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General Introduction






General Introduction

The histiocytoses, a group of disorders that most often occur in children and adolescents, are char-
acterised by an abnormal accumulation of cells of the mononuclear phagocytic system and den-
dritic cell system, commonly called “histiocytes”. The histiocytic disorders include, among others,
haemophagocytic lymphohistiocytosis, characterised by the involvement of mononuclear phago-
cytes or macrophages, and Langerhans cell histiocytosis (LCH), characterised by the accumula-
tion of Langerhans cells (LCs; Table 1). Whereas in haemophagocytic lymphohistiocytosis syn-
dromes perforin and MUNC13-4 gene mutations have been implicated in the pathogenesis of most
cases, in LCH the cause is yet unknown. LCH has an estimated annual incidence of 2-5 per one
million children in the age range of 0-15 years. It occurs in different forms, namely as a single
system or as a multi-system disease. Thus, in children under 2 years of age it is often presenting
as a multi-system disease; in children between 2 and 5 years of age it often occurs as multifocal sin-

gle system disease; and above the age of 5 years it appears in 50% of unifocal bone disease cases.

Table 1. Classification of histiocytic disorders™

Dendritic cell — related: - Langerhans cell histiocytosis
- Secondary dendritic cell disorders
- Juvenile xantogranuloma and related disorders

Macrophage - related: - Hemophagocytic lymphohistiocytosis (familial and sporadic)
- Secondary hemophagocytic lymphohistiocytosis
o Infection — associated
o  Malignancy - associated
o  Other
- Sinus histiocytosis with massive lymphadenopathy
(Rosai-Dorfman disease)
- Solitary histiocytoma of macrophage phenotype

Disorders of varying biologic
behaviour

Dendritic cell — related: - Histiocytic sarcoma (localized or disseminated)
o Follicular dendritic cell
o Interdigitating dendritic cell

2]

3 o  Other

-

]

.2

:; Macrophage — related: - Macrophage — related histiocytic sarcoma
<

= .

2 Monocyte — related: - Leukaemias

§ o  Monocyte leukaemia

o  Acute myelomonocytic leukaemia
o  Chronic myelomonocytic leukaemia
- Extramedullary monocytic tumors or sarcoma

*Adapted from reference (1)

Historical hallmarks in LCH

Thenomenclature of LCH is closely linked to the evolving discoveries concerning the biology ofthe LCs,
which were firstly described in 1868 by Paul Langerhans (2,3). Thus, in 1961 Birbeck introduced a dis-



tinctive recognition marker in the LCs, characteristic granules, which were termed after his name (4). In
the meantime, Lichtenstein had grouped Hand-Schuller disease, Letterer-Siwe disease and eosinophilic
granuloma ofbone as being part of the same disorder which he called histiocytosis X (5). However, it was
only in 1973 that Christian Nezelof proposed that the LC was the cell of origin for all forms of what was

still named histiocytosis X, as he showed the presence of Birbeck granules in these cells (Table 2) (6).

Table 2. Important hallmarks in the history of LCH

Dates Historical facts

400-450 BC  Hippocrates describes a non-fatal disease associated with painful skull lesions (7).

1865 Smith described for the first time a patient with impetigo and holes in the cranium (8).

1868 Langerhans published a manuscript describing the non-pigmentary DCs in the epidermis (LCs)
(2,3).

1893 Hand described a child with polyuria and exophthalmos, which he attributed to tuberculosis (9).

1915/1920 Schuller and Christian, respectively, described similar patients with skull defects, exophthalmos
and diabetes insipidus, and thus the eponym Hand-Schuller-Christian disease was attributed to the
clinical condition characterised by the triad of exophthalmos, skull lesions and diabetes insipidus
(10,11).

1933 Siwe grouped previously reported cases (including one by Letterer in 1924) of organomegaly,
lymphadenopathy, localized tumours in bone, secondary anemia, a hemorrhagic tendency and
hyperplasia of non-lipid storing macrophages, into the disease that later became known as Letterer-
Siwe disease (12,13).

1941 Farber noted that Hand-Schuller disease and Letterer-Siwe disease, plus the newly diagnosed
eosinophilic granuloma of bone, described in the previous year in two separate articles, represented
variations of the same disease process (14).

1953 Lichtenstein introduced the concept that the three entities were part of a spectrum of the same
disorder which he called histiocytosis X (5).

1961 Birbeck described the characteristic granules seen on electron microscope, thus introducing a
distinctive recognition marker. In the next few years several investigators described the finding of

Birbeck granules in different forms of LCH (4).

1973 Nezelof published a report showing that histiocytosis X was the result of proliferation of pathologic
LCs (6).
1983 Risdall suggested that the name histiocytosis X should be changed to Langerhans cell histiocytosis,

in recognition of the key role of LCs in all forms of LCH (15).

1985 D’Angio convened the first workshop on histiocytosis leading to the formation of the Histiocyte
Society, an international society dedicated to the understanding of all aspects of the histiocytic
disorders (16).

1987 The Writing Group of the Histiocyte Society outlined the morphologic, immunohistochemical and
clinical criteria required for the diagnosis of LCH (16).

1980’s-present The Toughill family formed the parent support group, now the very successful Histiocytosis

Association of America (1985), which together with homologous groups from other countries, is a
major supporter of research, as well as parent and patient support.
The Kontoyannis family supports the annual “brain storm” meeting called the ‘“Nikolas
Symposium”, at which basic researchers and clinicians interested in these diseases are brought

together to formulate new ideas to find a rationale for a cure for LCH.




Diagnosis, classification and treatment of LCH

The diagnosis of the histiocytoses relies on combined clinical, pathological and radiological criteria.
In LCH, the diagnosis is based on the expression of CD1a and S-100 by the cells in the lesions togeth-
er with their morphology. LCH cells are round instead of dendritic-shaped cells (Figure 1 A), typi-
cally having a moderate amount of homogeneous, pink, granular cytoplasm and distinct cell margins.
The nucleus shows folding and nucleoli are indistinct (Figure 1 B) (1,17,18). Expression of Langerin
(CD207) and the presence of cytoplasmic Birbeck granules in LCH cells complete the picture, but

they are not always used as diagnostic markers in routine practice.
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Figure 1. Phenotypic and morphologic characteristics of LCH cells. A. Normal CD1la+ Langerhans cells with typical
dendrites (a), and pathologic CD1a+ LCH cells with a typical round shape (b). B. The characteristic nucleus folding and
indistinct nucleoli in an H/E stained section of a LCH lesion.

LCH can be divided in three groups, according to the number of sites and types of tissues/organs in-
volved and the presence or absence of involved organ failure. LCH in childhood is very diverse, pre-
senting as a single system disease or as a disseminated form. Single system involvement is observed
in two thirds of patients and occurs mostly in bone. In this case the clinico-radiological presentation
may show overlap with Ewings sarcoma and osteomyelitis. The multi-system form of LCH in child-
hood may or may not be accompanied by organ failure and occurs often in young infants. Finally,
pulmonary LCH, involving the lungs only, is thought to be a different form of this disease, as it is
often present in adults and it is considered to be a reactive condition due to smoking (Table 3) (19).

The treatment of LCH depends on the number and types of organs involved, such as single system
LCH involving e.g. bone, skin, and multi-system LCH with or without involvement of visceral or-
gans. Although always biopsied, many of the patients with single system involvement require mini-

mal to no treatment. If treatment is considered, this includes the use of corticosteroids applied locally



on skin lesions or intralesionally in bone. Despite the lower severity, there still may be persisting,
mainly orthopaedic, consequences in cases of bone involvement (20). In addition, these patients may
show organ-restricted recurrences. On the other hand, in this form of LCH there are still cases of

spontaneous clinical remissions and obviously then the need for treatment is overcome.

Table 3. Classification of Langerhans cell histiocytosis*

Forms of

LCH Characteristics

- Highest incidence in infants (particularly but not exclusively in children younger than 2 years of
age)

- Visceral organ involvement, with or without bone lesions, diabetes insipidus, adjacent lymph
node involvement and/or skin rash, with or without signs of organ dysfunction of any of lung,
liver, gastrointestinal tract or haematopoietic system

Extensive or
disseminated

- Mostly diagnosed between the age of 5-15 years
- Biopsy proven skin rash (scaly, erythematous, seborrhea-like brown to red papules) without any

Restricted or other site of involvement. Monostotic and/or polyostotic lesions (painfull swelling; irregularly

localized marginated lytic lesions of bone), with or without diabetes insipidus (polyuria and polydipsia),
adjacent lymph node involvement or skin rash
- Most commonly during the third decade (can, however, occur at any age as part of extensive
LCH).
Pulmonary Strong but not absolute link with smoking

- Localized lung involvement with in the extreme form emphysematous changes with interstitial
fibrosis

* Adapted from reference (21)

In multi-system LCH, the treatment is systemic with corticosteroids in combination with chemo-
therapeutic agents, mostly vinblastine (VBL)- and/or etoposide (VP-16)-based (22). This form of
treatment is held after the comparison of the LCH-I international clinical trial with the multicentric
clinical trials DAL HX-83/90 results, that showed a clear superiority of combination therapy (DAL
HX-83/90) given for 1 year with respect to initial response and rate of reactivation as compared to
monotherapy for six months (22,23). In the following international clinical trial, LCH-II, the goal was
to match the results of the DAL HX studies and to confirm whether addition of VP-16 to prednisone
(PDN) and VBL would be beneficial. The results in the “low risk” LCH were satisfying. However, the
“high risk” LCH population still presented the same probability of survival, which shows that about
20% of the multi-system patients cannot be rescued with standard treatment including VBL and PDN
with or without VP-16 (22,24). Thus, this patient group is being subject to the use of new agents in the
initial treatment and alternative salvage strategies. As for the ongoing international trial LCH-III, pa-
tients are categorized in three groups: single system multifocal bone disease or localized special site
involvement, and multisystem risk and low risk patients. Treatment of patients with multifocal bone
disease or special-site involvement includes PDN and VBL for 24 weeks; low risk patients are treated

with these steroids during 6 to 12 months; and risk patients receive or not metothexatre in addition



to the standard PDN, VBL and mercaptopurine. Recently the Histiocyte Society developed a treat-
ment regime for non-responding patients to LCH III, entitled LCH-Salvage. This treatment is based
on the use of cladribine (2CDA) and Cytarabine (Ara-C). In extreme cases, stem cell transplantation
combined with myeloablative therapy has been performed but with low rates of success. Sequelae
and permanent consequences are common in multi-system patients and include small stature due to
growth-hormone deficiency, diabetes insipidus, cerebellar ataxia, deafness, orthodontic problems,
lung fibrosis, liver cirrhosis, malabsorption due to gastrointestinal involvement and neuropsychologi-
cal problems (25,26).

In the case of pulmonary LCH, smoking cessation is often sufficient for remission to occur (27). First

line therapy is corticosteroids and in cases of severe disease, lung transplantation may be an option.

Biology and immunology of normal Langerhans cells

Origin and differentiation of dendritic cells

Dendritic cells (DCs) are the most potent antigen presenting cells (APCs) in vitro and in vivo. They
are bone marrow-derived leukocytes which have a wide distribution within the body. This enables
them to fulfil their role as sentinels of the organism since their main function is to initiate and modu-
late the immune response (28,29). As the pathologic cells in LCH are Langerhans DCs, it is important
to understand the classification and biology of DCs in general.

The characterization of DCs began only 25 years ago with the work of Steinman and Cohn, who
purified and identified DCs in peripheral lymphoid organs of mice (30). Today, several subsets of
DCs have been described that, depending on their local microenvironment, mediate different types of
immune responses. These subsets include interstitial DCs (intDCs), Langerhans DCs (LCs), conven-
tional DCs (¢cDCs) and plasmacytoid DCs (pDCs) (29,31).

Although DCs were originally considered to have a strict myeloid origin, subsequent studies have
shown that they can also develop from lymphoid-committed progenitors (32-34). The common fea-
ture of the progenitors capable of developing into DCs is the surface expression of FIt3 receptor.
Among other studies on this subject, Inaba et al. showed that mouse bone marrow myeloid precursors
had a capacity to produce DCs in the presence of granulocyte-macrophage colony-stimulating factor
(GM-CSF) (35). A similar finding was described in the studies of human cells where a CD34+ bone
marrow-derived precursor differentiated into, besides other cell types, a bi-potential precursor popu-
lation with the ability to produce mature DCs when cultured in the presence of GM-CSF and tumour
necrosis factor alpha (TNF-a), or macrophages when cultured in the presence of macrophages- colony

stimulating factor (M-CSF) (36,37). On the other hand, early studies on the lymphoid tissue resident



DCs demonstrated that thymic cDCs and subpopulations of cDCs in mouse spleen and lymph nodes
express markers associated with lymphoid cells. One such case is the pDC, originally suggested to
have a lymphoid origin based on the expression of many lymphoid markers, such as IgK and pre-T
cell receptor, and the absence of myeloid markers (38,39). However, more recent studies revealed that
Fl1t3+ cells within either common lymphoid or myeloid precursors could differentiate into both cDC
and pDC in cultures and in vivo (40-42). Finally, interstitial DCs and Langerhans cells (LCs), other

types of DCs, were shown to differentiate from bone marrow precursors in mice models and in vitro

human models (Figure 2) (43,44).

.

intDC LC cDC pDC

Figure 2. The origin of human DCs. Human stem cells (HSC) differentiate into common myeloid precursors (CMP)
and common lymphoid precursors (CLP). CLP develop into conventional DCs (¢cDC) and plasmacytoid DCs (pDCs).
Similarly, CMP develop into ¢cDC and pDC, but they are also able to differentiate into interstitial DC (intDC) and
Langerhans cells (LC).

Origin and phenotype of LCs

LCs were first described by Paul Langerhans 140 years ago at the dermal/epidermal junction of the
skin (2). Only in 1977 were LCs recognized within the immunology field after reports of the expres-
sion of molecules involved in immune interactions, such as Fc receptors, complement receptors and
MHC class Il molecules on these cells (45-47). Subsequently, they were considered the most efficient
APC of the DC family.

Katz et al. (48) and Frelinger et al. (49) in the mouse and Perreault e al. (50) and Volc-Platzer et



al. (51) in humans have shown that LCs originate from bone marrow-derived monocyte precursors.
LC precursors were found in two types of blood cells: myeloid DCs and monocytes (52, 53). In fact,
Ginhoux ef al. (44) demonstrated in vivo that monocytes are direct precursors of LCs, by showing that
mice deficient in the receptor for colony stimulating factor-1 (CSF-1), lack LCs in the steady state and
that bone marrow progenitors from these mice are unable to reconstitute both LCs and macrophages
in an inflammatory state. During ontogeny, LC precursors populate the epidermis (Figure 3) and ac-
quire immunologically important molecules, which allow them to be distinguished from all the other

cells.

Epidermis

LC precursor Immature LC

Blood vessel
Lymphatic

‘Monocyte

Bone marrow

Lymph node

Figure 3. The life cycle of Langerhans cells (LCs). LC precursors originate in the bone marrow, from where they
travel through the bloodstream to the epidermis as monocytes. This accounts for inflammatory and possible non-
inflammatory situations during early development. In the epidermis, LC precursors differentiate into immature LCs,
maintained locally in the steady state. They travel to the draining lymph nodes in a low level, steady state efflux
manner (adapted from reference (54)).

These molecules include Langerin/CD207, expressed in the tennis-racket shaped Birbeck granules
characteristic of LCs (Figure 4 B) (55). In addition, CD1a, which is involved in the presentation of
microbial lipidic antigens, is abundantly present on LCs (Figure 1 A) but low or absent on intDCs
(56). Finally, in healthy epidermis, the expression of MHC class II molecules is specific for LCs,

whereas in the dermis MHC 11 is expressed not only on intDCs but also on a variety of other cells such



as macrophages and endothelial cells of blood vessels.

Figure 4. Normal Langerhans cells (LCs) in the epidermis of a human skin biopsy and their characteristic marker: the Birbeck
granule. Immunofluorescent detection of LCs in normal human skin epidermis with CD1a antibody (red; A). Rod- and tennis-
racket shaped Birbeck granules present in a LC (B).

LC function

Together with macrophages, LCs are responsible for the first line of defense in the body, namely the
skin, epithelial surfaces of airways and gastrointestinal tract, which are constantly exposed to mi-
crobes. In the skin LCs are uniquely present in the epidermis and in multilayered Malpighian epithelia
in mucous membranes.

Due to their peripheral, sentinel location, they are able to survey the epidermal environment and to
initiate an immune response against microbial threats. After taking up antigen and becoming acti-
vated, they migrate to the draining lymph nodes. Kissenpfennig et al. (57) showed that LCs migrate
preferentially to the T cell areas, where they secrete chemokines that allow the attraction of naive T
cells and induce their proliferation and differentiation into helper and cytotoxic T effector cells (Fig-
ure 5).

In vitro models have shown that LCs possess outstanding immunostimulatory capacities. Firstly, a
few studies showed that LCs were immunostimulatory in the allogeneic mixed leukocyte reaction and
induced cytotoxic T lymphocytes (59,60). Then, Steinman’s group analysed the immunostimulatory
properties, such as the antigen processing and T cell stimulatory capacities of LCs in relation to their
maturation status (61,62). The main finding is that LCs undergo a process of maturation during which
they strongly up-regulate their capacity to stimulate resting T cells but down-regulate their ability to
process antigens in the context of MHC class II. On the other hand, intDCs migrate to B cell follicles,

where they induce the differentiation of naive B cells and the generation of immunoglobulin-secreting



plasma cells. These two DC subsets also differ in the cytokines they secrete, as only intDCs produce
IL-10. Finally, recently it was also shown that LCs are capable of cross-presentation, a mechanism
whereby extracellular protein antigens can be processed by, in this case, the LCs and presented in the
context of MHC class I molecules to CD8+ T cells (63).

In vivo, there are not many studies on LC immunity compared to the numerous data available from
in vitro experiments. However, there are a few reports including two from the group of Streilein and
Bergstresser who showed that LCs are critical in the induction of contact hypersensitivity reactions
(64,65). In these studies, they demonstrated that under all circumstances of LC depletion there was

diminished contact hypersensitivity reaction or prolonged skin graft survival.

Pathogens/antigens
* *

«w‘ g( - gg w Epidermis

- Q%
Lymph vessels \

e o

Ag-specific T cells

ymph nodes

Figure 5. Langerhans cells (LCs) in immunity against pathogens. LCs undergo maturation either by direct interaction
with a microbe or in response to products of surrounding cells and migrate through lymphatic vessels into T cell zones
of draining lymph nodes, where they secrete chemokines that attract naive T cells and induce their proliferation and dif-
ferentiation (adapted from reference (58)).

The tolerogenic role and homeostasis of LCs

Besides their immunogenic role, LCs, like other DCs, are also able to maintain tolerance. Thus, in the
absence of inflammation and pathogenic stimuli via Toll-like receptors, LCs induce peripheral toler-
ance in vivo by migrating to the lymph nodes and presenting the antigen in the steady state (66). Hem-
mi et al. (67) and Yoshino et al. (68) showed that LCs carry self antigens such as melanin granules to
the lymph nodes in the steady state. Migration under steady state conditions seems to be differently

regulated than migration under inflammatory conditions. However, there is no distinct phenotype, by
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which one could distinguish tolerogenic from immunogenic LCs. Ohl et al. (69) showed that both
require expression of CCR7 for migration and the only slight difference in phenotypic markers is that
more [L-12 is produced by immunogenic LCs.

The homeostasis of LCs seems to be regulated differently from that of other DC subsets. This was
demonstrated by Merad et al. (70) who showed that in a bone marrow transplant model host DCs oth-
er than LCs are replenished by donor DCs within approximately two months of transplantation. Host
LCs, however, persist much longer and can be detected even 18 months after transplantation because
of their ability to renew in situ and their resistance to g-radiation. In addition, their high longevity is

also due to their low level of cell division (71).

Normal Langerhans cells versus LCH CD1a+ cells

Knowledge of the biology of LCs can help in identifying the abnormal mechanisms in LCH cells,
whilst at the same time understanding the pathogenesis of LCH may help elucidate basic immunolog-
ical mechanisms involving DC dysregulation in humans. Thus, it is of interest to compare pathologic
LCH cells with their normal counterparts.

Like normal epidermal LCs, lesional LCs in LCH show typical staining with CD1a and Langerin
(table 4). During LC maturation, cells down-regulate their ability to acquire and process antigens and
start to express molecules associated with antigen presentation. Remarkably, CD40, CD80 and CD86
are expressed in high amounts, or exclusively, by the LCs in LCH in comparison with normal epider-
mal LCs (72,73). However, LCs in LCH are not completely activated. They show greater proliferation
and lower antigen presenting capacity than mature LCs, and a certain capacity for migration, which
suggests a maturation arrest at an activated state (74). LCs in LCH also express CCR6, a chemokine

receptor normally expressed by skin LCs and down-regulated upon LC activation (75).



Table 4. Features of LCH cells compared to normal resting LCs and activated lymph node DCs.

LCH cells Resting epidermal LCs Activated LN DCs
Immature DC markers
CDla + + -
Langerin (CD207) + + -
Birbeck granules + + -
CD14 + + -
CD68 + + -
CLA + + -
DC-SIGN (CD209) - - -
CCR6 + + -
Mature DC markers
CDS83 -orx - +
Fascin -or+ - +
DC-LAMP (CD208) - - +
CCR7 - - +
Cell activation
IL-2R (CD25) + -
GM-SCFR (CD116) + + +
Antigen presentation
MHC class 11 + + ++
CD40 ++ + ++
CD80 and CD&6 +or+ - +
APC function -ort + ++
Adhesion
E-cadherin -or= ++ -ort
CD49d + - +
CD54 + or ++ + ++
CD2-CD58 + or ++ -ort ++

* Adapted from reference (21)

Brief summary of previous research in LCH

Although the research in LCH has been relatively scarce since the first reports of LCH as a disease,
the last 20 years have produced important knowledge regarding LCH pathophysiology. Initial stud-
ies looked at the phenotype of LCH cells. As indicated in the previous section, these studies showed
that the LCH cell phenotype corresponds to an early-activated stage of DC maturation, combining an
immature phenotype of DCs with a high level of cytokine expression. These findings suggested that
the pathogenesis of LCH might be due to a blockage in the normal maturation pathway of the CD1a+
LCH cells and that this blockage could be overcome in vitro by stimulation with CD40L. However, it
is still unclear the reason why LCH cells are retained in the different lesional sites.

Besides the accumulation of LCH cells in different lesional sites, the lesional microenvironment
in LCH is characterised by the production of many cytokines. A few studies described a “cytokine

storm” in the LCH lesional microenvironment, the source of which was found to be the LCH cells
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themselves as well as T cells and macrophages that typically characterise LCH lesions (76,77). In
order to better understand the relation of this “cytokine storm” and the pathogenesis of LCH it is still
important to clarify whether these cytokines are inducing the attraction or in situ formation of other
cell types in the lesions, which could help explain the clinical symptoms of LCH.

The aberrant immunity observed in LCH was also leading researchers to hypothesize that a viral trig-
ger could be behind the aetiology of this disease (78-80). However, these studies showed no evidence
for viral genomes in any of the LCH samples analysed. At the same time, reports on clonality of LCH
cells were emerging (81,82), which started raising the idea that LCH could actually be a neoplasm.
In addition to this finding, other studies reported that the cell cycle of LCH cells is disrupted (83-85)
and many other reports have tried to assess the genetic characteristics of LCH, in order to understand
the nature of this disease (86-88). However, none of these has carried out an extensive analysis at the
genetic level which would allow a clear conclusion. The studies that have addressed all these issues
are reviewed in chapter 2.

Thus, there are still many unanswered questions in LCH, crucial for understanding the pathogen-
esis of this disease. The studies in this thesis aimed to elucidate many of the important outstanding
questions in LCH, in particular why LCH cells are aberrantly present in many body sites, how do
these cells and others characteristic of the cellular composition of the lesions originate in these sites,
whether by recruitment or by in situ origin and the definitive answer to what is causing LCH, either a

reactive trigger or a neoplastic defect.

Outline of this thesis

This thesis set out to try to address these unanswered immunological and genetic aspects of LCH,

which are important for increasing the knowledge of the pathogenesis of this disease. The lack of
LCH cell lines and animal models led us to carry out a range of immunohistochemical techniques and
develop new techniques to enable us to perform our investigations on LCH biopsies.

Chapter 2 outlines the research current at the time of writing on immunological aspects of LCH. Here
the unique phenotype and immune function of LCH cells, the cytokine-rich lesional microenviron-
ment and data on the expression of chemokines in LCH lesions are described. Furthermore, genetic
and functional alterations related to cell-cycle regulation and proliferation, are also recapitulated in
this chapter. Finally, an overview of the studies that looked at clonal aspects is included as well as the
controversial aspects on the aetiology of LCH.

The abnormal retention and proliferation of LCH cells in many sites within the body is yet enigmatic.

Due to the integral role that migration plays in normal function and distribution of Langerhans cells,



it is possible that deregulation of chemokine production and/or chemokine receptor expression plays
arole in LCH. Chapter 3 analyses the presence of chemokines in LCH lesions as well as chemokine
receptors by the pathological lesional CD1a+ cells and by other cells in the lesions, and their conse-
quences on the migration and attraction processes. For this purpose several immunohistochemistry
techniques were used, including the optimization of an immunogold staining combined with immun-
ofluorescence. Chapter 4 analyses the presence of these chemokine receptors by the lesional CD1a+
cells in pulmonary LCH lesions, where LCH cells are thought to be more mature and the disease has
been shown to be polyclonal.

Besides the abnormal retention of LCH cells in several sites in the body, another feature that may help
in elucidating the clinical symptoms in LCH is the presence of cytokines in these lesions and their
consequence for the disease. Thus, in chapter 5 the origin and role of multinucleated giant cells, one
of the other cell types characteristic of LCH lesions, is analysed. This is performed using an immu-
nohistochemical approach analysing cytokines and receptors involved in the differentiation of osteo-
clasts (which are also multinucleated giant cells) present in the lesions. In addition, the expression by
these cells of markers for osteoclasts, such as enzymes and adhesion molecules, is studied. Also the
aberrant presence of these cells in non-ostotic lesions is analysed in this chapter.

The abnormal migration of LCH cells described in chapter 3, combined with evidence for survival
of LCH cells in the lesions, provide evidence that these cells are defective. In order to help un-
derstand these observations, it is hypothesized in chapter 6 that LCH is a neoplastic disease. The
possible presence of a telomere maintenance mechanism by LCH cells, in particular the presence
of telomerase, an enzyme present in a high percentage of cancers, is investigated. For this purpose,
immunohistochemistry for the catalytic subunit of this enzyme is performed in single system as well
as multi-system LCH lesions. A TRAP assay is also carried out to assess the activity of the enzyme.
Telomerase positive cells are known for having a homogeneous and short telomere length (89). Thus,
a method to isolate the CD1a+ LCH cells from frozen biopsies is developed, with the aim of extract-
ing the genomic DNA from these cells for measuring the telomere length. In addition, FISH is carried
out for detection of the telomeres in combination with immunofluorescence for detection of a protein
which is a hallmark of the alternative lengthening of telomeres.

Despite the significance of the previous findings for LCH, it is still necessary to understand the exact
cause of this disease. Chapter 7 investigates the possible existence of consistent genetic abnormali-
ties in LCH cells which may provide evidence that LCH is a neoplastic disease. Two different types
of state-of-the-art array platforms, such as aCGH and SNPs, are used to screen the whole genome
of the isolated CD1a+ LCH cells. In addition, ploidy, karyotype and p53 mutation analyses are also
carried out on these cells.

In Chapter 8 all results from the above mentioned studies are discussed and a hypotetical model of
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LCH disease onset is provided. In addition, suggestions for future research directions in LCH are

given.
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The immunological basis of Langerhans cell histiocytosis

Although Langerhans cell histiocytosis (LCH) was first described a century ago, the aetiology is still
not understood. Recent studies on the role of cytokines, chemokines, immunologic dysfunction, cell
surface antigen expression, clonality and cell cycle regulation have provided new insights into the
pathogenesis of LCH. Much of the data from these studies points to the Langerhans cell (LC) being
intrinsically abnormal in LCH. Studies have shown that there is a proliferation of clonal LCs in the
lesions of LCH. Furthermore, these LCH cells not only have differences in cytoplasmic and surface
markers compared to the normal LC but also show abnormalities in cytokine production and antigen
presentation. The recent progress in LCH research has provoked much discussion on whether LCH is
a reactive disease resulting from environmental triggers, or a neoplastic process (Arceci et al., 2002;
Egeler et al., 2004; Nezelof & Basset, 2004). Unfortunately, the described features of LCH have not
as yet provided a clear answer.

Continuing progress in the field of dendritic cell biology has allowed us to gain an increased
understanding of the phenotype and function of LCH cells as well as their interaction with their
microenvironment and hence the pathophysiology of this disease. Conversely, LCH, as an in vivo
example of a dendritic cell abnormality, may serve as a “lesson” to dendritic cell biologists (Laman et
al., 2003). This chapter summarises some of the most recent studies investigating the immunological
basis of LCH.

Phenotypic characterisation of LCH cells

Typically, the LCH cell phenotype corresponds to the early-activated stage of DC maturation,
combining an immature phenotype with high-level cytokine expression. LCH cells have many features
in common with early-activated dendritic cells (DC) that develop from the stage of immature DC on
contact with bacterial products (Ricciardi-Castagnoli & Granucci, 2002). However, in contrast to early
activated DC, LCH cells have rounded morphology, and show high expression of some co-stimulatory
molecules that are known to drive interactions with T-cells. One such co-stimulatory molecule, CD40
is highly expressed by the LCH cells in lesional sites (Egeler ef al., 2000). There is also prominent
expression of CD40L by T-cells in LCH lesions suggesting potential interactions between these cell
types. The CD40-CD40L interaction leads to up-regulation of two other co-stimulatory molecules
involved in antigen presentation, CD80 and CD86 (B7-2), also expressed by LCH cells (Emile et
al., 1994a; Egeler et al., 2000). However, another study showed that although CD80 expression was

frequently detected, CD86 was not present on the majority of LCH cells in most bone and some
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skin lesions (Geissmann et al., 2001). This suggests that the functional ability of LCH cells may
differ between restricted skin lesions and disseminated ostotic lesions. Whether productive antigen

presentation to T-cells is occurring at all, is questionable as MHC class II expression is only moderate

(Geissmann et al., 2001).

Although LCH cells have been described as undergoing a ‘maturation block’ (Annels et al., 2003;
Laman et al., 2003), several reports have observed expression of more mature DC markers by LCH
cells. In one such study, DC-LAMP and CD83, markers of mature DCs, were found to be expressed by
scattered LCH cells in LCH lesions. Interestingly, cases of skin-only LCH showed higher expression
of CD83 and DC-LAMP than bone lesions. Moreover, the highest DC-LAMP positivity was evident
in the spontaneously regressive form of the disease, suggesting that these cells had overcome any
potential blockade in their maturation resulting in resolution of the disease (Geissmann ef al., 2001).
Another marker of LC activation is fascin, a highly selective marker for DCs of lymphoid tissues and
peripheral blood, and completely absent from normal epidermal LCs. This actin bundling protein is
involved in the formation of dendritic processes in maturing epidermal LCs. Fascin expression has
been shown to correlate with dendritic morphology, cell differentiation and antigen-presenting activity
of normal DCs (Ross ef al., 1998; Ross et al., 2000; Al-Alwan et al., 2001). In contrast, despite being
positive for fascin, LCH cells have been shown to be functionally defective in antigen presentation in
vitro (Geissmann ef al., 2001). Thus, the fascin positivity of LCH cells represents another aberration
in their phenotype (Pinkus et al., 2002).

One of the abnormal features of LCH cells is their occurrence at sites where normal LCs do not
usually reside, e.g. bone. Aberrant migration and homing of LCs resulting from the expression of
cellular adhesion molecules may play a role in the pathogenesis of LCH. Several investigations have
shown that LCH cells indeed express different adhesion molecules from normal LCs (Ruco ef al.,
1993; de Graafet al., 1994, 1995). CD54 (ICAM-1), CD58 (LFA-3), and the B1 integrin a4, adhesion
molecules that are expressed during activation of normal LCs, were shown to be up-regulated in LCH
lesions. In addition, adhesion molecules not found on normal LCs such as CD2, CD11a and CD11b,
could be demonstrated on LCH cells in a number of cases (de Graaf et al., 1995). The aberrant
expression of these molecules may result in homotypic adhesion of LCH cells through ligand binding
of CD2 to CD58 or CD11a to CD54. Another molecule found to be aberrantly expressed by LCH cells
was CD62L. CD62L is only found in LCs in normal skin and is shed from monocytes after activation
(Stibenz & Buhrer, 1994). Thus, the expression of CD62L by LCH cells is peculiar, as these cells are
thought to be in an early activated state. One can speculate that the aberrant activation of LCH cells
results in failure to shed CD62L (de Graaf et al., 1995).

Normal LCs express high levels of the homophilic adhesion molecule E-cadherin and undergo E-

cadherin-dependent adhesion with epidermal keratinocytes (Tang et al., 1993). E-cadherin expression



is markedly down-regulated upon the migration and maturation of epidermal LCs (Borkowski et al.,
1994). A study carried out to investigate whether or not E-cadherin expression correlates with the
clinical outcome of LCH showed that the LCH cells of seven children with skin-only involvement
were positive for E-cadherin, whereas seven children who developed disseminated LCH displayed
negative or low expression (Geissmann et al., 1997). It has already been observed that E-cadherin
down-regulation in many carcinomas correlates with tumour cell metastasis. Thus, one can speculate
that down-regulation of E-cadherin surface expression by LCH cells, similarly correlates with the
occurrence of dissemination of the disease.

Based on the phenotypic studies carried out to date, it is clear that LCH cells display an abnormal
phenotype that includes characteristics of both normal epidermal LCs and activated LCs. This
phenotype is indicative of LCH cells being in an arrested state of activation and/or differentiation.
Whether this phenotype is due to a dysregulated immune response to an antigenic stimulus, or is a

reflection of an intrinsic defect of LCH cells, remains unknown.

The immune function of LCH cells

Since LCH cells display such an abnormal phenotype, in which immature markers coexist with
adhesion molecules and antigen presentation markers, it seems logical that these cells also display
defective functional capabilities. The presence of many T-cells within LCH lesions raises the question
of whether there is an immune interaction between these cells and LCH cells. To date only a few
studies have assessed the functional activity of LCH cells, due to the paucity of fresh material.
Normal LCs are potent antigen-presenting cells (APCs) and activators of T cells (Banchereau &
Steinman, 1998). In order to determine whether indeed LCH cells function as APCs, an early study
used highly purified LCH cells as stimulator cells in an allogeneic mixed cell reaction (Yu et al.,
1995). This study, of three LCH patients, showed that the antigen-presenting capacity of LCH cells,
derived from four different organs affected by LCH namely skin, lymph node, bone and gum, was
greatly reduced when compared to normal epidermal LCs. This result was in keeping with an earlier
study from the same group, in which lesional LCH cells from a fatal case of LCH also displayed poor
alloantigen-presenting activity in vitro (Yu et al., 1992).

Several receptors and their ligands are involved in dendritic cell/T-cell interaction. The CD40-CD40L
pathway is an integral part of this bi-directional communication. The ligation of CD40 expressed by
DCs, is an early and pivotal signal for the up-regulation of antigen-presenting functions by these cells
(Laman et al., 1996; Van Kooten & Banchereau, 1996). In addition, ligation of CD40L expressed
by activated CD4+ T cells is crucial to T cell priming and cytokine production (Peng et al., 1996).
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In a more recent study, LCH cells under the stimulation of CD40L were shown to be able to mature
in vitro and acquire potent immunostimulatory characteristics (Geissmann et al., 2001). In this
study, sorted CDla+ LCH cells and control immature DCs, were cultured with CD40L or CD32-
transfected fibroblasts for two days before being added to allogeneic lymphocytes. Although LCH
cells and immature DCs cultured with CD32-transfected cells retained an immature phenotype and
stimulated lymphocyte proliferation equally poorly, both LCH cells and the control cells stimulated
with CD40L, expressed high membrane MHC class II and CD86, and showed strong capacity to

stimulate lymphocytes. Interestingly, in the spontaneously regressive form of the disease, including

self-healing cutaneous lesions, LCH cells frequently exhibit the expression of mature markers such
as CD86 and DC-LAMP in situ, suggesting that they represent more mature DCs (Geissmann et al.,
2001).

It is still unclear why LCH cells in vivo appear to have reduced functional activity. The fact that this
defect appears to be confined to LCH cells and does not affect all cells of the DC lineage in LCH
patients (Holter ef al., 2002), plus the ability of LCH cells to mature in vitro, suggest that the lesional
microenvironment may be having a suppressive effect on the LCH cells. The detection of IL-10, a
cytokine capable of down-regulating the expression of B7 molecules and class II antigens by DCs,
in bone and lymph node lesions, but not in skin lesions from patients with limited or self-healing
disease (Geissmann et al., 2001), perhaps gives further evidence that the cytokine environment is the

extrinsic factor affecting the differentiation and functional capabilities of LCH cells in vivo.

The role of cytokines in LCH

A central feature of normal immunologic regulation involves the production and local action of
cytokines. This action is normally short-lived however. In cases of immunological dysregulation, as
is thought to occur in LCH, the over-production of cytokines can lead to pathological consequences.
Indeed, LCH is characterized by a lesional ‘cytokine storm’, a term referring to both the high level
and diversity of cytokines produced locally (Egeler ef al., 1999).

In LCH lesions, the predominant sources of this ‘cytokine storm’ are the T cells and LCH cells. LCH
cells produce high levels of a range of cytokines, including pro-inflammatory (interleukin-lo (IL-
la)) and interferon-y (IFN-y)), anti-inflammatory (IL-10), and growth factors (e.g.GM-CSF).

The pro-inflammatory cytokine IFN-y is known to be produced by activated NK cells and in larger
amounts by effector T cells, and thus appears mainly after the induction of an adaptive immune
response. Elevated levels of IFN-y are also expressed by T lymphocytes and LCH cells in LCH

lesions. In fact, IFN-y has been reported to be a marker of LCH cells in the skin (Neumann et al.,



1988). However, IFN-y+ LCH cells were also found in bone and lymph node lesions, suggesting that
IFN-y is not a specific marker of skin LCH cells (de Graaf et al., 1996). The fact that IFN-y was found
to be highly expressed in LCH lesions suggests that it possibly plays a stimulatory role on LCH cells
such as enhancing their IL-1 secretory capacity (Arenzana-Seisdedos et al., 1986).

Indeed, IL-1a, IL-1 and another pro-inflammatory cytokine, TNF-o., were shown to be present in high
amounts in LCH lesions (de Graaf et al., 1996; Egeler et al., 1999). This finding may help explain the
osteolytic capacity of LCH cells, as these cytokines are known to activate osteoclastic bone resorption
(Kudo et al., 2002). Multinucleated giant cells resembling osteoclasts, one of the cell types described
in LCH lesions, may originate from macrophage activation under such IL-1 and TNF-a influence.
Besides the expression of IL-1 in LCH lesions, a study showed elevated levels of IL-1 receptor
antagonist (IL-1Ra), a naturally occurring IL-1 antagonist, in LCH patients. Whereas the IL-1/IL-1R
complex triggers several inflammatory events, such as cyclooxigenase-2 induction and the production
of prostaglandin E2 (Arend et al., 1998), the IL-1Ra/IL-R complex on the cell membrane does not
induce any response. The role of IL-1Ra in the pathophysiology of LCH is however unknown. Two
main hypotheses have been proposed: IL-1Ra is a primary product of abnormal DCs, or it is produced
by normal cells in an attempt to cope with LCH and its manifestations (Rosso et al., 2003).

Another pro-inflammatory cytokine highly expressed in LCH lesions is interleukin-2 (IL-2). IL-2 is
involved in the interaction of antigen-presenting LCs with T lymphocytes, being involved in T-cell
activation as well as in programmed cell death. A study has shown that the IL-2 receptor (IL-2R) is
expressed by LCH cells, suggesting that LCs are activated and induced to proliferate in LCH lesions
(Barbey et al., 1987; Emile et al., 1994a). Furthermore, elevated amounts of soluble IL-2R (sIL-2R)
were found in the sera of seven children with various forms of LCH (Schultz et al., 1998). sIL-2R
is capable of binding to IL-2, potentially inhibiting the normal immune response by occupying the
binding region of this T cell derived cytokine.

In contrast to the pro-inflammatory cytokines, anti-inflammatory cytokines such as TGF-f or IL-
10 may prevent LC maturation. In particular, IL-10 is a cytokine capable of down-regulating the
expression of B7 molecules and class II antigens by DCs in vitro (Ozawa et al., 1996). Two recent
studies report conflicting results regarding the expression of IL-10 in LCH. In one study, both LCH
cells and macrophages appeared to be the source of the IL-10 in 9 of 11 bone and lymph node biopsies
(Egeler et al., 1999). However, in a second study, IL-10-expressing cells in eosinophilic granuloma
were predominantly large-sized CD3-, Langerin-, CD68+ cells, and therefore were neither LCH cells
nor T cells, but macrophages (Geissmann et al., 2001). In another study of adult lung patients, IL-
10 could not be detected in five of five LCH lesions in which the LCH cells expressed CD86 (Tazi
et al., 1999). This difference between pulmonary and bone LCH lesions suggests that the different

clinical picture characteristic of pulmonary LCH, where LCH cells present a more mature phenotype,
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may be a consequence of the absence of this anti-inflammatory cytokine. Further evidence to support
this hypothesis comes from the observation that macrophages are very rare in skin lesions from
patients with limited or self-healing disease, and there are consistently no IL-10+ cells (Geissmann
et al., 2001). Another anti-inflammatory cytokine, TGF-B3, has been shown to be present in LCH
lesions. TGF-P is known to be involved in LC differentiation (Jaksits et al., 1999). It has also been
identified as the major player producing tissue fibrosis (Border & Noble, 1994), therefore explaining
this outcome in LCH lesions.

Cytokines are also known to induce proliferation, differentiation and activation of normal LCs. One
such cytokine is the growth factor GM-CSF. In three studies (Emile et al., 1993, 1994b, 1995) GM-
CSF was detected within the cytoplasm of all the LCH cells but not other cell types within the lesions.
Children with disseminated active LCH but not localized (e.g. bone) LCH, had an elevated serum
GM-CSF level. Additionally, LCH cells from all the samples stained positively with GM-CSFR-
antibody. This suggests that GM-CSF may be a growth factor for LCH cells and that the GM-CSF
level is related to the extent and activity of LCH.

The presence of this ‘cytokine storm’ probably explains the abnormal phenotype and function of
LCH cells and may provide these cells with an optimal microenvironment to prolong their viability,
possibly by creating autocrine loops. Thus it is highly likely that cytokines play a prominent role in
the pathogenesis of LCH and may explain common phenomena such as osteolysis and fibrosis and

the recruitment of typical inflammatory infiltrates.

The role of chemokines in LCH

Chemokines are chemoattractant molecules that determine the tissue distribution of many cell types.
LCH lesions may be present in the skin or lymph nodes where one expects LCs, but also in many other
sites. This inappropriate accumulation of LCs at various sites in LCH suggests an abnormality of cell
trafficking. Several studies have demonstrated that the movement of LCs from the site of antigen-
capture to the draining lymphoid organs involves selective chemokines which act on maturing LCs
through particular chemokine receptors (Dieu et al., 1998; Sozzani et al., 1998).

Immature DCs respond to many chemokines, in particular CCL20, which to date appears to be the
most powerful chemokine to induce migration of CD34*-derived immature DCs (Dieu et al., 1998).
CCL20 mRNA expression seems to be restricted to epithelium and is upregulated by inflammation
(Rossi et al., 1997). Thus it is thought that during pathogen invasion, immature LCs expressing
CCR6, the major functional CCL20 receptor, would be attracted to the site of inflammation through
the local production of chemokines such as CCL20. After antigen uptake, the maturation of DC



results in a complete reprogramming of the cell, with down-regulation of endocytic activity (Sallusto
et al., 1995), up-regulation of MHC, adhesion and costimulatory molecules (Cella et al., 1997b) as
well as a striking switch in chemokine receptor usage (Sozzani et al., 1998). The response to a set of
chemokines, in particular to CCL20, is rapidly lost due to the down-regulation of CCR6 expression,
thereby enabling LCs to escape the local gradient of CCL20. At the same time, maturing LCs start to
express CCR7, resulting in attraction of these cells to CCL19 and CCL21 which are expressed in the
T-cell zones of lymph nodes (Gunn et al., 1998). Because these two chemokines can attract mature
DC and lymphocytes, they are likely to play a key role in helping antigen-loaded DC to encounter
specific naive T-cells.

Through our own work on LCH, we have demonstrated that lesional LCs are indeed in an immature
state as defined by their expression of the chemokine receptor CCR6. Conversely, CCR7 expression
appears to be absent on these cells, in keeping with the fact that LCH cells are hardly ever found in
lymph nodes that drain the lesional sites. Thus, despite various inflammatory stimuli such as TNF-a,
which should induce LC maturation, the lesional CD1a+ cells do not lose their expression of CCR6
and do not up-regulate CCR7 (Annels et al., 2003). In contrast, other work has shown that the lesional
CDla+ cells have the intrinsic capability to fully differentiate and mature once removed from the
lesion. (Geissmann et al., 2001). The fact that they do not properly differentiate in situ, indicates that
a factor/factors in LCH lesions prevents full differentiation. This, together with the high expression of
the CCR6 ligand CCL20, in LCH lesions, probably prevents lesional CD1a+ cells from leaving their
peripheral tissue sites and instead enhances their accumulation.

In contrast to our findings, Fleming recently reported coincident expression of the chemokine receptors
CCR6 and CCR7 by pathologic LCH cells (Fleming ef al., 2003). One possibility for the discrepancy
could be the type of lesion that was studied. It has been reported that in some LCH cases in vivo,
most notably in self-healing cutaneous lesions, a more mature phenotype can be observed and LCH
cells appear to down-regulate CD14 and up-regulate CD86 and DC-LAMP (Geissmann et al., 2001).
It may be that in these lesions, the LCH cells have partially overcome the maturation blockade and
are able to downregulate CCR6 and up-regulate CCR7 as they mature. This would in turn release
these cells from the local control of CCL20, and allow them to follow the normal lymphoid drainage
pathways, thus explaining the spontaneous resolution which may be seen.

In our study of the chemokine/chemokine receptor interactions involved in LCH (Annels et al., 2003),
we showed that lesional CD1a+ cells express not only CCL20 but other inflammatory chemokines
such as CCL5 and CXCL11. These chemokines are likely responsible for the recruitment of other
inflammatory cell types, characteristic of LCH lesions. Indeed, as well as expressing CXCR3, the
receptor for CXCL11, the infiltrating T-cells in LCH lesions also expressed CCR6. This finding along
with the finding that CCL20 specifically attracts the memory subset of T-cells in vitro (Liao et al.,

29



30

1999), strongly implicates CCL20 as an important chemo-attractant responsible for T-cell recruitment
in LCH lesions. In another study, CCL22 positive DCs were shown to be present in LCH lesions
(Vulcano et al., 2001). CCL22 is a constitutively produced DC chemokine known to be chemotactic
for DCs, IL-2-activated NK cells and chronically activated T-lymphocytes (Godiska et al., 1997. This
finding suggests a role for CCL22 in co-localization and interaction of lesional CD1a+ cells and T-
cells in LCH lesions. Thus, lesional CD1a+ cells, through their production of various chemokines,
may not only be causing their own recruitment and retention, but that of other inflammatory cells as
well.

In future studies it will be interesting to see if the same spectrum of chemokines and their receptors

are expressed in spontaneously resolving lesions and in adult pulmonary LCH lesions.

Cell cycle regulation and proliferation in LCH

It is often assumed that the massive accumulation of LCs at the sites of LCH lesions results not
only from aberrant chemoattraction, but also from abnormal local proliferation of these cells. This
uncontrolled proliferation could be due to a neoplastic transformation of the LCH cells or to locally
secreted cytokines (de Graaf et al., 1996; Egeler et al., 1999), perhaps as part of a dysregulated
immune response. In order to address this, genetic and functional alterations, essential for tumorigenic
growth (controlling proliferation and apoptosis), have been investigated.

Two recent studies measured the proliferative activity of LCs in LCH by studying the expression
of the proliferation marker Ki-67 (Schouten et al., 2002; Bank et al., 2003). In both studies, and in
agreement with an earlier study (Hage et al., 1993), Ki-67 nuclear-positive LCs were found in all the
lesions examined, ranging from a small number of clusters to the majority of the cells. As Ki-67 is
expressed during all active phases of the cell cycle, but not in resting cells, this suggests that the cell
cycle is not terminated in LCH cells. In addition to this finding, mitotic figures were observed in 34
of 61 evaluated specimens (Bank et al., 2003), in keeping with a number of earlier reports (Shamoto,
1977; Pierard et al., 1982; Risdall et al., 1982; Ruco et al., 1993), giving further support to the
interpretation that LCH infiltrates have local proliferative activity.

Another element critically involved in the cellular pathways controlling proliferation, DNA repair, or
apoptosis is the transcription factor p53. p53 regulates the normal cell cycle by activating transcription
of genes that control progression through the cycle, and of other genes that cause arrest in G1 when
the genome is damaged. In some cell types, p53 can also promote apoptosis (Lane, 1992). In normal
cells, the p53 gene product is expressed at very low levels, undetectable by immunohistochemical

methods because of rapid turnover. In contrast, mutant p53 proteins have a stable conformation,



resulting in the accumulation of the protein to detectable levels (Reich et al., 1983). Several groups
have investigated the expression of p53 (Bank et al., 2002; Schouten ef al., 2002) as well as p53
gene mutations in LCH cells (Weintraub et al., 1998). In all the studies p53 protein was detectable by
immunohistochemistry specifically localized to the LCs in LCH lesions. Furthermore, p53 expression
occurred in all cases of LCH studied, including patients with localized bone lesions and multi-system
disease, indicating that this abnormal p53 expression is not limited to the most severe forms of LCH,
but is also found in the mildest, frequently self-resolving forms. Mutations in the single copy p53
gene are the most frequent genetic changes associated with human cancers. However, by PCR/SSCP
(polymerase chain reaction/single stranded conformational polymorphism), Weintraub et al. found
no mutations in exons 4 to 11 of the p53 gene in LCH cells. Another mechanism that can cause
abnormal expression of the p53 protein is stabilization of the protein as a result of binding of p53 to
other proteins. One such protein is mdm?2, an oncogene product, which binds to the transactivation
domain of p53 and down-regulates its ability to activate transcription. Following DNA damage, the
p53 protein induces the transcription of the mdm?2 oncogene that in turn inhibits p53-dependent
transcriptional activation, creating a feedback loop resulting in down-regulation of p53 activity. The
study by Schouten et al. found heterogeneous over-expression of mdm?2 by lesional LCs, probably
induced by p53, and reflecting the existence of the auto-regulatory feedback loop between p53 and
mdm?2 (Schouten et al., 2002).

Only one study so far has investigated the expression of a number of other key factors that control
proliferation and apoptosis, namely p21, p16 and Rb. p53 activates p21 in response to DNA damage;
p21 inhibits cell cycle progression at both G1 and G2 checkpoints (El Deiry et al., 1994). Another
important pathway for detecting DNA damage and inducing cell cycle arrest is the p16-Rb pathway.
Both the p21 and pl16-Rb pathways were found to be active in virtually all LCH cases studied
(Schouten et al., 2002).

As well as abnormal proliferation, the accumulation of LCH cells may also be due to disturbances in
normal apoptosis (programmed cell death). The product of the Bcl-2 gene is an important regulator
of apoptosis (Tsujimoto et al., 1984), now recognized as a survival factor for many cell types. In
LCH, over-expression of the Bcl-2 protein has been found (Savell et al., 1998; Schouten et al., 2002),
possibly playing a role in the activation of p53 and p16 and subsequent arrest of apoptosis.
Correlating the results of these studies leaves a fairly conflicting picture of the cell proliferation and
apoptotic pathways that may be involved in LCH. Indeed, both stimulatory and inhibitory pathways
of cell proliferation and apoptosis appear to be upregulated. Survival and proliferation are probably
supported by several mechanisms active in LCH. Firstly, proliferation of LCH cells is probably due to
various cytokines present in LCH lesions. Secondly, the high-level of expression of Bcl-2 will inhibit

apoptosis and thirdly, the observed mdm2 expression will inhibit pS3 suppressive activity. Despite
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the fact that these stimulation pathways result in a high level of cellular proliferation, there are also
several counter-regulatory pathways active in LCH. The suppressive cytokine TGFf is present, as
are the TGFP receptors (Schouten et al., 2002) and downstream, the inhibitory p53-p21 and p16-Rb
pathways are also activated. As the outcome is enhanced LCH cell proliferation and survival, despite
the presence of negative regulators, it appears that the counter-regulatory pathways are unable or

insufficient to keep the cells in check.

LCH: A clonal proliferative disease

Several studies that showed that LCH cells are intrinsically proliferative, (Hage et al., 1993; Schouten
et al., 2002; Bank et al., 2003) led to the question of whether LCH is a reactive polyclonal disorder
or due to proliferation of a single LCH cell resulting in a clonal histiocytic disease. Studies that
can detect clonal or polyclonal X chromosome inactivation patterns in female tissues, have been
performed in LCH. These studies have unequivocally shown that the LCs from single system and
multisystem LCH lesions are clonal (Willman ef al., 1994b). In a further study, clonality was shown
in CDla-positive cells, FACS sorted from lesions of females with multi-system disease (Yu et al.,
1994). The fact that clonal histiocytes were found in all forms of LCH, including clinically benign
disease, led to the opinion that LCH is most likely a clonal neoplastic disease with highly variable
biologic behaviour (Willman et al., 1994a). The number of patients studied is small however, and it
remains a controversial point. In future studies, it would be interesting to determine whether multiple
samples from different sites, or from a single patient over-time, show identical clonality.

When clonality was assessed in adult pulmonary LCH, a unique form of the disease commonly
affecting smokers in the third to fifth decades, the disease was found to be non-clonal (Yousem et
al., 2001). Thus, adult pulmonary LCH appears to be primarily a reactive process, possibly due to

tobacco smoke-driven hyperplasia of LCH cells in which occasional clones may arise.

LCH: A role for viruses?

Regardless of whether the disease is monoclonal or polyclonal, the proliferation of LCH cells may
be induced by some intrinsic mutation or by external factors such as a virus. Immature DCs typically
respond to pathogen exposure by undergoing a maturation process that facilitates induction of further
innate and adaptive immune responses (Banchereau et al., 2000). Maturation is induced when

immature DCs are exposed to pathogens such as Escherichia coli, Candida, and influenza virus or



to inflammatory cytokines (Banchereau et al., 2000; Huang Q et al., 2001). However, some viruses,
such as HIV, vaccinia, measles and dengue viruses, interfere with DC function and maturation in
order to evade immune surveillance (Grosjean et al., 1997; Engelmayer et al., 1999; Tortorella et al.,
2000; Izmailova et al., 2003). In addition, viral infection of DCs can induce aberrant or uncontrolled
cytokine production, a major feature of LCH (Moss, 1996; Braun ef al., 1997; Smith et al., 1997).
Thus, it is highly plausible that a viral infection may be a pathogenic factor causing the immunological
abnormality in LCH.

In an early study nucleic acid extracts of biopsy specimens from LCH patients were injected into
mice. Cell suspensions were subsequently made from the lungs of these animals and assayed for
cytopathic effects on primary human embryo cultures. The presence of syncytia and nuclear changes
were interpreted as evidence of a transmissible agent (Nastac ef al., 1970). Since then studies have
detected the presence of HHV-6 (Leahy et al., 1993) and CMV (Kawakubo et al., 1999) in the LCH
cells of LCH lesions. However, just as many published studies refute these findings (McClain ef al.,
1994; McClain & Weiss, 1994; Jenson et al., 2000). In one study, the presence of nine different viruses
which commonly infect children, namely adenovirus, CMV, EBV, herpes simplex virus, HHV6,
parvovirus, human T-cell viruses type I and II and HIV, was investigated. In situ hybridisation (ISH)
and PCR performed on 56 cases of LCH did not result in consistent evidence of any viral genome and
the study concluded that none of the viruses tested was responsible for LCH (McClain et al., 1994).
In a recent publication, the presence of viral particles as well as DNA from the HHV-6B variant,
which has been associated with disease in humans, was detected by immunohistochemistry and ISH
in a large number of patients with LCH, again raising the possibility of a viral trigger (Glotzbecker et
al., 2004). However, in the same study a high prevalence of HHV-6 was also found in control tissues,
thus the presence of a virus alone does not establish a causal role in LCH.

Viral infection as a causative factor of LCH has still not been proven. However, even if a virus is not

the causative factor in LCH, this does not preclude the involvement of other microbial agents.

LCH: A reactive or neoplastic disease?

For decades it has been thought that LCH is a reactive rather than a neoplastic process. This was
based on the absence of aneuploidy (Rabkin et al., 1988), the failure to identify consistent cytogenetic
alterations, and the occurrence of spontaneous clinical regression. However, the finding of proliferation
of LCs in LCH lesions, has renewed the arguments that LCH may indeed be a neoplasm. This has
been supported by the clonality studies quoted above. Despite the fact that clonality is widely

considered to be characteristic of a neoplastic disease, there are several circumstances in which clonal
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populations may be detected over several years without the development of a malignancy (Weiss
et al., 1986; Kurahashi et al., 1991). Furthermore, adaptive immune responses are associated with
clonal expansions that may be detected over many years and are certainly not malignant (Maini et al.,
1999). The fact that LCH cells are clonal however, raises the possibility that these cells may acquire
somatic mutations in a gene or genes that regulate cell growth, survival, or proliferation. Indeed,
there is now evidence of increased chromosomal breakage in patients with LCH, from investigations
using comparative genomic hybridization (CGH) and other molecular methods (Betts et al., 1998;
Scappaticci et al., 2000; Murakami et al., 2002). Besides chromosomal instability, abnormal clones
showing a t(7;12)(ql11.2;p13) translocation have been observed (Betts et al., 1998). These data
strongly suggest that there is a component of genetic instability in LCH, as observed in some types
of neoplasms and myelodysplastic disorders. Furthermore, as described, the cell-cycle regulation of
LCH cells is severely disrupted (Schouten et al., 2002; Bank et al., 2002), probably as a result of a
combination of both external signals (growth factors and cytokines), and intrinsic factors from as yet
unidentified DNA changes. To test the hypothesis of malignancy, more rigorous studies are needed
into the expression of oncogenes and antioncogenes by LCH cells. To date, only one such study has
been carried out in which it was reported that the c-myc and H-ras proto-oncogenes were expressed
in the active terminal phases of the disease, but not in the quiescent phase (Abdelatif et al., 1990).
However, now that the pathways and molecules involved in oncogenesis are much better defined, it
is known that the expression of these oncogenes is associated with proliferative activity of any kind
of cell.

Once the role and expression of oncogenes and their pathways in LCH has been fully assessed, the

argument about a reactive versus a neoplastic disorder can finally be laid to rest.
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Abstract

Langerhans cell histiocytosis (LCH) is characterised by a clonal proliferation and retention of cells
with a Langerhans cell (LC)-like phenotype at various sites within the body. Due to the important role
that migration plays in the normal functioning and life cycle of dendritic cells, the present study set
out to elucidate whether aberrant expression of chemokine receptors or dysregulation of chemokine
production in LCH lesions could explain abnormal retention of these cells. Immunohistochemical
analysis on 13 LCH biopsies of bone, skin and lymph node all expressed the immature dendritic cell
(DC) marker CCR6 on the lesional LCs and absence of the mature DC marker CCR7. Furthermore,
regardless of the tissue site, LCH lesions markedly overexpressed CCL20/MIP-3a., the ligand for
CCR6. The lesional LCs themselves appeared to be the source of this CCL20/MIP-3a production
as well as other inflammatory chemokines such as CCLS/RANTES and CXCL11/I-TAC. These may
explain the recruitment of eosinophils and CD4+CD45RO+T cells commonly found in LCH lesions.
The findings of this study emphasize that, despite the abundance of TNF-a, lesional LCs remain in
an immature state and are induced to produce chemokines, which via autocrine and paracrine mecha-
nisms cause not only the retention of the lesional LCs but also the recruitment and retention of other
lesional cells. We postulate that the lesional LCs themselves control the persistence and progression
of LCH.

Introduction

Langerhans Cell Histiocytosis (LCH), a rare disorder often presenting during childhood, is uniquely
characterized by a clonal proliferation of CDla+ dendritic Langerhans cells (LCs) (1). Signs and
symptoms of LCH can be explained by the existence of the granulomatous lesions, not only present in
skin or lymph node, where LCs normally reside, but also in many other sites like bone marrow, lung
and liver (2). Other inflammatory cells may also accumulate within the lesions, such as eosinophils,
T cells and macrophages. Particularly the described lesional “’cytokine storm” with LCH cells and T
cells as major producers are accountable for the more systemic symptoms like fever, failure to thrive,
as well as for the well-known sequellae like osteolysis and fibrosis leading to organ dysfunction (3).
Despite the rarity of this disease, with an annual incidence in the pediatric age range estimated at 2-5
per 109/ year, studies on LCH should help contribute to our understanding of human in vivo dendritic
cell (DC) biology.

Due to the integral role that migration plays in the normal function and distribution of LCs as well as

the other lesional cells, it seems possible that dysregulation of chemokine production and/or chemok-
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ine receptor expression plays a role in LCH. Chemokines have already emerged as major regulators
of DC migration (4-8). DC subsets express a distinct pattern of functional chemokine receptors at
different stages of their maturation. Immature DC express receptors for inflammatory chemokines
such as CCR1, CCR2, CCR5, CCR6 and CXCR1 which enable the recruitment of immature DCs
to sites of inflammation where cognate ligands are produced. Maturation of DCs is associated with
the coordinated down-regulation of receptors for inflammatory chemokines and the up-regulation of
receptors for constitutive chemokines such as CXCR4 and CCR7. This results in the responsiveness
of these cells to lymphoid chemokines causing the migration of mature DCs to draining lymph nodes
where they are effective at activating naive and central memory T cells (9,10).

As well as responding to chemokines, DCs also produce both constitutive and inflammatory chem-
okines depending upon their stage of maturation. Immature DCs release the constitutive chemokines
CCL22/MDC and CCL17/TARC (11). At early stages of maturation, DCs produce high levels of
inflammatory chemokines such as CCL20/MIP-3a,, CCL2/MCP-1, CCL3/MIP-1a, CCL4/MIP-1p3,
CCL5/RANTES, CXCLS8/IL-8 and CXCL10/IP-10. These chemokines will help to recruit both cir-
culating immature DCs as well as other immune cell types to inflamed tissue (12). At later time points
in DC maturation, constitutive chemokines are selectively up-regulated including CCL19/MIP-33,
CCL17/TARC and CCL22/MDC (13).

There is some evidence that the CD1a+ cells in LCH are in an arrested state of activation and/or dif-
ferentiation and thus act like immature DCs (14-16). However, it remains to be determined whether
this arrest is also reflected at the level of chemokine receptor expression. In addition, abnormal chem-
okine receptor expression could explain the aberrant accumulation of the LC-like cells in these le-
sions. Furthermore, dysregulated production of chemokines by the CD1a+ LCH cells might lie at the
bottom of why various other inflammatory cell types accumulate in these lesions.

In the present study we show that all lesional CD1a+ LCH cells express CCR6 and not CCR7 con-
firming that LCH cells are indeed of an immature phenotype. In addition these CD1a+ cells appear to
be a major source of CCL20/MIP-3a. Finally, evidence is presented that, although other chemokines
are present as well, T cells may be recruited to and/or retained in the lesions using the same CCR6-

CCL20/MIP-3a receptor-ligand pair.

Materials and Methods

Tissue
Paraffin blocks of tissues from 13 patients with LCH were identified by pathologists at Leiden Uni-

versity Medical Center, which acts as a reference centre for bone tumours. In all cases the diagnosis



was reviewed and confirmed by immunohistochemistry for S100 and CD1a. All biopsies showed the
presence of characteristic lesions containing histiocytes, macrophages, lymphocytes, and eosinophil
granulocytes. Nine of the specimens were from bone in cases of ostotic LCH, two were from skin
biopsies in cases of isolated skin disease and two were from excisional lymph node biopsies from

patients with solitary lymph node involvement.

Reagents
Secondary antibodies were from DakoCytomation, and substrate chemicals were from Vector Labo-
ratories. Secondary immunofluorescent reagents were goat anti-mouse and goat anti-rabbit isotype

specific Alexa Fluor antibodies (Molecular Probes, NL).

Immunohistochemistry

Paraffin sections were cut at 4 um and placed onto aminopropyltriethoxysilane coated slides. The sec-
tions were dried overnight at 37°C, dewaxed, and rehydrated. Endogenous peroxidase was blocked
using methanol/0.3% H.,0, for 20 minutes. The sections were then subjected to heat mediated antigen
retrieval in a microwave using either citrate buffer (10 mM, pH 6.0) or EDTA buffer (1 mM, pH
8.0).

Primary antibodies were diluted in 1% bovine serum albumin (BSA) in phosphate buffered saline
(PBS) and incubated overnight at room temperature in a humidity chamber. The bound primary an-
tibodies were detected using several approaches. Single staining with antibodies specific for chem-
okines was detected enzymatically using either MouseEnvision or a rabbit anti-goat-HRP antibody
followed by VECTOR NovaRed detection. Double and triple staining with primary anti-chemokine
receptors in combination with cell-specific markers was detected fluorescently using the relevant
secondary goat anti-mouse or goat anti-rabbit isotype-specific Alexa Fluor 488, Alexa Fluor 647 or
Alexa Fluor 546 antibodies. To test the specificity of immunostaining, primary antibodies were omit-
ted or replaced by an isotype-matched control antibody. Under these conditions no positive cells were
identified. In addition, sections of suitable tissues were used as positive controls (Table 1).
Immunogold Labelling

In order to carry out double staining of CD1a+ cells and chemokines, immunofluorescent staining of
CCL20/MIP-3a was combined with immunogold labelling of CD1a+ cells. As both primary antibod-
ies were mouse IgG1, the anti-human CCL20/MIP-3a was applied after direct labelling with Alexa
Fluor 488 using a monoclonal antibody labelling kit (A-20181, Molecular Probes, NL). The first
primary antibody, CD1a, was diluted in 0.1% cationic BSA (Aurion, NL) in PBS, and the incubation

was performed overnight at room temperature in a humidity chamber. Prior to immunogold labelling,
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an incubation step with 5% BSA (diluted in PBS) for 30 minutes was introduced to block non-specific
labelling. The secondary immunoreagent, goat anti-mouse IgG coupled to ultra small colloidal gold
particles (Aurion, NL) was diluted 1:50 in 0.1% cationic BSA in PBS and the conditions of incuba-
tion were 2 h at room temperature. After rinsing several times with PBS followed by several washes
in MilliQ water silver enhancement was performed for 20 minutes at room temperature. Slides were
then washed again with MilliQ water followed by several rinses in PBS. The second directly labelled
fluorescent antibody, CCL20/MIP-3a., was diluted 1:25 in PBS and incubated overnight on the sec-
tions at room temperature. The sections were mounted using Mowiol and then analysed by confocal
microscopy using a Carl Zeiss Microlmaging, Inc. LSM 510 confocal fluorescence microscope in

fluorescence and brightfield mode.

Table 1. Technical details of antibodies used in immunohistochemical study

Antibody Clone Species/Isotype Source Ag retrieval Control
CCR6  53103.111 Mouse IgG2b R&D Systems Citrate Tonsil
CCR7 6B3 Mouse IgG1 EBioscience EDTA Lymph node
CCR7 2H4 Mouse IgM BD Biosciences Citrate Lymph node

CXCR3 1C6 Mouse IgG1 BD Biosciences Citrate Tonsil
CCL20 67310.111  Mouse IgGl1 R&D Systems Citrate Tonsil
CCLS 21445.1 Mouse IgG1 R&D Systems Citrate Tonsil
CXCLI11 Rabbit IgG PeproTech Citrate Tonsil
CD3 Rabbit IgG DakoCytomation Citrate Tonsil
CD4 1F6 Mouse IgG1 NovoCastra Citrate Tonsil
CDS8 4B11 Mouse IgG1 NovoCastra Citrate Tonsil

CD45RO  UCHLI Mouse [gG2a  DakoCytomation Citrate Tonsil
CDla 1CA04 Mouse IgG1 Neomarkers Citrate Skin

Results

Accumulation of CCR6-expressing CDIa+ cells in LCH lesions

To investigate whether LCs in LCH lesions are in an arrested state of activation and/or differentiation,
the expression of particular chemokine receptors known to be characteristic of different stages of DC
maturation, namely CCR6 (marker of immature DC) and CCR7 (marker of mature DC) were studied.
For this analysis double immunofluorescent staining of CD1a and CCR6 as well as CD1a and CCR7



was performed. In all the LCH tissues studied double staining of CCR6 and CD1a on the same cells
was consistently found irrespectively of the site of the lesion (Figure 1 A). In contrast, expression of

CCR7 was not observed on the CD1a+ cells in these lesions (Figure 1 B).

Figure 1. Expression of CCR6 but not CCR7 by LCH CDl1a+ cells. Immunofluorescence staining of a representative
LCH bone lesion using antibodies specific for CD1a (green), CCR6 (red) and CCR7 (red). Double immunofluorescent
staining shows that all the CD1a+ cells are positive for CCR6, which appear yellow in the merged image (A). In contrast
CCR7 is negative on the CD1a+ cells (B). Original magnification 400x.

Expression of CCL20/MIP-3o. by CDI1a+ cells in LCH lesions

Due to the expression of CCR6 by CDla cells in LCH lesions the presence of its cognate ligand,
CCL20/MIP-3a, in the affected tissues was investigated. First, single enzymatic staining for CCL20/
MIP-3a on normal control skin was carried out. As previously reported, the epidermis showed weak
CCL20/MIP-3a expression by keratinocytes (Figure 2 A). However, the same staining procedure on
LCH skin lesions revealed an increased level of CCL20/MIP-3a immunoreactivity, not only in the
epidermis but also in the dermal region (Figure 2 B). This marked expression of CCL20/ MIP-3a
staining was also consistently found in LCH bone and lymph node lesions (Figures 2 C and D).
The pattern of CCL20/MIP-3a staining displayed in LCH lesions appeared to closely match the
distribution of the lesional CD1a+ cells. In order to evaluate CCL20/MIP-3a expression by the le-
sional CD1a+ cells, a double staining was performed using immunogold labelling followed by silver
enhancement to detect the CD1a+ cells in combination with immunofluorescent staining for CCL20/
MIP-3a. As shown in Figure 3 this immunostaining of LCH lesions consistently showed expression
of CCL20/MIP-3a by CD1a+ cells. Most of the CCL20/MIP-3a up-regulation could thus be attrib-
uted to the CD1a+ cells themselves.
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Figure 2. High expression level of CCL20/MIP-3a in LCH lesions. Immunohistochemistry was performed with an anti-
hCCL20/MIP-30 monoclonal antibody and NovaRed detection. CCL20/MIP-3a was weakly expressed by epidermal ke-
ratinocytes in normal skin (A) in contrast to LCH skin lesions where CCL20/MIP-3a expression was greatly up-regulated
both in the epidermis and by cells infiltrating the dermis (B). Similarly a high expression level of CCL20/MIP-3a. was
found in LCH bone and lymph node lesions (C and D repectively). Original magnification 250x.

Expression of other inflammatory chemokines by lesional CDIa+ cells

To determine whether the recruitment of various inflammatory cell types characteristic of LCH
lesions could be explained by the production of chemokines by the CDla+ cells, we investigated
the expression of particular chemokines associated with the infiltration of other lesional cells. Be-
sides CCL20/MIP-3a., prominent expression of the inflammatory chemokines CCL5/RANTES and
CXCL11/I-TAC was found in all lesions studied. Similar to the CCL20/MIP-3a staining the pattern
of CCL5/RANTES and CXCL11/I-TAC expression appeared to closely match the distribution of the
lesional CD1a+ cells (unpublished data). As eosinophils are an important infiltrating population in
LCH lesions, the expression of CCLS/RANTES seems relevant as this chemokine is known to be a
potent activator of not only eosinophil chemotaxis but also eosinophil effector function. CXCL11/1-
TAC on the other hand is a well-known chemotactic agent for IL-2 activated memory T cells express-
ing CXCR3.



Figure 3. Expression of CCL20/MIP 3a by CDla+ cells in LCH lesions. Immunohlstochemlstry was performed using
antibodies specific for CD1a and CCL20/MIP-3a.. The CD1a was detected by an immunogold/silver method (black) and
the CCL20/MIP-3a. by immunofluorescence (green). The merged image shows the same cells positive for CDla and
CCL20/MIP-3a.. Note: the arrow points to endothelial cells expressing CCL20/MIP-3a.. Original magnification 400x.

Accumulation of CCR6-expressing CD4+ T cells in LCH lesions

One other predominant cell type that infiltrates LCH lesions is the T cell. To characterise these cells
further and to try to determine which of the prominently expressed chemoattractants could explain
their presence, double and triple immunofluorescent staining was performed. All LCH lesions stud-
ied showed a predominance of CD4+ T cells which also displayed a memory /activated type as
indicated by their CD45RO+ expression (unpublished data). In addition, a large majority of these
T cells expressed CXCR3, a chemokine receptor specific for CXCL11/I-TAC, which is commonly
expressed on activated T cells (unpublished data). Due to the enhanced expression of CCL20/MIP-
3a in the LCH lesions, expression of its cognate receptor CCR6, on the infiltrating T cells was also
investigated. Triple immunofluorescent staining of LCH lesions for CD3, CD4 and CCR6 clearly
showed positive staining of CCR6 on the T cell infiltrate (Figure 4). Thus, both CXCR3 and CCR6
may explain the presence and retention of the lesional T cells through the aberrant up-regulation of
CCL20/MIP-3a and CXCL11/I-TAC by the CD1a+ cells.
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Figure 4. Lesional CD4+ T cells express CCR6. Triple immunofluorescent staining on a representative LCH bone lesion
for CD3 (red), CD4 (blue) and CCR6 (green). The intensity profile measured between the arrows demonstrates on two
representative cells the three different fluorescent labels. Original magnification 500x.
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Discussion

LCH is a disease characterized by the abnormal accumulation and retention of cells with a LC-like
phenotype at various tissue sites. LCH cells do not acquire typical dendritic-like processes and their
phenotype reflects only partial maturation when compared to the normal DC life cycle. Due to the in-
tegral role that migration plays in the normal functioning of DCs at their distinct stages of maturation
we hypothesised that inappropriate expression and/or function of chemokine receptors on the lesional

CD1a+ cells may help explain the pathophysiology of this disease. Since the presence of CD1a+ cells



uniquely define these lesions it can be speculated that the accumulation of other lesional cells is sec-
ondary to that of the presence of aberrant CD1a+ cells.

We demonstrate here that the lesional CD1a+ cells are indeed in an immature state as defined by
their expression of the chemokine receptor CCR6. This finding is in keeping with a previous report
by Geissmann et al. (16) who showed that LCH cells are immature LC-like DCs that express higher
levels of CD68 and CD14 than normal LCs. Furthermore, they express intracellular MHC class II, are
frequently negative for CD86 and DC-LAMP and have the same allostimulatory activity as imma-
ture normal DCs. Conversely, CCR7 expression, a chemokine receptor indicative of DC maturation
which localizes DC in lymphoid organs by responding to CCR7 agonists, appeared to be absent on
the lesional CD1a+ cells. Despite the various inflammatory stimuli present in LCH lesions, such as
TNF-a, which should induce the maturation of the LCs, the CD1a cells do not lose their expression
of CCR6 and do not up-regulate CCR7 (ref. 17). Thus it would appear from these findings that due to
the fact that the lesional CD1a+ cells have the intrinsic inability to fully differentiate and mature they
do not express the correct chemokine receptors. Thereby, the lesional CD1a+ cells are prevented from
leaving their peripheral tissue sites and accumulate. Although we cannot provide functional data due
to the unavailability of live lesional cells, we feel that lesional CD1a+ cells remain sensitive to the
ligand, CCL20/MIP-30.. One reason for this is that the CCR6 expression levels remain high. Several
mechanisms can occur which result in cellular desensitization to chemokines. However, DCs appear
to regulate their reponsiveness mainly by up- and down-regulating their expression levels of chem-
okine receptors (18). Furthermore, there is evidence from the literature that in pancreatic cancer, the
tumor cells also coexpress the CCR6 receptor and its ligand CCL20/MIP-3a.. Although this is a very
different cell system, here there is no indication that the receptor is desensitized (19).

Although it is now clear that lesional CD1a+ cells in vivo remain in an immature state, it has been
shown that in vitro CDla+ LCH cells could differentiate toward mature DCs in response to CD40
triggering (16). This raises the question then why in vivo are these CD1a+ cells not responding to
inflammatory maturation signals, such as TNF-a which are abundantly expressed in LCH lesions? In
the present study it was also shown that CD1a+ cells are the probable source of up-regulated CCL20/
MIP-3a production in all LCH lesions studied. It is now known that CCL20/MIP-3a expression is
under the direct control of TNF-a signalling (20, 21). Thus, these appear to be conflicting observa-
tions which will require in vitro experiments to elucidate whether the failure to up-regulate CCR7 is
due to a signalling defect by inflammatory cytokines or due to conflicting cytokine signals e.g., IL-10
as suggested by Geissman et al. (16). Evidence showing signalling defects would be more supportive
of an aberrant/malignant phenotype of the CD1a+ cells underlying the disease which has been sug-
gested by groups who have shown clonality and proliferation to be present in LCH lesions (22-24).

Alternatively, conflicting signalling would be more supportive of a reactive disease.
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Although the etiology of LCH is not clear, certainly the CD1a+ cells are capable of maintaining and
progressing the disease. In the present study it was shown that lesional CD1a+ cells express not only
CCL20/MIP-3a. but other inflammatory chemokines such as CCL5/RANTES and CXCL11/I-TAC.
These chemokines are the likely factors responsible for the recruitment of other inflammatory cell
types characteristic of LCH lesions. Although the presence of T cells in all LCH lesions is a strik-
ing feature, the mechanism by which these T cells are recruited has not so far been addressed. Most
of the T cells surround the lesions in the reactive ‘rim’, however a few are present within most ac-
tive lesions (25). To date there has been little information on the in situ characterisation of these
T cells. The present study has now clearly shown that the T cells in LCH lesions mainly comprise
CD4+ CD45RO+ T cells with very few CD8+ T cells. Furthermore, most of the lesional T cells ex-
press CXCR3 which is known to be closely related to cell-mediated immunity (Thl-type immune
response). This memory/activated phenotype found on the lesional T cells fits with previous findings
of CD154 on these cells (26). Immunohistochemical analysis consistently detected expression of the
CCL20/MIP-3a receptor, CCR6, on the infiltrating T cells in LCH lesions. This finding along with
the fact that it has already been shown that CCL20/MIP-3a. specifically attracts the memory subset of
T cells in vitro (27), strongly implicates CCL20/MIP-3a as an important chemoattractant responsible
for T cell recruitment in LCH lesions. Thus the lesional CD1a+ cells, the probable source of CCL20/
MIP-3a in the LCH lesions, are not only causing their own recruitment and retention but that of other
inflammatory cells as well.

Although in the present study we concentrated on a limited set of chemokines and chemokine recep-
tors, it is notable from our findings that regardless of the tissue site of the lesion, the same chemokine
and chemokine receptor profile was found in bone, skin and lymph node LCH. However, in light of
the role of some chemokine receptors as tissue-specific homing molecules, it will be interesting to de-
termine whether other chemokine receptors expressed by the CD1a+ cells specifically determine the
anatomical localization of LCH lesions. It will be important to study this not only in single isolated
lesions but also in patients with disseminated LCH where multiple sites are affected. So far though
our results indicate that any future intervention strategies based on chemokines or their receptors will

be applicable to all LCH lesions.
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Abstract

Solitary pulmonary Langerhans cell histiocytosis occurs predominantly in young adults, who are
frequently heavy smokers. Besides the strong association to smoking, it differs from childhood Lang-
erhans cell histiocytosis as well in that it is a polyclonal disorder, and the lesional Langerhans cells in
this form of disease are reported to display mature markers. Thus, in this study we set out to analyse
the chemokine receptor expression pattern of CCR6 and CCR7, chemokine receptors associated with
immature or mature dendritic cells, respectively. This study is a follow up of a previous report that
has shown that in childhood Langerhans cell histiocytosis CD1la LCH cells always express CCR6
and lack CCR7. The current study showed that there is a differential expression of CCR6 in pulmo-
nary Langerhans cell histiocytosis lesions, ranging from lesions with all CD1a LCH cells expressing
CCR6, to lesions where there is a partial population of CD1a LCH cells that express CCR6, to lesions
where all CD1a LCH cells lack CCR6 expression. In addition, CCR7 was always absent on the CD1a
cells even on those LCH cells that lacked CCR6. Thus, in contrast to childhood LCH lesions where
LCH cells always express CCR6, pulmonary LCH lesions display a differential pattern of expression
of chemokine receptor CCR6.

Introduction

Pulmonary involvement with Langerhans cell histiocytosis (LCH) can be observed in patients of any
age. Multifocal and systemic forms of the disease are usually seen in infants and children, and pulmo-
nary involvement is often not a prominent feature. In contrast, isolated pulmonary LCH (pLCH) oc-
curs predominantly in young adults with a peak frequency between 20 and 40 years of age (1-3). The
main epidemiological factor associated with pLCH is smoking: 90-100% of patients have been cur-
rent smokers in almost all series and tend to be heavy smokers (4-6). Localized pLCH is actually the
form most frequently encountered by specialists in pulmonary medicine. It has several unique clinical
and epidemiological features that justify its classification as a distinct clinicopathological entity. The
natural history of pLCH remains poorly defined and no treatment has been found to be efficacious.
The characteristic lesion of pLCH is composed of activated Langerhans cells (LCs) organized into a
loose granuloma and associated with lymphocytes and inflammatory cells, particularly eosinophils
and macrophages (7-9). LCs in pLCH express a unique surface phenotype, which strongly suggests
that these cells are activated. They express CD80, CD86 and CD40, which are not present on normal
pulmonary LCs or other pulmonary lesions such as lung cancer, and are thus likely important in the

pathogenesis of LCH (10). Under normal circumstances, upon exposure to antigens, LCs respond to
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various stimuli, such as TNF-a, LPS, and migrate to the regional lymphoid organs, where they stimu-
late antigen-specific T cells (11, 12). This migration process is strongly influenced by the chemokine
gradient between the afferent lymph ducts and the antigen introduction site. During migration, LCs
lose their expression of Birbeck granules and switch their surface expression of the chemokine recep-
tor CCR6, typically expressed by immature dendritic cells (DCs), to CCR7, typically expressed by
mature DCs, and thus become responsive to the CCR7 ligands CCL19/MIP-3b and CCL21/6Ckine
(13, 14). In a previous study it was shown that regardless of the tissue site of LCH lesions, CCR6 is
expressed by CD1a+ LCs in bone, skin and lymph node LCH lesions (15). Due to the fact that pLCH
is a different form of LCH as, among other factors, LCs here are described to be more mature, we
set out to investigate the presence of CCR6 and CCR7 in pLCH lesions. For this purpose, we carried
out a combined immunohistochemical analysis for CCR6 and CCR7 with the marker for LCH cells,
CDla, in several pLCH lesions. This will hopefully reveal any potential differences between this

form of disease and childhood LCH, which may help corroborate the already described differences.

Materials and methods

Patients
Paraffin biopsies from eleven pulmonary LCH patients were used in this study. This tissue was ob-
tained from the pneumologie service, Paris, France. In all cases the diagnosis was reviewed and con-

firmed by immunohistochemistry for S-100 and CD1a.

Immunohistochemistry analysis

Paraffin sections were cut at 4 um and double and triple immunofluorescence stainings were carried
out, according to Annels et al. (15). Mouse monoclonal antibodies to CD1a (O10) from Neomark-
ers, CCR6 (53103.111) from R&D Systems and CD68 (514H12) from Serotec, and rabbit polyclonal
antibody to CCR7 (E271) from AbCam, were used in this study.

Results

Differential expression of CCR6 in pLCH
In order to analyse the expression of CCR6 in LCH lesions, triple immunofluorescence stainings
were carried out on eleven pulmonary LCH cases. The CCR6 antibody was combined with CDla,

for detecting LCH cells, and CD68, for detecting macrophages. A differential expression of CCR6



by the CD1a LCH cells in the pLCH lesions was observed. In 4 out of 11 pLCH all CD1a LCH cells
expressed CCR6 (Figure 1 A, Table 1), in 2 out of 11 cases we found that between 30 and 50% of the
CD1a LCH cells expressed CCR6 and the remaining CD1a+ cells lacked the expression of this chem-

okine receptor (Figure 1 B), and finally in 5 out of 11 cases all CD1a LCH cells lacked the expression
of CCR6 (Figure 1 C).

Figure 1. Differential expression of CCR6 in pulmonary Langerhans cell histiocytosis. Immunofluorescence staining of
three representative lung LCH lesions using antibodies specific for CD1a (red), CCR6 (green) and CD68 (blue). Triple
immunofluorescence staining shows that all the CD1a+ cells are positive for CCR6 which appear yellow in 4 out of 11
lesions analysed (A), between 30 and 50% of the CD1a+ cells are positive for CCR6 in 2 out of eleven cases analysed (B),
and no CD1a+ cells are positive for CCR6 in 5 out of 11 cases analysed (C). Original magnification 400X.

Table 1. Clinical information and results of CCR6 and CCR7 expression on the pulmonary LCH patients used in this study.

Patients* | Gender  Age (yr) Treatment Outcome CCR§ CCR?
expression expression
1 M 47 No Alive + -
2 F 27 No Alive + -
3 F 28 No Lost of follow up + -
4 N.A. N.A. N.A. N.A. + -
5 F 16 No Alive + and - -
6 M 46 No Lost of follow up +and - -
7 F 37 No Alive - -
8 M 31 No Alive (lung cancer) - -
9 F 38 No Alive - -
10 F 44 N.A. N.A. - -

-, lack of expression; +, expression; + and -, partial expression; N.A, data not available.
*All patients were heavy smokers.
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Lack of CCR7 expression in pLCH lesions

As it has previously been reported that LCH cells in pLCH lesions have a more mature phenotype
and in the current study we observed that in at least 7 out of 11 cases of pLCH all or part of the
CDla LCH cells were lacking CCR6, we were interested to look at whether these cells had up-regu-
lated CCR7. Interestingly, we found that all CD1a LCH cells that were lacking CCR6 also lacked
CCR7 expression (Figure 2).

Figure 2. Lack of CCR7 expression in all pulmonary
Langerhans cell histiocytosis lesions. Immunofluo-
rescence staining on a pLCH lesion using antibod-
ies specific for CDla (green) and CCR7 (red). All
CD1a+ cells in lung LCH lesions showed no expres-
sion of CCR7. It is possible to see that other cells in
the lesion (arrow) are positive for CCR7. Original
magnification 400X.

Discussion

In childhood LCH lesions it has been shown that CDla+ LCs always express CCR6, a chemokine
receptor expressed by immature LCs (15). These findings contrast with the results from another study
which showed that LCH cells co-express CCR6 and CCR7 (16). This difference may be due to differ-
ent technical approaches. However, the results from the first study are in keeping with other reports
that show additional evidence that these cells combine an early stage of activation with an immature
phenotype. In contrast, in pulmonary LCH (pLCH), LCH cells were reported to express surface mark-
ers associated with activation, that are not present on normal pLCs and that are likely important in the
pathogenesis of LCH (10). In light of the previous report by Annels et al. in which only CCR6 was
observed by the pathologic LCH cells in childhood LCH and the report by Tazi ef al. which demon-
strated a more mature phenotype of the LCH cells in pLCH the current study set out to investigate

the expression of CCR6 and CCR7 in pLCH. The results showed that in pLCH lesions there is a dif-



ferential expression of CCR6, ranging from the totality of CD1a LCH cells being CCR6 positive, to a
mixture of CCR6 positive and CCR6 negative CD1a LCH cells, and finally to all of CD1a LCH cells
being CCR6 negative.

These differences of expression of CCR6 by the CD1a+ LCH lesions may reflect the gradual stages
of the disease, clinically observed by the destruction of the epithelium. In pLCH early lesions are
responsible for eccentric infiltration of the walls of terminal and respiratory bronchioles, which un-
dergo gradual destruction. LCs are abundant at this stage and form a compact central granuloma with
a large number of lymphocytes located between the LCs and at the periphery of the lesion. Later in
the process the LCs are less abundant and form clusters surrounded by lymphocytes and inflamma-
tory cells. Finally, in advanced disease there is few or no LCs (17, 18).

LCH cells in pLCH lesions have been shown to display a more mature phenotype than LCH cells
in childhood LCH, as they express B7-1 and B7-2 molecules (10). The microenvironment in which
cells lie exerts a strong influence on dendritic cell function at all steps of the immune response and
influences the elicitation of an efficient immune response or tolerance. In fact, the profile of cytokines
expressed in pLCH lesions corresponds to one that has been shown by in vitro studies to induce the
maturation of LCs into cells with strong lymphostimulatory activity (10, 19). Epithelial cells are able
to produce a variety of cytokines including factors that influence the proliferation, survival and differ-
entiation of LCs. In this regard, bronchiolar epithelial cells overlying early LCH granulomas produce
greater amounts of GM-CSF than epithelial cells in adjacent uninvolved bronchioles (20-22). This
supports the observation of greater amount of LCs observed in earlier LCH lesions in comparison to
the lesser number of LCs observed in a later stage of pLCH (18). It may also explain the differential
expression of CCR6 in the pLCH lesions.

Although LCs in pLCH lesions display a mature surface phenotype, no functional studies such as
T cell stimulation have been performed to confirm the fact that these cells are fully mature cells,.
Interestingly, in all the lesions studied CD1a LCH cells always lacked CCR7 expression, even in the
lesions where CCR6 was totally or partially absent. This is quite surprising as once dendritic cells
down-regulate CCR6 they up-regulate CCR7. Thus, it appears that, like in childhood LCH, there is
a blockade in the up-regulation of CCR7 in pLCH. In fact, these cells may be similar to semi-mature
DCs described by Steinman et al., which are actually tolerogenic DCs (23).

The clusters of LCH cells typically observed in pLCH lesions appears to be due to accumulation
instead of local proliferation. In fact, LCs in pLCH lesions have a rather low rate of proliferation,
considerably less than that of carcinoma cells (24).

The absence of CCR6 expression in some LCH lesions may suggest that another recruitment pathway
(than CCL20-CCR0) is involved in the accumulation of CD1a cells in these specimens. In fact, CCR2

was shown to directly control the accumulation of DCs into allergic lungs (25). Likewise, Chiu et
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al. has shown that CCR2 knockout mice confers an intrinsic DC activation defect (26). Thus, further
studies on chemokine ligand and receptor profiles in pLCH lesions will confirm whether other sets of
chemokines have an important role in the recruitment of DCs into the lungs in LCH lesions.

There is still much speculation concerning initiating triggers in pLCH. Tobacco smoke in itself in-
duces an increase in LC numbers in the airway epithelium. However, the transition to unbridled ac-
cumulation of LCs likely requires additional factors, which could be genetic predisposition, acquired
mutations such as allelic loss at the level of tumor suppressor genes, or maybe another environmental
trigger, such as viral infection. In this study we aimed at analysing the CCR6 and CCR7 expression in
pLCH lesions in order to gain further understanding of the pathogenesis of LCH by comparing with
the expression of these chemokine receptors previously reported in childhood LCH. However, more

studies need to be carried out in order to complete this knowledge.
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Abstract

Langerhans cell histiocytosis (LCH) is a disease which can involve one or multiple organ systems
characterized by an accumulation of CD1la+ Langerhans-like cells as well as several other myeloid
cell types. The precise origin and role of one of these populations, the multinucleated giant cell
(MGC), in this disease remains unknown. This work shows that in three different lesional tissues,
bone, skin and lymph node, the MGCs expressed the characteristic osteoclast markers, tartrate-
resistant acid phosphatase and vitronectin receptor, as well as the enzymes cathepsin K and matrix
metalloproteinase-9. Although, in bone lesions, the osteoclast-like MGCs were only CD68+, in the
nonostotic sites, they co-expressed CD1a. The presence of osteoclast-like MGCs may be explained
by the production of osteoclast-inducing cytokines such as receptor activator of nuclear factor kB
ligand and macrophage colony-stimulating factor by both the CD1a+ LCH cells and T cells in these
lesions. As osteoclast-derived enzymes play a major role in tissue destruction, the osteoclast-like

nature of MGCs in all LCH lesions makes them a potential target for the treatment of this disease.

Introduction

Langerhans cell (LC) histiocytosis (LCH) is a rare disease often present in childhood with a continuum
of clinical entities ranging from a localized lytic lesion to a fatal disseminated myeloid-like leukemia
and is associated with fibrosis and osteolysis, which leads to organ dysfunction (1). Although the
pathophysiology is still obscure, at the cellular level, LCH is characterized by the clonal proliferation
and retention of CD1a" dendritic LCs, commonly referred to as LCH cells. Together with LCH cells,
other cell types have been shown to be present in LCH lesions, including lymphocytes, macrophages,
eosinophils and multinucleated giant cells (MGCs) (2).

MGCs are thought to originate from the fusion of monocyte-macrophage lineage cells (3).
Morphologically, they can be classified into Langhans’ giant cells (normally found in infective
granulomatous diseases, ref. 4), foreign body giant cells (commonly found in foreign body granulomas,
ref. 5), or thirdly, osteoclasts, which are present in bone sites where they function in bone resorption
(6). Although all these types of MGCs originate from a common precursor cell, they differ markedly
in their association with disease states, location and prevalence in various tissues or organs, stimuli
that induce their formation, and subsequent function.

It is unclear how monocyte fusion is induced in vivo and whether different mechanisms are involved
in different pathological states. However, a number of papers have reported on how the formation

of MGCs can be induced in vitro. Evidence has accumulated to show that the in vitro generation
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of MGCs occurs as a result of cell fusion rather than cell division (7). In fact, the in vitro fusion of
adherent macrophages from both humans and experimental animals is a normal event at a terminal
stage of maturation (8). This phenomenon is enhanced, among other stimuli, by the addition of various
cytokines. Indeed, the cytokines IL-4, IFN-y, or IL-13 clearly play a prominent role in monocyte fusion
and subsequently, in the generation of MGC:s (5, 9). Furthermore, an appropriate cytokine environment
can regulate the commitment of a cell towards one or another cell lineage. For example, osteoclast
differentiation from monocyte/macrophage precursor cells occurs in the presence of cytokines, such
as TNF-a and IL-1a (10) or receptor activator of NFkB ligand (RANKL), and growth factors, such
as M-CSF (11). In contrast, although DCs originate from the same monocyte/macrophage precursor
cells as osteoclasts, DCs are derived in vitro from circulating human monocytes after stimulation with
GM-CSF, IFN-a and IL-4 (12, 13), or from human CD34+ myeloid progenitors in response to GM-
CSF and TNF-a (14). These bone marrow progenitors were identified recently through their ability
to differentiate into DCs or osteoclasts, depending on whether RANKL was present together with
GM-CSF or M-CSF, respectively (15).

Thus, it is clear that the cellular environment plays a crucial role in cell differentiation. In this report,
we demonstrate that the cytokine environment of LCH lesions may allow local formation rather
than attraction of osteoclast-like MGCs. The local formation may explain the coexpression of CDla
observed on osteoclast-like MGCs in nonbone lesions as the normal osteoclast precursors are likely to
be absent in these tissues. So, although the phenotype of the osteoclast-like MGCs was more normal
in bone lesions, it seems likely that this population must contribute a large part of the chronic tissue
destruction in all LCH lesions. Thus, the osteoclast-like nature of MGCs provides a rationale for the

successful treatment of LCH patients with antiosteoclast therapy.

Methods

Tissue samples

Representative specimens of formalin-fixed, paraffin embedded tissue from 26 patients with a
diagnosis of LCH were identified by immunohistochemistry using S-100 and CD1a as markers. All
biopsies showed characteristic CD1a+ LCs cells, CD68+ macrophages, CD3+ T cells, and eosinophils.
Fifteen of the specimens were obtained from bone in cases of ostotic LCH, seven were obtained from
skin biopsies in cases of isolated skin disease and four were obtained from excisional lymph node
biopsies from patients with solitary lymph node involvement. Multinucleated giant cells were seen
in 20 out of the 26 cases. One tissue each of Paget’s disease, dermatopathic lymphadenopathy, and

normal skin were used as methodological controls in order to avoid false positive or negative stains



due to technical flaws. Lesional tissue of Paget’s disease of the bone, a disease characterised by the
presence of activated osteoclasts, was used as positive control for the osteoclast-like MGCs of LCH
lesions. Dermatopathic lymphadenopathy, a disease characterised by the accumulation of CDla+
dendritic cells, but without MGCs and normal skin, were used as negative controls. Experiments were

approved by the ethical committee of Leiden University Medical Center.

Antibodies

All staining was done in PBS with 1% BSA. Mouse monoclonal antibodies to CD1a (1CA04), MMP-
9 (4A3) and CD31 (JC/70A) were obtained from Neomarkers (Fremont, California). Goat and rabbit
polyclonal antibodies to Cathepsin K, M-CSF and GM-CSF respectively, were obtained from Santa
Cruz Biotechnology, Inc. The mouse monoclonal to RANKL (70525) and the goat polyclonal to RANK
were obtained from R&D Systems (Minneapolis, Minnesota). The rabbit polyclonal to CD3 and the
mouse monoclonal to Ki-67 (MIB-1) were obtained from DakoCytomation (Glostrup, Denmark).
The mouse monoclonals to VNR (CJ00) and ICAM-1 (23G12) were obtained from Novocastra
(Newcastle upon Tyne, UK). The mouse monoclonal to CD68 (514H12) was obtained from Serotec
(Oxford, UK). Secondary antibodies for enzymatic staining were obtained from DakoCytomation,
and substrate chemicals were obtained from Vector Laboratories (Burlingame, California). Secondary
immunofluorescent reagents were goat anti-mouse, goat anti-rabbit, and donkey anti-goat isotype-

specific Alexa Fluor antibodies (Molecular Probes, NL).

Immunohistochemistry

The preparation of paraffin sections for staining was carried out as previously described (16). Double
and triple stainings with primary antibodies anti-cytokine, cytokine receptors, or osteoclast markers
in combination with cell-specific markers were detected fluorescently using the relevant secondary
goat anti-mouse, goat anti-rabbit, or donkey anti-goat isotype specific Alexa Fluor 488, 647, or 546
secondary antibodies. Replacement of the primary antibodies by PBS/BSA 1% was used as a negative
control. Results were analyzed by confocal microscopy using a confocal microscope in fluorescence

and brightfield mode (LSM 510; Carl Zeiss Microlmaging, Inc.).

Single enzymatic staining for tartrate-resistant acid phosphatase (TRAP)

TRAP staining was performed using a combination of solutions that include naphtol-AS BI Phosphate,
dimethylformamide, tartaric acid, acetate buffer, vermoalbuffer, sodium nitrite, and pararoseaniline.
Tissue sections were deparaffinized, rehydrated, and incubated with the reactive solution for 20 min.
After washing with distilled water, the tissue sections were counterstained with Mayer’s hematoxylin

and mounted using Histomount media (National Diagnostics, Atlanta, Georgia).



68

Results and Discussion

MGCs in LCH lesions phenotypically express osteoclast markers

Although the different types of MGC all have a haematopoietic precursor, the osteoclast has very
distinct functional and phenotypic characteristics (3). Thus, in order to clarify whether the MGCs
observed in LCH lesions are indeed of an osteoclast-like phenotype, we carried out multicolour
immunohistochemical analysis for the typical osteoclast markers, CD68, TRAP, vitronectin receptor
(VNR), and enzymes, cathepsin K (CatK) and matrix metalloproteinase—9 (MMP-9) (Table 1 and
Figure 1).

CD68, a marker of the monocyte-macrophage lineage cells, was used to detect MGCs in LCH lesions.
CD68+ MGCs were observed in 13 out of the 15 LCH bone biopsies analyzed. Importantly, MGCs
were also found in nonostotic LCH lesional sites, namely the lymph node (4/4) and the skin (3/7). Five
out of seven nonostotic lesions that contained MGCs stained positive for TRAP (Figure 1 A, right), an
enzyme present in osteoclastic vesicles that fuse with endocytic vesicles containing the bone matrix
degradation products. This enzyme induces the release of reactive oxygen species that destroy the
matrix components of the bone (17). Nine out of the 13 bone lesions also showed TRAP positivity on
the CD68+ MGCs (Figure 1 A, left). Triple immunofluorescent staining for CD68, VNR, and CatK
showed that all the bone (Figure 1 B, left) and lymph node lesions (not depicted) with MGCs were
VNR+ and CatK+. In contrast, one out of three skin lesions containing MGCs was positive for VNR
and CatK (Figure 1 B, right). A further enzyme characteristic of osteoclasts, MMP-9, was also present
on the CD68+ MGC:s in all bone lesions (Figure 1 C). Moreover, MMP-9 was also expressed in the
MGC:s of skin (1/3) and lymph node lesions (4/4). CatK and MMP-9 are proteases involved in the
degradation of organic components from the bone matrix, such as type I collagen and other matrix
proteins (18, 19). VNR is a receptor for the integrin vitronectin commonly found in osteoclasts and
likely to be involved in the interaction between the osteoclast and the bone matrix (20). Thus, the
expression of typical osteoclast markers as well as characteristic osteoclast-secreted enzymes by the

MGCs in LCH lesions confirms that these cells are indeed osteoclast-like MGCs.

Possible origin of MGCs in LCH lesions

The presence of these osteoclast-like giant cells in LCH bone lesions is perhaps not that unusual as
this is the normal tissue site for osteoclasts, which, through their resorbing activity, help to maintain
the normal homeostasis of the bone (6). However, even in the ostotic LCH lesions these osteoclast-
like cells were present in relatively higher numbers than in normal bone and appeared to be “floating”
within the cellular infiltrate of the lesion, whereas normally close contact with bone would be

expected. In contrast, the finding of osteoclast-like cells in nonostotic LCH sites raises the question



TRAP- oL ‘ TRAP

Figure 1. Phenotypic characterisation of MGCs in LCH lesions for osteoclast markers. (A) MGCs in bone (left) and
skin (right) LCH lesions were TRAP+. (B) Triple colour immunofluorescent staining for CD68, Cat K and VNR in an
LCH bone lesion (left) and a skin lesion (right). (C) Double immunofluorescent staining for CD68 and another osteoclast
marker, MMP-9, in an LCH bone lesion. Original magnifications: (A) 220X; (B) 290X; and (C) 270X.
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Table 1. Characterisation of MGCs in LCH lesions for osteoclast markers, osteoclast-secreted enzymes,

and osteoclast-inducing environment.

M GC s i leviom Leviomal anironmuadt
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. i i i , a3 nd. - v

54 - - - - - - o4 nd. nd. -
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B nd. + + + + + 12 ¥ ¥ ¥
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Scoring: (-) indicates absence of expression; Scoring: (-)indicates absence of expression;
(+) indicates 0-30% expression by the MGCs; v indicates expression
(++) indicates 30-70% expression by the MGCs; n.d.: not done due to lack of tissue

(+++) indicates 70-100% expression by the MGCs;

n.d.: not done due to lack of tissue.

of their origin. In order to investigate this we carried out triple immunofluorescent stainings for the
Langerhans cell marker, CD1a, the macrophage marker, CD68, and CatK to more clearly identify the
MGC:s. In all bone lesions the CatK+ osteoclast-like cells coexpressed the macrophage marker CD68.
In none of the ostotic lesions did these osteoclast-like MGCs express CD1a (Table 1 and Figure 2
A). This finding suggests that the MGCs in bone LCH display the features of a normal osteoclast. In

contrast, in one out of three skin and two out of four lymph node lesions that contained osteoclast-like



cells, the MGCs expressed both CD68 and CD1a (Table 1 and Figure 2 B). Hence, although both the
osteoclast-like giant cells in bone as well as in nonbone lesions expressed CD68, only the giant cells
in skin and lymph node coexpressed CD1a. This unusual phenotype of these osteoclast-like giant
cells in skin LCH has been reported before in a single case without any further characterisation (21).
The majority of nonostotic lesions studied were in fact from patients without additional bone lesions.
This excludes the possibility that the MGCs were derived from bone lesions. Therefore, it is likely
that the lesional environment induces the local formation of the osteoclast-like MGCs even in unusual
sites, such as these nonostotic LCH sites. This, together with the fact that the normal precursors of
osteoclasts are likely to be absent from these sites, may result in osteoclast-like MGCs derived from a
different origin (e.g., CD1a+ cells). Alternatively, the CD1a+ expression by MGCs in these sites may
be due to induced expression of CD1a at a later stage.

In order to better understand the likely mechanisms of MGC formation in LCH lesions we looked at
the expression of intercellular adhesion molecule-1 (ICAM-1), an adhesion molecule expressed by
monocytes upon fusion to form MGCs (22), and Ki-67, a nuclear protein associated with somatic cell
proliferation (23). We found that in all LCH lesions the MGCs displayed strong membrane staining
for ICAM-1. In contrast, the MGCs were consistently negative for the proliferative marker Ki67
(unpublished data). However, there was a high expression of Ki-67 in other cells in the lesions that we
and others have previously shown to be largely due to the CD1a+ LCH cells (24, 25). These findings
suggest that the osteoclast-like MGCs present in LCH lesions may be formed by the fusion of resident
monocytes-macrophages rather than by cell division. Cytokines such as IFN-y, which has previously
been shown to be expressed in LCH lesions (26), are well-known inducers of ICAM-1 expression
and, thus, may initiate the fusion of monocytes and macrophages to form MGCs. Thus, MGCs seem
to be intrinsic to LCH lesions and specific factors within the well-characterized “cytokine storm” in

LCH lesions are responsible for their formation.

The osteoclast-inducing cytokines RANKL and M-CSF are highly expressed in LCH lesions

As shown by in vitro studies, the environment in which the mononuclear cells are present determines
their differentiation into the various mononuclear phagocyte system-derived cells. Similarly, the tissue
site and environment may have a large influence on the cellular composition of LCH lesions. Previous
work by our group and others has clearly shown the presence of a cytokine storm in LCH lesions (26).
For instance, factors involved in osteoclastogenesis like IL-1, IL-6 and TNFa are highly expressed.
In the present study, we have extended the analysis of cytokines to those specifically involved in the
induction of osteoclast differentiation. One such cytokine involved in osteoclast induction is RANKL.
In 24 LCH lesions studied for RANKL expression, 17 were found to be positive. We found that this

cytokine was not expressed by the endothelial cells and macrophages, as assessed by triple staining
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Figure 2. Phenotypic difference in osteoclast-like MGCs in bone versus nonbone lesions. Triple immunofluorescent
staining for the monocyte lineage marker, CD68, DC marker, CD1a, and the enzyme CatK was performed in LCH bone
(A), and skin (B). The osteoclasts in LCH skin lesions clearly expressed CD1a as well as CD68 and CatK (B). In contrast,
LCH bone lesions never expressed CD1a (A). Original magnification: 260X.

combining RANKL with the CD31 and CD68 markers, respectively (unpublished data). Instead,
triple staining for RANKL, CD1a to identify the LCH cells and the T cell marker CD3, revealed that
the majority of CD1a+ LCH cells and T cells in close proximity to the LCH cells expressed RANKL
(Figure 3 A). Thus, both the CD1a+ LCH cells and T cells contribute to osteoclastogenesis through
up-regulated RANKL and, thus, provide a mechanism for the potentiation of osteoclast formation and
bone resorption in LCH lesions.

One key feature of osteoclast differentiation is the interaction between RANKL and its receptor,
RANK, commonly expressed by the osteoclast precursor cells. We looked at the presence of RANK
receptor on CD68+ and CD1a+ cells by triple immunofluorescent staining. All the lesions that showed
expression of RANKL were also positive for RANK, which was expressed by a high proportion of
CD1a+ cells and to a lesser extent by CD68 cells as shown in Figure 3 B. The expression of RANK by
CDla+ cells as well as the presence of its ligand by activated T cells in LCH lesions is also important,
as this interaction is known to induce a survival signal to DCs (27).

Furthermore, we looked at the expression of another cytokine known to be involved in osteoclast
differentiation, M-CSF. M-CSF is normally produced by osteoblasts and/or stromal cells and is
involved in the differentiation of osteoclasts from an early stage. We found it to be expressed by
the MGCs and strikingly also by CDla cells in 11 out of 15 LCH bone lesions. Interestingly, we
found that this cytokine was even expressed by the CDla+ cells in 1/3 skin (Figure 3 C) and 3/4



lymph node lesions that contained MGCs. The expression of M-CSF by the lesional CD1a+ cells
seemed particularly relevant as there was clearly no expression of this cytokine by the normal LCs
in both LCH skin lesions (Figure 3 C) and normal skin (not depicted). The presence of cytokines
involved in osteoclast differentiation in LCH lesions provides an explanation for the presence of
osteoclast-like cells in ostotic as well as nonostotic sites in LCH. An attractive hypothesis would
be that excessive amounts of osteoclast-inducing cytokines, such as RANKL and M-CSF, induce
osteoclast-like differentiation of inappropriate precursors (e.g., CDla+ LCH cells). Strong support
for this hypothesis was demonstrated in a very recent paper by Rivollier et al. (28). Using human
monocyte-derived DCs generated in vitro they showed that immature DCs can transdifferentiate into
functional osteoclasts in the presence of M-CSF and RANKL. Furthermore, they showed that the
proinflammatory cytokines, TNFa and IL-1a, both of which are highly expressed in LCH lesions
(26), promote cell fusion during DC transdifferentiation and lead to larger MGCs than M-CSF plus
RANKL alone. Thus, the in vitro differentiation plasticity seen in cells of the mononuclear phagocyte

system also appears to occur in vivo in LCH lesions.

Rationale for the use of bisphosphonates in the treatment of LCH

Due to the lack of fresh biopsy material, it was not possible to perform functional studies such as the
use of dentine discs to determine the resorbing capacity of the MGCs in LCH lesions. However, the
finding that the MGCs in LCH lesions are expressing various matrix-degrading enzymes supports
the hypothesis of a destructive role for these cells in LCH lesions. Such a role would also help to
explain the predominant symptom of bone pain suffered by patients with LCH bone lesions. The
present report has provided support for the hypothesis that the excessive bony destruction found in
LCH is likely mediated by osteoclast-like giant cells. Therefore, these cells are a potential target in
LCH lesions. To date, only a few case reports, including one we authored, have indicated the use of
bisphosphonates as a successful treatment of bone LCH (29). However, all of these case-reports lack
the fundamental background for the rationale. Bisphosphonates appear to act, when administered at
therapeutic doses, only in bone, which is probably due to their specific affinity to this tissue. This
group of compounds is known to have an inhibitory effect in the number and activation of osteoclasts
(30). Thus, this study has provided a rationale for the use of bisphosphonates in the treatment of LCH

patients.
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Figure 3. Expression of cytokines known to be involved
in osteoclast differentiation in bone and skin LCH. Two
and three colour immunofluorescent stainings were car-
ried out for the cytokines RANKL and its receptor RANK,
and M-CSF. (A) Representative picture of an LCH bone
lesion showing that the majority of the CD1a+ LCH cells
(blue) express RANKL (green). This colocalization re-
sults in a turquoise colour. In addition many of the neigh-
bouring T cells (red) also expressed RANKL (green). This
colocalization resulted in a yellow colour. (B) The CD1la+
LCH cells (red) also expressed RANKR (green). This
colocalization results in a yellow colour in the merged
image. (C) Representative picture of an LCH skin lesion
showing that the osteoclast differentiation cytokine, M-
CSF (green), was expressed by the CDla+ LCH cells
(red). This colocalization resulted in a yellow colour in
the merged image. In contrast, normal LCs (indicated by
arrows) in the epidermis (E) did not express any M-CSF.
Original magnification (A, B and C): 270X.
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Abstract

Langerhans cell histiocytosis (LCH) is a disease characterised by an uncontrolled clonal prolifera-
tion of Langerhans cells, whose aetiology is still unclear. The clonal nature of LCH could support
the hypothesis that it is a neoplastic disease with unlimited growth potential. One requirement for
unlimited proliferation is the maintenance of telomere length. In a group of 70 patients we set out
to investigate whether a telomere maintenance mechanism is indeed active in LCH cells. This work
showed that LCH cells from all restricted skin LCH lesions (6/6) expressed telomerase as assessed by
human telomere reverse transcriptase (W"TERT) immunohistochemistry, whereas LCH cells from the
majority of the bone lesions analysed did not express hTERT (26/34). Interestingly, in contrast to the
solitary bone lesions, LCH cells from lesions of multisystem patients always expressed telomerase
(11/11), regardless of the lesional site. In situ telomeric repeat amplification protocol (TRAP) assays
performed on different lesional sites showed that this telomerase was active. In addition, the telomere
length of LCH cells from a hTERT-positive skin multisystem lesion was long and homogeneous when
compared to that in the LCH cells from hTERT-negative bone single system LCH lesions, which was
heterogeneous in length. No evidence for an alternative lengthening of telomeres mechanism was
found in hTERT-negative lesions. The difference in telomerase expression and telomere length at the
different lesional sites and in biopsies from patients with solitary versus multisystem disease appears
to reflect the diverse clinical presentation and course of this disease. The results from this study have

important implications for understanding the nature of this disease.

Introduction

The aetiology of Langerhans cell histiocytosis (LCH), a disease mainly occurring during childhood
and characterized by an uncontrolled clonal proliferation of Langerhans cells (LCs) in several sites
of the body, is unknown. While some believe that it occurs due to an external trigger, others argue
that it is likely caused by an intrinsic defect and is neoplastic (1, 2). Arguments supporting a reactive
origin include the granulomatous character of LCH lesions rather than the cellular homogeneity of a
malignant neoplasm, frequent cases of spontaneous clinical regression and the failure to establish a
cell line from LCH cells in vitro (3). In contrast, observations of several cases of familial clustering,
together with studies showing evidence for cytogenetic aberrations confirm that there indeed exists
a component of genetic instability in LCH cells (4-7). Furthermore, the clonal nature of LCH could
support the hypothesis that this disease is neoplastic (8, 9).

The massive accumulation of LCs that characterizes LCH lesions may result not only from the ab-
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normal local proliferation of these cells but also from deregulation of apoptosis. As well as their
local proliferative activity, as evidenced by their Ki-67 positivity, LCH cells have been shown to
express elevated levels of the anti-apoptotic proteins bcl-2 and survivin (10-12). Furthermore, only
a small number of apoptotic cells have been evidenced in LCH lesions by terminal deoxynucleotidyl
transferase nick end-labeling (TUNEL) (13), suggesting that, despite the uncontrolled proliferative
capacity of LCH cells, they are able to survive. One requirement for such unlimited proliferation is
the maintenance of telomere length (14, 15). Telomeres are DNA sequence repeats complexed with
specific binding proteins that are located at the ends of every normal human chromosome. They play
an important role in chromosome structural integrity and protection against the activation of DNA
damage checkpoints. They also counter the loss of terminal DNA segments that occurs when linear
DNA is replicated. In normal human cells, telomeres shorten with each cell division and become
dysfunctional, leading to chromosomal instability and ultimately cell death (16,17). Therefore, nor-
mal human committed cells have a limited proliferative potential. In contrast, pathological telomere
elongation is found in a large majority of cancers, either via telomerase enzymatic activity or by an
alternative telomerase-independent pathway thought to involve homologous recombination, known
as alternative lengthening of telomeres (ALT) (18-20). To date, evidence for ALT activity has only
been found in a subset of in vitro immortalized and tumour-derived cell lines, as well as in spontane-
ous human tumours (21).

The presence of a possible telomere maintenance mechanism in the pathogenic LCs of LCH lesions
has not been investigated to date. However, it is clear that the proliferation and survival of LCH cells
lies at the heart of the development and persistence of LCH lesions. Therefore, determining how tel-

omeres are regulated in LCH cells has important implications for the nature of this disease.

Methods

LCH tissue samples and controls

Fifty-one paraffin embedded biopsies and 28 frozen biopsies from 70 children with single system (SS)
(n=159) or multisystem (MS) (n = 11) disease were studied, including 39 bone, 15 skin, eight lymph
node (LN), nine lung LCH cases and eight cases involving other lesional sites. All received a definite
diagnosis of LCH based on morphology and CD1a and S100 immunoreactivity. Dermatopathic lym-
phadenopathy (DL) (n = 3), was used for comparison. The osteosarcoma cell line (U20S) was used
as a positive control and Ewing’s sarcoma was used as a negative control for the ALT mechanism (22,
23). Giant cell tumour (GCT) and normal testis were used as positive controls for the expression and

activity of telomerase, respectively (24, 25). The expression of telomerase by multinucleated giant



cells (MGCs) was also studied in Paget’s disease of bone (n = 3), sarcoidosis (n = 2) and tuberculo-
sis (n = 3). The experiments were approved by the ethics committee of Leiden University Medical
Center, and were in accordance with national ethical guidelines (Code of Proper Secondary Use of

Human Tissue in The Netherlands, Dutch Federation of Medical Scientific Societies).

Immunohistochemistry for telomerase

Paraffin-embedded and frozen sections (4 um thick) were cut and stained as described previously
(26), using a mouse monoclonal anti-hTERT antibody (Novocastra, Newcatle upon Tyne, UK) (27).
The primary antibody was detected enzymatically for brightfield microscopy and by immunofluo-
rescence. For enzymatic detection, a rabbit-anti-mouse biotinylated antibody and streptavidin-biotin
complex coupled with horse radish peroxidase system (DAKO, Denmark) were used. The colour was
developed with 3,3’-diaminobenzidine, the slides were mounted with Pertex and analysed by bright-
field microscopy. Double immunofluorescent staining was performed using mouse monoclonals anti-
CDla (Neomarkers, Fremont, CA, USA) in the case of LCH tissue, or anti-vitronectin receptor (No-
vocastra) in the case of GCT, and anti-hTERT antibodies, followed by detection with goat anti-mouse
Alexa Fluor 488 and 594 (Invitrogen, Carlsbad, CA, USA) and mounting the slides in anti-fading
medium. As a negative control, the primary antibodies were replaced by phosphate-buffered saline
with 1% bovine serum albumin. For each lesion studied, at least 100 CD1a+ cells were scored for
the typical nuclear and/or nucleolar staining of hTERT positivity (27). A complete absence of CD1a+
cells expressing hTERT was considered negative and a positive case scored according to whether it
contained 1-30%, 30-70% or 70-100% of hTERT-positive (nTERT+) CD1a+ cells.

Detection of ALT-associated promyelocytic leukaemia bodies (APBs)

ALT-APBs were detected in sorted LCH cells from single cell suspensions obtained from paraffin-
embedded biopsies (28). Staining was performed using a mouse anti-human Langerin monoclonal an-
tibody (Novocastra) and the secondary antibody goat anti mouse-488 (Invitrogen). Flow cytometric
analysis and sorting were performed using a BD FACSAria (BD Biosciences, San Jose, CA, USA).
Controls included isotype-negative control mouse IgG2b from DAKO (Glostrup, Denmark).
Langerin/488+ sorted cells were spotted on slides, dried and swollen for 15 min with a borate solu-
tion (0.1 M Na_B,0.). Detection of APBs was performed by fluorescent in situ hybridization (FISH)
as described (22). The slides were hybridized with a Cy3-labelled telomere-specific peptide nucleic
acid (PNA) probe (DAKO), followed by labelling with a goat anti-PML polyclonal antibody (Santa
Cruz, Santa Cruz, CA, USA) and detected with an Alexa Fluor 488 labelled secondary antibody. An

APB was considered to be present if the telomeric DNA was colocalized with a PML in the nucleus.
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An LCH biopsy was considered positive for APBs if present in larger or equal to 20% of the sorted
Langerin+t cells. The slides were visualized using a Leica DM-RXA fluorescence microscope (Leica,
Wetzlar, Germany) and analysed with Leica QFISH software (Leica Imaging System, Cambridge,
UK).

In situ TRAP assay
The telomerase PCR ELISA detection kit from Roche (Basel, Switzerland) was used and adapted for
in situ detection of telomerase activity, as described by Youssef et al. (29). This assay enables specific

in situ detection of PCR-amplified telomerase-mediated elongation products on frozen sections.

Telomere length determination in sorted CD1a+ cells from LCH and DL frozen biopsies

Frozen LCH and DL biopsy sections, 50 um thick, were fixed for 1 hr at 4°C with 4% paraformalde-
hyde. Following mechanical disaggregation, the single cell suspensions were stained with a mouse
monoclonal CD1a-APC antibody (BD Pharmingen, San Diego, CA, USA) for 1hr at 4°C and CD1la+
cells were sorted as above. Sorted cells from the CD1a+ and CD1a-negative (CD1a") fractions were
spotted on glass slides, dried and double stained fluorescently with the mouse anti-CD1a and anti-
Langerin monoclonal antibodies, followed by counterstaining with 4’-6-Diamidino-2-phenylindole
(DAPI) to confirm the purity of the sorting.

The telomere length of the CD1a+ sorted cells was determined using the TeloTAGGG Telomere

Length Assay from Roche (Basel, Switzerland), according to the manufacturer’s instructions.

Results

Expression of telomerase by CD1a+ cells in skin but not bone LCH lesions

To investigate whether LCH cells display a telomere maintenance mechanism, the expression of tel-
omerase was studied in LCH lesions from various tissue sites. The staining pattern of the anti-hTERT
antibody was confirmed by a control tissue, GCT, where the MGCs express hTERT, the catalytic
subunit of telomerase (Figure 1 A). In all the LCH skin lesions studied (n = 15), double immunofluo-
rescent staining of CD1a and hTERT revealed hTERT positivity, not only by the keratinocytes in the
epidermis but also by CD1a+ LCH cells in the dermis of LCH skin lesions (Table 1, Figure 1 C). In
contrast, LCs in normal control skin were negative for hTERT (Figure 1 D) and only the keratinoc-
ytes expressed hTERT (30). The same staining was also performed in SS LN and bone LCH lesions.
However, in contrast to SS skin LCH lesions, only 3/5 SS LN lesions and 8/34 SS bone LCH lesions
contained CD1la+ LCH cells expressing hTERT (Figures 1 E and F, respectively). Double immun-



ofluorescence for CD1a and hTERT used to study three cases of the reactive disease, DL, showed the
LCs to be hTERT-positive (WnTERT+; data not shown).

Figure 1. Expression of hTERT by CDla+ LCH cells is consistently observed in skin LCH lesions. (A)
hTERT staining was confirmed on control tissue known to be positive for telomerase, giant cell tumour
(GCT). Double immunofluorescent staining was performed using the vitronectin receptor (green) to identify
the multinucleated giant cells in GCT, in combination with hTERT (red) and DAPI (blue). (B) The omission
of the primary antibodies in GCT confirmed the specificity of this staining. (C) Double immunofluorescence
staining was performed using CD1a as a LCH cell marker (green) in combination with hTERT (red). DAPI
was used to distinguish the cell nuclei (blue). Besides the keratinocytes in the epidermis (e), hTERT was also
expressed by CDla+ LCH cells in the dermis (d) of skin LCH lesions (see inset picture), in contrast to (D)
normal skin, where the LCs were negative for hTERT. (E, F) Representative examples of LN and bone LCH
lesions in which the CD1a+ cells were negative for hTERT in the majority of cases. The broken white line
depicts the epidermal-dermal junction in the skin (magnifications: A, B, 40x; C, D, E, F, 100x).
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Table 1. Detection of telomere maintenance mechanisms in LCH lesions.

Type of lesion hTERT+ CDla cells® hTERT+ MGCs Telomerase ~ ALT*
1-30% 30-70% 70-100% 1-30% 30-70% 70-100% activiter

SS bone 8/34: 2 5 1 5/11: 2 1 2 1/5 0/5
MS bone 4/4: 1 2 1 2/2: 1 1 0 - -
SS skin 6/6: 3 0 3 1/1: 1 0 0 1/1 -

MS skin 9/9: 3 1 5 - 1/1 0/1

SS LN 3/5: 3 0 0 1/1: 1 0 0 1/1 0/2

MS LN 3/3: 0 3 0 - - 0/1
SS lung 7/9: 2 3 2 - 1/3 -

SS other lesional site ~ 2/5: 2 0 0 - 1/3 0/3
MS other lesional site  3/3: 1 1 1 - - -

‘Number of lesions out of the total studied which contain CD1a+ cells expressing hTERT. In each of the cases of an hTERT+ lesion, the
percentage of CD1a+ cells expressing hTERT was scored into three groups: 1-30%, 30-70% or 70-100%.

Number of lesions out of the total studied which contain MGCs expressing hTERT. In each of the cases of an hTERT lesion, the percentage of
MGCs expressing hTERT was scored into three groups: 1-30%, 30-70% or 70-100%.

"Number of lesions out of the total studied which contain CD1a+ cells displaying telomerase activity.

fNumber of lesions out of the total studied which contain CD1a+ cells displaying an alternative lengthening of telomere (ALT) mechanism.

SS = single system; MS = multisystem; (-) = no data.

Multinucleated giant cells in skin LCH lesions also express hTERT

Another cell type intrinsic to LCH lesions is the MGC. The expression of hTERT by these cells was
also investigated by single enzymatic staining. In addition to the CD1a+ LCH cells displaying hTERT
positivity, the MGCs also expressed hTERT in the skin (Figure 2 A), LN and a few cases of bone LCH
lesions that contained MGCs (Figure 2 B). This was observed in nine cases of LCH, of which five
were LCH lesions that contained hTERT+ LCH cells. These findings were compared to other diseases
that contain activated MGCs, such as sarcoidosis and Paget’s disease. In these diseases MGCs were

also positive for hTERT (Figures 2 C and D, respectively).

Telomerase detection in bone LCH lesions from multisystem patients

As well as lesions from SS disease patients, the CDla+ LCH cells of different lesional sites from
11 patients with MS LCH were also studied for their expression of telomerase. In 11 out of 11 MS
patients, hTERT was expressed by the LCH cells regardless of the lesional site. Even the LCH cells
from bone lesional sites showed hTERT positivity, in contrast to most SS bone LCH lesions. Figures
3 A, B and C show a representative example of a MS LCH patient with skin, bone and gut involve-

ment, respectively. In all these sites LCH cells were hTERT+.

In situ detection of telomerase activity in skin LCH lesions
Although hTERT is a major component of telomerase, its expression does not strictly correlate with
telomerase activity. Therefore, the activity of telomerase in hTERT+ LCH biopsies was assessed

using an in situ telomeric repeat amplification protocol (TRAP) assay which allows direct visualiza-



tion of telomerase activity on tissue sections. Testis, which contains many germ cells known to have
telomerase activity, was used as positive control (Figures 4 A and B). To check the specificity of the
technique, negative controls which included the omission of the reaction mixture were routinely
used (Figures 4 A, C and E). Telomerase activity was observed in cells present in the dermis of two
hTERT+ skin LCH lesions (Figures 4 D and Table 1). In contrast, SS bone LCH lesions which were
negative for hTERT (hTERT) did not show any evidence for telomerase activity (Figure 4 F) From
the five SS bone cases analysed, only one showed telomerase activity, which corresponded to a lesion
containing CD1a+ hTERT+ cells (Table 1).

£

Figure 2. Expression of hTERT by MGCs in LCH lesions compared to other diseases that typically contain these cells.
Immunohistochemistry was performed with an anti-hTERT monoclonal antibody and DAB detection. hTERT was de-
tected in the osteoclast-like MGCs of skin (A) and a few bone LCH lesions (B) (arrows). The expression of hTERT in
sarcoidosis (C) and Paget’s disease of bone (D) also showed positivity of the MGCs (arrows) (magnifications: A, B, C,
D, 40x).

Lack of an ALT mechanism in hTERT-negative lesions
To determine whether the hTERT LCH cells in bone and LN lesions were displaying an ALT mechanism, the
presence of APBs in these cells was determined. This was performed by FACS-sorting the LCH cells using
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the LC-marker langerin (Figure 5 A, right panel) and carrying out FISH on the sorted LCH cells, us-
ing a PNA probe in combination with fluorescence immunolabelling for PML. The osteosarcoma cell
line U20S was used as a positive control for ALT positivity (Figure 5 B, left panel). \TERT LCH
cells from SS bone LCH lesions did not show any co-localization of the PNA probe and PML protein

(Figure 5 B, right panel and Table 1), demonstrating the lack of an ALT mechanism. In addition, the
skin and LN LCH lesions where LCH cells were hTERT+ (15 out of 15 and 6 out of 8, respectively)
did not show any co-localization of PML/PNA (data not shown).

Figure 3. hTERT expression by CD1a+ LCH cells of a patient with multisystem disease, affecting skin, bone and gut. Dou-
ble immunofluorescence staining using CD1a (green) in combination with hTERT-specific antibodies (red) was performed
in skin (A), bone (B), and gut lesions (C) of a representative multisystem LCH patient. DAPI was used to distinguish cell
nuclei. The broken white lines depicts the epidermal-dermal junction in the skin (A) and the crypts of the gut (C) (magni-
fications: A, B, C: 63x).

Determination of telomere length in sorted CD1a+ LCH cells

To evaluate the telomere length of LCH cells, the telomere repeat fragment (TRF) southern blot
method was performed with DNA from sorted LCH cells of four LCH biopsies. The specificity of the
CDla staining (Figure 6 A, right panel) was confirmed using an IgG1-APC control (Figure 6 A, left
panel). The purity of the sorting was confirmed by spotting the CD1a+ and CD1a" sorted fractions
on glass slides and restaining them with CD1a and Langerin antibodies. Only the CD1la+ fraction
stained for these LC-specific markers (Figure 6 B). Due to the great difficulty in obtaining frozen
LCH biopsies, as well as isolating enough LCH cells from tissues to obtain sufficient amounts of
DNA from these sorted cells, we were only able to include one hTERT+ biopsy (skin MS LCH) and
three hTERT biopsies (all SS bone LCH) in this experiment. Nevertheless, a difference between the
telomere length of \TERT+ and hTERT LCH cells was observed. Whereas hTERT+ LCH cells from
the MS biopsy showed a very homogeneous long telomere length (mean TRF 9.9 Kbp), hTERT cells
from the three SS biopsies displayed a shorter (mean TRFs 5.9, 6.7 and 5.7 Kbp) and much more het-
erogeneous telomere length (Figure 6 C). The same analysis performed on sorted CD1a+ cells from
two hTERT+ DL biopsies, showed the LCs from this reactive condition to display a very heterogene-
ous telomere length (Figure 6 C).



Figure 4. In situ detection of telomerase activity in hTERT+ LCH lesions. The activity of telomerase in positive control
tissue, testis, and hTERT+ and negative LCH biopsies (B, D and F, respectively) was assessed using an in situ telomeric
repeat amplification protocol (TRAP) assay. The omission of the reaction mixture confirmed the specificity of the TRAP
detection (A, C and E). Only the hTERT+ and not the hTERT- LCH biopsies showed cells positive for TRAP, as dem-
onstrated by representative pictures of (D) a hTERT+ LCH MS skin lesion and (F) a hTERT- LCH SS bone lesion. The
broken white line depicts the epidermal-dermal junction in the skin and the arrows and inset pictures demonstrate the
TRAP positivity of the cells (green spots) (magnifications: A, B, C, D, E, F, 63x).
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Figure 5. Absence of an ALT mechanism in lesions with hTERT negative LCH cells determined by lack of co-
localization of PML with telomeres. Langerin+ cells were FACS-sorted from hTERT- and hTERT+ LCH lesions
(A, right panel, gated cells). An isotype control was used as the negative control (A, left panel). These cells were
spotted onto a slide and dried. FISH using a telomere probe (red) was performed in combination with fluores-
cence immunolabelling for the protein PML (green dots). Confirmation of ALT positivity was first detected in
osteosarcoma cell lines which are known to be positive for this mechanism. (B, left panel) Co-localization of the
telomeric DNA and PML (yellow), confirming the presence of an ALT mechanism in the osteosarcoma cell line
U20S. In contrast, absence of an ALT mechanism was observed by the lack of co-localization of PML with the
PNA probe in LCH cells, identified by their Langerin—positivity (green), from a bone lesion of a single system
patient (B, right panel).

Discussion

LCH is a rare disease whose aetiology remains unknown. The clonal, proliferative nature of LCH
cells, together with the higher incidence of secondary neoplasms, familial clustering and reports of
loss of heterozygosity all contribute to the hypothesis that LCH is a neoplastic disease (4, 5, 8, 9). As
a characteristic of neoplastic cells is their ability to survive through the maintenance of their telomere
length, we hypothesized that LCH cells are able to activate a telomere maintenance mechanism, re-
sulting in stabilization of telomere length and immortalization.

This study showed that the lesional CD1a+ cells express telomerase in all SS skin LCH lesions, in



contrast to SS bone lesions, in which only ca. 25% of the lesions analysed contained LCH cells that
expressed telomerase. In addition, the lesional CD1a+ cells from multisystem patients always express

telomerase, regardless of the lesional site. The correlation between hTERT expression and telomerase
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Figure 6. Long, homogeneous telomere length of a hTERT+ LCH lesion in contrast to a heterogeneous telomere length
of hTERT- LCH lesions. CDla+ LCH cells were FACS-sorted from frozen biopsies (A, right panel) and the specificity
of the staining was confirmed by using an I[gG1-APC control (A, left panel). (B) The purity of the CDla+ and CDla-
sorted fractions was performed by restaining the cells with Langerin and CD1a. (C) Southern blotting of the TRFs was
carried out, using DNA from CD1a+ cells from the affected skin of a multisystem (MS) LCH patient, three single sys-
tem (SS) LCH bone lesions and two DL biopsies. The controls included high (hmw) and low (Imw) molecular weight
DNA supplied with the kit. The CD1a+ cells from the MS patient displayed a long homogeneous telomere length, in
contrast to the more heterogeneous length displayed by CD1a+ cells from the three SS bone LCH lesions and two DL
biopsies (C). The telomere length (Kbp) is depicted at the bottom of each lane.
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activity, as shown by the TRAP assay, suggests that h\TERT expression is indeed a reliable marker of
telomerase activity. Furthermore, we determined the telomere length of LCH cells from an hTERT+
MS skin lesion, compared to three SS bone LCH lesions that were hTERT. Although the number of
biopsies studied was small, our results showed a difference in telomere length between the hTERT+
lesion and the three hTERT lesions. Whereas the telomere length of LCH cells in the MS skin lesion
was homogeneous and long, the telomere length of LCH cells in the three hTERT SS LCH lesions
was heterogeneous. This difference in telomere length and telomerase expression in the different
lesional sites and forms of the disease may reflect the broad clinical spectrum of LCH, which ranges
from a lethal leukaemia-like disorder, in which multiple organs are involved, to a curable solitary lytic
lesion of bone. Indeed, in our patient cohort, telomerase was consistently expressed by LCH cells in
MS disease and appeared to result in elongated telomeres. However, this correlation should be further
investigated, as the hTERT positivity of LCs in the reactive condition, DL, did not appear to correlate
with increased telomere length. In contrast, as the loss of telomerase activity has been correlated with
cell senescence (31), the finding that the majority of SS bone lesions were negative for any telomere
maintenance mechanism suggests that the LCH cells in these lesions may indeed have a more limited
proliferative capacity and life-span. This could explain the fact that many patients with SS disease
affecting the bone require minimal treatment or the lesions resolve spontaneously and hardly ever
recur.

The lack of telomerase expression by LCH cells in the majority of SS bone lesions compared to skin
lesions, which were always positive for this enzyme, was quite striking. One possible explanation
for this difference could be due to the lesional environment, as different cytokines have been shown
to have a profound impact on the regulation of telomerase (32). Although telomerase expression is
mainly associated with cancers and immortalized cell lines, and is therefore thought to be involved
in malignant transformation and cellular immortality (33), telomerase activity can also be detected at
low levels in normal bone marrow and peripheral blood lymphocytes and at higher levels in activated
T and B cells (34, 35). To date, there are only very limited data on the telomere length and telomerase
activity in myeloid-lineage cells. In our study, the pathological LCs in skin LCH lesions expressed
telomerase, in contrast to normal LCs from unaffected skin, which were negative for telomerase.
Importantly, the LCs from the reactive condition DL were positive for telomerase, as they were in the
majority of lung LCH lesions which is thought to be a more reactive disease, associated with ciga-
rette smoking (36). Furthermore, although the MGCs in some LCH lesions were telomerase-positive,
this was also the case for the MGCs found in the non-neoplastic conditions GCT, Paget’s disease,
sarcoidosis and tuberculosis. Thus, the expression of telomerase does not necessarily distinguish
malignant proliferations from reactive states. The detection of telomerase positivity in LCH lesions,

where there is a clear immunological response occurring, must therefore be interpreted with caution.



Telomerase activation may instead serve to protect cellular, proliferative capacity and to prevent ap-
optosis, hence potentiating LC survival in LCH lesions.

This study shows for the first time a clear difference between SS skin and bone LCH lesions and SS
versus MS disease, based on the expression of telomerase. This difference in telomerase expression
appears to be reflective of the diverse clinical presentation and course of the disease. However, the
measurement of telomere length of LCH cells in a larger cohort of LCH patients is needed to validate
our findings and will help to increase our understanding of the nature of the various clinical forms of

this disease.
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Abstract

The aetiology of Langerhans cell histiocytosis (LCH), a disease characterized by uncontrolled prolif-
eration of Langerhans cells, is unknown. While some believe that LCH is reactive, others support a
neoplastic origin. We tested the hypothesis that LCH is neoplastic by investigating potential consist-
ent chromosomal aberrations in LCH cells. We used multiparameter DNA flow cytometry to analyse
the DNA ploidy of LCH cells in 20 cases, performed karyotype analysis in 31 cases, array-based com-
parative genomic hybridization (arrayCGH) and single nucleotide polymorphism (SNP) arrays with
DNA from flow-sorted CD1a-positive and CD1a-negative cells in 19 cases. Ploidy analysis revealed
diploid DNA content in all cases. The karyotype of all patients analysed was normal, excluding pres-
ence of balanced translocations. ArrayCGH and SNP arrays did not show genome abnormalities.
Despite positive immunohistochemical staining for p53 protein, sequencing exon 5 to 8 of p53 gene
showed no alterations in 7 studied cases. This study strongly suggests that gross chromosomal abnor-
malities do not cause the onset of LCH as shown by a multi-targeted molecular approach. Although
we cannot exclude cryptic point mutations in as yet unidentified genes, this large study of 72 LCH
cases, shows that LCH may be the result of restricted oligoclonal stimulation rather than an unlimited

neoplastic proliferation.

Introduction

Langerhans cell histiocytosis (LCH), a disease characterised by the abnormal accumulation of CD1a+
Langerhans cells (LCs), is most common in the first or second decade of life (1). The clinical presen-
tation of LCH can range from a single system (SS) disorder, in which patients require minimal treat-
ment or the lesions resolve spontaneously, to a disseminated form with or without organ failure. The
disseminated form with organ failure is usually associated with a worse prognosis and leads, in 20%
of the patients who do not respond to treatment, to a fatal outcome (2). As for the disseminated form
of LCH without organ failure, although less critical, this often results in serious residual disabilities
(3). The treatment of these severe, multisystem (MS) forms of LCH remains empirical at best, with
the use of corticosteroids in combination with systemic chemotherapy being the most common thera-
peutical approach.

Despite much effort in the past years, the fundamental question whether LCH is a reactive or neo-
plastic disease has not yet been answered. The presence of immunologically active cells in LCH
lesions and increased cytokine levels has led researchers to suggest that an exaggerated response

of Langerhans cells to an antigen or reaction of LCH cells to abnormal signals from other immune
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cells cause this disease (4). However, the finding of proliferation of LCH cells together with evi-
dence for monoclonal expansion of these cells has renewed the arguments that LCH may indeed be
a neoplasm (5-8). Strong evidence that LCH cells are indeed neoplastic would be the identification
of clonal genetic abnormalities in these cells. However, to date there are only a few studies, mostly
consisting of case-reports or few patients, providing support for the argument that LCH may be a
neoplastic disorder. One feature of neoplastic disease might be the presence of DNA-aneuploidy.
Only a few studies investigating the DNA content of LCH lesions have so far been performed with
conflicting results (9-11). Whereas two studies showed a normal DNA content of the lesional LCH
cells, one study reported a small number of aneuploid cells in LCH lesions. In addition, a few stud-
ies performed chromosome analysis in LCH. Betts et al. reported five cases of confirmed LCH with
cytogenetic abnormalities (12). From one of the cases they detected a t(7;12)(q11.2;p13) in a small
percentage of cells. In this and three other cases non-clonal acquired abnormalities were observed and
in a fifth case, a constitutional paracentric inversion of chromosome 13q was observed. In another
study, Murakami et al. evaluated 7 bone lesions using comparative genomic hybridization (CGH) and
loss of heterozygosity (LOH) analysis and found losses on chromosomes 1p, 5, 6,9, 16, 17 and 22q
and gains on chromosomes 2q, 4q and 12 (ref. 13). In addition, LOH was found on 1p region in 3 of
7 cases and on chromosome 7 in 4 cases. Allelic loss was also detected on chromosome 9 in 2 of 7
cases and on 22q in 1 of 7 cases. However, all these reported abnormalities were non recurrent. More
recently, a study showed that mutational events at tumor suppressor genes resulted in immunogenetic
heterogeneity in SS and MS disease (14), suggesting that the lesional cells of LCH acquire additional
mutations as the disease progresses from being localized to more extensive. Finally, further evidence
for a genetic component in LCH came from a single study who reported a high number of twins and
siblings affected by LCH (15). Taken together, these data suggest that there may be a component of
genetic instability in LCH, as observed in some types of neoplasms and myelodysplastic disorders.

In this study, we performed a comprehensive genetic analysis of LCH biopsies using state-of-the-art
molecular cytogenetic techniques. These included multiparameter DNA flow cytometry for analysis
of the DNA ploidy, conventional karyotyping, arrayCGH and high density SNP microarrays. Array-
CGH is an established high resolution method that studies the whole genome for chromosomal gains
and losses (16). A limitation of arrayCGH is the lack of genotype information, as it does not pro-
vide information about regions of LOH without copy number alteration. Thus, SNP arrays offer the
possibility to analyse LOH and generate accurate copy number simultaneously in a high-resolution
genome-wide manner, thus making it possible to distinguish between LOH regions with underlying
hemizygous deletions and those with copy neutral events (17). This genetic analysis was carried out
on LCH cells sorted from LCH biopsies, in order to enhance the detection level of potential subtle

genome abnormalities masked by the abundant presence of reactive normal inflammatory cells. Us-



ing all these genome screening techniques, no evidence for genomic abnormalities was found in the

LCH cells.

Materials and Methods

Patient material

LCH biopsies were obtained from the Leiden University Medical Center (n= 4), Utrecht Medical
Center (n= 1), Erasmus Medical Center (n= 11) and Academic Medical Center Amsterdam (n= 2; the
Netherlands), the University Hospital Gent (n=4) and Leuven (n= 22; Belgium), the Lund University
Hospital (n=9; Sweden), the Royal Orthopaedic Hospital in Birmingham (n= 1) and Children’s Can-
cer and Leukaemia Group in Leicester (n=9; UK) and the Cooperative Human Tissue Network (n=
9; Ohio, USA). Samples from 72 children with SS (n=41), polyostotic (n= 15) and MS LCH (n= 16)
were used in this study, including bone, skin and lymph node (LN; Table 2). All received a definite
diagnosis of LCH, based on morphology and CD1la and S-100 immunoreactivity. The experiments
were approved by the ethics committee of Leiden University Medical Center, and were in accordance
with national ethical guidelines (Code of Proper Secondary Use of Human Tissue in The Netherlands,

Dutch Federation of Medical Scientific Societies).

Karyotype analysis
G-banded metaphase spreads were obtained from short term cultures from thirty one LCH samples,
according to standard protocols at Lund and Leuven centers. Karyotypes were evaluated according to

the International System of Human Cytogenetic Nomenclature (ISCN) (18,19).

FACS staining of the DNA content of the Lang+ and Lang- cell populations

Dissociation and staining of LCH cells and the remaining cell fraction from paraffin-embedded LCH
biopsies were performed as described previously (20,21). After staining the cells with Langerin an-
tibody (Novocastra, Newcastle, UK) and Alexa Fluor 488 (Invitrogen, Carlsbad, CA) or omission
of primary antibody as negative control, cells were washed with phosphate buffer and 1% albumin
(PBA)/Tween and then incubated with 500ml PBA/Tween containing 10 mM PI (Calbiochem, San
Diego, CA) and 0.1% DNase-free RNase (Sigma, St. Louis, MO). The cells were left at room tem-
perature for 30 min to activate the RNase and stored overnight at 4°C. The samples were analysed the

day after by flow cytometry (FACS Calibur, BD Biosciences, San Jose, California).
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Isolation of CDI1a+ and CDla- cells from frozen biopsies

Frozen LCH 50 mm biopsy sections were fixed for 1 hr at 4°C with 4% paraformaldehyde. Following
mechanical disaggregation, single cell suspensions were stained with a mouse monoclonal CD1a-
APC antibody (BD PharMingen, San Diego, California) for 1hr at 4°C and CD1a+ cells were sorted
with BD FACSAria (BD Biosciences, San Jose, California). Sorted cells from the CDla-positive
(CDlat) and CD1a-negative(CD1a-) fractions were spotted on glass slides, dried and double stained
fluorescently with the mouse anti-CD1a and anti-Langerin monoclonal antibodies, followed by DAPI

counterstaining to confirm the purity of the sorting.

ArrayCGH and FISH confirmation

Genomic DNA of CD1a+ and CD1a- sorted cells was isolated with the Blood and Cell Culture DNA
Mini Kit (Qiagen Benelux b.v., Venlo, The Netherlands) and samples were labelled using a random
prime reaction incorporating Cy3 or CyS5 dye labelled nucleotides for test and reference samples,
respectively. Hybridization was done on array slides containing ~3500 BACs, produced in house at
Leiden University Medical Center (22).

Hybridization and post-hybridization washing steps were performed on a HS400 hybridization sta-

tion and analysis was done as described previously (23).

Agilent 244k Oligo-array

For further high-resolution analysis of gains and losses, oligo arrayCGH was performed using the
Agilent Human Genome CGH Microarray kit 244K (Agilent, Amstelveen, The Netherlands) accord-
ing to the manufacturer’s instructions following protocol 4.0. Data analysis was performed with the

CGH Analytics 3.4 software platform.

1llumina HumanHap300 BeadChips arrays

The samples and HumanHap300 BeadChips were processed according to the Infinium II assay system
manual, Rev. A (Illumina, Inc.) at the Leiden Genome Technology Center (Leiden, The Netherlands)
and Service XS (Leiden, The Netherlands). HumanHap300 BeadChips were scanned using four dif-
ferent Illumina BeadArray Readers, using the FastScan Whole-Genome Genotyping scan setting,
BeadScan 3.2. The intensity from the HumanHap300 Chips was extracted using both the original
and enhanced methods for each sample. The intensity files were imported into Illumina BeadStudio
3.1.0.0, the HumanHap300 (v 1.0) cluster file was applied to the extracted intensity files and geno-
types were called. The analysis was performed by standard settings with Illumina Genome Viewer
3.1.4 software. Using the paired sample editor option, paired sample copy number and LOH differ-

ences were calculated. For LOH and default value, 0.46 Mb was used.



P53 mutation analysis

PCR was performed on P53 exons 5 to 8 in 10 pL reactions using 10 ng DNA, 1 x Amplitaq Buffer
I1, 3 mM MgCl and 0.375 U AmpliTaq Gold DNA polymerase (Applied Biosystems, CA, USA) and
2 pmol M13 tailed primers. The primer sequences are displayed in Table 1 (ref. 24). The PCR was
carried out at an initial denaturation step of 10 min 95 oC subsequently followed by 40 cycles of 5
sec 95 oC , 10 sec 60 oC and 15 sec 72 oC and a final elongation step of 10 minutes at 72 oC. PCR
products were purified using a filter system (Millipore Montage, Millipore, MA, USA). DNA was
eluted in 25 pL sterile water and DNA concentration was measured spectrophotometrically (Nano-
drop). 5-10 ng DNA was sequenced with 6 pmol of M13 forward (tgtaaaacgacggccagt) or reversed
(caggaaacagctatgacc) primer on an ABI 3700 DNA Analyzer using Big Dye Terminator Chemistry
(Applied Biosystems). Sequences were analyzed with Mutation Surveyor TM DNA variant analysis

software (version 2.61 Softgenetics, PA, USA).

Table 1. PCR primer sequences for p53 exons 5 to 8.*

Fragment
Name Forward Reversed
fpTP53_x5 | TGTAAAACGACGGCCAGTTTTCAACTCTGTCTCCTTCCTCTT CAGGAAACAGCTATGACCAGCCCTGTCGTCTCTCCAG

fpTP53_x6 GACGTTGTAAAACGACGGCCAGTAGGCCTCTGATTCCTCACTG CAGGAAACAGCTATGACCATGAGAGACCCCAGTTGCAAACC
fpTP53_x7 GACGTTGTAAAACGACGGCCAGTCTTGGGCCTGTGTTATCTCC CAGGAAACAGCTATGACCATGAGTGTGCAGGGTGGCAAG
fpTP53 x8 GACGTTGTAAAACGACGGCCAGTTGCTTCTCTTTTCCTATCCTGAG CAGGAAACAGCTATGACCATGAGCTTCTTGTCCTGCTTGC

* Based on Tennis ef al. (2006)**

P53 and langerin stainings
Both p53 and Langerin stainings were carried out enzymatically, according to standard procedures.
Mouse monoclonal antibodies to p53 (clone DO-7) and langerin (clone 12D6) were obtained from

Novocastra (Newcastle, UK).

Results

Ploidy analysis reveals a normal DNA content by sorted LCH cells

A multiparameter DNA flow cytometric method was used to study the DNA content of Langerin-
positive (Lang+) and Langerin-negative (Lang-) cell populations dissociated from 20 LCH biopsies
(Figure 1 B right and left panels). These biopsies contained more than 50% of pathologic LCH cells
out of the total number of cells in the lesions (Figure 1 A). This method involved staining single cell

suspensions prepared from the paraffin biopsies with one of the LC markers, Langerin, in combina-
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tion with propidium iodide (PI), which stains the DNA content of cells. In 100% of the SS and MS
bone, LN and skin lesions analysed (20 out of 20), the Lang+ LCH cells were diploid, as were the

Lang- cells, which served as the internal DNA ploidy reference.
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Figure 1. Sorted Lang+ LCH cells display a normal DNA content. Example of an LCH lesion used for FACS-sorting
the LCH cells, typically full with CDla+ round-shaped pathologic Langerhans cells (A). Representative example of
disaggregated LCH cells from a paraffin biopsy stained with Langerin antibody and analysed by FACS (B, right panel).
The specificity of the staining was confirmed using an isotype control (B, left panel). Analysis of the ploidy of both the
Lang+-sorted fraction (B, upper panel) and Lang--sorted fraction (B, lower panel) was carried out by staining the cell
suspension with propidium iodide.

Karyotype data on LCH biopsies/BM cells
In order to detect possible structural or numerical chromosomal abnormalities in LCH biopsies or

bone marrow (BM) cells from LCH patients cultured in suspension, a karyotype analysis was per-
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formed in 31 LCH patients. The analysis on these LCH patients, which included 7 patients with MS
involvement, 7 patients with polyostotic disease and 17 patients with SS involvement or monostotic
disease, revealed that the karyotype was, at the resolution of conventional banding, normal, i.e.,
46,XX or 46,XY. Thus, no balanced genomic rearrangements were detected in LCH.

BAC array analysis of DNA from LCH sorted cells

As ploidy analysis does not reveal all possible chromosomal abnormalities that could be present in
LCH cells, the use of high resolution arrayCGH was applied to the DNA of CDla+ and CD1a- cells
FACS-sorted from four LCH biopsies (3 monostotic lesions, 1 polyostotic lesion; patients 52 to 55,
Table 2). A ~3500 BAC arrayCGH was performed in order to detect genomic copy number variation
in both CD1a+ and CDl1a- cell fractions. In all 4 of the LCH biopsies analysed, except known poly-
morphic region specific changes, no BAC clones showed altered copy number in either the CD1a+

cell fraction or the CD1a- cell fraction.

Higher resolution oligo arrayCGH confirms the absence of any genetic alterations in LCH biopsies

In order to detect possible alterations below the resolution of a BAC arrayCGH approach, a 244K
Agilent arrayCGH was performed on CDla+ and CDla- flow-sorted cells from one LCH biopsy
(patient 55, Table 2). The advantage of this array is having approximately 80x higher resolution than
the BAC arrayCGH. In keeping with the previous findings, even at this high resolution, no DNA copy

number alterations in the CD1a+ or CD1a- cell fractions were observed.

SNP-LOH analysis

From 16 patients with SS LCH (n=10), polyostotic LCH (n=2), and MS LCH (n=4), 30 DNA sam-
ples isolated from the CD1a+ and CD1a- cell fractions were analysed for allelic imbalance and copy
number alterations using the Illumina’s HumanHap300 BeadChips. In 2 patients only the CDla+
cell fraction was analysed. Both copy number alteration and allele frequency readout were used in
this test. The overall pattern of hybridisation of the 16 LCH samples showed that there was no copy
number alteration in any of the cases. In several samples, small (less than 1Mb) non-recurrent, ho-
mozygosity regions were detected. Allele frequency read-out showed no alterations between the flow
sorted normal and lesional samples indicating that these alterations were constitutional in all 16 cases.
In one case however (patient 56, Table 2), multiple extended (more than 1Mb containing at least 75
SNPs), LOH pattern was observed involving 15 regions of 10 chromosomes, in a total of 80.194 Mb
(Table 3). Intriguingly, the same homozygosity pattern was observed in the sorted normal cell frac-
tion (CD1a- cells) proving that these alterations were not LC-related but constitutional (Figures 2 A
and B).
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Table 3. Overview of detected homozygous regions of case 56 using Homozygosity Detector 1.0.3 (Illumina).

Chromosome Start End Size Chi square
2p 62.611 64.279 1.668 56.01
3p 33.623 23.652 1.029 60.91
3p 79.160 80.509 1.348 51.045
4q 64.795 66.157 1.362 69.389
4q 151.074 152.485 1.411 51.602
6p 27.823 32.298 4.474 456.570
6q 65.886 91.905 26.019 1518.12
6q 94.065 95.173 1.108 63.113
7q 116.627 120.055 3.428 139.280
10q 54.242 61.513 7.270 424.085
12q 89.243 90.287 1.043 48.636
14q 21.409 42.258 20.848 1346.530
17q 57.812 64.943 7.131 386.185
20p 22.724 23.733 1.008 70.034
20q 36.804 37.851 1.047 49.268

P53 mutation analysis of CDIa+ and CDla- cell fractions from LCH biopsies

The finding of lack of genetic alterations using the techniques described above led us to readdress
previous reports of high expression of p53 protein by LCH cells, a feature often associated with ge-
netic alterations. Thus, DNA sequencing on sorted CD1a+ and CD1a- cell populations from 7 LCH
biopsies (patients 52 and 55 to 60, Table 2) was performed on P53 exons 5 to 8. The complete coding
sequence from these exons was analyzed including at least 5 bp up- and downstream of the intron

exon boundaries. No insertions, deletions or other protein changing mutations were observed.

P53 staining of LCH biopsies
In order to confirm that p53 protein is indeed expressed by the LCH cells in LCH lesions, we per-
formed p53 staining analysis in LCH lesions. Despite the lack of mutations in exons 5 to 8 of the p53

gene, p53 protein is highly expressed by these cells in LCH lesions (Figure 3).
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Figure 2. Lack of copy number and allele frequency alterations between normal and LCH cells. In a single case several
homozygosity regions were detected both in the CD1a+ and CD1a- sorted cells from a multisystem LCH lesion (patient
56 in Table 1). Examples of homozygosities on chromosomes 6p and q (A) and 17q (B). Homozygosity regions indicated
by the lack of A/B allele frequencies (bottom panels, between bars). Log R ratio (copy number alteration) was normal.
Centromere indicated by red colour on the ideogram.
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Figure 3. Expression of p53 pro-
tein in LCH lesions. Representa-
tive LCH lesion from patient 55
stained for the p53 protein (dark
brown) in LCH cells and nega-
tive staining in non-LCH cells
indicated by the nuclear hae-
matoxylin counterstaining. The
insert picture shows a strong nu-
clear staining pattern for the p53
protein.

Discussion

The origin of LCH is still a matter of debate. To date, several studies have attempted to show that the
aetiology of LCH could be due to cytogenetic abnormalities. However, these past studies were limited
not only by the small number of LCH biopsies studied but also by the fact that the characterisation
of genetic aberrations in such lesions is impaired by contaminating normal cells. In contrast, in the
current study, the CDla+ LCH cells were first isolated by flow cytometric sorting which allowed
analysis of not only the DNA content of these cells but also subsequent high-resolution methods
such as arrayCGH and SNP array to study potential genome-wide alterations. The results from all
these techniques showed no genomic abnormalities by the CD1a+ pathologic LCH cells from pa-
tients with SS and MS involvement. In addition to the DNA content of the LCH cells being normal,
genome-wide copy number and genotype analysis of the sorted CD1a+ cells from 19 LCH biopsies
by arrayCGH and SNP array showed no genetic alterations. From one of the LCH patients studied,
several (15 regions of 10 different chromosomes) homozygous regions more than 1 Mb in size were
detected by SNP array involving approximately 80 Mb in total from the genome. However, this was
observed in the DNA from both the CD1a+ and CD1a- fractions showing that these alterations were
not disease-specific but rather the profile of the patient’s constitutional DNA. Such genomic regions
of homozygosity have been observed in children with parental consanguinity (25) but we were unable

to confirm this for this patient.



The finding of normal diploid LCH cells from 20 LCH lesions in this study was in keeping with three
previous studies that, although not gating for LCH cells, in general found a normal DNA content from
the lesional cells of LCH biopsies by flow cytometry9-11. Furthermore, by analysing the karyotype
data we showed that LCH cells have a normal karyotype in all patients studied. This is in contrast to
the finding of Betts et al. who described the existence of an abnormal clone of cells with an unbal-
anced translocation in 1 out of 5 LCH lesions analysed12. However, the literature available on LCH
case-reports is in general biased towards reporting results with positive findings, often from small
studies with few cases with alterations. In addition, the described alterations are not recurrent.

A striking feature in LCH, that could be associated with genetic alterations, is the reported high
expression of the p53 protein in LCH lesions. The p53 protein is normally expressed at low levels
under unperturbed conditions. However, the p53 pathway is activated by cellular stress that alters the
normal cell-cycle progression and can induce mutations of the genome leading to the transformation
of a normal cell into a cancerous cell. In light of our finding of no genetic alterations by LCH cells
we wanted to confirm that the over-expression of p53 was not due to mutations in the p53 gene, but
to a physiological response that causes a blockade in the cell-cycle and thus accumulation of the p53
protein. By screening for mutations in exons 5 to 8 of the p53 gene and sequencing no mutations
could be detected in pathologic CD1a+ LCH cells confirming the results from a previous study which
also reported lack of mutations in the p53 gene in LCH lesions (26). This discrepancy between p53
expression and absence of genetic mutation in its gene has been reported before in EBV infections,
where EBV-induced p53 expression in the course of immunoblast transformation was associated with
normal cell cycle progression, instead of with apoptosis (27). Thus, a possibility is that LCH could
be caused by environmental factors (i.e. infection, more specifically viral infection) and the normal
genome or lack of alterations in a large panel of LCH biopsies would be in line with this.

In a previous study we observed differential expression of telomerase in different lesional sites and
forms of LCH20. Although, according to a recent report there is no evidence for telomere lengthening
in LCH in any stages of the disease (28). Regardless of telomerase function, like is the case for p53,
there seems to be no genetic basis for the observed telomerase upregulation. However, the expression
of telomerase is not exclusively related to the neoplastic process and different signals for activation of
telomerase are known to exist such as immune stimulation (29). Furthermore, epigenetic mechanisms
are known to be responsible for the diverse expression status of telomerase that is manifested in a tis-
sue and cell-type-dependent manner (30).

Whereas previous reports have always focused on a specific molecular technique and were done in the
lesion as a whole, this study used conventional karyotype analysis, arrayCGH, genome-wide SNP-
array, and p53 mutation analysis on lesional CD1a+ sorted cells. All of these different approaches

for studying a possible genetic basis for LCH did not reveal any evidence of genomic abnormalities,
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even in patients with MS involvement. However, we cannot exclude the possibility that other genetic
defects could still underlie this disease. These alterations include cryptic (below the resolution of
conventional karyotyping) balanced genomic rearrangements and point mutations. Due to the lack of
genomic abnormalities in our LCH patient cohort it remains intriguing that a single study reported
familial cases, such as twin pairs and siblings affected with LCH. To date there have been no reports
analysing these familial cases at the genetic level and we were unable to obtain any DNA from these
reported cases. It is tempting to speculate here that epigenetic events may play an important role in
LCH, which may explain the phenomenon of spontaneous regression seen in some cases of LCH as
well as the familial cases, as epigenetic imprinting is a heritable factor.

In conclusion, although a comprehensive panel of genetic techniques was used in this study none has
revealed genomic abnormalities in the SS and MS LCH. Obviously we cannot exclude the possibil-
ity that cryptic mutations may still underlie the cause of LCH. Nevertheless, these and other findings
from literature suggest that LCH results from an immune dysregulation. Indeed, a recent study im-
plicates IL-17 dysregulation in LCH (31). These findings appear to be in keeping with other diseases
such as systemic lupus erythematosus and rheumatoid arthritis, which involve immune dysregulation
and where no genetic abnormality is implicated. It remains to be investigated whether epigenetic fac-

tors or e.g. immune abnormalities can trigger LCH.
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General discussion

Is LCH a reactive or neoplastic disease?

Since its first description as histiocytosis X in 1953, the etiology of LCH remains to be clarified.
LCH is commonly labelled as an orphan disorder, as its incidence in children is 2-5 per million per
year peaking at 1-4 years (1, 2). LCH may be considered as a heterogeneous disorder, in which the
clinical outcome depends on the presenting disease entity. Many patients die, especially younger pa-
tients presenting with the disseminated form of LCH (3). This form of LCH appears to reflect a more
malignant phenotype. On the other hand, patients suffering from localized LCH often show a sudden
recovery (4), which is more in keeping with a reactive type of disorder. In addition, LCH biology is
complex: the lesions are composed of pathologic Langerhans cells (LCH cells) which, in the majority
of the cases, appear in high numbers as a cluster, surrounded by T lymphocytes, eosinophils and other
cell types (5). So, the question arises whether these lesions represent a typical granuloma, resulting
from a frustrated reaction to an external trigger (e.g., a pathogen) or are the lesions a consequence of
a genetic defect of the LCH cells, which in turn trigger the large immunological response observed
locally? Arguments supporting or disproving the various theories behind the pathogenesis will be

discussed in the next sections.

1. Maturation block of LCH cells.

A definite finding in LCH is that the Langerhans cells (LCs) in LCH lesions have an aberrant behav-
iour. Whatever the initial trigger is, either a genetic defect or a pathogen, these cells are unable to
become fully activated. This is, for example, illustrated by their inability to switch the expression of
the chemokine receptor CCR6, typically expressed by immature DCs, to the mature DC chemokine
receptor, CCR7 (chapter 3). In fact, LCH cells are hardly ever found in the lymph nodes that drain
the lesional sites, which suggest that these cells do not migrate. In contrast to this finding, Fleming
et al. reported that LCH cells expressed CCR6 and CCR7 simultaneously in all cases analysed (6).
However, their technique involved using single stainings for each of the markers (CD1a, CCR6 and
CCR7), whereas we used triple immunofluorescence stainings in our study. In addition, upon swap-
ping biopsies for confirmation using our pattern of stainings, we found the CD1a cells in all of their
cases to be CCR7 negative. Under normal circumstances, upon contact with antigens or in the context
of inflammation, LCs will take up and process the antigen and migrate to the draining lymph nodes
at an accelerated rate, where they can present the antigen to the immune system for an appropri-

ate response. LCs migrate specifically into T cell areas of draining lymph nodes where they secrete
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chemokines that permit the attraction of naive T cells and induce the proliferation and differentiation
of antigen-specific T cells (7). These processes are accompanied by a downregulation of CCR6 and
upregulation of CCR7 (8, 9). This normal function of LCs is a complex cascade of events involving
antigen recognition, uptake, degradation, migration, cellular activation, contact, signalling, and dif-
ferentiation. For unknown reasons LCH cells in contrast to normal LCs do not loose their expression
of CCR6 and do not up-regulate CCR7 after antigen uptake despite the presence of inflammatory
cytokines in LCH lesions, such as TNF-a (10-12). The expression of CCR6 is thus likely responsible
for the retention of LCH cells in their peripheral tissue sites, subsequent accumulation and likely
even survival (figure 1). In addition, CCR6 was also found on the surface of CD4+ T cells in LCH
lesions, which implies that CCL20 is also responsible for the attraction of T cells to the lesions (figure
1). Finally, chemokines such as CCL5 and CXCL11 were present in LCH lesions (chapter 3) and are
thus likely responsible for the recruitment of other inflammatory cells present in the lesions (figure
1). Interestingly, in pulmonary LCH we have found a differential expression of CCR6 in the lesions.
However, a similar finding of lack of CCR7 expression in these lesions was observed as well (chap-
ter 4). This is intriguing as it has been reported that LCH cells in pulmonary LCH lesions display a
more mature phenotype (13), which is thus not in keeping with the absence of CCR7 expression. Al-
though important for the ability of the host to control infections, it has been reported that chemokines
are implicated in the pathogenesis of many human diseases. These include asthma, atherosclerosis,
rheumatoid arthritis or multiple sclerosis, where inflammatory cells are recruited into tissue sites by
the chemokine/chemokine receptor interaction, causing an inflammatory infiltrate, which results in
tissue damage (14-16). Therefore, it has been suggested that chemokines and their receptors could be
used as therapeutic targets for controlling pathologic inflammations. Such an approach may also be
applied to LCH, where targeting the chemokine/chemokine receptor interaction may help break up

the lesion.

2. Is LCH reflecting an intrinsic tumorigenic process?

What is then inducing the formation of such an aberrant LC? For a long time the question has re-
mained whether LCH could be the result of a specific genetic defect of LCH cells. In fact, a number
of studies have shown evidence that LCH cells are monoclonal in all forms of LCH except for pul-
monary LCH, where LCH cells are polyclonal and occasional dominant clones may emerge (17-19).
Thus, could LCH be a neoplastic disorder, arising from somatic mutations, which affect cell biology
leading to the clonal expansion of LCs or their precursors in the bone marrow and other organs?
An indication that there are abnormalities in cells is the disruption of a limited number of cellular
regulatory pathways. In LCH there is an up-regulation of the anti-apoptotic protein bcl-2 (20, 21).

There is also a relatively high expression of the proliferation marker Ki-67 (21-23). However, it is



important to note that the clonal proliferation of rare progenitor cells resident in or attracted to lesions
in response to cytokines may produce a “nonneoplastic” clonal proliferation of histiocytes. “Clonal-
ity”, therefore, does not necessarily indicate a malignant process: clonal cells have been detected in
several disorders that are not malignant (24, 25). In addition, there are no studies in LCH showing
that LCH cells obtained from different sites in the case of multisystem (MS) LCH are derived from a
single clone. However, the evidence for survival and proliferation of LCH cells led us to investigate
the possible presence of telomerase in these cells (chapter 6). Telomerase activation has been shown
to be an almost universal property of malignant tumors, indicating immortality better than either the
alterations of telomere length or the actual presence of telomerase RNA (26-28). In addition, although
telomerase activity is detectable in germline cells as well, it is shown to be absent in most normal
somatic tissues where its reappearance is associated with the development of malignancy (26, 29).
Finally, the expression of this enzyme has been reported to correlate with cell proliferation in many
different types of cells (30, 31). We found consistent presence of telomerase in all single system (SS)
skin LCH lesions as well as all lesional sites from MS cases. In these cases, we also found evidence
for functional activity of this enzyme. However, in the majority of SS bone lesions LCH cells did
not show any expression of telomerase. This difference of telomerase expression in different forms
of LCH may reflect the diverse clinical presentation observed in LCH as mentioned earlier in this
chapter. In fact, many of the patients with SS bone LCH require minimal treatment or the lesions
resolve spontaneously (4). In contrast, in cases of MS disease with organ failure mortality may be as
high as 20% irrespective of treatment (3). As for cases of MS LCH without organ failure, the disease
runs a fluctuating course and may eventually “burn out”, often leaving serious residual disabilities.
Again, this observation supports the view that LCH may be sub-divided into different categories.
On the other hand, a recent study from Bechan ef al. (32) showed, by using immunofluorescence
in combination with fluorescence in situ hybridisation, that LCH cells display a significant telomere
shortening in all stages of disease involvement. This was compared to LCs from reactive lymph nodes
or unaffected skin, which displayed longer telomeres. This discrepancy may reflect the differences in
sensitivity of the techniques used to assess the telomere length of the cells. Interestingly, a report from
Ping et al. (33) showed evidence that telomerase activity is largely increased during the differentia-
tion and maturation process of DCs. Thus, it is possible as observed from our results that SS bone
LCH is either likely a reactive disease or the reflection of a disease where LCs are more immature,
since LCH cells are telomerase negative and the SS skin and MS LCH likely represent a malignant
disease or an indication that the LCs here are more mature. This is in keeping with the findings from
a study where they looked at the phenotype of LCH cells in SS bone, skin and lymph node LCH. In
this study, LCH cells from bone lesions had both immature phenotype and function, whereas LCH

cells from cutaneous LCH had a more mature phenotype (34).
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3. No evidence for genetic defects in LCH cells.

Could LCH be the result of a series of genetic and cellular events that may govern the formation of
most types of human cancers? In addition to clonality and survival, other arguments strengthening
this hypothesis are the reported familial cases as well as the higher than expected incidence of ma-
lignancies in LCH patients (35-37). It is known that increased mutability is essential for the develop-
ment of many types of human cancers (38). Such increased mutability is acquired when the genes and
proteins that ordinarily protect the genome by detecting and repairing damage in chromosomal DNA
are inactivated. In addition, the cellular mechanisms (particularly apoptosis) that usually eliminate
cells with damaged DNA are often compromised in tumor cells; the result is the survival of a mutant
cell and the possible outgrowth of a large population of its similarly mutated descendants (39). Thus,
in order to provide strong evidence that LCH could be a malignant disease the finding of consistent
genetic abnormalities was crucial. We carried out a comprehensive study using state-of-the-art mo-
lecular techniques to investigate whether LCH cells were pathological due to genomic abnormalities
(chapter 7). Thus far, a few reports have showed with limited molecular techniques that LCH cells
contain genetic losses and gains (40-42), but these findings have never been studied in depth and they
present inconsistencies. However, we found neither copy number nor copy neutral alterations both
in LCH lesions from patients with single system involvement and multisystem disease. In addition,
the karyotype of 31 single system and multisystem LCH patients was normal. Of course we cannot
exclude the possibility that LCH could still be the result of a point mutation. Neither can we overlook
that, despite the lack of consistent evidence for genetic alterations, LCH cells display several phe-
notypic changes that appear to distinguish them from normal counterparts. Furthermore, there is an
unexpectedly high association between LCH and the occurrence of malignancy in patients (37). One
group consists of patients in whom LCH appears concomitantly with the malignancy and resolves
with effective treatment of the malignancy. These patients provide support for the concept that LCH
may be the consequence of a reactive process in response to a foreign or abnormal antigen. A second
group of patients are those who developed a malignancy, frequently a leukaemia, after treatment
for LCH. These may be therapy-associated malignancies. A third group consists of patients who
developed LCH long after the diagnosis of a malignancy, suggesting a possible biologic or genetic
link between the two processes. In fact, a case report from a patient who developed LCH after T cell
acute lymphoblastic leukaemia showed that LCH cells and the precursor T-lymphoblastic leukaemia/
lymphoma cells had identical rearrangements of the gene for T cell receptor g, confirming a clonal
relation between the two diseases (43). This case resembles another case where, in a patient who de-
veloped histiocytic sarcoma while on maintenance chemotherapy for acute lymphoblastic leukaemia,
the original leukaemia blasts and the subsequent histiocytic-sarcoma cells showed identical gene re-

arrangements, confirming a clonal origin (44). Thus, it would still be of interest to look at the genetics



of LCH lesions associated to malignancies, such as leukaemias, lymphomas and Hodgkin’s disease,
specifically using the array platforms CGH and SNPs carried out by us in chapter 7. The aim would
be to investigate whether LCH cells in these cases share common mutations with the malignancy to
which the LCH lesions are associated. However, this high incidence of malignancies in LCH patients
may be the consequence of impaired immunity secondary to the nature of LCH (LC dysfunction)
or to the immunosuppressive/anti-inflammatory treatment. Thus, this is not a strong argument for a
malignant origin of LCH itself. Furthermore, the fact that no permanent in vitro LC cell line has been
successfully established, neither have xenografts been successfully transplanted to nude or SCID

mice or monkeys, supplies more support for LCH being non-neoplastic.
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Figure 1. Overview of the immunological events occurring in Langerhans cell histiocytosis lesions, based on the findings
described in this thesis.
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4. No evidence for infections triggering the onset of LCH.

A question that we pose is whether LCH could reflect a misbalance of pro-inflammatory and anti-in-
flammatory signals upon exposure to an external trigger leading to chronic inflammation. A number
of studies have actually investigated whether LCH could be triggered by an abnormal response to a
pathogen, especially to viruses, causing the enhanced immunological reaction typical of the lesions
which are composed of many immune cell types (45-47). Thus, a specific virus could be responsi-
ble for the activation of histiocytes but also for the impairment of immune regulation of subsequent
histiocytic proliferation. However, despite much postulation of viral aetiology, this has never been
substantiated. No positive results were obtained when probes were used against viral DNAs, such as
human T cell viruses type L, II, and III (human immunodeficiency virus), adenovirus, cytomegalovi-
rus, Epstein-Barr virus, parvovirus, herpes simplex virus, and human herpesvirus type 6 (45, 46). In
contrast to these findings, Glotzbecker et al. (48) found immunohistochemical evidence for HHV-6 in
71% of LCH biopsies. However, there was no serologic indication that showed that a recent infection
had occurred. In addition, the prevalence of HHV-6 in the tissue of LCH patients is the same as that
found in the tissue of healthy individuals. Although no clear viral trigger has been detected to date,
this does not exclude the involvement of other microbial agents in disease development. Indeed, the
phenotype of the LCs present in LCH lesions resembles that of normal activated dendritic cells (DCs)
that have encountered bacterial products (49). Following this line of thought, we ourselves have
looked at the expression of toll-like receptors (TLRs) 1 through 9 by the LCH cells, with the goal of
finding a consistent pattern of upregulation that could indicate the recognition of a microbial prod-
uct. However, the results from this study showed that LCH cells display a pattern of TLR expression
similar to that of normal LCs (data not published). Thus, it is unlikely that a specific bacterial or viral
protein recognized by TLRs play a role in the triggering process of LCH.

Despite the lack of evidence for a role of microorganisms in the aetiology of LCH, there are several
characteristics of LCH lesions that are suggestive of a reactive condition. These include the granu-
lomatous character of these lesions, resembling diseases such as tuberculosis, sarcoidosis or Crohn’s
disease (50-52). Another feature typical of a reactive condition is the occurrence of spontaneous clini-
cal regressions of most bone lesions, the consistently favourable outcome of the restricted forms and

the frequent recovery in disseminated forms of LCH.

5. LCH: an immune dysregulation.

The fact that the cells present in the different LCH lesions are typical of an innate immune response
strengthens the theory that LCH may be caused by an immune dysregulation. The absence of plasma
cells, the relative scarceness of T cells in LCH lesions and the limited involvement of lymph node

draining sites of LCH where no LCH cells are found, represent unusual features for a condition



characterised by chronicity. This apparently self-sustaining cellular response may indicate either the
local persistence of some initiating agent(s) or, possibly, an inability of the innate immune response
to switch to a more effective adaptive immune response. One possible cause for such a block could
be an inhibitory action of some of the molecules released in the “cytokine storm” that accompanies
LCH. Tobacco, so frequently associated with pulmonary LCH, might act by this mechanism. Ciga-
rette smoke contains tobacco glycoprotein, which is an immunostimulant that induces lymphocyte
differentiation and lymphokine production (53). Interestingly, lymphocytes obtained from patients
with pulmonary LCH respond abnormally to tobacco glycoprotein (54). This abnormal response by
the lymphocytes in LCH together with the fact that cigarette smoke also causes an increased number
of LCs in the bronchoalveolar lavage fluid of smokers may explain the LC accumulation in pulmo-
nary LCH as a reaction to cigarette smoke (55, 56).

The pathogenesis of granulomas in general is known to be influenced by the milieu in which the cells
are found. The lesional microenvironment in LCH is characterised by the presence of many pro-in-
flammatory cytokines, as already mentioned. In a recent report by Coury et al. (57), it is described
that LCH cells express the pro-inflammatory cytokine IL-17. In this study, it is shown that IL.-17 has
a direct effect on monocytes resulting in multinucleated giant cells (MGCs) formation. IFN-y, when
added together with IL-17, also has a role in this process as it was shown that it leads to an increase in
the MGC:s size. Previous studies have shown that IL-17 is normally expressed by T cells, has a role in
the development and maintenance of several auto-immune inflammatory conditions, and is implicat-
ed in the defence against bacterial infections (58-60). However, as already mentioned, thus far there
is no evidence for infections triggering the onset of LCH. Another role of IL-17 described in literature
is its involvement in osteoclastogenesis by inducing the secretion of RANKL by osteoblasts (61, 62).
In fact, RANKL is present in LCH lesions (chapter 5; figure 1). These findings fit very nicely with
the observed IL-23 expression in LCH lesions (data not published; figure 1), which is also known to
induce RANKL expression (63). Together with M-CSF (also expressed in these lesions, chapter 5),
expression of RANKL may help explain the presence of osteoclast-like MGCs in LCH lesions. Thus,
LCH cells, besides directly participating in the granulomatous response typical of LCH lesions by
abnormally synthesizing IL-17, may also have a direct effect on monocytes or LCH cells themselves
resulting in their fusion and generating the MGCs typically observed in LCH lesions (figure 1). IFN-
v, which is also present in LCH lesions, potentiates this IL-17-dependent pathway for DC fusion by
increasing the size of MGCs and leading them to express tissue-destructive enzymes (57). In fact,
the observed presence of matrix-degrading enzymes in the osteoclast-like MGCs of LCH lesions
suggests a destructive role of the tissue by these cells (figure 1). Therefore, the cytokine production
in LCH is clearly an important element in the progression of the disease. In addition, besides the in-

volvement in osteoclastogenesis, RANKL is known to induce regulatory T cells (Tregs) via activation
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of DCs (64). Interestingly, Senechal et al. (65) recently suggested that LCs in LCH lesions are also
abnormal as they seem to induce the accumulation of Tregs within the granuloma. We have performed
double immunofluorescent staining for Treg markers and shown that indeed these cells are present in
high numbers in LCH lesions (data not published; figure 1). However, despite the presence of Tregs
in LCH lesions, the inflammatory process is not controlled and is instead amplified. Since Tregs usu-
ally control T cells, it is likely that inflammation in LCH is not driven by T cells but rather by LCH
cells. Moreover, instead of proliferation being the driving force behind the development of LCH, it is
the accumulation of the pathological LCs that leads to the abnormal immune response seen in LCH
(figure 1). The accumulation of LCs in LCH and the release of abundant inflammatory molecules can
be in fact regarded as a reactive and compensatory phenomenon aimed at overcoming the patient’s

inability of the adaptive immune response to downregulate innate immunity.

6. Future directions.

Based on the assumption that LCH may be the result of an immune dysregulation by exclusion of
both genetic defects and microbial triggers, it is of importance to further delineate the pathogenesis
of LCH by investigating the immunological mechanisms behind this disease. Thus, it is essential to
study the expression of chemokines, since LCH cells were already proven to have a dysregulated
pattern of expression level of chemokine receptors which does not allow them to migrate out of the
lesional sites to the lymph nodes. It is then possible that additional chemokine receptors are also in-
volved in keeping LCH cells in the different lesional sites. In fact, a study has showed that the chem-
okine CXCL14/BRAK controls the epidermal recruitment of monocyte dendritic precursors, which
enables their in situ differentiation into functional LC-like cells under steady-state conditions (66).
Likewise, CCL2/MCP-1 has also been shown to recruit DCs and LCs to the skin (67). It is possible
that an aberrant expression of chemokines such as CXCL14 and/or CCL2 is causing LC-committed
monocytes to be abnormally retained in other sites than skin. Along this line of thought, it is of inter-
est to compare the chemokine ligand and receptor expression pattern analysis in pulmonary LCH,
as this is a prototype of a reactive form of LCH. There are now research-friendly chemokine array
platforms available that allow the analysis of chemokine receptor/ligand gene expression profiles and
are suited to use for this purpose.

As mentioned earlier in this chapter, it is still essential to look at the genetics of LCH lesions associ-
ated to malignancies, such as leukaemias, lymphomas and Hodgkin’s disease, particularly to LCH
lesions developed after the onset of a malignancy. To date our results from LCH lesions without
clinical history of having an associated malignancy have revealed no genomic abnormalities in the
DNA of sorted lesional LCH cells. Thus, it would be interesting to investigate whether LCH cells in

cases associated with malignancies share common mutations with the malignancy to which the LCH



lesions are associated.

Another area of interest is to compare the cell subsets present in the blood as well as in the lesional tis-
sue site of LCH patients. There is evidence that the peripheral blood of treated LCH patients contains
decreased levels of (CD4+ CD25 high) Tregs, NK cells and monocytes compared to healthy controls
and is deficient in both plasmacytoid and conventional/myeloid DC populations (personal communi-
cation, Christine Delprat). Thus, it is crucial to investigate the presence of these cells both in the blood
and in the lesional tissue sites of LCH patients as well. If the decreased levels or deficiency of these
cells in the blood of LCH patients are confirmed, this may be a consequence of cell recruitments due
to the aberrant chemoattractant expression to LCH lesions, which exhaust the blood compartment.
This may reveal that an impairment of haematopoiesis or recruitment of the cells to the LCH lesions
is occurring.

The work produced for this thesis along with other published studies strongly suggests that LCH
could be the result of an immune dysregulation, where a prolonged inflammatory signalling co-exists
with defects in anti-inflammatory mechanisms, which lead to the chronic inflammation and benefit
the accumulation of LCH cells. It is thus likely that future research in LCH pathogenesis will take

some of its leads from other inflammatory disease research.
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Summary

The main goal of this thesis was to gain insight into the immunological and genetic aspects of LCH.
We set out to address several previously unanswered questions in LCH, namely, why are the lesional
CDla+ LCs in LCH aberrantly present in many body sites; what is the origin — whether via recruit-
ment or in situ formation — of the many cells characteristic of the lesion composition and finally, the
ultimate question of what is the cause behind this disease, a reactive trigger or a neoplastic defect.
LCH is characterised by an abnormal accumulation and proliferation of lesional CD1a+ LCH cells
in many sites in the body. The unusual retention of these lesional LCs in tissue sites other than skin
prompted us to investigate, in chapter 3, the expression of chemokine ligands and receptors that play
an important role in the migration and functioning of DCs in general. The finding of expression of
CCR6 and the absence of CCR7 on the lesional CD1a+ LCH cells confirms that these cells are indeed
in an immature state, as CCR6 is typically expressed by immature DCs and, in contrast, CCR7 is
indicative of DC maturation, guiding DCs to lymphoid organs by responding to CCR7 agonists. The
lack of CCR7 by the lesional CDla+ cells prevents them from leaving their peripheral tissue sites
and results in their accumulation. It is also demonstrated that the lesional CD1a+ cells are the likely
source of up-regulated CCL20/MIP-3a, ligand for CCR6, as well as of other inflammatory chemok-
ines, such as CCL5/RANTES and CXCL11/I-TAC. This finding may explain the recruitment of other
inflammatory cell types characteristic of LCH lesions. The results of this study showed that CD1a+
lesional cells are consistently positive for CCR6 and its corresponding ligand CCL20 and the differ-
ent lesional sites express the same profile of inflammatory chemokines studied. In chapter 4 we set
out to analyse the expression of CCR6 and CCR7 in pulmonary LCH lesions. We found a differential
expression of CCR6 by the LCH cells, ranging from 100% CCR6+ CD1a LCH cells, to 50% CCR6+
CD1la LCH cells, to no CCR6+ CDla LCH cells. Interestingly, no CCR7 was present in the CCR6-
CDla LCH cells, despite previous reports describing the expression of typical cell activation markers
by these cells in pulmonary LCH lesions.

Chapter 5 focuses on understanding the role of multinucleated giant cells (MGCs) in LCH lesions.
Due to the characteristic osteolysis of bone lesions and fibrosis in other LCH lesional sites, these cells
were investigated for the presence of characteristic osteoclast markers. The finding that the MGCs
in LCH lesions express osteoclastic phenotypic markers, such as TRAP, VNR and CD68, as well as
osteoclast-secreting enzymes, such as Cathepsin K (CatK) and MMP-9 confirms that these cells are
indeed osteoclast-like MGCs. The presence of these osteoclast-like giant cells in LCH bone lesions is
not that unusual as this is the normal tissue site for osteoclasts which, through their resorbing activ-
ity, help to maintain the normal homeostasis of the bone. However, even in the ostotic lesions, these

osteoclast-like cells are present in relatively high numbers than in normal bone and appeared to be



“floating” within the cellular infiltrate, whereas normally close contact with bone would be expected.
In contrast, the finding of osteoclast-like cells in non-ostotic LCH sites raises the question of their
origin. Thus, by looking at the expression of specific cellular markers, such as CD68 for macrophages
and CD1a for LCs, we found that in all bone lesions MGCs seem to be normal, as the CatK+ osteo-
clast-like cells co-expressed the macrophage marker CD68 and not CD1a. However in a number of
skin and lymph node lesions that contained osteoclast-like cells, these MGCs expressed both CD68
and CD1a. Thus, it is likely that the lesional environment in these unusual sites induces the local for-
mation of the osteoclast-like MGCs derived from a different origin, such as the CD1a+ cells. Further
evidence to support this came with the finding that RANKL, a cytokine involved in osteoclast induc-
tion was found in the majority of LCH lesions, expressed by the lesional CD1a+ cells and T cells.
The interaction of RANKL with its receptor, RANK, is a key feature of osteoclast differentiation and
thus we looked for the presence of the receptor as well. RANK was present on CD68+ and CD1la+
cells, and the lesions that showed expression of RANKL were also positive for this receptor. M-CSF,
another cytokine involved in osteoclast differentiation normally produced by osteoblasts and stromal
cells, was expressed by MGCs and strikingly also by the CD1a cells in most LCH lesions. This study
provided support for the hypothesis that the excessive bony destruction found in LCH is likely medi-
ated by osteoclast-like giant cells. These cells are thus a potential target in LCH lesions, with the use
of bisphosphonates being the most adequate therapeutic approach.

In chapter 6, based on the proliferation and non-apoptotic character of LCH cells, the potential pres-
ence of a telomere maintenance mechanism in these cells was investigated. If such a telomere main-
tenance mechanism were to be found active in LCH cells this would provide stronger evidence that
LCH could be a neoplasm, as telomerase expression, one of the most common telomere maintenance
mechanisms, is strongly associated to cancers. Thus, this study showed that the lesional CD1a+ cells
express telomerase in all SS skin LCH lesions, in contrast to SS bone lesions, in which the majority
of the lesions contained LCH cells negative for telomerase. Furthermore, lesional CD1a+ cells from
MS patients always expressed telomerase, regardless of the tissue site. More evidence for telomerase
activity in LCH came from the use of the TRAP assay, where evidence for telomerase activity was
found in lesions reported to contain LCH cells that expressed telomerase. In addition, the telomere
length of a MS LCH lesion was long and homogeneous, in contrast to three other single system LCH
lesions which displayed a much shorter telomere length. This difference of telomere length and tel-
omerase expression in the different lesional sites and forms of the disease may reflect the broad clini-
cal spectrum of LCH. This study showed for the first time that there is a clear difference between SS
skin and bone LCH lesions and SS versus MS disease, based on the expression of telomerase.

To date it has remained unknown whether the abnormal behaviour displayed by LCH cells was due to

defects at the genetic level. Thus, in chapter 7 a comprehensive study using several state-of-the-art
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molecular techniques was performed to address this. LCH cells were isolated from LCH paraffin and
frozen biopsies using methodology developed by us and others. The20

evidence against a genetic basis for LCH.

Finally in chapter 8 the findings of this thesis and their implications for future research are dis-

cussed.
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Samenvatting

Het hoofddoel van dit proefschrift was om inzicht te krijgen in de immunologische en genetische
aspecten van LCH. We zijn begonnen met het behandelen van een aantal voorgaand onbeantwoorde
vragen betreffende LCH, zoals “waarom zijn de aangedane CD1a+ LCs in LCH abnormaal aanwezig
in vele lichaamsdelen”, “wat is de oorzaak — hetzij via aantrekking of in situ formatie — van de vele
karakteristieke cellen van de laesio/lesion samenstelling” en tenslotte de uiteindelijke vraag “wat is
de oorzaak achter deze ziekte: een reactieve ontlading of een neoplastisch defect”.

LCH wordt gekarakteriseerd door een abnormale ophoping en groei van aangedane CD1a+LCH cel-
len op vele plekken in het lichaam. De ongewone aanwezigheid van deze aangedane LCs in weefsels
anders dan de huid, zette ons er toe om, in hoofdstuk 3, de expressie te onderzoeken van chemokine
ligands en receptoren die een belangrijke rol spelen in de migratie en het functioneren van DCs in
het algemeen. De vondst van de expressie van CCR6, en de afwezigheid van CCR7 bij de aangedane
CDla+LCH cellen bevestigen dat deze cellen inderdaad in een onvolwassen stadium zijn, zoals dit
bij CCR6 typisch tot uiting komt in onvolwassen DCs en, in tegenstelling, dat CCR7 indicatief is
voor rijping van DC, die DCs leiden naar lymphoide organen door te reageren naar CCR7 agonisten.
Het tekort aan CCR7 in de aangedane CD1a+ cellen voorkomt dat ze de periferale weefsel locaties
verlaten wat resulteert in ophoping. Het is ook bewezen dat de aangedane CD1a+ cellen waarschi-
jnlijk de bron zijn van op-gereguleerde CCL20/MIP-3a, ligand voor CCR®6, en tevens voor andere
geiriteerde chemokines, zoals CCLS/RANTES en CXCL11/I-TAC. Deze vondst zou de aantrekking
van andere geirriteerde celtypen, karakteristieck voor LCH lesions, kunnen verklaren. De resultaten
van deze studie laten zien dat aangedane CD1a+ cellen blijvend positief zijn voor CCR6 en haar cor-
responderende ligand CCL20, en de verschillende aangedane locaties laten hetzelfde profiel zien voor
de bestudeerde geirriteerde chemokines. In hoofdstuk 4 wordt de expressie van CCR6 en CCR7 in
LCH lesions in de longen geanalyseerd. We vonden een verschil in de expressie van CCR6 in de LCH
cellen, variérend van 100% CCR6+CD1la LCH cellen, tot 50% CCR6+CD1la LCH cellen, en geen
CCR6+CD1a LCH cellen. Belangwekkend genoeg was er geen CCR7 aanwezig in de CCR6-CDla
LCH cellen, ondanks eerdere rapporten waarin de expressie van typische celactiviteitmarkers bij deze
cellen in long LCH lesions worden beschreven.

Hoofdstuk 5 focussed meer op het begrijpen van de rol van multinucleated reuze cellen (MGCs) in
LCH lesions. Door de karakteristieke osteolyse van bot lesions en fibrose in andere door LCH aange-
dane locaties, zijn deze cellen onderzocht op de aanwezigheid van karakteristieke osteoclast markers.
De bevinding dat de MGCs in LCH lesions osteoclastische fenotypische markers tonen, zoals TRAP,
VNR en CD68, als ook osteoclast-uitscheidende enzymen, zoals Cathepsin K (CatK) en MMP-9

bevestigt dat deze cellen inderdaad osteoclast-gelijkende MGCs zijn. De aanwezigheid van deze os-
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teoclast-gelijkende reuze cellen in LCH bot lesions in niet zo ongewoon omdat dit de normale weefsel
locatie is voor osteoclasts welke, door de resorptie activiteit, helpt de normale homeostase van het
bot te behouden. Echter, zelfs in de ostotic lesions zijn de osteoclast-gelijkende cellen in relatief gro-
tere hoeveelheden aanwezig dan in normaal bot, en lijken ze te “zweven” in het cellulaire infiltraat,
waar normaal dicht contact met het bot verwacht wordt. Aan de andere kant doet de vondst van os-
teoclast-gelijkende cellen in niet-ostotische LCH locaties de vraag naar hun origine rijzen. Dus door
naar de expressie van cellulaire markers te kijken, zoals CD68 voor macrofagen en CD1a voor LCs,
vonden we dat in alle bot lesions de MGCs normaal waren, doordat de CatK+ osteoclast-gelijkende
cellen co-expressie toonden voor de macrofaag marker CD68 en niet CD1a. Echter in een aantal
huid- en lymfeknoop lesions die osteoclast-gelijkende cellen bevatten, toonden MGCs zowel expres-
sie in CD68 als in CD1a. Het is dus waarschijnlijk dat de aangedane omgeving in deze ongewone
locaties de lokale formatie van de osteoclast-gelijkende MGCs van een andere origine is afgeleid,
zoals de CD1a+ cellen. Meer bewijs hier voor kwam met de bevinding dat RANKL, een cytokine dat
betrokken is bij osteoclast inductie, in de meeste LCH lesions werd gevonden, uitgedrukt in de aange-
dane CD1a+ cellen en T cellen. De interactie van RANKL met haar receptor, RANK, is een sleutel
kenmerk voor osteoclast differentiatie en hierdoor keken we tevens naar de aanwezigheid van de
receptor. RANK was aanwezig op CD68+ en CD1a+ cellen, en de lesions die expressie toonden voor
RANKL waren ook positief voor deze receptor. M-CSF, een andere cytokine betrokken in osteoclast
differentiatie dat normaal geproduceerd wordt door osteoblast en stroma cellen, werd uitgedrukt door
MGC:s en verrassend ook door de CD1a cellen in de meeste LCH lesions. Deze studie ondersteund de
hypothese dat de buitengewone botvernietiging gevonden in LCH waarschijnlijk gemedieerd wordt
door osteoclast-gelijkende reuze cellen. Deze cellen zijn dus een mogelijke doel in LCH lesions,
waarbij het gebruik van bifosfonaten de meest adequate therapeutische aanpak is.

In hoofdstuk 6, gebaseerd op de groei en het niet-apoptische karakter van LCH cellen, wordt de
potenti€le aanwezigheid van een telomeer onderhoudsmechanisme in deze cellen onderzocht. Als
zo’n telomeer onderhoudsmechanisme gevonden zou worden die actief is in LCH cellen, zou dit een
sterker bewijs vormen dat LCH een neoplasme zou zijn, doordat telomerase uitdrukking, een van de
meest voorkomende telomeer onderhoudsmechanisme, sterk geassocieerd is aan kanker. Dus, deze
studie toont aan dat de aangedane CD1a+ cellen telomerase uitdrukken in alle SS huid LCH lesions,
in tegenstelling to SS bot lesions, waar de meerderheid van de lesions bevattende LCH cellen negatief
zijn voor telomerase. Bovendien drukken aangedane CDla+ cellen van MS patienten altijd telom-
erase uit, ongeacht de weefsel locatie. Meer bewijs voor telomerase activiteit in LCH kwam uit het
gebruik van de TRAP analyse, waar bewijs voor telomerase activiteit werd gevonden in lesions die
LCH cellen bevat die telomerase uitdrukten. Daarbij was de telomeerlengte van een MS LCH lesion

lang en homogeen, in tegenstelling tot drie andere enkelvoudige systemen LCH lesions die een veel



kortere telomeerlengte gaven. Dit verschil in telomeerlengte en telomerase uitdrukking in de verschil-
lende aangedane locaties en vormen van de ziekte zou het breed klinische spectrum van LCH kunnen
weerspiegelen. Deze studie toont voor de eerste keer aan dat er een duidelijk verschil is tussen SS
huid en bot LCH lesions en SS versus MS aandoening, gebaseerd op de uitdrukking van telomerase.
Tot op heden was het onduidelijk of het abnormale gedrag uitgedrukt door LCH cellen door defecten
kwam op genetisch niveau. Daarom is er in hoofdstuk 7 een brede studie uitgevoerd om dit nader
te onderzoeken, door het gebruik van verscheidene hoogstaande moleculaire technieken. Uit LCH
paraffine en bevroren biopsies zijn LCH cellen geisoleerd door methodes te gebruiken die door ons
en anderen zijn ontwikkeld. Het DNA werd geéxtraheerd en gebruikt voor arrayCGH, SNPs en p53
mutatie en ploidy analyse. In alle geanalyseerde lesions vertoonden LCH cellen noch kopie nummer
noch kopie neutrale veranderingen. Aanvullend op deze technieken liet analyse van karyotype van
deze cellen nogmaals normaliteit zien. Dus, buiten de mogelijkheid van punt mutaties waarvan we
niet in staat waren ze te bestuderen, geven deze resultaten een sterk bewijs tegen een genetische basis
voor LCH.

Tenslotte worden in hoofdstuk 8 de bevindingen van dit proefschrift en haar implicaties voor toe-

komstig onderzoek bediscussieerd.
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Sumario

O principal objectivo desta tese € aprofundar o conhecimento sobre os aspectos imunologicos e genéti-
cos da histiocitose das células de Langerhans (LCH). Assim, procuramos abordar varias questdes que
permanecem em aberto na LCH, nomeadamente a razdo pela qual as células de Langerhans CD1a+
lesionais (células de LCH) se encontram anormalmente em diversos territorios do corpo; qual é a
origem — se por via de recrutamento ou por formacao in situ — dos varios tipos de células caracteris-
ticas da composicao lesional de LCH; e finalmente, a grande questdo sobre a origem desta doenca, se
¢ devida a um estimulo reactivo ou a um defeito neoplésico.

A LCH ¢ caracterizada por acumulacao e proliferacdo anormais de células de LCH CD1a+ em vérias
zonas do corpo. A presenca invulgar destas células lesionais de Langerhans em tecidos ndo cutineos
levaram-nos a investigar, no capitulo 3, a expressao de ligandos e receptores de quimocinas que
desempenham um papel importante na migracao e fungdo das células dendriticas em geral. A desco-
berta da expressdao de CCR6 e da auséncia de CCR7 na superficie das células de LCH confirma que
estas células estdo num estado imaturo, ja que CCR6 ¢ tipicamente expresso por células dendriticas
imaturas. Por outro lado, CCR7, que ¢ indicativo de maturagdo das células dendriticas, nao foi en-
contrado a superficie de nenhuma destas células. CCR7 dirige as células dendriticas para os orgdos
linfaticos por resposta a agonistas de CCR7. A auséncia de expressdo de CCR7 pelas células de
LCH impede-as de abandonarem os tecidos periféricos, o que resulta na sua acumulagdo. Também ¢
demonstrado neste capitulo que as células de LCH sdo a provavel fonte de sobre-expressdao da qui-
mocina CCL20/MIP-3a, ligando de CCR6, assim como de outras quimocinas inflamatdrias, como
CCL5/RANTES e CXCL11/I-TAC. Esta descoberta ajuda a explicar o recrutamento de outros tipos
celulares inflamatdrios tipicamente observados nas lesdes de LCH. Os resultados deste estudo demon-
stram que as células de LCH expressam consistentemente CCR6, apresentando a sua superficie o seu
ligando, CCL20, assim como o facto de os diferentes locais lesionais expressarem o mesmo perfil
de quimocinas inflamatérias. No capitulo 4, analisamos a expressdo de CCR6 e CCR7 em lesdes de
LCH pulmonares. Os resultados mostram um padrao diferencial de expressdo de CCR6 pelas células
de LCH, variando desde 100% de células de LCH positivas para CCR6, a 50% de células positivas,
e, finalmente, a 0% de células LCH CCR6+. Curiosamente, CCR7 também estava ausente das células
de LCH negativas para CCR6, apesar de estudos anteriores descreverem a expressao de marcadores
celulares tipicos de activacao nestas células presentes em lesdoes pulmonares de LCH.

O capitulo S investiga o papel das células gigantes multinucleadas (MGCs) nas lesdes de LCH.
Devido a ostedlise tipica das lesdes 0sseas ¢ a fibrose observada noutros locais lesionais, a presenga
de marcadores especificos de osteoclastos nas MGCs foi investigada. A descoberta de que as MGCs

nas lesdes de LCH expressam marcadores fenotipicos de osteoclastos, como TRAP, VNR e CD6S,



bem como enzimas produzidas por osteoclastos, como catepsina K (CatK) e MMP-9, confirma que
estas células sdo, de facto, MGCs tipo-osteoclasto. A presenca destas células gigantes tipo-osteoclasto
em lesdes Osseas de LCH nao ¢ de todo invulgar j& que este € o tecido onde se encontram os osteo-
clastos que, através da sua actividade de digestao, ajudam a manter a homeostase do osso. No entanto,
mesmo nas lesdes Osseas, estas células estdo presentes em niumeros relativamente mais elevados do
que no osso saudavel e aparentam “flutuar” por entre o infiltrado celular, nao estando em contacto
préximo com o osso. Em contraste, a descoberta de células tipo osteoclasto em locais de LCH nao
ostoticos levanta a questdo da sua origem. Assim, ao analisar a expressao de marcadores celulares
especificos, como CD68 para macrofagos e CD1a para células de Langerhans, verificamos que em to-
das as lesdes o0sseas as MGCs aparentam ser normais, ja que as células tipo-osteoclasto positivas para
CatK expressam o marcador de macrdéfago CD68 e ndo expressam CDla. No entanto, em algumas
lesdes cutaneas ou dos nodulos linfaticos de LCH que contém células tipo-osteoclasto, estas MGCs
expressam CD68 e CD1a. Assim, ¢ provavel que o ambiente lesional nestes locais invulgares induza
a formacao local de MGCs tipo-osteoclasto originadas a partir de um percursor diferente, como as
células positivas para CD1a. Evidéncia posterior que suporta estes resultados vem da descoberta de
que RANKL, uma citocina envolvida na diferenciagdo de osteoclastos, foi encontrada na maioria das
lesdes de LCH, sendo expressa pelas células de LCH e pelas células T. A interacgao de RANKL com o
seu receptor, RANK, ¢ uma caracteristica-chave da diferenciacao de osteoclastos e, por isso, também
analisamos a expressao do receptor. RANK esté de facto presente nas células positivas para CD68 e
para CDla, e as lesoes que contém células que expressam RANKL também sdo positivas para o seu
receptor. M-CSF, outra citocina envolvida na diferenciacao de osteoclastos € normalmente produzida
por osteoblastos e células estromais, é expressa pelas MGCs e, curiosamente, também pelas células
de LCH na maioria das lesdes de LCH. Este estudo fortalece a hipdtese de que a destruicao Ossea
excessiva encontrada em LCH ¢ provavelmente mediada pelas MGCs tipo-osteoclasto. Estas células
sdo, por isso, um alvo potencial em lesdes de LCH, e o uso de bifosfonatos torna-se a abordagem
terapéutica preferencial.

No capitulo 6, com base na proliferagdo e no caracter anti-apoptotico das células de LCH, a provavel
presenga nestas células de um mecanismo de manuten¢do de telémeros foi investigada. No caso de
tal mecanismo de manuten¢ao de telomeros estar activo nas células de LCH, a hipotese de que LCH
possa ser um neoplasma ¢ fortalecida, ja que a expressdo de telomerase, um dos mecanismos mais
vulgares de manutencdo de telomeros, estd fortemente associada a cancros. Este estudo demonstra
que as células de LCH expressam telomerase em todas as lesdes cutaneas de LCH solitarias, em
oposicao as lesdes Osseas solitarias, nas quais a maioria das lesdes contém células de LCH negativas
para telomerase. Adicionalmente, todas as células de LCH de lesdes de pacientes com LCH mul-

tisistémica expressam telomerase, qualquer que seja o tecido analisado. Evidéncia crescente para
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actividade da telomerase em LCH provém dos resultados obtidos com o ensaio de TRAP, em que
telomerase activa foi encontrada em lesdes que contém células de LCH com expressdo de telomer-
ase. Para além disso, o comprimento dos telomeros nas células de LCH de uma lesdo multisistémica
¢ longo e homogéneo, em contraste com trés outras lesdes solitarias de LCH que contém células de
LCH com comprimentos de teldmeros mais curtos. Estas diferencas no comprimento dos telomeros
e na expressao de telomerase nos diferentes tecidos lesionais e formas de LCH pode reflectir o largo
espectro clinico de LCH. Assim, este estudo demonstra pela primeira vez que existe uma diferenca
evidente entre as lesdoes de LCH solitarias cutaneas e 6sseas ¢ entre a LCH solitaria e multisistémica,
baseada na expressao de telomerase.

Até a data ¢ desconhecido se o comportamento anormal das células de LCH ¢ devido a defeitos do
foro genético. Assim, no capitulo 7, foi desenvolvido um estudo extensivo usando varias técnicas
moleculares inovadoras para tentar esclarecer esta questdo. As células de LCH foram isoladas de
biopsias de LCH embebidas em parafina ou congeladas, utilizando metodologia desenvolvida pelo
nosso e por outros grupos. O ADN foi isolado destas células e usado em técnicas de arrayCGH, SNPs,
sequencia¢do do gene que codifica a proteina p53, e analisado para detectar a ploidia. Em todas as
lesdes analisadas, as células de LCH nao apresentaram nem alteragdes no niimero nem alteragdes
neutras de copias de material genético. Complementando estas técnicas, a andlise do caridtipo destas
células revelou-se normal. Assim, exceptuando a possibilidade de ocorréncia de mutagdes pontuais
que fomos incapazes de estudar, estes resultados fornecem forte evidéncia de que a origem de LCH
ndo tem uma base genética.

Finalmente, no capitulo 8, as descobertas descritas nesta tese e as suas implicagdes para investigacao

futuras sao discutidas.
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