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Atypical Cellular Disorders

Robert J. Arceci, B. Jack Longley, and Peter D. Emanuel

Atypical cellular disorders are commonly consid-
ered part of the gray zone linking oncology to
hematology and immunology. Although these
disorders are relatively uncommon, they often
represent significant clinical problems, provide an
opportunity to understand basic disease mecha-
nisms, and serve as model systems for the devel-
opment of novel targeted therapies. This chapter
focuses on such disorders.

In Section I, Dr. Arceci discusses the pathogen-
esis of Langerhans cell histiocytosis (LCH) in terms
of the hypothesis that this disorder represents an
atypical myeloproliferative syndrome. The clinical
manifestations and treatment of LCH in children
and adults is discussed along with possible future

therapeutic approaches based upon biological
considerations.

In Section II, Dr. Longley considers the molecu-
lar changes in the c-Kit receptor that form the basis
of mastocytosis. Based on the location and func-
tion of c-Kit mutations, he develops a paradigm for
the development of specific, targeted therapies.

In Section III, Dr. Emanuel provides a review of
the “mixed myeloproliferative and myelodysplastic
disorders,” including novel therapeutic approaches
based on aberrant pathogenetic mechanisms.
Taken together, these chapters should provide an
overview of the biological basis for these disorders,
their clinical manifestations, and new therapeutic
approaches

I. LANGERHANS CELL HISTIOCYTOSIS

IN CHILDREN AND ADULTS: PATHOGENESIS,
CLINICAL MANIFESTATIONS, AND TREATMENT

Robert J. Arceci, MD, PhD*

Learning From History:
Nomenclature and Classification

George Santayana instructed us that “Those who do not
learn from history are doomed to repeat it.” The history
of investigative work and treatment of Langerhans cell
histiocytosis (LCH) has both ignored and heeded such
advice. This paper will discuss our current understand-
ing of LCH as well as the historical roots from which
that understanding derives.

Our understanding of the diverse group of disorders
generically termed the histiocytoses is closely linked to
biological insights about the cells that compose the reticu-
loendothelial or mononuclear phagocytic system.1 When
Metchnikov described the cellular reaction to a rose thorn
inserted into a larval starfish in the late 1800s, the first

stones in the foundation of a system that would eventu-
ally and ironically be referred to as the Tower of Babel
were established.2 In the early 1920s, Aschoff introduced
the term “reticuloendothelial system (RES),” with
“reticulo” referring to the characteristic of cells com-
posing this cellular compartment to form a “lattice or
reticulum by cytoplasmic extensions,” and “endothelial”
referring to the fact that these cells often are situated
near vascular endothelial cells.1,3,4

During this period, the macrophage (“macro” = large
and “phage” = to eat) and its ability to ingest and digest
large foreign particles, including invading microorgan-
isms as well as cellular debris, took on the central role
in this system. Macrophages could thus be easily distin-
guished from “microphagocytic” polymorphonuclear
granulocytes (PMN). Additional experimentation pro-
vided evidence that macrophages are also critical stimu-
lators of immune responses through the processing and
presentation of antigens to T lymphocytes in the context
of the major histocompatibility complex (MHC).

The description of the epidermal “dendritic” cell by
Paul Langerhans, in 1868, resulted in the addition of yet
another group of cells to the RES or MPS (mononuclear
phagocytic system).5 Although Langerhans initially be-
lieved this cell to be part of the nervous system because
of the dendritic-like processes observed following the
administration of gold chloride, he subsequently changed
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his view, arguing that the “Langerhans cell” was more
likely to be of hematopoietic origin.5,6 An understand-
ing of the functional role for dendritic cells and, in par-
ticular, Langerhans cells would need to wait until the
mid-1900s, when the potent ability of Langerhans cells
to process and present antigens (especially viral, cancer-
associated, and self-antigens) to T lymphocytes and thus
profoundly activate immune responses was delineated.7,8

In addition to the overlapping functional character-
istics of macrophages and dendritic cells, including
Langerhans cells, they have also been shown to share
subsets of cytoplasmic and surface differentiation anti-
gens plus a common hematopoietic cellular origin. Fi-
nally, the diseases in which macrophages and dendritic
cells are involved may also share both clinical and patho-
physiologic characteristics.

Thus, the nomenclature describing the histiocytoses
is closely linked to the evolving discoveries concerning
the biology of the cells composing the reticuloendothe-
lial or mononuclear phagocytic system. The generic term
“histiocyte” derives from the Latin “histion,” meaning
“little web,” and “kytos,” meaning “cell.” Thus, histio-
cytes are resident tissue (i.e., the web) mononuclear
phagocytes.1

Based on the biological differences between mac-
rophages and dendritic cells, the general category of “his-
tiocytosis” was gradually subdivided into groups of dis-
eases according to which cell was believed to be the criti-
cal cell responsible for specific diseases. In 1987, the
Histiocytosis Society reclassified the histiocytoses into
3 major classes.9 Class I, termed LCH, included diseases
that had been referred to historically as eosinophilic
granuloma, Hand-Schüller-Christian disease, and Let-
terer-Siwe disease. Class II was termed non-LCH, with
the major disorders being infection and inherited forms
of hemophagocytic lymphohistiocytoses (HLH). Class
III, termed malignant histiocytosis, included disorders
such as monocytic leukemia, true histiocytic lymphoma,
and the very rare malignant tumors of dendritic cells.

As additional information has become available,
other classification schemas have been published that
further delineate the diseases of the mononuclear ph-
agocytic system. For example, one schema includes (1)
histologically nonmalignant proliferative disorders that
are related to dendritic cells (LCH, juvenile xanthogranu-
loma, dendritic cell histiocytomas); and (2) T-lympho-
cyte/macrophage activation disorders that are associated
with immune deficiency, infection, and malignancies and
include such disorders as primary or familial hemoph-
agocytic lymphohistiocytosis, infection-associated he-
mophagocytic syndrome, and sinus histiocytosis with
massive lymphadenopathy (Rosai-Dorfman disease).
Malignant disorders of the mononuclear phagocytic sys-

tem include acute monocytic leukemia and malignant
dendritic cell or macrophage-derived neoplasms.10

Classification schemas, while often short-lived, do
have significant importance for patients with these dis-
orders because of differences in the clinical course and
types of treatment that are effective. Thus, a definitive
diagnosis should be made before initiating discussions
with patients and families as well as prior to initiating
any treatment. This paper will focus on LCH.

What Type of Disease Is LCH?
Clues from Epidemiology and Biology

While the clinical manifestations and course of LCH may
differ widely, a definitive diagnosis can only be made
on a biopsy specimen, which must demonstrate charac-
teristic histological and immunohistochemical features
such as mixed cellular infiltrates with accumulations of
CD1+ Langerhans cells. The pathologic findings include
the usual preponderance of Langerhans cells that are
more rounded than their normal counterparts but have a
characteristic reniform nucleus. There are also other
immunoreactive cell types in such lesions, including
eosinophils (giving rise to the term eosinophilic granu-
loma), neutrophils, macrophages, and lymphocytes. But
such a description does not do justice to the enigmatic
nature and, thus far, unproven etiology of LCH.

The annual incidence of LCH has been reported to
be between 3 to 7 cases per million people.11-13 Males
may be more frequently diagnosed than females. Al-
though most cases of LCH have been reported in chil-
dren, it is evident that this disease can occur at any age.14

There have been no significant associations of LCH in
terms of seasonal variation or geographic or racial clus-
tering, leading to the conclusion that LCH is not caused
by an infectious etiology. However, several epidemio-
logical studies have suggested several interesting clini-
cal associations in patients with LCH.15 One case con-
trol study revealed a significant odds ratio for postnatal
infections, diarrhea, and vomiting, as well as for medi-
cation usage in patients with multisystem LCH. Thyroid
disease in the patient or in the family of patients was
associated with single-system LCH.16 Through retrospec-
tive reviews of the literature, a higher association than
would be expected by chance has been observed for LCH
with various malignancies.17,18 For example, LCH has
been observed in association with acute lymphoblastic
leukemia (ALL), acute myelogenous leukemia (AML),
myelodysplastic syndrome, Hodgkin’s disease, non-
Hodgkin’s lymphoma, and a variety of solid tumors.
When LCH occurs in patients with leukemia, it is usu-
ally observed following treatment for ALL, particularly
T-lineage leukemia, while AML has more frequently
been reported following treatment for LCH.17,18 These
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observations have led to the proposal that patients with
LCH may have a predisposition for developing both LCH
and various malignancies.

Other observations have identified several sets of
identical twins who have had LCH.19 These cases usu-
ally present when the twins are infants and there is a
close concordance of the onset of LCH between the
twins. Several examples of fraternal twins have also been
identified, but the disease usually occurs at an older age
and there is much less concordance of the time of onset
of LCH in the twins. The occurrence of LCH in parents
and their children as well as among cousins or other rela-
tives has also been observed. The estimated frequency
of familial LCH is less than 2% of all cases, although
the percentage is not based on a large number of cases.20,21

While LCH in identical twins may be due to transpla-
cental transfer of the disease in utero, similar to that
observed in congenital leukemia, an alternative expla-
nation is that there is a common environmental infec-
tious or toxic exposure. The development of LCH in fra-
ternal twins or in other different family members sug-
gests that a common genetic, possibly inherited, predis-
position might be responsible, although such observa-
tions do not rule out a common environmental factor.
Using the model of Knudsen’s hypothesis or “two-hit”
model for the development of retinoblastoma, the de-
velopment of LCH at a very young age would suggest
that the individual could have possibly inherited a mu-
tant causative gene and then acquired an inactivation of
the other allele. Mutations of both alleles of such a pre-
disposing gene would be acquired in older individuals
developing LCH.22

Such data have led investigators to examine the
Langerhans cell in LCH more closely, with the intent of
determining whether there was evidence that it repre-
sented an activated normal Langerhans cell, consistent
with the concept of LCH being a reactive disorder, or
whether the LCH lesional cell was actually different from
its normal counterparts, i.e., an abnormal Langerhans
cell. Several approaches have been used to further in-
vestigate these possibilities.

Flow cytometry studies of cells from LCH infiltrates
or lesions have consistently demonstrated a diploid DNA
content.23 However, using methods to assess clonality
based on X chromosome inactivation, several reports
have shown that the CD1a+ LCH cells from pathologic
lesions are clonal, i.e. derived from a common progeni-
tor.24-27 This observation has held true for patients with
isolated eosinophilic granuloma, multifocal bone disease,
isolated skin or nodal involvement or in the multisystem
form of the LCH. There has been much debate as to
whether these results prove that LCH is a malignancy.
Clearly, clonality is not sufficient to make the diagnosis

of cancer. There are a number of examples, such as der-
matological disorders which are clonal but are not con-
sidered cancerous.28,29 Furthermore, LCH does not show
the histological characteristics of cancer. Nevertheless,
these data concerning clonality have suggested the pos-
sibility that the lesional LCH cell could have acquired
somatic mutations in a gene or genes that regulate cell
growth, survival, or proliferation. Unfortunately, tradi-
tional cytogenetics have not demonstrated a consistently
abnormal karyotype, although one intriguing study re-
ported a t(7;12) translocation from a lesion in a patient
with LCH.30 This observation is particularly intriguing
in that the Tel gene, originally identified to be involved
in a child with chronic myelomonocytic leukemia
(CMML), is located in the same region of chromosome
12.31 It remains to be seen whether this observation is
made in other cases of LCH or whether specific genes,
such as tel, show mutations. More refined approaches to
chromosomal analysis using fluorescence in situ hybrid-
ization (FISH) have also been used to examine LCH but
have not yet detected any consistent chromosomal alter-
ations.32 However, using comparative genomic hybrid-
ization (CGH) and molecular methods, a recent study
has reported several chromosomal regions that show loss
of heterozygosity.33 These data strongly suggest that there
is a component of genetic instability in LCH, as observed
in some types of neoplasms and myeloproliferative and/
or myelodysplastic disorders.

Despite the lack of consistent evidence for genetic
alterations in LCH cells, the lesional Langerhans cell
demonstrates several phenotypic changes that appear to
distinguish it from its normal counterparts. For example,
the pattern of staining by the lectin, peanut agglutinin
(PNA), is distinct in LCH lesional cells, which demon-
strate strong cell surface and perinuclear staining, com-
pared to normal Langerhans cells, which show a low
level of diffuse staining.34 Of interest, the lesional LCH
cell PNA pattern is similar to that observed in the patho-
logic Reed-Sternberg cell of Hodgkin’s disease.35 LCH
lesional cells also constitutively express very high lev-
els of placental alkaline phosphatase (PLAP) compared
to normal Langerhans cells, which transiently induce
PLAP expression following activation.34 There is also
evidence that the γ-interferon receptor is strongly ex-
pressed on LCH lesional cells but is not constitutively
expressed on normal Langerhans cells.34 Similarly, LCH
cells constitutively express costimulatory receptors such
as CD86 and CD80.34,36,37 Relatively high levels of p53
nuclear antigen detection have also been reported, a char-
acteristic commonly observed in tumor cells with p53
mutations or in cells responding to certain genotoxic
exposures. However, no mutations have been reported
in p53 from LCH lesional cells,38 and the suggestion has



300 American Society of Hematology

been made that the upregulation of wild-type p53 in LCH
may be secondary to free oxygen radicals generated in
response to increased levels of tumor growth factor
(TGF)-beta.39

The antigen expression phenotype of the LCH
lesional dendritic cells is thus characteristic in many re-
spects of a constitutively activated Langerhans cell with
some aberrant features. When the function of the LCH
lesional cells was assessed in terms of antigen presenta-
tion and activation of T cells, several investigators re-
ported the surprising results that LCH cells purified from
lesions were extremely poor stimulators of T cells.40

Normal Langerhans cells similarly isolated showed po-
tent T-lymphocyte activation capability.34,40 Furthermore,
under the stimulation of CD40 ligand, lesional Langer-
hans cells have been shown to be able to mature in vitro
and acquire potent immunostimulatory characteristics.37

The concept of cytokine release by LCH cells as
well as the cells recruited into lesions is another impor-
tant component of this disease. In situ hybridization and
immunocytochemical staining methods have been em-
ployed. The results show extensive expression of
cytokines at high levels in LCH lesions that would be
expected to result from or in the activation of T lympho-
cytes as well as the recruitment of macrophages, eosi-
nophils, and granulocytes.41,42 The accumulation of inter-
leukin (IL)-1 and prostaglandin E

2
 along with their ac-

tion on osteoclasts may in part explain the propensity of
these lesions to result in significant bone loss.43 Patients
with LCH show increased production of immuno-
stimulatory and tissue-damaging cytokines at local sites;
it is uncommon for them to have high systemic levels, in
contrast to patients with macrophage activation syn-

dromes. The expression of these various cytokines can
be used to explain some of the pathological and clinical
features of LCH.

From epidemiologic, genetic, pathological, and clini-
cal data, LCH can be considered to be a “clonal prolif-
erative neoplasm with variable clinical manifesta-
tions.”1,44 The multitude of reported alterations of im-
mune function in patients with LCH is more likely a
manifestation of the extent to which abnormal Langer-
hans cells affect immune regulatory pathways, rather than
a primary immunodeficiency. A schema is presented in
Figure 1 to summarize the possible etiologies and patho-
physiology of LCH.

Clinical Presentations of LCH:
It’s Not Just for Kids Anymore!

The clinical manifestations of LCH vary considerably
and can involve nearly every organ of the body. The his-
toric eponyms of eosinophilic granuloma (usually uni-
focal LCH), Hand-Schüller-Christian disease (skull le-
sions, exophthalmos, and diabetes insipidus, or, more
commonly, multifocal LCH), and Letterer-Siwe disease
(systemic LCH) are all examples of the clinical spec-
trum of LCH but not specific disease entities.

Localized LCH
Eosinophilic granuloma usually presents as a solitary
lesion of bone associated with pain and swelling, char-
acteristically but not exclusively in older children and
adults. Presentation is usually that of persistent pain and
sometimes swelling. Hematologic manifestations may
be a mild leukocytosis and an elevated sedimentation
rate. No significant alterations in biochemical param-

eters are observed. While the calvarium is most
commonly affected, other sites include the man-
dible, long bones, ribs, scapulae, and vertebrae.
It is rare to see involvement of the small bones
of the hands and feet. Lesions appear as
“punched out” holes and sometimes have sclerotic
edges, as observed by radiographs. Vertebrae plana
often presents with back pain, and x-ray exami-
nation shows a collapsed vertebral body.

Patients may also present with localized
disease of the skin, manifested by a variety of
clinical presentations. The rash may be maculo-
papular and diffuse, more nodular and eruptive,
or even quite erosive when longstanding in the
axillary and inguinal regions. Patients commonly
present with a “diaper rash” that is refractory to
usual treatments. Extensive and persistent skin
rash may occur at any age, with adult patients
presenting with months to years of severe in-
volvement of scalp, groin, perianal, scrotal, or

Figure 1. Schematic of possible pathophysiologic mechanisms
leading to Langerhans cell histiocytosis and subsequent tissue
damage.

Abbreviations: Ag, antigen; LC, Langerhans cell.
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vaginal areas. Such severely involved areas of skin are
potential sites for serious superinfection.

Multifocal and multisystem LCH
Although the clinical triad of skull lesions, diabetes in-
sipidus, and exophthalmos is classically defined Hand-
Schüller-Christian disease and has been considered to
occur only in young children, these signs do not always
occur together, and adult patients may present with in-
distinguishable features. However, multifocal bone in-
volvement and eczematoid skin rash, usually involving
the scalp, axilla, and groin, are characteristic, although
not exclusive, of LCH in the young child. There is com-
monly involvement of the oral cavity and lymph nodes
and less commonly the lungs, liver, and brain. The acute
changes observed in the lung include the development
of micronodular infiltrative disease, bullous formation,
and pneumothorax. Acute liver involvement includes
elevated transaminases and increased bilirubin and,
rarely, sclerosing cholangitis. The most common type
of brain involvement is diabetes insipidus, which may
occur before any symptoms or signs of LCH appear as
well as during or after treatment. The incidence of dia-
betes insipidus has been reported to be between 5% to
30%, with patients at highest risk being those with ex-
tensive cranial bone involvement.45

The eponymous Letterer-Siwe disease classically re-
fers to the infant with diffuse rash, gum disease, hepato-
splenomegaly, bone lesions, and not infrequently pan-
cytopenia due to splenic sequestration and bone mar-
row infiltration. Pulmonary insufficiency due to LCH
can develop rapidly and be life-threatening. Patients may
also present with failure to thrive and with diarrhea sec-
ondary to gastrointestinal involvement. While more com-
mon in infants, disseminated LCH can occur at any age.
Progression from disease that has limited involvement
to severe, systemic disease is rare.

Short and Long-Term Adverse Sequelae
There is a growing realization that patients with LCH
may suffer from multiple recurrences of their disease
over many years and probably for life. In addition, pa-
tients, particularly, but not exclusively, those with mul-
tifocal and relapsing disease, appear to have significant
long-term sequelae of their disease and/or treatment. In
this group of patients, over half will have significant late
effects. These sequelae include diabetes insipidus and
other hypothalamic/pituitary axis deficiencies leading to
stunted growth and failure to achieve sexual maturity.
Patients may also have significant neurocognitive and
psychological problems as well as neurological compli-
cations, particularly in those patients who develop the
neurodegenerative pattern of central nervous system

(CNS) involvement.46 Other late effects include ortho-
pedic problems, hearing loss, and dental abnormalities.
Patients who develop destructive lung disease or hepatic
fibrosis (sclerosing cholangitis) may progress such that
organ transplantation is required. Patients with LCH may
have a lifelong increased risk of pulmonary disease as-
sociated with cigarette smoking. The development of
secondary and treatment-related malignancies has also
been reported in patients with LCH. Long-term follow-
up by a multidisciplinary team of caretakers with knowl-
edge of LCH is critical for all patients with LCH.

Diagnostic and Staging Work-Up
A definitive diagnosis of LCH is currently made only
with a diagnostic biopsy. Patients should also be evalu-
ated for the extent of disease, which correlates with out-
come and helps to direct treatment strategy. Following
diagnosis, a careful history, and physical examination,
most patients should have a skeletal survey and techne-
tium bone scan; these two studies are complementary in
that the former is better for active and older lesions while
the latter is more sensitive for early active lesions, which
are sometimes missed by the skeletal survey. A com-
plete blood count and differential as well as liver and
kidney function tests should be done. While the sedi-
mentation rate often correlates with the extent and ac-
tivity of disease, it is nonspecific and fluctuates in a fash-
ion similar to that characterizing most acute-phase re-
actants. A urinalysis with specific gravity should be done
to establish that the patient does not have diabetes in-
sipidus. If there is any question, a proper water depriva-
tion test with chemical documentation of serum and urine
osmolality and antidiuretic hormone levels should be
performed.

A chest radiograph should be obtained as baseline.
Magnetic resonance imaging (MRI) with contrast of the
brain is being more frequently recommended at the time
of diagnosis due to the increasing recognition of the CNS
involvement of various types in LCH. Additional diag-
nostic tests, such as bronchoscopy or chest computed
tomography (CT), lumbar puncture, endocrinologic
work-up, bone marrow aspirate and biopsy, or gas-
trointestinal biopsy should be done only when there is
clinical evidence or strong suspicion of organ involve-
ment and/or dysfunction.

Treatment Options and Prognosis
Patients with limited involvement of LCH have an ex-
cellent prognosis without need for systemic therapy. In
contrast, patients with multifocal skeletal involvement,
refractory skin involvement, or other organ involvement
will nearly always benefit from systemic therapy. This
benefit comes in the form of symptomatic relief as well
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as decreased morbidity and mortality. Nevertheless, even
with currently used types of systemic therapy, this group
of patients may have a significant number of recurrences
of LCH and may be more prone to develop some of the
long-term sequelae. Systemic chemotherapeutic regi-
mens have significantly improved the outcome for pa-
tients with extensive systemic involvement, including
organ dysfunction of the bone marrow, liver, or lung,
with approximately a 60% chance of survival at nearly
8 years.49

Limited Disease
Decisions about how to treat LCH patients should be
based on the extent of disease, with consideration to-
ward symptomatic relief as well as disease eradication.
For example, patients with limited disease may require
only diagnostic curettage of an isolated eosinophilic
granuloma. However, there may be recurrence at the
same site as well as development of new lesions at other
sites. With such recurrences, there is rarely a need to
repeat surgery or to biopsy an involved new site. For
example, asymptomatic recurrences may not need any
therapy, as lesions may regress on their own over a pe-
riod of weeks to months. Symptomatic single lesions that
potentially threaten organ function or cosmetic appear-
ance require immediate intervention, usually with rela-
tively low dose (between 400 and 800 cGy) radiation
therapy. However, lesions that cause pain but do not
threaten vital structures can often be treated with local
injection of steroids or a trial of nonsteroidal anti-
inflammatory agents. The use of chemotherapy, includ-
ing high-dose steroids and/or vinblastine, may also re-
sult in a relatively rapid response. Disease localized to
the skin can usually be treated with topical steroids.
However, in cases in which there is refractory and/or
extensive involvement, the use of topical nitrogen mus-
tard or phototherapy using ultraviolet A (PUVA) therapy
has been successfully employed. The use of systemic
chemotherapy, as described below, may also be indicated
in patients with extensive cutaneous involvement.1,47

Multisystem Disease
The intensity of treatment for patients with multifocal
and systemic LCH is currently based on risk group strati-
fication. Several small studies from the 1970s and 1980s
established that certain chemotherapeutic agents such
as prednisone, vinblastine, vincristine, etoposide, 6-mer-
captopurine, and methotrexate had excellent activity
against LCH. The larger AIEOP-CNR-HX 83 and the
DAL-HX 83/90 trials both demonstrated that complete
response rates were 60% to 90% using agents such as
vinblastine and etoposide in conjunction with pred-
nisone.48,49 Response rates were greater in patients with

multifocal bone disease than in patients with more ex-
tensive and/or organ dysfunction. Overall survival was
greater than 90% for patients without organ dysfunction
and only 46% to 66% in patients with extensive disease
involvement and organ dysfunction at approximately 8
years follow-up.49 The recurrence rate was also highest
in patients with more extensive disease.

The first international cooperative group study in-
volving a prospective, randomized chemotherapy trial
was LCH-I.50 Several important conclusions could be
made from this trial. First, no difference in response rate
or outcome was observed for patients randomized to re-
ceive vinblastine compared to those who received etopo-
side during the first 6 weeks of therapy. Second, the most
predictive prognostic factor for overall survival was the
response of patients after 6 weeks of therapy. Third, a
incredibly good risk group of patients was identified,
characterized by being 2 years of age or older with no
pulmonary, hepatosplenic, or hematopoietic involvement.
Their response rate was about 90%, and they had a 100%
survival rate at an approximately 6-year follow-up. Fi-
nally, patients who did not show any significant response
to therapy during the first 6 weeks had a particularly poor
prognosis, with a mortality of of less than 40% at 5 years.

A comparison of the results from the DAL-HX 83/
90 study to those of the LCH-I study suggested that the
more aggressive therapeutic approach of DAL-HX 83/
90 resulted in a lower recurrence rate as well as a lower
incidence of diabetes insipidus. The LCH-II study was
designed to test in a randomized trial whether high-risk
patients with multisystem LCH benefit by more aggres-
sive treatments, in part to answer this question in a more
direct fashion. The final analysis of this trial is pending.
A subsequent LCH-III study is addressing several ques-
tions, including whether outcome is improved by (1) the
addition of intermediate-dose methotrexate to prednisone
and vinblastine during initial therapy, or (2) 6 or 12
months of continuation therapy. The LCH-III “risk
groups” are defined in Table 1, and the treatment schema
is depicted in Figure 2 (see Color Figures, page 519).

These clinical trials as well as a significant number
of smaller studies demonstrate that while some patients
require very minimal therapeutic interventions, other
patients benefit from more aggressive systemic treatment.
However, it remains unproven whether more aggressive
multiagent chemotherapy is the optimal treatment or
whether maintenance therapy significantly reduces the
risk of serious, recurrent disease. Another important
consequence of these studies is that effective chemo-
therapeutic treatments have decreased the role of radia-
tion therapy, which is now usually restricted to patients
with lesions that could lead to significant adverse se-
quelae, such as spinal cord compression or localized re-
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fractory disease such as is sometimes observed in the
mastoid.

At this time, nearly all of the clinical trials have been
done in children and adolescents. However, there is a
growing realization that many adults suffer from the same
types of organ involvement as children do. Although not
substantiated by carefully controlled clinical trials, the
experience of physicians treating older patients would
suggest that adults respond similarly to children and that
adults should be treated accordingly. However, some
modifications are often needed, such as reducing or
eliminating high-dose and chronic exposure to steroids.
An important challenge for the future will be to develop
clinical trials that include adults, similar to many of the
Medical Research Council (MRC) leukemia trials, or to
direct trials to some of the types of involvement unique
to adults, such as isolated pulmonary histiocytosis. In
many regards, adults have become the orphans of this
orphan disease.

Treatment of Recurrent Disease
Patients with recurrent disease often respond to the same
drugs to which they initially responded. Alternative ap-
proaches have been tested for patients with progressive
disease while on therapy, including immunomodulatory
therapies as well ascytolytic agents.1,47 The responses to
immunosuppressive agents, such as cyclosporin or
antithymocyte immunoglobulin, have been anecdotal
and, at best, transient. Several studies using 2-chloro-
deoxyadenosine (2-CdA), including an international
Phase II trial, have shown sustained remissions in over a
third of patients who had otherwise refractory disease.51-53

Anecdotal experience has also suggested that some pa-
tients with disease that is refractory to 2-CdA may have

dramatic responses to the synergistic combination of 2-
CdA plus cytosine arabinoside, a regimen with proven
benefit in patients with relapsed acute myelogenous leu-
kemia. In addition, drugs designed to reduce inflamma-
tory responses, such as thalidomide or tumor necrosis
factor (TNF) inhibitors, are being tested.54,55 Targeted
immunotherapy, for example with anti-CD1a antibod-
ies, remains promising but has not yet been definitively
tested.56 The application of inhibitors of activated
cytokine receptors and their downstream signal trans-
duction pathways also is an important area for future
therapeutic trials. The role of hematopoietic stem cell
transplantation has been largely unexplored, except in a
few case reports, some of which demonstrate prolonged
survival without recurrent disease.47,57 Unfortunately,
selective reporting of positive results is always a prob-
lem in generalizing from single case reports.

For patients with extensive organ dysfunction or pro-
gressive disease, alternative therapies are clearly needed.
In particular, there remains a significant need to develop
strategies for prevention of progressive fibrosis of the
lung, sclerosing cholangitis, and fibrosis of the liver as
well as the neurodegenerative pattern of CNS involve-
ment. Determining whether agents such as 2-CdA or
specific inhibitors of fibrosis will improve the outcome
for patients with these complications will require addi-
tional clinical trials.

Future Challenges
There has been substantial progress in both the under-
standing and treatment of LCH over the nearly 150 years
since the disorder was first described. Remaining chal-
lenges are, however, plentiful. We still do not have a
clear understanding of the etiology and pathogenesis of
LCH. While there is much information to suggest that
LCH is a type of clonal myeloproliferative disorder of
the dendritic cell, definitive proof should ultimately in-
clude the identification of consistent molecular abnor-
malities. Another challenge is to accurately determine
the incidence of LCH in different regions of the world.
This could in part be facilitated if LCH were, like some
other disorders, required to be reported to national reg-
istries. At least national and regional incidence figures
might then be more easily obtained. I expect that the
incidence in adults has been largely underreported.

While treatments have been developed that result in
improved outcomes for most patients, substantial num-
bers of patients continue to have problematic recurrent
disease; there is also the continued challenge presented
by those patients who develop treatment-refractory dis-
ease, resulting in a high mortality. Clearly, improved
treatments are needed for refractory disease that rapidly
progresses or chronically recurs. One hope for the de-

Table 1. Risk groups as defined by the Langerhans Cell
Histiocytosis–III Protocol.

Group 1: Multisystem “risk” patients

Multisystem patients with involvement of 1 or more “risk” organs
(i.e., hematopoietic system, liver, spleen, or lungs). Patients with
single-system lung involvement are not eligible for randomization.

Group 2: Multisystem “low-risk” patients

Multisystem patients with multiple organs involved but without
involvement of “risk” organs.

Group 3: Single-system “multifocal bone disease” and
localized “special site” involvement

Patients with multifocal bone disease—that is, lesions in 2 or more
different bones. Patients with localized special site involvement,
such as “central nervous system risk” lesions with intracranial soft
tissue extension or vertebral lesions with intraspinal soft tissue
extension.
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velopment of more effective initial treatment is that ad-
verse late sequelae of the lung, liver, and CNS can be
avoided. While this is a hope, it is uncertain that this
will be converted into a reality, as our understanding of
the pathogenesis of these sequelae is poor. There is also
a growing realization that more adults of all ages are
victims of LCH. Early diagnosis, treatment, and close
follow-up are as critical for this population of patients
as they have been for children. Future clinical trials
should either include both children and adults or be de-
veloped for specific age groups in order to permit de-
finitive conclusions in terms of treatment efficacy and
overall outcomes. Such trials will also help facilitate bio-
logical investigations of LCH.

As in the rest of oncology, the greatest progress will
likely be made as a result of linking the efforts of labo-
ratory scientists with those of multidisciplinary clinical
investigative teams. Such combined approaches are par-
ticularly important in relatively rare disorders. In this
regard, important lessons should be gleaned from the
cooperative group process in pediatric oncology that has
so successfully improved our understanding and outcome
of childhood cancers.

II. MAKING SENSE OF KIT INHIBITORS

USING MASTOCYTOSIS AS A MODEL:
NOT ALL KIT ACTIVATING MUTATIONS ACT ALIKE

B. Jack Longley, MD*

Attempts to predict the sensitivity of individual patient’s
neoplastic cells to specific drugs have met with limited
success in the past, in part because of a lack of under-
standing of molecular causes of cellular transformation
in individual tumors, and in part because of a lack of
drugs that specifically affect known molecular targets.
Drugs designed to inhibit individual oncogenic enzymes
are becoming more available, and our understanding of
the role of these enzymes in individual tumors is ex-
panding at a rapid rate, so the opportunity exists to use
in vitro studies of enzyme sensitivities to tailor chemo-
therapeutic treatment to individual patients, analogous
to the way in vitro sensitivities of organisms isolated from
individual patients are used to tailor antibiotic selection
in infectious diseases. However, in vitro enzyme sensi-

tivity studies are time consuming, expensive, and not
widely available. In this paper I describe a strategy de-
signed to predict the sensitivity of tumors in individual
patients based on understanding different mechanisms
of aberrant activation of the KIT receptor tyrosine ki-
nase in mastocytosis. The crux of this approach is the
concept that oncogenic enzymes may be activated in
several ways, and that the specific mechanism of activa-
tion in a given neoplastic cell may affect its sensitivity
to different inhibitors. I will also consider mechanisms
by which KIT and other oncogenic enzymes may be ac-
tivated, the role normal and aberrantly activated KIT
plays in the human disease mastocytosis, and finally the
implications that different mechanisms of KIT activa-
tion have for therapeutic approaches to mastocytosis and
other diseases.

How Does the KIT Protein Normally Function?
The KIT protein is a tyrosine kinase encoded by the c-
KIT proto-oncogene.1-3 By definition, tyrosine kinases are
enzymes that transfer phosphate from ATP (adenosine-
triphosphate) to tyrosines present in substrate proteins.
Transfer of phosphate to key tyrosines in a protein may
regulate the function of the recipient protein, which in
turn may regulate cellular functions such as cell growth
and survival. In KIT, the kinase reaction takes place in a
“pocket” formed between the two lobes of the intracel-
lular kinase domain.

In the absence of ligand, KIT exists as a transmem-
brane monomer with an extracellular ligand binding
domain and an intracellular kinase domain. The kinase
domain, which contains the enzymatic site, is held in a
form with minimal enzymatic activity by intrinsic struc-
tural components of the monomer. This internal auto-
inhibition can be overcome by ligand binding. The KIT
ligand, known as mast cell growth factor or stem cell
factor (SCF), normally exists as a bivalent dimer that
may bind to the extracellular portions of two KIT mono-
mers, inducing their dimerization.4-9 Dimerization of KIT
monomers results in their autophosphorylation, which
in turn results in activation of the KIT kinase. Thus, the
interaction of ligand with the extracellular portion of the
enzyme overcomes the intrinsic autoinhibitory control
mechanism. The effects of this extrinsic activation may
be further modified within the cell by substrate avail-
ability and binding and by dephosphorylation of acti-
vated KIT by phosphatases.

How May KIT and Other Enzymes Be
Aberrantly Activated in Neoplastic Cells?

Receptor-type tyrosine kinases are transmembrane pro-
teins that are normally activated by physiologically pro-
duced ligand molecules that specifically bind to their
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extracellular portions. However, receptor tyrosine ki-
nases may be aberrantly activated by several mechanisms
and aberrant activation may drive the growth of neo-
plastic cells. The different mechanisms of activation in-
clude activation by pathologically produced ligand and
activation by mutations that affect the regulation or func-
tion of the enzyme portion of the kinase molecule. Spe-
cifically, pathologic activating mechanisms include
autocrine production of ligand, changes in the intracel-
lular milieu that affect the phosphorylation or substrate
binding of the KIT molecule, and mutations of c-KIT
itself that result in overexpression or constitutive activa-
tion of the enzyme.

We have classified KIT activating mutations as be-
longing to one of two groups.10 One group consists of
mutations that alter the amino acid sequence of regions
forming the active kinase “pocket” or enzymatic site.
These mutations directly affect the primary and higher
order structures of the enzymatic site and for convenience
we have called them “enzymatic pocket” or “enzymatic
site” type mutations. KIT and a number of other kinases
are predicted to have a mobile structure called the “acti-
vation loop,” which forms the front of the “pocket” where
the enzyme reaction takes place. This activation loop
appears to function like a hinged flap that normally re-
stricts access to the rest of the enzymatic site. The acti-
vation loop of KIT contains a tyrosine, which when phos-
phorylated appears to maintain the loop in a relaxed or
“open” position, allowing access to the rest of the enzy-
matic site and allowing enzyme activity. It is presum-
ably the autophosphorylation of this tyrosine that allows
activation of KIT when ligand binding induces dimer-
ization of KIT monomers. A common mutation in hu-
man mastocytosis affects c-KIT codon 816 and is pre-
dicted to alter the charge of the mobile activation loop at
the entrance to the active kinase site of KIT, thereby
causing constitutive activation of the kinase.

The other general type of mutation involves regula-
tion of an otherwise normal enzymatic site and includes
mutations that affect the level of expression of the KIT
molecule as well as mutations that alter or destroy regu-
latory portions of the KIT protein, particularly the por-
tions with autoinhibitory function. We have called this
second type of mutation “regulatory type” mutations,
and they differ from “enzymatic site” type mutations in
that they preserve the normal amino acid sequence of
the enzymatic site. For instance, a well-characterized
KIT regulatory region is the intracellular juxtamembrane
region, encoded by exon 11.11 The secondary structure
of this region includes an amphipathic alpha helix that,
when intact, suppresses KIT phosphorylation and kinase
activity. Mutations disrupting the alpha helix release the
inhibitory effects of the juxtamembrane region, result-

ing in KIT gain of function (constitutive activation). The
extracellular portion of KIT also appears to have regu-
latory function beyond its role in binding ligand, and c-
KIT mutations affecting this region may cause sponta-
neous activation in the absence of ligand. Finally, over-
expression of KIT may also cause increased KIT kinase
activity. As is the case for activating mutations affecting
the extracellular region, the exact mechanism involved
in activity with overexpression has not been demon-
strated, but an increase in the number of KIT molecules
may cause a greater frequency of random collisions with
spontaneous dimerization and autophosphorylation. Al-
ternatively, the phenomenon could simply reflect the low
basal level of activity of a greater number of KIT mol-
ecules. Mutations that cause aberrant expression of KIT
in a cell that does not normally express it may be con-
sidered a subset of mutations affecting the level of ex-
pression of KIT and, together with aberrant stimulation
by autocrine production of SCF and other clearly ex-
trinsic mechanisms, can be grouped into the category of
aberrant regulatory events causing KIT activation. The
distinction between “regulatory” and “enzymatic site”
mechanisms appears to be important clinically because
the ability of small molecule compounds to inhibit KIT
kinase activity depends—in part—on whether KIT is
activated by a regulatory event or by an enzymatic site
mutation.

How Are Kinase Inhibitors Developed and
Why Does It Matter?

The most common kinase inhibitors are small molecules
whose size and charge distribution mimic those of ATP.
These molecules are typically planar structures with
backbones containing multiple hexagonal carbon rings.
The molecules compete with ATP for binding at the en-
zymatic site, but because they lack a transferable phos-
phate they block the enzyme from its normal function.
Because ATP is a ubiquitous source of cellular energy,
an inhibitor that perfectly mimicked ATP would be a
strong cellular poison and would have limited clinical
use. Kinase inhibitors can be made specific for different
enzymes or groups of structurally related enzymes by
taking advantage of differences in the charge and spa-
tial orientation of the amino acids making up the enzy-
matic sites of different enzymes. To do this, additional
molecules are attached to the hexagonal carbon back-
bone so that they interact with the amino acids forming
the enzymatic site. Addition of particular molecules may
promote binding of an inhibitor to one enzyme but not
another. Although powerful computer programs exist that
allow molecular modeling and prediction of how addi-
tion of specific side chains may affect binding of inhibi-
tors, the number of enzymes for which the fine structure
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of the enzymatic site is known is still limited, and most
available inhibitors have been developed by screening
potential compounds for activity in vitro. Most such drug
development programs involve screening against en-
zymes with a normal (e.g., wild type) enzymatic site.
Thus, specific kinase inhibitors are selected for their
ability to interact with the amino acids that make up the
normal (wild type) enzymatic site. It follows, then, that
mutations that cause enzyme activation by altering the
composition of the amino acids of an enzyme’s enzy-
matic site have a greater chance of affecting the ability
of an inhibitor to bind to that site than do regulatory type
mutations or events that leave the primary sequence of
the enzymatic site intact. The implication is that if the
sequence alterations affecting the enzymatic site of an
oncogene in the neoplastic cells of a given patient can
be detected, that patient can be identified as being at
higher theoretical risk of treatment failure with a kinase
inhibitor, and more extensive in vitro testing prior to treat-
ment of that individual can be considered.

Clinical Types of Human Mastocytosis
Human mastocytosis can be divided into a small num-
ber of clinical types.12 Most cases occur as sporadic dis-
ease that is limited to the skin in infants and children.
The two most common forms of pediatric mastocytosis
are solitary cutaneous tumors called mastocytomas and
a more widespread type of cutaneous involvement known
as urticaria pigmentosa (UP). The skin lesions of pedi-
atric UP are usually small, lightly pigmented macules
(flat lesions) and slightly raised, lightly pigmented pap-
ules. Pediatric patients may have any number of skin
lesions, from a few to thousands. Pediatric mastocytosis
is usually transient, beginning in the first year of life
and disappearing or becoming inactive before the end
of puberty.

The second most common clinical type of mastocy-
tosis is adult type UP. Adult UP lesions are usually small
and flat (macules) and tend to be more heavily pigmented
than lesions of pediatric UP. Like pediatric UP, adult UP
is almost always sporadic. Most cases occur in young
adults, but the disease occasionally arises in adolescence.
In contrast to pediatric mastocytosis, sporadic adult type
mastocytosis tends to persist and is often progressive,
with systemic organ involvement, including the bone
marrow, gastrointestinal tract, and lymphoid organs.

A very small number of kindreds have familial mas-
tocytosis, usually inherited in an autosomal dominant
fashion. These patients have cutaneous disease that may
first occur in infancy or early childhood and that may
persist into adulthood with variable systemic involve-
ment. Interestingly, some kindreds with familial masto-
cytosis also have familial occurrence of gastrointestinal

stromal tumors (GISTs). GISTs are derived from the
interstitial cells of Cajal, cells that form the autonomic
nervous system of the gut and that express KIT. GISTs
also occur sporadically, and both the sporadic and fa-
milial variants are strongly associated with KIT activat-
ing mutations, usually in exon 11 of c-KIT (the exon
that encodes the juxtamembrane autoinhibitory region
of the KIT protein).

The Role of KIT in Human Mastocytosis
KIT is also known as the receptor for mast cell growth
factor, and activation of KIT causes mast cell prolifera-
tion and prevents mast cell death by apoptosis. Muta-
tions substituting a valine for aspartate in codon 816 of
c-KIT (D816V) lead to constitutive activation of the KIT
kinase and are characteristic of sporadic adult mastocy-
tosis and rare atypical cases of pediatric mastocytosis.
Inhibition of activated KIT in mast cell lines prevents
their proliferation and causes mast cell apoptosis,13-16 so
KIT inhibitors appear to be logical candidates for treat-
ment of human mastocytosis. However, codon 816 mu-
tations directly affect the structure of the KIT kinase
enzymatic site, and it appears that no known clinical
candidate KIT-inhibiting drugs bind the mutant KIT with
sufficient avidity to inhibit the active kinase that causes
these forms of mastocytosis. Therefore, treatment of
common forms of human mastocytosis awaits the dis-
covery of drugs that effectively inhibit the D816V mu-
tant. Because the mutant enzymatic site may be consid-
erably altered from the wild type site, it is possible that
the appropriate drug may not have significant activity
against the wild type enzyme. In fact, because KIT acti-
vation is involved in a number of normal bodily func-
tions, including hematopoesis and maintenance of the
gastrointestinal autonomic nervous system, the best drug
would be one that inhibits only the mutant enzyme and
shows no activity against wild type KIT or other kinases.

In pediatric mastocytosis, KIT-activating mutations
are exceedingly rare. Those that have been reported also
affect codon 816, although they may show other substi-
tutions besides the valine typical of adult UP. Pediatric
patients with KIT-activating mutations have atypical
clinical features; in fact, their disease behaves more like
that of the adult forms caused by codon 816 mutations.
In addition, rare patients with typical childhood UP have
been found to have dominant negative (KIT inactivat-
ing) c-KIT mutations. This is a critical observation be-
cause it shows that KIT activation is not necessary for
mast cell proliferation in at least some patients with pe-
diatric mastocytosis. This implies that the mechanism
of oncogenesis in these cases not only does not involve
KIT activating mutations but also does not involve KIT
signaling such as might be seen with aberrant produc-
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tion of mast cell growth factor/SCF or loss of an intrac-
ellular phosphatase. Therefore, KIT inhibitors are un-
likely to be effective in these cases.

In contrast to sporadic mastocytosis of all types, pa-
tients within one kindred with familial mastocytosis have
regulatory type activating c-KIT mutations affecting the
juxtamembrane inhibitory alpha helix.17 Interestingly,
this kindred also has familial GISTs, tumors known to
be associated with regulatory type KIT activating muta-
tions. As predicted by our model, these are regulatory
type mutations. In fact, the forms of mutant KIT ex-
pressed by these GISTs respond to multiple different KIT
inhibitors. Therefore, we would predict that mastocyto-
sis in the patients of this kindred would also respond to
KIT inhibitors. Thus, the KIT inhibitors that are cur-
rently available appear to have a very limited role in
management of the common forms of mastocytosis.

Can This Approach Apply to
Other Tumors and Enzymes?

A number of other types of neoplasms besides mastocy-
tosis express KIT, which may contribute to cell prolif-
eration and survival. KIT expression and mutation ap-
pear to be an early and perhaps necessary phenomenon
in the pathogenesis of GISTs.18,19 As previously men-
tioned, these tumors mostly express regulatory type
mutations and appear to respond well clinically to KIT
inhibitors. Additional neoplasms expressing mutated KIT
include sinonasal natural killer/T-cell lymphomas, AML,
and myeloproliferative disorders (reviewed by Longley
et al10 and later by Heinrich et al20). The functional con-
sequences of many of the mutations described in these
conditions have not been determined and their signifi-
cance is unclear, but the expression of KIT, which lacks
enzymatic site mutations in some individual cases, would
suggest the possibility of treatment of individual patients
with KIT inhibitors. In addition, a number of other neo-
plasms may express KIT, such as carcinoma of the lung,
which could be activated by autocrine production of SCF
and which should respond to KIT inhibitors.

With regard to other enzymes, a recent report21 de-
scribed crystallographic studies of the EphB2 receptor
tyrosine kinase that showed a juxtamembrane auto-
inhibitory helix similar to the one found in KIT. The
helix was shown to function through direct interaction
with the EphB2 kinase domain. This report shows that
kinase autoinhibition via secondary protein structures,
such as juxtamembrane alpha helices, is a generalizable
mechanism of kinase regulation in different receptor ty-
rosine kinase families. Therefore, other oncogenes have
autoinhibitory regions that may be disrupted by “regu-
latory” type mutations, and we would predict that these
types of mutant enzymes would be susceptible to inhibi-

tion by inhibitors of the wild type enzyme.
In this vein, in a recent report Gorre et al described

diverse mechanisms of imatinib resistance in 9 patients
with BCR-ABL-positive chronic myelogenous leuke-
mia.22 Imatinib resistance was associated with acquired
mutations of the ABL enzymatic site in 6 patients, and
with BCR-ABL gene amplification in the other 3. There-
fore, some resistance was due to “enzymatic site” type
mutations or—in the case of the gene amplifications (as
well as the original translocation forming the BCR-ABL
fusion gene)—to “regulatory” type mutations. Gorre et
al suggest that the patients with gene amplification might
be susceptible to treatment with higher doses of imatinib,
but that those with active site mutations may require treat-
ment with a different drug.

Although these speculations need to be tested in
clinical studies, it appears likely that activating muta-
tions affecting other enzymes may also be classified as
“regulatory” or “enzymatic site” in type, and that this
strategy may prove to be generally useful in predicting
drug resistance and guiding therapy. I would stress, how-
ever, that this paradigm can only be used as a guide to
identify those patients who have a higher probability of
drug resistance. For instance, if an activated kinase can
be identified in a patient’s tumor and no enzymatic site
mutation is identified, no further studies may be neces-
sary before treatment with a drug that inhibits the wild
type form of the enzyme. On the other hand, if a patient’s
tumor expresses a novel mutation affecting the enzy-
matic site, it may be prudent to express the mutant en-
zyme in vitro and test its response to various drugs be-
fore initiating therapy.

III. MIXED MYELOPROLIFERATIVE/MYELODYSPLASTIC

DISORDERS IN ADULTS AND CHILDREN:
BIOLOGY AND NEW THERAPEUTIC APPROACHES

Peter D. Emanuel, MD*

In the recently proposed new classification schema of
hematological malignancies, the World Health Organi-
zation introduced a new category of diseases that over-
lap or “bridge” the myelodysplastic syndromes (MDS)
and the chronic myeloproliferative diseases (MPD)
groups.1 Four diseases were assigned to this mixed cat-
egory of MDS/MPD: (1) chronic myelomonocytic leu-
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kemia (CMML), (2) atypical chronic myeloid leukemia
(aCML), (3) juvenile myelomonocytic leukemia
(JMML), and (4) MDS/MPD, unclassifiable. Though it
remains to be determined how much these diseases have
in common in terms of pathogenetic mechanisms, they
are at present grouped together in this category prima-
rily due to similarities in clinical and morphologic pre-
sentations. These diseases are, as a general rule, charac-
terized by hyperproliferative effects, with increased num-
bers of cells at virtually all stages of maturation. How-
ever, in addition, morphological and functional dyspla-
sia can be variably observed in many patients. This re-
view will attempt to summarize what is known regard-
ing the pathogenesis of these disorders, as well as re-
view recent attempts for targeted therapeutic approaches.

Chronic Myelomonocytic Leukemia
CMML is a highly heterogeneous disorder that predomi-
nantly presents in the elderly.2,3 The French-American-
British group initially included CMML in its classifica-
tion of MDS.4 Later, there was an attempt to classify
CMML into either the MPD category if the total white
blood cell count was greater than 13,000 × 109/L, or the
MDS category if it was less than 13,000 × 109/L.5 Thus,
CMML’s categorization into the mixed MDS/MPD cat-
egory seems appropriate for the present.

CMML pathogenesis
Concurrent with the heterogeneous clinical presentation
and course of CMML patients, no consistent genetic
abnormality has yet been linked with CMML pathogen-
esis, although it is clearly a clonal hematopoietic disor-
der. Karyotypic abnormalities can be demonstrated in a
significant number of patients, but most of the abnor-
malities are also routinely observed in patients with other
MDS category diseases. RAS gene mutations are ob-
served in a significant proportion of patients (up to 40%)
either at presentation or at some stage during the course
of their disease.6 The incidence of RAS mutations in
CMML may be higher than in other MDS subtypes. A
very small subset of CMML patients have a specific
translocation, t(5;12)(q33;p13). This translocation fuses
TEL, a member of the Ets family of transcription fac-
tors, to the platelet-derived growth factor receptor β
(PDGFβR), leading to constitutive activation of the ty-
rosine kinase domain of the PDGF receptor.7 Multiple
signaling pathways appear to be activated by TEL/
PDGFβR.8-11 Complete delineation of the relative con-
tribution of these pathways to the pathogenesis of CMML
will require further investigation, including the use of
mouse models.12,13 In addition to the activating RAS point
mutations and the TEL/PDGFβR gene fusion, a number
of studies have investigated the role of specific cytokines

in the in vitro growth of CMML progenitors. Tumor
necrosis factor (TNF), GM-CSF, Interleukin-3 (IL-3), IL-
4, IL-6, and IL-10 have all been implicated as playing po-
tential roles in the pathogenetic hyperproliferative growth
pattern of CMML cells in vitro or in vivo in patients.14-19

Therapy of CMML
For the small subset of patients who demonstrate trans-
locations in their leukemia cells involving PDGFβR,
imatinib mesylate (STI571) has been recently reported
to produce dramatic and durable responses.20 As most
CMML patients are elderly at the time of diagnosis, my-
eloablative stem cell transplantation is not a viable op-
tion for the majority. For those patients who do have a
donor and are young enough to tolerate the toxicities,
myeloablative stem cell transplantation should be seri-
ously considered, as this remains the only proven cura-
tive option for this disease. Nonmyeloablative transplan-
tation strategies are rapidly emerging and may ultimately
prove to be a less toxic but effective alternative to my-
eloablative transplantation. Otherwise, cytokine therapy
and low- and high-dose chemotherapeutic options have
been attempted, but with limited success. Part of the prob-
lem in interpreting many previous trials is that CMML
patients have been treated, evaluated, and reported to-
gether with all other MDS subtypes, making specific
evaluation of the response in CMML problematic. Re-
sponses to erythropoietin therapy can be observed in 15-
20% of patients.21 CMML patients can also respond tem-
porarily in terms of increases in peripheral blood neu-
trophil counts to granulocyte colony-stimulating factor
(G-CSF) or GM-CSF, but because CMML progenitor
cells can also respond to these cytokines, there is a con-
cern for a potentially higher transformation rate to
AML.22 Given the toxicities of high-dose chemotherapy
in this elderly patient population, chemotherapeutic tri-
als have generally not produced sufficient response rates
to justify routine use of high-dose chemotherapy.

Because CMML pathogenesis has been linked to
dysregulated signal transduction involving the Ras path-
way and to one or more cytokines such as GM-CSF, more
targeted therapeutic approaches are now beginning to
emerge. The farnesyltransferase inhibitors (FTIs) were
developed as specific compounds to block Ras signal
transduction by inhibiting Ras binding to the inner plasma
membrane.23 Whether this is their true or primary mecha-
nism of action is a matter of ongoing debate, but mount-
ing evidence suggests that response of malignancies to
FTIs is independent of RAS mutational status.24-26 Inves-
tigators from Stanford have recently reported prelimi-
nary results of the use of one FTI, R115777, in a Phase
I/II study of MPD patients, including 2 CMML patients.27

Further results from this and similar trials will be of in-
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terest. Blocking the dysregulated cytokine signal trans-
duction operative in CMML, such as by blocking GM-
CSF at the cell surface, is also a potentially viable ap-
proach to targeted therapy (Figure 3, see Color Figures,
page 518). Two compounds discussed below, E21R and
DT388-GM-CSF, are entering trials in adults and chil-
dren for various myeloid malignancies and may prove
efficacious in CMML. Imatinib mesylate is also being in-
vestigated in CMML, but with discouraging early results.

Atypical Chronic Myeloid Leukemia
Atypical CML is, by definition, Philadelphia chromo-
some negative and BCR/ABL fusion gene negative.
Atypical CML affects a truly heterogeneous group of
patients, and the exact incidence is not known. Reports
of small numbers of these patients indicate that they of-
ten have other cytogenetic abnormalities and suffer from
short median survival times. Because of the paucity of
these patients and their vast clinical heterogeneity, little
can be said regarding pathogenesis. Preliminary find-
ings indicate that these patients generally do not respond
to imatinib mesylate. Other potential treatment options
to consider are a clinical trial, if available, stem cell
transplantation, or low-dose chemotherapy such as hy-
droxyurea.

Juvenile Myelomonocytic Leukemia
Much more is known about the pathogenesis of JMML
than about that of CMML and aCML. JMML is a clonal
disorder arising from the pluripotent stem cell.28,29 It af-
flicts infants and young children, with the vast majority
of cases presenting when children are ≤ 5 years of age.
JMML is generally characterized by marked hepatosple-
nomegaly, leukocytosis with monocytosis, anemia and
thrombocytopenia, and elevated fetal hemoglobin in most
patients (even when corrected for age).30 Most patients (>
80%) have a normal karyotype and are, by definition, Phila-
delphia chromosome negative and BCR/ABL negative.

JMML pathogenesis
More so than any other leukemia or myeloproliferative
disorder, JMML cells in vitro nearly uniformly show
spontaneous colony formation without addition of ex-
ogenous growth factors. This in vitro growth character-
istic and the subsequent pathogenesis of JMML have
been definitively linked to dysregulated growth factor
signal transduction through the Ras pathway.31-38 This
Ras dysregulation results in JMML cells demonstrating
a selective hypersensitivity to GM-CSF.31 Either activat-
ing RAS point mutations or inactivating NF1 mutations
can lead to constitutive signaling of the Ras pathway.
JMML patients demonstrate RAS and NF1 gene abnor-
malities in their hematopoietic cells at estimated rates

of 20% and 30%, respectively, and these subsets remain
mutually exclusive.33,35,36 Murine hematopoietic cells that
are homozygously deleted of Nf1 (Nf1-/-) are also hy-
persensitive to GM-CSF and, if these cells are trans-
planted into irradiated recipient mice, they are capable
of inducing an MPD reminiscent of JMML.37,38 Nf1 mu-
tant murine hematopoietic cells demonstrate hyper-
activation to numerous cytokines, including GM-CSF,
SCF, and IL-3.39 However, studies by Birnbaum and col-
leagues with Gmcsf-Nf1 doubly mutant cells have shown
that GM-CSF plays a central role in the aberrant growth
of Nf1 mutant cells,40 thus providing a compelling ratio-
nale for pursuing therapeutic strategies that target the
GM-CSF signal transduction pathway in JMML patients.

Therapy of JMML
There is no known, consistently effective therapy for
JMML. Single- and multiagent chemotherapy regimens
in limited numbers of patients report widely varying re-
sponse rates but provide little evidence that such therapy
improves ultimate outcome. Only allogeneic stem cell
transplantation (SCT) has resulted in extended sur-
vival.41-43 Unfortunately, the relapse rate from alloge-
neic SCT is inordinately high in JMML, ranging from
28-55% in several studies, with 5-year disease-free sur-
vival rates ranging from only 25-40%. Although 13-cis
retinoic acid can produce a 40-50% overall response
rate, complete remissions sustained off therapy are rare.

Given the knowledge of JMML pathogenesis,
mechanism-based molecularly targeted approaches such
as that used for imatinib mesylate in BCR/ABL+ CML
now seem justifiable for JMML. However, given that
SCT can result in long-term survival, it seemed inappro-
priate to completely abandon this treatment approach.
Therefore, a Phase II window/Phase III trial design for
JMML was activated by the Children’s Oncology Group
in 2001 (Figure 4). There are three appealing aspects to
this protocol design. First, it permits the rigorous evalu-
ation of the efficacy of a single molecularly targeted
agent in untreated JMML patients who have not yet de-
veloped drug resistance. Second, if one phase II agent
fails, the protocol is designed to allow for the substitu-
tion of a different agent for Phase II testing without dis-
rupting the rest of the study. Finally, the fact that partici-
pation in the Phase II window is not required allows pa-
tients and their parents who are skeptical regarding ex-
perimental agents an opportunity to still enroll in the
remainder of the protocol. The first agent to be tested in
this format for JMML is the FTI R115777, the same agent
being tested in adults with MPD.27 A multitude of other
agents (Figure 3, page 518) capable of targeting the GM-
CSF/Ras pathway (albeit with varying degrees of speci-
ficity) are now emerging as potential capable agents that
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cells.49 A Phase I trial of this agent has been conducted
in relapsed adult AML.

Other signaling inhibitors
A DNA enzyme that targets Raf-1 gene expression has
shown effectiveness at JMML cell growth inhibition in
vitro and in a JMML NOD-SCID mouse model.50 The
Nf1 JMML mouse model provides a useful system for
testing targeted therapeutics such as the mitogen-acti-
vated protein kinase kinase (MEK) inhibitor PD184352.51

These ongoing studies demonstrate the utility of both
the Nf1 and NOD/SCID JMML mouse models to not
only help elucidate pathogenetic mechanisms but also
to test molecularly targeted therapeutics.

Myelodsyplastic/Myeloproliferative Disease,
Unclassifiable

For patients who have features of both MPD and MDS
but who truly cannot be classified into one of the above
three categories, mixed MDS/MPD is listed in this class.
Even more than atypical CML, this category appears to
be a “catchall” of a mixture of other disorders. There-
fore, conclusions regarding pathogenesis and/or treat-
ment recommendations cannot be reached at the present
time.

REFERENCES

I. Langerhans Cell Histiocytosis in Children and
Adults: Pathogenesis, Clinical Manifestations,
and Treatment

1. Arceci RJ. The histiocytoses: the fall of the Tower of Babel. Eur
J Cancer. 1999;35:747-767; discussion 767-769.

2. Gall EA. The cytochemical identification and interrelation of
mesenchymal cells of lymphoid tissue. Ann N Y Acad Sci.
1958;73:120-123.

3. Aschoff L. Das Reticulo-Endotheliale System. Ergebn Inn Med
Kinderhulk. 1924;26:1-118.

4. Craddock CG. Defenses of the body: the initiators of defense,
the ready reserves, and the scavengers. In: Wintrobe MM, ed.
Blood, Pure and Eloquent. New York, NY: McGraw-Hill;
1980:417-456.

5. Langerhans P. Über die Nerven der menschlichen Haut.
Virchows Arch Pathol Anat. 1868;44:325.

6. Langerhans P. Berichtigungen. Archiv Mikroskopische
Anatomie. 1882;20:641.

7. Silberberg I, Baer RL, Rosenthal SA. The role of Langerhans
cells in contact allergy, I: an ultrastructural study in actively
induced contact dermatitis in guinea pigs. Acta Dermato-
Venereologica. 1974;54:321-331.

8. Steinman R, Inaba K. Immunogenicity: role of dendritic cells.
BioEssays. 1989;10:145-152.

9. Chu T, D’Angio GJ, Favara BE, Ladisch S, Nesbit M, Pritchard
J. Histiocytosis syndromes in children. Lancet. 1987;2:41-42.

10. Schmitz L, Favara BE. Nosology and pathology of Langerhans
cell histiocytosis. Hematol Oncol Clin North Am. 1998;12:221-
246.

11. Carstensen H, Ornvold K. The epidemiology of LCH in children

Figure 4. Schema of Children’s Oncology Group (C.O.G.)
Protocol #AAML0122 for newly diagnosed JMML patients.
Protocol is overseen by NCI-CTEP.

Abbreviations: FTI, farnesyltransferase inhibitor; Ara-C, cytosine
arabinoside; RA, retinoic acid; JMML, juvenile myelomonocytic
leukemia; NCI-CTEP, National Cancer Institute – Cancer Therapy
Evaluation Program.

can substitute into the Phase II window of this protocol
once R115777 has completed testing.

Peptidomimetics
E21R was created by a single amino acid substitution in
the GM-CSF molecule at position 21. This substitution
allows E21R to function as a GM-CSF antagonist by
binding to the α-subunit of the GM-CSF receptor but
preventing its association with the β-subunit, which is
critical for downstream signal transduction. At concen-
trations of 1 µg/mL and 10 µg/mL, E21R induced
apoptosis in AML and CML cells,44 and in JMML cells,45

respectively. In a JMML-SCID/NOD mouse model,46

E21R prevented dissemination of leukemic cells and in-
duced remission in animals that had developed JMML-
like MPD after injection of human JMML cells. E21R is
in Phase II studies in adult AML and CMML in England
and Australia. A Phase I trial in relapsed pediatric my-
eloid malignancies is in the planning stages in the United
States.

GM-CSF fused to toxins
Two groups have reported the successful development
of a GM-CSF molecule/diphtheria toxin fusion con-
struct.47,48 This fusion product has shown some effec-
tiveness in toxicity to acute leukemia cells and JMML



Hematology 2002 311

in Denmark, 1975-89. Med Pediatr Oncol. 1993;21:387-388.
12. Nicholson HS, Egeler RM, Nesbit ME. The epidemiology of

Langerhans cell histiocytosis. Hematol Oncol Clin North Am.
1998;12:379-384.

13. Kaatsch P, Maaf HG, Michalis J, eds. Jahresbericht 1993 des
Deutschen Kinderkrebregisters. Vol 6. Mainz, Germany: IMSD
Johannes Gutenberg, Universitat Institut fur Medizinishe
Statistik und Dokumentation; 1994.

14. Arico M. Langerhans’ cell histiocytosis in adults: another
orphan disease? Haematologica. 1999;84:769.

15. Hamre M, Hedberg J, Buckley J, et al. Langerhans cell
histiocytosis: an exploratory epidemiologic study of 177 cases.
Med Pediatr Oncol. 1997;28:92-97.

16. Bhatia S, Nesbit ME Jr, Egeler RM, Buckley JD, Mertens A,
Robison LL. Epidemiologic study of Langerhans cell histiocy-
tosis in children. J Pediatr. 1997;130:774-784.

17. Egeler RM, Neglia JP, Arico M, et al. The relation of Langer-
hans cell histiocytosis to acute leukemia, lymphomas, and other
solid tumors. The LCH-Malignancy Study Group of the
Histiocyte Society. Hematol Oncol Clin North Am.
1998;12:369-378.

18. Egeler RM, Neglia JP, Puccetti DM, Brennan CA, Nesbit ME.
Association of Langerhans cell histiocytosis with malignant
neoplasms. Cancer. 1993;71:865-873.

19. Arico M, Nichols K, Whitlock JA, et al. Familial clustering of
Langerhans cell histiocytosis. Br J Haematol. 1999;107:883-
888.

20. Ford AM, Bennett CA, Price CM, Bruin MC, Van Wering ER,
Greaves M. Fetal origins of the TEL-AML1 fusion gene in
identical twins with leukemia. Proc Natl Acad Sci U S A.
1998;95:4584-4588.

21. Megonigal MD, Rappaport EF, Jones DH, et al.
t(11;22)(q23;q11.2) in acute myeloid leukemia of infant twins
fuses MLL with hCDCrel, a cell division cycle gene in the
genomic region of deletion in DiGeorge and velocardiofacial
syndromes. Proc Natl Acad Sci U S A. 1998;95:6413-6418.

22. Knudsen AG Jr. Hereditary cancer, oncogenes, and
antioncogenes. Cancer. 1985;45:1437-1443.

23. Ornvold K, Carstensen H, Larsen JK, Christensen IJ, Ralfkiaer
E. Flow cytometric DNA analysis of lesions from 18 children
with Langerhans cell histiocytosis (histiocytosis x). Am J
Pathol. 1990;136:1301-1307.

24. Yu RC, Chu C, Buluwela L, Chu AC. Clonal proliferation of
Langerhans cells in Langerhans cell histiocytosis. Lancet.
1994;343:767-768.

25. Willman CL. Detection of clonal histiocytes in Langerhans cell
histiocytosis: biology and clinical significance. Br J Cancer.
1994;23(suppl):S29-S33.

26. Willman CL, Busque L, Griffith BB, et al. Langerhans’-cell
histiocytosis (histiocytosis X)—a clonal proliferative disease. N
Engl J Med. 1994;331:154-160.

27. Willman CL, McClain KL. An update on clonality, cytokines,
and viral etiology in Langerhans cell histiocytosis. Hematol
Oncol Clin North Am. 1998;12:407-416.

28. Weiss LM, Wood GS, Trela M. Clonal T cell populations in
lymphomatoid papulosis: evidence of a lymphoproliferative
origin for a clinically benign disease. N Engl J Med.
1986;315:475-479.

29. Kurahashi H, Hara J, Yumura-Yagi K. Monoclonal nature of
transient abnormal myelopoiesis in Down’s syndrome. Blood.
1991;77:1161-1163.

30. Betts DR, Leibundgut KE, Feldges A, Pluss HJ, Niggli FK.
Cytogenetic abnormalities in Langerhans cell histiocytosis. Br J
Cancer. 1998;77:552-555.

31. Golub T. TEL gene rearrangements in myeloid malignancy.

Hematol Oncol Clin North Am. 1997;11:1207-1220.
32. Haag MM, Avet-Loiseau H, Favara B, et al. Evaluation of a

series of cases of Langerhans cell histiocytosis by comparative
genomic hybridization. Paper presented at: 6th International
Workshop on Chromosomes in Solid Tumors; 1991; Tucson,
AZ.

33. Murakami I, Gogusev J, Fournet JC, Glorion C, Jaubert F.
Detection of molecular cytogenetic aberrations in Langerhans
cell histiocytosis of bone. Hum Pathol. 2002;33:555-560.

34. Chu T, Jaffe R. The normal Langerhans cell and the LCH cell.
Br J Cancer. 1994;23(suppl):S4-S10.

35. McLelland J. A comparison study of two methods of peanut
agglutinin staining with S100 immunostaining in 29 cases of
histiocytosis X. Arch Pathol Lab Med. 1991;115:107.

36. Geissmann F, Emile JF, Andry P, et al. Lack of expression of E-
cadherin is associated with dissemination of Langerhans’ cell
histiocytosis and poor outcome. J Pathol. 1997;181:301-304.

37. Geissmann F, Lepelletier Y, Fraitag S, et al. Differentiation of
Langerhans cells in Langerhans cell histiocytosis. Blood.
2001;97:1241-1248.

38. Weintraub M, Bhatia KG, Chandra RS, Magrath IT, Ladisch S.
p53 expression in Langerhans cell histiocytosis. J Pediatr
Hematol Oncol. 1998;20:12-17.

39. Brown RE. Oxidative stress, p53 expression and cytogenetic
abnormalities in Langerhans cell histiocytosis. Med Pediatr
Oncol. 2002;38:70-71.

40. Yu RC, Morris JF, Pritchard J, Chu TC. Defective alloantigen-
presenting capacity of ‘Langerhans cell histiocytosis cells.’
Arch Dis Child. 1992;67:1370-1372.

41. Kannourakis G, Abbas A. The role of cytokines in the
pathogenesis of Langerhans cell histiocytosis. Br J Cancer.
1994;23(suppl):S37-S40.

42. Egeler RM, Favara BE, van Meurs M, Laman JD, Claassen E.
Differential in situ cytokine profiles of Langerhans-like cells
and T cells in Langerhans cell histiocytosis: abundant expres-
sion of cytokines relevant to disease and treatment. Blood.
1999;94:4195-4201.

43. Arenzana-Seisdedos F, Barbey S, Virelizier JL, Kornprobst M,
Nezelof C. Histiocytosis X: purified (T6+) cells from bone
granuloma produce interleukin 1 and prostaglandin E2 in
culture. J Clin Invest. 1986;77:326-329.

44. Egeler RM, Willman CL. Commentary: is Langerhans cell
histiocytosis a myeloid dendritic stem cell disorder related to
myelodysplastic disorders? Med Pediatr Oncol. 2000;35:426-
427.

45. Grois N, Flucher-Wolfram B, Heitger A, Mostbeck GH,
Hofmann J, Gadner H. Diabetes insipidus in Langerhans cell
histiocytosis: results from the DAL-HX 83 study. Med Pediatr
Oncol. 1995;24:248-256.

46. Grois NG, Favara BE, Mostbeck GH, Prayer D. Central nervous
system disease in Langerhans cell histiocytosis. Hematol Oncol
Clin North Am. 1998;12:287-305.

47. Arceci RJ. Treatment options—commentary. Br J Cancer.
1994;23(suppl):S58-S60.

48. Ceci A, de Terlizzi M, Colella R, et al. Langerhans cell
histiocytosis in childhood: results from the Italian Cooperative
AIEOP-CNR-H.X ’83 study. Med Pediatr Oncol. 1993;21:259-
264.

49. Gadner H, Heitger A, Grois N, Gatterer-Menz I, Ladisch S.
Treatment strategy for disseminated Langerhans cell histiocyto-
sis. DAL HX-83 Study Group. Med Pediatr Oncol. 1994;23:72-
80.

50. Ladisch S, Gadner H, Arico M, et al. LCH-I: a randomized trial
of etoposide vs vinblastine in disseminated Langerhans cell
histiocytosis. The Histiocyte Society. Med Pediatr Oncol.



312 American Society of Hematology

1994;23:107-110.
51. Weitzman S, Wayne AS, Arceci R, Lipton JM, Whitlock JA.

Nucleoside analogues in the therapy of Langerhans cell
histiocytosis: a survey of members of the histiocyte society and
review of the literature. Med Pediatr Oncol. 1999;33:476-481.

52. Saven A, Piro LD. 2-chlorodeoxyadenosine: a potent anti-
metabolite with major activity in the treatment of indolent
lymphoproliferative disorders. Hematol Cell Ther.
1996;38(suppl 2):S93-S101.

53. Stine KC, Saylors RL, Williams LL, Becton DL. 2-chlorodeoxy-
adenosine (2-CDA) for the treatment of refractory or recurrent
Langerhans cell histiocytosis (LCH) in pediatric patients. Med
Pediatr Oncol. 1997;29:288-292.

54. Thomas L, Ducros B, Secchi T, Balme B, Moulin G. Successful
treatment of adult’s Langerhans cell histiocytosis with
thalidomide: report of two cases and literature review. Arch
Dermatol. 1993;129:1261-1264.

55. Henter J-I, Karlen J, Calming U, Bernstrand C, Andersson U,
Fadeel B. Successful treatment of Langerhans’-cell histiocyto-
sis with etanercept. N Engl J Med. 2001;345:1577-1578.

56. Pritchard KK, Gordon I, Beverley PC, Chu AC. CD1 antibody
immunolocalisation in Langerhans’ cell histiocytosis. Lancet.
1993;342:367-368.

57. Arceci RJ. Comments from the Editor-in-Chief. J Pediatr
Hematol Oncol. 1999;21:1-2.

II. Making Sense of KIT Inhibitors:
Not All KIT Activating Mutations Act Alike

1. Yarden Y, Kuang WJ, Yang-Feng T, et al. Human proto-
oncogene c-kit: a new cell surface receptor tyrosine kinase for
an unidentified ligand. EMBO J. 1987;6:3341-3351.

2. Geissler EN, Ryan MA, Housman DE. The dominant-white
spotting (W) locus of the mouse encodes the c-kit proto-
oncogene. Cell. 1988;55:185-192.

3. Qiu FH, Ray P, Brown K, Barker PE, et al. Primary structure of
c-kit: relationship with the CSF-1/PDGF receptor kinase
family-oncogenic activation of v-kit involves deletion. EMBO
J. 1988;7:1003-1011.

4. Copeland NG, Gilbert DJ, Cho BC, et al. Mast cell growth
factor maps near the steel locus on mouse chromosome 10 and
is structurally altered in a number of steel alleles. Cell.
1990;63:175-183.

5. Anderson DM, Lyman SD, Baird A, et al. Molecular cloning of
mast cell growth factor, a hematopoietin that is active in both
membrane bound and soluble forms. Cell. 1990;63:235-243.

6. Martin FH, Suggs SV, Langley KE, et al. Primary structure and
functional expression of rat and human stem cell factor DNAs.
Cell. 1990;63:203-211.

7. Williams DE, Eisenman J, Baird A, et al. Identification of a
ligand for the c-kit proto-oncogene. Cell. 1990;63:167-174.

8. Zsebo KM, Wypych J, McNiece IK, et al. Identification,
purification, and biological characterization of hematopoietic
stem cell factor from Buffalo rat liver-conditioned medium.
Cell. 1990;63:195-201.

9. Arakawa T, Yphantis DA, Lary JW,  et al. Glycosylated and
unglycosylated recombinant-derived human stem cell factors
are dimeric and have extensive regular secondary structure. J
Biol Chem. 1991;266(28):18942-18948.

10. Longley BJ, Reguera MJ, Ma Y. Classes of c-KIT activating
mutations: proposed mechanisms of action and implications for
disease classification and therapy. Leuk Res. 2001;25:571-576.

11. Ma Y, Cunningham ME, Wang X, et al. Inhibition of spontane-
ous receptor phosphorylation by residues in a putative alpha-
helix in the KIT intracellular juxtamembrane region. J Biol
Chem. 1999;274(19):13399-13402.

12. Longley J, Duffy TP, Kohn S. The mast cell and mast cell
disease. J Am Acad Dermatol. 1995;32:545-561.

13. Longley BJ, Tyrrell L, Lu SZ, et al. Somatic c-KIT activating
mutation in urticaria pigmentosa and aggressive mastocytosis:
establishment of clonality in a human mast cell neoplasm. Nat
Genet. 1996;12:312-314.

14. Longley BJ Jr, Metcalfe DD, Tharp M, et al. Activating and
dominant inactivating c-KIT catalytic domain mutations in
distinct clinical forms of human mastocytosis: Proc Natl Acad
Sci U S A. 1999;96:1609-1614.

15. Longley BJ, Ma Y, Carter E, and McMahon G. New approaches
to therapy for mastocytosis. A case for treatment with kit kinase
inhibitors [In process citation]. Hematol Oncol Clin North Am.
2000;14(3):689-695.

16. Ma YS, Zeng S, Butterfield JH, et al. The c-KIT mutation
causing human mastocytosis is resistant to STI571 and other
kinase inhibitors: enzymatic site mutations show different
inhibitor sensitivity profiles than regulatory mutations and wild
type kinases. Blood. 2002;99(5):1741-4.

17. Beghini A, Tibiletti MG, Roversi et al. Germline mutation in the
juxtamembrane domain of the kit gene in a family with
gastrointestinal stromal tumors and urticaria pigmentosa.
Cancer. 2001;92:657-62.

18. Hirota S, Isozaki K, Moriyama Y, et al. Gain-of-function
mutations of c-kit in human gastrointestinal stromal tumors.
Science. 1998;279:577-580.

19. Heinrich MC, Rubin BP, Longley BJ, and Fletcher JA. Biology
and genetic aspects of gastrointestinal stromal tumors: KIT
activation and cytogenetic alterations in neoplastic initiation
and progression. Hum Pathol. In press.

20. Heinrich MC, Blanke CD, Druker BJ, Corless CL. Inhibition of
KIT tyrosine kinase activity: a novel molecular approach to the
treatment of KIT-positive malignancies. J Clin Oncol 2002 Mar
15;20(6):1692-703.

21. Wybenga-Groot LE, Baskin B, Ong SH, et al. Structural basis
for autoinhibition of the EphB2 receptor tyrosine kinase by the
unphosphorylated juxtamembrane region. Cell. 2001;106:745-
757.

22.  Gorre ME, Mohammed M, Ellwood K, et al. Clinical resistance
to STI-571 cancer therapy caused by BCR-ABL gene mutation
or amplification. Science. 2001;293:876-880.

III. Mixed Myeloproliferative/Myelodysplastic
Disorders in Adults and Children: Biology and
New Therapeutic Approaches

1. Vardiman JW, Pierre R, Bain B, et al. Chapter 2.
Myelodysplastic/myeloproliferative diseases. In: Jaffe ES,
Harris NL, Stein H, Vardiman JW, eds. Pathology and Genetics
of Tumours of Haematopoietic and Lymphoid Tissues, World
Health Organization Classification of Tumours. Lyon, France:
IARC Press; 2001:45-59.

2. Cambier N, Baruchel A, Schlageter MH, et al. Chronic
myelomonocytic leukemia: from biology to therapy. Hematol
Cell Ther. 1997;39:41-48.

3. Seymour JF, Cortes JE. Chronic myelomonocytic leukemia. In:
Talpaz M, Kantajarian HM, eds. Medical Management of
Chronic Myelogenous Leukemia. New York, NY: Marcel
Dekker; 1998:43.

4. Bennett JM, Catovsky D, Daniel MT, et al. Proposals for the
classification of the myelodysplastic syndromes. Br J Haematol.
1982;51:189-199.

5. Bennett JM, Catovsky D, Daniel MT, et al. The chronic myeloid
leukaemias: guidelines for distinguishing chronic granulocytic,
atypical chronic myeloid, and chronic myelomonocytic



Hematology 2002 313

leukaemia: proposals by the French-American-British
Cooperative Leukaemia Group. Br J Haematol. 1994;87:746-
754.

6. Parker J, Mufti GJ. Ras and myelodysplasia: lessons from the
last decade. Sem Hematol. 1996;33:206-224.

7. Golub TR, Barker GF, Lovett M, Gilliland DG. Fusion of PDGF
receptor beta to a novel ets-like gene, tel, in chronic
myelomonocytic leukemia with t(5;12) chromosomal transloca-
tion. Cell. 1994;77:307-316.

8. Carroll M, Tomasson MH, Barker GF, Golub TR, Gilliland DG.
The TEL/platelet-derived growth factor beta receptor (PDGF
beta R) fusion in chronic myelomonocytic leukemia is a
transforming protein that self-associates and activates PDGF
beta R kinase-dependent signaling pathways. Proc Natl Acad
Sci U S A. 1996;93:14845-14850.

9. Bourgeade MF, Defachelles AS, Cayre YE. Myc is essential for
transformation by TEL/platelet-derived growth factor receptor
beta (PDGFRbeta). Blood. 1998;91:3333-3339.

10. Atfi A, Prunier C, Mazars A, et al. The oncogenic TEL/PDGFR
beta fusion protein induces cell death through JNK/SAPK
pathway. Oncogene. 1999;18:3878-3885.

11. Dierov J, Xu Q, Dierova R, Carroll M. TEL/platelet-derived
growth factor receptor β activates phosphatidylinositol 3 (PI3)
kinase and requires PI3 kinase to regulate the cell cycle. Blood.
2002;99:1758-1765.

12. Ritchie KA, Aprikyan AA, Bowen-Pope DF, et al. The Tel-
PDGFRbeta fusion gene produces a chronic myeloproliferative
syndrome in transgenic mice. Leukemia. 1999;13:1790-1803.

13. Tomasson MH, Sternberg DW, Williams IR, et al. Fatal
myeloproliferation, induced in mice by TEL/PDGFbetaR
expression, depends on PDGFbetaR tyrosines 579/581. J Clin
Invest. 2000;105:423-432.

14. Everson MP, Brown CB, Lilly MB. Interleukin-6 and granulo-
cyte-macrophage colony-stimulating factor are candidate
growth factors for chronic myelomonocytic leukemia cells.
Blood. 1989;74:1472-1476.

15. Verhoef GEG, De Schouwer P, Ceuppens JL, Van Damme J,
Goossens W, Boogaerts MA. Measurement of serum cytokine
levels in patients with myelodysplastic syndromes. Leukemia.
1992;6:1268-1272.

16. Yanagisawa K, Hatta N, Watanabe I, Horiuchi T, Hasegawa H,
Fujita S. IL-4 stimulates the growth of chronic myelomonocytic
leukemia cells (CMMoL) once leukemic transformation has
occurred. Leukemia. 1995;9:1056-1059.

17. Geissler K, Ohler L, Fodinger M, et al. Interleukin 10 inhibits
growth and granulocyte/macrophage colony-stimulating factor
production in chronic myelomonocytic leukemia cells. J Exp
Med. 1996;184:1377-1384.

18. Oehler L, Foedinger M, Koeller M, et al. Interleukin-10 inhibits
spontaneous colony-forming unit-granulocyte-macrophage
growth from human peripheral blood mononuclear cells by
suppression of endogenous granulocyte-macrophage colony-
stimulating factor release. Blood. 1997;89:1147-1153.

19. Alexandrakis M, Coulocheri S, Xylouri I, et al. Elevated serum
TNF-alpha concentrations are predictive of shortened survival
in patients with high-risk myelodysplastic syndromes.
Haematologica. 1998;29:13-24.

20. Apperley JF, Gardembas M, Melo JV, et al. Response to
imatinib mesylate in patients with chronic myeloproliferative
diseases with rearrangements of the platelet-derived growth
factor receptor beta. N Engl J Med. 2002;347:481-487.

21. Cazzola M, Anderson JE, Ganser A, Hellstrom-Lindberg E. A
patient-oriented approach to treatment of myelodysplastic
syndromes. Haematologica. 1998;83:910-935.

22. Saba HI. Myelodysplastic syndromes in the elderly: the role of

growth factors in management. Leuk Res. 1996;20:203-219.
23. Gibbs JB, Oliff A, Kohl NE. Farnesyltransferase inhibitors: Ras

research yields a potential cancer therapeutic. Cell.
1994;77:175-178.

24. Barrington RE, Subler MA, Rands E, et al. A
farnesyltransferase inhibitor induces tumor regression in
transgenic mice harboring multiple oncogenic mutations by
mediating alterations in both cell cycle control and apoptosis.
Mol Cell Biol. 1998;18:85-92.

25. Du W, Lebowitz PF, Prendergast GC. Cell growth inhibition by
farnesyltransferase inhibitors is mediated by gain of
geranylgeranylated RhoB. Mol Cell Biol. 1999;19:1831-1840.

26. Le DT, Shannon KM. Ras processing as a therapeutic target in
hematologic malignancies. Curr Opin Hematol. 2002;9:308-
315.

27. Gotlib J, Dugan K, Katamneni U, et al. Phase I/II study of
farnesyltransferase inhibitor R115777 (Zarnestra) in patients
with myeloproliferative disorders (MPDs): preliminary results
[abstract]. ASCO Proceed. 2002;21:4a.

28. Busque L, Gilliland G, Prchal JT, et al. Clonality in juvenile
chronic myelogenous leukemia. Blood. 1995;85:21-30.

29. Cooper LJN, Shannon KM, Loken MR, Weaver M, Stephens K,
Sievers EL. Evidence that juvenile myelomonocytic leukemia
can arise from a pluripotent stem cell. Blood. 2000;96:2310-
2313.

30. Arico M, Biondi A, Pui C-H. Juvenile myelomonocytic
leukemia. Blood. 1997;90:479-488.

31. Emanuel PD, Bates LJ, Castleberry RP, Gualtieri RJ,
Zuckerman KS. Selective hypersensitivity to granulocyte-
macrophage colony-stimulating factor by juvenile chronic
myeloid leukemia hematopoietic progenitors. Blood.
1991;77:925-929.

32. Miyauchi J, Asada M, Sasaki M, Tsunematsu Y, Kojima S,
Mizutani S. Mutations of the N-ras gene in juvenile chronic
myelogenous leukemia. Blood. 1994;83:2248-2254.

33. Kalra R, Paderanga D, Olson K, Shannon KM. Genetic analysis
is consistent with the hypothesis that NF1 limits myeloid cell
growth through p21ras. Blood. 1994;84:3435-3439.

34. Shannon KM, O’Connell P, Martin GA, et al. Loss of the
normal NF1 allele from the bone marrow of children with type
1 neurofibromatosis and malignant myeloid disorders. N Engl J
Med. 1994;330:597-601.

35. Side L, Taylor B, Cayouette M, et al. Homozygous inactivation
of the NF1 gene in bone marrow cells from children with
neurofibromatosis type 1 and malignant myeloid disorders. N
Engl J Med. 1997;336:1713-1720.

36. Side LE, Emanuel PD, Taylor B, et al. Mutations of the NF1
gene in children with juvenile myelomonocytic leukemia
without clinical evidence of neurofibromatosis, type 1. Blood.
1998;92:267-272.

37. Largaespada DA, Brannan CI, Jenkins NA, Copeland NG. Nf1
deficiency causes Ras-mediated granulocyte/macrophage
colony stimulating factor hypersensitivity and chronic myeloid
leukaemia. Nat Genet. 1996;12:137-143.

38. Bollag G, Clapp DW, Shih S, et al. Loss of NF1 results in
activation of the Ras signaling pathway and leads to aberrant
growth in haematopoietic cells. Nat Genet. 1996;12:144-148.

39. Zhang Y, Vik TA, Ryder JW, et al. Nf1 regulates hematopoietic
progenitor cell growth and Ras signaling in response to
multiple cytokines. J Exp Med. 1998;187:1893-1902.

40. Birnbaum RA, O’Marcaigh A, Wardak Z, et al. Nf1 and GM-
CSF interact in myeloid leukemogenesis. Mol Cell. 2000;5:189-
195.

41. Locatelli F, Niemeyer C, Angelucci E, et al. Allogeneic bone
marrow transplantation for chronic myelomonocytic leukemia



314 American Society of Hematology

in childhood: a report from the European Working Group on
Myelodysplastic Syndrome in Childhood. J Clin Oncol.
1997;15:566-573.

42. Smith FO, King R, Nelson G, et al. Unrelated donor bone
marrow transplantation for children with juvenile
myelomonocytic leukaemia. Br J Haematol. 2002;116:716-724.

43. Manabe A, Okamura J, Yumura-Yagi K, et al. Allogeneic
hematopoietic stem cell transplantation for 27 children with
juvenile myelomonocytic leukemia diagnosed based on the
criteria of the International JMML Working Group. Leukemia.
2002;16:645-649.

44. Iversen PO, To LB, Lopez AF. Apoptosis of hemopoietic cells
by the human granulocyte-macrophage colony-stimulating
factor mutant E21R. Proc Natl Acad Sci U S A. 1996;93:2785-
2789.

45. Iversen PO, Rodwell RL, Pitcher L, Taylor KM, Lopez AF.
Inhibition of proliferation and induction of apoptosis in
juvenile myelomonocytic leukemic cells by the granulocyte-
macrophage colony-stimulating factor analogue E21R. Blood.
1996;88:2634-2639.

46. Iversen PO, Lewis ID, Turczynowicz S, et al. Inhibition of
granulocyte-macrophage colony-stimulating factor prevents
dissemination and induces remission of juvenile
myelomonocytic leukemia in engrafted immunodeficient mice.
Blood. 1997;90:4910-4917.

47. Perentesis JP, Waddick KG, Bendel AE, et al. Induction of
apoptosis in multidrug-resistant and radiation-resistant acute
myeloid leukemia cells by a recombinant fusion toxin directed
against the human granulocyte macrophage colony-stimulating
factor receptor. Clin Can Res. 1997;3:347-355.

48. Frankel AE, Hall PD, Burbage C, et al. Modulation of the
apoptotic response of human myeloid leukemia cells to a
diphtheria toxin granulocyte-macrophage colony-stimulating
factor fusion protein. Blood. 1997;90:3654-3661.

49. Frankel AE, Lilly M, Kreitman R, et al. Diphtheria toxin fused
to granulocyte-macrophage colony-stimulating factor is toxic to
blasts from patients with juvenile myelomonocytic leukemia
and chronic myelomonocytic leukemia. Blood. 1998;92:4279-
4286.

50. Iversen PO, Emanuel PD, Sioud M. Targeting Raf-1 gene
expression by a DNA enzyme inhibits juvenile myelomonocytic
leukemia cell growth. Blood. 2002;99:4147-4153.

51. Sebolt-Leopold JS, Dudley DT, Herrera R, et al. Blockade of
the MAP kinase pathway suppresses growth of colon tumors in
vivo [see comments]. Nat Med. 1999;5:810-816.


