual targeting of ABL and the Src 
kinases, more powerful suppression of BCR/ABL sig-
naling, and efficacy in imatinib-resistant leukemia. 
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Consequently, an ongoing COG study is testing inten-
sification of tyrosine kinase inhibitor therapy by com-
bining dasatinib with the AALL0031 backbone of 
intensive chemotherapy beginning in the latter 2 weeks 
of Induction and continuing with all post-Induction 
courses. As dasatinib is highly effective as a single 
agent at targeting imatinib-resistant Ph+ leukemic 
clones, it is possible that substitution of dasatinib for 
imatinib will prove effective in preventing resistance 
and increasing EFS in children with Ph+ ALL.

7.3.2  FLT3: Lestaurtinib, Sorafenib, 
AC220, Midostaurin

Another aberrantly activated kinase against which tar-
geted therapies are being developed is FLT3 (Brown 
et al. 2004; Levis et al. 2005a, b). FLT3 is a receptor 
tyrosine kinase that is expressed in over 90% of cases 
of AML (Carow et al. 1996). Mutations in FLT3 that 
lead to constitutive (ligand-independent) phosphoryla-
tion occur in approximately 30–35% of adults and 
20–25% of children with AML (Kiyoi et al. 1998; 
Meshinchi et al. 2001; Yamamoto et al. 2001). About 
two thirds of these FLT3 mutations are internal tandem 
duplications (ITD) in the juxtamembrane region of the 
receptor, and one third are point mutations (PM) in  
the kinase domain. Several studies have shown that the 
presence of FLT3/ITD confers an increased risk of 
relapse and decreased survival in childhood AML 
(Iwai et al. 1999; Kondo et al. 1999; Meshinchi et al. 
2001, 2006). In a retrospective study of children with 
de novo AML enrolled on the Children’s Cancer Group 
(CCG) CCG-2891 Phase III clinical trial, for example, 
patients with FLT3/ITD had an 8-year overall survival 
and EFS of 13% and 7%, respectively, versus 50% and 
44% for patients without FLT3/ITD (Meshinchi et al. 
2001). Further studies in both adult and pediatric AML 
have demonstrated that in FLT3/ITD positive samples, 
the ratio of mutant to wild-type alleles has additional 
prognostic significance, such that patients with high 
ITD allelic ratios have a worse prognosis (Whitman 
et al. 2001; Thiede et al. 2002; Meshinchi et al. 2006).

The demonstrated importance of FLT3 signaling in 
AML has led to the development of small molecules 
with selective FLT3 inhibitory activity. Lestaurtinib 
(CEP-701) is an orally bioavailable indolocarbazole 
derivative with an inhibitory concentration (IC) 50 of 

3 nM for inhibition of phosphorylation of ITD, PM, 
and wild-type (WT) FLT3 (Levis et al. 2002). Preclinical 
studies have shown that lestaurtinib selectively kills 
primary adult and pediatric AML blasts with FLT3 
mutations (Levis et al. 2002; Brown et al. 2004). In the 
study of pediatric AML samples, for example, those 
with FLT3/ITD were particularly likely to demonstrate 
in vitro sensitivity to lestaurtinib, with 14 of 15 samples 
(93%) noted to be responders. While samples with 
FLT3/PM (4 of 15, or 27%) and those with FLT3/WT 
(4 of 14, or 29%) were significantly less likely to 
respond, over one quarter of these samples did demon-
strate pronounced sensitivity, and the sensitive samples 
were shown to express high levels of activated FLT3.

There is growing clinical experience with lestaurti-
nib. In a Phase II single-agent study in adults with 
relapsed/refractory FLT3-mutant AML, lestaurtinib 
was well-tolerated at doses up to 80 mg orally twice 
daily, with common toxicities of mild nausea and 
fatigue (Smith et al. 2004). Successful inhibition of 
FLT3 phosphorylation to less than 10% of baseline 
levels was demonstrated at this dose. Clinical responses 
(reduction in peripheral blood or bone marrow blast 
percentage) were seen in 5 of 14 patients, all of whom 
had been shown to be refractory to chemotherapy. 
Another Phase II study tested lestaurtinib as frontline 
monotherapy (80 mg orally twice daily for 8 weeks) 
for older adults with AML that were not considered 
eligible for chemotherapy (Knapper et al. 2006). 
Clinical responses were seen in three of five (60%) 
patients with FLT3 mutations, and in 5 of 22 (23%) 
patients with wild-type FLT3. An ongoing study ran-
domizes adults with relapsed/refractory FLT3-mutant 
AML to receive chemotherapy alone (mitoxantrone, 
etoposide, and cytarabine; or high-dose cytarabine) or 
chemotherapy in sequential combination with lestaur-
tinib (80 mg orally twice daily) (Levis et al. 2005a, b). 
Lestaurtinib has been well-tolerated in this trial, with 
mild to moderate gastrointestinal symptoms and 
fatigue attributed to the drug. Ten of 17 (59%) patients 
on the lestaurtinib arm have achieved a CR or partial 
response (PR), compared to 4 of 17 (24%) patients 
randomized to chemotherapy only. Cytotoxicity analy-
sis showed that 80% of pretreatment samples were 
sensitive to lestaurtinib in vitro. Thirteen of 17 (76%) 
patients on the lestaurtinib arm achieved high enough 
levels of drug in plasma to fully inhibit FLT3 phospho-
rylation. Remarkably, the ten patients who met both 
criteria predictive of a good response (i.e., had 
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pretreatment leukemia cells that were sensitive in vitro 
to lestaurtinib, and achieved sufficient plasma levels of 
lestaurtinib) were the clinical responders. Conversely, 
the seven patients with insensitive cells or insufficient 
drug plasma levels did not respond.

Lestaurtinib is now being tested in the COG for  children 
with relapsed/refractory FLT3-mutant AML.  Les taurtinib 
is given in sequential combination with  re-Induction 
 chemotherapy (high-dose cytarabine (HiDAC) and idaru-
bicin). The sequence of exposure in this trial (chemother-
apy followed by FLT3 inhibitor) is based upon preclinical 
studies demonstrating that maximal synergy between 
FLT3 inhibition and chemotherapy is achieved with this 
approach, compared to simultaneous exposure (which is 
additive rather than synergistic) or FLT3 inhibitor followed 
by chemotherapy (which is antagonistic) (Levis et al. 
2004; Brown et al. 2006). The antagonism seen with the 
sequence of FLT3 inhibition followed by chemotherapy is 
due to the cell-cycle-arresting properties of FLT3 inhibi-
tors, which protect the arrested cells from the cytotoxic 
effects of chemotherapy agents (which are most toxic to 
actively cycling cells).

In addition to lestaurtinib, there are several other 
small molecule FLT3 inhibitors in clinical development 
for AML, including sorafenib (Ravandi et al. 2010), 
AC220 (Zarrinkar et al. 2009) and midostaurin (Stone 
et al. 2005). Plans to incorporate FLT3 inhibitors into 
COG Phase III clinical trials for de novo pediatric 
FLT3/ITD positive patients are under consideration.

Similar concerns to those described for CD33-
targeted therapy have been raised about the relevance 
of FLT3-targeted therapy to the goal of eradicating the 
LSC. The discovery that about 10–20% of patients 
whose leukemia is FLT3/ITD+ at diagnosis will lack 
the mutation at relapse (Kottaridis et al. 2002) suggests 
that in a subset of patients, FLT3 mutations may be a 
secondary event that arises in a subclone of the leuke-
mic population. However, the presence of FLT3/ITD 
mutations in the cells responsible for long-term 
engraftment of AML patient samples in nonobese dia-
betic/severe combined immunodeficient (NOD/SCID) 
mice (which is the strongest functional evidence of 
LSC activity) provides direct evidence that in the 
majority of cases, FLT3/ITD mutations are present in 
the LSC (Levis et al. 2005a, b). Further evidence comes 
from a study showing a correlation between the pres-
ence of the FLT3/ITD mutation in CD34+/CD33− 
myeloid progenitors and a significantly poorer outcome 
(compared to cases in which FLT3/ITD was present 

only in more differentiated CD34+/CD33+ progeni-
tors) (Pollard et al. 2006).

FLT3 has been implicated in the pathogenesis of 
some cases of ALL in infants and children. Gene 
expression studies have shown that the highest levels 
of FLT3 mRNA expression occur in cases of infant and 
childhood ALL with rearrangements of the MLL gene 
(which account for 80% of infant and 5% of childhood 
ALL cases) and in cases of ALL with hyperdiploidy 
with more than 50 chromosomes (which account for 
25% of childhood ALL cases) (Armstrong et al. 2002; 
Armstrong et al. 2004). The correlation of high FLT3 
expression and these cytogenetic abnormalities is very 
strong. Moreover, several laboratories have demon-
strated that leukemic blasts from cases of MLL-
rearranged and hyperdiploid ALL also express high 
levels of FLT3 at the protein level, and that FLT3 is 
constitutively phosphorylated in these cases even in 
the absence of FLT3-activating mutations, suggesting 
autocrine activation via coexpression of FLT3 ligand 
(FL) (Armstrong et al. 2003; Zheng et al. 2004; Brown 
et al. 2005; Stam et al. 2005). In addition, activating 
mutations of FLT3 (specifically, point mutations in the 
activation loop of the kinase domain) occur in approxi-
mately 15% of infants and children with ALL with 
MLL gene rearrangements or hyperdiploidy (Armstrong 
et al. 2003, 2004; Taketani et al. 2004). Small inser-
tion/deletion mutations in the juxtamembrane domain 
have also been reported in an additional 12% of high-
hyperdiploid ALL cases, for a total FLT3 mutation rate 
of about 30% in hyperdiploid ALL cases.

Given the importance of FLT3 in the pathogenesis 
of ALL, FLT3 inhibitors are being evaluated for ALL 
as well. In vitro, lestaurtinib selectively kills those pri-
mary infant and childhood ALL cells with high-level 
expression of constitutively activated FLT3. For those 
with MLL rearrangements, marked lestaurtinib sensi-
tivity was seen in 82% (9 of 11) of MLL-rearranged 
samples versus 8% (1 of 13) of samples that lacked 
MLL rearrangement and expressed low levels of FLT3 
(Brown et al. 2005). Since monotherapy with any sin-
gle molecularly targeted agent is unlikely to be cura-
tive in acute leukemia, targeted agents are more likely 
to be effective as components of combination chemo-
therapy regimens. Lestaurtinib has been shown to 
result in synergistic killing of MLL-rearranged ALL 
cells when combined with multiple chemotherapy 
agents (Brown et al. 2006). The degree of synergy is 
markedly dependent upon sequence of exposure to the 
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agents. Exposure to chemotherapy followed by lestau-
rtinib results in consistent and strong synergistic cell 
killing, while simultaneous exposure, is in most cases, 
additive. Exposure to lestaurtinib followed by chemo-
therapy is, in many cases, antagonistic. This sequence 
dependence is due to the effects of FLT3 inhibition on 
cell-cycle progression.

Based on these data, lestaurtinib is being tested in 
the COG for infants with newly diagnosed MLL-
rearranged ALL. Lestaurtinib is being added in a ran-
domized fashion to the multicourse chemotherapy 
regimen used in a previous clinical trial for infant ALL. 
The design of this study takes into account the pre-
clinical data regarding combinations of lestaurtinib 
and chemotherapy, as lestaurtinib will be given imme-
diately following exposure to standard cytotoxic che-
motherapy in an effort to maximize potential synergy, 
and will not be given for at least 24 h prior to chemo-
therapy to avoid potential antagonism.

Unlike rearrangements of the MLL gene, hyperdip-
loidy is a favorable prognostic feature in childhood 
ALL (Pui et al. 2004). Nonetheless, 10–20% of these 
patients will suffer relapse of their disease. Data indi-
cate that FLT3 delivers crucial survival signals in high-
hyperdiploid cells, as indicated by their exquisite 
sensitivity to FLT3 inhibition in cytotoxicity and apop-
tosis assays (Brown et al. 2005). FLT3 inhibitors, there-
fore, may have a role in the treatment of high-hyperdiploid 
ALL, either in the setting of relapsed disease, or as part 
of upfront therapy to enable the decreased use of cyto-
toxic agents (with their significant short and long-term 
toxicities) while maintaining high cure rates.

7.4  Proteasome Inhibitors

The proteasome is responsible for intracellular pro-
tein degradation. Polyubiquitination marks intracel-
lular proteins destined to undergo degradation at the 
proteasome. Careful control of the degradation of pro-
teins through the ubiquitin-proteasome pathway is 
essential for multiple processes in the cell, which 
include orderly progression through cell cycle, p53-
mediated responses to cellular stresses, and nuclear 
factor (NF)-kB activation (Adams 2004; Orlowski 
and Kuhn 2008).

Proteasome inhibitors were first synthesized to 
block the proteolytic processes, with the dipeptidyl 

boronic acid compound bortezomib (PS-341) being the 
first to proceed into clinical development. Bortezomib 
induced apoptosis in preclinical studies in leukemic 
cell lines that were chemotherapy-resistant and radia-
tion-resistant. Based on the multiple signaling path-
ways affected by proteasome inhibition, there is 
probably not a single effect of bortezomib that is 
responsible for all its anti-cancer activity. One effect of 
bortezomib is to repress NF-kB signaling by stabiliz-
ing the inhibitor protein IkB, and allowing IkB to 
maintain it inhibitory influence over NF-kB. Bort-
ezomib can also stabilize p53, allowing it to function 
as an apoptotic transcription factor in cells exposed  
to bortezomib. Proteasome inhibition can induce 
aggresome formation, endoplasmic reticulum stress, 
and the unfolded protein response which has special 
relevance for multiple myeloma cells given their high 
rates of protein synthesis (Orlowski and Kuhn 2008). 
Bortezomib is FDA-approved for patients with multi-
ple myeloma and progressive mantle cell lymphoma. 
The most common moderate-to-serious adverse events 
observed in adults receiving bortezomib have been 
asthenia, peripheral neuropathy, thrombocytopenia, 
and neutropenia (Adams 2004).

Proteasome inhibition is of interest in AML. 
Although unstimulated CD+34 stem cells do not 
express activated NF-kB, NF-kB is constitutively acti-
vated in primary AML specimens, and specifically in 
the CD34+/CD38- LSC population (Guzman et al. 
2001). The combination of a proteasome inhibitor and 
idarubicin demonstrates rapid and extensive apoptosis 
of AML blasts and the LSC population in vitro and 
in vivo, while preserving normal hematopoietic stem 
cells (Guzman et al. 2002). These data have formed the 
basis for the hypothesis that by selectively targeting 
the LSC population in AML, more durable responses 
will be achieved than with standard therapies alone.  
A Phase I study of bortezomib in adults with refractory 
or relapsed acute leukemias established tolerability 
with twice weekly dosing of 1.25 mg/m2 for 4 weeks 
of a 6-week cycle (Cortes et al. 2004). The combina-
tion of bortezomib and pegylated liposomal doxorubi-
cin in adults with advanced hematologic malignancies 
showed activity in two of five patients with AML  
(Orlowski et al. 2005a, b). A Phase I study adding 
bortezomib to a standard re-Induction regimen using 
idarubicin and cytarabine demonstrated a good safety 
profile for the regimen and promising anti-leukemia 
activity (Attar et al. 2008).
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Bortezomib is being investigated in pediatric and 
adolescent leukemias. The Phase I study of bortezomib 
in pediatric leukemia identified 1.3 mg/m2 (given twice 
weekly for 2 out of 3 weeks) as the recommended Phase 
II dose (Horton et al. 2007). Dose-limiting toxicities 
seen at the 1.7 mg/m2 dose were altered mental state and 
grade 4 hypotension, followed by grade 5 hypoxia in a 
patient with fever and neutropenia. The COG is conduct-
ing a Phase II study in patients with relapsed/secondary 
AML in which bortezomib is combined with an Induction 
regimen of either idarubicin/cytarabine or etoposide/
cytarabine. COG AAML1031 is a Phase III randomized 
study in children and adolescents with de novo AML 
who will be randomized at diagnosis to receive standard 
chemotherapy with or without bortezomib.

Several reports have documented in vitro activity 
against ALL cell lines, although this is a nonspecific 
observation, since many cancer cell lines are sensitive to 
bortezomib. In the Pediatric Preclinical Testing Program 
(PPTP), bortezomib showed some activity against the 
ALL xenografts, with both of the T-cell ALL xenografts 
evaluated responding to bortezomib (Houghton et al. 
2008a, b). In the Phase I study of bortezomib for children 
with recurrent leukemias, there were no responses in nine 
children with B-cell ALL, all heavily pretreated (Horton 
et al. 2007). Against ALL cell lines, bortezomib was syn-
ergistic with dexamethasone and additive with vincristine, 
asparaginase, cytarabine, and doxorubicin (Horton et al. 
2006). Bortezomib can be safely administered with stan-
dard re-Induction therapy in the recurrent ALL setting, 
and eight of ten patients treated as such showed a complete 
response in the bone marrow (Messenger et al. 2008). This 
approach is being piloted by the COG in COG AALL07P1, 
which is a Phase II pilot trial of bortezomib in combination 
with intensive re-Induction therapy for children with 
relapsed ALL and lymphoblastic lymphoma.

Since the proteasome has become a valid target for 
cancer therapy, development of newer inhibitors contin-
ues, which may offer additional benefits. Two second-
generation proteasome inhibitors have entered Phase I 
trials in adults: NPI-0052 (salinosporamide A) and 
carfilzomib (formerly PR-171). In preclinical studies, 
both of these at least partially overcame bortezomib 
resistance in vitro and may have a broader spectrum of 
activity and less neurotoxicity than bortezomib (Chauhan 
et al. 2005; Alsina et al. 2007; Kuhn et al. 2007; Orlowski 
et al. 2007). Another potential interesting target is the 
immunoproteasome, whose expression may be more 
tissue restricted than the constitutive proteasome. 
Currently, all the proteasome inhibitors target both the 

immunoproteasome and constitutive proteasome. Since 
the immunoproteaseome is expressed predominantly in 
hematopoietic tissues and other tissues express much 
lower levels of immunoproteasome subunits, less toxic-
ity, such as neurologic and gastrointestinal symptoms, 
may be observed (Rivett and Hearn 2004; Orlowski 
et al. 2005a, b; Ho et al. 2007).

7.5  mTOR Inhibitors Sirolimus, 
Temsirolimus

The mammalian target of rapamycin (mTOR) is a ser-
ine/threonine kinase that functions as a key regulator 
of cell growth, protein synthesis, and cell-cycle pro-
gression through interactions with a number of signal-
ing pathways, including PI3K/AKT, ras, TCL1, and 
BCR/ABL (Meric-Bernstam and Gonzalez-Angulo 
2009). Rapamycin (sirolimus), a macrocyclic lactone 
first noted to have significant anti-cancer activity in 
preclinical models more than two decades ago, was the 
first mTOR inhibitor to be used in the clinical setting  
(Douros and Suffness 1981; Eng et al. 1984). Rapamy-
cin is FDA-approved as an immunosuppressive agent 
in solid organ transplantation, but the drug has clear 
anti-neoplastic activity and is in Phase II–III trials 
against a variety of cancers (Baldo et al. 2008). 
Rapamycin has poor aqueous solubility and variable 
bioavailability, requiring therapeutic drug monito - 
ring. A number of second-generation mTOR inhibi - 
tors including temsirolimus (CCI-779), everolimus 
(RAD001), and deferolimus (AP23573) have been 
developed to circumvent those problems. Temsirolimus 
was the first mTOR inhibitor to gain FDA approval for 
any malignancy, when it was approved in 2007 for 
first-line treatment of poor prognosis patients with 
advanced renal cell carcinoma. Everolimus is FDA 
approved as second-line therapy for renal cell carci-
noma following progression on a VEGF-targeted ther-
apy (Motzer et al. 2008). When used as monotherapy, 
mTOR inhibitors are relatively well-tolerated, with the 
primary toxicities for cancer patients consisting of 
asthenia, mucositis, thrombocytopenia, hypercholes-
terolemia, and pneumonitis (Baldo et al. 2008; Meric-
Bernstam and Gonzalez-Angulo 2009).

Many hematological malignancies have aberrant 
activation of mTOR and related signaling pathways. 
An evaluation of rapamycin by the PPTP showed broad 
in vivo tumor growth inhibition across most of the 
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histologies evaluated, with objective responses (tumor 
regressions) observed for several diagnoses including 
ALL (Houghton et al. 2008a, b). The activity observed 
for rapamycin against the ALL PPTP panel is consis-
tent with other reports showing in vivo activity for 
rapamycin and rapamycin analogs (rapalogs) against 
ALL xenografts (Teachey et al. 2006, 2008). The 
mTOR inhibitors appear to be active against both   
B- and T-cell ALL; however, they may be more active 
in T-cell disease (Houghton et al. 2008a, b). Pediatric 
Phase I trials of the rapalogs have been completed with 
temsirolimus and everolimus (Fouladi et al. 2007 ). In 
a Phase I trial of sirolimus in children with relapsed/
refractory ALL, all patients tolerated sirolimus 
(Rheingold et al. 2007).

Because mTOR inhibitors are less likely to be effec-
tive in the clinical setting when used as single agents 
against leukemia, combination treatment is being 
explored. The mTOR inhibitors have been shown to be 
effective and potentially synergistic in combination with 
a number of chemotherapeutic agents in vitro, such as 
methotrexate, dexamethasone, etoposide, asparaginases, 
and doxorubicin (Saydam et al. 2005; Teachey et al. 
2008). The PPTP demonstrated that the combinations of 
rapamycin with cyclophosphamide or vincristine were 
well tolerated, with the combinations commonly show-
ing significantly greater antitumor activity than the sin-
gle-agent treatments (Houghton et al. 2008a, b). 
Combining corticosteroids with mTOR inhibitors was 
found to hold promise when Wei et al. screened a data-
base of drug-associated gene expression signatures of 
glucocorticoid sensitivity as compared to resistance. 
They found the profile generated by sirolimus matched 
the signature of glucocorticoid sensitivity and demon-
strated that sirolimus could restore steroid sensitivity to 
steroid-resistant ALL (Wei et al. 2006). Other investiga-
tors have shown that mTOR inhibitors may reverse glu-
cocorticoid resistance in ALL cells (Gu et al. 2008; 
Haarman et al. 2008). Additionally, since BCR-ABL is 
upstream of the PI3K/AKT/mTOR signaling pathway, 
mTOR inhibitors may be effective in Ph+ALL, includ-
ing BCR-ABL tyrosine kinase inhibitor resistant disease 
(Kharas et al. 2004). The COG is planning a pilot study 
of temsirolimus with re-Induction chemotherapy for 
patients with recurrent ALL.

As a result of the potential activity of mTOR inhibi-
tors against ALL, and considering that HSCT is used as 
a major salvage for patients with refractory or relapsed 
ALL and sirolimus has been used as  graft-versus-host 
disease (GVHD) prophylaxis in a number of transplant 

trials, the use of sirolimus in the post-HSCT setting is 
being tested by the COG. COG’s Phase III randomized 
trial, ASCT 0431, is evaluating the addition of siroli-
mus to GVHD prophylaxis during HSCT for relapsed 
ALL. The primary hypothesis of this trial is that the 
addition of sirolimus to GVHD will increase leukemia-
free survival compared to a regimen of standard agents, 
through the novel benefit of using a drug that has the 
potential to both control GVHD and directly suppress 
leukemic blasts.

Recent interest has focused on targeting the PI3K/
AKT/mTOR pathway in AML, as a majority of 
patients’ blasts have constitutive activation of AKT 
with subsequent phorphorylation of downstream tar-
gets of mTOR (Xu et al. 2003). Promising results have 
been demonstrated using monotherapy with mTOR 
inhibitors in preclinical models of AML; however, 
these have not translated into substantial clinical ben-
efit in early phase trials (Yee et al. 2006; Rizzieri et al. 
2008). Despite these findings, there is interest that tar-
geting the mTOR pathway may enhance the cytotoxity 
of existing chemotherapeutic agents and other targeted 
agents. Sirolimus has been shown to enhance the sen-
sitivity of AML blasts to etoposide in vitro and the 
combination could prevent engraftment of AML cells 
in NOD/SCID mice better than either single agent 
alone, if cells were treated in vitro prior to injection 
(Xu et al. 2005). Blocking the mTOR pathway 
increases the sensitivity of AML cells to HDAC (his-
tone deacetylase) inhibitors (Nishioka et al. 2008). 
Since combination therapy with mTOR inhibitors and 
either cytotoxics or biologicals may be beneficial in 
patients with AML, clinical trials testing mTOR inhib-
itors in AML are being conducted in adults. As other 
inhibitors of the PI3K/AKT/mTOR pathway are devel-
oped and tested in clinical trials, these agents may 
prove to be superior to mTOR inhibitors alone. The 
dual inhibitor PI103, which targets both mTOR and 
PI3K, has shown promise in preclinical studies (Park 
et al. 2008).

7.6  NOTCH  Pathway Inhibitors

The NOTCH signaling pathway helps regulate cell pro-
liferation and apoptosis and is required for normal 
embryonic development. NOTCH1 is a member of a 
family of highly conserved receptors that normally 
 signal through a series of ligand-induced proteolytic 
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cleavage events. As a result of these events, the intracel-
lular portion of NOTCH1 (ICN1) gains access to the 
nucleus where it forms a short-lived transcriptional acti-
vation complex, resulting in eventual transcription of 
target genes (Kopan and Ilagan 2009). The final step of 
cleavage by g-secretase liberates ICN1. Activating 
mutations in the NOTCH1 gene leading to increased 
levels of ICN1 are present in over 50% of human T-ALL 
cases as well as many murine T-ALL models (Aster 
et al. 2008). Further studies have shown that ICN1 
drives the growth of T-ALL cells by up-regulation of 
MYC expression and enhanced signaling of PI3-kinase/
AKT/mTOR pathway. The NOTCH pathway has been 
shown to be a key regulator of human T-cell acute leu-
kemia initiating cell activity (Armstrong et al. 2009). 
Increases in ICN1 levels caused by NOTCH1 mutations 
are counteracted by drugs that inhibit g-secretase. Since 
g-secretase is linked to Alzheimer’s disease, a large 
number of drugs are in preclinical development. Gamma 
secretase inhibitors (GSI) can induce G

0
/G

1
 arrest, 

decrease cell viability, and cause apoptosis of T-ALL 
cell lines carrying NOTCH-activating mutations.

The first attempt to treat patients with refractory/
relapsed T-ALL with an oral GSI resulted in treatment fail-
ures and significant gastrointestinal toxicity (DeAng elo 
2006). The toxicity was probably a result of goblet cell 
metaplasia, as in the absence of NOTCH signaling the 
differentiation of epithelial cells lining the small bowel 
and colon is characterized by a marked increase in  goblet 
cell differentiation and arrested cell proliferation in the 
intestinal crypts (Milano et al. 2004). The poor results 
could be due to inadequate inhibition of NOTCH signal-
ing since dosing was limited by gastrointestinal toxicity, 
or to the limited levels of apoptosis induced in NOTCH1-
mutant cell lines by GSI (Weng et al. 2004; Lewis et al. 
2007). Recently, combination therapy with glucocorti-
coids and GSIs has been shown to improve the anti-
leukemic effects of GSIs and the glucocorticoids have 
been shown to abrogate the development of goblet cell 
 metaplasia in mice treated with GSIs. These results 
 suggest that glucocorticoids plus GSIs may have a role 
in the treatment of glucocorticoid-resistant T-ALL. 
Additionally, glucocorticoids might ameliorate the clini-
cal toxicity associated with systemic inhibition of 
NOTCH signaling with GSIs (Real and Ferrando 2009; 
Real et al. 2009). Altering the schedule of administration 
of GSIs in mice by using an intermittent, 3-day on/4-day 
off GSI dosing schedule avoids gut toxicity while main-
taining the anti-T-ALL effects (Cullion et al. 2009). 

Rapamycin has been shown to enhance the efficacy of 
GSIs in mice, raising the possibility that combination 
therapy with GSIs, glucocorticoids, and mTOR inhibi-
tors may have a role in the treatment of T-ALL (Cullion 
et al. 2009).

NOTCH1 mutations are not found in B-ALL and 
are seen only rarely in AML. The rare human AMLs 
with NOTCH1 mutations tend to show minimal myel-
oid differentiation, frequently express T-cell antigens, 
and fall into a distinct subgroup by expression profil-
ing (Weng et al. 2004; Palomero et al. 2006; Aster 
et al. 2008). The relationship between the role of the 
NOTCH pathway and AML-derived stem cells is sug-
gested by overexpression of Jagged-2, one of the Notch 
ligands, in leukemic stem cells from AML. Incubation 
of the leukemic stem cells with a GSI inhibited leuke-
mic stem cell growth in colony formation assays (Gal 
et al. 2006).

7.7  Epigenetic Modulators

7.7.1  Overview

Epigenetic control of gene expression is now recog-
nized as an important mechanism in the initiation and 
prognosis of human malignancies including leukemias 
(Esteller 2003, 2008). Both the process of methylation 
of cytosines in CpG island regions situated within gene 
promoter regions and changes in chromatin conforma-
tion mediated by histone acetylation lead to transcrip-
tional silencing. An increasing number of epigenetically 
silenced genes are being recognized in cancer and can-
cer-type-specific patterns of hypermethylation are 
emerging. In addition, genes predicted as relevant to 
tumorigenesis have been identified as being under epi-
genetic control, including tumor suppressor genes, cell 
cycle regulators, and DNA repair genes. Single gene 
analyses in acute leukemias have identified promoter 
hypermethylation in an increasing number of genes, 
including E-cadherin (Melki et al. 2000), calcitonin 
(Leegwater et al. 1997), estrogen receptor (Yao et al. 
2009), hypermethylation in cancer-1 (HIC-1) (Melki 
et al. 1999a, b) and p15INK4b (Quesnel and Fenaux 
1999; Tsellou et al. 2005), and methylation studies of 
multiple gene sets revealed that increased methylation 
is an independent factor of poor prognosis (Melki et al. 
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1999a, b; Melki and Clark 2002; Hess et al. 2008). 
Genome-wide methylation studies have identified dis-
ease-specific methylation profiles in acute leukemias 
(Scholz et al. 2005) and have been successfully used to 
identify novel methylation target genes in ALL (Taylor 
et al. 2007; Kuang et al. 2008).

Unlike genetic alterations, such as gene deletions and 
mutations, epigenetic events do not alter the primary 
DNA sequence. Epigenetic processes are biochemical 
changes that affect DNA and the associated proteins. 
These processes determine the configuration of  chromatin 
and modify gene expression (Baylin 2005). Importantly, 
they are reversible and therefore can be therapeutically 
targeted. Currently, there are two types of clinically appli-
cable epigenetic modulators that are able to up-regulate 
epigenetically silenced genes: the DNA methyltransferase 
inhibitors (DNMTi) and the histone deacetylase inhibitors 
(HDACi). Clinical trials are beginning to demonstrate 
how they can be best applied in the treatment of hemato-
logical malignancies.

7.7.2  DNA Methyltransferase Inhibitors

There are two DNMTi in clinical use: 5-azacytidine and 
5-aza-2¢-deoxycytidine (decitabine). Both are nucleo-
side analogues that were originally investigated as cyto-
toxic agents for leukemias over three decades ago, when 
they were administered at high doses (5-azacytidine 
600–1,500 mg/m2 and decitabine 1,500–2,500 mg/m2). 
Clinical studies in leukemia escalating to the maximum 
tolerated doses demonstrated promising responses, but 
the dose-limiting toxicity was prolonged myelosuppres-
sion. Dose-dependent antileukemia activity was reported 
in Phase I trials for pediatric relapsed and refractory leu-
kemia (0.75–80 mg/kg), but the associated significant 
prolonged myelosuppression limited further develop-
ment (Rivard et al. 1981; Momparler et al. 1985).

Both 5-azacytidine and decitabine are activated  
by phosphorylation to their triphosphate forms. 
5-Azacytidine is predominantly incorporated into 
RNA, resulting in disassembly of polyribosomes, 
altered RNA methylation, and a defective receptor 
function of transfer RNA. Decitabine triphosphate is 
incorporated into DNA, depleting DNA methyltrans-
ferases, which results in DNA hypomethylation. At the 
higher doses, decitabine forms DNA adducts that 
inhibit DNA synthesis and induce cell death, whereas 

at lower doses, the DNA hypomethylation causes 
changes in gene expression profiles that induce differ-
entiation, reduce proliferation, and increase apoptosis 
(Momparler 2005).

The therapeutic potential of the now recognized 
hypomethylation activity of both 5-azacytidine and 
decitabine at low doses (5-azacytidine 50–75 mg/m2 
decitabine 100–150 mg/m2) is under evaluation in sev-
eral types of leukemia, notably myelodysplastic syn-
dromes (MDS) and myeloid leukemias. The Cancer and 
Leukemia Group B (CALGB) performed a series of 
clinical trials investigating low-dose 5-azacytidine in 
MDS. The outcome of the Phase II trials (CALGB 8421 
[Silverman et al. 2006] and CALGB 8921 [Silverman 
et al. 2006]) and the pivotal randomized Phase III trial 
(CALGB 9221 [Silverman et al. 2002, 2006]) that com-
pared low-dose 5-azacytidine to best supportive care 
confirmed the role for low-dose 5-azacytidine in the 
management of MDS. CALGB 9221 demonstrated 
10% CR, 1% PR, and 36% hematological improvement 
(HI) in the 5-azacytidine arm compared to no CR or PR 
in the supportive care arm. The crossover design of 
CALGB 9221 allowing supportive care arm patients to 
move to the 5-azacytidine arm precluded conclusions 
on overall survival; however, a subsequent randomized 
trial reported by Fenaux et al. (2009) confirmed that 
low-dose 5-azacytidine (20 mg/m2/day × 14 days every 
28 days) conferred a survival advantage in high-risk 
MDS compared to conventional treatment regimes 
(51% vs 26% at 2 years) (Fenaux et al. 2009).

Decitabine, a more potent hypomethylating agent 
inducing a different profile of gene reexpression com-
pared to 5-azacytidine (Flotho et al. 2009), is also 
being explored at low-dose schedules in the treatment 
of MDS and AML. As with 5-azacytidine, the early 
phase clinical trials of decitabine demonstrated that 
low-dose schedules were associated with promising 
response rates in MDS. This led to a Phase III trial 
randomizing decitabine against best supportive care 
(Kantarjian et al. 2006). Decitabine was administered 
at 15 mg/m2 per dose, every 8 h × 3 days every 6 weeks, 
and produced 9% CR, 8% PR, and 13% HI compared 
to no responses in the supportive care arm. Although 
the responses were durable (median 41 weeks), they 
did not translate to a statistically significant overall 
survival advantage (time to AML or death 12.1 months 
vs 7.8 months, p = 0.16) (Kantarjian et al. 2006). On 
the basis of the results of these Phase III trials, the 
FDA has approved both 5-azacytidine and decitabine 
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for the treatment of MDS. Studies investigating the 
therapeutic value of DNMTi in pediatric MDS are 
planned, but will be challenging due to the low patient 
numbers in the younger age group.

Both the dose and the duration of exposure to hypom-
ethylating agents can influence their ability to inhibit 
DNA methylation, reduce clonogenicity, and reactivate 
tumor suppressor genes (Khan et al. 2006; Lemaire et al. 
2008). The successful clinical application of DNMTi in 
MDS and other hematological malignancies will require 
further optimization of the dose and schedule both as 
single agents and in combination with other epigenetic 
modifiers and conventional cytotoxic drugs. An impor-
tant challenge is the identification of biomarkers that can 
either predict response or monitor efficacy of hypometh-
ylating agents. Reduction in global methylation is mea-
surable shortly after commencement of treatment and 
peaks at 10–15 days with recovery at 4–6 weeks; how-
ever, attempts to identify reexpression of single genes as 
biomarkers have produced contradictory results. Some 
clinical studies have suggested a correlation between 
response and induced hypomethylation affecting specific 
genes, but this is not a consistent finding in all studies and 
indeed an inverse relationship has been reported in CML 
(Oki et al. 2007). The optimum response biomarker for 
hypomethylating agents, therefore, remains unclear and 
is complicated by the multiplicity of the downstream 
effects of hypomethylation. Epigenetic regulation of 
genes includes not only the reexpression of methylation-
silenced genes in multiple pathways such as pro-apopto-
sis, proliferation, differentiation, and immune regulation, 
but also down-regulation of oncogenes via reactivation of 
epigenetically regulated micro-RNAs.

Beyond MDS, the clinical investigation of DNMTi 
has been predominantly in AML. Central morphology 
review of diagnostic samples from the participants in 
the Kantarjian trial re-classified 12 MDS patients to 
AML; nine were randomized to receive decitabine 
treatment and 5/9 (56%) achieved an objective response 
(Kantarjian et al. 2006). Subsequently, several low-
dose, long-exposure schedules of decitabine have been 
explored in AML, predominantly in the elderly popula-
tion in whom intensive cytotoxic chemotherapy is not 
well tolerated. Moderate responses have been reported. 
Lubbert et al. (Lubbert and Minden 2005) investigated 
decitabine in patients with AML (median age 72 years) 
using an Induction regimen of 135 mg/m2 continuous 

intravenous (IV) infusion over 72 h every 6 weeks for 
four courses. Patients in complete remission could 
receive Maintenance therapy with 20 mg/m2 IV for 3 
days every 8 weeks. Interestingly, the median time to 
response was 13 weeks and objective responses were 
observed in 31% (14% CR and 17% PR) (Lubbert and 
Minden 2005). Similarly, a study of elderly AML 
patients (median age 69 years) treated with an alterna-
tive schedule of decitabine (20 mg/m2 IV for 5 days 
every 4 weeks) produced an objective response rate (in 
patients in CR and those in CR but with incomplete 
platelet response [CRi]) of 26% (Cashen et al. 2009). 
Further studies investigating low-dose schedules of 
both 5-azacytidine and decitabine in AML, including 
high-risk subgroups, in Induction regimens as well as in 
Maintenance therapy are ongoing. The results of stud-
ies in pediatric AML are awaited.

Although preclinical evidence supports the impor-
tance of epigenetic processes in ALL, including in the 
pediatric age group, to date the clinical exploration of 
epigenetic modifiers in ALL has been limited and clini-
cal studies using the low-dose schedules in ALL are 
still awaited. There is evidence to suggest that epige-
netic modifiers may have specific application in certain 
subgroups of pediatric acute leukemias. Several recur-
rent chromosomal translocations characterize sub-
groups of childhood acute leukemia. The translocations 
fuse the DNA-binding domain of a transcriptional acti-
vator to a transcriptional repressor, leading to decreased 
expression of target genes that regulate myeloid differ-
entiation, and causing the block in myeloid differentia-
tion that characterizes acute leukemia (Tenen et al. 
1997; Friedman 1999). The processes of histone acety-
lation and promoter methylation have been shown to 
contribute to transcriptional repression activity of fusion 
proteins, including AML1-ETO (Klisovic et al. 2003), 
PML-RARA (Grignani et al. 1998; Lin et al. 1998), and 
TEL-AML1 (Heibert et al. 2001). In addition, the con-
stitutive up-regulation of HOX genes essential to leuke-
mogenesis associated with abnormalities in the MLL 
gene at 11q23 has been shown to involve DNA methyl-
transferase and histone acetylase activity (Whitman 
et al. 2005; Dorrance et al. 2006). Recently, infant ALL 
with the MLL rearrangement was reported to exhibit 
global hypermethylation. Interestingly, this was associ-
ated with increased sensitivity to decitabine (Schafer 
et al. 2009). Leukemias carrying these fusion proteins 
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may prove to be particularly sensitive to epigenetic 
modulators and would be an important target group for 
the development of these agents.

7.7.3  Histone Deacetylase Inhibitors

HDACi are another class of epigenetic modifiers undergo-
ing clinical evaluation in hematological malignancies. 
Acetylation of the NH2-terminal tails of histones is cata-
lyzed by histone acetylation transferases (HAT) and results 
in an open chromatin configuration that promotes gene 
transcription. Conversely, deacetylation is mediated by 
histone deacetylases (HDAC) and leads to gene repres-
sion; HDAC inhibition, therefore, promotes gene reexpres-
sion through chromatin relaxation (Marks et al. 2004). 
Several HDACi have been evaluated clinically in early-
phase clinical trials but disappointingly, the results of their 
use in the treatment of leukemias do not strongly support 
their efficacy as single agents (Giles et al. 2006; Gojo et al. 
2007; Garcia-Manero et al. 2008). Nevertheless, there is 
clear evidence of synergy in vitro between of DNMT 
inhibitors and HDAC inhibitors, both in reactivation of 
gene expression (Cameron et al. 1999) and in anti-leukemic 
activity (Tong et al. 2009). Trials combining decitabine or 
5-azacytidine with valproic acid, SAHA, depsipeptide, 
and other newer HDACi are producing promising results. 
A randomized Phase II study of decitabine versus decit-
abine plus valproic acid in MDS, chronic myelomonocytic 
leukemia (CMML) and AML was recently reported and it 
did not show a significant difference in overall responses 
between the two arms. Comparison of molecular responses 
showed no difference in global hypomethylation (as mea-
sured by LINE1) between the two arms and no correlation 
with responses; however, sustained hypomethylation and 
reexpression of specific genes, P15, ATM and miR124, did 
appear to correlate with response (Castoro et al. 2009).

Pediatric studies investigating the use of epigenetic 
modifiers including decitabine, valproic acid, MS275, 
and SAHA, both as single agents and in combination are 
underway. Based on the evidence from the trials in adults, 
the effective application of these agents in the treatment of 
pediatric hematological malignancies will require careful 
study of the appropriate dosing and scheduling as well as 
a better understanding of their true mechanisms of action 
to aid development of markers predictive of response.

7.8  Targeting Apoptosis Pathways: 
BCL2 Family Inhibitors, XIAP 
Inhibitors

7.8.1  Overview

Apoptosis is the fundamental cell death program that 
regulates homeostasis in many rapidly proliferating 
tissues, including the hematopoietic system. There is a 
finely regulated balance between intracellular proteins 
that either promote or inhibit apoptosis. In many malig-
nant cells, including leukemias, the balance is in favor 
of the anti-apoptotic proteins, which promote cell sur-
vival; therefore, targeting these pathways to tip the bal-
ance toward pro-apoptotic proteins is a logical 
therapeutic approach (Kitada et al. 2002). The two 
most clinically advanced approaches target the B-cell 
lymphoma-2 (Bcl-2) family of anti-apoptosis proteins 
and XIAP, a member of the Inhibitors of Apoptosis 
(IAP) family of proteins. In both cases, the approaches 
include antisense oligonucleotides (ASO) and small 
molecule inhibitors and are under evaluation for the 
treatment of leukemias in early phase clinical trials.

7.8.2  BCL2 Family Inhibitors

There are 25 members of the Bcl-2 family regulating the 
intrinsic apoptosis pathway and six are anti-apoptotic: 
Bcl-2, Bcl-X

L,
 Bcl-W, Bcl-B, Mcl-1, Bfl-1. Antisense 

oligonucleotides (ASO) were developed to target Bcl-2 
mRNA. They result in the formation of sense-antisense 
hetereodimers that recruit native RNAse H, leading to 
degradation of the mRNA and reduction in level of 
Bcl-2 protein. In preclinical studies, both in vitro and 
in vivo, this translated to promising chemo-sensitization 
of B-cell malignancies. Oblimersen sodium (Genesense®) 
was the first of these compounds to be evaluated in clini-
cal trials, including Phase III trials in chronic lympho-
cytic leukemia (CLL); however, the clinical benefit has 
been limited.

More recently, clinical interest has turned to small 
molecule inhibitor approaches targeting the Bcl-2 pro-
tein Bax and Bak binding pocket formed by the BH1-3 
binding domains, thereby mimicking the pro-apoptotic 
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activity of Bax and Bak. Clinical evaluation of pan-Bcl-2 
family inhibitors (e.g., obatoclax mesylate) and Bcl-2 
specific inhibitors (e.g., ABT263 and ABT737) are 
underway. In a Phase I study, 44 patients with refractory 
leukemia or MDS were treated with obatoclax mesylate. 
It was well tolerated with no dose-limiting toxicity up to 
the planned highest dose. Of note, one patient with 
AML, harboring the mixed lineage leukemia t(9;11) 
rearrangement, achieved a complete remission of 8 
months duration (Schimmer et al. 2008). Clinical trials 
evaluating these more specific Bcl-inhibitors in leuke-
mias are ongoing. The interim results of the Phase I/IIa 
trial of the oral Bcl-2 specific inhibitor ABT263 in 
relapsed or refractory lymphoid malignancy were 
recently presented (Wilson et al. 2009). It was shown 
that the drug-associated thrombocytopenia could be 
minimized using a low dose for an initial 7 days, fol-
lowed by continuous dosing 21/21 days. The results of 
further clinical trials evaluating the use of this class of 
agents in leukemia, including in pediatrics, are awaited.

7.8.3  XIAP Inhibitors

The IAP family of proteins regulates the caspase acti-
vation pathway intrinsic to apoptosis. X-linked IAP 
(XIAP) is a member of this family and inhibits the 
downstream effector caspases 9 and 3. Like the Bcl-2 
family, the IAP proteins are overexpressed in many 
malignancies, including leukemias (Tamm et al. 2000). 
In both adult and pediatric AML, overexpression of 
XIAP has been associated with poor prognosis (Tamm 
et al. 2004a, b; Wuchter et al. 2004). Antisense experi-
ments targeting XIAP have demonstrated induction of 
Bcl-2 family independent apoptosis (LaCasse et al. 
2006). The ASO directed at XIAP that is most advanced 
in clinical development is AEG35156. The recently 
reported Phase I/II trial of AEG35156 combined with 
cytarabine and idarubicin in relapsed refractory AML 
in adults (Schimmer et al. 2009) demonstrated dose-
dependent knockdown of XIAP mRNA, with greater 
than 30% knockdown in patients treated at the highest 
dose (AEG35156 350 mg/m2 IV over 2 h). Patients 
receiving this dose had the highest response rate with 
15/32 (47%) achieving a CR or CRi, and notably 10/11 
(91%) patients refractory to a single Induction regimen 
achieved a CR. AEG35156 was well tolerated in com-
bination with chemotherapy, with only two patients 

developing a peripheral neuropathy that was attributed 
to the study drug. A further randomized study is needed 
to confirm the contribution of AEG35156 to this prom-
ising response rate.

In common with targeting Bcl-2 proteins, concerns 
relating to the potential efficiency of the ASO approach 
led to interest in XIAP small molecule inhibitors. The 
Baculovirus IAP repeat (BIR) domains 2 and 3 are 
believed to be the functional binding sites mediating 
caspase inhibition. Phenylurea compounds have been 
identified to target BIR 2 and induce apoptosis in a 
range of malignancies (Schimmer et al. 2004). In AML 
cell lines and primary cells, the XIAP inhibitor N-[(5R)-
6-[(anilinocarbonyl)amino]-5-((anilinocarbonyl)
{[(2R)-1-(4-cyclohexylbutyl)pyrrolidin-2yl]methyl}
amino) hexyl]-N-methyl-N¢-phenylurea (1396-12) was 
most effective in cells with high baseline XIAP levels, 
suggesting it may be possible to target the use of these 
agents to subgroups of patients in whom they are most 
likely to be effective (Carter et al. 2005a, b). Further 
clinical evaluation of this promising class of drugs in 
hematological malignancies is awaited.

7.9  Conclusions

Childhood leukemia comprises a diverse collection of 
subsets defined by morphologic, phenotypic, and bio-
logical characteristics. While various subsets of ALL 
and AML have been known for decades, the molecu-
lar basis of these subsets and new, clinically relevant 
subsets have been discovered through application of 
burgeoning genetic technology. There is a clear and 
compelling rationale for developing therapies that 
specifically target the molecular abnormalities that 
may cause leukemia. Such therapies hold the promise 
of being more effective and less toxic than the stan-
dard approaches using chemotherapy and stem cell 
transplantation. The successful treatment of chronic 
phase CML with BCR-ABL kinase inhibitors hints at 
the possibilities for acute leukemia, but it is important 
to understand some fundamental differences between 
CML and acute leukemia. In its chronic phase, CML 
is a myeloproliferative disease caused by a single 
molecular abnormality. Acute leukemia, on the other 
hand, is a heterogeneous group of truly malignant 
hematopoietic tumors, each of which is caused not by 
one, but by multiple molecular abnormalities that 
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differ substantially from patient to patient, and even 
from clone to subclone within a given patient. Thus, 
the development of successful molecularly targeted 
therapies for acute leukemia will pose tremendous 
challenges, and will require new paradigms of clinical 
and translational laboratory research.

High throughput genomics has greatly increased 
the complexity of the biological information avail-
able, and it is crucial that “passenger” lesions be dis-
tinguished from “driver” mutations that contribute 
directly to maintenance of the malignant phenotype, 
with the latter prioritized for targeted therapies. 
Similarly, agents that target molecular pathways active 
in bulk leukemia cells, but not in the elusive and 
largely quiescent population of leukemia stem cells, 
may prove ineffective in terms of preventing relapse 
and improving long-term survival. In addition, it is 
clear that individual patients will need to be treated 
with a combination of therapeutic agents. Incorporating 
a single molecularly targeted agent into a standard 
chemotherapy backbone is complex. The complexity 
will only increase as combinations of two or more 
molecularly targeted therapies are contemplated. 
Finally, there are particular challenges associated with 
clinical evaluation of molecularly targeted agents. 
One of these is to distinguish the toxicity attributable 
to the addition of a molecularly targeted agent from 
the toxicity of the backbone of intensive chemother-
apy. Another is to determine an appropriate patient 
population in which to study each individual agent. 
Since acute leukemia is a collection of molecularly 
heterogeneous diseases, each agent would be expected 
to be effective for a subset of patients. While it seems 
reasonable to test a novel agent only in the patients 
who can be predicted to have a high likelihood of 
responding, clinical trials for subsets of patients with 
a relatively rare disease like childhood leukemia will 
be difficult to sufficiently power using standard trial 
designs. As new potential targets are identified, rapid 
preclinical validation is needed to select the most 
promising agents for therapeutic testing. New para-
digms for clinical trials are needed to rapidly deter-
mine the effectiveness of new agents. The need for 
international collaboration will expand as well.

Despite these challenges, there has been real prog-
ress in the development of molecularly targeted agents 
for childhood acute leukemia. Hopefully, this progress 
will accelerate and will lead to improved outcomes for 
these children.
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8.1  Introduction

Outcome for children with acute lymphoblastic leuke-
mia (ALL) has improved dramatically, with 5-year sur-
vival rates increasing from virtually nil in the early 1960s 
to approaching 90% by the first decade of the twenty-
first century (Horner et al. 2009). While improvements 
in outcome have not been as impressive for children with 
acute myeloid leukemia (AML), 5-year survival rates 
have, nonetheless, increased to approximately 60% 
(Horner et al. 2009). These improvements are gratifying 
and represent tens of thousands of children diagnosed 
with leukemia over the last 20–30 years who have sur-
vived to adulthood. Looking forward, there are multiple 
challenges in study design and conduct in moving toward 
the goal of curing every child diagnosed with leukemia. 
These include identifying ways to make sound prioriti-
zation decisions about which new treatment approaches 
should be studied for specific patient populations and 
identifying ways to develop clinical trial datasets based 
on limited numbers of patients that allow sufficiently 
reliable conclusions to be drawn about the clinical ben-
efit that these treatment approaches afford.

Agents that are studied in the pediatric cancer setting 
have generally been previously studied in the adult set-
ting. The large number of novel agents under develop-
ment for adults with cancer is both an opportunity and a 
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challenge to pediatric oncologists involved in leukemia 
drug development. It is an opportunity in the sense that 
so many agents addressing diverse molecular targets are 
being studied that it increases the likelihood that tar-
geted agents relevant in the pediatric leukemia setting 
will be available for clinical evaluation. However, only a 
small percentage of agents under evaluation in adults 
can be studied in children, given the constraints on the 
number of pediatric leukemia clinical trials of novel 
agents that can be performed. How, then, can rational 
prioritization decisions be made? The traditional 
approach to prioritization of identifying single-agent 
activity in refractory patients in conventional Phase II 
trials is increasingly difficult in the pediatric leukemia 
setting for several reasons. Effective therapy for de novo 
patients has thankfully resulted in fewer patients avail-
able for participation in clinical trials in the refractory 
setting. Also, practice patterns have evolved so that after 
initial relapse, children often proceed to one or more 
stem cell transplantation procedures and, therefore, do 
not participate in Phase II studies. Due to these issues 
that limit the number of patients available for single-
agent Phase II leukemia trials, there is an increasing 
need for robust preclinical data that can allow reliable 
prioritization decisions to be made. As described below, 
in vivo models of pediatric leukemias are now available 
that faithfully recapitulate the biological and therapeutic 
sensitivity profiles of the leukemias from which they 
were established. These models will play an increas-
ingly central role in pediatric leukemia drug develop-
ment, providing “single agent” information, analogous 
to that previously obtained in conventional Phase II 
studies. The Phase II studies will then often involve the 
addition of novel agents to standard chemotherapy regi-
mens, a setting in which randomized Phase II designs 
can play an important role.

Another challenge (and opportunity) for leukemia 
clinical researchers is the movement toward defining 
therapy based on specific biological characteristics of 
patients’ leukemia cells. This approach is likely to lead 
to improvements in outcome for specific patient subsets, 
as evidenced by the increase in event-free survival (EFS) 
observed following the incorporation of imatinib into a 
treatment regimen for children with ALL expressing the 
BCR-ABL1 fusion protein (Schultz et al. 2007). The 
recent discovery of JAK family mutations in a previ-
ously unrecognized subtype of high-risk B-precursor 
ALL has stimulated interest in applying the same strat-
egy by incorporating a small molecule JAK inhibitor 
into the treatment regimen for patients with JAK mutant 
ALL (Mullighan et al. 2009). The use of FLT3 

inhibitors in children with AML whose leukemia cells 
have FLT3 internal tandem duplications (ITD) is another 
example of this approach (Brown et al. 2004). While the 
biological rationale for these new treatment approaches 
is compelling, the study design issues are substantial. 
The challenge of studying childhood cancers (relatively 
uncommon compared to adult cancers) is exacerbated 
by fractionation of patients into subsets that individually 
may represent no more than 5–10% of the whole popu-
lation. The conventional approaches to reliably defining 
the benefit of a new treatment strategy through an ade-
quately sized randomized Phase III trial may be difficult 
(or unfeasible) for some of the small, biologically 
defined populations. Later sections of this chapter dis-
cuss both the traditional approaches to designing Phase 
III trials for children with leukemia, as well as novel 
approaches attempting to define the benefit of new treat-
ments in as reliable a manner as possible for patient sub-
sets with distinctive biological characteristics.

8.2  Role of Preclinical Testing

8.2.1  Description of Ability  
to Establish Direct Transplant 
Leukemia Xenografts

Early attempts to establish transplantable experimental 
models of normal and malignant hematopoiesis were 
hampered by the relatively poor efficiency of engraft-
ment in contemporary strains of immune-deficient 
mice, such as the athymic nude mouse (Nilsson et al. 
1977; Luo et al. 1989), despite the ability to engraft 
other human tumor histotypes into this strain (Rygaard 
and Povlsen 1969). Consequently, syngeneic trans-
plantable models of rapidly growing murine leukemias, 
such as L1210 and P388, were utilized extensively for 
systematic drug screening programs during the 1960s, 
a practice that continued well into the 1970s (Alberts 
and van Daalen Wetters 1976). In the 1980s, it was rec-
ognized that these murine leukemias exhibited limited 
predictive ability for human cancer, and that they were 
biased toward identifying the DNA-damaging classes 
of antitumor drugs (Alley et al. 2004).

A significant breakthrough in ALL xenotransplanta-
tion occurred following characterization of the severe 
combined immunodeficient (SCID, LtSz-scid/scid) 
mouse, which lacks functional B- and T-lymphocytes 
(McCune et al. 1988; Bosma and Carroll 1991). The 



2178 Strategies for New Agent Development and Clinical Trial Considerations

SCID strain was significantly more receptive to engraft-
ment of ALL cell lines and directly transplanted biopsy 
material (Kamel-Reid et al. 1989; Uckun 1996). 
Moreover, intravenous inoculation of ALL cell lines or 
biopsies into sublethally irradiated SCID mice resulted 
in the manifestation of a systemic disease, with human 
cells detected in the peripheral blood, spleen, and bone 
marrow (Kamel-Reid et al. 1989, 1991). Despite the ini-
tial reports of success in utilization of the SCID mouse 
strain for xenografting pediatric ALL biopsy specimens 
and optimism that it could be used to predict clinical out-
come (Uckun et al. 1995a), this was not proven to be the 
case in a larger follow-up study (Uckun et al. 1998). In 
fact, only 104/681 (15.3%) bone marrow biopsies showed 
evidence of engraftment (Uckun et al. 1998), possibly 
due to the fact that the SCID strain retains some natural 
killer (NK) cell, NK-T cell, macrophage, and comple-
ment system activities (Bosma and Carroll 1991).

More recently, crossing SCID mice with the non-
obese diabetic (NOD) strain resulted in the even more 
immunodeficient NOD/SCID mouse, which harbors 
additional defects in NK cell, complement and mac-
rophage function (Shultz et al. 1995). NOD/SCID 
mice are more receptive than SCID mice to engraft-
ment of normal and malignant human hematopoietic 
cells, permitting the engraftment of pediatric ALL 
biopsies representative of all major disease subtypes 
(Baersch et al. 1997; Steele et al. 1997; Dazzi et al. 
1998; Hudson et al. 1998; Wang et al. 1998; Borgmann 
et al. 2000; Rombouts et al. 2000; Dialynas et al. 2001; 
Nijmeijer et al. 2001; Lock et al. 2002). A report 
describing the engraftment of a series of 20 primary 
pediatric ALL bone marrow or peripheral blood biop-
sies that represented the diversity of leukemia subtypes 
and clinical outcomes, demonstrated that the engrafted 
cells retain many of the phenotypic and genotypic 
characteristics of the original biopsy (Borgmann et al. 
2000; Lock et al. 2002). Importantly, ALL cells inocu-
lated into NOD/SCID mice home to the bone marrow 
and infiltrate the hematolymphoid organs, providing 
an excellent orthotopic xenograft model of the disease. 
The NOD/SCID strain is also receptive to re-engraft-
ment of ALL cells harvested from the bone marrows 
and spleens of previously engrafted mice into second-
ary and tertiary recipient mice in order to establish 
continuous xenograft lines (Liem et al. 2004). 
Furthermore, engraftment and leukemic burden can be 
monitored in real time by weekly tail-vein bleeds and 
flow cytometric enumeration of the proportion of 
human leukemia cells versus mouse mononuclear cells 
in the peripheral blood, allowing assessment of the 

antileukemic efficacy of established and novel drugs 
(Nijmeijer et al. 2001; Liem et al. 2004). Therefore, 
while some studies continue to use subcutaneously 
implanted xenograft models of human leukemia 
(Shalapour et al. 2006; Yang et al. 2007), orthotopic 
xenograft models of pediatric ALL should, at this time, 
be considered as the gold standard. This is even more 
apparent with the recent availability of the NOD/
SCID/g

c
null mouse strain (NOG or NSG), which has 

lower residual NK cell activity than NOD/SCID mice 
and is even more receptive to engraftment of human 
hematopoietic cells (Ito et al. 2002). Therefore, the 
NOD/SCID and NOG/NSG strains are likely to be 
receptive to engraftment of primary cells from all pedi-
atric ALL disease subtypes and disease outcomes, 
thereby providing an excellent model to allow the 
comprehensive preclinical assessment and prioritiza-
tion of new drugs for clinical trials.

8.2.2  Overview of In vivo  
Testing Procedures

The scientific literature reveals many examples of 
investigational new drugs that showed promising activ-
ity in preclinical models, but then went on to fail in 
clinical trials. The general consensus in the scientific 
community is that these preclinical models frequently 
overestimate drug efficacy, with the reasons for overes-
timation being multifactorial (Johnson et al. 2001). For 
example, rodents are sometimes able to tolerate higher 
plasma levels of many drugs compared with humans, 
leading to substantial activity of an agent against human 
tumor xenografts, but at drug levels that cannot be 
achieved in the clinical setting. Other reasons for claims 
of preclinical activity for an agent with subsequent lack 
of activity in the clinical setting include biological dif-
ferences between the preclinical models and tumors 
arising in humans (e.g., faster rates of cell cycling for 
preclinical models compared to clinical specimens) 
and setting inappropriate thresholds for claiming activ-
ity in the preclinical setting. As an example of the lat-
ter, it is common for preclinical reports to pronounce an 
agent as showing activity when leukemia progression 
in treated animals occurs more slowly than in control 
animals, whereas in the clinic this level of activity 
would be termed “progressive disease” and the agent 
considered ineffective. For pediatric ALL, the bar for 
any new drug to be considered for clinical trials needs 
to be set extraordinarily high due to the number of 
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established drugs that exhibit excellent clinical activity 
against the disease. Therefore, the setting of stringent 
criteria for preclinical testing may decrease the propor-
tion of new drugs that ultimately fail in the clinic by 
eliminating “inactive” drugs at the preclinical stage.

Historically, the in vivo anti-leukemic efficacy of a 
broad range of new drugs has been tested using, for 
example, a leukemia cell line inoculated into SCID or 
nude mice via subcutaneous, intraperitoneal, or intrave-
nous routes (Uckun et al. 1995a, b; Myers et al. 1996; 
Arguello et al. 1998; Chou et al. 1998; Yoshida et al. 
1999; Gourdeau et al. 2001; Tomkinson et al. 2003; 
Miller et al. 2007; Uno et al. 2007; Yang et al. 2007). 
More recent studies have used direct explants of biop-
sies taken from patients with ALL and inoculated into 
NOD/SCID mice as subcutaneous or systemic disease 
(Piloto et al. 2006; Shalapour et al. 2006; Juarez et al. 
2007; Teachey et al. 2008). Recognizing that pediatric 
ALL is a highly heterogeneous disease, the clinical 
activity of any new drug used as monotherapy may be 
better predicted by using panels of xenografts represen-
tative of that heterogeneity and derived from patients 
who experienced diverse treatment outcomes, rather 
than a single cell line or patient sample inoculated into 
mice; the superior predictive value of the xenograft 
panel has been documented for some adult tumor types 
(Voskoglou-Nomikos et al. 2003). Moreover, it is essen-
tial to report the results from all xenografts tested, and 
not only those against which significant single-agent 
antileukemic efficacy is observed (Gaynon 2005). In 
this fashion minimal criteria can be set for a particular 
drug to be advanced into additional preclinical testing.

As an example of the above, a systematic approach 
to prioritizing new drugs for clinical trials in children 
with cancer, including relapsed/refractory ALL, has 
been adopted by the NCI-funded Pediatric Preclinical 
Testing Program (PPTP) (Houghton et al. 2006). The 
ALL component of the PPTP for in vivo studies con-
sists of a panel of ten molecularly characterized xeno-
grafts, representative of diverse disease subtypes and 
treatment outcomes, that are propagated as an orthoto-
pic, systemic disease in NOD/SCID mice (Liem et al. 
2004; Houghton et al. 2006; Neale et al. 2008). At the 
molecular level all PPTP xenografts were confirmed to 
be representative of the original tumor histiotype (Neale 
et al. 2008). Eight out of the panel of ten ALL xeno-
grafts are routinely used to assess the preclinical activ-
ity of a new drug (Houghton et al. 2007a, b). Since the 
xenograft panel for initial drug testing is representative 

of the heterogeneity of ALL, indications of specific 
drug activity against a particular ALL subtype (Lock 
et al. 2008a, b) can also be followed up by more exten-
sive testing on focused xenograft subpanels represent-
ing the biological subtype of interest.

The systematic testing of new drugs against large 
panels of pediatric ALL xenografts poses both logistic 
and economic challenges. The highly efficient engraft-
ment of human ALL cells into NOD/SCID mice, along 
with their reproducible rates of engraftment within any 
single cohort, allows experiments that are of appropri-
ate statistical power to be carried out using only six to 
mice/group (Liem et al. 2004). Moreover, disease pro-
gression in each animal is conveniently, accurately, 
and cost-effectively monitored by weekly tail-vein 
bleeds (Nijmeijer et al. 2001; Liem et al. 2004). That 
said, systematic preclinical testing requires substantial 
institutional commitment and resources to support the 
requisite highly trained staff and to maintain the infra-
structure for routinely maintaining severely immuno-
deficient animals for prolonged periods of testing.

Since 5-year disease-free survival rates for ALL now 
exceed 80% and a significant proportion of patients who 
relapse can be salvaged with additional therapy (Pui 
et al. 2008), it has been suggested that a new drug or 
drug regimen that elicits a 50% complete remission (CR) 
rate should only be considered of moderate interest to be 
pursued clinically (Gaynon 2005). Therefore, to maxi-
mize the likelihood that only the most active new drugs 
will be advanced into clinical trials, stringent objective 
response criteria modeled after the clinical setting should 
be employed to assess the single-agent efficacy of new 
agents against in vivo preclinical models (Houghton 
et al. 2006). For example, using criteria defined by the 
PPTP for the ALL xenograft panel, only a definite 
regression of leukemic burden elicited by a drug 
(decrease in human CD45+ cells in the peripheral blood 
to <1% compared with total human plus mouse CD45+ 
cells) results in the classification of an Objective 
Response (either a partial response (PR), CR, or main-
tained CR (MCR) depending upon the duration of human 
CD45+ cells <1%). Classifications of stable disease (SD) 
or progressive disease (PD) are used if progression of the 
leukemia is only delayed or not contained, respectively, 
regardless of whether any delay in progression is signifi-
cant compared with vehicle-treated control mice. Each 
treated mouse is scored individually, and the objective 
response measure (ORM) for each xenograft model is 
defined by the median response for that model.
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Xenograft responses are further evaluated by depict-
ing the ORM in “heat map” format, from green (PD) to 
red (MCR), as well as “COMPARE-like” format, both 
of which facilitate comparisons within and between 
the more than 20 new, and four established, drugs that 
have been evaluated to date by PPTP in Stage 1 testing 
(single agent at the maximum tolerated dose [MTD]) 
(Houghton et al. 2006, 2007a, b; Kolb et al. 2008a, b; 
Lock et al. 2008a, b; Maris et al. 2008a, b; Smith et al. 
2008b; Tajbakhsh et al. 2008; Carol et al. 2009; Gorlick 
et al. 2009; Keshelava et al. 2009; Morton et al. 2009). 
In this fashion, only new drugs that cause objective 
responses in ³50% of the panel of eight ALL xeno-
grafts, and thereby pass the Stage 1 test, are considered 
for additional multiple-dose and combination testing 
(termed Stage 2 testing). The exception to this general 
rule is for targeted agents for which activity is expected 
only for xenografts representing subsets of patients 
with ALL that have specific molecular characteristics, 
and for these agents, high level activity against the bio-
logically relevant xenografts is sufficient. As discussed 
in more detail below, only a minority of the new drugs 
tested by PPTP have shown sufficient activity against 
the ALL panel xenografts to warrant Stage 2 testing.

Stage 2 testing procedures adopted by PPTP are 
designed to develop additional preclinical data to facili-
tate informed clinical prioritization decisions for agents 
that show promising single-agent activity in Stage 1 test-
ing at their MTD. The additional testing may involve 
evaluating the agent of interest at multiple dose levels to 
get a sense of its therapeutic window and to determine 
whether activity is observed over a broad concentration 
range and not only at the agent’s MTD. Considering that 
combination chemotherapy is the cornerstone of treat-
ment, PPTP Stage 2 testing also involves evaluation of 
possible synergistic or antagonistic interactions of new 
drugs with established drugs used in the treatment of 
pediatric ALL. An essential component of the PPTP 
Stage 2 testing scheme is the comparison of pharma-
cokinetic parameters of active agents between mice and 
humans. The broad intention is to verify the clinical rel-
evance of results demonstrating single-agent activity of 
any given drug against human tumor xenografts, as well 
as to verify that peak plasma drug concentrations and 
systemic exposures (measured as area under the plasma 
[or serum or blood] concentration versus time curve 
[AUC]) achieved in mice are relevant to those achievable 
in humans. This model has already been tested during 
PPTP evaluation of the DNA topoisomerase I inhibitor, 

topotecan (Carol et al. 2008), in which the topotecan 
dose and schedule was based on extensive prior knowl-
edge of its pharmacokinetics in the pediatric cancer pop-
ulation (Zamboni et al. 1998). Topotecan demonstrated 
promising in vivo activity against the PPTP ALL xeno-
graft panel (Carol et al. 2008), consistent with recent 
clinical observations in pediatric ALL (Furman et al. 
2002; Kolb and Steinherz 2003; Hijiya et al. 2008).

8.2.3  Examples of Activity Signals

Numerous new small molecule and biological agents 
have shown in vivo anti-leukemic efficacy against ALL 
cell lines or patient biopsies inoculated via subcutane-
ous, intraperitoneal, or intravenous routes into SCID or 
NOD/SCID mice. However, an important characteris-
tic of any experimental model system used for preclini-
cal prioritization of new drugs is whether the responses 
to established drugs reflect the clinical experience; this 
characteristic is frequently overlooked. That is, can a 
laboratory system differentiate the activity of estab-
lished drugs (e.g., vincristine or cyclophosphamide) 
from clinically inactive alternatives (e.g., paclitaxel or 
cisplatin)? While all of these drugs efficiently kill ALL 
cell lines in vitro, the clinical experience in pediatric 
ALL is dramatically different (Nitschke et al. 1978; 
Vietti et al. 1979). This challenge has been overcome, 
in part, by the observations that both vincristine and 
cyclophosphamide exceeded the criteria to pass Stage 
1 testing by PPTP in its panel of ALL xenografts, 
whereas cisplatin was almost completely inactive 
(Houghton et al. 2006; Tajbakhsh et al. 2008). There-
fore, having established stringent criteria for progres-
sion beyond Stage 1 testing, and validated the clinical 
relevance of responses of the ALL xenograft panel to 
established drugs, PPTP has recently identified several 
new drugs that exhibit significant activity, which are 
discussed as illustrative case studies below.

8.2.3.1  The Aurora A Kinase Inhibitor MLN8237

Aurora A, B, and C are serine/threonine kinases that 
function during mitosis (Keen and Taylor 2004). Since 
a hallmark of cancer is inappropriate cell division, and 
Aurora A and B kinases are frequently overexpressed 
in human cancers (Marumoto et al. 2005), the 
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development of Aurora A and B inhibitors has received 
much attention over the past decade (Aurora C expres-
sion appears restricted to the testes). Millennium Phar-
maceuticals Inc. has developed a series of compounds 
that exhibit highly specific Aurora A kinase inhibitory 
activity compared with Aurora B (>40-fold) and other 
cellular kinases (Manfredi et al. 2007). The prototype 
compound, MLN8054, exhibited significant in vivo 
efficacy against human colorectal and prostate cancer 
xenografts (Manfredi et al. 2007) and its analog, 
MLN8237, is currently in clinical trials in adults with 
advanced solid and hematological malignancies 
(Cervantes-Ruiperez et al. 2009).

MLN8237 was tested by the PPTP using a 20 mg/
kg dose administered orally twice daily × 5 schedule 
that was repeated weekly. NOD/SCID mice bearing 
ALL xenografts were treated with MLN8237 for  
3 weeks and monitored for a total of 6 weeks following 
the initiation of treatment. CRs or MCRs were achieved 
for all xenografts tested, indicating that MLN8237 is 
one of the most active new antileukemic drugs tested 
to date by the PPTP (Houghton et al. 2008). MLN8237 
is currently undergoing Stage 2 testing by PPTP, which 
involves testing at multiple doses and assessing its 
in vivo efficacy in combination with established drugs. 
MLN8237 elicited objective responses in 3/3 ALL 
xenografts when tested at 50% of its MTD (10 mg/kg), 
and good leukemia control was observed in 2/3 
 xenografts at only 5 mg/kg (Smith et al. 2008a). 
A Children’s Oncology Group Phase I clinical trial is 
evaluating MLN8237 in children with refractory solid 
tumors and includes an expansion cohort at the MTD 
for patients with relapsed/refractory ALL.

The underlying basis for the striking in vivo antileu-
kemic efficacy of MLN8237 is currently unclear. An 
obvious analogy is that vincristine, a drug which also 
affects mitotic progression as its principal mechanism 
of action, is one of the most active single agents used 
in the treatment of ALL. Therefore, the in vivo activity 
of MLN8237 against ALL could be due to the rapid 
proliferation of the disease, although paradoxically 
this does not appear to be reflected in high levels of 
Aurora A kinase gene expression compared with xeno-
grafts representative of other common childhood can-
cer histiotypes (Houghton et al. 2008). On the contrary, 
Aurora A kinase expression in the ALL panel was 
markedly lower than that observed for solid tumor 
xenografts, suggesting that its inhibition by MLN8237 
leads to acute cellular deficiency and cell death. An 

additional possible mechanism for the acute sensitivity 
of the ALL xenograft panel arises from the recent find-
ings that a p53-dependent postmitotic G1 checkpoint 
is required for MLN8237-induced cell death (Kaestner 
et al. 2009), since all of the ALL xenografts express 
wild-type p53 and p53, mutations are rare in pediatric 
ALL (Drexler et al. 2000; Lock et al. 2002). Never-
theless, additional investigations to define the determi-
nants of in vivo sensitivity of pediatric ALL to 
MLN8237 are warranted.

8.2.3.2  The Bcl-2 Inhibitor ABT-263

One of the hallmarks of cancer is the ability to evade 
apoptosis (Hanahan and Weinberg 2000), and the pro- 
and anti-apoptotic members of the Bcl-2 family of pro-
teins are central regulators of cell death (Adams and 
Cory 1998). Consequently, the development of small 
molecule inhibitors of Bcl-2 family members is an area 
of intense interest in the field of cancer research. 
Abbott Laboratories used a unique nuclear magnetic-
resonance-based structural screening approach to 
develop ABT-737, a small molecule inhibitor of the 
anti-apoptotic proteins Bcl-2, Bcl-xL, and Bcl-w, 
which exhibits potent in vitro and in vivo anticancer 
activity (Oltersdorf et al. 2005). The orally available 
analog of ABT-737, ABT-263, is currently being eval-
uated in single-agent and combination chemotherapy 
clinical trials against several adult cancers, in particu-
lar chronic lymphocytic leukemia and small cell lung 
cancer (Tse et al. 2008; Wilson et al. 2009). Sensitivity 
of tumor cells to ABT-737/263 is associated with a 
Bcl-2-dependent phenotype (Deng et al. 2007; Del 
Gaizo Moore et al. 2008), while high levels of the anti-
apoptotic proteins Mcl-1 and A1, to which ABT-737 
exhibits low affinity binding, confer resistance (Deng 
et al. 2007; Lin et al. 2007).

ABT-263 was evaluated against the PPTP panel of 
xenografts on a schedule of 100 mg/kg via oral gavage 
for 21 consecutive days, monitoring all mice for  
6 weeks following the initiation of treatment, and it 
exhibited impressive activity against the ALL panel  
(Lock et al. 2008b). Three out of six ALL xenografts 
evaluated exhibited objective responses, including one 
CR and two MCRs, and two of these xenografts were 
derived from patients with aggressive disease who 
experienced fatal relapses. The sensitivity of the ALL 
xenograft panel to ABT-263 compared with other 
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tumor types could be partially explained by relatively 
higher Bcl-2, lower Mcl-1, and higher gene expression 
levels of the pro-apoptotic Noxa (Lock et al. 2008b). 
Nevertheless, the underlying basis for the diverse 
responses within the ALL xenograft panel, including 
three PDs as well as the three objective responses noted 
above, was not immediately apparent and awaits addi-
tional investigation. Despite exhibiting promising sin-
gle-agent activity against certain tumor types, this new 
class of drug may exert its most profound effects when 
used in rational combinations with established drugs 
(Oltersdorf et al. 2005; Kang et al. 2007; Trudel et al. 
2007; Kuroda et al. 2008). Therefore, determining the 
optimal use of ABT-263 in combination with these 
established drugs represents a significant challenge to 
the pediatric oncologist.

8.2.3.3  The Anti-CD19-DM4  
Conjugated Antibody SAR3419

SAR3419 is an anti-CD19 humanized monoclonal anti-
body (huR4) conjugated with a maytansine derivative 
(N2¢-deacetyl-N2¢-(4-mercapto-4-methyl-1-oxopentyl) 
maytansine, DM4) developed by Sanofi-Aventis that 
has shown significant in vivo efficacy against xenograft 
models of CD19-positive human lymphoma (Al-Katib 
et al. 2009). SAR3419 is currently being evaluated in 
clinical trials for adults with relapsed/refractory B-cell 
non-Hodgkin’s lymphoma (Younes et al. 2009).

During the course of PPTP evaluation of SAR3419, 
specifically against the ALL xenograft panel, two T-ALL 
xenografts (CD19-negative) were included as negative 
controls (Lock et al. 2008a). Not surprisingly, both 
xenografts exhibited PDs when mice were treated on a 
schedule of 10 mg/kg weekly × 3 via intraperitoneal 
injection. In contrast, using the same schedule of admin-
istration SAR3419 significantly delayed the progression 
of 5/5 B-lineage ALL xenografts, including three derived 
from patients who experienced aggressive and fatal 
relapses, with regressions achieved in four xenografts 
(one PR and three CRs). These results translate into 
objective responses being achieved in 80% of B-cell 
precursor ALL (BCP-ALL), and justify additional pre-
clinical testing of SAR3419 (Lock et al. 2008a).

The antileukemic activity of SAR3419 is impressive 
considering the dosing schedule that was utilized. 
Nevertheless, tumor regrowth was observed following 
the cessation of therapy, with 3/5 xenografts reaching 

events prior to the end of the 6-week monitoring period  
(Lock et al. 2008a). Future PPTP testing will focus on 
optimizing the administration schedule of SAR3419 to 
achieve maximal antileukemic efficacy, as well as 
assessing its synergistic or antagonistic interactions 
with established drugs such as vincristine, dexametha-
sone, and l-asparaginase. Considering the controversy 
surrounding the existence and immunophenotype of 
leukemic stem cells (LSCs) in pediatric ALL (Bernt 
and Armstrong 2009), SAR3419 also represents an 
important tool to gain novel insights into the biology of 
pediatric ALL.

8.2.4  Preclinical Combination Testing

One of the most frequently posed questions when dis-
cussing the rationale for a program such as the PPTP is 
how one can ascertain the clinical potential of a new 
drug when tested as a single agent at its MTD, consider-
ing that all conventional therapy for pediatric ALL is 
administered as combination chemotherapy. However, 
all of the 10+ established drugs used in pediatric ALL 
treatment regimens have shown some evidence of sin-
gle-agent efficacy against the disease. This observation 
supports the practice of initially evaluating all new 
drugs as single agents in the preclinical setting, and then 
taking the most active drugs for more detailed multiple 
dosing and combination testing. It can be argued that 
some of the “inactive” drugs would show synergistic 
in vivo efficacy if used in combination with established 
drugs. However, there is no clinical precedence for this, 
and the recent history of agents that have become part 
of standard treatment regimens for one or more types of 
hematologic malignancies suggests that substantial sin-
gle-agent activity is a prerequisite for eventual clinical 
utility (e.g., tretinoin and arsenic trioxide for acute pro-
myelocytic leukemia (APL), rituximab for various sub-
types of non-Hodgkin lymphoma (NHL), imatinib for 
chronic myeloid leukemia (CML), bortezomib and 
lenalidomide for multiple myeloma, etc.). Thus, com-
pelling mechanistic data are needed to support exten-
sive preclinical evaluations of combinations involving 
agents that lack substantial single-agent activity.

The approach to combination testing adopted by 
PPTP is based on the concept of “therapeutic enhance-
ment” (also termed “therapeutic synergy”). Therapeutic 
enhancement represents a therapeutic effect achieved 
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with a tolerated regimen of a combination treatment 
that exceeds the optimal effect achieved at any toler-
ated dose of monotherapy associated with the same 
drugs used in the combination (Rose and Wild 2004; 
Houghton et al. 2010). This definition is operational-
ized as follows: therapeutic enhancement is considered 
present when the tumor growth delay (T-C) for a com-
bination is greater than the tumor growth delay for 
both of the single agents tested at their MTD and when 
the EFS distribution for the combination treatment is 
significantly better (p < 0.01) than the EFS distribu-
tions for both of the single agents tested at their MTD. 
This stringent test comparing the combination activity 
to the activity of each single agent tested at its MTD is 
not followed in many published studies that claim 
in vivo synergistic interactions between novel and 
established drugs against various experimental leuke-
mia models. More commonly, the efficacy of the com-
bination is compared with the reduced doses of the 
single agents that are required when they are given 
together (Messinger et al. 1996; Uckun et al. 2002; 
Kuroda et al. 2003; Kang et al. 2007; Yang et al. 2007; 
Mason et al. 2008; Teachey et al. 2008). This has the 
unfortunate effect of making the combination appear 
more effective than the single agents, even though it 
may be no more effective than one or both of the single 
agents administered at their MTD. The preclinical and 
clinical experience with O6-benzylguanine, an agent 
that potentiates the cytotoxic effect of nitrosoureas 
(such as carmustine), illustrates the importance of this 
principle. For O6-benzylguanine, substantial reduc-
tions in nitrosourea dosing were required to safely 
administer it with nitrosoureas in both the preclinical 
and clinical setting (Keir et al. 2000; Quinn et al. 2002; 
Adams et al. 2008). The result in the clinical setting 
was that the two-drug combination using a lower car-
mustine dose was no more effective than carmustine 
used at its standard single-agent dose (Quinn et al. 
2002). The potential utility of the PPTP approach to 
in vivo combination testing is supported by the PPTP’s 
observation that the efficacy of rapamycin is enhanced 
when given with dexamethasone (but not vincristine) 
(Houghton et al. 2010), consistent with previous 
in vitro data that used a gene-expression-based chemi-
cal genomics approach to identify rapamycin as a 
potential glucocorticoid resistance-reversing drug in 
pediatric ALL (Wei et al. 2006). The efficacy of the 
rapamycin/glucocorticoid combination in the treat-
ment of pediatric ALL has yet to be reported.

8.2.5  Future Directions

As conventional Phase II trials become more difficult 
to conduct in children with ALL, systematic approaches 
to preclinical testing, such as that employed by the 
PPTP, will play an increasingly important role in new 
agent prioritization. A particularly promising area for 
future focus is the establishment of panels of xeno-
grafts reflecting specific molecular abnormalities that 
have therapeutic relevance. The availability of exten-
sive banks of viably frozen leukemia cells that have 
been extensively molecularly characterized makes it 
possible to consider establishing panels of 10–20 xeno-
grafts that have a particular molecular abnormality. 
These panels can then serve as a resource for identify-
ing agents that are specifically active against ALL 
cases possessing the abnormality. As an example, pan-
els of xenografts established from ALL cases that have 
activating JAK family mutations will be valuable in 
modeling how JAK inhibitors can be optimally used in 
the treatment of this distinctive subset of patients who 
are at high risk of treatment failure with conventional 
ALL therapy. Comparable preclinical models for AML 
may help prioritize agents for clinical evaluation 
against biologically defined AML subtypes.

8.3  Phase I and Dose-Finding Studies  
in Children with Leukemia

Pediatric single-agent Phase I studies are generally 
performed in solid tumor patients, and it is now uncom-
mon to perform a single-agent Phase I study in chil-
dren with leukemia. The primary purpose of Phase I 
studies in the pediatric setting is to identify an appro-
priate dose for further evaluation of the agent in 
 children, to determine whether the pharmacokinetic 
parameters for the new agent for children are relatively 
similar to those observed for adults, and to confirm 
that there are no unanticipated toxicities in children 
that would preclude proceeding to further clinical tri-
als with the agent (Smith et al. 1998). While children 
generally tolerate anticancer agents approximately as 
well as adults, with the result that the recommended 
Phase II doses in children are highly correlated to those 
in adults, there are examples in which children tolerate 
either lower or higher doses of agents than adults (Lee 
et al. 2005). As an example of the former, children are 
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particularly susceptible to the effects of tretinoin in 
inducing pseudotumor cerebri (Mahmoud et al. 1993).

Leukemia-specific Phase I trials are unnecessary 
for agents being developed for ALL, assuming that a 
Phase I study can be done in children with solid 
tumors. This is because treatment regimens for chil-
dren with ALL have the same criteria for hemato-
logic toxicity and recovery as do regimens developed 
for children with solid tumors. Hence, the solid-
tumor- recommended Phase II dose (RP2D) is appli-
cable to the ALL setting in which hematologic 
dose-limiting toxicities are also relevant. For AML, 
for which hematological toxicity is dose-limiting 
only if marrow recovery is extremely delayed, dose 
escalation to non-hematologic dose-limiting toxicity 
may be considered.

For agents for which dose escalation is required in 
the pediatric leukemia setting, there will generally be 
experience from adults with AML and dose escalation 
can be initiated at 70–80% of the adult MTD. A general 
theme in pediatric Phase I studies is that dose escala-
tion need not extend beyond one or two dose levels 
above the adult MTD, an approach which has the ben-
efit of limiting the number of patients required for study 
completion and also of minimizing exploration of 
higher, more toxic dose levels (Lee et al. 2005). The 
standard approach to dose escalation is the “3 + 3” 
design, which by convention defines the highest dose at 
which no more than 1 of 6 patients experience a dose-
limiting toxicity (DLT) as the MTD and RP2D (Smith 
et al. 1998). Other approaches to dose escalation in 
pediatric Phase I trials include the “rolling 6 design” 
and the modified continual reassessment method 
(Skolnik et al. 2008; Onar et al. 2009). There is little 
experience applying these in the pediatric leukemia set-
ting, and given the limited number of dose levels typi-
cally evaluated in pediatric leukemia Phase I trials, 
there has been little perceived need to pursue alterna-
tives to the standard “3 + 3” design. Pharmacokinetic 
characterization in the pediatric Phase I setting should 
be performed to compare with data from adults and to 
compare with systemic exposures associated with 
activity in preclinical models (when available).

A dose-escalation study may be unnecessary for 
some agents, such as molecularly targeted agents for 
which an MTD was not defined in adults because of 
acceptable tolerability at doses that met target-effect 
endpoints or pharmacokinetic endpoints prior to  
observing dose-limiting toxicity. For agents such as 

this, the dose tolerated in adults can be studied as the 
initial dose in children, with possible exploration of 
one or two higher doses in case the drug disposition in 
children requires higher doses to match that observed 
in adults. When using this strategy, comparison of drug 
levels between children and adults at the tested dose 
levels is important as this allows selection of an appro-
priate dose for further evaluation in children. The 
Phase I trial of bevacizumab in children with solid 
tumors illustrates this approach (Bender et al. 2008).

Another clinical scenario is that of molecularly tar-
geted agents for which clinical development occurs pri-
marily in combination with standard agents (e.g., the 
BCL-2 antisense agent, oblimersen). Rather than con-
duct a Phase I study of the targeted agent administered 
alone and then a second Phase I study in which the tar-
geted agent is used in combination with additional 
agents, a single Phase I study of the targeted agent in 
combination with other agents can be performed. For 
such trials, it is helpful, when possible, to initially 
administer the agent alone in each patient to evaluate the 
toxicity and pharmacokinetics of the targeted agent in 
isolation, followed by administration of the agent in 
combination with other agents. Pediatric Phase I trials of 
oblimersen and of erlotinib illustrate applications of this 
approach (Rheingold et al. 2007; Jakacki et al. 2008).

Novel agents of interest for pediatric leukemias are 
generally quickly moved into combination chemother-
apy regimens. Novel combinations will often be tested 
initially in adults with leukemia. The preexisting adult 
experience can allow evaluation of the novel combina-
tion in children with exploration of only two or three 
dose levels around the doses tolerated in adults (e.g., 
one dose level below and one above the adult dose 
level). Determining appropriate doses to use in combi-
nation regimens can be very challenging, as the stan-
dard treatment regimens used for pediatric leukemias 
often have relatively high rates of severe and life-
threatening toxicities. A general principle for novel 
combination regimens is that it is important to main-
tain the doses of the standard agents that make up the 
regimen, while dose-escalating the novel agent to iden-
tify the MTD that can be administered as a component 
of the combination. This strategy maintains the expo-
sure of patients to known effective agents, and it was 
used in the development of gemtuzumab ozogamicin 
(GO) for children with AML (Aplenc et al. 2008).  
In this example, the GO dose tolerated in combina- 
tion with a standard AML regimen that included 
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mitoxantrone and cytarabine was only 3 mg/m2 per 
treatment course (Aplenc et al. 2008), well below the 
GO single-agent dose of 6 mg/m2 administered twice 
per treatment course (Arceci et al. 2005).

The ideal novel agent for use in combination regi-
mens is one that can be added at its full single-agent 
dose to standard treatment regimens without substan-
tially enhancing the toxicity of the standard regimen.  
A number of monoclonal antibodies directed at lym-
phoid antigens appear to have this property, as illus-
trated by experience adding rituximab to chemotherapy 
regimens used for treating NHL and ALL (Coiffier 
et al. 2002; Thomas et al. 2006). The pediatric experi-
ence in adding epratuzumab to standard re- Induction 
therapy is another example of the tolerability of combi-
nation regimens that include naked antibodies targeting 
lymphoid-specific antigens (Raetz et al. 2008). Some 
small molecule kinase inhibitors can be used at their 
single-agent dose when combined with standard che-
motherapy regimens, as illustrated by the addition of 
imatinib to intensive chemotherapy regimens for chil-
dren and adults with Ph+ ALL (Thomas et al. 2004).

For some investigational agents, it is either not pos-
sible or not appropriate to maintain the single-agent 
dose of the novel agent in combination regimens and/
or to maintain the conventional doses of the agents in 
the standard regimen. It may be necessary to either 
develop a regimen that maximizes the dose intensity of 
one component of the combination or to develop a 
regimen that accepts lower than standard doses of all 
components of the regimen. The likelihood for success 
for these types of combinations is decreased, and they 
are generally not pursued in the absence of convincing 
rationale for leukemia-specific synergy for the combi-
nation. There can also be cases in which the novel 
agent is so active in a particular patient population that 
it is appropriate to maximize its delivery while reduc-
ing doses or deleting standard agents from the novel 
combination regimen. This strategy has been applied 
for imatinib for elderly adults with Ph+ ALL, for which 
the combination of imatinib with vincristine and dex-
amethasone appears to be more effective than standard 
Induction therapy (Rea et al. 2006; Nishii et al. 2007).

Correct attribution of adverse events to a new agent 
that is added to a standard drug regimen can be difficult. 
This task is made easier when the standard regimen has 
a well-defined pattern of toxicity and when the new 
agent and the standard regimen have nonoverlapping 
toxicity profiles. A key element of successful conduct 

of these studies is a clear delineation of adverse events 
that truly limit dose escalation, as the background tox-
icity for standard leukemia treatment regimens gener-
ally exceeds that conventionally accepted in Phase I 
trials. A conceptual approach for assessing the clinical 
significance of adverse events is to focus on both their 
severity and their reversibility, with either excessive 
severity or slow reversibility being sufficient to con-
sider an adverse event dose-limiting (Horton et al. 
2010). This approach can be operationalized by consid-
ering life-threatening Grade 4 toxicities and non-resolv-
ing Grade 3 toxicities that result in delay of admini - 
stration of planned treatment beyond a defined period 
as dose-limiting (Horton et al. 2010).

8.4  Phase II Studies

The primary objective of Phase II studies is to screen 
an agent for antitumor activity in order to prioritize it 
for further testing and to reduce the number of negative 
large Phase III studies that are conducted. Effective 
prioritization leading to positive Phase III studies lim-
its the number of patients who are exposed to poten-
tially inferior and/or highly toxic therapy and allows 
quicker progress in identifying more effective treat-
ments. Another objective of Phase II studies is to learn 
more about the toxicity of the new agent being tested. 
Pharmacokinetic and pharmacodynamic objectives are 
often incorporated to develop additional data to guide 
further development of the agent. A positive Phase II 
study results in the identification of an agent that has 
acceptable toxicity and promising efficacy.

The primary population for Phase II studies is 
patients who have relapsed one or more times after ini-
tial standard therapy. The primary endpoint used in 
Phase II leukemia trials is typically complete remis-
sion (CR) after 4 weeks of treatment. This endpoint is 
used in Phase II testing because it is observed early in 
the course of treatment and because it connotes a level 
of anti-leukemia activity associated with agents that 
have been shown to improve outcome in the acute leu-
kemia setting. Examples from the leukemia/lymphoma 
setting show that agents with substantial remission-
inducing activity in resistant/refractory patient popula-
tions are able to improve outcome when evaluated in 
Phase III trials for patients with earlier stages of dis-
ease. Examples include tretinoin and arsenic trioxide 
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for APL, imatinib for CML, and rituximab for follicu-
lar lymphoma and diffuse large B-cell lymphoma.

In the 1990s and before, there were a limited num-
ber of agents to be studied and few known active agents. 
Studies were designed under the assumption that spon-
taneous CRs after recurrence were very unlikely (i.e., 
would occur in less than 5% of patients). Since very 
few CRs occurred, biases that could influence CR rates 
such as patient selection and differences in patient care 
across institutions did not need to be accounted for. 
This led to the use of single-arm studies, the design of 
which will be described in detail later.

Currently, there are a wide variety of active drugs to 
treat leukemia, and it is of interest to study combina-
tions of active agents. Since some of the new molecu-
larly targeted agents have little or no overlapping 
toxicities with standard agents, it is often of particular 
interest to add these agents to known active combina-
tions. Studying combination treatment regimens that 
include active agents raises new issues. When treated 
with an active agent(s), not all patients achieve CR. 
The characteristics of patients who achieve CR are dif-
ferent from those that do not achieve CR. Therefore 
the CR rate in a sample of patients treated with an 
active agent will vary based on the composition of the 
patient characteristics. If a single-arm study design is 
used to determine whether a combination including an 
active agent has increased activity over the active agent 
alone, it is difficult to attribute the increase in activity 
to the combination rather than to other biases such as 
the composition of the patient characteristics in the 
sample. Designs that are used to address these issues 
are the randomized controlled screening design and 
the selection design (described below).

The single-arm Simon 2 stage design is a useful 
design to consider when single agents are being stud-
ied and the patient characteristics do not influence CR 
(Simon 1989). The design provides a mechanism for 
screening for active agents with relatively small sam-
ple sizes. With this design an uninteresting level of 
activity (p

0
) is specified and is typically set to 5%.  

A promising level of activity (p
a
) is also specified and 

is typically set to 20%. Historically, the idea has been 
that an agent that could not produce a CR rate of 20% 
was not likely to produce a clinically meaningful over-
all survival benefit in subsequent Phase III testing.  
A criterion based on the number of observed CRs 
needed to consider the agent promising is specified. 
The sample size and CR criterion are established so 

that the type I error rate (probability of concluding an 
inactive agent is active, i.e., a false positive error) is no 
greater than a specified level a and the type II error 
rate (the probability of concluding an active agent is 
inactive, i.e., a false negative error) is no greater than a 
specified level b. The type I and II error rates are typi-
cally set to 0.1 to balance the probability of missing an 
active agent and moving forward with an inactive 
agent. A futility analysis is performed after a portion 
of the patients have been accrued and evaluated for 
CR. If the futility criteria is met (i.e., the agent has a 
low probability of being considered active at the end of 
the study), the study is stopped early so that fewer 
patients will be exposed to a toxic agent that has  little 
likelihood of benefiting them. So, with p

0
 = 0.05, 

p
a
 = 0.2, a = 0.1, and b = 0.1 a study would accrue 12 

patients and if no CRs were observed, the study would 
stop for uninteresting activity; otherwise, accrual 
would continue until 37 total patients had been entered 
onto the study. At the end of accrual, four or more CRs 
would be evidence of interesting activity. The develop-
ment of nelarabine for T-cell ALL illustrates this gen-
eral approach. In the pediatric Phase II study of 
nelarabine, a two-stage design was used with a and b, 
both set at approximately 0.1 and with an “interesting” 
response rate of 35% (p

a
 = 0.35) and an “uninterest-

ing” response rate of 15% (p
0
 = 0.15) targeted.

As discussed earlier, the current Phase II paradigm 
for leukemia is changing, and single-agent Phase II 
studies are increasingly difficult to perform. When 
studying combinations that include an active agent(s), 
the null CR rate or uninteresting rate is no longer 5%. 
The null rate is the background CR rate of patients 
treated with the active agent(s). It is of interest to deter-
mine whether the new agent or combination has a CR 
rate higher than the CR rate of the active agent(s). 
Unfortunately the true CR rate of the active agent(s) is 
unknown and observed rates typically have wide vari-
ability associated with them. The variability is due to 
the fact that the estimates often come from small stud-
ies and in small studies the characteristics of the patient 
population accrued to the study will strongly influence 
the observed CR rate. In a single-arm study, mis- 
specifying the null rate of activity can have major 
implications on the probability of concluding that there 
is interesting activity when in fact the new agent is not 
active (type I error) and on the probability of conclud-
ing there is uninteresting activity when in fact the agent 
does have activity (type II error).
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As an example, consider the addition of a novel 
agent to standard re-Induction therapy for children with 
an early first relapse, for whom the standard re- Induction 
therapy is effective in inducing remission in approxi-
mately 70% of patients. Table 8.1 shows the probability 
of the errors in conclusions in a single-arm study when 
the null rate p

0
 is either specified too low or too high. 

The error in the specification of the null rate could be 
due to accruing patients with a different mix of prog-
nostic factors than the observed historical data, or to the 
known active treatment working better or worse than it 
did in the population that was previously accrued. As 
can be seen from the table, when the true rate is less 
than 70% (the specified null response rate has been set 
too high) and the agent truly has activity, the probability 
of concluding that the agent is interesting is lower than 
the desired level of 0.90. This means that a promising 
agent could be missed. When the true rate is larger than 
70% (i.e., the specified rate has been set too low) the 
probability of concluding activity is larger than the 
desired level of 0.1. This means that Phase III studies 
will be conducted when there is no true activity signal 
more often than desired, leading to many patients being 
exposed to an inactive toxic agent with little hope for 
benefit and resulting in lost opportunities to improve 
outcome for the patient population being studied.

In this new age of drug development, other types of 
Phase II studies are required. An important component 
of these Phase II study designs involves randomization 
so that the influence of patient characteristics or popu-
lation biases is minimized. Randomization is also 
important when supportive care or other clinical fac-
tors may change the expected outcome in the popula-
tion being studied. For studies in which one or more 
experimental agents are added to a standard regimen, 
randomizing patients to the standard arm and the stan-
dard plus new agent(s) is a solution. The difficulty in 
these types of studies is that some patients who are at 
high risk for disease progression will be randomized to 
the standard of care. Although from a research per-
spective this is appropriate since it not known whether 
the new agent is beneficial, from the patient/family 
perspective it may be unappealing to not receive a new 
agent. Successful conduct of these studies therefore 
requires that investigators have equipoise for the ques-
tion being addressed and that the investigators be able 
to communicate this effectively to patients/families.

Rubinstein et al. proposed a screening design in 
which the type I error, or probability of concluding an 

experimental agent is active when it is not, is set to 0.15 
or 0.2 and the type II error, or probability of concluding 
an active agent is not active, is set to 0.2 (Rubinstein 
et al. 2005). Both of these errors are larger than the 0.1 
level commonly used in single-arm Phase II studies. 
Since randomized studies require more patients than 
single-arm studies, the error rates were increased to 
allow for smaller sample size. Although it may appear 
that the error rates are smaller with a single-arm study 
design, in the example of Table 8.1 the type II error rate 
is larger than 0.2 when the null rate has been specified 
too high by a difference of 2.4% and the type I error rate 
is larger than 0.2 when the true null rate has been speci-
fied too low by a difference of 3%. Therefore, although 
the suggested error rates of 0.2 for a randomized screen-
ing design appear to be inflated over those of a single-
arm study, in practice when studying a combination of 
agents it is very likely that the single-arm study error 
rates will be larger than 0.2. In the example presented in 
Table 8.1, a randomized study with type I error set at 
0.2 and power of 80% would require 56 patients per 
arm. With the randomized design, the type I error rate 
will always be maintained irrespective of how the pop-
ulation of the sample compares to historical studies and 
the power will be known for specified alternatives. 
However, as can be seen in Table 8.1, this is not true for 
the single-arm study.

Table 8.1 The probability of concluding that the activity of an 
agent is uninteresting or interesting when the null response rate 
is either specified too low, correctly, or too high. With an assumed 
null response rate of 70% and an alternative rate of 85% (absolute 
difference of 15%), a sample size of 59 patients is needed to 
have 90% power and a type I error rate of 0.1

True null 
rate (%)

Type I error 
(probability  
of concluding 
inactive agent 
is active)

Type II error 
(probability of 
concluding active 
agent is inactive)a

P
0
 is 

specified  
too high

60% <0.01 0.69

65% 0.02 0.35

67.6% 0.05 0.20

70% 0.10 0.10

P
0
 is 

specified  
too low

73% 0.20 0.03

75% 0.31 0.01

80% 0.64 <0.99
aThe agent increases activity by 15% over the true null rate
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For the randomized screening design, it is impor-
tant to consider the implications of a positive or nega-
tive study on the ability to conduct a Phase III study.  
A positive randomized Phase II study with EFS as the 
endpoint may jeopardize the ability to perform a well-
designed Phase III study; hence, it is appropriate to use 
an intermediate endpoint (e.g., CR rate) as the primary 
endpoint of the study. Additionally, conducting the 
randomized Phase II study in a patient population (e.g., 
patients in relapse) that is distinctive from the eventual 
population in which a Phase III study will be conducted 
(e.g., newly diagnosed patients) can help maintain the 
ability to conduct a definitive study.

A selection design is another randomized design 
that is appropriate for some combination Phase II stud-
ies (Simon et al. 1985). This design is appropriate 
when it is of interest to prioritize regimens with a core 
therapy and several experimental agents individually 
added to the core therapy or to select among different 
dosing schedules. In this design, the arms will not be 
compared formally but the arm with the “best” activity 
will be chosen for further study. With this design the 
regimens or schedules must have similar levels of tox-
icity and some previous promising activity data.

The sample size for the selection design is chosen 
to ensure that if one of the regimens or schedules (arms 
in the study) has a superior response rate by a specified 
margin then this arm will be selected as the best arm 
with high probability. For example, if there were two 
new promising agents with similar toxicity, then ran-
domizing 26 patients to each arm would ensure that the 
probability of correctly selecting the best arm was 0.9 
when the true response rate of the best arm is 85% and 
the true response rate of the lowest arm is 70%. At the 
end of the study the arm with the most responses is 
chosen as the best arm. An unappealing feature of the 
design is that an arm will be chosen as the best arm 
even if the observed CR rate in the “winning” arm is 
very low. A modification of the design to address this 
issue is to incorporate a test for activity of each arm 
using the standard criteria for single-arm studies. This 
ensures that an arm that is chosen to move forward will 
have met at least a minimum requirement for activity.

The advantages of the randomized selection design 
over separate single-arm studies include decreasing 
the effects of selection bias, any differences in patient 
evaluation criteria, and differences in patient care 
across centers. It is important to note that this design is 
not appropriate when the arms under study are a 

standard regimen and the standard plus a new agent. If 
these were the two arms of interest, then the arm with 
the new agent would be selected with probability 0.5 
even if the new agent was adding nothing. Even includ-
ing the requirement for a minimum activity level would 
not be appropriate as the standard arm is the most 
appropriate control and the arms should be compared 
with a statistically appropriate design.

There may be instances when an agent has shown 
so much promise in either the adult setting or the pre-
clinical setting that moving directly from Phase I to the 
de novo setting with a Phase III study (thus skipping 
the Phase II development component) would be of 
interest once safe doses of the agent had been deter-
mined in children. The benefit of this approach is that 
the final answer of clinical benefit would potentially be 
obtained sooner. The drawback is that a large study 
would be launched with no Phase II data so that if the 
agent is not beneficial and this could have been pre-
dicted with Phase II data, then more patients would be 
exposed to the new, but ineffective, agent than needed 
to be. Therefore, this approach should only be used 
when there is sufficient evidence of activity from 
sources other than a Phase II study, and aggressive 
monitoring rules for futility should be incorporated 
into the study.

8.5  Phase III Studies

8.5.1  Rationale for Randomized Trials

It is rare for new treatments for leukemia, or indeed in 
any field of medicine, to produce large benefits. Even 
when they have, randomized trials have generally been 
performed to confirm that these treatments are effec-
tive (e.g., imatinib in CML [O’Brien et al. 2003] and 
tretinoin in APL [Fenaux et al. 1993]). It is more likely 
that a new treatment will lead to either a moderate, but 
nevertheless clinically worthwhile, benefit or will be 
ineffective. In order to distinguish between these two 
possibilities, it is necessary to ensure that potential 
errors are eliminated, or at least minimized. Errors fall 
into two categories: systematic errors, or biases, and 
random errors, which are due to the play of chance (the 
latter will be considered later) (Gray et al. 2008). 
Biases can be introduced as a result of confounding 
factors that differ between the group of patients being 
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given a new treatment and the control group receiving 
the standard treatment. If a nonrandomized study is 
performed using historical controls, other factors in 
addition to the introduction of a new treatment may 
have changed over time, including improvements in 
other aspects of patient management such as support-
ive care, changes in diagnostic methods, modifications 
of disease classification and staging systems, and a 
general improvement in clinical standards through 
increased experience, both at the individual clinician 
level and communally. It is not possible to quantify 
many of these potential confounders and, hence, they 
cannot be adequately adjusted for in the analyses. 
Examples of the likely impact of improved supportive 
care include a halving in the number of treatment-
related deaths in children during Induction and Con-
solidation chemotherapy in the MRC AML10 trial in 
the second half of the study compared to the first, down 
from 14% to 7% (p = 0.03) (Stevens et al. 1998), and a 
two-thirds reduction in such events in children with 
Down syndrome AML between the MRC AML10 and 
AML12 trials (44% vs 15%, p = 0.04), with treatment 
being similar in the two studies (B. Gibson, personal 
communication 2010). A pertinent example from older 
AML patients demonstrated results in the opposite 
direction in historical and randomized comparisons of 
the same treatments, i.e., a significant benefit in CR 
rate for the experimental regimen in the historical com-
parison, but a significantly worse CR rate in the valid 
randomized comparison (Wheatley 2002). Outcome of 
patients with AML entered into the UK MRC trials 
improved substantially in the 30 years from 1970 to 

1999 (Fig. 8.1) (Gibson et al. 2005), yet none of the 
randomized comparisons with these trials demon-
strated benefit for the novel treatment arms; the large 
increase in survival from 1970 to 1985 is most likely 
related to improvements in supportive care enabling 
effective intensive chemotherapy to be given more 
safely. The failure of these trials to identify effective 
new therapies might be perceived as a failing in the 
rationale for using randomized controlled trials (RCTs). 
However, “negative” trials can be just as informative as 
positive ones, leading to the elimination from practice 
of ineffective, but possibly toxic and expensive, treat-
ments that might otherwise have become widely used 
on the basis of poor-quality nonrandomized evidence.

Since there is evidence that nonrandomized studies 
tend to overestimate treatment effects (Schulz et al. 
1995), and it may not be possible to predict either the 
extent or direction of bias in nonrandomized studies  
(Kunz and Oxman 1998), RCTs are widely recognized 
as the best method for obtaining reliable evidence on 
treatment efficacy (i.e., “randomization is the only way 
to control for confounders that are not known or not 
measured” [Higgins and Green 2008]). The process of 
randomization ensures that the groups being compared 
are similar in all respects other than the treatments 
being evaluated, with any differences being due to 
chance. A proviso is that RCTs must be performed to a 
high standard to ensure that biases are not introduced 
by poor methodology, including factors that will be 
considered below such as allocation concealment, the 
need for follow-up to be as complete as possible, and 
use of intention-to-treat (ITT) analysis.
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The effects demonstrated by RCTs have been more 
positive in ALL than in AML, with multiple trials 
identifying more effective treatments over the years. 
These have defined current standard therapy for ALL 
patients. Some examples include the following:

1.  Study 106 of the Children’s Cancer Group (CCG) 
proved the advantage of Berlin-Frankfurt-Münster 
(BFM)-based regimens for high-risk ALL (Gaynon 
et al. 1993).

2.  CCG-105 showed that more effective systemic 
therapy might spare CNS negative standard-risk 
patients from receiving whole-brain irradiation, 
established delayed Intensification as a standard for 
standard-risk ALL, but also showed that four-drug 
Induction and intensive Consolidation are not 
needed (Tubergen et al. 1993a, b).

3.  CCG-1882 established that “Augmented BFM 
(ABFM) regimen,” consisting of longer and stron-
ger post-Induction Intensification, resulted in supe-
rior outcomes for high-risk patients with slow day 7 
response to Induction (Fig. 8.2) (Nachman et al. 
1998).

4.  The advantage of dexamethasone in Induction and 
Maintenance over prednisone for standard- risk 
ALL was established on CCG-1922 (Fig. 8.3) 
(Bostrom et al. 2003). This advantage was also 

 supported by results of recent Medical Research 
Council (MRC) and BFM trials (Mitchell et al. 
2005; Schrappe et al. 2009).

5.  The benefit of stronger, but not longer, post- 
Induction Intensification (ABFM regimen without 
second delayed Intensification) for high-risk patients 
with a rapid day 7 response to Induction therapy was 
shown in CCG-1961 (Fig. 8.4) (Seibel et al. 2008).

8.5.2  Design

8.5.2.1  Eligibility

For trials to have relevance to routine clinical practice, 
they should include the types of patients who would 
receive the treatment under investigation if it were shown 
to be effective. Hence, eligibility criteria should be broad 
to enable accrual of a representative population. Restrictive 
entry criteria can also limit the number of patients entered, 
leading to lower power and less reliable results.

8.5.2.2  Endpoints

The main events in Phase III leukemia trials are 
response, relapse, second malignant neoplasms, and 
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Fig. 8.2 CCG-1882 event-free survival by systemic chemother-
apeutic regimen for higher-risk slow early response (M3 on 
induction day 7) patients (Nachman et al. 1998). 5-Year event-
free survival (EFS) was significantly better in the augmented-
therapy group than in the standard-therapy group (72.6 ± 3.9% 
vs 57.0 ± 4.2%, p = 0.0008)
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Fig. 8.3 CCG-1922 event-free survival by systemic chemother-
apy regimen (dexamethasone vs. prednisone) for standard-risk 
patients (Bostrom et al. 2003). The 6-year event-free survival 
(EFS) ± standard error is 85.5 ± 1.7% in patients randomized to 
dexamethasone and 79.1 ± 1.9% in patients randomized to pred-
nisone (p = 0.002)
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death. Depending upon the therapeutic question to be 
addressed, several endpoints may be relevant in leuke-
mia clinical trials:

Event-free survival (EFS) is defined as the time •	
from on study to Induction failure, relapse, second 
malignant neoplasm, or death as a first event.
Disease-free survival (DFS) is defined as the time •	
from achievement of remission to death in remis-
sion, relapse, or second malignant neoplasm.
Overall survival (OS) may be measured from diag-•	
nosis or from a later time point (e.g., the time of 
attaining remission), depending upon the study 
question.
Complete remission (CR) rate measures the per-•	
centage of patients achieving remission, with causes 
for failure to achieve remission being classified into 
Induction deaths (i.e., related to the treatment and 
the resulting hypoplasia, e.g., infection, hemor-
rhage, or other adverse events) and resistant disease 
(i.e., failure of the therapy to eradicate the disease). 
CR rate is generally not a primary endpoint in Phase 
III trials in newly diagnosed acute leukemia patients, 
since the impact of changes in remission therapy on 
EFS or OS have greater clinical meaning.

While OS provides the “bottom line” result as to 
whether a new treatment actually results in fewer 
deaths, EFS is usually preferred as the primary end-
point in pediatric cancer trials. Use of OS as an end-
point may not be practical for evaluating therapies in 
leukemias (especially ALL) for which the OS rates are 
high (90–95%), since death from disease may occur a 
long time after start of therapy and other events may 
occur in the interim (e.g., allogeneic transplantation 
after relapse), influencing the result of the trial. 
Subsequent therapies for these events could then have 
an effect on OS, the primary endpoint for the first study. 
Since the event rate is higher, use of EFS leads to better 
power (and hence lower sample sizes) to detect a dif-
ference. However, it cannot necessarily be assumed 
that EFS is perfectly correlated with OS. For example, 
meta-analyses in ALL have shown that Intensification 
improves both EFS and OS, but that an improvement in 
EFS with longer maintenance does not translate into a 
survival benefit (1996). When selecting EFS rather 
than OS as a primary endpoint, an implicit assumption 
is that relapse has such severe clinical sequelae (e.g., 
the need for allogeneic stem cell transplantation) that 
treatment interventions that provide incremental reduc-
tions in relapse rate are desirable even if they may add 
some additional treatment-related morbidity.

Short-term surrogate endpoints (e.g., post-Induction 
blast count and minimal residual disease [MRD]) are 
less useful as endpoints for RCTs because of the limited 
evidence to support their predictive (as opposed to their 
prognostic) value. The current COG ALL risk classifica-
tion system uses cytogenetics, day 15 marrow blast 
count, and end of Induction MRD levels to assign 
patients to appropriate risk-based post-Induction therapy 
as they have been found to be strong prognostic factors. 
However, these early endpoints have not been proven to 
be true surrogates for long-term endpoints like survival.

Treatment toxicity needs to be assessed and balanced 
against clinical outcome for both acute, short-term 
effects and late effects (e.g., infertility and intellectual 
impairment). As prognosis improves and patients live 
longer, health-related quality of life (HRQOL) increases 
in importance, providing justification for the incorpora-
tion of HRQOL secondary endpoints (particularly those 
that address long-term effects) into clinical trials. 
However, in the pediatric setting, short-term toxicities 
that resolve relatively quickly are considered acceptable 
in order to achieve better long-term survival rates with 
high quality of survivorship. This should be kept in 
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Fig. 8.4 CCG-1961 event-free survival (EFS) for high-risk 
patients with a rapid day 7 response to Induction therapy accord-
ing to the type of post-induction chemotherapy (Seibel et al. 
2008). Results show a significant benefit for stronger versus 
standard post-induction intensification (5-year EFS 82.2 ± 1.6% 
and 72.5 ± 1.9%, respectively, p = 0.0001)
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mind when considering reduction in therapy questions 
for patient subgroups identified to have a very low risk 
of relapse, and the potential benefits in terms of reduced 
toxicities should be carefully weighed against the risk 
of increased relapse rates.

8.5.2.3  Sample Size Calculation

Conventionally, sample sizes for RCTs have been 
determined based on relatively standard, albeit some-
what arbitrary, considerations with respect to type I 
error (a) and power. A two-sided 0.05 level test is com-
monly used to compare treatment arms studied in 
RCTs. Alternatively, a one-sided test may be selected if 
it is not of interest to prove that a new treatment is 
worse than the standard of care. Under the latter sce-
nario, the level of significance for the one-sided test in 
adult cancer clinical trials is often reduced to 0.025, but 
due to the smaller number of pediatric patients it is con-
ventional in the pediatric setting to accept that a one-
sided alpha of 0.05 provides sufficiently strong evidence 
to be convincing and to change clinical practice.

Power is typically set at 80–90%, meaning that 
large trials are needed in order to detect the realisti-
cally moderate treatment effects that are likely to 
occur, i.e., large numbers reduce random errors due to 
the play of chance. A common problem is an overly 
optimistic expectation of what a new treatment will 
achieve, leading to small underpowered trials; ideally 
trials should be designed to detect the smallest differ-
ence that would be considered clinically meaningful. 
For example, to detect a 10% absolute improvement in 
survival from 40% in the control group to 50% with 
the new treatment requires about 370 patients per arm 
at 80% power and 500 per arm at 90% power, both at 
an alpha of 5% (two-sided test). In poorer prognosis 
disease, the numbers needed will be smaller; e.g., to 
detect an increase in survival from 20% to 30% requires 
250 patients per arm at 80% power. Conversely, when 
prognosis is very good, larger numbers are needed in 
order to be able to detect the smaller absolute differ-
ences that are likely to occur; e.g., 730 patients per arm 
are needed to detect a 4% improvement from 90% to 
94%, and this rises to 1,360 per arm for a 3% increase. 
It also needs to be borne in mind that sample size con-
siderations vary depending on the endpoint being eval-
uated (e.g., time to event data, dichotomous outcomes 
such as response rates, or continuous parameters).

An issue that can arise when dealing with rare dis-
eases (including infant ALL, BCR-ABL fusion posi-
tive ALL, JAK mutation positive ALL, DS ALL or 
AML, APL) is whether a RCT is possible. The con-
ventional view, based on the above considerations, 
would be that a RCT should not be undertaken if it 
does not have enough power to provide reliable 
answers, resulting in nonrandomized historical com-
parison (without necessarily much better power) that 
may be subject to the biases described earlier. An alter-
native is to undertake a randomized trial, accepting 
that it has less power and hence requires more cautious 
interpretation. Such a trial could still be based on con-
ventional sample size calculations, but using higher 
alpha (e.g., 0.2) or lower power (e.g., 0.7) (Sposto and 
Stram 1999). As an example, outcome for infants with 
MLL rearranged ALL (MLL-R) is poor (3-year EFS 
rates less than 50%). COG is testing the FLT3 inhibitor 
lestaurtinib (a strategy with a strong biological ratio-
nale) in infants with MLL-R. Patients found to have 
MLL-R are randomized to ± lestaurtinib and a com-
mon backbone therapy at the end of Induction. Given 
that the annual accrual rate for infants, and specifically 
for MLL-R infants, is low (~50/year), it would not be 
feasible to design a two-arm randomized trial with the 
usual parameters. Using a one-sided test with a relaxed 
type I error rate (15%), the study is powered (80%) to 
look for an improvement in 3-year EFS from 50% to 
65%. An alternative is to present the results as a prob-
ability distribution, and give the probabilities that, for 
example, treatment is more than 10% or 20% better 
than control. This approach provides less certainty 
about the benefit of a new treatment and puts a greater 
onus on clinical interpretation, balancing possible ben-
efits against counterbalancing factors such as toxicity 
and financial cost. This suggestion that alternative cri-
teria might apply under certain circumstances should 
not be seen as an excuse to perform smaller trials when 
patient numbers do permit large RCTs to be under-
taken using conventional sample size considerations.

The above discussion relates to trials that aim to 
show superiority of a new treatment over standard 
therapy. As outcome of acute leukemia improves, 
questions arise as to whether reductions in treatment 
may be appropriate, i.e., is outcome maintained but 
with less toxicity? Trials aimed at determining the 
equivalence, or non-inferiority, of treatments have dif-
ferent sample size and interpretative considerations, as 
well as clinical ones, from superiority trials (Piaggio 
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et al. 2006). Sample sizes are larger for equivalence 
trials, though the use of one-sided tests can help reduce 
the number of patients somewhat. This can mean that 
the margin needed to demonstrate equivalence may 
have to be large in order to meet conventional sample 
size considerations, raising issues of whether this is 
clinically acceptable. Hence, the alternative approach 
to sample sizes considered above may be particularly 
relevant to equivalence and non-inferiority trials; e.g., 
non-inferiority trials (e.g., looking at therapy reduction 
questions for subgroups at low risk for relapse) can be 
designed to achieve higher (e.g., 90%) power, while 
allowing for a higher type I error rate (e.g., 10%) (Chan 
2002; Wang and Hung 2003).

8.5.2.4  Accrual

ALL is sufficiently frequent for many national groups 
to be able to run their own trials, at least for the major 
subtypes. For AML, and for the rarer subtypes of ALL 
(infants, BCR-ABL fusion positive, relapsed disease), 
patient numbers preclude large national trials based on 
conventional sample size considerations in all but the 
largest countries. COG accrues over 2,500 B-precursor 
ALL patients annually, making the use of RCTs feasi-
ble in large subgroups including NCI standard-risk 
(1,200/year) and high-risk (600/year) patients; how-
ever, subgroups including infants and rare biologically 
defined subsets have low annual accrual rates. Hence, 
alternative strategies are required. One strategy is to 
undertake international trials, such as those performed 
by the BFM group (Creutzig et al. 2001), as illustrated 
by a recent successful trial in relapsed AML that 
accrued 360 patients from 20 countries (Kaspers et al. 
2009). Such trials can be politically challenging (e.g., 
getting several groups to agree on the questions and 
design can be difficult) as well as logistically challeng-
ing (e.g., varying regulatory requirements), although 
the use of electronic data collection forms and on-line 
data entry has made the practicalities of multinational 
trials easier. Another strategy is to collaborate with 
adult hematologists, an approach taken in the UK for 
newly diagnosed AML since 1988 (trials AML10, 
AML12, AML15). Although a heterogeneous disease, 
there is no clear-cut distinction between AML in chil-
dren and younger adults; for instance, cytogenetic 
prognostic factors apply across the age groups 
(Grimwade et al. 1998). Treatment has varied between 

children and adults, but mainly in minor respects (and 
sometimes not based on clear evidence) that do not 
impact upon the randomized questions being addressed 
(e.g., children in the MRC trials receive intrathecal 
therapy, and receive daunorubicin over a longer period). 
Flexibility has also been permitted with pediatricians 
electing to take part in only some of the multiple avail-
able randomizations within AML12 (Burnett et al. 
2010) or continuing randomizing once the randomiza-
tion closed in adults. Finally, the accrual and follow-up 
periods may need to be extended to obtain the numbers 
of patients and events needed to give reliable results 
(e.g., accrual to recent MRC trials has been in process 
for 6 or 7 years (Gibson et al. 2005; Burnett et al. 
2010)), although in general it is preferable to complete 
accrual within 5 years.

8.5.2.5  Single-Arm Trials

Identifying the contributions of molecularly targeted 
new agents in rare biologic subgroups may create chal-
lenges with the use of standard RCTs, even with the 
alternatives for reducing sample size presented in ear-
lier sections. Single-arm trials using comparison to 
historical control populations have been used in this 
setting when data for controls are available (for the 
standard therapy), or in situations in which outcomes 
on past  trials have been consistently very poor for the 
patient subgroup. For example, the COG trial 
AALL0031 for BCR-ABL fusion positive ALL was 
designed as a  single-arm trial in which imatinib was 
given in combination with an intensive backbone 
 chemotherapy. The study had short-term endpoints 
looking at MRD before and after imatinib administra-
tion in the first two blocks of Consolidation therapy. In 
addition, EFS was to be compared with historical con-
trols from prior COG trials. Outcome on past trials for 
these patients was so poor (3-year EFS 35%) compared 
to that seen on AALL0031 (3-year EFS 80%, p < 0.0001) 
that the AALL0031 results provided strong evidence 
that imatinib contributes to improved outcome when 
added to standard therapy. However, it is important to 
realize that most interventions will not produce such 
pronounced effects. As described in the discussion of 
randomized Phase II trials, with smaller treatment effects 
there is benefit for randomization even when type I and 
II error rates need to be adjusted beyond those traditio-
nally used.
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8.5.2.6  Randomization

The term “randomization” is actually something of a 
misnomer, since the method used to allocate patients to 
one arm or another is frequently not random (e.g., a 
coin toss, or based on a random number list), instead 
being constrained to ensure that approximately equal 
numbers of patients are allocated to each group, both 
overall and within prognostically important groups. 
Two stratification methods are commonly used to 
achieve this balance: block randomization and minimi-
zation (Peto 1982). The essential aspect of any random-
ization procedure is not whether the process is random, 
but whether allocation concealment is achieved, i.e., the 
randomizing clinician must not be able to predict which 
treatment his/her patient will be assigned, since this 
could lead to selective entry into the trial. In multicenter 
trials, it has been shown that the use of block stratifica-
tion and minimization do not lead to predictability of 
the next allocation, though in single-center trials or 
those stratified by center (if open label) use of these 
methods can lead to the possibility of predicting the 
next allocation (Brown et al. 2005; Hills et al. 2009).

The timing of randomization is critical in that it 
should occur as close to the point when the therapeutic 
interventions on the randomized arms begin. If the ran-
domization occurs well in advance of this time point, 
the likelihood of patients not receiving the randomized 
therapy becomes higher; some patients may refuse 
therapy, some may experience events (adverse events, 
progression, relapse, death) prior to the point of change 
in therapy between the two arms. Exclusion of such 
patients from the randomized comparison can intro-
duce bias. Hence, obtaining informed consent and ran-
domization should ideally occur just prior to the 
therapy change on the randomized arms. Although 
some patients may refuse the randomization, this is 
unlikely to introduce problems such as can happen 
with too early randomization (Hills et al. 2003).

In contrast to balanced randomization, adaptive 
allocation methods, in which randomization probabili-
ties are changed as outcome information is collected, 
have also been proposed (Berry and Eick 1995; Karrison 
et al. 2003; Berry 2006; Cheung et al. 2006), though 
there are caveats about their application in the pediatric 
setting as described below. With these adaptive meth-
ods, patients are allocated in a manner that increases 
their likelihood of assignment to the treatment(s) that is 
performing better. Adaptive allocation methods based 

on both conventional frequentist approaches and on 
Bayesian methods have been described, but greatest 
attention has been given to using Bayesian methods  
(Berry and Eick 1995; Karrison et al. 2003; Cheung 
et al. 2006). Clinical trials employing these Bayesian 
designs may have multiple treatment arms, and arms 
may be added or dropped based on emerging outcome 
results (Berry 2006). A disadvantage of this approach 
is its inefficiency, as balanced randomization provides 
the greatest ability to distinguish between the effects of 
compared treatments for any given sample size. An 
additional risk of this approach is that an inconclusive 
answer may be obtained, if there is question or contro-
versy about the prior distribution of the treatment effect 
assumed for the Bayesian design (Howard et al. 2005). 
Another important issue is that the presence of a time 
trend (e.g., the improved outcome over time described 
above for MRC AML trials) can result in incorrect con-
clusions about the relative effectiveness of compared 
treatments when adaptive allocation is employed  
(Chappell and Karrison 2007). The ethical issue of 
minimizing the number of patients receiving an inferior 
treatment can be addressed in trials using conventional 
frequentist designs through protocol-prescribed interim 
analyses of efficacy data with stopping rules for both 
superiority and for futility, as appropriate (Smith et al. 
1997).

8.5.2.7  Factorial Designs

If there is more than one question of clinical interest 
that needs to be addressed, factorial designs are an effi-
cient method to use. In a factorial design, patients are 
entered into more than one randomization. Hence, if 
there are two questions being addressed, patients are 
randomized to A versus B and to X versus Y, leading to 
four possible allocations: AX, BX, AY, and BY. This is 
called a 2 × 2 factorial design. The design can be 
extended to incorporate more than two randomizations. 
Use of a factorial design is dependent on the treatments 
being evaluated being compatible with each other (i.e., 
they can be given together within the same trial). 
Factorial designs may involve allocation to more than 
one randomization at the same time (e.g., two Induction 
questions) or at different time points (e.g., one Induc- 
tion and one Consolidation randomization). Factorial 
designs are used routinely in ALL trials, allowing the 
available patient resources to be used to answer two 
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study questions at the same time. For example, the 
COG high-risk ALL trial AALL0232 has a factorial 
design with a steroid randomization in Induction (dex-
amethasone vs. prednisone) and a randomization 
between Capizzi and high-dose methotrexate in Interim 
Maintenance. In the MRC AML15 trial, children could 
be entered into up to five randomizations.

In the absence of interactions between the factors, 
the sample size for a factorial design is similar to that 
for a single-question trial. If there is a negative interac-
tion between treatments (i.e., the benefit of the combi-
nation is less than the sum of the individual benefits), 
the sample size is increased, but not to the size that 
would be needed if two separate trials were conducted. 
It is recommended that factorial designs be used only 
when a priori it is believed (based on the mechanism 
of action of the two interventions) that there is no inter-
action between the two interventions. Interactions can 
be qualitative (when the direction of the treatment dif-
ferences for one randomization varies among the treat-
ments of another randomization), as illustrated by a 
study evaluating A versus B and X versus Y, when 
treatment B is beneficial when used with treatment X 
but is harmful when used with treatment Y. Alternatively, 
interactions can be quantitative (i.e., when the magni-
tude of the treatment effects for one randomization var-
ies among the treatments of another randomization, but 
the direction of the treatment effects is the same). 
Quantitative interactions are generally more common 
than qualitative interactions (Peto 1982). If there is no 
interaction, a stratified analysis is used to estimate the 
main effects. If there is significant interaction, then 
various subset analyses can be done to compare the 
individual treatments, recognizing that the study was 
not powered for such comparisons (Green 2001).

8.5.2.8  Correlative Studies

Trials make an excellent backbone for the addition of 
laboratory studies. Correlative studies on biology or 
health-related quality of life endpoints can either be 
embedded in the therapeutic trial for the population of 
interest or be set up as separate companion trials to the 
therapeutic trial. Embedded studies usually are more suc-
cessful in getting the required number of biologic sam-
ples/patients for the correlative studies. Refusal rates tend 
to be lower as compared to enrolling on a separate 
 correlative study, which would also require separate 

regulatory (e.g., Institutional Review Board) approvals. 
Banking of leukemia specimens from patients enrolled 
on Phase III clinical trials can be particularly valuable, as 
the banked cases will have extensive clinical annotation 
(eventually including outcome data). Collections of 
banked specimens have played central roles in identify-
ing key biological characteristics of childhood leukemias 
and in identifying biological factors associated with prog-
nosis. While prognostic factors are of interest, they 
become more interesting if they are also predictive factors 
(i.e., they can be used to predict response to treatment and 
potentially be used to direct therapy) (Taube et al. 2009). 
Large RCTs, evaluating the contribution of a novel 
molecularly targeted agent to standard therapy, represent 
an ideal setting in which to define the contribution of 
putative predictive biomarkers (Taube et al. 2009).

8.5.3  Analysis

8.5.3.1  Intention-to-Treat

As discussed, randomization eliminates differences 
between the arms due to patient selection and other 
confounding factors. Hence, it is important not to 
introduce biases subsequent to the randomization pro-
cess (e.g., by selectively excluding patients from one 
arm but not the other). The intention-to-treat principle 
means that all patients are analyzed in the arm to which 
they were allocated irrespective of whether they 
received the allocated treatment or not.

8.5.3.2  Statistical Tests

The statistical methodology for RCTs is well-estab-
lished. In most circumstances, a limited number of sta-
tistical tests are needed: Fisher exact or chi-square for 
dichotomous data (e.g., response rates), log-rank for 
time-to-event data (e.g., EFS, OS), t-tests or Wilcoxon 
tests for continuous parameters depending on the distri-
bution of the data. Multivariate methods to adjust for 
covariates are often useful: logistic regression for dichot-
omous data, Cox regression for time-to-event data. As 
endpoints such as quality of life become more important, 
more novel methods for dealing with the analysis of data 
collected at several time points (e.g., repeated measures 
analysis) are likely to become more widely used.
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8.5.3.3  Interim Analysis

During the course of a Phase III trial, it is important for 
ethical reasons to monitor for early convincing evi-
dence of efficacy (i.e., that a new treatment is better 
than the control arm) and safety (Beauchamp and 
Childress 1994). Stopping a study early for efficacy 
allows future patients to get the more efficacious treat-
ment more quickly. In some settings, it is also appro-
priate to monitor for futility (i.e., evidence that the new 
treatment is not better than the control by a minimally 
important amount). Stopping a study early for futility 
reduces the number of patients receiving a treatment 
that provides little benefit and that potentially causes 
substantial toxicity.

As treating physicians are blinded to emerging out-
come results for Phase III trials, interim monitoring is 
the responsibility of independent data and safety moni-
toring committees (DSMC) (Beauchamp and Childress 
1994; Smith et al. 1997). A study DSMC has the role of 
stopping (or recommending stopping) a trial if accumu-
lated data indicate that the initial equipoise surrounding 
the study question has shifted and uncertainty no longer 
prevails (Beauchamp and Childress 1994). Protocols 
for Phase III clinical trials generally include detailed 
interim analysis plans that provide guidance to the 
study statistician and to the DSMC about the timing of 
interim monitoring and about the stopping boundaries 
to be used at each monitoring point. Repeatedly testing 
interim data for efficacy can inflate false positive error 
rates. Standard statistical approaches to interim moni-
toring that preserve type I error have been developed 
and are widely used (Friedman et al. 1999; Jennison 
and Turnbull 2000). Repeated testing for futility can 
affect the study power, and approaches to futility moni-
toring that maintain study power have been developed 
(Lan et al. 1982; Jennison and Turnbull 2000).

8.5.3.4  Subgroup Analyses

It is of considerable clinical interest to investigate 
whether certain types of patients benefit more or less 
from a new therapy than others. In some protocols, 
subgroup analyses are prospectively specified, and 
appropriate statistical analysis plans are included in 
the protocol for defining the treatment effect for these 
subgroups. More commonly, however, subgroup anal-
yses are unplanned and performed post hoc. Such 

subgroup analyses are subject to misinterpretation 
since, when a trial is broken down into smaller sections 
for analysis and multiple analyses are performed, the 
likelihood that spurious effects will be seen by chance 
is increased. Testing for interaction (heterogeneity or 
trend as appropriate) to address whether there is evi-
dence that the treatment effect differs across subgroups 
is a more conservative analytic approach than inspec-
tion of subgroup p-values (Assmann et al. 2000; 
Wheatley and Hills 2001). Regardless of the analysis 
method employed, results from unplanned subgroup 
analyses should be interpreted cautiously and gener-
ally presented as exploratory analyses requiring inde-
pendent confirmation.

8.5.4  Reporting of Results

It is important that the results of a trial are reported 
objectively, with presentation of all protocol-specified 
endpoints and avoidance of selective reporting of, or 
emphasis on, the more positive results (Moher et al. 
2001). Results should be presented primarily as an 
estimate of the treatment’s effect (e.g., relative risk, 
hazard ratio), with a measure of the degree of uncer-
tainty surrounding the estimate (e.g., 95% confidence 
interval, standard error) (Gardner and Altman 1986). 
Results should not be reported simply as p-values, and 
interpretation should not be based simply on whether a 
result is conventionally statistically significant (i.e.,  
p < 0.05 means it works; p > 0.05 means it does not).

From a clinical perspective, reporting of absolute 
benefits, such as absolute risk reduction (ARR), or 
harms, may be more informative than reporting of pro-
portional differences, such as relative risks and hazard 
ratios. Giving a number needed to treat (NNT) or harm 
(NNH) can be a useful way of presenting the result in 
a way that is readily understandable for clinicians, i.e., 
how many patients do I need to treat to prevent one 
death or one relapse?

8.5.5  Meta-analysis

Meta-analysis involves the quantitative synthesis of the 
results from several trials addressing the same, or a 
similar, question. It can provide more reliable evidence 
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than any individual trial by including larger numbers of 
patients and events and by avoiding selective emphasis 
on the results of specific studies (e.g., the more positive 
ones). It may be especially useful in rare diseases, for 
which the individual trials are too small to be really 
reliable when taken on their own. For example, a pub-
lished data meta-analysis has summarized the evidence 
for autologous transplantation in children with AML 
(Bleakley et al. 2002), while individual patient data 
(IPD) meta-analyses have been performed on trials of 
Intensification and Maintenance therapies. Childhood 
ALL Collaborative Group 1996, CNS-directed therapy 
(Clarke et al. 2003), and anthracycline usage in ALL. 
Childhood ALL Collaborative Group 2009.

8.6  Summary

A key factor for success in improving outcome for 
children with leukemia in the coming years is the  
appropriate prioritization of new treatments for evalu-
ation in Phase III clinical trials. Given the challenges 
in conducting single-agent Phase II trials in the pediat-
ric leukemia setting, the application of reliable pre-
clinical models will be increasingly important in 
selecting novel agents and combinations of agents on 
which to focus in the clinic. These preclinical data, 
combined with the genomic and epigenomic charac-
terization of childhood leukemias, will provide the 
underpinnings for future clinical success.

Randomized trials have provided (and continue to 
provide) a robust methodology for the evaluation of 
new treatments for pediatric leukemia. Through these 
trials, both effective and ineffective interventions have 
been reliably identified, leading to improved outcomes 
for patients. As the underlying mechanisms of leuke-
mia become better-understood, leading to further dis-
ease subdivisions, new challenges for trial design with 
smaller numbers of patients will need to be addressed.
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9.1  Introduction

Acute lymphoblastic leukemia (ALL) is the most 
 common childhood malignancy, with an annual inci-
dence rate of three to four cases per 100,000 children 
(Horner et al. 2009). As shown in Fig. 9.1, there has 
been a tremendous progress in survival rates over the 
past several decades. Among patients treated with 

Late Sequelae in Children with Acute 
Lymphoblastic Leukemia: Impact  
on Long-Term Survival and Quality of Life

Joseph P. Neglia, Maura O’Leary, and Smita Bhatia 

J.P. Neglia 
Department of Pediatrics, University of Minnesota, 
Minneapolis, MN, USA

M. O’Leary 
Children’s Oncology Group, Bethesda, MD, USA

S. Bhatia (*) 
Department of Population Sciences, City of Hope  
National Medical Center, 1500 E. Duarte Road,  
Duarte, CA 91010, USA 
e-mail: sbhatia@coh.org

 9

Contents

9.1    Introduction ............................................................... 245

9.2    Burden of Morbidity ................................................. 247

9.3    Cardiotoxicity ............................................................ 247
9.3.1  Recommended Screening and Follow-Up .................. 248

9.4    Neurocognitive Effects .............................................. 248
9.4.1  Radiation ..................................................................... 248
9.4.2  Chemotherapy ............................................................. 248
9.4.3  Recommended Screening and Follow-Up .................. 249

9.5    Endocrine Late-Effects ............................................. 250
9.5.1  Growth ........................................................................ 250
9.5.2  Thyroid Function ........................................................ 250
9.5.3  Gonadal Function ........................................................ 251
9.5.4  Obesity/Metabolic Syndrome ..................................... 251

9.6    Bone Health ............................................................... 252

9.7    Hepatotoxicity ........................................................... 253

9.8    Second Malignant Neoplasms .................................. 254
9.8.1  Therapy-Related Myelodysplasia  

and Acute Myeloid Leukemia ..................................... 254
9.8.2  Therapy-Related Solid Second Malignancies ............. 255
9.8.3  Pathogenesis of Second Malignancies ........................ 256

9.9    Late Mortality ......................................................... 256

9.10    Quality of Life ......................................................... 256
9.10.1  Challenges with Delivering  

Survivorship Care...................................................... 257

9.11    Cancer Survivorship: Future  
Research Opportunities .......................................... 257

References ............................................................................ 259

0 2 4 86 10

80

60

40

20

100

   

P
ro

p
o

rt
io

n
 S

u
rv

iv
in

g

1970-72

1968-70

1975-78
1972-75

1989-93
1983-89
1978-83

1993-95

1995-97

Fig. 9.1 Overall survival of children diagnosed with acute lym-
phoblastic leukemia and treated on legacy Children’s Oncology 
Group protocols (1968–1997)



246 J.P. Neglia et al.

contemporary risk-based therapy, the overall 5-year 
survival rates exceed 85% (Brenner et al. 2001; Ries 
et al. 2001) and the event-free survival (EFS) rates 
exceed 80% (Pui and Evans 1998; Schrappe et al. 
2000; Silverman et al. 2001). With this success has 
come the need to consider the long-term morbidity and 
mortality associated with treatments responsible for 
the improvement in survival, as well as the quality of 
this survival.

Unlike adults, the growing child tolerates the acute 
side effects of therapy relatively well. However, the 
use of cancer therapy at an early age can produce com-
plications that may not become apparent until years 
later as the child matures; hence the term “late-effect” 
for a late-occurring or chronic outcome, either physi-
cal or psychological, that persists or develops beyond 

5 years from diagnosis of ALL. Because of the rela-
tively young age of the cancer survivors and the poten-
tial for longevity, the delayed consequences of therapy 
may have a significant impact on their lives, and on 
society at large. Long-term sequelae of treatment, such 
as impaired intellectual and psychomotor functioning  
(Jankovic et al. 1994a, b), endocrine abnormalities  
(Hameed and Zacharin 2005), cardiotoxicity (Lipshultz 
et al. 1991), and second malignancies (Pui et al. 1989; 
Neglia et al. 1991; Nygaard et al. 1991; Loning et al. 
2000) are now being reported with increasing fre-
quency in this growing population of survivors. Topics 
that are reviewed in this chapter are summarized in 
Table 9.1 and include issues related to the specific late-
effects faced by ALL survivors and the future research 
opportunities that need to be explored.

Adverse outcome Therapeutic exposures associated 
with increased risk

Factors associated with highest risk

Neurocognitive deficits Cranial irradiation, intrathecal 
methotrexate, cytarabine

Female sex, younger age (<5 years) at treatment, 
cranial irradiation, and intrathecal chemotherapy

Cardiomyopathy/congestive heart 
failure

Anthracyclines High cumulative doses, females, younger than 5 
years at treatment, mediastinal radiation

Therapy-related myelodysplasia Alkylating agents, topoisomerase II 
inhibitors, anthracyclines

Increasing dose of chemotherapeutic agents, older 
age at therapeutic exposure

Thyroid cancer Radiation to the thyroid gland Increasing dose up to 29 Gy, female sex, younger 
age at radiation

Skin cancer (basal cell, squamous 
cell, melanoma)

Radiation therapy Orthovoltage radiation (prior to 1970) – delivery 
of greater dose to skin, additional excessive 
exposure to sun, tanning booths

Secondary brain tumor Cranial irradiation Increasing dose, younger age at treatment

Hypothyroidism Radiation to the thyroid gland Increasing dose, female sex, age at treatment

Hypogonadism Alkylating agents, craniospinal 
irradiation, abdomino-pelvic 
irradiation, gonadal irradiation

Male sex, treatment during peripubertal or 
postpubertal period in girls, higher cumulative 
doses of alkylators

Precocious puberty Cranial irradiation Female sex, younger age at treatment, radiation 
dose >18 Gy

Chronic hepatitis C virus (HCV) 
infection and HCV-related sequelae

Transfusions before 1993 Living in hyperendemic area

Short stature Cranial irradiation, corticosteroids, 
total body irradiation

Younger age at treatment, cranial radiation dose 
>18 Gy, unfractionated (10 Gy) total body 
irradiation

Obesity Cranial irradiation Younger age at treatment (<8 years), female sex, 
cranial irradiation dose >20 Gy

Osteopenia/osteoporosis Corticosteroids, craniospinal 
irradiation, total body irradiation

Associated hypothyroidism, hypogonadism, 
growth hormone deficiency

Osteonecrosis Corticosteroids, high-dose 
radiation to any bone

Dexamethasone, adolescence, female sex

Table 9.1 Commonly occurring late-effects in survivors of childhood acute lymphoblastic leukemia (ALL)
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9.2  Burden of Morbidity

Investigators have described the burden of morbidity 
by quantifying the chronic medical problems experi-
enced by ALL survivors (Pui et al. 1989; Mody et al. 
2008). Mody et al. (2008) reported one or more chronic 
medical conditions in 50% of survivors, compared 
with 37.8% of siblings (p < 0.001). Survivors were 
found to be 3.7 times more likely than siblings to report 
a severe or life-threatening chronic medical condition 
and 2.8 times more likely to report multiple chronic 
medical conditions, after adjusting for age at interview, 
sex, and ethnicity. Highest risks were seen for muscu-
loskeletal conditions (e.g., major joint replacements), 
cardiac conditions (e.g., congestive heart failure 
[CHF]), and neurologic conditions (e.g., cognitive def-
icits). Among ALL survivors, the cumulative incidence 
of any chronic medical condition 25 years from diag-
nosis was 64.9%, while that of a severe, life-threa-
tening condition was 21.3%. Of note, 92% of the 
nonirradiated survivors who remained in complete 
continuous remission reported no severe or life-threat-
ening chronic medical conditions.

These studies demonstrate quite conclusively that 
the implications of cure are not trivial, and that the bur-
den of morbidity carried by ALL survivors is substan-
tial. Furthermore, these data support a critical need for 
follow-up of ALL survivors into adult life. There is 
also an urgent need for healthcare providers to be 
aware of “at risk” populations in order to develop 
appropriate surveillance strategies, and for survivors to 
participate in that surveillance.

9.3  Cardiotoxicity

Anthracyclines are widely used for the treatment of 
childhood ALL, and may result in cardiotoxicity. 
Chronic cardiotoxicity usually manifests itself as sub-
clinical cardiomyopathy that may eventually lead to 
clinically overt congestive heart failure (CHF) 
(Fig. 9.2). Reported incidences of CHF vary from 0% 
to 16% in measurements ranging from 0.9 to 4.6 years 
following treatment (Kremer et al. 2002). The inci-
dence of anthracycline-induced cardiomyopathy is 
dose-dependent, and a cumulative dose of anthracy-
clines greater than 300 mg/m2 has been associated 
with an 11-fold increased risk of CHF when compared 

with a dose less than 300 mg/m2; the risk of CHF 
 continues to increase with time from exposure and 
approaches 5% after 15 years (Kremer et al. 2001).

Abnormalities of left ventricular structure and func-
tion are found in up to 60% of anthracycline-treated sur-
vivors of childhood ALL (Lipshultz et al. 1991). 
Cardiotoxicity has been shown to have two forms: the 
first is characterized by depressed contractility and is 
associated with higher cumulative anthracycline dose and 
female sex, and the second is characterized by increased 
afterload and decreased left ventricular mass and wall 
thickness. The latter form of cardiotoxicity is related to 
time since treatment, age at treatment, and anthracycline 
dosage (Lipshultz et al. 1995). These cardiac abnormali-
ties are persistent and progressive after anthracycline 
therapy (Lipshultz et al. 2005). The abnormalities are 
most severe after highest cumulative doses of anthracy-
clines, but may appear even after low doses. More follow-
up is needed to determine the natural history and clinical 
significance of these abnormalities (Lipshultz 2000).

Among anthracycline-exposed patients, the risk for 
cardiotoxicity can be increased by mediastinal radiation 
(Fajardo et al. 1968), uncontrolled hypertension (Prout 
et al. 1977), exposure to nonanthracycline chemo-
therapeutic agents (especially cyclophosphamide, dac-
tinomycin, mitomycin C, dacarbazine, vincristine, 
bleomycin, and methotrexate) (Smith et al. 1977; Von 
Hoff et al. 1982), female gender (Lipshultz et al. 1995), 
younger age, and electrolyte imbalances such as hypo-
kalemia and hypomagnesemia. The evidence regarding 
the association between anthracycline-induced cardio-
toxicity and the method of administration is insufficient 
to draw meaningful conclusions (Legha et al. 1982; 
Shapira et al. 1990; Lipshultz et al. 2002).

Fig. 9.2 Plain chest radiograph depicting anthracycline-related 
congestive heart failure
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Prevention of cardiotoxicity is a focus of active 
investigation. Certain analogs of doxorubicin and 
daunomycin that are associated with decreased cardio-
toxicity, but have equivalent antitumor activity, are 
being explored. Agents such as dexrazoxane, which 
are able to remove iron from anthracyclines, have been 
investigated as cardioprotectants. Clinical trials of 
dexrazoxane have been conducted in children with 
encouraging evidence of short-term cardioprotection 
(Wexler 1998); however, the long-term avoidance of 
cardiotoxicity with the use of this agent is yet to be 
sufficiently determined. A recent systematic review of 
published data found some limited evidence of the 
effectiveness of cardioprotectants (Bryant et al. 2007). 
Dexrazoxane (Lipshultz et al. 2004) and coenzyme 
Q10 (Iarussi et al. 1994) were both reported to protect 
cardiac function during anthracycline therapy. In fact, 
dexrazoxane was reported to have prevented or reduced 
cardiac injury, as reflected by less elevation of troponin 
T levels during doxorubicin  treatment, without com-
promising the antileukemic efficacy of the doxorubi-
cin. However, longer follow-up is needed to determine 
the influence of dexrazoxane on cardiac function.

9.3.1  Recommended Screening  
and Follow-Up

Patients exposed to anthracyclines need ongoing 
monitoring for late-onset cardiomyopathy using phys-
ical examination and serial noninvasive testing 
(echocardiogram, electrocardiogram) (Shankar et al. 
2008). The frequency of echocardiograms can range 
from yearly to every 5 years, depending on cumula-
tive anthracycline dose, age at exposure, and treat-
ment with mediastinal radiation. Aerobic exercise is 
generally safe and should be encouraged for most 
patients. However, intensive isometric activities (e.g., 
heavy weight lifting, wrestling) should be avoided. 
Pregnant women previously treated with anthracy-
clines should be closely monitored, as changes in vol-
ume during the third trimester could add significant 
stress to a potentially compromised myocardium (van 
Dalen et al. 2006). Specific recommendations for 
monitoring, based on age and therapeutic exposure, 
are delineated within the Children’s Oncology Group 
(COG) Long-Term Follow-Up Guidelines available at 
www.survivorshipguidelines.org.

9.4  Neurocognitive Effects

Treatment for any childhood cancer can result in dam-
aging effects on the central nervous system (CNS). 
Survivors of ALL may experience decline in intellec-
tual function, learning problems, behavior disorders, 
school failure, and impaired employability. Though 
neurocognitive effects were originally described for 
children who underwent cranial radiation, subsequent 
studies have suggested that children treated with che-
motherapy alone may also be at risk for neurobehav-
ioral deficits, although of a less severe nature.

9.4.1  Radiation

The use of either prophylactic or therapeutic cranial 
radiation has been clearly associated with late neu-
rocognitive impairment in children with ALL. 
Although the mechanism is not entirely clear, radiation 
therapy can impair short-term memory, visual spatial 
ability, somatosensory functioning, and executive fun-
ction, all of which can manifest as intellectual impair-
ment (Meadows et al. 1981; Cousens et al. 1988; 
Mulhern et al. 1988; Stehbens et al. 1991; Brown and 
Madan-Swain 1993). These deficits are often not 
apparent during the treatment period, but manifest 
years later when children are referred for special edu-
cation services (Rubenstein et al. 1990; Mulhern et al. 
1991; Jankovic et al. 1994a, b). Children treated with 
radiotherapy at younger ages are particularly at risk 
(Robison et al. 1984; Cousens et al. 1988), as are 
females (Bleyer et al. 1990; Waber et al. 1990). 
Radiation dose is a strong predictor of neurocognitive 
deficits, with cranial radiation doses equal to or exceed-
ing 2,400 centigray (cGy) resulting in greater impair-
ment (Fuss et al. 2000).

9.4.2  Chemotherapy

Recognition of the neurocognitive late-effects of radi-
ation has made the need for effective chemotherapy in 
ALL even more important. Currently, most children 
with ALL do not receive radiation therapy and new 
research suggests that the population of children 
requi ring radiation may continue to decrease over 

http://www.survivorshipguidelines.org
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time (Pui et al. 2009). Radiation has been supplanted 
by the use of intrathecal (IT) chemotherapy accompa-
nied by higher doses of systemic chemotherapy, which 
have given rise to new concerns in the ALL survivor 
population.

Methotrexate has been the mainstay of ALL therapy 
for many years and while effective, has clear acute and 
chronic risks associated with its use. Acute neurotoxic 
events have been shown to occur significantly more 
often among those children who received intravenous 
methotrexate in addition to IT methotrexate during 
Consolidation therapy (Mahoney et al. 1998). The pre-
senting acute event was most commonly seizures, 
which occurred in approximately 80% of patients with 
acute neurotoxicity. Other observed acute neurotoxici-
ties included paresthesias, weakness, headaches, apha-
sia, ataxia, dysarthria, arachnoiditis, and choreoathetosis. 
Computed tomography and magnetic resonance imag-
ing (MRI) findings among those children with acute 
neurotoxicity were most commonly white matter chan-
ges characterized as hypodense areas with or without 
microangiopathic calcifications. Overall, approxi-
mately 10% of children in this trial who were treated 
with combined intermediate dose systemic methotrex-
ate and IT methotrexate developed neurotoxicity. 
Ongoing follow-up of this group is continuing. Children 
treated with IT methotrexate in the absence of systemic 
methotrexate have shown less acute toxicity. In a large 
investigation conducted by the Childhood Cancer 
Survivor Study (CCSS), 4,151 5+ year survivors of 
ALL who had not been irradiated and had never expe-
rienced a relapse of ALL reported no more chronic 
neurologic conditions than a sibling control group 
(Mody et al. 2008).

Concern has been expressed about the long-term 
neurocognitive effects of glucocorticoid exposure in 
children with ALL. Glucocorticoids may result in CNS 
toxicity as evidenced by both animal experiments and 
clinical observation. Rat studies demonstrate that gluco-
corticoids disrupt the energy metabolism of neurons in 
the hippocampus, an important organ for memory pro-
cessing, rendering them more vulnerable to toxic insults 
(Sapolsky 1993). This finding is worrisome in the child-
hood cancer population because these patients are given 
steroids concurrently with other toxic agents (Waber 
et al. 2000). Because of recent data suggesting that dex-
amethasone is less likely than prednisone to result in 
CNS relapse, increased scrutiny has been given to survi-
vor populations exposed to either dexamethasone or 

prednisone as their primary glucocorticoid therapy. In a 
sequential study, children who were treated with dex-
amethasone were noted to have poorer neurocognitive 
outcomes than children treated with prednisone (Waber 
et al. 2000). More recently, the COG has investigated 
neurocognitive outcomes among children randomized 
to either dexamethasone or prednisone on a therapeutic 
trial. In that study, almost 100 patients were evaluated 
with a standard neurocognitive battery, and no group 
differences were found in the distribution of neurocog-
nitive or academic performance after adjustment for 
age, gender, and time from diagnosis (Kadan-Lottick 
et al. 2009).

Children who experience a neurocognitive late-effect 
often present with limitations in age-appropriate activities 
of daily living, including school performance, indepen-
dent living, and some domains of quality of life (QOL)  
(Mulhern and Palmer 2003). Global declines in IQ and 
performance, characteristic of many children who have 
received CNS-directed therapy, are secondary effects 
resulting from “core” changes in a child’s ability to attend 
to and process new information. This difficulty with 
information acquisition underlies the challenges these 
children face, and explains why, without proactive inves-
tigation, these effects may not become evident for years.

Interventions to improve cognitive performance are 
receiving increased attention. Cognitive rehabilitation 
is an intervention “intended to restore lost cognitive 
functions or to teach the patient skills to compensate 
for cognitive losses that cannot be restored” (Mulhern 
and Palmer 2003). Butler and colleagues have devel-
oped an outpatient rehabilitation program targeted at 
disorders of attention and associated processes (Butler 
and Copeland 2002). Stimulant medications, such as 
methylphenidate hydrochloride may also be effective 
for ALL survivors with neurocognitive sequelae and 
have shown benefit in early research (Daly and Brown 
2007; Butler et al. 2008).

9.4.3  Recommended Screening  
and Follow-Up

All physicians engaged in the care of ALL survivors 
should be aware of the possible neurocognitive com-
plications of the patient’s prior therapy. Health provid-
ers should monitor the patient at clinic visits with a 
history that includes questions, tailored to the age of 
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the patient, about developmental milestones, school 
performance, peer relations, need for special educa-
tion services, and neurological abnormalities (e.g., 
weakness, seizures). More detailed questions should 
assess domains of neurocognitive functioning that 
tend to be impaired specifically in ALL survivors, such 
as executive functioning. As deficits in neurocognitive 
functioning often do not present until several years 
after treatment and can be subtle and/or subclini - 
cal, presymptomatic neuropsychological assessment 
should be strongly considered. The timing of this 
assessment depends on the individual patient, but may 
be particularly helpful at school reentry to facilitate 
transition.

9.5  Endocrine Late-Effects

Survivors of all childhood cancers, and in particular 
childhood ALL, have long been recognized to be at 
risk for endocrine late-effects. These endocrine late-
effects can be subtle or overt and may have substantial 
impact on a survivor’s health and quality of life. There 
is no aspect of the endocrine system that cannot be 
affected by ALL therapy. Impairment of growth, thy-
roid function, gonadal function, bone mineralization, 
and pancreatic and adrenal function have all been 
described in survivors of childhood ALL (Hameed and 
Zacharin 2005; Pizzo and Poplack 2006; Geenen et al. 
2007; Mody et al. 2008; Nandagopal et al. 2008; 
Steffens et al. 2008). Importantly, many of these late-
effects are predictable by prior therapy and amenable 
to medical intervention.

9.5.1  Growth

Impairment of growth is one of the major late-effects 
of childhood ALL therapy (Sklar et al. 1993; Huma 
et al. 1995; Sklar 1995; Chemaitilly et al. 2007). 
Cranial radiation can have a significant impact on 
growth and may lead to final height reductions of 
5–10 cm in children treated with 2,400 cGy of radia-
tion (Robison et al. 1985; Schriock et al. 1991). 
Reductions in final height are less severe among chil-
dren treated with 1,800 cGy or no radiation at all 

(Sklar et al. 1993; Chow et al. 2007a, b). In a recent 
investigation in the CCSS, self-reported adult height 
was compared between 2,434 ALL survivors and 3,009 
sibling controls. The risk for adult short stature (defined 
as a high standard deviation score of ³2) was up to 3.4-
fold greater among the ALL survivors (Chow et al. 
2007a, b). Among survivors treated with greater than 
2,000 cGy of cranial radiation, females and those diag-
nosed at an early age were at greatest risk of adult short 
stature. Radiation received in the course of hematopoi-
etic cell transplantation has also been associated with a 
reduction in adult height (Chemaitilly et al. 2007). 
Radiation of the spine in the course of ALL therapy 
may reduce adult height through impairment of spinal 
growth as well as the inability of the irradiated spine to 
respond to growth hormone therapy (Brownstein et al. 
2004). Furthermore, thyroid dysfunction and the early 
onset of puberty observed in girls treated for ALL 
with cranial radiation may also reduce final height 
(Groot-Loonen et al. 1996; Chow et al. 2008).

Treatment of children with recognized growth hor-
mone deficiency is effective in improving adult height. 
Therefore, early recognition of growth hormone defi-
ciency and the correction of other endocrinopathies are 
important in obtaining maximal response (Brown -stein 
et al. 2004). A small, but statistically significant, incre-
ase in the risk of secondary cancers has been reported 
from the CCSS in association with growth hormone 
therapy and therefore must be considered in the deci-
sion to start growth hormone therapy (Ergun-Longmire 
et al. 2006).

9.5.2  Thyroid Function

Both hyper- and hypothyroidism have been reported 
among survivors of childhood ALL and have clearly 
been associated with the use of radiation as part of cra-
nial prophylaxis or hematopoietic cell transplantation 
(Steffens et al. 2008; Chow et al. 2009). The risk of 
hypothyroidism following ALL therapy increases with 
increasing dose of radiation to the thyroid region. The 
risk appears to be greater among women than men, but 
is clearly elevated in both groups. The onset of thyroid 
dysfunction may be several years after treatment of 
childhood leukemia and lifelong surveillance is impor-
tant (Pasqualini et al. 1991; Mohn et al. 1997; Chow 
et al. 2009).
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9.5.3  Gonadal Function

The majority of male and female long-term survivors 
of childhood ALL who were treated without radiother-
apy will have normal gonadal function and reproduc-
tive outcomes (Byrne et al. 2004; Green et al. 2009). 
However, there are specific, predictable late-effects that 
are therapy-specific and unique for males and females.

In men, germ cell damage is much more common in 
response to gonadotoxic therapeutic exposure than 
Leydig cell damage, and as a result, men may have 
reduced fertility without any overt evidence of testicu-
lar damage. Exposure of the testes to radiation doses as 
low as 400–600 cGy may result in permanent azoo-
spermia (Pizzo and Poplack 2006; Sarafoglou et al. 
1997). ALL survivors who were treated with high 
doses of alkylating agents may also be at risk for germ 
cell damage, in particular, those survivors treated with 
high doses of cyclophosphamide. In contrast, Leydig 
cell function is generally very well preserved in leuke-
mia survivors, although careful monitoring of Leydig 
cell function in boys following testicular radiation is 
strongly recommended (Sklar 1999). Radiotherapy 
doses in excess of 30 Gy are known to induce Leydig 
cell failure.

In contrast, loss of germ cell function in women 
usually accompanies loss of hormone production. 
Women who are exposed to pelvic radiation are recog-
nized to be at increased risk, as are women who are 
exposed to high doses of alkylating agents. Premature 
menopause has also been recognized as a risk of child-
hood cancer therapy; however, most patients success-
fully treated for ALL are not exposed to the high doses 
of radiation and/or alkylating agents associated with 
the greatest risk of these events (Byrne 1999; Sklar 
2005; Sklar et al. 2006; Green et al. 2009).

9.5.4  Obesity/Metabolic Syndrome

As survivors of childhood ALL age, they will experi-
ence the same health risks as the general American 
population. Among these risks, cardiovascular disease 
is of great concern because of the unique health history 
of this population early in life. As many of the risk fac-
tors for cardiovascular disease are modifiable, attention 
has been focused to determine the prevalence of cardio-
vascular disease risk factors among the ALL survivors.

Obesity has been increasingly recognized as a late 
complication of therapy among childhood ALL survi-
vors (Oeffinger et al. 2003; Chow et al. 2007a, b; Asner 
et al. 2008; Miyoshi et al. 2008). Of particular concern 
is that the prevalence of obesity appears to rise with 
increasing time from completion of therapy. In a longi-
tudinal study conducted by the CCSS, changes in body 
mass index from baseline enrollment into the CCSS to 
a second time point (a mean of 7.8 years later) were 
analyzed for 1,451 ALL survivors and 2,167 sibling 
controls. The body mass index of the ALL survivors 
who had been treated with cranial radiation therapy 
showed a significantly greater increase than the sibling 
control group. Younger age at the time of radiation 
therapy and female gender significantly increased the 
risk of obesity (Garmey et al. 2008). It is important to 
note that in this investigation the children who had not 
received cranial radiation had a weight gain similar to 
that of the control group; however, the association 
between obesity and cranial radiation has not been 
observed by all investigators (Razzouk et al. 2007).

The mechanisms underlying weight gain in ALL 
survivors are now being investigated. For example, 
specific polymorphisms of the leptin receptor gene 
were found to be associated with obesity in female sur-
vivors of childhood ALL exposed to cranial radiation 
(Ross et al. 2004). Other treatment-related factors may 
also increase the likelihood of obesity in ALL survi-
vors, including impairments of strength and mobility 
(Ness et al. 2007) and neuropathy (van Brussel et al. 
2006). Interventions to decrease obesity in ALL survi-
vors are now underway and have predominantly 
focused on the initiation of exercise during therapy 
(Arroyave et al. 2008; Moyer-Mileur et al. 2009).

Metabolic syndrome is a clinical entity character-
ized by abdominal obesity, elevated plasma glucose, 
dyslipidemia, hypertension, and a prothrombotic and 
proinflammatory state (Grundy et al. 2005). In the 
general population, metabolic syndrome is an impor-
tant risk factor for later onset of diabetes and cardio-
vascular disease (Grundy et al. 2005). Central to 
metabolic syndrome is the occurrence of insulin 
resistance. Accumulating evidence suggests that chil-
dren treated for ALL may have a greater risk of 
developing metabolic syndrome than the general 
population. A small case-control study showed that 
16% of the childhood cancer survivors had evidence 
of obesity, hyperinsulinemia, and low HDL choles-
terol, as compared to none of the controls (Talvensaari 
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et al. 1996). Other investigators have noted similar 
findings. Sixty percent of ALL survivors who had 
been treated with cranial radiation had two or more 
components of the metabolic syndrome, as compared 
to 20% of those not treated with cranial radiation 
(Gurney et al. 2006). Increased levels of insulin resis-
tance have also been reported in a recent cross-sec-
tional study of 118 survivors of childhood ALL. 
Female ALL survivors, especially those who had 
been treated with cranial radiation, were at greatest 
risk (Oeffinger 2008).

In addition, untreated growth hormone deficiency 
was observed in 85% of ALL survivors who had 
received prior cranial radiation; these patients, particu-
larly the females, also tended to have higher fasting 
insulin, abdominal obesity, and dyslipidemia (Gurney 
et al. 2006). Untreated growth hormone deficiency is a 
frequent finding among those children previously irra-
diated. Treatment with growth hormone has been 
shown to reduce the prevalence of metabolic syndrome 
in growth hormone-deficient survivors of childhood 
ALL (Follin et al. 2006).

9.6  Bone Health

While children are undergoing treatment for ALL and 
immediately afterward, some may experience bone 
pain, gait changes, or fractures in addition to the bet-
ter-known complication of osteonecrosis (ON). These 
changes have been linked to alterations in the metabo-
lism of vitamin D, magnesium, and calcium; this 
altered metabolism leads to altered bone turnover and 
weakened bone (Atkinson et al. 1989). Further 
research by the same investigators found that symp-
toms of bone pain were common (36% at initial pre-
sentation) and linked to a longer presentation period 
before the ALL was diagnosed. They found that most 
of the children with ALL already had alterations in 
bone mass and bone metabolism when they were diag-
nosed with ALL, suggesting that the defective miner-
alization and decreased bone mass are a result of the 
leukemic process as opposed to the chemotherapy 
(Halton et al. 1995). Other investigators have detailed 
significant bony alterations that occur while on ther-
apy and lead to ongoing sequelae posttherapy (Strauss 
et al. 2001). The 5-year cumulative incidence of frac-
tures and ON in patients treated for ALL has been 

reported to be 30% overall and as high as 51% in 
patients older than 9 years of age at diagnosis. Patients 
exposed to dexamethasone have been noted to have a 
higher rate of bone morbidity than those treated with 
prednisone.

ON has become increasingly prominent as a major 
long-term complication of ALL treatment. It is associ-
ated with progressive joint damage, pain, arthritis, and 
eventual joint replacement in some cases. With the 
increased use of dexamethasone in the newer genera-
tion of treatment protocols, the incidence has increased 
and the age of onset has decreased. The Children’s 
Cancer Group (CCG) published a retrospective analy-
sis of ON from the CCG-1882 study for high-risk ALL 
(Mattano et al. 2000). In the 1,409 children with ALL, 
the overall risk of ON was 9.3%. The incidence was 
0.9% in patients less than 10 years, 13.5% in 10–15-
year olds, and 18% in 16–20-year olds. Females were 
at higher risk than males. The patients with ON tended 
to be older at diagnosis than those without ON. Patients 
treated with two delayed intensifications (DI) (with two 
21-day courses of continuous dexamethasone) as part 
of augmented therapy for slow response were more 
likely to develop ON. The predominant joints affected 
included hips and knees (24% and 31%, respectively).

A subsequent COG study found the incidence of ON 
to be 10.8% in patients who received a single DI that 
included a continuous 21-day course of dexamethasone 
and 5.5% in patients who received two DIs with discon-
tinuous dexamethasone (alternate weeks of therapy) in 
each of the two cycles. In the highest-risk patients (10–
20-year olds), the incidence of ON among patients who 
received continuous dexamethasone was 13.4%, while 
it was 7.5% among those exposed to discontinuous dex-
amethasone (Seibel et al. 2008; Reaman 2009).

Other international groups have reported only a 
modest increase in the risk of ON among patients 
treated for ALL. Arico et al. reported the overall inci-
dence of ON to be 1.1% in patients treated with a BFM-
type intensive chemotherapy; yet, when patients from 
the 10–17 year age-group were evaluated, the incidence 
was 7.4%. Females over the age of 10 were at particu-
larly high risk (Arico et al. 2003). The ALL-BFM-95 
trial had an overall incidence of ON of 1.8%. Patients 
over 10 years of age had an 8.9% rate and patients over 
15 had a rate of 16.7% (Burger et al. 2005).

Relling and colleagues utilized a candidate gene 
approach to examine genetic risk factors for ON in 
children with ALL (Van Veldhuizen et al. 1993). They 
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identified polymorphisms in genes TYMS and VDR 
that were associated with an increased risk of ON; both 
of these genes are associated with the pharmacody-
namics of methotrexate and prednisone, commonly 
used to treat ALL. A recent study found plasminogen 
activator inhibitor (PAI 1) gene polymorphism to be 
associated with ON in patients previously treated for 
ALL. PAI-1 serum levels have been associated with 
thrombosis, and a thrombotic etiology has been impli-
cated in the pathogenesis of ON (Relling et al. 2004). 
This study reinforces the premise that genetic factors 
contribute to sequelae of treatment for malignancies 
(French et al. 2008).

The 20-year incidence of ON is significantly higher 
among all cancer survivors, approaching 0.43% com-
pared to 0.03% for siblings. Furthermore, the incidence 
of ON is higher among those diagnosed with ALL 
after 16 years of age (2.8%), as compared with those 
diagnosed at a younger age (0.2%). Other risk factors 
include exposure to dexamethasone and radiation ther-
apy (Kadan-Lottick et al. 2008).

The outcome of patients with ON depends on the 
severity of functional compromise and pain, as well as 
the joints involved. Due to the young age of the patients 
and the potential for bone growth, these patients should 
be evaluated by orthopedists to determine the best plan of 
care (Marchese et al. 2008). Surgical intervention such as 
core decompression, bone grafting, and joint replacement 
have been utilized to decrease pain and improve mobility 
(Werner et al. 2003; Karimova et al. 2007).

9.7  Hepatotoxicity

While abnormalities of liver function are common 
among patients actively receiving ALL therapy, chronic 
liver disease as a result of therapy is rare. Routine 
donor screening for hepatitis C virus (HCV) began in 
1993; therefore, patients who were treated for child-
hood cancer prior to donor screening for HCV are at a 
higher risk of having acquired HCV from the blood 
product transfusions they received. The prevalence of 
HCV infection in this population approaches ~10% 
(Fioredda et al. 2005). Patients treated before blood 
products were routinely screened for HCV are also 
more likely to have issues with chronic liver sequelae 
such as cirrhosis, hepatic failure, and hepatocellular 
carcinoma (Bhatia 2003).

Characteristically, patients on Maintenance  regi- 
mens including 6-mercaptopurine (6MP) and 
 met hotrexate experience transient fluctuations in 
transa minases and bilirubin, which is more exagger-
ated among patients with a deficiency of thiopurine 
S-methyltrans ferase (TPMT) enzyme activity (Relling 
et al. 1999a, b).

More recently, with the attempt to replace 6-mer-
captopurine (6MP) with 6-thioguanine (6TG) in two 
large trials in the United States and the UK, a new dis-
ease process was observed. Patients who were on the 
6TG arm developed portal hypertension, thrombocy-
topenia, and splenomegaly (Broxson et al. 2005; 
Lennard et al. 2006). Microscopically, the patients had 
occlusive venopathy and nodular regenerative hyper-
plasia (De Bruyne et al. 2006). While it resolved with 
cessation of the drug in some patients, in others, it 
became a progressive condition now identified as 
hepatic sinusoidal obstruction syndrome (SOS) (Murri 
et al. 2004). Additional complications have occurred 
during the natural history of SOS, including esopha-
geal varices with associated bleeding. Physical symp-
toms related to this toxicity have developed months to 
years after exposure and indicate that patients who 
were treated on these regimens will require screening 
even off therapy (Reaman 2009), reinforcing the need 
for close follow-up of patients who received 6TG.

Recent studies have determined that using escalat-
ing dose methotrexate for Interim Maintenance 
increases EFS (Matloub et al. 2008). However, patients 
with decreased methylenetetrahydrofolate reductase 
(MTHFR) activity have been noted to be at risk for 
increased methotrexate toxicity; in addition, MTHFR 
C677T polymorphism has been linked to liver toxicity. 
Chronic conditions have not been reported to date, but 
screening of patients for this mutation and other gene 
polymorphisms, including glutathione S-transferase 
genes, could predict hepatic toxicity during therapy 
(Chiusolo et al. 2002; Imanishi et al. 2007).

Screening guidelines in patients who have received 
6MP, 6TG, or methotrexate should include a yearly 
physical exam with transaminases and bilirubin screen-
ing. For patients with complications from 6TG, more 
extensive initial evaluations with abdominal ultra-
sound, MRI, and liver biopsy may be indicated. In 
patients with portal hypertension, screening for esoph-
ageal varices should be considered after consultation 
with a gastroenterologist. Persistence of liver func - 
tion abnormalities may warrant further evaluation for 
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infectious causes of hepatic dysfunction, especially in 
patients treated before 1993.

9.8  Second Malignant Neoplasms

Second malignant neoplasms (SMNs) are defined as 
histologically distinct neoplasms that develop 2 or 
more months after the diagnosis of the primary cancer. 
For survivors of childhood ALL, the risk of SMNs is 
modest at best. The estimated actuarial risk of devel-
oping an SMN has been reported at 2.5% (Neglia et al. 
1991) and 3.3% at 15 years (Loning et al. 2000) and, 
among those treated with contemporary, risk-based 
therapy, the risk is lower at 1.2% at 10 years (Fig. 9.3) 
(Bhatia et al. 2002). This represents a sevenfold to 
14-fold increased risk compared with an age and sex-
matched general population. Hijiya et al. described the 
cumulative incidence of SMNs in children treated for 
ALL who were followed for over 30 years; they found 
the cumulative incidence to be 4.2% at 15 years and 
10.9% at 30 years, representing a 13.5-fold increased 
risk compared with the general population (Hijiya 
et al. 2007). A second cohort with extended follow-up 
demonstrated the cumulative incidence to be 5.3% at 
25 years, and the excess risk to be fivefold when com-
pared with the general population (Mody et al. 2008).

Variables associated with an increased risk of SMNs 
include female sex (relative risk [RR] = 1.8), radiation 
to the craniospinal axis (RR = 1.6), and relapse of 

primary disease (RR = 3.5) (Bhatia et al. 2002). Unique 
associations with specific therapeutic exposures have 
resulted in the classification of SMNs into two distinct 
groups: (1) chemotherapy-related myelodysplasia and 
acute myeloid leukemia (t-MDS/AML); and (2) radia-
tion-related solid SMNs. Characteristics of t-MDS/
AML include a short latency (<3 years from primary 
cancer diagnosis) and association with alkylating agents 
and topoisomerase II inhibitors. Solid SMNs have a 
strong and well-defined association with radiation, and 
are characterized by a latency that exceeds 10 years.

9.8.1  Therapy-Related Myelodysplasia 
and Acute Myeloid Leukemia

t-MDS/AML is a clonal disorder characterized by dis-
tinct chromosomal changes (Smith et al. 2003; Schoch 
et al. 2004; Pedersen-Bjergaard et al. 2006). Two types 
are recognized by the WHO classification: alkylating 
agent-related type, and topoisomerase II inhibitor-
related type (Vardiman et al. 2002).

9.8.1.1  Alkylating Agent-Related t-MDS/AML

Mutagenicity is related to the ability of alkylating agents 
to form crosslinks and/or transfer alkyl groups to form 
DNA monoadducts. Alkylation results in inaccurate 
base pairing during replication and single and double-
strand breaks in the double helix as the alkylated bases 
are repaired. The risk of alkylating agent-related t-MDS/
AML is dose-dependent, and has a latency of 3–5 years 
after exposure; it is associated with abnormalities involv-
ing chromosomes 5 (−5/del[5q]) and 7 (−7/del[7q]) 
(Michels et al. 1985; Karp and Sarkodee-Adoo 2000).

9.8.1.2  Topoisomerase II Inhibitor-Related 
t-MDS/AML

Topoisomerase II catalyzes the relaxation of super-
coiled DNA by covalently binding and transiently 
cleaving and religating both strands of the DNA helix. 
DNA topoisomerase II inhibitors stabilize the enzyme-
DNA covalent intermediate, decrease the religation 
rate, and cause chromosomal breakage. These events 
initiate apoptosis, required for antineoplastic activity. 
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Fig. 9.3 Cumulative risk of second malignant neoplasms in 
children treated for acute lymphoblastic leukemia on legacy 
Children’s Oncology Group protocols (Bhatia et al. 2002)
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Occasionally, repair of chromosomal damage results in 
chromosomal translocations, leading to leukemogene-
sis. Most of the translocations disrupt a breakpoint clus-
ter region between exons 5 and 11 of the band 11q23 
and fuse mixed lineage leukemia (MLL) with a partner 
gene (Bower et al. 1994; Felix et al. 1995; Broeker et al. 
1996). Topoisomerase II inhibitor-related t-AML pres-
ents as overt leukemia after a latency of 6 months to  
3 years; it is associated with balanced translocations 
involving chromosome bands 11q23 or 21q22.

Epipodophyllotoxins have also been associated 
with the development of t-AML. Pui et al. (1989) 
reported the risk of epipodophyllotoxin-related t-AML 
in patients with ALL to be 3.8% at 6 years. They also 
demonstrated that the risk depends largely on the 
schedule of drug administration. This risk is signifi-
cantly higher than that reported by others, in part 
because epipodophyllotoxins were not used in the 
therapeutic protocols used to treat the other cohorts.

Among childhood ALL survivors, t-MDS/AML 
occurs after a relatively short latency. The vast major-
ity of events occur within the first 10 years, with a pla-
teau thereafter, and the magnitude of long-term risk is 
usually less than 0.5% (Bhatia et al. 2002).

9.8.2  Therapy-Related Solid Second 
Malignancies

Therapy-related solid second malignancies demon-
strate a strong relation with ionizing radiation. The risk 
of solid second malignancies is highest when the expo-
sure occurs at a younger age, increases with the total 
dose of radiation, and with time after radiation (Neglia 
et al. 2001). Radiation-related solid SMNs account for 
the largest burden of second malignancies (~80%). 
Some of the well-established radiation-related solid 
SMNs include thyroid cancer, brain tumors, sarcomas, 
and basal cell carcinomas.

9.8.2.1  Second Brain Tumors

An increased risk of brain tumors has been observed 
among long-term survivors of childhood ALL (Neglia 
et al. 1991; Kimball Dalton et al. 1998; Jenkinson and 
Hawkins 1999; Loning et al. 2000; Bhatia et al. 2002). 
The cumulative incidence of brain tumors approaches 
0.5% at 10 years from diagnosis of ALL (Bhatia et al. 

2002). Brain tumors are more likely to develop among 
patients who have received radiation, and the risk 
increases with radiation dose (Neglia et al. 1991; Loning 
et al. 2000; Bhatia et al. 2002). An increased risk of 
brain tumors has been reported among those younger 
than 5 years of age at radiation (Neglia et al. 1991; 
Loning et al. 2000). Two primary histologic types of 
second brain tumors have been identified. These include 
slow growing meningiomas and more rapidly growing 
gliomas. While the meningiomas generally respond to 
surgical resection, gliomas have a significantly worse 
outcome, with the need for multimodality therapy.

An unusually high incidence of second brain tumors 
was reported among children treated on a therapeutic 
protocol at St. Jude Children’s Research Hospital 
(Relling et al. 1999a, b). The St. Jude protocol differed 
from previous protocols in that more intensive sys-
temic antimetabolite therapy was given before and 
during radiation therapy. An assessment of clinical, 
biologic, and pharmacokinetic features revealed higher 
erythrocyte concentrations of thioguanine nucleotide 
metabolites and a higher proportion of defective thio-
purine methyl transferase phenotype among patients 
with brain tumors compared with those without brain 
tumors, indicating that underlying genetic characteris-
tics and treatment variables may have contributed to 
the excess of brain tumors in this population.

9.8.2.2  Second Thyroid Cancers

When second thyroid cancer occurs, it usually devel-
ops 10–15 years after treatment and is associated with 
an excellent long-term outcome (Bhatia et al. 2002). 
The risk of developing second thyroid cancer is highest 
in younger children, and it is associated with craniospi-
nal radiation in a dose-dependent fashion. The two 
most common types of radiation-related thyroid cancer 
include papillary cancer and follicular cancer. Papillary 
cancer is more common and has a better outcome.

9.8.2.3  Soft Tissue Sarcomas

ALL survivors have also been observed to be at an 
increased risk of soft tissue sarcoma, with the survi-
vors cohort reported to be at a ninefold increased risk 
when compared with the general population. The risk 
of soft tissue sarcomas has not been correlated with 
therapeutic exposures.
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Li–Fraumeni syndrome is a familial syndrome in 
which patients have an exceptionally high risk of 
developing multiple primary cancers. Brain tumors, 
sarcomas, and leukemias are all characteristic cancers 
in the familial Li–Fraumeni syndrome. The excess risk 
of additional primary cancers is mainly for cancers 
that are characteristic of Li–Fraumeni syndrome, with 
the highest risk observed for survivors of childhood 
cancer (Hisada et al. 1998). Therefore, cancer survi-
vors in these families need to be monitored closely, 
especially for the development of SMNs.

9.8.3  Pathogenesis of Second 
Malignancies

Carcinogenesis is a multistep process in which somatic 
cells acquire a series of stable genetic mutations in a 
specific clonal lineage. Finette et al. (2000) tested the 
hypotheses that genetic instability develops early to 
produce an increased rate of mutations in a distant 
clone, and that multiple mutations simply accumulate 
as a consequence of extensive clonal proliferation. They 
postulated that genetic instability likely involves cellu-
lar changes that affect the expression and/or function of 
cell cycle, cell death, and DNA repair pathways.

Since SMNs remain a significant threat to the health 
of ALL survivors, vigilant screening is important for 
those at risk. Because t-MDS/AML usually manifests 
within 10 years following exposure, monitoring with 
an annual complete blood count for 10 years after 
exposure to alkylating agents or topoisomerase II 
inhibitors is recommended. Most other second cancers 
are associated with radiation exposure. Screening rec-
ommendations include careful annual physical exami-
nation of the skin and underlying tissues in the radiation 
field with radiographic or other cancer screening eval-
uations as indicated.

9.9  Late Mortality

Survivors of ALL are at risk for late-effects that can 
result in premature death, although the incidence of 
these deaths is decreasing. The CCSS followed a 
cohort of 5,760 children with ALL who had survived 
at least 5 years after diagnosis (Mody et al. 2008). 

Cumulative mortality was 13% at 25 years from diag-
nosis, with recurrent ALL and second malignancies 
being the major causes of death. Overall survival was 
96.1% at 25 years for survivors treated without radia-
tion therapy and 87.3% for survivors treated with radi-
ation. Twenty-year survival improved from 82% for 
patients treated in 1970–1974 to 90% for those treated 
in 1980–1986. Overall survival for nonirradiated, non-
relapsed survivors was 97.8%.

Pui et al. described the long-term survival of 10-year 
survivors treated on St. Jude Children’s Research 
Hospital therapeutic protocols. The death rate for the 
irradiated group slightly exceeded the expected rate in 
the general US population (standardized mortality 
ratio [SMR] = 1.9), whereas that for the nonirradiated 
group did not differ from the population norm (SMR = 
1.75) (Pui et al. 2003). Continued observation is needed 
to define lifetime cause-specific risk, and to determine 
modifiable causes of premature deaths, so that targeted 
interventions can be developed.

9.10  Quality of Life

With 5-year survival estimates for children with  
ALL approaching 85%, health-related quality of life 
(HRQOL) in the survivors has become a focus of many 
studies (te Winkel et al. 2008). When ALL patients in 
Maintenance therapy were tested, results detailed that 
these children had decreased physical, social, and 
emotional health compared to controls. Parental reports 
in this study indicated that they felt their child’s physi-
cal deficiencies affected their overall health (Waters 
et al. 2003).

While preadolescent ALL survivors do not appear 
to have quality of life (QOL) concerns when compared 
with healthy comparison groups, adolescent survivors, 
in particular females, are at an increased risk for report-
ing compromised QOL in many domains, such as 
physical functioning, cognitive functioning, and inti-
mate relations (Wu et al. 2007).

Fatigue is prevalent in ALL patients, with incidence 
rates approaching 30%. Factors that have been associ-
ated with fatigue are female gender, Hispanic ethni - 
city, unemployment, and disease recurrence. Further 
 analyses have linked fatigue to having children,  
sleep  disorders, pain, obesity, cognitive problems, and 
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exercise-induced symptoms. The lowest QOL scores 
were noted in patients who were fatigued or depressed 
(Meeske et al. 2005). The CCSS explored the issues of 
fatigue, sleep disturbance (Mulrooney et al. 2008), 
social outcomes (Gurney et al. 2009), and psychologi-
cal status (Zeltzer et al. 2009). They noted that adoles-
cent leukemia survivors have a higher rate of depression 
and anxiety than the general population, and leukemia 
patients on more aggressive therapy are also at increased 
risk of somatization. The incidence of fatigue in this 
survivor cohort was 15% (Mulrooney et al. 2008). 
These reports emphasize the importance of fatigue, an 
often overlooked symptom, as a significant predictor of 
poor QOL and indicate the importance of screening for 
fatigue and depression in ALL survivors.

9.10.1  Challenges with Delivering 
Survivorship Care

Providing age and developmental-stage appropriate 
healthcare to ALL survivors is emerging as a signifi-
cant challenge in medicine. ALL survivors seek and 
receive care from a wide variety of healthcare pro-
fessionals, including oncologists, specialists, surgeons, 
primary care physicians, gynecologists, nurses,  psy - 
chologists, and social workers. The Institute of Medi- 
 cine has recognized the need for a systematic plan for 
lifelong surveillance that incorporates risks based on 
therapeutic exposures, genetic predisposition, health-
related behaviors, and comorbid health conditions 
(Hewitt et al. 2003).

Optimal healthcare delivery to this unique popula-
tion requires the establishment of necessary infrastruc-
ture including several key components: (1) longitudinal 
care utilizing a comprehensive multidisciplinary team 
approach, (2) continuity, with a single healthcare pro-
vider coordinating needed services, and (3) an empha-
sis on the whole person, with sensitivity to the cancer 
experience and its impact on the entire family. The 
COG has developed a resource guide to assist institu-
tions in establishing and enhancing long-term follow-
up programs and services for survivors. The Long-Term 
Follow-Up Program Resource Guide offers a broad 
perspective from a variety of long-term follow-up pro-
grams within the COG and can be downloaded from 
www.survivorshpguidelines.org.

Although the number of ALL survivors is rapidly 
increasing, healthcare professionals outside academic 
centers are likely to see only a small number in their 
practice, and due to the heterogeneity of treatments 
received, there will likely be little similarity in their 
required follow-up care. It is thus predictable that pri-
mary care physicians are generally unfamiliar with the 
health risks of childhood ALL survivors. There is a 
veritable absence of information regarding this popu-
lation in the primary care-based literature. This is 
driven in part by the fact that adult survivors of child-
hood ALL represent a small fraction of a primary care 
physician’s practice.

Regardless of the setting for follow-up, the first step 
in any evaluation is to have at hand an outline of the 
patient’s medical history, including a treatment sum-
mary. Once completed, the treatment summary allows 
the survivor or their healthcare provider to interface with 
the COG Long-Term Follow-Up Guidelines to determine 
recommended follow-up care (Table 9.2). Before the 
long-term survivor graduates from a pediatric oncolo-
gist’s care, this treatment record and possible long-term 
problems should be reviewed with the family and, in the 
case of adolescents or young adults, with the patient. 
Correspondence between the pediatric oncologist and 
subsequent caretakers should address the same issues.

9.11  Cancer Survivorship: Future 
Research Opportunities

The growing survivor population provides remarkable 
opportunities for research relating to the etiopathogen-
esis of cancer and to early detection and prevention of 
adverse outcomes. Studying outcomes in ALL survi-
vors is facilitated by detailed knowledge of the thera-
peutic exposures, coupled with close follow-up after 
these exposures; this enables researchers to study test-
able hypotheses and determine the effects of host and 
therapy-related factors in the development of adverse 
outcomes ranging from carcinogenesis and organ dys-
function to psychosocial consequences. Opportunities 
also exist to explore gene--environment interactions 
that may modify individual responses to treatment, as 
well as susceptibility to developing adverse outcomes, 
thus providing insights into the identification of high-
risk populations.

http://www.survivorshpguidelines.org
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Therapeutic exposure Potential late effect Recommended screening

Neurocognitive dysfunction

Cranial radiation (including total 
body irradiation)

Neurocognitive deficit Baseline neuropsychological assessment, repeated as 
clinically indicated and at key educational transition points

Intrathecal methotrexate Yearly assessment of vocational/educational progress

Intermediate/high-dose IV 
methotrexate or cytarabine

Cardiac compromise

Anthracycline chemotherapy Cardiomyopathy Yearly history and physical exam

Subclinical left ventricular 
dysfunction

Baseline electrocardiogram

Periodic echocardiogram as indicated based on dose and 
age at exposure

Cardiac consultation as indicated for symptomatic 
patients, for patients with subclinical abnormalities on 
screening evaluations, and for patients who are pregnant or 
considering pregnancy who have received cumulative 
anthracycline doses of ³300 mg/m2 or <300 mg/m2 if 
combined, with radiation potentially impacting the heart

Endocrine dysfunction

Radiation impacting thyroid Hypothyroidism (primary or 
central)

Yearly history and physical exam

Radiation impacting hypotha-
lamic-pituitary axis

Hyperthyroidism Yearly thyroid function test (free T4, TSH)

Growth hormone deficiency 8 am serum cortisol if radiation to HP axis ³40 Gy – test 
yearly for at least 15 years

Central adrenal insufficiency
Prolactin level if positive history for galactorrhea, 
amenorrhea (females), or decreased libido (males)Hyperprolactinemia

Gonadal function

Alkylating chemotherapy Hypogonadism Yearly history and physical exam including evaluation of 
secondary sexual characteristics and sexual function

Surgical removal of both gonads Gonadal failure
Baseline (females – age 13; males – age 14) assessment of 
gonadal function (LH, FSH, estradiol, or testosterone); 
repeat as clinically indicated in patients with delayed 
puberty or signs/symptoms of hormonal deficiency

Radiation involving gonads Infertility

Premature menopause 
(females)

Additional evaluations as indicated (e.g., semen analysis)

Second cancers

Etoposide Acute myeloid leukemia CBC, platelet, differential, yearly for 10 years following 
exposure

Anthracyclines

Alkylating chemotherapy Acute myeloid leukemia/
myelodysplasia

Radiation SMN in radiation field (skin, 
bone, soft tissue, thyroid)

Yearly history and physical exam with inspection and 
palpation of tissues in radiation field

Table 9.2 Selected exposure-based screening recommendationsa

aScreening recommendations adapted from the Children’s Oncology Group Long-Term Follow-Up Guidelines; available at www.
survivorshipguidelines.org

http://www.survivorshipguidelines.org
http://www.survivorshipguidelines.org
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The growing population of ALL survivors carries a 
significant burden of morbidity, necessitating compre-
hensive long-term follow-up of these survivors. This 
follow-up should ideally begin at the completion of 
active therapy, with a documented summarization of 
therapeutic exposures that dictates following recom-
mendations within the long-term follow-up guidelines, 
thus ensuring standardization of care received by the 
survivors. However, many barriers prevent effective 
follow-up, with the most fundamental barrier being the 
lack of knowledge regarding survivorship issues dem-
onstrated by both the long-term survivors and the pri-
mary care physicians caring for them. Shortcomings of 
the healthcare system also pose potential barriers, and 
include logistical issues such as a lack of capacity within 
centers, training and educational deficiencies, and inad-
equate communication between pediatric oncologists 
and primary care physicians who provide the bulk of 
follow-up. Finally, a major obstacle faced by ALL sur-
vivors in the United States is the difficulty in obtaining 
affordable health insurance, which makes it impossible 
for some survivors to seek and obtain appropriate long-
term care, even if they are aware and willing.

Attention also needs to be focused on development 
of interventional strategies, such as behavior modifica-
tion, educational interventions, and chemoprevention. 
Execution of these intervention strategies in the setting 
of clinical trials would facilitate understanding of the 
impact of the specific interventions in early detection, 
with an overall reduction in morbidity and mortality 
and an ultimate improvement in the overall quality of 
life of ALL survivors.

Notwithstanding these unique opportunities, con-
duct of survivorship research faces several challenges. 
Survivorship research is an evolving issue. With more 
than 20% of ALL patients in need of better treatment 
options, new agents and combinations of agents are 
being developed. Targeted therapies such as imatinab 
mesylate and other growth factor inhibitors will likely 
contribute to increased survivorship. Evaluation of their 
late-effects will need to keep in step with their increased 
usage. Evidence-based research will need to be per-
formed to determine whether they will live up to the 
expectation of a lower prevalence of side effects. 
Furthermore, the influence of genetic profiles on sus-
ceptibility to late-effects, as well as their interaction 
with lifestyle exposures such as tobacco, alcohol, and 
diet, is of growing interest and has not been fully 
explored. However, the biggest challenge in conduc ting 

sound survivorship research remains the multifactorial 
etiology of the adverse effects, which necessitates large 
sample sizes of well-characterized cohorts with com-
plete long-term follow-up.
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10.1  Introduction

Acute myeloid leukemia (AML) is a heterogeneous 
group of hematological malignancies that arise within 
bone marrow precursors of the myeloid, monocyte, 
erythroid, and megakaryocytic lineages (Pizzo and 
Poplack 2005). It comprises between 15% and 20% of 
all leukemias occurring during childhood. The inci-
dence of new cases varies during childhood by year of 
age; the highest incidence is in early childhood, with 
about 12 cases per million in children up to age 2, 
declining steadily thereafter to its lowest incidence of 
about 4 per million at age 9, then climbing again dur-
ing adolescence (Fig. 10.1). AML affects male and 
female children and black and white children in the US 
about equally (Ries and Smith 1999). Survival after 
AML (5-year relative survival) has increased steadily 
in the US over the period 1975–2005, from a rate of 
18.8% in 1975–1977 to 60.2% in the period 1999–2005 
for children diagnosed from 0 to 14 years of age 
(Fig. 10.2). It is likely that the growth and refinement 
of allogeneic hematopoietic stem cell transplant 
(HSCT) from related and unrelated donors since the 
1970s has contributed to this improvement. However, 
survival after AML still lags considerably behind acute 
lymphoblastic leukemia (ALL), for which survival had 
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reached 89.0% in the interval 1999–2005 (Ries and 
Smith 1999). Again in contrast to ALL, survival after 
AML was slightly better for females than for males 
with AML, but there were no detectable differences 
between blacks and whites (Ries and Smith 1999). 
Within Europe from 1988 to 1997, regional differences 
in survival after AML in children were pronounced 
from North to East, where survival was significantly 
poorer.

In the 1980s, several single center studies demon-
strated that HLA-matched related bone marrow trans-
plantation (BMT) was an effective treatment for 

children with AML (Kersey et al. 1982; Santos et al. 
1983; Sanders et al. 1985; Brochstein et al. 1987). This 
experience was subsequently corroborated by multi-
center studies (Horowitz and Bortin 1993; Nesbit et al. 
1994). The use of HCST for pediatric AML has grown 
since then and has expanded to include the use of alter-
native donor sources, especially unrelated adult bone 
marrow grafts and unrelated cord blood grafts (Kernan 
et al. 1993; Rubinstein et al. 1998).

10.2  Timing and Appropriateness  
of Transplant in Pediatric AML

Despite the vast experience in transplantation for pedi-
atric AML, uncertainty exists regarding its optimal 
place in therapy. This is especially true for patients 
with newly diagnosed disease. With improvements in 
chemotherapy, most cooperative groups have aban-
doned the use of HSCT for patients in first complete 
remission (CR1) with favorable prognoses, patients 
with acute promyelocytic leukemia (APL) and more 
recently, patients with favorable cytogenetic factors, 
including inv(16) and t(8;21). Disagreement exists, 
however, for patients with less favorable prognoses. 
Some investigators contend that given the recent 
advances in chemotherapy, transplant should be 
reserved largely for treatment of relapsed disease 
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(Creutzig and Reinhardt 2002). Others, citing the supe-
rior outcomes that have been attained with matched 
related donor BMT in Children’s Oncology Group 
(COG) trials, argue that the optimal timing of trans-
plant for most patients is CR1 (Chen et al. 2002).  
A recent meta-analysis shed some light on this contro-
versy (Horan et al. 2008). This study, which assessed 
the impact of disease risk on the relative efficacy of 
BMT, included 1,373 patients from four cooperative 
group trials that compared HLA-matched related donor 
BMT to chemotherapy alone: Children’s Cancer Group 
(CCG) 2891 (Woods et al. 2001), Pediatric Oncology 
Group (POG) 8821 (Ravindranath et al. 1996), CCG 
2961 (Lange et al. 2008), and Medical Research 
Council (MRC) 10 (Hann et al. 1998; Stevens et al. 
1998). Using cytogenetics and the percentage of mar-
row blasts after the first course of chemotherapy, 
patients were stratified into favorable, intermediate, 
and poor-risk disease groups. Patients who could not 
be risk classified were analyzed separately. Patients 
with APL, Down syndrome, or secondary leukemia 
were excluded. In the intermediate-risk group, the esti-
mated disease-free survival (DFS) at 8 years for non-
transplant patients was 39%, while it was 58% for 
BMT patients. The estimated overall survival (OS) for 

nontransplant intermediate-risk patients was 51%, 
while it was 62% for BMT patients. Both differences 
were significant (p < 0.01). There were no significant 
differences for survival in the other two risk groups or 
in the nonrisk stratified patients (Fig. 10.3).

A limitation of this study is that the data was drawn 
predominantly from Children’s Oncology Group 
(COG) studies. Given the lack of data from coopera-
tive groups in Europe, Asia, and elsewhere, caution 
should be used in generalizing the results. The possi-
bility that the findings of the study may not be univer-
sally applicable is raised by the results of the 
Berlin-Frankfurt-Muenster 98 (BFM) and the MRC 12 
trials; both studies demonstrated survival rates in inter-
mediate-risk patients treated with chemotherapy alone 
that were similar to the rate that was observed for 
patients receiving BMT in the meta-analysis (Gibson 
et al. 2005; Creutzig et al. 2006). However, a straight-
forward comparison with the BFM experience is diffi-
cult, because it employed a dichotomous, rather than 
tripartite, prognostic system.

The lack of benefit observed in this pediatric meta-
analysis in poor-risk disease patients stands in contrast 
to the results of a recent meta-analysis in adult patients 
that demonstrated that patients with poor-risk disease 
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benefit from HLA-matched related donor HSCT in 
CR1 (Koreth et al. 2009). The pediatric meta-analysis 
included a very small number of poor-risk patients 
and, therefore, the efficacy of HSCT in these patients 
needs to be studied further. As risk stratification 
schemes are refined through the identification of new 
prognostic markers, the population of patients that will 
benefit from BMT will need to be redefined. For exam-
ple, a retrospective analysis performed by COG indi-
cated that pediatric patients whose leukemia has an 
FLT3 internal tandem duplication, a relatively recently 
identified marker of poor-risk disease, appear to bene-
fit greatly from allogeneic HSCT (Meshinchi et al. 
2006) (Fig. 10.4).

The role of allogeneic HSCT is more clearly defined 
in patients whose leukemia relapses after receiving 

chemotherapy alone as initial therapy, since these 
patients generally have a very poor outcome (Stahnke 
et al. 1998; Webb et al. 1999). In this setting, the use of 
an unrelated donor graft is nearly as effective as a 
HLA-matched related donor graft. A Center for 
International Blood and Marrow Transplant Research 
(CIBMTR) analysis of HLA-matched related donor 
HSCTs performed after myeloablative conditioning 
between 1998 and 2006 demonstrated a 3-year overall 
survival rate of 57% in patients younger than 20 years 
who were transplanted in a second clinical remission 
(CR2) (CIBMRT 2008). A recent study from the U.S. 
National Marrow Donor Program demonstrated a 
slightly poorer overall survival rate, 47% at five years, 
in pediatric patients who underwent unrelated donor 
bone marrow transplants in CR2 (Bunin et al. 2008). 
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Similarly, a Eurocord (a European registry of cord 
blood transplants that operates on behalf of the EBMT, 
the European Group for Blood and Marrow Transplants) 
study showed a two-year leukemia-free survival rate of 
50% in pediatric patients who received unrelated cord 
blood transplants in CR2 (Michel et al. 2003). Patients 
with more advanced disease, especially those whose 
disease is not in remission at the time of transplant, 
fare worse, regardless of whether they receive a 
matched related donor, unrelated marrow donor, or 
unrelated cord blood transplant (CIBMRT 2008; Bunin 
et al. 2008) (Fig. 10.5).

10.3  Hematopoietic Stem Cell Sources 
and Donor Types

Autologous HSCT has been utilized to treat patients 
with AML in CR1 as well as patients with more 
advanced disease (Godder et al. 2004). Several cooper-
ative-group randomized controlled trials (RCT), how-
ever, have demonstrated that for patients with AML in 
CR1, autologous transplantation appears to offer no 
advantage over chemotherapy alone (Ravindranath 
et al. 1996; Stevens et al. 1998; Woods et al. 2001).

The three sources of hematopoietic stem cells (bone 
marrow, cytokine-mobilized peripheral blood, and 
umbilical cord blood) have all been utilized for alloge-
neic transplantation in pediatric AML. While there are 
no large-scale studies specifically comparing the effi-
cacy in this setting, comparative studies in children 

with hematological malignancies have been performed, 
and this research has guided the utilization of the three 
sources in pediatric AML. A CIBMTR study compar-
ing HLA-identical peripheral blood stem cell trans-
plantation (PBSCT) and BMT demonstrated that, 
unlike in adults, PBSCT in children is associated with 
poorer survival, probably because recipients of PBSCT 
are more likely to develop chronic graft-vs.-host dis-
ease (GVHD) (Eapen et al. 2004).

Studies conducted by Eurocord and the CIBMTR 
comparing single umbilical cord blood grafts to bone 
marrow grafts, have demonstrated similar efficacy in 
unrelated donor and HLA-matched related donor 
transplantation (Rocha et al. 2000; Rocha et al. 2001; 
Eapen et al. 2007). Until recently, the high risk for 
delayed and failed engraftment stemming from the 
small cell dose of most cord blood units has limited the 
use of cord blood transplantation in older children and 
adolescents, like adults (Rubinstein et al. 1998). This 
limitation has been overcome with the recent advent of 
double unit cord blood transplants; single center expe-
rience suggests that this approach more frequently 
causes GVHD, but has a potent graft-vs.-leukemia 
(GVL) effect (Barker et al. 2005). Because of its seem-
ingly stronger GVL effect, double unit cord blood 
transplantation may be advantageous in smaller chil-
dren, even though engraftment after single unit trans-
plants is not usually a problem in these patients. To 
answer this question, a randomized-controlled trial 
comparing one vs. two unit transplants in pediatric 
patients with acute leukemia is currently being con-
ducted by the COG and the U.S. Blood and Marrow 
Transplant Clinical Trials Network.

Haploidentical family donor grafts have also been 
used for pediatric AML. While they are utilized far 
less often than unrelated donor grafts, encouraging 
results have been reported in small series of patients 
(Godder et al. 2000; Lang et al. 2004).

10.4  Conditioning Regimens

Most centers employ myeloablative conditioning for 
pediatric AML. In cooperative group trials for newly 
diagnosed AML, several combinations have been used 
prior to HLA-matched related donor BMT, including 
total body irradiation (TBI) and cyclophosphamide 
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(Cy), the combination of high-dose busulfan and Cy, 
and the combination of TBI and etoposide (Ravindranath 
et al. 1996; Stevens et al. 1998; Woods et al. 2001; 
Becton et al. 2006; Lange et al. 2008). The compara-
tive efficacy of these regimens in this setting has not 
been well studied. A small case series from the Société 
Française de Greffe de Moelle demonstrated similar 
outcomes in children with AML who received busul-
fan and four 50 mg/kg doses of cyclophosphamide 
(BuCy4) and those who received TBI-based condition-
ing. Busulfan combined with two 60 mg/kg doses of 
cyclophosphamide (BuCy2), however, was associated 
with inferior survival (Michel et al. 1994). A much 
larger study of adults from the CIBMTR, in contrast, 
demonstrated comparable outcomes with TBICy, 
BuCy4, and BuCy2 (Litzow et al. 2002). Importantly, 
both of these studies utilized experience that largely 
predates the widespread adoption of pharmacokinetic 
testing-based busulfan dosing and the introduction of 
the intravenous formulation of busulfan (Yeager et al. 
1992; Kletzel et al. 2006). While the effectiveness of 
TBI-based conditioning and BuCy appear to be simi-
lar, BuCy may be more appropriate for children, as it 
has been associated with fewer late effects (Michel 
et al. 1997).

Emerging data in adults suggests that reduced-
intensity conditioning may represent an effective 
 alternative to myeloablative conditioning in AML 
(Aoudjhane et al. 2005). While reduced-intensity con-
ditioning would be expected to lessen the late effects 
of HSCT in children and therefore could be advanta-
geous, experience with reduced-intensity conditioning 
for pediatric AML remains limited. The results of a 
recent multicenter trial of reduced-intensity condition-
ing that included children and adolescents with a vari-
ety of hematological malignancies, a small number of 
whom had AML, has provided a foundation for further 
work in this area (Pulsipher et al. 2009).

10.5  Graft vs. Host Disease Prophylaxis

In transplant for AML, as with other types of leuke-
mia, a delicate balance exists between the beneficial 
GVL and the harmful GVH reactions (Horowitz et al. 
1990; Neudorf et al. 2004). In a seminal study 

performed by the CIBMTR of over two thousand 
children and adults who received HLA-matched 
related donor BMT for ALL or AML in CR1 or 
chronic myelogenous leukemia (CML) in 1st chronic 
phase, the severity of acute and chronic GVHD was 
inversely related to relapse risk (Horowitz et al. 1990). 
Because of the deleterious effects of GVHD, though, 
only mild GVHD was associated with improved sur-
vival (Horowitz et al. 1990). A smaller study per-
formed by the COG of children who received matched 
related donor BMT as part of the CCG 2981 trial spe-
cifically highlights the importance of the relationship 
between GVHD and the GVL effect in pediatric AML 
(Neudorf et al. 2004). In this study, patients who 
developed mild to moderate acute GVHD had the best 
DFS rate; then came patients who did not develop 
acute GVHD, followed by patients who developed 
severe acute GVHD (Fig. 10.6). In the multivariate 
analysis, the relative risk of relapse or death associ-
ated with mild to moderate acute GVHD was 0.66, 
although this result did not achieve statistical signifi-
cance in this relatively small study (p = 0.165).

In BMT for pediatric AML, as in many other set-
tings, the combination of cyclosporine (or tacroli-
mus) and four doses of methotrexate are typically 
employed for GVHD prophylaxis, whether a related 
or an  unrelated donor is used (Storb et al. 1989a, b; 
Ratanatharathorn et al. 1998; Nash et al. 2000).  
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A CIBMTR study, however, suggests that in matched 
related donor BMT for pediatric leukemia, where 
the risk for severe GVHD is low, this combination is 
no better, as measured in terms of survival, than the 
less potent regimens of cyclosporine alone or meth-
otrexate alone (Ringden et al. 1993). A more recent 
Italian multicenter RCT in pediatric patients with 
leukemia which compared low-dose cyclosporine to 
standard-dose cyclosporine, in fact, demonstrated a 
strong trend toward improved DFS, largely attribut-
able to a lower rate of relapse, in the group that 
received the lower dose regimen (Locatelli et al. 
2000). In unrelated donor cord blood transplanta-
tion, in which the pace of engraftment is slow in 
comparison to bone marrow, the myelosuppressive 
effects of methotrexate are usually avoided and, 
instead, cyclosporine is used either alone or in com-
bination with methylprednisolone or mycopheno-
late mofetil (Rocha et al. 2000; Barker et al. 2005; 
Kurtzberg et al. 2008; MacMillan et al. 2009). 
Ex-vivo T-cell depletion, once a commonly 
employed means of preventing GVHD from unre-
lated donor bone marrow transplants, has been 
abandoned by many centers after a multicenter RCT 
in unrelated donor transplantation demonstrated 
that while T-cell depletion greatly reduces the risk 
for acute GVHD, this benefit is outweighed by an 
increased risk for infection and leukemic relapse 
(Wagner et al. 2005).

10.6  Transplant-Related Morbidity  
and Mortality

The transplant process can cause serious and some-
times fatal complications, which stem primarily from 
infection (Engelhard et al. 1986), conditioning regi-
men-related organ injuries, such as veno-occlusive 
disease of the liver (sinusoidal obstruction syndrome), 
or acute lung injury (Weiner et al. 1986; Bearman 
1995), and GVHD (Glucksberg et al. 1974; Gale et al. 
1987). Risk for treatment-related mortality (TRM) is 
influenced by age, type of donor, and disease status. 
Children up to the age of 10 years who undergo 
matched related donor BMT in CR1 have less than a 

10% risk of TRM (Horan et al. unpublished data from 
meta-analysis of MRC 10, POG 8821, CCG 2891, 
and CCG 2961 trials). By contrast, patients over the 
age of 10 receiving an unrelated donor BMT for AML 
with advanced disease (CR2, primary refractory or in 
relapse) have a 40% risk of TRM (Bunin et al. 2008). 
Importantly, a recent analysis by the CIBMTR of 
children and adults with AML who underwent 
matched related donor or unrelated donor HSCT after 
myeloablative conditioning demonstrated that the 
risk for TRM has declined since the 1980s (Horan 
et al. 2008). Table 10.1 shows the results for matched 
related donor transplants. It is unclear, though, 
whether there has been a similar reduction in nonfatal 
morbidities. 

Period N Treat-
ment- 
related 
mortality 
RR 
(95% 
CI)

P Overall 
mortality 
RR 
(95% 
CI)

P

First complete remission

1985–1989 1,111 1.0 1.0

1990–1994 1,265 0.8 
(0.7–0.1)

<0.01 0.9 
(0.8–1.1)

0.15

1995–1999 871 0.7 
(0.6–0.8)

<0.01 0.8 
(0.7–0.9)

<0.01

2000–2004 457 0.5 
(0.4–0.7)

<0.01 0.7 
(0.6–0.9)

<0.01

Second complete remission

1985–1989 202 1.0 1.0

1990–1994 228 0.8 
(0.6–1.1)

0.14 0.9 
(0.7–1.1)

0.28

1995–1999 199 0.6 
(0.4–0.8)

<0.01 0.9 
(0.7–1.2)

0.44

2000–2004 121 0.3 
(0.2–0.5)

<0.01 0.6 
(0.4–0.9)

<0.01

RR relative risk, CI confidence interval

Table 10.1 Multivariate analyses of treatment-related mor ta-
lity and overall mortality after matched related donor hema-
topoietic stem cell transplant in first and second complete 
remission by period of diagnosis, adjusted for differences in 
patient and disease characteristics over time (Horan 2009, 
unpublished data)
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10.7  Quality of Life During  
the Peritransplant Period

For most pediatric patients who receive allogeneic 
HSCT for AML, like children who receive transplants 
for other indications, the peritransplant period is char-
acterized by anxiety and sadness, partly from pro-
longed isolation, nausea from high-dose chemotherapy 
or TBI, and pain from mucositis. Those patients who 
develop serious complications, such as infection, veno-
occlusive disease or GVHD, have added stress, pain, 
and discomfort. A prospective Austrian study showed 
the early negative effects of HSCT on the physical, 
emotional, and social well-being of children undergo-
ing HSCT. The cohort, which was primarily comprised 
of patients with acute leukemia, most of whom received 
unrelated donor or mismatched related donor trans-
plants, demonstrated that the general quality of life 
(QOL) of pediatric transplant recipients declined 
greatly in the first month after transplant before recov-
ering to its pretransplant baseline in most patients by 
day 100 (Felder-Puig et al. 2006).

10.8  Late Graft vs. Host Disease

In transplant for pediatric AML, as in other transplant 
settings, persistent or late-occurring GVHD can neg-
atively impact long-term quality of life. Although 
previously, any case of GVHD that persisted or 
occurred beyond transplant day 100 was referred to 
as chronic GVHD, a recent U.S. National Institutes of 
Health (NIH) consensus conference put forth new 
diagnostic criteria, which distinguish chronic GVHD 
from late-occurring acute GVHD, that is, GVHD that 
presents with findings typical of acute GVHD, but 
develops more than 100 days from transplant and 
which often evolves into chronic GVHD (Filipovich 
et al. 2005). These criteria rely on a comprehensive 
organ-based scoring system to classify severity of 
chronic GVHD as mild, moderate, or severe, rather 
than limited and extensive as had been conventional 
previously (Shulman et al. 1980). The impact on 
functional impairment is emphasized in this system. 
Thus, mild disease causes little impairment, while 
severe disease causes significant disability.

In children receiving HSCT for AML, the risk for 
chronic GVHD, which is typically preceded by early 

acute GVHD, is influenced by several factors, espe-
cially donor type. In the CCG 2891 trial, for instance, 
the incidence after matched related donor transplants 
was 21% (Neudorf et al. 2004), while in the afore-
mentioned CIBMTR study of unrelated donor trans-
plant for advanced pediatric AML, it was 31% (Bunin 
et al. 2008). A significant proportion of pediatric 
patients who develop chronic GVHD will have mild 
cases (previously referred to as limited chronic 
GVHD) (Shulman et al. 1980), which typically require 
little to no treatment (Parsons et al. 1999; Neudorf 
et al. 2004); however, many children who develop late 
GVHD will require prolonged systemic immune sup-
pression and some will ultimately die from it (Vigorito 
et al. 2009).

10.9  Late Deaths

Deaths from second malignancies during long-term 
follow-up after allogeneic HSCT for AML in child-
hood contribute a small proportion to late mortality. 
The International Bone Marrow Transplant Registry 
(IBMTR, now merged with the National Marrow 
Donor Program and renamed the Center for Inter-
national Blood and Marrow Transplant Research, 
CIBMTR), a group of more than 300 transplant centers 
worldwide that pool their data on allogeneic trans-
plants, reported on long-term survival and late deaths 
among children and adults in 1999 (Socie et al. 1999). 
Among 2,058 AML survivors who were disease-free 
2 years after transplant at an average age of 27 years 
(range <1–57), 214 (10.4%) had died by the time of 
follow-up. Median follow-up time was 80 months. The 
most common causes of death among the 214 AML 
survivors were relapse (56%), GVHD (23%), new can-
cers (7%), infection without GVHD (5%), and organ 
failure (3%). Risk factors for late deaths in AML sur-
vivors were: transplant while not in remission or in 
second or subsequent remission (vs. in CR1) and active 
chronic GVHD at 2 years (vs. no GVHD). The total 
excess mortality for patients with AML relative to the 
general population after matching for sex, age, and 
nationality decreased steadily with time from trans-
plant from 19.2% at 2 years to less than 5% at 9 years 
(Table 10.2). Since this study included mostly adults at 
diagnosis, it is not clear how well these findings apply 
to children and young adults.
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10.10  Second Cancers

In general, second malignancies after allogeneic 
BMT follow a specific sequence of clinical events. 
Initially, posttransplant lymphoproliferative disorders 
(PTLD) occur mostly within the first posttransplant 
year at a rate of 1–2% (Deeg and Socie 1998; Socie 
et al. 2000; Majhail 2008). These lymphoid pro-
liferations mostly involve B-lymphocytes, which 
result from Epstein-Barr infection. Other risk factors 
include T-cell depletion of the graft, acute or chronic 
GVHD, and use of grafts from unrelated or mis-
matched related donors. Myelodysplastic syndrome 
(MDS)/leukemia as a second malignancy is rare after 
allogeneic HCT.

A number of large studies in children have shown 
that the increased risk of developing a second solid 
tumor varies from 2% to 6% at 10 years from trans-
plant (Kolb et al. 1999; Socie et al. 2000; Bhatia et al. 
2001; Baker et al. 2003; Curtis et al. 2005; Shimada 
et al. 2005; Leisenring et al. 2006; Gallagher and 
Forrest 2007; Friedman et al. 2008). Significant risk 
factors include TBI, GVHD, primary disease, male 
sex, and pretransplantation therapies. Rizzo et al 
(Rizzo et al. 2009) published results from 28,874 trans-
plant patients from the CIBMTR, updating a 1997 
report (Curtis et al. 1997). Of all the transplanted 
patients, 25% had been treated for AML and 34% had 
been transplanted before the age of 20 years. The over-
all relative risk (observed-to-expected ratio, O/E) for a 
new invasive solid cancer was 2.09, and rose from 1.3 
at less than 1 year to 3.28 at 15 years or longer. 
Although numbers were small, relative risks tended to 
rise over time for cancers of the oral cavity, liver, and 
thyroid, and for sarcomas of the bone and soft tissue as 
well. Among very long-term survivors (>10 years),  

a three-fold increase in breast cancer, significantly 
elevated risks of bone sarcomas and cancers of the oral 
cavity and liver, and a six-fold excess risk of melanoma 
were seen.

Socie et al. (2000), in a study based on patients 
identified through the IBMTR and the Fred Hutchinson 
Cancer Research Center, looked at second malignan-
cies in children after transplant for leukemia. A total 
of 3,182 children with acute leukemia included 35.5% 
with AML. The excess risk (O/E) after AML was 48 
(95% CI 29-74), not different from the excess risk 
after ALL (O/E = 44). Children who were less than 
5 years at transplant had the highest risk for new 
malignancies with a relative risk of 115; the relative 
risk declined to 75 during ages 5–10 years and to 18 
during the ages 10–16 years (p = 0.001). Among all 
acute leukemias, posttransplant lymphoproliferative 
disease (PTLD) predominated during the first post-
transplant year and declined thereafter. Melanoma and 
CNS tumors were more common within the first 
10 years after transplant compared to greater than 
10 years from transplant. Nearly half (12/25) of the 
second solid malignancies occurred in children treated 
for AML. These included mucoepidermoid carcinoma 
of the salivary gland (n = 2), osteosarcoma (n = 2), 
malignant fibrous histiocytoma (n = 1), melanoma  
(n = 3), papillary carcinoma of the thyroid (n = 1), and 
brain cancers (n = 3). The excess risk for solid tumors 
as a function of time since transplant increased, as was 
shown for adults, from 12 (O/E) during the first year 
after transplant to 46 during the 5–9 years posttrans-
plant. Significant risk factors for second malignancies, 
overall, were younger age at transplant, high-dose 
TBI, and moderate to severe chronic GVHD. When 
the authors assessed risk factors for brain and thyroid 
cancers only, younger age at transplant was the stron-
gest risk factor with a relative risk of 12.2, suggesting 
that the brain and thyroid gland are highly sensitive to 
the effects of radiotherapy at a very young age. All 
PTLD cases occurred before the age of 5 years. Risk 
factors included moderate/severe GVHD with a rela-
tive risk of 6.5, and transplantation from an unrelated 
donor or >2 HLA-antigen disparate family donor (rel-
ative risk = 4.8).

A series of 3,372 consecutive HSCTs performed at 
the University of Minnesota included 44.9% patients 
transplanted before the age of 20 years; 17.6% of 
patients had AML as their primary cancer (Baker et al. 
2003). Among survivors, overall, solid tumors occurred 

Years since 
transplant

Relative 
mortality

95% CI

Two 19.2 12.7–25.7

Five 10.2 7.0–13.4

Nine 4.5 1.0–8.0

Table 10.2 Relative mortality among AML survivors who lived 
at least two years after allogeneic transplant (matched to the 
general population for age, sex, and nationality). (Adapted from 
Socie et al. 1999)

CI confidence interval
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2.8 times more often than expected and the risk was 
significantly elevated for melanoma and tumors of the 
brain and oral cavity. Nearly half of patients died from 
their posttransplant solid tumor and overall median 
survival was 4.5 years.

A number of tumor-specific second cancer studies 
after HSCT for malignancies have been published in 
the last decade. Cancers of the thyroid are among the 
most frequent posttransplant second malignancies 
(Curtis et al. 1997; Kolb et al. 1999; Socie et al. 2000; 
Baker et al. 2003; Rizzo et al. 2009). In a study from 
the European Group for Blood and Marrow Trans-
plantation (EBMT) consortium of 78,914 patients 
(81.9% had hematologic malignancies, mean follow-
up was 12.7 years, 26.7% were aged less than 20), 
Cohen et al (Cohen et al. 2007) reported an overall 
excess risk of 3.26 for second thyroid carcinoma. The 
highest independent risk factor was young age at trans-
plant; transplant before age 11 conferred a 24.6-fold 
excess risk compared to transplant after the age of  
20 years. Other significant factors were chronic GVHD, 
TBI, and female gender, each of which conferred inde-
pendent relative risks of approximately three-fold. Of 
the 32 cases of thyroid cancer, four occurred in patients 
with a primary AML. For thyroid cancer, the opportu-
nities for early detection seem limited. In this study,  
6 of 32 individuals with thyroid cancer as a second 
malignancy had neither clinically detectable signs of 
thyroid disease nor laboratory thyroid test dysfunction. 
Cancer was most usually detected during routine yearly 
ultrasound examination. A single institution long-term 
follow-up study from the G. Gaslini Hospital in Genoa 
of children treated with fractionated TBI reported that 
six thyroid carcinomas (14%) were detected between  
8 and 17.3 years following transplant (Faraci et al. 
2005).

While AML survivors posttransplant have not been 
specifically studied, increasing risks for breast cancer 
with time elapsed since transplant, up to 10.8-fold 
greater than expected at ³20 years in a large interna-
tional series, is of great concern (Friedman et al. 
2008).

Both basal cell carcinoma (BCC) and squamous 
cell carcinoma (SCC) incidences were elevated during 
long-term follow-up of 4,810 patients treated with 
HSCT (Leisenring et al. 2006). Risk for SCC, but not 
for BCC, seemed to increase with time elapsed since 
transplant. TBI and white race were significant risk 
factors for BCC but not for SCC. Young age at 

exposure and clinical chronic GVHD increased the 
risk for both types of skin cancer. Clearly, opportuni-
ties exist for screening and secondary prevention of 
skin cancer, especially in young patients who have 
been treated for malignancy with HSCT and TBI and 
who have experienced GVHD.

In smaller series from single institutions, a number 
of second cancers have been observed. Two survivors 
(7%) with thyroid malignancies (original primary 
 cancer not stated) were noted in a series of 30 pediatric 
survivors of HSCT and hyperfractionated TBI (Chem-
aitilly et al. 2007). A single AML patient treated with 
allogeneic BMT for relapse developed a mucoepider-
moid carcinoma at 4.1 years posttransplant; prepara-
tory regimen included TBI with 15 Gy (Leung et al. 
2001). A long-term follow-up study of children treated 
with HSCT for AML or ALL before 3 years of age 
found that two survivors developed second malignan-
cies, one a breast cancer at 22 years posttransplant and 
the second a chest wall melanoma 8 years posttrans-
plant. Whether these two survivors had ALL or AML 
as their primary cancer was not stated (Perkins et al. 
2007). A single breast cancer developed in one of 200 
survivors with MDS in a large study of breast cancer as 
a second primary following HSCT (Friedman et al. 
2008).

In the absence of detailed data concerning AML 
survivors treated with BMT and other modalities dur-
ing childhood, it would be prudent to assume that 
trends detected among older survivors with other can-
cers apply. That is, AML survivors treated with BMT 
and other modalities have a continuing risk for second 
malignancies; early age at diagnosis, severe chronic 
GVHD, TBI and increasing radiation dose, and gender 
(specific for some tumors) place AML survivors at 
increased risk for a new malignancy, and the site- 
specific risk changes with the survivor’s age. Since 
some risks increase with elapsed time, continued med-
ical attention following established guidelines is 
warranted.

10.11  Cardiopulmonary Toxicity

Though cardiac and pulmonary late effects have been 
studied after transplant, there is little information on 
children transplanted for AML. It may be misleading to 
extrapolate from late effects experienced by survivors 
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of other types of cancer diagnosed in adulthood. 
Survivors of lymphoma would have had high-dose 
radiotherapy and chemotherapy in addition to their 
transplant regimen, while leukemia survivors may not 
have had the same de novo treatment. In addition, car-
diac and cardiovascular problems may arise years after 
treatment. The impact of interactions between aging 
and treatment exposures, as well as lifestyle issues, 
such as smoking, on the health of long-term survivors 
of cancer remains to be investigated. In the same way, 
the potential for a cascade of cardiovascular and other 
symptoms in women who experience ovarian ablation 
after transplant for cancer during childhood is a 
concern.

The U.S. Bone Marrow Transplantation Survivors 
Study, a collaboration between the City of Hope and 
the University of Minnesota, evaluated morbidity in 
adult survivors of adult cancer by self-report. Without 
specific mention of AML survivors, Baker found that 
survivors were twice as likely to report hypertension 
as siblings. No other cardiovascular outcomes were 
more frequent; arterial disease, myocardial infarction, 
and stroke occurred in less than 2% of survivors 
(Baker et al. 2007). Another negative study from a 
European clinical trial of pediatric AML BMT 
reported a transient decrease of the cardiac shortening 
fraction after Consolidation and Intensification treat-
ment phases, but echographic monitoring of the car-
diac function after at least 3 years of follow-up failed 
to reveal any significant cardiotoxicity (Entz-Werle 
et al. 2005). While improvement in pulmonary func-
tion was observed in some, most showed no change 
after a median interval of 4.2 years. Most survivors in 
this single-institution study received autologous 
transplants, but some had allogeneic transplants; pos-
sible differences in clinical status were not evaluated. 
Mild restrictive pulmonary disease was found in one 
study (Faraci et al. 2005). Dyslipidemias were found 
in half of a series of children who were treated in 
infancy with HSCT, possibly associated with early 
development of the metabolic syndrome, leading to 
increased risk for later cardiac disease and diabetes 
(Perkins et al. 2007). A prospective 5-year clinical 
study of 58 children who underwent autologous 
HSCT for cancer (types not mentioned) found that the 
cumulative incidence of asymptomatic lung and heart 
sequelae after 5 years was 21%; however, at 5 years 
none of the fully evaluated patients had pulmonary 
restrictive or obstructive abnormalities and all had a 

normal QOL score, indicating some degree of recov-
ery in this group (Uderzo et al. 2009). Studies of older 
patients in the Bone Marrow Transplant Survivor 
Study of all types of childhood and adult cancers 
reported that among deaths in AML (>2 year) survi-
vors, none were attributable to cardiac or pulmonary 
causes (Bhatia et al. 2005). A nested case-control 
study of late congestive heart failure (CHF) after 
HSCT implicated pretransplant exposure to anthracy-
clines and presence of comorbidities as primary risk 
factors for late CHF after transplant (Armenian et al. 
2008). A report from the EBMT (Tichelli et al. 2008) 
evaluated late cardiovascular events after transplant 
for a number of cancers, including acute leukemia, in 
1-year survivors, including some children. The cumu-
lative incidence of an arterial event was 6% at 15 years 
posttransplant. The established cardiovascular risk 
factors, including smoking, physical activity, and dia-
betes, significantly increased their risk. Young age at 
transplant may be protective; older age at transplant 
(³30) conferred a six-fold higher risk for arterial 
complications.

In summary, studies of cardiopulmonary late effects 
in children treated with allogeneic HSCT for AML are 
limited and contradictory, indicating the need for 
larger, more focused studies to improve medical sur-
veillance and counseling for families and survivors.

10.12  Fertility and Offspring  
After BMT for AML

Gonadal failure is a frequent consequence of HSCT. 
Impairment is exacerbated by increasing doses of alky-
lating agents, TBI, and older age of both women and 
men (Carter et al. 2006). Both preservation and recov-
ery of gonadal function are possible in some cases, 
particularly in younger women and men, and in those 
treated with lower doses of alkylating agent chemo-
therapy and TBI (Sanders et al. 1996; Schechter et al. 
2005; Chemaitilly et al. 2006). Time since transplant 
and lack of chronic GVHD also appear to improve the 
likelihood of gonadal recovery (Rovo et al. 2006). 
Preservation of fertility and successful pregnancy may 
be possible if reduced-intensity conditioning precedes 
transplant (Fuchs et al. 2009). Some degree of gonadal 
damage is present even in prepubertal children receiv-
ing transplants with TBI (Bakker and Massa 2000).  
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In one series of children transplanted for AML, Michel 
(Michel et al. 1997) and colleagues found that both 
girls in the study had primary ovarian failure, while all 
of five assessable boys appeared to have normal Leydig 
cell function. Some degree of pubertal delay was found 
in three of 17 (18%) boys treated for acute leukemia 
during childhood with high-dose chemotherapy and 
hyperfractionated TBI (Sarafoglou et al. 1997), while 
7 of 16 girls (44%) had clinical and biochemical evi-
dence of ovarian failure. One has recovered ovarian 
function after 5 years. Similar results were shown in a 
series of children that included five girls and five boys 
with AML (Couto-Silva et al. 2001), with more girls 
than boys having gonadal damage.

Outcome of pregnancy among BMT survivors may 
be less favorable than expected. There is some evi-
dence from relatively small studies of survivors of 
adverse pregnancy outcomes. Preterm delivery seems 
to occur more often than expected (Sanders et al. 
1996; Salooja et al. 2001). Miscarriages were more 
common in pregnancies of female TBI recipients after 
cyclophosphamide preparation (Sanders et al. 1996). 
Offspring of women treated during childhood for 
BMT with TBI and alkylating agents could be at 
higher risk of germ cell mutation manifesting as 
genetic disease (birth defects) in the offspring. 
However, relatively small studies have documented no 
excess rates of birth defects to males or females after 
BMT (Salooja et al. 2001; Carter et al. 2006; Rovo 
et al. 2006). Negative studies in long-term survivors of 
non-BMT therapies provide reassurance that the risk, 
if present, is at least not large (Byrne et al. 1998; 
Winther et al. 2009).

Preservation and/or restoration of fertility remain 
special problems in pediatric oncology and in long-
term follow-up care. A summary of the literature 
and available options are discussed in the American 
Society of Clinical Oncology (ASCO) recommenda-
tions for fertility preservation (Lee et al. 2006), and 
further elaborated by Jeruss (Jeruss and Woodruff 
2009; Woodruff 2009). New methods of ovarian 
shielding may protect against loss of fertility in 
women undergoing TBI for HSCT (Nakagawa et al. 
2008); premature ovarian failure may be prevented 
by adjuvant gonadotropin-releasing hormone  agonist 
analogue (Blumenfeld et al. 2008). Banking sperm 
is becoming more effective as a way to preserve 
male fertility, though not an option for  prepub - 
ertal boys.

10.13  Other Organ Toxicities

Other endocrine problems that occur after transplant 
include thyroid dysfunction and growth abnormalities. 
Thyroid dysfunction mainly consists of hypothyroidism 
due to direct damage to the thyroid gland (Socie et al. 
2003), and remains a problem for children for at least  
30 years posttransplant (Sanders et al. 2009). Impaired 
linear growth and reductions in final height may accom-
pany transplant preceded by either single-dose or hyper-
fractionated TBI. Modifying factors include gender, age 
at treatment, prior cranial radiotherapy, preparative regi-
mens based on chemotherapy, or TBI (Woolfrey et al. 
1998; Cohen et al. 1999; Sanders et al. 2005). 
Explanations for growth impairment could include 
growth hormone deficiency, actual damage to growing 
bone, or both. One issue of concern is whether single-
dose TBI or hyperfractionated TBI causes less damage 
to growing bone. In a study of 30 adults treated at or 
before the age of 12 years, Chemaitilly et al. (2007) 
demonstrated no difference in final height between the 
two radiotherapy (RT) modalities. Final height, both 
standing and to a greater extent, sitting, were signifi-
cantly reduced, more so if survivors were treated at a 
younger age. The addition of TBI after cranial RT 
seemed to be associated with the greatest reduction in 
final height, with no RT associated with the least or no 
reduction (Cohen et al. 1999). Although not all studies 
including multiple types of malignancies tested the 
independent contribution of cancer type, one study that 
did (Cohen et al. 1999) did not find a difference in final 
height between ALL, AML, and CML, suggesting that 
the primary disease itself does not predict growth. There 
is some evidence that conditioning regimens using 
busulfan compared to TBI may produce less organ tox-
icity (Afify et al. 2000; Bernard et al. 2009).

Other late complications following transplant for 
AML in childhood include bony abnormalities such as 
decreased bone mineral density, osteochondromas 
(Bordigoni et al. 2002; Taitz et al. 2004), and osteone-
crosis, dental anomalies, including absence of teeth and 
abnormally shaped teeth (Vaughan et al. 2005), dyslipi-
demias and metabolic syndrome (Taskinen et al. 2000; 
Faraci et al. 2005; Perkins et al. 2007), eye problems, 
including cataracts and dry eye syndrome (Tichelli 
1994; Michel et al. 1997; Fahnehjelm et al. 2008), and 
possibly impaired physical performance in some pro-
portion of children and young adults (Hovi et al. 2010).
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10.14  Quality of Life and 
Neuropsychometric Outcomes

Few studies of health-related quality of life (HRQOL) 
have been performed in survivors of childhood and 
adolescent AML, although studies of HRQOL follow-
ing BMT are somewhat more common and usually 
include survivors of AML. However, many studies 
have small sample sizes and are uncontrolled or com-
pare results only to normative data.

HRQOL was studied in 52 Swedish children who 
had been treated with allogeneic HSCT (Forinder et al. 
2005); 8 had AML. The Swedish version of the Child 
Health Questionnaire (CHQ) was used to measure the 
QOL outcomes, and the authors found that the overall 
QOL scores in survivors were not different from U.S. 
norms. However, the survivors did have lower subscale 
scores in the following domains: bodily pain, general 
health, and self-esteem.

As noted earlier in this chapter, there is an adverse 
impact upon QOL early following BMT (Felder-Puig 
et al. 2006). A longitudinal study measured HRQOL at 
five time points during the first year following trans-
plantation. In general, QOL was most impacted at 10 
days following BMT and steadily improved during the 
first six months after BMT; however, some individuals 
did not experience this degree of improvement. At 
1 year after BMT, lower scores persisted in emotional 
functioning, pain, and communication.

Barrera and Atenafu studied QOL in 46 survivors 
of pediatric BMT and compared their results to those 
of a group of sibling controls (Barrera and Atenafu 
2008). They found that the physical summary score 
was significantly lower for survivors, but the psycho-
social summary score was not different. Multivariable 
analysis did not show any variable other than treatment 
that explained the difference in QOL scores. This  
study also included neuropsychological outcomes (see 
below).

Younger age at treatment often portends a higher 
burden regarding late effects. In a study of 17 survivors 
of BMT before age three (Perkins et al. 2007), using 
the age-appropriate CHQ questionnaires, the authors 
found no adverse QOL outcomes compared to norma-
tive data. However, the neuropsychometric outcomes 
from this group were more informative (see below).

In the largest study to date of HRQOL in survivors 
of childhood and adolescent AML (Nicholson et al. 

2005), 180 survivors of AML diagnosed before 
21 years of age were studied using the CHQ and SF-36 
instruments. This study included 100 survivors who 
had been treated with chemotherapy, 26 who had had 
an autologous BMT, and 54 who had had an allogeneic 
BMT. Survivors were 20 years of age, on average 
(range, 8–39), and had been diagnosed at a median age 
of 4 years (range 0–20); 47% were male and 88% were 
Caucasian. The overall QOL scores did not differ by 
treatment group, although those treated with alloge-
neic BMT had a lower physical summary score when 
compared to those treated with chemotherapy. The 
transplant survivors also had a higher burden of more 
frequent and more severe chronic health conditions; 
76% of those treated with allogeneic BMT, 58% of 
those treated with autologous BMT, and 44% of those 
treated with chemotherapy reported a chronic health 
condition. Ninety five percent reported that their health 
was excellent, very good, or good. Five percent 
reported cancer-related pain, and 13% reported cancer-
related anxiety.

In a cross-sectional study of HRQOL outcomes in 
214 adults survivors of HSCT, survivors were found to 
generally have a good quality of life (Sanders et al. 
2010), although significantly lower than a control 
group in terms of the SF-36 physical summary score as 
well as the physical function, role physical, and gen-
eral health domains. In this study, the 68 survivors of 
AML were more likely to have poorer physical func-
tioning than survivors of the other diseases that made 
up this cross-sectional study (nonmalignant, ALL, 
CML). However, they did not differ from the other sur-
vivors in terms of overall psychological or cognitive 
functioning. AML survivors were 27 years of age on 
average, had a mean time since transplant of 14.7 years, 
and were evenly split between males and females.

All these studies taken together suggest that 
HRQOL in survivors is generally good; however, indi-
vidual survivors may experience late effects or symp-
toms that negatively impact their QOL, and variations 
in QOL may occur in individuals.

IQ and other neuropsychometric parameters may 
also be impacted by anticancer therapy. In a study of 
102 BMT survivors that included 32 treated for AML 
and was powered to detect a 3 point drop in global 
measures of intelligence (IQ), Phipps et al. (2000) 
found no difference in IQ or in academic achievement 
at either 1 or 3 years following BMT. Furthermore, use 
of TBI in the conditioning regimen was not associated 
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with a drop in IQ; however, those children treated with 
BMT prior to three years of age had a fall in IQ at both 
one and three years following BMT.

In a more detailed, but small, study of 17 survivors 
of acute leukemia (including 14 with AML) treated 
with BMT prior to the age of three years (Perkins et al. 
2007), Perkins found that IQ scores did not differ from 
population norms. However, survivors performed more 
poorly on measures of sustained attention, inhibition, 
response speed, and consistency of attentional effort. 
Measures of fine motor speed /dexterity and visual-
motor integration skills were also inferior to normative 
data. Academic achievement was not impacted, but 
measures of adaptive functioning were inferior. In this 
study, all but 4 had had an allogeneic transplant (76%), 
and TBI was given to 11 patients (65%). These survi-
vors had been transplanted at a mean age of 1.67 years 
and the mean follow-up time was 11.5 years (range, 
3.25–22.33). Interestingly, none had had chronic 
GVHD.

In a study of 46 survivors of BMT during child-
hood, Barrera et al found that survivors did not have 
significant differences in IQ compared to a group of 33 
siblings (Barrera and Atenafu 2008). However, survi-
vors had significantly lower spelling scores and some-
what lower scores in arithmetic and reading (not 
statistically significant). Psychological adjustment was 
similar for survivors and siblings, and both were within 
normal ranges. The QOL outcomes for this study were 
noted above.

10.15  Conclusion

Effective treatments with HSCT for AML in childhood 
continue to evolve and will contribute to improvements 
in survival. As survival improves, surveillance and 
intervention for late effects take on greater roles in 
management of childhood cancer. However, much 
remains to be understood as children become adults; 
specific questions include: what are the predictive fac-
tors that can be used to determine who is most in need 
of follow-up; what comorbidities occur; and which 
survivors can benefit from intervention studies. As sur-
vival after transplant for AML continues to improve, 
issues of concern include care, management, surveil-
lance, detection, and prevention of adverse outcomes 
by the late effects care team. The medical surveillance 

experts, the survivor, and the family should practice 
effective cooperation with the goal of achieving a good 
health-related quality of life.
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11.1  Models of Psychosocial  
Health Services

Because of the life-altering and potentially lingering 
psychosocial effects of leukemia on children and fami-
lies, pediatric health professionals have developed a 
variety of interventions to mitigate family distress. 
Psychosocial health services are psychological and 
social services and interventions that enable patients, 
their families, and health care providers to optimize 
biomedical health care and to manage the psychologi-
cal/behavioral and social aspects of illness and its con-
sequences so as to promote better health (IOM 2008). 
Interventions are shaped by, informed by, and/or deliv-
ered by psychologists, psychiatrists, social workers, 
nurses, and chaplains, as well as by oncology subspe-
cialists, ethicists, patients and their families, and advo-
cacy organizations (Holland 2003). These interventions 
vary in their target population (patients, siblings, and/or 
parents and other family caregivers), settings, and char-
acteristics. For example, a recent review of psychoso-
cial health services for cancer patients and their families 
by the United States Institute of Medicine (IOM) found 
some interventions that were derived from a theoretical 
framework, some that were based on research evidence, 
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and some that had undergone empirical testing; few 
evidenced all three characteristics (IOM 2008). 
Nevertheless, the IOM identified five common ele-
ments of models for the effective delivery of psychoso-
cial health services: (1) identifying psychosocial health 
needs, (2) connecting patients and families to needed 
services, (3) supporting them in managing the illness, 
(4) coordinating psychosocial care with biomedical 
care, and (5) following up on care delivery to evaluate 
the effectiveness of these services (Fineberg 2008).

Effective patient–provider communication, as 
described elsewhere in this chapter (IOM 2008), is 
central to all the components of psychosocial health 
services models. The change in attitudes toward open 
communication about cancer with children and their 
families was instrumental in the evolution of psycho-
social health services. Patenaude and Kupst note that 
mental health professionals first began to have a role 
within pediatric oncology treatment teams to assist 
with the emotional issues related to open communica-
tion. With their presence, mental health professionals 
fostered awareness of behavioral challenges faced by 
children with cancer, and the impact of cancer on the 
whole family (Patenaude et al. 2005).

An early example of a comprehensive pediatric 
cancer psychosocial health services program, based at 
Children’s Hospital Los Angeles in the mid-1970s, 
was purposively designed to be a part of the biomedi-
cal treatment team and was comprised of mental health 
professionals with pediatric oncology training (clinical 
psychologists, social worker, oncology nurse coordi-
nator, and child life specialists); the program had a 
nonpathologic short-term psychosocial rehabilitation 
emphasis, with the family viewed as the adaptive unit 
(Kellerman 1980). Twenty years later, a multidisci-
plinary panel, convened by an American Cancer 
Society initiative, developed a psychosocial protocol 
for childhood cancer to offer clinical practice guide-
lines for all disciplines through the phases of cancer 
treatment (Lauria et al. 1996). The protocol’s compo-
nents include use of a multidisciplinary team of 
 specialists, availability of essential programs and 
resources, multidisciplinary and integrated assessment, 
identification of common psychosocial issues and clin-
ical interventions, and use of outcome evaluations.

The most recent update of the American Academy 
of Pediatrics’ Guidelines for Pediatric Cancer Centers 
states that oncologic care should be provided in a pedi-
atric center that meets defined criteria for personnel, 

facilities, and capabilities. The criteria include pediat-
ric oncology nurses, social workers, pediatric psychol-
ogists, child life specialists, and access to family 
support services, as well as a formal program for can-
cer education for the family and instruction on self-
management (Corrigan and Feig 2004). Another 
relevant source of standards and guidelines is the 
National Comprehensive Cancer Network (NCCN), a 
US organization of comprehensive cancer centers. 
Although primarily directed toward adult cancer 
patients, the NCCN developed consensus standards for 
psychosocial care centered on distress management 
(Table 11.1), as well as guidelines for evaluating and 
treating patients with severe distress that can be adapted 
for use with families of young people with cancer.

 Distress should be recognized, monitored, documented, and 
treated promptly at all stages of disease and in all settings.

 Screening should identify the level and nature of the distress.

 All patients should be screened for distress at their initial 
visit, at appropriate intervals, and as clinically indicated, 
especially with changes in disease status (i.e., remission, 
recurrence, progression).

 Distress should be assessed and managed according to 
clinical practice guidelines.

 Interdisciplinary institutional committees should be formed 
to implement standards for distress management.

 Educational and training programs should be developed to 
ensure that health care professionals and certified chaplains 
have knowledge and skills in the assessment and manage-
ment of distress.

 Licensed mental health professionals and certified chaplains 
experienced in psychosocial aspects of cancer should be 
readily available as staff members or by referral.

 Medical care contracts should include reimbursement for 
services provided by mental health professionals.

 Clinical health outcomes measurement should include 
assessment of the psychosocial domain (for example, quality 
of life and patient and family satisfaction).

Patients, families, and treatment teams should be informed 
that management of distress is an integral part of total 
medical care and provided with appropriate information 
about psychosocial services in the treatment center and the 
community.

 Quality distress management programs/services should be 
included in institutional continuous quality improvement 
projects.

Table 11.1 NCCN Standards of care for distress management 
v.1 2010
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The development of models, standards, clinical 
guidelines, and publications such as the IOM report, 
“Cancer Care for the Whole Patient: Meeting Psycho
social Health Needs,” indicates that psychosocial health 
services are being recognized as an essential aspect of 
quality care for children with cancer and their families. 
How patients and families are linked to psychosocial 
health services will vary. Methods include using local 
resources, referral to remote providers, or on-site col-
location/clinical integration of services (IOM 2008). 
However, the IOM asserts that it is possible for all can-
cer care providers to meet the standard of care 
(Table 11.2) in some way. The report made three rec-
ommendations that underscore (1) the need for health 
care providers to ensure that their patients receive care 
that meets the standard; (2) the need for patient educa-
tion and advocacy organizations to educate patients and 
families about what psychosocial health services to 
expect, and (3) the need for evaluation of approaches to 
efficiently provide psychosocial health services that 
meet the standard (IOM 2008). Translating these rec-
ommendations into practice represents a major chal-
lenge. Few pediatric cancer treatment centers have been 
able to develop and sustain a comprehensive program 
of psychosocial health services. One exemplar is the 
HOPE Program at Children’s Hospital Los Angeles, 
which has implemented a model with interdigitated 
components for patient and family education, school 

and social reintegration, age/developmental stage and 
role-specific support groups, neuropsychology ser-
vices, a clinical psychology referral service, outcomes 
research, and student/staff training. This program relies 
entirely on philanthropic support and grant funding.

A number of resources are available for health care 
providers to use as adjuncts to psychosocial health ser-
vices, such as the American Psychosocial Oncology 
Society (APOS) on-line multidisciplinary training 
modules available at http://www.apos-society.org/pro-
fessionals/meetings-ed/webcasts/webcasts-multidisci-
plinary.aspx, which include a module on the challenges 
and strategies in establishing a psychosocial program. 
Other resources include the APOS “Quick Reference 
for Pediatric Oncology Clinicians: The Psychiatric 
and Psychological Dimensions of Pediatric Cancer 
Symptom Management” (Wiener et al. 2009), and pub-
lic web portals and websites (such as searchHOPE.org 
and CureSearch.org). A resource recommended by the 
IOM report, but not yet extant is a directory of pediat-
ric cancer programs that have psychosocial health ser-
vices; such a listing would contribute to the ability of 
providers everywhere to consult operating programs, 
share lessons learned, and collaborate to implement 
today’s standards and guidelines.

Finally, there is a growing body of scientific publi-
cations related to psychosocial health services and 
interventions that should form the foundation for 
empirically supported psychosocial health services. 
The literature is filled with research-based conclusions 
on which type of psychosocial intervention is best 
(Masera et al. 1993), including when and how to com-
municate with the child about the diagnosis (Jankovic 
et al. 1994; Masera et al. 1997a, b), how to help parents 
maintain some sense of normality in their family life 
(Horwitz and Kazak 1990; Birenbaum 1991), how to 
help the child return to school (Masera et al. 1995), 
how to keep the siblings informed (Chesler et al. 1991), 
how to start parent groups (Chesler and Barbarin 
1987), how to involve parents in medical decision-
making (Chesler and Barbarin 1987), how to prepare 
for the terminal phase of the disease when it occurs for 
some unfortunate children (Spinetta et al. 1981), and 
how to continue to monitor long-term survivors  
(Speechley and Noh 1992; Masera et al. 1996). 
However, based on excellent recent review articles and 
meta-analyses, it has become evident that there are sig-
nificant challenges to be addressed in this area. Many 
studies to date have been descriptive and correlational 

All parties establishing or using standards for the quality of 
cancer care should adopt the following as a standard:

  All cancer care should ensure the provision of appropriate 
psychosocial health services by:

   Facilitating effective communication between patientsa 
and care providers

  Identifying each patient’s psychosocial health needs

  Designing and implementing a plan that

   Links the patient with needed psychosocial services

   Coordinates biomedical and psychosocial care

     Engages and supports patients in managing their 
illness and health

    Systematically following up on, reevaluating, and 
adjusting plans

Table 11.2 A recommended standard of care (Adapted from 
IOM 2008)

aThe term “patients” refers to both patients and families when 
the patient is a child

http://www.apos-society.org/professionals/meetings-ed/webcasts/webcasts-multidisciplinary.aspx
http://www.apos-society.org/professionals/meetings-ed/webcasts/webcasts-multidisciplinary.aspx
http://www.apos-society.org/professionals/meetings-ed/webcasts/webcasts-multidisciplinary.aspx
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(Kazak 2005) and there has been limited ability to 
compare results across studies. A meta-analysis of 12 
intervention studies found only modest support for the 
effectiveness of current interventions, with the most 
notable positive findings for parents’ distress and 
adjustment; no significant effect sizes were found for 
child distress (Pai et al. 2006).

There is a need for more intervention research that 
ties together intervention elements, outcomes, and mea-
sures to theoretical models, as well as research that 
reports effect sizes, identifies specific subsets of patients 
for targeted interventions (or possibly no needed inter-
ventions), includes participants with ethnic and linguis-
tic diversity, tests brief deliverable interventions that 
mesh with pediatric biomedical practice, utilizes longi-
tudinal and control group designs, addresses both issues 
of survivorship and palliative care, and identifies cor-
relates or predictors of positive adaptation and adjust-
ment (Kazak 2005; Patenaude and Kupst 2005; Phipps 
2005; Pai et al. 2006). In addition, interdisciplinary 
research that taps the varying perspectives of psychol-
ogy, nursing, social work, and others should be the 
norm in a field as interdisciplinary in nature as psycho-
oncology. The empirical underpinnings of psychosocial 
health services are a fertile area for ongoing research 
and collaboration. Findings from this research will 
guide the implementation and refinement of the ser-
vices provided to help patients and families cope with 
the formidable challenges of childhood leukemia.

11.2  Communication of Diagnosis

Helping a family whose child has been diagnosed with a 
life-threatening illness is a daunting task. Communication 
technique is the most basic skill that must be mastered 
when the diagnosis of leukemia, or any other cancer, has 
to be reported to the patient and family. The technique 
and skill one uses becomes the first step in a communi-
cative process between the medical team and the family 
that allows for growth and change over time. Initial com-
munication of the diagnosis to the family is the most 
important physician interaction, crucial for a family that 
is in shock from the information that their child has a 
potentially fatal disease. Keeping in mind that commu-
nication is an ongoing effort that will be continued for 
many days and weeks to come, the following is a well-
accepted approach.

As soon as possible, when laboratory and clinical 
results are confirmed, the senior physician or the direc-
tor of the clinic (when available) communicates the 
diagnosis to both parents together and tells them about 
the “program of care.” This should be communicated 
in a private room in the presence of a nurse from the 
inpatient clinic where the child is being treated. The 
treatment program, the prognosis, and roles of each 
team member should be carefully explained. The fam-
ily should be told how it might confront the difficult 
experience, and attention should be paid to particular 
family needs, especially regarding the school and other 
siblings. With the consent of the parents, the meeting 
can be audio taped, and a copy of the tape given to the 
parents (Tattersall et al. 1994; Masera et al. 2003). The 
primary care physician or family physician should 
have the option of attending this meeting; in addition, 
the primary physician should be frequently updated on 
the patient’s status through periodic letters or tele-
phone calls. An opportunity for contact with the treat-
ing clinic’s physician should be offered to the primary 
physician.

In past years, evidence mounted that children, sib-
lings, and parents would be best served by being 
encouraged to bring their anxieties about the illness 
and its possible consequences into the open. Therefore, 
studies were developed that focused greater attention 
on how parents and medical personnel communicated 
with the child (Masera et al. 1997a, b). Parents most 
often manage what and how their children are told 
about leukemia. Adolescents or young adults vary in 
their preferences as to how much information should 
be disclosed to them. Some adolescents and young 
adults with cancer prefer to be fully informed about 
their disease, but approximately one-third of those sur-
veyed declared their preference not to know (Masera 
et al. 1997a, b; Spinetta et al. 2003). The active process 
of seeking and obtaining information about leukemia/
cancer appears to be related to improved self-confi-
dence, and young survivors who preferred and received 
open communication about their diagnosis and prog-
nosis at the initial stage of the disease also showed sig-
nificantly less anxiety and depression later on. Attitudes 
about information seeking may change over time, and 
the extent to which survivors and their family mem-
bers perceive risks of relapse or a “need to know” may 
also influence information seeking (Olechnowicz et al. 
2002; Zwaanswijk et al. 2007; Coyne 2008). Thus, 
communication continues to be a dynamic process.
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There are, at the present, no hard and fast rules about 
when, how, and what should be explained to a child 
regarding the diagnosis of cancer, and at what age 
(Mulhern et al. 1981; Spinetta et al. 1981; Chesler et al. 
1986). How this issue is managed, especially for the 
young child, depends upon the parents’ child-rearing 
values in conjunction with their views regarding the 
child’s level of development and capacity to understand. 
Cultural norms and expectations enter heavily into this 
issue of communication (Spinetta 1978; Slavin et al. 
1982; Chesler et al. 1991; Jankovic et al. 1994; Masera 
et al. 1997a, b). Many parents find it difficult to talk to 
young children about issues as serious as the diagnosis 
of leukemia. Without proper communication, the child’s 
reaction to the disease, treatment, and new or altered life 
situations can cause additional stress for the parents.

Parents want what is best for the child, but are often 
at a loss as to how to tell the child about the illness. By 
the time parents are told of the diagnosis, many chil-
dren are already aware that something is wrong with 
their health. Despite this awareness by the child, par-
ents find it very difficult to begin the dialogue. 
Communication of the diagnosis, especially to the 
young child, is often done in the presence of the par-
ents, and even by the parents themselves. In some 
cases, the physician may communicate with the child 
directly without the parents being present, thereby 
opening the dialogue so that the parents and the child 
can then speak freely about the illness (Jankovic et al. 
1994). By having the physician speak directly to the 
child from the beginning, trust, rapport, and confidence 
are established between the child and the physician, 
making subsequent discussions and decision sharing 
more feasible and more effective. This will ensure, on 
the part of the child, a more ready and willing compli-
ance with the treatment regimen.

Problems occur when the communication approach 
must be modified to meet the needs and cultural expec-
tations of particular children and their families. This is 
especially true when conclusions that are appropriate 
for one familial setting or culture are applied to another 
familial situation and/or culture. The communication of 
a diagnosis to the child can become problematic in a 
culture not accustomed to such openness with children. 
In such a culture, the family must be counseled regard-
ing the importance of such open communication. In 
addition, they must be shown how to communicate at 
the child’s level of development. Involving the parents 
in the decision-making process regarding their child’s 

treatment, especially at the terminal phase, is very dif-
ficult in a culture that is used to a physician making all 
such decisions. Any movement in the direction of 
greater parental involvement must be tailored not only 
to cultural expectations, but also to the individual fam-
ily’s level of preparedness for such involvement. 
Sending a child back to school as soon as possible after 
initial treatment might not be acceptable to many par-
ents or teachers. Nevertheless, these individuals must 
be educated on the value of an early return to school for 
the patient. Asking a parent to discipline their child in a 
manner consistent with family history may be problem-
atic for parents who are culturally expected to give spe-
cial treatment to a sick child (Masera et al. 1997a, b).

It is a challenge for pediatric hematologists to mod-
ify their approach to the children and their families for 
maximal success, in a manner most appropriate to and 
respectful of the needs of the families within their own 
cultural setting.

11.3  Social Impact of the  
Child–School Issue

As treatment for childhood leukemia became more 
widely effective, studies began to focus on children 
treated as outpatients. Although these studies demon-
strated that the children continued to be aware of the 
seriousness of their illness (Spinetta and Maloney 
1975), they dwelled less and less on their illness and 
were able, while in remission, to live a relatively normal 
life, somewhat free of concerns about their illness. 
Survival, on the other hand, means that the children 
have to continue to be educated toward eventually 
becoming fully functioning adult members of the soci-
ety. Therefore, it is important to focus attention on the 
normalizing influence of school. Programs should be 
developed to help the children to return to their typical 
life as school children, and teachers should be trained to 
treat the children as normally as possible. Depending on 
medical conditions, and the wishes of the child, chan-
nels of communication should be open between the 
hospital personnel and the teachers at the school of ori-
gin. This could begin with a letter to the principal and 
informational booklets sent to the teachers. Telephone 
calls would follow this preliminary contact, inviting the 
teacher to visit the cancer treatment center (Lansky 
et al. 1983; Jankovic et al. 1994; Masera et al. 1995).  
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A physician from the cancer treatment center could go 
to the school of origin to explain the medical aspects of 
leukemia to the teachers and to the child’s classmates. 
The leukemic child should attend the explanation and 
should be actively involved. An annual meeting between 
in-hospital teachers and teachers from the child’s school 
of origin should be encouraged (Masera et al. 1997a, b). 
This approach helps the leukemic child return to the 
usual school routines. It also helps classmates in their 
psychosocial growth by helping them avoid discrimina-
tion of colleagues who are “different” and by address-
ing their fear of the unknown.

11.4  Discussion of the Treatment  
Plan and Informed Consent

Compliance with medical regimens is an unquestioned 
assumption, but do the children have a right to partici-
pate in medical decisions regarding their own treat-
ment? Clearly, the answer to this question depends on 
the developmental level of the child, as well as on the 
particular culture’s view of the rights of the child  
(Blustein and Moreno 1999; Bragadottir 2000).

It is important to distinguish “informed consent” 
from “valid informed consent” (Syse 2000). “Informed 
consent” by itself has often come to mean legally 
signed documentation, without necessarily incorporat-
ing understanding on the part of the signer. “Valid 
informed consent” emphasizes the patient’s under-
standing of that to which consent is being given. The 
understanding must include the reasonable as well as 
irrational thoughts and emotions associated with the 
proposed treatment program. Valid informed consent 
comes first and foremost with human interaction, and 
not only with standardized models and formalized 
written documentation. Physicians should be encour-
aged to share developmentally relevant and culturally 
appropriate medical information with the child, so that 
the child can actively participate in the decision-mak-
ing process for health-related interventions.

For adolescents of legal age, there should be a full 
and legally mandated power to make their own deci-
sions regarding medical treatment, with all of the rights 
and privileges accorded to adult patients, which in fact 
they are (Spinetta et al. 2002). Younger children should 
be accorded full respect for their capacity to understand 
and for their desire, at an appropriate age level, to par-
ticipate in decisions regarding medical interventions 

(Jankovic et al. 2004). Each clinic should take it upon 
itself to put in writing, procedures for informed consent 
to be followed at that particular clinic (Spinetta et al. 
2003, 2006, 2009).

11.5  Family Distress and Resilience  
in the Face of a Childhood  
Cancer Diagnosis

A diagnosis of leukemia in a child is a profoundly chal-
lenging event for parents and other family members. 
While most families adjust well to the demands of an ill 
child, substantial distress is widely reported initially, 
especially depression and anxiety. Increasingly complex 
treatments and extended care of a sick child in the home 
can compel parents to shift their daily routine resulting 
in employment changes, difficulty caring for other sib-
lings, and loss of social and personal time. The extended 
length of cancer treatment means these changes can be 
enduring and sometimes accompanied by employment 
instability, shifts in support networks, and financial 
challenges (Eiser and Upton 2007). Though distress is 
often reported, parents also exhibit resilience, find new 
meaning in life, experience appreciation for the help 
from friends and family for their child’s care and sup-
port, and note personal benefits of the cancer experi-
ence, including increased self-confidence, renewed 
family closeness, and greater clarity about meaningful 
elements of their lives. Relatively stable families tend to 
remain stable during treatment despite its challenges.

The following section will present a framework for 
understanding parent and sibling distress and resil-
ience during and after the treatment of an ill child, 
describe the adjustment of mothers, fathers, and sib-
lings to childhood cancer, and describe resilience in 
coping with the experience. It will also provide recom-
mendations, based on current evidence, to improve, 
support, and enhance coping.

11.5.1  A Framework  
for Understanding Distress

A social-ecological model can be applied to better 
understand the distress of the family in the context of 
childhood illness. The illness impacts the entire family 
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system including parents, siblings, grandparents, and 
so on (Kazak 1989). As such, it is important that the 
treatment environment takes into account and supports 
key elements of each child’s family. The importance of 
addressing parental distress cannot be overempha-
sized. Their healthy adjustment leads to better overall 
family functioning and benefits the survivors’ and sib-
lings’ well-being (Massimo and Caprino 2007; Noll 
and Kupst 2007).

The social-ecological perspective extends the 
examination of factors beyond individual characteris-
tics and coping behaviors to include family func - 
t ioning, neighborhood resources, and community 
 conditions (Kazak 2001). This model for understan-
ding stress and adaptation was first proposed by 
Bronfenbrenner (1979) and later applied to childhood 
chronic illness by Kazak (1992). This model (Fig. 11.1) 
examines the child with cancer, parents, and siblings in 
relation to their environment through a series of con-
centric circles. The central circle contains individual 
characteristics (demographic, health status, coping, 
and cancer). The next ring includes the immediate 
family environment, reflecting parental psychological 
and social adjustment. This is followed by three more 
circles that include: (1) the neighborhood (health care 
settings, local agencies, schools, and peers); (2) sys-
tems beyond the immediate family (parents’ work-
places and social networks or siblings’ schools); and 
(3) policy (for instance, protections from the American 
Disabilities Act) or culture (which can impact on atti-
tudes and prejudices towards cancer). All of these fac-
tors play a role in determining the adjustment of the 
child, parents, and siblings.

The model points to the need for support and care 
of parents of children with cancer to come from mul-
tiple levels and suggests that the burden should not fall 

solely on the health care organization. The introduc-
tion of websites for families with a child with cancer 
helps create momentum for family, friend, and neigh-
borhood support that can complement programs pro-
vided by the health care setting. Because families 
commonly seek information on the web, providing 
parents with recommended sites has the potential to 
ensure support and minimize risk.

11.5.2  Mothers

Mothers of children with cancer often report anxiety 
and depression (Sloper 2000a, b; Landolt et al. 2003; 
Barrera et al. 2004; Steele et al. 2004) when their child 
is initially diagnosed. There is some evidence that they 
also experience other symptoms of posttraumatic stress 
syndrome (PTSS) and posttraumatic stress disorder 
(PTSD) (Pelcovitz et al. 1996; Stuber et al. 1996; 
Brown et al. 2003; Kazak et al. 2004a, b, 2005). The 
period following the child’s diagnosis and the start of 
treatment is often especially challenging as mothers 
adjust to the reality of their child’s illness. During this 
time, over half the mothers meet criteria for acute 
stress disorder (Patino-Fernandez et al. 2008). As 
mothers begin to focus on treatment-related concerns, 
the acute symptoms diminish over the next 6 months. 
However, there is evidence that a relatively small sub-
set of mothers remain highly distressed for longer peri-
ods of time. These mothers tend to have poorer personal 
and coping resources (Dolgin et al. 2007). While moth-
ers of children with cancer experience significant dis-
tress, psychopathology does not appear to occur more 
frequently than what is reported for parents of typi-
cally developing children (Brown et al. 1992).

Nearly 30% of mothers of adolescents with cancer 
meet the criteria for PTSD (Kazak et al. 2004a, b), 
and 68% of mothers whose children are in treatment 
have moderate to severe symptoms (Kazak et al. 
2005). Rates remain high (44%) by the end of treat-
ment (Stuber et al. 1996; Manne et al. 1998, 2001; 
Kazak et al. 2004a, b). However, not all studies report 
rates of PTSD being higher than norms. PTSD rates 
have been noted to be lower or similar to controls in 
mothers of children with cancer being treated as out-
patients and in mothers whose children have com-
pleted treatment (Jurbergs et al. 2009). It is worth 
noting that there has been some controversy about 
PTSD rates among parents of children with cancer. 

Individual
Family

member 

Fig. 11.1 The social ecological model
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Rates of PTSD vary greatly between studies due to 
different methods of measurement of PTSD, measure-
ment of distress at different time points during the 
treatment or survivorship, and variable use of con-
trols. While it is clear that a subset of parents have 
higher stress responses to the childhood cancer expe-
rience, a broader perspective should be adopted, 
including measurement of subclinical PTSS and other 
psychological problems and the use of longitudinal 
methods to study adjustment over time (Jurbergs et al. 
2009; Manne 2009; Werba and Kazak 2009).

A number of risk factors for distress have been 
identified. Trait anxiety (long-term anxiety that pre-
ceded the cancer) appears to be the strongest predictor 
of PTSS (Hoekstra-Weebers et al. 1999), along with 
perceived life threat and perceived treatment intensity 
for the child, lack of social support (Kazak et al. 1998), 
and poor coping skills (Kupst et al. 1995). Social sup-
port is widely described as improving mothers’ adjust-
ment (Speechley and Noh 1992; Noll et al. 1995; 
Dahlquist et al. 1996; Kazak et al. 1997; Manne et al. 
2000; Best et al. 2001). However, not all social support 
is equally effective. Support from close family mem-
bers buffers distress more than social support from the 
wider community, though mothers of children with 
cancer do mobilize larger social networks than com-
parison mothers (Gerhardt et al. 2007).

Problem Solving Skills Training has shown prom-
ise in reducing negative affect and increasing mothers’ 
ability to cope with the complex needs of a family 
affected by pediatric cancer. The training involves 
eight individualized sessions emphasizing six steps: 
having a positive orientation, identifying the problem, 
determining possible options, evaluating options and 
choosing the best one, implementing the option and 
determining if it worked (Sahler et al. 2005). This 
training was studied using a large sample of 430 
English, Spanish, and Hebrew speaking mothers from 
eight sites in the USA and Israel. While the training 
was found to be effective for all mothers, it was par-
ticularly effective for single mothers, Spanish speak-
ing mothers, and young mothers.

A second interventional study has provided prelim-
inary data on 49 parents (primarily mothers) of chil-
dren newly diagnosed with cancer and also focused on 
teaching coping skills. This intervention included six 
face-to-face sessions, telephone calls, and a web-based 
component. The intervention was most effective in 
reducing symptoms of distress among mothers who 

reported low social support at the time of diagnosis 
(Ewing et al. 2009).

11.5.3  Fathers

A smaller body of research describes adaptation among 
fathers of children with cancer, showing that they 
report similar levels of distress compared to norms or 
controls (Overholser and Fritz 1990; Noll et al. 1995), 
as well as similar levels of anxiety, family conflict, and 
social support as comparisons (Gerhardt et al. 2007). 
In a review study, few differences were described 
between mothers’ and fathers’ perceptions of marital, 
family, and child functioning, though traditional gen-
der roles in parenting tasks were reported (Clarke et al. 
2009). While fathers’ anxiety appears to be lower than 
that of mothers’ at diagnosis, fathers’ anxiety is less 
likely to decrease over the treatment period (Dahlquist 
et al. 1996).

Despite depression and anxiety rates comparable to 
controls, PTSD (at some point since their child’s diag-
nosis) is more common among fathers (11.5%) of chil-
dren with cancer compared to controls, although it is 
lower than the rate among mothers (29.5%) of children 
with cancer (Kazak et al. 2004a, b). While some fathers 
experience PTSS, a majority of fathers of adolescent 
survivors also reported posttraumatic growth (Barakat 
et al. 2006). Predictors of distress often differ between 
mothers and fathers. Mothers tend to seek out more 
social support and use more emotion-focused coping 
(Clarke et al. 2009) compared to fathers, who focus 
their attention on employment or financial concerns 
(Frank et al. 2001). Resources that help fathers to adapt 
and remain positive about their child’s cancer include 
support from health care professionals, extended fam-
ily members, and church communities (Brody and 
Simmons 2007).

Future studies would benefit from longitudinal 
designs to assess the psychosocial adjustment of both 
mothers and fathers throughout the stages of the child’s 
illness (Clarke et al. 2009). Further, studies may need 
to use measures beyond those that assess emotional 
distress to document tensions related to employment, 
financial concerns, increased involvement of extended 
family members, and the frequent exaggeration of gen-
der roles that occurs between mothers and fathers. 
While some work has demonstrated that distress in 
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mothers can be alleviated utilizing straightforward 
behavioral strategies, similar evidence has not been 
reported for fathers.

11.5.4  Siblings

The often long and complex treatment protocols for 
patients with leukemia have the potential to take a toll 
on siblings, whose needs can become a low priority for 
family, relatives, and oncology care teams. Treatments 
often involve many visits to the hospital, prolonged 
hospitalizations, preoccupation of parents, disruptions 
in home life, and loss of company and companionship 
of the sister or brother with cancer. In this context, 
some research has reported that siblings experience 
anxiety, depression, academic problems, loneliness, 
conflicted feelings, isolation, physical health problems 
(Zeltzer et al. 1996; Houtzager et al. 1999) and family, 
school and social problems (Alderfer et al. 2010). 
Posttraumatic stress symptoms are common among 
siblings, with 29–38% reporting moderate to severe 
symptoms (Alderfer et al. 2003; Kazak et al. 2004a, b; 
Packman et al. 2004).

Findings related to sibling distress are not consis-
tent and some studies find no emotional adjustment 
differences in siblings compared to norms or controls. 
In a review of 65 studies of siblings of children with 
cancer, 68% of the studies described no differences in 
depression and 78% reported no difference in anxiety 
compared to norms (Alderfer et al. 2010). Psycho-
pathology is unusual (Barrera et al. 2002; Houtzager 
et al. 2004a, b). While most siblings adjust well, those 
who have difficulties are often older, females (Alderfer 
et al. 2003), have chaotic families (Houtzager et al. 
2004a, b), and are closer to the time of diagnosis 
(Houtzager et al. 2004a, b; Lahteenmaki et al. 2004). 
Of note, positive outcomes related to emotional, fam-
ily and school/social adjustment have also been 
reported by siblings. Increased closeness between fam-
ily members is often described as a benefit (Sloper 
2000a, b; MacLeod et al. 2003; Wiener et al. 2008).

Interventions to support siblings include individual-
ized programs, camps, and support groups aimed at 
increasing medical knowledge and coping skills. There 
is some suggestion that, as a whole, these types of 
interventions result in significant decreases in symp-
toms of depression (Prchal and Landolt 2009). Further 

work using randomized clinical trials is badly needed 
to ensure that evidence-based interventions can be pro-
vided. Current recommendations encourage the inclu-
sion of siblings in support groups and hospital visits, 
but are not yet supported by empirical studies. Inclusion 
of siblings is difficult when treatment occurs at a dis-
tance from the home. In these situations, camps and 
national sibling support programs are recommended.

The presence of the family in the treatment setting 
facilitates identification and prevention of psycho-
social problems among siblings. Because of high 
demands in oncology treatment settings, there is a 
clear need for sibling support to come from nonmedi-
cal settings, particularly from the community of people 
and institutions surrounding the survivor and family. 
Interventions based in school, religious communities, 
neighborhoods, and sports or afterschool programs 
may provide a natural basis for sibling support. While 
pediatric oncology teams often lack the resources to 
manage these issues for each sibling, they can serve as 
a resource to the broader community that provides 
behavioral health support to children.

In summary, there is considerable evidence that 
parents and family caregivers experience significant 
distress when children are initially diagnosed with 
cancer. There is evidence suggesting that specific inter-
ventions can alleviate distress for family caregivers 
with the potential to facilitate child’s care. Work needs 
to be done to identify empirically supported interven-
tions that might facilitate the adjustment of siblings, so 
that treatment teams can tailor care to best meet the 
needs of families.

11.6  Diagnosis of Depressive or Anxiety 
Disorders and Serotonin Reuptake 
Inhibitor Prescription Practices

The improved rates of survival for children with cancer 
are a result of increasingly aggressive and complex 
protocols. During therapy, there has been a significant 
focus on children’s behavioral health. Specifically, 
there has been considerable focus on distress, anxiety, 
and depression that may occur in children who are 
receiving treatment for cancer. Several recent review 
articles (Marsland et al. 2006; Dolgin et al. 2007; Noll 
and Kupst 2007) have examined the evidence for 
increased rates of psychiatric disorders (specifically 
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depression or anxiety) in children with cancer during 
treatment. Despite the obvious challenges and stress, 
the prevalence of psychosocial dysfunction (i.e., psy-
chopathology or social dysfunction) is similar to that 
found in the general population or appropriate com-
parison groups, such as age and gender-matched peers. 
While many behavioral health specialists and members 
of pediatric oncology treatment teams hold the view 
that depression and/or anxiety in children with cancer 
is underrecognized, the data from numerous studies 
using a wide range of measurement strategies (obser-
vations, questionnaires, interviews) and sources of 
data (patients, parents, professional observations), 
show modest evidence for an increased prevalence of 
internalizing disorders in children receiving treatment 
for cancer. Noll and Kupst (Noll and Kupst 2007) pres-
ent Human EvolutionAry Response to Trauma/Stress 
(HEART), a framework with which to examine human 
responses to randomly occurring traumatic or stressful 
life events in pediatric behavioral health, not pediatric 
psychology (Fig. 11.2). This theoretical position pre-
dicts that children with cancer should not become dys-
functional unless the treatment or disease has an 
adverse affect on the child’s central nervous system. 
Despite evidence that rates of depression or anxiety in 
children with cancer are not greater than those of 
healthy peers, the 10.2% rate of medication for depres-
sion greatly exceeds the 1% documented in the general 
pediatric population (Emslie et al. 2004).

While depression and anxiety may not be more com-
mon in children receiving treatment for cancer than for 

typically developing children, identification of depres-
sion or anxiety in children with cancer is extremely 
important. These behavioral health problems are com-
monly associated with poorer medical outcomes and 
increased disability for children who are receiving treat-
ment for medical illness (Shemesh et al. 2002). 
Unfortunately, two of the three main symptoms of 
depression in children (loss of interest and loss of energy) 
and several of the additional symptoms of depressive 
disorders (decreased concentration, low self confidence, 
sleep disturbance, decrease in appetite) overlap with 
common symptoms experienced by children during 
treatment for their disease (Reuter and Harter 2004). 
This overlap of symptoms makes the diagnosis of 
depressive disorder or anxiety disorder in a child who is 
physically sick and hospitalized an exceptionally chal-
lenging enterprise, even for the most experienced pedi-
atric oncology or behavioral health specialist. Recent 
work (Hedstrom et al. 2006) demonstrates that estimates 
of distress by physicians and nurses compared to adoles-
cents’ self-reports are reasonably acceptable for ratings 
of physical distress, but staff ratings for psychosocial 
problems, such as anxiety and depression, show poor 
correspondence to the self-reports of adolescents. Of 
importance, physicians and nurses consistently overesti-
mated levels of anxiety and depression.

As stated, evidence suggests that psychiatric disorders 
in children with cancer are not more common than in 
typically developing children, and it is challenging to dif-
ferentiate symptoms of depression or anxiety from side 
effects of cancer and its treatment. However, it still seems 

Parent abuse or 
neglect/family 
dysfunction-

parental death
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Fig. 11.2 Human 
EvolutionAry Response to 
Trauma/Stress (HEART)
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likely that some children with cancer will experience 
these problems, given the base rates of these disorders in 
typically developing children and teenagers. The National 
Institutes of Health have recently sponsored two multisite 
randomized controlled trials exploring treatment options 
for anxiety (Walkup et al. 2008) and depressive disorders 
(March et al. 2004) in children and adolescents. Both 
investigations used medications, cognitive behavioral 
therapy, or the combination of both to treat these children. 
The conclusion from both studies was similar, showing 
that a combination of medication and cognitive behav-
ioral therapy offers the most effective treatment for these 
disorders. Of note, both of these multisite trials excluded 
children with a chronic illness, such as cancer. Little has 
been published concerning the impact of psychotropic 
medications for children who are also receiving chemo-
therapy. Based on these data, a prudent recommendation 
for children with cancer who are experiencing symptoms 
of anxiety or depression is an initial trial of cognitive 
behavioral therapy, and if this is not immediately effec-
tive, psychotropic medications can be added. The aim of 
this recommendation is to reduce potential drug interac-
tions and adverse events. Additionally, this recommenda-
tion is made within the context of recent work suggesting 
that published evidence based on antidepressant trials 
may be biased (that is, there has been selective publica-
tion of positive results) (Turner et al. 2008).

Some recent work has closely examined the Selective 
Serotonin Reuptake Inhibitor (SSRI) prescription prac-
tices of pediatric oncologists. This topic is of particular 
interest due to lack of data supporting the efficacy and 
safety of these medications in pediatric populations, as 
well as the 2004 conclusion of the FDA that SSRIs can 
increase suicidal thoughts and behaviors in children 
and adolescents (Leslie et al. 2005), resulting in a 
“black box warning” label for all SSRIs. A single site 
study performed by Kersun and Kazak (2006) surveyed 
28 pediatric oncology attendings and 12 fellows. Half 
of the respondents reported prescribing SSRIs to oncol-
ogy patients; of the half that did not report prescribing 
these medications, only four reported not doing so 
based on the FDA black box warning.

An additional study used a similar brief question-
naire to examine the SSRI prescribing practices of 
pediatric oncologists at nine institutions (Weiner et al. 
2010). One hundred and fifty-three of 193 (79%) 
attendings and fellows (99 attendings, 54 fellows) 
responded to the 17-item survey. The survey asked 
how often the physicians prescribed SSRIs for their 

pediatric cancer patients and how physicians moni-
tored patients in accordance with the FDA black box 
warning. Seventy-one percent of the respondents con-
firmed prescribing SSRIs to children with cancer. Of 
those prescribing, 50% prescribed to their patients less 
than 5% of the time, 36% prescribed 5–10% of the 
time, 12% prescribed 10–25% of the time, and 2% pre-
scribed over 50% of the time. Physicians were also 
asked to describe their comfort levels with prescribing 
specific psychotropic medications, with interesting 
results. For fluoxetine (Prozac), the only SSRI indi-
cated for pediatric populations, 63% of respondents 
felt uncomfortable prescribing. Conversely, paroxetine 
(Paxil), which is contraindicated for children under 18 
years, was preferred by 56% of prescribers.

In response to a “yes or no” item in the questionnaire 
asking whether the FDA black box warning had affected 
their practices, 51% of respondents answered that it had 
not. Startlingly, while 71% of the pediatric oncologists 
surveyed prescribed SSRIs to their patients, the aware-
ness of monitoring procedures associated with the black 
box warning was minimal. Prescribers did not report 
following FDA guidelines for follow-up after being 
prompted with an open-ended question; there was no 
mention of follow-up for clinical worsening or suicidal 
ideation/risk, they did not profess to provide a written 
medical guide for parents, specific guidelines for moni-
toring beginning with weekly face-to-face meetings 
were not mentioned, and there was no acknowledge-
ment of the need to watch for specific signs of behav-
ioral activation. Of note, 11% of respondents reported 
always consulting a psychiatrist before prescribing 
these medications and 13% stated that they always con-
sulted a psychologist before prescribing. It is feasible 
that the monitoring was done by these consultants.

In summary, there is considerable evidence from 
peer-reviewed journals that the prevalence of depres-
sive or anxiety disorders for children with any type of 
cancer is not increased compared to typically develop-
ing children. Making a diagnosis of a depressive or 
anxiety disorder in children with cancer is exception-
ally complex as a result of overlap of symptoms. 
Current evidence-based treatment recommendations 
for treating depressive or anxiety disorders in children 
include the concurrent use of medications and cogni-
tive behavioral therapy. Despite these facts and the 
FDA’s black box warning, a large number of children 
receiving treatment for pediatric malignancies receive 
SSRIs from their treating oncologist. The disparity 
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between the peer-reviewed literature and the current 
clinical practices bears further investigation.

11.7  Issues Around the Death of a Child

The death of a child is devastating for parents and fam-
ilies. Although bereavement is a highly complex and 
delicate process affected by social, cultural, religious, 
and spiritual context, some common themes emerge. It 
is important to identify practices that are helpful to 
parents and families who experience this loss. Although 
an intervention to change the ultimate outcome might 
not exist , health care providers can have a profound 
impact on the framing of events for parents and fami-
lies experiencing such a loss.

Compassionate, informative, and attentive health 
care staff can have an enormous impact on parents 
coping with this overwhelming situation. Rini’s study 
(Rini and Loriz 2007) demonstrated the need for a 
member of the health care staff to function as a coach 
to assist, describe, and guide parents through this pro-
cess. Interviewed parents did not want to be alone and 
expressed a desire to be guided through the process. In 
addition, the actual setting where death occurs influ-
enced the perception and experience of those parents 
studied. The parents felt a need to be in a soothing, 
comfortable environment where there was freedom to 
grieve and complete tasks deemed important to that 
family unit (Rini et al. 2007).

Clerici et al (2006) assessed the psychological needs 
of parents after the death of their child from cancer both 
in a retrospective and prospective fashion. Retrospec-
tively, the study found that more than 50% of parents 
spontaneously contacted the medical staff. Prospectively, 
the staff contacted families by telephone about 4 weeks 
after the patient’s death in order to invite them to a meet-
ing; 17 families were contacted and the majority of them 
decided to come back to the department for a confer-
ence. Overall, this study demonstrated that parents have 
a need to have further contact with the team that took 
care of their children with cancer (Clerici et al. 2006). 
This study should raise awareness that the medical team 
needs to offer psychological support for parents through 
continued communication after the child’s death, as this 
can be an integral part of the bereavement process.

Jankovic et al. (1989) described their 7-year experi-
ence with physicians contacting parents who lost their 

child secondary to leukemia. Physicians contacted the 
parents within the first few months after the death. 
Sixty-four of 72 couples (89%) agreed to a meeting. 
This study concluded that most parents needed to talk 
to their physician at least once as many of them still had 
unanswered questions. In addition, parents benefited 
from the reassurance that all that could be done for the 
child was done. This work suggests that the opportu-
nity to speak with the attending staff should be rou-
tinely provided to these parents (Jankovic et al. 1989).

Similarly, Kreicbergs et al. (2007) suggested that 
closing sessions with the attending staff after the death 
of a child are beneficial, especially for mothers. In 
addition, closure talks with a psychologist or social 
worker involved in the child’s care were found to pro-
vide the best support for mothers over the long term.

The death of a child due to cancer can also pose 
important bereavement problems for the professional 
staff. It is unimaginable for the physician not to be 
touched by the inevitable pain and distress associated 
with a patient’s death, especially a child with cancer. 
Redinbaugh et al examined doctors’ emotional reac-
tions to recent death of a patient. They found that doc-
tors who developed long-term relationships with their 
patients got to know them better and this was associ-
ated with a more satisfying experience; however, this 
also made them more vulnerable to feelings of loss 
when those patients died (Redinbaugh et al. 2003).

After a patient’s death, the physician may question 
whether to attend the memorial, wake, and/or funeral 
services, and if so, whether to be concerned about blur-
ring professional and personal boundaries. Peters has 
suggested that “a physician’s presence at a visitation or 
funeral can be an important last act of care and a first 
step toward coming to terms with the death of a patient 
for the medical provider and the family (Peters 2004).” 
The physician’s presence at these services is a natural 
extension of the art of healing as it serves to comfort 
and assist the survivors (Hood 2003). According to 
Peters, if the physician--patient--family relationship 
progressed from clinical to close friendship, then it is 
beneficial for the care provider to say farewell or grieve 
the death of a patient/friend (Peters 2004). When Peters 
asked colleagues, most expressed benefits from attend-
ing a funeral, although some described concerns. The 
first concern related to the mixing of personal and pro-
fessional boundaries and the second to the risk of being 
asked clinical questions by family members or friends 
of the deceased (Peters 2004). However, the benefits of 
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enriching one’s life, helping one in the healing process 
and strengthening the relationship with the family 
members seemed to override the concerns.

The physician cannot always cure, but can always 
care. In pediatric oncology, most physician--patient 
relationships are long-term, leading to fond friend-
ships, and attending a funeral illustrates this important 
connectedness. The choice of attendance properly 
remains with the individual. Each individual member 
of the core team needs to decide what method of offer-
ing condolences works best in each case. Arroll con-
firms that regular funeral attendance does not fit all; 
however, experience indicates that there are personal 
and family benefits to be gained and little to be lost  
(Arroll and Falloon 2007).

11.8  Issues Related to Survivorship

The use of effective multimodal therapies has resulted 
in a dramatic increase in survival for children and ado-
lescents with leukemia. In turn, the improved survival 
rate has made it imperative to study both the physical 
and psychological long-term effects of leukemia and 
its treatment. The cancer treatment experience can be 
potentially disruptive to patients’ academic, emotional, 
and social development. Patients are susceptible to 
these adverse effects not only during the acute treat-
ment, but throughout their lives. Hence, upon the com-
pletion of the therapy, the cancer survivor can rightly 
experience a myriad of feelings including happiness, 
joy, panic, anxiety, uncertainty, and transformation.

Although every patient’s experience with cancer and 
its treatment is different, some common concerns exist. 
These include potentially impaired neurocognitive, 
reproductive, endocrine, cardiovascular, and pulmonary 
function, poor educational attainment, posttraumatic 
stress, altered self-image/esteem, altered interpersonal 
relationships and social outcomes, employment and 
insurance issues, second malignancies, and the threat of 
disease recurrence, just to name a few.

Barrera et al conducted a large population-based 
cohort study of the long-term educational and social 
outcomes of young survivors of childhood cancer. In 
this multicenter retrospective study, 800 survivors aged 
17 years or younger were matched by age and gender 
with a group of 923 control participants. Based on 
parental report, they found that child and adolescent 

survivors of cancer, especially those with central ner-
vous system (CNS) tumors and leukemia, were more 
likely to experience educational difficulties and were 
less likely to have close friends compared to popula-
tion controls (Barrera et al. 2005). Survivors who were 
treated with cranial radiation therapy alone or in com-
bination with intrathecal methotrexate had the poorest 
educational outcomes and were the most likely not to 
have close friends (Barrera et al. 2005). In addition, 
young childhood cancer survivors reportedly had lower 
self-esteem when compared to controls. The authors 
concluded that children and adolescents who survived 
cancer, particularly those who had CNS tumors, leuke-
mia, and neuroblastoma, required close monitoring for 
early educational and social difficulties.

The Childhood Cancer Survivor Study (CCSS) was 
started in 1993 to better understand the late effects 
experienced by childhood cancer survivors originally 
diagnosed between 1970 and 1986 (Robison et al. 
2002). More than 14,000 childhood cancer survivors 
were identified for this long-term, retrospective cohort 
study taking place at 27 participating research centers 
in North America and Canada. Researchers who have 
studied the CCSS data have identified a number of 
potential late effects which include risk of second 
malignancies, endocrine and reproductive outcome, 
cardiopulmonary complications, and psychosocial 
implications. However, when examining the long-term 
toxicities described below, one should keep in mind 
that most patients diagnosed with acute lymphoblastic 
leukemia are now treated quite differently than those 
that constituted the CCSS patient cohort.

Gurney’s review of the literature from the CCSS 
suggested that childhood cancer survivors generally 
had similar high school graduation rates, but were more 
likely to require special education services when com-
pared to sibling groups (Gurney et al. 2009). In addi-
tion, the review found that survivors were slightly less 
likely to attend college, and were more likely to be 
unemployed and not married as young adults. Compared 
with siblings, leukemia survivors demonstrated ele-
vated rates of psychological distress (Thornton and 
Carmody 2005; Zeltzer et al. 2008). During the adoles-
cent period, parents reported that leukemia survivors 
experienced increased rates of depression, anxiety, and 
social skills deficits compared with sibling controls 
(Schultz et al. 2007). The findings of these studies have 
important implications for long-term follow-up care 
targeting early educational rehabilitation and social 
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skills training programs in order to maximize the survi-
vors’ academic and social success.

Schultz et al. evaluated 2,979 adolescent survivors 
of childhood cancer from the CCSS and 649 siblings 
in order to determine the incidence of depression/anxi-
ety, headstrong behavior, attention deficits, peer con-
flict/social withdrawal, antisocial behaviors, and social 
competence (Schultz et al. 2007). Overall, multivariate 
analyses showed that survivors were 1.5 times more 
likely than siblings to have symptoms of depression/
anxiety and 1.7 times more likely to have antisocial 
behaviors. Scores in the depression/anxiety, attention 
deficit, and antisocial domains were significantly ele-
vated in adolescents treated for leukemia or CNS 
tumors when compared with siblings. Treatments with 
cranial radiation and/or intrathecal methotrexate were 
specific risk factors (Schultz et al. 2007). Hence, ado-
lescent survivors of childhood cancer, especially those 
with a history of leukemia, may be at increased risk for 
adverse behavioral and social outcomes.

Also using data from the CCSS, Zebrack et al. exam-
ined the clinical psychological outcome in long-term 
survivors of childhood leukemia, Hodgkin disease and 
non-Hodgkin lymphoma. They found that these survi-
vors were significantly more likely than sibling controls 
to report symptoms of depression and somatic depres-
sion (Zebrack et al. 2002). Therefore, increased surveil-
lance of the leukemia population should be a priority.

Overall, these results facilitate understanding of the 
difficulties that leukemia survivors encounter integrating 
into society. Having a heightened awareness and better 
understanding of the relationship between childhood can-
cer survivorship and educational/social outcomes is para-
mount to assisting in the development of preventive 
intervention and rehabilitation to ensure that these patients 
become productive adults leading fulfilling lives.
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12.1  Introduction

Modern treatment of childhood acute leukemias started 
with the use of methotrexate (MTX) by Farber and col-
leagues in 1948 (reviewed in Dawn of Chemotherapy 
of Childhood Cancer) (Wolff 1999). The first observa-
tions of risk categorizations came in 1949 when Wolf 
Zuelzer noted that in patients treated with supportive 
care alone, those with initial white blood cell (WBC) 
counts of less than 10,000/mL survived longer than 
those with higher WBC counts (Zuelzer 1949). 
Subsequently, Dr. Roger Hardisty called attention to a 
lymphosarcoma variant that is detectable on chest 
X-ray by the presence of mediastinal enlargement. In 
1975, two groups of investigators (from St. Jude 
Children’s Hospital, Memphis and Children’s Hospital 
of Michigan, Detroit) simultaneously showed that the 
so-called lymphosarcoma variant is of T-cell lineage 
(Ravindranath et al. 1975; Sen and Borella 1975), and 
in 1978 Secker-Walker, Lawler, and Hardisty (Secker-
Walker et al. 1978) showed the critical importance of 
cytogenetics in childhood common acute lymphoblas-
tic leukemia (ALL). Shortly thereafter, immunopheno-
typing and cytogenetic evaluation of childhood ALL 
became a standard practice.

The pivotal breakthrough for recognizing that cure 
is achievable in children with ALL came with the 
introduction of the concept of preemptive central ner-
vous system (CNS) prophylaxis in the early 1970s by 
Pinkel and colleagues from St. Jude (Simone et al. 
1972). Subsequently, stepwise augmentation and inten-
sification of therapy tailored to risk for relapse led to 
the present cure rates approaching 80% in children 
with ALL and in several other cancers as well. A dra-
matic illustration of the success can be seen in the 
nearly universal curability of mature B-cell ALL, a 
once universally fatal disease. Remarkably, in ALL, 
these high cure rates have been achieved with drugs 
discovered prior to 1980. While there have been huge 
successes in the treatment of childhood ALL, success 
with the therapy of acute myeloid leukemia (AML) 
has been slow; nevertheless, it has improved so that 
nearly 50–60% of children with AML can also achieve 
cure with proper treatment.

As dramatic as these achievements have been in the 
West, the results of therapy in both ALL and AML lag 
behind considerably in a vast part of the world, notably 
the low- to mid-income countries (LMIC) of parts of 

Asia (South Asia, China, Southeast Asia – excluding 
Thailand, Malaysia, and Singapore), Africa (excluding 
Republic of South Africa and Egypt) and Central 
America. The goal is to cure childhood cancer world-
wide, but 80% of children with cancer live in parts of 
the world where, for a variety of reasons, they do not 
have access to care that is available in the economi-
cally developed countries (EDC) of Western Europe 
and North America.

Limitation of access to care of children with leuke-
mia and other cancers in LMIC is due to lack of 
resources at multiple levels: low family income, lim-
ited governmental resources, lack of trained physi-
cians, lack of focused centers of care for children with 
cancer, lack of clinical trials organizations, and insuf-
ficient advocacy on behalf of children with leukemia 
by physicians and the community. A common denom-
inator is the cost of diagnostic studies and therapy, 
which neither the private citizen nor the budget-
strapped public institutions are able to sustain. Adding 
to the problem is the physical separation in many 
“developing countries” of facilities for care of the 
affluent and poor. With few exceptions, the indigent 
and poor thus receive little benefit from the technolo-
gies in place for the evaluation and treatment of chil-
dren of affluent families. In addition to disparities in 
cure rates, this dichotomy of care has led to lacunae in 
defining the epidemiology and biology of childhood 
cancer in large parts of the world. Nowhere is this 
more evident than in the reported frequencies of vari-
ous risk categories of childhood ALL from large parts 
of Asia, Africa, and Central America. Consequently, 
risk-based treatment strategies are not often in place 
and many “low-risk” ALL children may be exposed 
to intensified treatments along with the consequent 
therapy-related morbidity. It is also likely that many 
low-risk children, as defined by age, low initial WBC, 
or ab -sence of mediastinal mass on chest X-ray (a 
surrogate for T-cell phenotype), receive inappropriate 
therapy designed for high-risk patients or do not actu-
ally receive any therapy. For example, with one of the 
first generation CNS-prophylaxis-based regimens, 
90% 5-year survival was obtained in a group defined 
as low-risk using modified Children’s Cancer Study 
Group (CCSG) defined low-risk criteria (age between 
3 and 7 years, WBC <10,000/mL and absence of 
mediastinal mass on chest X-ray); the systemic che-
motherapy was based on vincristine, prednisone, oral 
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methotrex ate, and oral 6-mercaptopurine (Zeulzer, 
Ravindranath et al. 1976). Treatment for low-risk 
ALL is inexpensive, and since about one-third to one-
half the children with ALL fall into the low-risk cat-
egory, cure rates of children with ALL could be 
improved severalfold if all such children receive 
therapy.

In this chapter, various attempts at improving 
results of therapy of childhood cancers in “low-middle 
income countries” will be described. Attempts have 
been made by individual investigators, individual 
institutions (e.g., St. Jude Children’s Research Hospital 
from USA, Vrije Universteit from Amsterdam), 
national and international childhood cancer organiza-
tions/clinical trials groups (e.g., International Society 
of Pediatric Onco logy (SIOP), Children’s Oncology 
Group (COG), Berlin-Frankfurt-Münster (BFM) 
group, Dutch Child hood Oncology Group, Italian 
Association of Pediatric Hematology/Oncology 
(AIEOP), French African Pediatric Oncology Group), 
the World Health Org anization and related  institutions, 
international  cancer societies (e.g., Inter national 
Union Against Cancer [UICC]), governmen tal and 
semi-governmental agencies such as the US National 
Institutes of Health and the International Network for 
Cancer Treatment and Research (INCTR); all of these 
work with institutions in various parts of the world to 
increase knowledge and resources for improving the 
care of children with leukemia worldwide. A diversi-
fied approach is necessary because issues and needs 
are vastly different in various parts of the world, with 
some countries having an almost total lack of resources 
at all levels (governmental, institutional, family), oth-
ers having a lack of commitment, and others having 
no countrywide organized delivery of care for children 
with cancer.

Dr. Hans Peter Wagner will describe the lead taken 
by the International Society of Pediatric Oncology 
(SIOP), Dr. Guiseppe Masera will describe his twin-
ning experiments in Central America, Dr. Anjo 
Veerman will describe the Dutch–Indonesia collabora-
tions, Dr. Raul Ribiero will describe the approach 
taken by St. Jude’s Research Center, and Dr. 
Yaddanapudi Ravindranath will give an overview of 
the recent efforts of the Children’s Oncology Group 
and its collaborative efforts in South America and in 
the Middle East with the MECCA (Middle East 
Children’s Cancer Alliance) group.

12.2  Globalization of the International 
Society of Pediatric Oncology 
(SIOP)

Hans Peter Wagner, MD
Chairman, “Committee on Pediatric Oncology in 
Developing Countries,” SIOP

The SIOP was founded in 1968 to promote pediatric 
oncology in Europe by establishing clinical trials and 
by creating an international platform for pediatric 
oncology. During the first 20 years, SIOP remained 
predominantly a European-North American Society. 
In 1987, the Board decided to set up Continental 
branches, but in 1990 only 10% of SIOP members 
were from resource-poor countries. Since the start of 
globalization in 1990, the number of SIOP members 
has increased from 355 to 1,470 (in 2008), and the per-
centage of members from emergent countries has risen 
from 10% to 40%.

At the 15th International Cancer Congress in 
Hamburg in 1990, a symposium on pediatric oncology 
in developing countries (PODC) was organized by  
N. Gad-el Mawla and G. Prindull. After this sympo-
sium, an International Working Group (IWG) for 
PODC was established with representatives from the 
European Society of Pediatric Hematology and Imm-
unology (ESPHI), the American Society of Hematology 
(ASH), the US National Cancer Institute (NCI) and 
SIOP. The first goal of the IWG was to collect informa-
tion on existing twinning projects between hospitals in 
resource-poor countries and centers in resource-rich 
countries in order to promote twinning while avoiding 
pitfalls.

In 1992 H. J. Riehm invited over 180 doctors from 
emergent countries to the 24th Annual SIOP Congress 
in Hannover. At this meeting, the Board of SIOP agreed 
to establish a SIOP scholarship program, enabling 
young doctors and nurses caring for children with can-
cer in emergent countries to participate at SIOP 
Congresses and Continental Meetings. Two years later, 
P. Hesseling organized the first SIOP Africa meeting in 
Stellenbosch, South Africa. A review of pediatric 
oncology in Africa showed that only the North and the 
South had some structure for pediatric oncology; in 
many sub-Saharan countries, pediatric oncology was 
practically nonexistent. Doctors from Malawi and 
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other countries reported on the dismal outlook for 
African children with Burkitt’s lymphoma (BL).

In 1996 S. Lie, president of SIOP, organized a stra-
tegic meeting in London to better define the role of 
SIOP in emergent countries. At this meeting it was 
decided to invest SIOP’s limited resources into three 
new projects: the Malawi Burkitt’s Lymphoma Project, 
the Indian National Educational Project, and the White 
Book project. The first two projects were successful, 
while the White Book project failed (Wagner 2001).

The BL project was started in Malawi with the idea 
that if it functioned there, it could function anywhere 
in sub-Saharan countries. The challenge was to develop 
guidelines for an affordable, short treatment with lim-
ited toxicity, yielding a survival rate of approximately 
50%. In Blantyre, Malawi, a pediatric cancer unit 
(PCU) with doctors and nurses, diagnostic tools, drugs, 
supportive care, accommodation for accompanying 
persons, and transportation for follow-up was orga-
nized and financed at the Queen Elizabeth II Hospital.

Since 1997, seven therapeutic studies with over 
500 patient enrollments and only very few patients 
excluded or lost to follow-up, have been designed and 
monitored by P. Hesseling in Malawi (Hesseling 2000; 
Kazembe et al. 2003; Hesseling et al. 2008). During 
these studies, it became evident that treatment with 
modified, very mild LMB-like B-lymphoma regimens 
developed by the Société Française d’Oncologie 
Pédiatrique was poorly tolerated and associated with a 
high (37%) initial death rate. It was therefore decided 
to return to monotherapy with cyclophosphamide 
(CP). The Malawi studies proved that oral doses of 40 
or 60 mg CP/kg were as effective as intravenous (IV) 
doses. They also showed that three doses of 40 mg 
CP/kg could be given weekly and three doses of 60 mg  
CP/kg could be given biweekly, even if combined with 
intrathecal MTX and hydrocortisone. The early stud-
ies with a modified LMB protocol demonstrated that 
1 g of MTX/m2 given IV over 3 h, followed 24 h later 
by one 15 mg leukovorin tablet every 6 h × 7, could be 
safely administered without determining MTX levels. 
In addition, about one-third of nonresponding or 
relapsed patients could be rescued with three doses of 
60 mg CP/kg IV or orally plus vincristine 1.5 mg/m2 
IV at 2-week intervals. Follow-up ultrasound exams 
demonstrated that a residual intra-abdominal mass 
with a volume of >30 mL after Intensification was a 
poor prognostic sign. The low-cost Malawi guidelines 
for the treatment of BL were proven to be effective in 

three newly established PCUs in Western Cameroon, 
and in the French African Pediatric Oncology Group 
(GFAOP) setting, with similar survival rates of around 
50% and 60–65% with rescue treatment for non-
responders and relapsed patients, respectively. The 
 newest BL Cameroon 2008 treatment guidelines 
(Table 12.1) are based on the aforementioned experi-
ences. With the correct use of these treatment guide-
lines, up to two-thirds of all children with endemic BL 
in sub-Saharan countries can be cured, a significant 
accomplishment if one considers that BL is the most 
frequent childhood cancer (up to 50% or more) in sub-
Saharan countries.

The GFAPO, alluded to above, was founded in 
2000 by J. Lemerle in Paris. The group was estab-
lished to develop cooperation between France and 
Africa for the study and treatment of childhood can-
cers. So far, this group has established 12 PCUs in 
nine African countries. Since 2000, four protocols 
have been adapted to the resource-poor environment: 
one for nephroblastoma, one for BL, one for Hodgkin 
lymphoma and one for leukemia; each of these has 
been tested and used, and two more are in pre pa-
ration (Harif et al. 2008). Among the over 1,500 
patients treated in African GFAOP centers, 68% are 
survivors.

SIOP’s Indian project, officially designated as 
Indian National Training Program in Practical Pediatric 
Oncology (INTP-PPO), was conceived entirely by 
Indian investigators, but was initially financed by and 
through SIOP (Agarwal et al. 2001). The goal of the 
project is to train pediatricians, practitioners, and sur-
geons to avoid late referrals and to be actively involved 
in the diagnosis and treatment of children with cancer, 
underscoring the fact that childhood cancer is curable. 
In 1997 the first national trainer’s workshop was orga-
nized under the auspices of SIOP and the Pediatric 
Hematology Oncology Chapter of the Indian Academy 
of Pediatrics (IAP) in Mumbai. A 2-day standard train-
ing module was adopted by 44 pediatric oncologists 
from all over India with input from a foreign faculty, 
and a reference manual and slide sets were approved as 
information for teaching and practical demonstrations 
(skill stations). Between 1998 and 2001, 19 INTP-PPO 
courses (workshops) were held throughout the coun-
try. In 2002, a second national teacher’s review meet-
ing took place in Mumbai and a consensus was reached 
to modify the training module and to revise the refer-
ence manual and the slide sets. Beginning in 2003, 
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ten additional teaching courses in the revised format 
were held in India, as well as three additional courses 
in Nepal, Bangladesh, and Oman. In addition, a short 
half-day module was tested and became popular among 
busy pediatricians and practitioners. Starting in 2009, 
25 half-day courses with 75 participants each were 
planned for the next 5 years. An important aspect of 
INTP-PPO was the bringing together of a large body 
of pediatric cancer speci alists from all parts of India 
and the establishment of an Indian National Pediatric 
Oncology Group (INPOG).

SIOP has also been active in defining standards; 
they have published “Requirements for the Training 
of a Pediatric Hematologist/Oncologist” and “Recom-
mendations for the Organisation of Paediatric Cancer 
Unit (PCU).” The venues of the last ten SIOP 
Congresses (Amsterdam, Brisbane, Porto, Cairo, Oslo, 

Vancouver, Geneva, Mumbai, Berlin, and Sao Paulo) 
demonstrate that SIOP has evolved over the last two 
decades into a truly global medical society.

12.3  The “La Mascota” Twinning 
Program Between Monza (Italy) 
and Managua (Nicaragua):  
A 23-year Experience

Giuseppe Masera
Department of Pediatrics, University of Milano-
Bicocca, San Gerardo Hospital, Monza, Italy
Fulgencio Baez
Pediatric Hemato-Oncology Division, La Mascota 
Children’s Hospital, Managua, Nicaragua

Phase Patients Drugs To be given on days

Induction All CP 40 mg/kg IV or oral 1,8,15

MTX 12.5 mg intrathecal 1,8,15

Hydrocortisone 12.5 mg 
intrathecal

1,8,15

Intensification Stages I and II in CCR CP 60 mg/kg IV or oral 29

Risk Group 1

Intensification Stage III CP 60 mg/kg IV or oral 29,43

Risk Group 2 Or exact stage unknown in CCR with good 
ultrasound response (remaining tumor volume 
<30 mL)

Intensification All stage IV CP 60 mg/kg IV or oral 29,43,57

Risk Group 3 Stages I, II, III and exact stage unknown who 
have a poor ultrasound response (>30 mL 
remaining tumor volume)

Vincristine 1.5 mg/m2 IV 29,43,57

MTX 1.0 g/m2 IVa 29

Leukovorin 15 mg tablets: 
one tablet every 6 h for 
seven doses starting 
exactly 24 h after the 
onset of the MTX 
infusion

30–31

Table 12.1 Burkitt’s lymphoma Cameroon 2008 treatment guidelines

CCR complete clinical remission, CP cyclophosphamide, MTX methotrexate
aInstructions for methotrexate administration for Cameroon 2008 BL protocol:
WBC > 1.0 × 109/L before starting treatment; normal kidney and liver function; commence treatment on a week day, early in the 
morning. The patient must be well-hydrated before starting the MTX infusion by giving intravenous fluid (Dextrose and Darrows or 
5% Dextrose in water) for 4 h at a rate of 3 L/m2/24 h (= 125 mL/m2/h)
Sodium bicarbonate (4% NaHCO

3
) 30 mL is added to each liter of IV fluid to keep the urine alkaline. This infusion must be contin-

ued for 48 h after the onset of the MTX infusion. Urine output must be recorded 6 hourly and should be not less than 3 mL/kg/h 
(18 mL/kg every 6 h)
MTX is reconstituted with sterile water (if in powder form) and added to 5% Dextrose in water or 0, 9% NaCl to a total volume of 
200 mL. This is then given as a constant intravenous infusion over 3 h
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The great progress in pediatric oncology over the last 
30 years has led to an increasing gap in survival 
between children with cancer living in low-middle 
income countries (LMIC) and those in economically 
developed countries (EDC). Moreover, it has to be 
remembered that 85% of childhood cancer cases diag-
nosed every year are in LMIC. Since the early 1990s, 
SIOP has acknowledged the increasing importance of 
cancer as a cause of childhood mor tality in LMIC 
and has promoted a series of initiatives through the 
Pediatric Oncology in Developing Countries Committee  
(Wagner and Antic 1997; Masera et al. 2004).

There has been much debate regarding the most 
appropriate strategy for promoting the progress of 
pediatric oncology in LMIC. How can national 
and international institutions be involved? How can 
SIOP contribute, and which contributions could come 
from pediatric oncologists, oncology centers, and non-
profit institutions (parents’ associations, foundations) 
(Wagner 2001). In 1997, SIOP approved the document 
“Montevideo Statement” that proposes “systematic 
implementation of center-to-center cooperation as a 
concrete contribution to the respect of the neglected 
rights of children” (The Montevideo Document1997).

In 1986, pediatric oncologists in Monza (Italy) and 
their colleagues in Managua (Nicaragua) had the 
opportunity to activate a long-term twinning program. 
Nicaragua, Central American Republic, has 5.5 mil-
lion people and is one of the poorest countries in Latin 
America; at the time the twinning program was estab-
lished, it did not have the resources to give adequate 
treatment to children with cancer.

This twinning program, known as “La Mascota 
Program” (LMP), has evolved quite well and now, 
after 23 years, the lessons learned from a global, long-
term twinning program can be summarized. Details of 
the project have been previously published (Masera 
et al. 1998; D’Angio 2009; Masera 2009).

A. A twinning program between Pediatric Cancer 
Units (PCUs) of EDC and LMIC should be based 
on the clearly defined intention to “cooperate for 
change,” with the main aim of contributing to bridg-
ing the mortality gap by offering the best feasible 
treatment to all children with cancer regardless of 
the ability to afford treatment .

La Mascota Program: In 1986, a call for help came to 
Monza from Dr. Fernando Silva, poet and Director of 
“La Mascota” Hospital in Managua, the only pediat-
ric institution in Nicaragua. Without waiting for 

improbable funding from governmental institutions, 
Monza responded with the support from the Parents’ 
Association “Comitato M.L.Verga” and the Foundation 
for Research “Tettamanti,” expressing a profound sen-
sitivity and spirit of solidarity with the families and 
children of a little country, far away.

B.  A long-term program should be based on a bilateral 
agreement, with periodic reassessments and adjust-
ments of strategies and needs. Management respon-
sibilities should be given to local professionals, in 
particular to the Director of the PCU. The recipro-
cal respect of autonomy, culture, and local tradi-
tions are essential to success.

LMP: After more than 20 years, the cooperation 
between the two PCUs is excellent, with reciprocal 
esteem, respect, and even friendship. The management 
responsibilities have been with the Director of “La 
Mascota” PCU from the beginning. An active, nonin-
vasive, supervisory, and scientific advice relationship 
has been assured with annual site visits and frequent 
contacts by email for particular problems.

C.  A program for childhood cancer may become a trig-
ger for the development of similar programs in 
other medical specialties, and may also help to pro-
mote a closer relationship between specialized cen-
ters and peripheral hospitals.

LMP: Important improvements have been achieved in 
the following services in La Mascota in particular: 
laboratory of hematology, pathology, and infectious 
diseases. After a few years, Franco Cavalli (Bellinzona, 
Switzerland) and the Ayuda Medica a Centro America 
(AMCA, a Swiss association of medical help to Central 
America) joined the program, as well as Franca Fossati 
of the National Cancer Institute of Milan. In 2004, a 
program for Neonatology was started at the “Hospital 
de la Mujer Bertha Calderon.” Since 1997, a twinning 
program for Nephro-Urology has been established 
between La Mascota and the Pediatric Clinic “De 
Marchi” of the University of Milan, with excellent 
results (Edefonti et al. 2010). More recently, a network 
involving La Mascota (Oncology, Nephro-Urology) 
and five peripheral hospitals has been activated.

D. A “therapeutic alliance” should be established 
among health professionals, parents, and volunteers 
in order to sensitize institutions and health authori-
ties, mobilize resources, and effectively identify 
needs and priorities.
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LMP: In Italy, the Parents’ Association “Comitato 
Verga,” the Research Foundation “Tettamanti,” and the 
Zegna Foundation gave their support to the program; the 
AMCA from Switzerland, the Liga Nacional Contra la 
Leucemia y Cancer en el Niño from Nicaragua, the 
Comision Nicaraguense de Ayuda al Niño con Cancer 
(CONANCA), and the Asociacion de Padres (MAPANICA) 
contributed to the program as well.

E. The program should start with the training of physi-
cians and health professionals.

LMP: The staff now working in the PCU includes  
8 Pediatric Hemato-Oncologists, 1 Pediatric-Oncology 
Surgeon, 1 Anesthetist, 17 Nurses, 2 Laboratory 
Scientists, 1 Psychologist, 1 Social Worker, and 1 
“Clown-Psycho logist.” Some of them have been 
trained in Monza; in particular, the eight Pediatric 
Hemato-Oncologists each spent 1 year in Monza (and, 
in part, at the National Cancer Institute of Milan). All 
eight continue to work at La Mascota.

F. Structural facilities should be created or improved.

LMP: Structural facilities have been established through 
the program: 1991: ten bed ward for Hematology (financed 
by Tettamanti Foundation. and Liga Contra Leucemia y 
Cancer); 1992: ten bed ward for Oncology (financed by 
AMCA-Bellinzona, F.Cavalli); 1993: Playroom (financed 
by the President of the Republic of Nicaragua); 1995: 
Residence for families (with the support of Alessandria 
Town Council, Italy); 1999: 12 bed ward for Oncology 
(provided by Dukedom of Luxembourg); 2005: Day 
Surgery (financed by CONANCA); 2007: New outpatient 
clinic (provided by a company from Costa Rica).

G. Protocols for diagnosis and therapy should be tai-
lored to the local situation, starting with ALL, the 
most frequent type of childhood cancer and the one 
with more favorable results. Later, protocols for the 
other common pediatric tumors should be devel-
oped, with the supervision of experts.

LMP: The program started with ALL, with annual 
monitoring at La Mascota. Afterwards, other protocols 
were activated, in collaboration with the Asociacion 
de Hemato-Oncologia Pediatrica de Centro America 
(AHOPCA); these included protocols for AML, APL, 
HL, NHL, Wilms tumor, retinoblastoma, osteosarcoma, 
and rhabdomyosarcoma.

During this collaboration, it has become evident that 
a protocol has to be tailored to the experience of the 
health-care providers and to the local organizational 

possibilities in order to avoid excessive toxicity and 
severe, fatal, complications in Induction and Maintenance. 
The application of the treatment protocol must also be 
tailored to the clinical condition of the child.

H. Financial support is best assured through a consis-
tent pool of donors. A number of diverse sources 
favors the independence, long-term security, and 
flexibility of the project. A policy of absolute trans-
parency on all project activities, with periodic 
reporting to supporting groups, guarantees trust and 
promotes more active participation.

LMP: The funding was (a) international, from 14 
sources in Italy, Switzerland, Luxembourg, USA, 
Canada, and Austria;( b) national, from the CONANCA, 
the Liga Nacional Contra la Leucemia y Cancer en el 
Niño, MAPANICA (Parents’ Association), the Asociacion 
Hogar de Esperanza, and the Ministerio de Salud.

I. A holistic approach should be taken with psychoso-
cial support.

LMP: From the program’s inception, great attention 
has been paid to the psychological and social aspects 
of the child and the family. A multidisciplinary team 
has been created, including two psychologists, one 
social worker, and one clown-psychologist. Specific 
initiatives that have been activated are: (a) adoption of 
adapted SIOP psychosocial recommendations; (b) 
“Enseñando a pescar” (“Teaching to fish”) program 
for long-term survivors supported by MAPANICA; (c) 
Program Payaso (clown Dr. Kelocura);( d) an educa-
tional program for parents to improve compliance with 
treatment; (e) a laboratory of poetry (coordinated by 
Ernesto Cardenal, poet- writer); (f) a laboratory of 
painting;( g) a program for reading.

J. Refusal or early abandonment of treatment should 
be controlled, in order to avoid it as a relevant cause 
of failure.

LMP: Psychological and economic support was pro-
vided to the families through the “Support-a-child” 
program from Italy and Switzerland. Since its begin-
ning in 1994, about 1,400 children have entered the 
program. Patient dropout rate has dramatically 
improved from 35% 20 years ago, to about 8–10% 
most recently.

K. Formal research projects aimed at broadening and 
strengthening the cultural interest and the original 
initiatives of the collaborating teams should be 
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 promoted. Priority should clearly be given to topics 
of interest for LMIC centers, and the visibility of 
their contribution (e.g., in publications) must be 
assured.

LMP: From 1990 to 2008, 2,667 patients have been 
treated at La Mascota Hospital. The experience and 
the progress made with limited resources has been 
documented and published in international journals 
such as: The Lancet, Annals of Oncology, Medical& 
Pediatric Oncology, Pediatric Blood & Cancer, 
and International Journal of Pediatric Hematology-
Oncology.

12.3.1  Long-Term Impact of  
La Mascota Program

The positive results of the LMP developed in the early 
1990s as a new idea by the Director of Pediatric 
Oncology in Managua (Fulgencio Baez) and by 
Giuseppe Masera, have been extended to other Latin 
America countries with the collaboration and activa-
tion of other twinning programs. Thus, Monza’s 
International School for Pediatric Hematology/
Oncology (MISPHO) was created, and since 1996, 
meetings for discussion and training have been orga-
nized, lasting about 1 week each, in Milan or Monza; 
these meetings took place yearly from 1996 to 2003, 
and were then begun in Latin America (Bogota, 
Tegucigalpa, San José). The training was financed by 
grants from the CARIPLO Foundation (Milan) in 
the first 8 years, and, afterwards, from the Zegna 
Foundation (Biella, Italy). About 40 pediatric oncolo-
gists from 15 countries (Bolivia, Colombia, Costa Rica, 
Cuba, Ecuador, El Salvador, Guatemala, Honduras, 
Nicaragua, Panama, Paraguay, Peru, Domini can 
Republic, Uruguay, and Venezuela) attended the 
 meetings, with experts in different fields coming from 
Italy, USA (St. Jude Childrens’ Research Hospital of 
Memphis), and Canada.

Some other twinning programs were activated in 
the countries belonging to MISPHO: Honduras, El 
Salvador, and Guatemala with St. Jude; Paraguay with 
Modena and Madrid; Colombia with Boston; and 
Dominican Republic with the University of Colorado 
College of Medicine. In 1998, pediatric oncologists 

from Central America created the “Asociacion de 
Hemato-Oncologia Pediatrica de Centro America” 
(AHOPCA), with the participation of all the Central 
American countries and of the Dominican Republic, 
and the collaboration of the International Outreach 
Program of St. Jude, the Pediatric Oncology Group of 
Ontario (POGO), and MISPHO. In November 2009, 
the Pan American Health Organization (PAHO) acti-
vated a working group PAHO-AHOPCA to  promote a 
Pediatric Oncology program for 2010–2011.

Data on patients are collected in an online pediatric 
oncology networked database (POND) developed by 
St. Jude Children’s Research Hospital, and are ana-
lyzed in Monza by the Statistical Office for Pediatric 
Hemato-Oncology in Low-Middle Income Countries 
(SOPHOLIC).

12.3.2  Conclusions

The La Mascota Program exemplifies that a global, 
long-term twinning program is feasible, rewarding, 
and encourages the creation of new opportunities and 
new collaborations. Now, the PCU of Managua is a 
concrete reality, included in the regional pediatric 
oncology network and in tight connection with the 
Pediatric Hemato-Oncology center of Monza-Milan 
and with St. Jude Children’s Research Hospital. 
Figure 12.1 shows the great progress that has been 
achieved.

The concept can be underscored that “an attempt to 
reduce the gap in mortality from childhood cancer, and 
particularly acute leukemia, between developed and 
less developed countries should become an integral 
part of the care and research activity of a hemato-onco-
logical department of a developed country and not 
simply an exercise in solidarity” (Masera et al. 1998; 
Rohatiner 2005). It is essential to define a mutually 
shared strategy that has as its main focus access to 
adequate therapies for all children with cancer, regard-
less of the country in which they reside.

An old Chinese saying provides conclusion: “Go in 
search of your people: love them, learn from them, 
plan with them, serve them; begin with what they have, 
build on what they know. But of the best teachers when 
their task is accomplished, their work is done, the peo-
ple all remark: ‘We have done it ourselves’” (Werner 
and Bower 1982).
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12.4  Twinning: The VU-Netherlands-
UGM-Indonesia Experience – Staff 
Education, Protocol Development, 
and Research

A. J. P. Veerman
VU University Medical Center, Amsterdam, The 
Netherlands and
Visiting Professor, Universitas Gadjah Mada, 
Yogyakarta, Indonesia
J. Cloos
VU University Medical Center, Amsterdam, The 
Netherlands

From the many examples of successful twinning, the 
one between the Netherlands and Indonesia seems to 
have several specific characteristics. First of all, as a 
background, these two counties have a long common 
history; they fought, separated, and came to good 
understanding again. Indonesia is an island state (con-
sisting of about 20,000 islands); it is the fourth most 
populated country in the world with 220 million inhab-
itants, 40% of whom are children. It also has the larg-
est Muslim population of any country, about 200 
million. One of the characteristics of the twinning 
between VU University Medical Center in Amsterdam 
and Gadjah Mada University in Yogyakarta was human 
resource development; staff and students were 
ex changed, and worked together on research projects 

(Veerman et al. 2005). Most of this took place in 
Indonesia, so that the whole local team would benefit. 
Seminars and workshops were therefore organized 
locally, rather than having the Indonesians taught in 
the Netherlands.

Protocols were developed in the twinning program, 
as were associated research questions to be answered 
in randomized clinical trials. One of the primary 
achievements of the twinning program was the design 
of a national Indonesian protocol for ALL, the Wijaya 
Kusuma ALL-2000 (WK-ALL) protocol, introduced 
in all academic hospitals treating children with cancer. 
The results of ALL treatment in Indonesia, although 
improving, are seemingly still lower than in low-
income countries in Central and South America. Basic 
protocols can cure more than 50% of children and 
more than 80% in low-risk ALL (Hunger et al. 2005).

In a randomized study on the use of simple medi-
cation diaries, the very basic WK-ALL protocol was 
shown to produce 3-year event-free survival (EFS) in 
62% of children of well-educated mothers, while 
only 22% of children of less educated mothers had 
3-year EFS on the same protocol (Sitaresmi et al. 
2009). The more highly educated mothers benefitted 
from having a diary, with 62% 3-year EFS (as previ-
ously stated), while the control group, more educated 
mothers without a diary, had a 3-year EFS of 29%, 
barely higher than the less educated group, in whom 
the diary made no difference. Literacy levels and 
socioeconomic status are linked. Children with ALL 
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from households with a monthly income of less than 
the equivalent of US$80 fared worse (EFS actuarial 
11%) than the so-called prosperous group (EFS actu-
arial 45%; p < 0.001) (Mostert et al. 2006). This anal-
ysis counted deaths from all causes as failure, 
including resistant disease, relapse, noncompliance, 
not starting therapy, as well as abscondence (drop-
out) later in the course of therapy. Reasons for failure 
differed between socioeconomic groups; in the poor-
est group, dropouts amounted to 45% but in the pros-
perous group to only 2%. Toxicity related deaths in 
Induction and after complete remission were less 
 different, with 25% in the poor and 18% in the pros-
perous group. Thus, the main reasons for failure of 
treatment were not resistant disease or relapse, but 
noncompliance and (toxic) death.

Studies of ALL in the Netherlands during the same 
time span identified treatment-related death as a sig-
nificant problem, more so with a dexamethasone-
based protocol than with a prednisone-based protocol 
(Slats et al. 2005; Te Poele et al. 2007). In resource-
rich Western countries, however, the gain in relapse-
free survival greatly exceeds the (nonstatistically 
higher) toxic mortality of 3–4% (Mitchell et al. 2005; 
Veerman et al. 2009). In low-income countries, where 
the toxic death rate is already high, a doubling in 
toxic deaths may mean an increase from 15% to 30% 
mortality. Therefore, protocols have to be adapted to 
local situations (Hunger et al. 2009). The local fac-
tors that influence prognosis include not only sup-
portive care facilities, but also malnutrition, poverty, 
and distance (travel time) to the hospital. In the 
Yogyakarta region, which is a rather densely popu-
lated area on the island Java, the median travel time 
was found to be more than 3 h (Sitaresmi et al. 2009, 
psycho-oncology in press) and was far longer for 
patients traveling from outer islands. Cultural issues 
play a role as well.

Several leukemia biology studies were conducted 
with the WK-ALL protocol in Yogyakarta. These stud-
ies proved that it is possible to introduce randomized 
questions in Indonesia. One laboratory study focused 
on differences in genotype between Western and Asian 
populations that might influence drug metabolism 
(Giovannetti et al. 2008). For instance, the thymidilate 
synthase enhancer region occurs as a 2-repeat or 
3-repeat, the latter associated with higher enzyme 
activity. Asians have a higher frequency of 3-repeat 
promoter, show faster methotrexate metabolism, and 

worse prognosis. Another Indonesian study tried to 
find apoptotic cells in the circulation during the first 
few days of steroid treatment, but was not successful, 
probably because apoptotic cells are marginalized and 
thus not present in the circulation (Widjajanto and 
Sutaryo 2006). Immunophenotyping has now been 
introduced in Indonesia, and facilitates the confirma-
tion of a diagnosis of ALL versus AML (Supriyadi, to 
be published).

Ciprofloxacin prophylaxis and dosage of l-Aspara-
ginase were both tested in clinical studies within the 
WK-ALL protocol. The first study involved a blinded 
randomized trial of ciprofloxacin prophylaxis in 
Induction. Unexpectedly, more patients died in the cip-
rofloxacin group than in the placebo group, and this 
was correlated with a lower nadir of WBC in the cipro-
floxacin group (Widjajanto, manuscript in prepara-
tion). Another study was an open, randomized trial of 
three extra doses of l-Asparaginase during the 6 weeks 
of Consolidation following complete remission after 
Induction; the study showed no difference between the 
treatment arms, while the toxicity was quite significant 
in the arm with three additional doses of l-As-
paraginase. The cost of l-Asparaginase, the most 
expensive drug in the armamentarium, was also a seri-
ous drawback.

The WK-ALL study also evaluated whether the 
dexamethasone-based protocol, although superior in 
high-income countries (Veerman et al 2009, Mitchell 
et al 2005), would indeed be too toxic in the low-
income situation in Indonesia. In the Indonesia ALL-
2006 protocol, patients were randomized to receive 
dexamethasone or prednisone. Preliminary evidence, 
presented at the St. Jude-VIVA Forum in Singapore in 
March 2009, indicated that indeed, the toxic mortality 
rate with prednisone in Induction phase was lower than 
that in the dexamethasone group. Although the size 
effect was considerable, statistical significance was not 
reached, so the randomization was continued. Finally, 
the previously mentioned randomized trial in which 
some patients were provided with a medication diary 
gave a surprising result. Even while some parents in 
the control group copied the diary from the interven-
tion group, the outcome was superior in the diary 
group, although only among the better-educated par-
ents. In the less educated group, some diaries were not 
used, or were used as a sketchbook for the patient. 
These clinical studies emphasize that in low-income 
situations there is a need for local randomized studies. 
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The situation there demonstrates that results of Western 
trials are not, or at least not always, applicable in low-
income countries. Protocols in low-income countries 
need to be tailored to the local situation (Hunger et al. 
2009).

The research program in Yogyakarta, and now also 
in other cities in Indonesia, is also important because 
it demonstrates the necessity of good data manage-
ment to monitor the results of treatment. Currently, 
data management in Yogyakarta is excellent, because 
there is a very dedicated and compulsive data man-
ager, who also monitors adherence to protocol-based 
therapy. He sees to it that for every patient a shadow 
file (research file) is created. The clinical files are often 
lost, but because of this shadow file, all essential data 
regarding diagnosis, protocol, and follow-up are avail-
able in hard copies. Data are extracted from the shadow 
files and managed in simple excel files. A statistical 
packet (SPSS) can be used to analyze these data. This 
database has become invaluable after more than 
10 years of data sampling. Feedback to patient care 
is therefore an important spin-off from the research 
program.

Many questions remain to be answered in Indonesia. 
For instance, why are the reported results of treatment 
of ALL in Central and South America better than those 
in Indonesia? Do genetic factors such as polymor-
phisms in drug metabolizing enzymes play a part? 
Some evidence points in this direction. Do different 
degrees of poverty or malnutrition, which is rampant, 
impact prognosis? Other potential factors include lack 
of insurance, lack of drug availability (sometimes 
essential medication is just not available in Indonesia), 
lack of support from health-care officials for this rare 
and expensive disease, lack of belief in the possibility 
to achieve cure (Mostert et al. 2008; Sitaresmi et al. 
2009), selection bias due to the fact that the more afflu-
ent patients tend to come for care, and bias in reporting 
abscondence.

Although much still remains to be done, the prog-
ress in the last 10 years, including the development of 
local protocols and the increased expertise of doctors, 
nurses, and technicians are great achievements. The 
increased self-supporting nature of research and devel-
opment is very important as well. A new generation of 
pediatric oncologists has been trained, and they can act 
on their own with only limited support from external 
advisors. Cooperation now is more on a bidirectional 
level, as opposed to unilateral help. There is hope for a 

better future for new children with leukemia in 
 low-income countries.

12.5  Strategies to Improve Pediatric 
Cancer Care in Low- and Mid-
Income Countries: The Experience 
of the St. Jude International 
Outreach Program

Raul C. Ribeiro, MD
Department of Oncology and International Outreach 
Program, St. Jude Children’s Research Hospital, 
Memphis, TN, USA and the Department of Pediatrics, 
University of Tennessee Health Science Center, 
Memphis, TN, USA

This work was supported in part by a Cancer Center 
Support Grant (CA21765) from the National Institutes 
of Health and by the American Lebanese Syrian 
Associated Charities (ALSAC).

12.5.1  The Status of Pediatric Oncology 
Worldwide

Survival of children with cancer has increased dramat-
ically in high-income nations, from essentially zero in 
the early 1950s to rates approaching 80% today (Jemal 
et al. 2007). This success is due in part to disease-
adapted multimodality treatment, including surgery, 
chemotherapy, and radiation, that has been refined 
through a series of multi-institutional clinical trials. 
Parallel gains in supportive care, particularly in the 
management of infectious complications, have made it 
possible to escalate the intensity and thus the efficacy 
of these therapies. However, an estimated 80% of the 
160,000 children diagnosed with cancer each year lack 
access to modern treatment and thus have dismal out-
comes (Barr et al. 2006). In a recent survey of ten low- 
and mid-income countries (LMIC) that participated in 
the “My Child Matters” program, postulated survival 
rates varied from less than 10% to 60%, depending on 
the country. In four of the ten countries, only about 
15–37% of cases would have even been seen by health-
care providers (Ribeiro et al. 2008).
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12.5.2  Implementing Pediatric Cancer 
Care in Low- and Mid-Income 
Countries

In 1994, the St. Jude International Outreach Program 
(IOP) was created with the mission of improving the 
survival of children with cancer in LMIC by sharing 
knowledge and organizational skills and supporting the 
implementation of pediatric oncology units in public 
pediatric hospitals in selected countries. These “twin-
ning” initiatives were envisioned as culturally sensitive 
demonstration projects that would be integrated with 
and adapted to the local health-care systems.

The St. Jude twinning programs are defined as long-
term, close relationships with centers in LMIC. These 

programs have eight essential components called “the 
critical Cs” (Table 12.2). Strong leadership at different 
program components is essential. Leadership creates a 
sense of purpose by encouraging team building and 
sharing the ownership of the process among partici-
pants. This consistent mutual recognition of the efforts 
made by different team members and their inclusion in 
the decision-making process enables commitment, 
active participation, and mission-oriented pursuits. 
Strong leaders are necessary among health-care 
 providers (physicians, nurses, psychologists, nutritio-
nists, social workers) and nongovernmental foundation 
members. These individuals must understand the needs 
of children with cancer, including physical, social, and 
spiritual, as integral components of the chain of care. 
Moreover, the twinning activities have to take into 

Critical “C” Components Content Constraints

Commitment by EDC 
partner

1. Leader in EDC (willing 
to devote time and effort 
to the program)

A committed leader is 
necessary to define, develop, 
initiate, implement, and 
maintain the program. The 
leader facilitates intra- and 
interinstitutional 
communication and engages 
the hospital to mobilize 
resources (human, technical, 
and financial).

Lack of leadership in EDC makes a 
twinning program unlikely to succeed.

2. Institutional 
commitment

Commitment by 
LMIC partner

1. Leader in LMIC 
(willing to devote time 
and effort to the program)

A committed leader is 
necessary to define, develop, 
initiate, and implement the 
program. The leader 
facilitates intra- and 
interinstitutional communica-
tion and must engage the 
hospital and community to 
mobilize resources (human, 
technical, and financial).

Lack of leadership in LMIC makes a 
twinning program unlikely to succeed.

2. Institutional 
commitment

Community advocacy 
and fundraising in 
LMIC

1. Nonprofit, nongovern-
mental foundation to 
solely support childhood 
cancer care

2. One cancer foundation 
per geographic area

Members of the supporting 
foundation should include 
influential members of 
society, professionals, and 
parents/relatives of patients.

If multiple foundations develop in  
a single region, their message is  
diluted and their ability to raise  
money and advocate are diminished.

The foundation works with 
both government and the 
medical team to effect 
change.

Credibility of foundations 
established yearly by 
independent auditing 
agencies.

Table 12.2 The St. Jude twinning program’s “critical Cs” for childhood cancer care in low- and mid-income countries



31712 Improved Outcome for Children with Acute Leukemia: How to Address Global Disparities

account social and cultural values and available 
resources and needs. Treatment plans must be based 
on medical evidence and integrated with other pro-
grams already existent in the health-care system. The 
vision is that implementing a pediatric cancer unit 
within a hospital not only benefits children with cancer 
but also other sick children and the hospital itself. 
Specific goals include improving cure rates and access 
to care for children with cancer, producing generaliz-
able knowledge that has global benefits, and demon-
strating to the local community that progress in 
pediatric cancer care is both necessary and feasible. 
Although the benefits of twinning are almost always 
bidirectional, twinning programs must be distinguished 
from contractual or commercial partnerships for 
mutual gain and from research collaborations that 
focus on a specific project. Therefore, the St. Jude 
twinning model emphasizes a horizontal distribution 
of resources, rather than restricting the activities to 
single diseases such as those of the Global Fund for 
HIV/AIDS, tuberculosis, and malaria (http://www. 
theglobalfund.org/en/about/).

St. Jude twinning programs have been established 
in Amman, Beijing, Shanghai, Beirut, Casablanca, 
Rabat, Caracas, Maracaibo, Culiacán, Guadalajara, 

Tijuana, Davao, Guatemala City, Quito, Recife, San 
Jose, San Salvador, Santiago, and Tegucigalpa. The St. 
Jude IOP also enters into agreements with institutions 
in developed countries that have specific training needs 
or that wish to actively participate in the development 
of twinning sites. These include Our Lady’s Hospital 
for Sick Children in Crumlin, Ireland; Russian 
Children’s Clinical Hospital in Moscow; the National 
University Hospital in Singapore; Ospedale S. Gerardo 
and Universita` di Milano-Bicocca in Monza, Italy; 
and Rady Children’s Hospital in San Diego, USA. The 
St. Jude IOP has also facilitated the formation of twin-
ning programs by other medical organizations. These 
include the Keira Grace Foundation with the Hospital 
Infantil Dr. Robert Reid Cabral (Santo Domingo, 
Dominican Republic); the American Society of 
Hematology International Consortium on Acute 
Promyelocytic Leukemia (Ribeiro and Rego 2006) 
with institutions in Brazil, Mexico, Uruguay, and 
Chile; and the Dana Farber Cancer Institute with the 
National Cancer Institute in Bogotá, Colombia. The 
latter project is supported by a 5-year grant from the 
World Child Cancer Foundation (http://www.world-
childcancer.org/). Finally, the St. Jude IOP has worked 
in collaboration with global health agencies, such 

EDC economically developed countries, LMIC low- to mid-income countries

Critical “C” Components Content Constraints

Collaborative 1. Respect Twinning must be a culturally 
sensitive relationship of 
equals who are willing to 
learn from one another. In the 
best programs, the association 
is beneficial and enjoyable on 
both sides.

A focus on individual accomplishments  
is less helpful than a focus on the shared 
mission to cure patients with cancer.2. Trustspirit

3. Humility

4. Collegiality

Communication 1. Effective 1. Rapid, honest, in the same 
language

Absent or dishonest communication 
makes a twinning program impossible.

2. Comprehensive 2. Addresses programmatic 
aspects (contracts, financial 
matters, documentation of 
activities), patient care 
(individual cases, supportive 
care, protocols), continuing 
education, and hospital 
infrastructure

3. Multimodal 3. E-mail, online meetings, 
phone conversations, 
exchange visits of key 
personnel

Table 12.2 (continued)

http://www.theglobalfund.org/en/about/
http://www.theglobalfund.org/en/about/
http://www.worldchildcancer.org/
http://www.worldchildcancer.org/
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the International Agency for Atomic Energy (http://
cancer.iaea.org/index.asp), to develop specific pediat-
ric cancer control and nutrition projects in member 
states and has collaborated with the International 
Union Against Cancer (UICC) http://www.uicc.org/) 
and the Humanitarian Department of Sanofi-Aventis 
(http://en.sanofi-aventis.com/sustainability/people/
sponsorship/situation-policy.asp) to develop the “My 
Child Matters” program, which funds specific pediat-
ric cancer programs in LMIC.

12.5.3  Components of Pediatric Cancer 
Care in Low- and Mid-Income 
Countries

Optimally, patients are cared for in a dedicated pediat-
ric cancer unit that combines the necessary profession-
als, expertise, and infrastructure. Expertise is the most 
crucial programmatic component. Therefore, the 
 pediatric cancer units become the focus of intense 
 edu cation for direct caregivers, including pediatric 
hemat ologists/oncologists, nurses, surgeons, patholo-
gists, radiotherapists, infectious disease specialists, 
and acute care physicians. Further, continuing educa-
tion, including subspecialty nursing education (Day 
et al. 2008), is needed.

In many LMIC, the pediatric cancer units must also 
be the focus of intense educational efforts to reduce 
death from infection and abandonment of therapy 
(defined as missing 6 or more consecutive weeks of 
treatment). Death from infection is a greater risk in 
LMIC, partly because of a delay in starting antibiotics 
and other supportive measures.

The St. Jude IOP has adopted a stepwise approach 
to implement interventions. This takes into consider-
ation local resources and needs. At most of the partner 
sites, ALL is the initial disease to be addressed, as it is 
a common childhood malignancy and is highly curable 
with relatively accessible and inexpensive drugs and 
evidence-based guidelines. However, successful man-
agement of ALL requires the integration of several 
components of care, including diagnostics, supportive 
care, delivery of multiagent chemotherapy, adherence 
to treatment, and long-term follow-up. Treatment pro-
tocols should be based on published evidence and 
developed with specific local conditions in mind, 
including the availability and affordability of the 

chemotherapy agents, the expected requirements for 
supportive care, and the availability of support services 
needed to deliver the therapy. The goal is to quickly 
achieve a 60% event-free survival rate and then to tar-
get the most common causes of failure for improve-
ment. For example, if abandonment of therapy and 
toxic death are the most common causes of failure, 
improved hospital supportive care and social/economic 
help for the families are the logical priorities.

The above points are elegantly demonstrated by the 
experience in Recife, Brazil, in which the rate of aban-
donment was reduced to less than 1% and the rate of 
toxic death to less than 10% (Howard et al. 2004;Ribeiro 
and Pui 2005). Toxic death was reduced through a 
combination of improved supportive care and individ-
ualization of the treatment protocol according to each 
patient’s clinical condition. For example, patients with 
a large tumor burden and associated morbidity, such as 
infection and malnutrition, received gentle tumor 
reduction, treatment for infection, and nutritional sup-
port for several days before the intensity of anti-cancer 
therapy was escalated. Individualized protocol adapta-
tion is facilitated by weekly case discussions among 
the local and St. Jude physicians via the www.
cure4kids.org web-conference tool.

The infrastructure created to treat ALL can support 
the successful management of lymphomas, promyelo-
cytic leukemia, and other cancers that can be cured with 
chemotherapy alone. With the availability of trained 
pediatric surgeons and radiotherapists, Wilms tumor, 
favorable-prognosis rhabdomyosarcoma, neuroblas-
toma, Ewing sarcoma, osteosarcoma, and retinoblas-
toma can also be adequately treated. In some countries, 
chemotherapy-only protocols have been developed for 
childhood Wilms tumor and Hodgkin lymphoma 
because of the unavailability of radiation therapy (Baez 
et al. 1997). Management of AML and brain tumors 
remains challenging at many partner sites.

12.5.4  Outcome Measures

To measure the progress of partner sites’ cancer units, 
several quantitative variables were established and 
individualized for each program. An increase in the 
survival rate is the absolute indicator of success. Other 
outcome indicators are the number of children treated, 
the number of children who finish treatment, the  

http://cancer.iaea.org/index.asp
http://cancer.iaea.org/index.asp
http://www.uicc.org/
http://en.sanofi-aventis.com/sustainability/people/sponsorship/situation-policy.asp
http://en.sanofi-aventis.com/sustainability/people/sponsorship/situation-policy.asp
http://www.cure4kids.org
http://www.cure4kids.org
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number of children who remain in follow-up, the num-
ber of disease protocols (evidence-based guidelines) 
activated, and the number of health-care providers 
dedicated to pediatric oncology. Finally, an important 
consideration is to determine whether a partner 
achieves self-sustainability. The amount of the St. Jude 
direct financial contribution relative to the entire pedi-
atric cancer unit is one of these indicators. For exam-
ple, in many partner sites, the St. Jude contribution 
represented the largest portion of the pediatric cancer 
unit budget at the start of the program. However, as the 
programs developed and financial support from non-
governmental and governmental sources became avail-
able, the relative St. Jude contribution to the entire 
cancer unit budget decreased to about 3–4% of the 
total expenses.

Careful documentation of the outcome of children 
managed uniformly on protocols is crucial to detect 
areas that need improvement (Ribeiro and Pui 2005; 
Mostert et al. 2006; Howard et al. 2007). Weekly data 
manager training sessions are held via www.Cure4kids.
org in both English and Spanish. A database speci-
fically designed for pediatric oncology (Pediatric 
Oncology Networked Database [POND], www.
Pond4kids.org) is available at no cost in English, 
Spanish, Portuguese, French, and Chinese. It can eas-
ily be customized to accommodate tumor registry and 
cancer-specific nutritional, psychosocial, and socio-
economic information. The data are stored on a 
 dedicated server, encrypted, password-protected, and 
backed up every 10 min. Treatment protocols can be 
shared via a global library so that other sites can use 
them. POND is currently used at 44 sites in 30 coun-
tries, and more than 20,000 patients have been regis-
tered. POND is also used as the database for the 
American Society of Hematology’s international acute 
promyelocytic leukemia protocol and could potentially 
serve the needs of other international study groups.

12.5.5  Program Sustainability

The sustainability of the pediatric oncology units has 
been an important consideration since the inception of 
the twinning concept. The public sector is an unlikely 
funding source for these initiatives. In most countries 
in which St. Jude IOP establishes partnerships, gov-
ernment health budgets are barely adequate to fund the 

management of common communicable pediatric dis-
eases. In addition, government officials in these coun-
tries often lack the experience needed to implement a 
national pediatric cancer program; hence, pediatric 
cancer care emerges as an individual or private-sector 
initiative.

Fortunately, individuals whose child has been 
treated elsewhere for cancer can often be persuaded, 
after they return to their countries, to establish nongov-
ernmental organizations (NGOs) to support the local 
pediatric cancer units. A local NGO has been devel-
oped at almost all St. Jude IOP partner sites where 
pediatric cancer treatment is not government-funded, 
to provide the support needed for the diagnosis and 
treatment of childhood cancer. The NGOs are also an 
important vehicle for community education and fund-
raising for additional services, such as bone marrow 
transplantation, clinical investigation, and continuing 
education of clinicians. The key leaders of the local 
NGOs are trained by American Lebanese Syrian 
Associated Charities (ALSAC), the St. Jude fundrais-
ing organization. Importantly, all funds raised in part-
ner countries are used within that country.

Some key members of the partner-site multidisci-
plinary teams receive salary supplementation from the 
St. Jude IOP to allow them to work full-time in the 
pediatric oncology unit. Although the amount varies 
among the different partner sites, annual salary supple-
mentation is commensurate to the salaries of the physi-
cians working in pediatric hematology and combining 
academic and private activities. This strategy aims to 
retain these individuals in the public hospitals, which 
serve large patient populations and have insufficient 
personnel, medications, and infrastructure.

12.5.6  Conclusions

The St. Jude IOP twinning programs have demon-
strated that it is feasible and relatively inexpensive to 
rapidly improve the cure rates of children with leuke-
mia in LMI countries and to improve their access to 
care in public hospitals. To expand the St. Jude experi-
ence, academic cancer centers in economically devel-
oped countries must work collaboratively with global 
health and development agencies and local govern-
ments to establish broad-based cancer control projects 
in LMIC.

http://www.Cure4kids.org
http://www.Cure4kids.org
http://www.Pond4kids.org
http://www.Pond4kids.org
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12.6  International Clinical Trials  
for Children with Cancer – Hurdles 
and Solutions: The Children’s 
Oncology Group (COG) Approach

Yaddanapudi Ravindranath, Gregory H. Reaman

International collaborative clinical trials in childhood 
cancer have become increasingly necessary due to the 
great success achieved in North America and Western 
Europe. These trials are needed (1) to export technol-
ogy and to offer geographically and culturally appro-
priate curative options to children with cancer in 
low- to mid-income countries and (2) to develop new 
curative strategies for certain rare childhood cancers, 
which requires international trials for sample size and 
disease incidence considerations. International clinical 
trials pose many challenges due to the varied regula-
tory requirements and linguistic/cultural barriers in 
various countries. The following is a brief description 
of the hurdles faced and solutions adopted by clinical 
trial groups in the USA and Europe in developing 
transcontinental clinical trials in children with cancer.

The Children’s Oncology Group (COG) and its 
predecessor groups in the USA (Children’s Cancer 
Group, Pediatric Oncology Group, International Rhab-
domyosarcoma Study Group) are clinical trials organi-
zations primarily funded by the US National Cancer 
Institute (NCI). As a federally funded entity, COG 
must comply with certain rules and regulations regard-
ing the use of federal funds in its collaborations with 
institutions in foreign countries. All institutions of 
COG, including participating full-member foreign 
institutions, must comply with the regulatory require-
ments for human subjects participating in any clinical 
trials as governed by the Office of Human Research 
Protection (OHRP) of the department of Health and 
Human Services (HHS) and must submit to on-site 
audits as required by the US NCI’s Clinical Trials 
Monitoring Branch. The participating institutions must 
obtain Federal Wide Assurance (FWA) numbers certi-
fying compliance with guidelines regarding human 
subject research governed by the US Code of Federal 
Regulation. The current membership of COG includes 
institutions from Canada, Mexico, Switzerland, The 
Netherlands, Australia, and New Zealand.

The limitations in extending this approach to 
 institutions from other countries are the availability  

of federal funds for total support of COG efforts and 
compliance with the auditing and regulatory require-
ments at international sites. Recently, COG has 
expanded international collaborations utilizing guide-
lines for international collaborations from the Cancer 
Therapy Evaluation Program (CTEP) of NCI. Estab-
lishing formal agreements for international collabora-
tions between clinical trial groups across countries and 
continents provides an opportunity for shared respon-
sibility for compliance with all of the regulatory 
requirements and the conduct of audits. Briefly, in this 
model, the coordinating center of the collaborating 
clinical trial group must have an FWA number and is 
responsible for assuring compliance with their national 
regulatory requirements as well as those of the USA 
and for conducting the necessary audits; there is no 
exchange of US federal funds for patient care or diag-
nostic services between COG and the participating 
foreign institutions. The clinical trial of interest is con-
ducted by each of the groups; all clinical, outcome, 
and toxicity data are shared between COG and the 
international clinical trials group(s) following formally 
executed agreements detailing data submission, man-
agement, and analysis. Currently, several trials in met-
astatic osteosarcoma and Ewing’s tumor are underway 
utilizing this mechanism between COG and various 
European clinical trials organizations.

This model also helps to address the language bar-
rier, which is another important hurdle in conducting 
international clinical trials; many Latin American 
countries require that not only the consent form but the 
entire protocol as well all contractual documents be 
submitted in the language of the country. Large-scale 
translations become the responsibility of the collabo-
rating group. With this in mind, COG is exploring dis-
ease-specific collaborations; examples are international 
clinical trials in rare cancers such as retinoblastoma 
and adrenocortical carcinoma. To facilitate this model, 
COG has focused outreach efforts to assist and pro-
mote the development and support of regional  clinical 
trials by local organizations. Examples include (1) the 
development of GALOP (Groupo America Latina de 
Oncologia Pediatrea) in Latin America – investigators 
from GALOP and COG attend meetings of each oth-
er’s groups and provide scientific support for the devel-
opment of regional and international clinical trials 
– and (2) the Scientific Advisory Board of the Middle 
East Childhood Cancer Alliance (MECCA). In addi-
tion, COG provides opportunities for representative, 



32112 Improved Outcome for Children with Acute Leukemia: How to Address Global Disparities

established investigators from foreign institutions to be 
associate members of COG at no cost, with privilege to 
access COG protocols and attend COG meetings.

12.7  Summary and Conclusions

The educational efforts, the twinning programs, and 
collaborative international clinical trials described 
above demonstrate that it is feasible and relatively 
inexpensive to rapidly improve the cure rates of chil-
dren with cancer, particularly ALL, in LMIC and to 
improve their access to care in public hospitals through 
locally developed protocol-based clinical trials. It is 
possible to envision the clinical and research benefits 
of a formal international oncology training program at 
academic cancer centers in the economically devel-
oped countries, the availability of competitive funding 
for specific twinning projects from several countries 
and international cancer organizations, and academic 
career opportunities in international pediatric and 
medical oncology. Hopefully, international oncology 
will become an academic discipline within pediatric 
and medical oncology, with the goal of exchanging 
knowledge with colleagues in LMIC and preventing 
unnecessary death and suffering caused by cancer.
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The past 50 years have seen remarkable progress in 
improving the survival of children with cancer (Smith 
et al. 2010). Among the greatest of these successes are 
the outcomes for children with acute leukemia. To 
better understand the incidence and survival for chil-
dren with all cancers, including leukemia, a compre-
hensive analysis was recently performed in the United 
States using the Surveillance, Epidemiology, and End 
Results 9 (SEER 9) Registry (Smith et al. 2010). This 
data showed an increased incidence rate for all can-
cers in children less than 20 years of age during the 
years 1975 through 2006 (Fig. 13.1). The incidence 
rates for lymphoid leukemia increased significantly 
during this time period, with an annual percentage 
change of 0.8%. Mortality rates for all childhood can-
cers combined declined by more than 50%, with an 
estimated 38,032 childhood cancer deaths averted in 
the United States during this 31-year time period 
(Fig. 13.2). Remarkably, there was a 64% reduction in 
mortality rates attributable to leukemia. However, 
despite these significant reductions in leukemia-spe-
cific mortality rates, death due to leukemia remained 
the leading cause of cancer death in children in both 
1975 and in 2006.

Five-year survival rates for children with acute lym-
phoblastic leukemia (ALL) less than 15 years of age 
improved from 61.0% in 1975–1978 to 88.5% in 
1999–2002 (Fig. 13.3). Improvements in survival were 
also seen in adolescents 15–19 years of age, although 
survival rates were less good overall, with only 50.1% 
surviving at 5 years. Similarly, infants with ALL had a 
significant improvement in survival at 5-years, improv-
ing from 22% in 1975–1978 to 62% in 1999–2002, 
although as with adolescents with ALL, these results 
remain suboptimal. These improvements in the sur-
vival of children and adolescents with ALL reflect 
numerous refinements in therapy and importantly, the 
transition to the use of risk-adjusted therapy within the 
context of refined risk classification as described in 
this text.

Significant improvements have also been seen for 
children less than 15 years of age with acute myeloid leu-
kemia (AML), with 5-year survival rates improving from 
<20% in 1975–1978 to 58% in 1999–2002 (Fig. 13.4). 
For adolescents 15–19 years of age, improvements were 
also seen, with 5-year survivals increasing from <20% to 
40%. This progress can be attributed to a number of ther-
apeutic advances, including intensified approaches to the 
treatment of AML, the selective use of allogeneic 
hematopoietic stem cell transplant (HSCT), improved 
supportive care, and in a manner similar to ALL, the 
increased use of disease-and risk-directed therapy, best 
exemplified by alternative treatment approaches for chil-
dren with acute promyelocytic leukemia and children 
with Down syndrome and AML.

These dramatic improvements in survival for chil-
dren and adolescents with cancer in general, and leuke-
mia in particular, are attributable to a number of 
important factors. First, due to the infrequent nature of 
childhood cancer, it was recognized in the 1950s that no 
single institution would have a sufficient number of 
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Fig. 13.1 Incidence rates for 
all cancers combined, cancers 
other than CNS and lymphoid 
leukemia, and brain and CNS 
cancers among children 
youn ger than 20 years of age, 
according to data from 
Surv eillance, Epidemiology, 
and End Results 9 (SEER 9) 
Reg istries, 1975 
through 2006. (*) The slope 
of the join point regression 
trend line is significantly 
different from zero (p £ 0.5). 
(Reprinted from Smith et al. 
2010 with permission)

Fig. 13.2 Age-specific mortality trends for all malignant cancers 
combined among children younger than 20 years of age in the 
United States from 1975 to 2006. An estimated 38,032 childhood 
malignant cancer deaths were averted from 1975 through 2006, 

assuming that the 1975 baseline rate persisted through 2006.  
(*) The slope of the join point segment is statistically different 
from zero (p < 0.5). APC, annual percentage change. (Reprinted 
from Smith et al. 2010 with permission)
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patients to allow for meaningful clinical trials. Therefore, 
cooperative cancer groups arose in the United States 
and throughout the world with a goal to enroll children 
on multicenter, prospective clinical trials. In the United 
States, this led to four federally funded pediatric coop-
erative cancer groups that merged into a single group, 
the Children’s Oncology Group (COG) in 2000. The 
COG now includes over 200 member institutions in 
North America, Australia, New Zealand, and Western 
Europe. The COG is dedicated to clinical, translational, 
and epidemiology research in childhood cancer.

The COG and other pediatric cooperative groups 
and clinical trial networks have achieved success in 
understanding leukemia biology and improving treat-
ment approaches largely due to highly collaborative 
and multidisciplinary research supported by consoli-
dated infrastructures that are efficient and cost-effec-
tive, lack of duplicative research efforts, a focus on the 
most compelling and clinically important research 
questions, and increasingly, prospective clinical trials 
that are informed by biological understandings of the 
disease and the host. The success of these groups has 

Fig. 13.3 Five-year survival rates for 
acute lymphoblastic leukemia. (Reprinted 
from Smith et al. 2010 with permission)

Fig. 13.4 Five-year survival rates for acute 
myeloid leukemia. (Reprinted from Smith 
et al. 2010 with permission)
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resulted in a culture that values collaborative research. 
This culture includes pediatric cancer health care pro-
viders, scientists, governments, payers, academic med-
ical centers, and hospitals. Finally, the success of the 
pediatric cooperative cancer groups has been and will 
continue to rely on the willingness of children and their 
parents to be active research participants. Ultimately, it 
has been the courage of these patients and their parents 
that has led to dramatically improved outcomes for 
children with leukemia and other cancers.

Through the use of critically designed prospective 
clinical trials and increasingly informative discovery, 
the pediatric cooperative cancer groups worldwide 
have continually refined the use of standard, conven-
tional chemotherapy, HSCT, surgery and radiation as 
the major approaches to the treatment of cancer. 
However, while further small and incremental improve-
ments may still exist using these therapeutic modali-
ties, it is more likely that there will be few significant 
improvements in outcome using these traditional 
approaches to therapy. This conjecture is exemplified 
and supported by recent data from the SEER Registry 
(Smith et al. 2010). For example, in this analysis, chil-
dren with sarcomas appear to have had little improve-
ment in survival over the past 15–20 years, despite the 
same significant research efforts. Therefore, it is 
increasingly recognized that transformative changes 
will be required to improve outcomes for children with 
cancer and even for acute leukemia going forward.

In the United States, the Institute of Medicine (IOM) 
recently studied the National Cancer Institute’s coop-
erative cancer group program (adult and pediatric 
cooperative cancer groups) and issued four broad rec-
ommendations to improve the cooperative cancer group 
clinical trials process (Institute of Medicine 2010):

Improve the efficiency and reduce average time for •	
the design and launch of innovative clinical trials by 
consolidating functions, committees, and coope-
rative groups; streamlining oversight processes; 
 facilitating collaboration; and streamlining and 
standardizing data collection and analysis.
Adequately support those clinical trials that have •	
the greatest possibility of improving survival and 
the quality of life for cancer patients, and incr - 
ease the rate of clinical trial completion and 
publication.
Incentivize the participations of patients and physi-•	
cians in clinical trials by providing adequate funds 

to cover the costs of research by reimbursing the 
costs of standard patient care during the trial.
Incorporate innovation in science and trial design, •	
for example, in studies identifying biomarkers that 
can predict therapeutic response.

While the effective implementation of each of these 
four broad recommendations is likely to be critically 
important if the collaborative, multicenter research 
approach is to remain effective going forward, it is the 
final recommendation that will be of the greatest rele-
vance to improvements in the outcomes for children 
with leukemia. Specifically, leukemia biologists and 
clinical researchers will increasingly need to focus on 
developing innovative therapies that are directed 
toward cellular pathways that promote tumor growth 
and survival, inhibit cell death, and block differentia-
tion. These novel agents will, for the foreseeable 
future, likely be additive to current conventional thera-
pies. However, as targets that are critical to the devel-
opment and survival of leukemia cells are increasingly 
identified and effective drugs are developed to target 
these pathways, it is possible that the use of multiple 
new targeted agents, alone and in combination, will 
begin to replace toxic conventional therapies.

A rapidly expanding array of technologies are being 
developed that will allow scientists to better define the 
cellular, molecular, and genetic signatures of leukemia 
and the host. These platforms include sequencing of 
the whole genome, exome, transcriptome, tyrosine 
kinome, and microRNAs, expression arrays, proteom-
ics, methylation, phosphorylation, copy number, gene 
polymorphisms, and leukemia cell growth in xenograft 
models, to name but a few. While the ability to effec-
tively analyze enormous amounts of high throughput 
data from each of these platforms will challenge cur-
rent biomedical informatics systems and infrastruc-
tures, future success will require novel models of 
disease that will integrate data from multiple platforms 
in meaningful ways. As these new informatics meth-
ods are developed, the resulting models of leukemia 
will undoubtedly identify new and critically important 
pathways that can be targeted.

A recent example of the power of this approach is 
the addition of imatinib mesylate to intensive chemo-
therapy in children with t(9;22)/Philadelphia chro-
mosome positive (Ph+) ALL (Schultz et al. 2009). 
Ph+ ALL accounts for only 3–5% of pediatric ALL, 
but unlike most ALL in children, children with Ph+ 
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ALL have a very poor outcome, with only 40% of 
children surviving despite aggressive therapy, includ-
ing allogeneic HSCT (Arico et al. 2000; Gaynon et al. 
2000; Maloney et al. 2000). Leukemia biologists have 
demonstrated that the BCR-ABL oncoprotein that 
results from the t(9;22) translocation has tyrosine 
kinase activity and that imatinib mesylate has selec-
tive tyrosine kinase inhibition (Druker et al. 2001; 
Mauro et al. 2002; Savage and Antman 2002). Based 
on these results, the COG conducted a prospective 
clinical trial with escalating doses of imatinib added 
to intensive ALL chemotherapy and allogeneic HSCT. 
Patients receiving the highest doses of imatinib 
(cohort 5) had a 3-year event-free survival (EFS) of 
80% ± 11% (95% CI, 64–90%), more than twice the 
3-year EFS for a historical control group (35 ± 4%;  
p = 0.0001) (Fig. 13.5). Importantly, no significant 
toxicities were seen with the addition of imatinib to 
ALL chemotherapy.

With this experience in Ph+ ALL as “proof of prin-
ciple,” significant efforts are now underway to identify 
cellular, molecular, and genetic targets that are critical 
for the survival of leukemia cells that could potentially 
be targeted by new drugs. For ALL, several new tar-
gets have recently been identified, with efforts now 
underway to develop and test drugs directed to these 
targets. Specifically, it has been shown that B-cell-
progenitor ALL cells characterized by deletions in the 

lymphoid transcription factor IKAROS (IKZF1) have 
BCR-ABL1-like activated kinase signaling and these 
children have a poor prognosis (Mullighan et al. 2008, 
2009b). Similar exciting results have also been recently 
reported for children with ALL with mutations in the 
Janus kinases (JAK) 1, 2, and 3 genes (Mullighan et al. 
2009) and cytokine receptor-like factor 2 (CRLF2) 
gene (Mullighan et al. 2009a, c; Harvey et al. 2010). 
Early investigations of a small molecule JAK inhibitor 
are underway in ALL.

Future opportunities will require similar translation 
of important biologic findings to clinical trials. In the 
United States, the National Cancer Institute has created 
a pathway that supports new target identification, 
in vitro and xenograft testing of drugs, pediatric Phase I 
drug testing, and subsequent Phase II and III clinical 
trials. Specifically, using the biology platforms described 
above to define cancer signatures, the Childhood Cancer 
Therapeutically Applicable Research to Generate 
Effective Treatments (TARGET) initiative (http://target.
cancer.gov/) seeks to catalog genetic abnormalities in 
childhood leukemia and other cancers. The Pediatric 
Preclinical Testing Program (PPTP) (http://ctep.cancer.
gov/MajorInitiatives/Pediatric_Preclinical_Testing_
Program.htm) is evaluating new agents against pediatric 
leukemias and other cancers. The National Cancer 
Institute supports the conduct of Phase I studies of new 
drugs and Phase II and III clinical trials by the COG. 
These key resources and infrastructure are proving to be 
highly effective.

However, one of the many consequences of increas-
ingly defining subgroups of leukemia patients on the basis 
of demographic, clinical, cellular, molecular, and genetic 
factors is the increasingly small number of patients with 
identifiable abnormalities, alone and taken together. This is 
particularly true in AML, which is defined by its genomic 
complexity. These increasingly small groups of patients 
with increasingly “personalized” therapies will create 
challenges and opportunities to create new and innovative 
models for clinical trials and biostatistical analytic plans.

At the present time and for the foreseeable future, 
progress in improving the outcomes for children with 
leukemia will require: transformative changes in 
how leukemia biologists perform discovery research; 
greatly improved abilities by biomedical informatics 
specialists to analyze and integrate vast amounts of 
data; more rapid development of new drugs directed to 
newly identified targets; novel and innovative clinical 
trial designs; reassessment of the increasingly complex 

Fig. 13.5 Early event-free survival (EFS) in Philadelphia chro-
mosome-positive acute lymphoblastic leukemia patients treated 
with imatinib. Treated patients in cohort 5 (n = 44) were com-
pared with patients previously treated on Pediatric Oncology 
Group (POG) protocols ALinC 14, 15, and 16 from January 
1986 through November 1999 (n = 120). (Reprinted from 
Schultz et al. 2009 with permission)

http://target.cancer.gov/
http://target.cancer.gov/
http://ctep.cancer.gov/MajorInitiatives/Pediatric_Preclinical_Testing_Program.htm
http://ctep.cancer.gov/MajorInitiatives/Pediatric_Preclinical_Testing_Program.htm
http://ctep.cancer.gov/MajorInitiatives/Pediatric_Preclinical_Testing_Program.htm
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regulatory environment, and finally, new economic and 
policy models that will more effectively support these 
efforts. These are significant challenges. However, sci-
entists and clinicians who care for children with leuke-
mia and other cancers are passionately optimistic about 
improving the outcomes for these children. The culture 
of highly collaborative research and clinical care that 
has been created in pediatric oncology over the past 50 
years will surely find solutions to these challenges so 
that in the near future, all children with leukemia will 
be cured of their disease.
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