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This book describes different perspectives of childhood acute lymphoblastic leukemia. 
The approach includes aspects of molecular epidemiology, particularly molecular 
features that influence the genesis and prognosis of the disease. Some aspects of 
the prognosis of lymphoblastic leukemias are very detailed, highlighting the use 

of molecular biology in the early identification of complications that may occur in 
diseased patients. The authors of the present book conform a Mexican group who 

identifies the causes of leukemia, and they summarize their experience in research, 
results and proposals for future studies. A causal model is included in which the 

authors hypothesized the origin of acute lymphoblastic leukemias, particularly in 
children. This hypothesis can be useful to better understand other cancers during 
childhood. This book will help the reader to identify different molecular aspects 

involved in leukemia, and its relation to the development and evolution of the disease.
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Preface

Clinical Epidemiology of Acute Lymphoblastic Leukemia: From the Molecules to the Clinic,
is a book which has the goal of introducing the reader into the principal advances in the
molecular biology of acute lymphoblastic leukemia (ALL) with application to the clinic.

There are four sections in the book. The first section is about the hypothesis on the etiology
of ALL; two chapters were selected at this point. The model for identifying the etiology of
ALL is my personnel viewpoint about the etiology of All, mainly in children. I believe that
all cancer in children would have a similar behavior in its etiology, however my principal
work as researcher during the last twenty years lies on the etiology of ALL in children,
therefore the hypothesis centers specially on this group of disease.

In the second section the pathophysiology of ALL is described in three interesting articles.
Epidemiology of ALL is mentioned in the third section where the review of different topics
we want to work with in the future is showed to detail.

Finally where reference is specially made to the participation of molecular rearrangements
in the prognostic of ALL, in different countries like Mexico, the molecular diagnostic is not
done in all the hospitals that attend children with ALL. It is important that the entire policy
marker understands the importance that all patients would be diagnosed with the tools that
increased the possibility of a better answer to the treatment. I decided to include malnutri‐
tion in this section because in undeveloped countries like Mexico malnutrition would ex‐
plain the high mortality of ALL, specially in children; however in other parts of the world
malnutrition is not an important prognostic factor in the survival of children with ALL.

In the last year the development of the molecular biology has contributed in the advance of
the survival of patients with ALL. However, current epidemiological findings have not been
able to fully explain the etiology of the ALL. If this is a mystery we need to claim God for an
answer, after all “He revealeth the deep and secret things: he knoweth what is in the dark‐
ness, and the light dwelleth with him” (Daniel 2:22).

Today the patients with ALL are treated better than in the past however, today we cannot
prevent the development of the disease. The cure of ALL increases the family’s and patients´
hope, which is great. However if we can prevent the disease we will reduce the parents´ and
patient´s broken heart when children are diagnosed with ALL.

I thank all the contributors, many of whom are long-time friends and co-workers. Others are
colleagues with whom I have collaborated, or learned from in the literature. Particular
thanks go to Arturo Fajardo who has provide me with invaluable guidance over my years
in the IMSS.
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Chapter 1

Model for Identifying the Etiology of Acute
Lymphoblastic Leukemia in Children

Juan Manuel Mejía-Aranguré

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52716

1. Introduction

The incidence of ALL varies throughout the world; however, there is a greater frequency of
the disease in those countries with a higher socio-economic level [1], with the exception that
a higher frequency of ALL has been reported for some Hispanic cities [2]—cities that gener‐
ally are considered to have a lower standard of living. The highest incidence of ALL has
been reported for Costa Rica and for Mexico City [3].

It is accepted that ALL is the result of the interaction, which occurs at a specific moment of
life, between environmental factors and susceptibility to the disease [4]. The theories con‐
cerning the origin of this illness have been focussed fundamentally on the B-cell precursors
of ALL [1]. The most important of these theories was proposed by Greaves and Kinlen; sev‐
eral more recent variations, such as the adrenal theory and infective lymphoid recovery hy‐
pothesis have attempted to include these theories [5-8].

The theory of Greaves and that of Kinlen have been discussed in one of the chapters in this
book. One of the limitations of the theory of Greaves is that it has not been possible to dem‐
onstrate it empirically. In his theory, Greaves argues that some cases of the pre-B ALL ob‐
served in the peak age of 2 to 5 years could be associated with an aberrant immune response
displayed by an immature immune system. The early exposition to common infectious
agents are required for the proper maturation of the immune system, lack of these exposi‐
tions results in aberrant responses when children are finally in contact with the agent When
follow-up studies were carried out in order to evaluate whether children who suffered infec‐
tions during the first months of life had a greater risk of leukemia, it was not possible to
demonstrate any such correlation. When kindergarten registries were used as information
source, it was also not possible to demonstrate that there was an association with B-cell pre‐
cursors of ALL, or in a specific manner in which ALL appears between two and five years of

© 2013 Mejía-Aranguré; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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age [9,10]. In addition, data are emerging from epidemiological databases that the idea of
early infection being a protective factor for ALL originated due to a bias (non-differential
misclassification) [11] and that, in reality, no such association exists. At any rate, determina‐
tion of whether a child suffered from different infections during the first year of life is ex‐
tremely difficult; for this reason, the empirical reference will need to be improved in order to
lend greater support to this hypothesis.

Nevertheless, the principal importance of the hypothesis of Greaves cannot be questioned,
because it does not exclude what epidemiological methods have been able to demonstrate
concerning late infection [12]. These data are conclusive in showing that, in the majority of
cases, ALL originates during intrauterine life [13] and that proliferation of the B cells, in fact,
the time in which the highest peak of proliferation occurs, is during the first year of life [12].
All these findings permit the deduction that ALL requires a first "hit" in the intrauterine
stage and another hit during a later stage of life and that some infections may play a very
important role in the causality of B-cell precursors of ALL.

2. Exposure

ALL has been associated with different environmental risk factors [14,15]; however, the only
environmental factor that is universally accepted as being associated with ALL is exposure
to X-rays in utero[14]. The identification of environmental factors has had various problems,
one of which is the effect of the sample size on statistical power [15-18]. ALL is an infirmity
with a very low frequency, which makes it difficult for studies to attain a sample size appro‐
priate for identifying an association with an environmental risk factor [16,17]. Another prob‐
lem is that most of the environmental factors that are associated with leukemia, such as
exposure to X-rays or exposure to very low frequency magnetic fields, have a very low fre‐
quency of occurrence [16,19,20]. The study design that has been used the most to search for
associations with ALL is the case-control study; this type of study has the limitation that it
has low efficiency for identifying associations when the frequency of exposure is very low
[16,17]. Another limitation in determining environmental exposure is that the greater part of
the instruments used to evaluate such exposures either have not been validated for this pur‐
pose or are not sufficiently sensitive to detect the presence of such exposure, as is the case
for exposure to infections during the first year of life [11] or for exposure to extremely low
frequency magnetic fields [19].

Most experimental designs have the limitation that they cannot evaluate various independ‐
ent variables at the same time [21]. Multivariate analysis that is used to evaluate the effect of
an independent variable, adjusted for the effect of various control variables or potential con‐
founders, implies a modeling with only one or two predictor variables for the disease [21].
ALL is potentially the result of the presence not of one or two independent variables, but of
many risk factors that act at the same time to provoke the development of the illness [1]. Ac‐
cording to the multicausal theory, illnesses must have at least two risk factors that lead to
the development of the illness; the majority of multivariate models, such as logistic regres‐
sion, do not permit this type of simultaneous evaluations.

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic4

One of the limitations in trying to identify the association between environmental factors
and the development of ALL is that not taken into account is the idea that, in order for a
child to  develop leukemia,  it  is  not  enough that  the child be exposed to leukemiogenic
factor, but that it is necessary that the child be susceptible to the infirmity [22-24]. If we
start with the premise, postulated by Greaves, that ALL is the result of two hits, one that
occurred in the intrauterine stage or in a stage very early in life and another hit that was
necessary  afterward [25,26],  then  this  would  predict  that  each  child  that  develops  ALL
must have had a prior susceptibility for developing the infirmity; otherwise, the children
that are exposed to the "second hit", given that they do not have the first, will not be able
to develop the disease [13,27,28].

Consequently, an error that has been committed in many epidemiological studies is that
these studies have been carried out without taking into account the susceptibility of the
child for the infirmity [29]. Our group was the first to demonstrate that environmental fac‐
tors have an important weight in the development of ALL in children with a high suscepti‐
bility for the illness, such as those with Down syndrome (DS) [7,29]. By including children
with DS, not only as cases but also as controls, it has been possible to improve the precision
of the sampling size, because even with relatively small sample sizes, it was possible to
identify a number of important environmental factors associated with ALL [7,30].

3. Susceptibility

Susceptibility to ALL has been studied from two perspectives: one that deals with genes or
syndromes that increase the risk of developing ALL; the other, with the genes or alterations
that increase the effect of the environmental exposure for a child to develop ALL.

There are genetic rearrangements, such as MLL/AF4, the involvement of which in the devel‐
opment of ALL in children is indisputable [13]. In fact, Greaves postulated that the
MLL/AF4 is a necessary and sufficient cause for the development of ALL in children, espe‐
cially in infants [13,26]. However, some researchers have demonstrated that this rearrange‐
ment may appear with an important frequency in older children and that even the twin of
the children that develop ALL could lose the MLL/AF4 rearrangement in later years of life
[31,32]. In a chapter of this book, it is shown how exposure during pregnancy to inhibitors of
topoisomerase II is a risk factor for the offspring of the pregnancy to develop ALL with the
presence of genetic rearrangements MLL. There are no studies that demonstrate that chil‐
dren that are born with genetic rearrangements in MLL, upon exposure to determined envi‐
ronmental factors, have a greater risk of developing ALL. Such studies are difficult to
perform, because the frequency of genetic rearrangements in MLL in children without ALL
is estimated to be less that 1 in 10000 live births [13].

Among the syndromes that predispose to ALL are SD, ataxia, telangiectasia, and Fanconi
anemia [24]. Although these children present an elevated risk for developing ALL, not all
develop the disease [33].  It  is  possible that  these children would have to be exposed to

Model for Identifying the Etiology of Acute Lymphoblastic Leukemia in Children
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stage and another hit during a later stage of life and that some infections may play a very
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the development of the illness; the majority of multivariate models, such as logistic regres‐
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One of the limitations in trying to identify the association between environmental factors
and the development of ALL is that not taken into account is the idea that, in order for a
child to  develop leukemia,  it  is  not  enough that  the child be exposed to leukemiogenic
factor, but that it is necessary that the child be susceptible to the infirmity [22-24]. If we
start with the premise, postulated by Greaves, that ALL is the result of two hits, one that
occurred in the intrauterine stage or in a stage very early in life and another hit that was
necessary  afterward [25,26],  then  this  would  predict  that  each  child  that  develops  ALL
must have had a prior susceptibility for developing the infirmity; otherwise, the children
that are exposed to the "second hit", given that they do not have the first, will not be able
to develop the disease [13,27,28].

Consequently, an error that has been committed in many epidemiological studies is that
these studies have been carried out without taking into account the susceptibility of the
child for the infirmity [29]. Our group was the first to demonstrate that environmental fac‐
tors have an important weight in the development of ALL in children with a high suscepti‐
bility for the illness, such as those with Down syndrome (DS) [7,29]. By including children
with DS, not only as cases but also as controls, it has been possible to improve the precision
of the sampling size, because even with relatively small sample sizes, it was possible to
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3. Susceptibility
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syndromes that increase the risk of developing ALL; the other, with the genes or alterations
that increase the effect of the environmental exposure for a child to develop ALL.

There are genetic rearrangements, such as MLL/AF4, the involvement of which in the devel‐
opment of ALL in children is indisputable [13]. In fact, Greaves postulated that the
MLL/AF4 is a necessary and sufficient cause for the development of ALL in children, espe‐
cially in infants [13,26]. However, some researchers have demonstrated that this rearrange‐
ment may appear with an important frequency in older children and that even the twin of
the children that develop ALL could lose the MLL/AF4 rearrangement in later years of life
[31,32]. In a chapter of this book, it is shown how exposure during pregnancy to inhibitors of
topoisomerase II is a risk factor for the offspring of the pregnancy to develop ALL with the
presence of genetic rearrangements MLL. There are no studies that demonstrate that chil‐
dren that are born with genetic rearrangements in MLL, upon exposure to determined envi‐
ronmental factors, have a greater risk of developing ALL. Such studies are difficult to
perform, because the frequency of genetic rearrangements in MLL in children without ALL
is estimated to be less that 1 in 10000 live births [13].

Among the syndromes that predispose to ALL are SD, ataxia, telangiectasia, and Fanconi
anemia [24]. Although these children present an elevated risk for developing ALL, not all
develop the disease [33].  It  is  possible that  these children would have to be exposed to
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some environmental factor in order to develop ALL, as has been demonstrated for chil‐
dren with SD [4,15,29,33,34].

There also exists susceptibility determined by polymorphisms that increase the effect of lue‐
kemiogenic factors, through which children develop ALL. Examples are those related to the
polymorphisms of methyl-n-transferase and cytochrome p-450. Some polymorphisms of
these genes have been associated to a greater toxic effect for benzene and other factors that
are potentially leukemiogenic [35-39].

Some nutritional alterations also have been seen to increase the effect of some potentially
leukemiogenic factors, a possible examples is reduction in the consumption of vitamin A, as
it is known that vitamin A reduces the effect of exposure to carcinogens in tobacco smoke
[40]. Tobacco smoke contains substances, such as benzene, which are known to have a leu‐
kemiogenic effect [41,42].

4. Vulnerable period

The frequency of ALL has a characteristic peak at 2–5 years of age [23,24].  In the Mexi‐
can population,  there appears another age peak at  6–9 years of  age [43].  This  peak pri‐
marily results  from B-cell  precursor ALL and that  has the genetic  rearrangement ETV6/
RUNX1 [13,23].

In an attempt to explain the cause of this peak, a series of hypotheses have been generated
[23], among which that proposed by Greaves stands out. Greaves commented that this age
peak reflects the start of a greater immunological response and, in particular, it is in direct
relation to the capacity to produce immunoglobulins [12]. Greaves assumes that, after the
first year of life, the possibility is increased that a previously mutated cell may undergo a
second mutation and this brings with it the development of ALL [12].

In the case of ALL, it has been established that, for children who are born with a greater sus‐
ceptibility to ALL, such as those children born with the genetic rearrangement that involves
MLL, the age at onset of ALL is earlier, generally during the first year of life. It is estimated
that those children have a 100% probability of developing ALL [13]. In contrast, children
who are born with the genetic rearrangement ETV6/RUNX1 have a 25% probability of de‐
veloping ALL and their peak age at onset (2–5 years of age) is later than that for the children
born with the genetic rearrangement that involves MLL [13]. This leads one to think that the
peak age of onset of ALL reflects the degree of susceptibility with which a child is born and,
on the other hand, the degree of proliferation of the cells involved in the development of the
disease [1,43]. A similar situation exists for retinoblastoma, in which the age at onset of ALL
reflects the degree of proliferation of the cells in the retina and for osteosarcoma which ap‐
pears earlier in females than in males, starting at the growth spurt in adolescence [1,28,44].

Another aspect that, despite its great importance in epidemiological research, is on occa‐
sions overlooked is the stage of life at which the exposure to a carcinogenic agent occurs.
Greaves has pointed out the importance of the infection occurring at a particular period, 2–3
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years of age [25], for development of ALL. Exposure of a child to radiation (x ray for exam‐
ple) in the earlier stages of life has been associated with a greater risk of ALL [45] and, in
addition, the leukemia has a shorter latency period. Hertz-Picciotto et al. underscored the
importance of evaluating the time of life or stage of development of the tissues at which the
exposure occurs [46], because for two individuals who may have been exposed to the same
factor, the effect of said exposure will vary according to the stage of development of the in‐
dividual or of the particular organ [47-52]. Some of the factors that can influence the toxicity
of a substance in an organism may vary according to the individual's age. Such is the case
for the absorption, metabolism, detoxification, and excretion of xenobiotic compounds. Simi‐
larly, for children, there can exist an immaturity in the biochemical and physiological func‐
tions of the majority of the systems of the body, as well as variation in the bodily
composition (content of water, fat, protein, and minerals) [48,52-54]. These factors may make
the neonate, for example, very sensitive to chemical substances [52,53,55].

Considering the importance of the time at which the exposure occurs separately from the
stage of development of the organism that may be affected, it is important to evaluate
whether the exposure occurred in the prenatal stage, during the pregnancy, or in the post-
natal period [28,50]. For example, exposures that affect a maternal ovum may have occurred
peri-conceptionally or even a long time before conception, given that the ova are present, al‐
ready formed, in the woman [47]. Among the exposures that affect the sperm or the substan‐
ces that can concentrate in the semen, said exposures can only cause damage peri-
conceptionally, because sperm and seminal fluid involved in the fertilization were formed
hours, or a few days, prior to the conception [47]. It has also been observed that some sub‐
stances that are stored in the fat or in the bones of the mother may be removed during the
pregnancy and cause injury to the fetus [47]. Some significant exposure during pregnancy
may be more related to the presence of the rearrangement MLL/AF4 [13,56], because the cas‐
es of leukemia that occur in infants generally belong to this type of leukemia, whereas expo‐
sures that occur at 2–4 years of age may be more related to the B-cell precursor ALL with
ETV6/RUNX1, because this is the peak age of onset for this disease [13,43,57].

Infections may have another action: an increase in the proliferation of B cells may increase
the risk that the cells being exposed to leukemiogenic agent would lead to ALL [7,12].

On the other hand, it is not only necessary that the cells have proliferated, but also it is nec‐
essary that, in that moment, there be a niche in the bone marrow which would permit the
growth and the expansion of that leukemia clone [28]. In a book in the series In Tech, Pelayo
has described the function of the microenvironment of the bone marrow in the development
of ALL [58,59]. Today, it is known that the alterations not only must occur in the cancerous
cells, what confers upon them the capacity for mutations and genomic instability, that
changes the cycles of cell regulation and energy consumption, evades or destroys the im‐
mune system and generates mechanisms of inflammation that lead to tumor propagation
[60]. In addition to all this, cancerous cells are capable of causing changes in their microen‐
vironment to generate an environment in which a cancerous cell can form a "nest", a micro‐
environment that generates tumor invasion, and a microenvironment that favors the
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some environmental factor in order to develop ALL, as has been demonstrated for chil‐
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Considering the importance of the time at which the exposure occurs separately from the
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peri-conceptionally or even a long time before conception, given that the ova are present, al‐
ready formed, in the woman [47]. Among the exposures that affect the sperm or the substan‐
ces that can concentrate in the semen, said exposures can only cause damage peri-
conceptionally, because sperm and seminal fluid involved in the fertilization were formed
hours, or a few days, prior to the conception [47]. It has also been observed that some sub‐
stances that are stored in the fat or in the bones of the mother may be removed during the
pregnancy and cause injury to the fetus [47]. Some significant exposure during pregnancy
may be more related to the presence of the rearrangement MLL/AF4 [13,56], because the cas‐
es of leukemia that occur in infants generally belong to this type of leukemia, whereas expo‐
sures that occur at 2–4 years of age may be more related to the B-cell precursor ALL with
ETV6/RUNX1, because this is the peak age of onset for this disease [13,43,57].

Infections may have another action: an increase in the proliferation of B cells may increase
the risk that the cells being exposed to leukemiogenic agent would lead to ALL [7,12].

On the other hand, it is not only necessary that the cells have proliferated, but also it is nec‐
essary that, in that moment, there be a niche in the bone marrow which would permit the
growth and the expansion of that leukemia clone [28]. In a book in the series In Tech, Pelayo
has described the function of the microenvironment of the bone marrow in the development
of ALL [58,59]. Today, it is known that the alterations not only must occur in the cancerous
cells, what confers upon them the capacity for mutations and genomic instability, that
changes the cycles of cell regulation and energy consumption, evades or destroys the im‐
mune system and generates mechanisms of inflammation that lead to tumor propagation
[60]. In addition to all this, cancerous cells are capable of causing changes in their microen‐
vironment to generate an environment in which a cancerous cell can form a "nest", a micro‐
environment that generates tumor invasion, and a microenvironment that favors the
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development of metastasis [58-61]. Such changes in the cells make them even more vulnera‐
ble to exposure to carcinogenic substances [62-64].

5. Down syndrome model: Advantage of a design with cases and controls
selected for susceptibility

Robinson was one of the first to propose that if a child with DS is studied, identification of
the effect of the major portion of environmental factors in the development of ALL in chil‐
dren could be achieved [33]. Children with DS have a higher risk for developing leukemias,
not only myeloid leukemias, but also lymphoblastic leukemias. In the lymphoblastic leuke‐
mias, the participation of the genes, JAK 1 and JAK2, have a definite affect in these children
developing the disease [65].

The study of children with a high susceptibility to ALL has permitted, even with a smaller
sample size, the identification of the role that some environmental factors play in the devel‐
opment of ALL. The risks (odds ratios) encountered when comparing the population of chil‐
dren with ALL with DS and a population of healthy children with DS have been relatively
higher than those reported when comparing healthy children without high susceptibility to
the disease as controls. We have called this approach "studies of cases and controls selected
by susceptibility". The advantages that we have reported about this design is that it im‐
proves the sampling power and the precision of the estimators [66].

6. Theory as a model of prediction

Theories are considered as a tool or instrument that can be used to predict [67].

The epidemiological theory that attempts to predict the origin of diseases in human popula‐
tions is the Sufficient-Component Cause model [68]. This theory underscores the idea that
diseases are multicausal and that it is necessary that at least two component causes must be
present or have occurred for an individual to develop said disease. Upon completing the
component causes of the disease, then a sufficient cause has been completed and, in such
case, the person will develop the disease [68].

The criteria of demarcation to determine if a hypothesis is scientific or not are that the refu‐
tationism proposes that the hypothesis be deducible, that there exists a way to test the hy‐
pothesis empirically, and that the hypothesis be be falsifiable [67,68].

With respect to the multicausal theory and the Sufficient-Component Causes model, the em‐
pirical referent that the sufficient cause has been completed is only the disease itself; its ori‐
gin is deducible because this theory assumes that all illnesses arises from the action of at
least two component causes. However, there is no manner in which this hypothesis can be
falsified, because whatever model proposed to show that the sufficient cause has been com‐
pleted at the time of the attempt at falsification and consequently to demostrate that with
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the “sufficent cause completed“ the diseases was not developed. An argument that could
emerge is that, as the sufficient cause was not reality completed, it is for this reason that the
individual did not develop the disease. At this point, we are left without possibilities of
demonstrating that said hypothesis may be falsifiable. In one sense, the illness itself is the
sufficient cause and therefore stops being two separate variables and no longer fulfills its
function of prediction, given that one cannot say that an individual completed the sufficient
cause and consequently goes on to develop the disease; we know that the sufficient cause
has been completed only when the individual becomes ill.

Figure 1. Interaction between a gradient of susceptibility to a disease and a gradient of exposure to environmental
risk factors. To develop ALL, an individual with a higher susceptibility, as determined by the interplay of genetic fac‐
tors, would need only a lower exposure, as determined by the unknown, possibly synergistic, interplay of the charac‐
teristics of the exposure. Conversely, the higher the exposure, the lower the susceptibility that would be needed to
result in development of the disease.

The hypothesis that is set forth here is bounded by three phenomena, the "exposure", the
"susceptibility", and the "vulnerable period" (Fig. 2). This model includes only these three
component causes that are necessary for a child to develop the illness. As was described in
the initial part of this chapter, these three phenomena are interrelated and there exists a gra‐
dient which indicates that, when there is an excess of one of these components, less is need‐
ed of the other two components in order to develop the illness (Fig. 1).
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Figure 2. Interaction among the three phenomena. Acute lymphoblastic leukemia (AL) in childhood is the result of
the interactions among three phenomena: the gradient of susceptibility, the gradient of exposure to carcinogenic en‐
vironmental factors, and the tissue vulnerability period.

7. Conclusions

Current models to identify the environmental causes of ALL have limitations that could lead
to years of studies and the investment enormous sums of money, yet still continue without
successfully determining the factors associated with ALL.

This proposed model of susceptibility, exposure, and vulnerable period permits boundaries
to be drawn around the factors that could potentially influence the development of the dis‐
ease and, in addition, permits the development of new methods for the study of the environ‐
mental causes of ALL in children, such as the study of cases and controls selected by
susceptibility.

Children that are born with a high susceptibility to ALL, such as children with SD, should
be the first among those that should be protected from exposure to environmental factors
that potentially provoke ALL, such as tobacco smoke [29], exposure to magnetic fields of ex‐
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tremely low frequency [69], etc. The approach of the precautionary principle should be fol‐
lowed, in that although the causal evidence is not absolute, the risk or the effect of the illness
is so serious that putting oneself in contact the risk factor should be avoided [66,70]. Similar‐
ly, for children of parents who underwent elevated exposure to leukemiogenic factors dur‐
ing the pregnancy, it may happen that, although these children may have been born
"normal", it is possible that they had been born with a high susceptibility to the ALL, which
is not possible to identify simply by observation.

Susceptibility to ALL is a constitutive condition or one that is acquired in an early stage of
life. Exposure to a leukemiogenic agent will have an affect to the extent of the intensity of
the exposure and the degree of susceptibility to the disease or the intrinsic factors that modi‐
fy the form in which the child's bodily tissues respond to this exposure. However, this must
occur at a specific moment when a cell is proliferating and where the conditions around the
cell are appropriate for the cell to be converted into a leukemic clone and finally develops
the disease.

As the absolute truth described in the Bible says, "There is a time for everything…" [71]
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lowed, in that although the causal evidence is not absolute, the risk or the effect of the illness
is so serious that putting oneself in contact the risk factor should be avoided [66,70]. Similar‐
ly, for children of parents who underwent elevated exposure to leukemiogenic factors dur‐
ing the pregnancy, it may happen that, although these children may have been born
"normal", it is possible that they had been born with a high susceptibility to the ALL, which
is not possible to identify simply by observation.

Susceptibility to ALL is a constitutive condition or one that is acquired in an early stage of
life. Exposure to a leukemiogenic agent will have an affect to the extent of the intensity of
the exposure and the degree of susceptibility to the disease or the intrinsic factors that modi‐
fy the form in which the child's bodily tissues respond to this exposure. However, this must
occur at a specific moment when a cell is proliferating and where the conditions around the
cell are appropriate for the cell to be converted into a leukemic clone and finally develops
the disease.

As the absolute truth described in the Bible says, "There is a time for everything…" [71]
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1. Introduction

Research on the role of infectious agents in the etiology of cancer has grown remarkably in
recent decades. A causal association between infection events and the development of differ‐
ent types of cancer has been strongly suggested in epidemiologic studies, while the direct
oncogenic capacity of a set of pathogens has been demonstrated in the laboratory.

It is now recognized that between 15 and 20% of all tumors are associated with infection by
direct tumorigenic agents [1]. However, the transforming mechanisms of carcinogenic infec‐
tious agents are not restricted to the expression of oncogenes and their ability to modulate
the expression and function of oncogenes and anti-oncogenes in target cells. Other routes of
transformation have been described, in which, an agent participates through more indirect
mechanisms, such as promoting immune suppression or chronic inflammation. Although, in
indirect mechanisms of transformation the infectious agent usually does not reside in the
cell that will form the tumor mass, it contributes to cancer development making favorable
conditions for tumor initiation or growth.

One of the malignancies proposed to be etiologically related to infection is childhood acute
lymphoblastic leukemia (ALL). ALL is a heterogeneous group of hematologic malignancies
in which the process of differentiation and limited proliferation that characterizes normal
lymphopoiesis is altered and replaced by a malignant clonal expansion of immature lym‐
phocytes. ALL is the most common type of childhood malignancy worldwide, unfortunate‐
ly, little is known about the origin of ALL, some cases are associated with genetic
predisposition conferred by Down syndrome, Bloom syndrome, ataxia-telangiectasia, Nij‐
megen breakage syndrome or exposure to environmental agents such as ionizing radiation

© 2013 Morales-Sánchez and Fuentes-Pananá; licensee InTech. This is an open access article distributed
under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
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or mutagenic chemicals, however these events account for less than 5% of ALL cases [2],
therefore, discernible causal factors involved in cancer initiation or promotion are unknown
for the bulk of primary leukemia.

Several etiologic factors have been proposed to cause ALL. One of the most reported in the
literature and the subject of this chapter is related to infections. Independently, Greaves,
Kinlen and Smith have suggested different mechanisms by which certain events related to
infection may explain at least some cases of childhood leukemia [3-5]. Interestingly, the sug‐
gested role of infectious agents in leukemogenesis varies from one hypothesis to another, fa‐
voring either direct or indirect mechanisms of transformation. It is our main goal to describe
these hypotheses highlighting the type of evidence in favor and against them and providing
a biological frame in which to discuss possible mechanisms of leukemogenesis by the infec‐
tious agents. Due to the large number of publications in the field, this is not intended as an
in-deep and complete review of all published literature but a summary in which to set the
basis for discussion.

2. ‘Delayed infection’ hypothesis and ‘two-hits’ minimal model by
Greaves

One of the most cited proposals on the infectious etiology of ALL is the delayed infection hy‐
pothesis, in which Greaves argues that some cases of the common B-ALL (CD10+ CD19+

preB cALL) observed in the peak age of 2 to 5 years could be associated with an aberrant
immune response displayed by an immature immune system [3]. This hypothesis is based in
the theory that early exposures to common infectious agents are required for the proper ma‐
turation of the immune system, lack of these exposures results in aberrant responses when
children are finally in contact with the agent(s). In Greaves view, ALL develops in the bio‐
logical context of an aberrant immune response due to delayed infections, and thus, the in‐
fectious agents are only an indirect trigger of the leukemogenic process.

More recently, Greaves has added to his proposal the most frequent chromosomal aberra‐
tions in pre-B cALL, hyperdiplody and the translocation TEL-AML1 (also known as ETV6-
RUNX1), as susceptibility factors. Molecular analysis has shown shared clonotypic TEL and
AML1 breakpoints in leukemic blasts from monochorionic monozygotic identical twins [6].
The same result has been observed when comparing the patients’ blood at diagnosis and
their blood archived at birth (Guthrie cards) [7]. These results have supported that these ge‐
netic insults are often generated in utero, based on such findings, Greaves has proposed a
minimal ‘two-hits’ model to explain the development of pre-B cALL [8]. According to this
model, hyperdiploidy or the TEL-AML1 translocation originate in utero and provide the first
oncogenic hit, which is not sufficient for the occurrence of the disease but generates a pre-
leukemic clone. In the presence of additional postnatal oncogenic hits, this susceptible clone
then evolves into a malignant leukemic clone. Such additional hits could be promoted indi‐
rectly by the aberrant immune response to infection of children growing in microbiological
isolated environments.

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic20

Greaves’ hypothesis is based on the observation of the steady increase of childhood leuke‐
mia parallel to the increase of upscale living conditions in developed countries. Since its
publication, a series of epidemiological studies have been designed to test the delayed infec‐
tion hypothesis. Evaluation of parity, breastfeeding, improved hygiene conditions, neonatal
or infant infections, vaccination against some viruses, day care attendance [9-13] among oth‐
ers, have been used as markers of exposure to infectious agents during the first years of life.
As we will see next, these studies have found heterogeneous and even contradictory results.

The United Kingdom Childhood Cancer Study (UKCCS), a nationwide, population based
case-control study, was designed to investigate different hypotheses about risk factors in
childhood cancer, one of them referred to the association between day care attendance dur‐
ing the first year of life and the risk of developing leukemia [11]. Day care attendance was
used as a surrogate marker for exposure to infectious agents, assuming that as more contacts
a child has, there is a larger chance for exposure to infections. Data were obtained through
interviews with parents of 1286 children with ALL between 2 and 14 years of age and 3605
controls from 10 different regions of the UK. The results showed an inverse relationship be‐
tween ‘social activity’ and the risk of leukemia, OR=0.73 (95% confidence interval (CI):
0.62-0.87), showing also a dose-response trend. The interpretation of these findings was that
early exposure to infections, indicated by day care attendance, is a protective factor against
childhood leukemia, thus supporting Greaves’ delayed infection proposal [11].

Another study from the same UKCCS data set was published two years later. In this report,
it was analyzed the relationship between neonatal infections and risk of leukemia; the data
were extracted from primary-care records compiled before diagnosis and interviews with
parents. According to this study, children with ALL (ages 2-5 years) had more clinically di‐
agnosed neonatal infections than their counterpart control: episodes number=3.6 (95% CI:
3.3-3.9) vs 3.1 (95% CI:2.9-3.2) [14]. These results contrast with the ones from the previous
UKCCS study and argue that early infections are a risk factor for ALL, and therefore, give
no support to the delayed infection hypothesis.

The study by Cardwell and colleagues using hospital records of clinically diagnosed infec‐
tions in the first year of life from the UK General Practice Research Database (GPRD), com‐
pared 162 ALL cases with 2215 matched controls, no differences were found between cases
and controls OR=1.05 (95%CI:0.64-1.74), then this study provided no support to Greaves’ hy‐
pothesis [15]. Another large group, the Northern California study group analyzed day care
attendance and parental recall of children ear infections between 294 ALL cases (ages 1-14)
and 376 matched controls. Both markers were found protective, OR=0.42 (95% CI:0.18-0.99)
and OR=0.32 (95% CI:0.14-0.74), respectively, but only for non-Hispanic white children, sup‐
porting Greaves’ hypothesis but suggesting ethnic differences in the etiology of ALL [16].

The number of children born in a family has also been used as a marker for microbiological
exposure. Dockerty and colleagues investigated the association between parity and risk of
ALL in children aged 0-14 from England and Wales. They found a statistically significant
protective effect for ALL in children of houses with increasing parity, OR=0.5 (95% CI:
0.3-0.8) [9]. Infante-Rivard et al also evaluated parity and day care attendance in a popula‐
tion based study (491 leukemia cases of children under 10 years old and 491 matched con‐
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trols) in Quebéc Canada. This group found a protective association with day care
attendance, OR=0.49 (95% IC:0.31-0.77) and breast-feeding OR=0.68 (95% IC:0.49-0.95), while
having older siblings was associated with increased risk of leukemia, OR=2.12 (95% IC:
1.57-2.85) [12].

The study by Flores-Lujano evaluated the frequency of severe infections that required hospi‐
talization in the first year of life in children with Down’s syndrome (DS) with or without
ALL (57 cases and 218 controls aged 19 years or younger). In this study, DS children were
chosen because it is known that they have an around 10 to 30 fold higher incidence of B cell
ALL. They also found an association between infection an increased risk of leukemia,
OR=3.45 (95% CI:1.37–8.66), which is against the Greaves’ hypothesis [17].

In summary, many studies have explored the delayed infection hypotheses with heterogene‐
ous results, with some studies actually showing an increased risk given by infections in the
first years of life. The lack of consistency among investigations deserves further analysis and
it is beyond the aim of this chapter. Some of the variables among studies are concerned with
the methodological approach, study design, statistical tests and the representativeness of the
studied population, among many others that could explain the heterogeneity of the results.
Many other considerations are more related to the biological aspects of the hypothesis as it
is discussed in the integrated discussion with the other hypotheses concerning an infectious
origin of childhood leukemia.

3. ‘Population mixing’ hypothesis by Kinlen

In early 1980, an unusual increase in the incidence of childhood leukemia was observed in
young people living in the vicinity of nuclear reprocessing plants in Cumbria, England and
Dounreay, Scotland. It was thought that such increase in leukemias was the result of radio‐
active contamination, which might have caused somatic or germinal line mutations in the
population [18-20]. However, in deep tests showed no evidence of radioactive leaks (Com‐
mittee on Medical Aspects of Radiation in the Environment) or many other types of popula‐
tion occupational exposures [20].

In  1988  Kinlen proposed that  the  observed leukemia  clusters  could result  from the  un‐
usual  population  mixing occurring  in  regions  receiving the  influx  of  workers  and their
families who were attracted by new jobs in nuclear plants.  Disease outbreaks associated
with population growth and migration had been previously documented, and Kinlen hy‐
pothesized that this was also the case for the leukemia clusters. During populations mix‐
ing,  resident  people  would  be  naive  to  infection  by  different  agents  carried  by  the
newcomers and vice versa,  exposure to such agents would cause an abnormal response
leading to the outbreak [4].

Kinlen first proved his population mixing hypothesis in Thurso, Scotland, an isolated rural
area that received large influxes of people who had migrated to work at a nuclear plant. The
results showed that during the period when the population doubled (1951-1967) there was
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an increased incidence of childhood leukemia, returning to normal numbers in subsequent
years [4]. Other relevant studies of Kinlen's group are concerned with new military settle‐
ments; for instance, in post-war Britain between 1949 and 1950, when national military serv‐
ice was mandatory for all men reaching 18 years of age and the period of service was
increased from 1 to 2 years. During the following years there was a significant increase of
leukemia in areas with the highest proportion of military servicemen. A similar phenomen‐
on was observed in Fallon, Nevada US when there was a considerable increase in the num‐
ber of trainee recruits in the nearby naval base [21].

Virtually every study that has been led by Kinlen’s working group has shown similar re‐
sults, i.e. they have observed a significant increase in childhood leukemia matching large-
scale mixing between rural and urban populations. [22-27]. In favor of Kinlen proposal,
childhood leukemia clusters were more evident when people from urban regions were
mixed with people from isolated areas with low population density, and those who develop
leukemia were mostly children from the most immunologically isolated. Also, the leukemia
peaks were transitory coinciding with the largest flow of people, arguing against a common
source of a persistent chemical/radiation contaminant.

Other researchers have addressed the same question. For example, Koushik and colleagues
conducted an ecologic study of childhood leukemia and population mixing in Ontario, Can‐
ada. The percent of population change was employed as indicator of mixing population. In
this study, 1394 leukemia cases recorded between 1978 and 1992 were included. The results
showed that population growth was also associated with a high incidence of leukemia, but
only in rural and not in urban areas [28]. Other studies have shown no support for the Kin‐
len’s hypothesis, among them is Laplanche & de Vathaire’s [29]. This study included all
French communities and covered the period between 1968 and 1990 during which occurred
a rapid population increase. According to the results during the mentioned period, deaths
from leukemia in children or young adults under 25 years of age were slightly lower than
the expected estimate and no differences in risk according to the size of population increase
or region were found. Another French study carried around the nuclear reprocessing plant
of La Hague found no evidence of increase in childhood leukemia cases [30].

Although, not all the studies carried out around areas of population mixing have correlated
with clusters of childhood leukemia, it is relevant that most do. It is also important that, al‐
though the original observation was done around nuclear plants, there is evidence of a simi‐
lar phenomenon occurring in many other regions around non-nuclear sites, including
military settlements. From his observations, Kinlen proposed that a common infectious
agent could be responsible and adults are the main transmitters, thus population mixing
could be responsible for the leukemia cases seen even in the first year of life.

If Kinlen proposal is true, it is possible that the data against his hypothesis had different ex‐
planations: 1) the effect may be dose dependent, so, high levels of contact might be necessa‐
ry; 2) the hypothesis has been proposed for large-scale rural-urban population mixing and
many studies might not reach the required population threshold, and 3) other genetic
and/or environmental differences might be affecting the outcome [4, 22].
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trols) in Quebéc Canada. This group found a protective association with day care
attendance, OR=0.49 (95% IC:0.31-0.77) and breast-feeding OR=0.68 (95% IC:0.49-0.95), while
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ALL (57 cases and 218 controls aged 19 years or younger). In this study, DS children were
chosen because it is known that they have an around 10 to 30 fold higher incidence of B cell
ALL. They also found an association between infection an increased risk of leukemia,
OR=3.45 (95% CI:1.37–8.66), which is against the Greaves’ hypothesis [17].

In summary, many studies have explored the delayed infection hypotheses with heterogene‐
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it is beyond the aim of this chapter. Some of the variables among studies are concerned with
the methodological approach, study design, statistical tests and the representativeness of the
studied population, among many others that could explain the heterogeneity of the results.
Many other considerations are more related to the biological aspects of the hypothesis as it
is discussed in the integrated discussion with the other hypotheses concerning an infectious
origin of childhood leukemia.
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young people living in the vicinity of nuclear reprocessing plants in Cumbria, England and
Dounreay, Scotland. It was thought that such increase in leukemias was the result of radio‐
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population [18-20]. However, in deep tests showed no evidence of radioactive leaks (Com‐
mittee on Medical Aspects of Radiation in the Environment) or many other types of popula‐
tion occupational exposures [20].

In  1988  Kinlen proposed that  the  observed leukemia  clusters  could result  from the  un‐
usual  population  mixing occurring  in  regions  receiving the  influx  of  workers  and their
families who were attracted by new jobs in nuclear plants.  Disease outbreaks associated
with population growth and migration had been previously documented, and Kinlen hy‐
pothesized that this was also the case for the leukemia clusters. During populations mix‐
ing,  resident  people  would  be  naive  to  infection  by  different  agents  carried  by  the
newcomers and vice versa,  exposure to such agents would cause an abnormal response
leading to the outbreak [4].

Kinlen first proved his population mixing hypothesis in Thurso, Scotland, an isolated rural
area that received large influxes of people who had migrated to work at a nuclear plant. The
results showed that during the period when the population doubled (1951-1967) there was
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an increased incidence of childhood leukemia, returning to normal numbers in subsequent
years [4]. Other relevant studies of Kinlen's group are concerned with new military settle‐
ments; for instance, in post-war Britain between 1949 and 1950, when national military serv‐
ice was mandatory for all men reaching 18 years of age and the period of service was
increased from 1 to 2 years. During the following years there was a significant increase of
leukemia in areas with the highest proportion of military servicemen. A similar phenomen‐
on was observed in Fallon, Nevada US when there was a considerable increase in the num‐
ber of trainee recruits in the nearby naval base [21].

Virtually every study that has been led by Kinlen’s working group has shown similar re‐
sults, i.e. they have observed a significant increase in childhood leukemia matching large-
scale mixing between rural and urban populations. [22-27]. In favor of Kinlen proposal,
childhood leukemia clusters were more evident when people from urban regions were
mixed with people from isolated areas with low population density, and those who develop
leukemia were mostly children from the most immunologically isolated. Also, the leukemia
peaks were transitory coinciding with the largest flow of people, arguing against a common
source of a persistent chemical/radiation contaminant.

Other researchers have addressed the same question. For example, Koushik and colleagues
conducted an ecologic study of childhood leukemia and population mixing in Ontario, Can‐
ada. The percent of population change was employed as indicator of mixing population. In
this study, 1394 leukemia cases recorded between 1978 and 1992 were included. The results
showed that population growth was also associated with a high incidence of leukemia, but
only in rural and not in urban areas [28]. Other studies have shown no support for the Kin‐
len’s hypothesis, among them is Laplanche & de Vathaire’s [29]. This study included all
French communities and covered the period between 1968 and 1990 during which occurred
a rapid population increase. According to the results during the mentioned period, deaths
from leukemia in children or young adults under 25 years of age were slightly lower than
the expected estimate and no differences in risk according to the size of population increase
or region were found. Another French study carried around the nuclear reprocessing plant
of La Hague found no evidence of increase in childhood leukemia cases [30].

Although, not all the studies carried out around areas of population mixing have correlated
with clusters of childhood leukemia, it is relevant that most do. It is also important that, al‐
though the original observation was done around nuclear plants, there is evidence of a simi‐
lar phenomenon occurring in many other regions around non-nuclear sites, including
military settlements. From his observations, Kinlen proposed that a common infectious
agent could be responsible and adults are the main transmitters, thus population mixing
could be responsible for the leukemia cases seen even in the first year of life.

If Kinlen proposal is true, it is possible that the data against his hypothesis had different ex‐
planations: 1) the effect may be dose dependent, so, high levels of contact might be necessa‐
ry; 2) the hypothesis has been proposed for large-scale rural-urban population mixing and
many studies might not reach the required population threshold, and 3) other genetic
and/or environmental differences might be affecting the outcome [4, 22].
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Similar to the Greaves’ hypothesis, the identity of the infectious agent(s) involved in Kinlen
model is still not known. In fact, most of the population mixing studies had failed to find an
increase in a symptomatic infection in adults or children, paralleling the increase in leuke‐
mia incidence. Considering that there are viruses of recognized leukemia causality in ani‐
mals and one human’s leukemia caused by a virus, Kinlen has proposed that the agent
involved could be a prevalent virus causing an uncommon infection [31]. Kinlen also con‐
siders that the putative causative virus is not transmitted as a typical acute infection virus, a
characteristic common of tumorigenic viruses. However, the viral family known to be in‐
volved in animal leukemia is the retroviridae, and specifically for adult humans the causa‐
tive agent is the human T cell leukemia/lymphoma virus type 1 (HTLV-1), which is endemic
of areas with no recognized picks of childhood leukemia. Because both Kinlen and Greaves
models fail to identify the causative agent, both hypotheses seem similar pointing out to a
common mechanism of response rather than a possible direct mechanism of infection.

4. Direct viral leukemogenesis hypothesis by Smith

A third hypothesis regarding the infectious etiology of childhood leukemia was proposed
by Smith and colleagues. According to the delayed infection hypothesis, children exposed to
infectious agents during the first months of life (e.g. in developing countries) should have
almost no leukemogenic potential, whereas children that become infected later (e.g. in afflu‐
ent societies), exposure to the same agent would be potentially leukemogenic. Smith disa‐
grees with this scenario, especially for children aged 2 and 3, which represent the larger
proportion of children within the peak incidence of 2 to 5 years old, and suggested that
there should be an alternative mechanism by which the infection leads to leukemia and that
could explain all age-related picks of disease, including infant leukemias [5].

In his publication Considerations on a possible viral etiology for B-precursor acute lymphoblastic
leukemia of childhood Smith proposed that the infectious process leading to leukemia occurs
during intrauterine life by mother to fetus transmission [5]. De novo infected seronegative
women or those in which the agent reactivation occurred during pregnancy were especially
vulnerable to infect their fetus. This hypothesis also considers possible infections during the
first year of life of children from seronegative mothers unable to passively immunize their
offspring. According to Smith's hypothesis, the pathogen acts through a direct mechanism
of B cell infection, initiating or complementing the process of cellular transformation togeth‐
er with additional oncogenic hits either intrauterine or postnatal.

Considering that more than 60% of cases of ALL-B are associated with chromosomal abnor‐
malities, Smith hypothesized that the agent involved should be a virus, since many viral
agents present a variety of mechanisms that promote genetic instability. According to
Smith’s hypothesis the putative virus should have the ability to cross the placenta, to infect
B lymphocytes and to have oncogenic potential. However, such agent should not have the
ability to induce severe abnormalities, since ALL is not associated with other cancers or
birth defects. Thus, an important difference of Smith’s hypothesis is that the infection per se
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carries the power to trigger the chromosomal abnormalities often present in childhood leu‐
kemia, while for Greaves, the genetic insult is already present and the infection indirectly
promotes the acquisition of additional hits.

Several viral families fulfill Smith’s criteria for a causative agent. Members of the adenovi‐
rus, herpesvirus and polyomavirus are transmitted very early pre- or post-natally, have
tropism for bone marrow cells and have oncogenic potential; we know that most of the pop‐
ulation carries all these viruses asymptomatically, with only a few of them developing a re‐
lated-neoplasia. On the other hand, the retroviruses are also good candidates, as they
already have been implicated in leukemias. Several transforming mechanisms have been de‐
scribed for all of these viruses, including expression of constitutively active viral signaling
proteins, transcriptional activation of cellular oncogenes and/or disruption of tumor sup‐
pressor genes, and importantly, induction of genetic instability; for instance Epstein Barr Vi‐
rus (EBV or human herpesvirus-4) is associated with Burkitt’s lymphoma, in which it also
correlates with translocation of the cellular oncogene c-Myc [32].

Studies showing that maternal infections are associated with an increased risk of ALL sup‐
ported Smith’s model. Lehtinen et al analyzed sera of the first trimester from 342 Finnish
and Icelandic mothers of children with ALL, searching for antibodies against herpesvirus
EBV, cytomegalovirus and HHV-6 (human herpesvirus-6). Only an increase of anti-EBV an‐
tibodies was found correlating with leukemia cases, OR=2.9 (95% CI:1.5-5.8) [33]. Because of
the nature of the antibodies found, this data suggested EBV reactivation as a potential event
leading development of ALL. This same group confirmed the above observation with an ad‐
ditional 304 mothers: anti-EBV reactivation antibodies, OR=1.9 (95% CI:1.2-3.0) [34]. The
possible role of EBV reactivation during pregnancy is still awaiting confirmation from other
groups. Naumberg's group also found a similar positive association when the mother had
lower genital tract infections, OR=1.78 (95% CI:1.2-2.7), especially in children older than 4
years of age at diagnosis, OR=2.01 (95% CI:1.1-3.8) [35].

Many other studies have shown conflicting results between viral infection during pregnancy
and subsequent childhood leukemia in offspring, either by influenza virus or by other un‐
specified common infections [10, 12, 36]. On the other hand, several small studies have
found an association between maternal varicella-zoster virus (causing chicken-pox) reactiva‐
tion and childhood leukemia [37, 38]. Note, however, that none of these approaches have
addressed viruses with recognized oncogenic potential and that they are epidemiological
studies based on the mother recalled history of infection during pregnancy.

A distinct approach to explore direct transformation occurring in utero has been conducted
through retrospective analyses of children who developed leukemia; in these studies, viral
genomes have been searched in archived blood spots collected at birth with very heteroge‐
neous results. For instance, an early study found blood spots positive to adenovirus-C in
two children that developed leukemia, but other groups have not reproduced such result
[39]. Bogdanovic et al searched for viral genomes from herpesvirus EBV and HHV-6, polyo‐
mavirus JCV and BKV (from the patients’ initials from whom the viruses were isolated) and
parvovirus 19 in Guthrie cards from 54 Swedish patients, finding no association [40-42]. Par‐
vovirus B19 was another good candidate for causality since it has been associated with sev‐
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Similar to the Greaves’ hypothesis, the identity of the infectious agent(s) involved in Kinlen
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mia incidence. Considering that there are viruses of recognized leukemia causality in ani‐
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involved could be a prevalent virus causing an uncommon infection [31]. Kinlen also con‐
siders that the putative causative virus is not transmitted as a typical acute infection virus, a
characteristic common of tumorigenic viruses. However, the viral family known to be in‐
volved in animal leukemia is the retroviridae, and specifically for adult humans the causa‐
tive agent is the human T cell leukemia/lymphoma virus type 1 (HTLV-1), which is endemic
of areas with no recognized picks of childhood leukemia. Because both Kinlen and Greaves
models fail to identify the causative agent, both hypotheses seem similar pointing out to a
common mechanism of response rather than a possible direct mechanism of infection.

4. Direct viral leukemogenesis hypothesis by Smith

A third hypothesis regarding the infectious etiology of childhood leukemia was proposed
by Smith and colleagues. According to the delayed infection hypothesis, children exposed to
infectious agents during the first months of life (e.g. in developing countries) should have
almost no leukemogenic potential, whereas children that become infected later (e.g. in afflu‐
ent societies), exposure to the same agent would be potentially leukemogenic. Smith disa‐
grees with this scenario, especially for children aged 2 and 3, which represent the larger
proportion of children within the peak incidence of 2 to 5 years old, and suggested that
there should be an alternative mechanism by which the infection leads to leukemia and that
could explain all age-related picks of disease, including infant leukemias [5].

In his publication Considerations on a possible viral etiology for B-precursor acute lymphoblastic
leukemia of childhood Smith proposed that the infectious process leading to leukemia occurs
during intrauterine life by mother to fetus transmission [5]. De novo infected seronegative
women or those in which the agent reactivation occurred during pregnancy were especially
vulnerable to infect their fetus. This hypothesis also considers possible infections during the
first year of life of children from seronegative mothers unable to passively immunize their
offspring. According to Smith's hypothesis, the pathogen acts through a direct mechanism
of B cell infection, initiating or complementing the process of cellular transformation togeth‐
er with additional oncogenic hits either intrauterine or postnatal.

Considering that more than 60% of cases of ALL-B are associated with chromosomal abnor‐
malities, Smith hypothesized that the agent involved should be a virus, since many viral
agents present a variety of mechanisms that promote genetic instability. According to
Smith’s hypothesis the putative virus should have the ability to cross the placenta, to infect
B lymphocytes and to have oncogenic potential. However, such agent should not have the
ability to induce severe abnormalities, since ALL is not associated with other cancers or
birth defects. Thus, an important difference of Smith’s hypothesis is that the infection per se
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carries the power to trigger the chromosomal abnormalities often present in childhood leu‐
kemia, while for Greaves, the genetic insult is already present and the infection indirectly
promotes the acquisition of additional hits.

Several viral families fulfill Smith’s criteria for a causative agent. Members of the adenovi‐
rus, herpesvirus and polyomavirus are transmitted very early pre- or post-natally, have
tropism for bone marrow cells and have oncogenic potential; we know that most of the pop‐
ulation carries all these viruses asymptomatically, with only a few of them developing a re‐
lated-neoplasia. On the other hand, the retroviruses are also good candidates, as they
already have been implicated in leukemias. Several transforming mechanisms have been de‐
scribed for all of these viruses, including expression of constitutively active viral signaling
proteins, transcriptional activation of cellular oncogenes and/or disruption of tumor sup‐
pressor genes, and importantly, induction of genetic instability; for instance Epstein Barr Vi‐
rus (EBV or human herpesvirus-4) is associated with Burkitt’s lymphoma, in which it also
correlates with translocation of the cellular oncogene c-Myc [32].

Studies showing that maternal infections are associated with an increased risk of ALL sup‐
ported Smith’s model. Lehtinen et al analyzed sera of the first trimester from 342 Finnish
and Icelandic mothers of children with ALL, searching for antibodies against herpesvirus
EBV, cytomegalovirus and HHV-6 (human herpesvirus-6). Only an increase of anti-EBV an‐
tibodies was found correlating with leukemia cases, OR=2.9 (95% CI:1.5-5.8) [33]. Because of
the nature of the antibodies found, this data suggested EBV reactivation as a potential event
leading development of ALL. This same group confirmed the above observation with an ad‐
ditional 304 mothers: anti-EBV reactivation antibodies, OR=1.9 (95% CI:1.2-3.0) [34]. The
possible role of EBV reactivation during pregnancy is still awaiting confirmation from other
groups. Naumberg's group also found a similar positive association when the mother had
lower genital tract infections, OR=1.78 (95% CI:1.2-2.7), especially in children older than 4
years of age at diagnosis, OR=2.01 (95% CI:1.1-3.8) [35].

Many other studies have shown conflicting results between viral infection during pregnancy
and subsequent childhood leukemia in offspring, either by influenza virus or by other un‐
specified common infections [10, 12, 36]. On the other hand, several small studies have
found an association between maternal varicella-zoster virus (causing chicken-pox) reactiva‐
tion and childhood leukemia [37, 38]. Note, however, that none of these approaches have
addressed viruses with recognized oncogenic potential and that they are epidemiological
studies based on the mother recalled history of infection during pregnancy.

A distinct approach to explore direct transformation occurring in utero has been conducted
through retrospective analyses of children who developed leukemia; in these studies, viral
genomes have been searched in archived blood spots collected at birth with very heteroge‐
neous results. For instance, an early study found blood spots positive to adenovirus-C in
two children that developed leukemia, but other groups have not reproduced such result
[39]. Bogdanovic et al searched for viral genomes from herpesvirus EBV and HHV-6, polyo‐
mavirus JCV and BKV (from the patients’ initials from whom the viruses were isolated) and
parvovirus 19 in Guthrie cards from 54 Swedish patients, finding no association [40-42]. Par‐
vovirus B19 was another good candidate for causality since it has been associated with sev‐
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eral childhood hematological diseases. One should consider that, although the search for
viral genomes in Guthrie cards is more stringent, the negative result does not mean that
there is not increased viral infection/reactivation during pregnancy and the titer and type of
antibodies are probably more reliable markers for this.

Based on Smith's original proposal, the notion of a direct oncogenic mechanism in the etiolo‐
gy of childhood leukemia was widened to include infections with a transforming agent oc‐
curring postnatally but prior to the onset of the disease. In this possible leukemogenic
mechanism, infection is not necessarily the first oncogenic hit. To test this proposal derived
from Smith’s hypothesis, different viral agents have been screened directly in the leukemia
blast (Table 1). One study evaluated the presence of the viral genome of polyomavirus JCV
and BKV in 15 samples at diagnosis of pre-B ALL and a second study included 25 samples
in which the viral genome of JCV, BKV and SV40 (simian virus 40) were searched. In both
studies, the screening was performed by PCR without finding any of these viruses present
in the leukemia samples [43, 44].

Virus Leukemia

subtype

Age

(years)

Sample Screening method N Ref.

Polyomaviruses JVC

and BKV

B-precursor ALL 1-12 BM or PB Endpoint PCR 15 [43]

Polyomaviruses JVC,

BKV and

SV40

B-precursor ALL 2-5 BM Real-time PCR 25 [44]

Polyomaviruses JVC

and BKV

B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[40]

Herpesviruses EBV y

HHV-6

B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[41]

Herpesviruses EBV,

HHV-6, -7 and -8

B-precursor ALL 1.5-13 BM or PB Southern blot

(only for EBV) and Real-

time PCR

47 [45]

Parvovirus B19 B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[42]

Retrovirus BLV ALL ≤16 BM and PB Southern blot 131 [46]

Annelovirus TT ALL us BM, PB and CFS Nested PCR,

dot blot and

Southern blot

28 [47]

* In this study, the samples were obtained at diagnosis or during treatment. BM: bone marrow, PB: peripheral blood,
CSF: cerebrospinal fluid, us: unspecified.

Table 1. Screening for viral sequences in ALL.
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Mackenzie et al searched for human herpesvirus-4 (EBV), -6, -7 and -8 (KSHV); 20 peripheral
blood or bone marrow samples were tested by Southern blot (EBV) or conventional PCR
(HHV -6, -7 and -8). The authors found that seven samples were positive for some of these
viruses; however, the low viral load found indicated that the viral genome was not present
in every leukemia blast and therefore the result did not support that infection was part of
the initial insult that preceded the malignant clonal expansion [45].

Bender et al screened for Bovine leukemia virus (BLV) years before the publication of
Smith’s proposal. BLV is an exogenous retrovirus whose direct role in the genesis of bovine
leukemia has been well documented. 131 samples of ALL (the article did not address a spe‐
cific subtype of leukemia) and 136 controls were screened by Southern blot for the BLV ge‐
nome. Cases and controls were negative to the virus arguing against a positive role of BLV
in childhood leukemia [46]. Screening for transfusion-transmitted virus (TTV) have also
been negative [47].

In summary, different studies have failed to identify viral agents within the leukemia cells
indicative of a a viral direct leukemogenic mechanism. However, it is important to consider
that these studies included only a small number of samples, 50 or less. These studies at the
most suggest that if an infectious agent is involved in leukemogenesis, this would occur in a
limited number of cases. A larger number of samples from more geographical regions and
different social strata should be included for a more definitive conclusion.

The list of candidate viruses is not exhausted yet and the pathogen involved in the genesis
of leukemia (if any) could still be unknown, Kaposi sarcoma associated herpesvirus (KSHV)
and Merkel cell polyomavirus (MCPV) were discovered a few years ago and have already
been associated with several neoplasias including the ones from which the virus were isolat‐
ed, Kaposi’s sarcoma and Merkel cell carcinoma, respectively [48]. Under this idea, the
study of MacKenzie et al was designed to identify undescribed members of the Herpesviri‐
dae family by a degenerate PCR, but no new herpesviruses were found in any of the 18 sam‐
ples analyzed [45]. As the individual virus “hunt” is a limited method, next generation
sequencing technologies are an attractive approach to ask for the presence of known and un‐
known infectious agents in leukemic cells.

5. Space-time clustering of childhood leukemia by Alexander

As we learn in the previous section, childhood leukemia has been shown to be a disease of‐
ten presented in space and time clusters correlating with communities with large influx of
people. Population based morbility/mortality maps are used in public health to inform us of
points of an excess of cases (the cluster) relative to the expected incidence, which are then
unlikely to have happened by chance and points out to possible etiological factors and the
population at risk. Leukemia aggregates have been studied for decades and to date, a num‐
ber of studies have reported an unusual increase in the number of cases associated with
space-time patterns, some of them have been anecdotal reports but others have been discov‐
ered through employment of formal statistical analysis. We describe next some cluster stud‐
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eral childhood hematological diseases. One should consider that, although the search for
viral genomes in Guthrie cards is more stringent, the negative result does not mean that
there is not increased viral infection/reactivation during pregnancy and the titer and type of
antibodies are probably more reliable markers for this.

Based on Smith's original proposal, the notion of a direct oncogenic mechanism in the etiolo‐
gy of childhood leukemia was widened to include infections with a transforming agent oc‐
curring postnatally but prior to the onset of the disease. In this possible leukemogenic
mechanism, infection is not necessarily the first oncogenic hit. To test this proposal derived
from Smith’s hypothesis, different viral agents have been screened directly in the leukemia
blast (Table 1). One study evaluated the presence of the viral genome of polyomavirus JCV
and BKV in 15 samples at diagnosis of pre-B ALL and a second study included 25 samples
in which the viral genome of JCV, BKV and SV40 (simian virus 40) were searched. In both
studies, the screening was performed by PCR without finding any of these viruses present
in the leukemia samples [43, 44].

Virus Leukemia

subtype

Age

(years)

Sample Screening method N Ref.

Polyomaviruses JVC

and BKV

B-precursor ALL 1-12 BM or PB Endpoint PCR 15 [43]

Polyomaviruses JVC,

BKV and

SV40

B-precursor ALL 2-5 BM Real-time PCR 25 [44]

Polyomaviruses JVC

and BKV

B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[40]

Herpesviruses EBV y

HHV-6

B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[41]

Herpesviruses EBV,

HHV-6, -7 and -8

B-precursor ALL 1.5-13 BM or PB Southern blot

(only for EBV) and Real-

time PCR

47 [45]

Parvovirus B19 B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[42]

Retrovirus BLV ALL ≤16 BM and PB Southern blot 131 [46]

Annelovirus TT ALL us BM, PB and CFS Nested PCR,

dot blot and

Southern blot

28 [47]

* In this study, the samples were obtained at diagnosis or during treatment. BM: bone marrow, PB: peripheral blood,
CSF: cerebrospinal fluid, us: unspecified.

Table 1. Screening for viral sequences in ALL.
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Mackenzie et al searched for human herpesvirus-4 (EBV), -6, -7 and -8 (KSHV); 20 peripheral
blood or bone marrow samples were tested by Southern blot (EBV) or conventional PCR
(HHV -6, -7 and -8). The authors found that seven samples were positive for some of these
viruses; however, the low viral load found indicated that the viral genome was not present
in every leukemia blast and therefore the result did not support that infection was part of
the initial insult that preceded the malignant clonal expansion [45].

Bender et al screened for Bovine leukemia virus (BLV) years before the publication of
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unlikely to have happened by chance and points out to possible etiological factors and the
population at risk. Leukemia aggregates have been studied for decades and to date, a num‐
ber of studies have reported an unusual increase in the number of cases associated with
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ies that have been specifically designed to test the hypothesis of the involvement of
infectious agents in the development of childhood leukemia.

Alexander's work is one of the pioneering reports using rigorous statistical methods to de‐
termine the existence of spatial temporal clusters as indirect evidence of an infectious etiolo‐
gy for childhood leukemia. The analysis was performed using data obtained from the
censuses of 1971 and 1981 in England, Wales and Scotland and was restricted to wards
whose contribution to spatial clustering test exceeded an expected, arbitrarily established
threshold, from a Poisson distribution on uniform risk of the disease. The report included
487 cases of ALL and other unspecified leukemias. The location at birth was extrapolated
from the location data at diagnosis (assuming no changes in residence). The association in‐
fection-leukemia was tested from 3 hypothesis envisioned from three different scenarios
based on the period of exposure and age of disease presentation:

Period of exposure Age at presentation

I In utero or around the time of birth 5 years or older

II Post-natal Under 5 years

III Recent first exposure previous to the onset 'Childhood peak' (ages 2-4 years)

Table 2.

To test these hypotheses, the cases were divided into series A and B, the 'susceptibles' (not
exposed) and the 'infectives'. To evaluate spatial and temporal associations, the data were
analyzed as pairs of cases; spatial linkage was defined based in location within the same
electoral ward. Temporal linkage was an overlap of at least 3 months between the time of
presumed susceptibility of the child in series A and infectivity of the child in series B.

The results of this study showed support for the hypothesis I: exposure around the time of
birth leads to an increased risk of leukemia whose onset takes place at 5 years or older. At
the biological level, the authors interpreted the silent and persistent infection of an agent ac‐
quired in utero as potentially contributing to the development of the malignancy at any time
prior to its presentation. The authors exemplified the process similar to an infection by pesti‐
virus, which however, has not been associated with carcinogenic processes in animals and
they are known to induce death even in utero. According to this paper, infections did not
explain the cases in the 2-5 years old peak, which is the most common in developed coun‐
tries such as those included in this study [49].

The report of Birch et al, included 798 cases of acute leukemia diagnosed between 1954 and
1985 taken from the Manchester Children's Tumour Registry (MCTR) and aimed to evaluate
various scenarios for the infectious etiology of leukemia (cluster criteria were established a
priori as less than 5 km and less than 1 year apart). To support Greaves’, Kinlen’s and
Smith’s proposals, two working hypotheses were established: H1 is true (Greaves and Kin‐
len hypotheses) and H2 is false (Smith hypothesis). This study also considered 4 possible
space-time interactions in which the potentially leukemogenic infection would occur. The
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different hypothetical scenarios and their associated proposals depending on the type of in‐
teraction were as follows:

Interactions Hypothetical Scenery Support to

I Between times and places

of birth

The infection occurred

in utero or in early infancy

Smith’s hypothesis

II Between times and places

of diagnosis

The infection occurred

before diagnosis

Greaves’ and Kinlen’s

hypothesis

III Between time of diagnosis

and place of birth

The infection occurred

before diagnosis

Greaves’ and Kinlen’s

hypothesis

IV Between time of birth and

place of diagnosis

No plausible according

to previous results

---

Table 3.

To analyze the data, different statistical tests were used and the authors considered mobili‐
zation of children from the records of changes of residence. The results showed evidence of
space-time clustering based on place of birth and time of diagnosis for the sub-groups aged
0-4 years, but no evidence based on place and time of birth, thus the results lent support to
Greaves and Kinlen hypotheses but they did not support Smith’s [50].

Methodologies used to search time clusters have also been used to address seasonal varia‐
tion for childhood leukemia. According to this idea, if an infection is associated with dis‐
ease, then a seasonal pattern would be expected, either at birth or diagnostic. Perhaps the
largest study of this type is the one conducted by Higgins et al, using the population based
data from the UK National Registry of Childhood Tumors that included 15,835 leukemia
cases from children born and diagnosed between 1953-1995. No seasonality was found in
this study after leukemia classification by age, gender or immunophenotype [51]. Similar
studies have been conducted in the USA, Singapore and Sweden, founding the same nega‐
tive result. In all of these studies only some temporal peaks (but no evidence of seasonality)
have been observed [52].

Many other studies have provided evidence for space-time clustering of childhood leukemia
[53-56]. Some have not addressed a possible infectious explanation but correlated with pop‐
ulation mixing. An extreme example was Greece, which experienced one of the largest in‐
flux of people from rural to urban settings and presented one of the highest incidences of
childhood leukemia around that time [57]. Although, these studies based on the observation
of space-time clusters are considered an indirect evidence of the involvement of infectious
agents in the etiology of leukemia, the identity of such agent(s) is unknown and therefore
the participation of other environmental factors cannot be presently ruled out.
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6. Integrative discussion

Indirect evidence supports an association between infections in childhood leukemia, and
three hypotheses have been proposed to explain and/or address this question with variable
and even opposite results. From these hypotheses, the delayed infection by Greaves argues for
an indirect role for infection, Smith’s hypothesis for a direct causative role and Kinlen’s
seems to sit in the middle, favoring a direct infection of the cell that will become the leuke‐
mic blast but also an indirect mechanism of response still unexplained. In other words, for
Greaves, infections in early life are protective and for Kinlen and Smith are a risk factor; for
Greaves and Kinlen almost any type of infectious agents (for Kinlen mostly viral) able to
trigger aberrant immune or cellular responses could be the causative agent, for Smith it
would be viruses with direct oncogenic capacities.

Based mainly in adult cancers, we now know that pathogens contribute to neoplasia
through different mechanisms. The classical ones are those in which the agents infect cells
and promote oncogenic transformation ‘from within’, through altering signaling pathways
and gene expression programs (supports Smith). Indirect roles (supports Kinlen) include
promotion of an inflammatory microenvironment, loss of cancer immune surveillance and a
cofactor role helping the tumor through secretion of growth and angiogenic factors. The lat‐
ter one is the mechanism proposed to explain cytomegalovirus oncomodulatory role in
high-grade gliomas and it is thought to be a tumor maintenance rather that an initiating
mechanism [58]. From these mechanisms, a direct role would be very possible but so far
multiple studies have failed to find evidence of infection by oncogenic agents in the leuke‐
mic blast. On the other hand, an inflammatory role is very unlikely because it is generally
associated with chronic diseases lasting decades (e.g. Helicobacter pylori and hepatitis B and
C virus infections). A cofactor or immune suppressive roles are possible, especially for pre-
leukemic clones (e.g. the ones with an early chromosomal abnormality).

Considering all these mechanisms, it is important to acknowledge that the term childhood
leukemia harbors many different biological entities, and it is very likely that they involve
different mechanisms of origin. Examples of important known differences are the lineage
origin of the leukemic blast, myeloid vs lymphoid or T cell vs B cell. Also, there are at least
three recognized B cell immature developmental stages where the leukemia is originated:
early proB, preB-I and large preB-II, which are recognized for the differential expression of
lineage- and stage- specific antigens and are dependent on the activity of different signaling
pathways and transcriptional programs [59].

As mentioned before, childhood leukemia is also associated to chromosomal abnormalities:
hyperdiploidy, hypodiploidy and translocations t(12;21)(p13;q22) (TEL-AML1), t(1;19)
(q23;p13) (E2A-PBX1), t(9;22)(q34;q11) (BCR-ABL) and t(4;11)(q21;q23) (MLL-AF4) are
among the most common in B-ALL. These genetic abnormalities affect specific signaling
pathways and favor transcriptional expression profiles related to the developmental stage of
the B cell leukemic blast. Therefore, the risk and protection factors driven these known and
still many unknown different childhood leukemia entities are probably different and models
of the origin of the disease should be restrained to specific subtypes. Because most reports
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group together several subtypes of leukemia, ethnic, stage, age and genetic insult, it is diffi‐
cult to interpret whether they support or reject the different hypothesis of the infectious ori‐
gin of the disease.

It should be noted that Greaves' hypothesis concerns the common form of B-cell ALL
(CD19+, CD10+). This form comprises most of the ALL cases that peak at 2–5 years of age
observed in developed countries or in affluent communities that have improved their living
standards and have become ‘more hygienic’ [60]. Through comparison of international re‐
ports, variations in the peaks of childhood ALL have been identified. The aforementioned
peak at 2–5 years of age is reduced, or even absent, for Black Africans and for other develop‐
ing communities [61-63]. In Mexico, for example, two incidence peaks have been reported;
the first occurring at 2–3 years of age and the second at 6–9 [64]. There is also the infant leu‐
kemia (of children under one year old) that is of very bad prognostic and is at least 80% pos‐
itive to MLL translocations, supporting different etiologies between age groups.

Although, the delayed infection and mixing population hypotheses exhibit several points in
common, they exhibit important differences too, for instance, Greaves’ hypothesis is con‐
cerned to common childhood leukemia seen in age group of 2 to 5 years, while, Kinlen has
not associated the leukemia clusters with a particular subtype of disease and has interpreted
his results as all types of childhood leukemia might have a common cause. This argument
could weak his hypothesis since a common etiologic mechanism for the different subtypes
of the disease is difficult to envision. Also, the largest increase in leukemia cases has been
reported for developed countries and Kinlen has not provided an explanation of how his
model of large mixing of urban and rural populations can be extrapolated to or represent an
affluent or aseptic setting.

Given the multifactorial nature of cancer, the role of other environmental and genetic factor
in Kinlen’s proposal is also missing. Kinlen’s studies often seem to be based in the sole ac‐
tion of an infectious agent, but there are not known examples of infectious agents or onco‐
genic insults with full penetrance.

Some studies supporting the population mixing proposal have observed a specific increase
of infant leukemia, which is mostly associated with MLL translocations. It has been reported
that topoisomerase II inhibitors, consumed in some foods during pregnancy or present in
drugs commonly used to treat cancer, are a risk factor for this type of translocation [65, 66].
There are not infectious agents known to promote MLL translocation or to inhibit topoiso‐
merase II enzyme. Therefore, how other environmental insults take part in events of popula‐
tion mixing should also be considered. In this scenario, Greaves model seems more
complete, since it includes the genetic lesions that characterize childhood leukemia. Greaves
usees these genetic lesions to frame a biologically plausible mechanism in which children
are more vulnerable to a leukemogenic process after an untimely infection episode. Still, in
Greaves model, the first and perhaps more important oncogenic hit happens by chance and
therefore his model does not provide an easy target for controlled intervention.

The rise of several types of diseases in recent years, mainly in developed countries, has been
proposed to be associated with increasing hygienic conditions. This hygiene hypothesis
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states that lack of early childhood exposure to microorganisms triggers the appearance of
disease [67]. Although Greaves has modeled his delayed infection proposal in the hygiene hy‐
pothesis, there might be subtle differences between both hypotheses. While the hygiene hy‐
pothesis is highly concerned with acquisition of the human normal flora, Greaves is also
concerned with pathogens that are not life threatening when acquired early. There are many
examples of the latter and several diseases have been associated to delayed infection, exam‐
ples of them are EBV or cytomegalovirus-related infectious mononucleosis, measles and
chickenpox. In these cases, infection in the first years of life leads to mild to no symptoms,
but when acquired late leads to serious and even life threatening diseases and in the case of
EBV, it has been proposed that it predisposes to lymphoma. However, the window in which
these infections become dangerous are usually beyond the years of the higher incidence pick
of childhood leukemia and could only explain leukemia of the teenager or young adult.

Studies in mice are strongly indicative that animals grown in germ free conditions are often
immunologically unsuited to fight infections and that perhaps one of the most important
components of the immune instruction program is the normal flora [68]. Inoculation of pro‐
biotics in germ free mice is associated with development of a regulatory immune response
in mucosa (based mainly in frequencies of regulatory T cells and levels of cytokines IL-10
and TGF-β) and equilibrated Th1/Th2/Th17 environments. Same results have been obtained
after inoculation with several members of Bifidobacterium, which are normal residents of in‐
fant feces [69]. Animals without a normal microbiota often develop fatal responses when
they are challenged with low doses of otherwise controllable pathogens. These results have
supported a model in which humans have co-evolved with their flora and this flora is more
than a passive passenger providing multiple benefits to the host. Several lines of evidence
support that a normal microbiota is necessary for a healthy host metabolism, and also for
what is now known as the microbial immunotraining.

The example of germ free animals, although extreme, points out that looking for infection mark‐
ers of childhood common pathogens might not be indicative of the normal development and
equilibrium of the human microbiota and the immune system, and if it is true that leukemia is
the result of an aberrant immune response, then markers of infections are not representative of
homeostatic acquisition of the normal human flora. In a similar scenario, infections that may
confer risk or protection for leukemia are not necessarily symptomatic, thus, data collection of
infections with clinical symptoms would exclude relevant infections to normal immune system
development. Also, studies that finding that early symptomatic infections are a risk factor for
leukemia might only be reflecting on the antibiotics used to treat those infections and the effects
that they had on the establishment of the children normal microbiota.

There are many diseases with increased incidence in affluent societies. Among the most
studied are asthma, allergies and type 1 diabetes; several studies have tried to link some of
these diseases to childhood leukemia. Linabery et al published a meta-analysis of the differ‐
ent studies searching for association between childhood leukemia and allergy, asthma, ecze‐
ma and hay fever. Although, this meta-analysis shows a protective effect of these diseases,
OR=0.69 (95% CI:0.54-0.89), OR=0.79 (95% CI:0.61-1.02), OR=0.74 (95% CI:0.58-0.96), OR=0.55
(95% CI: 0.46-0.66), respectively, the authors observed high heterogeneity of the data with
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several studies failing to find an effect [70]. Moreover, the overall protection observed ar‐
gues that the same hygienic conditions driving allergies are protecting from childhood leu‐
kemia. An alternative explanation is that the molecular pathway leading to allergy and the
leukemogenesis pathway are mutually exclusive.

A similar approach has been proposed for parasitic infections, since the fall of this type of
infection has been parallel to the increase in allergies and childhood leukemia in most devel‐
oped countries. Furthermore, many parasites drive Th1 immune responses while allergies
are associated with Th2 responses providing a feasible biological frame for protection to al‐
lergies and perhaps childhood leukemia. A few studies have found a correlation between
lack of infection of intestinal parasites and childhood leukemia [71]. However, many auto-
immune diseases also explained by the hygiene hypothesis are triggered by Th1 responses,
such as type 1 diabetes, confusing a mechanistic explanation for this phenomenon and argu‐
ing against a common origin for all these diseases.

7. Conclusion

Different hypotheses have tried to relate the origin of childhood acute lymphoblastic leuke‐
mia to infections and epidemiological, clinical and molecular evidence have been searched
to support them with highly variable results. ALL is a common term that harbors several
diseases varying in their age of presentation, associated genetic lesions, cellular origin and
prognosis, probably reflecting different biological origins and thus suggesting different
causative factors. Hence, although some of the accumulated evidence favors one or other of
the hypotheses there is not a consensus whether infections participate and this participation
is through direct or indirect mechanisms of transformation. Although, the postulated mech‐
anisms differ from each other, they are not mutually exclusive. The causal factors of leuke‐
mia most probably are influenced by complex environmental and genetic interaction with
some of them having greater or lesser roles in different individuals or subtypes of the dis‐
ease. New approaches and methodologies should be used to provide further data support‐
ing the role of infections. In that scenario, more direct markers of aberrant immune
responses should be analyzed to support Greaves proposal. Th1/Th2/Th17 and/or regulatory
immune environments should be tested as early as during pregnancy, lactation or in stored
newborn blood. Next generation technologies should be used to identify novel infectious
agents in ALL samples and to study the microbiota of patients. All these efforts together will
result in a better understanding of the role of infectious agents in childhood ALL, their
mechanisms of leukemogenesis and will provide better points for disease control.
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pothesis is highly concerned with acquisition of the human normal flora, Greaves is also
concerned with pathogens that are not life threatening when acquired early. There are many
examples of the latter and several diseases have been associated to delayed infection, exam‐
ples of them are EBV or cytomegalovirus-related infectious mononucleosis, measles and
chickenpox. In these cases, infection in the first years of life leads to mild to no symptoms,
but when acquired late leads to serious and even life threatening diseases and in the case of
EBV, it has been proposed that it predisposes to lymphoma. However, the window in which
these infections become dangerous are usually beyond the years of the higher incidence pick
of childhood leukemia and could only explain leukemia of the teenager or young adult.

Studies in mice are strongly indicative that animals grown in germ free conditions are often
immunologically unsuited to fight infections and that perhaps one of the most important
components of the immune instruction program is the normal flora [68]. Inoculation of pro‐
biotics in germ free mice is associated with development of a regulatory immune response
in mucosa (based mainly in frequencies of regulatory T cells and levels of cytokines IL-10
and TGF-β) and equilibrated Th1/Th2/Th17 environments. Same results have been obtained
after inoculation with several members of Bifidobacterium, which are normal residents of in‐
fant feces [69]. Animals without a normal microbiota often develop fatal responses when
they are challenged with low doses of otherwise controllable pathogens. These results have
supported a model in which humans have co-evolved with their flora and this flora is more
than a passive passenger providing multiple benefits to the host. Several lines of evidence
support that a normal microbiota is necessary for a healthy host metabolism, and also for
what is now known as the microbial immunotraining.

The example of germ free animals, although extreme, points out that looking for infection mark‐
ers of childhood common pathogens might not be indicative of the normal development and
equilibrium of the human microbiota and the immune system, and if it is true that leukemia is
the result of an aberrant immune response, then markers of infections are not representative of
homeostatic acquisition of the normal human flora. In a similar scenario, infections that may
confer risk or protection for leukemia are not necessarily symptomatic, thus, data collection of
infections with clinical symptoms would exclude relevant infections to normal immune system
development. Also, studies that finding that early symptomatic infections are a risk factor for
leukemia might only be reflecting on the antibiotics used to treat those infections and the effects
that they had on the establishment of the children normal microbiota.

There are many diseases with increased incidence in affluent societies. Among the most
studied are asthma, allergies and type 1 diabetes; several studies have tried to link some of
these diseases to childhood leukemia. Linabery et al published a meta-analysis of the differ‐
ent studies searching for association between childhood leukemia and allergy, asthma, ecze‐
ma and hay fever. Although, this meta-analysis shows a protective effect of these diseases,
OR=0.69 (95% CI:0.54-0.89), OR=0.79 (95% CI:0.61-1.02), OR=0.74 (95% CI:0.58-0.96), OR=0.55
(95% CI: 0.46-0.66), respectively, the authors observed high heterogeneity of the data with
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several studies failing to find an effect [70]. Moreover, the overall protection observed ar‐
gues that the same hygienic conditions driving allergies are protecting from childhood leu‐
kemia. An alternative explanation is that the molecular pathway leading to allergy and the
leukemogenesis pathway are mutually exclusive.

A similar approach has been proposed for parasitic infections, since the fall of this type of
infection has been parallel to the increase in allergies and childhood leukemia in most devel‐
oped countries. Furthermore, many parasites drive Th1 immune responses while allergies
are associated with Th2 responses providing a feasible biological frame for protection to al‐
lergies and perhaps childhood leukemia. A few studies have found a correlation between
lack of infection of intestinal parasites and childhood leukemia [71]. However, many auto-
immune diseases also explained by the hygiene hypothesis are triggered by Th1 responses,
such as type 1 diabetes, confusing a mechanistic explanation for this phenomenon and argu‐
ing against a common origin for all these diseases.

7. Conclusion

Different hypotheses have tried to relate the origin of childhood acute lymphoblastic leuke‐
mia to infections and epidemiological, clinical and molecular evidence have been searched
to support them with highly variable results. ALL is a common term that harbors several
diseases varying in their age of presentation, associated genetic lesions, cellular origin and
prognosis, probably reflecting different biological origins and thus suggesting different
causative factors. Hence, although some of the accumulated evidence favors one or other of
the hypotheses there is not a consensus whether infections participate and this participation
is through direct or indirect mechanisms of transformation. Although, the postulated mech‐
anisms differ from each other, they are not mutually exclusive. The causal factors of leuke‐
mia most probably are influenced by complex environmental and genetic interaction with
some of them having greater or lesser roles in different individuals or subtypes of the dis‐
ease. New approaches and methodologies should be used to provide further data support‐
ing the role of infections. In that scenario, more direct markers of aberrant immune
responses should be analyzed to support Greaves proposal. Th1/Th2/Th17 and/or regulatory
immune environments should be tested as early as during pregnancy, lactation or in stored
newborn blood. Next generation technologies should be used to identify novel infectious
agents in ALL samples and to study the microbiota of patients. All these efforts together will
result in a better understanding of the role of infectious agents in childhood ALL, their
mechanisms of leukemogenesis and will provide better points for disease control.
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1. Introduction

The Acute lymphoblastic leukemia (ALL), it produced as a result of a process of malignant
transformation of a progenitor lymphocytic cell in the B and T lineages. In ALL, the majority
of the cases, the transformation affects the B lineage cells. Leukemia and other cancers share
biological characteristics, as clonality. The molecular alterations that are required for the de‐
velopment of a malignant disease is a rare phenomenon when one considers the large number
of target cells susceptible to this condition, in other words, a single genetic change rarely be
sufficient for developing a malignant tumor. This means that a small percentage of people (1%)
who develop malignant hematological disease, probably only 1 cell mutated in a critical gene
for the proliferation, differentiation and survival of progenitor cells. There is evidence sup‐
porting a sequential multistep process, of alterations in several oncogenes in tumor suppressor
genes or microRNA genes in cancerigen cells.

Genes involved in leukemia

Most of what is known of the influence of some mutant genes of the origin of leukemia, derived
from studies in molecular virology, in the gene transfection, and in the generation of leukemia
in-vivo in transgenic mice. These studies are based on bacterial DNA recombinant methods.
Most of the mutations in leukemia are acquired and occur in the lymphoid cell progenitor, less
frequently (1% to 5% of leukemia) the mutated genes are inherited, this involved a numerical
chromosome abnormality, for example: constitutive trisomy 21.

Genetic factors of acute leukemia have been extensively studied. The results of studies of gene
expression analysis of high resolution whole genome, copy number alterations of DNA, loss
of heterozygosity epigenetic changes and whole genome sequencing, have allowed the rec‐
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ognition of new genetic alterations, so that virtually all patients with ALL can be classified
according to the specific genetic abnormality. This information has increased our knowledge
of leukemogenesis, the prognosis and has served as the basis for the development of the target
therapy. However, the understanding of how genetic alterations collaborate to induce leuke‐
mic transformation remains unclear.

The altered genes in the leukemia can be result in loss or gain of the function through several
mechanisms, for example: abnormal recombination (chromosomal, translocation, inversion,
insertion) loss of genetic material (deletion) gain of genetic material (duplication) point mu‐
tation and the presence additional copies of certain chromosomes as in the case of hyperdi‐
ploidy; previous alterations favoring the activation of oncogenes, this encode proteins that
control cells proliferation, apoptosis or both.

The advances in the conventional cytogenetic techniques, as the fluorescence in situ hybridi‐
zation, have shown the chromosomal rearrangements. In this sense, recently has been reported
that the incidence of chromosomal change is related with the age, so the translocation t(9;22)
(q34;q11) increases in each successive decade, up to 24% between the 40-to 49 years old, the
t(4;11) (q21;q23) and t(1;19) (q23;q13) are rare in patients older than 60 years old, but t (8;14)
(q24;q32) and t(14;18)(q32;q21) increased with age. The hiperdipoidia occurs in 13% of patients
under 20 years old and only 5% of elderly patients. The hypodiploidy and complex karyotype
(presence of more than 2 chromosomal abnormalities) also increase with age of 4% in the range
of 15 to 19 years old to 16% older than 60 years old.

When an oncogen is activated by mutation, encoded protein is structurally modified so that
enhances its transforming activity, thus remains on active status, continuously transmitting
signals through the binding of tyrosine and treonina cinasa. These signals induce cell growth
continued incessant. This mechanism of activation of ocogenes is more evident in others forms
of leukemia, for example: severe myeloblastic leukemia and other myelodysplastic syndromes
where the genes NRAS are mutated. There are mutations that suppress the function and are
observe in tumor suppressor genes such as TP53, however, less than 3% of patients with ALL
are TP53 mutations, although all cells have a resistance abnormal apoptosis induced by lack
of significant proportion of p53, which is explained in large part by epigenetic medications.

By other hand, some authors have found alterations in the number of copies (ANCs) to 50
recurrent regions in ALL, some are really small and they have less than 1 Mb, however occur
in genes encoding regulatory proteins of normal lymphoid development in 40% of cases of
ALL progenitors B. The target most common are lymphoid transcription factor PAX5 that have
deletions or amplifications until 30% of cases with ALL-B, also found in genes ANCs of tran‐
scription factor IKZF1 the IKZF3, EBF1, LEF1 and TCF3, RAG1 and RAG2.

Another important point, is the dihydrofolate reductase (DHFR) gene amplification has been
considered as the most relevant in the ALL, this amplification produce cytogenetic abnormal‐
ities evident as the amplified of high DNA segment that included some hundreds of kilobases.

The ALL of T-cell type represents about 10% to 15% of the ALL in adults and the 25% in children
and their clinical behavior is the most aggressive, the patients have a higher percentage of
failure of remission induction, relapse rate is also higher, and had infiltration at central nervous
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system compared with B-cell ALL. In this sense, is known that the oncogenes and tumor sup‐
pressor genes are implicated in ALL-T are: c-MYC, NOTCH, LMO1 / 2, LYL1, TAL1 / 2, Hox11
and HOX11L2. It is clear that NOTCH activated is able to induce leukemogenesis of T cell and
this is critical for the progression to ALL-T. Family members of NOTCH are transmembrane
receptors that are involved in controlling the differentiation, proliferation and apoptosis in
several cell types including T cells. The binding of its ligand to the extracellular domain, re‐
sulting in cleavage of the intracellular domain of NOTCH, this reaction is catalyzed by γ-
secretase complex, and the intracellular domain free of translocase to the nucleus, that
regulates transcription of genes regulated by NOTCH.

The NOTCH target genes are mainly cyclina D1 and c-Myc. Both NOTCH as c-MYC regulate
cell cycle progression by inducing expression of cyclins and reduced expression of p27. An
important aspect is that NOTCH is able to inhibit apoptosis induced by p53 allowing the tumor
regression. In the development of ALL-T there is strong evidence of pro-oncogenic function
of signals transduced by NOTCH, and that modulates the activity of downstream signaling
pathways, through transcriptional regulation of their target genes. Is possible regulators of
signaling downstream of NOTCH especially in murine models are some intermediate signal‐
ing routes as: phosphatidylinositol 3-kinase (PI3K), Akt / protein kinase B, extracellular signal-
regulated kinase-1/2, and nuclear factor kB. In general, the products of oncogenes can be
classified into six categories: transcription factors, chromatin remodeling, growth factors,
growth factor receptors, signal transducers, and finally regulators of apoptosis. Transcription
factors generally require interacting with other proteins to act, for example: Fos transcription
protein dimerizes with the transcription factor Jun to form the AP1 transcription factor is really
a complex, and this increases the expression of several genes control cell division, all they have
been involved in the development of leukemia.

Aberrant methylation of CpG sites in promoter regions of genes has been identified in ALL
cell lines, to respect it is important to note that methylation of CpG dinucleotides in position
near the site of transcription initiation can silence gene expression, hypermethylation of tumor
suppressor genes and hypomethylation of oncogenes can lead to various forms of cancer.

Other mechanism important in the development of the ALL is the angiogenesis and signal
transducers on the binding of tyrosine kinase receptors, finally the molecules regulators of the
apoptosis, where the BCL2 gene encodes for a cytoplasmic protein that is localized in the
mitochondria and increases the survival of the cell by inhibiting apoptosis.

Secondary leukemias

Secondary hematological malignancies are a serious complication of cancer treatment. They
usually manifest as acute leukemias and myelodysplastic syndromes. This also touch the item
on secondary leukemias and its frequency is high and has increased possibly due to increas‐
ingly frequent use of genotoxic agents and by increased survival to other types of cancer. So,
learn more about these could eventually help reduce its appearance. It is known that this type
of leukemia may arise as a result to exposure to cytotoxic treatments (side effects of genotox‐
icity) and / or radiation therapy and as a result of other blood disorders; probably as a result
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of environmental or genetic causes. In particular in this we will focus more on the former. In
most cases it is suggested that the mechanism of leukemogenesis is associated with DNA
damage of hematopoietic cells from bone marrow by agents such as those used in chemother‐
apy. Although the majority of secondary leukemias are acute myeloid leukemia (AML) has
been reported cases of lymphoid leukemia and chronic myeloid leukemia (CML) associated
with chemotherapy treatments. Finally, we intend to touch points as the classification of sec‐
ondary leukemias, its relationship to chemotherapeutic agents and ionizing radiation, etiolo‐
gy, individual susceptibility, pathogenesis, and treatment as well as their behavior in infants
and adults.

In this way one can conclude that the pathophysiology of ALL involved mechanisms genetic
and environmental complex at different levels, and also have a close and complex relationship.
The key features in the pathophysiology of the ALL is its monoclonal origin, uncontrolled cell
proliferation by sustained self-stimulation of their receptors for growth, no response to inhib‐
itory signals, and cellular longevity conditioned by decreased apoptosis.

Acute lymphoblastic leukemia (ALL) is the result of a process of malignant transformation of
progenitor cell lineage of the B and T lymphocytes. (Pui et al, 2011) In most cases of ALL, this
transformation affects B lineage cells. (Heltemes et al, 2011)

In the last 3 decades, there has been a significantly improvement in treatment outcome of ALL
in children, 70% to 80% of children can get cured of their disease, a situation that is different
in adults with ALL, since only 30% -35% of them may heal. (Sotk et al, 2000; Mullighan and
Downing, 2009)

The required molecular alterations, for the development of malignant disease, are a rare phe‐
nomenon, when it is considered the large number of target susceptible cells to such alteration
(Greaves, 2002) ie, a single genetic change is unlikely to be sufficient for the development of a
malignant tumor (Croce, 2008), this means that in a very low percentage of people (1%) is
developed a hematologic malignancy, only 1 cell will likely experience a mutation in a critical
gene for proliferation, differentiation and survival of progenitor cells (Greaves, 2002), that`s
what we mean when we mention the monoclonal origin of cancer.

It is important to mention that when we refer to the origin of cancer, in this cases ALL, ref‐
erence is made to the terms: Cell Origin and Stem Cell Cancer. Actually, the concept im‐
plies that normal cells of distinct origin acquire the first mutation(s) to promote cancer, ie,
that is the cell that will initiate the cancer, while the cancer stem cell will disseminate it
(figure 1). (Visvader, 2011)

Malignant diseases, including acute leukemias, show a marked heterogeneity in cellular mor‐
phology, rate of proliferation, genetic lesions and, as a result, the response to treatment. The
molecular mechanisms, underlying the heterogeneity of malignant neoplasia, are important
points in the study of the cancer’s biology. (Visvader, 2011) Above mentioned alterations may
be due to somatic mutations, although alterations in the germline may predispose to familial
(or hereditary) cancers. (Croce, 2008)
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There is growing evidence that supports a multi-step process in leukemogenesis, ie, sequential
steps and serial number of alterations in oncogenes, tumor suppressor genes, or microRNA genes
in cancer cells. (Greaves, 2002; Croce, 2008) Oncogenes are dominant genes that once mutated,
from a normal cellular gene (proto), encode abnormal proteins that cannot control cell prolifera‐
tion, apoptosis, or both, thereby contributing to cancer development. (Pierce, 2009)

A suppressor gene normally inhibits cell division, and favors the growth of cancer when both
alleles are mutated, i.e., they are recessive mutations, where the lack of function of both alleles
is promoting the development of malignancy. (Pierce, 2009)

Unlike the genes involved in cancer development, microRNA genes do not encode proteins,
their products are small RNA molecules (single strands of 21 to 23 nucleotides) that recognize
and bind a nucleotide sequence of messenger RNA (mRNA), to the complementary microRNA
sequence, and thus blocking the translation of protein from mRNA; then, their function is to
regulate gene expression. (Calin et al., 2002; Croce, 2008)

2. Genes involved in the leukemias

Much of what we know about the great influence of certain mutant genes, in the origin of
leukemia, is derived from mouse transgenesis studies in molecular virology, with gene trans‐
fection and the generation of leukemia in vivo. These studies are based on bacterial recombinant
DNA methods. (Pui et al, 2011)

This knowledge has increased our understanding of leukemogenesis and prognosis, and ad‐
ditionally has served as foundation for the development of targeted therapy. However, the
comprehension of how genetic alterations that collaborate to induce leukemic transformation
is not clear yet.(Pui et al, 2011)
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Figure 1. Cell origin and evolution of a cancer stem cell (modified of Visvader, 2011)
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Most mutations in leukemia are acquired, and occur de novo in the lymphoid progenitor cells,
less frequently (1% to 5% of leukemias) the mutated genes are inherited (vgr, p53, DNA ligase),
or a numeric chromosomal abnormality is involved, for example constitutive trisomy 21.
(Greaves, 2002)

Acute leukemias are the most studied malignant disorders from a genetic standpoint, the re‐
sults of whole-genome studies, e.g.: gene expression analysis of high-resolution, genome-wide
alterations in DNA copy number variation (CNA), loss of heterozygosity, epigenetic changes,
and complete genome sequencing have favored the recognition of new genetic alterations,
then virtually all patients with LLA can be classified according to the specific genetic abnor‐
mality, as shown in Figure 2, which is evident in children with ALL the high frequency of
genetic abnormalities. (Mullighan et al, 2007; Pui et al, 2011)

Figure 2. Frequency of genetic abnormalities in childrenwith ALL. (modified of Puiet al, 2011.)

As discussed previously, the altered genes in leukemia can result in loss or gain of function,
and this is achieved through various mechanisms, for example, abnormal recombination
(chromosomal translocation, inversion, or insertion), loss of genetic material (deletion), gain
of genetic material (duplication), or mutation. Also can be present additional copies of certain
chromosomes, as in the case of hyperdiploidy. With these chromosomal alterations, the acti‐
vation of oncogenes is favored. Oncogenes can be activated by: chromosomal rearrangements,
gene mutation and gene amplification. (Croce, 2008)

i. The demonstration of chromosomal rearrangements have been evidenced by im‐
proved conventional of cytogenetic study. The standard analysis can detect primary
chromosomal abnormalities in more than 75% of all cases. (Liang et al, 2010)

Recently, it was reported that the incidence of chromosomal alterations is associated with age.
(Moorman et al, 2010) In fact, age is a determining factor in the prognosis and treatment out‐
come for patients with ALL. In long term survival, the rates are close to 80% in children under
5 years of age, but will decrease to 50% or 60% in adolescents and young adults, and approx‐
imately 30% in adults of 45 to 54 years, but rarely exceed 15% in older adults. The Philadelphia
chromosome (Ph) is the most common cytogenetic abnormality associated with ALL in adults.
(Zuo et al, 2010; Lee et al, 2011)
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The Philadelphia chromosome positive (Ph+) ALL is a product of reciprocal translocation be‐
tween the long arm of chromosome 9(q34), where the oncogene ABL1 is located, and the long
arm of chromosome 22(q11), where the BCR gene lies, leading to the formation of the BCR-
ABL1 chimeric protein (Figure 3), and as a result of this fusion the Bcr-Abl tyrosine kinase,
constitutively active, is produced, which is responsible for the acute and chronic leukemia
forms. (Martinelli et al, 2009)

Figure 3. Philadelphia chromosome translocation (translocation between 9 and 22 chromosomes). (modified of Satter‐
and James, 2003)

This alteration is relatively rare (approximately 5%) in infants with ALL, but not in adults
where its frequency range between 20% and 30%, it was the first known cytogenetic abnor‐
mality associated with chronic myeloid leukemia (CML) and Ph+ALL.

Despite the Ph+ ALL occurs in only about 5% of patients under 20 years of age, the incidence
increases to 33% in patients over 40 years and it reaches 49% in patients over 40 years, to
decrease the incidence to 35% in patients over 60 years. (Lee et al, 2011)

A significant proportion of patients with ALL Ph+ (approximately 85%), and high-risk ALL
without BCR-ABL1 fusion (~28%), have IKZF1 gene deletion, and both situations are associated
with adverse prognosis. (Martinelli et al, 2009; Cazzaniga et al, 2011)

The gene IKZF1 is located on 7p12, and encodes the transcription factor Ikaros, which is a
member of the family of transcription factors containing zinc fingers (Martinelli et al, 2009).
Deletion of IKZF1 is not observed in the chronic phase of CML, but is detected in two out of
three samples analyzed during the lymphoid blast crisis. (Mullighan et al, 2009) IKZF1 genomic
alterations, causing loss expression or expression of dominant negative isoforms, are critical
in the pathogenesis of BCR-ABL1 ALL Ph+. (Mullighan et al, 2009)

Almost half of patients with BCR-ABL1 ALL and lymphoid blast crisis CML also harbor de‐
letion of CDKN2A/B and PAX5 genes; approximately 20% of these cases have deletion of the
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Deletion of IKZF1 is not observed in the chronic phase of CML, but is detected in two out of
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alterations, causing loss expression or expression of dominant negative isoforms, are critical
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three genes. These data support the concept that it is required the alteration of several cellular
pathways to induce the development of ALL. It has been correlated the ALL IKZF1 focal de‐
letion with clinical response to treatment, overall response rate of relapse and disease-free
survival; and it has also been shown that deletion of Ikaros gene represents the most important
prognostic factor so far described, in ALL Ph+.(Mullighanh et al, 2009; Martinelli et al, 2009)

Other chromosomal abnormalities associated with age are the t(4;11)(q21;q23) and t(1;19)
(q23;p13), that are rare in patients older than 60 years of age, but on the other way t(8;14)
(q24;q32) and t(14;18)(q32;q21) increases with age. (Moorman et al, 2010)

The translocation t(4;11)(q21;q23) leads to the formation of the MLL-AF4 fusion gene, and is
responsible for more than 50% of ALL cases in children younger than 6 months in 10-20% of
older infants, in approximately 2% of children and only 10% of adults with de novo ALL. Chro‐
mosomal abnormality in adults with ALL is considered to be of high risk. (Marchesi et al, 2011)

The gene Mixed Lineage Leukemia (MLL) is frequently involved in hematological malignan‐
cies, particularly acute leukemia, both lymphoblastic and myeloblastic, it is located at 11q23,
and plays an important role in the positive regulation of gene expression during early embry‐
onic development (ie it is a HOX gene) and also in hematopoiesis. (Marchesi et al, 2011)

MLL gene encodes a 500 kD protein containing several conserved functional domains, a target
of proteolytic activity of Caspasa 1, a cleaving protein specialized in N-terminal fragments of
320 kD and C-terminal of 180 kD. This latter is responsible for methyltransferase activity in
lysine 4 of histone H3 (H3K4), which mediates changes in chromatin associated with epigenetic
transcriptional activation. (Milne et al, 2002; Hsieh et al, 2003)

The main chromosomal alterations that may occur with the MLL gene are mainly reciprocal
translocations, causing fusion with other different genes, and partial tandem duplication of
genes. (Schnittger et al, 2000)

Translocations in which MLL gene is involved can result in a chimeric protein, that fuses the
MLL N-terminal with the C-terminal portion of the associated genes; the methyltransferase
domain (SET domain) is invariably lost in the MLL fusion protein. This fusion of genes can
alter normal cellular proliferation and differentiation processes, which favors leukemogenesis.
(Ayton et al, 2001)

MLL gene is a target of about 104 different rearrangements, of which 64 are translocations with
other genes. The proteic products of the fusions are nuclear localization signals, and play an
important function as potent transcription factors. (Meyer et al, 2009)

Genes that most commonly fuses with MLL gene are, in order of frequency: AF4, AF9, ENL,
AF10, AF6, ELL, and AF1P. The leukemias that express the fusion gene MLL-AF4 are diagnosed
primarily as pro-B, in pediatric and adult patients, while the fusion with genes AF9, AF6, or
AF10 are common in AML subtypes myelomonocytic or monoblastic variety. (Kohlmann et
al, 2005; Moriya et al, 2012)

The t(1;19)(q23;p13) is recurrent in children and adults, and results from the fusion of gene
TCF3 transcription factor 3 (E2A immunoglobulin enhancer binding factors E12/E47) locat‐
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ed at 19p13.3, with gene pre-B-cell leukemia homeobox 1 (PBX1), located at 1q23.3, the fu‐
sion gene TCF3 (E2A)-PBX1 encodes a chimeric protein with transforming properties. (Garg
et al, 2009)

The gene encoding E2A transcription factors E12 and E47 binds enhancer elements of the
gene  of  κ  light  chains  of  immunoglobulins,  as  well  as  some other  gene  regulatory  ele‐
ments. (Garg et al, 2009)

The transcriptional activator domain of the chimeric protein encoded by the fusion gene E2A-
PBX1 is provided by E12/E47, and the DNA binding domain is provided by the (HOX) Home‐
box PBX1, this protein promotes leukemogenesis by activation of several genes that are not
normally expressed in lymphoid tissues. (Garg et al, 2009)

The t(12; 21)(p13, q22) is a consequence of gene fusion ETV6/RUNX1 (also known as TEL/
AML1) and is the hallmark of one of the most common genetic subtypes of ALL of precursor
of B cells in children, in whom is the most common molecular genetic alteration occurring in
20% to 25% of pediatric cases; while in adults this translocation is rare. (Pui et al, 2011)

The current model involves several steps, the fusion of these genes can occur already during
fetal development and is the initial event, but is not sufficient for the neoplastic transformation
(Fuka et al, 2011). Indeed, the development of ALL of infancy B cell lineage involves (at least)
2 genetic events (hits), the first of which often arises in prenatal stage. (Thomsen et al, 2011)

The fusion gene that encodes a chimeric transcription factor, involves the N-terminus of the
protein ETV6 and the most of the RUNX1 protein, it is believed that normally RUNX1 acts as
a modulator of transcription; transcriptional repressor becomes the target genes RUNX1. (Fuka
et al, 2011)

Hyperdiploidy is detected in approximately 25-30% of children with ALL precursor B cells. In
these patients the clinical phenotype is usually associated with low risk and good prognosis.
(Grumayer et al, 2002; Pui et al, 2011) It is interesting to mention that a hyperdiploid karyotype
refers to a higher number of chromosomes than the normal diploid number (e.i., greater than
46 chromosomes), but having a chromosome number that is not a multiple of the haploid number
(23 chromosomes), the modal number can be located between 47-57 chromosomes (Shaffer et
al, 2009). This karyotype arises through a simultaneous gain of multiple chromosomes, from
a diploid karyotype, during a single abnormal cell division. (Grumayer et al, 2002)

The hyperdiploidy occurs in 13% of young adults, and only 5% of elderly patients. The hypo‐
diploidy and complex karyotype (presence of more than 2 chromosomal abnormalities) also
increase with age, from 4% in the range of 15 to 29 years of age and 16% older than 60 years.
(Moorman et al, 2010)

ii. When an oncogene is activated by mutation, the encoded protein is structurally
modified in such a way that increases their transforming activity, ie, remains in the
active state, continuously transmitting signals by binding of tyrosine and threonine
kinase. These signals induce cell growth continued incessant. This mechanism of ac‐
tivation of oncogenes is more evident in other forms of leukemia, for example, AML
and myelodysplastic syndromes (MDS) where the NRAS gene is mutated. There are
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active state, continuously transmitting signals by binding of tyrosine and threonine
kinase. These signals induce cell growth continued incessant. This mechanism of ac‐
tivation of oncogenes is more evident in other forms of leukemia, for example, AML
and myelodysplastic syndromes (MDS) where the NRAS gene is mutated. There are

Pathophysiology of Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54652

51



mutations that suppress the function, and it is observed in tumor suppressor genes
such as TP53, however, less than 3% of patients with ALL have TP53 mutations, al‐
though all the cells have abnormal resistance to apoptosis induced by lack of a sig‐
nificant proportion of p53, which is explained in large part by epigenetic. (Zornoza
et al, 2011)

On the other hand, some authors have found change in the number of copies (CNVs) to 50
regions in ALL recurring, some are very small and have less than 1 Mb, however, occur in
genes encoding regulatory proteins of normal lymphoid development up to 40% of cases of
ALL stem B. The most common targets are lymphoid transcription factor PAX5, that can hold
deletions or amplifications in up to 30% of cases of ALL-B, also found CNVs in transcription
factor genes IKZF1, the IKZF3, EBF1 (factor Cell B early), LEF1 and TCF3, and RAG1 and RAG2
genes. (Mullighan et al, 2009)

iii. The most relevant gene amplification in LLA is the dihydrofolatereductase (DHFR).
The amplification of this gene causes evident cytogenetic alterations because the am‐
plified DNA segment may involve several hundred kilobases. (Croce, 2008)

A variety of acute leukemia to consider is the T-cell ALL (ALL-T), it represents about 10% to
15% of ALL in adults and 25% of children. The clinical behavior is more aggressive, patients
have a higher percentage of failure of remission, relapse rate is also higher as well, and the
central nervous system infiltration compared with B-cell ALL type. (Demarest et al, 2011)

Oncogenes and tumor suppressor genes that have been implicated in T-ALL are: c-MYC,
NOTCH, LMO1 / 2, LYL1, TAL1 / 2, Hox11 and HOX11L2. It is clear that activated Notch is able
to induce T cell leukemogenesis and is critical for the progression to T-ALL. (Demarest et al,
2008)

Members of the NOTCH family are transmembrane receptors that are critically involved in
controlling the differentiation, proliferation and apoptosis in several cell types including T
cells. The Notch receptor binding to its ligand exhibits a cleavage site for extracellular ADAM
metalloproteinase, and a cleavage site in the transmembrane region for the γ-secretase, thus
releasing the intracellular domain of Notch, which transmits this signaling to the cell nucleus,
where it is associated with a DNA-binding complex. (Palomero et al, 2006; Chan et al, 2007;
Sanda et al, 2010; Gomez et al, 2012)

Notch signaling cooperates with the signaling of T cell receptors (TCR) to expand the number
of thymocytes undergoing β-selection. Over 50% of T-cell ALL have activating mutations in
Notch1. (Gomez et al, 2012)

NOTCH target genes are mainly cyclin D1 and c-Myc. Both Notch and c-Myc regulates cell
cycle progression by inducing expression of cyclins and reduced expression of p27. An im‐
portant aspect to point out is that Notch is able to inhibit apoptosis induced by p53. When
Notch expression is suppressed, the p53 pathway is activated and leads to tumor regression.
(Demarest et al, 2008; Sanda et al, 2010)

An important aspect of Notch, is that depending on the type of cells, the extracellular en‐
vironment, and the intensity of the signal, Notch can transmit signals as pro-oncogenic or
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tumor suppressor (Leong and Karsan, 2006). In the development of T-ALL there is strong
evidence of pro-oncogenic function of signals transduced by Notch, and that modulates the
activity of downstream signaling pathways,  through transcriptional regulation of its  tar‐
get genes. (Chan et al, 2007)

Possible regulators of signaling downstream of Notch, especially in murine models, are some
intermediate signaling pathways, such as phosphatidylinositol 3-kinase (PI3K), Akt /protein
kinase B, extracellular signal-regulated kinase-1/2, and nuclear factor kB. (Chan et al, 2007)

In general, the products of oncogenes can be classified as described below:

1. Transcription factors: They generally require interacting with other proteins to act, for
example: Fos transcription protein dimerizes with the transcription factor Jun to form the
AP1 transcription factor which is a complex, and this increases the expression of several
genes control cell division.

2. Chromatin remodeling: It plays an important role in the degree of compaction of chro‐
matin and therefore in the control of gene expression, replication and chromosome seg‐
regation, by the action of two types of enzymes: the ATP-dependent enzymes, which have
important role in changing the position of histones, and enzymes that modify N-terminal
tails of histones. (Peterson and Workman, 2000)

Indeed, the epigenetic code is made by the pattern of histone modification, and determines
in this way the interaction between nucleosomes and chromatin-associated proteins,
thereby determining its transcriptional capacity. (Croce, 2008)

On this basis it is important to note that methylation of CpG-dinucleotides in position
near the site of transcription initiation can silence gene expression, hypermethylation of
tumor suppressor genes and hypomethylation of oncogenes can lead to various forms of
cancer. Aberrant methylation of CpG sites in promoter regions of genes has been identified
in ALL cell lines. (Milani et al, 2009)

In this way it has been found some improperly methylated genes that are involved in the
p53 pathway suggesting that despite not having an activating mutation of this gene in
ALL, there is an abnormal function of p53 mediated by epigenetic mechanisms. In fact,
hypermethylation of genes involved in the TP53 pathway is an independent poor prog‐
nostic factor in patients with ALL. (Zornoza et al, 2011)

3. Growth factor receptors: They are altered in many cancers. A deletion of the ligand bind‐
ing domain causes constitutive receptor activation in the absence of ligand binding sites
of interaction by providing cytoplasmic proteins containing the SRC homology domain
binding and other domains, this way deregulates multiple signaling pathways. Vascular
endothelial growth factor (VEGF) regulates hypoxia-dependent control of gene transcrip‐
tion. VEGF activity is mediated by three tyrosine kinase receptors: VEGFR1 (FLT1),
VEGFR2 (Flk1-KDR) and VEGFR3 (FLT4).

The importance of angiogenesis and signaling pathways related to angiogenesis in the
growth and expansion of cells in acute leukemia has been well established. In vitro in the
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In general, the products of oncogenes can be classified as described below:
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example: Fos transcription protein dimerizes with the transcription factor Jun to form the
AP1 transcription factor which is a complex, and this increases the expression of several
genes control cell division.

2. Chromatin remodeling: It plays an important role in the degree of compaction of chro‐
matin and therefore in the control of gene expression, replication and chromosome seg‐
regation, by the action of two types of enzymes: the ATP-dependent enzymes, which have
important role in changing the position of histones, and enzymes that modify N-terminal
tails of histones. (Peterson and Workman, 2000)

Indeed, the epigenetic code is made by the pattern of histone modification, and determines
in this way the interaction between nucleosomes and chromatin-associated proteins,
thereby determining its transcriptional capacity. (Croce, 2008)

On this basis it is important to note that methylation of CpG-dinucleotides in position
near the site of transcription initiation can silence gene expression, hypermethylation of
tumor suppressor genes and hypomethylation of oncogenes can lead to various forms of
cancer. Aberrant methylation of CpG sites in promoter regions of genes has been identified
in ALL cell lines. (Milani et al, 2009)

In this way it has been found some improperly methylated genes that are involved in the
p53 pathway suggesting that despite not having an activating mutation of this gene in
ALL, there is an abnormal function of p53 mediated by epigenetic mechanisms. In fact,
hypermethylation of genes involved in the TP53 pathway is an independent poor prog‐
nostic factor in patients with ALL. (Zornoza et al, 2011)

3. Growth factor receptors: They are altered in many cancers. A deletion of the ligand bind‐
ing domain causes constitutive receptor activation in the absence of ligand binding sites
of interaction by providing cytoplasmic proteins containing the SRC homology domain
binding and other domains, this way deregulates multiple signaling pathways. Vascular
endothelial growth factor (VEGF) regulates hypoxia-dependent control of gene transcrip‐
tion. VEGF activity is mediated by three tyrosine kinase receptors: VEGFR1 (FLT1),
VEGFR2 (Flk1-KDR) and VEGFR3 (FLT4).

The importance of angiogenesis and signaling pathways related to angiogenesis in the
growth and expansion of cells in acute leukemia has been well established. In vitro in the
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leukemic cell, activation of VEGFR1 (FLT1) promotes cell migration and proliferation,
whereas in vivo cells overexpressing FLT-1It accumulate in the bone marrow.

At the same time, the FLT-1 neutralization affects leukemia cell location (now in the bone
marrow of the diaphysis), increased apoptosis, and prevents their departure to other tis‐
sues, which prolongs survival of mice inoculated. (Fragoso et al, 2006)

4. Signal transducers: They on the binding of receptor tyrosine kinases, to appropriate li‐
gand receptor, lead to reorganization and autophosphorylation of tyrosine in the intra‐
cellular portion of the molecules, this increases the activity of the receptor or receptor
interaction promotes intracytoplasmic domain with other proteins such as with the SRC
homology domains. (Croce, 2008)

5. Regulators of apoptosis:Regulators that finally lead to apoptosis, where the BCL2 gene
encodes for a cytoplasmic protein that is localized in the mitochondria and increases the
survival of the cell by inhibiting apoptosis.

Cytogenetics in acute lymphoblastic leukemia

The cytogenetic studies of human neoplasia began in 1960 with the discovery by Nowell
and Hungerford  of  the  Philadelphia  chromosome in  individuals  with  chronic  myeloge‐
nous leukemia. Thirteen years after, Rowley performed chromosomal banding techniques
and defined the origin of the Philadelphia chromosome as the result of the chromosomal
translocation t(9;22)(q34;q11). (Mitelman et al, 2007; Croce, 2008; Pui et al, 2011; Dowing et
al, 2012) These findings established the beginning for the cytogenetic studies of many sol‐
id and hematologic tumors. Currently, it has been consolidated a public database (Mitel‐
man Database of Chromosome Aberrations and Gene Fusions in Cancer) containing 61,846
reported cases of cytogenetic studies and 975 different gene fusions in diverse human tu‐
mors. (Mitelman et al, 2012)

The ALL is the most common malignancy in pediatric population with a frequency of 19.7%.
It is markedly different from the frequency observed in adults (1.2%). In both groups, the
commitment of B-cell lineage is most frequent than the T-cell lineage. The variety of chromo‐
somal abnormalities observed during the malignant development is also different between
pediatric and adult ALL. The chromosomal abnormalities most frequent in pediatric ALL are
the t(12;21)(p13;q22) with the ETV6-RUNX1 gene fusion (21%) and hiperdiploidy of >50 chro‐
mosomes (19%). In adult ALL the most recurrent chromosomal abnormalities are the t(9;22)
(q34;q11) with the BCR-ABL1 gene fusion (25%) and MLL (11q23) gene fusions (10%). (Dowing
et al, 2012)

The chromosomal translocation t(9;22) fuses the tyrosine kinase ABL1  (v-abl Abelson mur‐
ine leukemia viral oncogene homolog 1) gene located on 9q34 band with the BCR (Breakpoint
Cluster Region) gene situated on 22q11 band raising the 5’-BCR/ABL1-3’ gene fusion. Vari‐
ous forms of this hybrid gene are generated depending on the breakpoint at BCR gene oc‐
curred. The e13a2 and e14a2 BCR/ABL1 transcripts code for a 210 KD protein and the e19a2
produces  a  230  KD protein.  These  isoforms are  related  mainly  to  CML.  The  e1a2  tran‐
script codes for a 190 KD protein which is mostly related to ALL and a trend towards poor‐
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er therapy outcome. Currently,  BCR/ABL1 expressing cells can be selectively killed with
the Imatinib (or STI571, imatinib mesylate, Gleevec or Glivec; Novartis) which inhibits the
excessive tyrosine kinase activity of the hybrid protein. Most of the patients achieve com‐
plete remission with this approach; however, sometimes relapse occurs mainly by muta‐
tions in the ABL1  segment that  render resistance to the Imatinib.  (Mitelman et  al,  2007;
Croce, 2008; Pui et al, 2011; Dowing et al, 2012)

During the progression of the disease multiple genetic alterations accumulate over time being
selected by their potential to give fitness advantage to the new clones. Irrespective which is
the primary change, the most frequent secondary numerical chromosomal changes in ALL are
+X, +6, -7, +8, and +21; whereas, the most recurrent secondary structural aberrations are
dup(1q), i(7q)(q10), and der(22)t(9;22). (Johansson et al, 1994)

Leukemia and immunity

Although little is known about the etiology of leukemia, this has a multifactorial behav‐
ior with risk factors that may contribute to its development such as ionizing radiation, che‐
motherapy and chromosomal abnormalities. (Han et al, 2010) By other hand, there are three
hypotheses one called delayed infection, the second population mixing and the third hy‐
giene hypothesis,  (Strachan, 1989; Kinlen, 1995; Greaves,  2006) the first  two suggest that
the immune system deficiency in an early stage of development can cause an abnormal im‐
mune response to infections which may arise in the development of human beings. Both
hypotheses are similar to third called hygiene hypothesis, which explains an increase in al‐
lergies in Western populations. (Chang et al, 2010) Although most studies support to infec‐
tions and immune system factors in the etiology of ALL, little is known about the role of
genes in this etiology. The relation of immune system in the ALL is a complex process that
involves the interaction of many cells that including leukocytes, epithelial barriers, comple‐
ment proteins,  colexinas,  pentraxins,  cytokines (TNF, IL-1,  chemokines,  IL-2,  IFN type I,
IFN etc.), Th1, Th2, Treg and Th17 cells, CD28, FCGR2, GATA3, STAT4, STAT6 and may
other.  (Chang et al,  2010) Variations in the genes of these cells can affect their develop‐
ment and function in the immune response and therefore it may increase susceptibility to
developing ALL. (Han et al, 2010; Chang et al, 2010) Moreover it was found that the CD47
molecule protects the macrophage leukemic clones to bind to a molecule on the surface of
these cells. The interaction between macrophages and leukemic cells inhibits macrophage
specific  action  which  allows  the  cancer  cell  to  proliferate.  So  that  although  the  macro‐
phage plays an important role in the destruction of cancer cells, leukemic cells with great‐
er metabolic potential, and the potential escapes annihilating the macrophage. (Tesniere et
al,  2008;  Jaiswal  et  al,  2009)  In  the  innate  immune system,  macrophages  and other  im‐
mune cells involved in immune surveillance protect the body permanently cell rate unex‐
pectedly mutates.  In contrast,  the adaptive immune system through T and B cells  upon
activation attempt to destroy leukemic cells; however these also evade cellular immunity.
It has been shown that the human genome sequencing is useful to identify oncogenic mu‐
tations useful in predicting the diagnosis, prognosis and therapeutic choice. What has pro‐
vided important insights into the pathogenesis of leukemias. (Kalender et al, 2012)
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Polymorphisms environmental in leukemia

Although the clinical and biological aspects of the ALL are well documented, little is known
about individual susceptibility. Polymorphic variants of several genes, diet, environmental
exposure to carcinogens and individualities of immune system are potential factors that could
be increase predisposition to leukemia. (Buffleret al., 2005) However some speculation exist
about the mechanism of the potential agents carcinogenic that could cause such alterations to
ALL origin.(Smith, 1996; Kamdar et al., 2011)

Polymorphisms in the via of folate metabolism

The genetic regulation of folate metabolism have been the focus of many investigations that
may influence in the preleukemic clone origin, by the via DNA hypomethylation of key reg‐
ulatory genes, as well as uracil misincorporation into DNA leading to double-strand breaks
and chromosomal aberrations.(Kamdar et al., 2011) The presence of some polymorphisms in
genes involved in folate metabolism (MTHFR, MTR, CBS, SHMT1 and TYMS) may cause de‐
ficiency in the enzyme activity and lead to inadequate folate metabolism and hypomethylation
of DNA, which may lead to a neoplastic process. (Sharp and Little, 2004; Kamdar et al., 2011)
The insufficient input of folate produces elevated plasma concentration of Homocysteine (Hcy)
and adenosylmethionine (SAM) elevation, so that SAM is inhibitor methyltransferase enzyme.
(Sharp et al., 2004) This inhibition may alter both, the DNA methylation process, and the reg‐
ulation of gene expression. (Sharpand Little, 2004; Lightfoot et al., 2010) The hypomethylation
is associated with activation of oncogenes and neoplastic processes, whereas the hyperme‐
thylation of CpG islands in promoter regions, of some tumor suppressor genes, prevents the
transcription and promotes the development of tumors. (Das and Singal, 2004) (figure 4) As‐
sociations studies have been developed to identify genetic variants associated with ALL sus‐
ceptibility, among them are: methylenetetrahydrofolatereductase (MTHFR), an enzyme that
participates in Hcy and folate metabolism, plays an important role in DNA methylation and
provision of nucleotides for DNA synthesis. (Robien and Ulrich, 2003)

Variations in the MTHFR gene sequence may result in enzymatic deficiency, low plasma folate
levels and hyperhomocysteinemia, a risk factor for many diseases as: coronary diseases, neural
tube defects, cancer, and leukemia, among others. (Lordelo et al, 2011) Association studies
have been described between C677T and A1298C MTHFR polymorphisms and risk of leuke‐
mia (Skibola et al, 1999; Franco et al., 2001; Robien and Ulrich, 2003; Gallegos et al, 2008), which
produces an decreased catalytic activity of MTHFR and subsequent availability of 5,10-MeTHF
and SAM, have been extensively studied in relation to childhood leukemia, these findings have
been inconsistent and their frequency vary among ethnic groups.(Robien and Ulrich, 2003)

Methionine synthase (MTR): Other studied polymorphisms, in association with ALL, are the
missense polymorphism MTR c.2756A>G (D919G), that has been reported that alter the sus‐
ceptibility to various cancers, (Linnebank et al, 2004; Yu et al, 2010) however the results have
been contradictories. MTR is a vitamin B12-dependent enzyme, which catalyzes the remethy‐
lation of Hcy to methionine and the demethylation of 5-meTHF to THF, and has influence on
DNA methylation, as well as on nucleic acid synthesis (Greene, 2010) (figure 4). A meta-anal‐
ysis including 24896 cancer patients and 33862 controls, from 52 published papers, for MTR
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A2756G was reviewed. Overall, individuals carrying MTR 2756GG genotype had a reduced
cancer risk, under a recessive genetic model, in European populations. However, in Asian
populations, it has a significantly high association. In stratified studies by tumor site, there
was a statistically significant reduced risk with ALL. (Yu et al, 2010)

Cystathionine-β-synthase (CBS; gene localized to 21q22.3), the polymorphism most studied
with leukemia are T833C, that co-segregates with 844ins68, and the G919A. (Ge et al, 2011) The
frequencies of these polymorphisms are variable depending of the studied populations. The
CBS participate in the trans-sulfuration pathway, catalyzes the condensation of serine and Hcy
to form cystathionine, an intermediate step in the synthesis of cysteine. (figure 4) The 844ins68
polymorphism was associated in Down Syndrome (DS) with leukemia myeloblasts, detecting
a 4.6-fold higher rate (P < 0.001) when compared to non-DS individuals. (Ge et al, 2011) The
biological function of this polymorphism is even contradictory, it has been demonstrated that
carriers of 844ins68 have significantly lower total plasma Hcy levels, after a methionine load,
and concluded that this polymorphism was associated with higher CBS enzyme activities. (Ge
et al, 2011)
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Polymorphisms environmental in leukemia

Although the clinical and biological aspects of the ALL are well documented, little is known
about individual susceptibility. Polymorphic variants of several genes, diet, environmental
exposure to carcinogens and individualities of immune system are potential factors that could
be increase predisposition to leukemia. (Buffleret al., 2005) However some speculation exist
about the mechanism of the potential agents carcinogenic that could cause such alterations to
ALL origin.(Smith, 1996; Kamdar et al., 2011)

Polymorphisms in the via of folate metabolism

The genetic regulation of folate metabolism have been the focus of many investigations that
may influence in the preleukemic clone origin, by the via DNA hypomethylation of key reg‐
ulatory genes, as well as uracil misincorporation into DNA leading to double-strand breaks
and chromosomal aberrations.(Kamdar et al., 2011) The presence of some polymorphisms in
genes involved in folate metabolism (MTHFR, MTR, CBS, SHMT1 and TYMS) may cause de‐
ficiency in the enzyme activity and lead to inadequate folate metabolism and hypomethylation
of DNA, which may lead to a neoplastic process. (Sharp and Little, 2004; Kamdar et al., 2011)
The insufficient input of folate produces elevated plasma concentration of Homocysteine (Hcy)
and adenosylmethionine (SAM) elevation, so that SAM is inhibitor methyltransferase enzyme.
(Sharp et al., 2004) This inhibition may alter both, the DNA methylation process, and the reg‐
ulation of gene expression. (Sharpand Little, 2004; Lightfoot et al., 2010) The hypomethylation
is associated with activation of oncogenes and neoplastic processes, whereas the hyperme‐
thylation of CpG islands in promoter regions, of some tumor suppressor genes, prevents the
transcription and promotes the development of tumors. (Das and Singal, 2004) (figure 4) As‐
sociations studies have been developed to identify genetic variants associated with ALL sus‐
ceptibility, among them are: methylenetetrahydrofolatereductase (MTHFR), an enzyme that
participates in Hcy and folate metabolism, plays an important role in DNA methylation and
provision of nucleotides for DNA synthesis. (Robien and Ulrich, 2003)

Variations in the MTHFR gene sequence may result in enzymatic deficiency, low plasma folate
levels and hyperhomocysteinemia, a risk factor for many diseases as: coronary diseases, neural
tube defects, cancer, and leukemia, among others. (Lordelo et al, 2011) Association studies
have been described between C677T and A1298C MTHFR polymorphisms and risk of leuke‐
mia (Skibola et al, 1999; Franco et al., 2001; Robien and Ulrich, 2003; Gallegos et al, 2008), which
produces an decreased catalytic activity of MTHFR and subsequent availability of 5,10-MeTHF
and SAM, have been extensively studied in relation to childhood leukemia, these findings have
been inconsistent and their frequency vary among ethnic groups.(Robien and Ulrich, 2003)

Methionine synthase (MTR): Other studied polymorphisms, in association with ALL, are the
missense polymorphism MTR c.2756A>G (D919G), that has been reported that alter the sus‐
ceptibility to various cancers, (Linnebank et al, 2004; Yu et al, 2010) however the results have
been contradictories. MTR is a vitamin B12-dependent enzyme, which catalyzes the remethy‐
lation of Hcy to methionine and the demethylation of 5-meTHF to THF, and has influence on
DNA methylation, as well as on nucleic acid synthesis (Greene, 2010) (figure 4). A meta-anal‐
ysis including 24896 cancer patients and 33862 controls, from 52 published papers, for MTR
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A2756G was reviewed. Overall, individuals carrying MTR 2756GG genotype had a reduced
cancer risk, under a recessive genetic model, in European populations. However, in Asian
populations, it has a significantly high association. In stratified studies by tumor site, there
was a statistically significant reduced risk with ALL. (Yu et al, 2010)

Cystathionine-β-synthase (CBS; gene localized to 21q22.3), the polymorphism most studied
with leukemia are T833C, that co-segregates with 844ins68, and the G919A. (Ge et al, 2011) The
frequencies of these polymorphisms are variable depending of the studied populations. The
CBS participate in the trans-sulfuration pathway, catalyzes the condensation of serine and Hcy
to form cystathionine, an intermediate step in the synthesis of cysteine. (figure 4) The 844ins68
polymorphism was associated in Down Syndrome (DS) with leukemia myeloblasts, detecting
a 4.6-fold higher rate (P < 0.001) when compared to non-DS individuals. (Ge et al, 2011) The
biological function of this polymorphism is even contradictory, it has been demonstrated that
carriers of 844ins68 have significantly lower total plasma Hcy levels, after a methionine load,
and concluded that this polymorphism was associated with higher CBS enzyme activities. (Ge
et al, 2011)
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Serine Hydroxymethyltransferase 1 (SHMT1)

Cytosolic SHMT1 regulates 5,10-MeTHF,that acts as substrate for MTHFR. The 1420C>T poly‐
morphism of this gene reduces circulating folate levels, and may mimic folate deficiency, con‐
sequently shunting 5,10-MeTHF towards DNA synthesis, and have been shown that moderate
the risk of hematological malignancies. (Lightfoot et al, 2005) Folate is a component important
in the development of the embryogenesis and early fetal development, via its effects on DNA
methylation and synthesis. Then, the well-documented in utero origin of ALL has led to hy‐
pothesize that deficient folate intake may be important in its etiology. (Lightfoot et al, 2005; de
Jonge et al, 2009)

Thymidylate Synthase (TYMS)

Thymidylate synthase (TS) has been shown to moderate the risk of hematological malignan‐
cies. (Valiket al, 2004; Lightfoot et al, 2005) Although, it has been proposed that arise by genetics
and environmental factors. (Krajinovic et al, 2004) Consistent with this paradigm, variants of
genes involved in xenobiotic metabolism, DNA repair pathway and cell cycle checkpoint
functions, have been shown to influence the susceptibility to ALL. (Pui, 2009) Many enzymes
are involved in the folate metabolism, among which, thymidylate synthase (TS) is a crucial
enzyme and hence a good candidate for studying the effect of polymorphisms in the folate
metabolism gene, on the development of malignancies. TS, encoded by the TS, gene located
on chromosome 18p11.32, plays a vital role in maintaining a balanced supply of deoxynucleo‐
tides, required for DNA synthesis and repair, by catalyzing the conversion of dUMP to dTMP.
(Nazki et al, 2012)

The polymorphisms in TYMS gene include a 6-bp deletion (1494del6), in the 3′-untranslated
region of TS that influences RNA levels; and a polymorphic tandem 28-bp repeat sequence
within the promoter enhancer region of TS, where the triple repeat increases gene expression
levels and reduces DNA damage. In fact, it is thought that the input of deoxynucleotides for
DNA synthesis is controlled by TYMS, which has a polymorphic tandem repeat sequence
within the promoter enhancer region containing a double (2R)or triple (3R) 28–bp repeat. The
presence of the triple repeat leads to increased levels of gene expression and a reduction in
DNA damage. (Skibola et al, 2004; Lightfoot et al, 2010) Methotrexate, an antifolic acid agent,
has demonstrated to be an effective chemotherapeutic drug for the treatment of lymphoid
malignancies, indicating an association between the folate metabolism and the development
of such malignancies. (Hishidaet al, 2003) This increased expression may, in turn, increase the
conversion of dUMP to dTMP, thereby; decreasing uracil levels and the consequent erroneous
incorporation of uracil into DNA of rapidly dividing hematopoietic stem cells, and could work
protectively against the development of ALL. (Skibola et al, 2004) The TS 28-bp repeat poly‐
morphism has been shown to modulate the risk of ALL in various populations, but the ob‐
tained results are controversial and require further investigation to be confirmed and clarified.
(Skibola et al, 2004; deJonge et al, 2009)

Polymorphisms in the xenobiotics metabolism

An ability that man has acquired in the course of evolution is the way to metabolize foreign
compounds for the body to facilitate disposal. These compounds are called xenobiotics, in food
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and the environment are mostly lipophilic, so it tends to accumulate in lipophilic environments
the body and are difficult to remove so they tend to trigger toxicity phenomena. (Gonzalez
and Gelboin, 1994) The liver removes lipophilic xenobiotics, through a set of known reactions
of biotransformation. The end result is the formation of metabolites less lipophilic and more
soluble, which are easily eliminated in the urine or bile compounds. That is why these reactions
are known as detoxification or deactivation. (DeAnn, 1998) In this sense, drugs are a class of
compounds that are absorbed xenobiotics on the body and distributed in body fluids, tissue
and organ. Where exert their pharmacological action and pharmacodynamics specified; only
a small part reaches the tissue-receptor-target enzyme, while most are metabolized and elim‐
inated. (Sheweita, 2000) Moreover, the processes of biotransformation of xenobiotics are sub‐
divided into two phases: phase I metabolism, carried out by two families of enzymes
oxygenases: those dependent on cytochrome P450 (CYP450) monooxygenases and the flavin
(FMO). Their metabolism is characterized by the action of chemical processes of different na‐
ture mainly oxidation, oxygenation, reduction and hydrolysis, so as dealquilations and deha‐
logenations. These chemical reactions produce metabolites capable of binding covalently to
endogenous molecules such as glucuronic acids, glutathione, sulfate and amino acids that
generate conjugates, which are metabolized by Phase II which is characterized by solubility in
generating molecules and decreased toxicity, generated by the modification of new functional
groups, which transform the more polar metabolite, which facilitates their removal. In this
regard, when a drug enters the body usually is modified by conjugation reactions to be easily
removed. However, when there modifications in the concentrations concentration (high or
low) of enzymes that perform the conjugation process and if the xenobiotic is lipophilic nature,
tends to accumulate in the cell, which will lead to different processes: 1) accumulation of re‐
active metabolites adduct forming with DNA, 2) formation of a toxic compound 3) a nontoxic
compound becomes a toxic derivative. This generates secondary metabolic pathways may
have a carcinogenic action, toxicological, genotoxic or mutagenic in the body. (Marmiroli and
Maestri, 2008) Different studies in the literature have suggested the association of polymor‐
phisms in genes involved in xenobiotic metabolism phase I and II in patients with leukemia.
(Aydin et al, 2006; Gallegos et al,2008, Lordelo et al, 2011)

Secondary leukemias

Secondary hematological malignancies represent a serious complication of cancer treatment.
Usually manifiest as acute leukemia and MDS, and known more about these could eventually
help reduce its appearance (Levine and Blomifield, 1992). It is known that this type of leuke‐
mias may arise as a result of exposure to cytotoxic treatments (with genotoxicity secondary
effects) and/or radiotherapy (RT) and as a result of other hematological disorders (Harris et
al, 1999; Brunning et al, 2001), and possibly also, product of environment or genetic causes.
(Levine and Blomifield, 1992) In most cases it is proposed that the mechanism of leukemo‐
genesis is associated with DNA damage in hematopoietic cells of the bone marrow by agents
such as those used in chemotherapy (CT). (Levine and Blomifield, 1992) Although most sec‐
ondary leukemias are acute AML, there have been reports of lymphoid leukemia and CML is
associated with CT. (Andersen et al, 2000; Krishnan et al, 2000; Pedersen-Bjergaard et al, 2002)
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Serine Hydroxymethyltransferase 1 (SHMT1)

Cytosolic SHMT1 regulates 5,10-MeTHF,that acts as substrate for MTHFR. The 1420C>T poly‐
morphism of this gene reduces circulating folate levels, and may mimic folate deficiency, con‐
sequently shunting 5,10-MeTHF towards DNA synthesis, and have been shown that moderate
the risk of hematological malignancies. (Lightfoot et al, 2005) Folate is a component important
in the development of the embryogenesis and early fetal development, via its effects on DNA
methylation and synthesis. Then, the well-documented in utero origin of ALL has led to hy‐
pothesize that deficient folate intake may be important in its etiology. (Lightfoot et al, 2005; de
Jonge et al, 2009)

Thymidylate Synthase (TYMS)

Thymidylate synthase (TS) has been shown to moderate the risk of hematological malignan‐
cies. (Valiket al, 2004; Lightfoot et al, 2005) Although, it has been proposed that arise by genetics
and environmental factors. (Krajinovic et al, 2004) Consistent with this paradigm, variants of
genes involved in xenobiotic metabolism, DNA repair pathway and cell cycle checkpoint
functions, have been shown to influence the susceptibility to ALL. (Pui, 2009) Many enzymes
are involved in the folate metabolism, among which, thymidylate synthase (TS) is a crucial
enzyme and hence a good candidate for studying the effect of polymorphisms in the folate
metabolism gene, on the development of malignancies. TS, encoded by the TS, gene located
on chromosome 18p11.32, plays a vital role in maintaining a balanced supply of deoxynucleo‐
tides, required for DNA synthesis and repair, by catalyzing the conversion of dUMP to dTMP.
(Nazki et al, 2012)

The polymorphisms in TYMS gene include a 6-bp deletion (1494del6), in the 3′-untranslated
region of TS that influences RNA levels; and a polymorphic tandem 28-bp repeat sequence
within the promoter enhancer region of TS, where the triple repeat increases gene expression
levels and reduces DNA damage. In fact, it is thought that the input of deoxynucleotides for
DNA synthesis is controlled by TYMS, which has a polymorphic tandem repeat sequence
within the promoter enhancer region containing a double (2R)or triple (3R) 28–bp repeat. The
presence of the triple repeat leads to increased levels of gene expression and a reduction in
DNA damage. (Skibola et al, 2004; Lightfoot et al, 2010) Methotrexate, an antifolic acid agent,
has demonstrated to be an effective chemotherapeutic drug for the treatment of lymphoid
malignancies, indicating an association between the folate metabolism and the development
of such malignancies. (Hishidaet al, 2003) This increased expression may, in turn, increase the
conversion of dUMP to dTMP, thereby; decreasing uracil levels and the consequent erroneous
incorporation of uracil into DNA of rapidly dividing hematopoietic stem cells, and could work
protectively against the development of ALL. (Skibola et al, 2004) The TS 28-bp repeat poly‐
morphism has been shown to modulate the risk of ALL in various populations, but the ob‐
tained results are controversial and require further investigation to be confirmed and clarified.
(Skibola et al, 2004; deJonge et al, 2009)

Polymorphisms in the xenobiotics metabolism

An ability that man has acquired in the course of evolution is the way to metabolize foreign
compounds for the body to facilitate disposal. These compounds are called xenobiotics, in food
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and the environment are mostly lipophilic, so it tends to accumulate in lipophilic environments
the body and are difficult to remove so they tend to trigger toxicity phenomena. (Gonzalez
and Gelboin, 1994) The liver removes lipophilic xenobiotics, through a set of known reactions
of biotransformation. The end result is the formation of metabolites less lipophilic and more
soluble, which are easily eliminated in the urine or bile compounds. That is why these reactions
are known as detoxification or deactivation. (DeAnn, 1998) In this sense, drugs are a class of
compounds that are absorbed xenobiotics on the body and distributed in body fluids, tissue
and organ. Where exert their pharmacological action and pharmacodynamics specified; only
a small part reaches the tissue-receptor-target enzyme, while most are metabolized and elim‐
inated. (Sheweita, 2000) Moreover, the processes of biotransformation of xenobiotics are sub‐
divided into two phases: phase I metabolism, carried out by two families of enzymes
oxygenases: those dependent on cytochrome P450 (CYP450) monooxygenases and the flavin
(FMO). Their metabolism is characterized by the action of chemical processes of different na‐
ture mainly oxidation, oxygenation, reduction and hydrolysis, so as dealquilations and deha‐
logenations. These chemical reactions produce metabolites capable of binding covalently to
endogenous molecules such as glucuronic acids, glutathione, sulfate and amino acids that
generate conjugates, which are metabolized by Phase II which is characterized by solubility in
generating molecules and decreased toxicity, generated by the modification of new functional
groups, which transform the more polar metabolite, which facilitates their removal. In this
regard, when a drug enters the body usually is modified by conjugation reactions to be easily
removed. However, when there modifications in the concentrations concentration (high or
low) of enzymes that perform the conjugation process and if the xenobiotic is lipophilic nature,
tends to accumulate in the cell, which will lead to different processes: 1) accumulation of re‐
active metabolites adduct forming with DNA, 2) formation of a toxic compound 3) a nontoxic
compound becomes a toxic derivative. This generates secondary metabolic pathways may
have a carcinogenic action, toxicological, genotoxic or mutagenic in the body. (Marmiroli and
Maestri, 2008) Different studies in the literature have suggested the association of polymor‐
phisms in genes involved in xenobiotic metabolism phase I and II in patients with leukemia.
(Aydin et al, 2006; Gallegos et al,2008, Lordelo et al, 2011)

Secondary leukemias

Secondary hematological malignancies represent a serious complication of cancer treatment.
Usually manifiest as acute leukemia and MDS, and known more about these could eventually
help reduce its appearance (Levine and Blomifield, 1992). It is known that this type of leuke‐
mias may arise as a result of exposure to cytotoxic treatments (with genotoxicity secondary
effects) and/or radiotherapy (RT) and as a result of other hematological disorders (Harris et
al, 1999; Brunning et al, 2001), and possibly also, product of environment or genetic causes.
(Levine and Blomifield, 1992) In most cases it is proposed that the mechanism of leukemo‐
genesis is associated with DNA damage in hematopoietic cells of the bone marrow by agents
such as those used in chemotherapy (CT). (Levine and Blomifield, 1992) Although most sec‐
ondary leukemias are acute AML, there have been reports of lymphoid leukemia and CML is
associated with CT. (Andersen et al, 2000; Krishnan et al, 2000; Pedersen-Bjergaard et al, 2002)
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The AML are hematologic malignancies characterized by the uncontrolled myeloid blast pro‐
liferation in the bone marrow and in peripheral tissues. (Sevilla et al, 2002) Differ according to
the cytological, immunophenotypic and cytogenetic characteristics. (Paietta, 1995; Head, 1996)
On the other hand the MDS are dis-hematopoietics processes of bone marrow, characterized
by alteration in the maturation and differentiation of hematopoietic cell lines (with involve‐
ment of one, two or all three blood cell lineages) and in some cases, by the presence of bone
marrow blasts, without showing acute leukemia criteria. (Bennet et al, 1982; Cheson, 1997)

The term secondary leukemia has referred to the development of AML as result of CT treat‐
ment, particularly alkylating agents (Levine and Blomifield, 1992) or topoisomerase II inhib‐
itors, RT, or by exposure to environmental carcinogens (Harris et al, 1999; Brunning et al,
2001). Within the term of secondary acute leukemias (SAL) different entities are grouped
by etiopathogenesis,  prognosis and response to therapy. In general can be distinguished
two groups: those that are a result of exposure to cytotoxic treatments such as CT and/or
RT and those that are a result of the final evolution of other hematological disorders, such
as, myeloproliferative syndromes, MDS, paroxysmal nocturnal hemoglobinuria. (Harris et
al, 1999; Brunning et al, 2001)

In close relationship with these two groups of SAL also found leukemias result from environ‐
mental or occupational exposure to carcinogens, (Levine and Blomifield, 1992) or those that
develop in patients with genetic disorders as chromosomal fragility syndromes such as Fan‐
coni anemia and Bloom syndrome (Popp and Bohlander, 2010)

The increase is due to the increased number of survivors of other forms of cancer, (Ng et al,
2000) is important to know more about SAL, especially AML or MDS relating to previous
therapies (AML-PT, MDS-PT). The cumulative risk of developing AML-PT/MDS-PT after ten
years of receiving CT for breast cancer, non-Hodgkin´s lymphoma, ovarian cancer or Hodgkin
´s disease, has been estimated at 1.5, 7.9, 8.5, and 3.8% respectively. (Bolufer et al, 2006) More‐
over, generally the cases of AML-PT/MDS-PT, the primary disease may be a solid tumor, other
haematological malignancy or non-malignant disorder.

Today it is clear that AML-PT/MDS-PT can develop after exposure to cytotoxic CT with alky‐
lating agents, topoisomerase II inhibitors, and/or RT, for the treatment of other neoplasias or
in treating non-malignant disorders. In this sense, has been described after the use of immu‐
nosuppressants such as azathioprine (Harris et al, 1999; Brunning et al, 2001). While the study
of these entities has been important, the maximum latency between exposure to leukemogenic
agent and the development of AML-PT/MDS-PT has not been established with certainty.

Due to history of exposure to certain agents and the association with some cytogenetic abnor‐
malities characteristic, two groups are recognized in AML-PT/MDS-PT: (Harris et al, 1999;
Brunning et al, 2001)

Which appears as a result of the mutagenic effect of alkylating agents treatment, ionizing ra‐
diation or both, that occur after a long latency period between 5 to 7 years of exposure to
cytotoxic agents and often show a phase of myelodysplasia prior to the evolution to AL, and
often show a phase of myelodysplasia prior to the evolution to AL, which often produce al‐
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terations of chromosomes 5 and 7, (-5/5q- and -7/7q-) frequently refractory to treatment. (An‐
dersen and Pedersen, 2000)

Those in patients treated with drugs that inhibit DNA-topoisomerase II as epipodophyllotox‐
ins and anthracyclines, with a short latency period of between 2 to 3 years, without prior
myelodysplasia phase and in which observed balanced translocations as 11q23 (MLL) and
21q22 (AML1/RUNX1), although there are some discrepancies. The treatment response is not
significantly different from those of patients with de novo AML. (Penderse, 2002)

Leukemias have been associated with exposure to various agents as benzene and its metab‐
olites (phenol, hydroquinone), environmental carcinogens demonstrated relationship to in‐
creased  risk  of  developing  leukemia.  (Lan  et  al,  2004)  Other  compounds  studied  with
controversial relationship, are some agricultural pesticides, heavy metals, smoke snuff, alco‐
hol intake and exposure to cosmic rays of airlines pilots. (Larson, 2007) Ionizing radiation
is a known leukemogenic agent and the main action mechanism includes the breakage of
the DNA strands which can cause the aforementioned chromosomal deletions and translo‐
cations. Breaks may result from a direct effect of high doses of radiation or indirectly by
free radicals generation. Furthermore, ionizing radiation can induce changes of bases in the
DNA sequences,  crosslinking strands,  multiple damages or epigenetic  alterations (Finch,
2007). In the case of RT, induced leukemia seems to start in the first 5 years after expo‐
sure, peaks at 10 years and decreases significantly after 15 years. The relative incidence of
leukemias by RT is dose dependent, duration of exposure, and area of exposed bone mar‐
row. (Finch, 2007) Fractionated doses of radiation are less leukemogenic than higher sin‐
gle doses, because it allows greater efficiency of DNA repair mechanisms. The leukemogenic
risk appears  to  be greater  when low-dose exposure affects  large areas of  bone marrow,
whereas high doses of radiation over limited areas appear to have less effect. This is attrib‐
uted to increased apoptosis induced by high doses of radiation on cells exposed. (Inskip,
1999; Smith et al, 2002) Estimates show, that patients undergoing RT for the treatment of
malignancies or other non-malignant diseases has a risk of two to three times more to de‐
velop AML-PT/MDS-PT. (Smith et al, 2002) On the other hand, a younger ages at the time
of  exposure,  greater  the  leukemogenic  risk.  The increased risk for  developing AML-PT/
MDS-PT, after treatment of non Hodkin lymphomas, breast cancer, cervical cancer and ute‐
rine body and Ewing’s sarcoma, is attributed to the use of RT, while associated with Hodg‐
kin’s disease, ovarian cancer and testicular cancer, has been associated with the use of CT.
(Levine and Blomifield, 1992; van Leeuwen et al, 1994; Inskip, 1999; Smith et al, 2002)

Many drugs used as CT in the treatment of a primary cancer, have been linked to the subse‐
quent development of AML-PT/MDS-PT, thus, alkylating agents were the first to be evidenced
leukemogenic potential, (Pedersen, 2002) effect related to the cumulative dose of the drug, the
effect being greater with increasing patient age (Pedersen, 2002). All alkylating agents have
effect leukemogenic, such is the case of drugs such as mechlorethamine, procarbazine, chlor‐
ambucil, cyclophosphamide, melphalan, semustine, lomustine, carmustine, prednimustine,
busulfan. However, although the relative risk leukemogenic of these drugs has not been de‐
finitively established, drugs such melphalan and busulfan seem to condition an increased riesk
than others as cyclophosphamide for reason which are unknown. (Stott et al, 1977; Greene et
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The AML are hematologic malignancies characterized by the uncontrolled myeloid blast pro‐
liferation in the bone marrow and in peripheral tissues. (Sevilla et al, 2002) Differ according to
the cytological, immunophenotypic and cytogenetic characteristics. (Paietta, 1995; Head, 1996)
On the other hand the MDS are dis-hematopoietics processes of bone marrow, characterized
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ment of one, two or all three blood cell lineages) and in some cases, by the presence of bone
marrow blasts, without showing acute leukemia criteria. (Bennet et al, 1982; Cheson, 1997)
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by etiopathogenesis,  prognosis and response to therapy. In general can be distinguished
two groups: those that are a result of exposure to cytotoxic treatments such as CT and/or
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as, myeloproliferative syndromes, MDS, paroxysmal nocturnal hemoglobinuria. (Harris et
al, 1999; Brunning et al, 2001)

In close relationship with these two groups of SAL also found leukemias result from environ‐
mental or occupational exposure to carcinogens, (Levine and Blomifield, 1992) or those that
develop in patients with genetic disorders as chromosomal fragility syndromes such as Fan‐
coni anemia and Bloom syndrome (Popp and Bohlander, 2010)

The increase is due to the increased number of survivors of other forms of cancer, (Ng et al,
2000) is important to know more about SAL, especially AML or MDS relating to previous
therapies (AML-PT, MDS-PT). The cumulative risk of developing AML-PT/MDS-PT after ten
years of receiving CT for breast cancer, non-Hodgkin´s lymphoma, ovarian cancer or Hodgkin
´s disease, has been estimated at 1.5, 7.9, 8.5, and 3.8% respectively. (Bolufer et al, 2006) More‐
over, generally the cases of AML-PT/MDS-PT, the primary disease may be a solid tumor, other
haematological malignancy or non-malignant disorder.

Today it is clear that AML-PT/MDS-PT can develop after exposure to cytotoxic CT with alky‐
lating agents, topoisomerase II inhibitors, and/or RT, for the treatment of other neoplasias or
in treating non-malignant disorders. In this sense, has been described after the use of immu‐
nosuppressants such as azathioprine (Harris et al, 1999; Brunning et al, 2001). While the study
of these entities has been important, the maximum latency between exposure to leukemogenic
agent and the development of AML-PT/MDS-PT has not been established with certainty.

Due to history of exposure to certain agents and the association with some cytogenetic abnor‐
malities characteristic, two groups are recognized in AML-PT/MDS-PT: (Harris et al, 1999;
Brunning et al, 2001)

Which appears as a result of the mutagenic effect of alkylating agents treatment, ionizing ra‐
diation or both, that occur after a long latency period between 5 to 7 years of exposure to
cytotoxic agents and often show a phase of myelodysplasia prior to the evolution to AL, and
often show a phase of myelodysplasia prior to the evolution to AL, which often produce al‐
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terations of chromosomes 5 and 7, (-5/5q- and -7/7q-) frequently refractory to treatment. (An‐
dersen and Pedersen, 2000)

Those in patients treated with drugs that inhibit DNA-topoisomerase II as epipodophyllotox‐
ins and anthracyclines, with a short latency period of between 2 to 3 years, without prior
myelodysplasia phase and in which observed balanced translocations as 11q23 (MLL) and
21q22 (AML1/RUNX1), although there are some discrepancies. The treatment response is not
significantly different from those of patients with de novo AML. (Penderse, 2002)

Leukemias have been associated with exposure to various agents as benzene and its metab‐
olites (phenol, hydroquinone), environmental carcinogens demonstrated relationship to in‐
creased  risk  of  developing  leukemia.  (Lan  et  al,  2004)  Other  compounds  studied  with
controversial relationship, are some agricultural pesticides, heavy metals, smoke snuff, alco‐
hol intake and exposure to cosmic rays of airlines pilots. (Larson, 2007) Ionizing radiation
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1999; Smith et al, 2002) Estimates show, that patients undergoing RT for the treatment of
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velop AML-PT/MDS-PT. (Smith et al, 2002) On the other hand, a younger ages at the time
of  exposure,  greater  the  leukemogenic  risk.  The increased risk for  developing AML-PT/
MDS-PT, after treatment of non Hodkin lymphomas, breast cancer, cervical cancer and ute‐
rine body and Ewing’s sarcoma, is attributed to the use of RT, while associated with Hodg‐
kin’s disease, ovarian cancer and testicular cancer, has been associated with the use of CT.
(Levine and Blomifield, 1992; van Leeuwen et al, 1994; Inskip, 1999; Smith et al, 2002)

Many drugs used as CT in the treatment of a primary cancer, have been linked to the subse‐
quent development of AML-PT/MDS-PT, thus, alkylating agents were the first to be evidenced
leukemogenic potential, (Pedersen, 2002) effect related to the cumulative dose of the drug, the
effect being greater with increasing patient age (Pedersen, 2002). All alkylating agents have
effect leukemogenic, such is the case of drugs such as mechlorethamine, procarbazine, chlor‐
ambucil, cyclophosphamide, melphalan, semustine, lomustine, carmustine, prednimustine,
busulfan. However, although the relative risk leukemogenic of these drugs has not been de‐
finitively established, drugs such melphalan and busulfan seem to condition an increased riesk
than others as cyclophosphamide for reason which are unknown. (Stott et al, 1977; Greene et
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al, 1986; Krishnan et al, 2000) Although, this seems to suggest that more genotoxic and cytotoxic
drugs are chosen that have less leukemogenic potential. Alkylating agents besides the afore‐
mentioned chromosomal damage can cause point mutations in some oncogenes like RAS.
(Pedersen et al, 1988) However, these effects are no restricted to certain genes or chromosomal
regions and possibly the selection of cells with abnormalities of chromosomes 5 and 7 come
conditioned by a proliferative advantage to cells carrying these alterations. (Johansson et al,
1991; de Greef and Hagemeiger, 1996; Andersen et al, 2000)

Meanwhile, drugs that act by inhibiting topoisomerase II, as the epipodophyllotoxins (etopo‐
side and teniposide) ( et al, 1999) and intercalating agents such as anthracyclines (doxorubicin,
daunorubicin, idarubicin) o las anthracenediones (mitoxantrone), have been associated with
balanced translocations that originates function genes. The most common affect 11q23, 21q22,
inv(16) and t(15;17) (Andersen et al, 1998; Rowley and Olney, 2002). Recently high-dose CT
followed by autologous hematopoietic transplantation, have been associated with the devel‐
opment of AML-PT/MDS-PT, with time of onset of 47-50 months after transplantation. (Na‐
demanee et al, 1995; Traweek et al, 1996; Krishnan et al, 2000; Pedersen et al, 2000; Gilliland
and Gribben, 2002)

An important point to consider is individual susceptibility, since only a minority of patients
develop secondary leukemia after exposure to CT, therefore it is suggested that differences in
drug metabolism may predispose to the development of AML-PT/MDS-PT of some patients.
(Bolufer et al, 2006) In this way, polymorphisms of genes encoding enzymes involved in drug
metabolism could contribute to the risk of developing these pathologies. These genes could
explain differences in metabolizing of these agents and condition a lower detoxification ca‐
pacity or repair of genetic damage induced by the drug. (Bolufer et al, 2006) Genes have been
studied encoding cytochrome P450 (CYPs) related to phase I metabolism, glutathione S-meth‐
yltransferase (GSTT1, GSTM1, GSTP1) involved in phase II metabolism (conjugation/detoxi‐
fication), the NAD(P)H: qinone oxo-reductase 1 (NQO1) which acts on the metabolism of free
radicals and oxidative stress, genes related to folate metabolism (MTHFR, TYMS, SHMT1,
MTRR), also involved in DNA synthesis and genes related to DNA repair (hMLH1, hMSH2,
hMSH3, RAD51, XRCC1, XRCC3, XPD, XPG, CHEK2, and ATM) that can cause genomic in‐
stability. (Bolufer et al, 2006)

The AML-PT/MDS-PT pathogenesis includes clonal alterations in the some genes function due
to single mutations, chromosomal abnormalities or epigenetic phenomena. Many of the altered
genes are tumor suppressor that have a recessive character and therefore, requires the loss of
both alleles. The loss of a single copy of the gene can result in reduction of gene products and
predispose to malignancy. Current evidence indicates that AML results from at least two mu‐
tations classes. The class I, confers proliferative advantage and/or cell survival without affect‐
ing their differentiation capacity, while the class II, prevent the normal hematopoietic cell
differentiation. (Deguchi and Gilliland, 2002)

The AML-PT represent 10 to 15% of total AML and its incidence is increasing substantially in
recent years, (Ng et al, 2000) the AML-PT are often associated with clonal cytogenetic abnor‐
malities similar to those found in newly diagnosed AML, but with higher incidence of poor
prognosis karyotypes and have particular clinical and biological features that include a poor
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response to CT commonly used in the treatment of AML and therefore have a significantly
adverse prognosis.

Different authors have been relationship to drugs and radiation with specific emphasis on the
balanced rearrangements chromosomes. (Andersen et al, 1998) Increased frequency of dicen‐
tric chromosomes in therapy-related MDS and AML compared to de novo disease is signifi‐
cantly related to previous treatment with alkylating agents and suggests a specific
susceptibility to chromosome breakage at the centromere. (Andersen and Pedersen, 2000)

3. Conclusion

In this way one can conclude that the pathophysiology of acute lymphoblastic leukemia is very
complex and involves various factors (genetic, immunes, environmental, and drugs) at dif‐
ferent levels, and also has a close and complex relationship. The key features in the patho‐
physiology of the ALL is its monoclonal origin, uncontrolled cell proliferation by sustained
self-stimulation of their receptors for growth, no response to inhibitory signals, and cellular
longevity conditioned by decreased apoptosis.
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1. Introduction

Acute lymphoblastic leukemia (ALL) is a malignant proliferation of lymphoid precursor cells
in the bone marrow blood. It is an age related tumor, with a peak between the ages of 2 and
10 and a second peak after the age of 5. Among children younger than 15 years, ALL represents
23% of cancer that was diagnosed. The children aged 2 to 3 years were a sharp peak in ALL
incidence (>80 per million per year).The rates of the ALL among children aged 8 to 10 years
incidence decreasing to 20 per million. Moreover, there has been a gradual increase in the
incidence of ALL in the past 25 years.

With the development of the medicine, considerable advances have been made in the treatment
of childhood ALL. In the 1980’s, relapsed ALL was regarded as an incurable disease. However,
about 85% of childhoods ALL can hope to achieve a second remission over the last years.
Meanwhile, around 40% of these can hope to achieve long term cure. On the other hand, despite
optimal therapy, long term survival rate still limited to 30–40% of patients and about 15-20%
children will sustain relapse. Because of the high relapse rate, refractoriness to conventional
treatment protocols, the incidence of chemotherapy-related deaths, the complete remission rate,
numerous challenges remained in the management of ALL, especially the children with re‐
lapsed ALL. Also, the disease mechanism is multi-factorials and involves in different genetic and
environmental factors. So, ALL is still a problem that clinic must face up to. However, the
emergency of cancer stem cell seems give us a new direction for deeper recognize this disease.
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Despite the clone origin of many cancers, a notable characteristic of primary tumors is a marked
degree of cellular heterogeneity. The hypothesis that human cancers comprise a heterogeneous
population of cells that differ in marker expression, morphology, proliferation, and tumori‐
genicity has existed for over a century. Every tumor can be viewed as an abnormal organ that
harbors a stem cell compartment. Emerging evidence has confirmed that the capacity of a
tumor to grow and propagate depends on a small subset of cells within the tumor, which are
most specifically referred to as “cancer stem cells” (CSCs), but have also been referred to as
“progenitor cells” or “tumor initiating cells” (TICs) to distinguish them from the rest of the
neoplastic cells that are unable to regenerate tumors. CSCs are defined to be a distinct
population but variable subpopulation of the total tumor mass with stem cell characteristics
that are essential for the initiation, development of human cancers, multi-drug resistance and
metastases.

In the last two decades, with the wide spread utilization of fluorescence activated cell sorting
(FACS) or magnetic activated cell sorting (MACS),the application of these technology to isolate
and characterize of distinct cell populations of hematopoietic stem (HSC) or progenitor cell
populations has become available. Using the same methodologies that employed to character‐
ize normal hematopoietic stem cells,Cancer stem cells were first identified in haematopoietic
malignancies and later in a broad spectrum of solid tumors including those of the breast, pancre‐
atic, colon and brain. So, the malignant stem cell population that has been identified from ALL
have been analyzed in most detail. These leukemia initiating, or leukemia stem cells (LSC) reside
at the apex of a hierarchy of malignant cells that is analogous to the hierarchy found in normal
hematopoietic. Thus, a hierarchical development structure for the leukemic population can be
envisaged that originates from the malignant stem cell and is similar to normal hematopoietic
processes. Importantly, these subpopulation of leukemic stem cells maintain the key stem cells
properties of self-renewal, extensive proliferative potential and differentiate potential, highly
resistant to chemo- and radio-therapy, driven metastasis, especially special organ metastases.

Apart from the method of FACS, LSCs may be sorted by various other characteristics.With the
characteristic of limit less self-renewal in vitro, LSCs can be enriched in spheres when these
cells are cultured in serum-free medium supplemented with the basic fibroblast growth factor
(bFGF),epidermal growth factor (EGF),B27, insulin, and transferring. With the characteristic
of expressing ABC transporters, these cells are able to pump the fluorescent dye hoechst-33342
out of the cell, namely identify unlabelled “side population” (SP) which highly enriched in
stem cells.

With the deeper study of cancer stem cell, the role of it in ALL was believed to be more and
more important. These functions include the following aspects.

2. Cancer stem cell may the origination of children Acute lymphoblastic
leukemia

The development of the tumour is always believed to be the result of a succession of epigenetic/
genetic alterations and selection steps which leading to the emergence of cells accumulating
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survival and proliferation advantages. In the primary tumour, selection is proposed to take
place continuously which giving rise to heterogeneity that simply reflects the coexistence of
cell populations evolving independently and displaying distinct oncogenic potentials. The
environment that the tumor exists was thought to be an important factor that impacts the
selection procedure. The theory above mentioned denominates the cancer research one century
and might be sufficient to interpret the cell diversity observed in tumors. However, it fails to
explain how individual disseminated cancer cells escaping from primary tumours yield
secondary tumours with similar diversity. An alternative model assumes that primary and
secondary tumours arise from cancer cells displaying both self-renewal and differentiation
capabilities, namely cancer stem cell. Recently, it became apparent that the different subpo‐
pulations have different degrees of proliferative and self-renewing abilities and only a small
subpopulation can regenerate all the other tumor cell subpopulations of the original tumor
when injected into immuno-compromised mice. This model seems not exclusive of the above
theory, but more suitable to explain the origination of the tumor.

Figure 1. Craig T Jordan.Cancer stem cell biology: from leukemia to solid tumors. Current Opinion in Cell Biology
2004, 16:708–712.

At present, on the basis of expression of a particular cell surface marker, Cancer stem cells that
sorted by FACE in children ALL are suggested to be have the most superior ability to form a new
tumour in an in vivo xenograft assay and great ability to form cell spheres namely clonogenic when
plated at low density in non-adherent culture. These two models were beloved to be the golden
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standard to test whether the cells own the characteristic of stemness.Meanwhile, it demonstrat‐
ed that the Leukemic stem cells may be the origination of children ALL.

The Leukemic stem cells (LSCs) appear to retain many characteristics of normal hematopoietic
stem cells (HSCs). This observation indicates that the malignant stem cell population can arise
in two possible ways. One possibility is that normal HSCs are the direct target of mutations
that cause conversion to an LSCs phenotype. Alternatively, more differentiated cell types
might acquire mutations that confer stem-cell-like properties on cells that typically would not
display stem cell characteristics. Normal stem cells intrinsically possess three hallmark
features: first, the potential to undergo self-renewal; second, the potential to undergo extensive
proliferation; third, the potential to differentiate into multiple distinct cell types. Like normal
stem cells, LSCs own the ability of asymmetric division and symmetric division. Leukemic
stem cells undergo symmetric division and expand the stem cell compartment. Conversely,
via asymmetric division, CSCs give rise to the variety of differentiated cells in the tumor mass.
They are stringently defined by functional attributes including the ability to instigate, maintain
and serially propagate leukemia in vivo while retaining capacity to differentiate into commit‐
ted progeny that lack these properties.

So, LSCs not only sustain the tumor but maintain the number of cancer stem cell in the tumor
tissue. One contribution to our understanding of tumor initiation and growth comes from
considering the developmental biology of stem cell systems.

3. Cancer stem cells are the main factor of drug resistance and relapse

Subsequent studies have further refined the immunophenotype of ALL stem cells and substantial‐
ly added to our understanding of their biology. One of the most important characteristics of cancer
stem cells is highly resistant to chemo- and radio-therapy. Because of the resistant to chemo- and
radio-therapy, cancer stem cells further led to the relapse of the tumor. With the deeper re‐
search, it had make out of that resistance could depend on certain features that LSCs share with
normal stem cells. First, this property concerns cell proliferation. A lot of research showed that
ALL stem cells reside mostly in a quiescent cell cycle state in the absence of specific stimulation
from the microenvironment which is analogous to their normal hematopoietic stem cell counter‐
parts. This observation has a great significant in understanding the role of cancer stem cells in drug
resistant. Because most therapeutic agents which rely on cycling cells in order to cause lethal
cellular damage approaches to leukemia are directed towards actively cycling populations. The
quiescent nature of LSCs indicates that standard chemotherapy drugs will not generally be
effective against ALL stem cells. Notably, while treatment of ALL children with the drug that
specially towards actively cycling sub-populations, it has been highly effective for inducing
remission. However, Because of the existence of the quiescent cells, the patients would recur‐
rence in the short time. This evidence indicates the disease is suppressed rather than eradicated.
For example, 5-FU which is special for the S stage have obvious effect in the patient who was first
diagnose of ALL. However, once the drug was retreat, the tumor may relapse. FACS analyze
displayed that the existence cells mostly display the stemness cell characteristic. So, most
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chemotherapeutic agents,especially that are special for the cycle population agents were cytostatic
but not cytotoxic to the LSCs.This results supported the concept that ablation of the LSC is necessary
to completely destroy the tumor population permanently.On the other hand, new threpy agent
desperately needed to be explored to promote the quiescent LSCs into the active state. Second, the
second key property of LSCs is their abnormal expression of certain pumps which are absent in
their compartment of non-LSC. These proteins included ATP-binding cassette (ABC) transport‐
ers super family, multidrug resistance-associated protein (MRP) family, breast cancer resist‐
ance protein (BCRP), lung resistance protein (LRP) and so on. They are promiscuous transporters
of both hydrophobic and hydrophilic compounds and can help the cell extruding several drugs
out of the cells. The exact physiological role of these pumps is not yet fully understood, but it is
known that they are involved in cellular protection against exogenous products and in resist‐
ance to hypoxic stress, mediated by an increased ability to consume hydrogen peroxide and a
reduced accumulation of toxic metabolites.So, with the help of these abnormal proteins, LSCs can
display the great ability to promptly eliminate or degrade toxic compounds even though the
concentration of the drug at a very high level. Once the treatment stopped, LSCs may self-
renewal and differentiate into multiple distinct cell types which led to the relapse. Third, the most
important key property is resistance to apoptosis, which can be limited to CSC initially, is often
rapidly acquired also by the bulk of tumor cells at relapse, perhaps due to the genetic instability
which distinguishes tumor from normal cells. Activation of programmed cell death or apopto‐
sis is a promising strategy for the treatment of cancer, and the balance between anti-apoptotic and
pro-apoptotic members is a key factor in the regulation of cell death. In order to maintain the
progenitor pool from which differentiated cells derive, cancer stem cells are programmed to be
long-lived. For this purpose, cancer stem cells activate some protective mechanisms that protect
them from senescence and/or cellular stress. These mechanisms include: (I) The current results
showed that cancer stem cells expressed high levels of the anti-apoptotic protein such as Bcl-2,
and low levels of the pro-apoptotic protein caspase 3, compared to non cancer stem cells.Enhance‐
ment of their anti-apoptosis ability means that tumor cells survival becomes more dependent on
anti-apoptotic-pathway activation, and standard therapeutic approaches may thus fail to kill
cancer stem cells; (II) activation of some self-renewal pathways, such as TGF-β, Sonic Hedge‐
hog(SHH), Wnt/β-catenin or BMI-1; (III) generation of auto-crine loops through the production
of growth factors like epidermal growth factor (EGF), basic fibroblast growth factor (bFGF); and
(IV) enhanced capability to repair DNA damage after genotoxic stress.As a consequence of this,
chemotherapy invariably causes bone marrow toxicity due to its effects on trans-amplifying,
progenitor and even more differentiated cells, whereas tumors may initially regress but subse‐
quently become completely resistant to chemotherapy. By these natures, it was easy found that
CSCs are biologically distinct from other cancer cell types. Moreover, certain natural properties
of CSCs are likely to increase their resistance to standard chemotherapy agents. So, if cancer
therapies do not effectively target the CSC population during initial treatment, then relapse may
occur as a consequence of CSC driven tumor expansion. This is almost certainly the case in many
instances of ALL, where standard drugs are unlikely to target the LSCs population effectively.
Therefore, in developing new cancer therapeutics, analyses that directly assess toxicity towards
tumor stem cells are an important priority.
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Figure 2. Lara Lacerda,Lajos Pusztai,et al.The role of tumor initiating cells in drug resistance of breast cancer:Implica‐
tions for future therapeutic approaches. Drug Resistance Updates, 2010,13: 99–108

Figure 3. Malcolm R. Alison,Wey-Ran Lin,et al.Cancer stem cells: In the line of fire. Cancer Treatment Reviews,
2012,38:589-598.
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4. LSCs solely are capable of driving tumor metastases

With the deeper research, it was well understanding that the cancer metastasis was viewed as
a series of distinct steps that comprise the “invasion-metastasis-cascade” on the biological level
[30-31]. The first step, cancer cells in the primary tumor acquire the ability to invade into the
surrounding tissue such as the basement membrane. Next, tumor cells must gain access to
blood and/or lymphatic vessels, enter into these vessels (intravasation), survive transport
through these vessels, and exit from the vasculature (extravasation). Finally, small cell clumps
or singly disseminated tumor cells must acquire the ability to survive and proliferate in the
microenvironment of a foreign tissue in order to form macroscopic metastases, namely
colonization or akinosis.

In the procedure of the tumor metastasis, EMT represents a crucial step and plays important
role in mediated invasiveness sand metastasis, also is strongly associated with poor clinical
outcome in many tumour types [32]. EMT termed epithelio–mesenchymal transformation was
first described in a model of chick primitive streak formation. Nowadays, EMT is defined as
a biologic process that allows a polarized epithelial cell, which normally interacts with the
basement membrane via its basal surface, to undergo multiple biochemical changes that enable
it to assume a mesenchymal cell phenotype, which includes enhanced migratory capacity,
invasiveness, elevated resistance to apoptosis, and greatly increased production of extracel‐
lular matrix components [33-35]. Due to reorganization of epithelial intercellular junctions,
EMT weakens cell-cell cohesion. Further-more cell-cell adhesion complexes and their tran‐
scriptional repressors are strongly regulated by a number of classical EMT-regulated pathways
which including TGF-β, PDGF, Notch, Wnt, many of which also seem to play key role in
skeletal metastasis. Moreover,EMT stimulates focal, proteolytic degradation of extracellular
natrices, thus favoring invasion of stroma and intravasation. The modification of the cytoske‐
leton during EMT also contributes to migration. Intermediate filaments of epithelial cells such
as cytokeratins are responsible for maintaining cell structure, stiffness and integrity. Apart
from invasiveness, EMT also contributes to angiogenesis and intravasation. In addition to
stimulating neovascularization, migratory carcinoma cells that have undergone EMT have
acquired a number of specific properties that allow them to interact with endothelial cells and
to enhance trans-endothelial migration. At last, EMT renders enhanced resistance to apoptotic
signals and may contribute to the survival of circulating tumor cells (CTCs) in the hostile
bloodstream environment and, eventually formed the second tumor.

It has even been proposed that cancer cells adopt stem cell features only upon undergoing
EMT. Indeed, induction of EMT in immortalized human mammary epithelial cells resulted in
the expression of stem cell markers, and phenotypes associated with CSCs. These findings
illustrated a direct link between EMT and gain of properties characteristic for migratory stem
cells. So,it can be concluded that LSCs acquired the property of EMT which is essential for the
LSCs to form macroscopic metastases

CD44 has been proposed as one such marker. CD44 may play a crucial role in developing of
metastasis in ALL, especially metastasis to special organ. Additionally, LSCs may express
higher levels of cell-surface receptors than their non-LSCs counterparts so that they may fully
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harness the soluble growth factors present at secondary sites, conferring a growth advantage
and permitting successful colonization.

Figure 4. Christina Scheel, Robert A. Weinberg. Cancer stem cells and epithelial–mesenchymal transition: Concepts
and molecular links. Seminars in Cancer Biology,2102.

In a world, although LSCs accounting for only a few distinct populations, it is the most
important factors that mediated the biology of the ALL. LSCs may play a great role in the
origination, drug-resistance and metastases. In the future, LSCs may be the sole target for
treatment. A detailed consideration of stem cell biology principles will be useful in better
understanding tumor pathogenesis and in designing strategies for more effective therapies.
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1. Introduction

Adult  T-cell  leukemia/lymphoma (ATL) was first  described in 1977 as a distinct  clinico‐
pathological  entity with a suspected viral  etiology.  Subsequently,  a  RNA retrovirus,  hu‐
man T-cell leukemia /lymphotropic virus type 1 (HTLV-1) was isolated as a carcinogenic
pathogens [1].

HTLV-1 infects approximately 15 to 20 million people worldwide, with endemic areas in Japan,
the Caribbean, and Africa.

After prolonged latency periods, approximately 3 to 5% of HTLV-1 infected individuals will
develop either ATL or other disorders such as HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP).

2. Transmission and spread

The three major routes of HTLV-1 transmission are, 1)mother-to-child infections via breast
milk, 2)sexual intercourse, and 3)blood transfusions. HTLV-1 infection early in life, presuma‐
bly from breast feeding, is crucial in the development of ATL [2].

3. Initial infection

HTLV-1 infects  CD4+ and CD8+ T lymphocytes  and can also  efficiently  infect  dendritic
cells [3].
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The ubiquitous glucose transporter 1 and the neuropilin 1 were identified as members of the
HTLV-I receptor complex [4,5].

Moreover, surface heparan sulfate proteoglycans were shown to be required for efficient virus
entry [6]. Clonal expansion of HTLV-infected cells mostly relies on the promotion of cycling
CD4+ T cells [7].

4. Infected cell types

CD4+ lymphocytes and to a lesser extent CD8+ T cells are considered to be as the main targets
of HTLV-1. Plasmacytoid dendritic cells (pDC) were also infected by HTLV-1 in patients. In
fact, all types of dendritic cells have been shown to be easily infected by HTLV-1 in vitro and
efficiently transmit HTLV-1 to T cells in free viral transmission [8].

The proviral load was higher in isolated pDCs than in T cells. pDCs was found to be stimulated
type I interferon α and β which interacted with their cognate receptors on virus infected cells
and, through IFN-inducible genes, interfered with viral replication. pDCs from ATL patients
were known to be impaired in their production of IFN-α. These observations supported a role
for pDC in viral persistence and disease progression [9].

CD4+ T cells can be divided into two major categories: effector T cells and regulatory T
cells(Treg). Effector T cells induce the activation of immune responses by secreting proinflam‐
matory cytokines, whereas Treg which express the transcription factor FoxP3, suppress
immune responses by both cell-contact dependent and –independent mechanisms. A propor‐
tion of HTLV-1 infected CD4+ T cells express FoxP3. It showed that HTLV-1 infection induces
the phenotype of FoxP3+CD4+ T cells [7].

5. HTLV-1 virus

5.1. HTLV-1-encoded proteins

The HTLV-1 genome contains typical structural and enzymatic genes (gag, pro, pol and env)
flanked by two long terminal repeats (LTRs). (Fig. 1). The long terminal repeats (LTR) are
subdivided into three regions (i.e., U3, R and U5) that contain the cis-acting elements essential
for viral gene expression: transcription factor-binding sites, transcription start and termination
sites, polyadenylation and splicing sites. A region called pX, which is located between the env
gene and the 3′-LTR, contains at least four partially overlapping reading frames (ORFs)
encoding accessory proteins (p12I, p13II, p30II), the post-transcriptional regulator Rex (ORF
III) and the Tax transactivator (ORF IV). In addition, HBZ is encoded from the 3′ LTR in the
complementary strand of the genome. Among all these regulatory proteins, Tax and HBZ
proteins appear to have particularly important roles in viral persistence and pathogenesis [10].
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5.2. Tax (transcriptional transactivator) (p40)

Tax is a major factor that mediated the following: 1)viral persistence and disease development.
2) oncogenic potential, 3)cell-signalling pathways, 4)interferes with checkpoint control and
inhibition of DNA repair, and 5) modulation of the miRNAs environment [11].

Among the cellular pathways activated by Tax, CREB/ATF, NF-κB and AP1 are thought to
have predominant roles in T-cell proliferation and transformation.

Tax -mediated NF-κB activation stimulates expression of cytokines and their receptors such
as interleukin 2 (IL2)/IL2 receptor (IL2R), IL9, IL13 and IL15/IL15R as well as members of the
tumour necrosis factor receptor family.

A major activity of Tax in signaling pathways is the stimulation of G1/S transition. Tax
increases the levels of type D cyclin levels in G1 and activates cyclin-dependent kinases (i.e.,
CDK4 and CDK6) through direct binding, leading to Rb hyperphosphorylation, subsequent
release of E2F transcription factor and accelerated transition from G1 to S. Tax also directly
interacts with and promotes the degradation of Rb. Furthermore, Tax modulates expression
of CDK inhibitors such as p18INK4c, p19INK4d, p21WAF1 and p27KIP1 and inactivates
p15INK4b and p16INK4a through direct binding, thereby restraining their inhibitory activity
toward CDKs.

Tax  stimulate  viral  production  and  infection,  however,  the  Tax  expression  is  transient
and rapidly turned off  (Fig 2).  Cells  that  failed to shut off  the Tax are rejected by host
immune response, such as cytotoxic T lymphocytes (CTL) and only the cells with latent
viral  expression  should  survive.  Repeating  these  cycles  for  long  periods,  results  in  the
persistence of infected individuals in a virus carrier state, however Tax-incuced mutaions
accumulated in infected cells.
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5.2. Tax (transcriptional transactivator) (p40)

Tax is a major factor that mediated the following: 1)viral persistence and disease development.
2) oncogenic potential, 3)cell-signalling pathways, 4)interferes with checkpoint control and
inhibition of DNA repair, and 5) modulation of the miRNAs environment [11].

Among the cellular pathways activated by Tax, CREB/ATF, NF-κB and AP1 are thought to
have predominant roles in T-cell proliferation and transformation.

Tax -mediated NF-κB activation stimulates expression of cytokines and their receptors such
as interleukin 2 (IL2)/IL2 receptor (IL2R), IL9, IL13 and IL15/IL15R as well as members of the
tumour necrosis factor receptor family.

A major activity of Tax in signaling pathways is the stimulation of G1/S transition. Tax
increases the levels of type D cyclin levels in G1 and activates cyclin-dependent kinases (i.e.,
CDK4 and CDK6) through direct binding, leading to Rb hyperphosphorylation, subsequent
release of E2F transcription factor and accelerated transition from G1 to S. Tax also directly
interacts with and promotes the degradation of Rb. Furthermore, Tax modulates expression
of CDK inhibitors such as p18INK4c, p19INK4d, p21WAF1 and p27KIP1 and inactivates
p15INK4b and p16INK4a through direct binding, thereby restraining their inhibitory activity
toward CDKs.

Tax  stimulate  viral  production  and  infection,  however,  the  Tax  expression  is  transient
and rapidly turned off  (Fig 2).  Cells  that  failed to shut off  the Tax are rejected by host
immune response, such as cytotoxic T lymphocytes (CTL) and only the cells with latent
viral  expression  should  survive.  Repeating  these  cycles  for  long  periods,  results  in  the
persistence of infected individuals in a virus carrier state, however Tax-incuced mutaions
accumulated in infected cells.
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Three mechanisms have been described for inactivating Tax expression in ATL cells have been
described: 1) genetic changes (nonsense mutation, deletion, and insertion) in the tax gene, 2)
deletion of the 5' long terminal repeat (LTR) that contains the viral promoter, and 3) DNA
methylation of the 5 ' LTR leading to promoter inactivation.

Tax-mediated mutation would be a critical event in ATL that triggers the clonal selection of
infected T cells as malignant leukemia cells [12].
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5.3. Other proteins; Rex, p12, p13 and p30

Rex (p27) is an RNA-binding post-transcriptional regulator that binds to its cis-acting target
sequence, the Rex response element (RRE), located at the 3′-end of sense viral mRNAs.

HTLV-1 contains both regulatory and accessory genes in four pX open reading frames. pX.
ORF-II encodes two proteins, p13 and p30.

Proviral clones of HTLV-1 with pX ORF-II mutations diminish the ability of the virus to
maintain viral loads in vivo. p30 is acting as a repressor of many genes including Tax, in part
by blocking tax/rex RNA nuclear export.

p30 expression results in activation of the G2-M cell cycle checkpoint, events that would
promote early viral spread and T-cell survival. [13,14].

The role of four open reading frames (ORFs), located between env and the 3' long terminal
repeat of HTLV-1. By differential splicing, ORF II encodes two proteins, p13(II) and p30(II).
p13(II) localizes to mitochondria and may alter the configuration of the tubular network of this
cellular organelle.
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Mutations in pX ORF II diminish the ability of HTLV-1 to maintain high viral loads in vivo
and suggest an important function for p13(II) and p30(II) in viral pathogenesis. [15].

The repression in Tax expression is essential to protect infected cells from immune response
and to maintain the virus. However, recent studies suggested that a loss of Tax expression also
prevents Tax-induced mitotic aberrations that are detrimental to cell proliferation and
therefore, to stabilize the karyotype of infected T cells [16].

5.4. HBZ

A recently identified HBZ factor. HTLV-1 bZIP, acts as a negative regulator of Tax-mediated
viral transactivation by heterodimerising with CREB, CREB2, and p300/CBP. HBZ RNA
expression leads to the upregulation of E2F1 target genes and stimulation of T lymphocyte
proliferation [17].

The HBZ protein was first reported to function as a transcription factor that repressed viral
expression by competing with Tax-mediated LTR activation.

As previously, Tax is highly immunogenic and its expression induces an immune response
that generates CTL primarily directed against this oncoprotein. To escape this CTL-mediated
lysis and to maintain viral persistence, HTLV-I infected cells frequently reduce Tax expression
by several mechanisms.

HBZ was expected to be responsible for inducing and maintaining the tumor state even after
Tax was shut off, which was supported by evidence that HBZ transcription was correlated
with the proviral load [18-20].

Similar to Tax, HBZ interacts with proteasome subunits and may promote the delivery of
cellular factors (such as c-Jun) to the proteasome even in the absence of ubiquitination.

6. Tumor marker

Similar to serum LDH reflecting disease bulk/activity, the soluble form of interleukin-2
receptor α-chain is elevated. [21].

The mean sIL-2R levels of the smoldering, chronic, acute, and lymphoma subtypes of ATL
were 1680 U/ml, 6680 U/ml, 45,940 U/ml, and 34,620 U/ml, respectively (P < 0.01). The sIL-2R
levels of each subtype at the time of diagnosis were more correlated with tumor burden,
malignant behavior, and prognosis than LDH levels. In the low, moderate, and high sIL-2R
subgroups, the median survival time and percent survival probability at 2 years was 30.2
months (46.0%), 16.5 months (25.0%), and 7.7 months (15.3%), respectively.

These serum markers are useful to detect acute transformation of indolent ATL as well as to
detect early relapse of ATL after therapy.
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5.3. Other proteins; Rex, p12, p13 and p30

Rex (p27) is an RNA-binding post-transcriptional regulator that binds to its cis-acting target
sequence, the Rex response element (RRE), located at the 3′-end of sense viral mRNAs.

HTLV-1 contains both regulatory and accessory genes in four pX open reading frames. pX.
ORF-II encodes two proteins, p13 and p30.

Proviral clones of HTLV-1 with pX ORF-II mutations diminish the ability of the virus to
maintain viral loads in vivo. p30 is acting as a repressor of many genes including Tax, in part
by blocking tax/rex RNA nuclear export.

p30 expression results in activation of the G2-M cell cycle checkpoint, events that would
promote early viral spread and T-cell survival. [13,14].

The role of four open reading frames (ORFs), located between env and the 3' long terminal
repeat of HTLV-1. By differential splicing, ORF II encodes two proteins, p13(II) and p30(II).
p13(II) localizes to mitochondria and may alter the configuration of the tubular network of this
cellular organelle.
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Mutations in pX ORF II diminish the ability of HTLV-1 to maintain high viral loads in vivo
and suggest an important function for p13(II) and p30(II) in viral pathogenesis. [15].

The repression in Tax expression is essential to protect infected cells from immune response
and to maintain the virus. However, recent studies suggested that a loss of Tax expression also
prevents Tax-induced mitotic aberrations that are detrimental to cell proliferation and
therefore, to stabilize the karyotype of infected T cells [16].

5.4. HBZ

A recently identified HBZ factor. HTLV-1 bZIP, acts as a negative regulator of Tax-mediated
viral transactivation by heterodimerising with CREB, CREB2, and p300/CBP. HBZ RNA
expression leads to the upregulation of E2F1 target genes and stimulation of T lymphocyte
proliferation [17].

The HBZ protein was first reported to function as a transcription factor that repressed viral
expression by competing with Tax-mediated LTR activation.

As previously, Tax is highly immunogenic and its expression induces an immune response
that generates CTL primarily directed against this oncoprotein. To escape this CTL-mediated
lysis and to maintain viral persistence, HTLV-I infected cells frequently reduce Tax expression
by several mechanisms.

HBZ was expected to be responsible for inducing and maintaining the tumor state even after
Tax was shut off, which was supported by evidence that HBZ transcription was correlated
with the proviral load [18-20].

Similar to Tax, HBZ interacts with proteasome subunits and may promote the delivery of
cellular factors (such as c-Jun) to the proteasome even in the absence of ubiquitination.

6. Tumor marker

Similar to serum LDH reflecting disease bulk/activity, the soluble form of interleukin-2
receptor α-chain is elevated. [21].

The mean sIL-2R levels of the smoldering, chronic, acute, and lymphoma subtypes of ATL
were 1680 U/ml, 6680 U/ml, 45,940 U/ml, and 34,620 U/ml, respectively (P < 0.01). The sIL-2R
levels of each subtype at the time of diagnosis were more correlated with tumor burden,
malignant behavior, and prognosis than LDH levels. In the low, moderate, and high sIL-2R
subgroups, the median survival time and percent survival probability at 2 years was 30.2
months (46.0%), 16.5 months (25.0%), and 7.7 months (15.3%), respectively.

These serum markers are useful to detect acute transformation of indolent ATL as well as to
detect early relapse of ATL after therapy.
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7. Immunophenotype

In most patients, ATL cells exhibit the phenotype of mature CD4+ T cells and express CD2,
CD5, CD25, CD45RO, CD29, T-cell receptor αβ, and HLA-DR. Most ATL cells are CD52, CCR4
positive, but occasionally, patients are negative. Immunophenotypic analysis of CD3, CD4,
CD7, CD8, and CD25 is the minimum requirement for an ATL diagnosis.

8. Cytogenetics

Karyotypic abnormalities revealed by conventional cytogenetics or comparative genomic
hybridization are more common and complex in the acute and lymphoma types compared
with the chronic type, with aneuploidy and several hot spots such as 14q and 3p. More sensitive
array-comparative genomic hybridization revealed that the lymphoma type had significantly
more frequent gains at 1q, 2p, 4q, 7p, and 7q and more losses of 10p, 13q, 16q, and 18p, whereas
the acute type showed a gain of 3/3p [22.23].

9. Molecular biology of host genome

Mutation or deletion of tumor suppressor genes, such as p53 or p15INK4B/p16INK4A, is
observed in approximately half of ATL patients and is associated with clinical subtypes and
prognosis.These new molecular markers may help guide therapeutic decisions. [24].

To  predict  to  respond  to  antiviral  therapy  with  AZT and  IFN-alpha,  the  expression  of
proto-oncogene c-Rel  and interferon regulatory factor-4  (IRF-4)  was examined.  Resistant
tumors  exhibited  c-Rel  (6  of  10;  60%)  more  often  than  did  sensitive  variants  (1  of  9;
11%). This finding was independent of the disease form. Elevated expression of the puta‐
tive c-Rel target,  IRF-4,  was observed in 10 (91%) of 11 nonresponders and in all  tested
patients with c-Rel+ tumors and occurred in the absence of the HTLV-1 oncoprotein Tax.
In  contrast,  tumors  in  complete  responders  did  not  express  c-Rel  or  IRF-4.  The  expres‐
sion of nuclear c-Rel  and IRF-4 occurs in the absence of  Tax in ATLL and is  associated
with antiviral resistance. [25].

10. Molecular biology of HTLV-1

Monoclonal integration of HTLV-1 proviral DNA is observed in all cases of ATL. Integration
of defective HTLV-1 into ATL cells is observed in approximately one-third of ATL patients
and is associated with clinical subtypes and prognosis. It is recommended to perform molec‐
ular analysis of HTLV-1 integration when possible. Either Southern blotting or polymerase
chain reaction for HTLV-1 can be used to identify the presence of viral integration, although

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic92

the latter can also be used for quantitative purposes. Clinically, ATL is diagnosed on the basis
of seropositivity for HTLV-1 and histologically and/or cytologically proven peripheral T-cell
malignancy. [26].

11. Pathogenesis

Tax is a multifunctional protein that affects various cellular machinery and signaling pathways
to mediate cellular transformation and viral replication.

The necessity of NF-κB, a transcription factor, in Tax-mediated transformation was confirmed
in which a single point mutation in the Tax that disrupts to activate the NFκB pathway also
eliminates the viral ability to transform [27].

11.1. Tax-independent NF-κB activation

However, Tax expression is lost in approximately 60% of all ATLs during the late stages of
leukemogenesis stages. Notably, NF-κB pathways remain still strongly activated in HTLV-1-
infected Tax-negative cells, suggesting the existence of Tax-independent mechanism. Report‐
edly, Tax-independent NF-κB activation occurs in Tax-positive cells. Several mechanisms are
speculated in Tax-independent NF-κB activation, such as IKKB activation and the NF-κB
member c-Rel [28-31].

HTLV-1 infection induces expression of many NF-κB stimulators and signaling molecules such
as TNF, CD40, CD30, and Bcl-3. TNF is the prototypic stimuli of NF-κB activation, while CD40
and CD30 are potent activators of NF-κB pathways. Bcl-3 binds to p50 or p52 homodimers and
transforms them from transcription repressors into activators [32-35].

11.2. Persistent NF-κB activation by HTLV-1

Tax binds to and increases the stability and activity of NF-κB and/or prevents NF-κB from
binding to its inhibitors, resulting in a prolonged and elevated activation of NF-κB. NF-κB
activation is aberrantly persistent, irrespective of whether it is Tax-dependent or -independent.
A main reason for this abnormal activation is the co-existence and cross-activation of different
NF-κB and NF-κB-related signaling pathways. [36-40].

In addition to NF-κB, Tax induces many other signaling pathways such as the phosphatidy‐
linositol 3-kinase (PI3K)/AKT and DNA damage signaling pathways, leading to reciprocal
enhancement of these pro-oncogenic pathways with NF-κB. Most of the mechanisms activate
Tax-independent and -dependent NF-κB pathway. [41.42].

11.3. Differences between tax-dependent and tax-independent NF-κB activation by HTLV-1

NF-κB signaling pathways are  persistently  activated in  HTLV-1-infected cells  regardless
of  Tax  expression.  Tax-dependent  and -independent  NF-κB pathways  also  involve  acti‐
vation  of  common  and  distinct  NF-κB  members.  NF-κB  members  activated  in  Tax-ex‐
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7. Immunophenotype
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pressing  T  cells  are  predominantly  RelA,  c-Rel,  p50  and  p52,  and  those  in  Tax-
negative  T  cells  are  mainly  RelA  and  p50.  Consistent  with  the  role  of  positive
feedback  mechanisms  in  persistent  NF-κB  activation,  expression  of  c-Rel  and  p100/p52
expression  is  induced  in  Tax-expressing  cells,  whereas  p105/p50  mRNA  expression  is
enhanced in ATL cells  [43,44].

11.4. NFκB and apoptosis

Lymphoma cell lines including ATL cells, that were constitutively activated NFκB are resistant
to various inducers of apoptosis including irradiation, etoposide, and combinations of
cycloheximide and TNF or TRAIL, and resist the activation of both the intrinsic and extrinsic
apoptotic pathways [45].

Although mutations that delete or inactivate p53 are common in ATLL, Tax can bypass p53-
dependent cell-cycle checkpoints.

A  Tax  transgenic  mouse  model  was  analyzed  for  study  the  contribution  of  p53  inacti‐
vation  to  Tax-mediated  tumorigenesis.  The  mice  develop  primary,  peripheral  tumors
consisting  of  large  granular  lymphocytic  (LGL)  cells,  which  infiltrate  the  lymph nodes,
bone  marrow,  spleen,  liver,  and  lungs.  Tax-induced  tumors  exhibited  functional  inacti‐
vation  of  the  p53  apoptotic  pathway;  such  tumors  were  resistant  to  an  apoptosis-in‐
ducing stimulus.  Experiments  with  mating  Tax  transgenic  mice  with  p53-deficient  mice
demonstrated  minimal  tumor  acceleration,  but  significantly  accelerated  disease  progres‐
sion  and  death  in  mice  heterozygous  for  p53.  The  studies  suggest  that  inactivation  of
p53  by  Tax,  whether  by  mutation  or  another  mechanism,  is  not  critical  for  initial  tu‐
mor formation,  but  contributes  to  late-stage tumor progression [46,47]..

11.5. Telomerase

Telomerase is compsed of hTR, a 451 nucleotide stretch of RNA, which serves as a template
for the RNA-dependent DNA polymerase, telomerase(hTERT).

Telomere length is also regulated by several positive and negative regulators These proteins
can them prevent telomerase extension by blocking access of the reverse transcriptase to the
now “closed”ends of telomeric DNA.

AZT is a thymidine analog, that has been shown to inhibit cancer growth and telomerase
activity. Long-term treatment of HTLV-1 infected cells with AZT inhibits telomerase activity
induces telomere attrition and promotes cellular senescence, in absence of apoptosis, due to
the reactivation of tumor suppressor p53 transcriptional activities

Analysis of ATLL patients was done to examine the relationship between the responsive‐
ness for antiviral therapy and p53 mutation. Those patients with a mutated p53 did not re‐
spond to AZT treatment, demonstrating that AZT treatment causes telomere attrition
leading to the reactivation of a functional p53. [48.49].
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12. Response criteria

Complete remission (CR) is defined as a normalization of the complete blood count associated
with a disappearance of all measurable tumors. The effect has to last for at least 1 month.
However, patients with a persistence of < 5% of atypical lymphocytes are considered in CR
because this situation may be observed in healthy carriers of HTLV-I. Patients who achieve
CR with persistence of > 5% of atypical lymphocytes are considered in very good partial
response. Partial response is defined as a decrease of > 50% in the number of leukemic cells
and in the size of all measurable tumors. The effect has to last for at least 1 month. No response
is defined as < 50% decrease in the number of leukemic cells or in the size of any measurable
tumor or as disease progression. Patients who meet the CR or partial-response criteria but with
the effect lasting < 1 month are classified as nonresponders.

13. Prognostic factors

Major prognostic indicators for ATL were analyzed in 854 patients; advanced performance
status (PS), high LDH level, age ≥ 40 years, more than three involved lesions, and hypercalce‐
mia are prognostic factors that have been identified by multivariate analysis. These factors
were used to construct a risk model.5

For the chronic type of ATL, high LDH, high blood urea nitrogen, and low albumin levels have
been identified as poor prognostic factors by multivariate analysis. Univariate analysis has
revealed that neutrophilia,p16 deletion, and chromosomal deletion detected by comparative
genomic hybridization are associated with poor prognosis in chronic ATL.

In contrast, chronic lymphoid leukemia (CLL)–like morphology of ATL cells was associated
with longer transformation-free survival of chronic ATL. Primary cutaneous tumoral type,
although generally included among smoldering ATL, was a poor prognostic factor by
univariate analyses [50].

The prognosis of acute- and lymphoma-type adult T-cell leukemia/lymphoma (ATL) is poor,
but there is marked diversity in survival outcomes.

Data from 807 patients newly diagnosed with acute- and lymphoma-type ATL were evaluated
and developed a PI using a multivariable fractional polynomial model. The Ann Arbor stage
(I and II v III and IV), performance status (0 to 1 v 2 to 4), and three variables (age, serum
albumin, and soluble interleukin-2 receptor [sIL-2R]) were identified as independent prog‐
nostic factors. Using these variables, a prognostic model was devised to identify different levels
of risk. In the validation sample, MSTs were 3.6, 7.3, and 16.2 months for patients at high,
intermediate, and low risk, respectively (P <.001).

A total of 854 ATL patients were analyzed for prognostic factors. Patients were 466 males and
388 females with a mean age of 57.1. A Cox proportional hazards model analysis revealed that
five factors, advanced performance status, high lactic dehydrogenase value, age of 40 years or
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more, increased number of total involved lesions and hypercalcemia, were associated with
shortened survival(P<0.01).

These factors were used to construct a model to identify patients at three different risks for
shortened survival. A group of 178 patients (21.8%) with a hazard ratio of less than 0.5 were
classified into the low risk (LR) group, 492 (60.4%) with hazard ratio of less than or equal to
0.5 and less than 2.5 into standard high risk (SHR) group, and 145 (17.8%) with hazard ratio
of 2.5 or more extremely high risk (EHR) group. MST, and projected 2- and 4-year survival
rates were 37 months, 66.3% and 41.2% for LR, 8 months 20.6%, and 4.5% for SHR, and 2.4
months, 5.6% and 0% for EHR, respectively.

14. Classification

The following diagnostic criteria are proposed to classify four clinical subtypes of ATL(Table
I); 1) Smouldering type, 2) Chronic type, 3) Lymphoma type, and 4) Acute type.

1. Smouldering type, 5% or more abnormal lymphocytes of T-cell nature in PB, normal
lymphocyte level (less than 4 x 10(9)/l), no hypercalcaemia (corrected calcium level less
than 2.74 mmol/l), lactate LDH value of up to 1.5 x the normal upper limit, no lympha‐
denopathy, no involvement of liver, spleen, central nervous system (CNS), bone and
gastrointestinal tract, and neither ascites nor pleural effusion. Skin and pulmonary
lesion(s) may be present. In case of less than 5% abnormal T-lymphocytes in PB, at least
one of histologically-proven skin and pulmonary lesions should be present.

2. Chronic type, absolute lymphocytosis (4 x 10(9)/l or more) with T-lymphocytosis more
than 3.5 x 10(9)/l, LDH value up to twice the normal upper limit, no hypercalcaemia, no
involvement of CNS, bone and gastrointestinal tract, and neither ascites nor pleural
effusion. Lymphadenopathy and involvement of liver, spleen, skin, and lung may be
present, and 5% or more abnormal T-lymphocytes are seen in PB in most cases.

3. Lymphoma type, no lymphocytosis, 1% or less abnormal T-lymphocytes, and histologi‐
cally-proven lymphadenopathy with or without extranodal lesions.

4. Acute type, remaining ATL patients who have usually leukaemic manifestation and
tumour lesions, but are not classified as any of the three other types.

A total of 818 ATL patients with a mean age of 57 years, newly diagnosed from 1983 to 1987,
were analysed by this criteria. 253 were still alive with a median follow-up time of 13.3 months
from diagnosis, while 565 were dead with a median survival time (MST) of 5.4 months. MST
was 6.2 months for acute type, 10.2 months for lymphoma type, 24.3 months for chronic type,
and not yet reached for smouldering type. 2- and 4-year survival rates were 16.7% and 5.0%
for acute type, 21.3% and 5.7% for lymphoma type, 52.4% and 26.9% for chronic type, 77.7%
and 62.8% for smouldering type, respectively. Distinct clinical features and laboratory findings
of each clinical subtype are described [51].
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Smouldering Chronic Lymphoma Acute

Lymphocyte count Less than 4 4 or more less than 4 more than 4

(10 9 lympho/liter)

% of atypical lympho 5 or more 5 or more 1 or less more than 5

LDH 1.5x NUL 2x NUL

Ca less than 2.74 less than 2.74 more than 2.74

Lyphoadenopathy No No Yes -

Mean survival time(Mo) 24.3 10.2 6.2

2 year survival (%) 77.7 52.4 21.3 16.7

4 year survival (%) 62.8 26.9 5.7 5

NUL Normal upper limit

Table 1. Classification of subtypes

15. Treatment options

The treatment of ATL usually depends on the subtype. Patients with aggressive forms have a
very poor prognosis due to intrinsic chemoresistance, a large tumor burden, and frequent
infectious complications because of immune deficiency.

In multiple Japanese trials for aggressive ATL, data clearly demonstrated that combinations
of chemotherapy did not have significant effect on long-term survival. Indolent ATL pa‐
tients(chronic or smoldering) have a better prognosis. However, recent data from Japanese
showed poor long-term results when these patients were managed with a watchful-waiting
policy until progression or with chemotherapy [52].

15.1. Conventional chemotherapy

The clinical trials in Japan(protocols LSG1-VEPA and LSG2) demonstrated that first-genera‐
tion chemotherapy, such as CHOP type, ie, cyclophosphamide, hydroxydaunorubicin,
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oncovin (vincristine), and prednisone has little impact in ATL, especially in the acute type.
Only a 16% to 36% patients achieved CR.

New-generation agents such as deoxycoformycine, a nucleoside analog, irinotecan hydro‐
chloride (CPT-11: a topoisomerase I inhibitor), and MST-16(a topoisomerase II inhibitor), have
also been tested in pilot phase II studies of refractory or relapsed ATL patients, however the
results have been uniformly disappointing.

A phase III study in Japan demonstrated that the LSG15 regimen consisting of VCAP (vin‐
cristine, cyclophosphamide, doxorubicin, prednisolone), AMP (doxorubicin, ranimustine,
prednisolone), and VECP (vindesine, etoposide, carboplatin, prednisolone) is superior to
biweekly CHOP for newly diagnosed acute, lymphoma, or unfavorable chronic ATL. The CR
rate and 3-year overall survival(OS) were greater as 40% vs 25%, 24% vs 13%, respectively,
however,the median 13 months survival was disappointing [53].

The poor prognosis of ATL after chemotherapy is probably the consequence of several factors.
The cellular immune deficiency observed at the early stages may lead to a high frequency of
opportunistic infections. Overexpression of the multidrug resistant gene and p53 gene
mutations is a feature of ATL cells and results in intrinsic resistance to chemotherapy.

15.2. Monoclonal antibodies

15.2.1. CC Chemokine Receptor 4 (CCR4)

CC chemokine receptor 4 (CCR4) is a chemokine receptor expressed on T-helper type 2 and
regulatory T cells. Because CCR4 is expressed on most ATL cells, KW-0761, a humanized anti-
CCR4 monoclonal antibody, which markedly enhances antibody-dependent cellular cytotox‐
icity, was evaluated in the treatment of patients with relapsed ATL. [54].

A multicenter phase II study of KW-0761 for patients with relapsed, aggressive CCR4-positive
ATL. Patients received intravenous infusions of KW-0761 once per week for 8 weeks at a dose
of 1.0 mg/kg. Of 28 patients enrolled in this study, responses were noted in 13 of 26 evaluable
patients, including CR in 8, with an overall response rate of 50%. The median progression-free
time and overall survival were 5.2 and 13.7 months, respectively. The most common adverse
events were infusion reactions (89%) and skin rashes (63%), which were manageable and
reversible in all the cases.

Because monoclonal antibodies were tried as single agents, trials are needed to define in
combination therapies with chemotherapy in the lymphoma form or with antiretroviral
therapy in the acute form. Following on a phase III study(JCOG9801(Japan Clinical Oncology
Group 9801) for untreated aggressive ATL promote to conduct a randomized trial of VCAP-
AMP-VECP chemotherapy with or without KW-0761 for untreated ATL.

15.2.2. CD52

CD52 is also the candidate target. A monoclonal antibody against CD52(Alemtuzumab) has
demonstrated good results: however, the results are scanty and limited to case reports. with
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or without nucleoside analogs such as pentostatin may be promising. However, the associated
immunosuppression is a concern in patients with viral-mediated disease. [55-57].

15.3. HSC transplantation

The several retrospective studies have confirmed that allogeneic SCT(allo SCT) with the use
of either myeloablative conditioning or reduced-intensity conditioning conditioning as a
promising treatment option for ATL.

The number of ATL patients eligible for allo SCT is quite limited because of the older age at
presentation (>60 years), poor performance status, the severe immunosuppression, and the
low CR rate, in particular in the acute form.

Although selection criteria for patients and sources of stem cells remain to be resolved, allo-
SCT may be considered as a treatment option for patients with aggressive ATL.

For treating aggressive ATL, LSG15 is the standard chemotherapy, however, its efficacy of
LSG15 is transient. Improved outcome after allo-SCT, despite a high incidence of graft-versus-
host disease, has been reported.

To evaluate whether allo-SCT is more effective than LSG15 for aggressive ATL, an up front
phase II clinical trial is now being planned. [1].

15.3.1. Donor selection

Total 386 patients with ATL who underwent allo-SCT using different graft sources were
evaluated [58].

154 received human leukocyte antigen (HLA)-matched related marrow or peripheral blood;
43 received HLA-mismatched related marrow or peripheral blood; 99 received unrelated
marrow; and 90 received single unit unrelated cord blood. After a median follow-up of 41
months (range, 1.5-102), the 3-year OS for the entire cohort was 33% (95% confidence interval,
28%-38%). Multivariable analysis showed that 4 recipient factors were significantly associated
with lower survival rates: older age (> 50 years), male sex, status other than CR, and the use
of unrelated cord blood compared with use of HLA-matched related grafts. Treatment-related
mortality rate was higher among patients given cord blood transplants; disease-associated
mortality was higher among those given transplants not in remission. Among transplants,
donor HTLV-I seropositivity adversely affected disease-associated mortality.

15.3.2. Conditioning regimen

A retrospective study of allo SCT for ATL were conducted in Japan for the effects of the
preconditioning regimen [59].

The median OS and 3-year OS of bone marrow or peripheral blood transplantation recipients
(n=586) were 9.9 months (7.4-13.2 months) and 36% (32-41%), respectively.
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events were infusion reactions (89%) and skin rashes (63%), which were manageable and
reversible in all the cases.

Because monoclonal antibodies were tried as single agents, trials are needed to define in
combination therapies with chemotherapy in the lymphoma form or with antiretroviral
therapy in the acute form. Following on a phase III study(JCOG9801(Japan Clinical Oncology
Group 9801) for untreated aggressive ATL promote to conduct a randomized trial of VCAP-
AMP-VECP chemotherapy with or without KW-0761 for untreated ATL.
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demonstrated good results: however, the results are scanty and limited to case reports. with
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or without nucleoside analogs such as pentostatin may be promising. However, the associated
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host disease, has been reported.

To evaluate whether allo-SCT is more effective than LSG15 for aggressive ATL, an up front
phase II clinical trial is now being planned. [1].

15.3.1. Donor selection

Total 386 patients with ATL who underwent allo-SCT using different graft sources were
evaluated [58].

154 received human leukocyte antigen (HLA)-matched related marrow or peripheral blood;
43 received HLA-mismatched related marrow or peripheral blood; 99 received unrelated
marrow; and 90 received single unit unrelated cord blood. After a median follow-up of 41
months (range, 1.5-102), the 3-year OS for the entire cohort was 33% (95% confidence interval,
28%-38%). Multivariable analysis showed that 4 recipient factors were significantly associated
with lower survival rates: older age (> 50 years), male sex, status other than CR, and the use
of unrelated cord blood compared with use of HLA-matched related grafts. Treatment-related
mortality rate was higher among patients given cord blood transplants; disease-associated
mortality was higher among those given transplants not in remission. Among transplants,
donor HTLV-I seropositivity adversely affected disease-associated mortality.

15.3.2. Conditioning regimen

A retrospective study of allo SCT for ATL were conducted in Japan for the effects of the
preconditioning regimen [59].

The median OS and 3-year OS of bone marrow or peripheral blood transplantation recipients
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The values for recipients of myeloablative conditioning (MAC: n = 280) and reduced-intensity
conditioning (RIC: n = 306) were 9.5 months (6.7-18.0 months) and 39% (33-45%) and 10.0
months (7.2-14.0 months) and 34% (29-40%), respectively.

Multivariate analysis showed that 5 variables significantly contributed to poorer OS; older age,
male gender, not in CR, poor performance status, and transplantation from unrelated donors.
Although no significant difference in OS between MAC and RIC was observed. Regarding
mortality, RIC was significantly associated with ATL-related mortality compared with MAC.

15.3.3. Graft-Versus-ATL(GVL) effect

The  effects  of  acute  and  chronic  GVHD on  overall  survival,  disease-associated  mortali‐
ty,  and  treatment-related  mortality  among  294  ATL  patients  who  received  allo  HCT
were analyzed [60].

The occurrence of GVHD demonstrated that the development of grade 1-2 acute GVHD
(aGVHD) was significantly associated with higher overall survival (P = 0.018) compared with
the absence of aGVHD. Occurrence of either grade 1-2 or grade 3-4 aGVHD was associated
with lower disease-associated mortality compared with the absence of aGVHD, whereas grade
3-4 aGVHD was associated with a higher risk for treatment-related mortality (P < 0.001). The
development of extensive chronic GVHD (cGVHD) was associated with higher treatment-
related mortality (P = 0.006) compared with the absence of cGVHD. These results indicate that
the development of mild-to-moderate aGVHD attribute a lower risk of disease progression
and a beneficial effect on the survival of ATL patients with allografts.

Clinical studies have suggested that allo SCT improves the clinical course of ATL with a graft-
versus-ATL effect. It is speculated that donor-derived HTLV-1 Tax-specific CD8(+) cytotoxic
T cells (CTLs) contribute to the graft-versus-ATL effect after HSCT.

The frequencies, differentiation, functions and clonal dynamics of Tax-specific CTLs in
peripheral blood (PB) and bone marrow (BM) from an ATL patient were analyzed after HSCT
[61]. Donor-derived Tax-specific CTLs effectively suppressed HTLV-1 replication in both PB
and BM at least during chronic graft-versus-host disease after HSCT.

Tax-specific CTLs persistently existed as less-differentiated CD45RA(-)CCR7(-) effector
memory CTLs based on predominant phenotypes of CD27(+), CD28(+/-) and CD57(+/-). Two
predominant CTL clones persistently existed and maintained strong cytotoxic activities
against HTLV-1 in both PB and BM over three years after HSCT.

To study the GVL effects after allo-HSCT, 21 ATL patients(18 acute, 2 lymphoma and 1 chronic)
were examined [62]. allo-HSCT, seven patients were in CR, one was in PR, five had stable
disease(SD) and eight had progressive disease(PD). The disease after allo-HSCT was CR in 14,
PR in 3, SD in one and PD in 3 patients. Among 15 patients who survived longer than 100 days,
ATL relapsed in 10 patients. After the discontinuing of immunosuppressant therapy in these
10 patients, 8 manifested GVHD; ATL was ameliorated to CR in 6 patients. Donor lymphocytes
were infused into 2 patients who did not show GVHD; 1 obtained CR. In 5 patients with skin
relapse alone, 4 patients achieved CR following the discontinuation of the immunosuppres‐
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sants. From these results, Gv-ATL effects played an important role in the outcome of allo-HSCT
for ATL. [63].

15.4. Antiviral therapy

15.4.1. Zidovudine (AZT) and Interferon(INF)

Zidovudine (AZT) and interferon(INF) are known to be as antiviral agents.

Phase II studies with the combination of AZT and IFN treatment showed a high response rate.
For acute ATL, first-line antiviral therapy alone resulted in a significant survival advantage
(5-year overall survival [OS] of 28%) compared with first-line chemotherapy with or without
maintenance antiviral therapy (5-year OS of 10%). Achieving CR with antiviral therapy
resulted in a 5-year survival rate of 82%.

A study of worldwide meta-analysis on 254 ATL survival treated in the United States, the
United Kingdom, Martinique, and France (116 acute ATL, 18 chronic ATL, 11 smoldering ATL,
and 100 ATL lymphoma) was performed. Five-year OS rates were 46% for 75 patients who
received first-line antiviral therapy, 20% for 77 patients who received first-line chemotherapy,
and 12% for 55 patients who received first-line chemotherapy followed by antiviral therapy.

Patients with acute, chronic, and smoldering ATL significantly benefited from first-line
antiviral therapy, whereas in ATL lymphoma, first-line antiviral therapy resulted in a signif‐
icant survival disadvantage (median and 5-year OS of 7 months and 0%, respectively)
compared with first-line chemotherapy with or without maintenance antiviral therapy
(median and 5-year OS of 16 months and 18%, respectively). Finally, a multivariate analysis
confirmed that first-line antiviral therapy significantly improves overall survival of ATL
patients (hazard ratio 0.47; 95% confidence interval 0.27-0.83; P =.021). [64,65].

Virus  expression  has  been  reported  to  be  limited  or  absent  when  ATLL  is  diagnosed,
and  this  has  suggested  that  secondary  genetic  or  epigenetic  changes  are  important  in
disease pathogenesis.

Nineteen  patients  were  prospectively  enrolled  in  a  phase  II  clinical  trial  of  infusional
chemotherapy with etoposide,  doxorubicin,  and vincristine,  daily  prednisone,  and bolus
cyclophosphamide  (EPOCH)  given  for  two  to  six  cycles  until  maximal  clinical  re‐
sponse,  and  followed  by  antiviral  therapy  with  daily  zidovudine,  lamivudine,  and  al‐
pha interferon-2a for  up to one year  [66].

Seven patients were on study for less than one month due to progressive disease or chemo‐
therapy toxicity. Eleven patients achieved an objective response with median duration of
response of thirteen months, and two complete remissions. Viral reactivation(median 190-fold)
was observed during EPOCH chemotherapy.

Alternative therapies are sorely needed in this disease that simultaneously prevent virus
expression.
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development of extensive chronic GVHD (cGVHD) was associated with higher treatment-
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Clinical studies have suggested that allo SCT improves the clinical course of ATL with a graft-
versus-ATL effect. It is speculated that donor-derived HTLV-1 Tax-specific CD8(+) cytotoxic
T cells (CTLs) contribute to the graft-versus-ATL effect after HSCT.

The frequencies, differentiation, functions and clonal dynamics of Tax-specific CTLs in
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[61]. Donor-derived Tax-specific CTLs effectively suppressed HTLV-1 replication in both PB
and BM at least during chronic graft-versus-host disease after HSCT.

Tax-specific CTLs persistently existed as less-differentiated CD45RA(-)CCR7(-) effector
memory CTLs based on predominant phenotypes of CD27(+), CD28(+/-) and CD57(+/-). Two
predominant CTL clones persistently existed and maintained strong cytotoxic activities
against HTLV-1 in both PB and BM over three years after HSCT.

To study the GVL effects after allo-HSCT, 21 ATL patients(18 acute, 2 lymphoma and 1 chronic)
were examined [62]. allo-HSCT, seven patients were in CR, one was in PR, five had stable
disease(SD) and eight had progressive disease(PD). The disease after allo-HSCT was CR in 14,
PR in 3, SD in one and PD in 3 patients. Among 15 patients who survived longer than 100 days,
ATL relapsed in 10 patients. After the discontinuing of immunosuppressant therapy in these
10 patients, 8 manifested GVHD; ATL was ameliorated to CR in 6 patients. Donor lymphocytes
were infused into 2 patients who did not show GVHD; 1 obtained CR. In 5 patients with skin
relapse alone, 4 patients achieved CR following the discontinuation of the immunosuppres‐
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Zidovudine (AZT) and interferon(INF) are known to be as antiviral agents.

Phase II studies with the combination of AZT and IFN treatment showed a high response rate.
For acute ATL, first-line antiviral therapy alone resulted in a significant survival advantage
(5-year overall survival [OS] of 28%) compared with first-line chemotherapy with or without
maintenance antiviral therapy (5-year OS of 10%). Achieving CR with antiviral therapy
resulted in a 5-year survival rate of 82%.

A study of worldwide meta-analysis on 254 ATL survival treated in the United States, the
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and 100 ATL lymphoma) was performed. Five-year OS rates were 46% for 75 patients who
received first-line antiviral therapy, 20% for 77 patients who received first-line chemotherapy,
and 12% for 55 patients who received first-line chemotherapy followed by antiviral therapy.

Patients with acute, chronic, and smoldering ATL significantly benefited from first-line
antiviral therapy, whereas in ATL lymphoma, first-line antiviral therapy resulted in a signif‐
icant survival disadvantage (median and 5-year OS of 7 months and 0%, respectively)
compared with first-line chemotherapy with or without maintenance antiviral therapy
(median and 5-year OS of 16 months and 18%, respectively). Finally, a multivariate analysis
confirmed that first-line antiviral therapy significantly improves overall survival of ATL
patients (hazard ratio 0.47; 95% confidence interval 0.27-0.83; P =.021). [64,65].

Virus  expression  has  been  reported  to  be  limited  or  absent  when  ATLL  is  diagnosed,
and  this  has  suggested  that  secondary  genetic  or  epigenetic  changes  are  important  in
disease pathogenesis.

Nineteen  patients  were  prospectively  enrolled  in  a  phase  II  clinical  trial  of  infusional
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cyclophosphamide  (EPOCH)  given  for  two  to  six  cycles  until  maximal  clinical  re‐
sponse,  and  followed  by  antiviral  therapy  with  daily  zidovudine,  lamivudine,  and  al‐
pha interferon-2a for  up to one year  [66].

Seven patients were on study for less than one month due to progressive disease or chemo‐
therapy toxicity. Eleven patients achieved an objective response with median duration of
response of thirteen months, and two complete remissions. Viral reactivation(median 190-fold)
was observed during EPOCH chemotherapy.

Alternative therapies are sorely needed in this disease that simultaneously prevent virus
expression.
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15.4.2. Arsenic trioxide

Arsenic trioxide synergizes with IFN to induce cell-cycle arrest and apoptosis in HTLV-I–
infected and freshly isolated leukemia cells from ATL patients.

The arsenic/IFN combination kills ATL cells through rapid reversal of the constitutive
activation of NF-κB and delayed shut down of cell cycle-regulated genes secondary to Tax
degradation by the proteasome that was concomitant with cell death induction [67]. It was
speculated that that leukemia initiating activity(LIC) is dependent on continuous NF-κB
expression. [68]. Other phase II study, the efficacy and safety of the combination of arsenic,
IFN, and AZT in 10 newly diagnosed chronic patients was evaluated [69]. 100% response rate
was observed, including 7 CR, 2 PR but with > 5% circulating atypical lymphocytes, and 1PR.
Side effects were moderate and mostly hematologic.

The addition of arsenic to AZT/IFN, through elimination of LIC activity, may result in long-
term disease eradication and potential cure. Treatment of arsenic/IFN/AZT combination was
a suboptimal 5-days-per-week treatment, 3 of 6 patients remained in continuous complete
remission for 7-18 months after discontinuation of maintenance therapy, whereas 5 patients
with chronic ATL previously treated with IFN/AZT alone all relapsed, on average before 5
months. Similarly, in an ongoing trial of ATL lymphoma patients, ie, maintenance therapy
with arsenic/IFN after complete remission with chemotherapy, resulted in all assessable
patients remaining in complete remission for 23-44 months, a distinctly uncommon finding in
these diseases. These observations suggest that in ATL patients arsenic/IFN efficiently targets
ATL LIC activity and may be useful as a consolidation therapy.

The results  of  another  phase II  trial  in  which arsenic  was added to  the  combination of
AZT and IFN in  newly diagnosed chronic  ATL were  reported.  All  10  patients  enrolled
responded,  including seven patients  who achieved CR, two patients  who achieved very
good PR,  and one patient  achieved PR.  Side effects  were moderate  and no relapse was
noted at the time of reporting.

These encouraging results suggest that the triple combination of arsenic, AZT and IFN is a
promising even for the first line therapy of ATL.

15.5. Targeting NFκB in ATLL patients

In ATLL cells the NFκB pathway remains activated even after Tax expression is repressed.
Thus NFκB remains a therapeutic target even when Tax is not expressed.

To determine if NFκB blockade is tolerated in these patients, and whether or not it improves
response rates and overall survival, multicenter trial combines infusional chemotherapy
(EPOCH) with bortezomib. This trial includes treatment with integrase inhibitor raltegravir,
which was found to inhibit HTLV-1 integration. The addition of an antiviral agent to this ATLL
treatment regimen is based clinical trial in which chemotherapy was found to markedly
enhance virus expression in a subset of patients.

Bortezomib is another non-specific inhibitor of the NFκB pathway that is capable of inhibiting
proliferation of tumors cells [72]. Bay11-7082, an IKK inhibitor, inhibits the NFκB pathway in
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ATLL cells and sensitizes HTLV-1 infected cells lines as well as primary ATLL cells to apoptosis
[73,74]. Over the past years several additional studies have therapeutically targeted the NFκB
pathway in order to kill ATLL cells

Oridonin, NIK-333, curcumin, fucoidan, and histone-deacetylase inhibitors have all been
reported to induce apoptosis in ATLL cells by repressing the NFκB pathway. The field now
awaits successful clinical trials in vivo [75,76].

15.6. Watch-and-wait policy for indolent ATL

Patients with smoldering or chronic ATL subtypes have a better prognosis than those with
aggressive variants of ATL. Therefore, these 2 ATL subtypes were considered indolent and
were usually managed with a watchful-waiting policy until disease progression. However, the
reported median survival of chronic and smoldering types was only 18 months and 58 months,
respectively, and the OS rates were < 20% at 5 years in both types. From Japanese study with
longer follow-up period, that indolent ATL had a poor prognosis: patients with smoldering
ATL had an estimated 15-year survival rate of 12.7% with a median survival of 2.9 years,
whereas patients with chronic ATL had an estimated 15-year survival rate of 14.7% with a
median survival of 5.3 years. Importantly, patients who received chemotherapy had a
significantly lower survival compared with patients treated on a watch-and-wait policy.

From 1974 to 2003, newly diagnosed indolent ATL in 90 patients (65 chronic type and 25
smoldering type) was analyzed. The median survival time was 4.1 years;  The estimated
5-,  10-,  and  15-year  survival  rates  were  47.2%,  25.4%,  and  14.1%,  respectively,  with  no
plateau in the survival  curve.  Kaplan-Meier  analyses showed that  advanced PS,  neutro‐
philia, high concentration of lactate dehydrogenase, more than 3 extranodal lesions, more
than 4  total  involved lesions,  and receiving  chemotherapy were  unfavorable  prognostic
factors  for  survival.  Multivariate  Cox analysis  showed that  advanced PS  was  a  border‐
line  significant  independent  factor  in  poor  survival  (P  =.06).  The  prognosis  of  indolent
ATL in this study was poorer than expected.

15.7. Telomerase inhibitors

AZT is a thymidine analog that has been shown to inhibit cancer growth and telomerase
activity. HTLV-I infected cells undergo senescence during long-term AZT treatment, du to the
reactivation of tumor suppressor p53 transcriptional activities. This effect is dependent upon
telomere shortening. In vivo patient samples of AZT-treated ATLL patients show decreases in
telomerase activity and telomere lengths [48].

16. Treatment strategy

16.1. Acute ATL

As summarized in Fig. 3, in Japan, at present, LSG15 is the standard chemotherapy for the
treatment of aggressive ATL, but the efficacy of LSG15 in most patients is transient.
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In ATLL cells the NFκB pathway remains activated even after Tax expression is repressed.
Thus NFκB remains a therapeutic target even when Tax is not expressed.

To determine if NFκB blockade is tolerated in these patients, and whether or not it improves
response rates and overall survival, multicenter trial combines infusional chemotherapy
(EPOCH) with bortezomib. This trial includes treatment with integrase inhibitor raltegravir,
which was found to inhibit HTLV-1 integration. The addition of an antiviral agent to this ATLL
treatment regimen is based clinical trial in which chemotherapy was found to markedly
enhance virus expression in a subset of patients.

Bortezomib is another non-specific inhibitor of the NFκB pathway that is capable of inhibiting
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ATLL cells and sensitizes HTLV-1 infected cells lines as well as primary ATLL cells to apoptosis
[73,74]. Over the past years several additional studies have therapeutically targeted the NFκB
pathway in order to kill ATLL cells

Oridonin, NIK-333, curcumin, fucoidan, and histone-deacetylase inhibitors have all been
reported to induce apoptosis in ATLL cells by repressing the NFκB pathway. The field now
awaits successful clinical trials in vivo [75,76].

15.6. Watch-and-wait policy for indolent ATL

Patients with smoldering or chronic ATL subtypes have a better prognosis than those with
aggressive variants of ATL. Therefore, these 2 ATL subtypes were considered indolent and
were usually managed with a watchful-waiting policy until disease progression. However, the
reported median survival of chronic and smoldering types was only 18 months and 58 months,
respectively, and the OS rates were < 20% at 5 years in both types. From Japanese study with
longer follow-up period, that indolent ATL had a poor prognosis: patients with smoldering
ATL had an estimated 15-year survival rate of 12.7% with a median survival of 2.9 years,
whereas patients with chronic ATL had an estimated 15-year survival rate of 14.7% with a
median survival of 5.3 years. Importantly, patients who received chemotherapy had a
significantly lower survival compared with patients treated on a watch-and-wait policy.

From 1974 to 2003, newly diagnosed indolent ATL in 90 patients (65 chronic type and 25
smoldering type) was analyzed. The median survival time was 4.1 years;  The estimated
5-,  10-,  and  15-year  survival  rates  were  47.2%,  25.4%,  and  14.1%,  respectively,  with  no
plateau in the survival  curve.  Kaplan-Meier  analyses showed that  advanced PS,  neutro‐
philia, high concentration of lactate dehydrogenase, more than 3 extranodal lesions, more
than 4  total  involved lesions,  and receiving  chemotherapy were  unfavorable  prognostic
factors  for  survival.  Multivariate  Cox analysis  showed that  advanced PS  was  a  border‐
line  significant  independent  factor  in  poor  survival  (P  =.06).  The  prognosis  of  indolent
ATL in this study was poorer than expected.

15.7. Telomerase inhibitors

AZT is a thymidine analog that has been shown to inhibit cancer growth and telomerase
activity. HTLV-I infected cells undergo senescence during long-term AZT treatment, du to the
reactivation of tumor suppressor p53 transcriptional activities. This effect is dependent upon
telomere shortening. In vivo patient samples of AZT-treated ATLL patients show decreases in
telomerase activity and telomere lengths [48].

16. Treatment strategy

16.1. Acute ATL

As summarized in Fig. 3, in Japan, at present, LSG15 is the standard chemotherapy for the
treatment of aggressive ATL, but the efficacy of LSG15 in most patients is transient.
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Figure 3. Treatment proposal

To evaluate whether allo-SCT is more effective than the standard chemotherapy (LSG15) for
aggressive ATL, clinical trial are needed.

In United States, an antiviral therapy such as AZT+IFN is recommended [1].

16.2. Chronic and smoldering ATL

Although patients with chronic and smoldering ATL have a better prognosis compared with
patients with acute ATL and ATL lymphoma, long-term survival is dismal when these patients
are managed with a watchful-waiting policy until their disease progresses. Moreover, patients
who received chemotherapy alone had even a poorer outcome.

It is one proposal that patients with chronic and smoldering ATL should be treated with
antiviral therapy. In the worldwide meta-analysis on ATL survival, patients with chronic/
smoldering ATL who received first-line antiviral therapy only had an excellent survival (100%
OS beyond 5 years). The recommended starting dose is AZT 900 mg/d (in 3 divided doses) and
IFN-α (5-6 million IU/m2/d). Usually, after 1 month, AZT dose can be titrated down to 600 mg/
d in 2 divided doses, and the IFN dose can be reduced to 3-5 million IU/d or alternatively 1.5
μg/kg of pegylated IFN weekly. The addition of other antiretroviral agents, such as 3TC
(lamivudine) or zalcitabine, has been tested by several centers. However, no clinical evidence
of added benefit was demonstrated. On the basis of the preclinical data, clinical trials are testing
the effect of adding arsenic to the AZT/IFN combination as a consolidation therapy with the

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic104

aim of then stopping therapy and achieving cure by potential elimination of leukemia-
initiating cells.

16.3. Lymphoma

In Japan, LSG protocol is generally tried. When treated with this LSG15 protocol, ATL
lymphoma patients achieved a better CR rate (66.7%) than acute type (19.6%) or chronic type
(40.0%) patients.

First-line antiviral therapy is less effective than first-line chemotherapy in ATL lymphoma.
Probably, the combination of chemotherapy and AZT/IFN is recommended as front-line
therapy in ATL lymphoma based on the reactivation of HTLV-1 virues.

Based on encouraging results from Japan, allo SCT is recommended for young patients with
ATL lymphoma and sutable donor.

17. Supportive therapy in ATL

Infectious events are often fatal in ATL patients. Sulfamethoxazole-trimethoprim and anti‐
fungal agents were recommended for the prophylaxis of Pneumocystis jiroveci pneumonia and
fungal infections, respectively, in the JCOG trials. Although cytomegalovirus infection
commonly occurs in ATL patients, ganciclovir is not routinely recommended for prophylaxis.
In addition, in patients not receiving chemotherapy, antifungal prophylaxis may not be critical.

18. Prevention

In 1980, investigation of mother-to-child transmission (MTCT) for explaining the infection of
HTLV-1. Epidemiological data revealed the MTCT rate at ∼20%. Cell-mediated transmission
of HTLV-1 without prenatal infection suggested a possibility of milk-borne transmission. A
prefecture-wide intervention study to refrain from breast-feeding by carrier fmothers, the ATL
Prevention Program Nagasaki revealed a marked reduction of HTLV-1 MTCT by complete
bottle-feeding from 20.3% to 2.5%, and a significantly higher risk of short-term breast-feeding
(<6 months) than bottle-feeding (7.4% vs. 2.5%, P < 0.001) [77].

19. Conclusion

Further investigation on the ATL pathogenesis is crucial for the prevention and treatment of
this refractory leukemia/lymphoma. Clinical trials to assess additional targeted therapies such
as NF-kB-targeted therapy or monoclonal antibodies are mandatory after achieving CR.
Allogeneic BMT with the use of conventional or non-myeloablative conditioning should be
considered for suitable patients.
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(40.0%) patients.
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Infectious events are often fatal in ATL patients. Sulfamethoxazole-trimethoprim and anti‐
fungal agents were recommended for the prophylaxis of Pneumocystis jiroveci pneumonia and
fungal infections, respectively, in the JCOG trials. Although cytomegalovirus infection
commonly occurs in ATL patients, ganciclovir is not routinely recommended for prophylaxis.
In addition, in patients not receiving chemotherapy, antifungal prophylaxis may not be critical.
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HTLV-1. Epidemiological data revealed the MTCT rate at ∼20%. Cell-mediated transmission
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(<6 months) than bottle-feeding (7.4% vs. 2.5%, P < 0.001) [77].
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as NF-kB-targeted therapy or monoclonal antibodies are mandatory after achieving CR.
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1. Introduction

1.1. The investigation of clusters of diseases

Cluster disease and clustering of diseases is an aggregation of cases of a particular disease that
occur within a group of people, a geographic area or a period of time, and which is higher than
the researchers would expect considering its natural history, and the chance fluctuations. So
far, the study of clusters has led to the identification of health problems that have spatial and
temporal dimensions.

According to Elliot and Best, “The study of the geographic patterns of a specific disease is part
of the classic triad in descriptive epidemiology characterized for the time, the person, and the
place”[1]. Therefore, these studies have been considered as part of Spatial analysis in Epidemi‐
ology because they can be interpreted in a temporal and spatial context; they should not be
confused with an ecological study as commonly happens.

The space-time clustering studies describe populations in historical and geographical contexts,
not individuals or population´s particularities, such as risk factors. The results of these studies
must be interpreted in terms of period of time and geographic area. The space-time clustering
studies are classified as follows:

1. Spatial cluster also named geographic cluster. Is an excess of cases or events in a geo‐
graphic area, which can range from a small settlement to a large region.
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2. Temporal cluster. Is an excess of cases or events observed in a limited period of time. The
results of this study must be interpreted chronologically. For example, a cluster composed
of unrelated individuals whose dates of birth approximately coincide, would result in a
temporary cluster; however, this coincidence do not necessarily is observed in individuals
that lived in the same geographic area, they could live distantly. There are clusters which
individuals coincide on the time of birth, time of diagnosis, or the period in which they
moved to a new city.

3. Space-time cluster. Is an excess of cases or events in both space and time. In other words,
a space-time cluster can be observed in cases that are geographically close and are
observed in the same period of time.

The more common space-time clustering studies designs are spatial clusters and space-time
clustering. Importantly, these types of studies should not be confused with other statistical
cluster analysis methods. Both techniques have similarities as they search characteristics of
groups or other elements. However, their objectives are different, since the space-time
clustering studies search groups of people in both dimensions; while the statistical cluster
analysis explores the strength of the relationship between words, ideas or interrelated
concepts. The distinction between the two methods is even more ambiguous as is common to
find them under the same term [2].

The term spatial dimension is used to refer spatial cluster. The latter research associations
between individuals distributed in a geographic space. The spatial cluster involves the
presence of an environmental factor or factors in the etiology of the disease. One example worth
to mention from veterinary medicine is the exposed by Poljak et al who published a study of
influenza in pigs using Cuzick and Edwards method. They searched several clusters, but only
found significant results in two strains, for influenza H3N2 Sw/Col/77 and H3N2 Sw/Tex/98
in an area near to a documented region of isolation of avian influenza. From an epidemiological
perspective, the source of the spread of these types of influenza in pig herds was an environ‐
mental factor. Evidence suggests that the proximity between both types of farms favored the
formation of a cluster of swine influenza [3].

There are specific tests for each scenario. The considerations for determining whether a cluster
actually exists, or not, depend on the underlying populations. These studies describe the spatial
or temporal behavior of a population; making inferences that are able to describe an area or a
period. The findings are then extrapolated to the population under study. One of the advan‐
tages of these results is that they can be explaining visually when displayed on a map or a time
curve.

Moreover, the cluster and the ecological studies differ from the classic major epidemiological
studies such as cohort, case-control and cross sectional. However, these studies can be
combined with the objective of studying a particular population. For example, information
from a cross-sectional study does not require major changes in order to use it for a cluster
study. The main objective of a cluster study is the description of the population. The principal
objectives of a cross-sectional study are sometimes similar to the objectives of clusters studies.
On the other hand, information collected longitudinally, for instance from a cohort study, can
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be used for a temporal cluster or space-time cluster. Moreover, data from a cohort study is
frequently used for other studies such as temporal cluster studies. For example, Gaudar et al
used a cohort study to identify clusters, which allowed them to define an epidemiological
surveillance tool [4]. The objective of this research was to identify areas of high risk for malaria
using a dynamic cohort from 1996 to 2001. This group of researchers employed a cohort of
identification of clusters by Kulldorf’s technique. Their results showed an identification of six
clusters of high risk of infection by P. falciparum, and concluded the advantages of detecting
clusters to generate maps of high risk for malaria. A cohort is characterized by collecting data
over a period of time. Nonetheless, the passing of time in collecting and analyzing data is not
an exclusive characteristic of the cohort study. There are techniques of cluster analysis able to
analyze the effect of time on the formation of clusters. Regarding at the studies of clusters, it
can be observed that this condition can also occur with temporal data. You can also use data
from a case-control research to detect clusters. Alternatively, the case-control studies are
generally used to verify the findings of a study of clusters. The techniques that combine case-
control studies with clusters studies are currently improving through for example, new
scanning techniques [5]; they also can be used to evaluate the mobility of individuals [6]. At
the end of this chapter, we present a study of clusters with information from a case-control
study.

Historically, studies of clusters were used to know what caused a heterogeneous distribution
of cases; in other words to better understand why the incidence of cases were more concen‐
trated in a particular space or time. In fact, with this question in mind the cluster detection
studies are conducted. However, on several occasions has taken the initiative to anticipate it
and, without waiting for evidencing disease predilection to join an aggregate of cases, the
researchers have investigated whether this phenomenon is part of the natural history of the
disease.

This difference is related to the distinction between clusters and clustering. By clustering
means  the  overall  propensity  to  form groups  of  cases.  Moreover,  clusters  are  excessive
pooling of people, usually in a small and well defined area and generally have a few cases
[7]. Thus, with two different approaches, there is another classification of such studies: the
post-hoc, which is based on observation of past events; and the priori, found as a result of a
specific  statistical  exercise.  A  priori  investigation  of  a  propensity  for  the  tendency  of
clustering is relatively new and can be useful in the interpretation of some post hoc cluster
observations.

The studies of post hoc clusters take place because of public concern about a possible cluster.
The problem is that the cases have been identified by personal knowledge and therefore may
lead to an inherent bias. Indeed cases may not even be from the same disease. The a priori
surveillance schemes, systematically monitoring a region for geographical or temporal
excesses. There are specialized methods for looking for overall clustering (space-time, spatial
or temporal) or to find specific clusters. In turn, clusters studies can be classified otherwise, as
expressed in the following chart:
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Figure 1. Types of clusters of diseases

The particularity of clusters analysis is that it shows the heterogeneous spatial distribution of
cases, or the different behavior of occurrence of cases. It is generally accepted that the explan‐
ation of this distinction lies in the unequal distribution of the causal factors of disease in time
and space. The underlying causes factors may vary by location, such as city, country, neigh‐
borhood, or rural areas. Putative exposures may have changed through time.

The value of a cluster analysis is that they show the hypothetical consequences of any possible
factor on the spatial or temporal distribution of the population. If there is a spatial or temporal
difference in the incidence of a disease, this could suggest the presence of an environmental
factor. When the positive detection of a cluster happens, this suggests that an environmental
factor may be involved in the development of this health problem. At the level of individuals,
genetic factors are important in determining which people get sick. However, when we need
to explain the disease in the population level, environmental factors and lifestyle have a higher
relative weight [8]. Given the conclusion, the question is: what are these factors?

2. Spatial epidemiology

2.1. Definition and concepts

Among the various techniques and methods to study epidemiology, there is an area called
Spatial epidemiology (or Geographical epidemiology). The Spatial epidemiology complements
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other studies that are considered traditional in epidemiology (cross sectional, cohort and case-
control studies). The objectives of Spatial epidemiology are two: 1) to identify the possible risk
factor that contribute to the spatial variation of the disease, and 2) highlight unusual groups
that may say something more, than what is already known through other research channels.
Finally in these studies, the clusters are defined as groups of persons [1,9].

Furthermore the study of  geographical  distribution´s  patterns of  disease depends of  the
geographic  or  temporal  scale  [1].  Of  the  scale,  because,  for  example,  in  a  big  city,  one
kilometer can be sufficient to determine the presence of a cluster. While on the other hand,
if the territory under study is only a section of a city, the assessment may be limited to a
few tens of meters. And of the time, since if the health problem is the result of a very clear,
and definite exposure,  then the clusters of cases may be observable after a few months.
One  example  is  the  radiation´s  effects  from  Chernobyl  on  the  increasing  in  the  preva‐
lence of Down´s syndrome in the children of Belarus [10]. This cluster could be related to
radiation´s exposure, and was confined to a single month. Another example is related to
studies that monitoring acute outbreak, which lasted a few days, where a cluster could be
detected on a much smaller window of time. E.g.,  one study, conducted in Hong Kong,
illustrates the spatial and temporal dynamics of human influenza A (H1N1). They could
detect space-time heterogeneity in the incidence of disease. It is remarkable the chronolog‐
ical description of the spread of disease across the territory of Hong Kong. In this study,
were detected space-time clusters of people with the disease from the third week until week
22.  It  described the cluster  transformation weekly.  Although researchers  have evaluated
space-time clustering, rather than temporal clusters, their results demonstrate how can be
detected clusters within small periods of weeks, or even in a few days [11].

A study of clusters (or clustering) can support, or not support, an etiological hypothesis.
There must be similarities between the premises of the hypothesis and the design princi‐
ples inherent at the study. For example, in one study of McNally et al, they assumed that,
according to the hypothesis  put forward by Smith [12]  a  high incidence of  acute leuke‐
mia in children is linked with an infectious exposure that occurred in uterus.  Under this
premise, the space-time cluster of children with leukemia should have manifested when it
searched  according  to  the  place  and  date  of  birth,  because  these  are  according  with
assumptions of Smith’s hypothesis. If it had, this result could have been interpreted as an
indirect  support  of  that  acute  leukemia in  children is  linked,  in  fact,  with an infectious
exposure in uterus, prior to disease development. They did not find this result, so it ended
without support the Smith’s hypothesis [13]. This is one illustration of how the principles
of  design  of  a  cluster  (or  clustering)  study,  should  coincide  with  the  assumptions  of  a
previously stated hypothesis.

The test driver of these studies is derived from other sciences. According to Lawson, Spatial
epidemiology concerns the analysis of the spatial-geographical incidence of disease. The
Spatial epidemiology keeps a close link with Spatial analysis. Last one forms an entire branch,
and a school of thought within the geographical science. Lawson noted that the Spatial
epidemiology is a field, or discipline, whose interest concerns the use and interpretation of
maps for the location of cases of disease. Also pointed out that all matters related to the
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production of maps and statistical analysis of mapped data should be dedicated to study in
Epidemiology. Furthermore, it pointed out that many epidemiological concepts play an
important role in their analysis.

The importance of maps in epidemiological work is clear. However, Spatial epidemiology does
not restrict its activity only to such cartographic work. There are a detailed set of tasks for
Spatial/Geographical analysis in Epidemiology. There are: cluster (or clustering) studies,
models of exposure to sources of risk of disease mapping, field surveys of information,
analysis, ecological models of infectious diseases, among other studies [9]. You can do analysis
within related areas, comparisons, analysis of surfaces and areas, analysis of lines, and analysis
of points. Each category has additional subdivisions into more types of studies [14]. Clustering
studies look for general patterns in a region, whereas, in contrast, cluster studies have a focused
representation. The study of spatial clusters (or clustering) and spatial-temporal clusters (or
clustering) correspond to the study of points and areas, and correspond with focused and
general clusters and clustering studies. Both types of studies are having a geographical
interpretation. Focused cluster studies actually seek to detect a very specific cluster, e.g.,
distinctly clustered cases around a defined point localized in a territory. General clustering
and focused cluster analyses have their own statistical tests. Also, there are two concepts whose
interpretation may be mistaken, and these are cluster and clustering. A cluster is a group of
children that arises in a small and well defined area, usually has a few cases. By clustering
means the general propensity of cases to form groups [13].

Tango, in his book Statistical Methods for Disease Clustering [15], classified clusters studies
according to geographical approach to the problem. If the intention is to recognize the
occurrence of conglomerate, over a territory and/or a given time, then this is a general test. If,
instead, there is already a predetermined point, as a given event in a defined location, then a
test is focused. To further clarify the last point, it is the example of radiation in Chernobyl. The
event is the nuclear disaster, the place is the nuclear plant, and the conglomerate is looking
around that point, after that event. The cluster, detected in the above example, was a focused
cluster.

A focused study of clusters is a specific study of clusters. In these studies, the location of any
cluster, if it exists on the map, is a matter of first importance. In these studies there is a source
of exposure, which is a fixed place in the territory, and is known incidence of the disease. The
search feature is that if any cluster is detected, it should revolve around sources of exposure
that are under suspicion. Often this relationship is identified as a causal interaction, i.e.,
indicate the relationship between nuclear plant exposure and the spatial distribution of sick
cases around it. Indirectly, the results of these studies are interpreted as support evidence that
an exposure located in one place can generate a disease in the population that is under the
effect of exposure. Tango pointed a difference: when the location of possible clusters is
expected a priori, then it is a specific focusing study; when possible location is unknown, a
specific study is not focused [15].

For his part, Lawson, classifies these two ways of approaching with other names: like a general
study of clusters, and as specific studies [9]. However, he further detailed definition of both
concepts, as he points out the usefulness of studies from a map view. Furthermore, according

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic120

to Lawson, a general study of clusters is the valuation of a map of a complete territory, in order
to find out if there are clusters in that place. If anything there is no cluster, as proposed by a
null hypothesis, the map should not observe any difference in the distribution of the disease.
The explanation, in the alternative hypothesis, should then provide some specific mechanisms
to understand the grouping that the maps show. It concerns a preconceived notion of how
these clusters are given. Such studies may also be called as non-specific, since in reality are not
required to identify the place where the clusters are placed, but that really only intended to
identify whether there is a pattern, a pattern of grouping into clusters.

It is extremely important, in Spatial epidemiology, which in all the techniques and methods
explained, epidemiological considerations, proper exercise of Epidemiology, are taken into
account. Elliot and Best, declared that the differences in the distribution of disease incidence,
could produce important clues to the etiology of disease research. Then, later studies could be
carried out by methods designed to analyze the population at an individual level (e.g. cohort
or case-control-control) [1].

The Spatial epidemiological analysis has three peculiarities inherent to the source of their
data, which explain the logic of the clusters. First,  epidemiological analysis has in statis‐
tics and, in particular in spatial statistics, at the core of their method. This is because these
data  have  the  property  of  being  geo-referenced  (located  on  a  map)  and  may  be  inter‐
linked a result of their location. The data can be at the personal level, always associated
with it spatial localization. Secondly, in Epidemiology, generally the spatial data are discrete,
i.e. they are not quantifiable data on a continuous scale. They are the occurrence of these
phenomena is in part a consequence of previous events, and in addition it also depends
on  an  important  individual  independence,  due  to  random  processes.  That  is,  they  are
stochastic  processes.  Furthermore,  these  data  (for  example,  the  location  of  a  child  with
leukemia)  behave  according  to  processes  associated  with  discrete  probability  distribu‐
tions. Put another way, these are processes whose phenomena are clearly separated values.
Finally, the nature of all information used in Spatial epidemiology are linked to convention‐
al studies of Epidemiology, which leads to the derivation of models and methods related
to spatial analysis [9]. In these studies a null hypothesis indicates the "normal" variation of
sick cases, or with health problems. It is compared against alternative hypothesis, which
explains the difference in question

There should be no confusion. This type of study stored multiple matches with other epide‐
miological studies. For example, the size of the sample examined, studies of clusters also yield
less uncertainty when making inferences. Can be made a study of conglomerates stratified,
where a disease cases are divided into groups suitable for research purposes. For example, it
can do cluster detection between boys and girls or by age groups sensitive to the different
susceptibility of some individuals over others. The results of a study of clusters can be
enhanced, too, by using more variables. These variables need not be necessarily included in
the operations of the proper analysis of the detection of clusters. Its can indicate the environ‐
mental conditions of the population. For example, one can know the socioeconomic status of
the cases studied the population density of the locality where they live, or industrial activity
where they live, just to name a few. Finally, the study outcomes can be explained in light of
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production of maps and statistical analysis of mapped data should be dedicated to study in
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general clusters and clustering studies. Both types of studies are having a geographical
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and focused cluster analyses have their own statistical tests. Also, there are two concepts whose
interpretation may be mistaken, and these are cluster and clustering. A cluster is a group of
children that arises in a small and well defined area, usually has a few cases. By clustering
means the general propensity of cases to form groups [13].

Tango, in his book Statistical Methods for Disease Clustering [15], classified clusters studies
according to geographical approach to the problem. If the intention is to recognize the
occurrence of conglomerate, over a territory and/or a given time, then this is a general test. If,
instead, there is already a predetermined point, as a given event in a defined location, then a
test is focused. To further clarify the last point, it is the example of radiation in Chernobyl. The
event is the nuclear disaster, the place is the nuclear plant, and the conglomerate is looking
around that point, after that event. The cluster, detected in the above example, was a focused
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A focused study of clusters is a specific study of clusters. In these studies, the location of any
cluster, if it exists on the map, is a matter of first importance. In these studies there is a source
of exposure, which is a fixed place in the territory, and is known incidence of the disease. The
search feature is that if any cluster is detected, it should revolve around sources of exposure
that are under suspicion. Often this relationship is identified as a causal interaction, i.e.,
indicate the relationship between nuclear plant exposure and the spatial distribution of sick
cases around it. Indirectly, the results of these studies are interpreted as support evidence that
an exposure located in one place can generate a disease in the population that is under the
effect of exposure. Tango pointed a difference: when the location of possible clusters is
expected a priori, then it is a specific focusing study; when possible location is unknown, a
specific study is not focused [15].

For his part, Lawson, classifies these two ways of approaching with other names: like a general
study of clusters, and as specific studies [9]. However, he further detailed definition of both
concepts, as he points out the usefulness of studies from a map view. Furthermore, according
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to understand the grouping that the maps show. It concerns a preconceived notion of how
these clusters are given. Such studies may also be called as non-specific, since in reality are not
required to identify the place where the clusters are placed, but that really only intended to
identify whether there is a pattern, a pattern of grouping into clusters.

It is extremely important, in Spatial epidemiology, which in all the techniques and methods
explained, epidemiological considerations, proper exercise of Epidemiology, are taken into
account. Elliot and Best, declared that the differences in the distribution of disease incidence,
could produce important clues to the etiology of disease research. Then, later studies could be
carried out by methods designed to analyze the population at an individual level (e.g. cohort
or case-control-control) [1].

The Spatial epidemiological analysis has three peculiarities inherent to the source of their
data, which explain the logic of the clusters. First,  epidemiological analysis has in statis‐
tics and, in particular in spatial statistics, at the core of their method. This is because these
data  have  the  property  of  being  geo-referenced  (located  on  a  map)  and  may  be  inter‐
linked a result of their location. The data can be at the personal level, always associated
with it spatial localization. Secondly, in Epidemiology, generally the spatial data are discrete,
i.e. they are not quantifiable data on a continuous scale. They are the occurrence of these
phenomena is in part a consequence of previous events, and in addition it also depends
on  an  important  individual  independence,  due  to  random  processes.  That  is,  they  are
stochastic  processes.  Furthermore,  these  data  (for  example,  the  location  of  a  child  with
leukemia)  behave  according  to  processes  associated  with  discrete  probability  distribu‐
tions. Put another way, these are processes whose phenomena are clearly separated values.
Finally, the nature of all information used in Spatial epidemiology are linked to convention‐
al studies of Epidemiology, which leads to the derivation of models and methods related
to spatial analysis [9]. In these studies a null hypothesis indicates the "normal" variation of
sick cases, or with health problems. It is compared against alternative hypothesis, which
explains the difference in question

There should be no confusion. This type of study stored multiple matches with other epide‐
miological studies. For example, the size of the sample examined, studies of clusters also yield
less uncertainty when making inferences. Can be made a study of conglomerates stratified,
where a disease cases are divided into groups suitable for research purposes. For example, it
can do cluster detection between boys and girls or by age groups sensitive to the different
susceptibility of some individuals over others. The results of a study of clusters can be
enhanced, too, by using more variables. These variables need not be necessarily included in
the operations of the proper analysis of the detection of clusters. Its can indicate the environ‐
mental conditions of the population. For example, one can know the socioeconomic status of
the cases studied the population density of the locality where they live, or industrial activity
where they live, just to name a few. Finally, the study outcomes can be explained in light of
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these variables, also under the logic of stratified analysis, if required. On the other hand, cluster
studies are sensitive to data quality. If the database from which the analysis is not good quality,
the final conclusion should be taken into account these shortcomings, or even avoid the start
of operations. Other deficiencies that also affect the validity of the results include the under‐
estimation a result of misdiagnosis or because of diagnoses made by different methods. Also,
excessive division and subdivision into groups or strata of the population under study, can
lead to pulverization of the sample into too small sets, unable to be analyzed, without sufficient
statistical power. And similarly, these studies are not without the danger of research bias,
whether by chance or by a systematic error.

2.2. Limitations

From the epidemiological discipline, two important mistakes could occur in these studies: the
fallacy of aggregation, and the ecological fallacy. The concepts are defined, including:

1. Fallacy of aggregation: the misapplication of a causal explanation at the individual, when
it was seen as a relation to the group level. It is considered a kind of ecological fallacy [16].

2. Ecological fallacy: it has two meanings. The first sense is very similar to the aforemen‐
tioned fallacy of aggregation; sometimes it is taken as synonymous with this. The second
meaning, more detailed, defines it as an error of inference due to the mistake to distinguish
between different levels of organization. "A correlation between variables that are based
on characteristics of an group, not necessarily reproduced between variables based on
characteristics of individuals; an association that is given at a level could be gone in the
other, or even be reversed" [16].

In other words, the conclusions, if not verified by other research designs, should be limited to
the population level inferences. For instance, when it is used in conjunction with a case-control
study, the formulation of hypotheses that promotes may result in many more immediate
applications, like the identification of possible risk factors [17]. Otherwise, any generalization
of the results from a study of clusters may be inferred.

A space-time cluster study has the advantage that the associations between cases, being close
to both a time and in space, can provide explanations that detail the coincidence of the
incidence of leukemia in space and at a time determined. This feature is characteristic also of
infectious events. On the other hand, when we only talk about spatial clusters, possible causes
of these clusters can potentially just be environmental. The consideration of an infectious cause
is harder. The explanations behind their formation must be sought strictly by spatial thought,
less specific.

One more limitation is the lack of consistent information between the outcomes of similar
studies. Sometimes it is necessary to work with this drawback, in addition to bias influences.
This bias can be reported and noted, provided that the information given is somewhat
predictable. For example, due to lack of data for workers who arrived in the area of study up
before 1983, and the lack of information from other data, the results could be biased [18].
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Another limitation is the geographical and historical principles that the researcher must
working when making interpretations. Analyzing retrospective data carries uncertainty. For
example, using mortality data in children with LA, it seems bias, may not be appropriate for
studies of clusters, because the difference between the date of illness onset and date of death
are variable among cases, and because people are likely to move between the time of onset
and death [19].

If not careful, you can change the unit of analysis, from population to the territory. In itself this
is not bad, but the evidence should not be combined. For example, Bellec et al, did a spatial
analysis, discarding the population analysis, and results are properly interpreted from a spatial
logic, focused on the areas under study [20]. Even after, its meaning was explicated to the
people. Related to that, among the challenges to be addressed soon, there are: to study too
small areas; to study too large areas; and use biomarkers to check risk factors. An example of
the limitations of both geographical and historical boundaries is the definition of significant
results for both spatial and temporal dimensions. The danger is that you can led out of the
expected results to several other cases are linked. One test, the Knox test shows this disad‐
vantage [21].

One test, known as Moran test, prove test’s spatial limits, and how it could produce a bias in
the correlation tests. Rogerson's method indicates something similar. These could be due to
the difficulty of finding differences in a too small or too large geographic area. This is a
disadvantage in cases such as a city, where opportunities for analysis using very large spatial
limits potentially could led to finding an enormous variability; but on the other hand, for
diseases that are hard to find in general population, like childhood leukemia, to find a cluster
in a very large area will be difficult. As shown, also for this reason, is preferable works it with
existing cases, and choose a convenient method, or a combination of methods.

Finally, not all studies carried out by detecting the presence of complete clusters. This is in part
due to the use of the wrong method, or because the sample size are not adequate. This has
been reported with Glass et al [19], and Bellec et al [20]. The work of Birch et al also makes a
similar warning [21].

3. Studies of clustering and clusters of children with leukemia

An old idea has always troubled the minds of those who investigate the causes of childhood
leukemia. The research regarding the etiology of childhood acute leukemia has a long history
of about 100 years, without finding the full factor explaining the origin of the disease. For
example, by the results of this research have been identified two risk factors for the develop‐
ment of leukemia: intense ionizing radiation and certain congenital genetic syndromes, which
only account for 10% of cases [22]. Amin pointed one factor more: exposure to chemothera‐
peutic agents. However, these factors explain only a small percentage of all cases of leukemia.
He presented several studies that examined the complexity of other risk factors: "early-life
exposures to infectious agents, parental, fetal, or childhood exposures to environmental toxins,
parental occupational exposures to radiation or chemicals; parental medical conditions during
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other, or even be reversed" [16].

In other words, the conclusions, if not verified by other research designs, should be limited to
the population level inferences. For instance, when it is used in conjunction with a case-control
study, the formulation of hypotheses that promotes may result in many more immediate
applications, like the identification of possible risk factors [17]. Otherwise, any generalization
of the results from a study of clusters may be inferred.

A space-time cluster study has the advantage that the associations between cases, being close
to both a time and in space, can provide explanations that detail the coincidence of the
incidence of leukemia in space and at a time determined. This feature is characteristic also of
infectious events. On the other hand, when we only talk about spatial clusters, possible causes
of these clusters can potentially just be environmental. The consideration of an infectious cause
is harder. The explanations behind their formation must be sought strictly by spatial thought,
less specific.

One more limitation is the lack of consistent information between the outcomes of similar
studies. Sometimes it is necessary to work with this drawback, in addition to bias influences.
This bias can be reported and noted, provided that the information given is somewhat
predictable. For example, due to lack of data for workers who arrived in the area of study up
before 1983, and the lack of information from other data, the results could be biased [18].
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the difficulty of finding differences in a too small or too large geographic area. This is a
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limits potentially could led to finding an enormous variability; but on the other hand, for
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in a very large area will be difficult. As shown, also for this reason, is preferable works it with
existing cases, and choose a convenient method, or a combination of methods.

Finally, not all studies carried out by detecting the presence of complete clusters. This is in part
due to the use of the wrong method, or because the sample size are not adequate. This has
been reported with Glass et al [19], and Bellec et al [20]. The work of Birch et al also makes a
similar warning [21].

3. Studies of clustering and clusters of children with leukemia

An old idea has always troubled the minds of those who investigate the causes of childhood
leukemia. The research regarding the etiology of childhood acute leukemia has a long history
of about 100 years, without finding the full factor explaining the origin of the disease. For
example, by the results of this research have been identified two risk factors for the develop‐
ment of leukemia: intense ionizing radiation and certain congenital genetic syndromes, which
only account for 10% of cases [22]. Amin pointed one factor more: exposure to chemothera‐
peutic agents. However, these factors explain only a small percentage of all cases of leukemia.
He presented several studies that examined the complexity of other risk factors: "early-life
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pregnancy or before conception; maternal diet during pregnancy, early postnatal feeding
patterns and diet, and maternal reproductive [23]. Finally, he added that environmental factors
may play a role in cancer development in children, and too many cases, concentrated in one
geographical area, one cluster, could be evidence of that. After all, these sets of studies have
supported the etiological investigation of childhood leukemia, especially acute lymphoblastic
leukemia. At its completion, attention has been paid to various causes, such as ionizing
radiation, contaminated water, petrochemical industry, exposure to agrochemicals [24]. The
less controversial idea is that the clusters are evidence that environmental factors are generally
involved in the development of cancer, including childhood leukemia.

Ward, for example, since 1917, thought of a theory of infection of childhood acute leukemia
[25]. It is a very old hypothesis and, until today, has not been proven or disproved. The study
of clustering and clusters is often used to support the ideas developed around the possibility
that infections are behind the onset of childhood leukemia. A cluster of children with leukemia
has been interpreted as evidence that behind the development of the disease are implicated
infections in children’s lifetime [7]. Tango, in 2010, said "in the search for evidence of whether
a disease such as leukemia, is indeed an infectious disease and, therefore, a viral etiology, the
focus will be on whether the cases are grouped into clusters" [15]. Specifically, concerning
analysis of space-time clustering McNally and Eden clarified that if the infections were
implicated in the etiology of childhood leukemia, then the geographic distribution of these
children may show evidence of clustering in space, and under certain conditions may also
show space-time clustering [26].

In fact, the presence of a cluster of children with leukemia has been interpreted in a more broad
and diverse sense. A cluster of children with leukemia would suggest that since the origin of
the disease, one or more factors are involved, not just infection. As already mentioned, genetic
predisposition may also play a role. It is very important to reiterate that the results obtained
from such studies should be interpreted with special care. The cluster studies, by themselves,
do not reveal causal agents in the sense of identifying risk factors involved in a health problem.
It should be noted that studies of clustering and clusters are behind the search for relationships
that are implicit in theory of the etiology of a disease, but these studies are not used to make
formal determinations of risk factors implied. Hence, the inferences developed from the results
of these studies are not without controversy.

In a literature review of the last fifteen years (1997-2012), were found more than 20 publications,
of which 18 are focused on acute lymphoblastic leukemia (ALL). There are two questions that
have been repeatedly proposed to be answered by studies of clusters, the first is whether
infections play an important role in the development of childhood acute lymphoblastic
leukemia, and the second is whether there are environmental risk factors that are not well
specified influence on disease onset. However, some researchers have considered infection
like a type of environmental exposure, and therefore the two terms may have been used
interchangeably in some research.

The objectives that  want to answer research questions of  cluster  studies are several,  for
example,  the objectives can be descriptive,  or may be the result  of pose a hypothesis "a
priori".  Of  the 18 studies  conducted in children with ALL,  eight  had a descriptive pur‐
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pose, proposed a methodological improvement, or only sought to detect at least one cluster
in the territory studied [12,26–31]. Also within the objectives of the studies of clusters there
are some that are rare but very interesting, such studies have been conducted on explor‐
ing the presence of risk factors that could potentially be common between different types
of childhood cancer [33]; or studies that are even more specific to look for the presence of
a cluster of children, within a particular subtype of leukemia (pre-B ALL) [21]. Moreover
cluster studies conducted so far, to consider since the start of the investigation. By contrast,
there are publications about where it was proposed as a risk factor that could potentially
lead to the development of leukemia,  which allowed those jobs also propose a working
hypothesis  or  also  called  "a  priori"  with  the  sole  purpose  of  find  scientific  evidence
[7,17,24,34–38].  As mentioned above,  one of  the  risk  factors  considered most  important,
proposed and used in different studies, is related to the role of infections in the develop‐
ment of  leukemia,  resulting in the so-called infectious hypothesis  [17,34–36,39].  Another
risk  factor  that  has  been  considered  and  that  is  relevant  to  this  issue  is  the  so-called
environmental  risk  factor  (unspecified)  [7,37].  For  example,  in  a  study  conducted  by
Petridou et al, in the year 1997 was referred on that environmental factors may impact the
development of leukemia, but in this study did not specify these environmental factors nor
their relationship in a given moment with infections [38].

According to a possible risk factor involved in the development of ALL, referenced within the
findings of cluster studies conducted so far, they can be divided into three groups: 1) studies
that suggest to infections [17,21,24,29,30,33,34,36,37]; 2) studies proposing an unspecified
environmental factor [27,38] and finally 3) studies that consider both factors, infections and
unspecified environmental factor [7,13,28].

Likewise cluster studies have favored the generation of new knowledge about how to conduct
such studies [21,31], and even both proposals were generated for subsequent original studies
as to confirm previous findings [32,35].

A longstanding discussion agreement concerning the definition, existence, frequency and
interpretation of clusters of childhood leukemia (CL) remains unresolved [40]. In 2009, zur
Hausen et al., said it that is very difficult to understand that mere clusters of cases of leukemia,
Hodgkin lymphoma, Hodgkin lymphoma, or even cases of multiple myeloma, are indicating
that these tumors have their origin in systemic infections. It has been proposed that viral
infections should be revealed in a geographical area according to a random pattern of geo‐
graphical distribution. The same author argued that if the simple processes in non-infectious
disease lead to cancer onset, as further modifications of the genome are needed at the cellular
level, caused by viruses. However, he also thought about the possibility that clusters may be
the expression of a mutagenic factor in a family or, probably, in a small community or region,
exposed to the factor [41].

The debate is not over. The controversies surrounding the usefulness of cluster studies for
understanding  the  leukemia  in  children  are  constant.  “Most  clusters  do  not  have  evi‐
dence  for  obvious,  prolonged  and  biologically  plausible  exposures.  The  etiology  is  ob‐
scure or unknown. Very rarely they can lead to a better understanding of causation, usually
in  situations  with  well-documented  and  heavy  local  contamination” [42].  There  are
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pregnancy or before conception; maternal diet during pregnancy, early postnatal feeding
patterns and diet, and maternal reproductive [23]. Finally, he added that environmental factors
may play a role in cancer development in children, and too many cases, concentrated in one
geographical area, one cluster, could be evidence of that. After all, these sets of studies have
supported the etiological investigation of childhood leukemia, especially acute lymphoblastic
leukemia. At its completion, attention has been paid to various causes, such as ionizing
radiation, contaminated water, petrochemical industry, exposure to agrochemicals [24]. The
less controversial idea is that the clusters are evidence that environmental factors are generally
involved in the development of cancer, including childhood leukemia.

Ward, for example, since 1917, thought of a theory of infection of childhood acute leukemia
[25]. It is a very old hypothesis and, until today, has not been proven or disproved. The study
of clustering and clusters is often used to support the ideas developed around the possibility
that infections are behind the onset of childhood leukemia. A cluster of children with leukemia
has been interpreted as evidence that behind the development of the disease are implicated
infections in children’s lifetime [7]. Tango, in 2010, said "in the search for evidence of whether
a disease such as leukemia, is indeed an infectious disease and, therefore, a viral etiology, the
focus will be on whether the cases are grouped into clusters" [15]. Specifically, concerning
analysis of space-time clustering McNally and Eden clarified that if the infections were
implicated in the etiology of childhood leukemia, then the geographic distribution of these
children may show evidence of clustering in space, and under certain conditions may also
show space-time clustering [26].

In fact, the presence of a cluster of children with leukemia has been interpreted in a more broad
and diverse sense. A cluster of children with leukemia would suggest that since the origin of
the disease, one or more factors are involved, not just infection. As already mentioned, genetic
predisposition may also play a role. It is very important to reiterate that the results obtained
from such studies should be interpreted with special care. The cluster studies, by themselves,
do not reveal causal agents in the sense of identifying risk factors involved in a health problem.
It should be noted that studies of clustering and clusters are behind the search for relationships
that are implicit in theory of the etiology of a disease, but these studies are not used to make
formal determinations of risk factors implied. Hence, the inferences developed from the results
of these studies are not without controversy.

In a literature review of the last fifteen years (1997-2012), were found more than 20 publications,
of which 18 are focused on acute lymphoblastic leukemia (ALL). There are two questions that
have been repeatedly proposed to be answered by studies of clusters, the first is whether
infections play an important role in the development of childhood acute lymphoblastic
leukemia, and the second is whether there are environmental risk factors that are not well
specified influence on disease onset. However, some researchers have considered infection
like a type of environmental exposure, and therefore the two terms may have been used
interchangeably in some research.

The objectives that  want to answer research questions of  cluster  studies are several,  for
example,  the objectives can be descriptive,  or may be the result  of pose a hypothesis "a
priori".  Of  the 18 studies  conducted in children with ALL,  eight  had a descriptive pur‐
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pose, proposed a methodological improvement, or only sought to detect at least one cluster
in the territory studied [12,26–31]. Also within the objectives of the studies of clusters there
are some that are rare but very interesting, such studies have been conducted on explor‐
ing the presence of risk factors that could potentially be common between different types
of childhood cancer [33]; or studies that are even more specific to look for the presence of
a cluster of children, within a particular subtype of leukemia (pre-B ALL) [21]. Moreover
cluster studies conducted so far, to consider since the start of the investigation. By contrast,
there are publications about where it was proposed as a risk factor that could potentially
lead to the development of leukemia,  which allowed those jobs also propose a working
hypothesis  or  also  called  "a  priori"  with  the  sole  purpose  of  find  scientific  evidence
[7,17,24,34–38].  As mentioned above,  one of  the  risk  factors  considered most  important,
proposed and used in different studies, is related to the role of infections in the develop‐
ment of  leukemia,  resulting in the so-called infectious hypothesis  [17,34–36,39].  Another
risk  factor  that  has  been  considered  and  that  is  relevant  to  this  issue  is  the  so-called
environmental  risk  factor  (unspecified)  [7,37].  For  example,  in  a  study  conducted  by
Petridou et al, in the year 1997 was referred on that environmental factors may impact the
development of leukemia, but in this study did not specify these environmental factors nor
their relationship in a given moment with infections [38].

According to a possible risk factor involved in the development of ALL, referenced within the
findings of cluster studies conducted so far, they can be divided into three groups: 1) studies
that suggest to infections [17,21,24,29,30,33,34,36,37]; 2) studies proposing an unspecified
environmental factor [27,38] and finally 3) studies that consider both factors, infections and
unspecified environmental factor [7,13,28].

Likewise cluster studies have favored the generation of new knowledge about how to conduct
such studies [21,31], and even both proposals were generated for subsequent original studies
as to confirm previous findings [32,35].

A longstanding discussion agreement concerning the definition, existence, frequency and
interpretation of clusters of childhood leukemia (CL) remains unresolved [40]. In 2009, zur
Hausen et al., said it that is very difficult to understand that mere clusters of cases of leukemia,
Hodgkin lymphoma, Hodgkin lymphoma, or even cases of multiple myeloma, are indicating
that these tumors have their origin in systemic infections. It has been proposed that viral
infections should be revealed in a geographical area according to a random pattern of geo‐
graphical distribution. The same author argued that if the simple processes in non-infectious
disease lead to cancer onset, as further modifications of the genome are needed at the cellular
level, caused by viruses. However, he also thought about the possibility that clusters may be
the expression of a mutagenic factor in a family or, probably, in a small community or region,
exposed to the factor [41].

The debate is not over. The controversies surrounding the usefulness of cluster studies for
understanding  the  leukemia  in  children  are  constant.  “Most  clusters  do  not  have  evi‐
dence  for  obvious,  prolonged  and  biologically  plausible  exposures.  The  etiology  is  ob‐
scure or unknown. Very rarely they can lead to a better understanding of causation, usually
in  situations  with  well-documented  and  heavy  local  contamination” [42].  There  are
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intermediate positions, which do not ensure the possibility of a conglomerate but neither
discarded. Law, in 2008, setting out "[...]  it  is  difficult  to see how these clusters provide
evidence for infectious disease being involved in the etiology of childhood leukemia" [43].
But he clarified that the positive results of a study of clusters are used as a proxy, in fact,
that its possible etiology. In addition, he relied on evidence generated by other studies, as
the peak age between 2 and 5 years, the incidence of disease or increased incidence over
time,  and  seasonal  variations  in  the  incidence  of  leukemia.  These  studies  have  been
identified as potentially indicative of the role of infections [43].

Perhaps studies of space-time clustering result in less doubt when their results are interpreted.
Possibly, they are tremendously bounded by the condition of the two dimensions examined
by these techniques. It must be remembered that this type of study seeks to distinguish
clustering patterns of cases, both in time and in space, simultaneously. In 2006, McNally,
Alexander and Bithell, began a study in the hope of detecting space-time clustering of children
with cancer in the United Kingdom. They predicted that if an antecedent infection was
involved in cancer development, this type of clusters of children with cancer should be
revealed in the territory of the island, if the infection (either viral or bacterial)was not ubiqui‐
tous or endemic. Otherwise there could be differences in spatial or temporal dimensions. The
authors clarified that, however, this would only occur when the delay time between exposure
and cancer diagnosis was short, or at least relatively constant. In the first scenario they wanted
to test that, in the etiology of some childhood cancers, the timing of onset of this disease
possibly masks the ability to be a rare response to infection [37].

Furthermore, McNally et al., suggested that infections may act in the etiology of certain types
of diseases of childhood cancer. Similarly, they relied on the fact that several studies conducted
elsewhere in the world, had also found space-time clustering of children with childhood acute
leukemia, especially acute lymphoblastic leukemia, with similar conclusions. They began to
change their language, from infections to environmental exposures. Three years later, in 2009,
they presented a retrospective reflection on the study mentioned in the preceding paragraph,
and referred to themselves in the following words: “These findings provided support for the
involvement of environmental agents in etiological processes occurring close to diagnosis”
[13]. Really, they confirmed a change in favor of extending the suspicion of the sum of
environmental factors, rather than just infection.

In that study were found space-time clustering of children with various types of cancer. The
children were registered in a database, from 1969 to 1993. Among cancers, they included
leukemia. The clusters were searched according to two possible outcomes. The first of these
was the phenomenon that presumably finds clusters of children that matched both their place
of residence at birth, for the date they were born. The second concerned the possibility of
finding these clusters when they seek groups according to place of birth of children and also
according to the time of diagnosis, regardless of date of birth. Each result has a different
interpretation. By residence and date of birth, there were clusters of cases with Hodgkin
lymphoma and central nervous system tumors. When searched according to the residence at
birth, but considering the date of diagnosis, there were space-time clusters with leukemia cases
(specifically for children aged 1 to 4 years) and also for Wilms tumor and Hodgkin lymphoma.
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Interpretations for each type of cancer have its nuances, but the meanings of space-time clusters
in the above variables are as follows. When clusters of cases matched both in time and in place
of birth, the given interpretation is that this conjunction supports the possible involvement of
infections in the etiology of the disease studied. In particular, the space-time clusters of children
with Hodgkin lymphoma suggest that a relevant etiological exposure occurred among
children at similar ages after birth, or in uterus period. Moreover, since the dates are the time
of birth and diagnosis, this would indicate that there was a heterogeneous latent period from
the time of exposure until the time of diagnosis. Clusters of children with central nervous
system tumors were interpreted with caution. According to the authors, this finding only
strengthens the possibility that infections are implicated in the development of tumors
mentioned.

On the other hand, when the space-time clusters match the place of birth and date of diagnosis
rather than date of birth, the conclusion was different. For example, clusters of cases with NHL
suggest that exposure which resulted in the onset of this disease in similar stages, before
diagnosis. Childhood leukemia received a special mention. According to McNally et al, in a
previous study [37], the authors had found clusters of children with leukemia by place and
date of diagnosis, whereas in the study cited here, they found clusters by date of birth more
date of diagnosis. In no cases children, clusters were found by location and date of birth. Again,
the results supported the hypothesis of infectious childhood leukemia. The result is restricted
since, although children with leukemia were between 1 and 4 years of age in the first study,
this outcome was found only among children with ALL, the most common; and in the second
study, was found among children with overall acute leukemia.

When we talk about leukemia clusters in children, McNally and colleagues reported that there
are clusters when they are sought under the variables of time and place of birth [21]. Mulder
et al, found clusters around environmental factors: the cases were grouped when analyzed by
exposure to petroleum products and pesticides, and even found a link between having swum
in a pond contaminated with petrochemical spill in previous years [44]. Petridou’s team found
correspondence between the ages of cases and their place of residence, while in urban areas
had clusters of children between 0 and 4 years, and excluding those over 5 years in rural areas
should be age higher [45]. In England, there was found clusters from both the date and place
of birth of cases, and between the date and place of diagnosis of the same group [17]. Gus‐
stafsson and Carstensen, in contrast, dismissed the clustering according to the place and date
of diagnosis, but they found them by date and place [29]. Gilman came to similar results,
finding clusters by date and place of diagnosis, and date and place of birth, with the added
bonus that also could rule out cancer clusters in solid tumors [46]. Finally, Alexander, who
sought and found clusters with defined variables from another perspective: cases susceptible
and infected cases [47].

There are also studies of clustering and clusters with negative outcomes. In France, Bellec not
found clusters in a study which used data from the national registry, notwithstanding they
used many different methods to detect clusters: Potthoff-Whittinghill, Moran, Knox and
Kulldorff [20]. Dockerty and colleagues [48], and Alexander et al [49], found nothing when
only raw data were based on geographic, demographic and diagnostic information. There are
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intermediate positions, which do not ensure the possibility of a conglomerate but neither
discarded. Law, in 2008, setting out "[...]  it  is  difficult  to see how these clusters provide
evidence for infectious disease being involved in the etiology of childhood leukemia" [43].
But he clarified that the positive results of a study of clusters are used as a proxy, in fact,
that its possible etiology. In addition, he relied on evidence generated by other studies, as
the peak age between 2 and 5 years, the incidence of disease or increased incidence over
time,  and  seasonal  variations  in  the  incidence  of  leukemia.  These  studies  have  been
identified as potentially indicative of the role of infections [43].

Perhaps studies of space-time clustering result in less doubt when their results are interpreted.
Possibly, they are tremendously bounded by the condition of the two dimensions examined
by these techniques. It must be remembered that this type of study seeks to distinguish
clustering patterns of cases, both in time and in space, simultaneously. In 2006, McNally,
Alexander and Bithell, began a study in the hope of detecting space-time clustering of children
with cancer in the United Kingdom. They predicted that if an antecedent infection was
involved in cancer development, this type of clusters of children with cancer should be
revealed in the territory of the island, if the infection (either viral or bacterial)was not ubiqui‐
tous or endemic. Otherwise there could be differences in spatial or temporal dimensions. The
authors clarified that, however, this would only occur when the delay time between exposure
and cancer diagnosis was short, or at least relatively constant. In the first scenario they wanted
to test that, in the etiology of some childhood cancers, the timing of onset of this disease
possibly masks the ability to be a rare response to infection [37].

Furthermore, McNally et al., suggested that infections may act in the etiology of certain types
of diseases of childhood cancer. Similarly, they relied on the fact that several studies conducted
elsewhere in the world, had also found space-time clustering of children with childhood acute
leukemia, especially acute lymphoblastic leukemia, with similar conclusions. They began to
change their language, from infections to environmental exposures. Three years later, in 2009,
they presented a retrospective reflection on the study mentioned in the preceding paragraph,
and referred to themselves in the following words: “These findings provided support for the
involvement of environmental agents in etiological processes occurring close to diagnosis”
[13]. Really, they confirmed a change in favor of extending the suspicion of the sum of
environmental factors, rather than just infection.

In that study were found space-time clustering of children with various types of cancer. The
children were registered in a database, from 1969 to 1993. Among cancers, they included
leukemia. The clusters were searched according to two possible outcomes. The first of these
was the phenomenon that presumably finds clusters of children that matched both their place
of residence at birth, for the date they were born. The second concerned the possibility of
finding these clusters when they seek groups according to place of birth of children and also
according to the time of diagnosis, regardless of date of birth. Each result has a different
interpretation. By residence and date of birth, there were clusters of cases with Hodgkin
lymphoma and central nervous system tumors. When searched according to the residence at
birth, but considering the date of diagnosis, there were space-time clusters with leukemia cases
(specifically for children aged 1 to 4 years) and also for Wilms tumor and Hodgkin lymphoma.
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in the above variables are as follows. When clusters of cases matched both in time and in place
of birth, the given interpretation is that this conjunction supports the possible involvement of
infections in the etiology of the disease studied. In particular, the space-time clusters of children
with Hodgkin lymphoma suggest that a relevant etiological exposure occurred among
children at similar ages after birth, or in uterus period. Moreover, since the dates are the time
of birth and diagnosis, this would indicate that there was a heterogeneous latent period from
the time of exposure until the time of diagnosis. Clusters of children with central nervous
system tumors were interpreted with caution. According to the authors, this finding only
strengthens the possibility that infections are implicated in the development of tumors
mentioned.

On the other hand, when the space-time clusters match the place of birth and date of diagnosis
rather than date of birth, the conclusion was different. For example, clusters of cases with NHL
suggest that exposure which resulted in the onset of this disease in similar stages, before
diagnosis. Childhood leukemia received a special mention. According to McNally et al, in a
previous study [37], the authors had found clusters of children with leukemia by place and
date of diagnosis, whereas in the study cited here, they found clusters by date of birth more
date of diagnosis. In no cases children, clusters were found by location and date of birth. Again,
the results supported the hypothesis of infectious childhood leukemia. The result is restricted
since, although children with leukemia were between 1 and 4 years of age in the first study,
this outcome was found only among children with ALL, the most common; and in the second
study, was found among children with overall acute leukemia.

When we talk about leukemia clusters in children, McNally and colleagues reported that there
are clusters when they are sought under the variables of time and place of birth [21]. Mulder
et al, found clusters around environmental factors: the cases were grouped when analyzed by
exposure to petroleum products and pesticides, and even found a link between having swum
in a pond contaminated with petrochemical spill in previous years [44]. Petridou’s team found
correspondence between the ages of cases and their place of residence, while in urban areas
had clusters of children between 0 and 4 years, and excluding those over 5 years in rural areas
should be age higher [45]. In England, there was found clusters from both the date and place
of birth of cases, and between the date and place of diagnosis of the same group [17]. Gus‐
stafsson and Carstensen, in contrast, dismissed the clustering according to the place and date
of diagnosis, but they found them by date and place [29]. Gilman came to similar results,
finding clusters by date and place of diagnosis, and date and place of birth, with the added
bonus that also could rule out cancer clusters in solid tumors [46]. Finally, Alexander, who
sought and found clusters with defined variables from another perspective: cases susceptible
and infected cases [47].

There are also studies of clustering and clusters with negative outcomes. In France, Bellec not
found clusters in a study which used data from the national registry, notwithstanding they
used many different methods to detect clusters: Potthoff-Whittinghill, Moran, Knox and
Kulldorff [20]. Dockerty and colleagues [48], and Alexander et al [49], found nothing when
only raw data were based on geographic, demographic and diagnostic information. There are
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certainly limitations to this type of study, but, specifically, since 1970, it warned that a number
of cases over a long period could lead to detection of artificial nature [50].

The infectious etiology of acute leukemia has been revised, too, from other study designs.
Wartenberg et al, in 2004, sought to study the infectious origin of leukemia, testing a hypothesis
developed for this purpose (Kinlen hypothesis). The study was conducted from an ecological
point of view. This type of study is characterized in that its inferences can only be applied to
the ambient, and cannot be categorical causal statements about the population being studied
[51]. Another ecological study, carried out by Knox [52], revealed an association between the
prevalence of childhood cancers (including leukemia) with the geographic distribution of air
pollutants. In a third study, also ecological [53], there was a comparison between cases of
people with different cancers (and ages), in a city of Wales. Hypothetically they expected that
the prevalence of cancers decrease as people were found at greater distances from a source of
pollution (petrochemical industry). There was an inverse correspondence between the distance
and the incidence of some cancers, but not the incidence or mortality of leukemia.

The relationship between environmental factors and the development of cancer, including
leukemia, has been extensively studied, and the outcomes, far from discouraging the search,
prompt further investigation.

Studies of Lehtinen et al [54], Bogdanovic et al [55], Roman et al [56], Gilham et al [57], looked
for associations between viral agents and the development of leukemia. These studies used a
case-control design. Lehtinen hypothesized about in utero infection with Epstein-Barr virus
and human herpes virus. There were no significant results. Bogdanovic analyzed the relation‐
ship between the Epstein-Barr virus and its reactivation in the mother, showing a possible
association with childhood acute lymphoblastic leukemia. Roman found positive relationships
between the incidences of disease by these viruses generated with leukemia. Gilham assumed
that a large exposure to infection, when the child lives in day care, was associated with
protection that reduced the development of childhood leukemia; his results led to conclude
that reduced exposure to infections during the first months of the child’s life increases the risk
of developing acute lymphoblastic leukemia.

The study of clusters suggests possible etiologies. The interest is that these putative risk factors
can be assessed in more detail. For example, the study of cluster analysis is often combined
with a case-control study. This gives more relevant results, as measured relationships between
risk factors and disease [44,48,58–61]. In addition, cluster detection techniques can be com‐
pared with other techniques, using the same data, allowing comparisons [20,62,63].

When  spatial  distributions  are  unusual,  it  is  possible  to  speculate  on  the  etiological
implications  [49].  A  study of  clusters  can  evaluate  multicausal  factors.  Bellec’s  findings
supported the hypothesis that a community's geographic isolation and low density, possibly
combined with the mixture of  different  populations,  may play an important  role  in  the
etiology of leukemia. It could not been possible to consider the geographic isolation as a
risk  factor  using  any  other  technique.  However,  the  same  author  suggests  that  a  new
research question should be to determine whether this phenomenon was specific to one
age group or  diagnosis;  and proposes  that  future  statistical  models  could allow further
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investigation and better understanding of these findings, especially with respect to the role
of population density and population mixing [20].

4. Analysis of data from Mexico City

Acute leukemia among children in Mexico City has been studied for over a decade. Through
these studies, we know well that its incidence is among the highest in the world. In 2011 Pérez
Saldívar et al., reported an incidence of 57.6 cases/million children [64]. This high incidence,
coupled with the large population of the city―more than eight million in 2010 in the territory
of the Federal District, and more than 20 million people in the metropolitan area of Mexico
City, in the same year―are expressed in more than 200 children with childhood leukemia each
year. These children and adolescents are treated in nine tertiary hospitals, the highest rank of
specialist medical care in the Mexican health system. It has been estimated that these hospitals
serve approximately 97.5% of the cases of childhood acute leukemia in Mexico City [65].

For over ten years it was suspected that the spatial distribution of children with leukemia in
Mexico City was heterogeneous. In 2000, in a descriptive longitudinal study, conducted by
researchers at the Instituto Mexicano del Seguro Social [66], were found morbidity standar‐
dized rates (MSR), that suggest a spatial concentration of cases of childhood leukemia. For
acute lymphoblastic leukemia (ALL), the MSR were highest at south of Mexico City; for acute
myeloblastic leukemia (AML), the MSR were highest in the west. In addition, from further
investigations, some matches attracted the attention: it was found that among patients with
acute leukemia (AL), some of them were immediate neighbors, suggesting that behind the
development of the disease there is an environmental factor that could promote it [67]. It was,
therefore, decided to make a study of spatial clustering in Mexico City, to confirm the hypoth‐
esis that children with leukemia are grouped into clusters that reflect the aforementioned
heterogeneous spatial distribution.

Information was extracted on individuals aged 0-14 years, diagnosed with ALL between 2006
and 2007, who were resident in Mexico City (Federal District). A total of 224 incident cases
were identified. We also included 224 children without leukemia (controls), nor other cancers,
genetic malformation or asthma. The controls were matched by sex, age and health institution
of origin. We located the addresses of the homes, with an accuracy of 0.1 km, from where
children residing at diagnosis of leukemia, or the time of the interview, in those without the
disease. The cases were recruited between the years 2006 and 2007, and for the controls needed
a much larger period, from 1998 to 2011. Due to this discrepancy, we discard the detection of
clusters according to the temporal dimension. We used the Kullorff´s scan statistic, which is
based on a Bernoulli model, to identify individual clusters. The complete study region was
scanned by construction of a two-dimensional circular window. The window was varied so at
most it included 50% of the entire geographical area. The variable circular window is centered
on the geo-reference of each case [68]. The method has been used previously in an analysis of
leukaemia in Sweden [69]. Statistical significance (P<0.05) was evaluated using one-sided tests
and 99999 simulations. Only one large statistically significant cluster was identified (see Fig.
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certainly limitations to this type of study, but, specifically, since 1970, it warned that a number
of cases over a long period could lead to detection of artificial nature [50].

The infectious etiology of acute leukemia has been revised, too, from other study designs.
Wartenberg et al, in 2004, sought to study the infectious origin of leukemia, testing a hypothesis
developed for this purpose (Kinlen hypothesis). The study was conducted from an ecological
point of view. This type of study is characterized in that its inferences can only be applied to
the ambient, and cannot be categorical causal statements about the population being studied
[51]. Another ecological study, carried out by Knox [52], revealed an association between the
prevalence of childhood cancers (including leukemia) with the geographic distribution of air
pollutants. In a third study, also ecological [53], there was a comparison between cases of
people with different cancers (and ages), in a city of Wales. Hypothetically they expected that
the prevalence of cancers decrease as people were found at greater distances from a source of
pollution (petrochemical industry). There was an inverse correspondence between the distance
and the incidence of some cancers, but not the incidence or mortality of leukemia.

The relationship between environmental factors and the development of cancer, including
leukemia, has been extensively studied, and the outcomes, far from discouraging the search,
prompt further investigation.

Studies of Lehtinen et al [54], Bogdanovic et al [55], Roman et al [56], Gilham et al [57], looked
for associations between viral agents and the development of leukemia. These studies used a
case-control design. Lehtinen hypothesized about in utero infection with Epstein-Barr virus
and human herpes virus. There were no significant results. Bogdanovic analyzed the relation‐
ship between the Epstein-Barr virus and its reactivation in the mother, showing a possible
association with childhood acute lymphoblastic leukemia. Roman found positive relationships
between the incidences of disease by these viruses generated with leukemia. Gilham assumed
that a large exposure to infection, when the child lives in day care, was associated with
protection that reduced the development of childhood leukemia; his results led to conclude
that reduced exposure to infections during the first months of the child’s life increases the risk
of developing acute lymphoblastic leukemia.

The study of clusters suggests possible etiologies. The interest is that these putative risk factors
can be assessed in more detail. For example, the study of cluster analysis is often combined
with a case-control study. This gives more relevant results, as measured relationships between
risk factors and disease [44,48,58–61]. In addition, cluster detection techniques can be com‐
pared with other techniques, using the same data, allowing comparisons [20,62,63].

When  spatial  distributions  are  unusual,  it  is  possible  to  speculate  on  the  etiological
implications  [49].  A  study of  clusters  can  evaluate  multicausal  factors.  Bellec’s  findings
supported the hypothesis that a community's geographic isolation and low density, possibly
combined with the mixture of  different  populations,  may play an important  role  in  the
etiology of leukemia. It could not been possible to consider the geographic isolation as a
risk  factor  using  any  other  technique.  However,  the  same  author  suggests  that  a  new
research question should be to determine whether this phenomenon was specific to one
age group or  diagnosis;  and proposes  that  future  statistical  models  could allow further
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investigation and better understanding of these findings, especially with respect to the role
of population density and population mixing [20].

4. Analysis of data from Mexico City

Acute leukemia among children in Mexico City has been studied for over a decade. Through
these studies, we know well that its incidence is among the highest in the world. In 2011 Pérez
Saldívar et al., reported an incidence of 57.6 cases/million children [64]. This high incidence,
coupled with the large population of the city―more than eight million in 2010 in the territory
of the Federal District, and more than 20 million people in the metropolitan area of Mexico
City, in the same year―are expressed in more than 200 children with childhood leukemia each
year. These children and adolescents are treated in nine tertiary hospitals, the highest rank of
specialist medical care in the Mexican health system. It has been estimated that these hospitals
serve approximately 97.5% of the cases of childhood acute leukemia in Mexico City [65].

For over ten years it was suspected that the spatial distribution of children with leukemia in
Mexico City was heterogeneous. In 2000, in a descriptive longitudinal study, conducted by
researchers at the Instituto Mexicano del Seguro Social [66], were found morbidity standar‐
dized rates (MSR), that suggest a spatial concentration of cases of childhood leukemia. For
acute lymphoblastic leukemia (ALL), the MSR were highest at south of Mexico City; for acute
myeloblastic leukemia (AML), the MSR were highest in the west. In addition, from further
investigations, some matches attracted the attention: it was found that among patients with
acute leukemia (AL), some of them were immediate neighbors, suggesting that behind the
development of the disease there is an environmental factor that could promote it [67]. It was,
therefore, decided to make a study of spatial clustering in Mexico City, to confirm the hypoth‐
esis that children with leukemia are grouped into clusters that reflect the aforementioned
heterogeneous spatial distribution.

Information was extracted on individuals aged 0-14 years, diagnosed with ALL between 2006
and 2007, who were resident in Mexico City (Federal District). A total of 224 incident cases
were identified. We also included 224 children without leukemia (controls), nor other cancers,
genetic malformation or asthma. The controls were matched by sex, age and health institution
of origin. We located the addresses of the homes, with an accuracy of 0.1 km, from where
children residing at diagnosis of leukemia, or the time of the interview, in those without the
disease. The cases were recruited between the years 2006 and 2007, and for the controls needed
a much larger period, from 1998 to 2011. Due to this discrepancy, we discard the detection of
clusters according to the temporal dimension. We used the Kullorff´s scan statistic, which is
based on a Bernoulli model, to identify individual clusters. The complete study region was
scanned by construction of a two-dimensional circular window. The window was varied so at
most it included 50% of the entire geographical area. The variable circular window is centered
on the geo-reference of each case [68]. The method has been used previously in an analysis of
leukaemia in Sweden [69]. Statistical significance (P<0.05) was evaluated using one-sided tests
and 99999 simulations. Only one large statistically significant cluster was identified (see Fig.
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2) (O=98, E=74.66, O/E=1.313, p=0.01325). There were no statistically significant secondary
clusters. This finding indicates that locally varying environmental factors may be implicated
in the origin of ALL in Mexico City. However, the possibility of chance may play a role, cannot
be excluded.

Although we cannot exclude the effect of chance on these results, nor forget the fact of that the
periods of data collection between cases and controls are different, these results are remarkable.
For comparison, in a study conducted in Ohio [62], also carried out with SaTScan, the most
significant data were found for the group of children aged 10-14 years, with a value p=0.33,
and only three cases formed part of cluster. When all the data were analyzed together,
including all types of leukemia and all ages, the most likely cluster had 43 cases, with p=0.81.
As we can see, none of the clusters is statistically significant. The author of the paper com‐
mented that these results were not entirely surprising, considering that the study area is very
large and diverse (the state of Ohio). He argued that in a large area, it is doubtful that a
particular risk factor going to have a consistent and sustained effect through space. It's unlikely
to see a cluster in a large geographical area. And again, in other study, Wheeler repeated the
same sentence with another argument: the results are consistent with the literature worldwide,
because it is difficult to find statistically significant clusters. Wheeler used several tests of
clusters (K-function, Cuzick & Edward's, kernel intensity function) plus SaTScan, without
finding significant associations with any of them.

Apparently the cluster analysis is most effective for small-area spatial analysis [31], on the scale
of a city, and not in an area as large as a U.S. state, or in a entire country. Goujon-Bellec et al,
concluded that very few cluster detection techniques have enough power to scan large areas,
as a large country like France [70]. It has also been observed that when the unit of geographic
analysis is very large, such as an aggregate of municipalities (about 30 × 30 Km) or cantons,
the sensitivity of a technique for detecting clusters is diminished; it is as though the proximity
between the cases are "diluted" among these geographical units, and the cluster simply "does
not appear". Studies of Germany [7] and France [20] seem to confirm it. Therefore, differences
in surface between the territories of Ohio, in the United States, and Mexico City, in the Mexican
capital (116,096 Km² vs. 1,485 Km², respectively), could be one reason why we detected a cluster
in the city. However, the number of clster’s children (98 cases), and a value of p = 0.01325, is
not commonly reported. In addition, the data collection period of the cases was two years,
against eight of Ohio study.

When the geographic location of the children who make up the cluster is mappeding, it can
be seen that this spatial cluster is located to the east of Mexico City (Federal District), slightly
to the northeast. Indeed, about half of all children with leukemia investigated are part of this
cluster. The conglomerate is clearly excluded from west and southwest of Mexico City. The
extent of the surface cluster includes the territories of some of the boroughs of the Mexican
Federal District. The hypothetical explanations for this cluster are the following.

Industrial establishments located in the environment of a child have been considered as risk
factors for developing cancer. Sans et al, in 1995, expected the prevalence of cancers, including
childhood acute leukemia, decrease as people were found farther from the petrochemical
industry plant, as in Britain [53]. According to data from the National Institute of Statistics,
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Geography and Informatics (INEGI by its Spanish acronym), the two main boroughs by
number of economic units of industrial activity are Azcapotzalco and Miguel Hidalgo. In fact,
these two areas form the most industrialized landscape of Mexico City, for over half a century.
There was an old oil refinery, an auto plant, dozens of railways and many other industries.
Contradictorily, these delegations are not part of the cluster found on the east of Mexico City.
At first glance, this suggests that the spatial cluster detected in this study is not related to large
industrial facilities. However, to be more careful, we can see that the phenomenon probably
does have a relationship but more nuanced. In third place for the number of industrial
establishments, appears Iztapalapa borough, which is included within the area of spatial
cluster. When comparing those boroughs, Azcapotzalco and Miguel Hidalgo, against the
latter, Iztapalapa, we note that the average personnel employed in industrial establishments
is very different. While the staff working at the Miguel Hidalgo and Azcapotzalco boroughs
is 32.01 and 31.29 workers per economic unit, respectively comparatively, in the Iztapalapa
borough would, there are on average, 11.19 workers per industrial unit. This suggests that
facilities most prevalent in the spatial cluster detected include small establishments such as
family workshops. If so, the work on these workshops can be an important parental exposure.

Another consideration is air pollution, which is a risk factor that has been studied. Knox
suggested an association between the prevalence of cancer in the geographical distribution of
air pollutants [71]. According to National Institute of Ecology (INE by its Spanish acronym),
the impact of air pollution in Mexico City generates 4,000 premature deaths per year and 2.5
million lost work days [72]. EMBARQ states that, with about 18 million people and 6 million
cars, Mexico City’s metropolitan area is one of the largest and busiest cities in the world.
Around 600 new cars come into service each day, and in 2007 it sold just over 300,000 cars this
year. Most alarming is that, according to the same place, less than 4% of vehicles, trucks and
buses, generated in 2002, about 70% of air pollution. The other 30 percent is allocated to
factories, small cars and motorcycles [73]. Air pollution is thus mainly attributed to heavy cars.
The smog of Mexico City is concentrated in the southern part of it, and the children of the
conglomerate are located mainly to the east. With the evidence found, it is difficult to ensure
that the cause of spatial cluster is due, mainly, to the atmospheric concentration of pollution
in the city. If so, we would have expected a spatial cluster in the south-southwest of Mexico
City, instead of having appeared in the east.

In an earlier study, which also uses the information from the same database of this study, we
measured the relationship between socioeconomic status and the development of childhood
acute leukemia. The study, conducted by Perez-Saldivar et al, considered the problem
according to three indicators [64]. The first is indirect and only represents the existing agri‐
cultural activity in each delegation of Mexico [74]. The second used the information developed
by the United Nations to measure human development, the Human Development Index by
municipalities, published to Mexico in 2005 [75]. The third sought to relate the average number
of people per household [76]. The results only showed a relationship between the incidences
of ALL with the number of people per household, in Pre-B ALL. For none of the other two
indicators found a significant relationship. In this study, the detected cluster is located in an
area of relatively low economic level, with several boroughs suffering from poverty problems
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2) (O=98, E=74.66, O/E=1.313, p=0.01325). There were no statistically significant secondary
clusters. This finding indicates that locally varying environmental factors may be implicated
in the origin of ALL in Mexico City. However, the possibility of chance may play a role, cannot
be excluded.

Although we cannot exclude the effect of chance on these results, nor forget the fact of that the
periods of data collection between cases and controls are different, these results are remarkable.
For comparison, in a study conducted in Ohio [62], also carried out with SaTScan, the most
significant data were found for the group of children aged 10-14 years, with a value p=0.33,
and only three cases formed part of cluster. When all the data were analyzed together,
including all types of leukemia and all ages, the most likely cluster had 43 cases, with p=0.81.
As we can see, none of the clusters is statistically significant. The author of the paper com‐
mented that these results were not entirely surprising, considering that the study area is very
large and diverse (the state of Ohio). He argued that in a large area, it is doubtful that a
particular risk factor going to have a consistent and sustained effect through space. It's unlikely
to see a cluster in a large geographical area. And again, in other study, Wheeler repeated the
same sentence with another argument: the results are consistent with the literature worldwide,
because it is difficult to find statistically significant clusters. Wheeler used several tests of
clusters (K-function, Cuzick & Edward's, kernel intensity function) plus SaTScan, without
finding significant associations with any of them.

Apparently the cluster analysis is most effective for small-area spatial analysis [31], on the scale
of a city, and not in an area as large as a U.S. state, or in a entire country. Goujon-Bellec et al,
concluded that very few cluster detection techniques have enough power to scan large areas,
as a large country like France [70]. It has also been observed that when the unit of geographic
analysis is very large, such as an aggregate of municipalities (about 30 × 30 Km) or cantons,
the sensitivity of a technique for detecting clusters is diminished; it is as though the proximity
between the cases are "diluted" among these geographical units, and the cluster simply "does
not appear". Studies of Germany [7] and France [20] seem to confirm it. Therefore, differences
in surface between the territories of Ohio, in the United States, and Mexico City, in the Mexican
capital (116,096 Km² vs. 1,485 Km², respectively), could be one reason why we detected a cluster
in the city. However, the number of clster’s children (98 cases), and a value of p = 0.01325, is
not commonly reported. In addition, the data collection period of the cases was two years,
against eight of Ohio study.

When the geographic location of the children who make up the cluster is mappeding, it can
be seen that this spatial cluster is located to the east of Mexico City (Federal District), slightly
to the northeast. Indeed, about half of all children with leukemia investigated are part of this
cluster. The conglomerate is clearly excluded from west and southwest of Mexico City. The
extent of the surface cluster includes the territories of some of the boroughs of the Mexican
Federal District. The hypothetical explanations for this cluster are the following.

Industrial establishments located in the environment of a child have been considered as risk
factors for developing cancer. Sans et al, in 1995, expected the prevalence of cancers, including
childhood acute leukemia, decrease as people were found farther from the petrochemical
industry plant, as in Britain [53]. According to data from the National Institute of Statistics,
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Geography and Informatics (INEGI by its Spanish acronym), the two main boroughs by
number of economic units of industrial activity are Azcapotzalco and Miguel Hidalgo. In fact,
these two areas form the most industrialized landscape of Mexico City, for over half a century.
There was an old oil refinery, an auto plant, dozens of railways and many other industries.
Contradictorily, these delegations are not part of the cluster found on the east of Mexico City.
At first glance, this suggests that the spatial cluster detected in this study is not related to large
industrial facilities. However, to be more careful, we can see that the phenomenon probably
does have a relationship but more nuanced. In third place for the number of industrial
establishments, appears Iztapalapa borough, which is included within the area of spatial
cluster. When comparing those boroughs, Azcapotzalco and Miguel Hidalgo, against the
latter, Iztapalapa, we note that the average personnel employed in industrial establishments
is very different. While the staff working at the Miguel Hidalgo and Azcapotzalco boroughs
is 32.01 and 31.29 workers per economic unit, respectively comparatively, in the Iztapalapa
borough would, there are on average, 11.19 workers per industrial unit. This suggests that
facilities most prevalent in the spatial cluster detected include small establishments such as
family workshops. If so, the work on these workshops can be an important parental exposure.

Another consideration is air pollution, which is a risk factor that has been studied. Knox
suggested an association between the prevalence of cancer in the geographical distribution of
air pollutants [71]. According to National Institute of Ecology (INE by its Spanish acronym),
the impact of air pollution in Mexico City generates 4,000 premature deaths per year and 2.5
million lost work days [72]. EMBARQ states that, with about 18 million people and 6 million
cars, Mexico City’s metropolitan area is one of the largest and busiest cities in the world.
Around 600 new cars come into service each day, and in 2007 it sold just over 300,000 cars this
year. Most alarming is that, according to the same place, less than 4% of vehicles, trucks and
buses, generated in 2002, about 70% of air pollution. The other 30 percent is allocated to
factories, small cars and motorcycles [73]. Air pollution is thus mainly attributed to heavy cars.
The smog of Mexico City is concentrated in the southern part of it, and the children of the
conglomerate are located mainly to the east. With the evidence found, it is difficult to ensure
that the cause of spatial cluster is due, mainly, to the atmospheric concentration of pollution
in the city. If so, we would have expected a spatial cluster in the south-southwest of Mexico
City, instead of having appeared in the east.

In an earlier study, which also uses the information from the same database of this study, we
measured the relationship between socioeconomic status and the development of childhood
acute leukemia. The study, conducted by Perez-Saldivar et al, considered the problem
according to three indicators [64]. The first is indirect and only represents the existing agri‐
cultural activity in each delegation of Mexico [74]. The second used the information developed
by the United Nations to measure human development, the Human Development Index by
municipalities, published to Mexico in 2005 [75]. The third sought to relate the average number
of people per household [76]. The results only showed a relationship between the incidences
of ALL with the number of people per household, in Pre-B ALL. For none of the other two
indicators found a significant relationship. In this study, the detected cluster is located in an
area of relatively low economic level, with several boroughs suffering from poverty problems
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in Mexico City and higher number of people per household. However, given the information
that it has, we cannot explain a relationship between socioeconomic status and the cluster
reported in the study. Further studies are needed to investigate this point.

In summary, we can say that the investigation of spatial clusters in geographic areas of a
relatively small size, as a city with a high population density and a high incidence of childhood
acute leukemia, is favorable for the detection of clusters.

Unfortunately we do not have a longer register of children with leukemia, so that the inter‐
pretation of the results is inconclusive. The results of this study support the involvement of
environmental factors in the development of childhood acute lymphoblastic leukemia.

these studies, we know well that its incidence is among the highest in the world. In 2011
we reported an incidence of 57.6 cases/million children [64]. This high incidence, coupled
with the large population of the city―more than eight million in 2010 in the territory of
the Federal District, and more than 20 million people in the metropolitan area of Mexico
City,  in  the  same  year―are  expressed  in  the  more  than  200  children  with  childhood
leukemia incidents each year. These children and adolescents are treated in nine tertiary
hospitals, the highest rank of specialist medical care in the Mexican health system. It has
been estimated that these hospitals serve approximately 97.5% of the cases of childhood
acute leukemia Mexico City [65].

For over ten years it was suspected that the spatial distribution of children with leukemia in
Mexico City was heterogeneous. In 2000, in a descriptive longitudinal study, conducted by
researchers at the Mexican Social Security Institute [66], were found morbidity standarized
rates (MSR), that suggest a spatial concentration of cases of childhood leukemia. For acute
lymphoblastic leukemia (ALL), the MSR were highest at south of Mexico City; for acute
myeloblastic leukemia (AML), the MSR were highest in the west. In addition, from further
investigations, some matches attracted the attention: it was found that among patients with
acute leukemia (AL), some of them were immediate neighbors, suggesting that behind the
development of the disease; there is an environmental factor that could promote it [67]. It was,
therefore, decided to make a study of spatial clustering in Mexico City, to confirm the hypoth‐
esis that children with leukemia are grouped into clusters that reflect the aforementioned
heterogeneous spatial distribution.

Information was extracted on individuals aged 0-14 years, diagnosed with ALL between 2006
and 2007, who were resident in Mexico City. A total of 224 incident cases were identified. We
also included 224 children without leukemia, nor other cancers, genetic malformation or
asthma. Were matched by sex, age and health institution of origin. We located the addresses
of the homes, with an accuracy of 0.1 km, from where children residing at diagnosis of
leukemia, or the time of the interview, in those without the disease. The cases were collected
between 2006 and 2007, and for the controls needed a much larger period, from 1998 to 2011.
Due to this discrepancy, we discard the detection of clusters according to the temporal
dimension. We used Kullorff´s scan statistic based on a Bernoulli model to identify individual
clusters. The complete study region was scanned by construction of a two-dimensional circular
window. The window was varied so at most it included 50% of the entire geographical area.
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The variable circular window is centered on the geo-reference of each case [68]. The method
has been used previously in an analysis of leukaemia in Sweden [69]. Statistical significance
(P<0.05) was evaluated using one-sided tests and 99999 simulations. Only one large statistically
significant cluster was identified (see Fig. 2) (O = 98, E = 74.66, O/E = 1.313, P = 0.01325). There
were no statistically significant secondary clusters. This finding indicates that locally varying
environmental factors may be implicated in the origin of ALL in Mexico City. However, the
possibility that variable levels of ascertainment may play a role cannot be excluded.

Although we cannot exclude the effect of chance on these results, or forget the fact of that the
periods of data collection between cases and controls are different, these results are remarkable.
For comparison, in a study conducted in Ohio [62], also carried out with SaTScan, the most
significant data were found for the group of children aged 10-14 years, with a value p = 0.33,
and only three cases formed part of cluster. When all the data were analyzed together,
including all types of leukemia and all ages, the most likely cluster had 43 cases, with p = 0.81.
As we can see, none of the clusters is statistically significant. The author of the paper com‐
mented that these results were not entirely surprising, considering that the study area is very
large and diverse (the state of Ohio). He argued that in a large area, it is doubtful that a
particular risk factor going to have a consistent and sustained effect through space. It's unlikely
to see a cluster in a large geographical area. And again, Wheeler repeated the same sentence
with another argument: the results are consistent with the literature worldwide, because it is
difficult to find statistically significant clusters. Wheeler used several tests of clusters (K-
function, Cuzick & Edward's, kernel intensity function) plus SaTScan without finding
significant associations with any of them.

Apparently the cluster analysis is most effective for small-area spatial analysis [31], on the scale
of a city, and not in an area as large as a U.S. state. Goujon-Bellec et al, concluded that very
few cluster detection techniques have enough power to scan large areas, as a large country like
France [70]. It has also been observed that when the unit of geographic analysis is very large,
such as a county or a municipality, or an aggregate of these, the sensitivity of a technique for
detecting clusters is diminished; it is as though the proximity between the cases are "diluted"
among these geographical units, and the cluster simply "does not appear". Studies of Germany
[7] and France [20] seem to confirm it. Therefore, differences in surface between the territories
of Ohio, in the United States, and Mexico City, in the Mexican capital (116.096 km² vs. 1485
km², respectively), could be one reason why we detected a cluster in the city. However, many
children (98 cases), and a value of p = 0.01325, statistically significant, is not commonly
reported. In addition, the data collection period of the cases was two years, against eight of
Ohio study.

When the geographic location of the children who make up the cluster is mapped, it can be
seen that this spatial cluster is located to the east of Mexico City (Federal District), slightly to
the northeast. Indeed, about half of all children with leukemia investigated are part of this
cluster. The conglomerate is clearly excluded from west and southwest of Mexico City. The
extent of the surface cluster includes the territories of some of the boroughs of the Mexican
Federal District. The hypothetical explanations for this cluster are the following.
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in Mexico City and higher number of people per household. However, given the information
that it has, we cannot explain a relationship between socioeconomic status and the cluster
reported in the study. Further studies are needed to investigate this point.

In summary, we can say that the investigation of spatial clusters in geographic areas of a
relatively small size, as a city with a high population density and a high incidence of childhood
acute leukemia, is favorable for the detection of clusters.

Unfortunately we do not have a longer register of children with leukemia, so that the inter‐
pretation of the results is inconclusive. The results of this study support the involvement of
environmental factors in the development of childhood acute lymphoblastic leukemia.

these studies, we know well that its incidence is among the highest in the world. In 2011
we reported an incidence of 57.6 cases/million children [64]. This high incidence, coupled
with the large population of the city―more than eight million in 2010 in the territory of
the Federal District, and more than 20 million people in the metropolitan area of Mexico
City,  in  the  same  year―are  expressed  in  the  more  than  200  children  with  childhood
leukemia incidents each year. These children and adolescents are treated in nine tertiary
hospitals, the highest rank of specialist medical care in the Mexican health system. It has
been estimated that these hospitals serve approximately 97.5% of the cases of childhood
acute leukemia Mexico City [65].

For over ten years it was suspected that the spatial distribution of children with leukemia in
Mexico City was heterogeneous. In 2000, in a descriptive longitudinal study, conducted by
researchers at the Mexican Social Security Institute [66], were found morbidity standarized
rates (MSR), that suggest a spatial concentration of cases of childhood leukemia. For acute
lymphoblastic leukemia (ALL), the MSR were highest at south of Mexico City; for acute
myeloblastic leukemia (AML), the MSR were highest in the west. In addition, from further
investigations, some matches attracted the attention: it was found that among patients with
acute leukemia (AL), some of them were immediate neighbors, suggesting that behind the
development of the disease; there is an environmental factor that could promote it [67]. It was,
therefore, decided to make a study of spatial clustering in Mexico City, to confirm the hypoth‐
esis that children with leukemia are grouped into clusters that reflect the aforementioned
heterogeneous spatial distribution.

Information was extracted on individuals aged 0-14 years, diagnosed with ALL between 2006
and 2007, who were resident in Mexico City. A total of 224 incident cases were identified. We
also included 224 children without leukemia, nor other cancers, genetic malformation or
asthma. Were matched by sex, age and health institution of origin. We located the addresses
of the homes, with an accuracy of 0.1 km, from where children residing at diagnosis of
leukemia, or the time of the interview, in those without the disease. The cases were collected
between 2006 and 2007, and for the controls needed a much larger period, from 1998 to 2011.
Due to this discrepancy, we discard the detection of clusters according to the temporal
dimension. We used Kullorff´s scan statistic based on a Bernoulli model to identify individual
clusters. The complete study region was scanned by construction of a two-dimensional circular
window. The window was varied so at most it included 50% of the entire geographical area.
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The variable circular window is centered on the geo-reference of each case [68]. The method
has been used previously in an analysis of leukaemia in Sweden [69]. Statistical significance
(P<0.05) was evaluated using one-sided tests and 99999 simulations. Only one large statistically
significant cluster was identified (see Fig. 2) (O = 98, E = 74.66, O/E = 1.313, P = 0.01325). There
were no statistically significant secondary clusters. This finding indicates that locally varying
environmental factors may be implicated in the origin of ALL in Mexico City. However, the
possibility that variable levels of ascertainment may play a role cannot be excluded.

Although we cannot exclude the effect of chance on these results, or forget the fact of that the
periods of data collection between cases and controls are different, these results are remarkable.
For comparison, in a study conducted in Ohio [62], also carried out with SaTScan, the most
significant data were found for the group of children aged 10-14 years, with a value p = 0.33,
and only three cases formed part of cluster. When all the data were analyzed together,
including all types of leukemia and all ages, the most likely cluster had 43 cases, with p = 0.81.
As we can see, none of the clusters is statistically significant. The author of the paper com‐
mented that these results were not entirely surprising, considering that the study area is very
large and diverse (the state of Ohio). He argued that in a large area, it is doubtful that a
particular risk factor going to have a consistent and sustained effect through space. It's unlikely
to see a cluster in a large geographical area. And again, Wheeler repeated the same sentence
with another argument: the results are consistent with the literature worldwide, because it is
difficult to find statistically significant clusters. Wheeler used several tests of clusters (K-
function, Cuzick & Edward's, kernel intensity function) plus SaTScan without finding
significant associations with any of them.

Apparently the cluster analysis is most effective for small-area spatial analysis [31], on the scale
of a city, and not in an area as large as a U.S. state. Goujon-Bellec et al, concluded that very
few cluster detection techniques have enough power to scan large areas, as a large country like
France [70]. It has also been observed that when the unit of geographic analysis is very large,
such as a county or a municipality, or an aggregate of these, the sensitivity of a technique for
detecting clusters is diminished; it is as though the proximity between the cases are "diluted"
among these geographical units, and the cluster simply "does not appear". Studies of Germany
[7] and France [20] seem to confirm it. Therefore, differences in surface between the territories
of Ohio, in the United States, and Mexico City, in the Mexican capital (116.096 km² vs. 1485
km², respectively), could be one reason why we detected a cluster in the city. However, many
children (98 cases), and a value of p = 0.01325, statistically significant, is not commonly
reported. In addition, the data collection period of the cases was two years, against eight of
Ohio study.

When the geographic location of the children who make up the cluster is mapped, it can be
seen that this spatial cluster is located to the east of Mexico City (Federal District), slightly to
the northeast. Indeed, about half of all children with leukemia investigated are part of this
cluster. The conglomerate is clearly excluded from west and southwest of Mexico City. The
extent of the surface cluster includes the territories of some of the boroughs of the Mexican
Federal District. The hypothetical explanations for this cluster are the following.
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Industrial establishments located in the environment of a child have been considered as risk
factors for developing cancer. Sans et al, in 1995, expected the prevalence of cancers, including
childhood acute leukemia, decrease as people were found farther from the petrochemical
industry plant, as in Britain [53]. According to data from the National Institute of Statistics,
Geography and Informatics (INEGI by its Spanish acronym), the two main boroughs by
number of economic units of industrial activity are Azcapotzalco and Miguel Hidalgo. In fact,
these two areas form the most industrialized landscape of Mexico City, for over half a century.
There was an old oil refinery, an auto plant, dozens of railways and many other industries.
Contradictorily, these delegations are not part of the cluster found on the east of Mexico City.
At first glance, this suggests that the spatial cluster detected in this study is not related to large
industrial facilities. However, to be more careful, we can see that the phenomenon probably
does have a relationship but more nuanced. In third place for the number of industrial
establishments, appears Iztapalapa borough, which is included within the area of spatial
cluster. When comparing those boroughs, Azcapotzalco and Miguel Hidalgo, against the
latter, Iztapalapa, we note that the average personnel employed in industrial establishments
is very different. While the staff working at the Miguel Hidalgo and Azcapotzalco boroughs
is 32.01 and 31.29 workers per economic unit, respectively. Comparatively in the Iztapalapa
borough would, on average, 11.19 workers per industrial unit. This suggests that facilities most
prevalent in the spatial cluster detected include more small establishments such as family
workshops. If so, the work on these workshops can be an important parental exposure.

Another consideration is air pollution, which is a risk factor that has been studied. Knox
suggested an association between the prevalence of cancer in the geographical distribution of
air pollutants [71]. According to National Institute of Ecology (INE by its Spanish acronym),
the impact of air pollution in Mexico City generates 4,000 premature deaths per year and 2.5
million lost work days [72]. EMBARQ states that, with about 18 million people and 6 million
cars, Mexico City is one of the largest and busiest cities in the world. Around 600 new cars
come into service each day, and in 2007 it sold just over 300,000 cars this year. Most alarming
is that, according to the same place, less than 4% of vehicles, trucks and buses, generated in
2002, about 70% of air pollution. The other 30 percent is allocated to factories, small cars and
motorcycles [73]. Air pollution is thus mainly attributed to heavy cars. The smog of Mexico
City is concentrated in the southern part of it, and the children of the conglomerate are located
mainly to the east. With the evidence found, it is difficult to ensure that the cause of spatial
cluster is due, mainly, to the atmospheric concentration of pollution in the city. If so, we would
have expected a conglomerate in the south-southwest of Mexico City, instead of having
appeared in the east.

In an earlier study, which also uses the information from the same database of this study, we
measured the relationship between socioeconomic status and the development of childhood
acute leukemia. The study, conducted by Perez-Saldívar et al, considered the problem
according to three indicators [64]. The first is indirect and only represents the existing agri‐
cultural activity in each delegation of Mexico [74]. The second used the information developed
by the United Nations to measure human development, the Human Development Index by
municipalities, published from Mexico in 2005 [75]. The third sought to relate the average
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number of people per household [76]. The results only showed a relationship between the
incidences of ALL with the number of people per household, in Pre-B ALL. For none of the
other two indicators found a significant relationship. In this study, the detected cluster is
located in an area of relatively low economic level, with several boroughs suffering from
poverty problems in Mexico City. However, given the information that it has, we cannot
explain a relationship between socioeconomic status and the cluster reported in the study.
Further studies are needed to investigate this point.

Figure 2. Location of spatial cluster of childhood acute leukemia cases in Mexico. The numbers are the identification
of each case into the cluster
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Industrial establishments located in the environment of a child have been considered as risk
factors for developing cancer. Sans et al, in 1995, expected the prevalence of cancers, including
childhood acute leukemia, decrease as people were found farther from the petrochemical
industry plant, as in Britain [53]. According to data from the National Institute of Statistics,
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There was an old oil refinery, an auto plant, dozens of railways and many other industries.
Contradictorily, these delegations are not part of the cluster found on the east of Mexico City.
At first glance, this suggests that the spatial cluster detected in this study is not related to large
industrial facilities. However, to be more careful, we can see that the phenomenon probably
does have a relationship but more nuanced. In third place for the number of industrial
establishments, appears Iztapalapa borough, which is included within the area of spatial
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is very different. While the staff working at the Miguel Hidalgo and Azcapotzalco boroughs
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workshops. If so, the work on these workshops can be an important parental exposure.

Another consideration is air pollution, which is a risk factor that has been studied. Knox
suggested an association between the prevalence of cancer in the geographical distribution of
air pollutants [71]. According to National Institute of Ecology (INE by its Spanish acronym),
the impact of air pollution in Mexico City generates 4,000 premature deaths per year and 2.5
million lost work days [72]. EMBARQ states that, with about 18 million people and 6 million
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come into service each day, and in 2007 it sold just over 300,000 cars this year. Most alarming
is that, according to the same place, less than 4% of vehicles, trucks and buses, generated in
2002, about 70% of air pollution. The other 30 percent is allocated to factories, small cars and
motorcycles [73]. Air pollution is thus mainly attributed to heavy cars. The smog of Mexico
City is concentrated in the southern part of it, and the children of the conglomerate are located
mainly to the east. With the evidence found, it is difficult to ensure that the cause of spatial
cluster is due, mainly, to the atmospheric concentration of pollution in the city. If so, we would
have expected a conglomerate in the south-southwest of Mexico City, instead of having
appeared in the east.

In an earlier study, which also uses the information from the same database of this study, we
measured the relationship between socioeconomic status and the development of childhood
acute leukemia. The study, conducted by Perez-Saldívar et al, considered the problem
according to three indicators [64]. The first is indirect and only represents the existing agri‐
cultural activity in each delegation of Mexico [74]. The second used the information developed
by the United Nations to measure human development, the Human Development Index by
municipalities, published from Mexico in 2005 [75]. The third sought to relate the average
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number of people per household [76]. The results only showed a relationship between the
incidences of ALL with the number of people per household, in Pre-B ALL. For none of the
other two indicators found a significant relationship. In this study, the detected cluster is
located in an area of relatively low economic level, with several boroughs suffering from
poverty problems in Mexico City. However, given the information that it has, we cannot
explain a relationship between socioeconomic status and the cluster reported in the study.
Further studies are needed to investigate this point.

Figure 2. Location of spatial cluster of childhood acute leukemia cases in Mexico. The numbers are the identification
of each case into the cluster
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1. Introduction

Acute leukemias are cancers of the hematopoietic system that involve, in the majority of cases,
a malignant transformation of myeloid and lymphoid progenitor cells [1]. Acute leukemias
represent the most common type of childhood cancer [2,3]. Acute lymphoblastic leukemia
(ALL) has a frequency of five times greater than that of acute myeloblastic leukemia (AML)
and is the most common cancer in children, representing 25% to 35% of all childhood cancers
[3,4]. The incidence of ALL varies significantly among developed and developing countries.
With a reported annual incidence of 20-45 cases per million children, the highest incidence
rates are recorded in the Hispanic population in California, Texas and Florida and in Costa
Rica and the City of Mexico [4-7]. Despite advances in therapy and improvements in survival,
acute leukemia represents one of the main causes of morbidity and mortality in children. The
etiology of this disease remains unknown. Only Down syndrome and ionizing radiation have
been recognized as risk factors for the development of childhood acute leukemia [8]. However,
the risk attributable to these factors is very small. Epidemiological studies exploring different
environmental exposures along with advances in cytogenetics and immunophenotyping have
identified different subgroups of the disease that must be considered separately. Such is the
case of infantile leukemia. Although it is a rare disease in this group, the molecular character‐
istics and survival are different in infants than in older children, suggesting that the etiology
is distinct and most likely involves prenatal factors. The purpose of this chapter is to introduce
the reader to a systematic review of the current literature on reported risk factors for childhood
acute leukemia (AL). This review reports what is currently known about acute leukemia in
infants and future directions.
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2. Descriptive epidemiology

Leukemia in infants (<1 year) is an extremely rare disease, and few studies exist that explore
the incidence of leukemia in this age group. Parkin et al., reporting incidence rates for this age
group in different regions of the world, determined that Mexico recorded the highest incidence
rate in children <1 year for the study period, exceeding the rates of the United States, some
countries in Latin America, Europe, Asia and Oceania [5]. However, United States, Great
Britain, and Australia have some of the highest incidence rates for infantile ALL, with
approximately 20-40 cases per million children, whereas countries like Brazil and Cuba have
reported rates of approximately 8-12 cases per million children. The Hispanic population of
infants in Los Angeles, Japan and Australia has been reported to have the highest AML
incidence rates of approximately 10-12 cases per million children. As with ALL, Brazil and
Cuba have some of the lowest incidence rates, with approximately 3-5 cases per million
children [6].

Descriptive epidemiological studies conducted in Mexico City on acute leukemia and child‐
hood cancer have consistently identified a significant incidence for AL in the infant population.
In the 1980-1992 study period, in newborns population ALL occupied the third place as the
main type of cancer and the second place in the infant population and after 2 years of age, a
very important peak in AL development is observed [9]. For the period 1996-2002, the
incidence of AL in infants was 37.5 per 106 children [10,11], and between 1996 and 2006 another
study reported an incidence of 33.0 ALL cases per 106 children < 1 year of age [12]. The most
recent survey of childhood AL in 2006-2007 in Mexico City reported an incidence rate of ALL
and AML of 24.3 and 4.1 per 106 infants, respectively [7].

Epidemiological studies in infants are rare. However, there is a predominance of females in
infants with ALL, whereas in children older than 1 year, male are more frequently diagnosed
[13]. Because of the young age of presentation of infantile leukemia, studies are focused
specifically on pre-conception exposures during pregnancy as potentially relevant exposures
that occur in utero or shortly before pregnancy. That is, the window of study for the disease in
this cohort is very short – approximately 9 months. Therefore, the study of this group can
provide essential information not only for this group but also for the development of childhood
AL [14,15]. The epidemiological studies have evaluated maternal exposure during pregnancy
to different risk factors that could be associated with the development of leukemia in infants.
These studies are presented in table 1 and include the publication of epidemiological studies
in the last 12 years in the infant population and its association with AL. Although the studies
are interesting and provide important information, some studies have failed to find significant
associations because they have some methodological limitations, such as sample size (small
number of exposed individuals among subgroups) or incomplete and biased exposure
assessment (not validated). In some cases they have a low response rates between cases and
controls. It is important to consider these aspects for future association studies. Despite these
limitations, these studies provide an important contribution to the limited amount of existing
studies linking infants with AL and risk factors.
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Variables studied Study design Cases analyzed OR (95% CI) Conclusions Author and year

Maternal exposure to

household

chemicals

Case-control 264 ALL Petroleum products Any Gestational exposure to petrole‐

um products was associated with

infant leukemia, particularly AML

and MLL-.

Slater et al.,

2011[23]172 AML ALL OR 1.56 (0.90-2.70); AML OR 2.33

(1.30-4.18); MLL+ OR 1.38 (0.77-2.48)

7 Other Month before pregnancy

 ALL OR 1.31 (0.71-2.41); AML OR 1.42

(0.71-2.83); MLL+ OR 1.14 (0.58-2.21)

 During pregnancy

 ALL OR 1.60 (0.90-2.83); AML OR 2.54

(1.40-4.62); MLL- 2.69 (1.47-4.93)

Analgesic use

during pregnancy

Case-control 262 ALL Before knowledge pregnancy Any use Analgesic use during pregnancy

was not significantly associated

with the risk of infant leukemia.

Ognjanovic et al.,

2011[24]172 AML Aspirin

 ALL OR 1.03 (0.58-1.85)

 AML OR 0.55 (0.24-1.26)

 Non-aspirin non-steroidal anti-inflam‐

matory drugs (NSAID)

 ALL OR 1.15 (0.80-1.67)

 AML OR 0.60 (0.37-0.97)

 Acetaminophen

 ALL OR 1.16 (0.80-1.68)

 AML OR 0.66 (0.43-1.01)

 After knowledge pregnancy Any use

 Aspirin

 ALL OR 1.21 (0.48-3.05)

 AML OR 0.96 (0.32-2.92)

 NSAID

 ALL OR 1.33 (0.75-2.37)

 AML OR 0.81 (0.36-1.83)

 Acetaminophen

 ALL OR 1.03 (0.70-1.53)

 AML OR 0.79 (0.50-1.24)

Maternal prenatal cig‐

arette, alcohol and il‐

licit drug use

Case-control 264 ALL During pregnancy Cigarette smoking was not asso‐

ciated with childhood leukemia;

alcohol and illicit drug use were

not consistent with prior reports.

Slater et al.,

2011[25]172 AML Cigarette use

7 Other OR 0.80 (0.52-1.24)

 ALL OR 0.87 (0.54-1.40)
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Variables studied Study design Cases analyzed OR (95% CI) Conclusions Author and year

 AML OR 0.74 (0.40-1.35)

 Alcohol use

 OR 0.64 (0.43-0.94)

 ALL OR 0.64 (0.43-0.94)

 Illicit drug use

 OR 0.69 (0.40-1.18)

 ALL OR 0.84 (0.47-1.51)

 AML OR 0.52 (0.23-1.16)

Maternal vitamin and

iron supplementation

Case-control 264 ALL Prenatal The authors did not observe a

prenatal vitamin-infant leukemia

association.

Linabery et al.,

2010 [26]172 AML Vitamins

 OR 0.79 (0.44-1.42)

 ALL OR 0.63 (0.34-1.18)

 AML OR 1.20 (0.53-2.75)

 Iron supplements

 OR 1.07 (0.75-1.52)

 ALL OR 1.22 (0.82-1.80)

 AML OR 0.82 (0.51-1.33)

 Periconceptional

 Vitamins

 OR 0.89 (0.64-1.24)

 ALL OR 0.77 (0.54-1.11)

 AML OR 1.05 (0.68-1.61)

 Iron supplements

 OR 1.23 (0.63-2.38)

 ALL OR 1.30 (0.62-2.72)

Continued…   AML OR 0.77 (0.46-1.27)   

During pregnancy

Vitamins

OR 0.78 (0.48-1.28)

ALL OR 0.66 (0.39-1.11)

AML OR 1.05 (0.55-2.04)

Iron supplements

OR 1.06 (0.74-1.53)
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Variables studied Study design Cases analyzed OR (95% CI) Conclusions Author and year

ALL OR 1.22 (0.81-1.84)

AML OR 0.77 (0.46-1.27)

Congenital

abnormalities

Case-control 264 ALL Congenital abnormality (CA) The authors did not find evi‐

dence for a link between CAs

and infant leukemia

Johnson et al.,

2010 [27]172 AML OR 1.2 (0.8-1.9)

7 Other Birthmarks

 OR 1.3 (0.7-2.4)

 Urogenital abnormalities

 OR 0.7 (0.2-2.0)

 Other CA

 OR 1.4 (0.7-2.8)

Parental infertility and

infertility

treatment

Case-control 264ALL Women not trying to conceive There were no positive associa‐

tions between parental infertility

or infertility treatment and infant

leukemia.

Puumala et al.,

2010 [28]172 AML OR 1.62 (1.01-2.59)

 ALL OR 2.50 (1.36-4.61)

 AML OR 1.17 (0.61-2.22)

 Women with ≥1 year of trying

 OR 0.99 (0.47-2.07)

 ALL OR 2.01 (0.85-4.78)

 AML 0.35 (0.09-1.27)

Dipyrone Case-control 132 Acute leukemia N-Acetyltransferase 2 (NAT2) dipyrone

during pregnancy

NAT2 slow-acetylation profiles

associated with infant leukemia

&dipyrone

Zanrosso et al.,

2010 [29]

OR 5.19 (1.86-14.5)

Birth weight Case-control 148 ALL Birth weight >3999 g The results suggest that high

birth weight is associated with an

increased risk of infant leukemia.

Koifman et al.,

2008 [30]53 AML OR 1.59 (0.79-3.17)

 ALL OR 2.28 (1.08-4.75)

 MLL+ OR 2.68 (0.99-7.15)

Birth characteristics

and maternal

reproductive history

Case-control 149 ALL Birth weight ≥4,000 g Maternal history of fetal loss and

other birth characteristics were

not related to infant leukemia.

Spector et al.,

2007 [31]91 AML OR 1.09 (0.67-1.79)

 Gestational age <37 weeks

 OR 0.74 (0.32-1.70)

 Birth order 2nd

 OR 0.60 (0.40-0.91)

 Maternal age ≥35 years

 OR 0.75 (0.46-1.23)
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Variables studied Study design Cases analyzed OR (95% CI) Conclusions Author and year

 Prior fetal loss Any

 OR 1.04 (0.70-1.55)

 Pre-pregnancy BMI 25-29.9

 OR 1.61 (1.04-2.48)

 Weight gain during pregnancy

(kg)>18.14

 OR 1.50 (0.84-2.68)

Maternal anemia Case-control 178 Acute leukemia Anemia during pregnancy (<11 g dl-1) The authors did not find evi‐

dence for an increased risk of

leukemia in the offspring of

mothers with hemoglobin <11 g

dl-1 during pregnancy.

Peters et al., 2006

[32]OR 0.93 (0.57-1.53)

ALL OR 1.14 (0.65-2.01)

AML OR 0.67 (0.32-1.37)

ALL/MLL+ OR 0.98 (0.50-1.91)

AML/MLL- OR 0.57 (0.16-2.07)

Maternal illicit drugs,

pain medication, vita‐

mins/iron supplement,

folic acid, hormones,

abortive drugs, herbal

infusions, pesticides

during pregnancy

Case-control 202 Acute leukemia TobaccoORa 0.89 (0.63-1.25) A statistically significant associa‐

tion between the maternal use

of hormones during pregnancy

and infant leukemia.

Pombo-de Oliveira

et al., 2006 [33]MarijuanaORa 0.87 (0.63-1.20)

DipyroneORa 1.45 ( 1.02-2.06)

Amoxicillin ORa 0.88 (0.63-1.25)

Folic acid ORa 1.22 (0.73-2.05)

MetronidazoleORa 1.39 (0.82-2.34), Mi‐

soprostolORa 1.23 (0.38-4.02)

Hormones ORa 8.76 (2.85-26.93)

Herbal infusions ORa 1.93 (0.49-7.58)

Pesticides ORa 2.18 (1.53-2.13)

Hormones intake:

Preconception

OR 2.26 (1.21-4.21); MLL+ OR 3.34

(1.51-7.36)

1st trimester OR 11.35 (3.20-40.20);

MLL+ OR 10.57 (2.33-47.91)

2nd trimester OR 4.49 (1.07-18.87); MLL

+ OR 2.62 (0.15-17.56)

3rd trimester OR 2.32 (0.60-8.98); MLL+

1.02 (0.10-9.93)

Maternal diet (DNA

topoisomerase II

Case-control 149 ALL DNAt2 inhibitor with MLL+ Maternal consumption of vege‐

tables and fruits were associated

Spector et al.,

2005 [34]91 AML Quartile 4 OR 0.7 (0.4-1.5)
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Variables studied Study design Cases analyzed OR (95% CI) Conclusions Author and year

inhibitor)  with a decreased risk of infant

leukemia, particularly MLL+.

DNAt2 inhibitors increase the risk

of AML (MLL+).

ALL OR 0.5 (0.2-1.1)

 AML OR 3.2 (0.9-11.9)

 Vegetable and fruits plus index

 Quartile 4 OR 0.6 (0.3-1.1)

 ALL OR 0.5 (0.2-0.9)

 AML OR 1.1 (0.4-2.9)

Maternal smoking, al‐

cohol, DNA damaging

drugs, herbal medi‐

cines, pesticides, Di‐

pyrone,

insecticides

Case-control 49 ALL (19 MLL+) Smoking The data suggest that specific

chemical exposures of the fetus

during pregnancy may cause MLL

gene fusions.

Alexander et al.,

2001 [35]74 AML (29 MLL+) ALL OR 1.59 (0.82-3.07); AML OR 1.33

(0.63-2.80); MLL+ OR 0.98 (0.46-2.09)

13 Other (2 MLL+) Alcohol

 ALL OR 0.63 (0.25-1.60); AML OR 1.92

(0.90-4.10); MLL+ OR 0.74 (0.29-1.90)

 DNA Damaging drugs

 ALL OR 1.78 (0.95-3.34); AML OR 2.28

(1.10-4.71); MLL+ OR 2.31 (1.06-5.06)

 Herbal medicines

 ALL OR 4.45 (2.06-9.63); AML OR 2.09

(0.89-4.92); MLL+ OR 3.00 (1.38-6.54)

 Maternal Pesticide

 ALL OR 2.53 (0.71-8.97); AML OR

5.08(1.84-14.04); MLL+ OR 4.96

(1.71-14.43)

 Dipyrone

 ALL OR 3.13 (1.02-9.57); AML OR 3.01

(0.93-9.79); MLL+ OR 5.84 (2.09-16.30)

 Insecticides

 ALL OR 4.30 (0.66-28.08); AML OR 7.82

(1.73-35.39); MLL+ OR 9.68 (2.11-44.40)

Table 1. Risk factors for infant leukemia studied in the last 12 years.

3. Clinical characteristics

Infants with leukemia possess different molecular genetics features, immunophenotypes and
cytogenetic characteristics with respect to older children. Infants with ALL have a very high
leukocyte count (hyperleukocytosis); the median of leukocyte count in infants with ALL was
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recorded as 100 x 109 L. Infants with ALL also often exhibit hepatosplenomegaly, widened
mediastinum, and compromise of the central nervous system (CNS) in approximately 15% of
cases. In addition, 13% of male infants exhibit infiltrated testes [16,17]. The ratio ALL/AML in
infants is approximately 1.5-2.0, and the M4 or M5 morphology predominates in infants
diagnosed with AML [5,18,19].

A significant proportion of infants diagnosed with ALL are characterized by a very immature
precursor B-lineage ALL – pro B CD-10. The mature B-lineage ALL is very rare and only 4%
of cases are of T-lineage [13]. The leukemic cells of infants with ALL express myeloid antigens,
which may indicate that this type of leukemia is generated in immature precursor cells that
have no lymphoid differentiation [17]. Unlike older children diagnosed with ALL, with a 5-
year survival rate of 80%, infants with leukemia have a very poor 5-year survival rate of 50%
or less. The 5-year survival rate for infants with AML is 40%, similar to that reported in older
children [20-22].

4. Genetic characteristics in infants

Both ALL and AML in infants are frequently associated with abnormalities (genetic rear‐
rangements) involving the Mixed Lineage Leukemia (MLL) gene, also called Htrx, ALL-1 or
HRX, which is located on chromosome 11 band q23 [36-38]. This gene is fused promiscuously
with different pairs of chromosomes; up to 70 partners have been reported in human leukemia
[39]. The most common fusion partners include chromosome 4, reported in 50% of cases;
chromosome 11, with a frequency of 20%; and chromosome 9, present in 10% of cases. Fusions
of chromosome 9 are presented in older infants, unlike fusions of chromosomes 4 or 11 [40,41].
The ENL chromosome has also been found fused with MLL, although at a lower frequency
[38]. Infants with the MLL gene have a very poor prognosis compared with older children with
the disease [13,42,43].

MLL translocations are present in 75-85% of ALL infants less than 1 year and in 60% of infant
AML casesMLL translocations are found in older children and are reported in 5% of cases of
childhood AL and 85% of leukemias secondary to treatment with topoisomerase II inhibitors,
which are usually AMLs [37,42,44,45]. This last frequency is very important because it has
implications for the etiology of leukemia in infants.

5. Structure of the MLL gene

The MLL gene is located on chromosome 11q23 just after the repressor domain. The MLL gene
is 90 kb, consists of 38 exons, and produces a 12-kb mRNA that encodes a 430-kDa protein of
3969 amino acids in a complex structure. This protein is widely expressed in the developing
embryo, where it functions as a regulator of nuclear transcription. In adult tissues, the protein
is only minimally expressed [38,41,46,47].
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The MLL protein is normally cleaved in the cytoplasm by caspasa 1 at amino acids 2666
(cleavable site 1 or CS1) and 2718 (cleavable site 2 or CS2), generating two subunits: the 300-
kDa MLL-N and the 180-kDa MLL-C. MLL functions to acetylate, deacetylate and methylate
the histones of nucleosomes [40,46]. The mature protein contains a 8.3-kb breakpoint cluster
region between exons 5 and 11, and multiple protein domains have been identified: AT hooks,
a DNA methyltransferase domain (transcriptional repression domain, TRD), a Plant homology
domain (PHD), a transcription activator domain (TA) and Su (var) 3-9 enhancer of zest
trithorax (SET) domain [38,47,48].

MLL gene alterations include deletions, duplications, inversions and reciprocal translocations.
In reciprocal translocations, the fusion proteins are generated by interactions with the C-
termini of other genes to replace the transcriptional repression and nuclear signaling domains
located at the N-terminus of the MLL protein [49,50].

These fusion proteins have been postulated to be involved in leukemogenesis by increasing
the expression of the HOXA9 gene during embryo development. The HOXA9 gene encodes a
transcription factor, and the increased expression of this gene could represent a critical
mechanism for MLL-related leukemia [46,49,51]. Another mechanism by which these fusion
proteins promote leukemia is to increase the expression of FLT3 tyrosine kinase [41,52].

6. Prenatal origin

Numerous molecular biology studies have been conducted in twins with blood samples
collected at  birth from newborns (Guthrie cards) and with blood samples from the um‐
bilical cord to detect inborn metabolic problems and other problems that could occur in
newborns. Neonatal blood samples are stored, and thereafter the samples of a child with
a diagnosis  of  leukemia are  examined to  understand the  patient’s  genetic  abnormalities
at  birth.  These  abnormalities  are  compared with  those  reported  in  the  diagnosis  of  the
patient. In a large proportion of neonatal blood samples, studies have concluded that the
leukemia likely started in  utero  during fetal  hematopoiesis,  although this  is  not  true for
all chromosomal abnormalities [14,53,54].

Monozygotic and dizygotic twins have also been studied to determine the heritable fraction
of childhood leukemia. More than 50% of twins share a placenta (monozygotic), which allows
blood exchange. In these cases, it is likely that if one of the twins had a leukemic clone, it may
have an intraplacentarian metastasis through which the clone could be transmitted to the other
twin [37,53]. This hypothesis has been demonstrated through studies in twins with leukemia
using translocation markers for unique genetic breakpoints, especially in TEL-AML1 and MLL
rearrangements [14,53-55].

In twin infants with a diagnosis of leukemia, the concordance rate was approximately 100%
among those twins who shared the placenta [53]. An explanation for this is that the MLL gene
is sufficient to cause leukemia, which could happen if the protein has an overall effect on the
structure of chromatin or on the stability of gene expression [37,56]. It is likely that the effect
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of the MLL gene in DNA repair or cell cycle regulation facilitates additional genetic changes
caused by continuous exposure to genotoxic chemicals in utero [14]. However, some authors
have noted that the MLL gene is not sufficient to generate leukemogenesis and that additional
secondary genetic events are necessary in the development of the disease [57,58]. More so when
it has reported the presence of this rearrangement in children over 1 year of age which raises
the possibility that the relation of this rearrangement to the development of ALL is similar to
that of the TEL-AML1 rearrangement; that is, it is an essential cause, but it is indispensable
that another environmental factor be involved in order for children with this rearrangement
(acquired at birth or not) to develop the disease [59].

Unlike infant leukemias, acute leukemias in older children exhibit a concordance rate between
identical twins who share the same placenta of only 10%. This finding, together with transgenic
models, indicates that post-natal events are necessary to produce sufficient genetic changes to
develop leukemia. This finding explains why leukemia in infants is a different entity than that
of older children, and attention must be paid to transplacental exposure in utero during
embryonic development and fetal hematopoiesis [37,60].

7. Enzyme DNA topoisomerase II

The  function  of  the  enzyme  DNA  topoisomerase  II  (DNAt2)  is  to  relax  the  DNA
strands  that  are  tightened  and  knotted  during  cell  replication  [61].  DNAt2  generates  a
break  in  the  double  strands  of  DNA  that  are  then  re-sealed,  causing  a  relaxation  of
the  DNA.  Some drugs  used  in  the  treatment  of  leukemia,  such  as  the  epidofilotoxinas
and  anthracyclines,  have  apoptotic  effects  by  inhibiting  DNAt2.  These  drugs  interfere
with  the  normal  function  of  DNAt2  by  stabilizing  the  break-cleavable  complex,  which
is  the  DNAt2  enzyme  complex  responsible  for  breaking  the  double-stranded  DNA,
slowing the ligation of  the strands and leaving free  the single-stranded DNA ends that
can  lead  to  chromosomal  abnormalities.  These  chromosomal  abnormalities  have  been
observed in  leukemias  secondary to  the  treatment  of  epidofilotoxins  and anthracyclines
in  children  and  adults  [62,63],  and  patients  treated  with  these  drugs  have  a  greater
likelihood  of  developing  secondary  AML  with  MLL  translocations  [64].  Several  chemi‐
cal  compounds  are  able  to  inhibit  DNAt2,  including  chemotherapeutic  drugs  contain‐
ing  quinone  substances  [65,66].  The  enzyme  NAD(P)h:quinone  oxidoreductase  1
(NQO1)  is  involved in  the  metabolism of  chemicals  that  inhibit  DNAt2.  The  functional
polymorphism  C609T  reduces  the  activity  of  NQO1  and  exhibits  a  phenotypic  dose-
gene  effect  [67,68].  Several  studies  have  assessed  the  associated  risk  of  possessing  the
variant  allele  T  at  locus  NQO1  C609T  in  patients  with  childhood  AL  and  MLL  rear‐
rangement.  The  results  are  mixed;  only  some  studies  observed  an  increased  risk  with
NQO1 C609T in infants  with leukemia and MLL [66,69,70].

However, there are other sources of exposure to DNAt2 inhibitors that may increase the risk
of acute leukemia in infants [42]. These DNAt2 inhibitors are found in some drugs, substances
derived from benzene and naturally in some foods that contain flavonoids [71].
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8. Therapy-related secondary leukemias

The  growing  use  of  intensive  therapies  in  the  treatment  of  patients  with  cancer  has
caused an increase in the incidence of secondary neoplasms. The complexity of anti-can‐
cer  treatments  makes  it  difficult  to  know  what  agents  are  more  leucemogenous  and
which act  more quickly in  the leukemic transformation of  the hematopoiesis  progenitor
cells.  The term secondary leukemia is  usually employed to indicate both forms of AML
evolving from previous myelodysplasia and forms of acute leukemia developing after ex‐
posure  to  environmental  or  therapeutic  toxins  or  radiation  (therapy-related).  Secondary
leukemias account for 10-30% of all AML. The majority of secondary leukemias resulting
from the use of cytotoxic drugs can be divided into two well defined groups depending
on whether the patient has received: 1) alkylating agents or 2) drugs binding to the en‐
zyme DNA-topoisomerase II.

Alkylating  agents  related  leukemias  are  very  similar  to  post  myelodysplasia  leukemias
being characterized frequently by a preleukemic phase, trilineage dysplasia, frequent cy‐
togenetic abnormalities involving chromosomes 5 and 7 and a poor prognosis. Secondary
leukemias related to therapy with topoisomerase II inhibitors are not preceded by a pre‐
leukemic  phase  and  show  frequently  balanced  translocations  involving  chromosome
11q23.  Among therapy-related  leukemias,  AML is  generally  a  second neoplasm,  thus  a
predisposition to malignancy, independently from previous chemotherapy, cannot be ex‐
cluded. It  has been mentioned that the incidence of  secondary leukemias increases with
age [72]  and leukemic cells  predominantly exhibit  a  monocytic  or  myelomonocytic  phe‐
notype  and balanced chromosomal  translocations  including 11q23  and 21q22  rearrange‐
ments  or  abnormalities  such  as  t(15;17)(q22;q12)  and  inv(16)(p13q22).  A  history  of
previous  treatment  with  topoisomerase-II-inhibitors  is  common  in  these  individuals.
However,  as  many patients  have  received multiple  lines  of  treatment  including  several
classes of  chemotherapy compounds,  both structural  and balanced chromosomal aberra‐
tions  are  frequently  observed  in  the  leukaemic  clone.  The  World  Health  Organization
(WHO) has therefore abandoned its former classification into alkylating agent or topoiso‐
merase-II-inhibitor  associated  therapy-related  disease.  As  a  conservative  estimate,  about
10% of cases of AML and myelodysplastic syndrome (MDS) are therapy related [73].

Alkylating agents

Alkylating agents were the first chemotherapeutic compounds to be associated with leukaemia
development after successful treatment of solid and haematological cancers [74-78]. They
comprise a large group of anti-cancer drugs with clinical application across almost all cancer
types. Alkylating agents induce DNA damage by transferring alkyl groups – such as -CH3 or
-CH2-CH3 – to oxygen or nitrogen atoms of DNA bases, resulting in highly mutagenic DNA
base lesions, such as O6-methylguanine and N3-methylcytosine [79-82].

Drugs binding to the enzyme DNA-topoisomerase II (topoisomerase inhibitors)

While  alkylating agents  associated with  therapy-related myeloid neoplasms (t-MNs)  are
characterized by a complex karyotype often featuring partial or complete loss of chromo‐
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of the MLL gene in DNA repair or cell cycle regulation facilitates additional genetic changes
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8. Therapy-related secondary leukemias
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somes 5 and/or 7, exposure to topoisomerase inhibitors leads to the development of leu‐
kaemias  with  balanced  translocations  involving  MLL  at  11q23,  RUNX1  at  21q22  and
RARA at  17q21 [83-85].  MLL fusion genes are also MLL fusion genes are also common
in secondary acute myeloid leukemia (usually French-American-British (FAB) M4/M5) as‐
sociated with prior therapeutic exposure to topoisomerase-II  inhibiting anthracyclines or
epidophyllotoxins [62].  These observations have prompted speculation on possible expo‐
sure  to  topoisomerase-II  inhibiting substances  during pregnancy that  might  give  rise  to
MLL fusions during fetal hematopoiesis [86].

DNA topoisomerases are critical enzymes responsible for unknotting and relaxing supercoiled
DNA, thus allowing DNA replication to occur. To relax supercoiled DNA, topoisomerases
bind covalently to the DNA strand and create transient single (type I topoisomerases) and
DSBs (type II topoisomerases). These DNA strand breaks are readily religated after topoiso‐
merases are released from the DNA [87]. As these ubiquitous enzymes are essential to cell
survival, DNA topoisomerases have become a valuable target for several cytostatic drugs, such
as epipodophyllotoxins and anthracyclines. Topoisomerase inhibitors block the release of
topoisomerases from cleaved DNA, preventing religation of the DNA strands [88]. Thus,
topoisomerase inhibitors lead to the generation of permanent DNA DSBs that trigger DSB-
induced apoptosis. However, persistent DNA DSBs are also highly mutagenic and can result
in chromosomal deletions, insertions, inversions and translocations, all of which are charac‐
teristic of the leukaemic cell clone in t-MNs. The exact molecular effects of these inhibitors on
the acquisition of chromosomal aberrations and the development of this t-MN subtype have
recently been reviewed in detail [89].

Dexrazoxane – a bisdioxopiperazine iron chelator used to reduce cardiopulmonary toxici‐
ty in patients treated with anthracyclines – also interferes with topoisomerase II in its di‐
merized state by bridging and stabilizing the ATPase region. In a randomized phase III
study in paediatric patients treated with chemo- and radiotherapy for Hodgkin´s disease,
dexrazoxane was associated with a cumulative incidence of MDS/AML of 2.5% - 1.0% as
compared  with  0.85%  -  0.6%  for  the  non-dexrazoxane  group  (P  =  0.16).  This  trend  to‐
wards an increased risk of secondary neoplasms associated with dexrazoxane was subse‐
quently  confirmed  in  patients  with  childhood  acute  lymphoblastic  leukaemia  [90].  In
children  cured  of  ALL,  the  risk  of  a  therapy-related  acute  myeloid  leukaemia  (t-AML)
has been evaluated in different series to be between 3.8% at 6 years and 5.9% at 4 years
[64,91-96]. The risk of secondary acute myeloid leukemia (sAML) was higher among ALL
children  who  received  a  high  cumulative  dose  of  epipodophyllotoxins  (>4,000  mg/m2)
and prolonged epipodophyllotoxin therapy in weekly or twice-weekly doses. In adults a
GIMEMA study demonstrated a  low incidence  of  t-AML,  which could be  explained by
the  lower  doses  of  epipodophyllotoxins  administered  in  the  various  therapeutic  ap‐
proaches used for the treatment of adult ALL [96].

MLL gene has been involved in secondary leukemias treatment, mainly of the type AML in
patients treated with inhibitors of topoisomerase II as a primary cancer treatment. It has been
postulated the presence of similar mechanisms for Leukemia in infants whose mothers had
exposure to native II topoisomerases [97].
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9. Diet and infant leukemia

Studies on environmental risk factors related to AL with MLL rearrangements have focused
on maternal diet effects on in utero exposure. Dietary compounds exists that can inhibit the
function of DNAt2, thereby posing a potential leukemogenesis threat in infants [43,64]. DNAt2
is critical in cellular processes such as replication, where transiently breaks down and subse‐
quently seals the DNA strand [37]. DNAt2 is able to rapidly increase its activity during cell
division [98]. Diet is a natural source of DNAt2 inhibitors, including flavonoids [71,99].

Flavonoids are a very large group of Polyphenolic compounds found in foods of plant origin.
Polyphenols are involved in the development and reproduction of plants, and they provide
resistance against pathogens, plagues and protect crops from diseases that inhibit the germi‐
nation of their seeds [100]. Flavonoids are divided into 6 subgroups: flavones, flavanols,
flavanones, catechins, anthocyanidins and isoflavones [71] (see table 2); in the last decade, more
than 5000 subclasses have been identified [101,102]. Importantly, several biological effects have
been observed in in vitro studies of flavonoids, including its antioxidant activity, modulation
of enzyme activity, inhibition cell proliferation and use as antibiotics, anti-allergy, anti-
diarrhea, anti-ulcer and anti-inflammatory agents [103-106].

The properties attributed to flavonoids have prompted increased interest in alternative
medicine and herbal remedies. Numerous foods, beverages and supplements exist on the
market that contains high levels of flavonoids. Therefore, it is likely that the amount of
flavonoids in the typical diet is presently increasing [102].

The study the consumption of DNAt2 inhibitors during pregnancy in women who have
children who develop leukemia is founded on the idea that foods containing natural DNAt2
inhibitors cause damage to DNA, much in the same way as the epidofilotoxinas. There have
been several bioavailability studies on flavonoids that have demonstrated that there are
differences in their absorption, depending on the source of food. The accumulation of these
compounds in blood has been measured [107]. Some studies in animals and in vitro have
demonstrated that flavonoid DNAt2 inhibitors are capable of crossing the placenta and
damaging DNA [108,109]. One study reported the flavonoids can cause a break in the MLL
gene in hematopoietic progenitor cells, which was reversible when the exposure was removed.
The site of disruption caused by the flavonoids was co-localized with the same site associated
with the epidofilotoxinas [37,60,99]. All of these findings provide evidence for epidemiological
studies in the pursuit of this association with leukemia in infants.

Studies of maternal diets during pregnancy and their association with childhood AL have been
led by Ross JA. [110], who through a case-control study in infants and a questionnaire for
maternal exposure to dietary DNAt2 inhibitors and drugs in pregnancy observed a statistically
significant association between AML and the medium and high consumption of DNAt2
inhibitors (OR 9.8; 95% confidence interval [CI] 1.1-84.8; OR 10.2; 95% CI 1.1-96.4). However,
this study observed no association with ALL. Ross JA intends to continue studying infants
with AL and stresses the importance of incorporating molecular markers that could provide
more information.
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Later, Jensen CD et al. [111] studied maternal diet and its association with childhood ALL
through a food frequency questionnaire, observing a protective effect with the consumption
of vegetables, protein and fruits (OR 0.53; 95% CI 0.33-0.85; OR 0.40; 95% CI 0.18-0.90; OR 0.71;
95% CI 0.49-1.04, respectively). In 2005s Spector et al. [34] published the results of a case-control
study in infants in which they proposed that exposure to high levels of DNAt2 inhibitors in
the diet was associated with the risk of MLL+ leukemia in infants. The authors observed a non-
significant association between MLL+ AML but a trend among the second and fourth quartiles
of DNAt2 inhibitor consumption (OR 1.9; 95% CI 0.5-7.0; OR 2.1; 95% CI 0.6-7.7; OR 3.2; 95%
CI 0.9-11.9). A non-significant inverse association was observed with MLL+ ALL. Another
study conducted by Petridou et al. [112] in children ≤4 years old diagnosed with ALL asked
about the mothers’ diets during pregnancy and found that the consumption of fruits (OR 0.72;
95% CI 0.57-0.91), vegetables (OR 0.76; 95% CI 0.60-09) and fish/seafood (OR 0.72; 95% CI
0.59-0.89) decreased the risk for ALL. However, the consumption of sugar/honey and meat/
derivatives increased the risk for ALL (OR 1.32; 95% CI 1.05-1.67; OR 1.25; 95% CI 1.00-1.57,
respectively). The most recent study on maternal diet and childhood ALL was undertaken by
Kwan ML et al., [113] who applied a food-frequency questionnaire about food consumed 1
year before pregnancy. The results of their study indicate that the risk for ALL was inversely
associated with maternal consumption of vegetables (OR 0.65; 95% CI 0.50-0.84), sources of
protein (OR 0.55; 95% CI 0.32-0.96), fruits (OR 0.81; 95% CI 0.65-1.00) and legume food groups
(OR 0.75; 95% CI 0.59-0.95).

Flavones

(Apigenin,

luteolin,

diosmetin)

Flavonols

(Quercetin,

myrecetin,

kaempferol)

Flavanones

(Naringenin,

hesperidin)

Catechins or

Flavanols

(Epicatechin,

gallocatechin)

Anthocyanidins

(Pelargonidin,

malvidin, cyanidin)

Isoflavones

(Genistein,

daidzein)

Parsley Onions Citrus foods Tea Cherries Soya beans

Thyme Kale Prunes Apples Grapes Legumes

Celery Broccoli Cocoa

Sweet red Apples

pepper Cherries

Fennel

Sorrel

Berries

Tea

Table 2. Major subgroups of flavonoids and food sources.
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Thus far, epidemiological studies have identified the protective effect of fruits and vegetables
consumption during pregnancy against infantile ALL. These results are not observed in AML
with the exception of the studies of Ross et al., in which the authors identified a positive
association between the high intake of DNAt2 inhibitors in foods and AML/MLL+ in infants.
These results confirm that AL in children is composed of different subgroups with different
disease etiologies [37,42].

The most recent epidemiological study in infants is the one published by the group of Ross et
al., [114] with a significant number of cases (374). In this study, the authors describe some of
the demographic factors and the MLL gene status in infants with leukemia. They generally
reported a higher frequency of females (50.8%), and the most common ethnic group was
Caucasian (70%), followed by Hispanics (27.8%). The most frequent age of diagnosis was 4-6
months (27.8%), and 51.5% of cases were MLL+, 33.0% were MLL-, and 15.6% were undeter‐
mined. The chromosome most frequently found fused to the MLL gene was chromosome 4 [t
(4; 11)]. Interestingly, the black ethnic group had a lower risk of MLL+ leukemia (OR 0.27; 95%
CI 0.11-0.70), and a protective effect was observed in infants 10-12 months old (OR 0.39; 95%
CI 0.21-0.73). Cases of ALL and t(9;11) were diagnosed at older ages than cases with t(4;11) or
other translocations (P = 0.01). These findings provide important information of the biology of
the disease. Undoubtedly, this study necessitates future publications to report socio-economic
data, exposure to DNAt2 inhibitors and other maternal risk factors during pregnancy and their
association with leukemia in infants.

Another study is currently being conducted by our research group in Mexico City. This study
emerged because Mexico City has a high incidence rate of acute leukemia in infants. In
addition, a previous study observed that the frequency of MLL/AF4 rearrangements in patients
diagnosed with childhood leukemia was high [59]. This is an epidemiological case-control
study in infants; the objectives are to identify the relationship between in utero exposure to
environmental factors inhibiting DNAt2 that are present in the maternal diet during pregnan‐
cy, including drugs and benzene derivatives. Biological samples of patients are being analyzed
to detect the MLL/AF4 gene rearrangement in infants. In addition, we will know the frequen‐
cies of exposure to environmental factors that inhibit DNAt2 in the mothers of infants with
MLL+ AL. Nine hospitals that belong to the most important public health institutions in our
country are participating in this study. These hospitals diagnose and treat 97.5% of all leukemia
cases in Mexico City [7]. The results obtained from this study will be very relevant to one of
the cities with the highest incidence rates for childhood AL.

10. Future directions

Due to the findings reported thus far, the authors have recommended carrying out studies in
infants that are focused on different biological strata like female/male rations because hormo‐
nal differences could indicate an important predisposition to the presence of MLL+ rearrange‐
ment. Another suggestion is to study different ethnic groups, where the genetic involvement
can provide substantial information about this cohort [112]. For future studies, one must
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Thus far, epidemiological studies have identified the protective effect of fruits and vegetables
consumption during pregnancy against infantile ALL. These results are not observed in AML
with the exception of the studies of Ross et al., in which the authors identified a positive
association between the high intake of DNAt2 inhibitors in foods and AML/MLL+ in infants.
These results confirm that AL in children is composed of different subgroups with different
disease etiologies [37,42].

The most recent epidemiological study in infants is the one published by the group of Ross et
al., [114] with a significant number of cases (374). In this study, the authors describe some of
the demographic factors and the MLL gene status in infants with leukemia. They generally
reported a higher frequency of females (50.8%), and the most common ethnic group was
Caucasian (70%), followed by Hispanics (27.8%). The most frequent age of diagnosis was 4-6
months (27.8%), and 51.5% of cases were MLL+, 33.0% were MLL-, and 15.6% were undeter‐
mined. The chromosome most frequently found fused to the MLL gene was chromosome 4 [t
(4; 11)]. Interestingly, the black ethnic group had a lower risk of MLL+ leukemia (OR 0.27; 95%
CI 0.11-0.70), and a protective effect was observed in infants 10-12 months old (OR 0.39; 95%
CI 0.21-0.73). Cases of ALL and t(9;11) were diagnosed at older ages than cases with t(4;11) or
other translocations (P = 0.01). These findings provide important information of the biology of
the disease. Undoubtedly, this study necessitates future publications to report socio-economic
data, exposure to DNAt2 inhibitors and other maternal risk factors during pregnancy and their
association with leukemia in infants.

Another study is currently being conducted by our research group in Mexico City. This study
emerged because Mexico City has a high incidence rate of acute leukemia in infants. In
addition, a previous study observed that the frequency of MLL/AF4 rearrangements in patients
diagnosed with childhood leukemia was high [59]. This is an epidemiological case-control
study in infants; the objectives are to identify the relationship between in utero exposure to
environmental factors inhibiting DNAt2 that are present in the maternal diet during pregnan‐
cy, including drugs and benzene derivatives. Biological samples of patients are being analyzed
to detect the MLL/AF4 gene rearrangement in infants. In addition, we will know the frequen‐
cies of exposure to environmental factors that inhibit DNAt2 in the mothers of infants with
MLL+ AL. Nine hospitals that belong to the most important public health institutions in our
country are participating in this study. These hospitals diagnose and treat 97.5% of all leukemia
cases in Mexico City [7]. The results obtained from this study will be very relevant to one of
the cities with the highest incidence rates for childhood AL.

10. Future directions

Due to the findings reported thus far, the authors have recommended carrying out studies in
infants that are focused on different biological strata like female/male rations because hormo‐
nal differences could indicate an important predisposition to the presence of MLL+ rearrange‐
ment. Another suggestion is to study different ethnic groups, where the genetic involvement
can provide substantial information about this cohort [112]. For future studies, one must
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consider the importance of a big sample size, questionnaires validated and, when possible to
incorporate biological or environmental samples that enhance the exposure information, such
as pre-diagnostic biological samples. In addition to considering collaborative studies between
epidemiologists, clinicians, biologists, and others will enrich the results of these studies.

11. Conclusion

There is sufficient evidence to indicate that acute leukemia in infants is initiated in utero with
MLL rearrangements. Epidemiological studies have demonstrated that flavonoids and some
benzene derivatives present in the maternal diet during pregnancy can act as inhibitors of
DNAt2 and are associated with the development of AML in infants with MLL+. This associa‐
tion has not been observed for ALL in infants, although an inverse association with the
consumption of vegetables and fruits has been reported for ALL. Is a priority to identify
environmental or other types of factors that could be contributing to the greater presence of
this type of rearrangement during pregnancy and their association with leukemia in infants.
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1. Introduction

The role of infection in the etiology of leukemia was revealed for the first time more than
ninety years ago through a series of cases reported by Gordon Ward in the year 1917. These
cases included 1457 children with acute leukemia, but the results were inconclusive. Later,
in another study by Poynton, Thursfield and Paterson, the authors reported that it was not
possible to attribute the etiology of leukemia to a single infectious agent and emphasized the
importance of host susceptibility in the acquirement of an infection and the development of
acute leukemia.[1,2]

In 1937, in a study conducted in England by Kellet, it was mentioned that an infection could
be the causative agent for acute leukemia when the infection is widely distributed but has
low infectivity. This conclusion was supported by Cooke in 1942 in a study involving 33 pe‐
diatric care units in the United States, who found that the peak age of 2 to 5 years in children
with acute leukemia correlated with the peak of increased incidence of diseases, such as
measles and diphtheria. [3,4]

One of the most important scientific contributions in this regard was made by Kinlen et al.,
who found a relationship between high incidence rates of acute leukemia and Non-Hodgkin’s
lymphoma and infections in children living near rural areas. Kinlen's findings resulted in the
emergence of a hypothesis proposing that leukemia could be caused by exposure to an infec‐
tious agent in a susceptible population and, in this case, a mixed population (rural-urban),
causing an abnormal immune response that increases the risk of developing the disease. [5,7]
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Moreover, Greaves et al. provided a new approach to the hypothesis that had been raised by
Kellet, now basing it on biological and epidemiological data on acute leukemia. These au‐
thors suggested the hypothesis of late infection, which is explained by two stages: the first
stage occurs with a mutation in utero at the same time that precursor B cells are developing
and a second stage, during the postnatal period, in which the cell that undergoes a mutation
is exposed to a common infection late in the first year of the child’s life. [8-13]

2. Measuring exposure to infection with proxy variables

Over time, in epidemiological studies that have attempted to determine whether an associa‐
tion between early infections and the development of leukemia exists, some indicators have
been used to quantify the exposure to infection. These indicators are designated as "proxies"
and include socioeconomic status, surgical history, allergic diseases, immunizations, attend‐
ance at daycare, breastfeeding, neonatal infections, and prenatal history, among others. [14-25]

2.1. Socioeconomic status

In several epidemiological studies that have assessed infections during the first year of life
in children, it was considered to be important to adjust for socioeconomic status because a
high socioeconomic status is consistently associated with the development of leukemia and
protection against infection. On the contrary, those who have a low socioeconomic status are
at a higher risk for the presence of common infections. [26-30] It is important to note, howev‐
er, that the methods used to measure this variable are not consistent. For example, Steensel-
Moll et al. measured socioeconomic status in The Netherlands (1973-1980) according to the
parents' education, while other authors have used, for example, the number of people per
room, home ownership, and family income as indicators of socioeconomic status.
[15-17,21,22,31-33]

2.2. Prenatal history

The study of prenatal history is interesting as a proxy because it assesses the association be‐
tween infections and the development of leukemia before birth in an indirect manner, taking
into account the fact that, being part of a binomial mother-fetus, the child may have been ex‐
posed to infection during the intrauterine period if the mother had an infection during preg‐
nancy. For example, in a study by Fedrick and Alberman in 1972, a positive association was
reported between influenza during pregnancy and the development of leukemia and lympho‐
ma, where a RR of 9 (p <0.001) was obtained. Other studies have used other variables associat‐
ed with pregnancy for the same purpose. For example, whether antimicrobials and/or antiviral
drugs were used if the mother had infections was considered. [34] Moreover, the authors of
several studies considered a history of antibiotic and/or antiviral use by mothers during preg‐
nancy to reflect the fact that they had been exposed to an infectious process. In this regard, In‐
fante-Rivard et al. noted during 1989 to 1995 that the use of antimicrobials during pregnancy
increased the risk of leukemia, with an OR of 1.5 (95% CI:1.02-2.21). When the data were fur‐
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ther adjusted for the child's age being <4 years at diagnosis, the OR was 1.78 (95% CI: 1.04-3.04).
Furthermore, in 2010, these results were supported by the German study of Kaatsch et al., who
reported an OR of 1.47 (95% CI: 1.06-2.04). [33,35] These findings, however, are inconsistent
with those reported by other authors. [36-45]

2.3. Neonatal infections

While there are maternal protective barriers during pregnancy that help to prevent infec‐
tions that may occur in the child at some point after birth, when these barriers cease to exist
and the immune system is not well developed, the child is at greater risk for developing in‐
fections. Therefore, many epidemiological studies have considered the neonatal period to be
a crucial step in the assessment of the relationship between infections and the development
of acute leukemia. In 1999, McKinney et al. reported that the presence of neonatal infection
was associated with a decreased risk of acute lymphoblastic leukemia (ALL) in Scottish chil‐
dren, with an OR of 0.49 (95% CI: 0.26 to 0.95) being more evident in cases of skin infections,
such as omphalitis and/or infection in the skin around the umbilical cord, with an OR of 0.20
(95% CI: 0.05 to 0.87) for all leukemias and for acute lymphoblastic leukemia, regardless of
birth type (vaginal or by cesarean section). [46]

2.4. Breastfeeding

Breast milk is considered to be the first vaccine that a child receives during the first months
of life, and it protects against infections by stimulating the immune system. There are many
mechanisms by which breast milk exerts its antimicrobial and immunological properties.
Among the most important mechanisms are the immunoglobulins, interleukins, lactoferrin,
mucin, various types of enzymes (e.g., lysozyme and lipases), opsonins, cytokines, prosta‐
glandins and other small peptides. Also involved in these functions are T and B lympho‐
cytes, which are present in breast milk. Thus, the study of breastfeeding as a protective
factor against infections during the first year of life has generated scientific interest. [47-50]
In most epidemiological studies, it has been documented that breastfeeding favorably influ‐
ences both the response to infection and the modulation of the child's immune system.
[21,33,51-64]

These factors require further investigation, as there is inconsistency among the epidemiolog‐
ical studies conducted thus far regarding whether a child’s immune system will respond ap‐
propriately to an infectious agent after the child has been breastfed for the first six months of
life. However, if the child has had recurrent common infections, his/her immune system will
have an adequate response to a delayed infection.

2.5. Attendance at daycare

The child’s attendance at daycare also represents a quantifiable index of infection during the
first year of life in relation to the development of leukemia. For its implementation in epide‐
miological studies, investigators have used the age of entry to kindergarten, the hours spent in
child care, the number of partners in the nursery, the presence of infection during their stay in
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ance at daycare, breastfeeding, neonatal infections, and prenatal history, among others. [14-25]

2.1. Socioeconomic status

In several epidemiological studies that have assessed infections during the first year of life
in children, it was considered to be important to adjust for socioeconomic status because a
high socioeconomic status is consistently associated with the development of leukemia and
protection against infection. On the contrary, those who have a low socioeconomic status are
at a higher risk for the presence of common infections. [26-30] It is important to note, howev‐
er, that the methods used to measure this variable are not consistent. For example, Steensel-
Moll et al. measured socioeconomic status in The Netherlands (1973-1980) according to the
parents' education, while other authors have used, for example, the number of people per
room, home ownership, and family income as indicators of socioeconomic status.
[15-17,21,22,31-33]

2.2. Prenatal history

The study of prenatal history is interesting as a proxy because it assesses the association be‐
tween infections and the development of leukemia before birth in an indirect manner, taking
into account the fact that, being part of a binomial mother-fetus, the child may have been ex‐
posed to infection during the intrauterine period if the mother had an infection during preg‐
nancy. For example, in a study by Fedrick and Alberman in 1972, a positive association was
reported between influenza during pregnancy and the development of leukemia and lympho‐
ma, where a RR of 9 (p <0.001) was obtained. Other studies have used other variables associat‐
ed with pregnancy for the same purpose. For example, whether antimicrobials and/or antiviral
drugs were used if the mother had infections was considered. [34] Moreover, the authors of
several studies considered a history of antibiotic and/or antiviral use by mothers during preg‐
nancy to reflect the fact that they had been exposed to an infectious process. In this regard, In‐
fante-Rivard et al. noted during 1989 to 1995 that the use of antimicrobials during pregnancy
increased the risk of leukemia, with an OR of 1.5 (95% CI:1.02-2.21). When the data were fur‐
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ther adjusted for the child's age being <4 years at diagnosis, the OR was 1.78 (95% CI: 1.04-3.04).
Furthermore, in 2010, these results were supported by the German study of Kaatsch et al., who
reported an OR of 1.47 (95% CI: 1.06-2.04). [33,35] These findings, however, are inconsistent
with those reported by other authors. [36-45]

2.3. Neonatal infections

While there are maternal protective barriers during pregnancy that help to prevent infec‐
tions that may occur in the child at some point after birth, when these barriers cease to exist
and the immune system is not well developed, the child is at greater risk for developing in‐
fections. Therefore, many epidemiological studies have considered the neonatal period to be
a crucial step in the assessment of the relationship between infections and the development
of acute leukemia. In 1999, McKinney et al. reported that the presence of neonatal infection
was associated with a decreased risk of acute lymphoblastic leukemia (ALL) in Scottish chil‐
dren, with an OR of 0.49 (95% CI: 0.26 to 0.95) being more evident in cases of skin infections,
such as omphalitis and/or infection in the skin around the umbilical cord, with an OR of 0.20
(95% CI: 0.05 to 0.87) for all leukemias and for acute lymphoblastic leukemia, regardless of
birth type (vaginal or by cesarean section). [46]

2.4. Breastfeeding

Breast milk is considered to be the first vaccine that a child receives during the first months
of life, and it protects against infections by stimulating the immune system. There are many
mechanisms by which breast milk exerts its antimicrobial and immunological properties.
Among the most important mechanisms are the immunoglobulins, interleukins, lactoferrin,
mucin, various types of enzymes (e.g., lysozyme and lipases), opsonins, cytokines, prosta‐
glandins and other small peptides. Also involved in these functions are T and B lympho‐
cytes, which are present in breast milk. Thus, the study of breastfeeding as a protective
factor against infections during the first year of life has generated scientific interest. [47-50]
In most epidemiological studies, it has been documented that breastfeeding favorably influ‐
ences both the response to infection and the modulation of the child's immune system.
[21,33,51-64]

These factors require further investigation, as there is inconsistency among the epidemiolog‐
ical studies conducted thus far regarding whether a child’s immune system will respond ap‐
propriately to an infectious agent after the child has been breastfed for the first six months of
life. However, if the child has had recurrent common infections, his/her immune system will
have an adequate response to a delayed infection.

2.5. Attendance at daycare

The child’s attendance at daycare also represents a quantifiable index of infection during the
first year of life in relation to the development of leukemia. For its implementation in epide‐
miological studies, investigators have used the age of entry to kindergarten, the hours spent in
child care, the number of partners in the nursery, the presence of infection during their stay in
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the nursery, the social activities being undertaken by the child during the first year, the type of
staff who attended to the child during their stay and the hours they remained at home, among
others. There is evidence reported by some studies that there is a dose-response effect with re‐
spect to the number of hours that a child remains in a nursery and a lower risk of developing
leukemia, and the more a child is in contact with other children, the risk is increased for com‐
mon and recurring infections, thus favoring a better stimulation and maturation of the im‐
mune system. [17,65] In the UK, Gilham et al. also found child attendance at day care during
the first year of life to have a protective effect, reporting an OR = 0.69 (95% CI: 0.51 to 0.93, p =
0.02), but this effect was more significant when the child attended during the first 3 months of
age, with an OR = 0.52 (95% CI: 0.32 to 0.83, p = 0.007). [66]

2.6. Immunizations

Knowing the vaccination history of children is another important approach to understand‐
ing the role of infections in the modern-day development of childhood acute leukemia. This
is based on the assumption that vaccines are infectious antigenic stimuli that enable the for‐
mation of antibodies and, therefore, a better performance of the immune system. Vaccines
could also be the mechanism by which the development of acute leukemia is prevented. [67]
Meanwhile, Schüz et al. conducted a study in Germany (1999) and reported that, in children
older than 4 years of age, there was an increased risk of developing leukemia in those with a
history of fewer than three vaccines, with an OR of 1.8 (95% CI: 1.2-2.7), and a low risk in
children with a history of 4-6 shots, with an OR of 1.3 (95% CI:1.0-1.7), which supports the
following dose-response relationship: as the number of vaccines given to children increases,
the risk of developing acute leukemia decreases. [68] The role of immunization is still con‐
troversial, however, because, as mentioned above, while some authors conclude that immu‐
nizations provide protection, others have reported the opposite result. [67,69-74]

2.7. Allergic diseases

The role of allergic diseases (e.g., rhinitis, atopic dermatitis, asthma, and urticaria) as a pro‐
tective factor for the development of leukemia has been controversial in epidemiological re‐
ports. Two hypotheses have been proposed to explain the causal relationship between
allergic diseases and cancer, including acute leukemia.

The first hypothesis that we will mention is that of "immune surveillance", which postulates
that the immune system can recognize the antigens of malignant cells as foreign and re‐
spond to remove them from the body, preventing the potential development of cancer in
most cases. Therefore, it is believed that the presence of an allergic disease would increase
the surveillance, providing better control and identifying and eliminating any malignant
cells, resulting in an increased incidence of malignancy in people who are immunocompro‐
mised compared with those with an intact immune system. [75,76]

The second hypothesis refers to a "chronic stimulation of the immune system" that would be
conferred by allergens that trigger the carcinogenic potential through both the proliferation
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of large numbers of immune cells and the increased likelihood of genetic errors caused by
pro-oncogenic mutations, which could not be repaired in subsequent divisions. [77-78]

Linabery et al. conducted a meta-analysis to investigate the relationship between allergic
diseases and the development of acute leukemia. Three studies reported a positive associa‐
tion in this regard, with an OR of 1.42 (95% CI: 0.60-3.35). Six studies examined whether
there was an association between acute lymphoblastic leukemia (ALL) (OR = 0.69; 95% CI:
0.54 to 0.89) and acute myeloid leukemia (AML) (OR = 0.87; 95% CI: 0.62-1.22), but there was
heterogeneity among the results. We also performed such a study in asthmatics, and inverse
associations were observed between asthma (OR = 0.79; 95% CI: 0.61-1.02), eczema (OR =
0.74; 95% CI: 0.58-0.96) and hay fever (OR = 0.55, 95% CI: 0.46-0.66) and the development of
ALL. [79]

2.8. Surgical history

The individual susceptibility of children who suffer from common diseases and recurrences
has been considered to be the main factor leading to surgical interventions that are per‐
formed as part of the treatment of these infections. Some examples of these treatments are
adenoidectomy, tonsillectomy, interventions for ear surgery, and appendectomy. It is worth
noting that these anatomical structures are important parts of the lymphatic tissue and im‐
mune system, especially during the first two years of life. Thus, their removal would result
in immune dysfunction and an increased risk of infections that occur especially during the
first year of life, and this mechanism could be involved in the development of acute leuke‐
mia during that time. It is for this reason that epidemiological studies that examine infec‐
tions as an exposure factor in the development of leukemia are controlled by this variable,
but there is no epidemiological evidence that surgical interventions studied as a proxy are
associated with the development of childhood acute leukemia. [68]

3. Epidemiological studies

Some types of infections that have been evaluated in most epidemiological studies are respi‐
ratory tract infections, gastroenteritis, and those caused by specific infectious agents, such as
streptococcus and influenza virus. Other diseases that have been considered are exanthema‐
tous diseases, allergic diseases (e.g., asthma, acute rhinitis, and atopic dermatitis) and gas‐
trointestinal diseases because these diseases are recurrent during the first year of life. This
recurrence would result in the child's immune system performing better when mature, de‐
creasing the risk of aberrant responses to infections that could result in the development of
acute leukemia. [80,81] This finding was consistent with that of Perillat et al., who conduct‐
ed a study in France in a sample of 280 children with acute leukemia (cases) and 288 healthy
children (controls). The authors reported that if the child suffered from recurrent infections
before 2 years of age, he/she would be protected from the development of acute leukemia,
with an OR = 0.6 (95% CI: 0.4-1.0). These results were statistically significant and consistent
with those reported by Neglia et al. [21,22,32,68]
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the nursery, the social activities being undertaken by the child during the first year, the type of
staff who attended to the child during their stay and the hours they remained at home, among
others. There is evidence reported by some studies that there is a dose-response effect with re‐
spect to the number of hours that a child remains in a nursery and a lower risk of developing
leukemia, and the more a child is in contact with other children, the risk is increased for com‐
mon and recurring infections, thus favoring a better stimulation and maturation of the im‐
mune system. [17,65] In the UK, Gilham et al. also found child attendance at day care during
the first year of life to have a protective effect, reporting an OR = 0.69 (95% CI: 0.51 to 0.93, p =
0.02), but this effect was more significant when the child attended during the first 3 months of
age, with an OR = 0.52 (95% CI: 0.32 to 0.83, p = 0.007). [66]

2.6. Immunizations

Knowing the vaccination history of children is another important approach to understand‐
ing the role of infections in the modern-day development of childhood acute leukemia. This
is based on the assumption that vaccines are infectious antigenic stimuli that enable the for‐
mation of antibodies and, therefore, a better performance of the immune system. Vaccines
could also be the mechanism by which the development of acute leukemia is prevented. [67]
Meanwhile, Schüz et al. conducted a study in Germany (1999) and reported that, in children
older than 4 years of age, there was an increased risk of developing leukemia in those with a
history of fewer than three vaccines, with an OR of 1.8 (95% CI: 1.2-2.7), and a low risk in
children with a history of 4-6 shots, with an OR of 1.3 (95% CI:1.0-1.7), which supports the
following dose-response relationship: as the number of vaccines given to children increases,
the risk of developing acute leukemia decreases. [68] The role of immunization is still con‐
troversial, however, because, as mentioned above, while some authors conclude that immu‐
nizations provide protection, others have reported the opposite result. [67,69-74]

2.7. Allergic diseases

The role of allergic diseases (e.g., rhinitis, atopic dermatitis, asthma, and urticaria) as a pro‐
tective factor for the development of leukemia has been controversial in epidemiological re‐
ports. Two hypotheses have been proposed to explain the causal relationship between
allergic diseases and cancer, including acute leukemia.

The first hypothesis that we will mention is that of "immune surveillance", which postulates
that the immune system can recognize the antigens of malignant cells as foreign and re‐
spond to remove them from the body, preventing the potential development of cancer in
most cases. Therefore, it is believed that the presence of an allergic disease would increase
the surveillance, providing better control and identifying and eliminating any malignant
cells, resulting in an increased incidence of malignancy in people who are immunocompro‐
mised compared with those with an intact immune system. [75,76]

The second hypothesis refers to a "chronic stimulation of the immune system" that would be
conferred by allergens that trigger the carcinogenic potential through both the proliferation
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of large numbers of immune cells and the increased likelihood of genetic errors caused by
pro-oncogenic mutations, which could not be repaired in subsequent divisions. [77-78]

Linabery et al. conducted a meta-analysis to investigate the relationship between allergic
diseases and the development of acute leukemia. Three studies reported a positive associa‐
tion in this regard, with an OR of 1.42 (95% CI: 0.60-3.35). Six studies examined whether
there was an association between acute lymphoblastic leukemia (ALL) (OR = 0.69; 95% CI:
0.54 to 0.89) and acute myeloid leukemia (AML) (OR = 0.87; 95% CI: 0.62-1.22), but there was
heterogeneity among the results. We also performed such a study in asthmatics, and inverse
associations were observed between asthma (OR = 0.79; 95% CI: 0.61-1.02), eczema (OR =
0.74; 95% CI: 0.58-0.96) and hay fever (OR = 0.55, 95% CI: 0.46-0.66) and the development of
ALL. [79]

2.8. Surgical history

The individual susceptibility of children who suffer from common diseases and recurrences
has been considered to be the main factor leading to surgical interventions that are per‐
formed as part of the treatment of these infections. Some examples of these treatments are
adenoidectomy, tonsillectomy, interventions for ear surgery, and appendectomy. It is worth
noting that these anatomical structures are important parts of the lymphatic tissue and im‐
mune system, especially during the first two years of life. Thus, their removal would result
in immune dysfunction and an increased risk of infections that occur especially during the
first year of life, and this mechanism could be involved in the development of acute leuke‐
mia during that time. It is for this reason that epidemiological studies that examine infec‐
tions as an exposure factor in the development of leukemia are controlled by this variable,
but there is no epidemiological evidence that surgical interventions studied as a proxy are
associated with the development of childhood acute leukemia. [68]

3. Epidemiological studies

Some types of infections that have been evaluated in most epidemiological studies are respi‐
ratory tract infections, gastroenteritis, and those caused by specific infectious agents, such as
streptococcus and influenza virus. Other diseases that have been considered are exanthema‐
tous diseases, allergic diseases (e.g., asthma, acute rhinitis, and atopic dermatitis) and gas‐
trointestinal diseases because these diseases are recurrent during the first year of life. This
recurrence would result in the child's immune system performing better when mature, de‐
creasing the risk of aberrant responses to infections that could result in the development of
acute leukemia. [80,81] This finding was consistent with that of Perillat et al., who conduct‐
ed a study in France in a sample of 280 children with acute leukemia (cases) and 288 healthy
children (controls). The authors reported that if the child suffered from recurrent infections
before 2 years of age, he/she would be protected from the development of acute leukemia,
with an OR = 0.6 (95% CI: 0.4-1.0). These results were statistically significant and consistent
with those reported by Neglia et al. [21,22,32,68]
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However, Schüz et al. (1999) conducted a case-control study in Germany during 1992-1997.
They studied 1184 families of children with acute leukemia (cases) and 2588 families of
healthy children (controls) and found no association between common infections and an in‐
creased incidence of leukemia. It is notable, however, that they reported that when the chil‐
dren had a history of surgical procedures, such as appendectomy/tonsillectomy, at least
once in their life, their risk of developing acute leukemia increased, with an OR of 1.4 (95%
CI: 1.0-1.9). These authors also observed a significant association with pneumonia, with an
OR of 1.7 (95% CI: 1.2-2.3), whereas bronchitis was not associated with the development of
acute leukemia, with an OR of 1.1 (95% CI: 0.9-1.4). Moreover, they observed a moderate
risk (OR = 1.3; 95% CI: 1.0-1.7) when the children were breastfed for no more than 1 month,
specifically in children diagnosed with common ALL. [68]

Neglia et al. performed a case-control study in children under 15 years of age in the U.S. The
cases of newly diagnosed ALL were ascertained from the Children's Cancer Group (CCG),
and the controls were randomly selected using a random digit-dialing methodology and in‐
dividually matched to the cases by age, race and telephone area code and exchange between
January 1, 1989, and June 15, 1993. They observed a slight decrease in the risk of developing
acute leukemia when the child had repeated ear infections during their first year of life, with
ORs of 0.86 (95% CI: 0.61-1.22), 0.83 (95% CI: 0.63-1.09) and 0.71 (95% CI: 0.50-1.01) for 1 epi‐
sode, 2-4 episodes and 5 or more episodes, respectively, and continuous infections were as‐
sociated with an OR of 0.69 (95% CI: 0.35-1.37; p = 0.026), but these results were not
statistically significant. Moreover, it should be noted that these results are similar to a dose-
response gradient, as the risk of developing acute leukemia was decreased with an increas‐
ing number of infections in the child during the first year of life. This association was more
evident in children aged 2 to 5 years with pre-B ALL who presented with ear infections (be‐
tween 2 and 4 episodes), with an OR of 0.65 (95% CI: 0.43-1.00). No other factor studied was
associated with the development of acute leukemia. Furthermore, no association was ob‐
served between day care and the development of common acute lymphoblastic leukemia
(ALL), with an OR of 1.05 (95% CI: 0.80-1.37). [32]

Using a design similar to that of Perillat et al. (2002) and Neglia et al. (2000), Jourdan-Da et
al. evaluated the role of childhood infections in the risk of developing acute leukemia in
France. This study included 473 cases of acute leukemia and 567 population-based controls.
They found a strong inverse association between gastrointestinal infections and the need to
assist the child in day care, with an OR of 0.6 (95% CI: 0.4-0.8). Additionally, a history of
asthma decreases the risk of developing leukemia (OR = 0.5; 95% CI: 0.3-0.9). Breastfeeding
was not associated with the development of leukemia, but an increasing order of the child's
birth increases the risk of developing acute lymphoblastic leukemia, with an OR of 2.0 (95%
CI: 1.1-3.7). [15,16,32]

Meanwhile, Rudant et al., also in France, used a case-control design of a National Register
(ESCALE) and included 765 incident cases of acute leukemia and 1,681 controls. They ob‐
served positive associations when the child presented with recurrent common infections, a
history of asthma or a history of eczema, with ORs of 0.7 (95% CI: 0.6-0.9), 0.7 (95% CI:
0.4-1.0) and 0.7 (95% CI: 0.6 -0.9), respectively. Having regular contact with farm animals
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(OR = 0.6; 95% CI: 0.5-0.8) and breastfeeding (OR = 0.7; 95% CI: 0.5-1.0) were found to be
protective factors for this disease, as was also found in children who had visited farms often
in their first year of life, with an OR of 0.4 (95% CI: 0.3-0.6). No significant association was
found for assistance of the child in daycare before one year of age (OR = 0.8; 95% CI: 0.6-1.1).
One can conclude that repeated infections, such as asthma, play an important role in the eti‐
ology of leukemia. [82]

Moreover, Urayama et al., in the USA, conducted two epidemiological studies, namely a
case-control study and a meta-analysis. The first study showed that in non-Hispanic white
children who attended day care before 6 months of age, the risk of developing leukemia was
decreased (OR = 0.90; 95% CI: 0.82-1.00), but this association was not observed in the popu‐
lation of Hispanic children. However, Hispanic children who had ear infections were found
to have a decreased risk of developing acute leukemia, with an OR of 0.45 (95% CI: 0.25 to
0.79). Did not report any associations for the other variables studied. In the second study
(meta-analysis), these authors evaluated the association between daycare attendance during
infancy and the risk of developing acute leukemia; specifically, they wanted to assess
whether early exposure to infection protected children from the disease. They concluded
that the risk of developing acute leukemia was decreased in children who were exposed to
common infections in the first year of life (OR = 0.76; 95% CI: 0.67 to 0.87). [24,25] These find‐
ings are consistent with the findings of Perillat et al., Jourdan-Da et al., Dockerty et al., and
Ma X et al. [15-19,21,22]

In New Zealand, Dockerty et al. conducted a case-control study that included 121 children
diagnosed with acute leukemia and 303 controls (with ages less than 14 years in both
groups). They found that exposure to the influenza virus is a risk factor for developing leu‐
kemia; that is, a child infected with the influenza virus during the first year of life has a 7-
fold risk of developing acute leukemia compared with children who had influenza, with an
OR of 6.8 (95% CI: 1.8-25.7). [15,32]

Cardwell et al., using a different epidemiological case-control nested design in a cohort, re‐
ported positive evidence of upper respiratory tract infections as a risk factor for the develop‐
ment of acute leukemia (OR = 1.56; 95% CI: 1.08-2.27) and acute lymphoblastic leukemia (OR
= 1.59; 95% CI: 1.02-2.49). Similarly, in children presenting with an exanthematous disease,
namely chicken pox, we obtained ORs of 2.41 (95% CI: 1.14-5.09) and 2.62 (95% CI: 1.12-6.13)
for acute leukemia and acute lymphoblastic leukemia, respectively. [83]

MacArthur et al. conducted a study that included 399 cases and 399 controls who were
matched for age and gender and lived in the same area. They evaluated the relationship be‐
tween vaccination, infectious diseases and common infection and use of medications in chil‐
dren, but their results were not statistically significant, as they found no relationship
between childhood diseases and acute leukemia.[84]

Chan et al. performed a population-based, case-control study in China and found that the
incidence of roseola and/or fever rash in the first year of life is a protective factor for the
development of acute leukemia, with an OR of 0.33 (95% CI: 0.16 to 0.68);  however, the
risk of developing acute leukemia was increased if the child had a history of tonsillitis in
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However, Schüz et al. (1999) conducted a case-control study in Germany during 1992-1997.
They studied 1184 families of children with acute leukemia (cases) and 2588 families of
healthy children (controls) and found no association between common infections and an in‐
creased incidence of leukemia. It is notable, however, that they reported that when the chil‐
dren had a history of surgical procedures, such as appendectomy/tonsillectomy, at least
once in their life, their risk of developing acute leukemia increased, with an OR of 1.4 (95%
CI: 1.0-1.9). These authors also observed a significant association with pneumonia, with an
OR of 1.7 (95% CI: 1.2-2.3), whereas bronchitis was not associated with the development of
acute leukemia, with an OR of 1.1 (95% CI: 0.9-1.4). Moreover, they observed a moderate
risk (OR = 1.3; 95% CI: 1.0-1.7) when the children were breastfed for no more than 1 month,
specifically in children diagnosed with common ALL. [68]

Neglia et al. performed a case-control study in children under 15 years of age in the U.S. The
cases of newly diagnosed ALL were ascertained from the Children's Cancer Group (CCG),
and the controls were randomly selected using a random digit-dialing methodology and in‐
dividually matched to the cases by age, race and telephone area code and exchange between
January 1, 1989, and June 15, 1993. They observed a slight decrease in the risk of developing
acute leukemia when the child had repeated ear infections during their first year of life, with
ORs of 0.86 (95% CI: 0.61-1.22), 0.83 (95% CI: 0.63-1.09) and 0.71 (95% CI: 0.50-1.01) for 1 epi‐
sode, 2-4 episodes and 5 or more episodes, respectively, and continuous infections were as‐
sociated with an OR of 0.69 (95% CI: 0.35-1.37; p = 0.026), but these results were not
statistically significant. Moreover, it should be noted that these results are similar to a dose-
response gradient, as the risk of developing acute leukemia was decreased with an increas‐
ing number of infections in the child during the first year of life. This association was more
evident in children aged 2 to 5 years with pre-B ALL who presented with ear infections (be‐
tween 2 and 4 episodes), with an OR of 0.65 (95% CI: 0.43-1.00). No other factor studied was
associated with the development of acute leukemia. Furthermore, no association was ob‐
served between day care and the development of common acute lymphoblastic leukemia
(ALL), with an OR of 1.05 (95% CI: 0.80-1.37). [32]

Using a design similar to that of Perillat et al. (2002) and Neglia et al. (2000), Jourdan-Da et
al. evaluated the role of childhood infections in the risk of developing acute leukemia in
France. This study included 473 cases of acute leukemia and 567 population-based controls.
They found a strong inverse association between gastrointestinal infections and the need to
assist the child in day care, with an OR of 0.6 (95% CI: 0.4-0.8). Additionally, a history of
asthma decreases the risk of developing leukemia (OR = 0.5; 95% CI: 0.3-0.9). Breastfeeding
was not associated with the development of leukemia, but an increasing order of the child's
birth increases the risk of developing acute lymphoblastic leukemia, with an OR of 2.0 (95%
CI: 1.1-3.7). [15,16,32]

Meanwhile, Rudant et al., also in France, used a case-control design of a National Register
(ESCALE) and included 765 incident cases of acute leukemia and 1,681 controls. They ob‐
served positive associations when the child presented with recurrent common infections, a
history of asthma or a history of eczema, with ORs of 0.7 (95% CI: 0.6-0.9), 0.7 (95% CI:
0.4-1.0) and 0.7 (95% CI: 0.6 -0.9), respectively. Having regular contact with farm animals
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(OR = 0.6; 95% CI: 0.5-0.8) and breastfeeding (OR = 0.7; 95% CI: 0.5-1.0) were found to be
protective factors for this disease, as was also found in children who had visited farms often
in their first year of life, with an OR of 0.4 (95% CI: 0.3-0.6). No significant association was
found for assistance of the child in daycare before one year of age (OR = 0.8; 95% CI: 0.6-1.1).
One can conclude that repeated infections, such as asthma, play an important role in the eti‐
ology of leukemia. [82]

Moreover, Urayama et al., in the USA, conducted two epidemiological studies, namely a
case-control study and a meta-analysis. The first study showed that in non-Hispanic white
children who attended day care before 6 months of age, the risk of developing leukemia was
decreased (OR = 0.90; 95% CI: 0.82-1.00), but this association was not observed in the popu‐
lation of Hispanic children. However, Hispanic children who had ear infections were found
to have a decreased risk of developing acute leukemia, with an OR of 0.45 (95% CI: 0.25 to
0.79). Did not report any associations for the other variables studied. In the second study
(meta-analysis), these authors evaluated the association between daycare attendance during
infancy and the risk of developing acute leukemia; specifically, they wanted to assess
whether early exposure to infection protected children from the disease. They concluded
that the risk of developing acute leukemia was decreased in children who were exposed to
common infections in the first year of life (OR = 0.76; 95% CI: 0.67 to 0.87). [24,25] These find‐
ings are consistent with the findings of Perillat et al., Jourdan-Da et al., Dockerty et al., and
Ma X et al. [15-19,21,22]

In New Zealand, Dockerty et al. conducted a case-control study that included 121 children
diagnosed with acute leukemia and 303 controls (with ages less than 14 years in both
groups). They found that exposure to the influenza virus is a risk factor for developing leu‐
kemia; that is, a child infected with the influenza virus during the first year of life has a 7-
fold risk of developing acute leukemia compared with children who had influenza, with an
OR of 6.8 (95% CI: 1.8-25.7). [15,32]

Cardwell et al., using a different epidemiological case-control nested design in a cohort, re‐
ported positive evidence of upper respiratory tract infections as a risk factor for the develop‐
ment of acute leukemia (OR = 1.56; 95% CI: 1.08-2.27) and acute lymphoblastic leukemia (OR
= 1.59; 95% CI: 1.02-2.49). Similarly, in children presenting with an exanthematous disease,
namely chicken pox, we obtained ORs of 2.41 (95% CI: 1.14-5.09) and 2.62 (95% CI: 1.12-6.13)
for acute leukemia and acute lymphoblastic leukemia, respectively. [83]

MacArthur et al. conducted a study that included 399 cases and 399 controls who were
matched for age and gender and lived in the same area. They evaluated the relationship be‐
tween vaccination, infectious diseases and common infection and use of medications in chil‐
dren, but their results were not statistically significant, as they found no relationship
between childhood diseases and acute leukemia.[84]

Chan et al. performed a population-based, case-control study in China and found that the
incidence of roseola and/or fever rash in the first year of life is a protective factor for the
development of acute leukemia, with an OR of 0.33 (95% CI: 0.16 to 0.68);  however, the
risk of developing acute leukemia was increased if the child had a history of tonsillitis in
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the period 3-12 months before the reference date (OR = 2.56; 95% CI: 1.22-5.38). No associ‐
ation was  found between acute  leukemia  incidence  and daycare  attendance.  In  a  study
similar to that of Chan et al., Roman et al. found that exposure to fungal infections dur‐
ing the first year of life increases the risk of developing acute leukemia, with an OR of 1.4
(95% CI: 1.0-1.9).[14,85]

4. Infections during the first year of life and development of acute
leukemia in children with Down syndrome

In the literature, there are few epidemiological studies that have evaluated the effect of early
infections and breastfeeding on the development of acute leukemia in children with Down
syndrome; however, the results obtained are very interesting. One such study was conduct‐
ed by Canfield et al. in a population of children diagnosed with acute leukemia between Jan‐
uary 1997 and October 2002 (data were obtained from the records of the Children's
Oncology Group). The sample group consisted of 158 children with Down syndrome and
leukemia, and the control group consisted of 173 children with Down syndrome, all of
whom were randomly selected. The results of this study were that children with Down syn‐
drome who had infections during the first 2 years of life had a lower risk of developing
acute leukemia, with an OR of 0.55 (95% CI: 0.33 to 0.92), compared with children with
Down syndrome who had not been infected. [86,87]

In another study that was conducted in children with Down syndrome in Mexico City, how‐
ever, this association could not be verified. That study sought to assess whether breastfeed‐
ing and infections during the first year of life were associated with the development of acute
leukemia. In that study, both breastfeeding and the development of infections during the
first year of life in children with Down syndrome were protective factors for the develop‐
ment of leukemia, with ORs of 0.84 (95% CI: 0.43-1.61) and 1.70 (95% CI: 0.82-3.52), respec‐
tively, but the results were not statistically significant. Infections requiring hospitalization
were also evaluated, and it was found that children >6 years of age had a higher risk of de‐
veloping acute leukemia, with an OR of 3.57 (95% CI: 1.59-8.05). Thus, these results do not
support those of the previously mentioned study or the hypothesis proposed by Greaves
that infections are a protective factor for developing acute leukemia. [88]

Author, Year
(Country)

Van Steensel et al.,
1986
(The Netherlands)

Schüz et al.,
1999
(Germany)

Dockerty et al.,
1999
(New Zealand)

Design of study Case-control study
(1973-1980)

Two-part case-control study
(1980-1994)

Case-control study (1991-1995)

Size of sample 492 cases, 480 controls;
Age: 0-14 years

1184 cases, 2588 controls; Age:
0-14 years

121 cases, 303 controls;
Age: 0-14 years

Data collection Mailed questionnaire; addressed to
the diagnosed

Telephone interviews with the
parents

Mothers interviewed at the
home; standardized
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questionnaires and serological
tests were conducted

Variables Breastfeeding; birth order; family
size; social class; number of rooms in
the household; infections;
hospitalization or consultation for
infections; primary infections
(measles, chicken pox, mumps, or
rubella); periods of fever

First-born child; duration of
breastfeeding; deficit in social
contacts; routine immunizations;
infections; tonsillectomy or
appendectomy; allergies of the
child; allergies of the mother

Social class; marital status;
ethnic group; educational level
of the parent; home ownership;
length of gestation; age of the
mother at the child's birth;
weight of the child at birth;
exposure of the mother to X-
rays during the first trimester;
exposure of the child to X-rays
or radiotherapy before onset of
the illness; tobacco smoking by
the mother in the first trimester
or before the pregnancy

Odds ratios
and relevant
results

Common colds (RR: 0.8, 95% CI:
0.6-1.0); periods of fever
(RR: 0.9; 95% CI: 0.7-1.2); and
primary infections (RR: 0.8; 95% CI:
0.4-2.0). These variables were
adjusted for birth order, family size,
social class, and residential space.
Infectious diseases requiring
hospitalization (RR: 0.6; 95% IC:
0.4-1.0).

Routine immunizations between
0-3 years of age and having had a
tonsillectomy or appendectomy
increased the child's risk of
developing leukemia (OR: 3.2;
95% CI: 2.3-4.6 and OR: 1.4; 95%
CI: 1.1-1.9, respectively), whereas
allergies showed a protective
effect (OR: 0.6; 95% IC: 0.5-0.8).

A positive association was
found between infection
caused by influenza during the
first year of life and the risk of
developing leukemia (OR: 6.8;
95% CI: 1.8-25.7). No other
variable was related to acute
leukemia.

Author, Year
(Country)

Neglia et al.,
2000
(USA)

Infante et al.,
2000
(Canada)

Rosenbaum et al.,
2000
(USA)

Design of study Case-control study
(January 1, 1989-June 15,1993)

Case-control study
(1989-1995)

Case-control study
(1980-1991)

Size of sample 1842 cases, 1986 controls;
Age: <15 years

491 cases, 491 controls;
Age: 0-9 years

255 cases, 760 controls;
Age: 0-14 years;
31 county regions (cases)

Data collection Structured interview Structured questionnaire
administered to the mothers by
telephone

Standardized questionnaires
mailed to the parents

Variables Interview of the mother; gender;
age; race; educational level of the
mother; educational level of the
father; family income;
immunophenotype class.

Educational level of the mother;
family income at the time of the
child's diagnosis; mother's age;
father's age; tobacco use by the
mother; infections during the
pregnancy; child's birth order;
attendance at day care or a
nursery; principal feeding method
(breast or bottle); length of
breastfeeding; history of recurrent
infections of the mother; use of
antibiotics during pregnancy

Gender; race; educational
level of the mother; birth
order; feeding status at birth
(breast, bottle); age at the
diagnosis; day care or
preschool program; family
outcome; maternal
employment during the
pregnancy

Odds ratios
and relevant
results

Neither attendance at nor time
remaining in daycare was associated
with the risk of developing leukemia.
For children with 1-4 episodes of ear
infections or sustained infections, the
association between infections and

Early attendance at daycare or at a
nursery and breastfeeding were
protective factors against the
development of acute leukemia
(OR: 0.49; 95% CI: 0.31-0.77 and
OR: 0.68; 95% CI: 0.49-0.95,
respectively).

Children who attended day
care for >36 months had a
lower risk of developing
leukemia (OR: 1.32, 95% CI:
0.70-2.52) than those who
attended day care for 1-18
months (OR: 1.74; 95% CI:

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

179



the period 3-12 months before the reference date (OR = 2.56; 95% CI: 1.22-5.38). No associ‐
ation was  found between acute  leukemia  incidence  and daycare  attendance.  In  a  study
similar to that of Chan et al., Roman et al. found that exposure to fungal infections dur‐
ing the first year of life increases the risk of developing acute leukemia, with an OR of 1.4
(95% CI: 1.0-1.9).[14,85]

4. Infections during the first year of life and development of acute
leukemia in children with Down syndrome

In the literature, there are few epidemiological studies that have evaluated the effect of early
infections and breastfeeding on the development of acute leukemia in children with Down
syndrome; however, the results obtained are very interesting. One such study was conduct‐
ed by Canfield et al. in a population of children diagnosed with acute leukemia between Jan‐
uary 1997 and October 2002 (data were obtained from the records of the Children's
Oncology Group). The sample group consisted of 158 children with Down syndrome and
leukemia, and the control group consisted of 173 children with Down syndrome, all of
whom were randomly selected. The results of this study were that children with Down syn‐
drome who had infections during the first 2 years of life had a lower risk of developing
acute leukemia, with an OR of 0.55 (95% CI: 0.33 to 0.92), compared with children with
Down syndrome who had not been infected. [86,87]

In another study that was conducted in children with Down syndrome in Mexico City, how‐
ever, this association could not be verified. That study sought to assess whether breastfeed‐
ing and infections during the first year of life were associated with the development of acute
leukemia. In that study, both breastfeeding and the development of infections during the
first year of life in children with Down syndrome were protective factors for the develop‐
ment of leukemia, with ORs of 0.84 (95% CI: 0.43-1.61) and 1.70 (95% CI: 0.82-3.52), respec‐
tively, but the results were not statistically significant. Infections requiring hospitalization
were also evaluated, and it was found that children >6 years of age had a higher risk of de‐
veloping acute leukemia, with an OR of 3.57 (95% CI: 1.59-8.05). Thus, these results do not
support those of the previously mentioned study or the hypothesis proposed by Greaves
that infections are a protective factor for developing acute leukemia. [88]

Author, Year
(Country)

Van Steensel et al.,
1986
(The Netherlands)

Schüz et al.,
1999
(Germany)

Dockerty et al.,
1999
(New Zealand)

Design of study Case-control study
(1973-1980)

Two-part case-control study
(1980-1994)

Case-control study (1991-1995)

Size of sample 492 cases, 480 controls;
Age: 0-14 years

1184 cases, 2588 controls; Age:
0-14 years

121 cases, 303 controls;
Age: 0-14 years

Data collection Mailed questionnaire; addressed to
the diagnosed

Telephone interviews with the
parents

Mothers interviewed at the
home; standardized
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questionnaires and serological
tests were conducted

Variables Breastfeeding; birth order; family
size; social class; number of rooms in
the household; infections;
hospitalization or consultation for
infections; primary infections
(measles, chicken pox, mumps, or
rubella); periods of fever

First-born child; duration of
breastfeeding; deficit in social
contacts; routine immunizations;
infections; tonsillectomy or
appendectomy; allergies of the
child; allergies of the mother

Social class; marital status;
ethnic group; educational level
of the parent; home ownership;
length of gestation; age of the
mother at the child's birth;
weight of the child at birth;
exposure of the mother to X-
rays during the first trimester;
exposure of the child to X-rays
or radiotherapy before onset of
the illness; tobacco smoking by
the mother in the first trimester
or before the pregnancy

Odds ratios
and relevant
results

Common colds (RR: 0.8, 95% CI:
0.6-1.0); periods of fever
(RR: 0.9; 95% CI: 0.7-1.2); and
primary infections (RR: 0.8; 95% CI:
0.4-2.0). These variables were
adjusted for birth order, family size,
social class, and residential space.
Infectious diseases requiring
hospitalization (RR: 0.6; 95% IC:
0.4-1.0).

Routine immunizations between
0-3 years of age and having had a
tonsillectomy or appendectomy
increased the child's risk of
developing leukemia (OR: 3.2;
95% CI: 2.3-4.6 and OR: 1.4; 95%
CI: 1.1-1.9, respectively), whereas
allergies showed a protective
effect (OR: 0.6; 95% IC: 0.5-0.8).

A positive association was
found between infection
caused by influenza during the
first year of life and the risk of
developing leukemia (OR: 6.8;
95% CI: 1.8-25.7). No other
variable was related to acute
leukemia.

Author, Year
(Country)

Neglia et al.,
2000
(USA)

Infante et al.,
2000
(Canada)

Rosenbaum et al.,
2000
(USA)

Design of study Case-control study
(January 1, 1989-June 15,1993)

Case-control study
(1989-1995)

Case-control study
(1980-1991)

Size of sample 1842 cases, 1986 controls;
Age: <15 years

491 cases, 491 controls;
Age: 0-9 years

255 cases, 760 controls;
Age: 0-14 years;
31 county regions (cases)

Data collection Structured interview Structured questionnaire
administered to the mothers by
telephone

Standardized questionnaires
mailed to the parents

Variables Interview of the mother; gender;
age; race; educational level of the
mother; educational level of the
father; family income;
immunophenotype class.

Educational level of the mother;
family income at the time of the
child's diagnosis; mother's age;
father's age; tobacco use by the
mother; infections during the
pregnancy; child's birth order;
attendance at day care or a
nursery; principal feeding method
(breast or bottle); length of
breastfeeding; history of recurrent
infections of the mother; use of
antibiotics during pregnancy

Gender; race; educational
level of the mother; birth
order; feeding status at birth
(breast, bottle); age at the
diagnosis; day care or
preschool program; family
outcome; maternal
employment during the
pregnancy

Odds ratios
and relevant
results

Neither attendance at nor time
remaining in daycare was associated
with the risk of developing leukemia.
For children with 1-4 episodes of ear
infections or sustained infections, the
association between infections and

Early attendance at daycare or at a
nursery and breastfeeding were
protective factors against the
development of acute leukemia
(OR: 0.49; 95% CI: 0.31-0.77 and
OR: 0.68; 95% CI: 0.49-0.95,
respectively).

Children who attended day
care for >36 months had a
lower risk of developing
leukemia (OR: 1.32, 95% CI:
0.70-2.52) than those who
attended day care for 1-18
months (OR: 1.74; 95% CI:
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the development of acute leukemia
was not statistically significant.

0.89-3.42) or for 19-36
months (OR: 1.32; 95% CI:
0.64-2.71).

Author, Year
(Country)

Perillat et al.,
2002
(France)

Chan et al.,
2002
(China)

Jourdan-Da et al.,
2004
(France)

Design of study Case-control study Population-based, case-control
study (November 1994-December
1997)

Case-control study
(1995-1998)

Size of sample 280 incident cases,
288 hospital controls

116 cases, 788 controls;
Age: 2-14 years; the Hong Kong
Pediatric Hematology and
Oncology Study Group

473 cases,
567 population-based controls

Data collection Standardized, face-to-face interviews
of the mothers

Standardized, face-to-face
interviews

Questionnaire

Variables Diagnosed categories (acute
leukemia classification and
immunophenotype); gender; age;
ethnic origin; hospital where the case
was identified; educational level of
the mother; occupation of the
mother at the time of the interview;
socio-professional categories; place
of residence; birth order; number of
siblings; daycare attendance; age at
the start of daycare; repeated
infections before the age of 2 years;
incidence of surgical operation for
early ear-nose-throat infections
before the age of 2 years;
breastfeeding

Medical history (infectious
illnesses) in the first year of life;
breastfeeding; daycare/social
contacts of the index patient and
siblings; household environment;
community environment

Gender; age at the time of
diagnosis; region of the
residence at the time of
diagnosis; socio-professional
categories; educational level of
the mother; educational level
of the father; birth weight;
term of pregnancy; birth order;
mother's age at birth; Down
syndrome; breastfeeding;
infections in the first year of life

Odds ratios
and relevant
results

An inverse association was found
between the development of acute
leukemia and attendance at daycare
(OR: 0.6; 95% CI: 0.4-1.0), repeated
(≥4 per year) early common
infections before the age of 2 years
(OR: 0.6; 95% CI: 0.4-1.0), and
surgery for infection of the nose, ear,
or throat before the age of 2 years
(OR: 0.5; 95% CI: 0.2-1.0). A
statistically significant interaction
was found between attendance at
daycare and repeated common
infections.

If the child had rubella and/or
fever during the first year of life,
the risk was lowered (OR: 0.33;
95% CI: 0.16-0.68). A change of
residence during the first year of
life presented a lower risk of the
child developing leukemia (OR:
0.47; 95% CI: 0.23-0.98), whereas
with such a change during the
second year, the risk increased
(OR: 3.92; 95% CI: 1.47-10.46).

A strong association was found
between childhood
gastrointestinal illnesses and
attendance at daycare and a
lowered risk of developing
leukemia (OR: 0.6; 95% CI:
0.4-0.8); however, no
association was found for
breastfeeding. Birth order (4th
or later) showed a significant
association with an increased
risk of acute lymphoblastic
leukemia (OR: 2.0; 95% CI:
1.1-3.7), while prior episodes of
asthma were associated with a
lower risk of developing acute
lymphoblastic leukemia (OR:
0.5; 95% CI: 0.3-0.9).

Author, Year
(Country)

Rosenbaum et al.,
2005
(USA)

Ma et al.,
2005
(USA)

Roman et al.,
2007
(United Kingdom)

Design of study Population-based, case-control study
(1980-1991)

Population-based, case-control
study (1991-1996)
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Size of sample 255 cases, 760 controls;
Age: 0-14 years

294 incident cases, 376 controls;
Age: 0-14 years

455 cases, 1031 controls;
Age: 0-14 years

Data collection Questionnaire Personal interview of the parents Interview of the parents

Variables Gender; race; birth year; mother's
educational level; family income;
maternal smoking status; infant
feeding at birth; birth order;
attendance at daycare before 25
months of age; year of diagnosis of
leukemia; age at diagnosis of
leukemia; allergies; history of
allergies; common infections (e.g.,
colds, otitis media, influenza, croup,
bronchiolitis, pneumonia, vomiting,
diarrhea)

Age; gender; household income;
mother's educational level;
mother's age at birth; birth
weight; birth order; duration of
breastfeeding; day care
attendance; infections during
infancy

Gender; age; diagnosis of an
infectious disease

Odds ratios
and relevant
results

The results showed that infection late
in the first year of the child's life was
associated with an increase in the risk
of developing leukemia.

Attendance at daycare and
infections during infancy were
associated with a decrease in the
risk of developing acute
lymphoblastic leukemia within the
white, Hispanic population (OR:
0.42; 95% CI: 0.18-0.99 and OR:
0.32; 95% CI: 0.14-0.74,
respectively); corresponding data
for the Hispanic population, even
for those living in the same area,
did not agree.

The cases had more episodes of
infection than did the controls,
which was more notable in the
neonatal period (≤1 month):
18% of the controls and 24% of
the cases with leukemia were
diagnosed with an average of
<1 infection (OR: 1.4; 95% CI:
1.1-1.9; p < 0.05). The cases with
≥1 episodes of infection in the
neonatal period tended to be
diagnosed with acute
lymphoblastic leukemia at a
relatively young age.

Author, Year
(Country)

MacArthur et al.,
2007
(Canada)

Cardwell et al.,
2008
(United Kingdom)

Urayama et al.,
2010
(USA)

Design of study Population-based, case-control study
(January 1,1990 - December 31,1994)

Nested
case-control
(cohort) study

Case-control study
(1995-1999)

Size of sample 399 cases, 399 controls;
Age: 0-14 years

62 cases, 2215 matched
controls

669 cases, 977 controls;
Age: 1-14 years

Data collection Standardized personal interviews in
the child’s home

Data-based

Variables Gender; age; mother’s age; father’s
age; numbers of live births; annual
household income; mother’s
education; father’s education;
ethnicity; vaccinations; illness and
infections; breastfeeding; allergies;
immunosuppressant medication for
the child; vitamins; antibiotics for the
child

Gender; age; consultations;
number of consultations; antibiotic
prescriptions; common infections

Gender; mother’s age at the
child’s birth; mother’s
educational level; annual
household income; birth
weight; breastfeeding;
mother’s tobacco use;
daycare attendance; history
of common infections in the
child; ethnicity

Odds ratio and
relevant results

No association was found between
early infections and acute leukemia;
however, vitamin use was associated
with a risk of developing acute
leukemia (OR; 1.66; (95% CI:
1.18-2.33); the use of

One or more infections in the first
year of life reduced the risk of
leukemia (OR: 10.5; 95% CI:
0.69-1.59;

When variables were
evaluated separately, both
attendance at daycare at 6
months of age and birth
order reduced the risk of
leukemia (OR: 0.90; 95% CI:
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the development of acute leukemia
was not statistically significant.

0.89-3.42) or for 19-36
months (OR: 1.32; 95% CI:
0.64-2.71).

Author, Year
(Country)

Perillat et al.,
2002
(France)

Chan et al.,
2002
(China)

Jourdan-Da et al.,
2004
(France)

Design of study Case-control study Population-based, case-control
study (November 1994-December
1997)

Case-control study
(1995-1998)

Size of sample 280 incident cases,
288 hospital controls

116 cases, 788 controls;
Age: 2-14 years; the Hong Kong
Pediatric Hematology and
Oncology Study Group

473 cases,
567 population-based controls

Data collection Standardized, face-to-face interviews
of the mothers

Standardized, face-to-face
interviews

Questionnaire

Variables Diagnosed categories (acute
leukemia classification and
immunophenotype); gender; age;
ethnic origin; hospital where the case
was identified; educational level of
the mother; occupation of the
mother at the time of the interview;
socio-professional categories; place
of residence; birth order; number of
siblings; daycare attendance; age at
the start of daycare; repeated
infections before the age of 2 years;
incidence of surgical operation for
early ear-nose-throat infections
before the age of 2 years;
breastfeeding

Medical history (infectious
illnesses) in the first year of life;
breastfeeding; daycare/social
contacts of the index patient and
siblings; household environment;
community environment

Gender; age at the time of
diagnosis; region of the
residence at the time of
diagnosis; socio-professional
categories; educational level of
the mother; educational level
of the father; birth weight;
term of pregnancy; birth order;
mother's age at birth; Down
syndrome; breastfeeding;
infections in the first year of life

Odds ratios
and relevant
results

An inverse association was found
between the development of acute
leukemia and attendance at daycare
(OR: 0.6; 95% CI: 0.4-1.0), repeated
(≥4 per year) early common
infections before the age of 2 years
(OR: 0.6; 95% CI: 0.4-1.0), and
surgery for infection of the nose, ear,
or throat before the age of 2 years
(OR: 0.5; 95% CI: 0.2-1.0). A
statistically significant interaction
was found between attendance at
daycare and repeated common
infections.

If the child had rubella and/or
fever during the first year of life,
the risk was lowered (OR: 0.33;
95% CI: 0.16-0.68). A change of
residence during the first year of
life presented a lower risk of the
child developing leukemia (OR:
0.47; 95% CI: 0.23-0.98), whereas
with such a change during the
second year, the risk increased
(OR: 3.92; 95% CI: 1.47-10.46).

A strong association was found
between childhood
gastrointestinal illnesses and
attendance at daycare and a
lowered risk of developing
leukemia (OR: 0.6; 95% CI:
0.4-0.8); however, no
association was found for
breastfeeding. Birth order (4th
or later) showed a significant
association with an increased
risk of acute lymphoblastic
leukemia (OR: 2.0; 95% CI:
1.1-3.7), while prior episodes of
asthma were associated with a
lower risk of developing acute
lymphoblastic leukemia (OR:
0.5; 95% CI: 0.3-0.9).

Author, Year
(Country)

Rosenbaum et al.,
2005
(USA)

Ma et al.,
2005
(USA)

Roman et al.,
2007
(United Kingdom)

Design of study Population-based, case-control study
(1980-1991)

Population-based, case-control
study (1991-1996)
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Size of sample 255 cases, 760 controls;
Age: 0-14 years

294 incident cases, 376 controls;
Age: 0-14 years

455 cases, 1031 controls;
Age: 0-14 years

Data collection Questionnaire Personal interview of the parents Interview of the parents

Variables Gender; race; birth year; mother's
educational level; family income;
maternal smoking status; infant
feeding at birth; birth order;
attendance at daycare before 25
months of age; year of diagnosis of
leukemia; age at diagnosis of
leukemia; allergies; history of
allergies; common infections (e.g.,
colds, otitis media, influenza, croup,
bronchiolitis, pneumonia, vomiting,
diarrhea)

Age; gender; household income;
mother's educational level;
mother's age at birth; birth
weight; birth order; duration of
breastfeeding; day care
attendance; infections during
infancy

Gender; age; diagnosis of an
infectious disease

Odds ratios
and relevant
results

The results showed that infection late
in the first year of the child's life was
associated with an increase in the risk
of developing leukemia.

Attendance at daycare and
infections during infancy were
associated with a decrease in the
risk of developing acute
lymphoblastic leukemia within the
white, Hispanic population (OR:
0.42; 95% CI: 0.18-0.99 and OR:
0.32; 95% CI: 0.14-0.74,
respectively); corresponding data
for the Hispanic population, even
for those living in the same area,
did not agree.

The cases had more episodes of
infection than did the controls,
which was more notable in the
neonatal period (≤1 month):
18% of the controls and 24% of
the cases with leukemia were
diagnosed with an average of
<1 infection (OR: 1.4; 95% CI:
1.1-1.9; p < 0.05). The cases with
≥1 episodes of infection in the
neonatal period tended to be
diagnosed with acute
lymphoblastic leukemia at a
relatively young age.

Author, Year
(Country)

MacArthur et al.,
2007
(Canada)

Cardwell et al.,
2008
(United Kingdom)

Urayama et al.,
2010
(USA)

Design of study Population-based, case-control study
(January 1,1990 - December 31,1994)

Nested
case-control
(cohort) study

Case-control study
(1995-1999)

Size of sample 399 cases, 399 controls;
Age: 0-14 years

62 cases, 2215 matched
controls

669 cases, 977 controls;
Age: 1-14 years

Data collection Standardized personal interviews in
the child’s home

Data-based

Variables Gender; age; mother’s age; father’s
age; numbers of live births; annual
household income; mother’s
education; father’s education;
ethnicity; vaccinations; illness and
infections; breastfeeding; allergies;
immunosuppressant medication for
the child; vitamins; antibiotics for the
child

Gender; age; consultations;
number of consultations; antibiotic
prescriptions; common infections

Gender; mother’s age at the
child’s birth; mother’s
educational level; annual
household income; birth
weight; breastfeeding;
mother’s tobacco use;
daycare attendance; history
of common infections in the
child; ethnicity

Odds ratio and
relevant results

No association was found between
early infections and acute leukemia;
however, vitamin use was associated
with a risk of developing acute
leukemia (OR; 1.66; (95% CI:
1.18-2.33); the use of

One or more infections in the first
year of life reduced the risk of
leukemia (OR: 10.5; 95% CI:
0.69-1.59;

When variables were
evaluated separately, both
attendance at daycare at 6
months of age and birth
order reduced the risk of
leukemia (OR: 0.90; 95% CI:
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immunosuppressants by the child
decreased the risk of leukemia (OR:
0.37; 95% CI: 0.16-0.84);
breastfeeding for >6 months had a
protective effect against the
development of leukemia (p < 0.05).

p = 0.83) and of acute
lymphoblastic leukemia (OR: 1.05;
95% CI: 0.64-1.74; p = 0.84).

0.82-1.00 and OR: 0.68; 95%
CI: 0.50-0.92, respectively) in
a white, non-Hispanic
population, but not in a
Hispanic population;
however, if these children
had ear infections, the risk of
developing acute leukemia
was reduced (OR: 0.45, 95%
CI: 0.25-0.79).

Author, Year
(Country)

Rudant J et al.,
2010
(France)

Urayama et al.,
2011
(USA)

Design of study National registry-based, case-control
study ESCALE
(2003-2004)

Observational studies
(1993-2008)

Size of sample 765 incident cases,
1,681 controls.

14 case-control study

Data collection Questionnaire, interviews by
telephone

Searches of the PubMed database
and bibliographies of the
publications

Variables Mother's educational level; parental
professional category; place of
residence at the time of diagnosis;
mother's age at the child’s birth;
number of children age <15 years in
the household; birth order;
breastfeeding; duration of
breastfeeding; early common
infections; surgical operation for ear,
nose, or throat infections; history of
allergies; contact with animals; farm
visits before the age of 2 years

N/A

Odds ratios
and relevant
results

Negative associations were found for
children with repeated common
infections (OR: 0.7; 95% CI: 0.6-0.9);
with a history of asthma or eczema
(OR: 0.7; 95% CI: 0.4-1.0 and OR: 0.7;
95% CI: 0.6-0.9, respectively); with
attendance at daycare before 1 year
of age (OR: 0.8; 95% CI: 0.6-1.1); and
with prolonged breastfeeding (OR:
0.7; 95% CI: 0.5-1.0).

Attendance at daycare is
associated with a reduced risk of
acute lymphoblastic leukemia (OR:
0.76; 95% CI: 0.67-0.87).

Table 1. Summary of reviewed articles concerning the epidemiology of early infection and acute childhood leukemia.

5. Conclusions

The vast majority of the epidemiological studies conducted thus far on the association be‐
tween infection during the first year of life and the development of acute leukemia in chil‐
dren have corresponding case-control designs. Additionally, the results of these studies
appear to suggest a lower risk of developing acute leukemia among children who were ex‐
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posed to early infections compared with those who were not exposed. No such association,
however, has been reported by other authors; therefore, infections that occur during the first
year of life are still considered to be a controversial exposure factor. To achieve better epide‐
miological evidence, the consistent study of proxy variables in different studies should be
performed to enable a better quantification of exposure.

Acknowledgements

This work was funded by the Consejo Nacional de la Ciencia y la Tecnología (CONACYT)
through its program, Fondo Sectorial de Investigación en Salud y Seguridad Social (SALUD
2007-1-71223/FIS/IMSS/PROT/592); the Fondo Sectorial de Investigación para la Educación
(CB-2007-1-83949/FIS/IMSS/PROT/616) and by Instituto Mexicano del Seguro Social (FIS/
IMSS/PROT/G10/846).

Author details

Janet Flores-Lujano, Juan Carlos Núñez-Enríquez, Angélica Rangel-López,
David Aldebarán-Duarte, Arturo Fajardo-Gutiérrez and Juan Manuel Mejía-Aranguré*

*Address all correspondence to: arangurejm@hotmail.com

Research Unit in Clinical Epidemiology, Hospital of Pediatrics, National Medical Center 21st
Century, Mexican Institute of Social Insurance (IMSS), Mexico City, Mexico

References

[1] Ward, G. The infective theory of acute leukemia. British Journal of Children's Diseas‐
es 1917; 14 10-20

[2] Poynton, F.; Thursfield, H. & Paterson, D. The Severe Blood Diseases of Childhood,
London XIX. British Journal of Children's Diseases. 1922,128

[3] Kellet, C. Acute myeloid leukemia in one of identical twins. Archives of disease in
childhood 1937;12(70) 239-252

[4] Cooke, J. V. The incidence of acute leukemia in children. The Journal of the American
Medical Association 1942; 119 547-550

[5] Kinlen, L. Epidemiological evidence for an infective basis in childhood leukaemia.
British Journal of Cancer 1995;71(1) 1-5

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

183



immunosuppressants by the child
decreased the risk of leukemia (OR:
0.37; 95% CI: 0.16-0.84);
breastfeeding for >6 months had a
protective effect against the
development of leukemia (p < 0.05).

p = 0.83) and of acute
lymphoblastic leukemia (OR: 1.05;
95% CI: 0.64-1.74; p = 0.84).

0.82-1.00 and OR: 0.68; 95%
CI: 0.50-0.92, respectively) in
a white, non-Hispanic
population, but not in a
Hispanic population;
however, if these children
had ear infections, the risk of
developing acute leukemia
was reduced (OR: 0.45, 95%
CI: 0.25-0.79).

Author, Year
(Country)

Rudant J et al.,
2010
(France)

Urayama et al.,
2011
(USA)

Design of study National registry-based, case-control
study ESCALE
(2003-2004)

Observational studies
(1993-2008)

Size of sample 765 incident cases,
1,681 controls.

14 case-control study

Data collection Questionnaire, interviews by
telephone

Searches of the PubMed database
and bibliographies of the
publications

Variables Mother's educational level; parental
professional category; place of
residence at the time of diagnosis;
mother's age at the child’s birth;
number of children age <15 years in
the household; birth order;
breastfeeding; duration of
breastfeeding; early common
infections; surgical operation for ear,
nose, or throat infections; history of
allergies; contact with animals; farm
visits before the age of 2 years

N/A

Odds ratios
and relevant
results

Negative associations were found for
children with repeated common
infections (OR: 0.7; 95% CI: 0.6-0.9);
with a history of asthma or eczema
(OR: 0.7; 95% CI: 0.4-1.0 and OR: 0.7;
95% CI: 0.6-0.9, respectively); with
attendance at daycare before 1 year
of age (OR: 0.8; 95% CI: 0.6-1.1); and
with prolonged breastfeeding (OR:
0.7; 95% CI: 0.5-1.0).

Attendance at daycare is
associated with a reduced risk of
acute lymphoblastic leukemia (OR:
0.76; 95% CI: 0.67-0.87).

Table 1. Summary of reviewed articles concerning the epidemiology of early infection and acute childhood leukemia.

5. Conclusions

The vast majority of the epidemiological studies conducted thus far on the association be‐
tween infection during the first year of life and the development of acute leukemia in chil‐
dren have corresponding case-control designs. Additionally, the results of these studies
appear to suggest a lower risk of developing acute leukemia among children who were ex‐

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic182

posed to early infections compared with those who were not exposed. No such association,
however, has been reported by other authors; therefore, infections that occur during the first
year of life are still considered to be a controversial exposure factor. To achieve better epide‐
miological evidence, the consistent study of proxy variables in different studies should be
performed to enable a better quantification of exposure.

Acknowledgements

This work was funded by the Consejo Nacional de la Ciencia y la Tecnología (CONACYT)
through its program, Fondo Sectorial de Investigación en Salud y Seguridad Social (SALUD
2007-1-71223/FIS/IMSS/PROT/592); the Fondo Sectorial de Investigación para la Educación
(CB-2007-1-83949/FIS/IMSS/PROT/616) and by Instituto Mexicano del Seguro Social (FIS/
IMSS/PROT/G10/846).

Author details

Janet Flores-Lujano, Juan Carlos Núñez-Enríquez, Angélica Rangel-López,
David Aldebarán-Duarte, Arturo Fajardo-Gutiérrez and Juan Manuel Mejía-Aranguré*

*Address all correspondence to: arangurejm@hotmail.com

Research Unit in Clinical Epidemiology, Hospital of Pediatrics, National Medical Center 21st
Century, Mexican Institute of Social Insurance (IMSS), Mexico City, Mexico

References

[1] Ward, G. The infective theory of acute leukemia. British Journal of Children's Diseas‐
es 1917; 14 10-20

[2] Poynton, F.; Thursfield, H. & Paterson, D. The Severe Blood Diseases of Childhood,
London XIX. British Journal of Children's Diseases. 1922,128

[3] Kellet, C. Acute myeloid leukemia in one of identical twins. Archives of disease in
childhood 1937;12(70) 239-252

[4] Cooke, J. V. The incidence of acute leukemia in children. The Journal of the American
Medical Association 1942; 119 547-550

[5] Kinlen, L. Epidemiological evidence for an infective basis in childhood leukaemia.
British Journal of Cancer 1995;71(1) 1-5

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

183



[6] Kinlen, L.; Dickson, M. & Stiller, C. Childhood leukemia and non-Hodgkin's lympho‐
ma near large rural construction sites, with a comparison with Sellafield nuclear site.
British Journal of Cancer 1995;310 763-768

[7] Kinlen, L. Evidence for an infective cause of childhood leukaemia: comparison of a
Scottish new town with nuclear reprocessing sites in Britain. Lancet 1998;2(8624)
1323-1327

[8] Greaves, M. Speculations on the cause of childhood acute lymphoblastic leukemia.
Leukemia 1988;2(2) 120-125

[9] Greaves, MF & Alexander, FE. An infectious etiology for common acute lymphoblas‐
tic leukemia in childhood? Leukemia 1993;7(3) 349-360

[10] Greaves, M.; Colman, S.; Beard, M.; Bradstock, K.; Cabrera, M.; Chen, PM.; Jacobs, P.;
Lam-Po-Tan, P.; MacDougall, L. & Williams, C. Geographical distribution of acute
lymphoblastic leukemia subtypes: second report of the collaborative group study.
Leukemia 1993;7(1) 27-34

[11] Greaves, M. & Alexander, F. Epidemiological characteristics of childhood acute lym‐
phocytic leukemia. Leukemia 1994;8(10) 1793-1794, ISSN 0887-6924

[12] Greaves, M. Science, Medical and the future: Childhood leukaemia. British Medical
Journal 2002;2(324) 283-287

[13] Greaves, M. Infection, immune responses and the aetiology of childhood leukemia.
Nature Reviews Cancer 2006;6(3) 93-203

[14] Chan, L.; Lam, T.; Li, C.; Lau, Y.; Li, C.; Yuen, H.; Lee, C.; Ha, S.; Yuen, P.; Leung, N.;
Patheal, S.; Greaves, M. & Alexander, F. Is the timing of exposure to infection a major
determinant of acute lymphoblastic leukaemia in Hong Kong?.Paediatric and Perina‐
tal Epidemiology 2002;16(2) 154-165

[15] Dockerty, J.; Skegg, D.; Elwood, J.; Herbison, G.; Becroft, D. & Lewis, M. Infections,
vaccinations, and the risk of childhood leukaemia. British Journal of Cancer, 1999;
80(9) 1483-1489

[16] Jourdan-Da, S.; Perel, Y.; Méchinaud, F.; Plouvier, E.; Gandemer, V.; Lutz, P.; Vanni‐
er, J.; Lamagnére, J.; Margueritte, G.; Boutard, P.; Robert, A.; Armari, C.; Munzer, M.;
Millot, F.; De Lumley, L.; Berthou, C.; Rialland, X.; Pautard, B.; Hémon, D. &Clavel, J.
Infectious diseases in the first year of life, perinatal characteristics and childhood
acute leukaemia. British Journal of Cancer 2004; 90(1) 139-145

[17] Ma, X.; Buffler, P.; Wiemels, J.; Selvin, S.; Metayer, C.; Loh, M.; Does, M. &Wiencke, J.
Ethnic difference in daycare attendance, early infections, and risk of childhood acute
lymphoblastic leukemia. Cancer Epidemiology, Biomarkers & Prevention 2005;14(8)
1928-1934

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic184

[18] Ma, X.; Metayer, C.; Does, M. &Buffler, P. Maternal pregnancy loss, birth characteris‐
tics, and childhood leukemia (United States). Cancer Causes & Control 2005;16(9)
1075-1083

[19] Ma, X.; Urayama, K.; Chang, J.; Wiemels, J. &Buffler, P. Infection and pediatric acute
lymphoblastic leukemia. Blood Cells, Molecules & Diseases 2009;42(2) 117-120

[20] Roman, E.; Simpson, J.; Ansell, P.; Lightfoot, T. & Smith, A. Infectious proxies and
childhood leukemia: Findings from the United Kingdom Childhood Cancer Study
(UKCCS). Blood Cells, Molecules and Diseases 2009;42(2) 126–128

[21] Perillat, F.; Clavel, J.; Jaussent, I.; Baruchel, A.; Leverger, G.; Nelken, B.; Philippe, N.;
Schaison, G.; Sommelet, D.; Vilmer, E. &Hemon, D. Breast-feeding, fetal loss and
childhood acute leukemia. European Journal of Pediatrics 2002;161(4) 235-237

[22] Perrillat, F.; Clavel, J.; Auclerc, M.; Baruchel, A.; Leverger, G.; Nelken, B.; Philippe,
N.; Schaison, G.; Sommelet, D.; Vilmer, E. &Hémon, D. Day-care, early common in‐
fections and childhood acute leukaemia: a multicentre French case-control study.
British Journal of Cancer 2002;8(86) 1064-1069

[23] Rosenbaum, P.; Buck, G. &Brecher, M. Early child-care and preschool experiences
and the risk of childhood acute lymphoblastic leukemia. American Journal of Epi‐
demiology 2000;152(12) 1136-1144

[24] Urayama, K.; Buffler, P.; Gallagher, E.; Ayoob, J. & Ma, X. A meta-analysis of the as‐
sociation between day-care attendance and childhood acute lymphoblastic leukae‐
mia. International Journal of Epidemiology 2010;39(3) 718–732

[25] Urayama, K.; Ma, X.; Selvin, S.; Metayer, C.; Chokkalingam, A.; Wiemels, J.; Does,
M.; Chang, J.; Wong, A.; Trachtenberg, E. &Buffler, P. Early life exposure to infec‐
tions and risk of childhood acute lymphoblastic leukemia. International Journal of
Cancer 2011;128(7) 632-643

[26] Githens, J.; Elliot, F. & Saunders, L. The relation of socioeconomic factors to incidence
of childhood leukemia. Public Health Reports 1965;80 573–578

[27] Alexander, F.; Cartwright, R.; McKinney, P. & Ricketts, T. Leukaemia incidence, so‐
cial class and estuaries: an ecological analysis. Journal of Public Health Medicine,
1990;12(2) 109–117

[28] Draper, GJ. The Geographical Epidemiology of Childhood Leukaemia and Non-
Hodgkin Lymphomas in Great Britain, 1966–83, OPCS Studies on Medical and Popu‐
lation Subjects No. 53 1991. London: OPCS; (ed).

[29] Stiller, C. & Boyle, P. Effect of population mixing and socioeconomic status in Eng‐
land and Wales, 1979–85, on lymphoblastic leukaemia in children. British Medical
Journal 1996;313 1297–1300

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

185



[6] Kinlen, L.; Dickson, M. & Stiller, C. Childhood leukemia and non-Hodgkin's lympho‐
ma near large rural construction sites, with a comparison with Sellafield nuclear site.
British Journal of Cancer 1995;310 763-768

[7] Kinlen, L. Evidence for an infective cause of childhood leukaemia: comparison of a
Scottish new town with nuclear reprocessing sites in Britain. Lancet 1998;2(8624)
1323-1327

[8] Greaves, M. Speculations on the cause of childhood acute lymphoblastic leukemia.
Leukemia 1988;2(2) 120-125

[9] Greaves, MF & Alexander, FE. An infectious etiology for common acute lymphoblas‐
tic leukemia in childhood? Leukemia 1993;7(3) 349-360

[10] Greaves, M.; Colman, S.; Beard, M.; Bradstock, K.; Cabrera, M.; Chen, PM.; Jacobs, P.;
Lam-Po-Tan, P.; MacDougall, L. & Williams, C. Geographical distribution of acute
lymphoblastic leukemia subtypes: second report of the collaborative group study.
Leukemia 1993;7(1) 27-34

[11] Greaves, M. & Alexander, F. Epidemiological characteristics of childhood acute lym‐
phocytic leukemia. Leukemia 1994;8(10) 1793-1794, ISSN 0887-6924

[12] Greaves, M. Science, Medical and the future: Childhood leukaemia. British Medical
Journal 2002;2(324) 283-287

[13] Greaves, M. Infection, immune responses and the aetiology of childhood leukemia.
Nature Reviews Cancer 2006;6(3) 93-203

[14] Chan, L.; Lam, T.; Li, C.; Lau, Y.; Li, C.; Yuen, H.; Lee, C.; Ha, S.; Yuen, P.; Leung, N.;
Patheal, S.; Greaves, M. & Alexander, F. Is the timing of exposure to infection a major
determinant of acute lymphoblastic leukaemia in Hong Kong?.Paediatric and Perina‐
tal Epidemiology 2002;16(2) 154-165

[15] Dockerty, J.; Skegg, D.; Elwood, J.; Herbison, G.; Becroft, D. & Lewis, M. Infections,
vaccinations, and the risk of childhood leukaemia. British Journal of Cancer, 1999;
80(9) 1483-1489

[16] Jourdan-Da, S.; Perel, Y.; Méchinaud, F.; Plouvier, E.; Gandemer, V.; Lutz, P.; Vanni‐
er, J.; Lamagnére, J.; Margueritte, G.; Boutard, P.; Robert, A.; Armari, C.; Munzer, M.;
Millot, F.; De Lumley, L.; Berthou, C.; Rialland, X.; Pautard, B.; Hémon, D. &Clavel, J.
Infectious diseases in the first year of life, perinatal characteristics and childhood
acute leukaemia. British Journal of Cancer 2004; 90(1) 139-145

[17] Ma, X.; Buffler, P.; Wiemels, J.; Selvin, S.; Metayer, C.; Loh, M.; Does, M. &Wiencke, J.
Ethnic difference in daycare attendance, early infections, and risk of childhood acute
lymphoblastic leukemia. Cancer Epidemiology, Biomarkers & Prevention 2005;14(8)
1928-1934

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic184

[18] Ma, X.; Metayer, C.; Does, M. &Buffler, P. Maternal pregnancy loss, birth characteris‐
tics, and childhood leukemia (United States). Cancer Causes & Control 2005;16(9)
1075-1083

[19] Ma, X.; Urayama, K.; Chang, J.; Wiemels, J. &Buffler, P. Infection and pediatric acute
lymphoblastic leukemia. Blood Cells, Molecules & Diseases 2009;42(2) 117-120

[20] Roman, E.; Simpson, J.; Ansell, P.; Lightfoot, T. & Smith, A. Infectious proxies and
childhood leukemia: Findings from the United Kingdom Childhood Cancer Study
(UKCCS). Blood Cells, Molecules and Diseases 2009;42(2) 126–128

[21] Perillat, F.; Clavel, J.; Jaussent, I.; Baruchel, A.; Leverger, G.; Nelken, B.; Philippe, N.;
Schaison, G.; Sommelet, D.; Vilmer, E. &Hemon, D. Breast-feeding, fetal loss and
childhood acute leukemia. European Journal of Pediatrics 2002;161(4) 235-237

[22] Perrillat, F.; Clavel, J.; Auclerc, M.; Baruchel, A.; Leverger, G.; Nelken, B.; Philippe,
N.; Schaison, G.; Sommelet, D.; Vilmer, E. &Hémon, D. Day-care, early common in‐
fections and childhood acute leukaemia: a multicentre French case-control study.
British Journal of Cancer 2002;8(86) 1064-1069

[23] Rosenbaum, P.; Buck, G. &Brecher, M. Early child-care and preschool experiences
and the risk of childhood acute lymphoblastic leukemia. American Journal of Epi‐
demiology 2000;152(12) 1136-1144

[24] Urayama, K.; Buffler, P.; Gallagher, E.; Ayoob, J. & Ma, X. A meta-analysis of the as‐
sociation between day-care attendance and childhood acute lymphoblastic leukae‐
mia. International Journal of Epidemiology 2010;39(3) 718–732

[25] Urayama, K.; Ma, X.; Selvin, S.; Metayer, C.; Chokkalingam, A.; Wiemels, J.; Does,
M.; Chang, J.; Wong, A.; Trachtenberg, E. &Buffler, P. Early life exposure to infec‐
tions and risk of childhood acute lymphoblastic leukemia. International Journal of
Cancer 2011;128(7) 632-643

[26] Githens, J.; Elliot, F. & Saunders, L. The relation of socioeconomic factors to incidence
of childhood leukemia. Public Health Reports 1965;80 573–578

[27] Alexander, F.; Cartwright, R.; McKinney, P. & Ricketts, T. Leukaemia incidence, so‐
cial class and estuaries: an ecological analysis. Journal of Public Health Medicine,
1990;12(2) 109–117

[28] Draper, GJ. The Geographical Epidemiology of Childhood Leukaemia and Non-
Hodgkin Lymphomas in Great Britain, 1966–83, OPCS Studies on Medical and Popu‐
lation Subjects No. 53 1991. London: OPCS; (ed).

[29] Stiller, C. & Boyle, P. Effect of population mixing and socioeconomic status in Eng‐
land and Wales, 1979–85, on lymphoblastic leukaemia in children. British Medical
Journal 1996;313 1297–1300

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

185



[30] Borugian, M.; Spinelli, J.; Mezei, G.; Wilkins, R.; Abanto, Z. & McBride, M. Child‐
hood leukemia and socioeconomic status in Canada. Epidemiology 2005;16(4) 526–
531

[31] Van Steensel, H.; Valkenburg; H. & van Zanen G. Childhood leukemia and infectious
diseases in the first year of life: a register-based case-control study. American Journal
of Epidemiology 1986;124(4) 590-594

[32] Neglia, J.; Linet, M.; Shu, X.; Severson, R.; Potter, J.; Mertens, A.; Wen, W.; Kersey, J.
& Robison, L. Patterns of infection and day care utilization and risk of childhood
acute lymphoblastic leukaemia. British Journal of Cancer 2000;82(1) 234-240

[33] Infante, C.; Fortier, I. & Olson E. Markers of infection, breast-feeding and childhood
acute leukemia. British Journal of Cancer 2000;83,(11) 1559-1564

[34] Fedrick, J &Alberman, ED. Reported influenza in pregnancy and subsequent cancer
in the child. British Medical Journal, 1972;27(2) 485-488

[35] Kaatsch P, Scheidemann-Wesp U, Schüz J. Maternal use of antibiotics and cancer in
the offspring: results of a case-control study in Germany. Cancer Causes Control
2010 21(8) 1335-1345.

[36] Van Steensel-Moll, H.; Valkenburg, H.; Vandenbroucke, J. & van Zanen, G. Are ma‐
ternal fertility problems related to childhood leukaemia? International Journal of Epi‐
demiology 1985;14(4) 555-559

[37] Thapa, P.; Whitlock, J.; Brockman-Worrell, K.; Gideon, P.; Mitchel, E Jr.; Roberson, P.;
Pais, R. & Ray, W. Prenatal Exposure to Metronidazole and Risk of Childhood Can‐
cer A Retrospective Cohort Study of Children Younger than 5 Years. Cancer
1998;83(7), 1461-1468

[38] Gilman, E.; Wilson, L.; Kneale, G. & Waterhouse, J. Childhood cancers and their asso‐
ciation with pregnancy drugs and illnesses. Paediatric and Perinatal Epidemiology
1989;3(1) 66-94

[39] Rodvall, Y.; Pershagen, G.; Hrubec, Z.; Ahlbom, A.; Pedersen, N. &Boice, J. Prenatal
X-ray exposure and childhood cancer in Swedish twins. International Journal of Can‐
cer 1990;46(3) 362-365

[40] vanDuijn, C.; van Steensel-Moll, H.; Coebergh, J. & van Zanen, G. Risk factors for
childhood acute non-lymphocytic leukemia: An association with maternal alcohol
consumption during pregnancy? Cancer Epidemiology, Biomarkers & Prevention
1994;3(6) 457-460

[41] Roman, E.; Ansell, P. & Bull, D. Leukaemia and non-Hodgkin's lymphoma in chil‐
dren and young adults: are prenatal and neonatal factors important determinants of
disease? British Journal of Cancer 1997;76(3) 406–415

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic186

[42] Naumburg, E.; Bellocco, R.; Cnattingius. S.; Jonzon, A. &Ekbom, A. Perinatal expo‐
sure to infection and risk of childhood leukemia. Medical and Pediatric Oncology
2002;38(6) 391-397

[43] Wen, W.; Shu, X.; Potter, J.; Severson, R.; Buckley, J.; Reaman, G. & Robison, L. Paren‐
tal medication use and risk of childhood acute lymphoblastic leukemia. Cancer
2002;95(8) 1786-1794

[44] Alexander, F.; Patheal, S.; Biondi A.; Brandalise, S.; Cabrera, M.; Chan, L.; Chen, Z.;
Cimino, G.; Cordoba, J.; Gu, L.; Hussein, H.; Ishii, E.; Kamel, AM.; Labra, S.; Magal‐
hães, I.; Mizutani, S.; Petridou, E.; de Oliveira, M.; Yuen, P.; Wiemels, J. & Greaves,
M. Transplacental chemical exposure and risk of infant leukemia with MLL gene fu‐
sion. The Journal of Cancer Research 2001;61(6) 2542-6

[45] Shaw, A.; Infante-Rivard, C. & Morrison, H. Use of medication during pregnancy
and risk of childhood leukemia (Canada). Cancer Causes Control 2004;15(9) 931-937

[46] McKinney, P.; Juszczak E.; Findlay E.; Smith K. & Thomson, C. Pre- and perinatal
risk factors for childhood leukaemia and other malignancies: a Scottish case control
study. British Journal of Cancer 1999;80(11) 1844-51

[47] Field, C. The immunological components of human milk and their effect on immune
development in infants. The Journal of Nutrition 2005;13(1) 1-4

[48] Macías, S.; Rodríguez, S.; &Ronayne, P. Leche materna: composición y factores con‐
dicionantes de la lactancia. ArchivosArgentinos de Pediatría 2006;104(5) 423-430

[49] Parker, L. Breast-feeding and cancer prevention. European Journal of Cancer
2001;37(2) 55-8

[50] Riveron, R. Valor inmunológico de la leche materna. Revista Cubana de Pedia‐
tría1995;67(2) 1-16

[51] Altinkaynak, S.; Selimoglu, M.; Turgut, A.; Kilicaslan, B. &Ertekin, V. Breast-feeding
duration and childhood acute leukemia and lymphomas in a sample of Turkish chil‐
dren. Journal of Pediatric Gastroenterology and Nutrition 2006;42(5) 568-572

[52] Bener, A.; Denic, S. &Galadari, S. Longer Breast-feeding and protection against child‐
hood leukaemia and lymphomas. European Journal of Cancer 2001;37(2) 234-238

[53] Beral, V.; Fear, N.; Alexander, F. & Appleby, P. Breastfeeding and childhood cancer.
UK Childhood Cancer Study Investigators. British Journal of Cancer 2001;85(11)
1685-1694

[54] [54] Davis, K. Review of the evidence for an association between infant feeding and
childhood cancer. International Journal of Cancer supplement 1998;11 29-33

[55] Guise, J.; Austin, D. & Morris C. Review of case-control studies related to breastfeed‐
ing and reduced risk of childhood leukemia. Pediatrics 2005;116(5) 724-731

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

187



[30] Borugian, M.; Spinelli, J.; Mezei, G.; Wilkins, R.; Abanto, Z. & McBride, M. Child‐
hood leukemia and socioeconomic status in Canada. Epidemiology 2005;16(4) 526–
531

[31] Van Steensel, H.; Valkenburg; H. & van Zanen G. Childhood leukemia and infectious
diseases in the first year of life: a register-based case-control study. American Journal
of Epidemiology 1986;124(4) 590-594

[32] Neglia, J.; Linet, M.; Shu, X.; Severson, R.; Potter, J.; Mertens, A.; Wen, W.; Kersey, J.
& Robison, L. Patterns of infection and day care utilization and risk of childhood
acute lymphoblastic leukaemia. British Journal of Cancer 2000;82(1) 234-240

[33] Infante, C.; Fortier, I. & Olson E. Markers of infection, breast-feeding and childhood
acute leukemia. British Journal of Cancer 2000;83,(11) 1559-1564

[34] Fedrick, J &Alberman, ED. Reported influenza in pregnancy and subsequent cancer
in the child. British Medical Journal, 1972;27(2) 485-488

[35] Kaatsch P, Scheidemann-Wesp U, Schüz J. Maternal use of antibiotics and cancer in
the offspring: results of a case-control study in Germany. Cancer Causes Control
2010 21(8) 1335-1345.

[36] Van Steensel-Moll, H.; Valkenburg, H.; Vandenbroucke, J. & van Zanen, G. Are ma‐
ternal fertility problems related to childhood leukaemia? International Journal of Epi‐
demiology 1985;14(4) 555-559

[37] Thapa, P.; Whitlock, J.; Brockman-Worrell, K.; Gideon, P.; Mitchel, E Jr.; Roberson, P.;
Pais, R. & Ray, W. Prenatal Exposure to Metronidazole and Risk of Childhood Can‐
cer A Retrospective Cohort Study of Children Younger than 5 Years. Cancer
1998;83(7), 1461-1468

[38] Gilman, E.; Wilson, L.; Kneale, G. & Waterhouse, J. Childhood cancers and their asso‐
ciation with pregnancy drugs and illnesses. Paediatric and Perinatal Epidemiology
1989;3(1) 66-94

[39] Rodvall, Y.; Pershagen, G.; Hrubec, Z.; Ahlbom, A.; Pedersen, N. &Boice, J. Prenatal
X-ray exposure and childhood cancer in Swedish twins. International Journal of Can‐
cer 1990;46(3) 362-365

[40] vanDuijn, C.; van Steensel-Moll, H.; Coebergh, J. & van Zanen, G. Risk factors for
childhood acute non-lymphocytic leukemia: An association with maternal alcohol
consumption during pregnancy? Cancer Epidemiology, Biomarkers & Prevention
1994;3(6) 457-460

[41] Roman, E.; Ansell, P. & Bull, D. Leukaemia and non-Hodgkin's lymphoma in chil‐
dren and young adults: are prenatal and neonatal factors important determinants of
disease? British Journal of Cancer 1997;76(3) 406–415

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic186

[42] Naumburg, E.; Bellocco, R.; Cnattingius. S.; Jonzon, A. &Ekbom, A. Perinatal expo‐
sure to infection and risk of childhood leukemia. Medical and Pediatric Oncology
2002;38(6) 391-397

[43] Wen, W.; Shu, X.; Potter, J.; Severson, R.; Buckley, J.; Reaman, G. & Robison, L. Paren‐
tal medication use and risk of childhood acute lymphoblastic leukemia. Cancer
2002;95(8) 1786-1794

[44] Alexander, F.; Patheal, S.; Biondi A.; Brandalise, S.; Cabrera, M.; Chan, L.; Chen, Z.;
Cimino, G.; Cordoba, J.; Gu, L.; Hussein, H.; Ishii, E.; Kamel, AM.; Labra, S.; Magal‐
hães, I.; Mizutani, S.; Petridou, E.; de Oliveira, M.; Yuen, P.; Wiemels, J. & Greaves,
M. Transplacental chemical exposure and risk of infant leukemia with MLL gene fu‐
sion. The Journal of Cancer Research 2001;61(6) 2542-6

[45] Shaw, A.; Infante-Rivard, C. & Morrison, H. Use of medication during pregnancy
and risk of childhood leukemia (Canada). Cancer Causes Control 2004;15(9) 931-937

[46] McKinney, P.; Juszczak E.; Findlay E.; Smith K. & Thomson, C. Pre- and perinatal
risk factors for childhood leukaemia and other malignancies: a Scottish case control
study. British Journal of Cancer 1999;80(11) 1844-51

[47] Field, C. The immunological components of human milk and their effect on immune
development in infants. The Journal of Nutrition 2005;13(1) 1-4

[48] Macías, S.; Rodríguez, S.; &Ronayne, P. Leche materna: composición y factores con‐
dicionantes de la lactancia. ArchivosArgentinos de Pediatría 2006;104(5) 423-430

[49] Parker, L. Breast-feeding and cancer prevention. European Journal of Cancer
2001;37(2) 55-8

[50] Riveron, R. Valor inmunológico de la leche materna. Revista Cubana de Pedia‐
tría1995;67(2) 1-16

[51] Altinkaynak, S.; Selimoglu, M.; Turgut, A.; Kilicaslan, B. &Ertekin, V. Breast-feeding
duration and childhood acute leukemia and lymphomas in a sample of Turkish chil‐
dren. Journal of Pediatric Gastroenterology and Nutrition 2006;42(5) 568-572

[52] Bener, A.; Denic, S. &Galadari, S. Longer Breast-feeding and protection against child‐
hood leukaemia and lymphomas. European Journal of Cancer 2001;37(2) 234-238

[53] Beral, V.; Fear, N.; Alexander, F. & Appleby, P. Breastfeeding and childhood cancer.
UK Childhood Cancer Study Investigators. British Journal of Cancer 2001;85(11)
1685-1694

[54] [54] Davis, K. Review of the evidence for an association between infant feeding and
childhood cancer. International Journal of Cancer supplement 1998;11 29-33

[55] Guise, J.; Austin, D. & Morris C. Review of case-control studies related to breastfeed‐
ing and reduced risk of childhood leukemia. Pediatrics 2005;116(5) 724-731

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

187



[56] Ip, S.; Chung, M.; Raman, G.; Chew, P.; Magula, N.; DeVine, D.; Trikalinos, T. & Lau,
J. Breastfeeding and maternal and infant health outcomes in developed countries.
Evidence Report/Technology Assessment 2007;153 1-186

[57] Kwan, L.; Buffler, P.; Abrams, B. &Kiley, V. Breastfeeding and the risk of childhood
leukemia: a meta-analysis. Public Health Reports 2004;119(6) 521-535

[58] Kwan, M.; Buffler, P.; Wiemels, J.; Metayer, C.; Selvin, S.; Ducore, J. & Block, G.
Breastfeeding patterns and risk of childhood acute lymphoblastic leukaemia. British
Journal of Cancer 2005;93(3) 379-384

[59] Shu, X.; Clemens, J.; Zheng, W.; Ying, D.; Ji, B. & Jin, F. Infant breastfeeding and the
risk of childhood lymphoma and leukaemia. International Journal of Epidemiology
1995;24(1) 27-32

[60] Shu, X.; Linet, M.; Steinbuch, M.; Wen, W.; Buckley, J.; Neglia, J.; Potter, J.; Reaman,
G. & Robison, L. Breast-feeding and risk of childhood acute leukemia. Journal Na‐
tional Cancer Institute 1999;91(20) 1765-1772

[61] Stuebe, A. The risks of not breastfeeding for mothers and infants. Reviews in Obstet‐
rics and Gynecology 2009;2(4) 222-231

[62] Cushing, A.; Samet, J.; Lambert, W.; Skipper, B.; Hunt, W.; Young, S. & McLaren, L.
Breastfeeding reduces risk of respiratory illness in infants. American Journal of Epi‐
demiology 1998;147(9) 863-870

[63] Lancashire, R.; Sorahan, T. & OSCC. Breastfeeding and childhood cancer risks: OSCC
data. British Journal of Cancer 2003;88(7) 1035-1037

[64] Paricio, J.; Lizán, M.; Otero, A.; Benlloch, M.; Beseler, B.; Sánchez, M.; Santos, L. &
Rivera, L. Full breastfeeding and hospitalization as a result of infections in the first
year of life. Pediatrics 2006;118(1) e92-e99

[65] Menegaux, F.; Olshan, A.; Neglia, J.; Pollock, B. &Bondy, M. Day care, childhood in‐
fections and risk of neuroblastoma. American Journal of Epidemiology 2004;159(9)
843-851

[66] Gilham, C.; Peto, J,; Simpson J, Roman E, Eden TO, Greaves MF, Alexander FE;
UKCCS Investigators. Day care in infancy and risk of childhood acute lymphoblastic
leukaemia: findings from UK case-control study. British Medical Journal
2005;330(7503) 1294

[67] Kneale, G.; Stewart, A. & Wilson, L. Immunizations against infectious diseases and
childhood cancers. Cancer immunology, immunotherapy 1986;21(2) 129–132

[68] Schüz, J.; Kaletsch, U.; Meinert, R.; Kaatsch, P. &Michaelis, J. Association of child‐
hood leukaemia with factors related to the immune system. British Journal of Cancer
1999;80(3-4) 585-90

[69] Haro, AS. The effect of BCG-vaccination and tuberculosis on the risk of leukemia.
Developments in biological standardization, (Part A), 1986;58 433-449

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic188

[70] Hartley, A.; Birch, J.; McKinney, P.; Blair, V.; Teare, M.; Carrette, J.; Mann, J.; Stiller,
C.; Draper, G. & Johnston, H. The Inter-Regional Epidemiological Study of Child‐
hood Cancer (IRESCC): past medical history in children with cancer. Journal of Epi‐
demiology and Community Health 1988;42(3) 235–242

[71] Nishi, M. & Miyake, H. A case-control study of non-T cell acute lymphoblastic leu‐
kaemia of children in Hokkaido, Japan. Journal of Epidemiology & Community
Health 1989;43(4) 352–355

[72] Buckley, J.; Buckley, C.; Ruccione, K.; Sather, H.; Waskerwitz, M.; Woods, W. & Robi‐
son, L. Epidemiological characteristics of childhood acute lymphocytic leukemia.
Analysis by immunophenotype. The Children’s Cancer Group. Leukemia 1994;8 856–
864

[73] Petridou, E; Trichopoulos, D; Kalapothaki, V; Pourtsidis, A; Kogevinas, M; Kalmanti,
M; Koliouskas, D; Kosmidis, H; Panagiotou, J; Piperopoulou, F. &Tzortzatou, F. The
risk profile of childhood leukemia in Greece: a nationwide case-control study. British
Journal of Cancer 1997;76(9) 1241–1247

[74] Petridou, E.; Dalamaga, M.; Mentis, A.; Skalkidou, A.; Moustaki, M.; Karpathios, T;
Trichopoulos, D. & Childhood Haematologists-Oncologists Group. Evidence on the
infectious etiology of childhood leukemia: the role of low herd immunity (Greece).
Cancer Causes & Control 2001;12(7) 645-52

[75] Markiewicz MA, Gajewski TF. The immune system as anti-tumor sentinel: molecular
requirements for an anti-tumor immune response. Critical Reviews in Oncogenesis.
1999;10(3):247-260

[76] Rosenbaum, P.; Buck, G. &Brecher, M. Allergy and infectious disease histories and
the risk of childhood acute lymphoblastic leukaemia. Paediatric and Perinatal Epi‐
demiology 2005;19(2) 152-164

[77] Eriksson, N.; Mikoczy, Z, &Hagmar, L. Cancer incidence in 13811 patients skin tested
for allergy. Journal of Investigational Allergology& Clinical Immunology 2005;15(3)
161-166

[78] Turner, M.; Chen, Y.; Krewski, D. &Ghadirian, P. International journal of cancer.
Journal international du cancer. International Journal of Cancer 2006;118(12) 3124-32

[79] Linabery, A.; Jurek, A.; Duval, S. & Ross, J. The association between atopy and child‐
hood/adolescent leukemia: a meta-analysis. American Journal of Epidemiology
2010;171(7) 749-64

[80] McNally, R. & Eden, T. An infectious aetiology for childhood acute leukaemia: a re‐
view of the evidence. British Journal of Haematology 2004;127(3) pp.243-263,

[81] McNally, R.; Cairns, D.; Eden, O.; Alexander, F.; Taylor, G.; Kelsey, A. & Birch, J.
(2002). An infectious aetiology for childhood brain tumours?. Evidence from space-
time clustering and seasonality analyses. British Journal of Cancer 2002;86(7)
1070-1077

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

189



[56] Ip, S.; Chung, M.; Raman, G.; Chew, P.; Magula, N.; DeVine, D.; Trikalinos, T. & Lau,
J. Breastfeeding and maternal and infant health outcomes in developed countries.
Evidence Report/Technology Assessment 2007;153 1-186

[57] Kwan, L.; Buffler, P.; Abrams, B. &Kiley, V. Breastfeeding and the risk of childhood
leukemia: a meta-analysis. Public Health Reports 2004;119(6) 521-535

[58] Kwan, M.; Buffler, P.; Wiemels, J.; Metayer, C.; Selvin, S.; Ducore, J. & Block, G.
Breastfeeding patterns and risk of childhood acute lymphoblastic leukaemia. British
Journal of Cancer 2005;93(3) 379-384

[59] Shu, X.; Clemens, J.; Zheng, W.; Ying, D.; Ji, B. & Jin, F. Infant breastfeeding and the
risk of childhood lymphoma and leukaemia. International Journal of Epidemiology
1995;24(1) 27-32

[60] Shu, X.; Linet, M.; Steinbuch, M.; Wen, W.; Buckley, J.; Neglia, J.; Potter, J.; Reaman,
G. & Robison, L. Breast-feeding and risk of childhood acute leukemia. Journal Na‐
tional Cancer Institute 1999;91(20) 1765-1772

[61] Stuebe, A. The risks of not breastfeeding for mothers and infants. Reviews in Obstet‐
rics and Gynecology 2009;2(4) 222-231

[62] Cushing, A.; Samet, J.; Lambert, W.; Skipper, B.; Hunt, W.; Young, S. & McLaren, L.
Breastfeeding reduces risk of respiratory illness in infants. American Journal of Epi‐
demiology 1998;147(9) 863-870

[63] Lancashire, R.; Sorahan, T. & OSCC. Breastfeeding and childhood cancer risks: OSCC
data. British Journal of Cancer 2003;88(7) 1035-1037

[64] Paricio, J.; Lizán, M.; Otero, A.; Benlloch, M.; Beseler, B.; Sánchez, M.; Santos, L. &
Rivera, L. Full breastfeeding and hospitalization as a result of infections in the first
year of life. Pediatrics 2006;118(1) e92-e99

[65] Menegaux, F.; Olshan, A.; Neglia, J.; Pollock, B. &Bondy, M. Day care, childhood in‐
fections and risk of neuroblastoma. American Journal of Epidemiology 2004;159(9)
843-851

[66] Gilham, C.; Peto, J,; Simpson J, Roman E, Eden TO, Greaves MF, Alexander FE;
UKCCS Investigators. Day care in infancy and risk of childhood acute lymphoblastic
leukaemia: findings from UK case-control study. British Medical Journal
2005;330(7503) 1294

[67] Kneale, G.; Stewart, A. & Wilson, L. Immunizations against infectious diseases and
childhood cancers. Cancer immunology, immunotherapy 1986;21(2) 129–132

[68] Schüz, J.; Kaletsch, U.; Meinert, R.; Kaatsch, P. &Michaelis, J. Association of child‐
hood leukaemia with factors related to the immune system. British Journal of Cancer
1999;80(3-4) 585-90

[69] Haro, AS. The effect of BCG-vaccination and tuberculosis on the risk of leukemia.
Developments in biological standardization, (Part A), 1986;58 433-449

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic188

[70] Hartley, A.; Birch, J.; McKinney, P.; Blair, V.; Teare, M.; Carrette, J.; Mann, J.; Stiller,
C.; Draper, G. & Johnston, H. The Inter-Regional Epidemiological Study of Child‐
hood Cancer (IRESCC): past medical history in children with cancer. Journal of Epi‐
demiology and Community Health 1988;42(3) 235–242

[71] Nishi, M. & Miyake, H. A case-control study of non-T cell acute lymphoblastic leu‐
kaemia of children in Hokkaido, Japan. Journal of Epidemiology & Community
Health 1989;43(4) 352–355

[72] Buckley, J.; Buckley, C.; Ruccione, K.; Sather, H.; Waskerwitz, M.; Woods, W. & Robi‐
son, L. Epidemiological characteristics of childhood acute lymphocytic leukemia.
Analysis by immunophenotype. The Children’s Cancer Group. Leukemia 1994;8 856–
864

[73] Petridou, E; Trichopoulos, D; Kalapothaki, V; Pourtsidis, A; Kogevinas, M; Kalmanti,
M; Koliouskas, D; Kosmidis, H; Panagiotou, J; Piperopoulou, F. &Tzortzatou, F. The
risk profile of childhood leukemia in Greece: a nationwide case-control study. British
Journal of Cancer 1997;76(9) 1241–1247

[74] Petridou, E.; Dalamaga, M.; Mentis, A.; Skalkidou, A.; Moustaki, M.; Karpathios, T;
Trichopoulos, D. & Childhood Haematologists-Oncologists Group. Evidence on the
infectious etiology of childhood leukemia: the role of low herd immunity (Greece).
Cancer Causes & Control 2001;12(7) 645-52

[75] Markiewicz MA, Gajewski TF. The immune system as anti-tumor sentinel: molecular
requirements for an anti-tumor immune response. Critical Reviews in Oncogenesis.
1999;10(3):247-260

[76] Rosenbaum, P.; Buck, G. &Brecher, M. Allergy and infectious disease histories and
the risk of childhood acute lymphoblastic leukaemia. Paediatric and Perinatal Epi‐
demiology 2005;19(2) 152-164

[77] Eriksson, N.; Mikoczy, Z, &Hagmar, L. Cancer incidence in 13811 patients skin tested
for allergy. Journal of Investigational Allergology& Clinical Immunology 2005;15(3)
161-166

[78] Turner, M.; Chen, Y.; Krewski, D. &Ghadirian, P. International journal of cancer.
Journal international du cancer. International Journal of Cancer 2006;118(12) 3124-32

[79] Linabery, A.; Jurek, A.; Duval, S. & Ross, J. The association between atopy and child‐
hood/adolescent leukemia: a meta-analysis. American Journal of Epidemiology
2010;171(7) 749-64

[80] McNally, R. & Eden, T. An infectious aetiology for childhood acute leukaemia: a re‐
view of the evidence. British Journal of Haematology 2004;127(3) pp.243-263,

[81] McNally, R.; Cairns, D.; Eden, O.; Alexander, F.; Taylor, G.; Kelsey, A. & Birch, J.
(2002). An infectious aetiology for childhood brain tumours?. Evidence from space-
time clustering and seasonality analyses. British Journal of Cancer 2002;86(7)
1070-1077

Infection During the First Year of Life and Acute Leukemia: Epidemiological Evidence
http://dx.doi.org/10.5772/52717

189



[82] Rudant, J.; Orsi, L.; Menegaux, F.; Petit, A.; Baruchel, A.; Bertrand, Y.; Lambilliotte,
A.; Robert, A.; Michel, G.; Margueritte, G.; Tandonnet, J.; Mechinaud, F.; Bordigoni,
P.; Hémon, D. &Clavel, J. (2010). Childhood acute leukemia, early common infec‐
tions, and allergy: The ESCALE Study. American Journal of Epidemiology
2010;172(9) 1015-1027

[83] Cardwell, C.; McKinney, P.; Patterson, C. & Murray, L. Infections in early life and
childhood leukaemia risk: a UK case-control study of general practitioner records.
British Journal of Cancer 2008;99(9) 1529-33

[84] MacArthur, A.; McBride, M.; Spinelli, J.; Tamaro, S.; Gallagher, R. &Theriault, G.
(2008). Risk of childhood leukemia associated with vaccination, infection, and medi‐
cation use in childhood: the Cross-Canada Childhood Leukemia Study. American
Journal of Epidemiology 2008;167(5) 598-606

[85] Roman, E.; Simpson, J.; Ansell, P.; Kinsey, S.; Mitchell, C.; McKinney, P.; Birch, J.;
Greaves, M.; Eden, T. & United Kingdom Childhood Cancer Study Investigators.
Childhood acute lymphoblastic leukaemia and infections in the first year of life: A re‐
port from the United Kingdom Childhood Cancer Study. American Journal of Epi‐
demiology 2007;165(5) 496–504

[86] Canfield, K.; Spector, L.; Robison, L.; Lazovich, D.; Roesler, M.; Olshan, A.; Smith, F.;
Heerema, N.; Barnard, D.; Blair, C. & Ross, J. Childhood and maternal infections and
risk of acute leukaemia in children with Down syndrome: a report from the Child‐
ren's Oncology Group. British Journal of Cancer 2004;91(11) 1866-18872

[87] Ross, J.; Spector, L.; Robison, L. &Olshon, A. Epidemiology of leukemia in children
with Down syndrome. Pediatric Blood & Cancer 2005;44(1) 8-12

[88] Flores, J.; Pérez, M.; Fuentes, E.; Gorodezky, C.; Bernaldez, R.; Del Campo, M.; Martí‐
nez, A.; Medina, A.; Paredes, R.; De Diego, J.; Bolea, V.; Rodríguez, M.; Rivera, R.;
Palomo, M.; Romero, L.; Pérez, P.; Alvarado, M.; Salamanca, F.; Fajardo, A. &Mejía, J.
Breastfeeding and early infection in the aetiology of childhood leukaemia in Down
syndrome. British Journal of Cancer 2009;101(5) 860-864

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic190

Section 4

Prognostic of ALL



[82] Rudant, J.; Orsi, L.; Menegaux, F.; Petit, A.; Baruchel, A.; Bertrand, Y.; Lambilliotte,
A.; Robert, A.; Michel, G.; Margueritte, G.; Tandonnet, J.; Mechinaud, F.; Bordigoni,
P.; Hémon, D. &Clavel, J. (2010). Childhood acute leukemia, early common infec‐
tions, and allergy: The ESCALE Study. American Journal of Epidemiology
2010;172(9) 1015-1027

[83] Cardwell, C.; McKinney, P.; Patterson, C. & Murray, L. Infections in early life and
childhood leukaemia risk: a UK case-control study of general practitioner records.
British Journal of Cancer 2008;99(9) 1529-33

[84] MacArthur, A.; McBride, M.; Spinelli, J.; Tamaro, S.; Gallagher, R. &Theriault, G.
(2008). Risk of childhood leukemia associated with vaccination, infection, and medi‐
cation use in childhood: the Cross-Canada Childhood Leukemia Study. American
Journal of Epidemiology 2008;167(5) 598-606

[85] Roman, E.; Simpson, J.; Ansell, P.; Kinsey, S.; Mitchell, C.; McKinney, P.; Birch, J.;
Greaves, M.; Eden, T. & United Kingdom Childhood Cancer Study Investigators.
Childhood acute lymphoblastic leukaemia and infections in the first year of life: A re‐
port from the United Kingdom Childhood Cancer Study. American Journal of Epi‐
demiology 2007;165(5) 496–504

[86] Canfield, K.; Spector, L.; Robison, L.; Lazovich, D.; Roesler, M.; Olshan, A.; Smith, F.;
Heerema, N.; Barnard, D.; Blair, C. & Ross, J. Childhood and maternal infections and
risk of acute leukaemia in children with Down syndrome: a report from the Child‐
ren's Oncology Group. British Journal of Cancer 2004;91(11) 1866-18872

[87] Ross, J.; Spector, L.; Robison, L. &Olshon, A. Epidemiology of leukemia in children
with Down syndrome. Pediatric Blood & Cancer 2005;44(1) 8-12

[88] Flores, J.; Pérez, M.; Fuentes, E.; Gorodezky, C.; Bernaldez, R.; Del Campo, M.; Martí‐
nez, A.; Medina, A.; Paredes, R.; De Diego, J.; Bolea, V.; Rodríguez, M.; Rivera, R.;
Palomo, M.; Romero, L.; Pérez, P.; Alvarado, M.; Salamanca, F.; Fajardo, A. &Mejía, J.
Breastfeeding and early infection in the aetiology of childhood leukaemia in Down
syndrome. British Journal of Cancer 2009;101(5) 860-864

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic190

Section 4

Prognostic of ALL



Chapter 9

Genetic Markers in the Prognosis of
Childhood Acute Lymphoblastic Leukemia

M.R. Juárez-Velázquez, C. Salas-Labadía,
A. Reyes-León, M.P. Navarrete-Meneses,
E.M. Fuentes-Pananá and P. Pérez-Vera

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54288

1. Introduction

Acute leukemia is a broad term used to identify several malignancies of immature hemato‐
poietic cells. Although, variable incidences have been reported between countries, ranging
from 46 to 57 cases by million children, it is considered the most common childhood cancer
worldwide [1]. Acute lymphoblastic leukemia (ALL) is the most frequent subtype (75%-80%
of cases; with the remaining 20-25% being of myeloid origin, AML). In ALL, B cell origin is
the most frequently diagnosed (B cell ALL) representing 83%, and T cell ALL comprises 15%
[2]. The total of ALL cases represents 30-40% of all types of pediatric cancer[3].

One of the major achievements in cancer therapy has been the increased cure rates for ALL,
from 10% in the 60s to 76-86% today, although these favorable numbers are mainly valid for
developed countries[4,5]. The improvement in ALL cure rates can be in part attributed to
the assessment of conventional prognostic factors and identification of molecular markers
associated with a better response to therapy. Suitable risk stratification has permitted a more
personalized treatment, selecting patients for receiving standard or intensified therapy,
alone or in combination with drugs against ALL specific targets, and together with an en‐
hanced supportive care have contributed to the increase in the event-free survival (EFS)
rates[4]. Conventional childhood ALL stratification is based on prognostic factors related to
characteristics of the patient (age at diagnosis) and the disease itself white blood cell (WBC)
count at diagnosis, immunophenotype of the leukemic cells, presence of known genetic fu‐
sions, numerical abnormalities or abnormal gene expression, and early response to therapy
(evaluated by morphological methods or using a more accurate measurement such as mini‐
mal residual disease (MRD) analysis) [4–6].

© 2013 Juárez-Velázquez et al.; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Chapter 9

Genetic Markers in the Prognosis of
Childhood Acute Lymphoblastic Leukemia

M.R. Juárez-Velázquez, C. Salas-Labadía,
A. Reyes-León, M.P. Navarrete-Meneses,
E.M. Fuentes-Pananá and P. Pérez-Vera

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54288

1. Introduction

Acute leukemia is a broad term used to identify several malignancies of immature hemato‐
poietic cells. Although, variable incidences have been reported between countries, ranging
from 46 to 57 cases by million children, it is considered the most common childhood cancer
worldwide [1]. Acute lymphoblastic leukemia (ALL) is the most frequent subtype (75%-80%
of cases; with the remaining 20-25% being of myeloid origin, AML). In ALL, B cell origin is
the most frequently diagnosed (B cell ALL) representing 83%, and T cell ALL comprises 15%
[2]. The total of ALL cases represents 30-40% of all types of pediatric cancer[3].

One of the major achievements in cancer therapy has been the increased cure rates for ALL,
from 10% in the 60s to 76-86% today, although these favorable numbers are mainly valid for
developed countries[4,5]. The improvement in ALL cure rates can be in part attributed to
the assessment of conventional prognostic factors and identification of molecular markers
associated with a better response to therapy. Suitable risk stratification has permitted a more
personalized treatment, selecting patients for receiving standard or intensified therapy,
alone or in combination with drugs against ALL specific targets, and together with an en‐
hanced supportive care have contributed to the increase in the event-free survival (EFS)
rates[4]. Conventional childhood ALL stratification is based on prognostic factors related to
characteristics of the patient (age at diagnosis) and the disease itself white blood cell (WBC)
count at diagnosis, immunophenotype of the leukemic cells, presence of known genetic fu‐
sions, numerical abnormalities or abnormal gene expression, and early response to therapy
(evaluated by morphological methods or using a more accurate measurement such as mini‐
mal residual disease (MRD) analysis) [4–6].
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From a genetic point of view, ALL is one of the best characterized malignancies. Numerical
and structural chromosomal abnormalities have been described by cytogenetic methods, flu‐
orescence in situ hybridization (FISH), polymerase chain reaction (PCR), and more recently,
by next generation sequencing. Chromosomal abnormalities are clonal markers of the ALL
blast, since the cytogenetic and molecular analyses have revealed that approximately 75% of
ALL-children present these genetic lesions [7,8]. To date, more than 200 genes have been
found participating downstream of common ALL translocations [9]; interestingly, a handful
of these genes are consistently affected in many subtypes of the disease paving the way to
better understand homeostatic lymphopoiesis and the leukemogenic process [10].

2. Signaling and transcription factors important in lymphopoiesis and
leukemogenesis

Generation of  lymphoid cells  is  a  highly ordered multi-step process that  in adult  mam‐
mals  starts  in  bone  marrow  with  the  differentiation  of  multipotent  hematopoietic  stem
cells  (HSC)  (Figure  1A).  HSCs  start  a  differentiation  pathway  in  which  the  capacity  to
form multiple  lineages  is  gradually  lost  coinciding with a  gain of  lineage specific  func‐
tions. Thus, HSCs yield multipotent progenitor cells (MPPs) still  with myeloid and lym‐
phoid  potential,  which  eventually  give  rise  to  lymphoid-primed multipotent  progenitor
(LMPP)  and early  lymphoid progenitor  (ELP)  populations,  with  a  progressive  more  re‐
strictive  lymphoid  program.  Similarly,  ELPs  generate  early  T  lineage  progenitors  (ETP)
and common lymphoid  progenitors  (CLP),  and these  populations,  although still  exhibit
high plasticity, preferentially give rise in vivo to T and B cells, respectively [11,12]. Intrin‐
sic signaling and transcriptional programs shape this differentiation pathway guiding lin‐
eage  decisions.  When  these  developmental  programs  are  abnormally  activated  or
repressed, can induce the leukemogenic process.

B and T cells are characterized by their potential to express receptors with a highly diverse
repertoire of specificities: the B and T cell receptors (BCR and TCR). This diverse specificity
is given by a recombination process termed VDJ recombination and it is the sequential as‐
sembly and testing of the BCR and TCR what defines the B/T development pathway. The
first stages (pro and pre) are characterized by recombination of the antigen binding variable
sequences (heavy and light chains for the BCR, and the β, α, γ or δ chains for the TCR)
(Figure 1B). The subsequent stages require elimination of auto-reactive clones, and only
clones selected against self-recognition become functional mature cells. Genetic and bio‐
chemical studies have shown that all forms of the BCR and TCR are required for progres‐
sion through several defined developmental checkpoints [13,14]. This is an important
concept, since it illustrates that different signaling and transcription programs are operating
through all developmental stages, and therefore, if an aberrant program is established, de‐
velopment is unable to proceed. As we will see in the following sections, the leukemic gene
fusions and other genetic abnormalities produce aberrant signaling pathways or abnormal
transcriptional activities, leading to a developmental arrest in specific stages, events that
seem to be required and characterize B and T cell ALL.
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Figure 1. Schematic drawing of the early hematopoietic development. A) HSCs (hematopoietic stem cells), MPPs
(multipotent progenitors), LMPPs (lymphoid-primed MPPs), ELPs (early lymphoid progenitors), CLPs (common lym‐
phoid progenitors), ETPs (early T lineage progenitors). Important branch points during lineage decisions are shown
with arrows. B) All B- and T-cell stages can be divided according to the main processes guiding development: receptor
assembly, tolerance, and activation. Receptor assembly stages (light gray box) in B and T cells are differentiated by the
process of VDJ recombination in the heavy (IgH) and light (IgL) chains, which are recombined in the pro-B and pre-B
stages, respectively (b and a rearrangement in DN1-3 and DN4 abT cells). B cells only rearrange heavy and light chains,
while T cells can follow two different pathways of TCR chains, ab and gd. Intimate contact between immature B /DP T
cells and the stromal cells of the bone marrow and thymus allows those receptors capable of recognizing self-antigens
to be identified and eliminated through a variety of mechanisms collectively termed "tolerance". Non-self-reactive
cells transit to the mature stage where they become functional cells that could be activated and respond to foreign
antigens. The nomenclature of each sub-stage in the mouse model is shown in black letters, e.g. A-D for B cells and
DN1–4 for T cells; the most common human nomenclature is shown in red letters. The dashed lines separating all
stages indicate checkpoints at which signaling from the pre-BCR/TCR and BCR/TCR is required for positive selection
and progression along the maturation pathway. The preBCR, preTCR, and mature receptors are also illustrated in their
respective stages. B cell development occurs in bone marrow and T cell development in the thymus.

Early developmental stages are the ones generally found compromised in human pediatric
B and T cell ALL. These stages in B cell ALL are early proB or pre-proB (before heavy-chain
recombination), preB-I (after heavy-chain recombination), and preB-II (before light-chain re‐
arrangement) (Figure 1B). These stages are also recognized by the expression of stage specif‐
ic markers, a characteristic that has helped to classify the different types of pediatric ALL. B
cells are recognized by the expression of CD19 and CD10, common B cell ALL by the expres‐
sion of the BCR (IgM) either in cytoplasm (preB-I) or membrane (preB-II), and preB-I can
also be differentiated from preB-II cells by expression of the enzyme terminal deoxynucleo‐
tidyl transferase (TdT) [10].
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T cells are recognized by the expression of CD3, CD5 and CD7. Early T cells lack expression
of CD4 and CD8 (double negative or DN stages). Contrary to B cell ALL, T cell ALL clones
often express markers of more advanced stages of development (for instance double posi‐
tive stages). However, these clones also show a lack of expression or cytoplasmic TCRβ, in‐
dicating that transformation happened before rearrangement of this TCR component or just
after, and thus arguing that transformation targeted ETP/DN1 or DN3´cells [15]. The acquis‐
ition of markers of more mature cells is probably due to marker aberrant expression or leu‐
kemia-induced developmental progression in absence of the TCR signal. Although,
postnatal B cell early maturation only happens in bone marrow, T cells mature in thymus.
LMPP, ELP, CLP and ETP cells are all able to leave bone marrow in response to environ‐
mental signals and complete the T cell maturation program in thymus. Therefore, ETP/DN1
cells are normal residents of bone marrow, while double positive T cells are only found in
thymus. T cell transformation of very early populations also agrees with the predominant
presence of the T cell leukemic clone in bone marrow [15].

Limitation of lineage choice during development is regulated by a combination of signaling
pathways and transcription factors. The main receptor controlling the proB stage is the
IL-7R, which is composed of an α chain (IL-7Rα) and the common cytokine receptor G chain
(GC) [16,17]. Deletion of IL-7Rα or GC leads to developmental arrest at the early proB stage
[18–21]. IL-7 activates three major signaling pathways: 1) JAK–STAT, 2) phosphatidylinosi‐
tol 3-kinase (PI3K)–Akt and 3) Ras-Raf-Erk [22]. STAT5 (signal transducer and activator of
transcription 5) is the predominant STAT protein activated by IL-7 [22,23] and STAT5 loss
also arrest B cells at the early proB stage. Once the preBCR is expressed, it can take over
many of the functions performed by the IL-7 receptor, since the preBCR also activates the
PI3K-Akt and Ras-Raf-Erk pathways [24,25].

Downstream of IL-7 two transcription factors have been documented as the most important
for cell entry into the B cell lineage: E2A/TCF3 (immunoglobulin enhancer binding factors
E12/E47/transcription factor 3) and EBF1 (Early B cell Factor 1) [26–28]. On the other hand,
PAX5 (Paired box 5) is the more important transcription factor for B cell commitment. Loss
of E2A and EBF1 blocks entry into the B cell lineage, and loss of PAX5 redirects B cells into
other lineages [28–30]. One of the main molecular functions of PAX5 (acting together with
E2A, EBF1 and STAT5) is to allow VDJ recombination [31,32]. Ectopic expression of PAX5
and E2A allows VDJ recombination in non-B cells [45, 46]. Also, E2A, PAX5, IKZF1 and
RUNX1, among other transcription factors, are responsible for expression of the VDJ recom‐
binase (RAG) [33,34].

The most important cells that give rise to T cells are ELPs and CLPs. Although, both B and T
cells are mainly originated from them, an important genetic difference between cells prone
to the B lineage is the expression of EBF1 and PAX5, while for T cells is NOTCH1 signaling.
NOTCH1 directs progenitors into the thymus and it is the master orchestrator of T cell line‐
age entry and development [35,36]. NOTCH contains multiple epidermal growth factor
(EGF)-like repeats through which it binds its ligands DLL-1, -2, -4 (Delta-like ligand), and
Jagged-1 and -2 expressed by bone marrow and thymus stromal cells. Upon ligand binding
NOTCH1 initiates a series of proteolytic cleavage events, the first one catalyzed by the
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ADAM family of metalloproteinases and the second by the γ−secretase complex. This cleav‐
age activates NOTCH1 removing the extracellular portion and translocating to the nucleus
its intracellular region (ICN), where it becomes part of a large transcriptional activation
complex together with CSL and histone acetylase p300. Also, ICN has a C-terminal PEST do‐
main involved in regulation of NOTCH1 ubiquitylation and proteasome-mediated degrada‐
tion, therefore controlling protein turnover [35–38].

Figure 2. Schematic drawing of homeostatic and leukemic expression of acute leukemia inducing genes. Nor‐
mal (in blue) and leukemic (in red) expression of receptors, signaling proteins and transcription factors is shown along
the B and T cell development pathways. Homeostatic factors are shown to the left of the figure and their most com‐
mon modified forms in ALL are shown to the right; the upper part showing the ones compromised in T cells and the
bottom part in B cells. Developmental stages are indicated starting with the hematopoietic stem cell (HSC) and then
with the early lymphoid progenitor (ELP) and the common lymphoid progenitor (CLP) and further into the T and B cell
pathways. Of note, the proB and preB stages are the ones usually compromised in B cell ALL; in T cell ALL, marker
expression is indicative of double positive stages but TCR recombination status shows that leukemic stages most prob‐
ably belong to double negative stages. Therefore, the red line representing abnormal leukemic expression extends
from DN to DP stages in T cell development. Also, several of the transcription factors compromised in T cell ALL are not
normally expressed in these stages but ectopically expressed through the inducing genomic lesion.

NOTCH1 expression is importantly regulated by E2A [39], and is essential for activation of
genes necessary for T cell entry and early development. Indeed, NOTCH1 expression is
turned off in late stages of T cell development, forced expression of NOTCH1 in multipotent
progenitor cells direct them to the T cell lineage and controls the expression of several tran‐
scription factors important for T cell early development, e.g. HES1, Bcl11b, GATA3, TCF1,
Pu1 and RUNX1, among many more [38]. Many of these genes are required to turn off tran‐
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scriptional programs of multipotent progenitor cells or other hematopoietic lineages, or for
T cell specific functions such as recombinase expression or TCR recombination.

Some of the transcription factors drivers of T cell ALL are normally expressed in non-malig‐
nant thymocytes since they are essential regulators of T-cell ontogeny, while others are not
expressed in normal ones, but they are rather ectopically expressed by transformed cells
(Figure 2). This is contrary to B cells, in which most of the transcription factors associated
with transformation fulfill an important regulatory function (Figure 2). This observation
supports different mechanisms for the origin of B and T cell ALL. In agreement, TLX1,
TLX3, TAL1, LMO1 and LMO2 gene loci remain open during TCR recombination, increasing
the probability of aberrant rearrangements [39,40]. The identification of the signaling pro‐
teins and transcription factors compromised in B and T cell ALL has helped us to under‐
stand normal B and T cell development and its oncogenic counterpart, and as we will
emphasize in the following sections, they have also provided an important tool to classify
patients with specific genetic characteristics into risk groups matching disease prognosis.

3. Criteria for ALL risk stratification

The clinical and laboratory criteria supporting risk stratification vary among institutions,
with most groups considering as high risk the following characteristics: age ≥ 10 or <1 years
at presentation, WBC ≥ 50,000/μl, presence of extramedullary disease, T cell immunopheno‐
type, presence of adverse genetic abnormalities such as t(9;22) (BCR-ABL1), MLL gene rear‐
rangements, hypodiploidy <44 chromosomes and near haploidy. Finally, a poor response to
therapy resulting in ≥ 5% bone marrow blasts at days 15, 19, 29, 35 or 43 post-treatment is
also considered of bad prognosis [6].

All the above-mentioned prognostic factors are used to classify patients into two risk
groups, high and standard risk. For instance, it is known that increased WBC count confers
poor prognosis for B cell ALL patients and in T cell ALL, a leukocyte count greater than
100,000/μl is associated with high risk of relapse in the central nervous system. Also, pa‐
tients with hyperleukocytosis, greater than 400,000/μl, are at high risk of central nervous
system hemorrhage and pulmonary and neurological events due to leukostasis. However,
most of these risk criteria are better understood for B cell and they are not as clear for T cell
ALL patients [3]. Recently, evaluation of early response to therapy has been demonstrated
being an important parameter for treatment efficacy and disease prognosis. Based on the lat‐
ter criteria, it is possible to identify the group of patients that require augmented therapy to
improve their outcome.

3.1. Prognostic significance of treatment response

The frequency of bone marrow or circulating lymphoblasts after one week of chemotherapy
is associated with risk for relapse [41] and nowadays, this constitutes one of the most useful
prognostic factors in childhood ALL. An efficient early response to treatment is determined
by evaluating clearance rates of leukemic cells after the induction phase of treatment [42].
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This pharmacological response depends on numerous variables, including drug sensitivity /
resistance of the leukemic cells, the dosage and the ability of individual patients to metabo‐
lize and eliminate anti-leukemic drugs [43,44].

The Berlin-Frankfurt Munster (BFM) group has traditionally employed the response to pre‐
dnisone for 7 days and one dose of intrathecal methotrexate to stratify patients. Peripheral
blood blast count of 1,000/μl after prednisone treatment is used as a threshold to assign pa‐
tients into two groups, prednisone good responders (GR) and poor responders (PR). The
ALL-BMF Group demonstrated in large series of infant patients treated with effective risk-
based ALL therapy that prednisone response is a strong prognostic parameter for outcome;
75% of infants were good responders (GR) and achieved an EFS of 53% at 6 years using con‐
ventional therapy, whereas poor responder infants had an EFS of 15% [41]. The Tokyo Can‐
cer Children´s Leukemia Group also showed that B and T cell ALL patients with high blast
counts at day 8, had a 4 years EFS of 74%; in contrast, patients without blasts presented an
EFS of 89% for B and 95% for T cell ALL [43]. Thus, it is well accepted that early response to
prednisone treatment is a strong indicator of EFS [41]. However, this assessment is limited
by the low sensitivity (5-10% blasts) of microscopy-based methods of blast quantification
[45]. The morphological analysis of blasts by conventional methods easily underestimates
the presence and frequency of residual cells. PCR or flow cytometry- based methods for de‐
tecting MRD are at least 100 times more sensitive.

The common principle for all MRD assessments is that leukemogenic process results in mo‐
lecular and cellular changes, which distinguish leukemic cells from their normal counter‐
parts [46]. In patients with ALL, MRD can be monitored by flow cytometry, PCR
amplification of gene fusion transcripts, and PCR amplification of the B and T cell antigen
receptors (BCR/TCR specific VDJ recombinants). Combining information about cell size,
granularity and expression of surface and intracellular molecules, it is possible to identify by
flow cytometry a phenotypic signature characteristic of leukemic cells. Flow cytometry-
based identification of cell immunophenotypes allows the detection of one leukemic cell
among 10,000 normal cells (0.01%) [47,48]; however, these assays require high expertise for
quality results, previous knowledge of immunophenotypic profiles of normal and leukemic
cells and experience to select the best markers useful for each patient [49]. Other option to
distinguish leukemic from normal cells is the PCR screening of gene fusion transcripts, pro‐
duced by specific chromosomal translocations, among the most common of them are: BCR-
ABL1, MLL-AF4, E2A-PBX1 and ETV6-RUNX1 [50]. These genetic abnormalities can be
detected by PCR with high sensitivities ranging from 0.1- 0.001% [51]. Clonal rearrange‐
ments of the BCR and TCR genes are also useful tools for detecting MRD. Specific VDJ rear‐
rangements result in unique molecular signatures that can be detected by real-time
quantitative PCR, with a sensitivity of 0.01-0.001% [52]. The applicability of this latter meth‐
od is useful in 90% of cases, however, a leukemic blast can be associated with more than one
VDJ rearrangement during disease progression; for this reason, it is recommended to use at
least two different rearrangements as a target for each patient [53].

MRD studies revealed that many patients who achieve remission by traditional methods
harbored residual disease predisposing them to relapse [46,48].  The most immediate ap‐
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quality results, previous knowledge of immunophenotypic profiles of normal and leukemic
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plication  of  MRD  testing  is  the  identification  of  patients  who  are  candidates  for  treat‐
ment intensification, since levels of MRD are proportional to the risk of relapse [51]. The
most  appropriate  time  for  evaluation  of  MRD  vary  between  different  groups,  for  the
ALL-BMF 95 protocol in Austria, MRD quantification by flow cytometry of bone marrow
samples  must  be  estimated  on  days  33  and  78  post-treatment.  In  the  experience  of  St.
Jude Children’s Research Hospital, the presence of 0.01% residual cells on days 19, 46, or
subsequent  time  points  during  treatment,  is  strongly  associated  with  a  high  risk  of  re‐
lapse  [54,55].  The  Children’s  Oncology Group quantifies  MRD in  bone  marrow on day
29 post-treatment, and ≥ 0.01% of MRD is associated with poor outcome [56]. The Dana-
Farber Cancer Institute ALL Consortium, considers MRD cut-off  values of 0.1% for pre‐
diction  of  5-year  relapse  hazard  [57].  Recently,  the  Italian  cooperative  group  AIEOP
identified 3 risk groups based on MRD values by flow cytometry of bone marrow sam‐
ples  on  day  15  of  treatment.  Those  risk  groups  are:  standard  (<0.01% MRD)  with  a  5-
years  cumulative  incidence  of  relapse  (CIR)  of  7.5%,  intermediate  (0.01% -  <10% MRD)
with CIR of 17.5%, and high (>10% MRD) with CIR of 47.2% [58]. MRD is also useful as
an independent predictor of second relapse in patients with ALL who had a previous re‐
lapse  and  achieved  a  second  remission  [59,60].  Notably,  the  time  of  first  relapse  and
MRD are the only 2 significant predictors of outcome in a multivariate analysis [60].

3.2. Genetic abnormalities in ALL as prognostic factors

From a genetic point of view, ALL is one of the best characterized malignancies. Numerical
and structural chromosomal abnormalities have been described by cytogenetic methods,
FISH, PCR, and more recently, by next generation sequencing. Chromosomal abnormalities
are clonal markers of the ALL blast, since the cytogenetic and molecular analyses have re‐
vealed that approximately 75% of ALL-children present these genetic lesions [7]. To date,
more than 200 genes have been found participating, downstream of common ALL transloca‐
tions. Interestingly, a handful of these genes are affected by more than one translocation,
thus supporting specific mechanisms of leukemogenesis [9].

The genetic abnormalities found in ALL are basically of two types: 1) gains or losses of one
or several chromosomes (numerical abnormalities) and 2) translocations generating gene fu‐
sions that encode proteins with novel functions (chimeric proteins), or that re-locate a gene
close to a strong transcriptional promoter causing gene overexpression. These translocations
are produced by double-strand breaks (DSB) in different chromosomes or different regions
of one chromosome, that are then recombined through non-homologous end-joining mecha‐
nisms [9,61]. These events of illegitimate recombination result in juxtaposition of normally
separated regions, relocating a gene or producing a chimeric fusion gene [3].

Several studies have demonstrated that the first genetic lesion in childhood ALL often oc‐
curs in uterus. Screening of many of the genetic lesions that characterize the ALL blast in
blood samples from Guthrie cards supports their prenatal origin. These studies have shown
the presence of the same gene fusion in blood samples collected at birth and in the leukemic
blasts at diagnosis. Thus, an intrauterine origin of MLL-AF4 has been observed in 100% of
the studied cases, ETV6-RUNX1 in 75% of cases, E2A-PBX1 in 10% of cases and a numerical
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abnormality, hyperdiploidy, in 100% of patients in one study [9]. However, it is accepted
that for all mentioned cases this first oncogenic hit is not sufficient, and additional postnatal
mutational events are required for disease initiation [62].

The known ALL genetic abnormalities have been relevant for the identification of genes in‐
volved in cancer and therefore for the insights in the biology of the leukemogenic process.
Importantly, these genetic abnormalities are a disease signature that has been an invaluable
tool for the precise disease diagnosis, prognosis and stratification into risk groups, guiding
patient management and treatment choice [63]. The Third International Workshop on Chro‐
mosomes in Leukemia was the first major study demonstrating the independent prognostic
significance of cytogenetic findings in ALL, providing data on clinical relevance of chromo‐
somal recurrent aberrations, and elucidating its molecular basis and biologic consequences
[64]. Given their importance, it is the main goal of this chapter to describe in detail the most
important genetic abnormalities in the stratification of ALL patients, highlighting aspects of
their oncogenic mechanisms, incidence and prognosis.

4. Molecular and cytogenetic subgroups in pediatric B cell ALL

As it was previously mentioned, several genetic abnormalities are characteristic of ALL and
have been relevant for the identification of genes involved in cancer and therefore have giv‐
en insights into the biology of the leukemogenic process, plus they have been an invaluable
tool for the precise disease diagnosis, prognosis and stratification into risk groups. Several
of them will be discussed in the coming sections.

4.1. BCR-ABL1 fusion

The BCR-ABL1 fusion is generated by a reciprocal translocation between sequences of the
BCR (Breakpoint cluster region; do not confuse with the B cell receptor) gene located at
22q11.23, and the ABL1 (Abelson tyrosine-protein kinase 1) gene located at 9q34.1. This
translocation generates a derivative chromosome 22 known as the Philadelphia (Ph) chro‐
mosome, and was first observed in adult patients with chronic myeloid leukemia (CML),
but later also in approximately 3-5% of pediatric ALL patients. The BCR gene contains 23
exons and encodes a 160 kD phosphoprotein of still unclear function. However, its first
exon, which is normally present in the BCR-ABL1 protein, contains a serine/threonine kin‐
ase activity and SH2 binding sites [65]. On the other hand, ABL1 is a proto-oncogene that
encodes a cytoplasmic and nuclear protein tyrosine kinase implicated in cell differentiation,
cell division, cell adhesion, and stress response [66,67]. The BCR-ABL1 fusion produces a
chimeric protein with cytoplasmic localization and oncogenic potential because retains the
catalytic domain of ABL1 fused to the BCR domain, which mediates constitutive oligomeri‐
zation of the fusion protein in the absence of physiologic activating signals, thereby promot‐
ing aberrant tyrosine kinase constitutive activity, inducing aberrant signaling and activating
multiple cellular pathways [3,68–70]. Among the signaling pathways activated contributing
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Importantly, these genetic abnormalities are a disease signature that has been an invaluable
tool for the precise disease diagnosis, prognosis and stratification into risk groups, guiding
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mosomes in Leukemia was the first major study demonstrating the independent prognostic
significance of cytogenetic findings in ALL, providing data on clinical relevance of chromo‐
somal recurrent aberrations, and elucidating its molecular basis and biologic consequences
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their oncogenic mechanisms, incidence and prognosis.
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have been relevant for the identification of genes involved in cancer and therefore have giv‐
en insights into the biology of the leukemogenic process, plus they have been an invaluable
tool for the precise disease diagnosis, prognosis and stratification into risk groups. Several
of them will be discussed in the coming sections.
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The BCR-ABL1 fusion is generated by a reciprocal translocation between sequences of the
BCR (Breakpoint cluster region; do not confuse with the B cell receptor) gene located at
22q11.23, and the ABL1 (Abelson tyrosine-protein kinase 1) gene located at 9q34.1. This
translocation generates a derivative chromosome 22 known as the Philadelphia (Ph) chro‐
mosome, and was first observed in adult patients with chronic myeloid leukemia (CML),
but later also in approximately 3-5% of pediatric ALL patients. The BCR gene contains 23
exons and encodes a 160 kD phosphoprotein of still unclear function. However, its first
exon, which is normally present in the BCR-ABL1 protein, contains a serine/threonine kin‐
ase activity and SH2 binding sites [65]. On the other hand, ABL1 is a proto-oncogene that
encodes a cytoplasmic and nuclear protein tyrosine kinase implicated in cell differentiation,
cell division, cell adhesion, and stress response [66,67]. The BCR-ABL1 fusion produces a
chimeric protein with cytoplasmic localization and oncogenic potential because retains the
catalytic domain of ABL1 fused to the BCR domain, which mediates constitutive oligomeri‐
zation of the fusion protein in the absence of physiologic activating signals, thereby promot‐
ing aberrant tyrosine kinase constitutive activity, inducing aberrant signaling and activating
multiple cellular pathways [3,68–70]. Among the signaling pathways activated contributing
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to leukemogenesis are JAK2 kinase/STAT5, MAP kinases and PI3K/Akt, which includes sev‐
eral members of the Bcl-2 family of anti-apoptotic proteins.

The  Ph chromosome detected in  CML varies  from the  one  in  ALL,  with  different  BCR
breakpoints between diseases. Two chimeric proteins with different leukemogenic poten‐
tial  are  encoded,  one  of  210  kDa prevalent  in  CML and other  of  190  kDa prevalent  in
childhood  ALL  [70,71].  In  vitro  studies  showed  that  the  190kDa  BCR-ABL  exhibits  a
greater  tyrosine  kinase  activity  than  the  210kDa form.  Thus,  this  fusion  defines  one  of
the subgroups of ALL with the worst clinical prognosis, mainly because it leads to genet‐
ic instability through the reduction in DNA repair fidelity and by generation of reactive
oxygen species, that enhance spontaneous DNA damage in tumor cells that can yield the
accumulation of additional genetic mutations [72,73].

Ph positive  childhood ALL is  associated with  older  age  at  presentation,  high leukocyte
count,  French-American-British  (FAB)  L2  morphology,  and  high  incidence  of  central
nervous  system.  Age  at  ALL presentation  influences  the  prognosis  of  this  genetic  rear‐
rangement;  patients  with  ages  ranging  from one  to  nine  years  have  a  better  prognosis
than  adolescents  and  young  adults  [70,74].  Thus,  Ph  positive  is  associated  with  a  very
high risk and poor prognosis.  Although more than 95% of patients achieve an adequate
response to induction therapy, these remissions are shallow and short-lived [6]; addition‐
ally,  these  patients  frequently  present  high  levels  of  MRD  at  the  end  of  the  induction
therapy [75]. Ph positive ALL incidence varies among different cohorts (Table 1), ranging
between 2-3% for Western European countries (Germany, Italy, Austria, Britain, Switzer‐
land) [76–78], 1-4% for American countries (USA and Mexico) [4,79] and 7-15% for East‐
ern countries (China, Taiwan, Malaysia-Singapore) [63].

Intensive research efforts were done to demonstrate the BCR-ABL1 transforming activity
in vitro  and in vivo,  as well as to describe the downstream signaling pathways and tran‐
scriptional programs affected by this translocation. These studies led to the development
of successful targeted therapy with small-molecule tyrosine kinase inhibitors (TKI),  such
as  STI571  (Imatinib  mesylate,  Gleevec®,  Novartis  Pharmaceuticals,  Basel,  Switzerland).
This  TKI  has  successfully  been  used  for  treatment  of  Ph  positive  CML patients  [69,87]
and has also permitted a better management of ALL patients. Remissions have been ach‐
ieved when Imatinib has been used either as single agent or as part of combination regi‐
mens.  In  accordance  with  COG  ALLL0031  trial  (2002-2006),  patients  who  received  a
regimen that included Imatinib achieved a 3-year EFS of 80%, which was more than the
double  of  the  EFS  rate  of  patients  treated  without  this  agent.  Although the  number  of
treated patients was small in this study, it supported that the addition of Imatinib to in‐
tensive chemotherapy can improve the outcome of Ph positive ALL children [74,87]. Ge‐
nomic  studies  have  identified  a  subtype  of  pediatric  B  cell  ALL  Ph  negative  patients
with a gene-expression profile similar to BCR-ABL1 positive ones, it is thought that these
“BCR-ABL1  like”  disease  harbors  mutations  that  deregulate  cytokine  receptor  and tyro‐
sine kinase  signaling,  this  subset  of  B  cell  ALL patients  might  also  be  benefited by the
TKI therapy [87]. “BCR-ABL1 like” group will be mentioned in a following section.
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abnormalities

Frequency in different populations (%)

Clinical

implication

Europe America Asia
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Research

Council

ALL97/99

[77]

ALL-

BFM90

[78,80]

UKCCG

[81]

StJChRH

[82]

Hispanics

[83]

Mexico

[84]

India

[4]

China

[85]

Malaysia-

Singapore

[86]

Numerical changes

Hyperdiploidy >50

chromosomes
38 - 31 25 41 31 - 24 -

Excellent

prognosis

with anti-

metabolite

treatment

Hypodiploidy <44

chromosomes
- - - 1-2 <1 - - - -

Poor

prognosis

Structural changes

t(1;19)(q23;p13)

E2A-PBX1
4 2 - 5

5 E2A-PBX1

or E2A-HLF
5 7 5 4

Improved

prognosis

with high-

dose

methotrexate

treatment

11q23

rearrangements

MLL

2 3 2 8 2 9 0 3 5
Poor

prognosis

t(9;22)

(q34;q11.2)

BCR-ABL1

3 2 2 2 1 4 5 17 7

Improved

early

treatment

outcome with

imatinib

t(12;21)

(p13;q22)

ETV6-RUNX1

25 22 21 25 13 9 7 19 13

Excellent

prognosis

with

asparaginase

-, non described

Table 1. Frequency of numerical and structural changes among B-ALL patients of different cohorts

4.2. E2A-PBX1 fusion

The E2A-PBX1 fusion results from the balanced translocation t(1;19)(q23;p13) or the unbal‐
anced derivative der(19)t(1;19), that involve E2A (previously described as the Immunoglo‐
bulin enhancer binding factors E12/E47, also named TCF3) and PBX1 (Pre-B cell leukemia
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tensive chemotherapy can improve the outcome of Ph positive ALL children [74,87]. Ge‐
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with a gene-expression profile similar to BCR-ABL1 positive ones, it is thought that these
“BCR-ABL1  like”  disease  harbors  mutations  that  deregulate  cytokine  receptor  and tyro‐
sine kinase  signaling,  this  subset  of  B  cell  ALL patients  might  also  be  benefited by the
TKI therapy [87]. “BCR-ABL1 like” group will be mentioned in a following section.
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Genetic

abnormalities

Frequency in different populations (%)

Clinical

implication

Europe America Asia

UK Medical

Research

Council

ALL97/99

[77]

ALL-

BFM90

[78,80]

UKCCG

[81]

StJChRH

[82]

Hispanics

[83]

Mexico

[84]

India

[4]

China

[85]

Malaysia-

Singapore

[86]

Numerical changes

Hyperdiploidy >50

chromosomes
38 - 31 25 41 31 - 24 -

Excellent

prognosis

with anti-

metabolite

treatment

Hypodiploidy <44

chromosomes
- - - 1-2 <1 - - - -

Poor

prognosis

Structural changes

t(1;19)(q23;p13)

E2A-PBX1
4 2 - 5

5 E2A-PBX1

or E2A-HLF
5 7 5 4

Improved

prognosis

with high-

dose

methotrexate

treatment

11q23

rearrangements

MLL

2 3 2 8 2 9 0 3 5
Poor

prognosis

t(9;22)

(q34;q11.2)

BCR-ABL1

3 2 2 2 1 4 5 17 7

Improved

early

treatment

outcome with

imatinib

t(12;21)

(p13;q22)

ETV6-RUNX1

25 22 21 25 13 9 7 19 13

Excellent

prognosis

with

asparaginase

-, non described

Table 1. Frequency of numerical and structural changes among B-ALL patients of different cohorts

4.2. E2A-PBX1 fusion

The E2A-PBX1 fusion results from the balanced translocation t(1;19)(q23;p13) or the unbal‐
anced derivative der(19)t(1;19), that involve E2A (previously described as the Immunoglo‐
bulin enhancer binding factors E12/E47, also named TCF3) and PBX1 (Pre-B cell leukemia
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transcription factor 1) genes. E2A encodes two basic helix-loop-helix (bHLH) transcription
factors, E12 and E47, through alternative splicing. Both transcription factors are immunoglo‐
bulin enhancer binding proteins involved in the regulation of immunoglobulin gene expres‐
sion [34] and in the initiation and specification of the B cell lineage [29]. PBX1 also encodes a
transcription factor (Leukemia Homeobox 1), a member of the three amino acid loop exten‐
sion (TALE) family of homeodomain proteins. PBX1 forms heterodimers with HOX family
homeodomain proteins and together with them cooperatively regulates transcription of sev‐
eral target genes according to the HOX partner [88,89]. PBX1 regulates the self-renewal po‐
tential of HSC by maintaining their quiescence state; additionally, it modulates early stages
of B-cell development. PBX1 is also important for the multi-linage potential of human em‐
bryonic stem cells (hESC) [90].

E2A-PBX1 fusion results in chimeric proteins that contain the transcriptional activation do‐
main of E2A linked to the DNA-binding domain and HOX heterodimerization domain of
PBX1. The resulting oncogenic transcription factor inappropriately activates the expression
of genes normally regulated by the PBX1-HOX heterodimers [3,91]. Among the transcrip‐
tional targets of E2A-PBX1 are WNT16 and MerTK. Since the WTN family is widely recog‐
nized to be involved in oncogenesis, it is possible that E2A-PBX1 initiates the leukemogenic
process through its potent expression of WNT16 [10,92]. MerTK is a receptor with a coupled
tyrosine kinase activity that regulates self-renewal of bone marrow precursor cells, and al‐
though MerTK is not normally expressed in committed lymphocytes, high level expression
is detected in B and T cell ALL and mantle cell lymphomas [93,94].

According to studies in different populations (Table 1), E2A-PBX1 translocation is present in
approximately 2-6% of pediatric ALL cases; however its incidence among the specific pre-B
ALL subtype (the one with cytoplasmic or membrane IgM) is approximately 25% [64,95,96].
The Total Therapy Study XIIIB at St Jude Children’s Research Hospital reported an inci‐
dence of 4.7%, with 5-year EFS of 80-90% [4,97]. On the other hand, the reported incidences
for European countries, such as Great Britain, Germany, Italy, Austria and Switzerland, is
between 2.1 and 4%, while the reported incidences for Eastern countries (Malaysia, Singa‐
pore and China) range from 4.12 to 5.37%. E2A-PBX1 has barely been detected in Guthrie
cards of B cell ALL patients, which suggests that in most cases emerges postnatally [9]. Also,
the molecular breakpoints of the E2A-PBX1 fusion in IgM positive or IgM negative cases are
generally dissimilar suggesting different origins of the disease [3,98].

Clinical features of pre-B ALL positive for E2A-PBX1, include 5 year age at presentation,
WBC count of 21-28,000/μl and pseudodiploid karyotypes [64,87,99]. Risk stratification for
E2A/PBX1 patients is controversial. It is considered of poor prognosis in adult cases, while
in children it has been reported either relatively favorable or of poor prognosis. This could
be explained in part by treatment differences; although it was initially considered of an un‐
favorable outcome, rate cures have been improved with the use of more effective therapies,
such as dosage intensification with methotrexate [64,82]. Future treatment improvements
could be achieved based on the discovery of pathways for treatment resistance of E2A-PBX1
positive cells. It has been shown that MerTK is activated by GAS6 (Growth arrest specific 6)
produced in bone marrow by mesenchymal cells, which are part of the HSC supporting
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stroma. One of the important functions regulated by GAS6 is HSC self-renewal and it is pos‐
sible that the leukemic blast becomes resistant to conventional chemotherapy due to GAS6
induced quiescence. Similar to BCR-ABL1 targeted therapy, GAS6-MerTK interaction might
be an important target for directed therapy [94].

Another translocation involving the E2A gene in ALL is t(17;19)(q22;p13), present in 1% of
children, which produces the fusion of E2A to HLF (Hepatic leukemia factor). HLF is a mem‐
ber of the bZIP family of transcription factors and the E2A-HLF fusion protein contains the
transcriptional activation domain of E2A linked to the DNA-binding and protein-protein in‐
teraction motifs of HLF. The resulting chimeric protein most probably activates the tran‐
scription of genes normally regulated by HLF. It is suggested that E2A-HLF inhibits
apoptosis through the aberrant up-regulation of SLUG and LMO2, which are anti-apoptotic
factors in normal hematopoietic progenitor cells [10,100].

4.3. MLL translocations

Myeloid/lymphoid or Mixed lineage leukemia gene (MLL, MLL1, ALL1, TRX, and HTRX) is
the human homologue of the Drosophila melanogaster trithorax gene; it is located at 11q23 and
consists of 36 exons. It encodes a 430 kDa DNA binding protein that positively regulates
HOX gene expression through methylation of lysine 4 of histone 3 (H3K4) [101]. MLL is a
large multi-domain protein, the N-terminus contains three short AT-hook motifs (ATH 1–3),
which are thought to mediate DNA binding. There are two speckled nuclear localization
sites (SNL1 and SNL2) immediately C-terminal to the ATH motifs that are followed by a
transcriptional repression domain consisting of two functional subunits, RD1 and RD2. RD1
contains a DNA methyltransferase (DMT) homology domain with a CxxC zinc-finger motif
that might recruit transcriptional repressors. RD2 recruits histone deacetylases HDAC1 and
HDAC2. There is also a plant homology domain (PHD) zinc-finger motif that might mediate
protein-protein interactions and a C-terminal SET (Su(var)3-9, enchancer-of-zeste, trithorax)
domain that possesses histone H3 lysine 4 (H3K4) methyltransferase activity [95]. Despite
RD1 and RD2, MLL is thought to be primarily a transcriptional activator due to its methyl‐
transferase activity and to the transcriptional activation domain, which recruits the tran‐
scriptional co-activator CBP (CREB-binding protein). MLL is thought to be a master gene for
epigenetic transcriptional memory regulation.

MLL in its mature form consists of two non-covalently associated subunits, an N-terminal
320 kDa fragment (MLLN) and a C-terminal 180 kDa moiety (MLLC), which are both core
components of the MLL complex and result from the cleavage of nascent MLL by an aspart‐
ic protease named taspase 1. The MLLN fragment is thought to bind DNA regulatory regions
of clustered HOX genes as part of a multi-subunit complex that includes components of the
basal transcription machinery and mediate transcriptional repression of HOX genes. How‐
ever, in the presence of MLLC, the MLLN complex can lead to transcriptional activation. The
MLLC subunit contains the SET motif and associates with at least four proteins that modify
chromatin for efficient transcription through methylation, acetylation and nucleosome re‐
modeling processes [101,102]. MLL gene is ubiquitously expressed in haematopoietic cells
including stem and progenitor populations, and HOX genes are direct targets of MLL dur‐
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transcription factor 1) genes. E2A encodes two basic helix-loop-helix (bHLH) transcription
factors, E12 and E47, through alternative splicing. Both transcription factors are immunoglo‐
bulin enhancer binding proteins involved in the regulation of immunoglobulin gene expres‐
sion [34] and in the initiation and specification of the B cell lineage [29]. PBX1 also encodes a
transcription factor (Leukemia Homeobox 1), a member of the three amino acid loop exten‐
sion (TALE) family of homeodomain proteins. PBX1 forms heterodimers with HOX family
homeodomain proteins and together with them cooperatively regulates transcription of sev‐
eral target genes according to the HOX partner [88,89]. PBX1 regulates the self-renewal po‐
tential of HSC by maintaining their quiescence state; additionally, it modulates early stages
of B-cell development. PBX1 is also important for the multi-linage potential of human em‐
bryonic stem cells (hESC) [90].

E2A-PBX1 fusion results in chimeric proteins that contain the transcriptional activation do‐
main of E2A linked to the DNA-binding domain and HOX heterodimerization domain of
PBX1. The resulting oncogenic transcription factor inappropriately activates the expression
of genes normally regulated by the PBX1-HOX heterodimers [3,91]. Among the transcrip‐
tional targets of E2A-PBX1 are WNT16 and MerTK. Since the WTN family is widely recog‐
nized to be involved in oncogenesis, it is possible that E2A-PBX1 initiates the leukemogenic
process through its potent expression of WNT16 [10,92]. MerTK is a receptor with a coupled
tyrosine kinase activity that regulates self-renewal of bone marrow precursor cells, and al‐
though MerTK is not normally expressed in committed lymphocytes, high level expression
is detected in B and T cell ALL and mantle cell lymphomas [93,94].

According to studies in different populations (Table 1), E2A-PBX1 translocation is present in
approximately 2-6% of pediatric ALL cases; however its incidence among the specific pre-B
ALL subtype (the one with cytoplasmic or membrane IgM) is approximately 25% [64,95,96].
The Total Therapy Study XIIIB at St Jude Children’s Research Hospital reported an inci‐
dence of 4.7%, with 5-year EFS of 80-90% [4,97]. On the other hand, the reported incidences
for European countries, such as Great Britain, Germany, Italy, Austria and Switzerland, is
between 2.1 and 4%, while the reported incidences for Eastern countries (Malaysia, Singa‐
pore and China) range from 4.12 to 5.37%. E2A-PBX1 has barely been detected in Guthrie
cards of B cell ALL patients, which suggests that in most cases emerges postnatally [9]. Also,
the molecular breakpoints of the E2A-PBX1 fusion in IgM positive or IgM negative cases are
generally dissimilar suggesting different origins of the disease [3,98].

Clinical features of pre-B ALL positive for E2A-PBX1, include 5 year age at presentation,
WBC count of 21-28,000/μl and pseudodiploid karyotypes [64,87,99]. Risk stratification for
E2A/PBX1 patients is controversial. It is considered of poor prognosis in adult cases, while
in children it has been reported either relatively favorable or of poor prognosis. This could
be explained in part by treatment differences; although it was initially considered of an un‐
favorable outcome, rate cures have been improved with the use of more effective therapies,
such as dosage intensification with methotrexate [64,82]. Future treatment improvements
could be achieved based on the discovery of pathways for treatment resistance of E2A-PBX1
positive cells. It has been shown that MerTK is activated by GAS6 (Growth arrest specific 6)
produced in bone marrow by mesenchymal cells, which are part of the HSC supporting
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stroma. One of the important functions regulated by GAS6 is HSC self-renewal and it is pos‐
sible that the leukemic blast becomes resistant to conventional chemotherapy due to GAS6
induced quiescence. Similar to BCR-ABL1 targeted therapy, GAS6-MerTK interaction might
be an important target for directed therapy [94].

Another translocation involving the E2A gene in ALL is t(17;19)(q22;p13), present in 1% of
children, which produces the fusion of E2A to HLF (Hepatic leukemia factor). HLF is a mem‐
ber of the bZIP family of transcription factors and the E2A-HLF fusion protein contains the
transcriptional activation domain of E2A linked to the DNA-binding and protein-protein in‐
teraction motifs of HLF. The resulting chimeric protein most probably activates the tran‐
scription of genes normally regulated by HLF. It is suggested that E2A-HLF inhibits
apoptosis through the aberrant up-regulation of SLUG and LMO2, which are anti-apoptotic
factors in normal hematopoietic progenitor cells [10,100].

4.3. MLL translocations

Myeloid/lymphoid or Mixed lineage leukemia gene (MLL, MLL1, ALL1, TRX, and HTRX) is
the human homologue of the Drosophila melanogaster trithorax gene; it is located at 11q23 and
consists of 36 exons. It encodes a 430 kDa DNA binding protein that positively regulates
HOX gene expression through methylation of lysine 4 of histone 3 (H3K4) [101]. MLL is a
large multi-domain protein, the N-terminus contains three short AT-hook motifs (ATH 1–3),
which are thought to mediate DNA binding. There are two speckled nuclear localization
sites (SNL1 and SNL2) immediately C-terminal to the ATH motifs that are followed by a
transcriptional repression domain consisting of two functional subunits, RD1 and RD2. RD1
contains a DNA methyltransferase (DMT) homology domain with a CxxC zinc-finger motif
that might recruit transcriptional repressors. RD2 recruits histone deacetylases HDAC1 and
HDAC2. There is also a plant homology domain (PHD) zinc-finger motif that might mediate
protein-protein interactions and a C-terminal SET (Su(var)3-9, enchancer-of-zeste, trithorax)
domain that possesses histone H3 lysine 4 (H3K4) methyltransferase activity [95]. Despite
RD1 and RD2, MLL is thought to be primarily a transcriptional activator due to its methyl‐
transferase activity and to the transcriptional activation domain, which recruits the tran‐
scriptional co-activator CBP (CREB-binding protein). MLL is thought to be a master gene for
epigenetic transcriptional memory regulation.

MLL in its mature form consists of two non-covalently associated subunits, an N-terminal
320 kDa fragment (MLLN) and a C-terminal 180 kDa moiety (MLLC), which are both core
components of the MLL complex and result from the cleavage of nascent MLL by an aspart‐
ic protease named taspase 1. The MLLN fragment is thought to bind DNA regulatory regions
of clustered HOX genes as part of a multi-subunit complex that includes components of the
basal transcription machinery and mediate transcriptional repression of HOX genes. How‐
ever, in the presence of MLLC, the MLLN complex can lead to transcriptional activation. The
MLLC subunit contains the SET motif and associates with at least four proteins that modify
chromatin for efficient transcription through methylation, acetylation and nucleosome re‐
modeling processes [101,102]. MLL gene is ubiquitously expressed in haematopoietic cells
including stem and progenitor populations, and HOX genes are direct targets of MLL dur‐
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ing development [7,95,102]. Also, MLL is a key constituent of the mammalian DNA damage
response pathway, and it is reported that deregulation of the S-phase checkpoint mediated
by MLL aberrations contributes to the pathogenesis of human MLL positive leukemias [103].

Most MLL translocations initiate within a well-characterized 8.3 kb breakpoint cluster region
that encompasses exons 5-11. This region is AT-rich, contains Alu, LINE, and MER repeti‐
tive sequences, putative DNA topoisomerase-II cleavage recognition sites, as well as a scaf‐
fold and matrix attachment region (SAR/MAR); these elements have been proposed to play
a direct or indirect role in promoting 11q23 rearrangements [104]. The proposed mecha‐
nisms that yield MLL translocations include recombination of Alu elements, recombination
mediated by topoisomerase-II poisons, and an error prone non-homologous end joining
(NHEJ) of DSB [101,104]. MLL fusions are diverse, since it has been found in more than 70
different translocations with numerous partner genes. The most frequent are AF4, AF9, ENL,
AF10, ELL and AF6. MLL-AF4 results from the translocation t(4;11)(q21;q23) that is common‐
ly found in patients younger than one year of age (infant ALL), while MLL-AF9 is generated
by the translocation t(9;11)(p22;q23) that is more frequently seen in secondary, therapy-in‐
duced malignancies. Although infrequent, other type of rearrangement involving MLL is the
partial tandem amplification [7].

All MLL fusions encode proteins that share a common transcriptional regulator function ca‐
pable of regulating HOX genes expression. Some of the MLL fusion partners are themselves
chromatin modifiers that function in histone acetylation, whereas other fusion partners can
recruit histone methyl-transferases, such as DOT1; methylation at lysine 79 of histone H3
catalyzed by DOT1 has been recognized as a hallmark of chromatin activated by MLL fusion
proteins [7,102,104]. MLL fusion proteins efficiently transform hematopoietic cells into leu‐
kemic cells with stem cell-like self-renewal properties [7].

MLL translocations define subgroups of high risk ALL with specific clinical and biological
characteristics associated to adverse prognosis. These subgroups include infant acute leuke‐
mia (IAL), therapy-related leukemia (a subtype of leukemia developed by patients previous‐
ly treated with etoposide after a cancer episode) and T cell ALL [102]. MLL translocations
are found in approximately 10% of all human leukemias including ALL, AML and bipheno‐
typic (mixed lineage) leukaemia, this latter one is characterized by the expression of both
myeloid and lymphoid antigens such as CD14 and CD19 in the leukemic blast [7,102]. MLL
translocations are particularly frequent (70-80%) in high risk IAL.

MLL-AF4 is one of the leukemia-inducing genetic rearrangements documented to emerge in
utero during fetal hematopoiesis. Concordant MLL-AF4 positive leukemia studies in identi‐
cal monozygotic twins demonstrated that both siblings share the same breakpoints, al‐
though the disease usually presents at different times in each twin [105]. Moreover, MLL-
AF4 can be detected in archived neonatal blood from Guthrie cards in IAL or in ALL
patients. This evidence coupled with the short period of latency observed in patients that
develop IAL, strongly suggests that some leukemia-driving gene fusions can be acquired
prenatally [9,62,95]. These observations have raised the question if in utero exposition to spe‐
cific environmental mutagens can induce MLL breakage and anomalous recombination
events. In vitro and in vivo assays have identified bioflavonoids, hormones and insecticides
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as potential inductors of MLL aberrations [80,106–110]. Additionally, the best-known induc‐
tor of MLL aberrations is etoposide, which is a DNA topoisomerase-II inhibitor commonly
used as a chemotherapeutic agent. Etoposide induced genetic aberrations might be due to
increased concentrations of DNA topoisomerase-II DNA cleavage complex. 11q23 rear‐
rangements, particularly those that generate MLL-AF9 fusions, are found in 5-15% of secon‐
dary therapy-related leukemias [104,107,111–113].

As mentioned before, the frequency of MLL rearrangements in IAL, particularly the MLL-
AF4 fusion, is approximately 80%; however, this frequency diminishes in older children
with ALL. MLL rearrangements incidences reported from American countries ranged from
2.2-3.3%, while for European countries (Germany, Italy, Austria, UK and Switzerland) was
between 2.1-6%. The incidence of MLL rearrangements in Eastern countries (China, Taiwan,
Malaysia and Singapore) also ranged from 2.1-4.9%. The estimated 5-year EFS for patients
with MLL translocations ranged between 30-40% [4] and therefore it is considered of very
bad prognosis.

4.4. ETV6-RUNX1 fusion

RUNX1 (Runt-related transcription factor 1 and also known as AML1 or CBFα2) is a gene
that maps in 21q22.3. RUNX1 encodes a transcription factor that contains a Runt domain es‐
sential for interaction with transcription factor CBFβ and for DNA binding [114]. The
RUNX1-CBFβ heterodimer is a master regulator of early hematopoietic genes transcription.
ETV6 (E-Twenty-Six, also named TEL), is localized in 12p13.1, belongs to the ets transcrip‐
tion factor family, and contains two major domains: ETS and helix-loop-helix (HLH). ETV6
participates in fetal hematopoiesis of all lineages [115,116]. A substantial proportion (7-25%
of children and 2% of adults, Table 1) of ALL patients present the ETV6/RUNX1 fusion as a
result of the translocation t(12;21)(p13;q21). The chimeric protein from this fusion contains
the N-terminal region of ETV6 fused to almost all RUNX1, including the Runt domain. The
ETV6 fragment losses the DNA binding domain but retains the protein binding domain that
interacts with cellular proteins with transcriptional repression activity, N-CoR and mSin3a,
producing stable repression complexes at the promoters of RUNX1 target genes. mSin3a
transcriptional repressor function is due to a histone deacetylase activity(HDAC) [10] but
the ETV6-RUNX1 fusion has additional repressor functions through sequestration of tran‐
scriptional complexes and competitive inhibition of the wild-type ETV6 activity [10,116].

Several abnormalities secondary to ETV6-RUNX1 fusion have been detected, such as ETV6
loss, ETV6/RUNX1 duplication and extra copies of RUNX1 originated by trisomy 21. Recent‐
ly, it has been described that ETV6 loss occurs postnatally in more mature cells than the
ETV6-RUNX1 fusion. Analysis of this deletion revealed an unexpected similarity with SINE
and LINE retrotransposons, suggesting their participation in this loss of heterozygosity-like
mechanism of ETV6 loss. These findings are consistent with Greaves´ double hit model of
leukemogenesis for this subtype of ALL [117].

ETV6/RUNX1 positive patients have been defined as a group with excellent outcome at 5
years follow-up, which cannot be identified by standard prognostic features [118,119]. In
several studies based on different populations, this subgroup represented about 25% of cas‐

Genetic Markers in the Prognosis of Childhood Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54288

207



ing development [7,95,102]. Also, MLL is a key constituent of the mammalian DNA damage
response pathway, and it is reported that deregulation of the S-phase checkpoint mediated
by MLL aberrations contributes to the pathogenesis of human MLL positive leukemias [103].

Most MLL translocations initiate within a well-characterized 8.3 kb breakpoint cluster region
that encompasses exons 5-11. This region is AT-rich, contains Alu, LINE, and MER repeti‐
tive sequences, putative DNA topoisomerase-II cleavage recognition sites, as well as a scaf‐
fold and matrix attachment region (SAR/MAR); these elements have been proposed to play
a direct or indirect role in promoting 11q23 rearrangements [104]. The proposed mecha‐
nisms that yield MLL translocations include recombination of Alu elements, recombination
mediated by topoisomerase-II poisons, and an error prone non-homologous end joining
(NHEJ) of DSB [101,104]. MLL fusions are diverse, since it has been found in more than 70
different translocations with numerous partner genes. The most frequent are AF4, AF9, ENL,
AF10, ELL and AF6. MLL-AF4 results from the translocation t(4;11)(q21;q23) that is common‐
ly found in patients younger than one year of age (infant ALL), while MLL-AF9 is generated
by the translocation t(9;11)(p22;q23) that is more frequently seen in secondary, therapy-in‐
duced malignancies. Although infrequent, other type of rearrangement involving MLL is the
partial tandem amplification [7].

All MLL fusions encode proteins that share a common transcriptional regulator function ca‐
pable of regulating HOX genes expression. Some of the MLL fusion partners are themselves
chromatin modifiers that function in histone acetylation, whereas other fusion partners can
recruit histone methyl-transferases, such as DOT1; methylation at lysine 79 of histone H3
catalyzed by DOT1 has been recognized as a hallmark of chromatin activated by MLL fusion
proteins [7,102,104]. MLL fusion proteins efficiently transform hematopoietic cells into leu‐
kemic cells with stem cell-like self-renewal properties [7].

MLL translocations define subgroups of high risk ALL with specific clinical and biological
characteristics associated to adverse prognosis. These subgroups include infant acute leuke‐
mia (IAL), therapy-related leukemia (a subtype of leukemia developed by patients previous‐
ly treated with etoposide after a cancer episode) and T cell ALL [102]. MLL translocations
are found in approximately 10% of all human leukemias including ALL, AML and bipheno‐
typic (mixed lineage) leukaemia, this latter one is characterized by the expression of both
myeloid and lymphoid antigens such as CD14 and CD19 in the leukemic blast [7,102]. MLL
translocations are particularly frequent (70-80%) in high risk IAL.

MLL-AF4 is one of the leukemia-inducing genetic rearrangements documented to emerge in
utero during fetal hematopoiesis. Concordant MLL-AF4 positive leukemia studies in identi‐
cal monozygotic twins demonstrated that both siblings share the same breakpoints, al‐
though the disease usually presents at different times in each twin [105]. Moreover, MLL-
AF4 can be detected in archived neonatal blood from Guthrie cards in IAL or in ALL
patients. This evidence coupled with the short period of latency observed in patients that
develop IAL, strongly suggests that some leukemia-driving gene fusions can be acquired
prenatally [9,62,95]. These observations have raised the question if in utero exposition to spe‐
cific environmental mutagens can induce MLL breakage and anomalous recombination
events. In vitro and in vivo assays have identified bioflavonoids, hormones and insecticides
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as potential inductors of MLL aberrations [80,106–110]. Additionally, the best-known induc‐
tor of MLL aberrations is etoposide, which is a DNA topoisomerase-II inhibitor commonly
used as a chemotherapeutic agent. Etoposide induced genetic aberrations might be due to
increased concentrations of DNA topoisomerase-II DNA cleavage complex. 11q23 rear‐
rangements, particularly those that generate MLL-AF9 fusions, are found in 5-15% of secon‐
dary therapy-related leukemias [104,107,111–113].

As mentioned before, the frequency of MLL rearrangements in IAL, particularly the MLL-
AF4 fusion, is approximately 80%; however, this frequency diminishes in older children
with ALL. MLL rearrangements incidences reported from American countries ranged from
2.2-3.3%, while for European countries (Germany, Italy, Austria, UK and Switzerland) was
between 2.1-6%. The incidence of MLL rearrangements in Eastern countries (China, Taiwan,
Malaysia and Singapore) also ranged from 2.1-4.9%. The estimated 5-year EFS for patients
with MLL translocations ranged between 30-40% [4] and therefore it is considered of very
bad prognosis.

4.4. ETV6-RUNX1 fusion

RUNX1 (Runt-related transcription factor 1 and also known as AML1 or CBFα2) is a gene
that maps in 21q22.3. RUNX1 encodes a transcription factor that contains a Runt domain es‐
sential for interaction with transcription factor CBFβ and for DNA binding [114]. The
RUNX1-CBFβ heterodimer is a master regulator of early hematopoietic genes transcription.
ETV6 (E-Twenty-Six, also named TEL), is localized in 12p13.1, belongs to the ets transcrip‐
tion factor family, and contains two major domains: ETS and helix-loop-helix (HLH). ETV6
participates in fetal hematopoiesis of all lineages [115,116]. A substantial proportion (7-25%
of children and 2% of adults, Table 1) of ALL patients present the ETV6/RUNX1 fusion as a
result of the translocation t(12;21)(p13;q21). The chimeric protein from this fusion contains
the N-terminal region of ETV6 fused to almost all RUNX1, including the Runt domain. The
ETV6 fragment losses the DNA binding domain but retains the protein binding domain that
interacts with cellular proteins with transcriptional repression activity, N-CoR and mSin3a,
producing stable repression complexes at the promoters of RUNX1 target genes. mSin3a
transcriptional repressor function is due to a histone deacetylase activity(HDAC) [10] but
the ETV6-RUNX1 fusion has additional repressor functions through sequestration of tran‐
scriptional complexes and competitive inhibition of the wild-type ETV6 activity [10,116].

Several abnormalities secondary to ETV6-RUNX1 fusion have been detected, such as ETV6
loss, ETV6/RUNX1 duplication and extra copies of RUNX1 originated by trisomy 21. Recent‐
ly, it has been described that ETV6 loss occurs postnatally in more mature cells than the
ETV6-RUNX1 fusion. Analysis of this deletion revealed an unexpected similarity with SINE
and LINE retrotransposons, suggesting their participation in this loss of heterozygosity-like
mechanism of ETV6 loss. These findings are consistent with Greaves´ double hit model of
leukemogenesis for this subtype of ALL [117].

ETV6/RUNX1 positive patients have been defined as a group with excellent outcome at 5
years follow-up, which cannot be identified by standard prognostic features [118,119]. In
several studies based on different populations, this subgroup represented about 25% of cas‐
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es with B cell precursor immunophenotype [120]; and this genetic marker could also be
found in T cell ALL [81]. Other studies support different incidence rates for ETV6/RUNX1
fusions depending on ethnicity and geographic origin [83,85,121,122] (Table 1). In particular,
the lowest frequencies have been described for Hispanic [83,121] and Oriental patients
[85,123], compared to patients from West Europe and the United States. Given this differ‐
ence, further studies should be conducted looking for environmental and genetic etiologic
factors, including exposure to leukemogenic agents, analysis of predisposition genes associ‐
ated to ALL and genetic ancestry in different populations.

Several studies have supported that ETV6-RUNX1 positive patients have an excellent out‐
come in clinical trials after treatment with corticosteroids, vincristine, and asparaginase [82].
Nevertheless, ETV6/RUNX1 has been considered as a non-significant prognostic factor in
other studies, since this fusion has been found in relapsed patients [124,125]. In spite of their
excellent initial treatment response, and favorable short-term outcome, up to 24% of patients
relapse [124], and this usually occurs in patients out of treatment, often several years after
cessation of treatment and occasionally as long as 10 to 20 years later [125]. Efforts have been
made for obtaining a better understanding about the origin of relapses in this group of ALL
patients. Analyses of copy number abnormalities (CNAs) have provided evidence that
ETV6-RUNX1 positive patients have an average of 6 CNAs at diagnosis, with increasing
abundance of these CNAs at relapse, and the genes involved in CNAs usually include cell
cycle regulator genes [125,126].

The clonal origin of relapse has been investigated comparing CNA profiles from matched
ETV6/RUNX1 positive patients at diagnosis and relapse. Genes associated with cell cycle
control (cyclin-dependent kinase inhibitors CDKN2A, CDKN2B, CCNC) were found deleted
in relapsed patients. As a novel finding, trisomy 16 was observed as a recurrent abnormali‐
ty, although its significance is presently unknown [125]. A model of abnormalities acquisi‐
tion from diagnosis to relapse has been proposed; mutations detected recurrently or known
to be involved in a leukemogenic pathway were classified as driver mutations, while muta‐
tions defined as non-recurrent or without a known function in leukemogenesis were consid‐
ered passenger mutations. Four genetic profiles have been proposed with this analysis: 1)
diagnosis and relapse clones with the same abnormalities; 2) relapse clones with acquired
extra driver mutations; 3) relapse clones with losses and gains of driver mutations and 4)
relapse clones without all original CNAs but with a novel profile of genetic alterations [125].
At least 3 of these groups support that clones present at diagnosis are responsible for relap‐
ses occurring months or years after treatment cessation. In one patient with a remission last‐
ing 119 months a backtracking FISH analysis was performed, and a low number of leukemic
subclone was identified at presentation whose genotype matched that observed in the re‐
lapse clone. This patient showed clonal diversity at diagnosis and the relapse subclone prob‐
ably remained due to active mechanisms of chemotherapy resistance and quiescence. The
authors suggested that this case of relapse represents an effect of a dormant clone with low
proliferative capacity and associated drug insensitivity rather than a mutation-induced re‐
sistance effect [125]. This patient might exemplify the genetic variation sometimes observed
between initiating and relapse clones. Thus, this study argues that evolutionary genetic
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changes between the leukemic blast at presentation and relapse most probably are due to
the frequency and intrinsic genetic characteristics of the relapsed clone.

More  recently,  it  has  been  shown  that  genes  associated  with  glucocorticoid  mediated
apoptosis  could  be  deleted  in  ETV6/RUNX1  relapsed  patients.  One  of  the  most  altered
genes is  the Bcl2  modifying factor  (BMF),  whose deletion is  often detected at  diagnosis
and relapse. The glucocorticoid receptor NR3C1, and genes of the mismatch repair path‐
ways are also deleted, but this was only observed at relapse. All these genes participate
in  apoptosis  induced by  gluococorticoids,  supporting  that  a  drug resistance  mechanism
could contribute to the episode of leukemia relapse, e.g. BMF deletions leading to surviv‐
al  of  a  specific  leukemic clone after  gluococorticoid treatment  [126].  This  information is
relevant  for  future  evaluation  of  ETV6/RUNX1  patients  and  perhaps  this  genetic  lesion
should be diagnosed in ALLs together with BMF, NR3C1 and other CNAs as a guide for
novel treatment approaches.

4.5. Hyperdiploidy

Hyperdiploidy  with  51-65  chromosomes  is  also  a  frequent  abnormality,  25-41% of  ALL
patients  present  this  numerical  aberration [10,83,85]  and are generally associated with a
favorable outcome (Table 1).  This includes age 3-5 years and relative low WBC count at
presentation,  B  cell  precursor  immunophenotype  [127]  and  a  5-year  EFS  estimate  of
85-95%  when  patients  are  treated  with  anti-metabolite  based  therapy  [4,127].  Leukemic
lymphoblasts in this subgroup have a high propensity to undergo apoptosis in vitro  and
in  vivo,  and accumulate  greater  quantities  of  methotrexate  and its  active  polyglutamate
metabolites  than  other  ALL subgroups.  These  features  are  probably  very  important  for
the associated good prognosis of this subtype of ALL.

High hyperdiploidy can be detected by cytogenetic analysis or flow cytometry. This latter
technique measures the DNA content of the leukemic blasts in comparison to the normal cell
pool and DNA content of 1.16 is considered as a prognostic indicator of favorable outcome.
However, it is recommended to perform additional cytogenetic studies to detect specific
chromosome gains, and discard the presence of additional genetic rearrangements, which
could also influence disease outcome. About 50% of hyperdiploid cases present additional
abnormalities as duplications of 1q or isochromosome 17q, this last abnormality confers ad‐
verse prognosis [128]. High hyperdiploidy is often characterized cytogenetically by massive
aneuploidy, originating a non-random gain of specific chromosomes, including some or all
of +X, +4, +6, +10, +14, +17, +18, and +21; trisomies and tetrasomies of other chromosomes are
also present in this group of patients [127].

In  spite  of  the  excellent  prognosis  associated  to  this  genetic  subtype,  about  25% of  the
patients  develop  adverse  events,  indicating  outcome  differences  and  genetic  subgroups
between  high  hyperdiploid  patients.  For  this  reason,  diverse  studies  have  been  per‐
formed trying to identify prognostic characteristics in these ALL patients. Based on cyto‐
genetic  studies  and  survival  analyses,  specific  trisomies  have  been  found  associated  to
prognosis.  Results  from  univariate  analyses  informed  that  gain  of  individual  chromo‐
somes 6, 4, 10 and 18 improves prognosis, in contrast, trisomy 5 confers worse prognosis
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between  high  hyperdiploid  patients.  For  this  reason,  diverse  studies  have  been  per‐
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[129–131].  Currently,  the  Children's  Cancer  Group  (CCG)  and  the  Pediatric  Oncology
Group (POG) consider the presence of simultaneous trisomies of chromosomes 4, 10, and
17 as a favorable prognostic factor [132].

Analysis by SNP array of high hyperdiploid patients have been performed and revealed
that 80% presented CNAs, which are not detected by traditional cytogenetic methods. An
association between duplication of 1q and +5 has often been observed, and also uniparental
isodisomies of chromosomes 9 and 11, gains of chromosomes 17q and 21q, deletions and mi‐
crodeletions of ETV6, cyclin-dependent kinase inhibitor 2A (CKDN2A), PAX5 and PAN3
poly(A) specific ribonuclease subunit homolog (PAN3). Interestingly, partial deletions of AT
rich interactive domain 5B (ARID5B) were also detected [127] and polymorphisms of this
gene were recently associated to susceptibility for developing ALL, particularly associated
with the high hyperdiploid subtype [133].

ALL cases with 47-50 chromosomes have an intermediate prognosis [71], near-triploidy (69
to 81 chromosomes) [134] have a response to therapy similar to that of non-hyperdiploid,
and ALL cases with near tetraploidy (82 to 94 chromosomes) have a high frequency of T cell
immunophenotype (see T cell ALL section) and frequently harbors a cryptic ETV6-RUNX1
fusion [135]. These tetraploid leukemias, although significantly less common, have a worse
prognosis than the ones with 51-65 chromosomes. The genetic reason for this differential
prognosis is presently unclear.

4.6. Hypodiploidy

The  hypodiploid  ALL  is  defined  as  leukemic  blasts  with  less  that  46  chromosomes
and  it  is  present  in  6-7%  of  patients  with  childhood  ALL.  Three  different  subgroups
have been defined according to  the  number  of  chromosomes,  which are  also  important
for  disease  outcome:  near-haploid  ALL  (less  than  30  chromosomes),  low  hypodiploid
ALL  (33-39  chromosomes)  and  high  hypodiploid  ALL  (42-45  chromosomes).  Near-hap‐
loidy is  observed approximately  in  0.5% of  ALL cases  and it  is  most  frequently  associ‐
ated  with  females,  and  together  with  low  hypodiploidy  is  related  with  the  worst
prognosis.  Also,  children  with  near-haploidy  tend  to  be  younger  than  those  with  low
hypodiploidy  [134,136].  Most  of  the  hypodiploid  ALL  patients  belong  to  the  high  hy‐
podiploid group.

The pattern of chromosome loss in near-haploidy is not random as there is preferential re‐
tention of two copies of chromosomes 6, 8, 10, 14, 18, 21, and the sex chromosomes. In rare
cases, an apparent hyperdiploid genome is observed but the number of chromosomes re‐
sults from doubling haploid or near-haploid chromosome content. In these cases, although
there is an increased in the total number of chromosomes, this ALL is still characterized by
losses of specific chromosomes. This ALL is frequently wrongly diagnosed without a careful
cytogenetic and DNA content analysis [136], and an appropriate diagnosis is important as
near-haploidy defines a rare type of ALL associated with short remission duration and poor
prognosis. Therefore, a clear diagnosis of the total chromosome number is essential to strati‐
fy patients into the appropriate risk group.
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5. Molecular and cytogenetic subgroups in pediatric T-cell ALL

T cell ALL is a neoplastic disorder characterized by malignant transformation of early thy‐
mocytes [37]. It accounts for approximately 10-15% of pediatric ALL cases [2,37,137–139]
and tends to present clinically with high circulating blast cell counts, mediastinal masses,
and often central nervous system involvement [37,140]. Therefore, it is a high risk ALL with
a relapse rate of about 30% within the first 2 years following diagnosis [15,139]. T cell ALL is
caused by genetic alterations leading to a variety of changes that can affect cell cycle control,
unlimited self-renewal capacity, impaired differentiation and loss of sensitivity to death sig‐
nals [37]. As previously described, T cell ALL shares some chromosome rearrangements
with B cell ALL; however, about 50% of T-ALL patients have recurrent chromosomal trans‐
locations specific of this subtype. The most common chromosome abnormalities include re‐
arrangements affecting the TCR regulatory elements: juxtaposing promoter and enhancer
elements from the TCRA/D locus (T-cell receptor α/δ, 14q11) and TCRB (T-cell receptor β,
7q34) to developmentally important transcription factor genes such as homeobox genes
(TLX1, TLX3); helix-loop-helix genes (TAL1/SCL, TAL2, LYL1) or LIM-domain genes (LMO1,
LMO2) (Table 2) [15,37,139–142]. Other important genetic abnormalities frequently targeted
during malignant transformation of T cells are interstitial deletion on TAL1/SCL and
NOTCH1 point mutations (Table 2). Translocations not involving TCR loci have also been
described, relevant examples are the gene fusion CALM-AF10 and the episomal recombina‐
tion between NUP214 and ABL1 genes (Table 2) [35,141].

TCR-mediated translocations in T-ALL

Genetic

abnormalities
Frequency (%) Function Outcome References

t(10;14)(q24;q11)

TLX1-TCR α/δ

t(7;10)(q35;q24)

TCR β-TLX1

4-10
Homeodomain transcription factor

Spleen development
Good [37,38,143]

t(1;14)(p32;q11)

TAL1-TCR α/δ
3

bHLH transcription factor

HSC survival
Undefined [15,37]

t(7;9)(q34;q34.3)

TCR β-NOTCH1
<1

Transmembrane receptor

T-cell development
Poor [35–38]

Non-TCR-mediated translocations and mutations in T-ALL

t(5;14)(q35;q32)

TLX3-BCL11b
20

Homeodomain transcription factor

Neural development
Poor [37,38,137]

1p32 deletion SIL-

TAL1
17 bHLH transcription factor Undefined [15,37]

NOTCH1 mutations >50
Transmembrane receptor

T-cell development
Poor [35–38]

HSC, Hematopoietic Stem Cell

Table 2. Translocations and mutations in T-ALL
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5.1. Impaired differentiation caused by defects in transcription factors expression/
function

5.1.1. Deregulation of TLX1 and TLX3 Homeobox genes

Homeobox genes (HOX) are divided into two classes: class I HOX genes (HOXA-D) and
class two HOX genes (TLX1 and TLX3). Class II HOX genes have been extensively studied
In T cell ALL and from them TLX1 has been found activated in 4-10% of childhood T cell
ALL, most frequently by t(10;14)(q24;q11) and t(7;10)(q35;q24) chromosomal translocations
[36,37,40,137,143–145]. Both rearrangements lead to the transcriptional activation of TLX1
gene by re-location of TLX1 coding sequences under the transcriptional control of the TCR
regulatory sequences (Table 2) [36,37,40,137]. TLX1 is not normally expressed in healthy T
cells. Interestingly, overexpression of TLX1 has also been observed in absence of known
translocations, suggesting that other mechanisms of up-regulation are involved. Epigenetic
changes mediated by promoter demethylation can also lead to TLX1 aberrant expression
[36,137,145]. TLX1+ T cells are virtually all arrested at a developmental stage phenotypically
similar to the early cortical (CD1+) CD4+CD8+ “double-positive” stage of thymocyte devel‐
opment (early cortical thymocytes) [40]. However, these leukemic T cells lack preTCR ex‐
pression suggesting that the oncogenic event occurred very early in development (probably
to ETP/DN1 cells) and TLX1 aberrant expression helped the cell to bypass the first develop‐
mental checkpoints until the cells were finally arrested at the double positive stage [139].
The favorable clinical outcome of patients with this phenotype might support the arrest in
the double positive stage, since it is characterized by lack of expression of anti-apoptotic
genes because of the tolerance and negative selection mechanisms that are at work to elimi‐
nate self-reactive T cell clones [35–37,143–145].

The cryptic chromosomal translocation t(5;14)(q35;q32) juxtaposes TLX3 to the distal region
of BCL11B producing a strong expression of TLX3, a genetic lesion present in approximately
20% of childhood T cell ALL (Table 2) [15,35–37,137,141]. Like TLX1, TLX3 is not expressed
during normal T cell development [36]. Rare variants of t(5;14) have also been reported:
t(5;14)(q32;q11) involving TRA/TRD and t(5;7)(q35;q21) involving CDK6 [35–37]. Some stud‐
ies indicated that TLX3 confers a bad response to treatment, but this is controversial since
variation has been found between different populations [139]. It is possible that the prognos‐
tic meaning of TLX3 overexpression might be influenced by the presence of additional al‐
tered oncogenes such NUP214-ABL1 or NOTCH1 [15,37].

5.1.2. Deregulation of TAL1, a basic Helix-Loop-Helix (bHLH) gene

Two different models have explained the oncogenic potential and transformation mecha‐
nism of TAL1: 1) inappropriate activation of TAL1 target genes and 2) through a dominant-
negative mechanism in which TAL1 binds to and inhibits the normal activity of the E2A
(E47)/HEB transcription factor complex. The second mechanism suggests that E2A proteins
may directly regulate cell cycle in thymocyte precursors [35,37,146]. TAL1 maps on chromo‐
some 1p32 and abnormal function of this gene is one of the most common transcriptional
defects in childhood T cell ALL (Table 2); in 17% of patients TAL1 activation is a conse‐
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quence of a cryptic interstitial deletion that generates a SIL-TAL1 fusion, and in 3% of pa‐
tients, t(1;14)(p32;q11) juxtaposes TAL1 to TCR transcriptional regulatory elements causing
its ectopic expression [37]. Ectopic TAL1 expression is associated with a maturation arrest of
thymocytes. TAL1 protein could also induce overexpression of BCL2A1, resulting in anti-
apoptotic activities in the stage of T cell development arrest and a poor response to therapy,
particularly in young children [35,37,147,148].

It is documented that TLX3 expression confers a poor response to treatment, whereas TLX1
activation is significantly associated with a better prognosis in T cell ALL. A high percentage
of cryptic abnormalities of TLX1, TLX3 and TAL1 genes (both translocations and deletions),
are mostly detected only using FISH with specific probes for each type of alteration [35]. Re‐
cently, quantitative RT-PCR and expression microarrays have permitted a better and techni‐
cally simpler T cell ALL classification based on the differential oncogene expression pattern
[35]. Most probably, these new methodologies will positively impact the outcome of T cell
ALL patients, allowing for a better disease sub-typing and assignment of treatments with
better therapeutic responses.

A novel subgroup of early T cell precursor leukemia has been reported, characterized by si‐
multaneous expression of T cell/ stem-cell/myeloid markers and very poor prognosis when
treated with standard intensive chemotherapy. Interestingly, this subgroup includes a part
of those patients with LYL1 and LMO1 overexpression [2].

5.2. Activation of the NOTCH1 signaling pathway

The first alteration described affecting NOTCH1 in T cell ALL was t(7;9)(q34;q34.3), which
couples the coding sequences of the NOTCH1 ICN to the TCR β locus. This alteration is
present in <1% of T cell ALL patients [36,38,138]. Currently, gain-of-function mutations in
NOTCH1 are reported in >50% of all T cell leukemia patients. NOTCH1 mutations are main‐
ly observed in the HD and PEST domains. Mutations in HD result in NOTCH1 constitutive
activation and cell transformation. These HD NOTCH1 mutants are observed in an average
of 44% of T cell ALL patients. The deletion of the PEST domain enhances NOTCH1 intracel‐
lular signaling and is present in 30% of patients. Both, HD and PEST mutations together are
found in 17% of cases, and have a synergistic effect on NOTCH1 activation [35,38,138].
NOTCH1 mutations are found in all developmental subtypes of T cell ALL, supporting that
these mutations might occur very early in T cell progenitors [35], and in general, they repre‐
sent a marker of poor prognosis in patients with T cell ALL (Table 2) [138]. Zhu and cols
reported that the outcome of patients with NOTCH1 mutations varies according to the con‐
comitant expression of TLX1 and/or TLX3. Patients additionally positive for TLX3 expres‐
sion, have worse prognosis than those with TLX1 expression since the latter ones tent to
show prolonged survival [138].

Glucocorticoids are normally used to treat T cell ALL patients and glucocorticoid resistance
have been mapped to NOTCH1 aberrant expression. Recently, a combination therapy with
glucocorticoids and GSIs in a mouse model of resistant to treatment T cell ALL show prom‐
ising results, arguing that NOTCH1 inhibitors in combination with traditional anti-leukemic
drugs might improve disease prognosis in patients with NOTCH1 mutations [149].
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Two different models have explained the oncogenic potential and transformation mecha‐
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negative mechanism in which TAL1 binds to and inhibits the normal activity of the E2A
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some 1p32 and abnormal function of this gene is one of the most common transcriptional
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activation and cell transformation. These HD NOTCH1 mutants are observed in an average
of 44% of T cell ALL patients. The deletion of the PEST domain enhances NOTCH1 intracel‐
lular signaling and is present in 30% of patients. Both, HD and PEST mutations together are
found in 17% of cases, and have a synergistic effect on NOTCH1 activation [35,38,138].
NOTCH1 mutations are found in all developmental subtypes of T cell ALL, supporting that
these mutations might occur very early in T cell progenitors [35], and in general, they repre‐
sent a marker of poor prognosis in patients with T cell ALL (Table 2) [138]. Zhu and cols
reported that the outcome of patients with NOTCH1 mutations varies according to the con‐
comitant expression of TLX1 and/or TLX3. Patients additionally positive for TLX3 expres‐
sion, have worse prognosis than those with TLX1 expression since the latter ones tent to
show prolonged survival [138].

Glucocorticoids are normally used to treat T cell ALL patients and glucocorticoid resistance
have been mapped to NOTCH1 aberrant expression. Recently, a combination therapy with
glucocorticoids and GSIs in a mouse model of resistant to treatment T cell ALL show prom‐
ising results, arguing that NOTCH1 inhibitors in combination with traditional anti-leukemic
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6. New prognostic markers detected by genomic variation assays and
gene expression evaluation in childhood ALL

The previously described genetic abnormalities in ALL influence the aggressive behavior of
leukemic cells and the response to treatment in an important manner. Unfortunately, those
abnormalities are not 100% predictive of disease outcome. More recently, genome wide
analysis has identified genes associated with risk to relapse in patients with primary gene
fusions and hyperdiploidy. These studies have also found novel gene abnormalities proba‐
bly leading to altered signaling pathways and gene expression patterns in the leukemic
blast. Nowadays, many novel cryptic translocations, mutations, deletions, and abnormal ex‐
pression profiles are considered useful outcome markers in children with ALL and several
of these more common markers will be further detailed in this section.

6.1. CASP8AP2

The Caspase-8-Associated Protein 2 gene, also known as FLICE associated Huge Protein
(CASP8AP2  or  FLASH),  is  located  at  6q15.  CASP8AP2  encodes  a  protein  with  multiple
functions;  although it  has  been traditionally  recognized as  a  key mediator  of  apoptosis,
several studies have demonstrated that also participates in cell division [150], NF-kappaB
signaling  [151,152],  c-Myb  activation  [153,154],  S  phase  progression  [155],  histone  tran‐
scription and 3´-end maturation of  histone mRNAs [155–157].  CASP8AP2 interacts  with
the death-effector domain (DED) of caspase 8 and hence it plays an important regulatory
role in Fas-mediated apoptosis.

The clinical significance of CASP8AP2 was first reported in Flotho and cols study [158], in
which differences in expression levels were associated with in vivo responses to multiagent
chemotherapy. CASP8AP2 expression was analyzed in 99 patients enrolled in St Jude Total
Therapy Study XIII and patients were divided into 3 groups according to expression. Pa‐
tients with high expression levels had significantly better EFS rates and lower cumulative
incidences of relapse than those with intermediate or low CASP8AP2 expression. The pro-
apoptotic function of CASP8AP2 and its low expression in leukemic blasts from patients
with persistent MRD, suggest that this gene could be a powerful predictor of treatment re‐
sponse in childhood ALL. Furthermore, Flotho and cols [159] identified a signature of 14
genes associated with MRD, and CASP8AP2 was among the signature genes with a low lev‐
el expression. Other genes down regulated in these high risk patients were the H2A histone
family member Z (H2AFZ), budding uninhibited by benzimidazoles 3 homolog (BUB3) and
CDC28 protein kinase regulatory subunit 1B (CKS1B). All these patients showed suboptimal
responses to remission induction therapy and they eventually relapsed [159].

Analyses  of  CASP8AP2  as  a  prognostic  marker  used  for  risk  stratification  have  been
made in leukemic patients from different populations. In a cohort of 39 newly diagnosed
ALL patients enrolled in Beijing Children`s Hospital (BCH)-ALL 2003 protocol,  the bone
marrow expression of CASP8AP2  at diagnosis was an useful indicator for relapse. In the
same study,  106  patients  enrolled  in  Chinese  Children´s  Leukemia  Group (CCLG)-ALL
2008 protocol were also analyzed, and patients with low CASP8AP2  expression present‐
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ed higher  relapse  rates,  lower  relapse  free  survival  and lower  overall  survival,  in  com‐
parison to the high-expression group [160].

Biologic  basis  of  the  variation  of  CASP8AP2  expression  could  be  deletions  at  band
6q15-16.1, which are often detected in patients with T cell ALL. This abnormality results
in down regulation of CASP8AP2 expression and poor response to early treatment. In 73
T  cell  ALL samples  obtained  from patients  enrolled  in  the  multicenter  ALL-BFM 1990,
ALL-BFM 1995 and ALL-BFM 2000 protocols, deletion 6q15-16.1 was associated with un‐
favorable  MRD  levels.  Although  deletion  6q15-16.1  involves  several  genes,  CASP8AP2
was the single gene with a better association between the deletion and the less efficient
induction of apoptosis by chemotherapy [161].

The usefulness of CASP8AP2 expression as a potential marker of early response to treatment
and relapse is still controversial. Yang et. al. [157] failed to show prognostic significance for
this gene expression in a group of 78 B cell ALL and 12 T cell ALL newly diagnosed patients
enrolled in the Taiwan Pediatric Oncology Group (TPOG). Further studies should be per‐
formed in ALL children from different populations and measuring different treatment pro‐
tocols in order to clarify the prognostic significance of CASP8AP2.

6.2. IKZF1

The IKZF1 or LyF1 gene encodes Ikaros, a transcription factor located on chromosome 7p12,
whose largest transcript comprises 6 zinc finger domains in 7 exons; four of these fingers are
required for DNA binding and the other 2 for homo and heterodimeric associations with
other Ikaros family members, for example Helios and Aiolos [162].

IKZF1 encodes 11 isoforms through a mechanism of alternative splicing, each isoform con‐
taining a different set of zinc finger domains dictating differential DNA binding capabilities.
Five of these isoforms (Ik-1, Ik-2, Ik-2A, Ik-3 and Ik-3A,) are considered as “long” and func‐
tional, because they conserve at least 3 N-terminal DNA binding domains, which permit
them entering to the nucleus and presenting high transcriptional activity. The remaining iso‐
forms are referred as “short” (Ik-4, Ik-4A, Ik-5, Ik-6, Ik-7 and Ik-8) and have 2 or less N-ter‐
minal DNA binding domains. They are unable to bind DNA with high affinity, do not enter
the nucleus, therefore neither activate transcription, but retain the protein binding domains
and then the ability to form homo and heterodimers. This group might act as non-DNA-
binding dominant-negative isoforms, reducing Ikaros activity. In particular, Ik-6 is not effi‐
ciently translocated to the nucleus, resulting in null transcriptional activity [162,163].

Ikaros plays an essential role in development and differentiation of lymphoid and myeloid
lineages. It acts as a tumor suppressor and as a regulator of gene expression through a chro‐
matin remodeling function. In normal cells, long Ik-1 and Ik-2 isoforms are more expressed
than the predominantly dominant-negative isoforms, Ik-3, Ik-4, Ik-5 and Ik-6 [162,163]. Dur‐
ing alternative splicing Ikaros is susceptible to loss the amino-terminal DNA-binding do‐
main, leading to increased expression of specific isoforms, in particular Ik-6, which is
strongly associated with B and T cell ALL [164–166].
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On the other hand, SNP array analysis of B cell ALL children has revealed deletions of com‐
plete IKZF1 locus; there were also deletions of coding exons 3 through 6, resulting in Ik-6
expression in B-ALL patients. It has also detected point mutations (R111, L117fs, G158S,
H224fs, S402fs and E504fs); in particular G158 attenuates the DNA-binding activity and
might act as a dominant-negative Ikaros allele. [167]. Approximately 28% of high risk B cell
ALL patients, and 9% of unselected risk patients show IKZF1 deletions [167,168]. Deletions
in IKZF1 in unselected B cell ALL Asian patients are present in 10-15%; this incidence is sim‐
ilar to the one previously seen in Caucasian countries [85,157].

“Short” and “long” isoforms can be expressed in leukemic cells from both B and T cell ALL
patients, however, the frequency and expression levels seem to vary between specific immu‐
nophenotype and genetic subgroups [169,170]. For instance, Ph positive B cell ALL patients
tend to have higher levels of Ik-6 in contrast to Ik-1 and Ik-2 [170]. Interestingly, one study
found that IKZF1 is deleted in 84% of Ph positive B cell ALL patients, supporting its impor‐
tant role in the pathogenesis of this genetic subtype [168]. Ik-6 has also been found overex‐
pressed in patients with the MLL-AF4 fusion [171].

Regarding prognosis, there is a strong correlation between mutations, deletions in IKZF1 or
presence of non-functional Ikaros isoforms, and poor outcome in both B and T cell ALL pa‐
tients. Nevertheless, this association is independent of the presence of the BCR-ABL1 fusion,
since both Ph positive and negative patients have poor outcome when IKZF1 is altered
[167,168]. Furthermore, approximately 35% of ALL relapsed cases, this condition also con‐
tributes to chemotherapy resistance [172,173]. Events of relapse have been predicted in 79%
of non-high risk ALL patients based in both MRD and IKZF1 deletions [174]. Recently, a
novel high risk ALL subgroup called “BCR-ABL1 like” has been identified, 39% of them pre‐
sented IKZF1 deletions or mutations and they had a highly unfavorable prognosis as that
found in the Ph positive B cell ALL group. About 20% of the total of B cell ALL patients be‐
long to this “BCR-ABL1 like” subgroup [175].

6.3. JAK2

The JAK2 gene is located on 9p24 and encodes a kinase that belongs to the JAK family of
protein tyrosine kinases (JAK1, JAK2, JAK3 and TYK2). All members of the JAK family are
activated by tyrosine phosphorylation and participate in proliferation, differentiation, and
cellular migration processes after activation. Additionally, JAK2 regulates apoptosis during
hematopoiesis. After JAK2 is activated, this tyrosine phosphorylates STAT5 leading to its di‐
merization, nuclear translocation and regulation of its target genes. The JAK/STAT pathway
is the main signaling mechanism for numerous cytokines and growth factors. Mutations in
different members of the JAK family are associated with inflammatory disease, erythrocyto‐
sis and childhood ALL [176,177].

Recently, it has been shown that the mutation R683, within the JAK2 pseudokinase domain,
is present in approximately 3-4% of childhood ALL patients [178]. About 10% of high risk B
cell ALL patients are R683+, however, the incidence is increased in patients with Down syn‐
drome (18-28%) [179–181]. The incidence of JAK2 mutations is about 10% in the high-risk
“BCR-ABL1 like” group [182]. JAK2 mutations have also been observed in cell lines MHH-
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CALL4 and MUTZ5, derived from B cell ALL patients without Down syndrome [183]. JAK2
mutations in ALL are significantly associated with poor outcome and the prognosis is worse
when are associated with IKZF1 deletions; this is an important observation since it has been
estimated that 87% of high risk ALL cases harbor JAK2 mutations together with IKZF1 dele‐
tions [182].

6.4. CRLF2

The Cytokine receptor-like factor 2 or CRLF2 gene also termed thymic stromal lymphopoietin
receptor (TSLPR), encodes a type I cytokine receptor. This gene is located in the pseudoauto‐
somal region 1 (PAR1) at both sex chromosomes, X (Xp22.3) and Y (Yp11.3). CRLF2 forms a
heterodimeric receptor with IL7Rα which binds the thymic stromal lymphopoietin (TSLP)
ligand. CRLF2 plays an important role during T cell and dendritic cell development, pro‐
motes B cell survival and proliferation, and is involved in inflammation, allergic responses
and malignant transformation [183,184].

Approximately 40% of children with B cell ALL have CRLF2 cryptic genetic alterations,
which induce abnormal signaling during B cell development [178]. CRLF2 is involved in 2
types of genomic rearrangements: 1) an interstitial deletion within the PAR1 region of chro‐
mosome X or Y that places the CRLF2 gene under the transcriptional control of the P2RY8
promoter (P2RY8-CRLF2), and 2) two cryptic chromosomal translocations t(X;14)(p22; q32)
and t(Y;14)(p11;q32), both involving the locus of the B cell antigen receptor heavy chain (fu‐
sion IGH-CRLF2) [183,185,186]. PAR1 deletions seem to be more frequent than IGH-CRLF2
translocation, however some groups report that translocation is the most frequent; these ob‐
servations are still controversial. CRLF2 rearrangements are associated with aberrant over‐
expression of CRLF2 in B cell ALL patients and might contribute to the pathogenesis of the
disease [187–190]. Approximately 50% of patients with high CRLF2 expression present a
CRLF2 rearrangement. However, in a few studies, low CRLF2 expression has been detected
in ALL with the P2RY8-CRLF2 rearrangement. This low expression could result from a low
frequency of the leukemic clone with the P2RY8-CRLF2 lesion within the heterogeneous
pool of leukemic blasts, further studies will be necessary to clarify it [85,187,190].

About 5-7% of Caucasian non-selected B cell ALL patients present CRLF2 rearrangements
and overexpression. This frequency increased to 16-19% in high risk B cell ALL patients; for
this reason CRLF2 abnormalities have been associated with adverse prognosis
[85,178,183,186,189–191]. Occurrence of CRLF2 abnormalities differs among ALL popula‐
tions, this is probably influenced by the ethnic origin. Harvey and colleagues found that
35.3% of Hispanic/Latin high risk B cell ALL patients have CRLF2 rearrangements and high
expression of its protein [188], this fact could explain in part the poor response to treatment
observed in this group [178,187–190]. CRLF2 analysis by different groups have demonstrat‐
ed that rearrangements in this gene do not coexist with other non-random ALL chromoso‐
mal abnormalities [186,189,190]; except for a couple of BCR-ABL1 positive patients that
showed a high CRLF2 expression, but not genomic alterations of the gene [187].

Rearrangements and overexpression of CRLF2 and JAK2 mutations are particularly abun‐
dant in B cell ALL children with Down syndrome, coexistence of both lesions have been
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tions, this is probably influenced by the ethnic origin. Harvey and colleagues found that
35.3% of Hispanic/Latin high risk B cell ALL patients have CRLF2 rearrangements and high
expression of its protein [188], this fact could explain in part the poor response to treatment
observed in this group [178,187–190]. CRLF2 analysis by different groups have demonstrat‐
ed that rearrangements in this gene do not coexist with other non-random ALL chromoso‐
mal abnormalities [186,189,190]; except for a couple of BCR-ABL1 positive patients that
showed a high CRLF2 expression, but not genomic alterations of the gene [187].
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found in up to 45-60% [178,186]. For this group of patients, CRLF2 rearrangements are more
frequent than other ALL aberrations as high hyperdiploid, ETV6-RUNX1, E2A-PBX1 and
MLL-AF4. A point mutation in CRLF2 (F232C) has been identified in 9% of Down syndrome
cases leading to CRLF2 overexpression [191]; it has been proposed that this alteration could
be the first leukemogenic event in these children [178,183].

A strong  interaction  among IKZF1  deletion,  CRLF2  overexpression  and JAK2  mutations
has  been described in  B  cell  ALL.  Recent  studies  support  that  100% of  B  cell  ALL pa‐
tients  with  JAK2  mutations  have  CRLF2  overexpression,  however,  the  opposite  is  not
true. Analyses of different children ALL populations have identified coexistence of these
abnormalities:  81% of  Hispanic/Latin  patients  present  CRLF2  overexpression  and IKZF1
deletions,  and  69%  of  them  have  JAK2  mutations  [188];  in  40%  of  Caucasian  patients
with CRLF2  overexpression IKZF1  deletions have been found [189];  95% of  Chinese pa‐
tients  with  JAK2  mutations  also  present  high  CRLF2  expression  [85].  In  Dutch  children
with  Down  syndrome,  deletions  of  IKZF1  were  found  in  35%,  JAK2  mutations  in  15%
and CRLF2 overexpression in 62% of cases [192].

According to these observations, it has been speculated that IKZF1 deletion, CRLF2 overex‐
pression and JAK2 mutations collaborate during B lymphoid transformation perturbing the
normal lymphoid development. Furthermore, cooperative mutations could contribute to in‐
crease the risk of relapse and promoting therapy resistance and treatment failure. Particular‐
ly, CRLF2 alterations might be the first step in carcinogenic signaling, given that its
overexpression is associated with activation of the STAT5 pathway through tyrosine phos‐
phorylation in primary B-cell progenitors [183,189,193].

7. Conclusions

Progress in risk adapted treatment of childhood ALL can currently cure up to 80% of pa‐
tients. Prognostic factors including patient and disease characteristics as well as response to
treatment, play a key role in stratification. Through exhaustive genetic characterization of
ALL, gene fusions, point mutations, deletions and gross losses or gains of genetic material
have been associated to prognosis. Recently, gene expression and comparative genomic hy‐
bridization microarrays have identified new potential genetic markers for predicting out‐
come. These markers have been evaluated in order to recognize patients prone to relapse,
even when they present low risk characteristics by conventional parameters of risk stratifica‐
tion. Based on those studies, gene signatures, mutations and signaling pathways no previ‐
ously associated to ALL have been identified. Detected abnormalities are involved in
diverse cellular processes, as cell cycle progression, cell death, and regulation of gene ex‐
pression. These activities directly influence how the leukemic blast responds to treatment,
and have an important role in the relapse process. Novel genetic alterations that have been
associated with poor outcome in ALL patients are rearrangements/mutations that trigger
CRLF2 overexpression; JAK2 mutations; IKZF1 deletions and mutations, and down expres‐
sion of CASP8AP2. Genomic analysis of relapse leukemic clones has also been useful detect‐
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ing novel genetic abnormalities that influence the aggressive behavior of leukemic cells and
in consequence the response to treatment. Recently, new mutations have been found in pa‐
tients with high hyperdiploidy or with ETV6-RUNX1 fusion. These recent findings are im‐
portant in the stratification of these subgroups of patients. ALL is one of the best
characterized malignancies at the genetic level, and the increased survival of ALL patients in
recent years is without a doubt due to the knowledge of the genes involved in ALL etiology.
Next generation technologies and discovery of new genetic markers will keep providing a
better understanding of the disease and a more comprehensive biological frame to stratify
patients into more reliable risk groups. This knowledge will also reveal potential therapeutic
targets that could yield personalized treatments, increasing the number of cured ALL chil‐
dren with less adverse sequelae.
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1. Introduction

Over the past 50 years, the treatment of patients with acute lymphoblastic leukemia (ALL)
has significantly improved. This success is measured by the improved survival of ALL pa‐
tients from less than 10% in the 1960s to more than 80% in more recent reports. However,
many factors influence to a good outcome to treatment and subsequently in the improved
survival of patients with ALL.

Age is the factor that has been more associated with survival. Younger patients (especial‐
ly  those  younger  than age 50)  have a  better  survival  than older  patients.  Not  only  age
but also gender and race also are related with survival  of  ALL patients.  The girls  have
showed a  better  survival  than boys,  this  partly  due to  boys’  risks  for  testicular  cancer.
African-American  and  Hispanic  Individuals  have  lower  survival  rates  than  Caucasian
and Asian individual, but this may be due to poorer access to treatment. A very impor‐
tant factor in the clinic that somehow predicts good to bad prognosis of the patient and
of  course  has  also  been  linked  to  survival  is  the  Initial  white  blood  cell  (WBC)  count;
people diagnosed with a WBC count below 50,000/μL tend to be better than people with
higher  WBC counts.  Even,  ALL subtype  plays  a  role  very  important.  For  example,  pa‐
tients with T-cell ALL tend to have a better prognosis and survival than those with ma‐
ture  B-cell  ALL  (Burkitt  leukemia).  Nowadays,  the  identification  of  chromosome
translocations help to prognosis of ALL patients; people who have Philadelphia chromo‐
some-positive ALL tend to  have a  poorer  prognosis,  although is  important  to  note  that
new treatments are helping many of these patients achieve remission.

© 2013 Organista-Nava et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
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Effectively, all the above factors (age, gender, race, Initial white blood cell (WBC) count,
ALL subtype, and chromosome translocations) have an impact on treatment and survival of
patients with leukemia. Since several years it is known that single nucleotide polymor‐
phisms (SNPs) are some of the population genetic variations that greatly influence in the re‐
sponse to treatment of patients with ALL. It has been shown to SNPs modify the metabolism
of chemical agents used in chemotherapy by affect the normal activity of enzymes involved
in drug metabolism. This speaks of a very important role of these SNPs in the adequately
outcome and survival of patients with ALL under treatment. This chapter shows how all the
above factors play an important role in the survival to ALL and as the survival of patients
with ALL varies according to these factors in different populations. The challenge remains
to optimize the treatments according to population groups.

2. Age

Survival rates for children with ALL have increased dramatically over the past 4 decades,
with 5-year survival rates of >90% in recent trials [1]. Data emerging from the surveillance,
epidemiology and end results (SEER) database suggest that patients’ age serves as a sig‐
nificant prognostic factor that affects clinical outcomes such as overall survival (OS) [2]. The
SEER 9 (Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San Francisco-Oakland,
Seattle-Puget Sound, Utah) showed that the 5-year survival rates for children younger than
age 15 years with ALL improved from 61.0% in 1975-1978 to 88.5% in 1999-2002. Adoles‐
cents 15 to 19 years of age also showed improvement in survival over the same period, al‐
though their outcome in recent periods (50.1% 5-year survival in 1999-2002) was lower than
that among children younger than age 15 years [3]. This lower survival rate partially reflects
differences in tumor biology between children and older adolescents and likely also reflects
differences in the way medical oncologists and pediatric oncologists have historically treat‐
ed ALL arising in this age group [4, 5]. Survival for infants remains poor compared with that
for children 1 to 14 years of age, although 5-year survival rates have increased from 22% in
1975-1978 to 62% in 1999-2002 [3].

In  2005,  estimates  derived  SEER  program  of  the  National  Cancer  Institute  placed  the
number of survivors of childhood ALL in the United States at 49 271 (0-19 years of age)
being one of the cancer types with the largest number of survivors to 5-years. However,
survival  decreased with increasing age,  with a  relatively notable  decline in survival  be‐
ginning  at  ages  20  o  more  years  [6].  As  in  Japanese  population  of  aged  15-60  years
where survival at  5 years is  35.0% [7] and Japanese children younger than 16 years age
had 7-year OS rate of 76.0% [8]. In work done at Department of Epidemiology and Can‐
cer Control,  St Jude Children’s Research Hospital,  Memphis, TN of 1991 to 2006 in chil‐
dren with acute lymphoblastic leukemia; 5-year event-free survival (EFS) estimates were
88% for  children  aged  1–9  years,  73% for  adolescents  aged  10–15  years,  69% for  those
older than 15 years, and 44% for babies younger than 12 months [9, 10]. Today, the long-
term survival has increased from approximately 10% in the early- to mid-1960s to more
than 90% at St Jude Children’s Research Hospital, Memphis, TN [1].
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In Italian children between 1 and 18 years of age with newly diagnosed of ALL, enrolled in
the AIEOP-BFM ALL 2000 study, had a 7-year EFS and survival of 80.4% and 91.8%, respec‐
tively. However when the children were stratified by minimal residual disease (MRD) their
overall 7-year estimates for EFS and survival were 80.7% and 92.8%, respectively [11]. In
United Kingdom, children aged 1–18 years survival estimates at 5 years were 87% [12]. In
Pakistani population aged > 15 years their median survival was 12.7 months and disease-
free survival was 6.2 months [13].

Currently, due to intensive chemotherapy regimens, the outcome of adult ALL has im‐
proved markedly. The complete response rates now are more than 80% [14] and the long-
term survival rate is 30%–45% [15]. Based on a study by Stephen Hunger and colleagues, 5-
year OS rates now above 90% for the first time (83.7% in the period 1990-1994; 90.4% in the
most recent period 2000-2005). This study is based on information on 21,626 ALL patients
between 0 and 22 years who were enrolled onto the Children’s Oncolocy Group (COG) ALL
clinical trials from 1990 to 2005. It is clear that survival improved in all subgroups of ALL
(1-9 years), except for infants under the age of 1 year. Besides, 5-year OS also remains signif‐
icantly lower (81.6%) for children over the age of 10 years [16]. Childhood ALL reflects one
of the diagnosis for which the most impressive improvements have been realized [1].

The better results seen among the childhood population as compared to adults with ALL
have been attributed to a number of prognostic factors. It is important to consider a number
of important differences between younger and older patients with ALL exist. First, the biolo‐
gy of both, underlying disease and the patients’ metabolic changes with age are very differ‐
ent between two cohorts [17]. The second major difference is the difference in therapy
related toxicity [18]. The third potential cause for a superior outcome in the younger popula‐
tion is relates to the protocols administered. It is important to consider that the treatment
protocols from each institution, the dose adjustments and many others factors can increase
long-term survival, but the factor toxicity could have a negative effect on long-term.

3. Gender

Survival disparity by the sex of the patient with leukemia has been observed since the nine‐
teen sixties; however, what remains to be fully grasped are the factors responsible for this
persisting survival difference between boys and girls. Girls continue to demonstrate surviv‐
al advantage relative to boys. Studies over the past years have repeatedly shown that after
diagnosis of pediatric leukemia, boys present with poorer survival that the girls (Table 2).

In 2012 using a large sample and long-term data could help explain the ongoing variance in
leukemia survival comparing boys to girls and found that boys are more likely to die from
leukemia (Table 1). The explanation to the observed disparity in survival by sex, since most
of the patients who had T-cell type were boys, and survival was poorer among boys in this
study [19]. A biological explanation for sex disparity in leukemia survival, it is plausible to
suspect XY chromosomal instability as a possible contribution to abnormal cellular prolifer‐
ation, thus resulting in a biologically aggressive leukemia among male patients. Also, it
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might be possible that testosterone or estrogen may play a small role in pediatric leukemia,
this partly due to boys’ risks for develop testicular cancer [19].

Population
Survival

estimated

% of

Overall

Survival

Number of

patients
Ref.

Sex

U.S.
Male

Children At 5 years
53.9 8,622

[19]
Female 58.0 6,593

European
Male

Children At 5 years
63.0 401

[20]
Female 67.0 299

U.S.
Male

Children At 5 years
63.5 1,151

[21]
Female 73.4 904

WBC count

Japanese < 10.0x109/L

Children At 7 years

71.5 300 [22]

10.0-49.9x109/L 62.7 206

50.0-99.9x109/L 52.9 35

≥100.0x109/L 19.3 48

Japanese <3x109/L

Adults At 5 years

20.0 15 [23]

3x109-50x109/L 48.8 45

>50x109/L 19.2 27

Korean <100.0x103/μL
Children At 4 years

87.5 83 [24]

≥100.0x103/μL 57.1 17

European <50x109/L

Children At 5 years

92.3 1,348 [11]

50.0-99.9x109/L 77.6 1,647

≥100.0x109/L 50.1 189

European <50x109/L
Children At 5 years

94.0 923 [12]

>50x109/L 61.0 166

U.S. <50,000/µL Children At 4 years 80.3 68 [25]

Table 1. Recent studies on survival of ALL patients by gender and Initial white blood cell (WBC) count

4. Initial White Blood Cell (WBC) count

Along with age, the initial peripheral blood leukocyte count is another of the firsts iden‐
tified prognostic factors in every study of ALL. The WBC at diagnosis is a crucial varia‐
ble for describing the nature of the patient’s leukemia and especially the tumor burden.
The other measures of the tumor burden are the size of a mediastinal mass, hepatosple‐
nomegaly, and enlargement of lymph nodes. Children with WBC of more than 50x109/L
are commonly considered to be at high risk of relapse and receive intensive treatment [1,
2].  In retrospective analysis was found that patients with hyperleukocytosis (WBC count
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>50 109/L) were significantly related to lower survival. Similar findings are the rule in re‐
ports from various study groups (Table 1).

The  cytogenetic  features  are  closely  linked  to  the  WBC  and  at  least  partly  explain  the
prognostic  of  WBC,  although  there  is  evidence  that  children  with  similar  cytogenetic
aberrations  may have very  different  WBCs,  and their  prognostic  value  is  related partly
to the WBC [26-28].

Race/ethnicity
Survival

estimated

% of Overall

Survival

Number of

patients
Ref.

Non-Hispanic white

At 5 years

70 1,529

[29]
Hispanic

Children

56 178

Asian/Pasific islander 56 2,542

Non-Hispanic black 46 408

Whites

Children At 5 years

78 6703

[30]
Blacks 65 506

Hispanics 69 1071

Asians 84 167

Whites

Children At 5 years

70 3621

[31]

Blacks 57 356

Asians 71 410

Native American 54 61

Hispanics 63 504

Table 2. Recent studies on survival of ALL patients by race/ethnicity

5. Race/ethnicity

Variability in survival outcome across racial and ethnic groups (hereafter referred to as race/
ethnicity) also has been identified in some, but not all, clinical research. Survival rates in
Black, Hispanic and Native American children with ALL have been somewhat lower than
the rates in White children with ALL (Table 2). This difference may be therapy-dependent
[32]. Asian children with ALL fare slightly better than white children [33]. The reason for
better outcome in White and Asian children compared with Black, Native American and
Hispanic children is at least partially explained by the different spectrum of ALL subtypes.
For example, blacks have a higher incidence of T-cell ALL and lower rates of favorable ge‐
netic subtypes of ALL. However, these differences do not completely explain the observed
racial differences in outcome [33].
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might be possible that testosterone or estrogen may play a small role in pediatric leukemia,
this partly due to boys’ risks for develop testicular cancer [19].

Population
Survival

estimated

% of

Overall

Survival

Number of

patients
Ref.

Sex

U.S.
Male

Children At 5 years
53.9 8,622

[19]
Female 58.0 6,593

European
Male

Children At 5 years
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[20]
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U.S.
Male

Children At 5 years
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WBC count
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Table 1. Recent studies on survival of ALL patients by gender and Initial white blood cell (WBC) count

4. Initial White Blood Cell (WBC) count

Along with age, the initial peripheral blood leukocyte count is another of the firsts iden‐
tified prognostic factors in every study of ALL. The WBC at diagnosis is a crucial varia‐
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>50 109/L) were significantly related to lower survival. Similar findings are the rule in re‐
ports from various study groups (Table 1).

The  cytogenetic  features  are  closely  linked  to  the  WBC  and  at  least  partly  explain  the
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to the WBC [26-28].

Race/ethnicity
Survival

estimated

% of Overall
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ethnicity) also has been identified in some, but not all, clinical research. Survival rates in
Black, Hispanic and Native American children with ALL have been somewhat lower than
the rates in White children with ALL (Table 2). This difference may be therapy-dependent
[32]. Asian children with ALL fare slightly better than white children [33]. The reason for
better outcome in White and Asian children compared with Black, Native American and
Hispanic children is at least partially explained by the different spectrum of ALL subtypes.
For example, blacks have a higher incidence of T-cell ALL and lower rates of favorable ge‐
netic subtypes of ALL. However, these differences do not completely explain the observed
racial differences in outcome [33].

Survival of Patients With Acute Lymphoblastic Leukemia
http://dx.doi.org/10.5772/54261

241



Population
Survival

estimated

% of Overall

Survival

Number of

patients
Ref.

ETV6-RUNX1 [t(12;21)]

Brazilian Children At 5 years 77.6 58 [34]

Nordic countries Children At 5 years 65.0 669 [35]

U.S. Children At 5 years 93.7 662 [36]

French Children At 5 years 50.0 73 [37]

BCR-ABL [t(9;22)]

Spanish Adults At 4 years 16.0 30 [38]

Europe and U.S. Children At 2 years 35.5 - 46.3 267 [39]

U.S. Children At 4 years 35.0 120 [40]

Japanese Adults At 2 years 12.5 80 [41]

MLL-AF4[t(4;11) (q21;q23)]

Europe Adults At 5 years 39.0 236 [42]

Japanese Infants At 3 years 43.5 54 [43]

Europe Adults At 5 years 13.0 24 [44]

Spanish
Infants, Children,

Adults
At 5 years 36.0 51 [45]

PBX1/E2A[ t(1;19)(q23;p13.3)/der(19)t(1;19)(q23;p13.3)]

Caucasian Children At 5 years 90.0 31 [46]

U.S. Children At 5 years 84.2 41 [47]

Europe Children At 5 years 84.0 50 [12]

Europe Adults At 5 years 79.0 47 [48]

Table 3. Studies on survival of ALL patients with genetic rearrangements

6. Survival by ALL Immunophenotype

The World Health Organization (WHO) classifies ALL as either B lymphoblastic leukemia
or T lymphoblastic leukemia [49]. Historically, T-cell ALL patients have had a worse prog‐
nosis than other ALL, the relapse rate of T-cell ALL is greater than B-cell ALL cases, and T-
cell ALL cases have shown less EFS than B-ALL cases [50, 51]. Patients with T-cell ALL
treated on Dana-Farber Cancer Institute (DFCI) Boston, MA had an overall survival at 5
years of 78 % compared with 86 % for B progenitor ALL patients [50]. A study based cancer
registry areas of the Surveillance, Epidemiology and End Results (SEER) Program (SEER-17)
during 2001 to 2007 reported that infants with B-cell ALL and ALL of unknown lineage had
intermediate survival to 5-years compared with 5- to 19-year and 20- to 39-year age groups.
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Notably, children and young adults 1 to 4 and 5 to 19 years of age with B-cell ALL had more
favorable survival (Approximately 99% and 88%) than those with T-cell ALL (Approximate‐
ly 84% and 78%). In contrast, survival for T-cell ALL was substantially higher than B-cell
ALL among adults 20 to 39, 40 to 59, and 60 years or older of age [52].

7. Chromosomal translocations in B-cell acute lymphoblastic leukemia
(B-cell ALL)

Acute lymphoblastic leukemia is a heterogeneous disease that originates from lymphocyte
progenitor cells of B- or T-cell origin. ALL comprises multiple distinct subtypes that are
characterized by recurrent copy number alterations and structural chromosomal rearrange‐
ments, which have important clinical implications. Such cytogenetically distinct subtypes in‐
clude B-cell precursor (BCP) leukemia with the chromosomal translocations t(12;21)
(p13;q22) [ETV6/RUNX1], t(9;22)(q11;q34) [BCR/ABL1], (4;11)(q21;q23)/MLL-AF4, t(11;19)/
MLL-ENL, t(1;19)(q23;p13)/PBX1/E2A karyotypes. It is well established that ALL subtypes
differ from a clinical perspective, but the underlying molecular consequences of most of the
recurrent chromosomal abnormalities are poorly understood [53].

8. ETV6-RUNX1 [t(12;21) cryptic translocation, formerly known as TEL-
AML1]

The translocation t(12;21)(p13;q22) is the most frequent chromosomal alteration in childhood B-
lineage ALL (B-ALL) [54], which involves the fusion of the ETV6 (alias TEL) gene on chromo‐
some 12 to the RUNX1 gene on chromosome 21. It is identified in 20% to 25% of the cases of B-
precursor ALL and is rarely observed in T-lineage ALL [55]. The t(12;21) is most commonly
found in children aged 2 to 9 years [56]. Reports generally indicate favorable OS in children with
the ETV6-RUNX1 fusion (Table 3); however, the prognostic impact of this genetic feature is
modified by factors such as early response to treatment and treatment regimen [57].

9. Philadelphia chromosome (Ph) or t(9;22) translocation

The Ph results from a reciprocal translocation (t) between chromosomes 9 and 22 (t [9,22]
[q34;q11]) [58, 59], occurs in approximately 3 to 5% of children, as compared with up to 30
percent of adults with ALL [60, 61].

The Ph produces a fusion gene on chromosome 22, namely, the breakpoint cluster region
Abelson leukemia viral proto-oncogene (BCR-ABL). The translocation can result in 3 fusion
protein of different sizes: p190, p210, and p230 [62]. The p190 BCR-ABL fusion gene occurs
in about 90% of children with Ph-positive ALL [63] and between 50% and 80% of adults
with Ph-positive ALL [64, 65].
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Europe Children At 5 years 84.0 50 [12]
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Table 3. Studies on survival of ALL patients with genetic rearrangements

6. Survival by ALL Immunophenotype

The World Health Organization (WHO) classifies ALL as either B lymphoblastic leukemia
or T lymphoblastic leukemia [49]. Historically, T-cell ALL patients have had a worse prog‐
nosis than other ALL, the relapse rate of T-cell ALL is greater than B-cell ALL cases, and T-
cell ALL cases have shown less EFS than B-ALL cases [50, 51]. Patients with T-cell ALL
treated on Dana-Farber Cancer Institute (DFCI) Boston, MA had an overall survival at 5
years of 78 % compared with 86 % for B progenitor ALL patients [50]. A study based cancer
registry areas of the Surveillance, Epidemiology and End Results (SEER) Program (SEER-17)
during 2001 to 2007 reported that infants with B-cell ALL and ALL of unknown lineage had
intermediate survival to 5-years compared with 5- to 19-year and 20- to 39-year age groups.
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Notably, children and young adults 1 to 4 and 5 to 19 years of age with B-cell ALL had more
favorable survival (Approximately 99% and 88%) than those with T-cell ALL (Approximate‐
ly 84% and 78%). In contrast, survival for T-cell ALL was substantially higher than B-cell
ALL among adults 20 to 39, 40 to 59, and 60 years or older of age [52].

7. Chromosomal translocations in B-cell acute lymphoblastic leukemia
(B-cell ALL)

Acute lymphoblastic leukemia is a heterogeneous disease that originates from lymphocyte
progenitor cells of B- or T-cell origin. ALL comprises multiple distinct subtypes that are
characterized by recurrent copy number alterations and structural chromosomal rearrange‐
ments, which have important clinical implications. Such cytogenetically distinct subtypes in‐
clude B-cell precursor (BCP) leukemia with the chromosomal translocations t(12;21)
(p13;q22) [ETV6/RUNX1], t(9;22)(q11;q34) [BCR/ABL1], (4;11)(q21;q23)/MLL-AF4, t(11;19)/
MLL-ENL, t(1;19)(q23;p13)/PBX1/E2A karyotypes. It is well established that ALL subtypes
differ from a clinical perspective, but the underlying molecular consequences of most of the
recurrent chromosomal abnormalities are poorly understood [53].

8. ETV6-RUNX1 [t(12;21) cryptic translocation, formerly known as TEL-
AML1]

The translocation t(12;21)(p13;q22) is the most frequent chromosomal alteration in childhood B-
lineage ALL (B-ALL) [54], which involves the fusion of the ETV6 (alias TEL) gene on chromo‐
some 12 to the RUNX1 gene on chromosome 21. It is identified in 20% to 25% of the cases of B-
precursor ALL and is rarely observed in T-lineage ALL [55]. The t(12;21) is most commonly
found in children aged 2 to 9 years [56]. Reports generally indicate favorable OS in children with
the ETV6-RUNX1 fusion (Table 3); however, the prognostic impact of this genetic feature is
modified by factors such as early response to treatment and treatment regimen [57].

9. Philadelphia chromosome (Ph) or t(9;22) translocation

The Ph results from a reciprocal translocation (t) between chromosomes 9 and 22 (t [9,22]
[q34;q11]) [58, 59], occurs in approximately 3 to 5% of children, as compared with up to 30
percent of adults with ALL [60, 61].

The Ph produces a fusion gene on chromosome 22, namely, the breakpoint cluster region
Abelson leukemia viral proto-oncogene (BCR-ABL). The translocation can result in 3 fusion
protein of different sizes: p190, p210, and p230 [62]. The p190 BCR-ABL fusion gene occurs
in about 90% of children with Ph-positive ALL [63] and between 50% and 80% of adults
with Ph-positive ALL [64, 65].
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Ph-positive ALL has an extremely poor prognosis overall (rates of EFS are 30 to 46 percent
in children and less than 20 percent in adults) Table 3. However, some investigators suggest
that in this type of ALL, the prognosis is influenced by the treatment with glucocorticoids
(and intrathecal methotrexate) [66], or by other factors (such as age and leukocyte count at
diagnosis) [67, 68]. These variations in the response to therapy suggest that Ph-positive ALL
is heterogeneous with regard to sensitivity to treatment [39].

10. MLL translocations

10.1. MLL-AF4; t(4;11) (q21;q23) translocation

The incidence of t(4;11)(q21;q23)/MLL-AF4, occurring in over 50% ALL cases in infants aged
less than 6 months, in 10–20% of older infants, in about 2% of children, and in almost 10% of
adults [69, 70]. The presence of the translocation t(4;11)(q21;q23) or a fusion gene MLL-AF4
is detected in almost 10% of newly diagnosed B-cell ALL and in about 30–40% of pro-B ALL
subtypes [71, 72].

A t(4;11)(q21;q23)/MLL-AF4 positive ALL is generally considered as a high risk leukemia, char‐
acterized by a poor clinical outcome respect to other cytogenetic risk groups [73]. Moreover, in
several studies it has been demonstrated that cytogenetic-molecular risk and WBC count at di‐
agnosis were the main prognostic factors that influenced OS in ALL patients (Table 3).

10.2. MLL-ENL; t(11;19) translocation

The t(11;19)/ MLL-ENL is present in approximately 1% of cases and occurs in both early B-
cell and T-cell ALL [74]. Outcome for infants with t(11;19) is poor, but outcome appears rela‐
tively favorable in older children with T-cell ALL and the t(11;19) translocation [74].

10.3. PBX1/E2A; t(1;19)(q23;p13) translocation

The translocation t(1;19)(q23;p13), and its unbalanced variant del(19)t(1;19)(q23;p13), is a
primary and well known chromosome abnormality in childhood B-cell precursor ALL, be‐
ing present in 3–5% of all such cases [75, 76].

The t(1;19) produces a fusion between TCF3 gene on 19p13 and PBX1 on 1q23 [77], with the
TCF3-PBX1 fusion transcript being expressed from the chromosome 19 [78]. Initially, t(1;19)
was associated with a poor prognosis in ALL [79, 80], however most patients treated by con‐
temporary therapies now achieve improved outcomes (Table 6).

11. Chromosomal translocations in T-cell acute lymphoblastic leukemia
(T-cell ALL)

T-cell ALL accounts for about 15% and 25% of ALL in pediatric and adult cohorts respec‐
tively [69]. Cytogenetic abnormalities are rare in T-cell ALL. Multiple chromosomal translo‐
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cations have been identified in T-cell ALL, with many genes encoding for transcription
factors (e.g., TAL1; [t(1;14)(p32;q11) and t(1;7)(p32;q34)], LMO1; [t(11;14)(p15;q11)], LMO2;
[t(11;14)(p13;q11) and t(7;11)(q35;p13)], LYL1; [t(7;19)(q34;p13)], TLX1/HOX11 [t(7;10)
(q34;q24) and t(10;14)(q24;q11)], and TLX3/HOX11L2 [t(5;14)(q35;q32)]) fusing to one of the
T-cell receptor (TCR) loci and resulting in aberrant expression of these transcription factors
in leukemia cells [81]. Historically, T-cell ALL in children has been associated with a worse
prognosis than other sub-types of childhood ALL [82, 83].

High expression of TLX1/HOX11 resulting from translocations involving this gene occurs in
5% to 10% of pediatric T-cell ALL cases and is associated with more favorable outcome in
both adults and children with T-cell ALL [84-86]. Overexpression of TLX3/HOX11L2 result‐
ing from the t(5;14)(q35;q32) translocation occurs in approximately 20% of pediatric T-cell
ALL cases and appears to be associated with increased risk of treatment failure [85].

12. Gene polymorphisms associated to poor survival in ALL patients

It is difficult to define which component of the protocol/regimen is the responsible for the
improved outcome of patients with ALL. Antifolates, such as methotrexate (MTX), are com‐
petitive inhibitors of folate-dependent enzymes and are widely used in the treatment of
many human cancers [87]. In last decades, the MTX has been a key agent for the treatment of
ALL and the benefit of high-dose MTX is well established as it significantly increases cure
rates and improves patients’ prognosis [88]. MTX exerts its cytotoxic effects by competitive‐
ly inhibiting dihydrofolate reductase (DHFR), the enzyme responsible for converting folates
to tetrahydrofolate, the reduced folate carriers which function in the transfer of carbon units.
These carbon units are required for de novo purine synthesis and the methylation of uracil
to thymine in DNA synthesis [89].

MTX enters the cells and is metabolized into 7-hydroxymethotrexate (7-OHMTX), 2,4-diami‐
no-N10-methylpteroic acid (DAMPA) and more active derivatives as methotrexate polyglu‐
tamates (MTXPG) with sequential gamma-linkage of 2 to 6 glutamyl residues by the
folylpolyglutamate synthetase (FPGS) [88]. MTXPG retained in cells for a longer time result
in prolonged MTX antifolate effect [89]. However, accumulation of MTXPG is a critical fac‐
tor associated with cytotoxicity and response of ALL patients to the therapy [89]. On the oth‐
er hand, the polyglutamation process competes with deconjugation that converts MTXPG
back into MTX by gamma-glutamyl hydrolase (GGH). Long chain MTXPG have higher af‐
finity than MTX for the enzymes involved in de novo purine synthesis such as 5-aminoimi‐
dazole-4-carboxamide ribonucleotide transformylase (ATIC) and thymidilate synthase (TS),
which results in a reinforcement of MTX inhibition (Figure 1) [88]. Thus, intracellular forma‐
tion of MTXPG enhances the cytotoxic and antileukemic effect of MTX.

The disease-free survival of childhood ALL has improved steadily the last decades, reaching
80% in the developed countries [17]. Despite the advances, almost 20% of the children either
relapse or do not respond to treatment. This seems to be related to various parameters, in‐
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acterized by a poor clinical outcome respect to other cytogenetic risk groups [73]. Moreover, in
several studies it has been demonstrated that cytogenetic-molecular risk and WBC count at di‐
agnosis were the main prognostic factors that influenced OS in ALL patients (Table 3).
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The t(11;19)/ MLL-ENL is present in approximately 1% of cases and occurs in both early B-
cell and T-cell ALL [74]. Outcome for infants with t(11;19) is poor, but outcome appears rela‐
tively favorable in older children with T-cell ALL and the t(11;19) translocation [74].

10.3. PBX1/E2A; t(1;19)(q23;p13) translocation

The translocation t(1;19)(q23;p13), and its unbalanced variant del(19)t(1;19)(q23;p13), is a
primary and well known chromosome abnormality in childhood B-cell precursor ALL, be‐
ing present in 3–5% of all such cases [75, 76].

The t(1;19) produces a fusion between TCF3 gene on 19p13 and PBX1 on 1q23 [77], with the
TCF3-PBX1 fusion transcript being expressed from the chromosome 19 [78]. Initially, t(1;19)
was associated with a poor prognosis in ALL [79, 80], however most patients treated by con‐
temporary therapies now achieve improved outcomes (Table 6).
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(T-cell ALL)

T-cell ALL accounts for about 15% and 25% of ALL in pediatric and adult cohorts respec‐
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cations have been identified in T-cell ALL, with many genes encoding for transcription
factors (e.g., TAL1; [t(1;14)(p32;q11) and t(1;7)(p32;q34)], LMO1; [t(11;14)(p15;q11)], LMO2;
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in leukemia cells [81]. Historically, T-cell ALL in children has been associated with a worse
prognosis than other sub-types of childhood ALL [82, 83].

High expression of TLX1/HOX11 resulting from translocations involving this gene occurs in
5% to 10% of pediatric T-cell ALL cases and is associated with more favorable outcome in
both adults and children with T-cell ALL [84-86]. Overexpression of TLX3/HOX11L2 result‐
ing from the t(5;14)(q35;q32) translocation occurs in approximately 20% of pediatric T-cell
ALL cases and appears to be associated with increased risk of treatment failure [85].

12. Gene polymorphisms associated to poor survival in ALL patients

It is difficult to define which component of the protocol/regimen is the responsible for the
improved outcome of patients with ALL. Antifolates, such as methotrexate (MTX), are com‐
petitive inhibitors of folate-dependent enzymes and are widely used in the treatment of
many human cancers [87]. In last decades, the MTX has been a key agent for the treatment of
ALL and the benefit of high-dose MTX is well established as it significantly increases cure
rates and improves patients’ prognosis [88]. MTX exerts its cytotoxic effects by competitive‐
ly inhibiting dihydrofolate reductase (DHFR), the enzyme responsible for converting folates
to tetrahydrofolate, the reduced folate carriers which function in the transfer of carbon units.
These carbon units are required for de novo purine synthesis and the methylation of uracil
to thymine in DNA synthesis [89].

MTX enters the cells and is metabolized into 7-hydroxymethotrexate (7-OHMTX), 2,4-diami‐
no-N10-methylpteroic acid (DAMPA) and more active derivatives as methotrexate polyglu‐
tamates (MTXPG) with sequential gamma-linkage of 2 to 6 glutamyl residues by the
folylpolyglutamate synthetase (FPGS) [88]. MTXPG retained in cells for a longer time result
in prolonged MTX antifolate effect [89]. However, accumulation of MTXPG is a critical fac‐
tor associated with cytotoxicity and response of ALL patients to the therapy [89]. On the oth‐
er hand, the polyglutamation process competes with deconjugation that converts MTXPG
back into MTX by gamma-glutamyl hydrolase (GGH). Long chain MTXPG have higher af‐
finity than MTX for the enzymes involved in de novo purine synthesis such as 5-aminoimi‐
dazole-4-carboxamide ribonucleotide transformylase (ATIC) and thymidilate synthase (TS),
which results in a reinforcement of MTX inhibition (Figure 1) [88]. Thus, intracellular forma‐
tion of MTXPG enhances the cytotoxic and antileukemic effect of MTX.

The disease-free survival of childhood ALL has improved steadily the last decades, reaching
80% in the developed countries [17]. Despite the advances, almost 20% of the children either
relapse or do not respond to treatment. This seems to be related to various parameters, in‐
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cluding the presence of polymorphisms of drug transporters, receptors, targets, and drug-
metabolizing enzymes, hence influencing the efficacy, the toxicity of therapy [91].

Figure 1. Methotrexate enters cells through the reduced folate carrier (RFC1) or other transport systems. Its main in‐
tracellular target is dihydrofolate reductase (DHFR), inhibition of which results in accumulation of dihydrofolate
(DHF) and depletion of cellular folates. Cytosolic folylpolyglutamyl synthase (FPGS) adds glutamate residues to me‐
thotrexate to produce methotrexate polyglutamates (MTXPGs), they are retained by the cell, and the resulting in‐
crease the efficacy of methotrexate. The addition of glutamate residues to methotrexate also increases its affinity for
other target enzymes (thymidylate synthetase (TS) and dihydrofolate reductase (DHFR). Other enzymes that are
indirectly affected by methotrexate are 5,10-methylenetetrahydrofolate reductase (MTHFR) and methylenetetra‐
hydrofolate dehydrogenase (MTHFD1). dTMP, deoxythymidine monophospate; dUMP, deoxyuridine monopho‐
spate; THF, tetrahydrofolate. Figure modified with permission from Ref. [90] © PharmGKB and Stanford University
(2011).

Recently, attention has been drawn on genes involved in diverse metabolic pathways, which
are known to be polymorphic at various sites and can affect both the susceptibility for leuke‐
mia, the treatment outcome and survival in patients with ALL [91].
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13. The reduced folate carrier (RFC1/SLC19A1)

Several polymorphisms in enzymes of the folate cycle as well as in the MTX transporters
have been described. The reduced folate carrier gene (RFC1) is a major MTX transporter
whose impaired function was recognized as a frequent mechanism of antifolate resistance
[92]. The most common SNP in RFC1, 80A>G, which results in the amino acid substitution
of Arg with His at position 27 of the RFC1 protein, may alter the affinity of the transporter
[93]. Several investigators had studied the association of the SNP of RFC G80A and the out‐
come in ALL. Reports generally indicate association between the G/G and/or A/G genotypes
of the G80A polymorphism with a poorer survival in patient’s children and adults con ALL.
Survival rates in Italian and Mexican population with ALL have been somewhat lower than
the rates in European and French-Canadian population (Table 4).

14. Folypolyglutamate Hydrolase (GGH)

GGH is a lysosomal peptidase that catalyses the removal of gamma-linked polyglutamates
and convert long-chain polyglutamates (n=4–7) into short-chain polyglutamates (n=2–3) and
ultimately MTX, allowing folate to be exported from the cell [94].

Several  SNPs  have  been  identified  in  the  GGH  gene  at  bases  −401C>T,  −354G>T,
−124T>G,  +16T>C,  +452C>T,  and +1102A>G;  these  sites  comprise  both the  promoter  and
the  coding  region  [95,  96].  Nevertheless,  few  SNPs  have  been  associated  with  catalytic
activity  of  the  GGH  in  B-  and  T-lineage  ALL  cells,  and  greater  accumulation  of  long-
chain MTX in these cells [97].

The  polymorphism  +452C>T  in  the  transcribed  region  of  GGH  gene  alters  Thr-127  to
Ile-1271,  and has been associated with reduced catalytic  activity in hyperdiploid B-  and
T-lineage  acute  lymphocytic  leukemia  (ALL)  cells,  and  greater  accumulation  of  long-
chain  MTXPG  in  these  cells  [97].  In  contrast,  all  of  the  promoter  polymorphisms  en‐
hanced  GGH  expression  and  an  increased  GGH  activity  may  lead  to  decreased
accumulation of MTXPG and to MTX resistance. At least one of these, −401C>T, has been
shown to be correlated with decreased accumulation of long-chain MTX-Glu3–5 in rheu‐
matoid arthritis patients treated with MTX [98].

Only  polymorphism  -354G>T  has  been  associated  with  survival  of  children  with  ALL.
-354GT or  -354TT genotypes  carrier  have better  probability  of  5-year  post-treatment  OS
compared to  -354GG genotypes  (p  =  0.04)  (Table  4)  [99].  This  shows the  enzyme GGH
clearly  plays  an  important  role  in  the  metabolism of  folates  and  anti-folates.  However,
unambiguous  demonstration  of  a  direct  role  of  GGH  in  anti-folate  drug  resistance  has
been difficult. Part of the difficulty is that GGH is only one of several factors that can af‐
fect anti-folate levels, and its role presumably is directly linked to those of the other en‐
zymes.  [100].  However,  these  studies  have  demonstrated  that  polymorphisms  in  GGH
increase  promoter  activity  and an  increased GGH activity  may lead to  decreased accu‐
mulation of MTXPG and to MTX resistance [101]
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cluding the presence of polymorphisms of drug transporters, receptors, targets, and drug-
metabolizing enzymes, hence influencing the efficacy, the toxicity of therapy [91].

Figure 1. Methotrexate enters cells through the reduced folate carrier (RFC1) or other transport systems. Its main in‐
tracellular target is dihydrofolate reductase (DHFR), inhibition of which results in accumulation of dihydrofolate
(DHF) and depletion of cellular folates. Cytosolic folylpolyglutamyl synthase (FPGS) adds glutamate residues to me‐
thotrexate to produce methotrexate polyglutamates (MTXPGs), they are retained by the cell, and the resulting in‐
crease the efficacy of methotrexate. The addition of glutamate residues to methotrexate also increases its affinity for
other target enzymes (thymidylate synthetase (TS) and dihydrofolate reductase (DHFR). Other enzymes that are
indirectly affected by methotrexate are 5,10-methylenetetrahydrofolate reductase (MTHFR) and methylenetetra‐
hydrofolate dehydrogenase (MTHFD1). dTMP, deoxythymidine monophospate; dUMP, deoxyuridine monopho‐
spate; THF, tetrahydrofolate. Figure modified with permission from Ref. [90] © PharmGKB and Stanford University
(2011).

Recently, attention has been drawn on genes involved in diverse metabolic pathways, which
are known to be polymorphic at various sites and can affect both the susceptibility for leuke‐
mia, the treatment outcome and survival in patients with ALL [91].
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Genotypes Population
Survival

estimated

% of Overall

Survival

Number of

patients
Ref.

80A>G polymorphism in RFC1 gene

G/G
Italian (adults) At 5 years

59.0 13
[102]

A/G + A/A 28.0 34

G/G
Mexican (children) At 5 years

76.0 20
[103]

A/G + A/A 42.0 50

G/G
European (children) At 5 years

97.0 160
[104]

A/G + A/A 75.0 305

G/G French-Canadian origin

(children)
At 5 years

89.0 61
[93]

A/G + A/A 76.0 143

-354G>T polymorphism in GGH gene

GG
European (children) At 5 years

90.0 123
[99]

GT+TT >90.0 116

-317A>G polymorphism in DHFR gene

A/A
Mexican (children) At 5 years

78.0 14
[105]

A/G + G/G 41.0 56

A/A
Canadian (children) At 5 years

92.0 24
[106]

A/G + G/G 76.0 31

829C>T polymorphism in DHFR gene

C/C
Mexican (children) At 5 years

80.0 10
[105]

C/T + T/T 38.0 60

Polymorphism in TS gene

3R/3R-negative
Canadian (children) At 5 years

82.0 193
[107]

3R/3R-positive 71.0 66

2R/2R or 2R/3R
French-Canadian (children) At 5 years

87.0

68.0

155
[108]

3R/3R 50

677C>T polymorphism in MTHFR gene

C
Italian (Adults) At 2 years

55.0
118 [109]

TT 14.0

C
Spanish (children) At 4 years

98.0 106
[110]

TT 52.0 35

C
Egyptian (children) At 2 years

90.9 22
[111]

TT 50.0 4

T677A1298 haplotype of the MTHFR gene

T677A1298 (-) French–Canadian origin

(Children)
At 5 years

89.0 84
[112]

T677A1298 (+) 74.0 117

Table 4. Genetic polymorphism and its relationship to survival in ALL
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15. Dihydrofolate Reductase (DHFR)

DHFR is responsible to catalyze the reduction of dihydrofolate (DHF) to tetrahydrofolate
(THF) [113]. The major mechanism of MTX action involves competitive inhibition of DHFR,
leading to the impaired regeneration of THF from DHF; essential for the biosynthesis of pu‐
rines and thymidylate, thus it also blocks the novo synthesis of DNA [114, 115].

Changes in the levels of DHFR expression and consequently in the sensitivity to MTX can
also be due to single SNPs, particularly those located in the regulatory elements [105]. The
C829T SNP is located at the 223 nucleotide downstream from the stop codon between the
first and second polyadenylation sites in the 3'UTR of the DHFR gene, which leads to the
stability of mRNA [116]. A previous study reported that the -A317G SNP in the DHFR pro‐
moter region results in higher transcriptional activity [106]. Recently demonstrated an asso‐
ciation between G/G and T/T genotypes of the -A317G and C829T polymorphisms and
reduced survival in pediatric patients with ALL (Table 4).

16. Thymidylate Synthase (TS)

The TS is a key enzyme in the nucleotide biosynthesis and important target of several che‐
motherapeutics. TS provides the only source for de novo thymidylate production by catalyz‐
ing the methylation of deoxyuridine monophosphate (dUMP) to deoxythymidine
monophosphate (dTMP) [107]. TS is efficiently inhibited by the uracil analog, 5-fluorouracil
(5-FU) and MTX, used for many years as a treatment for a variety of cancers.

The most common polymorphism in TS is a unique double (2R) or triple (3R) 28-bp tandem
repeat sequence in the 5' untranslated region (5'-UTR) of the TS gene also called TS enhancer
region (TSER), immediately upstream from the initiation site, which influences protein ex‐
pression in cancer cells [117]. The presence of a triple versus double 28-bp repeat in the en‐
hancer region has been associated with an increased TS expression both in in vivo and in
vitro studies [118, 119].

Previous studies have shown that pediatric patients who were homozygous for the triple re‐
peat (3R/3R) had a poorer prognostic (odds ratio 4.1, 95% CI 1 9–9 0, p=0 001) [108] and
shorter survival than those patients with other genotypes (Table 4).

17. Methylenetetrahydrofolate Reductase (MTHFR)

The MTHFR is a key folate enzyme that catalyzes the conversion of 5,10-methylenetetrahy‐
drofolate to 5-methyltetrahydrofolate in the folic acid cycle, and is interrupted by metho‐
trexate (MTX), a critical chemotherapy agent in ALL therapy [120].

Despite the fact that several MTHFR polymorphisms have been described thus far, only two
polymorphisms, C677T and A1298C, have been intensively investigated. The C-to-T transi‐
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Survival

Number of
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DHFR is responsible to catalyze the reduction of dihydrofolate (DHF) to tetrahydrofolate
(THF) [113]. The major mechanism of MTX action involves competitive inhibition of DHFR,
leading to the impaired regeneration of THF from DHF; essential for the biosynthesis of pu‐
rines and thymidylate, thus it also blocks the novo synthesis of DNA [114, 115].

Changes in the levels of DHFR expression and consequently in the sensitivity to MTX can
also be due to single SNPs, particularly those located in the regulatory elements [105]. The
C829T SNP is located at the 223 nucleotide downstream from the stop codon between the
first and second polyadenylation sites in the 3'UTR of the DHFR gene, which leads to the
stability of mRNA [116]. A previous study reported that the -A317G SNP in the DHFR pro‐
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The TS is a key enzyme in the nucleotide biosynthesis and important target of several che‐
motherapeutics. TS provides the only source for de novo thymidylate production by catalyz‐
ing the methylation of deoxyuridine monophosphate (dUMP) to deoxythymidine
monophosphate (dTMP) [107]. TS is efficiently inhibited by the uracil analog, 5-fluorouracil
(5-FU) and MTX, used for many years as a treatment for a variety of cancers.

The most common polymorphism in TS is a unique double (2R) or triple (3R) 28-bp tandem
repeat sequence in the 5' untranslated region (5'-UTR) of the TS gene also called TS enhancer
region (TSER), immediately upstream from the initiation site, which influences protein ex‐
pression in cancer cells [117]. The presence of a triple versus double 28-bp repeat in the en‐
hancer region has been associated with an increased TS expression both in in vivo and in
vitro studies [118, 119].

Previous studies have shown that pediatric patients who were homozygous for the triple re‐
peat (3R/3R) had a poorer prognostic (odds ratio 4.1, 95% CI 1 9–9 0, p=0 001) [108] and
shorter survival than those patients with other genotypes (Table 4).

17. Methylenetetrahydrofolate Reductase (MTHFR)

The MTHFR is a key folate enzyme that catalyzes the conversion of 5,10-methylenetetrahy‐
drofolate to 5-methyltetrahydrofolate in the folic acid cycle, and is interrupted by metho‐
trexate (MTX), a critical chemotherapy agent in ALL therapy [120].

Despite the fact that several MTHFR polymorphisms have been described thus far, only two
polymorphisms, C677T and A1298C, have been intensively investigated. The C-to-T transi‐
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tion at the nucleotide position 677 in exon 4 of MTHFR generates an alanine-to-valine substi‐
tution at amino acid 222 [121]. As a result, carriers of the MTHFR 677TT genotype possess a
thermolabile enzyme of reduced activity [122]. The second most studied polymorphism in
MTHFR is an A-to-C transversion substitution at nucleotide 1,298 (exon 7) that results in an
amino acid substitution of glutamate for alanine at codon 429 [123]. Once this amino acid
substitution takes place at the S-adenosylmethionine regulatory domain of the MTHFR, the
A1298C polymorphism also generates an enzyme with a decreased activity [123]. Other in‐
vestigators have reported that A1298C and C677T polymorphisms in MTHFR gene are asso‐
ciated with disease outcomes and survival both in children and adults (table 4).

The overall survival rate of MTHFR 677TT and 1298CC carriers was lower than that of pa‐
tients carrying MTHFR C or A alleles respectively. A limited amount of evidence has been
reported on the influence of MTHFR polymorphisms on survival.

18. Methylenetetrahydrofolate Dehydrogenase (MTHFD1)

MTHFD1 is an enzyme involved in folate metabolism, which plays an important role in the
generation of the 5,10-methylene-THF and 10-formyl-THF. The last two are the donor cofac‐
tors for de novo purine and pyrimidine biosynthesis and, thus, for the biosynthesis of DNA
[124]. The G to A substitution at position 1958 of the MTHFD1 gene, causing an alanine to
glycine substitution at codon 653 located within the 10-formyl-THF synthetase enzyme do‐
main, which reduces the enzyme's activity [124].

A analysis of 201 children treated with methotrexate showed that patients with the
MTHFD1 A1958 variant had a remarkably lower probability of 5-year post-treatment sur‐
vival, compared to subjects with no event-predisposing genotypes (45.0% vs 95.0%,
p=0.0002) [112].

Expression Population Survival estimated
% of Overall

Survival

Number of

patients
Ref.

Negative
Korean (Children and Adults At 2 years

>85.0 24
[125]

Positive <55.0 8

Low
Brazilian (Childen) At 5 years

81.0
150 [126]

High 54.0

Low
European (Children) At 5 years

87.2
56 [127]

High 60.0

Low
European (Adults) At 5 years

80.0
49 [127]

High 52.0

Table 5. Expression of MRP1 and its relationship to survival in ALL
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19. Multidrug Resistance-Associated Protein 1 (MRP1/ABCC1)

Multidrug resistance (MDR) is one of the major obstacles in cancer chemotherapy. Over-ex‐
pression of ATP-binding cassette (ABC) transporters, such as P-glycoprotein (Pgp/MDR1/
ABCB1) and multidrug resistance-associated protein 1 (MRP1/ABCC1), have been shown to
cause MDR in model cell lines and in clinical settings [128-130]. Currently, eight MRP genes
have been identified, of which the MRP transporters (MRP1-6) are known to be involved in
extruding substrates that are generally used in the treatment of ALL, including doxorubicin,
vincristine, etoposide, 6-mercaptopurine, and methotrexate [131-134].

Recent studies have shown that in ALL patients, high expression of MRP1, is a highly signif‐
icant indicator of poor response to chemotherapy and poor overall survival in both in chil‐
dren and adults (Table 5).

20. Summary and future directions

Several clinical and biological features have been associated with the improved survival of
patients with ALL, including age, sex, WBC, race/ethnicity, immunophenotype, recurrent
chromosomal abnormalities, and genetics polymorphisms. The application of risk-stratified
therapy utilizing these prognostic factors has resulted in long-term event-free survival in up
to 80-85% of patients with ALL. Further improvement in outcome will require, in part, the
discovery of novel prognostic factors, (such as, genetic variation in the folate pathway,
transport of drugs, as well as miRNAs expression) to identify the 15-20% of patients who are
not cured with current therapies. Recent advances in our understanding of underlying leu‐
kemia biology, including the identification of prognostically distinctive subsets of patients,
and of host pharmacogenomics may allow for more precise risk stratification and more tar‐
geted, individualized treatment planning that will lead to higher survival of the patients
with ALL.
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1. Introduction

Ph+  ALL  represents  approximately  about  25  to  40%  of  adults  patients  with  ALL.  In
children, Ph+ ALL is much less common. Different breakpoint in the bcr gene, major and
minor, produce fusion genes resulting in either a 210 or a 190 KDa protein respectively. It
appears that major breakpoint fusion (p210) originates in hematopoietic stem cells whereas
minor breakpoint fusion (p190) has a B cell progenitor origin, suggesting that p190 ALL
and p210 Ph+ ALL may be distinct biological and clinical entities. [1] BMT is the first option
for consolidation the complete remission in this patients. The proportion of patients able
to undergo BMT in CR1 (Complete Remission) has increased with imatinib-based induc‐
tion and early post-remission therapy, and there is currently no evidence that imatinib has
an adverse effect on transplant-related morbidity or mortality (TMR). In addition, donor
availability  has  benefitted  from  results  showing  equivalence  of  sibling  and  matched
unrelated donors in terms of remission duration, non-relapse mortality and overall survival
(OS).[1,  2]  Several  studies  have  shown  improved  post-transplant  outcome  of  patients
previously  receiving  imatinib-based  treatment  when  compared  with  historic  control
groups, which have been dealt with in the previous chapter. As a consequence, most ALL
study groups currently consider imatinib-based treatment, followed by matched related or
unrelated allogeneic SCT (allo-SCT) in CR1, to be the gold standard of first-line therapy
for  Ph+ ALL.  [3],  Imatinib-based treatment  not  followed by SCT has  been suggested to
achieve OS and Disease Free Survival (DFS) similar to that obtained after SCT in one study,
[4] and the results of MDACC study showed only a trend towards better OS in transplant‐
ed patients. [5] It still needs to be determined whether therapy based on second genera‐
tion TKI may be equivalent or superior to BMT in a subset of patients, particularly those
at high risk of TRM
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The challenges in the treatment of Ph+ ALL are the selection of appropriate pre-transplantation
therapy, the minimization of transplantation toxicity, the correct use of TKIs after transplan‐
tation and the appropriate use of and response to BCR/ABL monitoring.

2. Allogeneic stem cell transplantation with myeloablative conditioning

Attempts to improve outcome of Ph+ ALL included intensified conditioning regimens in order
to reduce the relapse rate. An intensified preparatory regimen consisting of SCT after fractio‐
nated total body irradiation and Cyclophosphamide with or without etoposide has been
explored by different investigation groups. Kröger et al investigated an intensified condition‐
ing regimen including fractionated total body irradiation (TBI) (12 Gy), etoposide (30-45
mg/kg) and cyclophosphamide (120 mg/kg), followed by autologous (n = 5), allo-related (n =
13) or allo-unrelated (n = 6) bone marrow (n = 22) or peripheral stem cell (n = 2) transplantation
in patients with Ph+ALL. One patient received busulfan (16 mg/kg) instead of TBI. Nineteen
patients were transplanted in 1CR, two in 2CR, one in 1PR and two in relapse. After a median
follow-up of 45 months, nine patients (37.5%) remain alive in CR. Nine patients (37.5%)
relapsed and eight (33.3%) of these subsequently died. After autologous transplantation, four
of five patients (80%) relapsed and died. In terms of late relapse the authors had seen it after
allogeneic, as well as autologous transplantation, at 33 and 59 months, respectively. The
Kaplan-Meier estimate of leukemia-free survival for all patients was 38% at 3 years and 35%
at 5 years. For allogeneic transplants in first CR (n = 15) the estimate of DFS was 46% at 3 years
and 34% at 5 years. Patients aged below 30 years had a better estimated OS at 3 years (61% vs
11%, P < 0.001). The bcr-abl fusion transcript (p210 vs p190 vs p210/190) did not affect DFS OR
OS. For the authors an intensified conditioning regimen seems to improve the results of bone
marrow transplantation in patients with Ph+ acute lymphoblastic leukemia. [6]

In another study Laport  et  al.  evaluated sixty-seven patients  with HLA-matched sibling
donor who received fractionated total body irradiation (FTBI) and high-dose VP16, whereas
11  patients  received  TBI/VP16/cyclophosphamide,  and  1  patient  received  TBI/VP16/
busulfan. The median age was 36 years. At the time of BMT, 62% of the patients were in
first complete remission and 38% of the patients were beyond CR1 (> CR1). The median
follow-up was 75 months The 10-year OS for the CR1 and beyond CR1 patients was 54%
and 29%, and event-free survival was 48% and 26%. The authors did not find significant
difference in relapse incidence (28% vs 41%, but non relapse mortality was significantly
higher in the beyond CR1 patients,  (31% vs 54%).  In this  study the univariate  analysis,
factors affecting event-free and overall survival were white blood cell count at diagnosis
(<  30  _  109/L vs  >  30  _  109/L)  and disease  status  (CR1 vs  >  CR1).  The median time to
relapse for CR1 and for beyond CR1 patients was 12 months and 9 months, respectively.
These  results  showed  that  FTBI/VP16  with  or  without  cyclophosphamide  confers  long-
term  survival  in  Ph+  ALL  patients  and  that  disease  status  at  the  time  of  BMT  is  an
important predictor of outcome. [7]

In these and other studies the factors that identify modifications in the transplant outcome
have been analyzed. Complications such as TRM was mainly due to infections or GVHD (graft-
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versus-host-disease), and was higher in patients with more advanced disease. Factors affecting
event-free and overall survival likewise included disease status (CR1 vs > CR1) and higher
age, with a cutoff at approximately 30 years, at the time of transplantation. [8] The intensified
preparatory regimens confer long-term survival in a subset of patients with Ph+ ALL, relapse
and TRM remain important causes of treatment failure, making success unlikely in patients
with more advanced disease. Interestingly, comparable survival data were reported for
patients with high-risk ALL with the Philadelphia chromosome and those with normal
cytogenetic; actuarial disease-free survival (DFS) at 5 years was 43% for patients in first
remission. Chronic GVHD appears to reduce the risk of relapse without increasing the risk of
TRM, whereas severe acute GVHD increases the risk of TRM without diminishing the risk of
relapse. Thus, patients who developed extensive chronic GVHD had better survivals, and
those who developed grade III-IV acute GVHD had worse survivals than did the others. [8,9]

3. Reduced-intensity conditioning allogeneic stem cell transplantation

In  order  to  decrease  the  high  TRM  associated  with  myeloablative  allogeneic  stem  cell
transplantation but still  generate a graft-versus- leukemia effect (GVLE), reduced-intensi‐
ty conditioning (RIC) regimens were developed for patients unlikely to tolerate the toxicities
of  intensive  preparative  regimens.  Overall,  several  retrospective  analyses  and  a  single
prospective study suggest that BMT with RIC is feasible in adult patients with high-risk
ALL but associated with a high probability of  treatment failure in patients transplanted
beyond CR1. [10,11,12,13] Myeloablative BMT carries considerable risk of TRM and is not
applicable to older individuals. Opinions vary on the upper age limit for the procedure; in
UKALL12/E2993, a very high TRM of nearly 40% was observed in patients older than 35
years of age receiving myeloablative BMT, resulting in a protocol limit of 40 years of age
in the current UK NCRI study, UKALL14. In some studies, patients are offered myeloabla‐
tive BMT up to the age of 55 years. [14] There are several studies that show the results of
the regimens of  reduced intensity but with different results,  selection and design which
must be interpreted with caution.

A comparative study of European Group for Blood and Marrow Transplantation (EBMT)
registry report one retrospective study where the outcome of 576 adult acute lymphoblas‐
tic leukemia patients aged > 45 years, and who received a reduced-intensity conditioning
(RIC; n=127) or myeloablative conditioning (MAC; n=449) allogeneic stem cell transplanta‐
tion  from  a  human  leukocyte  antigen-identical  sibling  while  in  complete  remission  is
assessed. With a median follow-up of 16 months, at 2 years, the cumulative incidences of
non-relapse mortality and relapse incidence were 29% (MAC) versus 21% (RIC), and 31%
(MAC) versus 47% (RIC), respectively. In a multivariate analysis, nonrelapse mortality was
decreased in RIC recipients, whereas it was associated with higher relapse rate. At 2 years,
LFS was 38% (MAC) versus 32% (RIC). In multivariate analysis, the type of conditioning
regimen (RIC vs. MAC) was not significantly associated with leukemia-free survival. For
this authors the RIC allo-SCT from a human leukocyte antigen identical donor is a potential
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versus-host-disease), and was higher in patients with more advanced disease. Factors affecting
event-free and overall survival likewise included disease status (CR1 vs > CR1) and higher
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preparatory regimens confer long-term survival in a subset of patients with Ph+ ALL, relapse
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remission. Chronic GVHD appears to reduce the risk of relapse without increasing the risk of
TRM, whereas severe acute GVHD increases the risk of TRM without diminishing the risk of
relapse. Thus, patients who developed extensive chronic GVHD had better survivals, and
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the regimens of  reduced intensity but with different results,  selection and design which
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A comparative study of European Group for Blood and Marrow Transplantation (EBMT)
registry report one retrospective study where the outcome of 576 adult acute lymphoblas‐
tic leukemia patients aged > 45 years, and who received a reduced-intensity conditioning
(RIC; n=127) or myeloablative conditioning (MAC; n=449) allogeneic stem cell transplanta‐
tion  from  a  human  leukocyte  antigen-identical  sibling  while  in  complete  remission  is
assessed. With a median follow-up of 16 months, at 2 years, the cumulative incidences of
non-relapse mortality and relapse incidence were 29% (MAC) versus 21% (RIC), and 31%
(MAC) versus 47% (RIC), respectively. In a multivariate analysis, nonrelapse mortality was
decreased in RIC recipients, whereas it was associated with higher relapse rate. At 2 years,
LFS was 38% (MAC) versus 32% (RIC). In multivariate analysis, the type of conditioning
regimen (RIC vs. MAC) was not significantly associated with leukemia-free survival. For
this authors the RIC allo-SCT from a human leukocyte antigen identical donor is a potential
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therapeutic option for acute lymphoblastic leukemia patients aged > 45 years in complete
remission and not eligible for MAC allo. [15]

The RIC approaches should be vigorously pursued as part of prospective studies in order to
define their role in ALL. In Ph+ ALL in particular, inquiry into the role of TKIs after alloHSCT
is vital. The forthcoming study from the UK NCRI, UKALL14, assigned all patients with ALL
of 40 years of age or more to a nonmyeloablative approach with fludarabine, melphalan, and
alemtuzumab in an attempt to obtain good disease control with less GVHD. [14] The incidence
of TRM and disease progression in these studies was still substantial, however particularly in
patients transplanted beyond first CR. The incidence of acute (grades II-IV) and chronic GVHD
(43.2% and 65.6%, respectively) was high, but the significantly lower frequency of disease
progression in patients with cGVHD highlights the antileukemic activity of cGVHD [15]

4. Autologous stem cell transplantation

The role of autologous stem cell transplantation (ASCT) was studied most extensively in the
pre-imatinib era and has attracted little interest since then. While there are no prospective,
randomized trials comparing autologous and allogeneic SCT, treatment outcome with
conventional ASCT procedures has consistently been inferior to BMT in several retrospective
analyses due to a high relapse rate. More recently, some investigators have reevaluated the
therapeutic potential of ASCT when given in conjunction with TKI. Shin et al. describe an
approach in which Ph+ ALL patients receive imatinib as interim therapy between chemother‐
apeutic cycles and prior to autologous SCT, followed by maintenance therapy. Small patient
numbers and as yet limited duration of follow-up preclude a definite assessment of this
strategy, which can be expanded to include the more potent second-generation TKI. [15, 16]

5. Imatinib after SCT

A very important and as yet unanswered question concerns whether TKIs should be admin‐
istered after BMT and under what circumstances. The high risk of relapse in patients who are
MRD positive after SCT makes administration of an ABL-directed TKI conceptually attractive
as a measure to prevent relapse and reestablish molecular negativity. [17] Administration of
imatinib early after HCT was tested by Carpenter et al in 22 patients, 15 with Ph+ ALL and 7
with high-risk chronic myelogenous leukemia, (CML) who were enrolled in a prospective
study and given imatinib from the time of engraftment until 365 days after HCT. Before day
90, adults (n =19) tolerated a median average daily imatinib dose of 400 mg/d, and children (n
= 3) tolerated 265 mg/m2/d. The most common adverse events described by the authors were
related to imatinib administration with grade 1-3 nausea, emesis, and serum transaminase
elevations. [18]

The positive minimal residual disease (MRD) after stem cell transplantation: is associated with
a relapse probability exceeding 90%. Starting imatinib in the setting of MRD may decrease this
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high relapse rate. This hypothesis was evaluated in another prospective study by Wassmann
and al. in 27 Ph+ALL patients that received imatinib upon detection of MRD after SCT. Bcr-
abl transcripts became undetectable in 52% of the patients, after a median of 1.5 months, (they
called earlyCRmol). All patients who achieved an earlyCRmol remained in remission for the duration
of imatinib treatment; 3 patients relapsed after imatinib was discontinued. The failure to
achieve polymerase chain reaction (PCR) negativity shortly after starting imatinib predicted
relapse which occurred in 12 of 13 patients after a median of 3 month. The DFS in early-CRmol

patients was 91% and 54% after 12 and 24 months, respectively, compared with 8% after 12
months in patients remaining MRD+. Thus in the post-transplant setting, the molecular
response to imatinib discriminates between patients with long-term DFS and patients likely
to experience relapse and who therefore should receive additional or alternative antileukemic
therapy. [19]

Burke et al between 1999 and 2006, in a single-center analysis of 32 patients with Ph+ ALL,
including pediatric patients, who underwent allo-HCT and received imatinib in either the pre-
or post-transplant period. The median age at HCT was 21.9 years, of 32 patients, 15 received
Imatinib therapy pre- or post-HCT (imatinib group) and 17 patients received either no imatinib
(n=11) or only after relapsed (n=6) (non imatinib group) There was a trend towards improved
OS, relapse-free survival and relapse at 2 years was, 61%, 67% and 13% for the imatinib group
(n = 15) as compared with the 41%, 35% and 35% for the non-imatinib group (n = 17), respec‐
tively. Cardiac toxicity and TRM at 2 years were similar between the groups. [20] Overall,
further data is needed to define the optimal use and impact of imatinib in the peri-transplant
management of patients with Ph+ ALL.

6. Monitoring of BCR-ABL in Ph+ ALL

Real-time PCR BCR-ABL quantification is often used to monitor minimal residual disease in
patients with Ph+ ALL, but optimal practice and interpretation of results is unclear. In addition,
while there is considerable standardization of methodology for p210 quantification, there is
less standardization than for p190 quantification.[17] There are conflicting reports on the
association between an initial decrease in BCR-ABL transcript level and long-term outcome.
Preudhomme C et al. In the “pre-imatinib” era, have observed a good correlation between
BCR-ABL transcript levels and the outcome which had been reported in 17 patients with Ph
+ALL. [21]

Ottmann et al. analyzed in elderly patients with de novo Ph+ALL who were randomly assigned
to induction therapy with either imatinib Ind(IM)) or multiagent, age-adapted chemotherapy
Ind(chemo). Imatinib was subsequently co-administered with consolidation chemotherapy.
The BCR-ABL transcript levels have also been correlated with response. [22] Unlike in chronic
myeloid leukemia, there is no consensus on what represents an optimal response.

Lee et al were able to demonstrate that a 3-log reduction in BCR-ABL transcripts after 1 month
of imatinib treatment strongly predicted a reduced relapse risk. The outcomes were evaluated
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for Ph+ ALL in 23 adults patients in remission treated with allogeneic bone marrow trans‐
plantation (BMT) [23]

In contrast to the data published by these authors, Yanada et al observed no association
between rapid achievement of BCR-ABL negativity and long-term outcome after an initial
imatinib/chemotherapy induction regimen in 100 patients with Ph+ ALL treated and MRD
monitoring [24]

Pfeifer et al examined the prevalence of KD mutations in newly diagnosed and Imatinib-naïve
Ph+ ALL patients and assessed their clinical relevance in the setting of uniform frontline
therapy with imatinib in combination with chemotherapy. The German Multicenter Study
Group for Adult Acute Lymphoblastic Leukemia (GMALL) trial ADE10 for newly diagnosed
elderly Ph+ ALL were retrospectively examined for the presence of BCR/ABL KD mutation by
denaturing high-performance liquid chromatography (DHPLC),cDNA sequencing and allele-
specific polymerase chain reaction (PCR). A KD mutation was detected in a minor subpopu‐
lation of leukemic cells in 40% of newly diagnosed and imatinib naïve patients. At relapse the
domin cell clone harbored an identical mutation in 90% of the cases, the overall prevalence of
mutations at relapse was 80 %. P loop mutations predominated and were not associated with
an inferior hematologic or molecular remission rate or shorter rmission duration compared
with unmutated BCR/ABL. BCR/ABL mutations conferring high level imatinib resistance are
present in a substantial proportion of patients with de novo Ph+ ALL and eventually give rise
to relapse.[25]

Soverini et al. analyzed samples collected at diagnosis from 15 patients with Philadelphia-
positive acute lymphoblastic leukemia who subsequently received tyrosine kinase inhibitor
therapy (dasatinib) by cloning the BCR-ABL kinase domain in a bacterial vector and sequenc‐
ing 200 independent clones per sample. Mutations at relatively low levels (2-4 clones out of
200) could be detected in all patients--eight who relapsed and seven who achieved persistent
remission. Each patient had evidence of two to eight different mutations, the majority of which
have never been reported in association with resistance to tyrosine kinase inhibitors. They
suggest that the BCR-ABL kinase domain is prone to randomly accumulate point mutations,
although the presence of these mutations in a relatively small leukemic subclone does not
always preclude a primary response to tyrosine Kinase inhibitor. [26]

So much imatinib or dasatinib regimens can be achieving complete clinical response in 95
-100% of patients.

Eligible patients will be treated with alloHSCT wherever possible, and for these patients, BCR-
ABL monitoring early in the course of the disease is unlikely to change practice at present. For
patients not receiving alloHSCT, serial monitoring during initial therapy is of more relevance
because it might prompt a switch of therapy before hematological relapse. [17]

At present, the evidence suggests that BCR-ABL by RTQ-PCR should be monitored and must
be combined with screening for BCR/ABL domain mutations (in case of suspected resistance)
after alloHSCT and that reemergence of BCR-ABL is a rational basis for intervention. [27]
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7. Resistence

Approximately 80 %to 90% of patients with Ph+ ALL who relapse while on imatinib are found
to have BCR/ABL mutation with predominance of P-loop and T315I mutations. With dasatinib
relapse is most frequently associated with T315I mutation, whereas P-loop mutations are less
common. [28] With variable frequency, the mutations can be present at the time of diagnose.
Pfeifer et al detected low levels of mutations in pretreated patients with imatinib with Ph+ ALL
who, at the time of relapse, presented the same mutated dominant clone in most of the cases.
Soverini et al also reported a high frequency of BCR/ABL mutations which were lately found
at the time of relapse. [25,26] Mutations can also be acquired or emerge under the selection
pressure of TKI treatment.

Other additional mechanisms of resistance to therapy with TKI have also been suggested, such
as cytogenetic abnormalities in addition to Ph chromosome which are present in approxi‐
mately one third of cases of adult leukemia and have been associated with inferior outcome.
Members of the SRC family of kinase have been implicated in leukemogenesis and in the
development of imatinib resistance in BCR/ABL positive ALL, suggesting that simultaneous
inhibition of Src and Bcr/Abl kinases may benefit individuals with Ph+ acute leukemia. [29, 30]

8. Relapses in Ph+ acute lymphoblastic leukemia

Relapsed ALL is a clinical problem, and outcomes are extremely poor. Fielding et al in the
UKALL12/ECOG study, examined 609 adults with recurring ALL, where the OS of newly
diagnosed patients was 38% at 5 years, OS at 5 years after relapse was 7%. [31] The CR2 is
possible in only ∼ 50% of chemotherapy-treated patients. Many young patients with Ph+ ALL
will have already received alloHSCT, making salvage harder and with more toxicity, partic‐
ularly if chemotherapy reinduction is under consideration. Nevertheless a phase 2 study of
dasatinib 140 mg/d in patients who relapsed after imatinib-containing regimens demonstrated
that approximately half of the patients could achieve a CR2 with modest toxicity. However,
median remission duration was only 3.3 months. Under these circumstances, a second allo-
HSCT might be considered.[32] Ishida et published case report which shows a positive
outcome for a patient who received dasatinib followed by a RIC alloHSCT after imatinib and
myeloablative allo-HSCT which failed to control the disease. All reports of allo-HSCT show
less than an ideal outcome in patients beyond CR1. However, many of these were reported
before the advent of TKIs, which might, in selected circumstances, allow for second definitive
transplantation procedures [33] Among the strategies to treat Ph + ALL relapse after Allo-SCT
we will mention donor lymphocyte infusion. This treatment seems to be effective in CML, but
it is less useful in ALL maybe due to the immune escape mechanisms of the blastic cells.
Likewise, the addition of chemotherapy to ILD is not associated with a better prognosis.

Immunotherapy with donor lymphocyte infusion (DLI) and imatinib appears to be well
tolerated but it is rarely and in general only transiently effective. A rationale for the combined
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use of DLI and second-generation TKIs such as nilotinib is suggested by case reports, but
prospectively collected data are as yet not available. [34]
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use of DLI and second-generation TKIs such as nilotinib is suggested by case reports, but
prospectively collected data are as yet not available. [34]
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1. Introduction

Nutritional  status  is  the  result  of  the  interaction  between  environmental  and  genetic
conditions  in  which  a  child  lives,  when  these  environmental  conditions  are  favorable
for  life  (physical,  biological,  nutritional  and  psychosocial),  the  genetic  potential  is  ex‐
pressed as an ideal state of nutrition, but when conditions are unfavorable such expres‐
sion  will  be  diminished,  resulting  in  altered  nutritional  status,  such  as  malnutrition,
overweight  and  obesity,  which  among  other  things  would  cause  the  child  did  not  re‐
spond to a disease or its treatment suitably at a given time. [1]

In  different  studies  conducted  in  children  with  cancer,  the  authors  have  evaluated  the
impact  of  nutritional  status,  assuming  that  if  a  cancer  patient  is  well  nourished,  have
less  toxicity  caused  by  antineoplastic  drugs,  will  have  a  greater  immune  resistance  to
processes serious infectious, and therefore have a better survival and quality of life than
the patient who is  not well  nourished, so in this chapter we will  mention the most im‐
portant conclusions that have been made with respect to this issue. [2]

Malnutrition is the main nutritional disorder that occurs in children with cancer, and has
been  defined  as  a  state  in  which  a  deficiency  of  energy,  protein,  and  other  nutrients,
causes measurable  adverse effects  on the structure and functioning of  organs and body
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tissues as well as the clinical course of a disease. In order to explain the mechanisms by
which it  causes  malnutrition in children with cancer,  three factors  have been proposed:
a)  factors  specific  to  the  tumor  (tumor  growth  factors  released  by  the  tumor  cells  as
bombesin  and  adrenocorticotropic  hormone)  b)  factors  related  to  the  patient  (pediatric
age,  low socioeconomic  status,  poor  nutrient  intake,  increased  secretion  of  growth  hor‐
mone and cytokines that are released by the body in response to tumor growth, among
the most important are the tumor necrosis factor, interleukins 1 and 6), and last but not
least, c) factors related to the treatment (type / dose of chemotherapy, site / dose of radi‐
otherapy and surgery).  It  is  also suggested that  all  these factors  would cause an altera‐
tion  in  intermediary  metabolism,  with  resultant  decrease  in  appetite,  which  eventually
lead to the patient to lose weight, creating a vicious cycle. [2-6]

1.1. Prevalence of malnutrition in children with cancer

It has been reported that children with cancer will develop signs and symptoms of malnutri‐
tion at some point in the disease by up to 50-60% of cases, however, this frequency may vary
according to the type of neoplasm, and according to if the study was conducted in devel‐
oped countries or in developing countries, where there has been an increased frequency of
nutritional alterations. It should be mentioned, that the study of the prevalence of malnutri‐
tion in children with cancer is mainly determined by whether it is present at diagnosis, this
is important because it also could establish their potential impact on the evolution of these
patients before treatment started. [7,8]

In this regard, Brinksma A, et al., (2012) reported the prevalence of malnutrition at diag‐
nosis for developed countries, through a systematic review which included patients with
different types of childhood cancer, aged from 0-18 years of age for acute leukemias, the
prevalence was 10%, 20-50% for neuroblastoma, and those classified as "other malignan‐
cies" was 0-30%, these prevalences are low when compared with those that have been es‐
timated  for  developing  countries  where  they  are  as  high  as  50%  for  all  types  of
childhood cancers. [2,8,9]

2. Nutritional status assessment in children with acute leukemia

There are several clinical, biochemical and physiological indicators to diagnose malnutri‐
tion  in  children  with  cancer;  such  as  the  patient’s  age,  the  deficit  of  specific  micronu‐
trients  and  the  presence  or  absence  of  infection.  The  severity  of  their  malnutrition  is
determined  mainly  by  anthropometric  indicators,  that  are  the  indexes  of  weight-for-
height  (w/h)  and  weight-for-age  (w/a),  which  indicates  acute  malnutrition  (table  1),
height-for-age  (h/a)  which  indicate  a  delay  in  growth  or  chronic  malnutrition;  and  the
Body Mass Index (BMI),  which is  a  figure that  can diagnose a patient  for  being under‐
weight, overweight or obesity. [10,11] (table 4)
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Percentile Diagnosis

<5 Malnourished

5-85 Normal

> 85 a < 95 Overweight

≥ 95 Obesity

Table 1. Diagnosis by percentile for the indexes weight-for-height, weight-for-age based on the World Health
Organization (WHO) tables.

Waterlow´s Classification:

Denomination Index Classification

Wasting Weight-for-height <5 Acute Malnutrition

Stunting Height-for-age <5 delay in growth or chronic malnutrition

Table 2. Denomination of wasting and stunting with Waterlow´s classification. [12, 13]

Waterlow´s classifications:

Denomination Index Classification

Wasting, no stunting
Weight-for-height <5 ,

height-for-age Normal
Acute malnutrition

Wasting and stunting
Weight-for-height <5 ,

height-for-age <5
Exacerbated-chronic malnutrition

Stunting, no wasting
Weight-for-height Normal,

height-for-age <5
Chronic malnutrition

Table 3. Combinations of nutritional diagnosis with Waterlow’s classification. [12,13]

Percentil Diagnosis

<5 Underweight - Malnourished

≥5 y <85 Normal

≥85- <94 Overweight

≥95 Obesity

Table 4. Diagnosis by percentile for the Body Mass Index (BMI) based on the World Health Organization (WHO) tables [10]
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Percentile Diagnosis

<5 Malnourished

5-85 Normal

> 85 a < 95 Overweight

≥ 95 Obesity

Table 1. Diagnosis by percentile for the indexes weight-for-height, weight-for-age based on the World Health
Organization (WHO) tables.

Waterlow´s Classification:

Denomination Index Classification

Wasting Weight-for-height <5 Acute Malnutrition

Stunting Height-for-age <5 delay in growth or chronic malnutrition

Table 2. Denomination of wasting and stunting with Waterlow´s classification. [12, 13]

Waterlow´s classifications:

Denomination Index Classification

Wasting, no stunting
Weight-for-height <5 ,

height-for-age Normal
Acute malnutrition

Wasting and stunting
Weight-for-height <5 ,

height-for-age <5
Exacerbated-chronic malnutrition

Stunting, no wasting
Weight-for-height Normal,

height-for-age <5
Chronic malnutrition

Table 3. Combinations of nutritional diagnosis with Waterlow’s classification. [12,13]

Percentil Diagnosis

<5 Underweight - Malnourished

≥5 y <85 Normal

≥85- <94 Overweight

≥95 Obesity

Table 4. Diagnosis by percentile for the Body Mass Index (BMI) based on the World Health Organization (WHO) tables [10]
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It’s important to consider the body composition in children with cancer, with which we are
able to determine the quantity of lean mass and body fat in their bodies, in order to see if
there is muscular depletion. The anthropometric measures used to get body composition
can be the Mid Upper Arm Circumference (MUAC), triceps (TSF), biceps, subscapularis and
suprailiac skinfolds; [14] and in case of having the necessary equipment, the use of electric
bioimpedance or D-XA (Dual X-Ray Absorptiometry) is recommendable.

With the mid upper arm circumference and the triceps skinfold, you can calculate the mus‐
cle and fat area by using the following formula:

Then comparing the score with the Frisancho tables where:

Percentile Diagnosis

0 – 5 Wasted

5.1 – 15 Below average

15.1 – 85 Average

85.1 - 95 Above Average

>95 High muscle

Table 5. Diagnosis by percentile for upper arm muscle area based on Frisancho tables. [14]

Aside from those anthropometric indicators, there are biochemical indicators that are used
to diagnose protein malnutrition, like albumin and pre-albumin which are the most impor‐
tant due to their hepatic synthesis, and total protein. [15,16]

The half- life of albumin is 20 days, therefore it can assess acute malnutrition and can be
used as a morbidity and mortality prognosis factor.

Reference value Diagnosis

3.5 - 5.5 g/dl Well-nourished

2.8 - 3.5 g/dl Malnourished Grade 1

2.1 - 2.7 g/dl Malnourished Grade2

< 2.1 g/dl Malnourished Grade 3

Table 6. Albumin reference values and diagnosis [15]

Prealbumin has a 2 days half life wich means it is a very sensible marker for acute malnutrition,
but the result may be affected by inflammatory reaction, therefore is not useful to track changes
on the nutritional status unlike albumin that can be a better marker for protein malnutrition. [16]

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic280

Reference value Diagnosis

17 - 42 g/dl Well-nourished

<17 g/dl Malnourished

Table 7. Prealbumin reference values and diagnosis [17]

It is important to make a full assessment of nutritional status in these children as this can
influence the patient's response to the treatment.

3. Impact of malnutrition in Acute Lymphoblastic Leukemia (ALL)

The study of the impact of malnutrition in children with cancer has been conducted pri‐
marily  in  patients  with  acute  leukemia,  specifically  in  (ALL)  perhaps  because  it  is  the
most common type of cancer in children worldwide. [18-21] In two papers published one
by Underzo et al., and in another by Reilly J, et al., reported that the prevalence of mal‐
nutrition at diagnosis in patients with ALL was 7% for developed countries, and on the
contrary,  in  different  studies  conducted  in  developing  countries  have  reported  higher
prevalence of up to 21-23%, which confirms the statement that in countries with low eco‐
nomic development, malnutrition occurs more frequently, This could be a result of pov‐
erty.  It  is  for  this  reason  that  for  several  years,  these  countries  have  made  efforts  to
determine  the  true  impact  of  malnutrition  as  a  prognostic  factor  in  patients  with  acute
leukemia in children at different stages of treatment. [22-25]

3.1. Prognosis

As is known chemotherapy used in the treatment of patients with ALL has some serious ef‐
fects that may endanger the life of patients at a given time. Among the most common side
effects of QT are toxicity to various organs, infection, hemorrhage, tumor lysis syndrome
(TLS), among others., which would be the cause of high morbidity and mortality. It is for
this reason that the current chemotherapy protocols in children with ALL are based on a
risk classification to reduce toxicity in low-risk patients as well as ensure that therapy is ade‐
quate and aggressive to those classified as high risk. [26,27]

In the group of patients with ALL who are malnourished at diagnosis, it was found that che‐
motherapy is more toxic and less effective compared to those found with adequate nutri‐
tional status, specifically haematological toxicity is the cause of most complications, such as
an increased risk to present infections, bleeding and an increased risk of relapse, the above
due to neutropenia, thrombocytopenia, and discontinuation of treatment, respectively.

The main effect of malnutrition on treatment, is due to an alteration of the biodisponibility
of antineoplastic drugs, which is achieved through the following mechanisms: a) changes in
absorption, eg for drugs like methotrexate and 6 mercaptopurine, b) the decreased drug
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transport by the reduction or lack of plasmatic proteins, and c) by decrease in hepatic metab‐
olism of the antineoplastic mainly caused by a lack of enzymatic activity by cytochrome
P450. [28-37]

Furthermore. highlight the importance of studying on the subject of how malnutrition af‐
fects the prognosis of patients with ALL, because in some of the studies did not allow con‐
clusions to determine whether the association exists in some of these studies were given the
limitations by factors such as inadequate sample size, the inconsistency in how to assess the
nutritional status between studies, and also have not been studied other possible complica‐
tions in the evolution of these patients, such as relapse, abandonment in the treatment,
among others. [28,38-40]

3.2. Survival

Moreover, since 1980 the rates of event-free survival has improved in patients with ALL,
currently  reported survival  at  5  years  is  80% and 10-year  survival  is  60% in developed
countries,  however,  in  developing countries  cure rates  are  less  than 35%, so on a quest
to determine the factors related to mortality in developed countries, but mainly in devel‐
oping countries, has been studied by different authors on the role of malnutrition on sur‐
vival  of  patients  with  ALL;  remain  controversial  until  now  because  while  on  the  one
hand, some authors have reported that survival rates are lower in malnourished patients
compared with patients who are well nourished and of the same risk, in other studies, it
has  not  been possible  to  confirm this  association.  [8,29,41]  According to  Reilly  J,  et  al.,
There are three mechanisms that explain the direct influence of malnutrition on survival
of patients with ALL: The first,  means that if  there is a greater severity of malnutrition,
there  will  be a  greater  severity of  leukemia this  because as  we know, malnutrition is  a
surrogate  marker  of  the  disease  state,  the  second mechanism is  related to  immune sys‐
tem dysfunction that occurs in malnourished patients, which would cause increased sus‐
ceptibility  to  potentially  serious  infections  could  lead  to  the  death  of  the  patient,  and
finally, a mechanism related to adipose tissue, which has as one of its main functions be‐
ing a facilitator to take place the pharmacokinetics of many anticancer drugs, this tissue
is functionally and structurally altered in malnutrition, resulting in a lower effective anti‐
neoplastic drugs and greater toxicity and that both could be potential factors sufficient to
endanger  the  patient's  life,  however  this  mechanism has  been studied by other  authors
who found no such effect. [23-39]

Therefore, it is believed that malnutrition alone is a major factor in poor prognosis and sur‐
vival of patients with ALL, however, it is noteworthy that most of the studies performed,
are from developed countries and / or where it is mainly evaluated the impact of malnutri‐
tion on long-term survival, so it is necessary to know whether the association also exists in
developing countries, because these populations have certain characteristics, such as fre‐
quencies malnutrition and deaths occur primarily during the first year of treatment much
higher, and it also has been reported as one of the main obstacles to improved survival rates
in patients with ALL. [39,42-45]
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3.3. Malnutrition and early mortality

Early mortality can be defined as death during the first year of treatment, and it includes treat‐
ments as chemotherapy of induction to remission, central nervous system prophylaxis and con‐
solidation. In several cases around the globe, the early mortality rate for developed countries is
significantly lower than the one presented in developing countries. Main causes for early mor‐
tality include complications during chemotherapy treatment, such as infections, hemorrhages
and toxicity, since their presence often represent an interruption in the treatment.

A 1999 study conducted by Silverman and collaborators in the Dana-Farber Cancer Institute,
United States; a mortality rate of 2% in the first stage of treatment was reported, mainly
caused by infections. [46] Another study conducted in the UK in 1997 also measured the rate
of early mortality in these patients, reporting a mortality rate of barely 1.2%, with infections
still being the main cause of death; however, cases of brain hemorrhage and tumor lysis syn‐
drome (TSL) were also detected. [47]

The country that reports the lowest percentage of mortality in early stages of treatment is
Germany, which reported only a 1% death rate in their patients between 1984 and 1996; with
most of the deceases caused by hemorrhages and tumor lysis. [41]

While that’s the case in developed countries, where very low mortality rates are reported; a
study conducted by Rivera Luna and collaborators in Mexico’s Instituto Nacional de Pedia‐
tría (INP) threw results of a 15% mortality rate during the phases of induction to remission.
[37] In other developing countries like Honduras, El Salvador, Brazil, and India mortality al‐
so shows a spike in rates compared to developed countries, with an early mortality rate of
20.8%, 12.5%, 14.9% and 17% respectively, as you can see in Graph 1. [48-51]

 
 
Germany U.K. U.S.A El Salvador Brazil Mexico  India Honduras 
1% 1.20% 2% 12.50% 15% 15% 17% 21% 

 

Graphic 1. Incidence of early mortality in patients with ALL around the world.
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A  possible  explanation  for  this  marked  difference  might  be  that  malnutrition,  poverty
and lack  of  access  to  public  health  services  are  frequent  problems in  developing  coun‐
tries,  unlike  developed  countries  where  children  with  leukemia  have  lower  early  mor‐
tality  rates.

There have been several studies that try to correlate malnutrition with the evolution of pa‐
tients with ALL. The first one was conducted in Mexico in 1989 by Lobato Mendiazabal et
al., where there’s a categorization of children with or without malnutrition based on weight-
for-height indicators. It was found that, when measuring 5 year survival rate, 80% of chil‐
dren without malnutrition survived, while patients with malnutrition had a survival rate of
barely 26% in the same period. [44]

As  far  as  early  mortality  and  relapses  during  the  first  year  of  treatment  go,  only  4%
of  children  diagnosed  with  good  nutrition  suffered  any  of  those  events,  while  63%  of
ill  nurtured children experienced a  relapse or  death.  This  study was conducted in Pue‐
bla,  with a sample size of  42 children of  a  single hospital  facility (Hospital  Universitar‐
io  de Puebla).  [44]

In a case and control study conducted by Mejia Aranguré and collaborators the state of nu‐
trition of several patients with the weight-for-height indicator was tested and compared for
diagnosis with the boards of Federico Gómez. For this study 93 cases of 2 hospital sources
were taken; Hospital Infantil Federico Gómez and Hospital de Pediatría de Centro Médico
Nacional S XXI. [35]

It  was  found  that  children  with  malnutrition  at  the  moment  of  diagnosis  were  almost
2.6  times  more  likely  to  die  in  comparison to  children without  malnutrition.  Therefore,
it  was  concluded  that  malnutrition  is  a  factor  that  increases  the  mortality  rate  of  chil‐
dren  with  ALL,  and  an  association  directly  proportional  to  the  severity  of  the  nutri‐
tion was established.  [24]

In a prospective cohort conducted in 63 patients by Khan and collaborators, malnutrition
was classified with the index of weight-for-height, and the result was that 46% of children
with malnutrition at the moment of ALL diagnose completed their treatment; only 9.8% suf‐
fered a relapse and 45% died; meanwhile children without malnutrition experienced a 59%
survival to their treatment, a 21% relapse rate and 19% died. Thus, malnutrition was consid‐
ered as a bad prognosis factor for children with ALL. [36]

One of the most recent studies was conducted in Bangladesh by Hafiz MG and collaborators
in 2008. This study only takes a sample of 66 patients from the Indian Pediatric Hospital, the
index they used was the weight-for-height measurement, although they don’t specify the ta‐
bles that results were compared to in order to classify the state of nutrition.

They concluded that children that present malnutrition have 2 to 3 times the risk of infection
in comparison to children without malnutrition. It was also observed that children with mal‐
nutrition needed more time for induction therapy since their dosage has to be lowered, or
their treatment was interrupted for toxicity. [28]
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Another study realized by Pedrosa F. and collaborators in 2000, took in account indicators as
weight-for-height, height-for-age and weight-for-age; comparing them to WHO data. For
this study they took in account patients with any type of leukemia and patients with solid
tumors. This study was collaboration between two hospitals in El Salvador and Brazil,
where they were able to include 443 patients. Of that number, 151 had an ALL diagnosis. At
the beginning of the study children were classified as children with malnutrition and chil‐
dren without malnutrition, and children with malnutrition were provided with a dosage of
albumin 2 weeks before starting chemotherapy. The study concluded that “malnourishment
doesn’t have a relevant association with these patients’ survival”. [38]

The most recent study published on this subject was conducted with patients of Mexico’s
Instituto Nacional de Pediatría, with 100 patients diagnosed with ALL. Their state of nutri‐
tion was determined with indicators of weight-for-height and height-for-age and compared
to the NHANES tables of the CDC in the United States. This was a retrospective study
where the follow up was done during the phases of induction to remission, and the results
were as follow: 14.9% of children without malnourishment died during treatment phase,
while 5.1% of patients without malnourishment perished in this stage of treatment There‐
fore, it was concluded that malnutrition didn’t play an important role in early mortality in
children with ALL. [37]

In a retrospective cohort done in El Salvador with 469 patients, besides BMI index, triceps
skinfolds and Mid Upper Arm Circumference were taken into consideration. This study
concluded that malnourishment had no association with mortality during treatment. [49]

A study conducted by Hijiya and collaborators demonstrated with a retrospective cohort of
621 patients of St. Jude’s Hospital in United States concluded that BMI didn’t affect the evo‐
lution of patients with ALL. This study took BMI as the main nutritional indicator and div‐
ided children in 3 groups: malnourished, normal and obese. The survival rates in these
categories were similar, children with malnutrition presented a survivability rate of 86.1%,
children with a normal nutrition state had an 86% survivability rate and in obese children
the figure was of 85.9%. [39]

There’s controversial information about the relationship between the effects of malnutrition
in the evolution of patients with ALL, mostly because even with a wide range of studies,
some conclude there’s a significant relation between these factors [24,28,44] while others
conclude that there’s no relation. [37-39, 49]

One of the reasons is the bias in the classification of malnutrition, since in some studies like
Pedroza and collaborators [38] the World Health Organization (WHO) charts are used, and
in Rivera Luna and collaborators [37] they used the charts of the National Health and Nutri‐
tion Examination Survey (NHANES), while in the study conducted by Lobato Mendizabal
and collaborators the charts of Ramos Galván were taken into account [44] and at last the
study of Mejía Aranguré and collaborators used Federico Gómez’ charts. [24]

In the studies mentioned, the sample was taken only from one or two hospital sources, so
it’s important to conduct a multicentre study that can show a wider panorama of the effects
of malnourishment in the evolution of children with ALL.
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diagnosis with the boards of Federico Gómez. For this study 93 cases of 2 hospital sources
were taken; Hospital Infantil Federico Gómez and Hospital de Pediatría de Centro Médico
Nacional S XXI. [35]

It  was  found  that  children  with  malnutrition  at  the  moment  of  diagnosis  were  almost
2.6  times  more  likely  to  die  in  comparison to  children without  malnutrition.  Therefore,
it  was  concluded  that  malnutrition  is  a  factor  that  increases  the  mortality  rate  of  chil‐
dren  with  ALL,  and  an  association  directly  proportional  to  the  severity  of  the  nutri‐
tion was established.  [24]

In a prospective cohort conducted in 63 patients by Khan and collaborators, malnutrition
was classified with the index of weight-for-height, and the result was that 46% of children
with malnutrition at the moment of ALL diagnose completed their treatment; only 9.8% suf‐
fered a relapse and 45% died; meanwhile children without malnutrition experienced a 59%
survival to their treatment, a 21% relapse rate and 19% died. Thus, malnutrition was consid‐
ered as a bad prognosis factor for children with ALL. [36]

One of the most recent studies was conducted in Bangladesh by Hafiz MG and collaborators
in 2008. This study only takes a sample of 66 patients from the Indian Pediatric Hospital, the
index they used was the weight-for-height measurement, although they don’t specify the ta‐
bles that results were compared to in order to classify the state of nutrition.

They concluded that children that present malnutrition have 2 to 3 times the risk of infection
in comparison to children without malnutrition. It was also observed that children with mal‐
nutrition needed more time for induction therapy since their dosage has to be lowered, or
their treatment was interrupted for toxicity. [28]

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic284

Another study realized by Pedrosa F. and collaborators in 2000, took in account indicators as
weight-for-height, height-for-age and weight-for-age; comparing them to WHO data. For
this study they took in account patients with any type of leukemia and patients with solid
tumors. This study was collaboration between two hospitals in El Salvador and Brazil,
where they were able to include 443 patients. Of that number, 151 had an ALL diagnosis. At
the beginning of the study children were classified as children with malnutrition and chil‐
dren without malnutrition, and children with malnutrition were provided with a dosage of
albumin 2 weeks before starting chemotherapy. The study concluded that “malnourishment
doesn’t have a relevant association with these patients’ survival”. [38]

The most recent study published on this subject was conducted with patients of Mexico’s
Instituto Nacional de Pediatría, with 100 patients diagnosed with ALL. Their state of nutri‐
tion was determined with indicators of weight-for-height and height-for-age and compared
to the NHANES tables of the CDC in the United States. This was a retrospective study
where the follow up was done during the phases of induction to remission, and the results
were as follow: 14.9% of children without malnourishment died during treatment phase,
while 5.1% of patients without malnourishment perished in this stage of treatment There‐
fore, it was concluded that malnutrition didn’t play an important role in early mortality in
children with ALL. [37]

In a retrospective cohort done in El Salvador with 469 patients, besides BMI index, triceps
skinfolds and Mid Upper Arm Circumference were taken into consideration. This study
concluded that malnourishment had no association with mortality during treatment. [49]

A study conducted by Hijiya and collaborators demonstrated with a retrospective cohort of
621 patients of St. Jude’s Hospital in United States concluded that BMI didn’t affect the evo‐
lution of patients with ALL. This study took BMI as the main nutritional indicator and div‐
ided children in 3 groups: malnourished, normal and obese. The survival rates in these
categories were similar, children with malnutrition presented a survivability rate of 86.1%,
children with a normal nutrition state had an 86% survivability rate and in obese children
the figure was of 85.9%. [39]

There’s controversial information about the relationship between the effects of malnutrition
in the evolution of patients with ALL, mostly because even with a wide range of studies,
some conclude there’s a significant relation between these factors [24,28,44] while others
conclude that there’s no relation. [37-39, 49]

One of the reasons is the bias in the classification of malnutrition, since in some studies like
Pedroza and collaborators [38] the World Health Organization (WHO) charts are used, and
in Rivera Luna and collaborators [37] they used the charts of the National Health and Nutri‐
tion Examination Survey (NHANES), while in the study conducted by Lobato Mendizabal
and collaborators the charts of Ramos Galván were taken into account [44] and at last the
study of Mejía Aranguré and collaborators used Federico Gómez’ charts. [24]

In the studies mentioned, the sample was taken only from one or two hospital sources, so
it’s important to conduct a multicentre study that can show a wider panorama of the effects
of malnourishment in the evolution of children with ALL.
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Autor

(Year)

Lobato

Mendiazabal

et al.

(1989)

Mejía Aranguré et

al.

(1999)

Pedrosa F.

et al.

(2000)

Rivera Luna

et al.

(2005)

Country Mexico Mexico El Salvador and Brazil Mexico

Hospitals Centro de

Hematología

Medicina Interna and

Hospital Universitario

de Puebla

Hospital de Pediatría

S. XXI and Hospital

Infantil de México

Federico Gómez

Hospital de niños

Benjamín Bloom and

Instituto Materno-

Infantil de

Pernambuco

Instituto Nacional de

Pediatría

Type of study Prospective cohort Case- control Retrospective Cohort Retrospective Cohort

Sample size 43 patients 93 patients,

17 cases and

76 controls

443 patients

151 with ALL

100 patients

Age 1-15 years <16 years 0-17.8 years 0-15 years

Parameters used Weight-for-age Weight-for-height Weight-for-age,

Height-for-age

Weight-for-height

Height-for-age,

Weight-for-height

Classification Ramos- Galvan’s

Tables

Federico Gómez

Tables

WHO`s Tables National Health and

Nutrition

examination survey

NHANES

Results 5-year survival in well

nourished versus

malnourished

patients:

83% in well

nourished Vs 26% in

malnourished. Death

and relapses: 4% in

well nourished vs.

63% malnourished.

Reduction of

chemotherapy

treatment: 75% in

well nourished Vs.

56% malnourished.

Children who had

malnutrition at the

time of diagnosis

were 2.6 more likely

to die than children

without malnutrition;

therefore

malnutrition

increases mortality in

children with LLA.

Malnutrition has no

association with

survival of patients

Note: A dose of

Albumin was applied

to malnourished

children 2 weeks

before they started

treatment.

14.9% of well

nourished children

died during the

induction to

remission therapy;

15.1% of

malnourished

children died during

the same stage of

treatment,

“Malnutrition does

not play a role in

early mortality in

children with ALL”.

Country USA Pakistan Bangladesh El Salvador

Hospitals St. Jude´s

Children Research

Hospital

Shaukat Khanum

memorial Hospital

Pediatric Hematology

and Oncology

Hospital de niños

Benjamín Bloom

Type of study Retrospective cohort Prospective cohort Prospective cohort Prospective Cohort

Sample size 621 patients 163 patients 66 patients 469 patients
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Autor

(Year)

Lobato

Mendiazabal

et al.

(1989)

Mejía Aranguré et

al.

(1999)

Pedrosa F.

et al.

(2000)

Rivera Luna

et al.

(2005)

Age 1-16 years <14 years 1-15 years 0-16 years

Parameters used BMI Weight-for-height Weight for age BMI, MUAC,(TSF)

Classification CDC tables Waterlow`s

Classification

Not specified CDC Tables

Results Children were

divided in 3

categories: <10°

malnourished; >ó=

85° well nourished; >

85 < 95° overweight;

>95 Obesity; Note:

Chemotherapy

dosage was not

adjusted by BMI.

Survival rate: 86.1%,

86.0%, 85.9% and

78.2% respectively

BMI has no effect on

the survival of LLA

children.

Malnourished

children: 46%

complete treatment

and were alive, 9.8%

relapse and 45%

died. Well nourished

children: 59%

complete treatment

and were alive,

21.3% relapse and

19% died.

“ Malnutrition is a

prognosis factor in

LLA children”

Malnourished

children are 3 times

more likely to present

infections tan well

nourished ones.

Malnourished

children need more

time of induction to

remission treatment

due to the dose

reduction caused by

toxicity.

Malnutrition has no

association with early

mortality in children

with LLA.

Table 8. Studies about the effect of malnutrition at time of diagnosis and early mortality in children with ALL.

4. Overweight and obesity in survivors of childhood acute lymphoblastic
leukemia

Concern about children who suffered from ALL is the long-term consequences that therapy
may bring after the leukemia has been overcome. Various studies have shown that nutri‐
tional abnormalities like obesity and overweight are commonly found in ALL survivors,
with a prevalence of 20-34% depending on the country where it has been studied. [52,53]

van Waas et al, conducted a study in 2004 in the Netherlands during the period from 2002 to
2007 in a single-center cohort of 500 survivors of childhood ALL. The ages of these patients
at the time of the study ranged from 18 to 59 years, of which 288 were females and 212 were
males, measured variables corresponded to the levels of total cholesterol, HDL cholesterol,
systolic and diastolic blood pressure, BMI, and the authors finally concluded that patients
who had been treated with cranial radiotherapy (CRT) had a higher frequency of over‐
weight (59% versus 34%, P = 0.003) than those who had not received CTR. [54]
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Table 8. Studies about the effect of malnutrition at time of diagnosis and early mortality in children with ALL.

4. Overweight and obesity in survivors of childhood acute lymphoblastic
leukemia

Concern about children who suffered from ALL is the long-term consequences that therapy
may bring after the leukemia has been overcome. Various studies have shown that nutri‐
tional abnormalities like obesity and overweight are commonly found in ALL survivors,
with a prevalence of 20-34% depending on the country where it has been studied. [52,53]

van Waas et al, conducted a study in 2004 in the Netherlands during the period from 2002 to
2007 in a single-center cohort of 500 survivors of childhood ALL. The ages of these patients
at the time of the study ranged from 18 to 59 years, of which 288 were females and 212 were
males, measured variables corresponded to the levels of total cholesterol, HDL cholesterol,
systolic and diastolic blood pressure, BMI, and the authors finally concluded that patients
who had been treated with cranial radiotherapy (CRT) had a higher frequency of over‐
weight (59% versus 34%, P = 0.003) than those who had not received CTR. [54]
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Obesity and overweight are defined are the result of varying degrees of abnormal or excessive
accumulation of fat. The World Health Organization defines overweight as a BMI of 25 to 29.9,
and obesity as a BMI of ≥30. The BMI modifications in survivors of childhood ALL are notewor‐
thy because they are associated with insulin resistance, diabetes mellitus, hypertension, dysli‐
pidemia and with an increased cardiovascular risk. [55]

4.1. Mechanisms involved in the development of overweight and obesity in ALL
survivors

Because of this, the processes by which these nutritional abnormalities are developed by
ALL survivors are being studied, though the exact mechanisms are still uncertain, nonethe‐
less, there are some hypotheses that would explain metabolic deregulations leading to the
development of altered BMI by the excessive accumulation of body fat. Here we will focus
on the effects due to radiotherapy and corticosteroids. However, it is important to point out
that exist other factors linked to these alterations. For example, long hospitalization periods
because of inmunosuppression or vincristine-induced peripheral neuropathy may cause re‐
stricted physical activity in these patients. In addition to this, it should not be left out the
usual risk factors for developing obesity of each population. [56]

4.1.1. Effects attributed to cranial radiation therapy

In one of the largest studies conducted so far related to the effect of radiotherapy for the devel‐
opment of overweight and obesity in ALL survivors by Oeffinger et al, (2003), reported that the
dose and radiation site were the mainly cause. This study was conducted during the period
from 1980 to 1994 the study population corresponded to 1765cases and 2588 controls aged 18-42
years old. Considering a radiation dose greater than 20Gy there was a risk factor for obesity in
men with an OR 1.86 for ills (95% CI, 1.33 to 2.57, P <.001) and in women with an OR of 2.59 (95%
CI, 1.88 to 3.55, P <0.001), without observing this nutritional disorder in patients who had re‐
ceived chemotherapy alone or had received cranial radiation doses of 10 to 19 Gy. [57]

Lackner H et al 1991and subsequently by Janiszewski et al., (2007), reported that the levels
of growth hormone (GH), insulin-like factor (IGF1) and leptin levels were significantly low‐
er in CRT than in non-CRT. [58,59]

The mechanism proposed to explain the growth hormone deficiency, holds that cranial radi‐
otherapy (CRT) given at a young age to treat children suffering from ALL, damages the hy‐
pothalamus neurons, inducing growth hormone deficiency (GHD). [60] Deficiency in the
secretion of growth hormone (GH) has been associated with the augmented percentage of
body fat. Evidence that supports these hypothesis are the decreased levels of IGF-1 (also
known as somatomedine C), which is a mediator of the GH action in target tissues.

Apart from their individual effects, there is evidence that relates leptin and GH. GH and
IGF-1 are decreased in response to fasting. Impaired GH synthesis and secretion occurs
along with a leptin deficiency or abnormality on its receptor. Leptin may also regulate GH
via somatostatin synthesis inhibition and secretion, allowing GH to yield its actions over the
targeted tissues. [61]
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Among many other physiological functions of the GH, this hormone promotes utilization of fats
as source of energy, inducing the liberation of fatty acids into the bloodstream. At the same time,
it has anabolic protein effects which are traduced in an increase of lean body mass. [62]

Moreover,  it  has  been recently  suggested that  only susceptible  individuals  will  develop
obesity when treated with CRT. This susceptibility has been tracked down to a polymor‐
phism  in  the  leptin  receptor  in  the  hypothalamus.  This  polymorphism  (Arg/Arg)  was
found by  Ross  et  al.,  to  be  associated to  females  having a  BMI ≥25,  treated with  CRT.
[63] Leptin is a hormone produced by adipocytes and it is involved in feeding behavior
regulation and energy balance. Stored energy in adipose tissue is closely watched by the
hypothalamus,  through this  hormone.  An increase in adipose tissue will  be traduced in
increased leptin  synthesis  by  adipocytes,  and by negative  feedback over  the  hypothala‐
mus food intake will be inhibited. [64,65]

4.1.2. Corticosteroid therapy

Because corticosteroids are used to treat ALL, it is important to point out that they also pro‐
mote leptin synthesis. However, conducted studies have only shown short-term effects on
increasing body weight. However, these findings strongly suggest doing more research to
determine if glucocorticoids induce long-term body weight via leptin synthesis or through
other mechanisms. [66]

After it has been released to the blood stream, leptin reaches the central nervous system
and binds to its  receptors found in the hypothalamic neurons of  the arcuate,  ventrome‐
dial, and dorsomedial nuclei. The activation of the receptors, decreases the production of
orexigenic  (or  appetite  stimulant)  substances such as  neuropeptide Y and agouti-related
peptide. It also activates the sympathetic nervous system, increasing the metabolic index
and energy consumption. As for the insulin,  leptin reduces its secretion, resulting in di‐
minished energy storage. [62]

As it has been shown leptin insensitivity, would have repercussions in the regulation of
body weight and metabolism. This leptin resistance can be attributed to abnormal receptors
as well as malfunctioning intracellular signaling. [61] Either way, disruption of the leptin
signaling, will eventually result in metabolic modifications that would lead to a raised BMI.

Furthermore, ALL survivors with CRT have higher risk of developing other components of
the metabolic syndrome. [53] Gurney at al. encountered that ALL survivors who received
CRT have increased total cholesterol levels, abnormally low HDL-C, altered triglycerides
and LDL-C, compared to those who were not given CRT. [65]

5. Conclusions

As it has been shown, treatment for ALL predisposes patients to suffer from obesity and
metabolic alterations, not only after, but also during it. Because of this, physicians should
make patients being treated for ALL and those who have overcome ALL, aware of the possi‐
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increasing body weight. However, these findings strongly suggest doing more research to
determine if glucocorticoids induce long-term body weight via leptin synthesis or through
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After it has been released to the blood stream, leptin reaches the central nervous system
and binds to its  receptors found in the hypothalamic neurons of  the arcuate,  ventrome‐
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Furthermore, ALL survivors with CRT have higher risk of developing other components of
the metabolic syndrome. [53] Gurney at al. encountered that ALL survivors who received
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As it has been shown, treatment for ALL predisposes patients to suffer from obesity and
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make patients being treated for ALL and those who have overcome ALL, aware of the possi‐
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bility to develop these changes, and should strongly advise them to develop healthy life‐
styles, in order to counteract this increased risk. In addition, strict medical follow-up should
be set for the early detection of this alterations, so that adequate medical intervention and/or
habit shifts could take place before irreversible damage has occurred.
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bility to develop these changes, and should strongly advise them to develop healthy life‐
styles, in order to counteract this increased risk. In addition, strict medical follow-up should
be set for the early detection of this alterations, so that adequate medical intervention and/or
habit shifts could take place before irreversible damage has occurred.
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1. Introduction

ALL is a malignancy of lymphoid cells occurring at any age. Almost 5000 cases are diagnosed
annually in the USA. Cell-B subtypes account for 85–90% of cases in children and 75–80% of
cases in adults; T-lineage ALL accounts for a small proportion of cases. It has a bimodal
incidence occurring at 2–4 years of age followed by a gradual increase after the age of 50.

In  the  last  years  much  progress  has  been  made  in  understanding  the  biology  of  acute
lymphoblastic leukemia which is now recognized as an expanding group of heterogene‐
ous  entities.  Recognition  of  distinct  gene  expression  patterns  may  identify  patient  sub‐
group with unique response to therapy and prognosis.  Accurate definition of prognostic
subgroups based on cytogenetic molecular marker has allowed institution of risk orient‐
ed  therapies.  [2]  The  Philadelphia  (Ph1+)  chromosome was  first  described  in  1960  in  a
patient  with  chronic  myeloid  leukemia  (CML).  This  is  the  product  of  the  fusion  of
chromosomes 9 and 22, t (9;22), which results in a BCR-ABL hybrid gene. [2]

The incidence is approximately 20-30 % of adult patients with ALL who present the Philadel‐
phia (Ph) Chromosome. Whereas Ph+ ALL is rare in children, comprising less than 5% of acute
lymphoblastic leukemia, its incidence increases to approximately 40% in adults 40 years of
age, with a 10% increment for every further decade of life with no sex difference. The majority
of patients are diagnosed with de novo Ph+ ALL, although occasional cases of secondary Ph1+,
ALL have been reported following chemotherapy or radiation therapy. [3, 4]. There are no
known risk factors for Ph+ ALL. The associations with environmental socioeconomic infections
and genetic events are being studied extensively in ALL. Few causal links have been estab‐
lished and the etiology of ALL remains obscure in most cases. The strongest associations to
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date exist with genetic factors and the role of Epstein Barr virus (EBV) and human immuno‐
deficiency virus (HIV) in patients with mature B cell ALL [2].

2. Diagnosis

The characteristic findings of Ph1+ ALL is a reciprocal translocation t(9,22) (q34q11) that fuses
the BCR gene from chromosome 22 to the ABL gene from chromosome 9. By standard
cytogenetic analysis this becomes apparent as a shortened chromosome 22 referred to as the
Philadelphia chromosome, which can also be visualized by fluorescent in situ hybridization
(FISH) analysis. At the molecular level, the bcr/abl fusion transcript can be detected by RT-
PCR. The location of the breakpoint within the BCR gene results in either the p190 BCR/ABL protein
observed in Ph+ ALL (66.3% of the cases) or the p210 BCR/ABL protein common to patients with
Ph+ CML which is present in ALL Ph+ (31,2%) The remaining cases are associated either with
both transcript type or with atypical transcripts. [4]

Other additional chromosome aberrations were present in up to 79% of the cases in a large
study  of  209  patients  (Moorman et  al).  Yanada  et  al.  study  involving  77  Ph+  ALL pa‐
tients, additional aberrations with a frequency of greater than 10% included a second Ph
chromosome (+der(22)  t  (9,22))  abnormalities  involving the short  arm of  chromosome 9,
monosomy 7, and trisomy 8. The presence of additional aberrations was associated with
significantly shorter relapse free survival (RFS) and higher relapse rate. This was particular‐
ly pronounced for the +der (22)t(9,22) and abnormalities involving the short arm chromo‐
some 9.  In  reference  to  this,  standard  karyotyping  is  mandatory  to  establish  the  initial
diagnosis while FISH analysis may be used as a confirmatory technique. The major role of
PCR  analysis  at  diagnosis  is  determination  of  the  type  of  fusion  transcript,  which  be‐
comes relevant during follow up studies of MDR. Using only PCR to establish the diagnosis
is  not  acceptable,  even  more  so  as  occasional  patients  harbor  an  aberrant  fusion  tran‐
script that is not detected by standard primer combination [5,6.]

The white blood cell count is variable at diagnosis, hyperleukocytosis and/or splenomegaly
may be present. Ph+ ALL is a B-precursor ALL which typically expresses the CD19 and CD10
antigens, and the CD34 antigen is expressed in 89% of cases. The most frequent immunologic
subtypes are common ALL (78.2%) and pre-B ALL (19.9%), whereas only 1.9% of patients
display the pro – B immunophenotype. Except for few case reports, the chromosome is not
found in T linage ALL. Myeloid markers are frequently expressed, most notably the CD13
antigen (20%) and CD33 antigen (15%). CNS leukemia is infrequent (5%) at initial presentation,
but there is an increased risk of developing meningeal leukemia during the course of treatment
when compared with other B linage ALL. [7]

The main differential diagnosis at the begime,of the disease is chronic myelogenous leukemia
(CML) lymphoblastic blast crisis (LBC). In the absence of a history of CML, myeloid hyper‐
plasia, bone marrow basophilia, eosinophilia or excessive splenomegaly are suggestive of LBC-
CML. While identification of the e1a2 fusion product (p190 BCR-ABL) essentially rules out CML,
the major BCR fusion transcript (p210 BCR-ABL) is found in both Ph+ ALL and LBC-CML. This
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distinction is usually of no clinical significance. However, as newly diagnosed LBC-CML
without a prior history of CML is generally treated in the same way as Ph+ ALL. [8]

3. Treatment of Ph 1+ ALL: The result with Imatinib and chemotherapy

Chemotherapy alone for adult with ALL Ph1+ is poor, with less than 10% probability. Long
term survival. The development of tirosi kinase inhibitor, imatinib and its use with chemo‐
theray for the induction obtained complete remission in ranged from 60-70%, moderately
lower than 70-90 % achieved in Ph1+ negative ALL. The median CR duration was considerably
inferior, however ranging from 9-16 month in patients treated only with chemotherapy with
almost no long term survivor. Because of the poor outcome with chemotherapy, the allogeneic
stem cell transplantation (SCT) is considered to be the treatment of choice in adult Ph+ ALL. [9]

Imatinib Mesylate (STI571 GlivecR) (IM) was the first Tirosin Kinase inhibitor for CML
treatment and now is the gold standard for the treatment of de novo CML in chronic phase.
The BCR/ABL fusion gene encodes the chimeric BCR/ABL oncoprotein which has constitu‐
tively active tyrosine kinase activity. This results in dysregulated activity of additional signal
transduction pathways located downstream of BCR/ABL. The strong pathophysiological
similarity between Ph+ ALL and CML provided the rationale for exploring the clinical efficacy
of IM. [10].

Druker et al. in one of the first evidence of clinical activity from a phase I study in 2001, in
relapsed or refractory patients with Ph+ ALL which showed a significant number of hemato‐
logical responses (70%) although only 20 % of the patients achieved a complete remission (CR).
Later in 2002 these results were confirmed in phase II studies in which imatinib at daily doses
of 400 mg to 600 mg induced a CR in 19% of the patients. These responses were not sustained
however, and the estimated median survival in these studies was only 4.9 months. As a
consequence, subsequent studies focused on the use of imatinib during front line therapy of
Ph+ ALL, both as a single agent therapy and in combination with various chemotherapy
regimens. A major goal of studies performed in younger patients was to increase the CR rate
and improve the quality of response prior to hematopoietic stem cell transplantation (HSTC)
in patients with a suitable donor. [12,13]. Several strategies have been evaluated to optimize
the combination of imatinib and chemotherapy. Initial studies were based on schedules
alternating imatinib and chemotherapy cycles followed by clinical trials that investigated
schedules in which imatinib and chemotherapy were given concomitantly. The question of
whether minimization of chemotherapy related toxicity by combining imatinib with less
intensive chemotherapy or administering it alone yielded equivalent or superior results was
also addressed. [11]

The current standard approach for patients in the combination of a chemotherapy protocol
employing four to five cytotoxic agents typically used for ALL with imatinib at a daily dose
of 400 mg to 800 mg (Table 1). Complete remission rates in these studies consistently exceeded
90%, the profile and incidence of severe toxicity were not different from those associated with
the historic chemotherapy alone regimens. The overall survival (OS) in the different studies
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however, and the estimated median survival in these studies was only 4.9 months. As a
consequence, subsequent studies focused on the use of imatinib during front line therapy of
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ranged from 36 to 76 %, although follow up is short (1-3 years) while the superiority of adding
imatinib to conventional chemotherapy was strongly suggested by historical comparisons
between the outcome of the patients using similar chemotherapeutic schedules with or without
imatinib the impact of imatinib based regimen on long-term outcome is difficult to assess due
to the higher rate of patients undergoing SCT in CR1, which became possible due to a lower
incidence of early relapses. [10]

        Imatinib dosing       Results (%)

Subtype
Chemotherapy 
regimen

Induction 
(mg/d)

Consolidation   
(mg/d)

Mantenance 
(mg/d) No CR Relapse DFS            

(at y)
Survival          

(at y)
Adults
Thomas el al Hyper-CVAD C (400) C (400) C (400) 39 92 14 83(3) 55 (3)

Yanada el al JALSG ALL202 C (600) A (600) C (600) 80 96 26 60 (1)     
51 (2)

76 (1)        
58 (2)

Lee et al
Modi fied from 
Linker C (600) C (400) C (400) 20 95 32 62 (2)        59 (2)

Wassmann et al
GMALL                              
Al ternating 
Concurrent 

None          
None

A (400/ 600)         
C (600)

NR                   
NR

47                     
45

NA               
NA

NR              
NR

52 (2)                        
61 (2)

36 (2)             
43 (2)

de Labarthe el al GRAAPH-2003 None                     C (600) NR                      45 96 19 51 (1.5) 65 (1.5)

Ottmann et el al
GMALL                              
Chemotherapy 
Imatinib

None        
Only (600)

C (600)                           
C (600)

C (600)                           
C (600)

28                            
27

96              
50

41              
54

29 (1.5)         
57 (1.5)

35 (1.5)         
41 (1.5)

C= concurrent; A= alternating; NR= not reported; NA= not applicable; JALSG = Japan Adult Leukemia Study Group; GMALL= German Multi-Centre Acute
Lymphoblastic Leukemia; hyper-CVAD= fractionated cyclophosphamide, vincristine, doxorubicine, dexamethasone; GRAAPH= Group for Research on 
Adult Acute Lymphoblastic Leukemia; GIMEMA= Gruppo Italiano Malattie Ematologiche dell´Adulto; GRAALL=Group for Research in Adult Acute 
Lymphoblastic Leukemia; Pred= prednisone 

C= concurrent; A= alternating; NR= not reported; NA= not applicable; JALSG = Japan Adult Leukemia Study Group;
GMALL= German Multi‐Centre Acute; Lymphoblastic Leukemia; hyper‐CVAD= fractionated cyclophosphamide,
vincristine, doxorubicine, dexamethasone; GRAAPH= Group for Research on Adult Acute Lymphoblastic Leukemia;
GIMEMA= Gruppo Italiano Malattie Ematologiche dell´Adulto; GRAALL=Group for Research in Adult Acute Lympho‐
blastic Leukemia; Pred= prednisone

Table 1. Studies combining imatinib with chemotherapy for de novo Philadelphia chromosome positive (Ph+) ALL [10]

4. Approach in young patients

4.1. Imatinib in combination with chemotherapy in younger patients

The current standard approach for young patients is the combination of chemotherapy
protocol employing four to five cytotoxic agent typically used for ALL with imatinib at a daily
dose of 400 to 600 mg. Such an approach was pioneered by the MD Anderson Group. They
combined sequential imatinib at 400 mg with 8 alternate hyper-CVAD and HD-MTX/AraC
cycles (fractionated Cyclophosphamide, Vincristine, Doxorubicin and Dexamethasone
alternating with cycles of high dose Methotrexate and Cytarabine) followed by imatinib
maintenance at 600 mg/d. In this trial the CR rate was 93% with about 2 years of DFS rate of
75%. The molecular remission rate or negativity for bcr/abl transcript by RT-PCR and nested
PCR approach 60%. [14]
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Yanada et al. have likewise reported results in complete remission (CR) in 77 patient (96.2%),
as well as polymerase chain reaction negativity of bone marrow in 71,3 % with the use a
multidrug protocol plus imatinib. The authors described that the profile and incidence of
severe toxicity were not different from those associated with our historic chemotherapy-alone
regimen. Relapse occurred in 20 patient after median CR duration of 5,2 months. 49 patients
underwent the allogeneic hematopoietic stem cell transplantation (HSCT), 39 of whom
underwent transplantation during their first CR. The 1 year-event-free and overall survival
(OS) rates were estimated to be 60.0% and 76.1%, respectively, which were significantly better
than ourfortheir historic controls treated with chemotherapy alone. The probability of OS for
this group of patients described by the author at 1 year was 73.3 % for those who underwent
allogeneic HSCT and 84.8% for those who did not. [15]

Lee K-H et al. evaluated 20 patients with Ph+ ALL who were administered with induction
chemotherapy daunorrubicin, vincristine prednisolone and L asparaginase along with
imatinib 600 mg /day during remission induction and 400 mg /day during consolidation
courses. 19 patients achieved complete remission (CR). In this trials, 15 underwent allogeneic
hematopoietic cell transplantation (HCT) during first CR. After median follow up period of
799 days, 6 patients experienced recurrence. Eight died. Median CR duration was 821 days
and median patient survival was 894 days. In the study the results were significantly longer
by 2.9 and 2.3 fold respectively when compared to those of 18 historical patient treatments
with same regimen of combination chemotherapy without imatinib. [16]

Wassmann et al. enrolled 92 patients with newly diagnosed Ph+ ALL in a prospective multi‐
center study to investigate sequentially 2 treatment schedules with imatinib administrated
concurrent to or alternating with a uniform induction and consolidation regimen. Coadmi‐
nistration of imatinib and induction cycle2 (INDII) resulted in a CR rate of 95 % and polymerase
chain reaction (PCR) negativity for BCR/ABL in 52 % of the patients compared with 19% in
patients in the alternating treatment cohort. Remarkably, patients with and without a CR after
induction cycle 1 (INDI) had similar hematologic and molecular responses after concurrent
imatinib and INDII. 7 % of the patients underwent allogeneic stem cell transplantation (SCT),
in first CR (CR1) both schedules of imatinib had acceptable toxicity and facilitated SCT in CR1
in the majority of patients but concurrent administration of imatinib and chemotherapy had
greater antileukemic efficacy for this group. [17]

Labarthe et  al.  in 2007 published the results  of  45 patients  with Ph+ ALL treated in the
Group  for  Research  on  Adult  Acute  Lymphoblastic  Leukemia  (GRAAPH)  2003  study,
where imatinib was started with HAM (mitoxantrone with intermediate-dose cytarabine)
as  consolidation  therapy  in  good  early  responders  (corticosensitive  and  chemosensitive
ALL)  or  earlier  during  the  induction  course  in  combination  with  dexamethasone  and
vincristine  in  poor  early  responders  (corticoresistant  and/or  chemoresistant  ALL).  Imati‐
nib  was  then  continuously  administered  until  stem  cell  transplantation  (SCT).  Overall,
complete  remission (CR)  and BCR-ABL  real-time quantitative  polymerase  chain  reaction
(RQ-PCR) negativity rates were 96% and 29%, respectively. All of the 22 CR patients (100%)
with a donor received allogeneic SCT in first CR. At 18 months, the estimated cumulative
incidence of relapse, disease-free survival, and overall survival were 30%, 51%, and 65%,
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ranged from 36 to 76 %, although follow up is short (1-3 years) while the superiority of adding
imatinib to conventional chemotherapy was strongly suggested by historical comparisons
between the outcome of the patients using similar chemotherapeutic schedules with or without
imatinib the impact of imatinib based regimen on long-term outcome is difficult to assess due
to the higher rate of patients undergoing SCT in CR1, which became possible due to a lower
incidence of early relapses. [10]
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35 (1.5)         
41 (1.5)

C= concurrent; A= alternating; NR= not reported; NA= not applicable; JALSG = Japan Adult Leukemia Study Group; GMALL= German Multi-Centre Acute
Lymphoblastic Leukemia; hyper-CVAD= fractionated cyclophosphamide, vincristine, doxorubicine, dexamethasone; GRAAPH= Group for Research on 
Adult Acute Lymphoblastic Leukemia; GIMEMA= Gruppo Italiano Malattie Ematologiche dell´Adulto; GRAALL=Group for Research in Adult Acute 
Lymphoblastic Leukemia; Pred= prednisone 

C= concurrent; A= alternating; NR= not reported; NA= not applicable; JALSG = Japan Adult Leukemia Study Group;
GMALL= German Multi‐Centre Acute; Lymphoblastic Leukemia; hyper‐CVAD= fractionated cyclophosphamide,
vincristine, doxorubicine, dexamethasone; GRAAPH= Group for Research on Adult Acute Lymphoblastic Leukemia;
GIMEMA= Gruppo Italiano Malattie Ematologiche dell´Adulto; GRAALL=Group for Research in Adult Acute Lympho‐
blastic Leukemia; Pred= prednisone

Table 1. Studies combining imatinib with chemotherapy for de novo Philadelphia chromosome positive (Ph+) ALL [10]

4. Approach in young patients

4.1. Imatinib in combination with chemotherapy in younger patients

The current standard approach for young patients is the combination of chemotherapy
protocol employing four to five cytotoxic agent typically used for ALL with imatinib at a daily
dose of 400 to 600 mg. Such an approach was pioneered by the MD Anderson Group. They
combined sequential imatinib at 400 mg with 8 alternate hyper-CVAD and HD-MTX/AraC
cycles (fractionated Cyclophosphamide, Vincristine, Doxorubicin and Dexamethasone
alternating with cycles of high dose Methotrexate and Cytarabine) followed by imatinib
maintenance at 600 mg/d. In this trial the CR rate was 93% with about 2 years of DFS rate of
75%. The molecular remission rate or negativity for bcr/abl transcript by RT-PCR and nested
PCR approach 60%. [14]

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic300

Yanada et al. have likewise reported results in complete remission (CR) in 77 patient (96.2%),
as well as polymerase chain reaction negativity of bone marrow in 71,3 % with the use a
multidrug protocol plus imatinib. The authors described that the profile and incidence of
severe toxicity were not different from those associated with our historic chemotherapy-alone
regimen. Relapse occurred in 20 patient after median CR duration of 5,2 months. 49 patients
underwent the allogeneic hematopoietic stem cell transplantation (HSCT), 39 of whom
underwent transplantation during their first CR. The 1 year-event-free and overall survival
(OS) rates were estimated to be 60.0% and 76.1%, respectively, which were significantly better
than ourfortheir historic controls treated with chemotherapy alone. The probability of OS for
this group of patients described by the author at 1 year was 73.3 % for those who underwent
allogeneic HSCT and 84.8% for those who did not. [15]

Lee K-H et al. evaluated 20 patients with Ph+ ALL who were administered with induction
chemotherapy daunorrubicin, vincristine prednisolone and L asparaginase along with
imatinib 600 mg /day during remission induction and 400 mg /day during consolidation
courses. 19 patients achieved complete remission (CR). In this trials, 15 underwent allogeneic
hematopoietic cell transplantation (HCT) during first CR. After median follow up period of
799 days, 6 patients experienced recurrence. Eight died. Median CR duration was 821 days
and median patient survival was 894 days. In the study the results were significantly longer
by 2.9 and 2.3 fold respectively when compared to those of 18 historical patient treatments
with same regimen of combination chemotherapy without imatinib. [16]

Wassmann et al. enrolled 92 patients with newly diagnosed Ph+ ALL in a prospective multi‐
center study to investigate sequentially 2 treatment schedules with imatinib administrated
concurrent to or alternating with a uniform induction and consolidation regimen. Coadmi‐
nistration of imatinib and induction cycle2 (INDII) resulted in a CR rate of 95 % and polymerase
chain reaction (PCR) negativity for BCR/ABL in 52 % of the patients compared with 19% in
patients in the alternating treatment cohort. Remarkably, patients with and without a CR after
induction cycle 1 (INDI) had similar hematologic and molecular responses after concurrent
imatinib and INDII. 7 % of the patients underwent allogeneic stem cell transplantation (SCT),
in first CR (CR1) both schedules of imatinib had acceptable toxicity and facilitated SCT in CR1
in the majority of patients but concurrent administration of imatinib and chemotherapy had
greater antileukemic efficacy for this group. [17]

Labarthe et  al.  in 2007 published the results  of  45 patients  with Ph+ ALL treated in the
Group  for  Research  on  Adult  Acute  Lymphoblastic  Leukemia  (GRAAPH)  2003  study,
where imatinib was started with HAM (mitoxantrone with intermediate-dose cytarabine)
as  consolidation  therapy  in  good  early  responders  (corticosensitive  and  chemosensitive
ALL)  or  earlier  during  the  induction  course  in  combination  with  dexamethasone  and
vincristine  in  poor  early  responders  (corticoresistant  and/or  chemoresistant  ALL).  Imati‐
nib  was  then  continuously  administered  until  stem  cell  transplantation  (SCT).  Overall,
complete  remission (CR)  and BCR-ABL  real-time quantitative  polymerase  chain  reaction
(RQ-PCR) negativity rates were 96% and 29%, respectively. All of the 22 CR patients (100%)
with a donor received allogeneic SCT in first CR. At 18 months, the estimated cumulative
incidence of relapse, disease-free survival, and overall survival were 30%, 51%, and 65%,

Acute Lymphoblastic Leukemia (ALL) Philadelphia Positive…
http://dx.doi.org/10.5772/55095

301



respectively.  The  authors  described  these  3  end  points  were  favorable  compared  with
results obtained in the pre-imatinib LALA-94 trial. [18]

Ottmann et al. recognized the potential benefit of administering imatinib simultaneously with
chemotherapy rather than in an alternating manner which was investigated in two successive
cohort of patients who were treated according to GMALL protocol and received imatinib either
alternating with chemotherapy (first cohort) or simultaneously with induction and consoli‐
dation cycles (second cohort). The reported rate of complete molecular remission (CMR) was
19% and 52 % respectively, but this greater antileukemia efficacy did not translate into
significant improvements in DFS or overall survival. [19] So far, the analyzed data showed the
superiority of adding Imatinib to conventional chemotherapy and it was strongly suggested
by historical comparison between the outcome of the patients using similar chemotherapeutic
with or without imatinib. The magnitude of improvement was as high as 30% in the studies
from MD Anderson and the GRAALL. These results were also confirmed by a pediatric study
of Schultz et al. in which imatinib was given at 340 mg/m2 for an increasing number of days
in combination with intensive chemotherapy. Early (1 year) EFS improved with increasing
imatinib exposure from 70% to 95%. [20]

5. Imatinib-based therapy in elderly patients

5.1. Approach in older patients

While the strategy of combining imatinib with standard intensive chemotherapy protocol was
explored primarily in younger patients, therapeutic approaches in elderly patients were
focused more on reducing the intensity of chemotherapy. Vignetti et al. by GIMEMA
(LAL0201) initiated a study with 30 patients who received a prephase with prednisone at
increasing doses from 10 to 40 mg/m2/day followed by 45 day induction treatment with
imatinib at the fixed dose of 800mg /day in combination with oral prednisone (40mg/m2/day)
followed by maintenance with imatinib in all responding patients until occurrence of disease
relapse or excessive toxicity. Complete remission was achieved in all patients (n=29). median
survival from diagnosis was 20 month. In this study, the authors showed that elderly Ph(+)
patients with ALL, often considered eligible only for palliative treatment strategies,may benefit
from an imatinib-steroids protocol, which does not require chemotherapy or a long hospital‐
ization; it is feasible, highly active, and associated with a good quality of life. [21]

Dalannoy et al., in another study from the GRALL (AFRO9 study), are currently testing a low
intensity schedule (vincristine and dexamethasone), in combination with high dose imatinib
(800mg/d) in elderly patients above 55 years (DIV regimen). Thirty patients were included in
this study and were compared with 21 historical controls. Out of 29 assessable patients, 21
(72%9) were in CR after induction chemotherapy vs 6/21 (29%) in control. Five additional CRs
were obtained after salvage with imatinib and four after salvage with additional chemotherapy
in the control group. Overall survival (OS) was 66% at 1 year vs 43% in the control group. The
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1 year- relapse-free survival is 58 vs 11%. The author showed that the use of imatinib in elderly
patients with Ph+ ALL is very likely to improve outcome, including OS. [22]

A pilot study of these combinations had shown promising results in relapsing and refractory
Ph+ ALL with a CR rate of 90% in patients older than 55 years. This group, considers the
hypothesis that Imatinib, combined with high-dose chemotherapy, is now becoming the gold
standard for treatment of Philadelphia chromosome-positive acute leukemias. However, in all
studies, imatinib dosage was tapered to 400–600 mg per day.) The group decided to initiate a
clinical trial to evaluate an opposite strategy based on high-dose imatinib (800 mg per day)
combined with a less intensive chemotherapeutic regimen (vincristine and dexamethasone),
which we called the DIV induction regimen. Thirty-one patients (18 relapsing or refractory Ph
+ acute lymphoblastic leukemias and 13 lymphoid blast crisis chronic myelogenous leukemias)
were enrolled. Complete remission (CR) was obtained in 28 out of 30 assessable patients. The
median bcr-abl/abl ratio after the induction course was 0.1%. Median time to neutrophil
recovery was 21 days. Nine out of 19 patients under 55 years old received allogenic stem cell
transplantation after a median time of 78 days post-CR. Patients older than 55 experienced a
90% CR rate without additional toxicities, suggesting the DIV regimen may also be proposed
as a front line therapy in older patients.[23]

6. Dasatinib in combination with chemotherapy

The combination of dasatinib with a variety of cytotoxic chemotherapy regimen both in
younger and elderly patients with de novo or minimally pretreatment Ph+ ALL was explored
in different groups of treatment. Ravandi et al. in one study phase II trial, showed patients
with newly diagnosed Ph+ ALL who received dasatinib 50 mg PO BID (or 100 mg daily) for
the first 14 days of each of 8 cycles of alternating hyperCVAD and high dose cytarabine plus
methotrexate. Patients in CR continue to receive maintenance dasatinib 50 mg po BID (or 100
mg daily) and vincristine and prednisone monthly for 2 years followed by dasatinib indefi‐
nitely. With a median follow up of 10 months, 21 pts were alive and 18 were in CR; 2 died at
induction, 3 pts died in CR; 1 from an unrelated cardiac event and 2 from infections. 5 pts
relapsed (response durations were 54, 48, 47, 32, and 22 weeks) and 2 of them died. In 2 pts
morphological relapse was preceded by flow and molecular relapse. Four relapsed pts

        Imatinib dosing       Results (%)

Subtype
Chemotherapy 
regimen

Induction 
(mg/d)

Consolidation   
(mg/d)

Mantenance 
(mg/d) No CR Relapse DFS            

(at y)
Survival          

(at y)
Adults
Vinetti  el  al GIMEMA +Pred (800) Only (800) Only (800) 30 100 48 48 (1) 74 (1)

Delannoy
GRAALL                    
AFR09

None C (600) A (600) 30 72 60 58 (1) 66 (1)

Réa el  al
GRAALL                    
AFR07 pi lot C (800) C (600) C (600) 31 90 NR 48 (1) 60 (1)

Table 2. Studies combining imatinib with chemotherapy for de novo Philadelphia chromosome positive (Ph+) ALL in
Elderly Patients [10]
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developed new ABL mutations (3 T315I and 1 F359V). One patient underwent an allogeneic
stem cell transplant. The author concluded that Dasatinib with HyperCVAD is effective in
achieved molecular remission in patients with Ph+ ALL. They also found high incidence of T
315I ABL mutation among the relapsed patients. [24]

Reference N 
(evaluated)

Age   
(range)

Dasatinib    
mg/d

ChThx            
regimen

Schedule of TKI 
and ChThx CR %

PCR 
negative            

%

Induction 
death,  
n(&)

Relapse   
% Outcome

Ravandi F             
2008

28* 52(21-79) 100 QD HyperCVAD D1-14 of e/cycle 93 50 2(7) 5(18) CR (10m):18 (64%)        
OS (10): 21 (75%

Rousselot P   
2008 22 71 (61-83) 140 QD             

100 QD EWALL elderly IND: parallel, 
then 95 28 1 (4.5) 1 (4.5) na

Foa R                
2008 48 (34) 54 (24-76) 70 BID Steroid prephase 

then 12 w 
Post-Induction 

therapy not 100 na 0 9 (27) OS (10): 81%

*22 patients with de novo Ph+All, 6pts, with one prior treatment cycle
OS indicates overall survival; CR, complete remission; ChThx, chemotherapy; hyper-CVAD, fractionated cyclophosphamide, vincristine, doxorubicin, dexamethasone; IND, induction;
na, not applicable; EWALL; European Working Group for Adult of the Europena LeukemiaNet

*22 patients with de novo Ph+All, 6pts, with one prior treatment cycle, OS indicates overall survival; CR, complete
remission; ChThx, chemotherapy; hyper‐CVAD, fractionated cyclophosphamide, vincristine, doxorubicin, dexametha‐
sone; IND, induction; na, not applicable; EWALL; European Working Group for Adult of the Europena LeukemiaNet

Table 3. Studies with dasatinib for de novo Philadelphia chromosome + (Ph+) ALL.

In another study, Rousselot et al. evaluated that after a pre-phase with dexamethasone 10 mg/
m2 d-7 to d-3, dasatinib was administered at 140 mg QD (100 mg in patients over 70y) during
the induction period in combination with IV injections of vincristine 1 mg and dexamethasone
40 mg 2 days (20 mg over 70y) repeated weekly for 4 weeks. Consolidation cycles consisted of
dasatinib 100 mg/d administered sequentially with methotrexate 1000 mg/m2 IV d1 (500
mg/m2 over 70y) and L-asparaginase 10,000 UI/m2 IM d2 (5,000 UI/m2 over 70y) for cycles 1, 3
and 5 and cytarabine 1,000 mg/m2/12h IV d1, d3, d5 (500 mg/m2 over 70y) for cycles 2, 4 and
6. Maintenance phase consisted of dasatinib alternating with 6-MP and methotrexate orally
every other month and dexamethasone/vincristine once every 2 months for up to 24 months.
Median RFS and OS were 22.1 and 27.1 months, respectively. The group also showed dasatinib
with low-intensity chemotherapy was highly effective in elderly patients with Ph+ ALL with
a 90% CR and 22.1 months RFS. In concordance with Ravandi et al. the mutation T315I was
associated with relapses. [25]

In these studies the CR rates were from 93 % until 100% independent of the regimen used, with
molecular remission rates from 28% to 72%.

7. Dasatinib monotherapy

Dasatinib was used without chemotherapy. In this modality Foa el al by GIMEMA LAL1205
protocol, the patients with newly diagnosed Ph+ ALL older than 18 (with no upper age limit)
received dasatinib 70 mg BID IN induction therapy for 84 days combined with steroids for the
first 32 days and intrathecal chemotherapy. Post-remission therapy was free. Fifty-three
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patients were evaluable. All patients achieved a complete hematologic remission (CHR), 49
(92.5%) at day 22. At this time point, 10 patients achieved a BCR-ABL reduction to < 10−3. At
20 months, the overall survival was 69.2% and disease-free survival was 51.1%. A significant
difference in DFS was observed between patients who showed a decrease in BCR-ABL levels
to < 10−3 at day 22 compared with patients who never reached these levels during induction.
No deaths or relapses occurred during induction. Twenty-three patients relapsed after
completing induction. A T315I mutation was detected in 12 of 17 relapsed cases. Treatment
was well tolerated; only 4 patients discontinued therapy during the last phase of the induction
when already in CHR. In adult Ph+ ALL, induction treatment with dasatinib plus steroids is
associated with a CHR in virtually all patients, irrespective of age, good compliance, no deaths,
and a very rapid de bulking of the neoplastic clone.[26]

8. Maintenance therapy

To date there is no consensus as to what constitutes the most effective maintenance therapy in
patients in whom allogeneic SCT is not possible. The recommendations of the European
Working Group for Adult ALL provide no recommendations for maintenance therapy in
patients not eligible for allogenic stem cell transplantation. Usually Imatinib is given either
alone or in combination with classical ALL maintenance such as low dose methotrexate and
6-mercatopurine. However, data on the efficacy of these strategies is scarce. [22]

Potenza et al. in a study, with seven patients with Ph+ ALL who were in first complete
remission and received maintenance therapy with imatinib alone, at 2 year progression free
survival was 75%. The qPCR monitoring of BCR/ABL, persisting molecular complete response
was associated with long lasting CR. The molecular relapse did not invariably mean hemato‐
logical relapse and only the wide and rapid increment of BCR/ABL values was predictive of
leukemia relapse. [27]

However, larger studies show less favorable results with Imatinib based maintenance.

M D Anderson employed more intensive maintenance therapy. They used imatinib 800 mg
for 24 months with monthly vincristine and prednisone interrupted by 2 intensifications with
Hyper-CVAD and imatinib, then imatinib indefinitely. [10]

The GMALL A and GRAAL presented an interesting approach in which imatinib is given
concurrently with standard dose of Interferon or peg –Interferon. Wassmann et al. had a
hypothesis that the experimental data suggested that interferon-α (IFN-α) enhances the
antileukemic activity of imatinib. Therefore, the group combined imatinib and low-dose IFN-
α in six patients with Ph+ ALL who were ineligible for stem cell transplantation. All patients
had received imatinib for 0.5–4.8 months prior to IFN-α, for relapse or refractory Ph+ ALL or
as an alternative to chemotherapy following severe treatment related toxicity. The results were
encouraging, but longer follow up is needed to determine whether this strategy will translate
into better relapse free survival. [28-29]
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hypothesis that the experimental data suggested that interferon-α (IFN-α) enhances the
antileukemic activity of imatinib. Therefore, the group combined imatinib and low-dose IFN-
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had received imatinib for 0.5–4.8 months prior to IFN-α, for relapse or refractory Ph+ ALL or
as an alternative to chemotherapy following severe treatment related toxicity. The results were
encouraging, but longer follow up is needed to determine whether this strategy will translate
into better relapse free survival. [28-29]

Acute Lymphoblastic Leukemia (ALL) Philadelphia Positive…
http://dx.doi.org/10.5772/55095

305



Longer follow up is needed to determine if this strategy will translate into better relapse-free
survival. The European recommendation concluded that the standard approach to de novo Ph
+ ALL is the combination of intensive chemotherapy with imatinib (400 mg/d to 800/d) in
young patients and reduced dose of chemotherapy with high dose imatinib (600 mg/d to 800
mg/d) for elderly patients. Allogeneic SCT is recommended to all eligible patients with a
suitable donor and to continue imatinib with or without additional therapy in patients not
undergoing SCT.[30]

9. Central nervous system (CNS) prophylaxis

Central nervous system leukemia is infrequent (5%) at initial presentation, but there is
significant risk of developing meningeal leukemia during the course of treatment and the CNS
directed prophylactic therapy should be considered mandatory in this patients.

Imatinib does not cross the blood brain barrier to an appreciable extent, levels in the cerebro‐
spinal fluid have shown to reach approximately 1 - 2 % of serum level. This low degree of
penetration into the CNS is most likely due to p-glycoprotein export pumps, and it is not
increased in the setting of active meningeal leukemia. Therefore, active CNS directed prophy‐
lactic therapy is mandatory in all patients with Ph+ ALL. Both repeat intrathecal injection of
chemotherapy e.g. methotrexate, alone or in combination with cytarabine and corticosteroid,
and prophylactic cranial irradiation have been used successfully. There is currently no
conclusive data whether for how long and at what interval intratecal chemotherapy should be
continued in patients with sustained hematological even molecular remission and whether it
may be prudent to administer some form of CNS prophylactic after SCT.[31,32]

Dasatinib showed in the clinical trials CA180006 better penetration of the CSF and achieved
clinically active concentrations in small series of patients in whom stabilization and regression
of CNS disease were achieved. The doses of Dasatinib 140 mg once a day or 70 mg twice a day.
It remains to be determined whether the current approach to CNS directed prophylaxis can
be modified in the context of dasatinib based treatment.[33]

10. Mechanism of resistance to therapy and progression

The mechanism of resistance to therapy is related to acquired genetic abnormalities in Ph+
ALL blast cells, which provide insights into pathogenesis and strongly influence prognosis.
Cytogenetic abnormalities in addition to the Ph+ chromosome are present in approximately
one third of cases of adult leukemia. Other Overexpression of bcr/abl fusion gene e.g. due to
double Ph+ chromosome, activates a number of downstream signaling pathways involving
the Ras/Raf/mitogen activated protein kinase and JAK-STAT (Janus Kinase signal transducer
and transcription activator of transcription) development of growth factor independent
malignant clones contributes to progression of the disease. [34]
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11. Relapse associated with a BCR-ABL kinase domain point mutation

The  development  of  clinical  resistance  to  imatinib  has  now  surfaced  in  several  sites.
Acquisitions of point mutations in the ABL tyrosine kinase domain (KD) that interfere with
the binding of imatinib appear to be the most influential. ABL KD mutations generally are
comprised  of  two  categories.  The  first  includes  mutations  that  directly  impede  contact
between imatinib and Bcr-Abl, such as the gatekeeper mutations T3151 or F317L. [35] The
second involves  mutations  that  alter  the  spatial  conformation of  the  Bcr-Abl  protein  by
affecting one of the two flexible loops: (1) the P-loop containing the ATP binding pocket,
or (2) the activating loop. [36.37.38] To date, more than 50 ABL KD mutations have been
identified. Although the prognostic significance of many of these remains unclear, the T315I
mutation  has  been  associated  with  a  particularly  adverse  outcome  since  it  disrupts  a
hydrogen bond critical  for binding the TKI to the ATP- binding site.  It  has been identi‐
fied in up to 20% of patients with imatinib-resistant Ph+ ALL, and also confers resistance
to the second-generation TKIs nilotinib and dasatinib.[39]

In the GMALL study for elderly patients with Ph+ ALL, the incidence of ABL mutations by
direct cDNA sequencing at the time of disease recurrence was 84%. In patients with ABL KD
mutations, P-loop mutations predominated at a frequency of 57%, followed by the T315I
mutation at 19%. The mutated clone comprised more than 50% of the ABL clones in all patients.
[20] Pfeifer et al. also demonstrated that these ABL KD mutations were present in nearly 40%
of the patients with de novo imatinib-naïve Ph+ ALL, with a distribution of P-loop mutations
in 80% and the T315I mutation in 17%. However, the mutated ABL clone always comprised
less than 2% of the sample, in contrast to the predominance of the mutated clone when
associated with disease recurrence. These low-level ABL KD mutations in imatinib-naïve
samples required more sensitive methods for detection (e.g., high-performance liquid chro‐
matography). The presence of ABL KD mutations prior to imatinib did not correlate with
known prognostic factors. There was no difference in the probability of achieving CR or
molecular response based on the presence or absence of ABL KD mutations prior to imatinib
therapy. No difference in remission duration was observed other than for those with the T315I
mutation, which adversely affected outcome. In nearly all patients with an ABL KD mutation
identified pretreatment, the same mutation was noted at the time of disease recurrence.
Approximately 67% of the patients without an ABL KD mutation detected prior to imatinib
had developed one at the time of disease recurrence. The discovery of novel acquired ABL KD
mutations had also been reported in Ph+ ALL after sequential therapy with imatinib followed
by the second-generation TKI dasatinib.[39]

Soverini et al. reported the development of the T315A and F317I (as opposed to the T315I or
F317L) mutations that have inherent resistance to dasatinib. These ABL KD mutations could
be suppressed by either imatinib or nilotinib given the lower IC50 with these compounds,
although retreatment with imatinib after a prior failure would likely be ineffective due to the
potential role of other coexisting mechanisms of resistance. Resistance screening with nilotinib,
the other second-generation TKI, yielded only a limited spectrum of point mutations.[40] This
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continued in patients with sustained hematological even molecular remission and whether it
may be prudent to administer some form of CNS prophylactic after SCT.[31,32]

Dasatinib showed in the clinical trials CA180006 better penetration of the CSF and achieved
clinically active concentrations in small series of patients in whom stabilization and regression
of CNS disease were achieved. The doses of Dasatinib 140 mg once a day or 70 mg twice a day.
It remains to be determined whether the current approach to CNS directed prophylaxis can
be modified in the context of dasatinib based treatment.[33]

10. Mechanism of resistance to therapy and progression

The mechanism of resistance to therapy is related to acquired genetic abnormalities in Ph+
ALL blast cells, which provide insights into pathogenesis and strongly influence prognosis.
Cytogenetic abnormalities in addition to the Ph+ chromosome are present in approximately
one third of cases of adult leukemia. Other Overexpression of bcr/abl fusion gene e.g. due to
double Ph+ chromosome, activates a number of downstream signaling pathways involving
the Ras/Raf/mitogen activated protein kinase and JAK-STAT (Janus Kinase signal transducer
and transcription activator of transcription) development of growth factor independent
malignant clones contributes to progression of the disease. [34]
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suggests a lower rate of ABL KD mutations after Nilotinib therapy; however, additional
analyses of ongoing clinical trials are needed to support this contention. [41]

Other mechanisms of resistance to imatinib and other TKIs include increased drug efflux,
amplification of the BCR-ABL gene, and signaling independence of BCR-ABL after secondary
transforming events (e.g., Src kinase pathway). Theoretically, dose escalation of imatinib or
the use of more potent ABL inhibitors could circumvent the first two events, whereas use of
novel Src inhibitors or multitargeted inhibitors would be required to restore sensitivity in the
latter case [42]

12. Clinical implications of MRD

High levels of bcr-abl transcripts at different treatment stages indicate poor responsiveness to
chemotherapy and to TKI, and intuitively could be considered a risk factor for disease
recurrence. However, published data is not consistent. MRD levels determined at different
time points prior to alloSCT were found to have prognostic relevance, with an early reduction
in BCR-ABL transcript levels of at least 3 log appearing as the most powerful predictor of lower
relapse rate and better DFS. The authors demonstrated the positive impact of imatinib on the
outcome of allogeneic stem cell transplantation in adults with Philadelphia chromosome-
positive acute lymphoblastic leukemia (Ph-positive ALL)and analyzed for risk factors that
affect transplantation outcome, and they focused particularly on the prognostic relevance of
minimal residual disease levels at each treatment stage. Prospective assessment of the extent
of minimal residual disease reduction after the first 4-week imatinib therapy may allow the
authors to identify subgroups of Ph-positive ALL transplants at high risk of relapse. [45]
Stratification based upon MRD levels was also the principal prognostic parameter in two
studies, Dombret H. et al. with 154 patients, and Pane F et al with 45 Ph+ ALL patients,
respectively. [43,44,45,46]

In contrast, prospective MRD monitoring in 100 adult patients with Ph+ ALL treated with
uniform imatinib- combined chemotherapy failed to establish an association between PCR
negativity at the end of induction therapy and either relapse rate or relapse-free survival,
although an increase in bcr-abl transcripts during hematologic CR was predictive of relapse
in non-transplanted patients. [47]

Despite these discrepancies, these studies demonstrate that prospective monitoring of MRD
has the potential to identify patients at risk of relapse, although the implication of different
transcript levels and increments require validation within each therapeutic context or clinical
study. These issues highlight the need for standardization and harmonization of methodolo‐
gies used for bcr-abl quantification in Ph+ ALL. To achieve this aim at an international level,
regular quality control rounds are jointly conducted by the European Working Group for
Adult ALL (EWALL) of the European LeukemiaNet and the European Study Group for MRD
Analysis in Acute Lymphoblastic Leukemia.
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13. Treatment to relapse

Point mutations are the major mechanism of resistance to Imatinib therapy in Ph+ leukemia;
different drugs active on mutant BCR/ABL or on its signal transduction pathway have been
developed and tested at clinical level. Several second-generation ABL TKIs possess significant
activity against imatinib-resistant BCR/ABL mutants, although their specificities vary.[48]

Dasatinib has been tested most extensively in Ph+ ALL and has been approved as second-line
treatment of bcr-abl–positive leukemias in first time. Dasatinib (formerly BMS-354825) is a
multitarget kinase inhibitor of Bcr-Abl, SRC family kinases, ephrin receptor kinases, PDGFR
and KIT, among others. In a phase II study, dasatinib induces rapid hematologic and cytoge‐
netic responses in adult patients with Ph+ ALL with resistance or intolerance to imatinib.[49]

Non-hematological side effects include diarrhea, nausea, headache, peripheral edema and
pleural effusion. However, remission duration and PFS were short, due to resistance that was
often associated with appearance of the T315I mutation. To enhance efficacy, dasatinib was
combined with the hyperCVAD chemotherapy regimen in a phase II study with 14 patients,
3 of whom had CNS involvement. [50]

All patients responded; 71% achieved a CR, 64% achieved a major molecular response. With
a median follow-up of 6 months, 7 patients remained in CR/CRp. Although toxicity was
significant, with several episodes of gastrointestinal and subdural hemorrhage and pleural
effusions, these preliminary results suggested that combination therapy should be preferred
over single-agent therapy; alloSCT should be the goal if at all possible. To achieve a CR,
mutation analysis should precede salvage therapy, and experimental treatment should be
considered if the T315I mutation is detected, as this mutation confers resistance to all second
generation ABL TKI. [50]

Small-molecule inhibitors developed to target Aurora kinases (AK), a family of serine-
threonine kinases involved in the control of chromosome assembly and segregation during
mitosis, have been found to possess activity against the T315I mutation. Several of these novel
AK inhibitors have recently entered preclinical or clinical testing.. [51.52]

Another novel chemical class of compounds that bind to different structural pockets used by
ABL kinase to switch between the inactive and active conformations, have recently been
developed using structure-based drug design. Compounds have emerged that potently inhibit
purified ABL in both the unphosphorylated and phosphorylated states via a non-ATP-
competitive mechanism and impair proliferation and induce apoptosis of cells expressing a
wide variety of BCR-ABL TKI-resistant mutants, including the T315I mutant, many P-loop
mutants, and the dasatinib- resistant mutant F317L. [53]

14. New kinase inhibitors

Ongoing and future clinical trials will establish whether front-line therapy with second-
generation ABL kinase inhibitors, ie, dasatinib, nilotinib, bosutinib and Inno-406, are superior
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to imatinib. Results may differ depending on their use as single-agents or as components for
combination therapy. SCT-independent immunotherapeutic approaches are also evolving.
Bispecific T cell–engager (BiTE) antibodies that transiently engage cytotoxic T cells for lysis of
selected target cells are among the most interesting agents for immunotherapy of Ph+ ALL.
The bispecific antibody construct called blinatumomab links T cells with CD19-expressing
target cells, resulting in a non-restricted cytotoxic T-cell response and T-cell activation. A phase
II dose-escalating study investigating the efficacy and safety of blinatumomab in ALL patients
who are in complete hematological remission but remain MRD-positive is ongoing. Prelimi‐
nary results indicate that treatment with blinatumomab is well tolerated and able to convert
MRD- positive ALL into an MRD negative status. [54]

As a conclusion, our armamentarium of drugs that hold promise as active agents for treating
Ph+ ALL is expanding substantially. Studies will need to focus on drug combinations, with
specific attention to sequence and dosing of these agents. In designing trials, treatment
algorithms should increasingly be based on molecular markers of disease and utilize quanti‐
tative assessment of MRD, and highly sensitive detection of mutations.[55]

15. Conclusion

The  tyrosine  kinase  inhibitor  (TKI)  imatinib  has  become  an  integral  part  of  front-line
therapy for Ph+ ALL, with remission rates exceeding 90% irrespective of whether imati‐
nib  is  given  alone  or  combined  with  chemotherapy.  Treatment  outcome with  imatinib-
based regimens has improved compared with historic controls, but most patients who do
not undergo allogeneic  stem cell  transplantation (SCT) (see the next  chapter)  eventually
relapse. Acquired resistance on TKI treatment is associated with mutations in the bcr-abl
tyrosine kinase domain in the majority of patients, and may be detected at low frequency
prior to TKI treatment in a subset of patients. Second generation TKIs, eg, dasatinib and
nilotinib,  show activity against most of  the bcr-abl tyrosine kinase domain (TKD) muta‐
tions involved in acquired imatinib resistance, but clinical benefit is generally short-lived.
Accordingly,  SCT in  first  complete  remission (CR)  is  considered to  be  the best  curative
option. Molecular monitoring of minimal residual disease levels appears to have prognos‐
tic  relevance  and should  be  used  to  guide  treatment.  International  standardization  and
quality control  efforts  are  ongoing to ensure comparability  of  results.  Mutation analysis
during treatment relies increasingly on highly sensitive PCR techniques or denaturing and
may assist in treatment decisions, e.g., in cases of molecular relapse. Results from current
studies of second-generation TKI as front-line treatment for Ph+ ALL are promising and
show high  molecular  response  rates,  but  follow-up is  still  too  short  to  determine  their
impact on remission duration and long-term survival. Strategies to improve outcome after
SCT include the pre-emptive use of imatinib, which appears to reduce the relapse rate. In
patients ineligible for transplantation,  novel  concepts for maintenance therapy are need‐
ed. These could involve novel immunotherapeutic interventions and combinations of TKI.
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1. Introduction

The success rate of acute lymphoblastic leukemia (ALL) therapy has gradually increased over
the past decades. With more than 80% long-term survivors, treatment of ALL in children is
undoubtedly one of the great success stories of innovative study-controlled modern medicine
[1]. Attempts to boost cure rates for those who do not respond to therapy or relapse with more
intense chemotherapy including allogeneic hematopoietic stem cell transplantation have
further improved the outcome of patients, particularly for prognostic unfavorable subgroups
[2]. However, intensification of treatment can substantially increase morbidity, the risk for life-
threatening sequelae and mortality [1].

Several studies address this important issue and report on the emergence of fungi. A retro‐
spective review of ~ 5.600 patients who underwent hematopoietic stem cell transplantation at
the Fred Hutchinson Cancer Research Center (Seattle) from 1985 to 1999 reports a constant
increase of 3.5% in the one-year cumulative incidence of probable and proven invasive fungal
infections [3]. Investigation of autopsies, skin, and lung biopsies, and bronchoalveolar lavage
fluid analyses reveal that non-fumigatus Aspergillus species, such as Fusarium and Zygomy‐
cetes have increased, especially in patients, who have received multiple transplants. These
observations are particular worrisome given the increasing importance of amphothericin-B
resistant organisms, resulting in a very poor one-year survival rate of ~ 20% [4]. For those who
do survive, length of hospital stay and total hospital charges are increased, compared with
immunocompromised patients without fungal infection [5].

Despite much effort has been taken to improve therapeutic treatments and strategies, there
still remains much uncertainty and controversy regarding the best method to diagnose,
prevent and treat fungal infections [6]. Practicing physicians approach this uncertainty by
treating suspected infections empirically. However, researchers that conduct clinical trials tend
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to accept only cases in which the diagnosis is certain in order to improve clarity and uniformity
of clinical trials. Therefore, members of the European Organization for Research and Treatment
of Cancer / Invasive Fungal Infection Study Group (EORTC) and the National Institute of
Allergy and Infectious Disease (NIAID) Mycoses Study Group (MSG) formed a consensus
study group to define standard definitions of invasive fungal infections for clinical research
[7]. Practice guidelines are intended to limit practice variations towards movements such as
evidence-based medicine and are primarily suggested by the European Conference of
Infections in Leukemia (ECIL; http://www.ebmt.org/Contents/Resources/Library/ ECIL/
Pages/ECIL.aspx). For the clinical purpose there is still a need to develop more effective
prevention and treatment strategies. Such strategies may rely on newer antifungal agents that
are active against amphothericin B resistant moulds and are well tolerated. Because of limited
number of affected patients, multicenter collaborative trials are required.

This case-based review examines the current literature to explore basic concepts on epidemi‐
ology, diagnosis and treatment of invasive fungal infections in ALL patients. A case report will
be used to illustrate these specific issues.

2. Methods

A systematic review of the literature for an explicit identification of major problems related to
the heterogeneity of patients with acute lymphoblastic leukemia who have invasive fungal
infections was undertaken. Pneumocystis infections were not considered. In brief, the abstracts
of 711 articles published from 1985 through 2012 were screened. Of these, 41 articles were
finally selected because these report clinical research on patients with ALL who also had deep-
tissue fungal infections. The minimum diagnostic criteria used to include patients in the study
were extracted from definitions devised by the investigators. Likewise, the criteria used to
express different degrees of diagnostic probability were summarized, as were the terms most
often used to express these levels of uncertainty.

3. Case study: A sixteen-year old patient with Ph+ ALL

A sixteen-year old adolescent was referred to the outpatient oncologic clinic with suspicion of
a proliferative disease of the hematopoietic system. Two weeks prior the admission, the patient
suffered from sub febrile temperatures and fatigue. At the time of the visit to the general
physician scarlet was ruled out and the patient discharged. At admission, the patient’s general
condition was slightly deteriorated; his physical examination revealed petechial rash over the
extremities, pallor and hepatosplenomegaly. Laboratory findings showed ALL with a positive
BCR/ABL result and an absolute count of 398.000 blasts per μL. He was subjected to treatment
with the ALL BFM 2000 program for high-risk patients. He responded well to chemotherapy
and achieved complete morphological remission on day ten of treatment. Following day
fifteen, the tyrosine-kinase inhibitor Imatinib Mesylate was added to the standard treatment.
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On the  thirtieth  day  of  induction  chemotherapy  the  patient  developed  fever  of  39.2°C.
Physical  examination  was  unremarkable.  The  laboratory  tests  showed leucopenia  (0.5  x
109/L)  with  an  absolute  neutrophilic  count  of  19/μL,  but  no  elevation  of  inflammatory
proteins (CRP <0.06 mg/dL).

+	52 d +	54 days	
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Microscopy,	
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Prophylaxis	 Empiric>>Preemptive Targeted	

Figure 1. Time course of diagnosis and treatment of fungal infection in a Philadelphia chromosome-positive acute
lymphoblastic leukemia (Ph+ALL) patient. Fungal infection was suspected by a chest X-ray on day thirty four of induc‐
tion chemotherapy for Ph+ ALL. Prophylactic treatment with Fluconazole was switched to pre-emptive therapy with
liposomal Amphothericin. Five days later histology of the fungal mass obtained by computed tomography (CT)-guided
percutaneous biopsy confirmed the diagnosis of invasive mould infection. Culture revealed Aspergillus flavus, suscep‐
tible to Voriconazole.

Empirical antibiotic regimen was initiated with a carbapenem (Meropenem) and an amino‐
glycoside (Gentamycin). Because of relapsing fever four days after the initiation of antibiotics,
vancomycin was added. Both blood and urine cultures were aseptic.

A chest X-ray showed a distinctive and peculiar mass in the middle of the right lung. Because
the radiological image was ambiguous the diagnostics were extended by a chest CT scan,
which showed a large mass in the right upper lobe, surrounded by a wide zone of ground-
glass attenuation demonstrating the halo sign. On the ground of the radiologic examinations,
fungal infection was suspicioned and pre-emptive antifungal therapy was initiated. Flucona‐
zole, included in the treatment as a prophylactive measure, was replaced by liposomal
Amphothericin administered at a dose of three mg/kg once daily. On the next day CT-guided
biopsy was planned to obtain a definitive diagnosis. Biopsy was performed with only a single
puncture using a 20 G cutting needle. No pneumothorax or hemorrhage was noted after the
procedure. Histological examination yielded dichotomously branching septated hyphae
consistent with Aspergillus species, confirming the diagnosis of invasive fungal infection.
Culture demonstrated a growth of Aspergillus flavus. Antifungal susceptibility testing with
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the agar-based MIC test showed good activity for Voriconazole, Posaconazole and Caspofun‐
gin, but high MIC90 for liposomal Amphothericin.

Accordingly antifungal therapy was switched to Voriconazole (6 mg/kg) for eight weeks
intravenously and then orally until the twelfth week. CT imaging studies that followed
confirmed a gradual recession of the lesion. The patient underwent right sided thoracotomy
with wedge resection of the fungal mass. Histopathology revealed Aspergilloma with
surrounding chronic granulomatous inflammation, fibrosis and sheets of macrophages. Post-
operative course was uneventful and no recurrence of fungal infection over twenty four
months follow up was observed. He underwent allogeneic hematopoietic stem cell transplan‐
tation and has been in complete molecular remission since.

4. Epidemiology

Worldwide surveys evaluating the epidemiology of invasive fungal infections have been
conducted in large center studies in North America [8]. In European countries data is most
commonly derived from single-center reports or regional reports from single countries [8].
Though local epidemiology is a cornerstone of clinical decision making, efforts are now
undertaken worldwide to start multi-national surveys on fungal infections in order to improve
uniformity of clinical trials.

Until 2 decades ago, infections by Candida were the most common fungal pathogen in patients
treated for ALL. However, with the introduction of Fluconazole as primary antifungal
prophylaxis and the application of more aggressive treatment protocols, including allogeneic
hematopoietic stem cell transplantation, a notable shift towards the advent of invasive
aspergillosis has been noted [9]. Whereas almost all of the fungal infections were attributable
to candidiasis (11/11) in autopsy studies of the late seventies, mould infections were respon‐
sible for 62% of IFIs (16/26) two decades later [9]. Concordantly, a large multi-centre report
from the SEIFEM-2004 study (Sorveglianza Epidemiologica Infezioni Fungine nelle Emopatie
Maligne) confirms this trend, indicating, that over half of all fungal infections (346/538) were
caused by moulds, in most cases Aspergillus species (310/346) [10]. Most importantly, such
infections have become a prime cause of death in patients with hematologic malignancies. The
IFI-attributable mortality rate was 39% (209/538). The highest IFI-attributable mortality rates
were associated with zygomycosis (64%) followed by fusariosis (53%), aspergillosis (42%), and
candidemia (33%) [10].

Along with the increased incidence of mould infections caused by Aspergillus species, other
emerging mould opportunistics, such as Zygomycetes and Fusarium species, have progres‐
sively been noted; interestingly, frequency varies by geographical location [8]. Another trend
in changing the face of epidemiology is that infections caused by non-albicans Candida species
(e.g. Candida glabrata, C. krusei, C. tropicalis, C. parapsilosis) have steadily increased,
particularly in patients with ALL [11].
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Figure 2. Pathogenic fungi that cause disease in acute lymphoblastic leukemia (ALL) Patients. A schematic classifica‐
tion depending on phylogenetic properties of fungal pathogens encountered in ALL patients is presented.

Yeast like pathogens enter the body via the gut or skin and mostly follow the pattern of
fungemia and disseminated infection known from Candida species. Rarely the central nervous
system, cardiovascular system or other tissues represent sites of dissemination [12].

Besides invasive infections of the skin and subcutaneous tissues, moulds involve, as airborne
pathogens, the sino-pulmonary tract; the emerging opportunistic moulds have a higher
propensity for dissemination, in particular into the central nervous system. Because of the lack
of specific clinical, radiographic and histological features and the absence of diagnostic
surrogate markers in blood, the diagnosis depends on the identification of the organism by
means of culture based methods [12].

5. Diagnostics

In general, diagnostic testing should begin with non-invasive methods and only approach
invasive steps if needed. Diagnostic options include conventional or high-resolution CT (this
has less radiation exposure and was performed in this case report), positron emission tomog‐
raphy (PET), magnetic resonance imaging (MRI), GM assay, 1,3-ß-D-Glucan test, Polymerase
chain reaction (PCR), bronchoalveolar lavage, blood culture and tissue biopsy. At this time,
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Figure 2. Pathogenic fungi that cause disease in acute lymphoblastic leukemia (ALL) Patients. A schematic classifica‐
tion depending on phylogenetic properties of fungal pathogens encountered in ALL patients is presented.

Yeast like pathogens enter the body via the gut or skin and mostly follow the pattern of
fungemia and disseminated infection known from Candida species. Rarely the central nervous
system, cardiovascular system or other tissues represent sites of dissemination [12].

Besides invasive infections of the skin and subcutaneous tissues, moulds involve, as airborne
pathogens, the sino-pulmonary tract; the emerging opportunistic moulds have a higher
propensity for dissemination, in particular into the central nervous system. Because of the lack
of specific clinical, radiographic and histological features and the absence of diagnostic
surrogate markers in blood, the diagnosis depends on the identification of the organism by
means of culture based methods [12].

5. Diagnostics

In general, diagnostic testing should begin with non-invasive methods and only approach
invasive steps if needed. Diagnostic options include conventional or high-resolution CT (this
has less radiation exposure and was performed in this case report), positron emission tomog‐
raphy (PET), magnetic resonance imaging (MRI), GM assay, 1,3-ß-D-Glucan test, Polymerase
chain reaction (PCR), bronchoalveolar lavage, blood culture and tissue biopsy. At this time,
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MRI and PET are more research-oriented than commonly used clinical approaches. The utility
of standard blood cultures is limited because of a high percentage of false-negative results,
particularly in patients with disseminated aspergillosis. Of the listed options, the GM and 1,3-
ß-D-Glucan serum assay, PCR and the CT scan will be described in detail.
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Figure 3. Simplified view of antifungal strategy in acute lymphoblastic leukemia (ALL) patients. Clinical practice (not
EORTC criteria) in the management of IFIs depends on the population at risk (e.g. genetics, clinical), availability/value
of diagnostic tests and availability/effectiveness of antifungal drugs. HR-ALL: high risk – acute lymphoblastic leukemia;
SCT: stem cell transplantation; GM: Galactomannan; CT: computed tomography.

5.1. Galactomannan (GM)

GM testing with the Platelia Aspergillus Enzyme Immunoassay (EIA; Biorad Laboratories,
Redmond, WA) has been approved by the U.S. Food and Drug Administration (FDA) for
Aspergillus diagnostics and is included as a mycological criterion in the revised definitions of
invasive fungal disease from the EORTC/MSG consensus group [6]. The test is based on
detection of a component of the Aspergillus cell wall, Galactomannan (GM), which is released
in the surrounding environment by growing Aspergillus species. Concentration of serum GM
correlates with fungal burden in animals with experimental pulmonary aspergillosis – and,
according to the 2011 ECIL clinical practice guidelines may be considered as surrogate marker
for detection of invasive aspergillosis (http://www.ebmt.org/Contents/Resources/Library/
ECIL/Pages/ECIL.aspx). Recent data suggest that sequential measuring of GM serum levels
may be used for therapeutic monitoring in children and adults with pulmonary aspergillosis.
The guidelines from the Infections Disease Society of America (IDSA) state, that duration of
antifungal therapy must not only rely on disappearance of GM levels, but also on resolution
of clinical and radiological findings [13].

The GM EIA has been most studied in hematologic malignancy and bone marrow transplan‐
tation populations. Both the specificity and sensitivity of the GM EIA for invasive aspergillosis
are high for infected, neutropenic adult patients from these populations. Comparison of 5
studies which use EORTC/MSG criteria and give adequate information for individual patients
with results of a formal meta-analysis, indicate sensitivity, specificity of 76% to 73%, 86% to
90% in children and adults respectively [14]. Controversy of GM testing exists about the
interpretation of the assay cutoff level (0.5, 1.0), which was originally set at 1.5 and was applied
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in Europe but which was lowered to 0.5 after review by the FDA. Studies have shown that
using an index cutoff for positivity of 0.5 versus greater indices substantially increases
sensitivity, with only minimal loss in specificity [15]. Factors, which increase false positivity
and influence the specificity of the assay, include a low level of cut-off (<0.5), colonization with
Bifidobacterium bifidum in the intestinal flora, which mimics the epitope recognized by the
EB-A2 in the enzyme-linked immunosorbent assay kit [16] and invasive infections with other
fungi, such as Penicillium spp., histoplasmosis, and blastomycosis [13]. Moreover, cross-
reactivity of the assay has been shown with the use of piperacillin/ tazobactam or amoxicillin/
clavulanate antibiotic therapy and in infants with the nutrition of milk-based formulas [17].

The IDSA guidelines currently recommend using the GM EIA in conjunction with CT scans
for early, noninvasive diagnosis of invasive aspergillosis in high-risk patients [13]. The test
should be performed serially, at least twice per week through the periods of highest risk,
whether the periods involve neutropenia or active GVHD [13].

When GM in serum is used for screening for invasive mold infection in children with hema‐
tological malignancies/undergoing HSCT, data should be interpreted with caution, since the
assay has a number of limitations in the sensitivity and specificity profile. Prospective
monitoring of GM in serum every three to four days in children at high risk for IFD is reason‐
able for early diagnosis of invasive aspergillosis. Although the optimal cut-off value of GM in
the serum of children is not well defined, published data support the use of a threshold of an
optical density index 0.5 (http://www.ebmt.org/Contents/Resources/Library/ ECIL/Pages/
ECIL.aspx).

5.2. 1,3-ß-D Glucan

1,3-ß-D Glucan (BG) is a fungal cell wall component circulating in the blood of patients with
invasive aspergillosis, candidemia, but also Fusarium, Trichosporum, Saccharomyces, and
Pneumocystis jirovecii. Moreover, BG is also detected in patients with infections due to bacteria
such as Streptococcus pneumoniae, Pseudomonas aeruginosa and in healthy individuals.
However, BG is absent in patients with cryptococcosis and zygomycosis [18]. Antibiotics such
as cefepime, piperacillin/tazobactam or meropenem may cause positive BG levels. Investiga‐
tions using different BG assays in 2979 patients (594 with proven or probable IFI) have reported
a pooled sensitivity of 76.8% and specificity of 85.3% [19]. Differences in study design (popu‐
lation studies versus case-control, variation in the number of proven or probable IFIs, propor‐
tions of patients with candidemia and aspergillosis, case-mix of neutropenic and non-
neutropenic patients, and previous antifungal prophylaxis) highlight the need for further
investigations. In children, data is very limited: elevated levels of BG were reported in a case-
control study of only four children with IFI (3 patients with candidemia, one patient probable
aspergillosis) [20].

The Fungitell assay (Associates of Cape Cod) for detection of 1,3-ß-D Glucan is approved by
the FDA for the diagnosis of invasive mycoses, including aspergillosis [13] and is included as
mycological criterion in the revised definitions of invasive fungal disease from the
EORTC/MSG consensus group [6]. Unfortunately, there is no recommendation from ECIL or
IDSA for clinical practice. However, BG testing in adults is considered as having good
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MRI and PET are more research-oriented than commonly used clinical approaches. The utility
of standard blood cultures is limited because of a high percentage of false-negative results,
particularly in patients with disseminated aspergillosis. Of the listed options, the GM and 1,3-
ß-D-Glucan serum assay, PCR and the CT scan will be described in detail.
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Figure 3. Simplified view of antifungal strategy in acute lymphoblastic leukemia (ALL) patients. Clinical practice (not
EORTC criteria) in the management of IFIs depends on the population at risk (e.g. genetics, clinical), availability/value
of diagnostic tests and availability/effectiveness of antifungal drugs. HR-ALL: high risk – acute lymphoblastic leukemia;
SCT: stem cell transplantation; GM: Galactomannan; CT: computed tomography.

5.1. Galactomannan (GM)

GM testing with the Platelia Aspergillus Enzyme Immunoassay (EIA; Biorad Laboratories,
Redmond, WA) has been approved by the U.S. Food and Drug Administration (FDA) for
Aspergillus diagnostics and is included as a mycological criterion in the revised definitions of
invasive fungal disease from the EORTC/MSG consensus group [6]. The test is based on
detection of a component of the Aspergillus cell wall, Galactomannan (GM), which is released
in the surrounding environment by growing Aspergillus species. Concentration of serum GM
correlates with fungal burden in animals with experimental pulmonary aspergillosis – and,
according to the 2011 ECIL clinical practice guidelines may be considered as surrogate marker
for detection of invasive aspergillosis (http://www.ebmt.org/Contents/Resources/Library/
ECIL/Pages/ECIL.aspx). Recent data suggest that sequential measuring of GM serum levels
may be used for therapeutic monitoring in children and adults with pulmonary aspergillosis.
The guidelines from the Infections Disease Society of America (IDSA) state, that duration of
antifungal therapy must not only rely on disappearance of GM levels, but also on resolution
of clinical and radiological findings [13].

The GM EIA has been most studied in hematologic malignancy and bone marrow transplan‐
tation populations. Both the specificity and sensitivity of the GM EIA for invasive aspergillosis
are high for infected, neutropenic adult patients from these populations. Comparison of 5
studies which use EORTC/MSG criteria and give adequate information for individual patients
with results of a formal meta-analysis, indicate sensitivity, specificity of 76% to 73%, 86% to
90% in children and adults respectively [14]. Controversy of GM testing exists about the
interpretation of the assay cutoff level (0.5, 1.0), which was originally set at 1.5 and was applied
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in Europe but which was lowered to 0.5 after review by the FDA. Studies have shown that
using an index cutoff for positivity of 0.5 versus greater indices substantially increases
sensitivity, with only minimal loss in specificity [15]. Factors, which increase false positivity
and influence the specificity of the assay, include a low level of cut-off (<0.5), colonization with
Bifidobacterium bifidum in the intestinal flora, which mimics the epitope recognized by the
EB-A2 in the enzyme-linked immunosorbent assay kit [16] and invasive infections with other
fungi, such as Penicillium spp., histoplasmosis, and blastomycosis [13]. Moreover, cross-
reactivity of the assay has been shown with the use of piperacillin/ tazobactam or amoxicillin/
clavulanate antibiotic therapy and in infants with the nutrition of milk-based formulas [17].

The IDSA guidelines currently recommend using the GM EIA in conjunction with CT scans
for early, noninvasive diagnosis of invasive aspergillosis in high-risk patients [13]. The test
should be performed serially, at least twice per week through the periods of highest risk,
whether the periods involve neutropenia or active GVHD [13].

When GM in serum is used for screening for invasive mold infection in children with hema‐
tological malignancies/undergoing HSCT, data should be interpreted with caution, since the
assay has a number of limitations in the sensitivity and specificity profile. Prospective
monitoring of GM in serum every three to four days in children at high risk for IFD is reason‐
able for early diagnosis of invasive aspergillosis. Although the optimal cut-off value of GM in
the serum of children is not well defined, published data support the use of a threshold of an
optical density index 0.5 (http://www.ebmt.org/Contents/Resources/Library/ ECIL/Pages/
ECIL.aspx).

5.2. 1,3-ß-D Glucan

1,3-ß-D Glucan (BG) is a fungal cell wall component circulating in the blood of patients with
invasive aspergillosis, candidemia, but also Fusarium, Trichosporum, Saccharomyces, and
Pneumocystis jirovecii. Moreover, BG is also detected in patients with infections due to bacteria
such as Streptococcus pneumoniae, Pseudomonas aeruginosa and in healthy individuals.
However, BG is absent in patients with cryptococcosis and zygomycosis [18]. Antibiotics such
as cefepime, piperacillin/tazobactam or meropenem may cause positive BG levels. Investiga‐
tions using different BG assays in 2979 patients (594 with proven or probable IFI) have reported
a pooled sensitivity of 76.8% and specificity of 85.3% [19]. Differences in study design (popu‐
lation studies versus case-control, variation in the number of proven or probable IFIs, propor‐
tions of patients with candidemia and aspergillosis, case-mix of neutropenic and non-
neutropenic patients, and previous antifungal prophylaxis) highlight the need for further
investigations. In children, data is very limited: elevated levels of BG were reported in a case-
control study of only four children with IFI (3 patients with candidemia, one patient probable
aspergillosis) [20].

The Fungitell assay (Associates of Cape Cod) for detection of 1,3-ß-D Glucan is approved by
the FDA for the diagnosis of invasive mycoses, including aspergillosis [13] and is included as
mycological criterion in the revised definitions of invasive fungal disease from the
EORTC/MSG consensus group [6]. Unfortunately, there is no recommendation from ECIL or
IDSA for clinical practice. However, BG testing in adults is considered as having good
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diagnostic accuracy for early diagnosis of IFD; in children, data are too limited to make any
recommendations (http://www.ebmt.org/Contents/Resources/Library/ ECIL/Pages/
ECIL.aspx).

5.3. PCR

Detection of antifungal DNA has been advocated as a promising, rapid and more sensitive
diagnostic tool, but false-positive results can occur, and a standardized commercial method is
not yet available. Several PCR assays to detect fungal DNA have been described, but most
have shown that the global performance was too low to be of clinical interest. Different
situations have been reported: PCR either has high sensitivity and NPV, while specificity and
PPV is low, or, conversely, high specificity and PPV with low sensitivity and NPV [21-24].
These discrepancies can be due to the different technical approaches used. Indeed, a major
difference is the type of PCR method used in these studies, i.e., nested PCR, PCR–enzyme-
linked immunosorbent assay, or RT-PCR [22;24]. Also, the superiority of large serum volumes
(> 1 ml) in comparison with conventional serum samples (100 μl to 200 μl) has clearly been
shown [23]. In view of changing epidemiology a panfungal PCR might be advantageous to
permit the detection of a wide range of fungal pathogens. Its sensitivity of 96%, negative
predictive values of 98%, whereas the specificity and positive predictive value were 77% and
62%, respectively is far superior to single PCR measurements [25].

In summary, despite ISDA and ECIL do not give any recommendations, combining non-
culture based diagnostics is an important research direction that may improve the overall
predictive value of these systems [26].

5.4. Chest CT scan

Systematic chest CT scan allows early diagnosis of invasive pulmonary aspergillosis, is more
sensitive and specific than traditional chest radiographs and is a clinical criterion in the revised
definitions of invasive fungal disease from the EORTC/MSG consensus group. Characteristic
findings consist of nodules surrounded by the ‘halo sign’, an area of haziness or ground-glass
opacity, or pleura-based, wedge-shaped areas of consolidation [27]. These findings correspond
to areas of hemorrhagic infarcts. In severely neutropenic patients, the halo sign is highly
suggestive of angioinvasive aspergillosis. However, a similar appearance has been described
in a number of other conditions, including infections with herpes virus or cytomegalovirus,
Kaposi sarcoma, Wegener granulomatosis, and bronchiolitis obliterans organizing pneumonia
[12]. The air crescent sign, a crescent-shaped area of radiolucency in a region of nodular opacity,
is usually seen during convalescence in angioinvasive aspergillosis (i.e., 2–3 weeks after
initiation of treatment and concomitant with resolution of the neutropenia) [28]. Of note, some
studies suggest that cavitation and the air-crescent sign are more likely to be observed in adults,
and may frequently be absent from CT scans obtained from young children with pulmonary
invasive aspergillosis [29]. When obtaining serial CT scans, it is also important to realize that
irrespective of antifungal therapy, the pattern is characterized by an initial rise in number and
size of lesions, followed by a plateau in lesion size, and gradual reduction [12]. Moreover, is
time until complete radiologic remission and outcome independent of initial or maximum
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lesion size and number in patients with invasive pulmonary aspergillosis [30]. The appearance
of cavities on serial CT scans (frequently accompanied by the appearance of the air-crescent
sign as neutropenia resolves) may be indicative of patient recovery. Similarly, if antifungal
therapy is initiated and subsequent scans show an increase in the number or size of lesions,
this is more likely a reflection of the typical progression of disease rather than failed therapy.
According to the ECIL recommendations, in high-risk patients with persistent febrile neutro‐
penia that persists beyond 96 hours or with focal clinical findings, imaging studies (e.g., CT-
scan of the lung or adequate imaging of the symptomatic region) should be performed. Further
diagnostic work-up (e.g., BAL, biopsy) should be considered and mold-active antifungal
treatment should be initiated.

6. Treatment

Antifungal strategies include prophylaxis, empiric antifungal therapy, pre-emptive antifungal
therapy and treatment of established invasive fungal infection (Figure 3). For individual
patient populations, each strategy needs to consider the patients risk, the local epidemiology,
the availability of diagnostic tools and the availability and effectiveness of antifungal agents.
Last, but not least a cost – benefit analysis (i.e. toxicity, financial aspects) is mandatory. For the
purpose of this textbook spectrum, potency, mode of action, and clinical indication of anti‐
fungal agents will be discussed.

6.1. Amphotericin B

Amphotericin deoxycholate (DAMB) and its lipid formulations, including amphotericin B
colloidal dispersion (ABCD), amphotericin B lipid complex (ABLC), and liposomal ampho‐
tericin B (LAMB,) have a wide range of activity against most fungal pathogens. Only Asper‐
gillus terreus and Fusarium species are less susceptible (Table 1.) [31].

In comparison to DAMB, nephrotoxicity is rarely seen with the use of the lipid formula‐
tions; infusion-related reactions, such as fever, chills and rigor are substantially less frequent
with LAMB. Mild increases in bilirubin and alkaline phosphatase are associated with all
three lipid formulations, elevation of transaminases with LAMB only. Currently, DAMB is
licensed for neonatal invasive candidiasis and induction therapy for cryptococcal meningi‐
tis; LAMB is approved as first line empirical treatment of suspected invasive aspergillosis
and  candidiasis;  ABCD  is  licensed  for  second-line  treatment  of  patients  with  invasive
aspergillosis,  and ABLC for  second-line  treatment  of  patients  with  invasive  Candida or
Aspergillus infections [34].

The recommended therapeutic dosages are 0.7 to 1.0 mg/kg/day for DAMB, 3–4 mg/kg/day
for ABCD, 5 mg/kg/day for ABLC, and 3 (to 5) mg/kg/day for LAMB, respectively. The
available evidence does not suggest pharmacokinetic differences of LAMB between adults and
children including preterm and newborn infants [33].
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diagnostic accuracy for early diagnosis of IFD; in children, data are too limited to make any
recommendations (http://www.ebmt.org/Contents/Resources/Library/ ECIL/Pages/
ECIL.aspx).

5.3. PCR

Detection of antifungal DNA has been advocated as a promising, rapid and more sensitive
diagnostic tool, but false-positive results can occur, and a standardized commercial method is
not yet available. Several PCR assays to detect fungal DNA have been described, but most
have shown that the global performance was too low to be of clinical interest. Different
situations have been reported: PCR either has high sensitivity and NPV, while specificity and
PPV is low, or, conversely, high specificity and PPV with low sensitivity and NPV [21-24].
These discrepancies can be due to the different technical approaches used. Indeed, a major
difference is the type of PCR method used in these studies, i.e., nested PCR, PCR–enzyme-
linked immunosorbent assay, or RT-PCR [22;24]. Also, the superiority of large serum volumes
(> 1 ml) in comparison with conventional serum samples (100 μl to 200 μl) has clearly been
shown [23]. In view of changing epidemiology a panfungal PCR might be advantageous to
permit the detection of a wide range of fungal pathogens. Its sensitivity of 96%, negative
predictive values of 98%, whereas the specificity and positive predictive value were 77% and
62%, respectively is far superior to single PCR measurements [25].

In summary, despite ISDA and ECIL do not give any recommendations, combining non-
culture based diagnostics is an important research direction that may improve the overall
predictive value of these systems [26].

5.4. Chest CT scan

Systematic chest CT scan allows early diagnosis of invasive pulmonary aspergillosis, is more
sensitive and specific than traditional chest radiographs and is a clinical criterion in the revised
definitions of invasive fungal disease from the EORTC/MSG consensus group. Characteristic
findings consist of nodules surrounded by the ‘halo sign’, an area of haziness or ground-glass
opacity, or pleura-based, wedge-shaped areas of consolidation [27]. These findings correspond
to areas of hemorrhagic infarcts. In severely neutropenic patients, the halo sign is highly
suggestive of angioinvasive aspergillosis. However, a similar appearance has been described
in a number of other conditions, including infections with herpes virus or cytomegalovirus,
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studies suggest that cavitation and the air-crescent sign are more likely to be observed in adults,
and may frequently be absent from CT scans obtained from young children with pulmonary
invasive aspergillosis [29]. When obtaining serial CT scans, it is also important to realize that
irrespective of antifungal therapy, the pattern is characterized by an initial rise in number and
size of lesions, followed by a plateau in lesion size, and gradual reduction [12]. Moreover, is
time until complete radiologic remission and outcome independent of initial or maximum

Clinical Epidemiology of Acute Lymphoblastic Leukemia - From the Molecules to the Clinic324

lesion size and number in patients with invasive pulmonary aspergillosis [30]. The appearance
of cavities on serial CT scans (frequently accompanied by the appearance of the air-crescent
sign as neutropenia resolves) may be indicative of patient recovery. Similarly, if antifungal
therapy is initiated and subsequent scans show an increase in the number or size of lesions,
this is more likely a reflection of the typical progression of disease rather than failed therapy.
According to the ECIL recommendations, in high-risk patients with persistent febrile neutro‐
penia that persists beyond 96 hours or with focal clinical findings, imaging studies (e.g., CT-
scan of the lung or adequate imaging of the symptomatic region) should be performed. Further
diagnostic work-up (e.g., BAL, biopsy) should be considered and mold-active antifungal
treatment should be initiated.

6. Treatment

Antifungal strategies include prophylaxis, empiric antifungal therapy, pre-emptive antifungal
therapy and treatment of established invasive fungal infection (Figure 3). For individual
patient populations, each strategy needs to consider the patients risk, the local epidemiology,
the availability of diagnostic tools and the availability and effectiveness of antifungal agents.
Last, but not least a cost – benefit analysis (i.e. toxicity, financial aspects) is mandatory. For the
purpose of this textbook spectrum, potency, mode of action, and clinical indication of anti‐
fungal agents will be discussed.

6.1. Amphotericin B

Amphotericin deoxycholate (DAMB) and its lipid formulations, including amphotericin B
colloidal dispersion (ABCD), amphotericin B lipid complex (ABLC), and liposomal ampho‐
tericin B (LAMB,) have a wide range of activity against most fungal pathogens. Only Asper‐
gillus terreus and Fusarium species are less susceptible (Table 1.) [31].

In comparison to DAMB, nephrotoxicity is rarely seen with the use of the lipid formula‐
tions; infusion-related reactions, such as fever, chills and rigor are substantially less frequent
with LAMB. Mild increases in bilirubin and alkaline phosphatase are associated with all
three lipid formulations, elevation of transaminases with LAMB only. Currently, DAMB is
licensed for neonatal invasive candidiasis and induction therapy for cryptococcal meningi‐
tis; LAMB is approved as first line empirical treatment of suspected invasive aspergillosis
and  candidiasis;  ABCD  is  licensed  for  second-line  treatment  of  patients  with  invasive
aspergillosis,  and ABLC for  second-line  treatment  of  patients  with  invasive  Candida or
Aspergillus infections [34].

The recommended therapeutic dosages are 0.7 to 1.0 mg/kg/day for DAMB, 3–4 mg/kg/day
for ABCD, 5 mg/kg/day for ABLC, and 3 (to 5) mg/kg/day for LAMB, respectively. The
available evidence does not suggest pharmacokinetic differences of LAMB between adults and
children including preterm and newborn infants [33].
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6.2. Fluconazole

Fluconazole has a very narrow fungal susceptibility against Candida species (Candida glabrata
and krusei have a high MIC index) and lacks activity against Aspergillus species and zygo‐
mycetes (Table 1.). Fluconazole is not metabolized and mainly renally excreted, and drug levels
correlate with strictly with renal function [33]. It is licensed for prophylactic use in patients at
risk for IFIs and for targeted treatment of candidiasis. For pediatric patients (they show a more
rapid excretion and shorter half-life), the recommended dosage is higher than for adults, 8 to
12 mg/kg/day versus 5 mg/kg/day, respectively [34].

6.3. Itraconazole

The compound is active against most Candida and Aspergillus species, but the susceptibility
against Candida glabrata and C. krusei is limited (Table 1). There is no activity against
zygomycetes. The pharmacokinetics is characterized by inter-individual variability of gastro‐
intestinal absorption and hepatic metabolism [35]. Accordingly, measurement of drug levels
is necessary and results of meta-analysis suggest that the trough plasma level should be higher
than 0.5 μg / mL [36]. Concerns have arisen on the interaction with drugs such as vincristine
and cyclosporine, which are major components of both induction ALL therapy and prevention
of GvHD in ALL transplanted patients. Moreover, 10% of patients experience gastrointestinal
adverse effects, such as nausea and diarrhea, which limits its acceptance [34]. According to the
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Figure 4. Schematic overview of current antifungal agents in regard to its target. Flucytosine inhibits RNA and DNA
synthesis, Triazoles inhibit ergosterol biosynthesis, polyenes bind to sterols in the plasma membrane and echinocan‐
dines inhibit beta [1,3]-D-Glucan-synthesis. LAMB: liposomal Amphotericin B; DAMB: Amphotericin B deoxycholate;
ABCD: Amphotericin B colloidal dispersion; ABLC: amphotericin B lipid complex.
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ECIL and IDSA guidelines, Itraconazole should be used as second-line therapy in the preven‐
tion of IFIs.

6.4. Voriconazole

Voriconazole has similar activity as Itraconazole and is active against most Candida and
Aspergillus species, but not zygomycetes, Candida glabrata and C. krusei (Table 1.). The
effectiveness of this compound has been demonstrated in large clinical trials in both adults
and children, and has led to its approval for empirical and pre-emptive antifungal therapy [31].
Because of its wide use, breakthrough infections with zygomycetes have been reported [37].
Additionally, breakthrough infections with susceptible strains have been noted in patients
with low plasma levels, necessitating the monitoring of through plasma levels [38]. In children,
Voriconazole is more rapidly metabolized, suggesting a higher dosage of 7-8 mg/kg/b.i.d. than
in adults (4-5 mg/kg/b.i.d.) [33]. Relevant side effects of Voriconazole include elevations of
liver enzymes, visual disturbances and photosensitivity skin reactions, particularly if com‐
bined with nucleoside analoga, which are commonly used in the treatment of ALL. In addition,
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Candida albicans + (+) + + + + +

C. parapsilosis + + + + + +/- +/-

C. lusitaniae -/+ + + + + + +

C. tropicalis + -/+ + + + + +

C. glabrata + - -/+ + -/+ + +

C. krusei + - -/+ + -/+ + +

Asp. fumigatus + - + + + + +

Asp. flavus (+) - + + + + +

Asp. terreus - - + + + + +

Asp. niger + - (+) + (+) + +

Zygomycetes + - - (+) - - -

Fusarium spp. (+) - - - - - -

+ = high activity rate; (+) = little reduced activity rate; -/+ = higher resistant rates in some areas; - = mostly resistant
[11;32;33].C.: Candida; Asp.: Aspergillus; spp.: species.

Table 1. Susceptibility of important fungal pathogens against some common antifungal agents.
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Voriconazole is more rapidly metabolized, suggesting a higher dosage of 7-8 mg/kg/b.i.d. than
in adults (4-5 mg/kg/b.i.d.) [33]. Relevant side effects of Voriconazole include elevations of
liver enzymes, visual disturbances and photosensitivity skin reactions, particularly if com‐
bined with nucleoside analoga, which are commonly used in the treatment of ALL. In addition,
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the interaction of Voriconazole with a number of drugs (e.g. Vincristine, Cyclosporine A, and
Omeprazole) has to be considered [33].

6.5. Posaconazole

This compound has a potent and broad-spectrum activity against most clinically important
fungal infections, including zygomycetes, distinguishing it from the other azoles [33]. Accord‐
ing to the ECIL/ IDSA guidelines it is recommended as second-line treatment of aspergillosis,
fusariosis, chromoblastomycosis and coccidioidomycosis. In addition, Posaconazole is
approved for prophylaxis in high-risk patients older than 13 years of age with ALL and in
hematopoietic stem cell transplant patients with graft-versus-host disease [31;39]. The dosage
for prophylaxis is 200 mg three times daily, for salvage treatment the dose is increased to 400
mg two times daily. Similar to Voriconazole, interference with cytochrome P450 dependent
metabolites (e.g. Cyclosporine) need to be considered [34].

6.6. Caspofungin

Caspofungin is active against Candida spp. and Aspergillus spp., but resistant against
Cryptococcus species and zygomycetes (Table 1.). It is licensed for adult and pediatric patients,
including neonates, for empirical antifungal therapy in persistently febrile neutropenic
patients, for second-line pre-emptive therapy of suspected aspergillosis and for primary
therapy in non-neutropenic patients with invasive Candida infections. The recommended dose
regimen in adults consists of a single 70-mg loading dose on day 1, followed by 50 mg daily
thereafter [34]. A dosage of 1 mg/kg for children has been suggested [31]. A favorable safety
profile has been described, the most common drug-related adverse events were fever,
increased ALT, and rash; few events were serious or required treatment discontinuation [40].

6.7. Micafungin

Micafungin was recently licensed for neonates, children and adults for prophylaxis and
treatment of invasive candidiasis in patients with prolonged neutropenia and after hemato‐
poietic stem cell transplantation [41]. The spectrum of activity is similar to that of Caspofungin
(Table 1). The recommended dosage is 100 mg/day for invasive candidiasis (≤40 kg body
weight: 2 mg/kg) with the option of dose escalation to 200 mg/day or 4 mg/kg/day; and 50 mg/
day (≤40 kg: 1 mg/kg) in the preventive indication [34]. The most frequent adverse events
include vomiting, high fever, diarrhea, nausea, and hypokalemia [41].

7. Conclusion

Although various guidelines on antifungal management have been published, we suggest
using a simple approach, which is guided by local factors, such as the pattern of resistance and
the availability of diagnostic tools. As newer strategies might soon be implemented, we are
unable to assess the efficacy of our approach to date. Our report underlines that many
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questions regarding antifungal treatment have to be addressed in future studies, such as the
duration of treatment or the benefit of costly combination antifungal therapy.
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