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Preface

In recent years, the pathogenesis of hematological disorders in children has been 
clarified, which has led to remarkable progress in the treatment outcome for these 
disorders. In particular, molecular targeted therapy has been shown to have an effect 
on childhood leukemia refractory to conventional therapy. Further development of 
these strategies will enable us to use more effective and less toxic therapies for 
hematological disorders in the future. Here we describe the pathogenesis and treat-
ment (present and future) of several representative hematological disorders in chil-
dren, especially focusing on the genetic and molecular aspects.

Most hematological disorders in children arise from intrauterine endogenous or 
exogenous exposures, genetic susceptibility, or several factors after birth. A good 
example is the case of infant leukemia. Greaves et al. [1] clarified the etiology of 
infant leukemia; analysis of MLL gene rearrangements in identical leukemic twins 
suggested that the MLL gene undergoes prenatal rearrangement and leukemic cells 
are present in the blood of newborns. In utero exposure to some drugs and foods that 
possess functional similarity to topoisomerase-II inhibitors and certain environmen-
tal factors may affect MLL gene rearrangements, which contribute to leukemogen-
esis [2]. This conclusion can be expanded to B-cell precursor acute lymphoblastic 
leukemia (ALL) with TEL-AML1 [3] or hyperdiploidy [4], acute myeloid leukemia 
(AML) with AML1-ETO [5], and acute megakaryocytic leukemia with GATA1 
mutations in Down syndrome [6]. Clarification of leukemogenesis after birth is 
needed to establish more appropriate treatment modalities in childhood leukemia. 
We have recently shown that the MLL-miRNA let7b-oncogene HMGA2 pathway 
plays an important role in the proliferation of leukemic cells and could be a possible 
molecular target for the therapy of infant leukemia [7].

Congenital bone marrow failure syndrome in children is an inherited disease, 
including Fanconi anemia (FA), dyskeratosis congenita, Shwachman–Diamond 
syndrome, Diamond–Blackfan syndrome, severe congenital neutropenia, and con-
genital amegakaryocytic thrombocytopenia, which are characterized by cytopenias 
in different hematologic lineages and several congenital abnormalities [8]. Early 
diagnosis of bone marrow failure syndrome is important for optimizing clinical 
management, anticipating possible complications that may develop later in life, and 
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providing appropriate genetic counseling for the family [9]. Many of these syn-
dromes require multidisciplinary and multispecialty medical care for appropriate 
surveillance and management. As a representative disease, FA is caused by germ-
line mutations in DNA repair genes with autosomal recessive inheritance. A major 
problem of FA is its high risk of cancer, which increases with age. In particular, the 
risk of myelodysplastic syndrome or AML is relatively high, indicating that most 
patients with FA need hematopoietic stem cell transplantation (HSCT) before the 
onset of malignancy [10]. However, the rate of treatment-related side effects and 
graft-versus-host disease, as well as the risk of head and neck cancers, is high in FA 
patients after HSCT, demonstrating the need for a more appropriate conditioning 
regimen [8].

A high risk of malignancy can also be seen in other types of congenital bone 
marrow failure syndrome, and the molecular pathology will be similar and some-
times overlap between different subtypes. Genetic advances have already led to 
improved diagnosis, particularly in cases wherein the presentation is atypical. 
These advances may also lead to new treatments. In the meantime, it is important 
to obtain accurate information on the incidence and natural history of each disor-
der in order to provide a more rational basis for the optimal provision of clinical 
services [11].

Acquired aplastic anemia (AA) is an uncommon, life-threatening disorder in 
childhood. Because of major advances in diagnosis and therapeutic approaches, 
nowadays AA is a disease that results in long-term survival in more than 90% of 
cases [12]. In recent years, an immune-mediated pathogenesis for AA has been sug-
gested because immunosuppressive therapy is usually effective and bone marrow 
lymphocytes from patients can suppress normal marrow cells in vitro [13]. Numerous 
studies have established that HSCT, especially bone marrow transplantation, from 
HLA-matched donors is highly successful, with five-year survival rates of >90% 
[14]. Unfortunately, horse antithymocyte globulin (ATG) is no longer available and 
an alternative agent, rabbit ATG, is associated with a lower response rate for AA in 
children [15].

Hemophagocytic lymphohistiocytosis (HLH) is characterized by fever and hepa-
tosplenomegaly associated with pancytopenia, hypertriglyceridemia, hypofibrino-
genemia, and infiltration of histiocytes with hemophagocytic activity. HLH can be 
classified into two distinct forms, primary and secondary HLH; primary HLH 
includes familial hemophagocytic lymphohistiocytosis and several immunodefi-
ciencies, while secondary HLH is usually associated with infections [especially 
Epstein–Barr virus (EBV) infection], immune disorders, or malignancy (especially 
non-Hodgkin lymphoma). In primary HLH, uncontrolled T lymphocyte activation 
by impairing defects of genes, such as perforin (PRF1) and MUNC13-4, results in 
large quantities of inflammatory cytokines that promote macrophage infiltration and 
formation of the cytokine network [16]. The pathogenesis of secondary HLH, espe-
cially EBV-HLH, is not fully understood. In EBV-HLH, inflammatory cytokines 
produced by EBV-infected T cells or natural killer cells are responsible for macro-
phage activation and subsequent development of HLH [17].

The treatment of HLH has been established in recent years. Immunochemotherapy 
followed by HSCT can be used for primary HLH, while the clinical course of 
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 EBV- HLH varies among patients and treatment that is more appropriate should be 
organized for secondary HLH.  Identification of all instigating mechanisms may 
prompt the development of novel approaches, including gene therapy, for this disor-
der in the future.

Langerhans cell histiocytosis (LCH) is a rare clonal disorder characterized by the 
proliferation of clonal CD1a-positive LCH cells in the skin, bone, lymph nodes, and 
other organs. LCH cells are immature dendritic cells, and the JAG-mediated Notch 
signaling pathway may play an important role in maintaining LCH cells in an 
immature state [18]. More than half of the LCH patients have the oncogene BRAF 
mutation, suggesting that LCH is a neoplastic disorder [19]. The outcome of LCH 
varies depending on the extent of organ involvement, and treatment should be 
planned according to the clinical subtype. In single-system disease, local corticoste-
roid therapy can be used for patients with single bones affected by lesions with no 
CNS risk [20], while chemotherapy is available for those with multiple affected 
bones or with CNS-risk lesions. In multisystem disease, on the other hand, chemo-
therapy including vincristine, cytarabine, and corticosteroid has been used with 
great success, with a mortality rate of only 10% [21].

Despite their successful treatment, LCH patients often develop long-term 
sequelae, including diabetes insipidus, orthopedic problems, hearing loss, neuro-
logical problems, growth-hormone deficiency, pulmonary fibrosis, and biliary cir-
rhosis [22]. The incidence of these sequelae increases with follow-up time. Further 
novel therapeutic measures are required to reduce these permanent sequelae.

Hematological disorders in children are usually rare, but clarifying their patho-
genesis has progressed and appropriate treatment has been established in the recent 
years. More effective and less toxic therapies for these hematological disorders need 
to be developed in the near future.

Ehime, Japan Eiichi Ishii
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Chapter 1
Hematopoietic Stem Cells: The Basis 
of Normal and Malignant Hematopoiesis

Mariko Eguchi, Minenori Eguchi-Ishimae, and Eiichi Ishii

Abstract Hematopoietic stem cells (HSCs), which are responsible for producing 
all blood cell types, first appear in the early stage of embryonic development and 
transit through several different tissues, including the yolk sac, aorta-gonad- 
mesonephros (AGM) region, placenta, and fetal liver, before colonizing in the bone 
marrow where they reside throughout the individual’s life. HSCs, characterized by 
the ability to self-renew and generate all types of blood cells, are supported by their 
specific environment called niches and depend on many developmental signaling 
pathways, molecules, and cytokines for their generation, maintenance, and expan-
sion. Any disruption in this well-balanced system may cause aberrant HSC produc-
tion, leading to malignant hematopoiesis. Leukemic stem cells (LSCs), originally 
identified using xenograft models of acute myeloid leukemia (AML), are a distinct 
cell population that can initiate leukemia in immunodeficient mice. LSCs are 
thought to emerge from HSCs or hematopoietic progenitors after obtaining multiple 
genetic changes that provide aberrant growth advantage and self-renewal ability. 
The emergence of LSCs is a multi-step event, including genetic diversification and 
clonal selection, resulting in genetic heterogeneity among leukemic cells. LSCs 
generally exist in the immature CD34+CD38− leukemic population in most cases of 
AML and share some features with normal HSCs. However, recent studies have 
shown that in acute lymphoblastic leukemia (ALL), LSCs exist in B-lineage- 
committed progenitors expressing CD19. In contrast to that in AML, in which LSCs 
generate leukemic cells in a hierarchical order with LSCs at the top, leukemia prop-
agation in ALL is better explained by a stochastic model.

M. Eguchi (*) • M. Eguchi-Ishimae • E. Ishii 
Department of Pediatrics, Ehime University Graduate School of Medicine,  
Shitsukawa, Toon 791-0295, Ehime, Japan
e-mail: maeguchi@m.ehime-u.ac.jp
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1.1  Introduction

Maintenance of the hematopoietic system relies on hematopoietic stem cells (HSCs), 
which have the ability to produce entire blood cells in a hierarchical manner and are 
simultaneously capable of self-renewing. HSCs are a very rare population among bone 
marrow cells and usually reside in the stem cell niche, a specific microenvironment that 
regulates stem cell fate. Well-regulated hematopoietic regulatory networks maintain 
the differentiation system of HSCs and homeostasis of the blood cell production. Any 
change that disturbs this balance in the maintenance and function of normal HSCs can 
cause aberrant HSC production, resulting in malignant hematopoiesis.

Malignant hematopoiesis that is observed in leukemia is also sustained by the 
presence of stem cells called leukemic stem cells (LSCs). Although, like that of 
normal HSCs, self-renewing ability is one of the hallmarks of LSCs; the latter pos-
sesses aberrant growth advantage over normal HSCs, rapidly dominating the bone 
marrow space.

LSCs were originally identified in acute myeloid leukemia (AML), using xeno-
graft models, as a distinct cell population that can initiate leukemia in immunodefi-
cient mice [1]. LSCs arise from pre-LSCs after obtaining genetic changes that 
confer self-renewal ability and some growth advantages. However, these genetic 
changes are not sufficient to fully transform pre-LSCs to cause overt leukemia. 
Since the existence of LSCs has been proven, identification of additional genetic 
changes that transform HSC into pre-LSCs and pre-LSCs into LSCs, and the identi-
ties of LSCs, has been intensively studied because LSCs and pre-LSCs are the most 
suitable targets of anticancer therapies [2–5].

In this chapter, recent knowledge on HSCs and LSCs and the role of genetic 
changes in transforming normal HSCs into malignant LSCs will be described, 
mainly focusing on childhood leukemia.

1.2  Hematopoietic Stem Cells in Normal Hematopoiesis

1.2.1  Shifting Site of Hematopoiesis

Although blood cells can be regenerated throughout the individual’s life, the site for 
hematopoiesis, namely, residence of HSCs, shifts during embryonic development 
(Fig. 1.1). In mammals, hematopoiesis is recognized initially in the yolk sac at the 
very beginning of the fetal development. This initial hematopoiesis is termed as 
“primitive hematopoiesis,” giving rise to circulating red blood cells that provide oxy-
gen to tissues, necessary for embryonic growth. This primitive hematopoiesis does 
not produce HSCs that have the ability to reconstitute hematopoiesis in the later stage 
[6] and is rapidly replaced by “definitive” hematopoiesis, which is responsible for the 
continuous production of all the mature blood cells throughout the adult life [7, 8]. 
Around embryonic day (E) 11 in the mouse fetus, this definitive hematopoiesis com-
mences in the embryo proper in the aorta-gonad-mesonephros (AGM) region, an 
area surrounding the dorsal aorta (Fig. 1.1). Clusters of hematopoietic cells appear in 

M. Eguchi et al.
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Fig. 1.1 Site of hematopoiesis during fetal development. Hematopoietic stem cells (HSCs) are 
thought to derive from the ventral mesoderm. The initial blood production termed as “primitive 
hematopoiesis” occurs in the yolk sac, producing red blood cells to supply oxygen for rapidly 
growing tissue. This primitive hematopoiesis is rapidly replaced by adult-type hematopoiesis 
termed as “definitive hematopoiesis,” which produces HSCs that have the ability to give rise to all 
hematopoietic lineages. Definitive hematopoiesis, occurring in aorta-gonad-mesonephros (AGM) 
region, is also found in the placenta, where it moves from the fetal liver to the bone marrow to 
generate hematopoietic cells throughout life

the ventral wall following the formation of the aorta tube. High frequencies of HSCs 
were subsequently detected in the other sites such as umbilical arteries, indicating 
that the major arteries of the embryo are important sites for the emergence of defini-
tive HSCs [9]. In addition, placenta was also shown to harbor adult-repopulating 
HSCs, beginning at E11 and expanding until E12.5–E13.5 of mouse embryo, con-
taining more HSCs than the AGM [10–12]. Subsequently, accompanying the migra-
tion of HSCs, the site of definitive hematopoiesis moves onto the fetal liver, which 
serves as the major hematopoietic organ for the rest of the fetal development. During 
the fetal period, the HSC population expands in the fetal liver [13], and, finally, the 
site of hematopoiesis shifts to the bone marrow shortly before birth, where blood 
cells are produced during the entire life of the individual. Although HSCs in the fetal 
liver are proliferative, giving rise to both myeloid and B-lymphoid lineage cells, 
HSCs in the bone marrow seem to lose their proliferation tendency, to be a relatively 
quiescent HSC population [14–17].

1.2.2  Identification of HSCs

HSCs demonstrate long-lasting self-renewal ability and differentiate into all types 
of hematopoietic cells. Self-renewal is the ability of a cell to produce itself by cell 
division, whether symmetrical or asymmetrical, and this self-renewal ability is the 
essential characteristic of all stem cells, including HSCs.

HSCs are an extremely rare population, existing only one in a million bone mar-
row cells [18]. Owing to stem cell’s self-renewal and reconstruction ability, in vivo 
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transplantation into conditioned hosts has been applied for the characterization of 
these stem cells. HSCs have shown self-renewal and differentiation capacity even in 
a single-cell level [19, 20]. In mice, HSC activity is evaluated and quantified by 
transplanting cells into myeloablative (usually by irradiation), syngeneic recipients. 
Availability of severe combined immunodeficient (SCID) mice made it possible to 
apply this transplantation strategy to human materials such as bone marrow and 
cord blood. Development of severe immunodeficient nonobese diabetic/SCID 
(NOD/SCID) mice and its subsequent generation of NOD/SCID/IL-2Rg null (NOG 
or NSG) mice allowed engraftment of a very small number of cells and greatly 
enhanced the isolation of HSCs [21–24]. Cells that generate all lineages but are 
capable of engrafting only hematopoietic lineages transiently are defined as short- 
term HSCs (ST-HSCs) or multipotent progenitors (MPPs), whereas HSCs that 
repopulate hematopoietic lineages beyond 12 weeks are defined as long-term HSCs 
(LT-HSCs) [20].

Lineage and differentiation stage-specific expression of surface proteins is 
notable in hematopoietic cells; therefore, HSCs and progenitor cells are defined 
by the cell surface phenotype, as described in Fig. 1.2 [20]. Prospective isolation 
of highly purified HSCs is made possible using monoclonal antibodies for these 
cell surface proteins and by precise fluorescence-activated cell sorting (FACS) 
[25]. Mouse HSCs were initially isolated as lineage marker-negative (Lin−), 
c-kit+, and Sca-1+ (LSK) population [26, 27]. By extensively studied xenograft 
models, it was identified that a proportion in CD34− LSK cells, which show 
CD150+CD48−SLAM+ phenotype, possesses LT-HSCs activity in mouse [25, 28]. 
By contrast, CD34+ cells, which are found in less than 5% of hematopoietic cells, 
are enriched for HSCs and progenitors in humans. While phenotype of human 
HSCs was described as Lin−CD34+CD38−CD90(Thy1)+CD45RA− [21, 29–31], 
Lin−CD34+CD38−CD90−CD45RA−, which has lost CD90 expression, represents 
its descendant multipotent progenitors [32]. In addition, a recent study showed 
an essential role of CD49f in separation of HSCs [23]. Human HSCs are cur-
rently thought to be phenotypically Lin−CD34+CD38−CD90+CD45RA−CD49f+. 
When HSCs give rise to MPPs, first, CD49f expression is lost, and then they dif-
ferentiate into immature progenitors and mature hematopoietic cells with spe-
cific cell surface phenotype under the influence of various transcriptional controls 
(Fig. 1.2) [20].

Within the CD34+CD38− population in human, CD90−CD45RA− cells are mul-
tipotent progenitors (MPP) with transient multilineage engraftment capacity [32]. 
CD90−CD45RA+ cells show differentiation to all lymphoid lineages as well as some 
of the myeloid lineage without self-renewal ability, functionally similar to murine 
lymphoid-primed multipotent  progenitors (LMPP) [33] corresponding to multi-
lymphoid progenitor (MLP) in human.

M. Eguchi et al.
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1.2.3  Transcriptional Control of HSCs: Hematopoietic 
Hierarchies and Lineage Determination

Blood cells are produced in developmental hierarchy, with multipotent HSCs at the apex 
and terminally differentiated cells at the bottom [20]. Key regulators controlling hemato-
poietic cell maintenance and differentiation differ in various stages of hematopoietic cell 
development, and many of these regulators are known to be transcription factors that 
play a central role in determining cell fate intracellularly. To date, more than 50 
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Fig. 1.2 Hematopoietic hierarchies and their regulators in human. Using specific antibodies and 
applying precise fluorescence-activated cell sorting (FACS) technique, HSCs, progenitor cells, and 
differentiated hematopoietic cells can be defined by cell surface phenotypes as shown. Transcription 
factors and signaling pathway known to be involved in hematopoietic cell differentiation are 
depicted. Hematopoietic development is blocked in the absence of many of these factors, as deter-
mined by gene knockout studies. MPPs multipotent progenitors, MLP multi-lymphoid progeni-
tors, ETPs earliest thymic progenitors, CMPs common myeloid progenitors, GMPs 
granulocyte-macrophage progenitors, MEP megakaryocyte/erythroid progenitors, Lin cocktail of 
cell surface markers for all terminally differentiated hematopoietic cells. Modified from [20]
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transcription factors have shown to affect HSCs survival and differentiation, forming 
transcriptional hierarchies active during hematopoietic differentiation (Fig. 1.2). Through 
the analysis of conventional gene knockout mice, some transcription factors have proven 
to play a crucial role in each stage of hematopoietic cell development. These crucial 
transcription factors have been often identified as targets of leukemia-specific gene 
abnormalities such as chromosome translocations, resulting in fusion gene formation.

HSCs and progenitor cells also respond to some external signals by activating a 
series of signaling cascades inside the cells, which may also activate other signaling 
pathways to form complex networks, finally activating lineage determinant tran-
scription factor(s) [34, 35]. External signals, which work as determinants for stem 
cell fate decision, include interactions with surrounding cells through cell adhesion 
molecules and secreted molecules such as cytokines. Thus, microenvironments in 
the stem cell niche are critical for regulating the fate of HSCs [36, 37].

Growth factor receptor FLK1, as well as its ligand VEGF, and transcription fac-
tor TAL1 (SCL), with its protein partner LMO2, are essential factors for HSC for-
mation and function in the early hematopoietic stage of development such as in the 
embryonic yolk sac. TAL1 and its protein partner LMO2 are necessary for the 
development of both primitive and definitive hematopoiesis because they specify 
blood lineage from the hemangioblast [38]. In AGM and fetal liver stage, AML1 
(RUNX1), GATA2, GATA3, LMO2, TEL (ETV6) transcription factors, histone 
methyltransferase MLL (KMT2A), and KIT with its ligand SCF (KITLG) are 
required for hematopoietic cell survival, proliferation, and differentiation [35, 39–
42]. ETS transcription factor TEL initiates adult hemangioblast program in the dor-
sal lateral plate mesoderm by switching on the FLK1 ligand VEGFA, where ETS 
factor FLI1 together with GATA2 ensures the expression of FLK1 [43].

The pluripotent HSCs generate mature hematopoietic cells via multipotent pro-
genitors and committed precursors. Key regulators that control hematopoietic cell 
maintenance and differentiation differ in various stages of hematopoietic cell devel-
opment (Fig. 1.2). During fate decision of hematopoietic cells, key lineage-restricted 
factors promote their own lineage differentiation and simultaneously act against 
factors that drive cells into other linages [35]. GATA1 promotes erythroid, mega-
karyocytic, and eosinophil differentiation, whereas PU.1 (SPI1) promotes myeloid 
differentiation in common myeloid progenitors (CMP). This GATA1 and PU.1 
antagonism promotes cell differentiation to their specific lineage. This kind of lin-
eage determination is also known between EKLF and FLI1 for erythroid and mega-
karyocytic lineages in megakaryocyte/erythroid progenitors (MEP), GFI1 and PU.1 
for  neutrophil versus monocyte differentiation in granulocyte/macrophage progeni-
tors (GMP), and C/EBP and FOG1 for eosinophil and multipotent cell fate [35].

For B-cell development, PAX5 is required for B-cell commitment [44], and other 
B-cell transcription factors such as E2A and EBF1 specify gene activation toward 
the B-lineage. In T-cell development, NOTCH1 commits cells to T-cell lineage, 
whereas other transcription factors such as GATA3 support T-cell differentiation 
under NOTCH signaling. Further, GATA3 and T-bet (TBX21) antagonize in T-cell 
differentiation to promote Th1 and Th2 cells [45]. It is now known that these lin-
eages can be reprogrammed upon expression of critical transcription factors such as 
GATA1, C/EBP, and GATA3 [35].
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Notably, in HSCs and progenitor cells, alternative cell fate potentials are pre-
served by keeping simultaneous low expression of key genes for several lineages 
[46]. Differentiation of HSCs to certain lineage takes place by selecting and stabiliz-
ing the expression of a subset of genes, which are essential for that direction from a 
wide range of expression of lineage-oriented genes and, at the same time, down-
regulating expression of other irrelevant genes under the effects of selected domi-
nantly expressed gene(s). Thus, to maintain a hierarchy of hematopoietic 
differentiation from HSCs, precise regulation of transcription factors expression is 
critical.

This multiple co-expression of lineage-oriented genes, such as transcription fac-
tors in HSCs and progenitor cells, is essential for maintaining multipotentiality and 
flexibility in cell fate decisions. Loss of expression of one lineage determinant tran-
scription factor and upregulation of another lineage-specific gene in already lineage- 
committed cells can induce lineage conversion in normal hematopoiesis [46, 47] 
and also in leukemogenesis [48], indicating lineage plasticity.

1.2.4  Microenvironment of HSCs: The Niche

HSCs undergo a wide range of cell fate, such as self-renewal, quiescence, and dif-
ferentiation into all mature blood cells. Fate of HSCs is tightly regulated by external 
stimuli provided by the HSC microenvironment, known as niche, and by intercel-
lular regulatory programs. The adult bone marrow niche is best studied among vari-
ous stages of fetal and adult hematopoietic development.

The major components of the niche that support HSC fate in the bone marrow are 
the osteoblastic and vascular niches, which lie in close proximity and are thought to 
influence HSCs in a cooperative manner (Fig. 1.3) [49].

HSCs exist adjacent to the osteoblasts, which align bone surface of the bone mar-
row, and are under the regulation of bone morphogenetic protein (BMP)—the osteo-
blastic niche. Various studies using mouse models showed that osteoblastic niche 
maintains HSCs thorough various signaling molecules, including Notch1, Tie-2, 
N-cadherin, and Mpl [49]. HSCs are also found to migrate to blood vessels within the 
bone marrow—the vascular niche. LT-HSCs in mice are defined through SLAM 
markers (CD150+, CD41−, CD48−, cKit+, Sca-1+, lineage-) and lie adjacent to the 
bone marrow sinusoidal endothelial cells that express Notch ligands, Jagged-1 and 
Jagged-2, and KIT ligand SCF. The bone marrow also contains other stromal cells 
that support HSCs and hematopoietic progenitors by producing cytokines such as 
SCF. Cells surrounding the vasculature, CXC chemokine ligand 12 (CXCL12)-
abundant reticular (CAR) cells, and Nestin+ mesenchymal stem cells have been iden-
tified as the independent niche components (the perivascular niche). CAR cells exert 
their niche functions through SCF and CXCL12 secretion into the microenvironment 
[49–51], regulating the proliferation of HSCs. Nestin+ cells possess the ability of 
multilineage differentiation into various mesenchymal cell lineages, including osteo-
blasts. Nestin+ cells highly express chemokine/cytokines such as CXCL12, SCF, 
angiopoietin-1, and osteopontin that are involved in the regulation of HSCs with 
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other niche components. Bone marrow macrophages, non-myelinating Schwann 
cells [52], and extracellular matrix protein such as tenascin-C (TNC) [53] have been 
recently reported to possess niche function in the bone marrow.

1.3  Stem Cells in Abnormal Hematopoiesis

1.3.1  Disruption of Transcription Network Leads 
to Hematopoietic Malignancy

The transcription factors that are critical for hematopoiesis are mainly various 
classes of DNA-binding proteins, and perturbation of the function of these proteins 
is known to cause hematopoietic defect and malignancies. Many of these transcrip-
tion factors involved in hematopoiesis are known to be disrupted by chromosome 
translocations, deletions, or mutations, resulting in defective normal cell 
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differentiation and/or acquisition of cell proliferation, which consequently leads to 
leukemia or other hematopoietic malignancies. Leukemia-associated chromosome 
translocation often produces either chimeric fusion proteins with abnormal func-
tion or deregulated expression of certain genes that drives cell transformation. 
Some of the common examples of chimeric fusion proteins are MLL fusion pro-
teins such as MLL-AF9, TEL (ETV6)-associated fusion proteins such as TEL-
AML1 (ETV6-RUNX1), and AML1 (RUNX1)-associated fusion proteins such as 
AML1-ETO (RUNX1-RUNX1T1), which are thought to affect normal HSC devel-
opment leading to leukemia. Examples of chromosome translocation contributing 
to leukemogenesis by causing aberrant expression of transcription factors are 
TAL1 (SCL) and LMO2  in T-cell acute leukemia, caused by translocation with 
TCR genes. These aberrant transcription factors generated by the chromosome 
translocation cause improper activation or repression of their target genes and 
inhibit function of other critical factors, exerting multiple downstream effects that 
lead to aberrant hematopoiesis. Somatic mutation in transcription factors itself 
such as PU.1 and C/EBPα (CEBPA) is also known to cause myeloid leukemia 
[54–56]; mutations in PAX5 [57–59] and other B-cell factors lead to B-cell leuke-
mia, and NOTCH1 mutation leads to T-cell leukemia [60].

1.3.2  Cancer Stem Cells and Xenograft 
Transplantation Models

It is widely accepted nowadays that most tumors, including leukemia, are sustained 
by a subpopulation of the self-renewing stem cells, called cancer stem cells (CSCs). 
The presence of these CSCs maintain the clonal architecture of cancer itself, and in 
clinical terms, failure to eradicate CSCs by therapy definitely causes post-therapy 
relapse, i.e., reconstruction of clonal architecture of cancer by CSCs.

By definition, CSC is a cell within a tumor that possesses the ability to self- 
renew and simultaneously produce heterogeneous lineages of cancer cells that com-
prise the tumor [61]. Therefore, CSCs can only be defined experimentally by 
demonstrating their ability to recapitulate the generation of a continuously growing 
tumor. This ability is best assayed using xenotransplantation models and measuring 
tumor formation in serially transplanted recipients [2, 19, 61, 62]. To prove the self- 
renewal ability of CSCs, isolated CSCs from tumor formed in the first recipient 
animal should generate tumor in the second recipient and continuously generate 
original tumor in the succeeding recipients (serial transplantation). Tumors gener-
ated in the recipient animal should maintain the heterogeneity observed in the origi-
nal tumor, containing descendant cells without self-renewal ability. In this 
experimental system, CSCs are termed as “tumor-initiating cell (T-IC)” or leukemia- 
initiating cell (L-IC) in case of leukemia. AML represents the very first example of 
human cancers from which CSCs have been identified as SCID leukemia-initiating 
cell (SL-IC) [1].
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Therefore, description of subpopulation of cells that sustain whole cancer cells 
as CSCs or LSCs is basically conceptual, in contrast to xenotransplant assay-based 
term T-IC or L-IC. Although these terms are considered to be largely overlapping, 
consistency between these two terms from different standpoints is currently a key 
issue [2, 62].

1.3.3  Preleukemic Stem Cells as the Reservoir of LSCs

Development of leukemia, like that of other cancers, is a multi-step process based 
on the consecutive acquisition of several genetic changes such as driver mutations. 
Generally, a single driver mutation is not enough to cause leukemia, and at least 
another cooperating mutation is necessary for the initiation to the formation of 
LSCs. There are animal models showing that some leukemia-specific fusion such as 
TEL-AML1 or AML-ETO is not sufficient to drive leukemia by themselves, and 
additional genetic hit(s) are necessary for generation of leukemia [63–67]. Therefore, 
on the pathway of leukemogenesis, preleukemic stem cells (pre-LSCs) and their 
descendant preleukemic cells, which do not harbor enough number of driver muta-
tions, are present before proceeding to LSCs. In accord with this, expression of 
some leukemia-specific fusion genes is detectable in nonleukemic blood samples. 
The TEL-AML1 and AML1-ETO fusion genes present in the cord blood are reported 
to be 10−3 to 10−4 in frequency, suggesting the presence of cells with significant abil-
ity of clonal expansion and indicative of preleukemic nature [68–70]. In addition, 
there are reports showing that not only TEL-AML1 and AML1-ETO but also BCR- 
ABL1 and BCL2-IGH fusion genes exist in a detectable amount in the blood cells of 
normal adults [71–75], indicating that the formation of preleukemic cells by fusion 
genes is a fairly common phenomenon. By contrast, frequency of TEL-AML1 and 
the amount of TEL-AML1-positive cells in a healthy individual are reported to 
decrease with age, indicating that preleukemic TEL-AML1-positive clones do not 
persist in adulthood [76].

As for MLL-AF4, functional significance in normal individual is doubtful. 
Detection of MLL-AF4 fusion gene by RT-PCR at high frequency (~25%) in the 
fetal liver and fetal bone marrow has been reported [77], but these findings were not 
subsequently confirmed by others. Although MLL-AF4-positive leukemia is found 
in high frequency in infant leukemia and is proven to be formed in utero, it is not 
detected in normal individual, which suggests that single MLL-AF4 fusion may give 
rise to leukemic stem cell by itself, and preleukemic stage does not exist or exists 
only for a very short period. By contrast, there are controversial results from murine 
models where MLL fusion gene requires protracted latency before leukemic trans-
formation [78, 79]. Additional studies are needed to draw any conclusion regarding 
the functional role of MLL-AF4 in preleukemic and leukemic stem cells.

In AML1-ETO-positive AML, it is known that the fusion gene can be detected 
during remission and can also exist in the normal hematopoietic stem cell compart-
ment [80–82]. As this AML1-ETO-positive hematopoietic stem cell possesses the 
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ability to differentiate not only to myeloid lineage but also to B-cell lineage, the 
existence of preleukemic stem cell is suggested. NPM1 and TET2 mutations, 
detected in high frequency in AML, are reported to exist during remission and also 
in the normal hematopoietic stem cell compartment, similar to that in AML1-ETO 
[83–85]. These cells do not possess second genetic changes such as FTL3 internal 
tandem duplication (FLT3-ITD), indicating preleukemic potential of these cells.

The same phenomenon was observed in AML with DNMT3A and IDH1/IDH2 
mutations [85]. These leukemogenic driver mutations were persistently present in 
the patients’ blood in remission. Since co-occurring mutations such as those in 
NPM1 or FLT3 were not present, these cells should be considered preleukemic, 
without the ability to fully transform to cause overt leukemia. In addition, DNMT3A 
mutation was also detectable in non-myeloid lineage cells, indicating multipotent 
HSC origin. HSCs with DNMT3A mutations persistently and clonally expand more 
effectively than normal HSCs, indicating retention of advanced self-renewal ability. 
These cells can be called preleukemic stem cells (pre-LSCs).

Persistence and limited expansion of TEL-AML1-positive cells for several years 
before reaching the diagnosis of ALL, and persistence of cells with AML1-ETO, 
DNMT3A, or IDH1/IDH2 mutations in remission supported the presence of func-
tional pre-LSCs. These pre-LSCs may be resistant to chemotherapy and work as a 
reservoir to generate another leukemic clone at relapse [86].

1.3.4  In Utero Generation of Pre-LSCs/LSCs 
in Childhood Leukemia

It is well recognized nowadays that leukemic cells in some of the childhood leuke-
mia arise in utero [87, 88], and it was first identified by the studies of monozygotic 
twins with concordant leukemia, carrying identical genetic marker for chimeric 
fusion genes formed in utero [87, 89]. This was followed by retrospective studies 
using neonatal blood spots, demonstrating that common fusion genes such as 
MLL-AF4 in infant ALL, TEL-AML1 in childhood ALL, and AML1-ETO in child-
hood AML arise predominantly in utero and are present before and at the time of 
birth in circulating blood. In utero, origin of leukemic stem cell is proven not only 
in infant or childhood B-ALL with TEL or MLL fusion genes but also in ALL with 
high hyperdiploidy [90], T-ALL with NOTCH1 mutation [91], and AML with 
AML1-ETO [92] usually occurring later in the childhood.

This indicates that the fusion gene-positive cells represent expanded preleuke-
mic clones, which will remain pathologically and clinically silent in the absence of 
additional postnatal second genetic hits, according to the classical “two-hit” model 
of Knudson for noninheritable cancer in childhood (Fig. 1.4) [69, 93]. The pres-
ence of these nonleukemic, preleukemic clones is also supported by the  observation 
of TEL- AML1 and AML1-ETO fusion genes, which were shown to exist in the cord 
blood at a frequency of 1%, almost 100-fold higher than the actual risk of clinically 
diagnosed leukemia with the same fusion gene.
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1.3.5  Genetic Profiles of Leukemic Stem Cells 
and Their Progeny

In the past decade, advances in next-generation sequencing technique have resulted 
in an enormous amount of newly identified genetic abnormalities to better under-
stand the pathogenesis and etiology of malignant transformation of HSCs. In colon 
and breast cancer, 50–80 genetic changes were detected in the coding region of 
associated genes [94], whereas in AML and ALL, these genetic changes were much 
less compared to that in most other adult cancers: only around ten mutations in aver-
age [95–99]. Excluding common genetic changes such as FLT3, NPM1, and NRAS 
mutation (called driver mutation), the rest is not recurrent and thought to contribute 
in determining characteristic of the cells rather than in cell transformation itself 
(i.e., “passenger” mutation). Preleukemic cells, acquiring various random genetic 
and epigenetic changes, transform into leukemic stem cells, following the initiating 
events that are crucial for cell transformation.

There are several questions raised with respect to cell transformation by genetic 
changes. First, what is the cell of origin where leukemia arises? Next, how many 
and what kind of genetic changes are required for leukemic transformation? Finally, 
what clinical implications can we learn from the biology of leukemic stem cells? 
The origin and evolution of genetic mutation have been studied thoroughly in acute 
promyelocytic leukemia (APL, FAB M3 subtype) or AML without maturation (FAB 
M1 subtype) with normal karyotype by performing whole genome sequencing [98]. 
They found that the number of recurrent mutations required to generate malignant 
founding clone is three in M1 subtype and two in M3 subtype (one of which is 
PML-RARA). Other additional mutations obtained in these founder clones are 
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Fig. 1.4 In utero origin of ALL and multi-step leukemogenesis. A hypothesis for preleukemic and 
leukemic stem cell formation in TEL-AML1-positive ALL. A preleukemic stem cell (pre-LSC) is 
generated by the acquisition of TEL-AML1 translocation, but the cell is not completely trans-
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type of AML such as AML1-ETO (which also originate in utero). The cells in yellow indicate pre-
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 cooperating mutations, which contribute to disease progression and/or relapse. This 
result is in accord with the previous suggestion that introduction of class I mutation 
that cause cell proliferation and class II mutation that results in block in differentia-
tion is sufficient for cell transformation [100, 101].

In ALL, SNP array and whole exome or whole genome analysis revealed that TEL-
AML1-positive leukemic cells do not often carry mutations in tyrosine kinase. By con-
trast, deletions in genes associated with B-cell development, such as TEL, CDKN2A, 
BTG1, PAX5, and RAG2, were frequent, suggesting that gene deletion mainly contrib-
utes to cell transformation in TEL-AML1-positive ALL.  The number of additional 
genetic changes required in cell transformation is six in average in TEL-AML1-positive 
ALL and one in MLL fusion-positive ALL. These results suggest that although some 
variation exists among fusion genes, the average number of mutations required for 
transforming preleukemic cell to leukemic stem cells is one or two in average.

1.3.6  Clonal Evolution of Preleukemic Cells to Leukemic 
Stem Cells

Pre-LSC is generated from hematopoietic stem/progenitor cell by acquisition of one 
driver mutation which could provide or enhance its self-renewal/survival capacity. 
Transition from pre-LSC to LSC, which gives rise to overt leukemia, usually needs 
acquisition of another driver mutation that can complete the leukemogenic transfor-
mation. Acquisition of mutation(s) usually occurs randomly in any gene(s) and is 
essential to have effective mutation in proper gene that can act as a leukemogenic 
driver for the generation of LSC. Because of this random, continuous acquisition of 
gene mutation(s), there is always a possibility that descendant of single pre-LSC 
clone gets different driver mutation producing different subclones of LSC in a sin-
gle patient. Same phenomenon can also happen in each LSC clone resulting in fur-
ther generation of different subclones of LSCs with different characteristics such as 
chemoresistance, phenotype, and so on. This clonal evolution, due to genomic 
diversity, is universally observed in cancer including leukemia [102] and among 
several LSC clones. LSC with outstanding growth is selected and becomes a domi-
nant clone within leukemic cell population. The presence of these genetically dis-
tinct LSC clones often causes a clonal change at relapse or during chemotherapy.

1.4  Characteristics of Leukemic Stem Cells

1.4.1  Leukemic Stem Cells in AML

AML is an aggressive disease predominantly seen in adult, which represents poor 
prognosis of 30–40% 5-year overall survival. In order to study the cell of origin of 
leukemia, surface antigen has been used as markers to separate and enrich the LSC 
subset from the leukemic population by using technological advanced 
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fluorescence- activated cell sorting (FACS). Regardless of the heterogenetic charac-
teristics of the leukemic blasts, CD34+CD38− phenotype similar to normal HSCs 
was originally defined as LSC [1] in all subtypes of AML (except APL). This phe-
notype was identified as cells with self-renewal and proliferative capacities that 
cause leukemia (L-ICs) in NOD/SCID mice, technically termed as SCID leukemia-
initiating cell (SL-IC). Like the normal hematopoietic system, leukemic clone is 
organized as a hierarchy in AML with LSCs among the CD34+CD38− cells on the 
apex (Fig. 1.5). The number of LSCs in AML varies among patients but is estimated 
to be approximately 0.2–200 in a million AML cells [1].

LSCs of CD34+CD38− phenotype in AML can be further divided into 
CD45RA+CD90− and CD45RA−CD90− populations. These cells can be derived 
from normal HSCs population that possesses Lin−CD34+CD38−CD45RA−CD90+ 
phenotype. CD45RA+CD90− in LSCs resembles LMPP (lymphoid-primed multipo-
tent progenitor), whereas CD45RA−CD90− resembles GMP (granulocyte- 
macrophage progenitor) in normal hematopoietic development. In leukemic 
hierarchy, LMPP-like cells (equivalent of MLP in normal hematopoietic develop-
ment) stay primitive to GMP-like cells within LSC fraction [33].

While L-ICs in SCID xenotransplant assay were enriched in the Lin−CD34+CD38− 
fraction compared with CD38+ and the other fractions analyzed as originally 
reported, L-ICs in Lin−CD34+CD38− fraction represented only one-third, at the 
maximum, of all L-ICs present in the whole specimen in most of the AML cases. 
These results indicate that human LSCs in AML are enriched in Lin−CD34+CD38− 
fraction, sharing the phenotype with normal primitive hematopoietic cells but are 
not restricted to this fraction with immature phenotype suggesting a plasticity of the 
cancer stem cell phenotype [103].

Fig. 1.5 Leukemic stem cell in AML and ALL. (a) Hierarchy of leukemic stem cells (LSCs) in 
AML. AML with AML1-ETO fusion is shown as an example. Pre-LSCs are formed as a result of 
the first genetic change (i.e., generation of AML1-ETO). There is no overt leukemia unless pre- 
LSCs acquire secondary genetic changes to form LSCs. LSCs exist in immature CD34+CD38− 
population that can give rise to its progeny and accounts for majority of leukemic cells. The cells 
in yellow indicate dormant cells that have self-renewal capacity but lack robust proliferation capac-
ity, such as normal hematopoietic stem cells (HSCs) and pre-LSCs. The cells in green indicate 
LSCs that have acquired proliferative capacity and can thus induce leukemia. The cells in white 
within the box are the majority of leukemic cells that does not possess self-renewing capacity to 
induce leukemia on its own. HPC hematopoietic progenitor cell. (b) Stochastic formation of ALL 
stem cells. ALL with TEL-AML1 fusion is shown as an example. In childhood ALL, pre-LSCs 
(shown in yellow) are formed by the acquisition of the first genetic change, i.e., the formation of 
TEL-AML1 fusion gene, which may occur at the hematopoietic stem cell level. Pre-LSCs possibly 
differentiate into aberrant CD34+CD38−CD19+ cells that are not present during normal hematopoi-
esis. Pre-LSCs then acquire a second genetic change during various stages of differentiation to 
form LSCs (shown in green) that have the ability to dedifferentiate and self-renew. LSCs are 
reported to account for 1–24% of total leukemic cells in ALL, and each LSC not only self-renew 
but also produce progeny that does not possess self-renewing ability (shown in white), resulting in 
the development of clinically overt leukemia. These LSCs may differentiate or dedifferentiate, 
making the mixed population of various phenotypes. The accurate stage of cell development where 
first and second hits are acquired is currently unknown
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In AML, while LSCs may arise from normal HSCs by acquiring leukemogenic 
driver mutation(s), some of the LSCs may arise from the differentiated, myeloid- 
committed progenitors by recovering self-renewal capacity, as a result of obtained 
driver mutation(s). Some driver mutations do not have transforming potential unless 
they occur in hematopoietic stem cells. Expression of BCR-ABL1 fusion gene must 
occur in HSCs to cause CML in murine models, providing evidence that LSCs 
reside at the HSC level [104]. As HSCs originally have self-renewing capacity, 
AML1-ETO, which blocks cell differentiation, can transform HSCs into LSCs with 
other driver mutations such as RAS and FLT3 and provide growth advantage. On the 
other hand, MLL-ENL [105], MOZ-TIF2 [104], MLL-AF9 [106], and PML-RARA 
[107, 108] can provide self-renewing capacity to the cells, initiating leukemia even 
when it occurred in more lineage-restricted progenitors.

In case of AML1-ETO-positive AML, isolated CD34+CD90−CD38− cells with 
AML1-ETO fusion give rise to multilineage progenitor with normal differentiation 
capacity as shown in vitro hematopoietic progenitor assay, whereas more mature 
CD34+CD90−CD38+ with AML1-ETO form blast colonies [82]. These results indi-
cate that AML1-ETO is formed in primitive stem cell, but subsequent events occur 
in committed progenitor level, giving rise to LSCs.

Not much is known about LSCs of childhood AML. From LSCs with disease- 
type- specific fusion genes, such as AML1-ETO, one can speculate that the rules 
obtained from adult AML can be applied also in childhood AML. On the other hand, 
mutation in epigenetic regulator, such as DNMT3A, IDH1, and IDH2, are rare in 
childhood AML [109]. It has been reported that gene mutation in HSCs accumulate 
with age and that most of the mutations present in AML genomes were already pres-
ent in the hematopoietic cell that was “transformed” by the initiating mutation in 
adult AML [98]. As young HSCs do not carry as much number of mutations as the 
old HSCs, some mechanism may vary in transformation of the young HSCs.

1.4.2  Leukemic Stem Cells in Acute Lymphoid 
Leukemia (ALL)

ALL is the most common hematologic malignancy in childhood. Generally leuke-
mic cells respond well to combination chemotherapy resulting in over 80% of 
5-year event-free survival in children.

Leukemic stem cells in ALL was first described in BCR-ABL1-positive ALL, and 
similar to AML, L-IC activity was identified in immature Lin−CD34+CD38− popu-
lation by NOD/SCID xenotransplantation assay [110]. However, several studies 
showed different views about L-IC activity in ALL.

TEL-AML1 is the most frequent fusion gene in childhood ALL formed as a result 
of chromosome translocation t(12;21)(p13;q22). So far, several xenotransplantation 
studies of TEL-AML1-positive ALL were reported with varying results. Early report 
indicated that, in at least some of the ALL patients with TEL-AML1, CD34+CD19− 
cells, but not CD19+ cells, showed L-IC activity [111]. However, later report 
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 contradicted those early results and showed that CD19+ cells are the main source of 
L-IC activity [112–114]. Some reports even denied the presence of L-IC activity in 
CD34+CD19− cells [113]. FISH (fluorescence in situ hybridization) analysis of 
sorted leukemic cells partly supported the absence of L-IC activity in immature 
CD34+CD19− cells in TEL-AML1-positive ALL and also showed an absence of 
TEL-AML1 fusion on CD34+CD19− cell population [115].

As aforementioned, TEL-AML1 is frequently (almost always) generated in utero, 
and TEL-AML1-harboring hematopoietic cells exist as preleukemic (stem) cells for 
several years until overt leukemia develops after acquisition of additional genetic 
mutations sufficient for transformation. In the detailed study of twin leukemia case, 
TEL-AML1-positive preleukemic cells existed in CD34+CD38−CD19+CD10− popu-
lation and were also present in nonleukemic twin as well as the leukemic twin [114]. 
These findings are also comparable with LSCs in CD19+ cell population in TEL- 
AML1- positive ALL, suggesting CD19+ B-lineage-committed cells as the target for 
the leukemogenic transformation by TEL-AML1 fusion.

On the other hand, some of the experimental mouse model of TEL-AML1- 
positive leukemia showed that immature hematopoietic stem cell is the target of 
leukemogenic transformation by TEL-AML1 [116]. The fact that TEL-AML1 needs 
to be introduced into hematopoietic stem cells, not into lymphocyte-primed pro-
genitors, to cause overt leukemia in conditional knock-in mouse in vivo simply indi-
cates that the immature stem cells, rather than CD19-positive B-primed progenitor, 
may be the origin of LSCs in TEL-AML1-positive ALL.

In TEL-AML1-positive ALL, most of the additional genetic changes that are nec-
essary for full leukemic transformation are thought to be derived by aberrant activ-
ity of V(D)J-recombinase, RAG1 and RAG2 enzymes, that are active only after 
commitment to lymphoid lineage [117]. As a differentiating factor, block and self- 
renewing capacity conferred by TEL-AML1 fusion are only valid in B-lymphoid 
lineage progenitor cells [116], and final transformation may take place at the 
B-lymphocyte-primed progenitor stage, even if TEL-AML1 is generated at the more 
immature stem cell stage.

Rearrangement of MLL, resulting in formation of MLL fusion gene, is frequently 
observed in ALL as well as AML and is especially frequent in leukemia during 
infant period. Also, there are some discrepancies between reports concerning popu-
lation with LSC activity: in early reports, immature CD34+CD19− cells were 
reported to have L-IC activity [113], but in later reports [118], CD19+ cells were 
identified as cells with repopulating potential in most of them [113, 118, 119]. 
Further detailed analysis is required to understand the nature of LSCs in MLL- 
rearranged ALL.

De novo ALL with minor BCR-ABL1 fusion, which is observed in only ALL, 
shows that LSCs exist in CD19+ B-lineage progenitor, just like TEL-AML1-positive 
ALL, whereas CD34+CD19− immature population seems to have no leukemic activ-
ity [112]. On the contrary, ALL with major BCR-ABL1 fusion, which has its break-
point within major BCR region and causes chronic myeloid leukemia (CML) and 
ALL, has its LSC activity in immature CD34+CD19− population, CD19+ leukemic 
population, and even in CD33+CD19− myeloid population [112]. However, CD19− 
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non-lymphoid cells, isolated from ALL with major BCR-ABL1, never recapitulate 
the original ALL in xenotransplantation assay [112], indicating that some additional 
driver mutation generated in CD19+ cells is necessary to cause ALL in BCR-ABL1- 
positive ALL, like TEL-AML1- or MLL fusion-positive ALL.

In TEL-AML1-positive ALL, L-IC is mainly present in the more mature CD19+ 
population rather than in lineage marker-negative (Lin-) immature population. On 
the other hand, in aggressive ALL with MLL-AF4 or BCR-ABL1, L-IC activity is 
observed in CD34+CD38−CD19− immature population as well as in CD19+ popula-
tion. Although these contradicting results may be simply due to the difference in 
methods used for transplantation (i.e., intravenous or intrafemoral), or due to the 
difference in the immunodeficient mice used for the assay, or even due to the differ-
ent leukemogenic pathway provided by the fusion genes itself, these results may 
indicate the heterogeneity of LSCs in ALL. At any rate, retention of LSC activity in 
CD19+ cells, the descendant of hematopoietic stem cells without any robust self-
renewal capacity in normal circumstances, is the major characteristic of ALL in 
most cases.

One more significant difference of LSCs between AML and ALL is LSCs fre-
quency among leukemic cell population. In xenotransplantation assay, estimation of 
cells with LSC activity measured by limiting dilution assay showed around 1% of 
frequency of LSC in most of the primary ALL cases and cell lines that were ana-
lyzed. However, one primary case showed as high as 24% of LSC frequency [120]. 
Considering that the frequency of LSCs in AML was reported to be less than 0.1% 
in most of the reports [1, 121, 122], LSCs in ALL exist at much higher frequency.

The hierarchy model, in which the rare population of LSCs reside at the top of 
hierarchy sustaining leukemic cells, well explain the LSC model in AML but does 
not necessarily fit to the characteristics of LSCs observed in ALL. Considering the 
fact that CD19+ cell fraction at various stages of differentiation have the LSC poten-
tial in ALL and the fact that relatively higher frequency of LSCs exist, the stochastic 
model rather than the hierarchy model better explains the characteristics of LSCs in 
ALL (Fig. 1.5).

1.4.3  Clinical Implications and Future Directions

Understanding the role and characteristics of LSCs and their normal counterpart 
HSCs will not only expand our knowledge but can also lead to development of 
novel therapies or strategies to fight leukemia. As the prognosis improves along 
with development of new and stronger chemotherapies and radiotherapies against 
hematopoietic malignancies, accompanying complications resulting from these 
intensive therapies in surviving children are also becoming more severe and 
causing decline in quality of life (QOL). Revealing the mechanism underlying 
stem cell transformation and its sequential event toward leukemogenesis is 
essential to develop novel targeted therapies and improve the long-term QOL of 
these patients.
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Leukemia develops as a result of multiple genetic and epigenetic hits, some of 
which drive malignant cell transformation, growth, and survival and some contrib-
ute to the characteristics changes in the malignant cells, sometimes conferring resis-
tance to treatment (Fig.  1.6). In a way, it resembles Darwinian evolution, i.e., 
subclones that have suitable characteristics for surviving in the existing selective 
pressure can expand [123]. LSCs exist in the apex of these malignant clones. In 
contrast to AML, in which LSCs supply malignant clone in a hierarchal manner, 
LSCs in childhood ALL are formed in a stochastic manner, producing various LSCs 
that can proliferate and self-renew. In this case, molecular targeting therapy must 
target the common molecule that promotes the main driver genetic changes, which 
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Fig. 1.6 Clonal evolution of ALL. Clonal evolution of ALL based on the successive acquisition of 
genetic changes. The hematopoietic stem cell, which has acquired the first genetic change, leads to 
leukemogenesis such as TEL-AML1 and stays as dormant preleukemic stem cell (pre-LSC) until 
the second genetic event occurs (red star). Such pre-LSCs may show limited expansion. Each pre- 
LSC may acquire different additional genetic change(s) eventually forming several leukemic stem 
cell (LSC) clones (A–D) and its progeny with addition of another genetic change(s) (A1, A2, A3, 
and C1) at various stages of differentiation. In TEL-AML1-positive ALL, most of the additional 
genetic changes are deletions that have resulted in inactivation of tumor suppressors or 
B-lymphopoiesis-related transcriptional factors. These deletions are often due to aberrant activity 
of V(D)J recombinase RAG proteins [102, 117]. Since RAG proteins are continuously active in 
pre-LSCs and in LSCs that are already committed to the B-lineage, additional genetic changes may 
generate continuously and randomly in any cell. This results in a mixture of genetically heteroge-
neous LSCs and their progenies in a single patient with ALL. Common additional genetic changes 
in TEL-AML1-positive ALL include loss of normal TEL allele or CDKN2A and acquisition of 
additional AML1 or TEL-AML1 fusion gene [102, 117]. Most leukemic cells can be eliminated by 
anticancer chemotherapy, but resistant clones may result from the minor LSC clones that survived 
the intensive chemotherapy or pre-LSC that eventually acquire other additional genetic change(s)
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the LSCs share in common. To save patients from therapy-resistant disease, it is 
important to identify such molecules and clarify the signal transduction pathways 
that support LSC survival.
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Chapter 2
Acute Lymphoblastic Leukemia

Daisuke Tomizawa and Nobutaka Kiyokawa

Abstract Acute lymphoblastic leukemia (ALL) accounts for a quarter of malignant 
neoplasms in children and adolescents. With continuous effort on developing risk- 
stratified multi-agent chemotherapy through cooperative clinical trials worldwide, 
survival rate of childhood ALL increased from less than 10% in the 1960s to 
approximately 90% nowadays. Recent advance in genomic analyses is rapidly 
increasing our understanding of the pathobiology of ALL, which may lead to a 
development of novel molecular targeted therapy and finally to overcome the dis-
ease in future.

2.1  Introduction

Acute lymphoblastic leukemia (ALL) is a malignant disorder of lymphoid pro-
genitor cells and the most common type of malignant neoplasms in children and 
adolescents. Development of multi-agent chemotherapy and risk stratification 
based on leukemia biology and early treatment response have improved the over-
all cure rate of childhood ALL to 80% or higher, which is one of the most success-
ful story in the history of human medicine (Table  2.1) [1–12]. In this chapter, 
advances in the pathobiology and clinical management of ALL in children will be 
described.
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2.2  Epidemiology

Registry of the Japanese Society of Pediatric Hematology (currently, the Japanese 
Society of Pediatric Hematology and Oncology) covers more than 90% of the popu-
lation under age 20 with hematological malignancies in Japan. 2463 patients are 
diagnosed as ALL between 2006 and 2010, that is, approximately 500 new cases are 
diagnosed every year [13]. As annual number of childhood cancer in Japan is esti-
mated as 2000–2500, ALL accounts for 20–25% of all childhood cancers and 72% 
of all childhood leukemias. Male/female ratio is 1.3:1, and the peak incidence of 
ALL occurs between 2 and 5 years old. Immunophenotypically, 86% is B-cell pre-
cursor, 11% is T cell, 2% is mature B cell, and 1% is unknown.

Several inherited syndromes are known to be associated with an increased risk of 
ALL. Among all, most well recognized is Down syndrome which is 10–20 times 
more likely to develop ALL compared to non-Down syndrome children [14]. In 
addition, several rare germline mutations, such as PAX5 and ETV6, have been iden-
tified to be a genetic predisposition to B-ALL in familial leukemia kindreds [15, 
16]. Although it has been long recognized that majority of ALL patients have no 
apparent clinical inherited factors, recent genome-wide association studies have 
identified several germline single-nucleotide polymorphisms (SNPs) in several 
genes (including IKZF1, ARID5B, CEBPE, CDKN2A, GATA3, etc.) that are associ-
ated with significantly higher risk of developing ALL [17–20].

Environmental factors, such as ionizing radiation, electromagnetic field, certain 
diets (e.g., bioflavonoids), seem to have little association in most of the ALL cases 
[21–23]. However, two infection-based hypotheses, Greaves’ “delayed infection” 
hypothesis and Kinlen’s “population-mixing” hypothesis that childhood ALL arise 
as a consequence of an abnormal immune response in susceptible individuals to 
common infections, are well supported by epidemiological data [24, 25].

2.3  Pathobiology

It is considered that ALL occurs as a consequence of malignant transformation of an 
abnormal single lymphoid progenitor cell via multi-step genetic alterations. It is not 
entirely clear how and when these genetic events take place. However, it is believed 
that causation of ALL is by chance, and normal allelic variation in inherited genes 
or inherited ALL predisposing syndromes in a small portion of cases, and exposures 
to various exogenous and endogenous factors all contribute to leukemogenesis [26].

Identification of genetic abnormalities plays a pivotal role in understanding the 
biology and treatment of ALL.  Cytogenetic analysis by karyotyping which was 
established in 1960s and by fluorescence in situ hybridization (FISH) in 1980s is 
still necessary in the modern diagnostic evaluation in ALL. However, newer array- 
based technologies enabled us to analyze global gene expression, DNA copy num-
bers, SNPs, and methylation status. In addition, recent advance in genome-wide 
sequencing which include whole-genome sequencing, transcriptome sequencing 
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(RNA-seq), and whole-exome sequencing have helped us to approach the true 
nature of ALL. Although these novel genomic techniques are still used as research 
discovery tools, it is expected that they would be increasingly utilized for clinical 
applications in the near future.

Recurrent genetic alterations in ALL include aneuploidy (changes in chromo-
some number) and structural abnormalities. The molecular and clinical features of 
specific alterations are discussed below (Fig. 2.1).

2.3.1  Aneuploidy

Ploidy (number of chromosomes of a cell) could be determined by direct counting 
of the chromosome numbers in a metaphase karyotype preparation by G-banding 
technique. Clinically, high hyperdiploidy is defined as chromosome number greater 
than 50 and hypodiploidy as less than 45 chromosomes. DNA index (DI) is an alter-
native method of measuring DNA content by flow cytometry; DI is 1.0 in normal 
diploid cells, while it is 1.16 or higher in high hyperdiploid cases.

2.3.1.1  Hyperdiploidy

High hyperdiploidy accounts for 20–30% of childhood ALL. There is a distinct pat-
tern of chromosomes gained at each modal number of chromosomes: most com-
monly gained is chromosome 21 (ch21), followed by ch4, chX, ch10, ch6, ch14, 
ch18, and ch17 [27]. Previous clinical studies have demonstrated that certain com-
bination of gained chromosome are associated with better prognosis: “double 

B-other 39.3%

BCR-ABL1 4.8%

MLL-AF9 0.6%
MLL-AF4 0.9% TCF3-PBX1 5.4%

ETV6- RUNXI 16.2%

Hypodiploid 0.9%

Hyperdiploid 19.5%

T-others 10.8%

SIL-TALI 1.5%

Fig. 2.1 Cytogenetic and molecular genetic abnormalities in pediatric ALL. (data provided from 
the TCCSG L04-16 and L07-16 studies)
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trisomy” of ch4 and ch10 in the Pediatric Oncology Group (POG); “triple trisomy” 
of ch4, ch10, and ch17 in Children’s Oncology Group (COG); trisomy of ch11 and 
ch17  in the Tokyo Children’s Cancer Study Group (TCCSG) [27–29]. Although 
prognostic significance of specific gained chromosomal combination is inconsistent 
among different study groups, high hyperdiploidy itself is associated with CD10- 
positive B-cell precursor phenotype, low leukocyte (WBC) count, younger age at 
diagnosis, and excellent prognosis.

2.3.1.2  Hypodiploidy

In contrast, hypodiploidy accounts for only 1% of childhood ALL and is a strong 
predictor of poor prognosis [30, 31]. Recent genomic analysis has identified TP53 
mutations in 91% of low-hypodiploid ALL (32–39 chromosomes) [32]. Surprisingly, 
the mutation was also present in germline in 43% of the cases, which is a hallmark 
of Li-Fraumeni syndrome. Occasionally, there are cases with “masked hypodip-
loidy,” which occurs as a result of doubling of a hypodiploid clone [33]. Caution is 
needed because they do not appear to be different from non-masked hypodiploidy 
in clinical and prognostic features but could be misdiagnosed as “hyperdiploidy” 
harboring opposite prognosis.

2.3.2  Structural Chromosomal Abnormalities

Structural chromosomal abnormalities, most commonly translocations, are frequently 
observed in childhood ALL. They are considered to be initiating events in leukemo-
genesis. Several occur in utero, nearly 100% of MLL-AF4, similar to hyperdiploid 
cases, and 75% of ETV6-RUNX1, but none of TCF3-PBX1 [34]. This is supported by 
evidences of the high rate of concordance of leukemia in monozygotic twins and the 
prenatal origin of ALL demonstrated directly by the detection of unique fusion in 
neonatal blood spots on Guthrie cards who later developed ALL [35, 36]. Generally, 
two functional classes of translocations exist. One is juxtaposition of oncogenes with 
regulatory regions of actively transcribed genes causing its dysregulated target gene 
expression, such as c-MYC to immunoglobulin gene in Burkitt’s lymphoma/leuke-
mia. Another is fusion of the genes at the translocation breakpoints to encode a novel 
chimeric protein with oncogenic function, ETV6- RUNX1, TCF3-PBX1, BCR-ABL1, 
rearrangements of mixed-lineage leukemia (MLL or KMT2A) gene, etc.

2.3.2.1  ETV6-RUNX1 (TEL-AML1)

t(12;21)(p13;q22.1) accounts for 15–20% of childhood ALL. It is cryptic in most 
cases and could be detected by FISH or real-time quantitative polymerase chain 
reaction (PCR). The translocation results in fusion of two hematopoietic transcrip-
tion factor genes, ETV6 (formerly known as TEL) and RUNX1 (AML1). 
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ETV6- RUNX1 appears to arise in utero, but the fusion solely itself is not sufficient 
to cause the leukemia and subsequent events are required to full progression [37]. 
Children with ETV6-RUNX1 ALL is associated with excellent outcome similar to 
high hyperdiploid ALL [38].

2.3.2.2  TCF3-PBX1 (E2A-PBX1)

t(1;19)(q23;p13.3) is the second most common translocation and accounts for 5% of 
childhood ALL. The translocation results in the fusion of two transcription factor 
genes, TCF3 (formerly known as E2A) and PBX1. TCF3-PBX1 ALL appears to be 
pre-B cell phenotype with positive cytoplasmic μ. It was once associated with poor 
prognosis but has lost its prognostic significance in the context of modern ALL che-
motherapy especially that contains high-dose methotrexate [39]. However, TCF3-
PBX1 is associated with higher risk of central nervous system (CNS) relapse [40].

There is a rare subtype of TCF3 gene involved ALL with fusion partner hepatic 
leukemia factor (HLF) gene which arise from t(17;19)(q22;p13). TCF3-HLF only 
occurs in less than 1% of childhood ALL but has unique characteristics such as 
hypercalcemia, an increased risk of disseminated intravascular coagulation (DIC), 
and, moreover, very poor prognosis [41].

2.3.2.3  KMT2A (MLL) Gene Rearrangements

KMT2A (MLL) gene, located at chromosome band 11q23, encodes a histone meth-
yltransferase that is involved in epigenetic regulation of blood cell development via 
expression of multiple Hox genes [42]. Rearrangements of MLL occur as a result of 
balanced chromosomal translocations that fuse the MLL gene to one of more than 
70 known partner genes. The most common in ALL is MLL-AF4 (KMT2A-AFF1) 
derived from t(4;11)(q21;q23), followed by MLL-ENL (KMT2A-MLLT1) from 
t(11:19)(q23;p13), and MLL-AF9 (KMT2A-MLLT3) from t(9;11)(p22;q23) [43]. 
MLL rearrangement is particularly common in ALL in infants (age <1 year old), 
which accounts for nearly 80% of the cases and associated with CD10-negative 
pro-B cell phenotype, high leukocyte count at diagnosis, and very poor prognosis 
(Table  2.2) [44–48]. ALL with MLL rearrangements have very few additional 
somatic mutations, one of the lowest of any sequenced cancers [49].

2.3.2.4  BCR-ABL1

t(9;22)(q34;q11.2) results in formation of Philadelphia (Ph) chromosome, which is 
one of the first leukemic translocations described. Ph encodes BCR-ABL1, an acti-
vated tyrosine kinase. It is the most common translocation in adult ALL (25% of the 
cases) but less common in children (less than 5% of the cases). Ph-positive (Ph+) 
ALL was one of the most difficult to cure ALL with only 30–40% event-free survival 
(EFS) rate despite intensive chemotherapy and allogeneic hematopoietic stem cell 
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transplantation [50]. However, introduction of imatinib, a selective tyrosine kinase 
inhibitor (TKI), has revolutionized the therapy for Ph+ ALL (Table 2.3) [51–54].

2.3.2.5  Philadelphia (Ph)-like ALL

Ph-like or BCR-ABL1-like ALL is a newly recognized entity, harboring similar gene 
expression profile to Ph+ ALL but without BCR-ABL1 fusion gene [55, 56]. Recent 
genomic analyses have revealed diverse range of genetic alterations that activate 
tyrosine kinase signaling in 90% of the cases. The most commonly identified altera-
tions are rearrangements involving ABL1, ABL2, CRLF2, CSF1R, EPOR, JAK2, 
NTRK3, PDGFRB, PTK2B, TSLP, or TYK2 and sequence mutations involving 

Table 2.2 Results of the recently reported trials for infants with ALL

Study 
group Trial Years

ALL 
subtypes

No. of 
patients

No. of 
patients 
received 
Allo-
SCT in 
1CR

EFS, 
% 
(year)

OS, % 
(year) Reference

Interfant Interfant-99 1999–
2005

All 482 37 47.0 
(4)

55.3 (4) Pieters  
et al. [44]

MLL-r 314 36.9 
(4)

–

MLL-g 82 74.1 
(4)

–

CCG CCG 1953 1996–
2000

All 115 37 41.7 
(5)

44.8 (5) Hilden 
et al. [45]

MLL-r 79 33.6 
(5)

–

MLL-g 36 60.3 
(5)

–

COG COG 
P9407 
(cohort 3)

2001–
2006

All 147 0 42.3 
(5)

52.9 (5) Dreyer 
et al. [46]

MLL-r 100 35.5 
(5)

–

MLL-g 35 69.7 
(5)

–

JILSG MLL96 
and 
MLL98

1995–
2001

All 102 49 50.9 
(5)

60.5 (5) Tomizawa 
et al. [47]

MLL-r 80 38.6 
(5)

50.8 (5)

MLL-g 22 95.5 
(5)

95.5 (5)

JPLSG MLL03 2004–
2009

MLL-r 62 44 43.2 
(4)

67.2 (4) Koh et al. 
[48]

CCG Children’s Cancer Group, COG Children’s Oncology Group, JILSG Japan Infant Leukemia 
Study Group, JPLSG Japanese Pediatric Leukemia/Lymphoma Study Group
CR complete remission, EFS event-free survival, HSCT hematopoietic stem cell transplantation, 
MLL-g germline MLL gene, MLL-r rearranged MLL gene, OS overall survival
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Table 2.3 Results of the recently reported trials for children with Philadelphia chromosome 
positive ALL in the TKI era

Study 
group Trial Years Subgroups

No. of 
patients

No. of 
patients 
received 
Allo-
SCT in 
1CR

DFS, % 
(year)

OS, % 
(year) Reference

EsPhALL EsPhALL 2004–
2009

All 178 137 61.9 (4) 72.1 (4) Biondi 
et al. [51]Good-risk 

with imatinib
46 37 72.9 (4) –

Good-risk 
without 
imatinib

44 32 61.7 (4) –

Poor-risk 70 59 53.5 (4) 63.5 (4)

COG AALL0031 
(cohort 5)

2002–
2006

Chemotherapy  
+ imatinib

28 0 70 (5) – Schultz 
et al. [52]

Sibling donor 
BMT

21 21 65 (5) –

Unrelated 
donor BMT

13 13 59 (5) –

JPLSG ALL-Ph04 2004–
2008

All 42 26 54.1a (4) 78.1 (4) Manabe 
et al. [53]

COG Children’s Oncology Group, JPLSG Japanese Pediatric Leukemia/Lymphoma Study Group
Allo-SCT allogeneic hematopoietic stem cell transplantation, 1CR first complete remission, DFS 
disease-free survival, OS overall survival, BMT bone marrow transplantation
aEFS

FLT3, IL7R, or SH2B3 [57]. Importantly, “ABL-class” kinases (ABL1, ABL2, 
CSF1R, and PDGFRβ) could be targeted with TKI such as imatinib and dasatinib 
and alterations that activate JAK-STAT signaling (JAK1, JAK2, JAK3, CRLF2, 
EPOR, TSLP, and IL7R) with JAK inhibitors [58].

2.3.2.6  iAMP21

ALL with intrachromosomal amplification of chromosome 21 (iAMP21) is charac-
terized by amplification of a portion of ch21, which could be detected by FISH 
analysis using a probe for the RUNX1 gene that reveals five or more copies of the 
gene (or three extra copies on a single abnormal ch21 in metaphase FISH) [59]. It 
occurs in 2% of childhood ALL and is associated with poor prognosis [60].

2.3.2.7  IKZF1, CRLF2, and JAK

Except for MLL-rearranged ALL in infants, many of the subtypes have multiple 
additional genetic alterations in general. These alterations commonly target genes 
encoding proteins involved in cell signaling, tumor-suppression functions, and lym-
phoid differentiation.
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Most commonly targeted genes involved in B-lymphoid development are PAX5 
and IKZF1 that are mutated in 31% and 15% of children with B-ALL, respectively, 
[61]. Notably, recurrent deletions and inactivating mutations in IKZF1, which 
encodes the hematopoietic transcription factor IKAROS, are associated with very 
poor prognosis in B-ALL [56]. Genetic alterations of IKZF1 occur more frequently 
in high-risk cases, including Ph+ ALL and Ph-like ALL [62].

Cytokine receptor-like factor 2 (CRLF2) forms a heterodimeric cytokine recep-
tor with interleukin-7 receptor α (IL7Rα) that mediates B-cell precursor prolifera-
tion and survival via activation of downstream JAK/STAT pathways. Rearrangements 
of CRLF2 gene as IGHa-CRLF2 or P2RY8-CRF2 result in CRLF2 overexpression 
and found in 5–8% of pediatric ALL, 10–15% of adult ALL, and more than 50% of 
Down syndrome ALL [63–65]. It has been reported as poor prognostic factor but 
still controversial.

JAK2 mutations are found in 18–35% of Down syndrome ALL cases and 11% of 
non-Down high-risk BCR-ABL1-negative ALL cases [66]. The mutation cause constitu-
tive JAK-STAT activation. There is overlap among IKZF1 and CRLF2 alterations [67].

2.3.2.8  ETP-ALL

In contrast to genetic alterations discovered in B-ALL, many of the genetic altera-
tions in T-ALL have not been found to have prognostic value yet. However, one 
subset of T-ALL with unique biology, early T-cell precursor (ETP) ALL that 
accounts for 10–15% of pediatric T-ALL, is recognized as a new entity [68]. ETP- 
ALL was originally identified by its unique gene expression pattern and immuno-
phenotype with very early T-cell progenitor features: absence of T-cell markers 
CD1a and CD8; dim or absent CD5; combined with cytoplasmic, but not surface, 
CD3; and positive for one or more myeloid/stem cell markers (CD34, CD117, 
HLA-DR, CD13, CD33, CD11b, or CD65). By whole-genome sequencing, gene 
mutations similar to myeloid leukemias including RAS signal pathways were iden-
tified [69].

2.3.2.9  Genetic Alterations at Relapse

Genomic studies of matched diagnosis and relapsed ALL sample pairs have revealed 
that only 42% of the cases had evolved from diagnosis clone (8% was same and 
34% was clonal evolution from diagnosis clone), but majority (52%) was rather 
evolved from ancestral clones, and the remaining 6% was genetically distinct sec-
ondary leukemia [70]. By further sequencing studies, mutations including CREBBP, 
TP53, and NT5C2 were identified [71–74]. Focal deletion and sequence mutations 
in CREBBP were found in 19% of children with relapsed B-ALL. The mutation 
causes impaired histone acetylation and transcriptional regulation of CREBBP tar-
gets, thus impairing the normal CREBBP-mediated transcriptional response to glu-
cocorticoids and possibly results in steroid therapy resistance of the relapsed clone. 
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NT5C2 encodes as 5′-nucleotidase enzyme that is involved in metabolisms of 
6-mercaputopurine. Its mutation causes increased enzyme activity and resistance to 
nucleoside analog therapy. TP53 alterations were identified in 12% of relapsed 
B-ALL and 6% of relapsed T-ALL cases in the Berlin-Frankfurt-Münster (BFM) 
study, which was enriched compared to the initial diagnosis samples and was asso-
ciated with poor response to the therapy and inferior outcome.

2.4  Clinical Management

2.4.1  Clinical Presentation

Anemia, thrombocytopenia, and/or neutropenia are typically observed among ALL 
patients, which reflect failure of normal hematopoiesis; pallor, fatigue, bleeding 
(e.g., petechiae or purpura), and fever (usually as leukemia-related rather than infec-
tion) are often present. Hepatosplenomegaly, lymphadenopathy, and bone pain are 
frequently manifested. Although not common at the time of initial diagnosis, 
involvement of extramedullary sites such as CNS, testis, and skin might be present 
simultaneously. Duration of these symptoms may vary from days to months; how-
ever, one may face life-threatening “oncologic emergency” situation at initial pre-
sentation, superior vena cava syndrome/superior mediastinal syndrome in T-ALL 
patients, disseminated intravascular coagulation, tumor lysis syndrome (renal fail-
ure, elevated levels of serum uric acid, potassium, and/or phosphate), and CNS 
hemorrhage or thrombosis induced by hyperviscosity syndrome, both often associ-
ated with hyperleukocytosis (>100,000/μL in peripheral blood), etc.

2.4.2  Diagnostic Procedures

Diagnosis of ALL is established by morphological detection of more than 25% leu-
kemic blasts in bone marrow by aspirated bone marrow smears. It is preferable to 
perform bone marrow biopsy in case of dry tap. In addition to morphological exami-
nation, immunophenotyping, karyotype, and genetic analyses are essential for ALL 
diagnosis.

Evaluation of extramedullary leukemia, especially involvement in CNS, is nec-
essary. CNS status at diagnosis is defined as follows: CNS1, no detectable blast 
cells in cerebrospinal fluid (CSF); CNS2, fewer than five leukocytes per μL with 
detectable blasts; and CNS3, the presence of overt CNS leukemia [75]. Although 
CNS2 had an adverse prognostic impact on CNS relapse in previous pediatric ALL 
trials, it has lost its prognostic effect in contemporary trials that include more effec-
tive systemic and CNS-directed treatment. Traumatic lumbar puncture at diagnosis 
is an issue, because it could cause iatrogenic CNS leukemia by mixing patients’ 
CSF with bloods with abundant circulating blasts, thus lead to increased risk of 
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CNS relapse [76, 77]. In order to reduce the risk of traumatic lumbar puncture at 
diagnosis, correction of thrombocytopenia and coagulopathy prior to the procedure, 
keeping patients steady under deep sedation, and immediate administration of intra-
thecal therapy (e.g., methotrexate) after the collection of CSF are strongly recom-
mended [78].

2.4.3  Treatment

Principle of ALL treatment is based on “total cell kill” theory, an attempt to eradi-
cate every leukemic blast inside the patient’s body. This is mostly accomplished by 
multi-agent combination chemotherapy including CNS-directed therapy. 
Hematopoietic stem cell transplantation (SCT) is additionally combined in a small 
portion of cases with very high risk of relapse. Risk stratification, means of optimiz-
ing therapy for the patients by evaluating relapse risk with known prognostic fac-
tors, has also contributed to improve survival rate in children with ALL.

Treatment algorithm of pediatric ALL proposed in the guideline of the Japanese 
Society of Pediatric Hematology and Oncology is shown in Fig.  2.2. Mature 

Pediatric ALL

Mature B-ALL

Ph+ALL

Mature B-leukemia/lymphoma
chemotheraphy

•  Age<1 year

MLL-germline MLL-rearranged Standard risk Intermediate risk
• PGR • PGR

High WBC
Older age
T-ALL

High risk
• PPR
• CNS positive
• Other poor
   prognostic factors

Standard
chemotherapy

Intensive
chemotherapy

Intensive
chemotherapy

+ALLo-SCT

Standard
chemotherapy

  •  Non-CR

Intensive
chemotherapy

Intensive
chemotherapy

+ ALLo-SCT +– ALLo-SCT

TKI combined
Chemotherapy

•  Age < 6 months, and
•  WBC ≥ 300,000/µL or PPR

  •  Age ³ 1 year

• MRD positive
• Unfavorable cytogenetics

Fig. 2.2 Algorithm of treatment for children with ALL. Ph+ ALL Philadelphia chromosome- positive 
ALL, PPR prednisone poor responder, PGR prednisone good responder, WBC leukocyte count, CNS 
central nervous system, MRD minimal residual disease, TKI tyrosine kinase inhibitor, Allo-SCT allo-
geneic hematopoietic stem cell transplantation. [Adapted from Clinical Guideline for Pediatric 
Leukemia and Lymphoma (ver.3) Japanese Society of Pediatric Hematology and Oncology]
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B-cell ALL or Burkitt ALL, usually presented with French-American-British 
(FAB) L3 blasts, surface antigen expression of kappa or lambda detected by flow 
cytometry, and presence of cytogenetic abnormalities of t(8;14)(q24;q32), t(2;8)
(p11-p12;q24), or t(8;22)(q24;q11), should be treated separately with short 
 intensive non-Hodgkin lymphoma-oriented chemotherapy [79–81]. Ph+  ALL 
with t(9;22)(q34;q11.2) or BCR-ABL1 is currently treated with TKI-combined 
chemotherapy, thus should be treated independently [51, 52, 54]. Infants (age at 
diagnosis below 1  year old) with ALL are another special subgroup requiring 
specific care [44, 48, 82]. The rest of the children with ALL should be treated with 
appropriate risk-stratified therapies.

2.4.3.1  Prognostic Factors

Prognostic factors are the factors that are predictive of disease outcome and are usu-
ally used to tailor therapy (“risk-stratified therapy”) with the intention to minimize 
toxic events for patients with better prognosis and to maximize the treatment effect 
for patients with poorer prognosis. The currently well-recognized prognostic factors 
could be categorized into three groups.

Clinical Features at Initial Diagnosis

WBC count, which reflects tumor burden, and age at initial diagnosis have been 
traditionally used as most reliable prognostic factors. The NCI-Rome criteria 
defined patients with WBC <50,000/μL and age 1–9 years old as “standard risk” 
and patients with either WBC ≥50,000/μL or age ≥10 years old as “high risk” [83]. 
Even in the context of modern therapies, WBC count and age continue to be signifi-
cant prognostic factors especially in B-ALL; however, its importance became lim-
ited in T-ALL.  Infants younger than 1  year old are a special group with worse 
prognosis; among infants, younger age at diagnosis (e.g., age <6 months old) is an 
independent poor prognostic factor [44].

 Biologic and Genetic Features

As discussed in the pathobiology section, a number of recurrent genetic alterations 
are associated with the outcome of children with ALL.  High hyperdiploidy and 
ETV6-RUNX1 are associated with a favorable outcome. In contrast, hypodiploidy, 
MLL rearrangement, BCR-ABL1, and recently Ph-like ALL and ETP-ALL are asso-
ciated with high-risk clinical features and a poor outcome.
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 Early Treatment Response

After 4–6  weeks of initial remission-induction chemotherapy, 97–98% of the 
children with ALL achieve morphological remission. In other words, only 2–3% 
of the cases experience induction failure, and their prognosis is poor with over-
all survival rate of only 32% in a large international retrospective cooperative 
study [84].

Early clearance of leukemic blasts within 1–2 weeks of initial induction is 
predictive of good prognosis. “Prednisone response” established by the BFM 
group, evaluating residual leukemic blasts in peripheral blood following 7 days 
of prednisone monotherapy with single intrathecal methotrexate injection, 
clearly segregates good responder (≥1000 blasts/μL, 91% of the pediatric ALL 
cases) with 87% EFS rate and poor responder (<1000  blasts/μL, 9% of the 
cases) with 55% EFS rate in 6 years [85]. Because of the principles that children 
with ALL should be treated with combination chemotherapy and that response 
should be evaluated in bone marrow, Children’s Cancer Group (CCG) defined 
rapid early responder (25% or fewer bone marrow blasts) and slow early 
responder (more than 25% bone marrow blasts) evaluated on days 8 or 15 of 
induction therapy that was also predictive of favorable and poor prognosis, 
respectively [86].

In recent years, measurement of minimal residual disease (MRD) using flow 
cytometry detecting aberrant combinations of leukemic cell-surface antigen or 
PCR amplification targeting leukemic clone-specific rearrangement of immuno-
globulin heavy chain (IgH) or T-cell receptor (TCR) genes is superseding mor-
phological response [87, 88]. These techniques are able to detect submicroscopic 
levels of residual leukemia, one leukemia cell per 103–104 normal cells in flow-
MRD and one per 104–105 cells in PCR-MRD. With MRD-guided therapy, out-
come of poor prognostic subgroups such as Ph-like ALL or ETP-ALL could be 
significantly improved [89, 90]. Thus, MRD is currently utilized as the most pow-
erful tool to predict prognosis in childhood ALL therapy. In German and Italian 
cooperative study, Associazione Italiana Ematologia Oncologia Pediatrica 
(AIEOP)-BFM ALL 2000, all the children with ALL were stratified to either of 
the three risk groups (low-, intermediate-, and high-risk) only by treatment 
response indicators: prednisone response, state of bone marrow remission after 
the end of induction, and IgH/TCR- targeted PCR-MRD results after end of induc-
tion and end of early consolidation [1]. This study showed different MRD kinetics 
relevant to the outcome between B-ALL and T-ALL patients: significantly higher 
proportion of T-ALL patients showed slower blast clearance than B-ALL patients, 
and risk of relapse was strongly associated with MRD level of end of early con-
solidation in T-ALL, while it was with MRD level of end of induction in B-ALL 
[2]. In approximately 10% of the cases, the PCR target cannot be identified, thus 
MRD is not measurable. In contrast, flow- MRD is applicable to larger proportion 
of patients with other advantages such as less expensiveness and faster availabil-
ity. In fact, study groups in North America (e.g., COG, St. Jude Children’s 
Research Hospital) are using flow-MRD in their ALL trials [91]. However, newer 
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technologies such as next-generation sequencing-based methods identifying 
MRD with specific molecular signatures might solve all the technical issues prob-
lematic in the current methods such as availability, sensitivity, and rapidity [92].

2.4.3.2  Chemotherapy for ALL

Chemotherapy is a mainstay of ALL treatment. History of ALL chemotherapy 
begins from the first description of temporary remission of leukemia by folic acid 
antagonist, aminopterin, reported by Sidney Farber in 1948 [93]. Since then, most 
of the chemotherapeutic agents that are still in current clinical use, such as 
6- mercaptopurine, methotrexate, prednisone, dexamethasone, cyclophosphamide, 
vincristine, cytarabine, L-asparaginase, and daunorubicin, have been developed 
before the 1970s. By the use of these conventional drugs, along with recognition 
and introduction of multi-agent combination chemotherapy, CNS-directed therapy, 
post-induction intensification, and risk stratification, through step-wise efforts of 
clinical trials worldwide, have improved the outcome of children with ALL 
(Table 2.1).

ALL chemotherapy typically spans 2–3  years and consists of three phases; 
remission-induction therapy and post-remission therapy consisted of consolidation 
and maintenance therapy. CNS-directed therapy is included throughout the therapy 
except maintenance phase.

 Remission-Induction Therapy

The aim of remission-induction therapy is to achieve morphological remission, 
defined as less than 5% blasts in bone marrow with regeneration of normal hemato-
poiesis and no evidence of residual extramedullary disease, which could be achieved 
in 97–98% of the cases. The therapy generally spans 4–6 weeks and consists of 
glucocorticoid (prednisone or dexamethasone), vincristine, asparaginase, intrathe-
cal therapies (methotrexate with or without cytarabine and corticosteroid), and 
optional use of anthracyclines (the most common, daunorubicin).

Prednisone (40–60 mg/m2 per day) is the most commonly used glucocorticoid; 
however, substitution with dexamethasone has been of strong interest, because dexa-
methasone has five- to sixfold higher cytotoxic potency than prednisone in in vitro 
assays, longer plasma half-life, and better cerebrospinal fluid penetration. In the CCG 
study for NCI standard-risk ALL and the UK study comparing prednisone (40 mg/m2 
per day) versus dexamethasone (6 or 6.5 mg/m2 per day) during induction showed 
higher EFS rate in the dexamethasone arm mainly owing to lower CNS relapse [94, 
95]. However, in the Japanese TCCSG study for non-high-risk ALL comparing pred-
nisone (60 mg/m2 per day during induction and 40 mg/m2 per day during post-remis-
sion) and dexamethasone (8 mg/m2 per day during induction and 6 mg/m2 per day 
during post-remission) showed no difference in remission, EFS, OS, and CNS relapse 
rates [96]. In the AIEOP-BFM ALL 2000 trial, all the patients were randomized to 
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receive either 60 mg/m2 per day of prednisone or 10 mg/m2 per day of dexamethasone 
[97]. In this study, dexamethasone led to significant reduction in relapse risk, showing 
largest effect on extramedullary relapse, but was counterbalanced by significant higher 
induction-related death rate in the dexamethasone arm, thus led to no survival differ-
ence. However, subgroup analysis showed higher survival advantage of dexametha-
sone arm in T-ALL patients with good early response to prednisone prophase. Finally, 
in the COG trial for NCI high-risk B-ALL, dexamethasone (10 mg/m2 per day) for 
14 days showed better EFS rate in younger age (1–9 years old) patients who received 
high-dose methotrexate in second randomization compared to prednisone (60 mg/m2 
per day) for 28 days but showed no benefit for older patients (10 years old or older) 
with excess rate of osteonecrosis [98]. Although glucocorticoid is an essential key 
drug for ALL treatment, it is associated with adverse events, such as infection, osteo-
necrosis, psychosis, etc., and generally higher using dexamethasone [99]. 
Dexamethasone seems to be beneficial in the patients with lower risk of relapse (such 
as young patients or good early treatment responders), but caution is needed for use in 
higher dose (e.g., 10 mg/m2 per day) for older patients.

Asparaginase is another essential key drug for ALL treatment, and there are cur-
rently three preparations available, Escherichia coli (E.coli), Erwinia chrysanthemi, 
and polyethylene glycosylated (PEG) E. coli derived. These three preparations have 
different cytotoxicity and half-lives (both, PEG  >  E. coli  >  Erwinia); therefore, 
optimizing dose and schedule is crucial to maintain asparagine depletion thus lead-
ing to obtain therapeutic effect [100]. In the contemporary ALL treatment in North 
America and Europe, PEG is favorably used because of longer half-life and poten-
tially lower immunogenicity [9]. However, in countries where PEG is not available, 
native E.coli asparaginase is used. Erwinia is generally reserved for patients who 
develop hypersensitivity reactions [101]. Major adverse events of asparaginase are 
coagulopathy, acute pancreatitis, and hypersensitivity. The rate of thrombosis in 
pediatric ALL treatment is approximately 5%, and most of the events occur during 
induction phase [102, 103]. Attempts to prevent thrombotic events such as prophy-
lactic antithrombin replacement and use of low-molecular heparin are frequently 
done as clinical practice; however, there is no clear evidence of efficacy in these 
interventions. Asparaginase-induced acute pancreatitis generally occurs during 
induction phase and could be fatal [104]. Re-treatment with asparaginase even with 
different preparations is not recommended because probability of recurrence is very 
high. The most critical and frequently observed asparaginase-related adverse event 
is hypersensitivity, which is observed in 20–30% of the cases throughout ALL treat-
ment with native E.coli preparation (most often observed in re-induction phase). 
Intramuscular injection could reduce antibody production compared to intravenous 
injection; however, once hypersensitivity reaction occurs with either native or PEG 
E.coli preparations, it should be replaced with Erwinia. Even without clinical symp-
toms, antibody production could cause “silent inactivation” of administered 
 asparaginase. In that sense, measurement of serum asparaginase activity would be a 
useful tool to monitor the therapeutic effect and alter asparaginase treatment, if 
necessary, especially during the post-remission phase [105].
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Addition of anthracycline to three-drug induction (corticosteroid, vincristine, 
and asparaginase) is utilized in many study groups including the BFM.  In some 
groups such as COG and the UK, anthracycline is not used for NCI standard-risk 
patients [3, 106]. Because use of anthracyclines could cause late cardiotoxic events 
even in patients with cumulative dose of less than 300 mg/m2, anthracycline reduc-
tion or omitting is a preferable option for children with ALL [107]. However, the 
groups treating patients with three-drug induction are commonly using vincristine/
dexamethasone pulse in maintenance phase instead. Therefore, reduction of certain 
elements should be considered in the balance of intensity of the total therapy.

 Consolidation Therapy

Following remission induction, 6–8 months of intensive combination chemotherapy 
is administered aiming to consolidate remission status.

In the BFM regimen, an early intensification course (designated as protocol IB) 
follows directly after the four-drug induction (protocol IA), alternating with combi-
nation of cyclophosphamide, 6-mercaptopurine, cytarabine, and intrathecal thera-
pies (IT). This strategy was introduced by Hansjörg Riehm and his colleagues in the 
1970s adopting the Goldie-Coldman hypothesis (a mathematical model predicting 
the likelihood of mutations leading to drug resistance) that the best chance of cure 
would be to use all effective non-cross-resistant drugs in the early phase of the treat-
ment before the leukemia cells acquire resistance [108]. COG applies early intensi-
fication strategy only for the NCI high-risk cases because they could not prove its 
efficacy over the less-intensive consolidation with vincristine, 6-mercaptopurine, 
and IT-methotrexate for the standard-risk patients in the CCG 105 study [109].

After the early consolidation course, interim maintenance course follows. BFM 
group introduced high-dose methotrexate (HD-MTX, 5  g/m2/dose) administered 
over 24  h followed by folinic acid rescue combined with 6-mercaptopurine and 
IT-methotrexate (protocol M) to intensify this course since BFM86 study [110]. In 
contrast, CCG had developed another strategy designated Capizzi methotrexate 
(Capizzi-MTX), with lower, escalating doses of intravenous methotrexate of 100–
300 mg/m2 through short infusions without folinic acid rescue followed by aspara-
ginase. In COG AALL0232 study, randomly assigned HD-MTX arm demonstrated 
superior outcome compared to Capizzi-MTX for NCI high-risk B-ALL [98]. 
However, in COG AALL0434 study for T-ALL patients, Capizzi-MTX was supe-
rior to HD-MTX [111]. Irrespective of different approaches of intensification, the 
aim is to accumulate higher methotrexate polyglutamates, the active metabolites of 
methotrexate, in leukemic cells, which is associated with higher antileukemic activ-
ity. Accumulation varies widely between ALL subtypes: low in TCF3-PBX1, T-cell, 
and ETV6-RUNX1 ALL (thus, might benefit from higher dose of methotrexate) and 
high in hyperdiploid B-ALL cases [112].

Before entering maintenance therapy, a delayed intensification or re-induction 
course (designated as protocol II in BFM) mimicking BFM protocol I (IA and IB) is 
administered: prednisone is substituted by dexamethasone, daunorubicin by doxoru-
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bicin, and 6-mercaptopurine by 6-thioguanine. Delayed intensification course was 
also introduced by Riehm, adopting the Norton-Simon hypothesis (a hypothesis that 
a tumor is composed of populations of faster-growing chemosensitive cells and 
slower-growing chemoresistant cells) that the initial regimen must be effective 
enough to eradicate the low residual chemosensitive leukemia and substitution of 
some agents with non-cross-resistant agents to eradicate the remaining chemoresis-
tant leukemia [113]. Delayed intensification course has been proven to be an essen-
tial element of ALL therapy for all the patients regardless of risk group stratified.

However, for the patients with unfavorable risk (e.g., poor prednisone responders), 
BFM standard regimen yielded EFS rate of lower than 50% even with addition of 
high-dose cytarabine and ifosfamide in BFM86 study [110]. Therefore, BFM intro-
duced multiple courses of short intensive block therapy derived from their relapsed 
ALL study in consolidation phase since the study of BFM90, although its benefit is 
unclear [114]. In contrast, CCG investigators chose to intensify their consolidation 
phase with known ALL key drugs with limited hematologic toxicities, such as vincris-
tine, asparaginase, and methotrexate, thus established “augmented BFM” therapy, 
which significantly improved the outcome of unfavorable risk patients [115].

 Maintenance Therapy

Historically, maintenance therapy was introduced to prolong remission period 
achieved after induction phase. However, the therapy which lasts 2 years or lon-
ger consisting of oral intake of daily 6-mercaptopurine and weekly methotrexate 
with or without pulses of vincristine and dexamethasone is still an essential ele-
ment in the context of contemporary intensive chemotherapy. There are several 
trials that attempted to shorten the duration of maintenance, but all failed: BFM 
group randomized 24-month and 18-month total duration, and shorter duration 
arm showed inferior outcome; TCCSG L92-13 study, evaluating 1-year total 
duration therapy in all risk groups, ended up with 59% EFS rate in 5 years, which 
was inferior to the historical control [116, 117]. Interestingly, the retrospective 
revisiting analysis of L92-13 study by Kato et al. has discovered the subgroups 
that might benefit from short duration maintenance: female, TCF3-PBX1, and 
ETV6-RUNX1 [118].

It is quite common to encounter patients with 6-mercaptopuirne intolerances 
causing severe myelosuppression that results in frequent treatment disruptions 
and sometimes in risk of life-threatening infections. Recent pharmacogenomics 
studies have uncovered its mechanisms in part. The most well studied is genetic 
polymorphisms of thiopurine S-methyltransferase (TPMT) gene. TPMT 
 catalyzes S-methylation of thiopurines to inactive methylated metabolites. As a 
result, patients with heterozygous or homozygous TPMT deficiency, which 
accounts for approximately 10% of Caucasian population, are associated with 
6-mercaptopurine intolerance [119]. However, mutant alleles of TPMT are rare 
in Asian population (1.6% in Japanese). Recent studies identified germline 
polymorphisms of nucleoside diphosphate- linked moiety X-type motif 15 
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(NUDT15) gene, found in one third of Japanese population, to be associated 
with 6-mercaptopurine intolerance as well [120, 121]. Decreased enzymatic 
activity of mutant NUDT15 leads to excess levels of intracellular thiopurine 
active metabolites, thus results in cytotoxicity. Polygenic dosing algorithm that 
incorporates these pharmacogenomics data would provide personalized thiopu-
rine therapy in the near future.

2.4.3.3  CNS-Directed Therapy

Control and prevention of CNS leukemia is a key component of ALL therapy. 
Cranial irradiation (24 Gy) has dramatically improved survival rate of children with 
ALL in the 1960s and 1970s, but it was associated with an increased risk of second-
ary CNS tumors, various endocrinopathies, growth impairment, and neurocognitive 
effects [122, 123]. As a result, CNS irradiation dose is reduced to 12–18 Gy and 
limited to only patients with higher risk of CNS relapse in the contemporary ALL 
therapy. CNS and hematological relapses are competing events; therefore, intensifi-
cation of both systemic chemotherapy (high-dose methotrexate, asparaginase, and 
dexamethasone) and intrathecal chemotherapy plays important roles to prevent 
CNS relapse. With these intensifications, St. Jude Children’s Research Hospital has 
succeeded in eliminating cranial irradiation for all the children with ALL in their 
frontline therapy [8].

2.4.3.4  Hematopoietic Stem Cell Transplantation

Allogeneic hematopoietic stem cell transplantation (SCT) is still an option for chil-
dren with very high risk of relapse, but its role continues to be limited in the context 
of contemporary treatment. Allo-SCT is no longer routinely recommended for chil-
dren with Ph+ ALL due to the development of TKI-combined chemotherapy, and 
indication for infants with ALL is controversial [124]. For those receiving allo-SCT, 
post-transplant leukemia-free survival seems not to be affected by stem cell sources 
[125–127]. In terms of conditioning regimen, use of total body irradiation is gener-
ally recommended except for infants because of its higher therapeutic effect on 
preventing leukemia relapse [128, 129]. Finally, MRD status before SCT is a strong 
predictor of post-SCT relapse [126].

2.4.3.5  Special Subcategories

 Down Syndrome ALL

Children with constitutive trisomy 21 or Down syndrome (DS) is associated with 
higher risk of developing B-ALL, but not during infancy, compared to non-DS chil-
dren. Biologically, prevalence of common abnormalities in non-DS ALL, such as 
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ETV6-RUNX1, high hyperdiploidy, BCR-ABL1, or MLL-AF4, is low, and overex-
pression of CRLF2 is found in more than half the cases as previously described 
[64]. DS patients with ALL have higher cumulative incidence of relapse and 
treatment- related mortality, especially infection related, resulting in lower EFS and 
OS rates than non-DS ALL patients [130, 131]. Therefore, caution is needed not to 
reduce chemotherapy dosages excessively, but at the same time, careful 
management of infections is necessary throughout therapy including maintenance.

 Adolescent and Young Adults with ALL

Historically, adolescents and young adults (AYA; age 15 years old or higher) with 
ALL had inferior EFS and OS rates compared to children. This is in part because of 
higher prevalence of unfavorable risk ALL (e.g., T-cell and Ph+) and lower preva-
lence of favorable risk ALL (e.g., ETV6-RUNX1 and high hyperdiploid) in AYAs. 
However, recent clinical studies have shown feasibility and significant improved 
outcomes in AYAs with ALL treated with pediatric ALL protocol [132–134]. Hence, 
the consensus has been established that AYA patients should be treated based on 
pediatric ALL regimen.

2.5  Future Challenges

More than 80% of children with ALL are currently cured; however, this was accom-
plished by identification of optimal dosing and schedules of chemotherapeutic 
agents that have developed before the 1970s, not by identification of novel innova-
tive agents. One of the major challenges in pediatric ALL would be to increase the 
cure rate of patient subsets with dismal prognosis that is unlikely to be improved 
with contemporary therapy. Owing to rapid progress in genomic analysis, there has 
been a tremendous increase in understanding of ALL biology in the past few years, 
and its application is currently ongoing. One of the most successful examples is the 
introduction of TKI in the treatment of Ph+ ALL, although optimal agents, dosing, 
and combination chemotherapy are still not determined [54]. There is substantial 
number of novel agents under evaluation: TKI (imatinib, dasatinib) for Ph-like ALL 
[58], epigenetic modifiers (DNA methyltransferase inhibitors, histone deacetylase 
inhibitors, DOT1L inhibitor) for MLL-rearranged ALL [135, 136], proteasome 
inhibitors (bortezomib) [137], monoclonal antibodies (rituximab, epratuzumab) 
[138], monoclonal antibodies conjugated with immunotoxins or chemotherapeutic 
drugs (moxetumomab, inotuzumab ozogamicin) [139], bispecific T-cell engager 
antibodies (blinatumomab) [140], chimeric antigen receptor (CAR) T-cell therapy 
[141], etc. It is expected that the genomic landscape of ALL would be fully 
unmasked in the near future and that the integration of discovered genomics into 
contemporary therapy would progress in order to realize precision medicine which 
would result in further improvement in the outcome of childhood ALL.
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Chapter 3
Acute Myeloid Leukemia

Souichi Adachi, Akitoshi Kinoshita, Daisuke Tomizawa,  
Takashi Taga, and Hiroyuki Takahashi

Abstract Acute myeloid leukemia (AML) is a rare type of childhood cancer. With 
tremendous efforts by the collaborative study groups worldwide in the past decades, 
survival rates have currently reached approximately 70% in de novo AML and 80% 
in myeloid leukemia associated with Down syndrome and acute promyelocytic leu-
kemia (APL). Advance in genomic analyses would contribute to further understand-
ing of the pathobiology of AML, which is expected to result in development of 
better risk stratification, novel molecular targeted therapy, and finally to overcome 
the disease in the future.

3.1  Introduction

Acute myeloid leukemia (AML) in children accounts for about 25% of pediatric 
leukemia and affects approximately 180 patients annually in Japan [1]. The progno-
sis for pediatric AML has improved, and the long-term survival rate now approaches 
70%. However, considering the fact that overall survival (OS) rates for pediatric 
cancer patients are now approaching 80%, there is considerable room for further 
improvement for refractory AML.  Currently, for patients with newly diagnosed 
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AML, clinical studies are conducted separately according to the three disease sub-
types, de novo AML, acute promyelocytic leukemia (APL), and myeloid leukemia 
associated with Down syndrome (ML-DS).

In this chapter, diagnosis of pediatric AML and the current status of pediatric 
AML (de novo AML, APL, and ML-DS) are presented.

3.2  Diagnosis of Acute Myeloid Leukemia

Diagnosis of AML still relies on morphologic analysis of blood and bone marrow 
(BM) smears. Although diagnosis may be made from the blood smear alone, BM 
examination should always be performed. Occasionally, BM aspiration may be dif-
ficult in AML patients because of myelofibrosis, which is usually associated with 
acute megakaryoblastic leukemia (AMKL), or “packed marrow.” In these cases, 
BM biopsy is required. Cellularity of BM is variable in patients with AML unlike 
acute lymphoblastic leukemia (ALL). AML associated with hypocellular marrow in 
children should be differentiated from AML secondary to Fanconi anemia.

For a diagnosis of AML, a marrow or blood blast count of 20% or more is 
required. The exception to this rule is the cases with t(15;17)(q22;q21)/PML-RARA, 
t(8;21)(q22;q22.1)/RUNX1-RUNX1T1 (formerly known as AML1-ETO), inv(16)
(p13.1q22) or t(16;16)(p13.1;q22)/CBFB-MYH11, and ML-DS [2]. Differentiation 
between AML and advanced myelodysplastic syndrome (MDS) may be difficult in 
children with low percentage of blasts. In these cases, it is recommended to repeat 
BM examination including biopsy. If the blast count increases in a few weeks, the 
case should be diagnosed as AML [3].

Several types of blast cells and/or abnormal cells may be found in 
AML. Myeloblasts tend to be larger than lymphoblasts, with round or irregular 
nuclei, fine chromatin, one or more nucleoli, abundant basophilic cytoplasms, 
numerous azurophilic granules, and/or Auer rods. Auer rods are the hallmark of 
AML, but its absence does not exclude its diagnosis. APL is characterized by the 
proliferation of abnormal promyelocytes with large and coarse azurophilic gran-
ules. Some of the promyelocytes contains bundles of Auer rods, called as “faggot 
cells.” Cases with hypogranular APL variants are characterized by abnormal pro-
myelocytes with very fine dust-like granules and lobulated nuclear shape. 
Monoblasts are large, often with a folded nucleus, fine chromatin, one or more 
large nucleoli, and abundant blue-gray cytoplasm, in which fine azurophilic gran-
ules and vacuoles may be present. Eosinophils with basophilic granules in the 
cytoplasm are characteristics of acute myelomonocytic leukemia with eosino-
philia, which is often associated with recurrent chromosomal abnormalities on 
chromosome 16 [4]. Pure erythroid leukemia represents a proliferation of medium- 
to large-size immature erythroblasts with round nuclei, fine chromatin, and one or 
more nucleoli. Leukemic megakaryoblasts are highly polymorphic, ranging from 
small blasts with scant  cytoplasm and fine-to-dense chromatin resembling lympho-
blasts to large cells with abundant and basophilic cytoplasm, fine chromatin, and 
one or more nucleoli: small and large blasts may be present in the same patient. 
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They may be bi- or multinucleated, may show distinct blebs or pseudopods, and 
may form clusters.

AML is subclassified according to the French-American-British (FAB) classifi-
cation. The FAB classification recognizes eight subtypes of AML.  AML with 
myeloid differentiation is subclassified according to the extent of differentiation as 
M0 to be the most undifferentiated, following M1, M2, and M3. AML with mono-
blastic differentiation is subclassified by the degree of granulocytic differentiation 
as M4 or M5, in which promonocytes are also counted as blast equivalents. AML 
with a predominant erythroid population is subclassified as M6 and AML with pro-
liferation of megakaryoblasts as M7. Although the FAB classification is based on 
morphology, the diagnosis of M0 (positive for myeloid markers such as MPO and/
or CD13, CD33, CD117) or M7 (positive for platelet markers such as CD41 and/or 
CD42, CD61) has to be confirmed by immunophenotyping.

Cytochemistry is a quick and useful method to distinguish between AML and 
ALL. Detection of myeloperoxidase or Sudan Black B indicates myeloid differen-
tiation, but its absence does not exclude myeloid lineage. Nonspecific esterase 
(NSE) indicates monocytic differentiation, but its absence also does not exclude 
monocytic lineage. Therefore, immunophenotyping using multicolor flow cytome-
try is now used to determine lineage affiliation. Although immunophenotyping is 
required to establish the diagnosis of M0, M7, and acute leukemia of ambiguous 
lineage, it does not substitute for morphological diagnosis.

Cytogenetic analysis is mandatory at diagnosis. Initial workup should also 
include evaluation of prognostically relevant genetic aberrations, including at least 
the following fusion genes: RUNX1-RUNX1T1, CBFB-MYH11, PML-RARA, 
KMT2A (MLL) rearrangements, and internal tandem duplication of fms-related 
tyrosine kinase III (FLT3-ITD). Fluorescent in situ hybridization (FISH) is neces-
sary to identify MLL rearrangements including cryptic cases. It is recommended to 
store methanol/acetic-fixed cell pellets in cases of failure in cytogenetic analysis.

Although FAB classification has been widely accepted among hematologists and 
health care providers, concordance among observers tends to be relatively low. [5] 
More importantly, the FAB classification does not always correlate with biology or 
molecular genetics of AML that are clinically relevant. [6] The World Health 
Organization (WHO) classification incorporated cytogenetics and molecular genetic 
aberrations, both of which have its evidence for prognostic relevance, into the clas-
sification scheme of AML. This classification is applicable to pediatric patients as 
well as adults with AML.  In the 2001 classification, the patients with t(15;17), 
t(8;21), inv(16) or t(16;16), or MLL translocations were diagnosed as “AML with 
recurrent cytogenetic abnormalities” [7]. Major revisions in 2008 were expansion of 
the AML with recurrent cytogenetic abnormalities category, which included 
CCAAT/enhancer-binding protein alpha (CEBPA) and nucleophosmin (NPM1) 
mutations as provisional entities, addition of a new category “AML with myelodys-
plasia-related changes (AML-MRC),” and a strict definition of acute leukemia of 
ambiguous lineage [8]. The AML-MRC category consists of the following three 
factors: AML arising from previous MDS or an MDS/myeloproliferative neoplasm, 
AML with specific MDS-related cytogenetic abnormalities, and/or AML with 
 multilineage dysplasia. Although AML-MRC category has been known to occur 
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mainly in elderly patients, the recent nationwide Japanese study using a central 
review revealed that patients with AML-MRC are not rare among children [9].

The WHO classification has been recently updated in 2016 (Table 3.1). AML 
with t(6;9)(p23;q34.1)/DEK-NUP214 (formerly known as DEK-CAN) and AML 
with t(1;22)(p13.3;q13.3)/RBM15-MKL1 (OTT-MAL), both of which occur in pedi-
atric patients, are categorized as AML with recurrent genetic abnormalities. NPM1 
mutations and biallelic CEBPA are also formally recognized as AML with recurrent 
genetic abnormalities. BCR-ABL1 and mutated RUNX1 are added to provisional 
entity. Since the clinical significance of multilineage dysplasia alone has been ques-
tioned, the presence of multilineage dysplasia alone is not classified as AML-MRC 
when a mutation of NPM1 or biallelic mutation of CEBPA is present in the new 
classification [10, 11]. Moreover, the new classification removed the subcategory of 
acute erythroid leukemia, erythroid/myeloid type (previously defined as >50% BM 
erythroid precursors and >20% myeloblasts among nonerythroid cells). Myeloblasts 
are always counted as a percentage of total marrow cells, and the majority of such 
cases have <20% total blast cells and would be classified as MDS [2].

Table 3.1 WHO 2016 classification of acute myeloid leukemia (AML) and related neoplasms

AML with recurrent genetic abnormalities
  AML with t(8;21)(q22;q22.1); RUNX1-RUNX1T1

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

  APL with PML-RARA

  AML with t(9;11)(p21.3;q23.3); MLLT3-KMT2A

  AML with t(6;9)(p23;q34.1); DEK-NUP214

  AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM

  AML (megakaryoblastic) with t(1;22)(p13.3;q13.3); RBM15-MKL1

  AML with mutated NPM1

  AML with biallelic mutations of CEBPA

  Provisional entity: AML with BCR-ABL1, AML with mutated RUNX1

AML with myelodysplasia-related changes
Therapy-related myeloid neoplasms
AML, not otherwise categorized (NOS)
  AML with minimal differentiation
  AML without maturation
  AML with maturation
  Acute myelomonocytic leukemia
  Acute monoblastic/monocytic leukemia
  Pure erythroid leukemia
  Acute megakaryoblastic leukemia
  Acute basophilic leukemia
  Acute panmyelosis with myelofibrosis
Myeloid sarcoma
Myeloid proliferations related to Down syndrome
  Transient abnormal myelopoiesis (TAM)
  Myeloid leukemia associated with Down syndrome
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3.3  Treatment of De Novo AML

The principle of AML treatment is based on “total cell kill” theory, to eradicate all 
the leukemic blasts that have expanded inside the patient’s body. This is attempted 
by multi-agent chemotherapy with optional use of hematopoietic stem cell trans-
plantation (SCT) for high risk of relapse. In addition, risk stratification, means of 
optimizing therapy by evaluating relapse risk with known prognostic factors, and 
supportive care have contributed to improve survival rate in children with AML.

Treatment algorithm of pediatric AML proposed in the guideline of the Japanese 
Society of Pediatric Hematology and Oncology is shown in Fig. 3.1. ML-DS and APL 
are treated separately with each disease-specific protocol. The rest of the children with 
AML (de novo AML) are treated with appropriate risk-stratified therapies.

3.3.1  Prognostic Factors

3.3.1.1  Biologic and Genetic Features

It is considered that AML occurs as a consequence of malignant transformation of 
an abnormal single myeloid progenitor cell via multi-step alterations. One model 
classified the different types of these mutations in two types: the Type I mutations 
including mutations that function as proliferation and survival signals (e.g., FLT3, 
KIT, RAS) and the Type II mutations including mutations that lead to differentiation 
arrest or enhanced self-renewal (e.g., RUNX1-RUNX1T1, CBFB-MYH11) [12]. The 

de novo AML
(DS, APL excluded)

Unfavorable cytogenetics
and/or poor response

 to initial chemo

otherst(8;21) or inv(16)
High riskIntermediate risk

Chemo &
HSCT in 1CRChemoChemo

ATRA-
combined

chemo

Reduced-
intersity
chemo

Low risk

APLDown synd
AML

Childhood AML

Fig. 3.1 Algorithm of treatment for children with acute myeloid leukemia. AML, acute myeloid leuke-
mia; APL, acute promyelocytic leukemia; ATRA, all-transretinoic acid; CR, complete remission; DS, 
Down syndrome; HSCT, hematopoietic stem cell transplantation. [Adopted from Clinical Guideline for 
Pediatric Leukemia and Lymphoma (ver.3) Japanese Society of Pediatric Hematology and Oncology.]
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leukemia stem-cell model proposes that the clonal origin of AML cells reside at the 
top of hierarchical organization, possessing unlimited self-renewal capacity and 
capability of propagating leukemia cells [13]. Recent genome-wide analyses are 
challenging to uncover full landscape of AML leukemogenesis. These novel tech-
nologies have found that AML contains fewer genetic alterations than do other 
malignancies. In particular, pediatric AML contains only 2–4 somatic copy-number 
alterations per single leukemia cell and no copy-number alterations in approxi-
mately one-third of cases, indicating that the development of AML may require 
fewer genetic alterations compared to other malignancies [14]. Although full pic-
ture of AML leukemogenesis is still unclear, disease-specific gene alterations regu-
late biological character of AML cells, thus have prognostic value, and would be 
good candidates for therapeutic target.

 (a) Core-Binding Factor AML
AML with t(8;21) or either inv(16) or t(16;16) are called “core-binding factor 
(CBF)” AML and are associated with favorable prognosis. t(8;21) creates RUNX1-
RUNX1T1 fusion gene. The abnormal fusion protein binds DNA and interacts with 
CBFβ, but dominantly represses transcriptional activation through interactions 
with the nuclear corepressor complex. t(8;21)-AML comprises 12% of pediatric 
AML in the USA and Europe and higher prevalence in east Asia (nearly 30% of 
pediatric AML in Japan). It is clinically associated with FAB M2 morphology and 
extramedullary disease. Large international retrospective analysis of 838 patients 
with t(8;21)-AML by the International BFM Study Group (I-BFM-SG) showed 
additional del(9q) and +4 were associated with treatment failure [15]. Additionally, 
patients with t(8;21)-AML were likely to benefit from protocols that included high 
doses of anthracyclines, etoposide, and cytarabine.

inv(16) or t(16;16) creates CBFB-MYH11 fusion gene. The rearrangement 
causes formation of abnormal CBFβ with impaired function, thus leading to 
improper differentiation of myeloid cells. AML with inv(16) accounts for 10% 
or less of pediatric AML.  It is associated with myelomonocytic morphology 
with abnormal eosinophilia (FAB M4Eo).

The KIT gene, encoding a type III receptor tyrosine kinase, is mutated in nearly 
20% of CBF-AML. Prognostic impact of mutated KIT in CBF-AML is controver-
sial [16–18]; however, recent analysis among the Japanese AML-05 cohort showed 
significant poor prognosis of KIT exon 17 mutations in t(8;21)-AML; especially 
exon 17 D816V mutation was associated with higher relapse rate [19].

 (b) KMT2A Gene Rearrangements
KMT2A (MLL) gene, located at chromosome band 11q23, encodes a histone 
methyltransferase that is involved in epigenetic regulation of blood cell devel-
opment [20]. Rearrangements of MLL occur as a result of balanced chromo-
somal translocations that fuse the MLL gene to one of more than 70 known 
partner genes [21]. MLL rearrangement accounts for 15–20% of pediatric AML, 
and the most common is MLL-AF9 derived from t(9;11)(p22;q23) which 
accounts for ~50% of the cases. International retrospective analysis of 756 chil-
dren with MLL-rearranged AML by the I-BFM-SG identified large differences 
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in outcome according to MLL subtypes, showing significant poor survival rate 
of t(1;11)(q21;q23), t(6;11)(q27;q23), t(10;11)(p12;q23), and t(10;11)
(p11.2;q23) cases [22]. Recent analysis of the Japanese AML-05 cohort showed 
clear difference in the outcome of MLL-AF9 AML according to the expression 
of the ecotropic viral integration site-1 (EVI1) gene, overexpression being a 
poor prognostic factor [23].

 (c) Genetic Alterations in Non-Down Syndrome Acute Megakaryoblastic Leukemia
AMKL (FAB M7) accounts for 10% of AML in non-Down syndrome (non-
 DS) children. Unlike DS AMKL with mutated GATA1, prognosis of non-DS 
AMKL is reported to be poor [24], but the outcome is moderately improving 
with modern intensive chemotherapy [25]. Heterogeneity of non-DS AMKL 
has been described in several studies. I-BFM-SG reported that non-DS AMKL 
could be classified in three groups: good risk group with 7p abnormalities; 
poor risk group with normal karyotypes, −7, 9p abnormalities including 
t(9;11)/MLL- AF9, −13/13q-, and −15; and intermediate risk group with oth-
ers including t(1;22)/RBM15-MKL1, found in infants, and 11q23/MLL rear-
rangements other than MLL-AF9 [26]. Recent genomic studies identified two 
novel recurrent genetic abnormalities in non-DS AMKL: CBFA2T3-GLIS2 
created by cryptic inv(16)(p13.3q24.3) and NUP98-KDM5A (formerly known 
as NUP98- JARID1A) by cryptic t(11;15)(15;q35) [27, 28]. CBFA2T3-GLIS2 
and NUP98- KDM5A comprise ~15 and ~10% of pediatric non-DS AMKL 
cases, respectively, and both confer poor prognosis [29].

 (d) FLT3-ITD
FLT3-ITD accounts for more than 20% of adult AML and 5–10% of pediatric 
AML and is associated with poor prognosis [30–32]. FLT3-ITD is most com-
monly observed in cytogenetically normal (CN)-AML, but with other translo-
cations as well. It is considered that the presence of FLT3-ITD has no prognostic 
impact when present with favorable risk cytogenetics such as CBF- AML or 
t(15;17)/PML-RARA APL.  Some study groups such as Children’s Oncology 
Group (COG) include only FLT3-ITD with high allelic ratio in high- risk 
criteria.

 (e) NUP98-NSD1
Nucleoporin 98kD (NUP98) gene located on chromosome 11p15 fuses to more 
than 20 different partner genes. Among them, NUP98-NSD1 created by cryptic 
t(5;11)(q35;p15.5) was recently identified by the Dutch group using array-
based genomic tests [33]. NUP98-NSD1 comprised 4.2% of pediatric AML and 
16.1% of CN-AML. Clinically, this abnormality is associated with FAB M4 and 
M5 and the presence of FLT3-ITD and WT1 mutations and confers poor 
prognosis.

 (f) Others
Monosomy 7 and monosomy 5 or 5q deletions account for ~5% of pediatric AML 
and are traditionally used as poor-risk factors in many studies [34, 35]. Monosomy 
5 or 5q deletions are associated with complex karyotype (>3 chromosomal abnor-
malities, excluding recurrent changes). Other poor prognostic cytogenetics 
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include t(16;21)(p11;q22)/FUS-ERG, t(9;22)/BCR-ABL1, t(6;9)/DEK-NUP214, 
and inv(3) or t(3;3)/RPN1-MECOM, but are very rare in children.
With conventional cytogenetic analysis, approximately 20% of the cases fall 
into a CN-AML category with intermediate prognosis. However, develop-
ment of genetic studies has revealed that CN-AML is a heterogeneous dis-
ease with various prognoses. Among them, FLT3-ITD and NUP98-NSD1 are 
associated with unfavorable outcome as previously described, while biallelic 
mutations of CEBPA and NPM1 are associated with favorable outcome 
[36–40].

3.3.1.2  Early Treatment Response

Risk stratification evaluating morphological treatment response in the bone marrow 
after the first course of chemotherapy is currently utilized in many pediatric AML 
study groups, which is predictive of final outcome.

Recently, measurement of minimal residual disease (MRD) targeting leukemic 
clone-specific features has been increasingly used for better risk stratification. 
Methods that are applicable to AML are flow cytometry detecting aberrant com-
binations of leukemic cell-surface antigen, polymerase chain reaction (PCR) 
amplification of leukemia-specific mutated gene transcripts, quantitative mea-
surement of WT1 expression, etc. Detection of fusion transcripts by reverse tran-
script (RT)-PCR method has sensitivity of 10−4–10−5; however, it is applicable to 
only 50% of the cases. Moreover, it is well known that fusions such as RUNX1-
RUNX1T1 and CBFB-MYH11 could persist in patients with long-term remission. 
Hence, flow- based MRD is more widely used because of its applicability (more 
than 90% of the cases) and its specificity, although the sensitivity is one log lower 
than the PCR- based method. In the AML02 study of St. Jude Children’s Research 
Hospital, MRD of 1% or higher after initial induction course clearly segregated 
patients with high and low risk of relapse, and the relapse rate was only 17% for 
the patients whose MRD level was below 0.1% after the second induction [41]. 
However, both disease- free survival (DFS) and OS rates were low for poor prog-
nostic patients [e.g., t(6;11), t(10;11), AMKL without t(1;22)] even with negative 
MRD (<0.1%) [42], suggesting the stronger impact of biological factors on out-
come in AML.

3.3.2  AML Therapy

Therapy for AML is consisted of remission-induction and post-remission phases. In 
both phases, chemotherapy including two major key drugs, cytarabine and anthra-
cyclines, is the mainstay of the treatment. Choice of post-remission therapy, espe-
cially indication of allogeneic SCT, is determined by risk of relapse evaluated by 
known prognostic factors.
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3.3.2.1  Remission-Induction Phase

Remission-induction therapy aims to achieve morphological complete remission 
(CR), defined as less than 5% blasts in bone marrow with regeneration of normal 
hematopoiesis and no evidence of residual extramedullary disease. Time of evaluat-
ing remission differs by protocol, but most typical is after completing two courses, 
and 80–90% of the children achieve remission in contemporary therapy.

The first successful induction regimen was “3 + 7” established in 1980s by the 
Cancer and Leukemia Group B (CALGB) in the USA for adult AML, 7 days of 
cytarabine (100 mg/m2) by continuous infusion plus 3 days of daunorubicin (45 mg/m2), 
which resulted in 60–70% CR rate [43]. Until now, intensification of “3 + 7” has 
been attempted to improve the outcome of AML.

 (a) Cytarabine Intensification
CALGB 8321 study compared cytarabine dose of 200 mg/m2/day with 100 mg/
m2/day in induction, but could not find clear advantage of higher cytarabine 
dose [44]. Still, several studies use cytarabine dose of 200 mg/m2: ECM con-
sisted of cytarabine (200 mg/m2, 7 days)/mitoxantrone (5 mg/m2, 5 days) com-
bination following 5  days of etoposide (150  mg/m2) which is a standard 
induction regimen in Japan since the early 1990s [45, 46]. Several studies have 
compared 100–200 mg/m2 continuous infusion versus high dose (1–3 g/m2/dose 
infused every 12 h for 3–7 days), but have not demonstrated superiority of high- 
dose cytarabine [47, 48]. Medical Research Council (MRC) studies in the 
United Kingdom (the UK) used different schedules of cytarabine in induction: 
100  mg/m2/dose intravenous push every 12  h [49]. In MRC AML 9 study, 
10  days of cytarabine with daunorubicin/thioguanine was superior to 5-day 
cytarabine combination, which became the standard induction in the 
UK. Therefore, cytarabine schedule of either 100–200 mg/m2 continuous infu-
sion or 100 mg/m2/dose intravenous push every 12 h is considered as standard 
in the contemporary induction regimen.

 (b) Use of Different Anthracyclines and Their Dose Intensification
There are several formulations of anthracyclines in clinical use: the most com-
mon are doxorubicin, daunorubicin, idarubicin (a daunorubicin derivative), and 
mitoxantrone (an anthracendione derivative). Doxorubicin is not used for AML 
treatment, because it showed higher mortality from infection and/or gastroin-
testinal toxicity compared to daunorubicin in the past CALGB study [43]. 
Among the pediatric studies, AML-BFM 93 compared 3 days of daunorubicin 
60 mg/m2 (ADE) and idarubicin 12 mg/m2 (AIE): idarubicin showing faster day 
15 blast clearance, but similar EFS and OS rates [50]. MRC AML 12 compared 
3 days of daunorubicin 50 mg/m2 (ADE) and mitoxantrone 12 mg/m2 (MAE): 
better DFS and lower cumulative incidence of relapse were observed in MAE, 
but CR and OS rates were similar [51]. Recently, liposomal daunorubicin is 
drawing attention because of low accumulation to heart and high therapeutic 
index. AML BFM 2004 study compared 3  days of liposomal daunorubicin 
80  mg/m2 (ADxE) and idarubicin 12  mg/m2 (AIE): although liposomal 
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 daunorubicin was less toxic and more active in t(8;21)-AML, EFS, OS, and 
relapse incidence were similar between the two arms [52].
Adult studies demonstrated superior CR and OS rates in dose-escalated dauno-
rubicin of 90 mg/m2 for 3 days compared with conventional dose of 45 mg/m2 
in combination with cytarabine [53, 54]. However, this approach is not appro-
priate for children because of increased risk of developing late cardiotoxicity.
In conclusion, the use of either daunorubicin 60 mg/m2 or idarubicin/mitoxan-
trone 10–12  mg/m2 for 3  days is considered standard in the contemporary 
induction therapy for children with AML.

 (c) Addition of Extra Agents to Cytarabine/Anthracycline Backbone
MRC AML 10 trial compared etoposide and thioguanine in combination with 
cytarabine/daunorubicin induction backbone, but no difference in outcome was 
observed [55]. Although no clear benefit has been demonstrated for adding 
extra agents to the standard induction backbone, etoposide is often used in 
many pediatric AML induction regimens.

One attractive additional agent is gemtuzumab ozogamicin (GO), a cali-
cheamicin conjugated anti-CD33 monoclonal antibody. Because GO demon-
strated reasonable activity as a single agent use for relapsed or refractory AML 
[56, 57], GO combination with standard induction backbone was evaluated in 
 several groups as frontline AML therapy. One adult randomized trial by the 
Southwest Oncology Group (SWOG) showed no therapeutic efficacies, but 
higher fatal induction toxicity in GO arm, which led to withdrawal of the prod-
uct in the US market [58]. However, MRC AML 15 trial in the UK showed 
benefit of adding GO 3  mg/m2 to one of the three randomized induction 
 regimens for patients with favorable cytogenetics [59], and French ALFA-0701 
study showed improved outcome in adult AML patients by adding low fraction-
ated-dose GO (3 mg/m2/dose on days 1, 4, and 7) to 3 + 7 induction [60]. The 
pediatric study COG AAML0531 demonstrated improved EFS through reduc-
tion of relapse rate by adding 3 mg/m2 of GO to the standard regimen [61].

3.3.2.2  Post-Remission Phase

Following remission-induction phase, post-remission therapy is administered aim-
ing to consolidate remission status. It has been clarified in the early adult Eastern 
Cooperative Oncology Group (ECOG) study in 1983 that all patients eventually 
relapse without post-remission therapy [62].

 (a) High-Dose Cytarabine Intensification
The effect of intensifying post-remission chemotherapy was demonstrated by 
adult CALGB study comparing three different doses of cytarabine in consolida-
tion courses, showing significant improvement in OS for patients <60 years old 
when a high-dose cytarabine was given, especially those with favorable cytoge-
netics [63, 64]. In addition, CALGB investigators reported that the outcome of 
CBF-AML adults who were treated with multiple courses of high-dose 
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 cytarabine was better than those who only received one course of high-dose 
cytarabine [65, 66]. Among the pediatric studies, BFM group showed that high-
dose cytarabine with mitoxantrone (HAM regimen) following initial induction 
was beneficial for t(8;21)-AML [67, 68]. The Japanese pediatric AML trials 
have incorporated repetitive high-dose cytarabine cycles in consolidation and 
produced 70% or higher OS rate [46]. Thus, post-remission high- dose cytara-
bine is considered as standard approach in pediatric AML.

 (b) Number of Treatment Courses
Optimal number of total treatment courses is an open question. MRC AML 12 
trial compared a total of five courses versus four courses of chemotherapy, 
showing no survival benefit of fifth course of chemotherapy [51]. However, 
comparison of the two Japanese consecutive trials (AML99 and AML-05) dem-
onstrated conflicting results by different cytogenetic group. While both EFS 
and OS did not differ in non-CBF-AML children between six and five courses 
with identical cumulative anthracycline dosage [69], significant worse EFS was 
observed in CBF-AML children who received five courses of chemotherapy 
with reduction of cumulative anthracycline dosage [70].

 (c) Maintenance Therapy
Unlike chemotherapy for ALL, maintenance is unnecessary in the context of 
contemporary AML therapy with exception of APL. French Leucémie Aiguë 
Myéloblastique Enfant (LAME) 89 and 91 studies randomized children with 
AML to receive or not to receive maintenance therapy: strikingly, they not only 
demonstrated lack of benefit in DFS, but showed inferior OS in the maintenance 
group [71]. So far, BFM is the only group still incorporating maintenance phase 
in the frontline pediatric AML therapy [72].

 (d) Central Nervous System-Directed Therapy
In AML, high leukocyte count, young age (<2 years), monoblastic or myelo-
monoblastic leukemia (FAB M4 or M5), and cytogenetics of t(8;21), inv(16), or 
chromosome 11 abnormalities are associated with central nervous system 
(CNS) leukemia and/or relapse [73]. Outcome of AML patients with CNS 
involvement is not poor, partly because they are more likely to have favorable 
cytogenetics thus with lower rate of systemic relapse. Current practice for treat-
ment and prevention of CNS leukemia employs both intrathecal and systemic 
chemotherapy. Cranial irradiation is not generally used in AML, except the 
BFM group that continues to administer either 12 or 18Gy of cranial irradiation 
in AML BFM 2004 trial because of the result from AML BFM 87 trial that 
observed higher systemic relapse rate in nonirradiated patients [72].

 (e) Hematopoietic Stem Cell Transplantation for AML
Since the 1980s, allogeneic SCT from matched sibling donor became widely 
applicable as post-remission therapy for children with AML. Most of the clini-
cal studies conducted between the 1980s to the 1990s allocated patients to allo-
SCT by “Mendelian or genetic randomization,” that those with matched sibling 
donor to allo-SCT and those without to chemotherapy (or autologous SCT). In 
the Children’s Cancer Group (CCG) 2891 study, allo-SCT had a significantly 
better DFS and OS than did chemotherapy or auto-SCT [74]. However, no 
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 difference was observed in trials AML BFM 98, European Organization of 
Research and Treatment of Cancer (EORTC) Children’s Leukemia Group 
(CLG) 58,921, and MRC AML 10 [75]. As risk stratification by cytogenetic 
abnormalities was introduced from the late 1990s, a consensus was built that no 
indication of allo-SCT in first CR for favorable cytogenetics such as t(8;21) and 
inv(16). Along with improved survival by intensive chemotherapy and increas-
ing concern of late effects, allo- SCT is currently restricted to only high-risk 
cases in first CR.

Since the 2000s, allo-SCTs from alternative donors (e.g., unrelated bone 
marrow or cord blood donor, haploidentical donor) have been increasingly per-
formed with comparable outcome [76, 77]. Current standard conditioning for 
pediatric AML is busulfan-based regimen without total body irradiation (TBI), 
because most of the studies showed identical or even inferior outcome with 
TBI conditioning for both adult and pediatric AML [78, 79]. In terms of reduc-
ing late effects, use of reduced intensity conditioning (RIC) is an attractive 
option for children undergoing allo-SCT [80–82]. Although there are some 
promising results, the role of RIC should be carefully evaluated in the context 
of clinical trial.

3.3.3  Novel Therapeutic Approach for AML

Although approximately 70% of the children with AML are eventually cured, 10% 
of the patients fail to achieve CR and 30% of the patients suffer from disease recur-
rence (Table 3.2) [46, 48, 51, 52, 61, 83–86]. One of the well-recognized reinduc-
tion regimens for these patients is FLAG, combination of fludarabine, cytarabine, 
and granulocyte colony-stimulating factor, with or without anthracycline [87]. 
However, further CR rate is 50–60% and OS rate is 30–40% at most [88]. 
Improvement in the outcome of frontline treatment also seems to have reached the 
ceiling with conventional therapeutic approach, since most of the interventions 
tested in various clinical trials demonstrated negative results or very small improve-
ment. Therefore, development of novel therapeutic approaches is urgently needed to 
further improve the outcome of AML.

There is substantial number of novel agents under evaluation: new class of che-
motherapy (clofarabine, vosaroxin, CPX-351), tyrosine kinase inhibitors (FLT3 
inhibitors, KIT inhibitors, RAS pathway inhibitors, Polo-like kinase inhibitor, 
Aurora-kinase inhibitor), proteasome inhibitors (bortezomib, carfilzomib), 
 epigenetic agents (methyltransferase inhibitors, histone deacetylases, DOT1L 
inhibitor), immunotherapy [SGN33A, bispecific T-cell engager (BiTE) antibodies, 
chimeric antigen receptor (CAR) T cells], etc. [89]. It is expected that the genomic 
landscape of AML would be fully unmasked in the near future and that the integra-
tion of discovered genomics into contemporary therapy would progress in order to 
realize precision medicine which would result in further improvement in the out-
come of childhood AML.
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3.4  Myeloid Leukemia Associated with Down Syndrome

Down syndrome (DS) results from trisomy 21 and occurs in 1 in 700–1000 births [90, 
91]. Although the incidence of neoplasms in DS does not differ significantly from that 
in the general population, the distribution of malignancies is different [92]. Patients 
with DS show a unique spectrum of malignancies, with a 10- to 20-fold higher risk of 
acute leukemia and a lower incidence of solid tumors [92, 93]. The most frequent 
form of leukemia during childhood, both with and without DS, is ALL, and the inci-
dence of ALL in children with DS is approximately 20-fold higher than that in non-
DS children [92]. However, the most marked increase in incidence in DS infants is 
AMKL, known as “myeloid leukemia associated with DS (ML-DS).” The develop-
ment of ML-DS is closely linked to a preceding temporary form of neonatal leukemia 
called transient abnormal myelopoiesis (TAM). TAM and ML-DS are classified as an 
independent category as myeloid proliferations of Down syndrome in recent WHO 
classification [2, 94, 95]. Both generally manifest as megakaryoblastic phenotype, 

Table 3.2 Results of the recently reported cooperative trials for pediatric AML

Study  
Group Trial Years

No. of 
patients Age

%SCT 
in 
1CR

EFS, 
% 
(year)

OS, 
% 
(year)

RR, 
% Reference

Japanese 
childhood 
AML 
cooperative 
study

AML99 2000–
2002

240 0–15 Allo 
17%
Auto 
2%

61 (5) 75 (5) 32 [46]

BFM AML-BFM 
2004

2004–
2010

521 0–18 NA 55 (5) 74 (5) 29 [52]

JPLSG AML-05 2006–
2010

443 0–18 12% 54 (3) 73 (3) 30 [70, 83]

St. Jude 
Children’s 
Research 
Hospital

AML02 2002–
2008

216 0–21 25% 63 (3) 71 (3) 21 [48]

AIEOP AML2002/01 2002–
2011

482 0–18 Allo 
29%
Auto 
21%

55 (8) 67 (8) 24 [84]

COG AAML0531
(GO arm)

2006–
2010

1022 0–29 NA 53 (3) 69 (3) 32 [61]

NOPHO AML 2004 2004–
2009

151 0–15 15% 57 (3) 69 (3) 30 [85, 86]

MRC AML12 1995–
2002

564 0–15 11% 54 (10) 63 
(10)

32 [51]

BFM Berlin-Frankfurt-Münster, JPLSG Japanese Pediatric Leukemia/Lymphoma Study Group, 
AIEOP Associazione Italiana Ematologia Oncologia Pediatrica, COG Children’s Oncology Group, 
NOPHO Nordic Society of Paediatric Hematology and Oncology, MRC Medical Research Council
SCT hematopoietic stem cell transplantation, EFS event-free survival, OS overall survival, RR 
cumulative incidence of relapse, GO gemtuzumab ozogamicin, NA not available
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with TAM occurring at birth or within days of birth and being resolved in 1–2 months. 
About 1–2% of children with DS develop AML during the first 4 years of life. MDS 
often precedes AMKL and can last for several months. The clinical course of patients 
of MDS in DS appears to be relatively indolent, presents initially with a period of 
thrombocytopenia, and lacks significant increase of blasts. Findings from recent clini-
cal and laboratory studies revealed that quantitative alterations of RUNX1, ETS2, and 
ERG genes (all located at 4-Mb region of chromosome 21) that resulted from consti-
tutional trisomy 21 up-regulate GATA1 mutations and cause TAM [96] and that addi-
tional genetic alterations including those in epigenetic regulators and signaling 
molecules are involved in the progression from TAM to ML-DS [97]. Children with 
DS above the age of 5 with AML or MDS have different biology to ML-DS, such as 
non-megakaryoblastic phenotype and no GATA1 mutation of blasts, and should be 
considered not as “typical ML-DS,” but as “conventional” AML or MDS.

ML-DS has unique characteristics of higher sensitivity to chemotherapeutic 
agents. In vitro studies showed that ML-DS blasts were significantly more sensitive 
to chemotherapeutic drugs than non-DS AML cells [98]. ML-DS blasts are espe-
cially sensitive to cytarabine, possibly because of the effect of GATA1 mutations 
and trisomy 21 on the levels of cytarabine-metabolizing enzymes [99]. Before the 
1990s, most patients with ML-DS received suboptimal therapy, resulting in poor 
outcomes. In 1992, high rates of EFS with intensive AML treatment were reported 
from the Pediatric Oncology Group (POG) [100]. After recognition of the favorable 
outcome of ML-DS patients treated with the AML protocol, recruitment to collab-
orative studies for ML-DS patients increased, but it became apparent that treatment- 
related toxicity was high in most series [101–103]. Since then, several collaborative 
groups have adapted their AML protocols for ML-DS by reducing the dosage of 
chemotherapeutic agents [103]. As a result, in recent clinical studies in several 
countries, ML-DS children were treated separately and less intensively than non-DS 
AML children. Recent clinical trials for ML-DS are summarized in Table 3.3 [101–
109]. In Europe, the ML-DS 2006 study by the I-BFM-SG, which was based on the 
reduced intensity arm of the BFM 98 protocol with further elimination of etoposide 
in consolidation courses, was conducted. This protocol consists of four courses 
including high-dose cytarabine. The US AAML0431 study, conducted from 2007 to 
2011 by the COG, which also included high-dose cytarabine, showed excellent out-
comes [110]. The Japanese trials for ML-DS had investigated less intensive chemo-
therapy compared with those conducted in Western countries, and treatment 
outcomes were comparable [108, 109, 111]. Toronto group reported long-term 
results of an ultralow dose cytarabine-based regimens suggested that at least some 
population of ML-DS could be cured by minimum intensive therapy [106]. 
Predicting prognostic factors had been examined by several studies; however, no 
universal factors had been found to date [107, 109, 112]. On the other hand, it is 
reported that relapsed/refractory cases are rarely salvageable, with very limited role 
of allo-SCT [113]. In terms of treatment outcome, ML-DS is a heterogeneous dis-
ease and risk-oriented therapy is a reasonable strategy, so that finding an accurate 
method, perhaps MRD, for identifying a subgroup with poor prognosis is urgently 
needed. Moreover, new therapeutic approaches for relapsed/refractory cases using 

S. Adachi et al.



75

new drugs such as Wee 1 inhibitor [114], Aurora-kinase inhibitor [115], and histone 
deacetylase inhibitors [116] will be also needed.

3.5  Acute Promyelocytic Leukemia

Acute promyelocytic leukemia (APL) is a distinct subtype of AML characterized by 
t(15;17) translocation attributed to PML/RARA fusion transcript. Since the life- 
threatening complications, disseminated intravascular coagulation (DIC), often 
develop initially in patients with APL, the disease must be managed as an oncologic 
emergency, and rapid and appropriate diagnosis and simultaneous commencement 
of remission induction therapy are of great importance [117]. Introduction of all- 
trans retinoic acid (ATRA) as a differentiating agent combined with conventional 
chemotherapy made this subtype as one of the most curable leukemia subtype.

Table 3.3 Outcome of recent clinical trials for myeloid leukemia with Down syndrome

Study Years N

Cumulative dose of 
agents (mg/m2)

TRM, 
%

EFS, 
% 
(year)

OS, 
% 
(year) Reference

DRB 
(aTHP) Ara-C ETP

AML BFM 
98

1998–
2003

67 220–
240

23–
29,000

950 5 89 (3) 91 (3) [50, 101]

NOPHO 
AML 93

1988–
2002

41 300 48,600 1600 5 85 (8) NA [104]

MRC 
AML10/12

1988–
2002

46 670 10,600 0 15 74 (5) 74 (5) [103]

CCG 
2861/2891

1989–
1999

160 320 15,800 1600 4 77 (6) 79 (6) [102]

COG 
A2971

1999–
2003

132 320 27,200 0 3 79 (5) 84 (5) [105]

Toronto, 
LD-Ara-C

1990–
2003

34 0 7400 0 0 67 (5) 77 (5) [106]

AML99 
DS

2000–
2004

72 250a 3500 2250 1 83 (4) 84 (4) [107]

JCCLSG 
9805DS

1998–
2006

24 190a 12,600 200 12.5 83 (5) 88 (5) [108]

JPLSG 
AML-D05

2008–
2010

72 SR: 
250a

HR: 
170a

SR: 
3500
HR: 
12,800

SR: 
1350
HR: 
1050

1 83 (3) 88 (3) [109]

BFM Berlin-Frankfurt-Münster, NOPHO Nordic Society of Paediatric Hematology and Oncology, 
MRC Medical Research Council, CCG Children’s Cancer Group, COG Children’s Oncology 
Group, JCCLSG Japanese Children’s Cancer and Leukemia Study Group, JPLSG Japanese 
Pediatric Leukemia/Lymphoma Study Group
DRB daunorubicin, THP pirarubicin, Ara-C cytarabine, ETP etoposide, TRM treatment-related 
mortality, EFS event-free survival, OS overall survival, LD-Ara-C low-dose cytarabine, SR stan-
dard risk, HR high risk
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The diagnosis of APL is first suspected by the existence of clinical or laboratory 
findings of DIC. APL cells express annexin II on their cell surfaces that engage 
plasminogen activator and its substrate plasminogen, resulting in excess production 
of plasmin. Because plasmin degrades both fibrinogen and fibrin, hemorrhagic 
symptom caused by hyperfibrinolysis is the main finding in APL-related DIC. In 
laboratory tests, therefore, hypofibrinogenemia and elevated fibrinogen/fibrin deg-
radation product (FDP), rather than prolongation of coagulation time, are remark-
able. Morphologically, APL cells represent characteristic patterns with varying size 
and shapes of nucleus, numerous cytoplasmic granules, and bizarre Auer rods. 
Especially, the bundle of Auer rods, a “faggot cell,” is highly specific in 
APL. Cytoplasmic granules and Auer rods are also recognized by peroxidase stain-
ing of leukemic cells. APL cells possess distinct patterns in immunophenotype; 
myeloid-associated maturation markers such as MPO, CD13, and CD33 are fre-
quently positive with a characteristic feature of CD34 and HLA-DR negativity 
[118]. Because the retardation of induction therapy sometimes leads to fatal hemor-
rhagic complications, ATRA should be administered immediately without waiting 
for the results of cytogenetic or genetic examinations.

Remission induction therapy for APL consists of ATRA and anthracyclines. The 
treatment efficacy is first recognized by the resolution of DIC, that is, the decrease 
of plasma FDP value [119]. However, because anthracycline treatment induces 
apoptosis of APL cells resulting in reactivation of fibrinolytic system, hemorrhagic 
complications may deteriorate during anthracycline administration. In this condi-
tion, appropriate antihemostatic treatment and platelet transfusion are indispens-
able. Another severe complication during induction therapy is APL-differentiation 
syndrome (APL-DS) that is caused by chemical mediators produced by differenti-
ated leukemic promyelocytes [120]. APL-DS is characterized mainly by fever, fluid 
retention, and respiratory distress, occurring especially with hyperleukocytosis. 
Although glucocorticoid therapy and transient cessation of ATRA are effective, 
mechanical ventilation is sometimes required in severe cases.

Consolidation and maintenance therapies consist of ATRA and anthracycline 
with or without cytarabine and ATRA with or without oral cytotoxic agents, respec-
tively. With these treatment modalities, the EFS and OS rates in childhood APL 
reached around 80%–90%, respectively [121–127]. Table 3.4 shows recent treat-
ment outcome of childhood APL conducted by multicenter collaborative study 
groups. In Japan, a nationwide prospective study, AML-P05, was conducted by the 
JPLSG between 2006 and 2011. The main aim of this study was to evaluate an effi-
cacy of treatment using reduced intensity of consolidation therapy with minimized 
cumulative doses of anthracyclines. The 3-year EFS and OS rates in this study were 
83.6% and 90.7%, respectively, which were comparable to that of preceding child-
hood APL studies. Therefore, it was concluded that a single administration of 
anthracycline in each consolidation phase seemed sufficient in the treatment of 
childhood APL.

Monitoring MRD by detecting PML/RARA fusion transcript has high predictive 
value of disease outcome and is a useful tool to guide therapeutic options in APL 
[128]. Actually, persistence or reemergence of MRD almost always results in overt 
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hematological relapse, and early intervention in this situation (molecular relapse) 
will significantly improve the patients’ outcome [129]. Therefore, MRD positivity 
at the end of consolidation therapy necessitates alternative salvage therapy.

Recently, the second class of APL differentiating agent, arsenic trioxide (ATO), 
is introduced [130]. Unlike ATRA, which facilitates the terminal differentiation of 
leukemic promyelocytes by binding PML-RARA oncogenic transcription factor, 
ATO induces myeloid differentiation by degrading PML-RARA protein. Therefore, 
ATRA and ATO were considered to possess synergistic effect against APL cells. At 
first, ATO was introduced in adult patients with relapsed APL and resulted in high 
second remission rates without affecting the rate of severe adverse events, and the 
efficacy of ATO were also demonstrated in relapsed childhood APL. Very recently, 
two European groups reported significantly higher rates of EFS among adult patients 
with non-high-risk APL (i.e., initial WBC count <10 × 109/L) treated with ATRA 
and ATO only, which was comparable to those who received conventional ATRA- 
combined chemotherapy [131, 132]. They concluded that APL would be curable 
only with differentiating agents, without giving cytotoxic agents like anthracyclines, 
at least in non-high risk APL patients.

Table 3.4 Outcome of recent clinical trials for childhood acute promyelocytic leukemia

Group Study N
Anthracyclines 
(mg)a

EFS, 
% 
(year) OS, % (year) Reference

European 
APL

APL93/2000 84 411 NA Children: 80.4 
(5)
Adolescents: 
93.6 (5)

[121]

AIEOP AIDA0493 107 600 76 
(10)

86 (10) [127]

PETHEMA LPA96/99 66 600–760 77 (5) 87 (5) [125]
BFM AML93–2004 81 330 73 (5) 89 (5) [50, 101, 

122]
North 
American

C9710 56 415 53 (3) 87 (3) [124]

COG AAML0631 102 275–325 NA NA [124]
Japanese 
childhood 
AML 
cooperative 
study

AML99-M3 58 282 91.4 
(7)

93.1 (7) [123]

JPLSG AML-P05 43 246 83.6 
(3)

90.7 (3) [126]

AIEOP Associazione Italiana Ematologia Oncologia Pediatrica, PETHEMA Programa de Estudio 
y Tratamiento de las Hemopatías Malignas, BFM Berlin-Frankfurt-Münster, COG Children’s 
Oncology Group, JPLSG Japanese Pediatric Leukemia/Lymphoma Study Group
EFS event free survival, OS overall survival
aThe cumulative anthracycline dose was converted to doxorubicin equivalent with the following 
ratios: 1:0.83 for daunorubicin, 1:5 for idarubicin, 1:4 for mitoxantrone, 1:0.6 for pirarubicin, and 
1:0.2 for aclarubicin according to the JPLSG criteria of anthracycline equivalents
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At present, ATO is beginning to be introduced in prospective studies for the treat-
ment of newly diagnosed childhood APL to test the efficacy and the safety of this 
drug in children [89]. In the ongoing AML-P13 trial for childhood APL in Japan, all 
three consolidation phases are replaced by ATO courses to further minimize the 
cumulative dose of anthracycline and to maximize the effect of treatment. These 
studies may shift the treatment paradigm for childhood APL in the near future.
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Chapter 4
Myelodysplastic Syndrome (MDS) 
and Juvenile Myelomonocytic 
Leukemia (JMML)

Daisuke Hasegawa and Atsushi Manabe

Abstract Myelodysplastic syndrome (MDS) is a group of clonal hematopoietic 
stem cell disorders and is uncommon in children comparing to adults. According to 
the proportion of blasts in the bone marrow (BM) and peripheral blood, it is divided 
into low-grade MDS and advanced MDS. Low-grade MDS often shows hypocel-
lular BM, which makes differentiation from aplastic anemia and inherited bone 
marrow failure syndrome challenging. Treatment strategy for low-grade MDS 
should be determined based on the severity of cytopenias, karyotypes, and donor 
availability. In advanced MDS, two-thirds have chromosomal aberrations such as 
monosomy 7, and acute myeloid leukemia (AML) is the major differential diagno-
sis. Allogeneic hematopoietic cell transplantation (HCT) is the mainstay of treat-
ment for children with advanced MDS; however, relapse and transplant-related 
mortality are obstacle to cure.

Juvenile myelomonocytic leukemia (JMML) is an aggressive myeloid neo-
plasm of early childhood characterized by excessive proliferation of monocytic 
and granulocytic cells. The hypersensitivity of myeloid progenitor cells to 
GM-CSF is regarded as a hallmark of JMML and is caused by mutations in genes 
regulating the RAS signaling pathway (i.e., NRAS, KRAS, NF1, PTPN11, and 
CBL). Although allogeneic HCT is the treatment of choice for most patients with 
JMML, a subset of patients harboring mutations in CBL or RAS can be managed 
without HCT.

4.1  Introduction

Myelodysplastic syndrome (MDS) is a term defined as a group of clonal hemato-
poietic stem cell disorders characterized by cytopenia, dysplasia in any one of the 
myeloid lineages, ineffective hematopoiesis, and a varying risk of progression to 
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acute myeloid leukemia (AML). MDS is uncommon in children comparing to 
adults, and several differences between MDS in children and adults have been 
identified, such as the rarity of refractory anemia with ringed sideroblasts (RARS) 
and MDS associated with del(5q) chromosome [1]. Pediatric MDS can be evolved 
from inherited bone marrow failure syndromes (IBMFS) such as Fanconi anemia 
(FA). Importantly, the therapeutic aim in children with MDS is cure, not 
palliation.

Considering these differences, a pediatric approach to the diagnosis and manage-
ment of MDS and myeloproliferative diseases (MPD) was proposed in 2003 [1] and 
was incorporated into the fourth edition of the World Health Organization (WHO) 
classification in 2008 [2]. This classification mentioned unique characteristics of 
pediatric MDS without increased blasts, i.e., low-grade MDS. For example, neutro-
penia and thrombocytopenia are more likely to be the presenting manifestations in 
children in contrast to adults who often present with isolated anemia [3]. Children 
with low-grade MDS frequently show hypocellular marrow [3]. Consequently, 
“refractory cytopenia of childhood (RCC)” was introduced as a provisional entity in 
the 2008 WHO classification [2]. It is recommended that children who meet the 
criteria for refractory cytopenia with multilineage dysplasia (RCMD) be considered 
as RCC until the prognostic significance of a multilineage dysplasia is clarified in 
children [2]. However, the significance of the RCC classification remains to be 
established so far and still causes controversies [3].

Pediatric MDS with increased blasts, i.e., advanced MDS, includes not only 
refractory anemia with excess blasts (RAEB) but RAEB in transformation 
(RAEB-T) in the WHO classification [1, 2].

Juvenile myelomonocytic leukemia (JMML) was established as a single entity of 
the disease in late 1997 [4]. It may resemble chronic myelomonocytic leukemia 
(CMML) in adults; however, the hypersensitivity of myeloid progeny cells to granu-
locyte colony-stimulating factor (GM-CSF), which is a hallmark of the disease, 
clearly distinguishes JMML from CMML in adults [5]. The WHO classification 
also followed this concept in 2000 [2].

In this chapter, we will describe MDS first and JMML in a second part so that the 
readers may understand better.

4.2  Pediatric MDS

4.2.1  Epidemiology

Pediatric MDS is an uncommon disorder as mentioned above. Combined population- 
based data from Denmark and British Columbia in Canada indicated an annual 
incidence of MDS of 1.8 per million children aged 0–14 years, which corresponds 
to 4% of all hematological malignancies in children [6]. In a retrospective study of 
MDS and JMML diagnosed between 1990 and 1997, the frequencies of pediatric 
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MDS and JMML were estimated as 7.7% of childhood leukemia in Japan with a 
high proportion of therapy-related cases (23%) [7].

From February 2009 to October 2013, 1000 children who were suspected of hav-
ing MDS, MPD, and bone marrow (BM) failure were prospectively registered into 
the Japanese Society of Pediatric Hematology/Oncology database and underwent the 
central review of morphology and histology [3]. Of those, 339 and 24 children were 
diagnosed with de novo low-grade MDS and RAEB, respectively (Fig. 4.1). This 
indicated that the annual incidence of de novo MDS in Japan was 78 cases, more than 
90% of which were classified as low-grade MDS. Disease registry data between 2006 
and 2010 showed that the frequencies of MDS/MPD in Japan were 8.0% of leukemia 
and crude incidence rate was 0.3 cases per 100.000 populations at risk [8].

Irrespective of subtype, MDS is diagnosed in all age groups with median age at 
diagnosis ranging from 6 to 12 years from previous studies [9–14]. Boys and girls 
are equally affected.

BMF
57%

Advanced
MDS/AML

10% 

MPN
12%

Neutropenia
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Fig. 4.1 Distribution of patients with myelodysplastic syndrome, myeloproliferative neoplasms, 
and bone marrow failure in Japan (Reference [3]). One thousand patients were prospectively 
underwent the central review of morphology and histology from February 2009 to October 2013. 
This data was provided by the courtesy of Dr. Asahito Hama
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4.2.2  Classification

Historically, The French–American–British (FAB) cooperative group produced the 
first classification of MDS in 1982, based on experiences from adult patients, which 
divided MDS into five subgroups: refractory anemia (RA), RARS, RAEB, RAEB-T, 
and CMML [15]. Distinction between these subtypes was largely based on the pro-
portion of blasts in the peripheral blood (PB) and bone marrow (BM) and the degree 
of monocytosis in the PB. The FAB classification became an important tool of com-
munication about MDS and had a prognostic impact. In 2001, the WHO classifica-
tion of hematological malignancies incorporates both morphology and cytogenetic 
changes [16]. The 2001 WHO classification lowered the threshold for distinguish-
ing AML from MDS, from 30 to 20% blasts in the BM. Although JMML was rec-
ognized as a separate entity in the WHO classification, both the FAB and the WHO 
classifications were based on the review of adult cases and did not acknowledge the 
differences between MDS in children and adults. For example, RARS and the 
unique 5q-syndrome were extremely rare in children. The significance of multilin-
eage dysplasia and a blast threshold of 20% for distinction between MDS and AML 
were unknown in children.

Considering these issues, a pediatric approach to the diagnosis and management 
of MDS and MPD was proposed in 2003 [1]. It divided MDS/MPD in children into 
three main groups; JMML, myeloid proliferations related to Down syndrome, and 
MDS (Table  4.1). MDS was further subdivided into refractory cytopenia (RC), 
RAEB, and RAEB-T. This classification of pediatric MPD/MDS was incorporated 
into the fourth edition of the WHO classification in 2008 [2]. RCC is defined as a 
provisional entity characterized by persistent cytopenia with <5% blasts in the BM, 
<2% blasts in the PB, and dysplastic changes in two or three lineages or exceeding 
10% in one single lineage [2]. RAEB is applied to children with MDS in whom 
there are 2–19% blasts in the PB or 5–19% blasts in the BM, similarly to adult MDS 
[2]. However, the prognostic significance of subdivision of RAEB into RAEB-1 and 
RAEB-2 has not been shown in children so far [17]. Children with 20–29% blasts 

Table 4.1 Diagnostic categories of myelodysplastic and myeloproliferative diseases in children 
(Reference [1, 2])

Myelodysplastic/Myeloproliferative disease

Juvenile myelomonocytic leukemia (JMML)
Myeloid proliferations related to Down syndrome (DS)

Transient abnormal myelopoiesis (TAM)
Myeloid leukemia of DS (ML-DS)
Myelodysplastic syndrome (MDS) (PB blasts) (BM blasts)
Refractory cytopenia (RC) <2% <5%
Refractory anemia with excess blasts (RAEB)* 2–19% 5–19%
RAEB in transformation (RAEB-T) 20–29% 20–29%
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in the PB and/or BM and myelodysplasia often have slowly progressive disease and 
behave more like MDS than AML; therefore, the subtype of RAEB-T is retained in 
the 2008 WHO classification of childhood MDS [2]. Children with recurrent cyto-
genetic abnormalities such as t(8;21)(q22;q22), inv(16)(p13.1q22) or t(16:16)
(p13.1;q22), or t(15;17)(q22;q12) should be considered as AML regardless of blast 
percentage.

MDS that arises in a previously healthy child are referred to as “primary MDS” 
and that developing in a child with a known predisposing condition are referred to 
as “secondary MDS”. Secondary MDS is seen in patients who previously received 
chemo- or radiation therapy (therapy-related MDS) [18], in patients with IBMFS 
[19], following acquired aplastic anemia [20], and as familial MDS [21].

MDS associated with Down syndrome has been reported to account for 20–25% 
of cases of childhood MDS in the past; however, myeloid leukemia in Down syn-
drome with blasts less than 20% is now thought as distinct entity from other sub-
types of childhood MDS and classified as “myeloid leukemia of Down syndrome” 
regardless of blast percentage [2].

4.2.3  Clinical and Laboratory Characteristics

Children with MDS usually present with symptoms related to cytopenias such as 
bleeding tendency, infection, and pallor. Some children have no clinical symptoms 
and can be diagnosed incidentally during a routine work-up. Cytopenia is generally 
milder in MDS than aplastic anemia (AA). The length of persistent cytopenia should 
be at least 1 month. Leukocytosis and organomegaly are generally not features of 
MDS. Table 4.2 shows minimal diagnostic criteria for pediatric MDS [1, 2].

4.2.4  Morphology and Histology

BM can be hypo-, normo-, or hypercellular in pediatric MDS.  In children with 
low- grade MDS, cellularity was reduced in about half of patients [9, 10]. Since 
hematopoietic cells in hypocellular low-grade MDS are often distributed in a 

Table 4.2 Minimal diagnostic criteria for MDS (Reference [1, 2])

At least two of the following:
1. Sustained unexplained cytopenia (neutropenia, thrombocytopenia, or anemia)
2. At least bilineage morphologic myelodysplasia
3. Acquired clonal cytogenetic abnormality in hematopoietic cells
4. Increased blasts (≧5%)
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patchy pattern (Fig. 4.2a), information obtained from aspiration cytology is lim-
ited [22, 23]. Therefore, BM biopsies, which mirror the topography and cellularity 
of the local hematopoiesis, should be performed at least twice in order to diagnose 
hypoplastic BM disorders in children [2, 22, 23]. Patchy erythropoiesis with 
impaired maturation accompanied by sparsely distributed granulopoiesis, in an 
otherwise adipocytic BM is a characteristic of hypocellular low-grade MDS 
(Fig. 4.2b) [2, 22, 23]. Since megakaryocytes are markedly decreased or absent, 
immunohistochemistry is mandatory for the detection of micromegakaryocytes. 
A subset of children with low- grade MDS shows normo- or hypercellular BM, in 
which morphological and histological findings are reminiscent of advanced MDS, 
i.e., hematopoietic cells are diffusely distributed and dysplasia may be prominent 
(Fig. 4.2c, d).

a b

c d

Fig. 4.2 Representative pictures of bone marrow (BM) biopsies obtained from patients with 
pediatric low-grade MDS (AS-D naphthol chloroacetate esterase stain with Giemsa staining), 
(a, b) show BM specimens of hypocellular refractory cytopenia of childhood, whereas (c, d) 
show those of hypercellular refractory cytopenia with multilineage dysplasia (c, d). (a) Patchy 
distribution of erythropoiesis accompanied by sparsely distributed granulopoiesis, in an 
 otherwise adipocytic BM. (b) Immature erythroid precursors form one or several islands. 
(c)  Immature erythropoiesis and granulopoiesis are distributed diffusely. (d) Left-shifted 
 erythroid and myeloid cells are increased. These pictures were provided by the courtesy of 
Dr. Masafumi Ito
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Both PB and BM show characteristic dysplastic features such as megaloblastic 
changes of erythroid cells, psudo-Pelger-Huet anomaly of granulocytes, and 
micromegakaryocytes (Table 4.3) [24, 25]. Although dysplasia is a pathognomonic 
feature of MDS, dysplastic feature constitutes only one aspect of the morphologic 
diagnosis and can be observed in various non-clonal disorders in children 
(Table 4.4).

Table 4.3 Myelodysplastic features found in childhood MDS (Reference [24])

Erythroid series

Nuclear lobulation Presence of erythroblasts with lobulated nuclei (kidney- shaped, 
bilobulated, multilobulated, bizarre irregular nuclear profile)

Multinuclearity Two or more distinctly separated nuclei of the same or of different 
sizes

Megaloblastoid changes At least 1.5 times the size of a normal poly- or orthochromatic 
erythroblast with coarse condensation of chromatin and an 
increased nuclear-to-cytoplasmic ratio or orthochromatic 
erythroblasts with decreased nuclear-to-cytoplasmic ratio and at 
least double the size of a normal erythrocyte of the same 
maturational state

Cytoplasmic granules or 
inclusions

Presence of granules or nuclear fragments that can be definitely 
differentiated from ribosomal RNA

Myeloid series

Pseudo-Pelger-Huet 
anomaly

Mature granulocytes with either a centrally located round to ovoid 
nucleus (monolobated type) or two round nuclei of similar size 
connected by a slender chromatin bridge (bilobated type)

Bizarre nuclear shape Abnormal nuclear shape, including irregularly lobulated nuclei of 
segmented granulocytes with chromatin clumping or large twisted 
bands, large bands or metamyelocytes, multinuclearity (two 
distinctly separated neutrophilic bands or segmented nuclei)

A- or hypogranularity Abnormal, neutrophil or azurophil granules have to be markedly or 
completely absent, and the cytoplasm of mature neutrophilic 
granulocytes has to stain pale blue/gray or translucent in the 
Romanowsky–Giemsa stain. All maturation stages except blast 
cells should be affected.

Nuclear/cytoplasmic 
(N/C) asynchrony

Mature neutrophilic granulocytes and metamyelocytes with 
basophilic cytoplasm and myelocytes with neutrophilic cytoplasm

Megakaryocytic series

Micromegakaryocyte Mononucleated megakaryocyte with a size comparable to that of a 
promyelocyte or less, lacking features of a blast cell

Small binucleated 
megakaryocyte

Small megakaryocyte with the size of a micromegakaryocyte or 
slightly larger, with two round well-separated nuclei.

Megakaryocyte with small 
round separated nuclei

Megakaryocytes of any size with multiple, at least three, round 
separated nuclei

Megakaryocytes with 
nonlobated round nucleus

Megakaryocytes of normal or reduced size with a nonlobated 
round nucleus and a mature granular cytoplasm
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4.2.5  Cytogenetics

The frequencies of abnormal karyotype vary according to the subtype. In low-grade 
MDS, two-thirds of patients have normal karyotype [10, 22]. Monosomy 7 and 
other chromosomal abnormalities including trisomy 8 were seen in 10% and 
10–20% of patients with low-grade MDS, respectively [10, 22].

In contrast, only a third of patients with advanced MDS have normal karyotype, 
and two-thirds have chromosomal aberrations, in which monosomy 7 is the most 
common and accounts for 20–30% of patients [12–14, 26]. The outcome for patients 
with monosomy 7 is not worse than that of other children with MDS [17, 26]. 
Structural complex abnormalities defined as ≧3 chromosomal aberrations including 
at least one structural aberration are associated with a very poor outcome [12, 26]. 
Favorable cytogenetic aberrations defined by the prognostic scoring system in adult 
MDS such as -Y, del(11q), del(20q), and del(5q) [27] are rarely seen in children, and 
their prognostic significances remain to be established in pediatric MDS [17].

4.2.6  Pathobiology

Intrinsic defects in hematopoietic stem cell caused by acquired cytogenetic and 
genetic abnormalities are thought as hallmark features of adult MDS.  Recently, 
molecular basis has been comprehensively addressed in a large cohort of MDS in 
adults [28]. About 90% of adult patients with MDS carry at least one oncogenic 
mutation, and two-thirds of them are found in individuals with a normal karyotype. 
Driver mutant genes in MDS include those of RNA splicing machinery (SF3B1, 
SRSF2, U2AF1, and ZRSR2), DNA methylation (TET2, DNMT3A, and IDH1/2), 
chromatin modification (ASXL1 and EZH2), transcription regulation (RUNX1), 

Table 4.4 Disorders with cytopenia, hypoplastic bone marrow, and dysplastic features

• Non-hematological disorders

     – Rheumatic disease
     – Congenital immunodeficiency (e.g., Wiskott-Aldrich syndrome)
     – Metabolic disorders (e.g., mevalonate kinase deficiency)
     – Pearson syndrome
     – Drug-induced (e.g., valproic acid)
     – Infection(e.g., cytomegalovirus, human parvovirus)
     – Nutritional disorder(e.g., deficiency of vitamin B12 or folate)
• Hematological disorders

     – Aplastic anemia
     – Inherited bone marrow failure syndrome (e.g., Fanconi anemia, dyskeratosis congenita)
     – Paroxysmal nocturnal hemoglobinuria
     – Hemolytic anemia
     – Hemophagocytic lymphohistiocytosis
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DNA repair (TP53), signal transduction (CBL, NRAS, and KRAS), and cohesin com-
plex (STAG2) [25]. Although mutations in CBL, DNMT3A, CSF3R, CALR, and spli-
ceosome genes have been reported to be rare in pediatric MDS so far [29–32], the 
landscape of molecular pathogenesis in pediatric MDS is still largely unknown. 
Epigenetic alterations such as hypermethylation of CDKN2B gene occur in children 
with MDS at a similar frequency to adults [33].

Considering that 10–25% of children with MDS have a known constitutional 
disorder [6, 7], inherited abnormalities predisposing to MDS/AML might play an 
important role in pathogenesis in pediatric MDS. Familial MDS/AML syndromes 
are resulted from deficiencies of the hematopoietic transcription factors CEBPA, 
RUNX1, and GATA2 [21]. Of these genes, germ line GATA2 mutations are found to 
occur in 7% of children with primary MDS [34]. Mutation carriers were older at 
diagnosis and more likely to present with monosomy 7 and advanced disease.

Given that immunosuppressive therapy (IST) is effective in some children with 
low-grade MDS as well as MDS in adults or AA [35–37], a part of these disorders 
might share a common pathogenesis, that is, T-cell–mediated inhibition of hemato-
poiesis. Indeed, T-cell oligoclonality was identified in 40% of RCC patients [38]. 
Minor paroxysmal nocturnal hemoglobinuria clones, which are thought as a predic-
tor of favorable response to IST, were also detected in 41% of RCC patients [39]. 
These findings suggest that pathogenesis attributes to activated-T cells in a subset of 
children with low-grade MDS.

4.2.7  Differential Diagnosis

In children, cytopenias with decrease of BM cellularity might be caused by a various 
underlying disorders (Table 4.4) [22]. Of those, AA and IBMFS are the most common 
and important differential diagnoses of low-grade MDS; however, the clinical and his-
topathological distinction between these three disorders is challenging. Since IBMFS, 
such as FA and dyskeratosis congenita (DC), show overlapping morphological features 
with low-grade MDS and AA and children without any phenotypic features can be 
diagnosed with IBMFS, IBMFS have to be excluded by careful past medical and family 
history and thorough physical examination. In fact, FA and DC were found in patients 
with hypo- or normocellular RCC with a prevalence of 14% and 2%, respectively [40]. 
Several laboratory studies, such as chromosome breakage test and telomere length 
assay, should be considered in differential diagnosis of hypoplastic BM disorders.

AML is the major differential diagnosis of advanced MDS [24]. Blast percentage 
and morphological finding in a single specimen are insufficient to differentiate 
MDS from AML, and clinical features and cytogenetic findings should be taken into 
account in differential diagnosis. For example, monosomy 7 is suggestive of MDS, 
whereas significant organomegaly and hyperleukocytosis are suggestive of AML 
[13]. However, a small subset of children may have borderline features with BM 
blasts of 20–30% and no cytogenetic abnormalities, and reevaluation of the BM 
examination after 2 weeks is recommended.
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4.2.8  Management and Treatment

Since MDS is clonal hematopoietic stem cell disorder and residual “healthy” stem 
cells are limited, hematopoietic cell transplantation (HCT) is the mainstay of man-
agement for children with MDS. Other therapeutic strategies such as hematopoietic 
growth factors, immunomodulatory drugs, or low-dose chemotherapy are adopted 
as clinical practice in adult MDS who are not candidate for HCT, but these 
approaches are generally not indicated in children. Azacitidine, a hypomethylating 
agent, has demonstrated clinical efficacy that prolongs survival in adult with MDS 
[41]. A retrospective analysis suggested that azacitidine was also safe and effective 
in some children with MDS [42]. However, because most children who benefited 
from azacitidine showed stable disease, the role of azacitidine in childhood MDS 
may be providing time for donor search before HCT or a less toxic option in pallia-
tive situations.

HCT for children with advanced MDS is a still great challenge because of high 
risk of relapse and transplant-related mortality (TRM). Myeloablative condition-
ing regimen consisting of busulfan, cyclophosphamide, and melphalan followed 
by HCT resulted in a 63% overall survival [12]. The 5-year cumulative incidence 
of TRM and relapse is 21% each. Age at HCT greater than 12  years, interval 
between diagnosis and HCT longer than 4  months, and occurrence of acute or 
extensive chronic graft-versus-host disease (GVHD) were associated with 
increased TRM, whereas more advanced disease was associated with the risk of 
relapse [12]. Treatment outcome of children with MDS underwent cord blood 
transplantation seemed suboptimal [43]. Because of lack of firm evidence due to 
paucity of patients, appropriate conditioning regimen, GVHD prophylaxis, and 
stem cell source for children with advanced MDS remain to be established. In 
addition, the significance of pre-transplant intensive chemotherapy also has yet to 
be elucidated. A Japanese study adopted induction therapy with etoposide, cytara-
bine, and mitoxantrone prior to HCT in 16 children with advanced MDS and found 
that complete remission rate was 81%, and no toxic deaths occurred; however, 
whether this strategy improved overall outcome was unclear [14]. A European 
study indicated that intensive chemotherapy before HCT did not show any differ-
ence in relapse, treatment-related mortality, or survival [12]. It is interesting to 
note that patients with very advanced MDS (blasts ≧30%) may benefit from pre-
transplant intensive chemotherapy [12].

Clinical courses of low-grade MDS are heterogeneous: approximately a third of 
patient remained stable for long periods without IST or HCT, whereas a subset of 
patients suffered from progressive disease [10]. Monosomy 7 significantly corre-
lated with disease progression and patients whose disease progressed before HCT 
fared significantly worse [9]; therefore, those with unfavorable karyotype such as 
monosomy 7 and complex karyotype are encouraged to be transplanted as soon as 
possible. Those who suffer from transfusion dependency or severe neutropenia 
may also be candidates for HCT if suitable donor is available. Because TRM is the 
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major cause of treatment failure in children with low-grade MDS [44], reduced- 
intensity conditioning (RIC) regimen is an attractive option [45, 46]; however, it 
remains to be established whether RIC is an appropriate regimen for children with 
low-grade MDS with multilineage dysplasia, hypercellularity, or unfavorable 
karyotype.

If children with low-grade MDS without unfavorable karyotype require thera-
peutic intervention but suitable donor is unavailable, IST may be an advisable 
option. IST consisting of antithymocyte globulin (ATG) and cyclosporine has 
proven to be effective in 40 to 60% of children with low-grade MDS [10, 11, 36, 
37, 47]. Some patients with chromosomal abnormalities or multilineage dysplasia 
were also reported to respond to IST [10, 11, 36, 37, 47]. However, patients who 
received IST remain at risk of clonal evolution and relapse, and the long-term fail-
ure-free survival rate was estimated as only 40–50% [10, 47]. As reliable biomark-
ers that can predict response have not yet identified, candidates for IST should be 
selected with utmost caution.

The outcome of children with therapy-related MDS is very poor. The survival of 
patients who receive only chemotherapy is dismal, and even HCT offers a cure only 
in 20–30% of patients [18, 48]. Compared with the outcomes of HCT in patients 
with therapy-related MDS, the results of secondary MDS/AML after AA appear to 
be favorable with a 41% overall survival rate [49]. Because TRM was the major 
cause of treatment failure, less toxic preparative regimens may be desirable in 
patients who develop secondary MDS/AML after AA. It is difficult to discuss the 
outcome of secondary MDS/AML arising from IBMFS because of its heterogene-
ity. Treatment with HCT in children with FA who have acute leukemia is challeng-
ing because of TRM and a high relapse rate. Data from the Center for International 
Blood and Marrow Transplant Research indicated that FA patients with MDS/AML 
had significantly worse 5-year survival than did patients with cytogenetic abnor-
malities alone (43% vs. 67%) [50]. In order to improve the outcome after HCT in 
children with FA and MDS/AML, low-dose chemotherapy prior to HCT or addition 
of high-dose cytarabine to fludarabine-based conditioning regimen has been 
attempted [51, 52].

4.3  Juvenile Myelomonocytic Leukemia

4.3.1  Epidemiology

JMML has an incidence of one in 1.2 million children per year and accounts for 3% 
of all hematologic malignancy in children [53]. The incidence of MDS and JMML 
in Japan was already described. The age at diagnosis is 2 years, ranging from 0.1 to 
11, and males are predominating as a male to female ratio of 2:3 [4]. The reason 
why the disease affects more boys has not been elucidated.
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4.3.2  Classification

The entity of JMM was established in 1997 [4]; however, diagnosis of JMML is not 
so simple, and a variety of clinical and laboratory findings may make diagnosis 
even more difficult. The clinical findings of JMML sometimes mimic human her-
pesvirus infections, leukocyte adhesion deficiency, infantile malignant osteopetro-
sis, hemophagocytic lymphohistiocytosis, and Wiskott-Aldrich syndrome [54]. 
Also, several important molecular findings have been identified, and they have been 
incorporated into the diagnostic criteria of JMML.  Table  4.5 is a most recently 
issued diagnostic criteria proposed by Locatelli and Niemeyer [55], and it may be 
wise to realize that the criteria will be always changing in the future according to 
new findings to come.

4.3.3  Clinical and Laboratory Characteristics

Clinical presentations of JMML include fever, lymphadenopathy, skin rash, abdom-
inal distention due to splenomegaly and hepatomegaly, purpura, and anemia. 
Overall, the children with JMML look very sick. Some patients have neurofibroma-
tosis type 1(NF1) phenotype such as café au lait spots. White blood cells normally 

Table 4.5 Updated clinical and laboratory diagnostic criteria of JMML (Reference [55])

I. Clinical and hematologic features (all 4 features mandatory)
• Peripheral blood monocyte count >1 × 109/L
• Blast percentage in peripheral blood and bone marrow <20%
• Splenomegaly
• Absence of Philadelphia chromosome (BCR/ABL rearrangement)
II. Oncogenetic studies (1 finding is sufficient)
• Somatic mutation in PTPN11a or KRASa or NRASa,b

• Clinical diagnosis of NF1 or germ line NF1 mutation
• Germ line CBL mutation and loss of heterozygosity of CBLc

III. Only for those patients (10% of the whole number) without any oncogenetic parameter, 
besides the clinical and hematologic features listed under I, at least 2 of the following criteria 
have to be fulfilled:
• Monosomy 7 or any other chromosomal abnormality
• HbF increased for age
• Myeloid precursors on peripheral blood smear
• Spontaneous growth or GM-CSF hypersensitivity in colony assay
• Hyperphosphorylation of STAT5

aGerm line mutations (indicating Noonan syndrome) need to be excluded
Diagnosis of JMML but spontaneous regression of myeloproliferation may be noted in:
bFew patients with NRAS mutation and normal HbF
cPatients with CBL germ line mutation and loss of heterozygosity
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exceed 10  ×  109/L, and monocyte count also exceeds 1  ×  109/L.  Monocytes are 
dysplastic and mimic band neutrophils on peripheral blood smear (Fig.  4.3). In 
addition, the peripheral smears have very important specific findings such as leuko-
cytosis without hiatus leukemicus, myeloid dysplasia including pseudo-Pelger 
anomaly and hypersegmentation, thrombocytopenia with giant platelets, and 
 dysplastic erythrocytes with erythroblasts. Bone marrow aspirates show hypercellu-
larity without occasional blasts, which do not exceed 20%. Interestingly, increase in 
monocytes is not apparent in the bone marrow. The rearrangement of BCR/ABL, that 
is, Philadelphia chromosome, is not identified.

Karyotype of JMML is not specific. In fact, more than half of patients have nor-
mal karyotype, and the most common abnormality is monosomy 7, followed by a 
variety of abnormalities including trisomy 8 and translocations (Table 4.6) [56].

Fig. 4.3 Dysplastic monocytes in JMML on peripheral blood smear

Table 4.6 Karyotype of JMML (n = 75) (Reference [56])

Normal 54
Monosomy 7 11
Others +8 1

-Y 1
+X,+11 1
+9,+13,+19,+21 1
+1,+8,add(8)(p11),+13,-15,-16 1
add(6)(q25) 1
add(10)(p13) 1
t(3;18)(q25;q21) 1
t(7;11)(p15;p15) 1
t(9;12)(p22;q24) 1
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The hypersensitivity of myeloid progeny cells to GM-CSF was regarded as a 
hallmark of JMML [5], but the assay has not been easily standardized, and now 
molecular techniques are used more frequently. Some reports showed that viral 
infections such as HHV6, CMV, and EBV might cause GM-CSF hypersensitivity 
[57–59]. The hypersensitivity to GM-CSF is caused by deregulation of downstream 
signals of GM-CSF receptor β chain, and the aberrations of RAS pathways have 
been identified as mostly responsive for these changings. RAS was identified as a 
first player [60] and PTPN11 followed [61]. In fact, NF1 is accompanied by neuro-
fibromin, which directly intervene with RAS pathway (Fig. 4.4). Finally, CBL muta-
tions were identified [62], and now molecular abnormalities can be identified either 
somatic or germ line in 90% of children with JMML. The detection of these molecu-
lar abnormalities is essential in diagnosis of JMML (Table 4.5). Hyperphosphorylation 
of STAT5 occurs in response to GM-CSF. It has been shown that this reaction may 
be unique in JMML and could be utilized as a diagnostic tool when molecular abnor-
malities are not identified [63, 64]. Thus, identification of molecular abnormalities 
has replaced colony assays, and hyperphosphorylation of STAT5 may also become 
alternative to gene mutations in some situations in the near future (Table 4.5).

4.3.4  Pathobiology

As described above, deregulated RAS signaling is thought to be a hallmark of 
JMML.  Deregulated RAS signals cause proliferation of JMML cells, and NF1- 
knockout mouse exhibits JMML-like disease [65]. Abnormal RAS pathways are not 
only documented in JMML but also identified in congenital diseases including 
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Noonan syndrome, Costello syndrome, and cardio-facio-cutaneous syndrome (CFC 
syndrome). These are caused by germ line mutations of RAS-associated genes in 
complex ways, and they are now collectively categorized as RASopathies. For 
example, Noonan syndrome is caused not only by PTPN11 mutation [66] but also 
by KRAS mutation [67], whereas Costello syndrome is caused by HRAS mutation, 
and CFC syndrome is caused by KRAS and BRAF [68, 69]. In these RASopathies, 
only Noonan syndrome presents as JMML early in infancy, but JMML features 
spontaneously disappear without treatment. Thus, whether gene mutations are iden-
tified only in germ line or in somatic, it is crucially important not only to diagnose 
the disease but also to guide the patient’s management. In extreme case, somatic 
mosaicism of NRAS mutations was reported in patients with JMML [70].

As mentioned above, patients with Noonan syndrome sometimes present pic-
tures of JMML with spontaneous remission; however, the story of CBL mutations is 
somewhat different. Patients with germ line CBL mutations present congenital 
anomalies which mimic NF1 and Noonan syndrome. If patients acquire loss of het-
erozygosity (LOH) on another allele, they start showing JMML pictures, which will 
spontaneously regress. Some of these children may have vasculitis later in life [62]. 
Thus, it is difficult to optimize treatment for each type of JMML, and germ line test-
ing is eminently important even if somatic mutation is already identified.

Recently, second hit mutations were identified. Sakaguchi et al. conducted whole 
exome sequencing and identified SETBP1 and JAK3 as secondary mutations [71]. 
Patients who had secondary mutations had a worse outcome, and they conclude that 
those with secondary hits had more aggressive disease. More recently, Caye et al. 
showed that even mutated RAS pathway genes were overlapped in 17% of cases, 
and also those with overlap displayed worse outcome [72]. This challenged the 
dogmatic concept that RAS pathway mutations were exclusive. Also, Steglitz et al. 
did extensive characterization of gene mutations and showed that patients with 
more alterations had a worse outcome doing extensive characterization [73].

Epigenetic studies were previously done for tumor suppressor genes such as 
CDKN2B and CDKN2A, and hypermethylation of these genes was also examined in 
JMML. The result was that promoters of these genes were hypermethylated in a 
small subset of patients [33]. Recently, Olk-Batz et al. conducted more comprehen-
sive analysis of hypermethylation using mass spectrometry and found that BMP4, 
CALCA, CDKN2B, and RARB were frequently hypermethylated, and those who 
with higher degree of hypermethylation had a worse outcome [74].

4.3.5  Differential Diagnosis

As described above, clinical findings of JMML sometimes mimic human herpesvi-
rus infections, leukocyte-adhesion deficiency, infantile malignant osteopetrosis, 
hemophagocytic lymphohistiocytosis, and Wiskott-Aldrich syndrome. New criteria 
of the disease may help diagnosis of JMML (Table 4.5), and definitive diagnosis of 
JMML should be based on molecular techniques, preferably conducted by National 
Center for Pediatric Hematology-Oncology.
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RAS-associated ALPS-like disease (RALD) is a recently identified entity, and it 
is caused by somatic RAS mutations [75]. Patients with RALD have a clinical pic-
ture, which mimics ALPS, and they sometimes show severe autoimmune hemolytic 
anemia. RALD is difficult to distinguish from JMML even with new JMML 
criteria.

4.3.6  Management and Treatment

In the past, patients with JMML had a dismal course, and allogeneic HCT was 
thought to be an only curative treatment for a long time [76, 77]. However, as 
molecular characterization of the disease developed, the treatment selection became 
more and more complicated. First of all, some patients with somatic RAS mutations 
survive long without HCT [78]. Also, patients with RALD show a similar clinical 
feature of JMML. Next, patients with germ line CBL mutations normally do not 
progress to aggressive disease and can be managed without HCT.

However, patients with somatic PTPN11 mutation and NF1 are recommended 
for HCT as soon as possible. In fact, those with somatic PTPN11 are prone to 
relapse even after HSCT. Maybe patients with KRAS and most patients with NRAS 
are also indicated for HCT. Previously identified prognostic factors such as older 
age, low platelet count and high HbF could still be utilized to guide treatment [4]. 
Yoshida et  al. reported that the somatic PTPN11 was associated with older age, 
increased HbF, and worse outcome after HCT [79]. Regarding natural course of the 
disease, Niemeyer et al. reported that most patients died because of massive infiltra-
tion of cells into vital organs such as lungs. Honda et al. showed that blastic crisis 
occurred in some patients, and the disease progressed to acute leukemia as an end- 
stage disease [80]. Complex karyotype including monosomy 7 was associated with 
emergence of blastic crisis in the study.

Regarding HCT, the report of EWOG-MDS repeatedly showed that the use of 
conditioning regimen of busulfan, cyclophosphamide, and melphalan, and rapid 
tapering of immunosuppressants were keys for successful HCT [81]. As for donor 
selections, cord blood was also used successfully in addition of the bone marrow 
[82]. In Japan, alternative regimen consisting of busulfan, fludarabine, and melpha-
lan was used, and the result was encouraging [83]. Some approaches have been tried 
to improve the outcome of patients with aggressive disease. However, the 
 significance of chemotherapy before HCT, splenectomy, or irradiation to spleen 
before HCT has not been supported by far.

The problem of HCT is that some patients still relapse after HCT. Some prognostic 
factors such as clinical feature and molecular findings have been identified, and inno-
vative approach should be utilized in the future. One of them is a hypomethylating 
agent. 5-Azacitidine was tested as off-label use in Europe, and some patients showed 
a positive result [84]. The drug is now investigated as phase 2 study as a window 
therapy before HCT. Based on the molecular pathogenesis of the disease, the drugs, 
which interfere with RAS/MAPK pathways should be established in the future.
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Chapter 5
Neutropenia (In Infancy and Childhood)

Masao Kobayashi, Yoko Mizoguchi, Shuhei Karakawa, Satoshi Okada, 
and Hiroshi Kawaguchi

Abstract Neutropenia is defined as a decrease in the number of circulating neu-
trophils in the peripheral blood with absolute neutrophil count less than 1000–
1500/μL. Chronic neutropenia in pediatric patients is divided into three groups. 
Extrinsic factors, such as antibodies, some drugs, and nutritional deficiencies, 
lead to excessive destruction of neutrophils. Autoimmune neutropenia is a benign 
form of neutropenia shown in infancy to early childhood. Spontaneous recovery 
of neutropenia usually occurs within a few months to a few years. Acquired dis-
orders of myeloid and stem cells present hypoplasia of myeloid cells. Congenital 
neutropenia is intrinsic defects in granulocytes or their progenitors and includes 
a heterogenous group of disorders. More than ten responsible gene mutations 
have been identified in congenital neutropenia. Most common congenital neutro-
penia is due to the gene mutation of neutrophil elastase. The hallmark of pro-
found neutropenia is increased susceptibility to bacterial infections, cutaneous 
cellulitis, deep tissue abscesses, pneumonia, and septicemia. Almost patients 
with congenital neutropenia have been responded to administration of 
G-CSF. However, long-term use of G-CSF has the risk of the development of 
MDS/AML, suggesting the necessity of the careful follow- up. Hematopoietic 
stem cell transplantation should be considered for the curable treatment in severe 
congenital neutropenia.

5.1  Definition and Classification

Neutropenia is defined as a decrease in the number of circulating neutrophils in the 
peripheral blood. Normal neutrophil levels should be varied for age, race, and other 
factors. Neutrophils predominate at birth, but gradually decrease in the first few 
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days of life. During infancy, neutrophils constitute of 20–30% of circulating white 
blood cells (WBC). Near same level of neutrophils and lymphocyte is found in the 
peripheral blood at the age of 5–6 years. Approximately 60–70% of neutrophils are 
observed in the circulating WBC during adolescent. The lower limit for normal 
absolute neutrophil counts (ANC) is 1000/μL in infants between 2 weeks and 1 year 
of age and that is 1500/μL for children older than 1 year of age. Neutropenia can be 
transient or chronic that persists beyond 6 months.

Neutropenia in pediatric patients is classified into three causes, neutropenia 
caused by extrinsic to marrow myeloid cells, acquired disorders of myeloid and 
stem cells, and intrinsic disorders of proliferation and differentiation of myeloid and 
stem cells. The former causes include infections; drug-induced, immune neutron, 
and reticuloendothelial sequestration; bone marrow replacement; cancer chemo-
therapy; or radiation therapy to bone marrow.

The second causes consist of aplastic anemia, vitamin B12 or folate deficiency, 
acute and chronic leukemia, myelodysplasia, paroxysmal nocturnal hemoglobin-
uria, and chronic idiopathic neutropenia. The third causes are intrinsic disorders 
presented in Table 5.1 [1, 2].

Table 5.1 The classification of congenital neutropenias

Disease Mutated gene Inheritance Associated features

1.  Severe congenital 
neutropenias

   SCN1 
(elastase deficiency)

ELANE AD Susceptibility to 
myelodysplastic syndrome/
acute myelogenous leukemia

   SCN2 (GFI1 
deficiency)

GFI1 B/T lymphopenia

   SCN3 
(Kostmann disease)

HAX1 AR Cognitive and neurological 
defects, susceptibility to 
myelodysplastic syndrome/
acute myelogenous leukemia

   SCN4 (G6PC3 
deficiency)

G6PC3 AR Structural heart defects, 
urogenital abnormalities, 
inner ear deafness, venous 
angiectasis of trunks and 
limbs

   SCN5 (VPS45 
deficiency)

VPS45 AR Extramedullary 
hematopoiesis, bone marrow 
fibrosis, nephromegaly

2.  Glycogen storage 
disease type 1b

G6PT1 AR Fasting hypoglycemia, lactic 
acidosis, hyperlipidemia, 
hepatomegaly

3. Cyclic neutropenia ELANE AD Oscillations of other 
leukocytes and platelets

4.  X-linked neutropenia/
myelodysplasia

WAS XL, gain of 
function

Monocytopenia
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5.2  Clinical Manifestations of Neutropenia

The hallmark of neutropenia is increased susceptibility to bacterial infections. The 
most types of pyogenic infections observed in patients with neutropenia are cutane-
ous cellulitis, superficial or deep cutaneous abscesses, lymphadenopathy, upper 
and/or lower respiratory tract infections, and septicemia. Stomatitis, gingivitis, and 
periodontitis are often chronic problems, resulting in the loss of teeth. Perianal and 
perirectal inflammation and otitis media occur as well. Susceptibility to bacterial 
infection even in patients with severe neutropenia can be quite variable, depending 
on the underlying pathophysiology.

The representative disorders presenting neutropenia in infancy and childhood are 
described as follows.

5.3  Neutropenia Caused by Intrinsic Defects of Neutrophils 
or Their Progenitors (Congenital Neutropenia)

The current classification of congenital neutropenia is listed in Table 5.1 with the 
modification of the proposal of International Union of Immunological Societies 
Expert Committee presented in 2015 [2]. Severe congenital neutropenia (SCN) 
includes a heterogenous group of disorders with different responsible gene muta-
tions and is divided into five disorders, SCN1–5. SCN1 is autosomal dominant or 
sporadic patterns of inheritance, and in this group of patients, most of them (60–
80%) have diverse mutations in the neutrophil elastase gene (ELANE) [3, 4]. SCN3 

Disease Mutated gene Inheritance Associated features

 5.  P14/LAMTOR2 
deficiency

ROBLD3/LAMTOR2 AR Hypogammaglobulinemia, 
partial albinism, growth 
failure

 6. Barth syndrome Tafazzin (TAZ) XL Cardiomyopathy, myopathy, 
growth retardation

 7. Cohen syndrome COHI AR Retinopathy, developmental 
delay, facial dysmorphisms

 8.  Clericuzio syndrome 
poikiloderma with 
neutropnia

C16ORF57 AR Poikiloderma, 
myelodysplastic syndrome

 9. JAGN1 deficiency JAGN1 AR Some with a bone phenotype
10.  3-Methylglutaconic 

aciduria
CLPB AR Microcephaly, 

hypoglycemia, hypotonia, 
ataxia, seizures, cataracts, 
IUGR

11.  G-CSF receptor 
deficiency

CSFR3 AR Poor response to G-CSF

Table 5.1 (continued)
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is known as Kostmann disease following recessive pattern of inheritance. Its under-
lying genetic defect is due to homozygous or compound heterozygous mutations in 
the HAX1 gene. HAX1 mutations may be associated with neurologic deficits [5, 6]. 
Most patients with SCN have experienced frequent episodes of bacterial infections. 
Prior to the development of granulocyte colony-stimulating factor (G-CSF), patients 
died of infections and/or their complications. The administration of G-CSF suc-
ceeds in the increase of ANC and the decrease of infectious episodes in more than 
95% of SCN patients. However, patients with SCN requiring the long-term use of 
high-dose G-CSF are at risk for developing myelodysplasia/acute myelogenous leu-
kemia [7]. Hematopoietic stem cell transplantation should be considered for the 
curable treatment in SCN patients.

Cyclic neutropenia is a rare autosomal dominant disorder and presents in infancy 
or childhood. The disorder is characterized by regular, periodic oscillation, with the 
ANC ranging from normal to less than 200/μL, mirrored by reciprocal cycling of 
monocytes. The mean oscillatory period of the cycle is 21 days. During the neutro-
penic period, almost all patients suffer from malaise, fever, stomatitis, gingivitis, 
periodontitis, or pharyngitis, lymph node enlargement, and occasionally pneumo-
nia. Gene sequencing showed mutations in the gene for ELANE, similar to SCN1 [3, 
4]. It has been speculated that neutropenia results from activation of apoptotic path-
way by mutant forms of ELANE. Approximately 5–10% of patients developed fatal 
overwhelming infection before the availability of G-CSF.

5.4  Increased Destruction of Neutrophils 
(Acquired Neutropenia)

Immune-mediated neutropenia is usually associated with the presence of antineu-
trophil antibodies, resulting in the excessive destruction of neutrophils.

Alloimmune neonatal neutropenia occurs after transplacental transfer of mater-
nal alloantibodies. Maternal antibodies are produced by the incompatibility of neu-
trophil antigens between mother and babies, similar mechanism of Rh hemolytic 
disease. Infants may be asymptomatic or they may have infections, such as pyo-
derma, omphalitis, and pneumonia. Neutropenia usually resolves by 3 months of 
age with the disappearance of circulating antibodies. Treatment consists of support-
ive care and the administration of appropriate antibiotics with or without G-CSF.

Primary autoimmune neutropenia (AIN) is a benign form of neutropenia shown 
in infancy to early childhood. Patients usually have moderate to severe neutropenia 
with ANC < 500/μL. The median age of presentation is 8 to 10 months ranging 
3–30 months. Approximately 90% of children show benign infections, such as pyo-
derma, otitis media, lymphadenopathy, and upper and lower respiratory tract infec-
tions with no life-threatening and responsive-to-standard antibiotics. The ANC 
varies from 0 to 500/μL, and monocytosis is common. The bone marrow picture 
reveals the myeloid hyperplasia with marked reduction of segmented neutrons due 
to their destruction by antibodies. Antineutrophil antibodies are often detected in 
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serum by immunofluorescence test using flow cytometry [8]. However, the test 
occasionally has false-negative or false-positive results. The careful diagnosis 
should be necessary with seeing patients’ clinical course. Spontaneous recovery of 
neutron usually occurs within a few months to a few years. The median age at recov-
ery is 30 months ranging 7–72 months. The specific treatment is not generally nec-
essary because severe infection is rare. The administration of appropriate antibiotics 
with or without low-dose G-CSF is recommended in severe infections. Prophylactic 
use of sulfamethoxazole-trimethoprim is useful for patients suffering from frequent 
infections and/or recurrence of otitis media [9].
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Chapter 6
Childhood Aplastic Anemia

Hiroshi Yagasaki

Abstract Recent advances in genomics have enabled better identification of inher-
ited aplastic anemia (AA), which contribute to better outcomes in these patients. Of 
note, development of the next-generation sequencing has identified minor clones 
and novel somatic mutations in AA. As a result, clonal hematopoiesis in AA has 
become widely recognized. The mechanism of disease progression from AA to 
myelodysplastic syndrome/acute myelogenous leukemia has been partially 
revealed.

The World Health Organization classification (2008) introduced the provisional 
entity of refractory cytopenia of childhood (RCC); however, the subsequent find-
ings suggest that AA and RCC have a common clinical and molecular-pathological 
nature.

The excellent prognosis for children with severe AA reflects the efficacy of the 
current treatment algorithm including bone marrow transplantation (BMT) and 
immunosuppressive therapy (IST) based on disease severity and donor availability. 
In contrast, the choice of haploidentical donor BMT (haplo-BMT) or cord blood 
transplantation for refractory cases and how to treat non-severe AA remain contro-
versial issues. Thrombopoietin-receptor agonist is a promising molecule to recover 
multilineage hematopoiesis. The US Food and Drug Administration and the 
European Medicines Agency approved eltrombopag for adults with severe AA who 
have failed to respond to the first IST. However, the optimal dose and dosage in 
children with SAA has yet to be determined. Clonal evolution following long-term 
use is another serious concern.
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6.1  Introduction

Childhood aplastic anemia (AA) is a rare disease characterized by bone marrow 
(BM) aplasia and pancytopenia. Although typical AA is easy to diagnose, non- 
severe AA (nSAA) is sometimes difficult to differentiate from other diseases. 
Although the pathogenesis of AA is immune-mediated in most patients, recent 
advances in genomics have enabled better identification of inherited AAs, collec-
tively called inherited bone marrow failure syndrome (IBFMS), which may contrib-
ute to better outcomes in these patients. Recent reports of excellent prognosis for 
children with severe AA (SAA) reflect the efficacy of the current treatment algo-
rithm including stem cell transplantation (SCT) and immunosuppressive therapy 
(IST) based on disease severity and donor availability. In the past decade, several 
controversial and unresolved issues have been addressed by prospective studies, 
including two nationwide studies in Japan (AA-92 and AA-97).

6.2  Recent Findings in the Pathogenesis of AA

The pathogenesis of idiopathic AA (IAA) has been approached from the perspective 
of autoimmunity such as autoantibodies and T-cell receptor skewing [1, 2]. In the 
last decade, extensive investigations have been performed in the field of genomics. 
Development of the next-generation sequencing has enabled the identification of 
minor clones and novel mutations. Thus, clonal hematopoiesis in AA has become 
widely recognized. The mechanism of disease progression from AA to myelodys-
plastic syndrome/acute myelogenous leukemia (MDS/AML) has been partially 
revealed [3].

6.2.1  Genetic Predisposition

The yearly incidence of AA differs between East Asian and Western countries. 
Genetic background as well as environmental conditions may contribute to this 
difference. Genes involved in the apoptosis of CD34-positive hematopoietic 
stem cells, T-cell activation, and several cytokines—including IL-6, TNF-α, and 
TGF- β1—and specific HLA alleles have been proposed as likely candidates. In 
a Chinese population, HLA-A 02:01, HLA-A 02:06, HLA-B 13:01, HLA-DRB 
107:01, HLA- DRB1 09:01, HLA-DRB1 15:01, and HLA-DQB1 06:02 have 
been reported as risk alleles [4]. However, controversial results have been 
reported for HLA-DR 15:01 in a Japanese population [5].

A novel insight into the genetic basis of AA has been provided by another 
study [6]. Loss of heterozygosity of chromosome 6p has been reported in a substan-
tial proportion of AA patients. The missing genes were biased to particular HLA 
alleles (A 02:01, 02:06, 31:01, and B 40:02). This phenomenon represents “escape 
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 hematopoiesis” which is thought to be mediated by cytotoxic T cells that target the 
autoantigens expressed on hematopoietic stem cells.

6.2.2  Clonal Evolution

Previous studies showed that clonal cytogenetic abnormalities developed with a 
cumulative incidence of 22% at 8 years after the diagnosis of childhood AA [7]. 
Monosomy 7 and trisomy 8 were repeatedly found. The incidence of clonal evolu-
tion was previously thought to be independent of the response to IST; however, 
recent reports have demonstrated that patients with very severe AA (vSAA) who fail 
to respond to IST and receive long-term granulocyte colony-stimulating factor 
(G-CSF) are significantly likely to acquire monosomy 7 [8]. Indeed, the evolution 
of MDS/AML has decreased dramatically since the use of G-CSF has been restricted 
in children with vSAA for the past two decades [9]. A randomized study in Europe 
that used antithymocyte globulin (ATG) and cyclosporin (CSA) with or without 
G-CSF showed that the incidences of MDS/AML in AA patients who did and did 
not receive G-CSF were 10.9% and 5.8%, respectively [10]. A significantly higher 
hazard (1.9) of MDS/AML was associated with the use of G-CSF. Conversely, tri-
somy 8 often presents in patients with AA and persists after IST despite hematologi-
cal responses. However, the persistence of this condition has not been associated 
with an increased risk of malignant transformation.

A new sequencing technology has recently identified clonal hematopoiesis in AA 
arising early in disease, even in young patients [11]. The study showed the presence 
of myeloid malignancy-related genes such as DNMT3A, BCOR, and ASXL1 in 19% 
of patients (n = 150). Somatic mutations in patients with a disease duration >6 months 
were associated with a risk of malignant transformation of 40%. A small- scale study 
showed that somatic mutations were found in 16/22 AA patients (73%) with a median 
disease duration of 1 year, in which 18 patients with pediatric-onset AA were included 
[12]. Although PIGA is the most frequently mutated, two mutations in STAT5B and 
CAMK2G were also identified, which show recurrent mutations in MDS. In another 
recent international study (n = 439), clonal hematopoiesis was evaluated by the pres-
ence of somatic mutation, 6p uniparental disomy, and copy number variation such as 
monosomy 7 and del(13) [13]. A minor clone was found in 47% of patients. The 
major somatic mutations were identified in PIGA, BCOR, BCORL1, DNMT3A, and 
ASXL1. Mutations in PIGA, BCOR, and BCORL1 correlated with a better response to 
IST and a higher rate of progression-free survival. In contrast, minor clones with 
DNMT3A, ASXL1, RUNX-1, JAK-2, and JAK-3 mutations tended to increase in preva-
lence and size over time, and this subgroup was associated with worse outcomes.

According to a recent Chinese database, 19 of 802 patients with IAA developed 
MDS/AML, while 21 patients (two with concurrent MDS) developed paroxysmal 
nocturnal hemoglobinuria (PNH) [14]. The cumulative incidence of clonal evolu-
tions at 5 years was 3.7% (incidences of MDS/AML and PNH were 1.7% and 2.1%, 
respectively). Multivariate analysis revealed that patient age, disease severity, and 
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number of days of G-CSF therapy were risk factors for the evolution to MDS/
AML. The relative risk in vSAA was approximately seven times higher than that in 
SAA and nSAA.

PNH is another clonal disorder associated with AA, which is caused by a somatic 
mutation of PIGA on the X chromosome. Using highly sensitive flow cytometric 
analysis, minor PNH clones have been found in 41–70% of children with AA [14, 
15]. Serious complications of PNH, such as hemolysis and thrombosis, are matters 
of concern in adolescent patients with long disease duration although such symp-
tomatic PNH is rarely observed in young children [16].

6.2.3  Bone Marrow Microenvironment

Mesenchymal stem cell (MSC) or BM stromal cells constitute an essential compo-
nent of the BM hematopoietic microenvironment, which are considered to have 
immunomodulatory properties as well as an ability to support hematopoiesis. 
Microarray expression analysis using SAA-MSC suggests that CXCL12 might be 
associated with alterations in the BM microenvironment [17]. In addition, knock-
down of CXCL12, HGF, IL-18R1, FGF18, or RRM2 expression compelled control 
MSCs to behave like SAA-MSCs, with decreased survival and differentiation 
potential. Another study showed that low FGF2 expression in MSCs and low FGF2 
protein level in BM may be involved in the pathogenesis of AA [18]. However, no 
definitive conclusion has been reached as to whether an insufficiency in the BM 
microenvironment is strongly associated with hematopoietic impairment.

6.3  Diagnosis

6.3.1  Differential Diagnosis, Classification, and Grading 
of Severity in Childhood AA

Several heterogeneous conditions in children present with pancytopenia (Table 6.1). 
To make a diagnosis of AA, it is essential to rule out underlying diseases. In particular, 
transient pancytopenia due to viral infection and subsequent hemophagocytosis should 
not be misdiagnosed as AA. AA is defined as pancytopenia with a hypocellular BM 
without infiltration of malignant cells or myelofibrosis. Therefore, BM biopsy is criti-
cal to assess BM cellularity and to exclude hematological malignancies or myelofibro-
sis. Through various comprehensive tests, AA is classified into the following entities: 
inherited AA, hepatitis-associated AA (HAA), IAA, and secondary AA induced by 
chemical exposure, drugs, radiation, and infections. Approximately 10% of childhood 
AA is supposedly inherited AA. HAA comprises 5–10% of childhood AA, and the 
remaining cases (>75%) are classified as IAA. The severity of childhood AA is usu-
ally classified into three grades: vSAA, SAA, and nSAA [19] (Table 6.2).
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Table 6.1 Differential diagnosis of childhood pancytopenia

Idiopathic AA

Secondary AA Hepatitis associated
Secondary (drug/chemical/radiation/infection)

Inherited AA Fanconi anemia
Dyskeratosis congenita
Shwachman-Diamond syndrome
Congenital amegakaryocytic thrombocytopenia
Others

Myelodysplastic syndrome Refractory cytopenia of childhood (provisional)
Refractory cytopenia with multilineage dysplasia
Refractory anemia with excess blast

Other diseases entity Hemophagocytic lymphohistiocytosis
Acute leukemia
Bone marrow invasion of solid tumor
Autoimmune
Nutritious deficiency
Myelofibrosis
Hypersplenism

AA aplastic anemia

Table 6.2 Severity grading of childhood AA and evaluation criteria to IST

Severity 
grading of 
AA [19] Nuetrophil Platelet Reticulocyte

Moderate At least 2 
levels

<1000/μL <5 × 104/μL <6 × 104/μL

Severe At least 2 
levels

<500/μL <2 × 104/μL <2 × 104/μL

Very severe <200/μL <2 × 104/μL <2 × 104/μL
Evaluation 
criteria to 
IST [111]

Neutrophil Platelet Hb Transfusion

Severe/very 
severe

Complete 
response

≧1500/μL ≧10 × 104/μL ≧11.0 g/dL No

Partial 
response

≧500/μL ≧3 × 104/μL ≧8.0 g/dL No

No response <500/μL
Non-severe 
AA

Complete 
response

≧1500/μL ≧10 × 104/μL ≧11.0 g/dL No

Partial 
response

≧1000/μL ≧3 × 104/μL ≧8.0 g/dL No

No response <1000/μL

AA aplastic anemia, IST immunosuppressive therapy
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6.3.2  Distinguishing Inherited AA from Other Types of AA

Because the optimal management differs considerably between inherited AA and 
other types of AA, correct and timely diagnosis is crucial. However, no useful test 
for such differentiation is available, except for diagnosing Fanconi anemia. The 
diagnosis of inherited AA is difficult because of clinical and genetic heterogeneity. 
Autosomal recessive inheritance, de novo mutations, and genetic anticipation often 
mask familial accumulation. In addition, the BM morphology of inherited AA var-
ies and may change over time; therefore, BM examination should be repeated to 
evaluate the cellularity, dysplasia, monoclonality, and leukemic changes. Because 
such patients are at high risk of developing MDS/AML and solid tumors, genetic 
diagnosis is mandatory for subsequent medical management.

6.3.3  Distinguishing AA from Myelodysplastic Syndrome

The distinction between AA and MDS is the presence of dysplasia or increased num-
bers of blast cells. The World Health Organization classification (2008) for MDS added 
the provisional entity of refractory cytopenia of childhood (RCC), defined as hypocel-
lular marrow with mild dysplasia in one or two lineages with blast cells <5% [20]. 
However, a few experts agree that AA can be discriminated from refractory cytopenia 
with multilineage dysplasia (RCMD) and refractory anemia with excess blasts (RAEB) 
but not from RCC [21]. According to the reevaluation of BM morphology included in 
the Japanese prospective studies (AA-92 and AA-97), the response to IST, 5-year over-
all survival (OS), and the incidence of clonal abnormalities were comparable among 
AA, RCC, and RCMD groups [8]. A recent German study also reported the efficacy of 
IST for RCC (the response rate at 6 months, 74% in horse-ATG group [hATG] and 
53% in rabbit-ATG group [rATG]) [22]. In addition, intensive genetic analyses includ-
ing 88 IBFMS-associated genes and 96 myeloid malignancy-related genes in children 
with IAA/RCC/RCMD (n = 168) revealed that the somatic mutation frequency did not 
differ among AA, RCC, and RCMD patients [23]. BCOR and PIGA mutations were 
repeatedly identified. Importantly, MDS-related gene mutations such as U2AF1 plus 
SETBP1 and TP53 mutations were found in only two patients with RCMD.

These findings suggest that AA and RCC have a common clinical and molecular- 
pathological nature, while the molecular pathogenesis in RCMD is heterogeneous 
and may progress to advanced disease.

6.4  Standard Treatment

6.4.1  Treatment Algorithm for vSAA or SAA (Fig. 6.1)

 1. If a matched related donor (MRD) is available, immediate bone marrow trans-
plant (BMT) is indicated.

 2. If a MRD is not available, IST with rATG and CSA is indicated.
 3. If no response is obtained at 6 months after IST, BMT from an alternative or 

unrelated donor (URD) is indicated.
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Recent reviews provide a similar treatment algorithm for childhood AA [24–27]. 
Figure 6.1 shows the current minimum consensus for vSAA and SAA. However, 
this needs to be modified based on the availability and accessibility of diagnostic 
technology and resources (drug and donor source). Indeed, hATG (ATGAM®) is not 
available in some countries including Japan. Volunteer donors and cord blood are 
also limited, and the coordination time for URD varies among countries.

According to the updated results comparing MRD-BMT and IST in Japanese 
children, failure-free survival (FFS) is significantly lower in the IST group com-
pared with the BMT group (56% vs. 87%, respectively) [28]. Similar results were 
reported in a recent European study, which found that FFS was 33% for IST but 
87% for up-front MRD-SCT [29].

The incidence of relapse after the first IST using hATG + CSA was 11–35% in 
children [30–32]. Although patients who relapse after a primary response to IST are 
likely to respond to a second IST, multiple courses of IST are associated with an 
increased incidence of Epstein-Barr virus-associated lymphoproliferative disorder 
(EB-LPD) after the subsequent SCT [33].

A Japanese prospective study to compare the efficacy of repeated IST with BMT 
from alternative donors in children with SAA who were refractory to the first IST 
showed that the 5-year FFS from the second-line therapy was 84% in the alternative 
donor BMT group but 10% in the second IST group. Therefore, alternative donor 
BMT is recommended for children refractory to the first IST [34].

BM is the preferred stem cell source in both MRD-SCT and URD-SCT. The use 
of peripheral blood stem cells (PBSC) is one of the significant risk factors for 
 survival, acute graft-versus-host disease (aGVHD) and chronic graft-versus-host 
disease (cGVHD) [35–38]. In exceptional cases with a high risk of graft failure, the 
use of PBSC may be justified. In developing countries, several reports showed that 

vSAA, SAA Transfusion dependent nSAA

MRD +

MRD –

MRD-BMT IST; rATG+CsA

1 locus-mismatched RD/URD+ URD-

NR at 6 months

• mismatched RD-BMT
•  URD-BMT
a) 10/10 matched URD

b) acceptable URD

•  wait for delayed response
• CBT
• Haploidentical BMT
• 2nd IST (rATG+CSA)
• Alternative treatment

Emergent SCT
a) 1locus-mismatched RD
b) cord blood
c) Haploidentical donor

Fig. 6.1 Treatment algorism for children with SAA and vSAA. vSAA very severe aplastic anemia, 
SAA severe aplastic anemia, nSAA non-severe aplastic anemia, MRD matched related donor, 
BMT bone marrow transplantation, IST immunosuppressive therapy, rATG rabit anti-thymocyte-
globulin, CSA cyclosporine, CBT cord blood transplantation, NR non renponse, URD unrelated 
donor, SCT stem cell transplantation
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PBSC was associated with less graft failure and comparable survival rate compared 
with BM graft [39, 40].

6.4.2  Transplantation from Matched Related Donor 
(Tables 6.3 and 6.4)

In Japan, various conditioning regimens have been used in MRD-BMT [41]. 
Currently, cyclophosphamide (CY, 200 mg/kg) plus rATG (Thymoglobulin®) is the 
standard conditioning regimen, with successful engraftment rates with low toxicity 
[42]. The standard for GVHD prophylaxis comprises CSA (3 mg/kg/day, intrave-
nously) and short-course methotrexate (sMTX) (15 mg/m2 on day 1, then 10 mg/m2 
on days 3, 6, and 11) [43, 44]. The target trough level of CSA is 100–200 ng/mL in 
the whole blood. Slow weaning from CSA should be started at least 12 months after 
MRD-BMT. In Western countries, the higher trough level of CSA (150–250 ng/mL) 
is recommended for 9–12 months after transplantation [25].

A prolonged interval between diagnosis and transplantation and no ATG admin-
istered during the conditioning regimen are significant risk factors for survival [36, 
45]. In addition, prior to IST as well as numerous transfusions and alloimmuniza-
tion are strongly associated with graft rejection and increased risk of mixed chime-
rism [46]. Therefore, when MRD is available, BMT should be performed as soon as 
possible after diagnosis. For such high-risk patients, low-dose radiation could be 
justified based on the report of a low incidence of late malignancy in a Japanese 
study [47]. A new regimen comprising fludarabine (Flu, 120 mg/m2), CY (120 mg/
kg), and rATG has been widely used in adults with excellent outcomes [48]. Higher 
incidence of aGVHD and cGVHD was demonstrated in CY+ radiation group com-
pared with CY+ ATG group [49]. The superiority of radiation or alemtuzumab- 
containing regimens has not been demonstrated in up-front MRD-SCT [36, 38, 49].

6.4.3  Transplantation from Unrelated Donor 
(Tables 6.3 and 6.4)

Early studies of URD-BMT resulted in poor survival rates of 28–54% in patients 
with AA [50, 51]. Prior infection due to prolonged aplasia, graft rejection, and 
severe GVHD as well as increased toxicities caused by the myeloablative regimen, 
including high-dose total body irradiation (TBI), the presence of anti-HLA anti-
body, and organ damage by iron overload, may result in poor outcomes. From the 
late 1990s onward, an early indication for URD-BMT, the introduction of new 
HLA-typing technology and fludarabine-based non-myeloablative regimens has 
greatly improved the survival rate, which is currently not inferior to that of MRD- 
BMT in developed countries [52, 53]. However, URD grafts still have a significant 
impact on the incidence and severity of aGVHD and cGVHD.
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Variable doses of TBI and CY have been used in several clinical trials. Low-dose 
TBI (2 Gy) improved survival when added to ATG and CY (200 mg/kg total dose) 
in children with SAA [54]. A CY dose de-escalation study showed that 100 mg/kg 
or 50 mg/kg of CY combined with Flu (120 mg/m2), ATG, and low-dose TBI (2 Gy) 
resulted in favorable survival (92–85%) [55, 56].

Based on these findings, Japan Childhood Aplastic Anemia Study Group has 
recommended a conditioning regimen with CY (3000 mg/m2), Flu (100 mg/m2), 
rATG (5 mg/kg), and low-dose TBI (3 Gy). Because AA is a benign disorder, all 
forms of GVHD are detrimental. In particular, cGVHD causes organ dysfunction 
and secondary malignancy, thus worsening quality of life in the long term. Although 
a direct comparison between CSA and tacrolimus has not been made, tacrolimus 
with sMTX has been widely used instead of CSA in Japan, and a retrospective 
paired-match analysis indicated the superiority of tacrolimus to CSA in URD-BMT 
[57]. Tacrolimus (0.02 mg/kg/day) is usually used intravenously. The level of tacro-
limus is maintained in the range of 10–15 ng/mL in the whole blood. Tacrolimus 
should be tapered from 12 months after URD-BMT.

Donor selection is a critical issue for URD-BMT. Although a 10/10 or 8/8 allele- 
matched donor is desirable, such a high level of matching is not always obtained. 
Based on recent Japanese analysis, any single mismatch or multiple mismatching 
limited to HLA-C, DQ, and DRB1 may affect the incidence of aGVHD and cGVHD 
but not survival [58]. These findings expand the URD pool substantially, thus 
enabling rapid coordination for URD.

In Europe, Flu (120  mg/m2)  +  CY (120  mg/kg)  +  rATG is currently recom-
mended in URD-BMT as well as MRD-BMT for AA [59]. Low-dose TBI can be 
added in patients >14 years old or with a high risk of rejection. In addition, a UK 
study explored new regimens in which TBI + ATG was replaced with alemtuzumab 
to reduce the long-term complications. The Flu (150 mg/m2) + CY (120 mg/kg) + 
alemtuzumab (FCC) regimen conferred an excellent 5-year FFS of 95% in recipi-
ents transplanted from 10/10 allele-matched URD [60]. There were no cases of graft 
failure, but mixed chimerism was a major concern. Another study showed an 
engraftment failure rate of 9%, cGVHD rate of 11%, and 5-year OS of 90% in SCT 
from full-matched URD and other related or mismatched URD [38]. The risk of 
cGVHD was significantly lower in the alemtuzumab group than in the rATG group. 
However, a less toxic regimen with Flu (120  mg/m2)  +  CY (1200  mg/m2)  + 
 alemtuzumab resulted in higher graft failure (9.5% for MRD-BMT and 14.5% for 
URD-BMT) and mixed chimerism in T cell [61].

6.4.4 Immunosuppressive Therapy

ATG is a polyclonal anti-T-cell antibody-rich serum fraction produced by immuniz-
ing mammals against human thymocytes. ATG includes several brands with differ-
ent immunogens, such as hATG (Lymphoglobulin® and ATGAM®) and rATG 
(ATG-F® and Thymoglobulin®). Pig-ATG is also used in China. For SAA, 
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combination therapy with CSA and ATG is the gold standard IST rather than CSA 
or ATG alone [62, 63]. The response to IST is classified as complete (CR), partial 
(PR), or no response (NR) (Table 6.2). Table 6.4 shows the long-term outcomes of 
clinical studies with standard IST.

In 2009, Lymphoglobulin® was withdrawn from the market worldwide. rATG 
(Thymoglobulin®) was reported to be effective as a salvage therapy for refractory or 
relapsed AA [64, 65]. However, the first prospective randomized study demon-
strated that both response rate and OS were inferior in the rATG group 
(Thymoglobulin®) as compared with the hATG group (ATGAM®) (Table 6.5) [66].

The following studies using rATG (Thymoglobulin®) have shown controversial 
results in terms of the response rate and OS compared with hATG (Lymphoglobulin®). 
A European study analyzing outcomes in 105 age- and disease severity-matched 
pairs showed that the best response rate was comparable between rATG  +  CSA 
(60%) and hATG + CSA (67%) [67]. However, the OS at 2 years in the rATG group 
(68%) was inferior to that in the hATG group (86%) (P = 0.009). Transplant-free 
survival also differed significantly (52% for rATG and 76% for hATG). In the larger 
dataset that included 455 pediatric SAA cohorts from Asian countries, the response 
rate at 6 months was comparable between the hATG and rATG groups (60% vs. 
55%, respectively) [68]. However, the OS in the hATG group was significantly 
 better than that in the rATG group (2-year OS, 96% vs. 87%; 10-year OS, 92% vs. 
84%, respectively). Currently, most experts conclude that hATG (ATGAM®) is pre-
ferred, but the use of rATG (Thymoglobulin®) is justified. An international prospec-
tive study to find the better rATG dose (2.5 mg/kg × 5 days vs. 3.5 mg/kg × 5 days) 
plus CSA (6 mg/kg) is ongoing in Japan, Korea, and China.

Several clinical and laboratory factors are useful to predict the response to 
IST. Pretreatment peripheral blood counts and other significant factors are shown in 
Table 6.6. However, these findings were based on IST using hATG + CSA. Few 
studies using rATG + CSA reported several predictive factors for the response; SAA 
rather than vSAA, the higher absolute reticulocyte count and the presence of PNH 
clone were shown to be favorable [69, 70]. Therefore, the predictive factors must be 
updated in the prospective studies using rATG + CSA.

Table 6.5 Predictive factors to IST in childhood AA

Significance Factor Reference

Favorable WBC count: <2.0 × 109/L [121]
Platelet count <25 × 109/L [122]
Absolute neutrophil count (ANC) <0.2 × 109/L [120]
Absolute reticulocyte count ≥25 × 109/L and absolute 
lymphocyte count ≥1.0 × 109/L

[123]

HLA-DR15 (+) and HLA-DR4 (−) [124]
Presence of PNH clone [125, 126]

Unfavorable Long interval from diagnosis to IST [121, 122]
Short telomere length [122, 125]
Duration of ANC = 0 longer than 2 weeks [127]

AA aplastic anemia, IST immunosuppressive therapy, PNH paroxysmal nocturnal hemoglobinuria

6 Childhood Aplastic Anemia



130

6.4.5  Adolescent AA

Many studies have indicated that patient age >10 years old is a risk factor for sur-
vival in the setting of BMT. However, a recent report showed that the same strategy 
used in younger children (age <10 years old) could be applicable in this age group, 
with adolescent AA showing very good outcomes [71]. This European study focused 
on adolescents (age 12–18 years, n = 537) with IAA with analysis of three groups 
as follows: (1) MRD-SCT as first-line treatment, (2) frontline IST not followed by 
SCT, and (3) SCT after failure of IST. OS did not differ among the groups, but the 
event-free survival (EFS) was 83%, 64%, and 71%, respectively (P = 0.04). In the 
patients who underwent transplantation, an interval of 2 months or less from diag-
nosis to treatment, BM as a source of cells, and first-line MRD-SCT conferred a 
significant advantage in OS and EFS. These findings were consistent with those in 
younger children.

6.4.6  Hepatitis-Associated AA

HAA usually presents as SAA or vSAA, which occurs at a median of 30 days after 
the onset of acute hepatitis. A Japanese study assessed the outcomes of 44 HAA 
children who received IST with hATG and CSA [72]. The overall response at 
6 months was 70% (CR 32% and PR 39%). The 10-year OS was 88%. A Chinese 
group reported that HAA patients had a larger proportion of CD8+ T cells, a lower 
ratio of CD4+/CD8+ T cells, and a smaller proportion of CD4+ CD25+ regulatory 
T  cells, compared with non-HAA patients [73]. Therefore, HAA patients were 
likely to have more infection-related mortality in the first 2 years after diagnosis 
than non-HAA patients. In a Japanese study, two patients died of Cytomegalovirus 
(CMV) pneumonitis, which reflected the more profound immunosuppression in 

Table 6.6 Recommended preparative regimen and GVHD prophylaxis in Japan

Donor AA RCC GVHD prophylaxis

HLA-matched 
sibling

CY (200 mg/kg) Flu (125 mg/m2) CSA + sMTX
rATG (5 mg/kg) L-PAM (140 mg/m2)

rATG (5 mg/kg)
Unrelated or HLA 
1 locus mismatch 
related

Flu (100 mg/m2) Flu (125 mg/m2) FK + sMTX
CY (3000 mg/m2) L-PAM (140 mg/m2)
rATG (5 mg/kg) rATG (5 mg/kg)
TBI (3 Gy) TBI (3Gy)

Cord blood Flu (100 mg/m2) FK + sMTX
L-PAM (140 mg/m2)
TBI (3Gy)

AA aplastic anemia, CSA cyclosporin, CY cyclophosphamide, GVHD graft-versus-host disease, 
FK  tacrolimus, Flu fludarabine, L-PAM melphalan, rATG rabbit antithymocyte globulin, 
RCC refractory cytopenia of childhood, sMTX short-term methotrexate, TBI total body irradiation
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HAA than in non-HAA patients [72]. In Europe, the 10-year OS after first-line IST 
was 69% [74]. Increasing age and delayed treatment were significant negative pre-
dictors for survival.

6.4.7  Supportive Care

 1. Prophylaxis of Alloimmunization and Hemochromatosis
Minimum transfusion is required. Platelet and hemoglobin level should be 

5000–10,000/μL and 6.0–8.0 g/dL, respectively. All transfused products must be 
irradiated and filtered; however, repeated platelet transfusions may produce anti- 
HLA antibodies because MHC class I antigens are expressed on the surface of 
platelets. Pulmonary or intracranial hemorrhage may be fatal. In addition, the 
presence of anti-HLA antibodies negatively impacts engraftment after SCT [75].

When the serum ferritin level is >1000 μg/L or the transfused volume of con-
centrated red cells is >40 mL/kg, iron chelation therapy is indicated.

 2. Treatment of Infection
If the patient becomes febrile, antimicrobial and antifungal therapy with 

G-CSF should be started immediately. Although AA patients treated with 
G-CSF +  IST have significantly fewer infectious episodes and hospitalization 
days than do patients without G-CSF, treatment with G-CSF does not improve 
OS, EFS, response rates, or relapse rates [76]. Therefore, the routine use of 
G-CSF is not recommended even in vSAA patients [77].

After the start of IST, attention to viral reactivation is necessary. rATG, CSA, 
and prednisolone used in IST all affect T-cell function. CMV pneumonitis and 
EBLPD are rare but fatal without timely diagnosis and appropriate treatment. 
Routine monitoring for these viruses is recommended. The preemptive use of 
ganciclovir should be initiated when CMV antigenemia tests positive. Rituximab 
is indicated for CD20-positive EBLPD.

BMT, especially alternative donor transplantation, is associated with delayed 
immune reconstitution. Therefore, BK virus, JC virus, adenovirus, and human 
herpes virus 6 as well as CMV and EBV are frequently reactivated. Because no 
effective drugs are available in Japan for the treatment of BK virus, JC virus, and 
adenovirus infections, the dose reduction of CSA or tacrolimus is necessary so 
as to decrease the viral load. Since this strategy is substantially difficult in 
patients with active GVHD, alternative antiviral cell therapies are currently 
being explored [78].

 3. CSA−/Tacrolimus-Related Complications
The use of calcineurin inhibitors is often associated with hypertension, head-

ache, renal toxicity, hyperkalemia, and encephalopathy. Precise monitoring of 
the blood concentrations of these drugs is therefore important.

 4. Others
Menarche should be focused on among all pubertal or immediately prepuber-

tal females. Menstrual suppression should be initiated in actively menstruating 
females because of the possibility of sudden and severe hemorrhage.
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6.4.8  Long-Term Complications of Transplantation

CY-based regimens for AA mostly result in normal growth and development and 
pregnancy [79]. However, patients with cGVHD or secondary malignancy have 
impaired quality of life and reduced OS. The incidence and severity of these com-
plications are greatly affected by the donor source and conditioning regimen.

An analysis of a large European database (1176 MRD and 542 URD) demon-
strated the higher incidence of late complication in URD-SCT recipients than in 
MRD-SCT despite the comparable OS between the two groups [80]. The cumula-
tive incidence of late side effects was 3% or higher in MRD-SCT and did not 
increase over time among survivors of MRD-SCT. In contrast, the cumulative inci-
dence in URD-SCT recipients exceeded 3% by 5 years, including gonadal dysfunc-
tion in 11%, growth disturbances in 7%, avascular necrosis in 6%, hypothyroidism 
in 6%, and cataracts in 5% of recipients.

In a previous large series (621 patients with idiopathic AA), the actuarial risk of 
developing a secondary malignancy was 14% at 20 years, including lymphoprolif-
erative disorders [81]. However, the risk of EBLPD is currently reduced by the exact 
monitoring of EBV-DNA and the early use of rituximab.

In the Japanese Registry (329 MSD-BMTs), only five cases of late malignancies 
were found (malignant peripheral nerve sheath tumor, thyroid carcinoma, colon car-
cinoma, MDS, and hepatoblastoma). The cumulative incidence was 0.8% at 10 years 
and 2.5% at 20 years, respectively [47].

6.5  Controversial Issues

6.5.1  Up-front Unrelated Donor Transplantation

In the analysis of the European Group for Blood and Marrow Transplantation Working 
Party, 2-year OS in the up-front URD-SCT cohort was 96%, compared to 91% in the 
MRD-SCT controls and 74% in the URD-SCT post-IST failure controls [82]. The 
2-year EFS in the up-front cohort was 92%, compared to 87% in MRD controls and 
74% in URD-SCT post-IST failure controls. These results showed that prior IST had 
a significantly negative impact on the subsequent outcomes and demonstrated the 
superiority of frontline SCT with matched URD. However, this strategy is not feasible 
in Japan because the coordination time for URD is approximately 4 months.

6.5.2  Haploidentical Donor Stem Cell Transplantation 
(Haplo-SCT)

Haplo-SCT is associated with an increased risk of graft failure and severe 
GVHD. However, better conditioning regimens and new graft manipulation tech-
niques have enabled successful transplantations. This modern form of haplo-SCT is 
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being increasingly used as salvage therapy even for children and adolescents with 
refractory SAA who lack a suitable donor [83].

Recently, the use of posttransplant CY has been shown to be an effective strategy 
to prevent GVHD in recipients of haplo-SCT. A small case series using a reduced 
intensity conditioning regimen with posttransplant CY reported promising out-
comes in AA, with neutrophil engraftment of 94%, secondary graft failure of 12%, 
grade II–IV aGVHD of 20%, and 1-year OS of 67% [84].

Other groups have developed strategies to selectively remove alloreactive T cells 
in order to reduce GVHD without impairing immune reconstitution following 
haplo-SCT. A recent study demonstrated that CD3-/CD19-depleted peripheral stem 
cell grafts led to faster recovery of NK cells as compared with that in the CD34- 
positive selection group [85]. A Korean study enrolled 12 SAA patients who 
received haplo-SCT with in  vitro CD3-depleted grafts [86]. Of 12 patients, 11 
achieved neutrophil engraftment at a median of 10  days. Overall, three patients 
failed to achieve sustainable engraftment and three of the remaining nine patients 
developed grade II–III aGVHD.

MSCs have potent immunosuppressive effects on alloreactive T lymphocytes, 
which may enhance the engraftment and ameliorate the severity of GVHD. A few 
groups have investigated the feasibility of cotransplantation of cord blood-derived 
MSC in haplo-SCT, but this experimental cell therapy lacks sufficient evidence [87].

6.5.3  Cord Blood Transplantation (Table 6.4)

An early series of cord blood transplantation (CBT) using an MRD-BMT-type con-
ditioning regimen in AA patients resulted in a high rejection rate and low survival 
rate; therefore, CBT has not been generally recommended [88]. However, better 
survival was noted in a subgroup conditioned with Flu +  low-dose TBI + CY or 
melphalan (L-PAM). Sequential case series in adults supported the efficacy of the 
conditioning regimen comprising Flu (125 mg/m2), L-PAM (80 mg/m2), and TBI 
(4 Gy) [89]. Of 12 adult AA patients, 10 patients are alive, while 1 had primary graft 
failure, and 1 had late graft failure. Thus, the annual report of a nationwide survey 
in 2015 from Japanese Data Center for Hematopoietic Cell Transplantation/Japan 
Society for Hematopoietic Cell Transplantation reported that the OS in 26 children 
with AA reached 77% at 1 year and 73% at 5 years after CBT [90]. Recently a 
Korean group reported a successful case series (n = 5) using non-TBI regimen in 
CBT [91]. These are encouraging results; however, the optimal range of cell dose 
and HLA disparity that allow for sustainable engraftment are yet to be determined.

6.5.4  Strategy for Non-severe AA

Because children with nSAA have often absolute neutrophil counts >500/μL and a 
low risk of serious infection, the first choice in these patients is IST. A previous 
study for transfusion-dependent nSAA patients (mainly adults) demonstrated that 
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IST with CSA plus hATG was superior to CSA alone; the actuarial probability of 
response and FFS was 77% and 80%, respectively [92]. Therefore, combination IST 
has been the first-line treatment for transfusion-dependent nSAA. A Chinese retro-
spective study in 42 children with nSAA showed the higher response in 
hATG + CSA + androgen group than in CSA + androgen group (83% vs. 42%, 
respectively) [93]. A recent prospective analysis in 95 Japanese children using 
hATG plus CSA with/without androgen showed the 6-month response rate of 55% 
and the 10-year FFS of 44% [94].

Several studies have reported that some nSAA patients might experience sponta-
neous resolution, while some patients show persisting nSAA for months or years, 
and others progress slowly to SAA [95, 96]. However, a recent retrospective obser-
vational study showed that spontaneous remissions in nSAA in childhood were rare, 
and progression-free survival was only 25% at 10 years [97]. As there is no consen-
sus on definite treatment, the timing of intervention differs among nSAA patients. 
The response rate to IST between transfusion-dependent group and independent 
group was not different statistically (49% vs. 59%, respectively) [94]. Nevertheless, 
IST before progression to SAA or transfusion-dependent AA may be advantageous 
because the duration of aplasia before IST is inversely correlated with the response 
in children with SAA and vSAA. A prospective study to elucidate the efficacy of 
early intervention in such patients is warranted.

6.5.5  Other Treatments

Many strategies have been explored as salvage therapies for patients with resistant 
or relapsing AA, but most studies did not show the efficacy of the study drugs which 
included mycophenolate mofetil [98], sirolimus [99], tacrolimus [100], and alemtu-
zumab [101].

6.5.5.1 Thrombopoietin-Receptor (TPO-R) Agonist

In Japan, eltrombopag is indicated for adults with chronic immune thrombocytope-
nic purpura. This small molecule stimulates hematopoietic stem cell as well as mega-
karyocytes. Indeed, multilineage bone marrow failure has been reported in patients 
with TPO-R or TPO mutation [102–104]. The pivotal study (NCT00922883) was 
conducted at the National Institutes of Health, in which eltrombopag was evaluated 
in 43 patients with SAA who have had an insufficient response to at least one prior 
IST and had a platelet count less than 30 × 109/L [105, 106]. After 12 weeks of treat-
ment with eltrombopag, a hematologic response was observed in 17 patients (40%); 
the majority showed a unilineage response (13/17). A total of 14 patients who 
responded entered the extension phase of the trial. Of these, nine achieved a multilin-
eage response, while five maintained the response with a median follow-up off drug 
of 13 months. A subsequent study (ELT 116826) also showed hematological response 
of 52%. Thus, the US Food and Drug Administration and the European Medicines 
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Agency approved the use of eltrombopag in adult patients with SAA who have had 
an insufficient response to IST in 2014 and 2015, respectively. However, the optimal 
dose and dosage in children with SAA has yet to be determined. Moreover, clonal 
evolution following long-term use is another serious concern. Of 43 patients, a new 
cytogenetic abnormality was reported in eight patients (19%), including five who 
had changes in chromosome 7 [105, 106]. The median time to a cytogenetic abnor-
mality was 3 months (range, 3–13 months) after the use of eltrombopag.

6.5.5.2 CY

High-dose CY (200 mg/kg) combined with CSA therapy resulted in a higher inci-
dence of fungal infections and death compared to conventional therapy with ATG 
plus CSA [107]. Moderate dose CY (120 mg/kg) plus CSA therapy also showed a 
response rate of 41–65% [108, 109]. High-dose CY (200  mg/kg) monotherapy 
showed a hematological response of 79% and EFS of 64% in a pediatric or young 
adult cohort (22 treatment-naïve and 6 refractory/relapsed patients) [110].

6.6  Conclusions

Treatment failure, disease recurrence, and clonal evolution are the shortcomings of 
IST. Long-term complications and secondary malignancy remain major concerns in 
URD- or haplo-BMT. Sufficient evidence is lacking to recommend CBT as an up- 
front therapy. In the future, genomic analyses will help to select the appropriate 
treatment for children with AA.
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Chapter 7
Inherited Bone Marrow Failure Syndrome, 
TAM

Etsuro Ito, Kiminori Terui, and Tsutomu Toki

Abstract Inherited bone marrow failure syndromes (IBMFS) are a heterogeneous 
group of genetic disorders characterized by bone marrow failure, congenital anoma-
lies, and increased risk of malignant disease. IBMFS may affect all blood cell lin-
eages, causing clinical symptoms similar to aplastic anemia, or they may be 
restricted to one or two blood cell lineages with symptoms specific to the affected 
cell lineage. Early and accurate diagnosis of the disease is important, as there are 
implications for management and long-term follow-up. However, diagnosis is often 
difficult due to the wide varieties of clinical presentation. Recent advances in our 
understanding of IBMFS have largely come from the identification of the causative 
genes and investigations of their pathways. In this chapter, advances in the pathobi-
ology and clinical management of two representative diseases, Diamond-Blackfan 
anemia and Fanconi’s anemia, will be described.

Trisomy 21, the genetic hallmark of Down syndrome (DS), is the most frequent 
human chromosomal abnormality. In neonates with DS, about 5–10% develop tran-
sient abnormal myelopoiesis (TAM). Almost all cases of TAM have mutations in 
GATA1. In most cases, it resolves spontaneously within 3 months. However, early 
death occurs in about 20% of the cases. Furthermore, approximately 20% of TAM 
patients develop myeloid leukemia of DS (ML-DS) within 4 years of life. Human 
tumors have been shown to progress by the accumulation of genetic abnormalities. 
The malignant progression from TAM to ML-DS offers a unique model to study the 
stepwise development of cancer pathogenesis. Recent studies have provided fasci-
nating insights into the pathogenesis of TAM, details that may provide insight not 
only into DS leukemia but also contribute to our understanding of the pathogenesis 
of other leukemias.
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7.1  Inherited Bone Marrow Failure Syndrome

7.1.1  Diamond-Blackfan Anemia

7.1.1.1  Introduction

Diamond-Blackfan anemia (DBA) is a congenital pure red cell aplasia character-
ized by normochromic macrocytic anemia and reticulocytopenia in the peripheral 
blood and the loss of erythroblasts in the bone marrow. It generally presents in the 
first year of life. Approximately 40% of DBA patients have variable malformations 
[1–3]. In addition, the patients have a predisposition for malignancies [4]. DBA was 
first reported by Dr. Josephs in 1936 and refined as a distinct clinical entity by Drs. 
Diamond and Blackfan in 1938 [5, 6].

DBA has been associated with heterozygous mutations or large deletions in ribo-
somal protein (RP) genes in more than 50% of patients [7–17], suggesting that DBA 
is caused by ribosome dysfunction [18]. Corticosteroids and transfusion are the 
mainstays of treatment. Approximately 80% of patients respond to an initial course 
of steroids; however, only 60–70% of patients ultimately become transfusion- 
independent [3]. Bone marrow transplantation is the only curative treatment, but it 
requires an HLA-matched sibling and is primarily reserved for patients with severe 
complications [19].

7.1.1.2  Epidemiology

Ten to 20% of DBA families have more than one affected individual, and the major-
ity of these cases appear to be dominantly inherited. The remaining cases are spo-
radic or familial with other inheritance patterns. The incidence is estimated to be 
5–10 per million live births without ethnic predilection, with both sexes equally 
affected [2, 19–22]. In the Registration of the Japanese Society of Pediatric 
Hematology and Oncology, 175 patients with DBA, including patients diagnosed 
with idiopathic pure red cell anemia, were reported from 1988 to 2011 [23].

7.1.1.3  Pathogenesis

Following the observation that a DBA patient had an X;19 chromosomal transloca-
tion, a major DBA locus was mapped to chromosomal location 19q13, and the 
breakpoint was shown to occur in the RPS19 gene, which encodes one of 80 ribo-
somal proteins [9]. Subsequent large-scale studies established that RPS19 is mutated 
in approximately 25% of DBA patients [24]. To date, 15 RP genes including RPS7, 
RPS10, RPS15A, RPS17, RPS19, RPS24, RPS26, RPS27, RPS28, RPS29, RPL5, 
RPL11, RPL26, RPL27, and RPL35A have been reported to be responsible for DBA 
[7–17, 136]. A sizable fraction of DBA patients have a large deletion of RP genes 
that are not detected by sequencing [25, 26]. Although 10–20% of patients have 
inherited DBA, most patients are sporadic and have de novo mutations. DBA has 

E. Ito et al.



147

been associated with heterozygous mutations or large deletions in RP genes in up to 
60% of patients, except for rare germline GATA1 mutation reported in three X-linked 
DBA families [137].

The ribosome is an intracellular organelle and is the site of protein synthesis and 
translation of messenger RNA into continuous chains of amino acids. The mam-
malian ribosome (80S) consists of a large subunit (60S) and a small subunit (40S), 
and each subunit is composed of ribosomal RNAs and RPs. RPs of the small and 
large subunits are called RPS and RPL, respectively. RPS19, RPS24, RPS10, and 
RPS26 play important roles in maturation of the 18S rRNA and assembly of the 40S 
ribosomal subunit [8, 27–30]. RPL35A, RPL5, and RPL11 play important roles in 
the maturation of the 28S and 5.8S rRNAs and assembly of the 60S ribosomal sub-
unit [10, 12]. Therefore, deficiency in RPs leads to a relative lack of the 40S or 60S 
ribosomal subunits and a decline in translation initiation. The fact that all of the 
causative genes for DBA are ribosomal proteins, except for GATA1, suggests that 
insufficiency in ribosomal function may be the underlying cause of red cell aplasia 
in patients with DBA. Although the mechanism whereby mutations in the ribosomal 
protein genes cause specific defects in red cell maturation is not fully understood, 
many lines of evidence indicate that p53 activation caused by ribosomal dysfunction 
may be central to DBA pathogenesis (Fig. 7.1) [31].
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Fig. 7.1 Model of p53 stabilization in response to impaired ribosome biogenesis in DBA. Normal 
erythroblasts produce large numbers of ribosomes for protein synthesis. Levels of p53 remain low 
via a feedback loop whereby MDM2, a transcriptional p53 target, ubiquitinates p53 to promote its 
degradation by proteasomes. However, haploinsufficiency for specific RPs causes accumulation of 
other RPs, which bind to MDM2, thereby inhibiting its ability to promote p53 degradation. 
Consequently, p53 accumulates and triggers cell cycle arrest and apoptosis

7 Inherited Bone Marrow Failure Syndrome, TAM



148

Table 7.1 Congenital abnormalities observed in Diamond-Blackfan anemia (DBA)

Head, face, palate Hypertelorism, cleft palate, high-arched palate, microcephaly, 
micrognathia, low-set ears, low hairline, epicanthus, ptosis, etc

Upper limb Triphalangeal, duplex or bifid, hypoplastic thumb; flat thenar 
eminence; syndactyly; absent radial artery

Renal, urogenital Absent kidney, horseshoe kidney, hypospadias
Cardiopulmonary Ventricular septal defect, atrial septal defect, coarctation of the aorta, 

complex cardiac anomalies
Other
  Neck Short neck, webbed neck
  Eyes Congenital glaucoma, strabismus, congenital cataract
  Neuromotor Learning difficulties
  Short stature

7.1.1.4  Clinical Management

Clinical Presentation

Anemia

DBA is a congenital pure red cell aplasia characterized by normochromic macro-
cytic anemia and reticulocytopenia in the peripheral blood and the loss of erythro-
blast from bone marrow. Approximately 90% of affected individuals present in 
infancy or early childhood, although a “nonclassical” mild phenotype may not be 
diagnosed until later in life [2, 3].

Congenital Anomalies

Clinical manifestations of DBA are variable. In about 40% of patients, DBA is asso-
ciated with physical anomalies and growth retardation, but in some patients, no 
congenital anomalies are found [3]. Table 7.1 summarizes the range of congenital 
abnormalities found in DBA patients.

Cancer Predisposition

Twenty-nine cases were reported among more than 700 patients in the literature 
[3]. A recent prospective study showed that among 608 patients, 15 solid 
tumors, two acute myeloid leukemias (AML), and two cases of myelodysplastic 
syndrome (MDS) were diagnosed at a median age of 41 years in patients who 
had not received a bone marrow transplant. The rate of development of solid 
tumors or leukemia was 5.4-fold higher in DBA patients than expected in a 
demographically matched comparison with the general population. Furthermore, 
specific tumors had significantly elevated incidence ratios for MDS, AML, 
 adenocarcinoma of the colon, osteogenic sarcoma, and female genital 
cancer [138].
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Diagnostic Procedures

Diagnostic Criteria

The diagnostic criteria for “classical” DBA include macrocytic (or normocytic) ane-
mia with no other significant cytopenia presenting prior to the first birthday, reticu-
locytopenia, and normal marrow cellularity with a paucity of erythroid precursors, 
and it is accompanied by congenital anomalies in some cases. However, diagnosis 
of DBA is often difficult due to the incompleteness of the phenotypes and the wide 
variability in clinical expression. Even mutations in individual RP genes lead to 
widely variable phenotypic expression; family members with the same mutation in 
an RP gene can present with clinical differences. For example, RPS19 mutations are 
found in some first-degree relatives presenting only with isolated high erythrocyte 
adenosine deaminase activity and/or macrocytosis [24]. Therefore, it is very diffi-
cult to make a diagnosis on the basis of clinical phenotype alone. Molecular diagno-
sis enables the detection of carriers and the avoidance of hematopoietic stem cell 
transplantation from sibling donors with these mutations. However, about 40% have 
no known pathogenic mutations. The diagnostic and supporting criteria for diagno-
sis of DBA, including mild type, are described in Table 7.2. We have modified the 
criteria from the international clinical consensus conference [3] based on our results 
for the novel DBA biomarker reduced glutathione (GSH) [32].

Table 7.2 Diagnostic criteria for patients with Diamond-Blackfan anemia (DBA)

Diagnostic criteria:
  • Age less than 1 year
  • Macrocytic anemia with no other significant cytopenias
  • Reticulocytopenia
  • Normal marrow cellularity with paucity of erythroid precursors
Supporting criteria:
  Major:
   • Gene mutation described in “classical” DBA
   • Positive family history
  Minor:
   •  Elevated erythrocyte adenosine deaminase (eADA) activity and erythrocyte-reduced 

glutathione (eGSH)a

   • Congenital anomalies described in “classical” DBA
   • Elevated HbF
   • No evidence of other inherited bone marrow failure syndromes
“Classical” DBA fulfills all four diagnostic criteria
“Nonclassical” DBA fulfills one of the following:
  1. Three of the diagnostic criteria and one major or two minor supporting criteria
  2. Two of the diagnostic criteria and three minor supporting criteria
  3. Two major supporting criteria

aeADA activities and eGSH should be measured simultaneously, and the data statistically analyzed 
using linear analysis according to SNV methods to predict DBA [32]

7 Inherited Bone Marrow Failure Syndrome, TAM



150

Differential Diagnosis

In children, transient erythrocytopenia in childhood (TEC) should be a major con-
sideration [3]. TEC usually presents in children older than 1 year of age following 
viral infection. Most cases resolve spontaneously within 1–2 months. Patients with 
TEC present with normocytic anemia, and, in contrast to those with DBA, their HbF 
levels and erythrocyte adenosine deaminase (eADA) activities are normal. 
Congenital bone marrow failure syndromes accompanied by physical anomalies 
include dyskeratosis congenita, Shwachman-Diamond syndrome, congenital 
amegakaryocytic thrombocytopenia, and Pearson syndrome. Although all of these 
diseases are extremely rare, it is possible to discriminate them from specific clinical 
findings. Recently, because the causative genes for all of these diseases have been 
identified, the molecular etiology may be clarified in the near future, and genetic 
diagnosis may be possible in many patients.

Treatment

Transfusion Therapy

Patients who do not respond to steroids may require chronic transfusion therapy 
every ~4–8 weeks. Although maintaining hemoglobin levels above 8 g/dL is recom-
mended, a disadvantage of chronic transfusion therapy is hemosiderosis by iron 
overload. To avoid liver dysfunction, diabetes, and myocardiopathy due to iron 
deposition, chelation therapy with deferasirox or deferoxamine is recommended. 
However, methods for oral iron chelation therapy with deferasirox in neonates have 
not been established.

Drug Therapy

Approximately 80% of patients respond to steroids. The recommended starting 
dose is 2 mg/kg/day of prednisone at initial treatment. In over 20% of DBA patients, 
steroids eventually are stopped completely [3]. It should be mentioned that impor-
tant steroid side effects include growth retardation, osteoporosis, obesity, hyperten-
sion, diabetes mellitus, cataract, and glaucoma. The therapy is not generally 
recommended in babies under 6 months of age. Alternative treatments, including 
cyclosporine, metoclopramide, EPO and a combination of prednisolone and cyclo-
sporine, have been mentioned, but evaluations have not been provided.

Hematopoietic Stem Cell Transplantation

Chronic transfusion dependence with refractoriness to steroids is considered an 
acceptable indication for hematopoietic stem cell transplantation (HSCT). The out-
comes of HSCT for DBA in Japan are better than those reported in other countries. 
To date, 19 patients have received transplants of allogeneic hematopoietic stem cells 
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(HSCs). Thirteen patients underwent BMT (six cases with HLA-matched siblings 
and seven cases with unrelated donors), and all have disease-free survival [33]. Five 
patients underwent cord blood transplantation (CBT), and two of these with trans-
plants from siblings have survived. However, in three patients treated with unrelated 
donor cord blood, two were not successfully engrafted, and the third died of lym-
phoproliferative disease, despite confirmed engraftment. Consequently, bone mar-
row should be selected as a source of HSCs for transplantation at present. Better 
therapeutic outcomes have been observed with a conditioning therapy combining 
busulfan (oral administration, 16 mg/kg or 560 mg/m2) and cyclophosphamide 
(120–200 mg/kg). Although the reported number of patients is few, a conditioning 
therapy using a half dose of busulfan leads to good outcomes when using unrelated 
HSCs transplantation. When busulfan was omitted from pretreatment, the number 
of cases with engraftment failure was modestly higher. There is not sufficient evi-
dence supporting the value of bone marrow nondestructive pretreatment therapy for 
HSCT in DBA [34].

7.1.1.5  Future Challenge

Recent studies have provided fascinating insights into the pathogenesis of 
DBA. However, several important questions remain to be answered. For example, it 
is not clear how haploinsufficiency of ribosomal proteins leads to a phenotype of 
defective erythropoiesis and why mutations in some ribosomal protein genes such 
as RPL5 have more profound impact on fetal development than mutations in other 
RP genes. Although corticosteroids remain the mainstay of treatment of DBA more 
than half a century after the original report of their efficacy, their mechanism of 
action is still unknown. DBA will necessarily lead us toward a further understanding 
of bone marrow failure syndrome and potentially to novel ways of treatment.

Recently, using DBA models in zebra fish and mice, it has been reported that 
administration of l-leucine, an essential amino acid, provided relief from anemia 
[35, 36]. Clinical trials to evaluate the therapeutic effects of l-leucine are underway 
in the United States. About half of DBA patients have not  been identified  causative 
mutations. Comprehensive genetic analysis using next-generation sequencing in the 
remaining DBA patients would be valuable in the identification of other causative 
gene mutations.

7.1.2  Fanconi’s Anemia

7.1.2.1  Introduction

Fanconi’s anemia (FA) is characterized by progressive bone marrow failure, 
congenital abnormalities, and a pronounced susceptibility for malignancy, 
including myelodysplastic syndrome (MDS), leukemia, and solid tumors such 
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as squamous cell carcinoma. FA was first reported by Dr. Fanconi in 1927 [37]. 
Lymphocytes from FA patients exhibit chromosomal instability [38], a charac-
teristic that was increased by mitomycin C treatment [39]. Mutations in 19 dif-
ferent genes (FA genes) have been identified, the products of which cooperate 
with other gene products in a common pathway regulating DNA repair [40]. 
Stem cell transplantation is the only curative treatment for FA. In recent years, 
HSCT from alternative donors has become more popular and has been success-
fully employed [41, 42].

7.1.2.2  Epidemiology

About 5–10 cases are diagnosed with FA, and the incidence in Japan is estimated to 
be 5  in 1,000,000 newborns. The carrier frequency for FA in Japan may be 1  in 
200–300 people [23].

7.1.2.3  Pathogenesis

FA is a multigenic disorder with 19 genes currently identified (A, B, C, D1, D2, E, 
F, G, I, J, L, M, N, O, P, Q, R, S, and T) [40]. Among them, FANCT was the first 
FA-causative gene discovered by a Japanese group [43]. FANCD1, FANCJ, and 
FANCN were identified as BRCA2, BRIP1, and PALB2, respectively. These three FA 
genes are associated with breast and ovarian cancer in heterozygotes. With the 
exception of the X-linked FANCB gene, the remaining 18 FA genes are autosomal 
recessive. The most common gene in FA is FANCA (60–70%), and more than 80% 
of FA patients have mutations in  FANCA or FANCG in Japan. These FA proteins 
cooperate with other gene products, in a common pathway (FA-BRCA pathway) 
that regulates DNA repair (Fig. 7.2). The FA pathway plays an important role in the 
proliferation of hematopoietic stem cells and tumor suppression. The FANCD1 and 
FANCN subtypes initiate a malignant tumor in early childhood, and their prognosis 
is very poor. In contrast, clonal expansion of hematopoietic cells with reversion 
mosaicism can restore normal hematopoiesis [44].

Recent studies in mice have suggested that the FA proteins might counteract 
aldehyde-induced genotoxicity in hematopoietic stem cells [139, 140]. Acetaldehyde 
dehydrogenase 2 (ALDH2) primarily catalyzes the conversion of acetaldehyde to 
acetic acid; it also converts a range of endogenous toxic aldehydes. ALDH2 defi-
ciency resulting from a Glu504Lys substitution (rs671, hereinafter referred to as the 
A allele) is highly prevalent in East Asian populations, including Japanese. The A 
allele (Lys504) acts as a dominant negative, since the variant form can suppress the 
activity of the Glu504 form (G allele) in GA heterozygotes by the formation of 
heterotetramers [45]. Individuals with the A variant experience flushing when drink-
ing alcohol and have an elevated risk of esophageal cancer with habitual drinking. 
Compared to individuals with GG homozygotes, enzymatic activity is reduced by 
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60–80% or nearly abolished (~4%) in GA or AA individuals, respectively [46]. 
Recently, Hira et al. showed that the presence of the A allele strongly accelerated 
progression of BMF in Japanese FA patients. Although ALDH2 status did not influ-
ence the number of developmental abnormalities, malformations at some specific 
anatomic locations were observed more frequently in ALDH2-deficient patients 
[47]. These results indicate that the level of ALDH2 activity impacts the pathogenesis 
of FA.

7.1.2.4  Clinical Management

Clinical Presentation

Pancytopenia

Pancytopenia was the most common presentation, particularly when the red cell 
mean cell volume (MCV) and fetal hemoglobin (HbF) were elevated for age. Bone 
marrow biopsy examination most often showed hypocellularity for age, due to 
decreased numbers of hematopoietic precursors with normal morphology. The 
median age at diagnosis is 6.5 years, ranging from birth to adult. The diagnostic age 
in the reported cases was similar in both sexes [48].
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Fig. 7.2 Schematic of the Fanconi’s anemia DNA repair pathway. After DNA damage, the FA 
core complex is activated, which then functions as an E3 ubiquitin ligase and monoubiquitinates 
FANCD2 and FANCI. The monoubiquitinated FANCD2/FANCI complex (ID complex) is then 
targeted to chromatin where it forms a complex with additional FA proteins and other DNA repair 
proteins
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Congenital Anomalies

Clinical manifestations of FA are variable. In about 60% of patients, FA is associated 
with physical anomalies and growth retardation, but in some patients, no congenital 
anomalies are found [48]. The most common characteristics at birth are skin hyper-
pigmentation, café au lait spots, short stature, abnormal thumbs, and radii [49].

Cancer Predisposition

Patients with FA are at a particularly high risk of developing MDS/AML and spe-
cific solid tumors at unusually young ages, including head, neck, esophageal, and 
gynecological squamous cell carcinoma. In the literature, about 15–20% of FA 
patients had hematologic neoplasms, and 5–10% had nonhematologic neoplasms 
[50, 51]. Of these neoplasms in Japanese FA patients, 33% were hematologic and 
10.4% were nonhematologic [49]. Solid tumors were observed both after and before 
HSCT, and they developed between 1 and 39 years of age.

Diagnostic Procedures

Diagnostic Evaluation

FA is an autosomal recessive disorder associated with a high frequency of bone 
marrow failure, leukemia, and solid tumors. FA is a complex disease that can affect 
many systems of the body. Initially, patients are recognized when they have the 
combination of aplastic anemia and birth defects. However, current diagnostic cri-
teria are more extensive and rely on demonstration of chromosomal aberrations in 
cells cultured with DNA cross-linking agents. The suspected diagnosis is usually 
confirmed by demonstration of chromosomal aberrations in blood lymphocytes cul-
tured with a DNA cross-linking agent such as diepoxybutane (DEB) or mitomycin 
C (MMC) [48]. Following DNA damage, the complex of upstream FA gene prod-
ucts (A, B, C, E, F, G, I, L, M) leads to ubiquitination of the product of FANCD2, 
detected with a Western blot with a D2-specific antibody [52].

However, some FA patients have hematopoietic somatic mosaicism. These cases 
have corrected one mutated allele in a bone marrow stem cell, leading to an acquired 
heterozygosity in the blood cells. If diagnostic test results of blood are not conclu-
sive and there is a high probability of FA, skin or bone marrow fibroblast cultures 
are required to demonstrate sensitivity to DNA cross-linking agents. Finally, FA 
mutation analysis determines the initial complementation group. Target next- 
generation sequencing can be performed to determine the relevant mutations.

Differential Diagnosis

Chromosome instability syndrome is a group of inherited conditions associated 
with chromosomal instability and breakage, and the following chromosome insta-
bility syndromes are known: xeroderma pigmentosum, ataxia-telangiectasia, Bloom 
syndrome, and Nijmegen syndrome.
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Treatment

Transfusion Therapy

FA patients can be transfused to maintain minimal trough hemoglobin of 6 g/dL and 
minimal trough platelet of 5000/μL.

Drug Therapy

Patients who choose not to pursue transplant for severe cytopenias may benefit from 
treatment with androgens. Androgens can improve cytopenias in all three lineages, 
erythroid, myeloid, and platelets, but the effects are typically most pronounced for 
the erythroid lineage [48]. The effects of androgens were recognized in half of FA 
patients, but its effect seems to have lasted only temporarily [53]. Androgen may 
exacerbate the risk of liver tumors, and prior exposure to androgens is the one of the 
risk factors affecting survival after unrelated transplant [54]. Metenolone acetate is 
used in Japan. A clinical trial of danazol, which has less virilizing side effects, is 
currently under way. The use of steroid hormones should be avoided.

Hematopoietic Stem Cell Transplantation

Currently, the only cure for the hematological abnormalities of FA remains 
HSCT. The optimal timing of transplantation is challenging because the best out-
comes are achieved prior to the development of complications such as infections 
from chronic severe neutropenia, high transfusion burden to treat anemia/throm-
bocytopenia, and the development of MDS or AML. Patients with FA are exqui-
sitely sensitive to genotoxic agents such as cyclophosphamide, busulfan, and 
ionizing radiation. FA patients are also susceptible to the damaging inflammatory 
side effects of graft-versus-host disease. The use of high-dose cyclophosphamide 
(CY) and radiation in preparative regimens for FA patients often resulted in 
excessive organ toxicity and death. Therefore, efforts have focused on reducing 
the doses required for transplant preparative regimens, choosing nongenotoxic 
regimens to prevent graft-versus-host disease and using alternative conditioning 
regimens [48]. The use of low-dose CY (20–40 mg/kg) combined with 4–6 Gy of 
thoracoabdominal irradiation (TAI) or total body irradiation (TBI) reduced pro-
cedure toxicity and improved the outcome for FA patients transplanted from 
HLA-matched sibling donors [55]. Non-radiation regimens have been increas-
ingly used for FA patients to reduce the secondary malignancies associated with 
radiation [56, 57].

A significant proportion of FA patients undergoing HSCT can now be dramati-
cally cured, even in the absence of an HLA-identical sibling, especially if the con-
ditioning regimen includes fludarabine [42, 58]. In Japanese FA patients transplanted 
using a fludarabine regimen, the 3-year estimate of overall survival (OS) for eight 
patients was 100% when the donor was an HLA-matched sibling [59], and 26 
patients out of 27 patients transplanted from an alternative donor are alive [42]. It is 
essential to test all potential sibling donors for FA regardless of clinical findings 
since the phenotypic variation even within a given family is broad.

7 Inherited Bone Marrow Failure Syndrome, TAM



156

HSCT does not correct the nonhematological manifestations of Fanconi’s anemia. 
Solid tumor risk, particularly head and neck squamous cell carcinoma, continues to 
increase after transplant, particularly in FA patients experiencing severe graft-versus-
host disease [60]. A retrospective study comparing solid tumor risks in transplanted 
versus non-transplanted FA patients reported a 4.4-fold higher age- specific hazard 
rate of squamous cell carcinoma in patients treated by transplantation. The tumors 
appeared at an earlier age in the transplanted cohort [61]. Data on solid tumor risks 
in patients transplanted with the newer regimens are as yet limited.

7.1.2.5  Future Challenges

Patients with FA usually are diagnosed in childhood, and their registrations have 
been managed in the Japanese Society of Pediatric Hematology/Oncology in Japan. 
Although the adult FA population is small, it is important to understand trans-
planted/non-transplanted adult FA patients, who have or have not developed bone 
marrow failure, hematological malignancy, and solid tumors. Fludarabine-based 
preconditioning regimen can be used satisfactorily in alternative HSCT for 
FA. However, long-term observation of secondary cancers and other late effects will 
be required to determine the therapeutic utility of this approach. A recent report 
showed endogenously produced aldehydes impact the severity of FA, suggesting the 
possibility of a novel therapeutic approach [47]. For example, Alda-1 can stimulate 
the enzymatic activity of both the normal and variant ALDH2 [62]. ALDH2 ago-
nists such as Alda-1 might be a novel protective drug against BMF in FA patients.

7.2  TAM

7.2.1  Introduction

Trisomy 21, the genetic hallmark of Down syndrome (DS), is the most frequent 
human chromosomal abnormality. In Japan, the incidence in the general population 
is 1  in 600–800 live births. Neonates with DS are at a high risk of developing a 
hematologic disorder referred to as transient abnormal myelopoiesis (TAM), which 
is characterized by the rapid growth of abnormal blast cells expressing megakaryo-
cytic markers [63]. It has been estimated that 5–10% of infants with DS exhibit the 
disorder, and in most cases, it resolves spontaneously within 3 months. However, 
approximately 20% of severe cases are subject to fatal complications, and 20–30% 
of patients who escape from early death develop AMKL referred to as myeloid leu-
kemia of DS (ML-DS) within the first 4 years of life [63–66].

Human tumors have been shown to progress by the accumulation of genetic 
abnormalities [67]. The malignant progression from TAM to AMLK offers a unique 
model to study the stepwise developments of cancer pathogenesis. The blasts in 
TAM are indistinguishable from true leukemic cells in both morphology and 
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expressed surface markers. Blast cells in most patients with TAM as well as those 
with ML-DS have mutations in the gene encoding the transcription factor GATA1 
[68–74], which is essential for normal development of erythroid and megakaryo-
cytic cells [75–77]. Recent reports showed that TAM is caused by a single GATA1 
mutation and constitutive trisomy 21, and subsequent AMKL evolves from a preex-
isting TAM clone through the acquisition of additional mutations in genes coding 
for cohesin components, CCCTC-binding factor (CTCF), epigenetic regulators, as 
well as tyrosine kinases/Ras pathway genes (Fig. 7.3) [78]. In this chapter, advances 
in the pathobiology and clinical management of TAM will be described.

7.2.2  Epidemiology

The actual incidence of TAM has been difficult to define. Estimates of the frequency 
of TAM vary from 3.8 to 30% of neonates with DS, depending on the diagnostic and 
eligibility criteria used in each study and the sensitivity of the methodologies used 
for screening [66, 79–81]. Zipursky et al. screened a small series of DS neonates by 
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Fig. 7.3 Natural history and pathogenesis of TAM and ML-DS. Trisomy 21, the genetic hallmark 
of Down syndrome (DS), is the most frequent human chromosomal abnormality. Five to 10% of 
neonates with DS develop transient abnormal myelopoiesis (TAM), which is characterized by 
rapid growth of abnormal megakaryoblastic cells. Almost all cases of TAM have mutations in 
GATA1. In most cases, it resolves spontaneously within 3 months. However, early death occurs in 
about 20% of the cases. Furthermore, about 20% of patients develop myeloid leukemia of DS 
(ML-DS) within 4 years of life after acquisition of additional mutations in the genes encoding 
multiple cohesion components, CTCF, and epigenetic regulations such as EZH2, as well as genes 
encoding common signaling pathways, such as JAK family kinases and Ras pathway genes. 
FL-HSCs: Hematopoietic stem cells in fetal livers, MEPs: Megakaryocyte-erythroid progenitors
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microscopic examination of blood films and found that 10% had blasts in the periph-
eral blood [66]. It is possible that some cases with relatively few blasts would have 
been missed. Pine et al. screened Guthrie cards from 590 DS infants for GATA1 
mutations by single-strand conformation polymorphisms (SSCP) and direct 
sequencing of PCR products and showed that 3.8% of the infants harbored GATA1 
mutations [80]. A recent prospective study of 200 DS neonates showed an 8.5% 
frequency of GATA1 mutations, using a combination of standard Sanger sequencing 
with direct high-performance liquid chromatography (Ss/HPLC) [81]. All of these 
patients had more that 10% blasts in the peripheral blood. Furthermore, low abun-
dant minor GATA1-mutant clones were detected in 20.4% of DS neonates without 
detectable GATA1 mutant clones with Ss/HPLC, by more sensitive targeted next- 
generation sequencing that can detect as few as 0.3% TAM blasts. They referred to 
these patients as “silent TAM.” This study indicates approximately 30% of DS 
neonates have GATA1 mutations [81].

7.2.3  Pathogenesis

7.2.3.1  GATA1 Mutations in TAM and ML-DS

Cell differentiation is controlled in part by cell lineage-restricted transcription fac-
tors. The transcription factor GATA1 is expressed within the hematopoietic hierar-
chy in erythroid, megakaryocytic, eosinophilic, and mast cell lineages [82–85], as 
well as in Sertoli cells of the testis [86, 87]. Gene targeting experiments have 
revealed that GATA1 is required for the terminal differentiation of definitive 
erythroid and megakaryocytic cells [88–90].

GATA1 mRNAs are abundantly expressed in blast cells from TAM patients, as 
well as ML-DS patients [91]. Almost all patients with TAM and ML-DS have 
GATA1 mutations [68–74]. The mutations lead to a loss of expression of the full- 
length GATA1 protein and the expression of a truncated GATA1 protein (GATA1s) 
that lacks the N-terminal transactivation domain. GATA1s, which is translated from 
the second methionine at codon 84, retains intact zinc finger regions, binds appro-
priately to the GATA consensus sequence, and interacts normally with its essential 
cofactor FOG-1.

Several cell culture-based rescue experiments have reported that the N-terminal 
activation domain appears to be dispensable during erythroid and megakaryocytic 
cell differentiation [92–95]. Furthermore, distinct regions in the N-terminus of 
GATA1, which regulates the proliferation of immature megakaryocytic progenitors, 
are required for terminal megakaryocyte differentiation and controlling the growth 
of immature precursors [96, 97]. GATA1, but not GATA1s, interacts physically with 
the transcription factor E2F, which can trigger reentry into the cell cycle. That 
observation suggests that the failure of GATA1s to repress E2F activity in cellular 
transformation of fetal progenitors may be caused by this failure in direct or indirect 
interaction [98]. Supporting this hypothesis, Toki et al. recently discovered novel 
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GATA1 mutants in TAM that lack just the E2F interaction domain in the N-terminus 
of GATA1 [99].

On the other hand, mice harboring a heterozygous GATA1 knockdown allele 
frequently develop erythroblastic leukemia [100]. These observations indicate 
that the expression level of GATA1 is crucial for the proper development of ery-
throid and megakaryocytic cells and that compromised GATA1 expression is a 
causal factor in leukemia [101]. Recently, Kanezaki et al. showed that the spec-
trum of transcripts derived from the mutant genes affects GATA1s protein expres-
sion. Mutations resulting in low GATA1s levels are significantly associated with 
a risk of progression to ML-DS [102]. However, a subsequent report contended 
that the GATA1 mutational spectrum did not differ between TAM and AMKL and 
that the type of GATA1 sequence mutation is not a reliable tool and is not prog-
nostic of which patients with TAM are likely to develop ML-DS [103]. To resolve 
this problem, a prospective study with a large series of TAM patients is 
necessary.

7.2.3.2  The Target Cells of TAM and ML-DS

TAM is a disorder found mainly in patients with DS during the newborn period and 
is sometimes associated with liver fibrosis, which usually takes a lethal course. 
Based on pathological observation of TAM cases with fatal liver fibrosis, Miyauchi 
et al. have proposed a hypothesis that TAM blasts originate from fetal liver hemato-
poietic progenitors [104]. Analyses of GATA1 mutations provide direct evidence for 
this hypothesis. The presence of identical GATA1 mutations in the blasts of both 
TAM and ML-DS in an identical twin suggested that GATA1 mutations occur early 
during prenatal hematopoiesis [105]. GATA1 mutations were detected in hemato-
poietic tissues from DS fetuses that had no pathological evidence of leukemia [106] 
and in Guthrie newborn screening cards at birth from DS infants who later developed 
ML-DS [107].

In addition, mice expressing GATA1s presented with hyperproliferation of yolk 
sac and fetal liver progenitors [108]. Consistent with this finding, GATA1-deficient 
mice rescued with transgenic expression of GATA1s exhibited hyper- 
megakaryopoiesis during a limited embryonic and postnatal period, resembling the 
phenotype in human TAM cases [109]. These data from mouse experiments also 
indicated the possibility that fetal megakaryocytic progenitors are the target cells of 
TAM and ML-DS.

7.2.3.3  The Essential Roles of Trisomy 21 in Leukemogenesis of DS

For the following reasons, trisomy 21 is thought to be the first genetic event in the 
development of ML-DS. First, TAM occurs almost exclusively in patients with DS 
[66]. Second, when TAM occurs in patients with mosaic trisomy 21, the TAM 
clones involve only the cells with trisomy 21 [110]. Third, an inherited mutation in 
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humans leading to production of only GATA1s is associated with impaired erythro-
poiesis and granulopoiesis, but does not promote leukemia in the absence of trisomy 
21 [111]. Fourth, trisomy 21 itself is associated with enhanced expansion of human 
fetal erythroid and megakaryocytic precursors, independent of GATA1 mutations 
[112, 113].

The mechanisms by which trisomy 21 predisposes individuals for the develop-
ment of acute leukemia are thought to involve increased expression of a gene, or 
genes, on chromosome 21 that stimulate abnormal proliferation of hematopoietic 
stem cells in infancy [114]. A recent genotype-phenotype study in 30 DS individu-
als with rare segmental trisomy 21 led to the identification of a critical region of 
8.35 Mb that is likely to contribute to increased risk of developing TAM and AMKL 
[115]. This region includes the RUNX1, DYRK1A, ERG, and ETS genes.

ERG and ETS2

Both ERG and ETS2 transcription factors belong to the ETS family. ERG is 
expressed in TAM and AMKL in DS, and its forced expression in erythroleukemia 
cells causes a phenotypic shift toward the megakaryocytic lineage. ERG binds the 
hematopoietic enhancer of SCL/TAL1 that regulates its expression in hematopoi-
etic stem cells [116]. SCL1/TAL1 overexpression is known to force progenitor 
cells toward the megakaryocytic lineage. Ectopic expression of ERG in fetal 
hematopoietic progenitors promotes megakaryopoiesis, and ERG alone acts as a 
potent oncogene in vivo leading to rapid onset of leukemia in mice. Furthermore, 
ERG also strongly cooperates with GATA1s to immortalize megakaryocytic pro-
genitors [117]. Overexpression of ETS2 and ERG immortalizes GATA1 knock-
down and GATA1s knockin, but not wild-type fetal liver progenitors. 
Immortalization is accompanied by activation of the JAK-STAT pathway, com-
monly seen in megakaryocytic malignancies [118]. These results indicate that 
there is a specific synergy between loss of full-length GATA1 and overexpression 
of ETS family members in the control of self-renewal of megakaryocyte 
progenitors.

RUNX1

Both GATA1 and GATA1s are associated with the RUNX1 transcription factor 
[119], which cooperates with GATA1 during megakaryocyte differentiation [120]. 
Analysis using a transchromosomic system, in which mouse embryonic stem cells 
(ESCs) carried an extra human chromosome 21, showed that trisomy 21 causes 
hyperproduction of multipotential immature hematopoietic precursors, accompa-
nied by increased expression of GATA2, c-Kit, and TIE-2. A panel of partial tri-
somy 21 ESCs, which was mapped by 3.5 kbp-resolution tiling arrays, helped to 
identify two different, nonoverlapping regions related to abnormal hematopoiesis. 
A human-specific siRNA silencing experiment revealed that an extra copy of 
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RUNX1, but not ERG or ETS2, raised the levels of TIE-2/c-Kit [121]. Interestingly, 
the expression levels of c-KIT and SCF/KIT signaling are significantly increased in 
primary TAM blasts [122].

A recent study with induced pluripotent stem cell (iPSC) lines demonstrated 
synergistic interaction of trisomy 21 and GATA1 mutations in hematopoietic 
abnormalities. Banno et  al. established systematic TAM models using human 
iPSCs and genome/chromosome-editing technologies. They found that trisomy 21 
promoted expansion of early hematopoiesis. Furthermore, GATA1s is upregulated 
by trisomy 21, leading to aberrant megakaryopoiesis [123]. Assays for expression 
of chromosome 21 genes in trisomic and disomic iPSC-derived CD34+CD38− 
cells identified a group of genes with relatively higher expression levels in triso-
mic iPSCs. These genes included RUNX1, ETS2, and ERG, which are clustered 
within a 4 Mb region on chromosome 21. Notable, trisomy of the 4 Mb region is 
critical to the perturbation of megakaryocyte development via GATA1s upregula-
tion. Knockout of either RUNX1, ETS2, or ERG genes in a single chromosome 
revealed that the loss of one copy of the RUNX1 gene canceled the accelerating 
effect on early hematopoiesis, and the increased gene dosage of RUNX1, ETS2, 
and ERG perturbed megakaryocyte differentiation synergistically via GATA1s 
upregulation.

DIRK1A

Malinge et al. recently used a mouse model of three oncogenic events to show that 
trisomy of 33 gene orthologs of human chromosome 21, a GATA1 mutation, and an 
MPL mutation were sufficient to induce ML-DS in vivo. Furthermore, functional 
screening of the trisomic genes identified DYRK1A, which encodes dual-specificity 
tyrosine-phosphorylation-regulated kinase 1A, as a potent megakaryoblastic tumor- 
promoting gene that contributes to leukemogenesis through dysregulation of nuclear 
factor of activated T cells (NFAT) activation [124].

7.2.3.4  Additional Genetic Events During the Progression 
from TAM to AMKL

It has been proposed that other genetic alterations must be acquired in addition 
to the GATA1 mutation for progression from TAM to ML-DS.  Available evi-
dence indicates that acute leukemia could arise from cooperation between one 
class of mutations that interferes with differentiation, such as loss-of-function 
mutations in hematopoietic transcription factors, and a second class of mutations 
that confers a proliferative advantage to cells, such as activating mutations in the 
hematopoietic tyrosine kinases [125]. Indeed, mutations in JAK1, JAK2, JAK3, 
FLT3, and TP53 were reported in some ML-DS patients [65, 126–130]. However, 
the possible presence of additional mutations in ML-DS remains unknown in 
most cases.
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Recently, Yoshida et al. reported genomic profiling of 41 TAM, 49 ML-DS, and 
19 non-DS-AMKL samples, including whole-genome and/or exome-sequencing of 
15 TAM and 14 ML-DS samples. Non-silent mutations in TAM blasts are primarily 
limited to the GATA1 gene. In contrast, ML-DS blasts carry a higher burden of 
mutations, with frequent mutations of cohesin components (53%), CTCF (20%), 
EZH2, KANSL1, and other epigenetic regulators (45%), as well as common signal-
ing pathways, such as the JAK family kinases, MLP, SH2B3 (LNK), and multiple 
RAS pathway genes (47%) (Fig. 7.2) [78].

Cohesin is a multiprotein complex consisting of four core components, including 
the SMC1, SMC3, RAD21, and STAG proteins. In concert with functionally associ-
ated proteins such as NIPBL, cohesin is engaged in sister chromatids cohesion, 
post-replicative DNA repair, and transcriptional regulation. CTCF is a zinc finger 
protein implicated in long-range regulation of gene expression in collaboration with 
cohesin. Importantly, all mutations and deletions in different cohesin components 
were mutually exclusive, suggesting that cohesin function was the common target 
of these mutations.

Genes commonly observed with chromatin modification were frequently mutated 
in ML-DS. Especially, EZH2, which encodes a catalytic subunit of the polycomb 
repressive complex 2 (PRC2), was another recurrent mutational target in 
ML-DS. The frequency of the mutations was 33%, which is much higher than that 
in other hematological malignancies. In erythroid cells, PRC2 is involved in epigen-
etic silencing of a subset of GATA1-repressed genes, such as KIT and GATA2.

Collectively, these findings support a multistep leukemogenesis model whereby 
TAM is caused by a single GATA1 mutation and constitutive trisomy 21, and subse-
quent AMKL evolve from a preexisting TAM clone through the acquisition of addi-
tional mutations (Fig. 7.3).

7.2.4  Clinical Management

7.2.4.1  Clinical Presentation

TAM presents in a wide variety of ways, from asymptomatic alterations in the 
blood counts to fulminant hepatic fibrosis. Recent prospective and retrospective 
studies revealed a median age at diagnosis of TAM is 3–7 days [131–133]. About 
10–25% of TAM patients are asymptomatic at presentation. In symptomatic 
infants, hepatomegaly, splenomegaly, pleural/pericardial effusions, ascites, jaun-
dice, and bleeding diatheses (bruising, petechiae, or bleeding) are most common 
findings, whereas hepatic fibrosis, hydrops fetalis, renal dysfunction/failure, and 
rash are less common. Patients may develop liver fibrosis due to blast cell infil-
tration that can cause fulminant liver failure and early death. Smrcek et  al. 
reported that 11 of 79 (14%) patients with DS had fetal hydrops, and three of 
these patients (27%) presented with hepatosplenomegaly and TAM in the second 
and third trimesters [134].
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7.2.4.2  Diagnostic Procedures

Generally accepted diagnostic criteria for TAM have not been established. Each 
study group uses its own criteria [79, 131]. For example, according to the Japan 
Pediatric Leukemia/Lymphoma Study Group (JPLSG), diagnosis of TAM is made 
if infants with trisomy 21 or mosaic trisomy 21 are up to 90 days at presentation 
with blasts in the peripheral blood or if infants with normal karyotype are up to 90 
days at presentation with TAM-like blasts in the peripheral blood, which have 
trisomy 21 and GATA1 mutations.

Myeloid blasts in the peripheral blood with megakaryoblastic features are diag-
nostic hallmarks of TAM. The blasts express variable combinations of CD33, CD41, 
CD42b, CD117, CD7, CD34, CD45, and CD56. However, a recent study showed 
that about 98% of DS neonates have circulating blasts [81], suggesting that it is very 
difficult to diagnose TAM morphologically. The most reliable method to identify 
TAM blasts is the detection of a GATA1 mutation. We recommend direct sequencing 
analysis by using complementary DNA (cDNA) prepared from total RNA extracted 
from peripheral blood cells, and then confirmation of the results using genomic 
DNA. Sequence analysis of cDNA for the GATA1 mutation is more sensitive than 
that of genomic DNA because only TAM blasts express GATA1 in the peripheral 
blood. Recently, Roberts showed that targeted next-generation sequencing (NGS) 
can detect GATA1 mutation with a sensitivity of 0.3% and that the estimated fre-
quency of TAM is around 30% in DS neonates [81].

7.2.4.3  Treatment

Most neonates with TAM do not need treatment. The TAM neonates without severe 
disease can be safely monitored without treatment since their outcome is favorable 
[79]. The Pediatric Oncology Group conducted the first prospective study of TAM. 
Three children with life-threatening disease received low-dose cytosine arabinoside 
(LDCA) (0.4–1.5 mg/kg every 12 h for 5 or 7 days). The disease resolved in all of 
the patients [135]. In the BFM trial, chemotherapy with LDCA has a beneficial 
effect on the outcome of those children with risk factors for early death. LDCA 
(0.5–1.5 mg/kg for 3–12 days) improved the 5-year event-free survival from 28 to 
52%. The main aim of treating high risk TAM patients is to immediately improve 
life-threatening features of TAM. Treatment of TAM did not alter the risk of devel-
oping subsequent ML-DS [131].

7.2.4.4  Prognostic Factors

Prospective and retrospective studies from the United States, Germany, and Japan 
confirmed that TAM is not a benign disease, as early death was reported in 15–20% 
of patients [131–133]. Risk factors for early death include high white blood cell 
(WBC) count, preterm delivery, bleeding diatheses, failure of spontaneous remission, 
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increased bilirubin, and liver enzymes. Recent prospective study  
(TAM-10) of the Japan Pediatric Leukemia/Lymphoma Study Group (JPLSG) con-
firmed that a high WBC count and effusion are risk factors for early death 
(unpublished data).

7.2.5  Future Challenges

Recent studies have provided fascinating insights into the pathogenesis of TAM and 
AMKL in DS. Most important is the discovery of acquired mutations in GATA1 in 
TAM and additional genetic events during TAM to AMKL progression. Furthermore, 
several candidate genes on chromosome 21 that may cooperate with GATA1s have 
been identified. However, there are still many important questions to be answered. 
For example, why do GATA1s mutations occur to such a high degree exclusively in 
children with DS? What is the true incidence of TAM? What are the epigenetic 
events that occur subsequent to GATA1 mutations that cause malignant transforma-
tion from TAM to ML-DS?

Population-based study with more sensitive methods for GATA1 mutation screen-
ing will clarify the true incidence of TAM in DS and risk factors that predict malig-
nant transformation from TAM to AMKL. Studies of ML-DS have now begun to 
lead us toward a fuller understanding of acute myeloid leukemia in children and 
adults and potentially to novel ways of prevention and treatment of this devastating 
disorder.
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Chapter 8
Immune and Inherited Thrombocytopenia 
in Children

Masue Imaizumi

Abstract Immune thrombocytopenia (ITP), the most common isolated throm-
bocytopenia in children, is regarded collectively as various thrombocytopenic 
diseases commonly involved in immunological mechanisms. ITP children can be 
treated with multiple therapeutic modalities including novel biological agents. 
However, without available means of confirmative diagnosis yet, ITP more or 
less requires exclusion diagnosis. As recent investigation of inherited thrombo-
cytopenic disorders has revealed that genetic thrombocytopenia is frequently 
overlooked, inherited thrombocytopenias (ITs) might become increasingly 
important as diseases of differential diagnosis. Misdiagnosis of ITP not only 
 prevents IT patients from correct management but also exposes them to inappro-
priate and potentially harmful treatments. Therefore, correct diagnosis based on 
combined clinical examinations and gene analyses may become more necessary 
for appropriate management and treatment choice of children with 
thrombocytopenia.

8.1  Introduction

Immune thrombocytopenia (ITP), the most common isolated thrombocytopenia 
in children, is characterized by increased platelet destruction in the spleen and 
reticuloendothelial system and by impaired platelet production in the bone mar-
row [1, 2]. Formally, ITP stands for idiopathic thrombocytopenic purpura, which 
literally means that it has unknown cause. It therefore requires diagnosis based 
on exclusion of any definite disease. However, an accumulation of findings that 
include  pre- existing infection or vaccination, effectiveness of splenectomy, and 
presence of antiplatelet antibodies and/or platelet antigen-responsive T cells has 
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shed light on pathological mechanism(s) that are common both in ITP of 
unknown cause and thrombocytopenia associated with immunological diseases. 
Therefore, ITP is regarded not as a single disease but collectively as various 
thrombocytopenic diseases that are commonly involved in immunological mech-
anisms [1, 3].

As the categories of diseases covered by primary and secondary ITP have 
become more numerous, inherited thrombocytopenic disorders might become 
increasingly important as diseases of differential diagnosis [4]. Especially in cases 
of inherited thrombocytopenias (ITs) with inconspicuous characteristic features or 
findings other than thrombocytopenia, patients might be misdiagnosed as ITP 
patients who would show chronic course with inadequate therapeutic response to 
standard treatments for ITP. Moreover, recent advances in genetic analyses have 
increased knowledge of ITs, suggesting that genetic thrombocytopenia is frequently 
overlooked [5].

This article presents a review of recent findings related to clinical, diagnostic, 
and pathological aspects of childhood ITP as well as on those of inherited disorders 
with thrombocytopenia that should be examined as differential diagnoses of ITP.

8.2  Clinical Picture of ITP

ITP is representative of hemorrhagic disorders in children. With the help of the 
previous epidemiological studies [6, 7], the annual incidence of children with ITP is 
estimated at approximately 1000 children in Japan. However, the number of chil-
dren with thrombocytopenia in the registry of the Japanese Society of Pediatric 
Hematology was 439 on an average annual basis from 2006 to 2009 [8], suggesting 
that ITP in children might be seen not only by pediatric hematologists but also by 
general pediatricians.

Figure 8.1 presents results of a population-based retrospective study conducted 
using the Japanese public health system disease registry [9]. Results show that the 
incidence of patients with ITP is associated closely with age and sex. Approximately 
80% of children with ITP developed the disease before school age [10], although 
postadolescent patients tend to become more numerous gradually along with age. 
Three peaks of incidence are apparent across all age groups. The first is in children 
under 4 years of age, with boys predominant, the second in middle age with female 
predominance, and the third in elderly people.

Table 8.1 shows that major bleeding manifestations of children with ITP were 
purpura (92.6%) and nasal bleeding (29.7%), the frequency of which was signifi-
cantly higher than that in adults with ITP. It is particularly interesting that intracra-
nial hemorrhage, a severe complication, is extremely rare in children (0.1%), but 
less in adults (0.7%), suggesting an involvement of age-related physiological 
changes [10]. The clinical features at diagnosis, such as >10 years of age, >2 × 104/
μL of platelet counts, and the absence of precedent infection or vaccination, are cor-
related significantly with the risk of transition to chronic ITP [11].
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8.3  Immune-Mediated Mechanism(s) Causing 
Thrombocytopenia

Although clinical findings, such as frequent preceding infectious events and thera-
peutic effect of splenectomy, suggest the involvement of immunological mecha-
nisms in the onset of ITP, it is also known that ITP children often lack direct evidence 
of immune-mediated mechanisms [1]. Recently, “a cryptic epitope model” in cel-
lular and molecular pathogenesis has been presented for adult ITP, where 
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Fig. 8.1 Population-based epidemiological study of 7774 patients with ITP in a Japanese popula-
tion [9]. A population of 7774 patients with ITP were analyzed retrospectively using the database 
registry of the Ministry of Health, Labour, and Welfare of Japan from 2004 to 2007

Table 8.1 Comparative study of hemorrhagic manifestations between pediatric and adult patients 
with ITP [9]

Hemorrhagic manifestations Pediatric patients (%) Adult patients (%) p Value

Purpura 860 (92.6) 4300 (62.8) p < 0.001
Gingival bleeding 175 (18.8) 1365 (19.9) ns
Nasal bleeding 276 (29.7) 687 (10.0) p < 0.001
Hematuria 54 (5.8) 453 (6.6) ns
Melena 43 (4.6) 259 (3.8) ns
Hypermenorrhea 11 (1.2) 264 (3.9) p < 0.001
Intracranial hemorrhage 1 (0.1) 45 (0.7) p < 0.05
Other bleedings 54 (5.8) 214 (3.1) p < 0.001
Total 929 6845
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autoreactive CD4+ T cells that can recognize the cryptic peptides derived from 
platelets might promote peripheral B-cell production of antiplatelet GPIIb/IIa anti-
bodies [12, 13].

Compared to ITP in adult, childhood ITP has clinical features that are often char-
acterized by remission after a short duration and precedent events such as infection 
or vaccination, suggesting the background factors of physiologically and develop-
mentally immature immunological regulation systems [14].

Not only peripheral platelets but also megakaryocytes in bone marrow can be 
targets of immunological responses attributable to the expression of GPIIb/IIIa mol-
ecules on the megakaryocytes, leading to impaired platelet production or aberrant 
megakaryopoiesis [15, 16].

8.4  International Standardization of Terminology, 
Definitions, and Outcome Criteria

The Japanese Society of Pediatric Hematology proposed conventional guidelines of 
diagnosis, treatment, and management for childhood ITP [17]. The guideline, in 
which ITP stands for idiopathic thrombocytopenic purpura of unknown causes, had 
been used for many years and prevailed in Japan. Recently, international standard-
ization of terminology, definitions, and outcome criteria has been proposed and 
acknowledged around the country [3]. This standardization proposes ITP as 
“immune thrombocytopenia,” which is not a single disease but comprising various 
diseases with thrombocytopenia commonly caused by immunological 
mechanisms.

Firstly, as shown in Table 8.2, the international standardization classifies ITP into 
two categories, primary and secondary ITP, in which the primary ITP corresponds 
to conventional ITP of unknown causes. The secondary ITP includes disorders 
showing thrombocytopenia, which are strongly associated with immunological 
pathogenesis, such as underlying immune-mediated diseases or drug-induced reac-
tions. Consequently, several diseases that have been exclusive from conventional 
ITP can become inclusive of the secondary ITP, leading to increased importance of 
some inherited disorders with thrombocytopenia as diseases in differential diagno-
sis of ITP.

Secondly, the international standardization has introduced the concept of 
“phases of the disease (newly diagnosed, persistent, and chronic ITP)” in substitu-
tion of types of the disease (acute and chronic ITP) to avoid an uncertain type of 
disease at onset, for which confirmation by definition requires evaluation for a 
certain period. Moreover, it advises 12 months of observation until diagnosis of the 
chronic ITP to avoid excessive treatment for numerous patients who can have 
remission of thrombocytopenia within 12 months after onset. In addition, severe 
ITP is defined as the state with the presence of bleeding symptoms sufficient to 
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mandate treatment or occurrence of new bleeding symptoms requiring additional 
therapeutic intervention.

Thirdly, the international standardization has proposed outcome criteria that 
define the conditions to evaluate therapeutic effects: CR, complete response; R, 
response; NR, no response; and refractory state of ITP. Although these criteria are 
apparently rather broad and simple, the consensus criteria for therapeutic evaluation 
and disease states are indispensable for comparative and cooperative investigations 
among different study groups.

Table 8.2 Standardization of terminology, definitions, and outcome criteria in ITP [3]

A. Definitions of disease
Abbreviation of ITP: immune thrombocytopenia
  Primary ITP
   •  Isolated thrombocytopenia (peripheral blood platelet count <10 × 104/μL) in the absence 

of other causes or disorders that may be associated with thrombocytopenia
   •  The diagnosis of primary ITP remains one of exclusion; no robust clinical or laboratory 

parameters are currently available to establish its diagnosis with accuracy
   •  The main clinical problem of primary ITP is an increased risk of bleeding, although 

bleeding symptoms may not always be present
  Secondary ITP
   • All forms of immune-mediated thrombocytopenia except primary ITP
   •  Secondary forms of thrombocytopenia that are due to an underlying disease or to drug 

exposure. The name of the associated disease should follow the designation, for 
example, secondary ITP (SLE associated) or (HIV associated)

B. Phase of the disease
  Newly diagnosed ITP: within 3 months from diagnosis
  Persistent ITP: between 3 and 12 months from diagnosis, includes patients not reaching 

spontaneous remission or not maintaining complete response off therapy
  Chronic ITP: lasting for more than 12 months
  Severe ITP: presence of bleeding symptoms at presentation sufficient to mandate treatment or 

occurrence of new bleeding symptoms requiring additional therapeutic intervention with a 
different platelet-enhancing agent or an increased dose

C. Criteria for assessing response to ITP treatment
  CR(complete response): platelet count ≥10 × 104/μL and absence of bleeding
  R(response): platelet count ≥3 × 104/μL and at least twofold increase the baseline platelet 

count and absence of bleeding
  NR(no response): platelet count <3 × 104/μL or less than twofold increase of baseline count or 

bleeding
  Loss of CR or R: platelet count below 10 × 104/μL or bleeding (from CR) or below 3 × 104/μL 

or less than twofold increase of baseline platelet count or bleeding (from R)
D. Refractory ITP (all need to be met)
  • Failure to achieve at least R or loss of R after splenectomy
  •  Need of treatment(s) to minimize the risk of clinically significant bleeding. Need of on 

demand or adjunctive therapy alone does not qualify the patient as refractory
  • Primary ITP confirmed by excluding other supervened causes of thrombocytopenia
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8.5  Treatments [17, 18]

8.5.1  Conventional Treatments

Steroid and intravenous immunoglobulin (IVIG) are two major conventional drugs 
in the first-line therapy for children with ITP. Children with newly diagnosed ITP 
presenting with bleeding symptom and <2 × 104/μL of platelet counts are treated 
with steroids (2 mg/kg) or IVIG (1–2 g/kg), although a wait-and-see approach might 
be used for patients with minimal bleeding. Approximately, 70–80% of children 
with newly diagnosed ITP are likely to have complete response within 6–12 months 
after diagnosis. For children with chronic, but not severe ITP, close observation 
without treatment is a possible consideration in cases of minimal bleeding, even at 
<2 × 104/μL of platelet count. However, patients with severe ITP in chronic phase or 
refractory ITP need treatment including second-line therapy.

Conventional second-line treatment for severe or refractory ITP includes sple-
nectomy and immunosuppressive agents such as cyclophosphamide, cyclosporin A, 
and dapsone (diaphenylsulfone). Although splenectomy is a reliable second-line 
therapy, its application to children has become less frequent since the introduction 
of new agents such as rituximab and thrombopoietin receptor (TPO-R) agonists in 
clinical areas. A review of these two therapeutic agents is presented below.

8.5.2  Rituximab

Rituximab is a chimeric monoclonal antibody that targets CD20 antigen on the sur-
face of B cells. It is applied initially to B-cell lymphoma and, then, expanded to 
autoimmune diseases. In contrast to the wide use of rituximab in adult patients, few 
data are available for the long-term efficacy of rituximab for childhood ITP [19, 20]. 
Recently, a retrospective study in Japan of the long-term effects of rituximab for 22 
children with refractory ITP [21] reported that the initial CR rate as high as 41% 
(9/22) decreased gradually to a 14% (3/22) relapse-free CR rate at 5 years after the 
first rituximab therapy. Consequently, although sustained effects of rituximab on 
children with refractory ITP might occur only with low probability, repeated ritux-
imab administration might be a promising therapy because patients who have 
received multiple courses of rituximab after relapse responded each time without 
adverse effects and obtained remission.

8.5.3  TPO-R Agonists

Eltrombopag and romiplostim, TPO-R agonists in the second generation, are low- 
molecular compounds that stimulate signaling through TPO-R without inducing a 
neutralizing antibody against TPO.  TPO-R agonists were effective and safe in 
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approximately 80% of adult patients with refractory ITP [22, 23]. These agents have 
two specific properties: a loss of effect after withdrawal and an increased risk of 
myelofibrosis. Although TPO-R agonists are effective also for children with refrac-
tory ITP, a retrospective study of children receiving TPO-R agonists for up to 
53 months revealed that one of 24 patients developed myelofibrosis in grade 2 [24]. 
The guideline of the American Society of Hematology continues to advise a cau-
tious attitude related to TPO-R agonists for children with ITP [25].

8.6  Inherited Thrombocytopenia

Recent advances of genetic investigation of inherited thrombocytopenias (ITs) 
have greatly enhanced the understanding of ITs at the molecular and genetic 
levels, leading to identification of new responsible genes and a better character-
ization of ITs [4]. To date, ITs constitute at least 22 disorders caused by muta-
tions of 25 genes with different degrees of complexity in phenotypes and 
variation in prognosis (Table 8.3) [5]. Conventionally, ITs are classified using 
characteristic small-, normal-, or large-sized platelets, respectively. The platelet 
size is denoted either by the mean platelet diameter (upper limit of normal range, 
4  μm) or by the mean platelet volume (MPV) (normal range, 7.2–11.1  fL). 
Recently, with greater emphasis on symptoms, Pecci has categorized ITs into 
two groups according to symptoms and organs involved by ITs: syndromic and 
non-syndromic forms [5].

Despite increasing knowledge of ITs, its diagnosis remains difficult, and these 
disorders are probably still underdiagnosed. In fact, several patients with ITs might 
have had a prior wrong diagnosis of ITP [5, 63]. Therefore, physicians should con-
sider ITs during differential diagnosis of ITP in children, especially those who 
exhibit chronic or refractory ITP with small- or normal-sized platelets, positive 
familial history, or skeletal malformation. Not only clinical examinations, including 
familial history, but also gene analyses are invariably important to make a correct 
diagnosis of ITs.

For this article, among ITs with identified entities and gene mutations, we spe-
cifically review mainly ITs with small- or normal-sized platelets. ITs with small 
platelets are represented by diseases with mutation in WAS gene, whereas ITs with 
normal-sized platelets consist of various syndromic forms of diseases that entail 
complications such as skeletal anomaly or predisposition to malignant diseases.

8.6.1  ITs with Small-Sized Platelets

Wiskott–Aldrich syndrome (WAS), an X-linked primary immunodeficiency caused 
by mutations of the WAS gene, is clinically characterized as having small-sized 
thrombocytopenia, increased susceptibility to infection, and refractory eczema 
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[29, 30]. Also, X-linked thrombocytopenia (XLT), a mild variant of WAS, is derived 
from mutations that do not abolish WAS expression completely and which often 
present with mild thrombocytopenia [31]. These two are important diseases for dif-
ferential diagnosis of boys with chronic ITP at an early age of onset. Hematological 
examinations show small thrombocytopenia decreases (MPV, 6.0–6.2 fL) and no 
increase of megakaryocytes in bone marrow. Compared to ITP, the risk of intracra-
nial hemorrhage is increased in WAS and XLT because of impaired platelet 
aggregation.

8.6.2  ITs with Progression to Pancytopenia

Congenital amegakaryocytic thrombocytopenia (CAMT) is an autosomal reces-
sive disease characterized by onset in the newborn period or early infancy, dimin-
ished megakaryocytes in bone marrow, increased TPO levels, and progression to 
pancytopenia [47]. This disease results from mutations of MPL gene encoding 
TPO-R, the signaling of which promotes megakaryocytic maturation and platelet 
production [64].

8.6.3  ITs with Skeletal Anomalies

Several disorders with skeletal malformation and distinct etiology are included in 
this category. Thrombocytopenia with absent radii (TAR) with autosomal recessive 
inheritance is characterized by defect of the radius, thrombocytopenia in early 
infancy showing alleviation with growth, and decreased megakaryocytes in BM [33, 
35]. Actually, TAR results from mutations of RBM8A gene encoding a component 
of RNA-processing complexes [34].

Radioulnar synostosis with amegakaryocytic thrombocytopenia (RUSAT) is 
characterized by congenital fusion of the radius and ulna, with progression to pan-
cytopenia [38]. Heterozygous mutations of homeotic gene, HOXA11, have been 
reported as a cause of RUSAT in two families with autosomal-dominant inheritance 
[39]. More recently, Niihori et al. identified de novo heterozygous missense muta-
tions in EVI1 gene as a novel entity of RUSAT [40]. Missense mutations were clus-
tered within the eighth zinc finger motif of the C-terminal zinc finger domain of 
EVI1, suggesting that EVI1 has important functions in hematopoiesis and stem cell 
self-renewal, and in the development of forelimbs in humans. Patients with EVI1 
mutations were treated with stem cell transplantation at 4–18 months of age because 
of its more rapid progression of bone marrow failure as compared to that of RUSAT 
with HOXA11 mutation.

8 Immune and Inherited Thrombocytopenia in Children
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8.6.4  ITs with Predisposition to Malignant Diseases

This category includes several diseases with distinct etiology. Familial platelet dis-
order with propensity to acute myeloid leukemia (FPD-AML) is an autosomal- 
dominant disease caused by mutations of RUNX1 gene encoding the hematopoietic 
transcription factor [48, 65]. FPD-AML shows a mild to moderate thrombocytope-
nia, but those patients have an approximately 35% of lifetime risk to develop AML 
or MDS. The process to malignant development in FPD-AML might be involved by 
mutations in additional genes such as CDC25C, a cell cycle regulator [66].

Autosomal-dominant thrombocytopenia, thrombocytopenia 2 (THC2), is an 
autosomal-dominant disease caused by mutations of ANKRD26 gene [49]. It shows 
moderate thrombocytopenia and platelet dysfunction. A small percentage (<5%) of 
patients with THC2 also present a lifetime risk of developing myeloid malignancies 
such as AML, MDS, and CMML.

More recently, germline mutations in ETV6 were found to be responsible for a 
third form of autosomal-dominant thrombocytopenia that is predisposed to hemato-
logical malignancies and skin and colon cancers with an uncertain degree of risk 
[56, 57].

8.7  Conclusion

With unavailable means of confirmative diagnosis yet, childhood ITP more or less 
requires exclusion diagnosis. Inherited thrombocytopenia is a disease that should be 
considered because misdiagnosis of ITP not only prevents IT patients from correct 
management of their diseases, but it also exposes them to inappropriate and poten-
tially harmful treatments. The combination of clinical examinations and gene analy-
ses is expected to be important for the medical treatment of children with ITP.
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Chapter 9
Pathogenesis and Treatment of Hemophilia

Keiji Nogami and Midori Shima

Abstract Hemophilia A and B are congenital inherited bleeding disorders, 
occurred by genetic abnormalities of blood coagulation factor (F)VIII and FIX 
molecules, respectively. The clinical abnormality is associated with bleeding 
episodes affecting especially joints and muscles, and repeated hemorrhage 
results in chronic arthropathy finally associated with loss of joint movement. 
The current hemostatic treatment is the replacement therapy of plasma-derived 
or recombinant (r)FVIII or FIX concentrates with on demand or prophylaxis. 
Development of this therapy had improved the quality of life of hemophiliacs 
more dramatically than before. The primary and secondary prophylaxis is 
recently becoming widespread for the prevention of arthropathy. There remain 
some issues such as frequent intravenous injection, however. Extended half-life 
rFVIII and rFIX concentrates have been recently developed, and some products 
are available. However, in 20–30% of severe hemophilia A and 3–5% of hemo-
philia B which had multi-transfused, anti-FVIII (FIX) alloantibodies (inhibitors) 
appeared, resulting in difficulty of hemostatic management. Immune tolerance 
induction therapy to eradicate inhibitors has been actively conducted. The 
bypassing agent therapy is treated for hemophilia patients with inhibitor. 
Subcutaneous injection therapy such as FVIII-mimetic bispecific antibody or 
gene therapy is currently ongoing in the clinical trials for the future prospective 
therapy.
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9.1  Hemophilia A

9.1.1  Introduction

Hemophilia A is an inherited bleeding disorder caused by deficiency or dysfunction 
of the coagulation protein, factor (F)VIII. FVIII plays an essential role in the intrin-
sic pathway during blood coagulation, and the genetic defect causes a decreased and 
delayed generation of thrombin leading to disordered clot formation and a bleeding 
diathesis. The clinical abnormality is associated with bleeding episodes affecting 
joints, muscles, and soft tissue. Repeated hemorrhage results in chronic arthropathy 
finally associated with loss of joint movement. Both hemophilia A and hemophilia 
B (discussed below) are inherited as X-linked recessive traits; i.e., male individuals 
are affected and female individuals are asymptomatic or mildly affected carriers.

9.1.2  FVIII Protein and FVIII Gene (F8) (Fig. 9.1)

The FVIII protein was first isolated and purified over 30  years ago [1], and the 
human FVIII gene (F8) was initially cloned in 1984 [2, 3]. F8 is located in the most 
distal band (Xq28) of the long arm of the X chromosome. The gene contains 25 
introns and 26 exons, 24 of which vary in length from 69 to 262 base pairs (bp), 
while the two larger exons 14 and 26 contain 3106 and 1958 bp, respectively. Most 
of exon 26 consists of a 3′ untranslated sequence, however, and exon 14, therefore, 
bears by far the largest exonic coding sequence, principally that of the B domain. 
Spliced FVIII mRNA is approximately 9 kb in length and predicts a precursor pro-
tein of 2351 amino acids.

Removal of a 19 peptide secretory leader sequence of FVIII results in the mature 
sequence of 2332 amino acids. The FVIII molecule consists of three homologous A 
domains, a B domain, and two homologous C domains structurally in the order 
A1-A2-B-A3-C1-C2. Prior to secretion, FVIII is processed into a series of metal 
ion-linked heterodimers produced by cleavage at the B-A3 junction together with a 
number of additional cleavages within the B domain. FVIII is highly sensitive to 
proteolytic processing after secretion, and only a small fraction of circulating FVIII 
retains a single-chain form. Most consist of heavy chains of variable length (includ-
ing sequences of the A1, A2, and B domains) linked ion covalently to light chains 
composed of the A3, C1, and C2 domains [4]. Limited proteolysis at Arg372 and 
Arg1689 by thrombin or FXa generates cofactor activity (FVIIIa). Expression of 
recombinant (r)FVIII lacking the entire length of the B domain has confirmed, how-
ever, that this domain is dispensable for the activation and procoagulant function of 
the protein. The cofactor function of FVIIIa accelerates the activation of FX by 
activated FIX (FIXa) on a suitable phospholipid surface, thus amplifying the clot-
ting stimulus by several orders of magnitude. Specific proteolytic cleavages between 
the FVIII domains both activate and inactivate the cofactor [5]. The active form 
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(FVIIIa) cation-dependently bonds to the A3-C1-C2 light chain together with the 
heavy chain held by electrostatic association between the A1 and A2 domains. 
FVIIIa is highly unstable owing to spontaneous dissociation of the A2 subunit and 
proteolytic inactivation of FVIIIa through cleavage at Arg336 by activated protein 
C (APC) and FXa. An additional cleavage site for APC at Arg562 in the A2 subunit 
results in complete inactivation of FVIIIa [5].

For convenience, F8 defects associated with hemophilia A may be divided into 
several categories: (1) gross gene rearrangements, (2) deletions or insertions of 
genetic sequence of a size varying from one base pair up to the entire gene, and (3) 
single DNA base substitutions resulting in either amino acid replacement (“mis-
sense”), premature peptide chain termination (“nonsense” or stop mutations), or 
mRNA splicing defects. More than 2500 unique molecular defects in F8 have been 
described and are included in the worldwide Factor VIII Variant Database (http://
www.factorviii-db.org). Molecular characterization of patients with hemophilia A is 
dependent initially upon the analysis of intron 22 and intron 1  in F8 [6, 7]. The 
single, clinically most important defect is a gene rearrangement (an inversion) 
involving intron 22 (Fig. 9.2), which is evident in approximately 50% of all severe 
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Fig. 9.1 Linear representation of F8, the structure of FVIII, and its cleavage site. The 26 exons 
(above) and domain organization (below) of FVIII based on amino acid homology. Activation of 
FVIII leads to release of the B and a3 domains. In the activated FVIII heterotrimer, the A1 and A3 
domains retain the metal ion-mediated interaction, and the stable A1/A3-C1-C2 dimer is weakly 
associated with the A2 subunit through electrostatic interactions. Either spontaneous dissociation 
of A2 or proteolysis of FVIIIa results in loss of its function. Th thrombin
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disease cases [6]. If genetic variations in intron 1 or intron 22 are not detected, full 
F8 mutation screening is generally performed by direct sequencing, covering all 
exons, intron-exon boundaries, and the promoter region. Genetic variations have not 
been identified in 2–18% of patients [8]. Consistent gene defects in patients with 
mild and moderate FVIII deficiencies are not common, and full mutation analysis of 
F8 by direct sequencing is usually necessary in these patients.

9.1.3  FVIII Inhibitors

The presence of neutralizing alloantibodies (inhibitors) to therapeutic FVIII is a 
serious complication in hemophilia A, occurring in approximately 30% of patients 
classed as severe [9]. In those individuals, the inhibitors usually develop during the 
first 20–30  days of exposure and appear to result from a multi-causal immune 
response involving both patient-related and treatment-related factors. A gene defect 
is thought to contribute to about 40% of the risk of inhibitor formation, although the 
immunology of inhibitor development remains to be fully understood. Large dele-
tions and nonsense mutations seem to present the highest risk, whereas missense 
and splicing mutations mediate the lowest risk [10]. The most common acquired 
risk factor is the intensity of exposure to FVIII concentrate [11]. In non-severe 
hemophilia A patients and different from severe hemophilia A, inhibitors usually 
arise when the immune system is under intense stimulation or when exposure to 
FVIII concentrates is unusually high, independent of exposure days, in particular in 
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Fig. 9.2 Simplified representation of the intron 22 inversion. Recombination between homolo-
gous sequences in intron 22 and ~400 kb telomeric to the gene leads to separation of exons 1–22 
from exons 23–26
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the postoperative period [12, 13]. Mutations leading to an abnormal conformation 
of FVIII are associated with a high risk of inhibitor development in mild hemophilia 
A [13], especially in those patients with mutations in the A2 and A3C1C2 domains 
(e.g., Arg593Cys and Arg2150His, respectively) [14, 15].

9.1.4  Treatment

Comprehensive guidelines for the treatment of hemophilia were endorsed as high 
standard by the International Society on Thrombosis and Hemostasis (ISTH) in 
2012 (https://www.isth.org/?page=Published_Guidance) and were published in 
detail in 2013 by the World Federation of Hemophilia (WFH) working group [16]. 
The primary aim of hemophilia care is to prevent and treat hemorrhage using FVIII 
therapeutic products. An integrated support system, called comprehensive care, is 
highly recommended and includes specific therapy for prophylaxis or acute bleed-
ing and also treatment for complications and drug-related side effects [17]. As noted 
above, however, the development of inhibitors presents many difficulties for the use 
of FVIII concentrates, and long-term complications, such as joint destruction with 
the need for synovectomy or joint replacement, together with infections transmitted 
by clotting factor concentrates are also important issues for maximally effective 
clinical management. Treatment for hemophilia A may not be straightforward, 
therefore, and depends overall on the severity of the FVIII defect, the presence of 
inhibitors, available resources, and clinical complications.

9.1.4.1  Replacement Therapy

Acute bleeding should be treated immediately with FVIII concentrate. Home infu-
sion therapy has made it possible for patients to treat themselves quickly just after 
bleeding (and prophylactically). In the absence of an inhibitor, each unit of intrave-
nously infused FVIII per kilogram of body weight will raise the plasma FVIII level 
by approximately 2 IU/dL [17]. The half-life of FVIII is 8–12 h, and optimal doses 
and duration of treatment are dependent on the site of bleeding and individual 
patient pharmacokinetics (Table 9.1) [16].

Hemarthrosis is a common complication in hemophilia patients, and repeated 
hemorrhage often occurs into the same joint, commonly called a target joint. In 
addition, compartment syndrome is a painful and potentially serious condition 
caused by bleeding or swelling within an enclosed bundle of muscles, and this poses 
a particular risk in hemophilia when soft tissue hemorrhage occurs [18]. The WFH 
strongly recommends the use of viral-inactivated plasma-derived (pd) or recombi-
nant (r)FVIII concentrates in preference to cryoprecipitate or fresh frozen plasma 
for the treatment of hemophilia A [16]. rFVIII products especially have the theoreti-
cal advantage of being free from blood-borne pathogens. Recent research has also 
focused on inhibitor risk in patients treated with pd-FVIII or rFVIII, but the 
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 outcomes remain controversial. The Research of Determinants of Inhibitor 
Development (RODIN) study group has comprehensively examined the association 
between FVIII products and inhibitor development, and the only significant result 
determined was an unexpectedly higher risk of inhibitor development using second- 
generation full-length recombinant products compared with third-generation rFVIII 
products [19]. A more recent report [20] indicated that the risk of developing an 
inhibitor when using rFVIII products in previously untreated patients (PUPs) was 
significantly higher than when using pd-FVIII concentrates that contain von 
Willebrand factor (VWF), although this finding was not totally consistent with the 
earlier RODIN findings. Further research on inhibitor development is warranted to 
elucidate the precise immunogenicity of rFVIII.

Several clinical trials have been undertaken to investigate the use of rFVIII bio-
engineered to extended half-life (EHL), including Fc-fusion, PEGylated, and glyco-
PEGylated proteins. Fc-fusion proteins are designed to be recycled into the 
circulation through pH-dependent binding to neonatal Fc receptors (FcRn) that 

Table 9.1 Summary of the desired plasma factor peak levels and duration of administration 
(modification of [16])

Type of hemorrhage

Hemophilia A Hemophilia B
Desired level 
(IU/dL) Duration (days)

Desired level 
(IU/dL) Duration (days)

Joint 40–60 1–2 40–60 1–2
Superficial muscle 40–60 2–3 40–60 2–3
Iliopsoas and deep muscle
  Initial 80–100 1–2 60–80 1–2
  Maintain 30–60 3–5 30–60 3–5
CNS/head
  Initial 80–100 1–7 60–80 1–7
  Maintain 50 8–21 30 8–21
Throat and neck
  Initial 80–100 1–7 60–80 1–7
  Maintain 50 7–14 30 7–14
Gastrointestinal
  Initial 80–100 7–14 60–80 7–14
  Maintain 50 30
Renal 50 3–5 40 3–5
Deep laceration 50 5–7 40 5–7
Surgery (major)
  Pre-op 80–100 60–80
  Post-op 60–80 (1–3 day), 40–60 

(4–6 days), 30–50 (7–14 days)
40–60 (1–3 day), 30–50 
(4–6 days), 20–40 (7–14 days)

Surgery (minor)
  Pre-op 50–80 50–80
  Post-op 30–80 1–5, depend on 

the procedure
30–80 1–5, depend on 

the procedure
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delay lysosomal degradation [21], and one such preparation, rFVIIIFc, is currently 
available [22]. Moreover, other EHL-modified rFVIII products, including BAX 855 
(PEGylation) [23] and N8-GP (glycoPEGylation) [24], have also completed Phase 
3 trials. All of these novel products appeared to face to a “ceiling effect,” however, 
and half-lives appear to be limited to approximately 1.5 to 1.6-fold of unmodified 
FVIII. This limitation could be related to the absence of VWF, the career protein.

For mild or moderately severe FVIII deficient patients, desmopressin (DDAVP) 
is an alternative option that rapidly increases FVIII:C by three- to sixfold from base-
line levels [25]. DDAVP is generally administered intravenously at a dose of 0.3 μg/
kg over 20–30  min and mediates elevated FVIII in 30–60  min that persists for 
6–12 h. Tachyphylaxis occurs after repeated administration, however, due to deple-
tion of endothelial stores [26].

9.1.4.2  Prophylaxis

Strategies for prophylaxis replacement therapy are based on evidence that moder-
ately severe patients who have FVIII levels more than 1 IU/dL experience many 
fewer spontaneous bleeding events and have much better long-term joint function 
than those patients classed as severe [27]. In addition, randomized control studies 
have also convincingly demonstrated that prophylaxis with rFVIII can prevent joint 
damage and decrease the frequency of joint and other hemorrhages in young boys 
with severe hemophilia A [28]. Furthermore, even using prophylactic regimens that 
resulted in trough FVIII levels <1 IU/dL, episodes of joint hemorrhage were signifi-
cantly decreased [29]. A range of different prophylactic protocols have been pro-
posed, including 10–20 IU/kg or 25–40 IU/kg per dose 2–3 times a week, once a 
week for very young children [16], or temporal prophylaxis just before physical 
activity associated with a higher risk of injury [30]. It is clear, however, that the 
pharmacokinetics of FVIII is diverse, and the lowest effective level of FVIII should 
be determined individually for each patient considered for primary or secondary 
prophylaxis.

9.1.4.3  Adjunctive Therapy

Replacement therapy is the primary hemostatic treatment in patients with hemo-
philia. In addition, the concept of “RICE” (rest, ice, compression, and elevation) 
plays an important role as a first aid for acute bleeding in muscles and joints. 
Antifibrinolytics that enhance clot stability, such as tranexamic acid and epsilon 
aminocaproic acid, are also useful for mucosal and oral bleeding including dental 
extraction [31]. Tranexamic acid is commonly used at 25  mg/kg per dose every 
6–8 h intravenously or orally. Physical fitness and the development of strong mus-
cles are also recommended to protect joints. An appropriate exercise lifestyle should 
be encouraged, especially for children, to avoid overweight or obesity [32]. 
Noncontact sports such as swimming should be encouraged. In the absence of 
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thoroughly controlled prophylaxis, high-contact sports including football or high- 
velocity activities including skiing should be avoided due to the obvious potential 
for life-threatening injuries.

9.1.4.4  Inhibitors

Hemostatic Management

Anti-FVIII alloantibodies occur about 30% of patients with hemophilia A and 
remain a challenging clinical problem in congenital FVIII deficiency [9]. Acute 
bleeding in patients with inhibitors may be treated effectively with infusions of 
concentrates which “bypass” the intrinsic coagulation pathway. Two such bypassing 
agents are available, activated prothrombin complex concentrate (aPCC) and recom-
binant FVIIa (rFVIIa), and both are safe and efficient almost equally [33], despite 
the differences in their content, dosing, and mode of action. Preference often seems 
to be dependent on individual patient circumstances, and combined use of both 
drugs is sometimes required [34]. Prophylaxis with aPCC in both adult and pediat-
ric patients with inhibitors has been reported to be effective in preventing joint 
bleeds and longer-term orthopedic damage [35]. This type of treatment could be an 
important alternative choice for inhibitor patients who have failed or are ineligible 
for ITI.

Immune Tolerance Induction (ITI)

Immune tolerance induction (ITI) utilizing frequent and long-term administration 
of FVIII-containing concentrates is presently the only strategy proven to eradicate 
persistent and high-responding inhibitors. Retrospective cohort studies have dem-
onstrated similarly high success rates (60–80%) with various different ITI proto-
cols [36]. Evidence from large-scale and methodologically rigorous trials is 
lacking, however, and the optimal ITI regimen and predictors of ITI outcome 
remain to be firmly established. A number of patient-related or treatment-related 
features have been analyzed as predictors of ITI outcome including the time inter-
val to success, inhibitor titer prior to ITI start, historical inhibitor peak titer, time 
interval between inhibitor diagnosis and ITI start, and FVIII dose regimen [36, 37]. 
Meta-analyses of data from both the International Immune Tolerance Registry 
(IITR) [38] and the North American Immune Tolerance Registry (NAITR) [39] 
have indicated, however, that only a historical peak inhibitor titer <50 BU/mL and 
an inhibitor titer <10 BU/mL at the time of ITI start are reasonable predictors of 
success. In this context, an international ITI study in hemophilia A inhibitor patients 
with good risk factors indicated that the use of both high-dose FVIII (200 IU/kg per 
day) and low- dose FVIII (50 IU/kg every other day) were equally effective (approx-
imately 70%), although the low-dose group had more bleeding events during the 
period of study [40].
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9.1.4.5  Future Prospective Therapy for Hemophilia A

Although the treatment of hemophilia has advanced considerably in the last quarter 
century, several elegant studies have been described in an attempt to resolve remaining 
challenges. For example, the concept of rebalancing hemostasis by moderating natural 
anticoagulants rather than replacing FVIII is being explored. Hence, targeting anti-
thrombin with small RNA interference agents [41] and monoclonal antibodies against 
tissue factor pathway inhibitor [42] are now undergoing clinical trials. In addition a 
bispecific antibody (anti-FIXa/FX antibody) designed to mimic FVIIIa has been devel-
oped [43], and Phase 1/2 clinical trials using this antibody (ACE910, emicizumab) has 
been completed. Prophylactic treatment with weekly subcutaneous administration was 
well tolerated and reduced the number of bleeding episodes in hemophilia A patients 
both with and without inhibitors [44]. The advantages of these novel therapeutic agents 
include the potential for less frequent administration (once per 1–4 weeks), subcutane-
ous injections (preferable for younger children), eliminating the risk of developing 
anaphylactic inhibitors, and effectiveness regardless of the presence of inhibitors.

9.2  Hemophilia B

9.2.1  Introduction

Hemophilia B is a bleeding disorder caused by mutations in the FIX gene (F9) lead-
ing to deficient or defective FIX, a pivotal serine protease in the intrinsic coagula-
tion cascade. Hemophilia B (one per 30,000 male births) was first distinguished 
from the more prevalent hemophilia A (one per 5000 male births) in 1952 when it 
was noted that mixing plasma samples from two patients diagnosed with “hemo-
philia” mutually corrected the prolonged in vitro clotting times.

9.2.2  FIX Gene (F9) and FIX Protein

The F9 coding sequence was partially described in the early 1980s and the full 
sequence was published in 1985 [45]. F9 is located in the X chromosome at Xq27.1 
and spans 33 kbp, including seven introns and eight exons that are transcribed into 
a 2802-bp mRNA (Fig. 9.3). Exons I and II code for a prepro leader sequence and a 
Gla domain, whereas exons IV and V each code for EGF domains. The last three 
exons code for the activation peptide and the catalytic domain. The 5′ sequence 
includes a LINE-1 element, and a major transcription initiation site appears to be at 
or near an adenine nucleotide at −176. The Factor IX Variant Database (http://www.
factorix.org) identifies many F9 mutations that can be attributed to changes in the 
CpG nucleotide (from CG to TG or CA). The majority of defects (64%) are point 
mutations, followed by small insertions or deletions (18%), splice site mutations 
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(9%), large deletions or insertions (6%), and mutations in the promoter region. 
Large deletions, covering several tens of kb or an entire loss of total FIX, are thought 
to be associated with the development of anti-FIX inhibitors [46]. The F9 Leyden 
phenotype is distinctively characterized by a severe deficiency at birth, but with FIX 
levels that start to increase during the second decade of life and achieve near nor-
mality during the third decade [47]. Normal or borderline-low levels are subse-
quently maintained. The pathogenesis of this unique abnormality appears to center 
on the promoter map where one site is partly overlapped by an androgen response 
element which regulates transcription levels following the hormonal changes that 
occur during puberty.

FIX is a single-chain glycoprotein composed of 415 amino acids [48]. It is a vitamin 
K-dependent protein containing 12 residues of γ-carboxyglutamic acid (Gla domain) 
located in the amino-terminal region of the molecule. This region of the protein con-
tains two potential epidermal growth factor (EGF)-like domains, an activated peptide 
and a catalytic domain. Cotranslational translocation into the lumen of the endoplas-
mic reticulum (ER) occurs concomitantly with signal peptide cleavage. The addition of 
core high-mannose oligosaccharides to the polypeptide in the ER is followed by glu-
cose trimming of the N-linked oligosaccharide structures and γ-carboxylation of the 12 
amino-terminal glutamic acid residues. Upon transit into the Golgi compartment, addi-
tional modifications occur, which include (1) complex modification of N-linked oligo-
saccharides; (2) tyrosine sulfation at Tyr155; (3) Ser/Thr glycosylation at residues 
Ser61 and Ser53, as well as several Thr residues within the activation peptide; and (4) 
cleavage of the propeptide. In addition, FIX isolated from human plasma is phosphory-
lated at Ser158 within the activation peptide. A majority of the modifications within 
FIX occur within the activation peptide and may regulate activation of FIX. Appropriate 
γ-carboxylation and propeptide cleavage are essential for the functional secretion and 
activity of secreted FIX. During the coagulation cascade, FIX is cleaved at two internal 
peptide bonds (Ala145-Ala, Arg180-Val), resulting in the formation of a light chain 
and a heavy chain, held together by a disulfide bond. During the conversion to FIXa, 
an activation glycopeptide of 35 amino acid residues is released.

pre pro GLa EGF-1 EGF-2 AP catalytic

145 180 415-46 -18 1

NH2 COOHFIX

FIX DNA
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Fig. 9.3 Structure of F9 and FIX peptide
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9.2.3  FIX Inhibitor

FIX inhibitors are relatively uncommon, being detected in 1–3% of patients with 
hemophilia B. Genetic factors play a major role, and specific mutations in F9 appear 
to be associated with an increased incidence of inhibitor development. Large deletions 
and frameshift mutations leading to the loss of coding information are much more 
likely to be associated with inhibitor development. It has been reported that large dele-
tions account for only 1–3% of all hemophilia B patients but account for 50% of inhib-
itor patients [49]. Thorland et al. [50] genotyped eight unrelated hemophilia B patients 
who had anaphylactic reactions to FlX-containing products, as well as an inhibitor, and 
compared their gene mutations with those of 550 other hemophilia B patients recorded 
in the hemophilia B database. Individuals with complete gene deletions were found to 
be at greatest risk for anaphylaxis. Anaphylaxis occurred more frequently in families 
with null mutations (large deletions, frameshift, or nonsense mutations) than in those 
with missense mutations. In addition, Astermark et al. [51] have recently reviewed the 
potential role of immune response genes, environmental factors, and other concurrent 
immune system challenges, noting especially the occurrence of a microsatellite poly-
morphism in the promoter region of the IL-10 gene which was previously shown to be 
highly associated with inhibitor formation in hemophilia A.

9.2.4  Treatment

The basic treatment principles described in the hemophilia A section above, includ-
ing RICE and adjuvant therapy, can be also applied to hemophilia B. The only differ-
ence is that DDAVP does not affect FIX levels and has no value for the treatment of 
hemophilia B. As in hemophilia A, the main treatment for hemophilia B is replace-
ment therapy, using FIX products either on demand or prophylactically. A number of 
new agents are being developed and are described below. The World Federation of 
Hemophilia Treatment working group has published detailed recommendations of an 
up-to-date list of various products currently available (see http://www.wfh.org).

9.2.4.1  FIX Products

Clotting factor concentrates are administrated intravenously to correct the FIX defi-
ciency. Guidelines for target peak and trough levels are the same as in hemophilia 
A. Available FIX products include specific FIX concentrates that may be plasma 
derived or recombinant and multifactor concentrates that contain FII, FVII, FIX, 
and FX, known as prothrombin complex concentrates. The use of pure FIX products 
is always preferred. Similar to the novel FVIII proteins discussed above, extended 
half-life (EHL) products including fusion and PEGylated FIX have been recently 
introduced. The mean terminal half-life of the fusion proteins, rFIX-Fc and FIX- 
albumin (rIX-FP), appeared to be extended to 82.1 h [52] and 91.5 h [53], respec-
tively, approximately 3–4 times that of conventional FIX therapy. In addition, the 
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site-directed glycoPEGylated protein (N9-GP) that covalently binds to FIX demon-
strated a mean half-life of 93 h [54]. The Fc-fusion FIX protein is now commer-
cially available, and the other EHL proteins are completing Phase 3 clinical trials.

9.2.4.2  Dosing (Table 9.1)

In vivo recovery of FIX (post-dose activity levels) is not as good as with FVIII 
products. FIX reversibly binds to endothelial cells and diffuses into extravascular 
tissues due to the smaller size of the molecule compared to FVIII.  In principle, 
therefore, although 1 IU/kg of infused FIX could be expected to raise circulating 
levels by 1 IU/dL, the lower in vivo recovery moderates the response, and 1 IU/kg 
of FIX generally increases plasma FIX activity by approximately 0.7–0.8 IU/dL 
[55]. Both pd-FIX and rFIX have a longer half-life (16–17  h) [56] than FVIII 
(8–12 h) [57], however, and the dosing interval for FIX therapy is commonly 24 h 
with laboratory monitoring of FIX:C.  EHL FIX products have three- to sixfold 
longer half-lives than unmodified materials, potentially reducing the frequency of 
the dosing. Peak levels and trough levels should be carefully assessed, however, to 
ensure the maintenance of adequate hemostasis in each individual’s circumstance. 
EHL products may not always be consistent in this respect, and further studies are 
required to prepare guidelines of the most appropriate use of these modern 
therapies.

9.2.4.3  Prophylaxis

In common with hemophilia A, prophylaxis with the regular infusions of clotting 
factor to prevent bleeding and minimize the risk of joint destruction in advance is a 
highly effective treatment in patients with hemophilia B. The original concept in 
both hemophilia A and hemophilia B was to maintain levels of FVIII:C or FIX:C 
above 1 IU/dL, in order to ameliorate the phenotype from severe to moderate, and 
in particular to preserve joint function. Most prophylactic regimens use fixed doses, 
commonly administration of 25–40  IU/kg of FX twice a week. This approach is 
now being adapted, however, and specific dosing protocols are being adjusted to the 
requirements of individual patients.

9.2.4.4  Anaphylaxis and Inhibitors

Anaphylaxis and other allergic reactions are closely associated with FIX inhibitor 
development. Up to 50% of hemophilia B patients with inhibitors may have severe 
allergic reactions to FIX administration, including anaphylaxis. No evidence is 
available, however, to implicate any particular type of product as the primary cause 
of anaphylaxis and inhibitor development. These clinically severe events that occur 
after very few exposures to FIX have led to the important recommendation that all 
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infants and small children with severe hemophilia B, particularly those with a fam-
ily history and/or with genetic defects predisposed to inhibitor development, should 
be closely monitored over their initial 10–20 exposure day to FIX concentrates in a 
facility equipped to treat anaphylactic shock. Reactions can occur later, but may be 
less severe [58, 59]. As discussed above, genotyping can provide vital data to iden-
tify any defect in F9 (e.g., large gene deletions) known to be associated with a high 
risk of anaphylaxis and inhibitor development. Patients with an inhibitor of FIX and 
a history of anaphylaxis to FIX should be treated with rFVIIa.

9.2.4.5  ITI Therapy

ITI therapy is successful in the majority of patients with hemophilia A with inhibitor 
(approximately 70–80%), but the success rate is much lower (approximately 40%) 
in patients with hemophilia B. In addition, ITI in hemophilia B inhibitor patients 
with a history of severe allergic reactions to FIX may be associated with the devel-
opment of nephrotic syndrome [38]. Those who develop nephrotic syndrome are 
often steroid resistant and ITI therapy is discontinued. Alternatively, ITI in conjunc-
tion with immunosuppression has been reported to be successful [60].

9.2.4.6  Future Prospective Therapy

Hemophilia B appears to offer an ideal model for gene therapy. The clinical disorder 
is a consequence of defects in the well-characterized FIX gene, with minimal influ-
ence from other genetic modifiers. In this context, a novel serotype 8 pseudotyped, 
self-complementary AAV (AAV8) vector expressing a codon-optimized factor IX 
transgene (scAAV2/8-LP1-hFIXco) was reported to be successful [61]. In a follow-
 up study of ten hemophilia B patients [62], FIX levels were shown to be consistently 
elevated to 5–7% of the normal value for 1–4.5 years. Other Phase 1/2 clinical trials 
on different strategies using AAV vectors are ongoing.
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Chapter 10
Thrombotic Disorders

Shouichi Ohga and Masataka Ishimura

Abstract Thromboembolism occurs as a consequence of the genetic predisposi-
tion, underlying diseases, and triggers of dehydration, infection, and injury. 
Thrombotic events are much rarer in infants and children than in adults. Aging is a 
potent risk factor for the development of venous thrombosis and stroke. The genetic 
effects on the hypercoagulability in pediatric patients are thus more carefully con-
sidered than in adult patients. The genetic predisposition of thromboembolism 
depends on the racial background. Factor V Leiden (G1691A) and factor II variant 
(G20210A) are the common thrombophilias in Caucasians, but not found in Asian 
ancestries. The incidence of pediatric thrombosis is increasing because of the 
advances in neonatal intensive care, cardiovascular surgery, and imaging tech-
niques. There is an increasing number of reports on the molecular epidemiology of 
constitutional thrombophilias also in Asian countries. On the other hand, the treat-
ment and prophylaxis of pediatric thrombosis have not been established. The advent 
of direct oral anticoagulants (DOACs) has opened a new era of anticoagulation for 
adult patients with thrombosis, while the management of heritable thrombophilia is 
under investigation. This chapter briefly introduces the thrombotic disorders in neo-
nates, infants, and children, with special reference to the high-risk-inherited throm-
bophilia of natural anticoagulant deficiency.

Abbreviations

APC Activated protein C
AT Antithrombin
CVST Cerebral venous sinus thrombosis
DVT Deep vein thrombosis
ICTH Intracranial thrombosis/hemorrhage

S. Ohga, M.D., Ph.D. (*) • M. Ishimura 
Department of Pediatrics, Graduate School of Medical Sciences, Kyushu University,  
3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan
e-mail: ohgas@pediatr.med.kyushu-u.ac.jp

mailto:ohgas@pediatr.med.kyushu-u.ac.jp


206

NETs Neutrophil extracellular traps
OR Odds ratio
PC Protein C
PIVKAII Protein induced by vitamin K absence or antagonists
PS Protein S
PT Prothrombin time
VTE Venous thromboembolism

10.1  Introduction

Thromboembolisms occur as a consequence of genetic predispositions, underlying 
disorders, and various triggers including infection and injury. Research advances 
have recently characterized the cellular and molecular mechanisms of thrombosis 
that interdependently influence on the Virchow’s triad, the vessel wall (endothelial 
damage), blood flow (stasis), and blood components (hypercoagulability). Stasis 
and hypercoagulability are crucial for the formation of venous thrombi that mainly 
consist of fibrin and red cells [1]. In contrast, platelets are essential for atheroscle-
rosis and arterial thromboembolism, because of the pivotal role in primary hemosta-
sis and repair of injured endothelium [2]. Neutrophil extracellular traps (NETs) are 
the scaffold of venous thrombosis in infection, because the network of extracellular 
fibers primarily composed of neutrophil DNA binds the pathogens [3]. Inflammation, 
lipids and the immune system, and their complex interplay with tissue factors are 
the determinants of arterial as well as venous thromboembolism.

Thromboembolic events are less commonly encountered in children than in 
adults. Newborn infants are at the highest risk, and adolescents are at the second 
highest risk of thrombosis until the adult life [4]. Circulating coagulant and antico-
agulant factors attain the adult levels until the adolescence. The imbalance may in 
part explain the age-dependent thrombotic risks. However, the vascular and endo-
thelial factors rather than the hematologic factors could contribute to the paucity of 
pediatric thrombosis.

Hereditary defects in the coagulant and anticoagulant pathways, but less fibrino-
lytic pathway, lead to the development of venous thromboembolism (VTE) with or 
without identifiable triggers. Acquired risk factors for systemic thromboses include 
diverse and heterogeneous conditions according to age (Fig. 10.1). Caucasian peo-
ples were believed to have much higher risk of thrombosis than Asians. However, 
there is an exponential increase in the risk of both arterial and venous thrombotic 
events with age in the aging society. The incidence of pediatric thrombosis is also 
increasing in developed countries [5]. These trends reflect the medical progress in 
imaging techniques, neonatal intensive care (i.e., central venous lines), and pediat-
ric cardiology (i.e., surgical and catheter interventions) [6, 7]. The established 
genetic risks of VTE include the deficiency of natural anticoagulants of protein C 
(PC), protein S (PS), and antithrombin (AT), as well as the variants of coagulation 
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factors of factor V G1691A (FV Leiden) and prothrombin (FII) G20210A [8]. The 
high incidence of VTE in Caucasians accounts for the fact that FV Leiden and FII 
G20210A carriers are found in 20–60% of adult VTE patients in Caucasian but not 
Asian ancestries [9]. The deficiency of PC, PS, and AT is hard to diagnose in infants 
and young children without the genetic tests. Intensive efforts for whole exome/
genome screenings identified additional genes with a relative contribution to throm-
botic risk. “Omics” strategies will unveil the disease process and the targeted treat-
ment for pediatric venous thromboembolism and arterial ischemic stroke [10]. We 
review herewith thrombophilia in infants and children.

10.2  Inherited Thrombophilia and Genetic Predisposition 
to Thrombosis

Thromboembolic events were less commonly reported in children than adults. 
The recent increase of pediatric thrombosis is attributed to advanced critical care 
and improved survival of high-risk infants. During three decades, neonatal man-
agements have greatly improved the survival of preterm infants. Newborn infants 
are originally prone to thromboembolic events because of the physiologic hyper-
coagulability of the developing hemostatic system [11]. Sick preterm newborns 
all need central venous lines which run a high risk of VTE. The prothrombotic 
conditions may be augmented in the newborns harboring a heterozygous muta-
tion of PC gene [12].

Acquired
factors 

Heritable

High FVIII, high FIX,high FXI,high TAFI**, low TFPI***, Fibrinogenemia
FVLeiden (G1691A ,Nara), Prothrombin variant(G20210A, , Yukuhashi), 
Natural anticoagulant (PC, PS and AT)-deficiency, ADAMTS13 deficiency, FXII deficiency, 
Fibrinogen abnormality etc.

All ages: injury, surgery (during and after valvuloplasty, cardiovascular surgery, ECMO, and
                splenectomy etc.), CV-lines, infection (HUS, SIRS/sepsis, meningococcemia,
                pneumococcemia, HIV, varicella, rubella etc.), dehydration, prolonged bet rest,
                cast [Gips], hyperviscosity, polycythemia, drug (oral contraceptives, hormone,
                L-asparaginase, bypass agent etc.)   

Adults:
Athero/arteriosclerosis, hyperlipemia,
economy-class syndrome, pregnancy,
smoking, MPD (leukemia, ET),   
malignancy, PNH, vasculitis, Behcet,
lupus, TTP, anti-phospholipid syndrome 

Neonate:
Asphyxia, RDS,
maternal DM, NEC,
neonatal anti- 
phospholipid
syndrome   

Children:
Kawasaki disease,
heart failure, DM,
nephrotic syndrome,
sickle cell anemia,
thalassemia    

Homocystenemia (cystathionine β syntase deficiency, methyl-tetra-hydro-folate [MTHF]
deficiency, MTHFR C677T etc.), Marfan syndrome, Fabry disease, IL-1R deficiency etc.  

thrombophilia

Fig. 10.1 Systemic thromboembolic conditions in children and adults. TTP thrombotic thrombo-
cytopenic purpura, ECMO extracorporeal membrane oxygenation, TAFI thrombin-activatable 
fibrinolysis inhibitor, TFPI tissue factor pathway inhibitor
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Thrombophilia is a disease entity to define severe congenital deficiency of 
PC, PS, and AT, for the analogy of hemophilia. On the other hand, persons hav-
ing the heterogeneous mutation do not always experience thromboembolic 
events, and most of the patients develop thromboembolism over the mid-40s. 
Taken into account the distinct penetrance, genetic predisposition/diathesis to 
thrombosis is the precise nature of adult-onset but not pediatric-onset heritable 
thrombophilia.

10.2.1  Antithrombin (AT) Deficiency

AT is a plasma protein synthesized by the liver. A mutation in the AT gene 
(SERPINC1) located on chromosome 1q23-25 was identified in the first reported 
family with AT deficiency [13, 14]. The anticoagulant factor binds and neutralizes 
the serine proteases of thrombin, factor Xa, and factor IXa, which are generated 
by the coagulation cascade. The AT-mediated effects on the inhibition of these 
proteases are enhanced by binding to heparin. AT has two major active sites, the 
reactive center toward the carboxyl terminus and the heparin-binding site at the 
amino terminus. Thrombin cleaves the reactive site, and the inactive complex mol-
ecules are then cleared from circulation. Heterozygotes for AT deficiency are 
found in about 1% of patients having the first episode of deep venous thrombosis 
(DVT). The thrombotic risk of inherited AT-, PS-, or PC-deficient patients is 
higher than that of FV Leiden or PTII variant even in infants and children 
(Table 10.1). They have an eight- to tenfold higher risk for thrombosis than non-
carriers [4, 15, 16]. More than 50% of the first-degree relatives of each deficient 
patients experience VTE until the first 25 years of life [17]. The first thrombotic 
episode of AT deficiency occurs in more than 40% of patients spontaneously. The 
remaining patients have some triggers including pregnancy, parturition, contra-
ceptive use, surgery, or trauma.

Table 10.1 Reported risk of thromboembolism in thrombophilic children

Genetic predisposition

Relative risk (odds ratio) [95% conf. interval]

Cerebrovascular 
occlusion (first)

Deep vein thrombosis
First attack Recurrence

Protein C deficiency 9.3 [4.8–18.0] 7.7 [4.4–13.4] 2.4 [1.2–4.4]
Protein S deficiency 3.2 [1.2–8.4] 5.8 [3.0–11.0] 3.1 [1.5–6.5]
Antithrombin deficiency 7.1 [2.4–22.4] 9.4 [3.3–26.7] 3.0 [1.4–6.3]
Factor V G1691A 3.3 [2.6–4.1] 3.6 [3.8–4.8] 1.4 [0.4–1.2]
Factor II G20210A 2.4 [1.7–3.5] 2.6 [1.6–4.4] 2.1 [1.01–3.5]
Lipoprotein (a) 6.5 [4.5–8.7] 4.5 [3.3–6.2] 0.8 [0.5–1.4]
LA/aPL 6.6 [3.5–12.4] 4.9 [2.2–10.9]
More than 3 11.9 [5.9–23.7] 9.5 [4.9–18.4] 4.5 [4.5–6.9]

LA/aPL lupus anticoagulants/antiphospholipid antibodies (modified from [4])
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The odds ratio (OR) of thrombosis with AT deficiency is estimated to be 9.4, 
although the risk depends on the population selected (Table 10.1) [4]. The preva-
lence of AT deficiency was 1.1%, and the OR for thrombosis was 5.0 according to 
the Leiden Thrombophilia Study [18]. Heritable AT deficiency is an autosomal 
dominant disease with equal sex distribution. Common affected sites of thrombosis 
include deep veins in the legs, mesenteric veins, and pulmonary embolism. Complete 
AT defects due to null mutation lead to the fetal loss. Therefore, neonatal purpura 
fulminans is not the regular presentation of AT deficiency. Recurrent thromboses 
occur in approximately 60% of patients. AT deficiency may also be associated with 
perinatal, neonatal, and childhood arterial ischemic stroke. Cerebral venous sinus 
thrombosis (CVST) is the other presentation of AT deficiency. Although AT-deficient 
children are mostly asymptomatic before puberty, the substantial risk of thrombosis 
increases with age.

Heritable AT deficiency is classified into two types. Type I-deficient individuals 
show paralleled reduction of both antigen and activity levels of AT, representing a 
reduced synthesis of biologically normal protease inhibitor molecules. AT deficiency 
arises from mostly point mutations of SERPINC1 and rarely a deletion encompass-
ing the gene. More than 100 mutations have been reported in type I-deficient patients 
[19]. Type II-deficient subjects show reduced levels of plasma activity but normal 
antigen levels of AT, representing a discrete molecular defect. Type I deficiency is 
subdivided into Ia (normal) and Ib (reduced), based on the  heparin affinity. Type II 
deficiency is subcategorized into three groups assessed by progressive AT assays and 
heparin-binding assays, the molecular abnormality in reactive site (RS, 393Arg-
394Ser), heparin-binding site (helices A and D) (HBS), and PE (pleiotropic effect). 
Type Ib is now designated as type II PE, because of the pleiotropic abnormalities 
affecting the reactive site, the heparin-binding site, and plasma concentration.

Type II HBS variants are infrequently associated with thrombotic events. The 
homozygotes were, however, reported in young children with recurrent thromboses 
born to consanguineous healthy parents carrying type II HBS. The prevalence of type I 
AT deficiency, estimated to be 1 in 2000 adults [20], rises to 1 in 250–500 healthy 
blood donors screened by heparin cofactor activity [21]. The mean concentration of AT 
in normal pooled plasma is about 12.5 mg/dL. The standard value ranges between 75 
and 120% of normal pooled plasma for AT-heparin cofactor determinations. Circulating 
AT levels decrease due to consumption in cases of sepsis, burns, and disseminated 
intravascular coagulation (DIC), but less acute thrombosis. Reduced AT levels are 
ascribed to impaired production and loss in liver disease and nephrotic syndrome, 
respectively. Hormonal effects (oral contraceptives or estrogens) and heparinization 
reduce plasma AT levels. The physiologically low AT levels in healthy newborns grad-
ually reach the adult levels by 6 months of age [11, 22]. Preterm infants show much 
lower AT levels than term ones, the levels of which are further depressed in respiratory 
distress syndrome, sepsis, necrotizing enterocolitis, and DIC.  The levels of alpha-
2-macroglobulin, which is a second thrombin inhibitor and also an acute phase protein, 
are higher in children than adults. It reduces the chance of pediatric thrombosis espe-
cially in infection. The family members having affected proband need a correct diag-
nosis for genetic counseling, replacement therapy, and prophylaxis in daily life.
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10.2.2  Protein C (PC) Deficiency

PC is a vitamin K-dependent anticoagulant factor, which is synthesized by the liver 
and circulates as a zymogen. It exerts the proper anticoagulant function after the 
cleavage of the molecule to the serine protease, activated PC (APC). This activation 
is mediated by thrombin alone, but occurs more efficiently when thrombin is bound 
to thrombomodulin on the endothelial cell receptor. APC inactivates FV and FVIII 
by cleaving the critical sites of these activated molecules. This reaction is enhanced 
by PS, FV, and lipid cofactors of lipoproteins and phospholipids. Reduced concen-
tration of circulating PC fails to control the propagation of thrombin generation by 
FVa and FVIIIa, even if PC deficiency originates from the decreased production 
and/or increased consumption. APC has anti-inflammatory and cytoprotective func-
tions [23]. These are directly driven by the endothelial and immunocompetent cells 
via the specific receptor on the given cells. The protective effect of APC in animal 
models of sepsis depends on its capacity to activate protease-activated receptor-1 
(PAR1) and not on its anticoagulant properties. The pleiotropic effects were 
expected for the treatment of sepsis. However, clinical trials of recombinant APC 
were withdrawn for the risk of bleeding [24]. Refined molecules of APC are being 
explored for the effective treatment of sepsis and DIC [25].

Plasma levels of PC activity are assessed by chromogenic (amidolytic) or coagu-
lometric (clotting) assays. The standard value in healthy adults ranges from 0.65 to 
1.35 IU/mL (65–135% of normal). “Mild,” “moderately severe,” and “severe” PC 
deficiencies are defined as the range of >20% (>0.2 IU/mL), 1–20% (0.01–0.2 IU/mL), 
and <1% (<0.01 IU/mL), respectively [22]. PC gene (PROC) is located on chromo-
some 2q13-q14. The first report of PC deficiency was a 22-year-old Caucasian with 
recurrent thrombophlebitis and pulmonary embolism [26]. Heterozygous PROC 
mutation inherits “mild” or at most “moderately severe” PC deficiency in an auto-
somal dominant manner. The first presentation of PC deficiency includes the new-
born-onset and the teens-onset modes. Neonatal purpura fulminans and stroke are 
the proper expression of PC deficiency [27, 28]. Thereafter, DVT in the legs and 
pulmonary thromboembolism are commonly affected sites. Approximately 70% of 
patients first present in teens spontaneously and the remaining 30% with the risk 
factors. Nonhemorrhagic arterial stroke is associated with pediatric PC deficiency. 
PC deficiency is the major heritable thrombophilia in Japanese children [29], while 
PS deficiency is that in the adult cases [30, 31].

Severe PC deficiency is inherited in an autosomal recessive fashion. The com-
plete defects exclusively arise from biallelic PROC mutation, presenting neonatal 
purpura fulminans and/or intracranial hemorrhage. It is hard to differentiate in 
infancy between primary and secondary forms of PC deficiency, because of the 
physiologically low activity. Both antigen and activity levels increase after birth and 
reach the lower limit of adult references (~50 IU/dL) during 6 months to 1 year of 
age [11, 32]. PC levels increase in adolescence and further do 4% per decade in 
adults. Standard PC activity has wide ranges than PS activity during the first 7 days 
after birth. PC levels in preterm infants are much lower than those in term infants. 
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Acquired PC deficiency occurs in the settings of neonatal asphyxia, liver disease, 
sepsis, and DIC, along with acute thrombosis. Newborn infants are prone to vitamin 
K deficiency bleeding. For the genetic screening, PC activity levels should be fol-
lowed concurrently with PS activity, protein induced by vitamin K absence or 
antagonists II (PIVKAII), D-dimer, and antiphospholipid antibodies, along with 
FVII activity. Unexplained dissociation between PC and PS activity levels portends 
a diagnosis of heritable PC deficiency [28, 33].

The prevalence of PC deficiency was initially estimated between 1 in 16,000 and 
1 in 32,000 within the general population, based on the assumptions that the auto-
somal dominant disorder shows more than 50% of penetrance. However, the parents 
of infants with neonatal purpura fulminans rarely experience thrombotic events. 
Each parent has a heterozygous PROC mutation resulting in the modest effect on 
the thrombotic activity. The prevalence of heterozygosity for PC deficiency is con-
sidered to be 1/200–500 [34]. Heterozygous PC-deficient adults have a sevenfold 
increased risk for an initial episode of DVT compared with those having normal PC 
activity. On the other hand, asymptomatic carriers have low annual incidence of 
thrombosis at less than 1.0%. The OR of pediatric thrombosis with PC deficiency is 
estimated at 7.7 [4] (Table 10.1).

Heterozygous PC deficiency is classified into two types. The common form of 
type I represents an equally reduction in both immunologic and biologic activities. 
More than 200 mutations and rarely deletions were identified [35]. Type II-deficient 
subjects show normal antigen and decreased activity levels. However, several cases 
show normal levels of antigen and amidolytic activity, but with reduced levels of 
clotting activity. It may be ascribed to a reduced ability of APC to interact with the 
platelet membrane or its substrates of FVa and FVIIIa. The coagulant assay has then 
high sensitivity in screening for PC deficiency. Nevertheless, repeated studies are 
needed to clarify the mutation spectrum. Recently, K193del has been recognized as 
the most common variant in Chinese thromboembolisms [36]. On the other hand, it 
was considered as a polymorphism in Japan, because the heterozygotes often show 
normal activity for PC in resting conditions [37]. It was originally reported as 
PC-Tottori, in the homozygote that developed DVT for the first time at 28 years of 
age [38]. Based on our observations [12], age-dependent increase of PC activity 
seems to be delayed in the heterozygote infants for PC-Tottori. There is increasing 
number of reports in Asian countries on the patients with double mutations who 
escaped neonatal thromboses. In Caucasians, FV Leiden and FII variant might mask 
the effects of PROC variants on the thrombotic risk of patients [39].

PC activity is recommended to assess with the concurrent measurements of 
FVII, a vitamin K-dependent zymogen with a similar short plasma half-life, to 
exclude the effects of consumption coagulopathy. Discontinuation of oral warfarin 
therapy is needed to screen the baseline PC (and PS) activity. However, heparin is 
substituted in patients who cannot be stopped for anticoagulant therapy because of 
severe thrombotic diathesis. It occurs a few days after the start of warfarin therapy, 
in association with the initial loading doses. Erythematous macules progressively 
expand with the necrosis on the trunk and extremities over several hours. The clini-
cal setting and histopathology (fibrin thrombi and interstitial hemorrhage) share 
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those of neonatal purpura fulminans. Even the initial standard dose of warfarin 
reduces PC activity to about half of the normal within 1 day. FVII levels decline 
followed by the decreased activity of other vitamin K-dependent factors according 
to the half-lives. The half-life of plasma PC (6–8 h) is shorter than that of PS and 
other procoagulant vitamin K-dependent factors. The enzymatic activity of PS 
depends on free PS concentration. Acute inflammation reduces PS activity due to 
binding with C4b. Warfarin-induced skin necrosis is a noticeable complication in 
PC- or PS-deficient cases with infection. On the other hand, neonatal purpura ful-
minans has been exclusively reported in PC deficiency. It may be explained by not 
only the shorter half- life of PC but also the low binding capacity of C4b to PS at 
birth. Replacement of PC concentrates is essential for the treatment of purpura 
fulminans [40–43].

PC and PS levels are influenced in diverse conditions throughout childhood [35]. 
Vitamin K antagonists reduce the levels of PC and PS activities. Vitamin K defi-
ciency precipitates bleeding (i.e., hemorrhagic diseases of the newborn, vitamin K 
deficiency bleeding in infancy) and also thrombosis (i.e., warfarin-induced skin 
necrosis). Severe infections lower the plasma activity of natural anticoagulants. The 
mechanisms of “infectious purpura fulminans” are involved in antibody-mediated 
coagulopathy (i.e., post-varicella purpura fulminans) or toxic effects (i.e., meningo-
coccemia purpura fulminans) associated with acquired PC/PS deficiency. PC or PS 
deficiency arises from the loss or consumption in patients with nephrotic syndrome, 
sepsis, and/or DIC and from the impaired synthesis in those with liver dysfunction. 
In contrast to AT, antigenic concentrations of vitamin K-dependent plasma proteins 
are elevated in nephrotic syndrome. Uremic patients have low anticoagulant activ-
ity, but normal amidolytic activity and antigen levels for PC, because of the interfer-
ing dialyzable moiety with clotting PC activity. Warfarin therapy reduces functional 
and, to a lesser extent, immunologic assays of PC. These conditions complicate the 
diagnosis of PC deficiency.

10.2.3  Protein S (PS) Deficiency

PS is a vitamin K-dependent protein that enhances the anticoagulant effect of 
APC. This coenzyme is primarily synthesized by hepatocytes and also by endothe-
lial cells, megakaryocytes, and brain cells. It serves as a cofactor for APC in the 
setting of FVa and FVIIIla inactivation. The inactivation of FVa occurs, at first, in 
the rapid cleavage at Arg506 (FV Leiden, Gln506) of the molecules, followed by the 
slower cleavage at Arg306 (second binding site of PS with APC) and then Arg679 
[44]. PS with APC increases the affinity for phospholipids to enhance FVa inactiva-
tion. Approximately 40% of circulating PS molecules is in the free form, and the 
remainder 60% is bound to C4b-binding protein (C4BP) not to interact with 
APC. Free PS levels are responsible for the direct anticoagulant effects.

PS deficiency was first described in 1984 in the families with low PS activity and 
recurrent thrombosis [45]. Heterozygous mutations in the gene encoding protein S 
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(PROS1) on chromosome 3q11 cause autosomal dominant thrombophilia. 
Homozygotes or compound heterozygotes for the mutation are quite rarely found as 
an autosomal dominant thrombophilia. However, most reported cases of neonatal pur-
pura fulminans had PC but not PS deficiency [22, 28]. It may account for the relative 
increase of free PS concentrations (by physiologically low levels of C4BP) and the 
narrower ranged activity and shorter half-life of PS during the early neonatal period.

PS deficiency confers a risk of thrombosis similarly to PC deficiency. The clini-
cal findings in the heterozygotes for PS deficiency are similar to those for AT or PC 
deficiency. Common affected sites are DVT and pulmonary emboli. The first throm-
botic event in PS deficient patients occurs at approximately 25–30 years of age. 
More than half of the episodes were spontaneous, and the remainder were associ-
ated with identifiable factors. In pediatric cases, the OR for venous thrombosis due 
to PS deficiency is estimated to be 5.77 (Table 10.1) [4]. Several reports suggest an 
association between PS deficiency and arterial thromboses including ischemic 
stroke in infants and children [46].

On the other hand, adults with low PS levels but no family history of venous 
thrombosis have minimal risk of VTE. Low free PS or total PS levels (both <0.10th 
percentile) were not associated with an increased risk of VTE. Young patients with 
recurrent VTE are associated with double mutations of PROS1. Their parents were 
reportedly asymptomatic although they carried type I PS deficiency. PS deficiency 
is classified into three types, according to the levels of total and free antigens, along 
with functional activity. Type I deficiency shows about half levels of normal PS 
antigen, although free PS antigen and functional activity levels are greatly reduced 
[47]. Most patients have the missense mutations and base pair insertions. Type II is 
a qualitative deficiency with normal levels of total antigen and free PS, but impaired 
function. The rarity of type II-deficient patients indicates the insufficient screening 
power of functional assays. Type III is characterized by normal levels of total PS 
antigen, but reduced levels of free PS and functional activity. Plasma activity levels 
rather than antigen levels are then preferable for screening PS deficiency. Although 
the biologic basis of type III PS deficiency remains unclear, PROS1 mutations were 
responsible for the type I deficiency, but not the type III phenotype of age- dependent 
free PS deficiency [48]. The prevalence of PS deficiency depends on the ethnicity. 
In Asian countries, PC and PS deficiencies are dominantly reported in adults and 
children with thrombosis [49–51]. PS-Tokushima K196E is found in one per 55 
healthy Japanese adults as a common variant for thrombosis in Japan [52].

The lower limit of plasma levels of total and free PS (~65%) in heterozygous 
deficiency considerably overlaps the ranges of healthy controls [28]. PS levels are 
lower in female than male and increase with advanced age. PS, PC, and AT levels 
are reduced in inflammation. Because C4BP is an acute phase reactant, it shifts PS 
to the complexed inactive form leading to the reduced PS activity. On the other 
hand, PS but not PC levels decrease in pregnancy. In cases of nephrotic syndrome, 
the balance of elevated C4BP concentrations and loss of free PS reduce the func-
tional activity levels despite the increased antigen levels. Repeat sampling, family 
studies, and genetic tests are required to make the correct diagnosis for pediatric 
thrombophilia.
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10.2.4  Factor V Leiden

The resistance to APC in an activated partial thromboplastin time (APTT)-based 
clotting assay accounts for familial thrombophilia [53]. The major genotype of APC 
resistance is FV Leiden (Arg506Gln) [54], being found in more than 80% of APC 
resistant patients. In Western countries, FV Leiden was found in 20–50% of adult 
patients with VTE. FV Leiden is a risk factor for venous and arterial thrombosis. 
Retrospectively, heterozygosity for FV Leiden was identified in 12% of patients 
who had a first episode of DVT or pulmonary embolism and in 6% of controls. In 
the elderly (>60 years of age) who suffered from the first VTE without triggers, 26% 
were heterozygotes for FV Leiden. Pediatric studies found that FV Leiden hetero-
zygosity conferred an odds ratio of 3.6 for a first episode of VTE and 1.4 for recur-
rent VTE in children [4] (Table 10.1). The OR for pediatric CVST in FV Leiden 
carriers was 2.74. On the other hand, the annual incidence of VTE in asymptomatic 
carriers of the FV Leiden is low (0.58%), which raises questions about the screening 
asymptomatic family members [55]. FV Leiden was not associated with the risk of 
myocardial infarction or stroke, but potentially perinatal and pediatric arterial isch-
emic stroke. FV Leiden homozygotes may have the similar high risk of VTE to the 
heterozygotes for AT, PC, or PS deficiency. As FV and AT genes are located on 
chromosome 1p, the coinheritance of FV Leiden and AT mutations leads to a more 
severe thrombotic diathesis.

Heritable thrombophilias including FV Leiden are associated with a tripling risk 
for the late fetal loss, but no risk for the first-trimester loss. High risk of thrombo-
philias was reported in association with obstetric complications other than pre-
eclampsia and intrauterine growth retardation. The prevalence of heterozygosity for 
FV Leiden ranges 1–9% in Caucasians, but quite rare (<1%) in African blacks, 
Chinese, Japanese, or Native American ancestries. FV Leiden is more prevalent in 
northern Europe than the southern countries. A single founder allele was suggested 
among whites of differing ethnic backgrounds. Severe infections might shape the 
distribution of FV Leiden, because of the survival advantage inferred by the mice 
models. Co-segregation of heterozygous APC resistance due to FV Leiden and type 
I FV deficiency results in severe APC resistance in APTT assays, as found in homo-
zygous FV Leiden patients (pseudohomozygous). Several polymorphisms in FV 
gene include a haplotype (HR2) containing the R2 polymorphism (Hisl299Arg) 
with mild APC resistance. Although FV Leiden was not found in Japan, FV Nara 
showing APC resistance has been recently identified in a Japanese family with 
recurrent thrombosis [56].

10.2.5  Prothrombin Variant

FII (prothrombin)-related thrombophilias are encountered in adults with VTE. Many 
individuals heterozygous and homozygous for FII G20210A develop no thrombosis 
[57]. Most patients of the heterozygotes also remain asymptomatic until adulthood. 
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On the other hand, the relative risk of thrombosis in the heterozygotes is increased 
two- to fivefold in adults and three- to fourfold in children. The recurrent risk for 
VTE is modest in FII G20210A carriers. Pregnant loss and obstetric complications 
in the carriers are similar to those in FV Leiden carriers. The diagnosis depends on 
the genetic study. The FII variant is not found in Asian ancestries, similarly in FV 
Leiden [39], although FII Yukuhashi with AT resistance has been recently identified 
in a Japanese family [58].

Because of the relatively low risk of thrombosis in FV Leiden and FII G20210A 
carriers, the routine screening is not recommended for healthy individuals as long 
as they have no positive family history of recurrent or young thromboses.

10.3  Other Thrombotic Predispositions

Thromboembolic events occur in association with inherited underlying diseases 
and/or acquired conditions. Increased FVIII levels raise the prothrombotic risk 
[59], although no causative genes for the predisposition have been identified. 
Elevated levels of FVIII and D-dimer could be predictors of poor outcomes of 
pediatric thrombosis [60]. High levels of other coagulation factors (von 
Willebrand factor, fibrinogen, FIX, and FXI) and low levels of anticoagulation 
factors (tissue factor pathway inhibitor, TFPI), along with dysregulation of or 
fibrinolytic factors (high thrombin-activatable fibrinolysis inhibitor, TAFI), have 
been suggested to confer a risk of thromboembolism. Hyperlipemia and inflam-
matory diseases causing vasculitis are involved in the development of thrombo-
embolism (Fig. 10.1).

Hyperhomocysteinemia is an independent risk factor for venous and arterial 
thromboses, which resulting from the genetic and acquired abnormalities [61]. 
Homocystinuria is a rare autosomal recessive inborn error of metabolism presenting 
in childhood. Homozygous cystathionine β-synthase deficiency is the most com-
mon cause of homocystinuria (~1 in 250,000 of general population). Affected chil-
dren show premature atherosclerosis and arterial and venous thromboembolism, 
along with mental retardation, ectopic lenses, and skeletal abnormalities. The mech-
anism of atherogenic and thrombogenic process remains elusive. Heterozygous cys-
tathionine β-synthase deficiency is found in about 0.3% of the general population. 
However, a variant of methyltetrahydrofolate reductase (MTHFR) (p.Ala222Val, 
c.C677T polymorphism) is commonly found, the heterozygotes in 61% and the 
homozygotes in 1.4–15% of the population. It causes thermolability of MTHFR to 
reduce 50% of the specific activity. Mutated MTHFR genes impair the remethyl-
ation pathway to raise the homocysteine levels under fasting conditions. Acquired 
hyperhomocysteinemia also occurs in association with the deficiency of folate, vita-
min B12 and vitamin B6. Although MTHFR C677T has a low impact on developing 
VTE [62] and vitamin supplementation did not reduce the risk of recurrent arterial 
thromboembolic disease [63], treatable high homocysteine conditions might occupy 
more than 10% of VTE patients [64].
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Thrombotic microangiopathy (TMA) induces venous and arterial thromboses in 
children. TMA is a generic disease entity presenting the triad in order: (1) formation 
of the microangiopathic platelet thrombi, (2) destructive/consumptive thrombocyto-
penia, and (3) subsequent hemolytic anemia with fragmentation of erythrocytes (red 
cell fragmentation syndrome). Microcirculatory thrombi lead to the organ failure 
involving kidney and central nervous system. TMA is classified into thrombotic 
thrombocytopenic purpura (TTP) and hemolytic-uremic syndrome (HUS), both of 
which are hard to differentiate in practice. The classic pentad of TTP includes 
thrombocytopenia, hemolytic anemia with red cell fragmentation, diffuse and non-
focal neurologic findings, renal failure, and fever. The triad of HUS consists of 
thrombocytopenia, microangiopathic hemolytic anemia (nonimmune, Coombs neg-
ative), and acute renal failure.

TMA (TTP/HUS) results from the genetic and acquired abnormalities. Chronic 
relapsing familial TTP (Upshaw-Schulman syndrome, USS) and atypical HUS 
belong to heritable TMA [65]. USS is caused by the mutation in ADAMTS13 
gene, which encodes the von Willebrand factor (VWF)-cleaving protease 
(VWFCP). USS is characterized by hemolytic disease of the newborn with throm-
bocytopenia, response to fresh plasma infusion, and frequent relapses. Thrombotic 
events are the noticeable complication in pregnant women with ADAMTS13 gene 
mutation [66]. Acquired TTP occurs in patients with autoimmune diseases, trans-
plantation, and cardiac surgery. Various causes for HUS include infections, drugs, 
tumors, pregnancy, and systemic lupus erythematosus. The major cause of vero-
toxin-induced (diarrhea [D]-plus) HUS is shigella bacteria, most frequently the 
0157:H7 strain. On the other hand, 10% of HUS patients suffer from aHUS, which 
is a group of monogenic diseases presenting with the recurrent attacks. More than 
half of patients with aHUS have genetically determined the alterations of comple-
ment system. Approximately 30% of aHUS patients have factor H disease. Factor 
H is one of the regulatory proteins of the complement system that protect blood 
vessels from injury. Factor H diseases arise from the loss of function mutations of 
CFH and CHFR1-5. On the other hand, anti-factor H autoantibodies are found in 
6–10% of cases, mostly children homozygous for the deletion of the CFHR1 and 
CFHR3 genes. Other cases are associated with loss-of-function mutations in 
genes encoding other complement regulatory proteins, membrane cofactor pro-
tein, and factor I or with gain-of- function mutations in genes encoding the key 
complement proteins complement factor B and C3. Mutations in the gene encod-
ing thrombomodulin, an endothelial anticoagulant glycoprotein exerting comple-
ment regulatory properties, and enhancing the function of APC, have been found 
in 3–5% of aHUS patients. aHUS children result in chronic renal failure after the 
recurrent attacks.

The presence of lupus anticoagulant with antiphospholipid antibody is one of the 
prothrombotic factors in adult patients with autoimmune diseases. Catastrophic 
antiphospholipid syndrome leads to multiple cerebral infarctions and amputation of 
the extremities in affected patients. On the other hand, antiphospholipid antibody is 
often produced in infants and children with or without apparent symptoms [67]. 
This condition tends to precipitate transient hemorrhagic diathesis rather than 

S. Ohga and M. Ishimura



217

thrombosis in children. Autoinflammatory disorders include Crohn disease and 
Behcet disease in a broad sense. The inflammatory diseases are closely associated 
with thrombotic events. Recently, pediatric thromboses have been reported in cases 
with autoinflammatory disorders of monogenic origin [68].

10.4  Managements

Standard management for the first acute thrombosis in adults consists of a course of 
low-molecular-weight heparin (LMWH) or fondaparinux and concurrent warfarin 
therapy for at least 5  days on the monitoring for international normalized ratio 
(INR). Rivaroxaban is approved for treatment of acute VTE and prevention of recur-
rence in adult cases. FXa inhibitors raise no chance of developing heparin-induced 
thrombocytopenia (HIT). However, the pediatric use of FXa inhibitors is challeng-
ing, because the practical monitoring is on controversy [69, 70]. The standard ther-
apy using tissue plasminogen activator for arterial thrombosis has not been 
established in the newborn infants.

The concept of anticoagulation therapy depends on the potential risks for (1) 
VTE recurrence and (2) therapy-related bleeding. Individuals with a spontaneous 
thrombosis with no identifiable provoking factors and those with persistent risk 
factors are candidates for the long-term anticoagulation therapy. Three-month 
treatment is recommended for individuals with transient (reversible) risk factors 
such as surgery. Graduated compression stockings should be worn for at least 
2 years following an acute DVT in adult cases.

No consensus for the use of FXa inhibitors alternates for conventional heparin, 
and warfarin therapy exists on the optimal management for pediatric patients with 
PC, PS, and AT deficiencies. Fresh frozen plasma should be sufficiently adminis-
tered to keep at least the lower limit of standard ranges based on the age. PC levels 
may be required to exceed 20% levels for the effective use of recombinant thrombo-
modulin, although the effective application is limited to patients with sepsis-induced 
DIC [71]. The polymorphisms of thrombomodulin gene (THBD) have reportedly 
lacked the genetic predisposition for thrombophilia [72]. A gain-of-function muta-
tion (c.1611C > A) has recently been found in bleeding but not thrombotic disorders 
[73]. Thrombomodulin therapy has not been then established in patients with defec-
tive PC-PS pathway.

Replacement therapy by using PC and antithrombin concentrates is useful for the 
treatment of acute thrombosis as well as the prophylaxis for recurrence. Anti- 
inflammatory and cytoprotective effects of APC concentrates on the treatment 
course in PC-deficient infants are needed to determine in the prospective study.

Sufficient replacement of fresh frozen plasma is required for the treatment of 
attacks as well as the renal outcome of USS patients [74]. Eculizumab, an inhibitor 
of the alternative complement pathway, is used as the first-line therapy for aHUS 
because of the rapid and sustained inhibition of the TMA process and significant 
improvements in long-term clinical outcomes.
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10.5  Conclusion Remarks

Thrombosis occurs as a consequence of multifactorial disorder. Pediatric cases of 
thrombosis are rare but increasing in number. It is closely associated with the genetic 
predispositions of anticoagulant deficiency. Genetic contributions to developing 
arterial and venous thrombosis in individuals may be greater in the newborns and 
children than in adults. According to the age, ethnicity, and identifiable triggers, we 
have to consider the genetic cause of pediatric thrombophilia. No replacement of 
natural anticoagulants can be instituted for the treatment and prophylaxis for throm-
bosis without the diagnosis of heritable thrombophilia. Liver transplantation could 
be a curative therapy of heritable PC deficiency [75]. Future studies are directed not 
only to establish the optimal management of thrombosis in infants and children but 
also the curative regenerative medicine for inherited thrombophilias.
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Chapter 11
Langerhans Cell Histiocytosis

Akira Morimoto

Abstract Langerhans cell histiocytosis (LCH) is an inflammatory myeloid neoplasia 
characterized by accumulation of clonal CD1a-positive immature dendritic cells 
(LCH cells) accompanied by infiltration of various inflammatory cells such as eosino-
phils, lymphocytes, macrophages, and osteoclast-like multinuclear giant cells. 
Mutually exclusive oncogenic mutations in genes involved in the mitogen- activated 
protein kinase (MAPK) signaling pathway, such as BRAF and MAP2K1, are detected 
in LCH cells from more than two thirds of LCH patients, suggesting that LCH cells 
are neoplastic. Proinflammatory cytokines and chemokines play a role in the clinical 
presentation of LCH, indicating that LCH is also an inflammatory disorder. Several 
major issues regarding the treatment of childhood LCH remain: how do clinicians 
rescue patients with risk-organ involvement that do not respond to first-line therapy, 
and how do they reduce and treat central nervous system- related consequences such 
as central diabetes insipidus and neurodegeneration? More research is needed to 
resolve these treatment-related issues.

11.1  Introduction

Langerhans cell histiocytosis (LCH), previously termed histiocytosis X, is charac-
terized by the accumulation of clonal CD1a-positive immature dendritic cells 
(DCs), so-called LCH cells, accompanied by eosinophils, lymphocytes, macro-
phages, and/or osteoclast-like multinucleated giant cells. Bone lesions are most 
common, followed by lesions of the skin and lymph nodes. LCH was originally 
described as three different entities: eosinophilic granuloma, Hand-Schüller-
Christian disease, and Letterer-Siwe disease. However, at present, LCH is classified 
as a single-system (SS) versus multi-system (MS) disease. SS disease is classified 
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as either unifocal or multifocal. MS disease is classified according to whether risk 
organs (RO), namely, the liver, spleen, and hematopoietic system, are involved. SS 
disease, RO-negative MS disease, and RO-positive MS disease are almost equiva-
lent to eosinophilic granuloma, Hand-Schüller-Christian disease, and Letterer-Siwe 
disease, respectively. The clinical manifestations of LCH vary from a self-limiting 
single bone disease to a rapidly fatal RO-positive MS disease. However, LCH usu-
ally follows a chronic course and reactivations often occur. This can result in perma-
nent consequences, such as orthopedic abnormalities, the development of central 
diabetes insipidus (CDI), and neurodegenerative central nervous system (ND-CNS) 
disease.

11.2  Epidemiology

The incidence of LCH in children aged less than 15 years is 4–5 cases per million 
per year, and the disease is diagnosed most often in this age group between the ages 
of 0 and 3 years [1–3]. It is estimated that 70 children are diagnosed with LCH every 
year in Japan [2]. LCH is also common in adolescents and young adults [4]. SS 
disease accounts for about 70% of cases, while nearly 10% are RO-positive MS 
disease. MS disease, especially RO-positive MS disease, is quite common in infants. 
The disease usually develops sporadically. However, genetic predisposition may 
play a role because about 1% of patients have relatives with LCH, monozygotic 
twin pairs are concordant for LCH [5], and single nucleotide polymorphism of cyto-
kine genes is associated with the severity of LCH [6]. Patients with LCH are more 
likely to develop malignant disorders than the general population [7]. Acute lym-
phoblastic leukemia (ALL), particularly T cell type, rarely precedes LCH harboring 
the same oncogenic mutation harbored by ALL [8].

11.3  Pathology and Diagnosis

A diagnosis of LCH must be made by pathological examination of excisional 
biopsy specimens. After hematoxylin-eosin staining, LCH cells have a distinctive 
homogeneously stained pink cytoplasm. Nuclei appear twisted, with a longitudi-
nal groove and a small nucleolus, a so-called “coffee bean” appearance. 
Immunohistochemical staining of S-100 protein is helpful for detecting LCH 
cells, which express CD14, CD68, and intracellular major histocompatibility 
complex class II antigen, but not Fascin, CD83, or CD86. A definitive diagnosis 
can be made when accumulated histiocytes are positive for CD1a or langerin 
(CD207) by immunohistochemistry [9]. The Birbeck granule is a Langerhans 
cell-specific tennis racquet-shaped organelle that can be detected by electron 
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microscopy. In terms of diagnostic value, the Birbeck granule has been replaced 
by langerin, which is a cell-surface receptor that induces formation of the Birbeck 
granule. Active LCH lesions contain granulomas caused by aggregation of LCH 
cells and a number of inflammatory cells. In the later stages of LCH, macrophages 
are more predominant in the lesions than LCH cells, and xanthomatous and 
fibrotic changes are often observed. In cases where aggregating histiocytes are 
negative for CD1a staining, clinicians may consider juvenile xanthogranuloma 
(JXG), Erdheim-Chester disease (ECD), or Rosai- Dorfman disease. LCH rarely 
precedes or co-occurs with JXG [10] or ECD [11]. Langerhans cell sarcoma 
should be ruled out when the CD1a-positive cells exhibit prominent dysmorphic 
features and mitotic figures [12, 13]. The differentiating characteristics of these 
histiocytoses are summarized in Table 11.1.

11.4  Pathogenesis

It is debatable whether LCH is a neoplasm or inflammation. Recently, LCH was 
defined as an inflammatory myeloid neoplasia [14]. Proliferation of LCH cells is 
neoplastic, although some clinical presentations are due to inflammation induced by 
infiltrating inflammatory cells, as well as LCH cells.

11.4.1  LCH and Neoplasia

11.4.1.1  Somatic Mutation of LCH Cells

LCH cells are monoclonal [15, 16] and sometimes show chromosomal deletion or 
gain [17]. However, recurrent genomic alteration was not detected for a long time 
due to the low percentage of LCH cells in the lesion [18]. However, a report pub-
lished in 2010 revealed that LCH cells harbor an oncogenic mutation of the BRAF 
gene (V600E), which plays a role in the mitogen-activated protein kinase (MAPK) 
signaling pathway; it also showed that extracellular signal-regulated kinase (ERK), 
a molecule downstream of BRAF in this pathway, is phosphorylated constitutively 
in the presence or absence of this mutation [19]. This mutation is detected in about 
half of LCH patients, regardless of disease type [20]. The clinical significance of 
the BRAF V600E mutation is unclear, although it was reported recently that BRAF 
V600E mutation-positive patients may experience a higher rate of reactivation than 
mutation-negative patients [21]. More recently, oncogenic mutation of other genes 
within the MAPK signaling pathway, including ERBB3, ARAF, and MAP2K1, 
were identified in LCH cells [22–24] (Fig. 11.1). These MAPK signaling pathway-
related mutations are mutually exclusive. Recurrent loss-of-function mutations in 
MAP3K1 (which encodes MEKK1) in the c-Jun N-terminal kinase pathway were 
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also identified [25]. These mutations of MAP3K1 are not exclusive to the BRAF 
V600E mutation, and the mechanisms by which these variants promote neoplastic 
growth remain unknown.

11.4.1.2  Characteristic of Neoplastic LCH Cells

Gene expression analysis of purified LCH cells revealed that the LCH cell of 
origin is not a skin Langerhans cell but a myeloid DC [26]. Compared with 
 normal Langerhans cells, LCH cells are more proliferative and have a lower 
antigen- presenting capacity. During maturation, LCH cells arrests in an activated 
state, possibly due to the action of transforming growth factor-β and interleukin 
(IL)-10 [27]. LCH cells are the only DCs that co-express Notch1 and its ligands 
Jagged-1 and -2 [28]. The JAG-mediated Notch signaling pathway may also play 
an important role in maintaining LCH cells in an immature state. Leukemic cells 
and LCH cells in patients who develop T cell acute lymphoblastic leukemia 
before LCH harbor the same activating Notch1 mutation and T cell receptor rear-
rangements [29, 30], further supporting the possibility that Notch1 may contrib-
ute to LCH pathogenesis. This is also interesting when considering the origin of 
LCH cells.

Fig. 11.1 Somatic mutations in the mitogen-activated protein kinase signaling pathway in LCH cells
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11.4.1.3  Detection of BRAF V600E-Positive Cells in Peripheral 
Blood and Bone Marrow

BRAF V600E mutations are detected in bone marrow hematopoietic progenitors, 
peripheral monocytes, and myeloid DCs in active high-risk (RO-positive MS) LCH 
patients harboring a BRAF V600E mutation. Conversely, the mutation is restricted 
to lesional LCH cells in low-risk patients [21].

11.4.1.4  Animal Model of LCH Generated by Forced  
BRAF V600E Expression in DCs

Forced expression of BRAF V600E in DCs is sufficient to drive LCH-like disease in 
mice [21]. Forced expression of BRAF V600E in CD11c+ cells (DC progenitors) 
results in the formation of aggressive LCH lesions similar to those observed in 
humans with high-risk LCH, whereas BRAF V600E expression in langerin-positive 
cells (differentiated DCs) results in disease that resembles low-risk LCH without 
detectable mutations in circulating myeloid cells. These data suggest that the extent 
of LCH may be determined by whether ERK-activating mutations arise at any stage 
of DC differentiation.

11.4.2  LCH and Inflammation

11.4.2.1  Interaction Between LCH Cells and Inflammatory  
Cells That Infiltrate LCH Lesions

LCH lesions contain less than 10% (median value) LCH cells [21]; however, they 
contain many inflammatory cells, including eosinophils, T lymphocytes, plasma 
cells, macrophages, osteoclast (OC)-like multinucleated giant cells (MGCs), and 
neutrophils. Because LCH cells show immature DC characteristics, they may pro-
mote the expansion of regulatory T cells, which in turn results in the failure of the 
host immune system to eliminate LCH cells [31].

LCH cells express the immature DC marker CCR6 and secrete its ligand 
CCL20/MIP-3α, along with CCL5/RANTES (a CCR1/3/5 ligand) and CXCL11/
I-TAC (a CXCR3 ligand) [32]. Interactions between these chemokine receptors 
and their ligands may play a role in the hematogenous migration of not only LCH 
cells but also of inflammatory cells into the lesions. These LCH cells and infiltrat-
ing cells in turn stimulate each other to produce cytokines such as GM-CSF, inter-
feron (IFN)-γ, tumor necrosis factor (TNF)-α, IL-1α, IL-2, IL-3, IL-4, IL-5, IL-7, 
and IL-10 [33]. Moreover, LCH cells in lesions express high levels of CD40, 
whereas T cells express CD154 (the CD40 ligand): interactions between CD40 
and CD154 are essential for activation of both antigen-presenting cells and T cells 
[34]. A recent report shows that LCH cells and lesional T cells express high levels 
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of the pleiotropic cytokine osteopontin (OPN) [26], which promotes the genera-
tion of T helper (Th)1 and Th17 cells, recruits histiocytes/monocytes, and acti-
vates osteoclasts [35].

We found that the serum levels of lesional inflammatory cytokines/chemokines 
and DC/macrophage-activating factors such as IL-18, M-CSF, and CCL2 are mark-
ers of disease dissemination and severity [36]. Marked increases in serum IL-18 and 
soluble tumor necrosis factor receptors are reported in patients at risk for develop-
ing hemophagocytic lymphohistiocytosis [37]. In addition, we found that patients 
with MS LCH have much higher serum OPN levels than patients with SS LCH [38].

11.4.2.2  Osteoclastogenesis in LCH Lesions

In LCH, OC-like MGCs are present not only in the bone but also in skin and lymph 
node lesions, and enzymes derived from OC-like MGCs may play a major role in 
chronic tissue destruction [39]. Both LCH cells and T cells in lesions produce the 
OC-inducing cytokines, receptor activator for nuclear factor kB ligand (RANKL) 
and macrophage colony-stimulating factor (M-CSF) [39]. We found that patients 
with SS LCH and multiple bone lesions had significantly higher ratios of soluble 
RANKL and osteoprotegerin (OPG), a decoy receptor of RANKL, than patients 
with MS LCH; moreover, the soluble RANKL/OPG ratios correlated positively 
with the number of bone lesions [40].

Courey et al. showed that patients with active LCH have high serum levels of 
IL-17A, which is mainly produced by LCH cells [41]. In vitro, serum IL-17A causes 
fusion of immature DCs, which results in formation of OC-like MGCs [41]. This 
IL-17A-dependent fusion activity correlates with LCH activity. An IL-17A auto-
crine model of LCH was suggested. We also found that patients with LCH have 
higher serum levels of IL-17A than controls, although the serum IL-17A levels of 
patients with MS LCH and SS LCH did not differ significantly. However, we also 
observed that LCH cells in MS disease expressed higher levels of IL-17A receptor 
(IL-17RA) than those in SS disease and that IL-17RA expression levels help distin-
guish between LCH subclasses [42]. In addition, we found that the cleaved form of 
OPN plays a critical role in driving immature DC differentiation into OC-like MGCs 
in an autocrine and/or paracrine fashion [43].

11.4.2.3  Triggers of LCH

Merkel cell polyomavirus (MCPyV, a common dermotropic virus) sequences are 
detected in not only skin but also in bone and soft tissue lesions of LCH patients; 
also, the amount of MCPyV DNA in peripheral blood cells is increased in patients 
with high-risk (RO-positive MS) LCH but not in patients with low-risk LCH [44]. 
MCPyV infection may induce LCH cells with an oncogenic mutation to secrete 
IL-1; this leads to activation of LCH cells in an autocrine manner [45]. This  suggests 
that MCPyV infection may trigger LCH.
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Nicotine stimulation increases the production of both OPN and GM-CSF by 
alveolar macrophages. Bronchoalveolar lavage cells from patients with pulmonary 
LCH produce abundant amounts of OPN. Forced expression of OPN in rat lungs 
induces lesions similar to pulmonary LCH, with marked accumulation of Langerhans 
cells [46]. These findings suggest that increased OPN production upon stimulation 
by nicotine is responsible for pulmonary LCH.

11.5  Clinical Manifestations

Since LCH affects a number of different organs, clinical signs and symptoms can 
be extremely variable. In most pediatric patients with SS LCH, lesions occur in 
the bone, with either single-site or multifocal involvement; however, lesions can 
also occur in the skin, thymus, or lymph nodes [47]. The involved organ at diag-
nosis and the initial presentation of MS LCH are shown in Fig. 11.2. In patients 
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Fig. 11.2 (a) Involved organ and (b) Initial presentation of patients with multi-system Langerhans 
cell histiocytosis at the time of diagnosis (n = 206; JLSG-96/02 study)
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with MS LCH, the organs involved are mainly the bone and skin, followed by the 
hematopoietic system, lymph nodes, liver, spleen, lung, and thymus. The most 
common initial manifestations are development of a skin rash, a soft tissue mass, 
fever, lymphadenopathy, hepatosplenomegaly, polyposia/polyuria, and bone 
pain. There are no specific laboratory markers for LCH.  In many cases, LCH 
presents with nonspecific inflammatory signs that arise from chronic 
inflammation.

11.5.1  Bone Lesions

Bone is involved in about 80% of all LCH cases [48]. The skull is the most com-
mon location, followed by the spine, extremities, pelvic bone, and ribs [49]. 
X-rays typically show osteolytic “punched out” lesions with sharp margins. 
Fluorodeoxyglucose- positron emission tomography [50] and whole-body mag-
netic resonance imaging (MRI) [51] are also useful for detecting bone lesions and 
for evaluating their response to treatment. Bone lesions may be asymptomatic or 
accompanied by pain and soft tissue swelling. When LCH is localized solely to 
the bone, the clinical course is generally benign and sometimes resolves spontane-
ously over a period of months to years. In patients with RO-positive MS disease, 
lack of bone lesions at the time of diagnosis is associated with a poorer outcome 
[52]. Bone lesions can result in critical or irreversible symptoms, such as visual 
loss or exophthalmos (due to orbital involvement), conductive hearing loss (due to 
mastoid antrum lesions), loss of teeth (due to jaw disease), and spinal paralysis 
(due to vertebral lesions).

11.5.2  Skin Lesions

Skin involvement is seen in approximately half of all patients and is particularly 
common in infants. These patients present with various lesions, including erythema, 
papules, nodules, petechiae, vesicles, crusted plaques, and seborrhea-like eruptions. 
Ulcerative lesions in the genital or inguinal region may also be present [53]. It is 
essential that LCH patients with skin lesions undergo evaluation of other visceral 
organs because most of these patients have MS disease. Patients with skin involve-
ment whom are aged older than 18 months are more likely to have lesions in organs 
other than the skin [54]. In neonatal infants, isolated skin lesions can regress spon-
taneously over weeks to months [55, 56]. However, some infants with isolated skin 
lesions at the time of diagnosis can develop MS disease, followed by a fatal clinical 
course [57].
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11.5.3  Risk Organs (Hematopoietic System, Liver, and Spleen)

Because disease involving the hematopoietic system, liver, or spleen is associated 
with a higher risk of death, these organs are defined as “risk organs”. Pulmonary 
involvement is no longer considered an independent prognostic variable [58, 59]. 
The recent definition of risk-organ involvement is shown in Table 11.2 [60].

Hematopoietic system involvement is defined by cytopenia, either with or with-
out bone marrow infiltration of LCH cells, and is seen exclusively in MS disease. In 
severe cases, serious anemia and thrombocytopenia may develop and are often asso-
ciated with a secondary hemophagocytic syndrome, followed by a fatal course. In 
particular, anemia with thrombocytopenia, with or without leukopenia and hypoal-
buminemia, is associated with a worse prognosis in children with MS LCH [61].

Liver and/or spleen involvement is characterized by organomegaly and/or liver 
dysfunction and is observed exclusively in MS disease. Histological examination 
of the liver reveals a portal infiltrate, which can lead to destruction of bile ducts and 
periportal fibrosis (sclerosing cholangitis), culminating in biliary cirrhosis with 
portal hypertension and, ultimately, secondary hypersplenism, which can cause 
cytopenias. A liver transplant is the treatment of choice for patients with sclerosing 
cholangitis due to LCH [62].

11.5.4  Lung Lesions

In children, pulmonary involvement is usually associated with MS disease. Lung 
pathology is associated with cough, dyspnea, pleural effusion, and recurring pneu-
mothorax. High resolution-computed tomography may reveal reticular or 

Table 11.2 Definition of risk-organ involvement (modified from [60])

Hematopoietic involvement (with or without bone marrow involvement)
Both of the following should be present:
  – Hemoglobin less than 10 g/dL (not due to other causes, e.g., iron deficiency)
  – Thrombocytopenia, with a platelet count less than 100,000/mm3

Liver involvement (the patient can show a combination of these symptoms):
  –  Enlargement >3 cm below the costal margin at the midclavicular line, confirmed by 

ultrasound
  –  Dysfunction documented by hyperbilirubinemia >3 times normal hypoalbuminemia  

(<30 g/dL); γ GT increased >2 times normal; ALT/AST >3 times normal; ascites or edema
  – Intrahepatic nodular mass
Spleen involvement
  –  Enlargement >3 cm below the costal margin at the midclavicular line, confirmed by 

ultrasound
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micronodular opacity, as well as large nodules and honeycombing. KL-6 may be a 
useful marker for pulmonary involvement [63]. Severe pulmonary hypertension is a 
common feature in patients with end-stage pulmonary LCH. Lung transplantation is 
a therapeutic option in this setting [64].

11.5.5  CNS Lesions

LCH may involve the CNS, presenting as space-occupying mass lesions, 
hypothalamic- pituitary disease, or neurodegenerative disease.

11.5.5.1  Mass Lesions

Intracranial tumorous lesions may occur in the meninges, choroid plexus, and 
brain parenchyma; these lesions can mimic brain tumors [65]. Cladribine (2-CdA), 
which penetrates the blood–brain barrier, may be an effective treatment for these 
lesions [66].

11.5.5.2  Hypothalamic-Pituitary Disease

Infiltration and dysfunction of the pituitary gland and/or adjacent hypothalamus is 
observed in 25% of all patients with LCH and in 50% of patients with MS disease 
[65]. The most frequent manifestation is CDI, which usually follows (but some-
times precedes or co-occurs with) other symptoms and signs of the disease. The 
cumulative incidence of CDI continues to increase, even 10 years after a diagnosis 
of LCH [67]. CDI occurs more often in patients with craniofacial bone lesions (with 
the exception of the vault), ear, eye, and/or oral lesions [68]; thus these lesions are 
known as CNS-risk lesions. Patients with MS disease that includes bone lesions are 
more likely to have CNS-risk lesions than patients with bone lesions alone [49]. 
LCH involvement of the pituitary gland can be shown by MRI, namely, pituitary 
stalk thickening and loss of the physiological high-intensity signal in the posterior 
pituitary lobe on T1-weighted images. Appropriate systemic chemotherapy may 
effectively inhibit the development of CDI [67, 68]. Systemic chemotherapy rarely 
cures CDI, but LCH patients with newly diagnosed CDI should be treated with 
systemic chemotherapy to prevent anterior pituitary hormone loss and neurodegen-
erative disease. About half of patients with CDI develop anterior pituitary hormone 
deficiencies and/or ND-CNS disease during follow-up, usually after a disease 
course of several years [69]. Patients with hypothalamic-pituitary lesions may pres-
ent with non-endocrine hypothalamic dysfunction, such as eating disorder, thirst, 
fatigue, autonomic disturbance, temperature instability, memory deficit, and dis-
turbed consciousness [70]. Hypothalamic lesions are observed on MRI as 
gadolinium- enhanced masses [71].
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11.5.5.3  Neurodegenerative CNS Disease

ND-CNS disease may develop during the years after disease onset, often when the 
disease is considered quiescent [72, 73]. Three years after a diagnosis of LCH, more 
than half of patients with CNS-risk lesions and/or CDI demonstrate abnormities on 
MRI (radiological ND-CNS disease), including bilateral symmetrical lesions in the 
cerebellar white matter and/or basal ganglia [74]. These brain MRI abnormalities 
gradually deteriorate and are irreversible. One quarter of patients with brain MRI 
abnormalities present with neurological symptoms (neurological ND-CNS disease), 
which includes ataxia, tremor, dysarthria, dysphagia, and hyperreflexia, within sev-
eral years, which is followed by further deterioration. Patients with neurological 
ND-CNS disease eventually become bedridden. Histologically, ND-CNS disease is 
characterized by the presence of a CD8-positive T cell infiltrate, activation of 
microglia, gliosis, and neuronal and axonal destruction with secondary demyelin-
ation, as observed in autoimmune encephalitis. CD1a-positive LCH cells may be 
absent [75]. Currently, there is no established therapy for ND-CNS disease, although 
promising evidence suggests that intravenous immunoglobulin [76, 77] can prevent 
progression. Although first-line therapies for LCH that include cytarabine (Ara-C) 
cannot prevent development of ND-LCH completely [78], treatment with Ara-C 
might be effective for ND-CNS disease [79].

11.5.6  Other Lesions

The most commonly affected lymph nodes are the cervical nodes, followed by axillary 
and inguinal nodes [80]. Rarely, lymph nodes can become massive and cause upper 
airway obstruction. Thymic involvement mainly occurs in young children and is diag-
nosed when a CT indicates thymus enlargement and calcification. Patients with thymic 
involvement sometimes have profound T lymphocytopenia and (albeit rarely) suffer 
superior vena cava syndrome or asphyxiation [81]. Infiltration of the oral mucosa may 
appear as ulceration or swelling of the gingiva [82]. Infiltration of the gastrointestinal 
tract rarely occurs, but can cause vomiting, abdominal pain, constipation, intractable 
diarrhea with blood and/or mucus [83], and malabsorption of nutrients [84]. 
Occasionally, the thyroid gland [85], pancreas, and kidneys [86] are involved.

11.6  New Clinical Markers of LCH

In patients with various solid tumors, cell-free DNA (cfDNA) in the peripheral 
blood contains cancer-derived genomic DNA and can be tested for using a noninva-
sive diagnostic procedure called a “liquid biopsy.” cfDNA BRAF V600E in plasma 
may serve as a noninvasive biomarker of treatment response in high-risk LCH 
patients [87, 88].
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Acute-phase serum levels of inter-alpha-trypsin inhibitor heavy chain 4 (ITIH4), 
whose production is up-regulated by IL-6, may represent disease activity or extent 
of LCH [89].

11.7  Treatment and Outcome

The clinical course of LCH varies widely depending on the extent of organ involve-
ment. The mortality rate of patients with SS disease, or RO-negative MS disease, is 
less than 1%. However, children with RO-positive MS disease have a worse progno-
sis: these children often have fatal outcomes despite intensive treatment and mortal-
ity rates are 10–50% [90]. Treatment of LCH should be planned according to the 
clinical presentation and the extent of organ involvement. Etoposide (VP-16) is no 
longer considered a reasonable first-line therapeutic agent because it is no more effi-
cacious than vinblastine [91] and causes therapy-related acute myeloid leukemia 
(t-AML) [92]. Radiation is rarely used in children because of the increased risk of 
secondary malignancies, particularly brain tumors, in irradiated areas [93].

11.7.1  Single-System LCH

In SS LCH, the main aim of treatment is to reduce the symptoms and the chances of 
permanent sequelae. In patients with localized, unifocal bone disease, LCH may 
resolve spontaneously. In the case of a single bone lesion in a region other than the 
craniofacial area, or in those with no symptoms, a wait-and-see approach or diagnostic 
curettage is the standard method of care. Local injection of corticosteroid may be used 
for these bone lesions [94]. Patients with CNS-risk lesions with compressing soft tissue 
extension of bone lesions or multifocal bone disease should receive systemic chemo-
therapy with vinca alkaloids and corticosteroids for more than 6 months to prevent late 
sequelae such as CDI and nerve compression [95]. A nationwide survey in Japan sug-
gests that appropriate chemotherapy for patients with a single bone lesion results in an 
excellent prognosis [47]. Radical resection of large bone lesions is discouraged as this 
often results in disfigurement. In cases of skin involvement only, the best option is to 
take a wait-and-see approach, with careful attention paid to progression to MS disease. 
Alternatively, patients can be treated with topical corticosteroids.

11.7.2  Multi-System LCH

In MS LCH, the main aims of treatment are to increase survival and to reduce the 
incidence of late sequelae. The results of recent clinical studies are summarized in 
Table 11.3. The most commonly used regimen in countries other than Japan is sys-
temic chemotherapy resorting primarily to vinblastine (VBL) and corticosteroid for 
12 months. Three international clinical trials (LCH-I, -II, and -III) conducted by the 
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Histiocyte Society have tested this regimen [91, 96, 97] and showed that it yields 
excellent survival rates in risk-organ-negative patients, even in infants. However, 
despite this treatment, the mortality rates of risk-organ-positive patients remain high 
at 15–30%. The 6 weeks of induction chemotherapy comprising Ara-C, vincristine 
(VCR), and prednisolone introduced by the Japan LCH Study Group (the JLSG- 
96/-02 protocol) yields more favorable survival rates, with high initial response 
rates (68–76%) for RO-positive patients: the overall mortality rate is less than 10% 
[58, 98]. A JLSG-02 protocol in which treatment was prolonged from 30 to 54 weeks 
achieved a lower reactivation rate than the original JLSG-96 protocol [58].

11.7.3  Salvage Therapy and New Treatments  
for Refractory Patients

A major prognostic factor is a patient’s response to the first 6 weeks of systemic multi-
agent chemotherapy: RO-positive patients who exhibit progressive disease during 
combination chemotherapy have an extremely high rate of mortality (between 30 and 

Table 11.3 Clinical studies involving pediatric patients with multisystem Langerhans cell 
histiocytosis [58, 96–98]

RO+ group RO− group
Japan LCH Study 
Group*1 Histiocyte Society*2

Japan LCH Study 
Group*1

Histiocyte 
Society*2

JLSG- 
96*3

JLSG- 
02*4 LCH-II*5 LCH-III*6

JLSG- 
96*3

JLSG- 
02*4 LCH- III*6

No. of 
patients

41 84 133 227 18 63 179

Duration of 
therapy 
(weeks)

30 54 30 52 or 64 30 54 25 or 52

Rate of 
responders 
at 6 weeks

68% 76% 62% 66% 94% 94% 87%

Mortality rate 7% 8% 30% 15% 0% 0% 1%
Probable OS 
at 5 years

93 ± 4% 92 ± 3% 69 ± 4% 84 ± ND% 100% 100% 99%

  Responders 
at 6 weeks

  Poor 
responders 
at 6 weeks

96 ± 4%
85 ± 10%

98 ± 2%
70 ± 10%

ND
ND

95 ± ND%
72 ± ND%

100%
100%

100%
100%

ND
ND

Probable EFS 
at 5 years

27 ± 7% 46 ± 5% ND ND 39 ± 12% 70 ± 6% ND

RO+ risk-organ involvement positive, RO− risk-organ involvement negative, OS overall survival, 
EFS event-free survival, ND not described
*1, adopting a cytarabine/vincristine/prednisolone-based regimen; *2, adopting a vinblastine/
prednisolone-based regimen; *3, enrolled in 1996–2001; *4, enrolled in 2002–2009; *5, enrolled 
in 1996–2001; *6, enrolled in 2002–2008
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80%) [58, 96–99]. For these patients, more aggressive salvage therapy should be con-
sidered. In the Japanese JLSG-96/-02 protocol, the salvage regimen (comprising an 
intensive combination of doxorubicin, cyclophosphamide, VCR, and PSL) is benefi-
cial for those who respond poorly to the 6-week induction treatment [58, 98]. 
Myeloablative therapy using a combination of 2-CdA/high-dose Ara-C [100] and clo-
farabine [101] is also effective for poor responders. However, profound and prolonged 
myelosuppression should be anticipated when using these therapies. A combination 
of 2-CdA/Ara-C at reduced doses may also show a good response in these refractory 
patients, with manageable toxicity [102]. Allogeneic hematopoietic stem cell trans-
plantation is another promising salvage therapy for children with refractory LCH 
[103, 104]. A reduced-intensity conditioning regimen may be sufficient to induce a 
cure because of its immunomodulatory effect [105]. A recent report showed that a 
pediatric patient with refractory RO-positive MS disease harboring a BRAF V600E 
mutation was successfully treated with vemurafenib, with no severe toxicity [106].

11.8  Reactivation

Nearly half of patients with MS disease exhibit reactivation, which occurs in an 
unpredictable manner [107, 108]. Some patients experience several episodes of 
reactivation. Most cases of initial reactivation occur within 2 years of diagnosis. 
Reactivations occur most frequently in bone, but rarely in RO. Reactivated lesions 
may sometimes resolve spontaneously; indeed, most patients with reactivation 
undergo “second disease resolution” and survive. However, they have an increased 
risk of permanent sequelae.

For patients who show reactivation in non-RO while they are off therapy, 
treatment with the same first-line therapy, pamidronate combined with a Cox2 
inhibitor [109] or 2-CdA monotherapy [110, 111] may be effective. Careful 
attention is required to prevent adverse effects when using 2-CdA, namely, the 
development of severe and persistent bone marrow failure and myelodysplastic 
syndrome [112, 113].

11.9  Permanent Sequelae

Many LCH patients suffer permanent sequelae [114], which most often result from 
the infiltrative nature of the disease itself, which causes tissue destruction and granu-
lomatous fibrosis or gliosis of various tissues. Seventy percent of patients with MS 
disease and 25% of those with SS disease develop one or more life-long sequelae, 
including CDI, orthopedic problems, hearing loss, neurological problems, growth 
hormone deficiency, loss of teeth, pulmonary fibrosis, and biliary cirrhosis with portal 
hypertension. The most common and serious of these involve the CNS (e.g., CDI and 
ND-CNS disease); these sequelae are particularly common in MS disease and 
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correlate with an increased frequency of CNS-risk lesions [49, 65]. The incidence of 
these sequelae increases over follow-up. More research is needed to resolve these 
issues.

11.10  Conclusions

There is no optimal treatment for LCH, although some progress has been made. 
There are several major issues that remain to be resolved. First, it is unclear how we 
rescue patients with RO-positive MS disease who do not respond to first-line ther-
apy. Second, novel therapeutic measures are required to reduce and treat CNS- 
related consequences.
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Chapter 12
Primary Hemophagocytic Lymphohistiocytosis

Takahiro Yasumi, Hirofumi Shibata, Saeko Shimodera, and Toshio Heike

Abstract Hemophagocytic lymphohistiocytosis (HLH) is a rare but fatal syndrome 
of dysregulated immune reaction that mostly affects infants and young children. 
HLH represents the extreme end of uncontrolled inflammatory reaction and can 
occur in various clinical settings. It is classified into primary and secondary forms 
based on the underlying etiology. Since the first report of causative gene for primary 
HLH in 1999, it has been clarified that a defect in lymphocyte cytotoxic function 
leads to abnormal activation of T cells and subsequent release of inflammatory cyto-
kines. Herein, recent advances in genetics, pathophysiology, diagnostic procedure, 
and clinical management of primary HLH are reviewed.

12.1  Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a rare but life-threatening syndrome 
of excessive inflammation caused by dysregulated immune activation. It is charac-
terized clinically by persistent fever, splenomegaly, cytopenia, hypofibrinogenemia, 
hypertriglyceridemia, increased levels of serum ferritin and soluble interleukin-2 
receptor (sIL-2R), and histologically by the presence of benign hemophagocytic 
macrophages [1, 2]. It most often manifests in young infants but also affects chil-
dren and adults of all ages. HLH is classified into primary or secondary forms 
according to the underlying etiology. Most forms of primary HLH are caused by 
defects in genes involved in the cytolytic activity of natural killer (NK) cells and 
cytotoxic T lymphocytes (CTLs), and dysregulated activation of these lymphocytes 
is central to the pathogenesis. Secondary HLH occurs in association with infections, 
autoimmunity, auto-inflammatory disorders, and malignancies. HLH can also infre-
quently associate with immune deficiency conditions such as chronic granuloma-
tous diseases and combined immunodeficiency disorders [3]. These cases are 
generally recognized as secondary HLH complicating other genetic disorders and 
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not as primary HLH. The mechanism leading to secondary HLH development needs 
to be unraveled, but recent reports suggest distinct pathophysiology from that of 
primary HLH. In this chapter, we focus on primary forms of HLH and review their 
genetics, pathophysiology, diagnostic procedure, and clinical management.

12.2  Subtypes of Primary HLH (Table 12.1)

The granule-dependent cytotoxic pathway is a major immune effector mechanism 
employed by cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells. The 
pathway involves a series of steps including delivery of the lysosomal granules to the 
immunological synapse, exocytosis of lytic proteins such as perforin and granzymes, 
and induction of apoptosis in the target cells (Fig. 12.2). This pathway plays a central 
role in the defense against intracellular infections and in tumor immunity, and also an 
important role in the regulation of immune homeostasis. A defect in genes involved 
in granule-dependent cytotoxic pathway is the cause of familial hemophagocytic 
lymphohistiocytosis (FHL), the prototypic primary HLH syndrome [4].

Based on genetics, FHL has been categorized into five subtypes. The causative 
gene of FHL1 is yet to be identified, and it is unknown if the patients had any defect 
in the lymphocyte cytolytic activities. FHL2-5 are caused by mutations in the genes 
encoding perforin (PRF1; FHL2), Munc13-4 (UNC13D; FHL3), syntaxin-11 (STX11; 
FHL4), and syntaxin-binding protein 2 (also known as Munc18-2) (STXBP2; FHL5) 
[5–9]. Perforin is an effector molecule contained in cytolytic granules. Munc13-4, 

Table 12.1 Subtypes of primary HLH

Disease Defective gene Protein Inheritance Protein function

FHL syndromes without hypopigmentation

FHL2 PRF1 Perforin AR Pore formation
FHL3 UNC13D Munc13-4 AR Vesicle priming
FHL4 STX11 Syntaxin11 AR Vesicle fusion
FHL5 STXBP2 Munc18-2 AR, AD Vesicle fusion
FHL syndromes with hypopigmentation

Chediak-Higashi 
syndrome

CHS1/LYST LYST AR Vesicle sorting

Griscelli syndrome 
type 2

RAB27A Rab27a AR Vesicle docking

Hermansky- Pudlak 
syndrome type 2

AP3B1 AP-3 complex 
β3A subunit

AR Vesicle polarization

Hermansky- Pudlak 
syndrome type 9

PLDN Pallidin AR Vesicle polarization

X-linked lymphoproliferative disease

XLP type 1 SH2D1A SAP XL SLAM family receptor 
signaling

XLP type 2 XIAP/BIRC4 XIAP XL Inhibition of cell death 
and inflammasome 
activation

AR autosomal recessive, AD autosomal dominant, XL X-linked
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syntaxin-11, and Munc18-2 are involved in intracellular trafficking or the fusion of 
those granules to the plasma membrane and the delivery of their contents into target 
cells (Fig. 12.1). As a result, defective cytotoxic activity of CTLs and NK cells is the 
hallmark findings of FHL. Because the trafficking of melanosomes shares machinery 
with that of cytotoxic granules, primary HLH includes disorders characterized by 
oculocutaneous albinism and impaired lymphocyte cytotoxicity (Fig. 12.1). Chediak-
Higashi syndrome (CHS) is caused by mutations in LYST, Griscelli syndrome (GS) 
type 2 by mutations in RAB27A, and Hermansky-Pudlak syndrome (HPS) type 2 by 
mutations in AP3B1 [10–13]. Majority of patients with CHS and GS type 2 develop 
symptom of HLH; however, few cases of HLH in HPS type 2 have been described in 
literature [14–16]. PLDN mutations have recently been identified to cause HPS type 
9, but it is not clear if full-blown HLH accompanies this disorder [17].

Two X-linked disorders associated with Epstein-Barr virus (EBV)-driven HLH 
without direct evidence of impairment in lymphocyte cytotoxicity are X-linked lym-
phoproliferative syndrome (XLP) type 1 and type 2. XLP type 1 is caused by a mutation 
in gene coding signaling lymphocyte activation molecule (SLAM)-associated protein 
(SAP) (SH2D1A) and XLP type 2 by mutations in gene coding X-linked inhibitor of 
apoptosis (XIAP) (BIRC4) [18–20]. Recently, mutations in genes including ITK, CD27, 
and MAGT1 are reported to cause EBV-associated lymphoproliferation and lymphoma; 
however, HLH seems to be an infrequent complication in these diseases [21].

Cytotoxic lymphocyte

ER

Target cell

Apoptosis

Immunological
Synapse

Granzyme

Perforin

Munc13-4

Munc18-2
Syntaxin11

Sorting

LYST

Polarization

AP3B1

Docking

Rab27a

Fusion

Priming

Cytolytic granule

Fig. 12.1 Overview of the granule-dependent cytotoxic pathway. The granule-dependent cyto-
toxic pathway is a major immune effector mechanism employed by CTLs and NK cells. The 
pathway involves a series of steps including delivery of the lysosomal granules to the immunologi-
cal synapse, exocytosis of lytic proteins such as perforin and granzymes, and induction of apopto-
sis in the target cells
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12.3  Pathophysiology

In addition to its central role in inducing apoptosis in targets such as cells infected with 
intracellular pathogens and tumor cells, the granule-dependent cytotoxic pathway is 
involved in inducing apoptosis in antigen-presenting cells (APCs) and possibly in CTLs 
themselves. In healthy individuals, CTL reaction subsides with a small number of resid-
ual memory cells as the antigen is cleared. In FHL patients, impaired clearance of anti-
gens and defective suppression of antigen presentation, together with the inhibition of 
apoptosis in CTLs themselves, result in hyperactivation of CTLs and excessive produc-
tion of inflammatory cytokines such as interferon-γ (IFN-γ) (Fig. 12.2). This leads to 
secondary activation of other cells including macrophages to produce additional inflam-
matory cytokines and results in “cytokine-storm” state characteristic of HLH.

Normal CTL homeostasis CTL hyper-activation in FHL

Target cells

CD8

Memory
CTL 

APC

CTL

CTL

CD8

CTL

CTL
CTL

CTL

CTL CTL

CTL

IFN-g 
IFN-g 

IFN-g 
IFN-g  

CTL

CTL CTL

Fig. 12.2 Defective cytotoxic activity causes dysregulated CTL activation. In addition to its cen-
tral role in inducing apoptosis in target cells, the granule-dependent cytotoxic pathway is involved 
in inducing apoptosis in APCs and in CTLs themselves. In healthy individuals, CTL reaction 
subsides with a small number of residual memory cells as the antigen is cleared. In FHL patients, 
impaired clearance of targets and defective suppression of antigen presentation, together with the 
inhibition of apoptosis in CTLs themselves, result in hyperactivation of CTLs and excessive pro-
duction of inflammatory cytokines such as IFN-γ
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In XLP type 1 patients, HLH development is often associated with EBV- 
infection. SAP-deficient CTLs from patients with XLP type 1 display a specific 
lytic defect against autologous and allogeneic EBV-infected B cells, as well as an 
impairment in activation-induced apoptosis of their own [22, 23]. These observa-
tions suggest that the pathogenesis of HLH development after EBV-infection in 
XLP type 1 is similar to that of FHL syndromes (Fig. 12.3).

In contrast to XLP type 1, no evidence of cytolytic defect is reported for CTLs 
from XLP type 2 patients, and XIAP deficiency is associated with increased apop-
tosis of activated CTLs. Therefore, the mechanism behind HLH development in 
XLP type 2 seems to differ from that of FHL and XLP type 1. Recently, XIAP is 
shown to suppress inflammasome activity, and sustained elevation of serum IL-18 is 
reported in patients with XLP type 2 [24–26]. It is possible that pathophysiology of 
HLH in XLP type 2 may be similar to that of secondary HLH complicating auto- 
inflammatory disorders.

B cell

2B4

EBV

CD48Normal
CTL

Normal CTL response
against EBV-infected B cells

AICD

CTL response against
EBV-infected B cells in XLP1

SAP

AICD

SAP

Memory
CTL

CTL

CTL
CTL CTL

CTL

CTL

SAP-deficient
CTL

Fig. 12.3 Hyperactivation of CTLs against EBV-infected B cells in SAP-deficient patients.  
SAP- deficient CTLs from patients with XLP type 1 display a specific lytic defect against EBV-
infected B cells, as well as an impairment in their own activation-induced apoptosis
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12.4  Clinical Manifestations

Primary HLH predominantly manifests in young infants but can potentially affect all 
age groups. Rare cases with fetal and elderly onset have been reported. Clinical pre-
sentation in these cases may be atypical and the diagnosis is often delayed [27, 28].

Classical manifestations of HLH include prolonged fever, progressive cytope-
nias, hepatosplenomegaly, liver dysfunction, and coagulopathy. Central nervous 
system (CNS) symptoms can be found in one- to two-thirds of FHL patients and 
include decreased level of consciousness, cranial nerve palsies, and seizures [29, 
30]. FHL3 patients are more prone to have CNS symptoms compared to FHL2 [31]. 
FHL4 and XLP type 2 patients are reported to have milder and recurrent episodes of 
HLH compared to patients with other forms of primary HLH. It has recently been 
proposed that graded defects in lymphocyte cytotoxicity determine the severity of 
HLH associated with each subtype [32].

Beside symptoms of HLH, each subtype of primary HLH is characterized by 
specific symptoms. Colitis is seen in a significant proportion of patients with FHL5 
and XLP type 2, and sensorineural hearing deficit is a common finding in FHL5 
patients [33, 34]. Hypogammaglobulinemia is reported in patients with FHL5 and 
XLP types 1 and 2 [33, 35]. Lymphoma develops in one-third of XLP type 1 but not 
in type 2 patients [35]. Partial albinism accompanies CHS, GS type 2, and HPS type 
2, and recurrent pyogenic infections are frequently observed in these patients. 
Bleeding diathesis is commonly seen in patients with CHS and HPS type 2 but usu-
ally requires no specific treatment. Progressive motor and sensory neuropathies and 
low cognitive abilities develop in CHS patients who survive into adulthood [36].

12.5  Diagnosis

Diagnostic criteria for HLH was proposed and updated by the Histiocyte Society 
based on studies of FHL syndromes [2]. The criteria include two clinical symptoms 
and six laboratory findings. Fever is the first criterion and is a common symptom of 
HLH; however, it is often absent in neonates. Splenomegaly with or without hepa-
tomegaly is also on the list. Laboratory findings include cytopenias affecting at least 
two of three lineages in the peripheral blood; hypertrigryceridemia and/or hypofi-
brinogenemia; hemophagocytosis in the bone marrow, spleen, or lymph nodes; low 
or absent NK-cell activity; hyperferritinemia; and high levels of sIL-2R. HLH is 
considered present if at least five out of eight features are positive.

Leukocyte count at diagnosis is variable among patients; however, neutropenia 
and thrombocytopenia are typical findings of FHL patients from the early course of 
the disease. Analysis of bone marrow aspirates is commonly performed for diagnos-
ing HLH, but hemophagocytosis is detected in only half to two-thirds of patients 
with FHL. Thus, a negative result should not preclude initiation of therapy when 
there is high clinical suspicion of FHL.  Serum levels of sIL-2R and ferritin are 
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 elevated in HLH and primarily reflect activation of T lymphocytes and macro-
phages, respectively. Since the activation of CTLs precedes that of macrophages in 
FHL, sIL-2R elevation is more prominent compared to that of ferritin in early course 
of the disease [37]. Low or absent NK cell activity is a common finding of 
FHL. However, transient impairment of NK cell activity is also a frequent finding in 
patients with secondary HLH [38].

Several rapid screening tests are available to identify FHL patients (Fig. 12.4). 
Detection of perforin expression in NK cells with flow cytometry is a reliable 
method to screen for FHL2 in a given patient [39, 40]. FHL3 can be screened by 
detecting intra-platelet expression of Munc13-4 protein [41]. XLP types 1 and 2 can 
be identified by detecting the intracellular expression of SAP and XIAP proteins, 
respectively [42–44]. Surface expression of CD107a on NK cells and CTLs reflects 
the integrity of cytotoxic granular release and is useful for identification of FHL3-5, 
CHS, GS type 2, and HPS type 2 [38, 45]. Some patients with secondary HLH may 
have a defect in resting NK cell degranulation; however, these patients show normal 
degranulation of NK cells after culturing with IL-2 [38, 45].
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Fig. 12.4 Flow cytometry-based screening tests to identify patients with primary HLH. (a) FHL2 
screening by detecting perforin expression in NK cells. (b) Screening of XLP type 2 patients by 
detecting XIAP expression in lymphocytes (Courtesy of Dr. Hirokazu Kanegane). (c) Intra-platelet 
Munc13-4 expression assay identifies FHL3 patients. Lysosomal degranulation assay using (d) 
NK cells and (e) CD57 + CTLs
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Genetic analysis confirms the diagnosis of primary HLH. The incidents of gene 
defects responsible for primary HLH subtypes vary among countries and ethnic 
groups. Yet, up to 70% of cases are due to mutations in two genes, PRF1 and 
UNC13D [46, 47].

FHL2 accounts for 20–50% of all FHL cases depending on the cohort studies. It 
is most common among African-Americans and mutation c.50delT is found very 
frequently. FHL2 is also the most common subtype of primary HLH in Japan, and 
c.1090-1091delCT mutation has been reported only in Japanese patients [48]. 
FHL3 covers 30–40% of FHL patients based on geographic and ethnic groups. 
FHL3 is the most common form of primary HLH in Korea and among Caucasians 
in the US [46, 49]. In Japan, it accounts for one-third of FHL cases [48]. It has 
become evident in 2011 that deep intronic mutation c.118-308C>T and the 253-kb 
inversion affecting the 3′-end of UNC13D transcript abolish Munc13-4 expression 
and account for significant proportion of FHL3 in northern European populations 
[50]. Original reports of FHL4 were restricted to families of Turkish/Kurdish ori-
gin, but patients of different origin have been reported recently [51, 52]. FHL4 
patients seem to have a late onset and a milder clinical presentation compared to 
FHL2 and FHL3. FHL5 is reported to account for 20% of FHL cases in German 
cohort and seem to be found in every geographic region [33]. Clinical findings of 
FHL5 include colitis, bleeding tendency, and hypogammaglobulinemia in addition 
to typical presentation of HLH.  A recent study described two unrelated FHL5 
patients with mono-allelic dominant-negative mutations, c.193C>T and c.194G>A, 
in STXBP2 gene [53].

Incidence of primary HLH syndromes with albinism is much lower than that of 
FHL [47]. In Japan, only one or two CHS patients are newly diagnosed every year 
[54]. The pathognomonic feature of CHS is the presence of giant lysosomes and 
related organelles in various cell types. Decreased pool of platelet dense granules 
is associated with bleeding diathesis, while a defect in antimicrobial activity is 
due to the decrease of neutrophil enzymes. In neuronal cells, giant granule forma-
tion might have a role in the pathophysiology of neurological manifestations. 
CHS clinical phenotypes correlate with molecular genotypes; nonsense or frame-
shift mutations that cause early truncation of the protein are associated with early-
onset disease characterized by severe infections and HLH while missense 
mutations are associated with milder, late-onset course of disease with progres-
sive neuropathies [55]. In most patients with GS type 2, HLH develops between 6 
and 12 months of age, later than in patients with FHL2 but earlier than in patients 
with FHL4 and CHS [32]. Neurological manifestations in GS type 2 patients 
occur only in association with the development of HLH because RAB27A gene is 
not expressed in neuronal cells. In 2015, GS type 2 patients without albinism were 
reported. Rab27a protein interacts with Munc13-4 and melanophilin. RAB27A 
mutations identified in these patients selectively disrupted the interaction of 
Rab27a protein with Munc13-4 but not with melanophilin [56]. HPS is a group of 
at least nine genetic disorders characterized by oculocutaneous albinism and 
bleeding diathesis. Of these, HPS types 2 and 9 are associated with cytotoxicity 

T. Yasumi et al.



255

impairment. However, only a few HPS type 2 patients with HLH development are 
reported in the literature [13, 16].

XLP is a rare inherited immunodeficiency affecting approximately one in 
1,000,000 males. SH2D1A and BIRC4 genes, responsible for XLP types 1 and 2, 
respectively, are both located on Xq25 in close vicinity. However, it is now evident 
that two disorders are not functionally related despite their clinical similarities at 
first sight. SH2D1A mutation is responsible for 60–70% of XLP cases. XLP type 1 
patients typically exhibit EBV-induced HLH, progressive hypogammaglobulinemia, 
and malignant lymphoma. BIRC4 mutation is found in 20–30% of XLP cases, and 
XLP type 2 patients typically present with EBV-triggered HLH, transient hypogam-
maglobulinemia during HLH episodes, hemorrhagic colitis, but not with malignant 
lymphoma [21, 57, 58].

12.6  Treatment

Current management of primary HLH involves a two-step approach. First step is a 
short-term immunosuppressive therapy aiming at controlling the inflammatory 
state. Second step aims at correcting the underlying genetic defect by allogeneic 
hematopoietic stem cell transplantation (HSCT). Because most HLH patients are 
critically ill at the time of HLH diagnosis, timely introduction of immunosuppres-
sive therapy is required before determining if a given patient has primary or second-
ary HLH. Molecular screening for primary HLH is usually performed in parallel 
with the treatment.

Initial therapy of HLH focuses on stopping the activation of CTLs and macro-
phages and on blocking excessive production of inflammatory cytokines. It is also 
important to search for and treat underlying infectious trigger of HLH development. 
Early use of γ-globulin and/or corticosteroid is sometimes useful for transiently 
controlling the HLH activity; however, an aggressive immunosuppressive therapy is 
warranted for most cases.

The first international treatment protocol for HLH (HLH-94) was organized 
by the Histiocyte Society in 1994 mainly aiming at treating primary HLH patients 
by HSCT. This protocol included an 8-week induction therapy with dexametha-
sone, etoposide, and intrathecal methotrexate, followed by maintenance therapy 
with pulse dexamethasone, etoposide, and cyclosporine A, which is intended as a 
bridging therapy to HSCT. The 5-year survival rate was 54 ± 6% in all patients, 
66 ± 8% for those who received HSCT, and the outcomes of HSCT were better in 
patients with adequately controlled HLH activity before HSCT conditioning 
[59]. Genetic information was unavailable in HLH-94 study because the protocol 
started 5 years before the first FHL causative gene was reported. Intensification 
of induction therapy was indicated because most of the patients who did not 
receive HSCT and who died during the first year had active signs of HLH. Thus, 
the second international trial HLH-2004 was opened with major modification in 
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induction therapy; cyclosporine A was used from the beginning and hydrocorti-
sone was added to intrathecal therapy [2]. The result of the study is yet to be 
published, but cases of early death during the first 2-month period has been 
reduced. As a second line therapy for HLH refractory to etoposide-based therapy, 
Alemtuzumab, a monoclonal antibody to CD52, is reported to have induced par-
tial response in 64% of the treated patients [60]. Beside etoposide-based regi-
mens, an antithymocyte globulin (ATG) used in combination with corticosteroids 
as an initial treatment of primary HLH has been reported with comparable sur-
vival rate and acceptable toxicity [61].

For the most of patients with primary HLH, correction of genetic defects by 
HSCT is warranted after controlling the hyper-inflammatory state. Myeloablative 
conditioning (MAC) using busulfan, cyclophosphamide, and etoposide with or 
without ATG has long been the standard of HSCT for HLH patients [2]. However, 
MAC-based HSCT is associated with high treatment-related mortality [59, 62]. 
Recent reports suggest that reduced-intensity conditioning (RIC) can improve the 
outcome of HLH patients undergoing HSCT [63–65]. Still, a high incidence of 
mixed donor chimerism is associated with RIC-HSCT and long-term follow-up is 
needed to ascertain the outcome of the treatment.

The indication of HSCT for XLP type 2 depends on the clinical picture, because 
patients with XIAP deficiency were shown to have poor tolerance to MAC [66]. 
Recently reported patients survived RIST-HSCT with improvement of refractory 
inflammatory colitis [58, 67], and the control of posttransplant HLH with etoposide 
and corticosteroid seems to be an important factor for favorable outcomes [68]. The 
precise indication for HSCT remains also unclear for CHS patients because some 
patients have milder phenotype and survive into adulthood and because HSCT can-
not prevent neurological dysfunction. Recent reports showed that the differences in 
the cytotoxic and degranulation capacity of CTLs may be predictive for the risk of 
HLH development [69]. Preemptive HSCT is not indicated for patients with HPS 
type 2 because it confers low risk of HLH [16].

12.7  Future Directions

Since the identification of first genetic defect for primary HLH in 1999, remarkable 
progress has been made in clinical practice and basic research. Detailed character-
ization of patients with primary HLH has contributed to our understanding of the 
granule-dependent cytotoxic pathway as well as pathophysiology of HLH. Aggressive 
immunosuppressive therapy followed by HSCT has greatly improved the prognosis 
of the patients; however, substantial risk of mortality remains. Novel therapeutic 
approaches with the use of ATG, Alemuzumab, and anti-IFN-γ monoclonal anti-
body are currently explored. Recently, PRF1 gene transfer into hematopoietic stem 
cells was shown to improve immune dysregulation observed in murine model of 
FHL2 [70]. It is possible that a gene therapy option may become available for pri-
mary HLH in the near future.
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Chapter 13
Hemophagocytic Lymphohistiocytosis, 
Secondary

Ryu Yanagisawa and Yozo Nakazawa

Abstract Secondary hemophagocytic lymphohistiocytosis (HLH) is a group of 
 diseases characterized by fever, splenohepatomegaly, pancytopenia, hypertriglyceride-
mia, hypofibrinogenemia, decreased natural killer cell activity, high ferritin value, high 
soluble interleukin-2 receptor value, and hemophagocytosis, which are induced or 
associated by infections, malignant tumors, or autoimmune diseases. In Eastern Asia, 
primary Epstein–Barr virus (EBV) infection is the most common cause of secondary 
HLH. Other common causes of secondary HLH are non-EBV viral infections (cyto-
megalovirus, adenovirus, herpes simplex virus, varicella–zoster virus, parvovirus B19, 
parainfluenza virus, influenza virus, etc.), malignant lymphoma, and juvenile idiopathic 
arthritis. Secondary HLH can develop in a wide range of age groups starting from chil-
dren to seniors. Autoimmune diseases and infection-related HLH are common in chil-
dren, whereas lymphoma-related HLH is common in seniors. Although EBV-HLH is a 
heterogeneous disorder with various symptoms ranging from mild to severe, early ini-
tiation of immunochemotherapy consisting of dexamethasone, cyclosporin A, and 
 etoposide has been recommended for patients with moderate to severe EBV-HLH.

13.1  Introduction

Hemophagocytic lymphohistiocytosis or hyperinflammatory lymphohistiocytosis 
(HLH) is a group of diseases characterized by clinical symptoms such as fever and 
splenohepatomegaly and abnormal test findings such as pancytopenia, hypertriglyc-
eridemia, hypofibrinogenemia, decrease in natural killer (NK) cell activity, high 
ferritin, hyperlipidemia, and high soluble interleukin-2 receptor (sIL-2R) values. 
HLH is also referred to as hemophagocytic syndrome (HPS). Histologically, 
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 infiltration of histiocytes accompanied by lymphocytes and a clinical image of 
hemophagocytosis into the reticuloendothelial system, bone marrow, or central ner-
vous tissue is confirmed [1, 2].

HLH is classified into primary [familial HLH (FHL), X-linked lymphoprolifera-
tive disorder, etc.] and secondary HLH.  FHL is mainly an autosomal recessive 
inheritance with an onset in infancy, whereas secondary HLH follows infections, 
malignant tumors, or autoimmune diseases. Secondary HLH can develop in a wide 
range of age groups starting from children to seniors. Autoimmune diseases and 
infection-related HLH are common in children, whereas lymphoma-related HLH is 
common in seniors [1, 2].

In Eastern Asia, prevalence of Epstein–Barr virus (EBV)-associated HLH due to 
initial EBV infection is high, and at least 25 cases of EBV-HLH occur in Japan each 
year [1]. A Japanese national survey of 567 HLH cases (both children and adults) 
showed that about half of the cases were EBV- (28.7%) or infection-associated 
HLH that followed other infections (24.3%) [2]. Many cases of EBV-HLH were 
children aged 15 years or younger, and 120 out of 163 cases (74%) were initial EBV 
infection with a positive viral capsid antigen (VCA)-IgM test result or a negative EB 
nuclear antigen (EBNA) test result. Causative viruses other than EBV are cyto-
megalovirus, adenovirus, herpes simplex virus, varicella–zoster virus, parvovirus 
B19, parainfluenza virus, and influenza virus [2]. In general, infection-associated, 
non-EBV-HLH shows a mild clinical course with lower serum levels of interferon 
(IFN)-γ and soluble interleukin (IL)-2 receptor (sIL2-R) compared to EBV-HLH 
[3]. However, neonatal HLH due to HSV or enterovirus (echovirus and coxsackievi-
rus), which occurs within 4 weeks after birth, can become seriously ill [4, 5]. Other 
causes were lymphoma-associated HLH, which accounted for about one-fifth of 
patients (19.0%). The major disease subtype was B-cell or T/NK-cell lymphoma. 
Other malignancy-associated HLH cases (acute leukemia, myelodysplastic syn-
drome, Langerhans cell histiocytosis, renal or liver carcinoma, and others) were also 
diagnosed in 4.2% of the patients. Autoimmune-associated HLH was observed in 
about one-tenth (9.3%) of the patients. Majority of the causes were juvenile idio-
pathic arthritis, systemic lupus erythematosus, and others. Post-allogeneic stem cell 
transplantation (SCT)-related HLH can develop in the early phase of allogeneic 
SCT around the time of engraftment and overlap with hyperacute graft vs. host 
disease or engraftment syndrome. In rare cases, drug hypersensitivity syndrome is 
associated with HLH. Here we focus on EBV-HLH and discuss the details below.

13.2  Pathogenesis of EBV-HLH

In normal initial EBV infection, EBV infects B cells, and to remove this infection, 
mainly CD8-positive T cells present an EBV-specific immune response followed by 
elevated levels of tumor necrosis factor α and IL-6 (Fig. 13.1a) [6, 7]. Depending on 
the intensity of this immune response, symptoms may vary from asymptomatic to 
infectious mononucleosis (IM). On the other hand, EBV infection is confirmed 
mainly in CD8-positive T cells at the time of onset of EBV-HLH [8], but the route 
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 EBV-IM

Effector Target

EBV-specific  CD8+ T-cells

EBV-infected B-cells

EBV-HLH

Effector Target

EBV-infected CD8+ T-cells
(mainly EBV-nonspecific)

Activated macrophages

TNF-α

IFN-γ

IL-6

IL-18

TNF-α

IFN-γ

IL-6

IL-18

a

b

Fig. 13.1 Pathophysiology of infectious mononucleosis (a) and hemophagocytic lymphohistiocy-
tosis (b) due to primary EB virus infection. EBV-IM EB virus-associated infectious mononucleo-
sis, EBV-HLH EB virus-associated hemophagocytic lymphohistiocytosis, INFγ interferon, IL-6 
interleukin-6, IL-18 interleukin-18, TNFα tumor necrosis factor-α
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of infection to T cells has not been elucidated [1, 9]. CD8-positive T cells infected 
by EBV release excessive IFNγ, which activate macrophages. These activated mac-
rophages release abundant pro-inflammatory cytokines (IL-6, IL-18, etc.) and cause 
hemophagocytosis (Fig. 13.1b) [7]. Unlike IM, which generally recovers by itself, 
the prognosis of EBV-HLH is poor without early and appropriate treatment [1, 9]. 
In EBV-HLH, EBV infections of NK cells or B cells are minimal or absent, whereas 
spontaneous growth of EBV-positive lymphoblastoid B cells can be seen in the 
recovery or remission stages, indicating that EBV infection of B cells is delayed but 
occurs during the course of disease [9]. It has been proposed that in cases of EBV- 
HLH, EBV-infected B cells may induce an abnormal immune response in CD8- 
positive T cells [10, 11] and that they may be the source of EBV in T cells [12, 13].

13.3  Diagnostic Findings in EBV-HLH

The HLH-2004 criteria have been widely used for the diagnosis of HLH [14]. 
However, their sensitivity and specificity should be validated before application of 
these diagnostic criteria is suitable for EBV-HLH. Because these criteria focus on 
FHL, some of them, including impaired NK cell activity, may not be suitable for 
EBV-HLH [2]. Increased titers of EBV-specific antibodies are not reliable for the 
diagnosis of EBV-HLH [2]. Although EBV-HLH sets in following the first EBV 
infection, there are few cases in which onset is brought on by the reactivation of 
EBV accompanied by chronic active EBV infection. In addition, there are few cases 
of FHL onset triggered by EBV infection. The real-time polymerase chain reaction 
(PCR) to quantify EBV DNA in the peripheral blood is a useful method for diagno-
sis of EBV-HLH. Patients with EBV-HLH show a significantly higher viral load 
compared to IM in both plasma and peripheral blood mononuclear cells on real- 
time PCR [15]. In addition, CD5 downregulation in CD8-positive T cells may be 
rapidly discriminated between EBV-HLH and EBV-IM [16].

The monoclonality of EBV-infected T lymphocytes is confirmed in EBV- 
HLH. The monoclonality of EBV-infected T cells can be evaluated by assessing the 
uniformity of the EBV genome and/or the monoclonality of T-cell receptor (TCR) 
gene rearrangement using Southern blotting and conventional PCR analyses [17, 
18]. Recently, the multiplex PCR for detecting clonal immunoglobulin and TCR 
gene rearrangement was established to detect clonally proliferating EBV-containing 
T-cells in EBV-HLH [19]. The combination of these genetic analyses is useful in the 
diagnosis of EBV-HLH.

13.4  Prognostic Factors for EBV-HLH

Kogawa et al. [18] reported that factors for poor prognosis were 7 days or more until 
diagnosis, a neutrophil count of 1700/μL or higher, a prothrombin time/ international 
normalized ratio of 1.68 or higher, an activated partial thromboplastin time (aPTT) 
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of 69 s or more, a total bilirubin (T.Bil) content of 1.8 mg/dL or higher, and lactate 
dehydrogenase (LDH) level of 4310 IU/L or higher. Prognosis for cases with a T.Bil 
of 1.8 mg/dL and higher and a ferritin level of 20,300 ng/mL or higher was espe-
cially poor. Another study reported that hyperbilirubinemia, hyperferritinemia, and 
cerebrospinal fluid pleocytosis at diagnosis and thrombocytopenia and hyperferri-
tinemia 2 weeks after the initiation of treatment adversely affect the outcome of 
HLH [20]. Imashuku et al. [21] reported that despite the high prevalence of abnor-
mal test findings that are found in EBV-HLH and are similar to those in tumors such 
as EBV clonality, T-cell clonality, and chromosomal abnormality, only chromo-
somal abnormality can be a factor for poor prognosis. Another study in children and 
adults with EBV-HLH reported that an adult age, EBV reactivation, and multidrug 
chemotherapy were associated with a poor clinical outcome in patients with EBV- 
HLH [2]. Although several clinical factors provide useful information for treatment 
of EBV-HLH, a larger prospect study is needed.

13.5  Treatment for EBV-HLH and Prognosis

In FHL, etoposide is considered necessary in controlling the disease [22]. Imashuku 
et al. [23] showed that the overall survival (OS) of the group that used etoposide 
within 4 weeks of diagnosis reached 90% and that the early use of etoposide is a 
prognostic factor (use within 4 weeks resulted in an OS of 90.2 ± 6.9% and after 
4 weeks resulted in an OS of 56.5 ± 12.6%). Based on the above results, an 8-week 
treatment with etoposide (HLH-94/HLH2004) has been used in EBV-HLH as the 
standard treatment. However, other reports indicate that about half of the patients 
with EBV-HLH can be treated without etoposide. Shiraishi et al. [24] reported that 
14 out of 22 cases of EBV-HLH (64%) recovered without etoposide [24]. Those 
cases that recovered without etoposide had a short period of fever prior to the treat-
ment or had significantly low LDH and sIL-2R values. In a retrospective national 
survey, 37 out of 93 cases (40%) recovered from EBV-HLH without using etopo-
side. Three-year OS and event-free survival rates for all EBV-HLH cases were 
91.2% and 79.3%, respectively, and there was no difference between etoposide and 
non-etoposide groups [18]. Therefore, with an etoposide-containing regimen, care 
should be taken to avoid overtreatment of some EBV-HLH patients. In addition, 
onset of secondary leukemia has been reported in a case of EBV-HLH that was 
treated with etoposide [25]; thus, minimizing the administration dose of etoposide 
is a major challenge.

Allogeneic SCT has decreased the mortality in EBV-HLH patients, but there is 
insufficient evidence to suggest that SCT is better than immunochemotherapy in 
children with EBV-HLH [26]. When the toxicity is considered, HSCT should be 
available only for EBV-HLH patients who relapse or show resistance to immuno-
chemotherapy. In one retrospective study, a total of 14 patients with EBV-HLH 
underwent allogeneic SCT, including cord blood transplantation (CBT) in half of 
the cases [27]. The 10-year OS was 85.7 ± 9.4%, and the survival of CBT recipients 
was >65%. However, SCT with myeloablative conditioning is associated with high 
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transplantation-related mortality [28]. Recently, reduced-intensity conditioning, 
which is less toxic and has a low incidence of long-term sequelae, has been used for 
primary HLH. Further studies are needed to determine the optimal SCT regimen 
and establish a comprehensive strategy for the cure of EBV-HLH.

Based on the hypothesis that the removal of EBV-infected B cells contribute to 
an improved prognosis of EBV-HLH, B-cell targeting monoclonal antibody ritux-
imab may be another concept of treatment. Balamuth et al. [11] reported that adding 
rituximab to the HLH-2004 treatment protocol improved the efficacy of the treat-
ment regimen. The EBV-HLH Rituximab Study Group [13] in the USA retrospec-
tively examined 42 cases of EBV-HLH in whom rituximab was administered. In 18 
cases (43%), clinical symptoms improved, and EBV and ferritin levels significantly 
decreased after the administration of rituximab; the survival rate was high in cases 
that showed such a decrease. Rituximab may be a possible therapeutic option during 
the course of therapy or at the end of initial therapy to remove proliferating EBV- 
infected B cells.
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