Journée des histiocytoses

Registre / centre de référence
des histiocytoses

24 mai 2013 Paris



Journée des histiocytoses 24 mai 2013 page 2

Comprendre et soigner les histiocytoses constituent la base des missions du centre de
référence et du registre. '
Les histiocytoses sont des maladies exceptionnelles, que de tres nombreux praticiens et
spécialistes sont amenés a voir, & diagnostiquer, a suivre. Elles donnent souvent du fil 4
retordre aux médecins impliqués dans le soin de leur patient et il‘ va s'en dire aux patients et &
leur famille. L'extréme rareté justifie pleinement qu'il puisse exister un centre ressource pour
accumuler l'expérience et développer connaissance et expertise. Mais ce centre ressource n'a
de sens que s'il s'appuie sur un large réseau de correspondants, que s'il produit des
connaissances pour SOrtir ces maladies du flou qui les caractérisaient et enfin que g1l
contribue a améliorer 1'état de santé des personnes concernées. |
Dans les 3 derniéres années, nous voyons des progrés significatifs dans la compréhension
moléculaire de ces maladies. Cette compréhension ouvre les perspectives de thérapie ciblée,
ce qui était inespérée jusqu'alors et la preuve du concept nous est offerte par I'équipe de la
pitié et Julien Haroche. Nous avons juste le sentiment de commencer a pouvoir tirer une
ficelle qui nous donnera la bonne lecture de ces maladies. Toute la matinée va étre dédiée &
cette partie scientifique. | » _
Au coeur de notre-projet et qui justifie par dessus tout ces efforts, il y a les patients et bien sur
d'abord des situations pénibles, voire parfois aussi dramatique. L'essai thérapeutique est
I'étalon-or de I'évaluation des soins. Mais la rareté des cas, leur dispersion limitent les
pdssibilités dans les histiocytoses. Il reste 4 partir d'une dimension plus modeste, I'étude
rétrospective, la revue de la littérature pour dégager des consensus et avancer, pas a pas,
'aujourd'hui. La prise en charge des patients adultes, les atteintes neuro dégénérative sont
abordées dans ce sens dans l'apres midi. |
Comme dans de nombreuses maladies rares, notre investissement est porté par des
associations de patients, nationale comme Histiocytose france, ou locale comme La petite
_maison dans la prairie ou enfin plus généraliste comme La Fédération Enfance et Santé. Ces
associations soutiennent notre projet et joignent leurs efforts & ceux des pouvoirs publics, la
DGOS, I'nserm, 1'Invs qui, malgré une période économique difficile, nous permettent de
continuer l'activité du régistre et du centre de référence. Un dernier clin d'oeil a nos collégues
hors France qui vont contribuer a cette journée, d'Egypte, d'Autriche, d'Allemagne et
d'Angleterre..
Trés bonne journée.

Jean Donadieu pour le centre de référence.
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B raf Lien entre mutation et pathologles des macrophages
JF Emile A Paré Boulognes
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Brief report

High prevalence of BRAF V600E mutations in Erdheim-Chester disease but not in
other non-Langerhans cell histiocytoses

Julien Haroche, ' *Frédéric Charlotte,® *Laurent Arnaud, -2 Andreas von Deimling,* Zofia Hélias-Rodzewicz,®
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Histiocytoses are rare disorders of un-
known origin with highly heterogeneous
prognosis. BRAF mutations have been
" observed in Langerhans cell histiocyto-
sis (LCH). We investigated the frequency
of BRAF mutations in several types of
histiocytoses. Histology from 127 patients
with histiocytoses were reviewed. Detec-
tion of BRAFV6% mutations was performed
by pyrosequencing of DNA extracted from

paraffin embedded samples. Diagnoses
of Erdheim-Chester disease (ECD), LCH,
Rosai-Dorfman disease, juvenile xantho-
granuloma, histiocytic sarcoma, xanthoma
disseminatum, interdigitating dendritic cell
sarcoma, and necrobiotic xanthogranuloma
were performed in 46, 39, 23, 12, 3, 2, 1, and
1 patients, respectively. BRAF status was
obtained in 93 cases. BRAFY6%E mutations
were detected in 13 of 24 (54%) ECD, 11 of

29 (38%) LCH, and none of the other histio-
cytoses. Four patients with ECD died of
disease. The high frequency of BRAFV699E
in LCH and ECD suggests a common origin
of these diseases. Treatment with vemu-
rafenib should be investigated in patients
with malignant BRAFVY69%E histiocytosis.
(Blood. 2012;120(13):2700-2703)

Introduction

Histiocytoses encompass a wide range of rare and heterogeneous
diseases characterized by the accumulation and/or the proliferation
of histiocytes within various tissues. Since 1987, the classification
for histiocytoses relies on the Langerhans and non-Langerhans cell
origin.! The distinction was based on the presence of Birbeck
granules and, more recently, on CDl1a expression on formalin-
fixed, paraffin-embedded samples.?® The latest World Health
Organization classifications has individualized Langerhans cell
histiocytosis (LCH), Rosai-Dorfman disease, disseminated juve-
nile xanthogranuloma (JXG; synonym of Erdheim-Chester disease
[ECD] and xanthoma disseminatum), interdigitating dendritic cell
sarcoma, and histiocytic sarcomas.*> Diagnosis of these conditions
is mainly based on histopathology and corresponds to highly
variable clinical syndromes, whose prognoses range from benign
self-healing to highly malignant.

The RAS-RAF-MEK-ERK pathway is a cellular signaling
pathway, which plays a major role in tumors.® BRAFYS%E mutation,

an activating mutation of the proto-oncogene BRAF, is present in
several human tumors.” This mutation results in an activation of
RAS-ERK pathway, independently of RAS activation, Inhibition of
BRAF activation by vemurafenib improves survival of patients
with BRAFY60E metastatic melanomas.® BRAFVS%F mutations have
been detected in patients with LCH.>10 We thus investigated
whether this mutation was present in other subsets of histiocytoses.

Methods

Patients and samples

Patients were retrieved from the databases of the French Registry of
Histiocytoses, and of 3 teaching hospitals (Pitié-Salpétriere, Necker-
Enfants Malades, and Ambroise Paré). Thirty-nine and 12 consecutive cases
of LCH and cutancous JXG were included, respectively. For other
histicytoses, all cases available were included. Study was approved by the
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ethic committee Ile de France IIT (#2011-A00447-34) and conducted in
accordance with the Declaration of Helsinki. Clinical follow-up of patients
with LCH and ECD was prospectively recorded according to previously
described methodologies. 12

All tissue samples were reviewed by at least 4 independent pathologists,
trained in the field of histiocytoses (N.B., D.C., EC., and J.-FE.), and
classified according to the World Health Organization classification. 4
Immunohistochemistry was performed with CDla (Beckman-Coulter),
CD68 (Dako Denmark), CD163 (Thermo Scientific), CD205 (Langerin;
Novocastra), $100 protein (Dako Denmark), and factor XIIIa (Novocastra)
when necessary. For ECD cases and a few other difficult cases, the
diagnoses were achieved taking into account the clinical and radiologic
aspects -of the disease.! Patients with both LCH and ECD features were
excluded.

Detection of BRAFV6? mutations

Tumor DNA was extracted from formalin-fixed, paraffin-embedded tissues
as described.!3 Four serial sections were performed for each sample, The
first section was used for histology and selection of the areas of highest
histiocyte density and the 3 others for dissection at X10 magnification.
When histiocyte infiltration was lower than 20%, sensitivity was considered
as insufficient for BRAF heterozygous mutation detection. Detection of
BRAF V600 mutations was performed by pyrosequencing with PyroMark
Q24 (QIAGEN).

Immunochemistry with BRAFV600E

Mouse monoclonal antibody VE1 was shown to be specific of BRAFV600E
mutation.!4 Stainings were performed with Bond-Max (Leica Biosystems).
Antigen retrieval was performed during 60 mn at 96°C in pH9 buffer Bond
Epitope Retrieval Solution 2 (Leica Biosystems). VE1 hybridoma superna-
tant was diluted one-third and incubated at 37°C for 32 mn. Staining was
revealed with Bond polymer refine red detection kit (Leica Biosystems).
Staining was scored according to previously published criteria' by a
pathologist who was not aware of genetic results.

Statistical analysis

Differences between groups of patients were tested using Mann-Whitney or
Kruskal-Wallis tests for continuous data, and Fisher exact or x2 tests for
categorical data, These analyses were followed by Bonferroni correction for
multiple testing, when needed. All P values were 2-tailed, and statistical
significance was defined as P < .05. Statistical analyses were performed
using JMP8 (SAS Institute).

Results and discussion

Samples of the 127 patients mainly originated from bone (n = 29),
skin (n = 27), lymph node (n = 18), perirenal infiltration (n = 12),
and lung (n = 9; supplemental Table 1, available on the Blood Web
site; see the Supplemental Materials link at the top of the online
article). Diagnosis of ECD (n = 46), LCH (n = 39), Rosai-
Dorfman disease (n = 23), JXG (n = 12), histiocytic sarcomas
(n = 3), xanthoma disseminatum (n = 2), interdigitating dendritic
cell sarcoma (n = 1), and NXG (n = 1) were established. In all
ECD cases, histiocytes were CD68%, CD1a~, S100~. Histiocytes
were positive for factor XIII in 5 of 9 of ECD cases. All LCH cases
contained CD1a*, S100* histiocytes. BRAF mutational status was
obtained by pyrosequencing in 93 (73%) of available cases, Failure
to determine BRAF status was more frequent in bone and perirenal
fat than in other sites of biopsies (49% vs 17%, P = .0005;
supplemental Tables 1-3).

BRAF MUTATIONS IN HISTIOCYTOSES 2701

Figure 1. Identification of cells with BRAF mutation. Immunohistochemistry with
BRAFY600E gpecific antibody VE1 disclosed cytoplasmic staining of histiocytes,
whereas lymphocytes and fibroblasts were negative (top, original magnifica-
tion X100). Some histiocytes were not stained and correspond to reactive macro-
phages (bottom, original magnification X200). Microphotographs were performed
with a microscope BX41, eyepiece (WH 10x/22), objectives Olympus UPlanF1 10X
and Olympus UPlanFi 20x (Olympus), Camera Axapcam 1Cc1, and AxioVision Rel
Version 4.8 software (Carl Zeiss).

A BRAFVO0E mytation was detected by pyrosequencing in 13 of
24 (54%) patients with ECD. For 2 patients, 2 different samples
were available and both harbored the BRAFYS%%E mutation. The
exact frequency of BRAF mutations in ECD patients remains to be
confirmed in other series, as the present series may be biased by the
fact that only 52% could be evaluated for BRAF status. The
pathophysiology of histiocytoses remains to be determined. LCH
was shown to be a clonal proliferation by HUMARALS; this result
was confirmed with other methods. By contrast, there is an ongoing
debate as to whether ECD should be considered as a tumor or an
abnormal immune response. Indeed, the complex network of
cytokines and chemokines associated with ECD underlines an
intense systemic Th-1-oriented immune activation,'s However,
ECD was shown to be clonal in 5 patients, with either HUMARA! or
cytogenetic.’ The detection in the present study of BRAF mutations in
13 other ECD cases confirms that ECD is a clonal proliferation.

To determine which cells were mutated in ECD and further
confirm the presence of the BRAFY6%F mutation, we performed
confirmatory immunohistochemistry analysis with BRAFYS0% spe-
cific antibody on wild-type and mutated ECD samples. We recently
confirmed in a series of melanomas that VE1 antibody was highly
specific of BRAFVSE mutation, and shown it was more sensitive
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Table 1. Main clinical characteristics of the 46 patients with ECD according to BRAFV5? status

P
WT BRAF V600E NA BRAF V600E Across all 3
(n=11) (n=13) (n = 22) versus WT* categoriest
Median age at diagnosis, y (range) -~~~ 55.(3981). . 553772 e e e
16/6 54

Soxmalefemale o .8

invoivement E
JCNSn(®) L. 208
Heart,n (%) - . oAee)

5 (45)
R
2 (18)
A

Largovessels,n(h)
 Exophihalmos, n.(%) " = .
Diabetes insipidus, n (%)

Clungin@e 0

e

Perirenal infiltration, n (%) 3(27) 7 (54)
T

Bone pain, n (%) 5 (45) 7 (54) 11 (50) .68
beath of dsase progression,n (0 2 agm o sey) 85

*Pvalues computed using Mann-Whitney test, x? test, or Fisher test, as appropriate.
P values computed using Kruskal-Wallis test or x? test, as appropriate. None of these Pvalues remains significant after Bonferroni correction for multiple testing.

than Sanger sequencing (E. Colomba, Z.H.-R., A.v.D., C. Marin, N.
Terrones, D. Pechaud, S. Surel, I.-E. C6té, F. Peschaud, D. Capper,
H. Blons, U, Zimmermann, T. Clerici, P. Saiag, J.-EE., Detection of
BRAF p.V600E mutations in melanomas: comparison of four
methods argues for sequential use of immunohistochemistry and
pyrosequencing, manuscript submitted, August 10, 2012). Seven
positive and 6 negative ECD cases identified with pyrosequencing
were tested, and immunohistochemistry with VE1 confirmed the
BRAF status in all cases. Only histiocytes were stained, whereas
lymphocytes, fibroblasts, and endothelial cells were negative
(Figure 1). Both mononucleated histiocytes and Touton cells were
positive, confirming that both mononucleated and multinucleated
histiocytes derive from the same tumor progenitor. In some areas,
BRAF-ncgative histiocytes were admixed with positive cells
(Figure 1), probably corresponding to reactive inflammatory cells.
Validation of the detection of BRAF mutations with immunohisto-
chemistry for diagnostic use would be helpful for cases with low
histiocyte infiltration.

A BRAFV6%E mutation was detected in 11 of 29 (38%) patients
with LCH. This frequency was not statistically different from 13 of
24 (54%) that we observed in patients with ECD nor from 35 of
61 (57%) in the Badalian-Very series.” No mutations were detected
in patients with Rosai-Dorfman disease (n = 23), cutaneous IXG
(n = 12), histiocytic sarcomas (n = 3), xanthoma disseminatum
(n = 2), interdigitating dendritic cell sarcoma (n = 1), or NXG
(n = 1). Thus, ECD and LCH share similar oncogenic pathways,
which are distinct from other histiocytoses. Interestingly, associa-
tions of ECD and LCH have been reported,’® suggesting that both
proliferations could derive from a common progenitor.

The treatment of ECD and LCH remains a challenge. Although
some forms of LCH are benign and self-healing, some patients with
ECD and LCH are resistant to several lines of chemotherapies, 220
Disease-related death occurred in 6 of 46 ECD and 3 of 39 LCH
cases. Within this small series, the clinical characteristics of ECD
patients did not appear to depend on BRAF status (Table 1);
however, this outcome should be checked in a larger series.

Targeted therapies have recently been tested in both condi-
tions21'22; however, it has limited efficacy. Prognosis of ECD has
been substantially improved by IFN-a therapy, but many refractory
forms subsist, especially those with CNS and cardiovascular
involvements. Verumafenib, an inhibitor of BRAF, was recently
approved for treating patients with metastatic melanoma and

BRAFY6% mutations.® The poor prognosis of a substantial number
of patients with multisystemic ECD and LCH warrants new
therapeutic approaches that could involve BRAF inhibitors.
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polyclonal T cells including abundant FoxP3* CD4* T cells [12],
activated macrophages and osteoclast-like multinucleated giant
cells [13]. These granuloma are therefore heterogeneous in
cellular composition as well as anatomical distribution. The

Introduction

Langerhans cell histiocytosis (LCH) is a pediatric granulomatous
disease with an incidence of four to eight cascs per million children

[1,2,3). The clinical spectrum of LCH is remarkably broad,
ranging from isolated skin or bone lesions to a disseminated disease
that may require aggressive chemotherapy [1,4,5]. LCH can lead
to severe dental and periodontal lesions [6]. LCH also frequently
leads to diabetes insipidus [1,2,3]. Apart from diabetes insipidus,
central nervous system involvement in Langerhans cell histiocy-
tosis (LCH) is rare but represent a scrious complication with
neurological deterioration, including progressive cerebellar ataxia
[73.

LCH lesions feature granulomatous collections of immature
CDla+ langerin/CD207+ DC (LCH cells’) presumed to be
pathologic [8,9,10], admixed with abundant cosinophils [11],

@ PLoS ONE | www.plosone.org

pathophysiology of LCH is largely unknown [10,14], although a
genetic component is suggested by a higher concordance rate
between monozygotic twins compared with dizygotic twins [15].
The tropism of skin lesions to flexures also suggests that external
stimuli may trigger inflammation [16]. However, the nature of the
initiating event(s), and the mechanisms of local tissue destruction
by LCH and other inflammatory cells are still largely unknown.
Clonality of LCH granulomas has been reported in 1994
[17,18]. Its significance remained controversial, since specific
genetic abnormalities were not consistently observed [19], until
recently. Progress came from the identification by Badalian-Very

April 2012 | Volume 7 | Issue 4 | e33891



ct al., of a Y®%°“B-RAF mutation by pyroscquencing of formalin-
fixed, paraffin-embedded material, from 35 out of 61 archived
specimens (57%) [20]. This Y6°"B-RAF mutation is likely to be
somatic, because a germ-line activating YC%°"B-RAF allele is
embryonic lethal in mice [21]. B-RAF is a protein kinasc activated
by ras-coupled receptor tyrosine kinases (RTK) that is central to
signaling via the Mitogen Activated Kinase (MAPK) and
phosphorylates its downstream target MEK and ERK kinases
[22]. The RAS-RAF-MAPK pathway coordinates a large varicty
of cellular responses involved in development, cell cycle regulation,
cell proliferation and differentiation, cell survival and apoptosis,
and many other physiological processes, by transmitting extracel-
lular signals to various nuclear, cytoplasmic and membrane-bound
targets [22].

Data obtained from murine model using Cre-mediated
activation of a conditionnal B-RAF allele indicate that Y®*°FB-
RAF can contribute to tumour initiation [23]. For example,
VGOOER_RAF induces high levels of cyclin DI-mediated cell
proliferation. However, '°*B-RAF also induces oncogenc-
induced senescence (OIS) that may restrain further development
of the tumour {23,24]. In human, somatic VB0OER_RAF mutation
have been found in a number of benign and malignant tumors
including non-malignant naevi [25], melanoma [26], colon and
thyroid tumors [21,22,24,26]. Thus VEOER_RAF may represent a
first step toward the development of a malignant tumor, although
the presence of a Y°*B-RAF mutation is not synonymous with
cancer.

Of note, the clinical features of LCH are not typical of cancer
[10,14] and LCH lesions frequently regress, either spontaneously
or after local treatment [1,4,5]. In addition, LCH CDla+ cells,
which are presumed to be pathologic, very slowly proliferate in
most patients [12], while the expansion of a monocyte or dendritic
cell compartment, which represent candidate precursors for these
CD1la+ cells of the granuloma, was not consistently observed in
the blood of LCH paticnts [12,27].

Identification of dysregulation of thc RAS-RAF-MAPK path-
way in LCH is nevertheless an important step towards a molecular
understanding of the pathophysiology of this pediatric granuloma.
It suggests possible novel therapeutic approaches, e.g. the use of B-
RAF or MEK inhibitors. Moreover, if YP°°EB-RAF was detcctable
in the patient’s blood, this could be of use for diagnostic,
monitoring of treatment efficacy, and potentially prognostic
purposes.

We therefore sought firstly to confirm the finding of Badalian-
Very using another methodology i.c. analyzing flow sorted CD1a+
cells from fresh LCH granuloma tissue instead of paraffin
embedded biopsies. We then aimed to compare relative mutation
abundance of V600E B-RAF mutations between CDlat+ and
CDla— cells from LCH granuloma, and whether mutations can
be detected in the peripheral blood of patients. Finally we
investigated whether additional B-RAF mutations can be found in
LCH patients, to further reinforce the link between LCH and the
RAS-RAF pathway.

Results

B-RAF polymorphisms associated with LCH

We investigated the presence of B-RAF mutations by ‘next
generation’ pyrosequencing (Roche GS FLX 454) in a series of 16
granuloma samples obtained at diagnosis from 16 patients with
LCH from a cohort followed in the French LCH Registry (Tables 1
& 2). Among granuloma samples 11/16 carried B-RAF mutations
as detected by pyrosequencing of granuloma genomic DNA
(gDNA) and ¢cDNA (Table 1). In 9/11 cases (patients #1-9) we

@ PLoS ONE | www.plosone.org
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found a gl1799 T>A transition resulting in the previously
described Vé®PB-RAF mutation [20] (Figure 1 A). In one patient
(paticnt #10) we found a novel in-frame insertion of 12
nucleotides, leading to the inscrtion of 4 amino acids (Asp-Leu-
Ala-Thr, or DLAT) (Figure 1 A). In one other patient we observed
an A>G transversion, producing a ~>*>*B-RAF allele (Tablc 2,
Figure 1 A). The T***B-RAF and 600DLATR_R AF alleles were not
previously reported in the literature, dbSNP (v131), or in data
from 1000 genomes project (Nov 10 release).

Somatic B-RAF mutations

The YO9FEB-RAF and *°PMTB-RAF, mutations were detected
in granuloma from patients 1-10 with a high relative mutation
abundance (RMA) (Table 2) We therefore investigated whether
these alleles were germ-line or somatic mutants, and which cellular
fraction of the granuloma was bearing the mutation. In 4 cases of
VGOOER RAF mutation (Patients 4, 5, 8, 9) and in the sample
carrying the S°PLATB.RAF mutation (patient #10) (Table 2),
CDla+ cells were enriched from fresh granuloma tissue using
antibody-coupled beads [8]. The CDla-depleted fractions (Efflu-
ent, Table 2) were also collected in 4 cases (Patients 5, 8, 9, 10,
Table 2). Genomic DNA and ¢cDNA were extracted from all
samples and analysed by next gencration sequencing. In all cases
B-RAF mutated alleles werc enriched in the CD1a+ fraction at the
genomic DNA and ¢DNA level, in comparison with the CDla-
depleted fractions, with a relative mutation abundance of up to
48% (Table 2), suggesting that the CDla+ ‘LCGH cells’ carry a
heterozygous B-RAF mutant allele, though we did not assess
heterozy%osit?‘r at the sin%_l)e cell level. We then investigated
whether Ve°PB-RAF or S0°PTATB.R AF mutations could be found
in the patients circulating myeloid or lymphoid cells, either
because of a germ-line mutation, or because of a mosaicism in
bone marrow progenitors. Analysis by pyrosequencing of whole
blood and of purified monocytes (CD14+) and lymphocytes
(CD14-) from patient 1 indicated the absence of detectable B-
RAF mutations, with a lower threshold of sequencing sensitivity of
1%-2% relative mutation abundance. Analysis of whole blood
from patient 2 with the same method also failed to detecta V60OER,
RAF mutation. Blood samples were not available for the 8 other
patients with a V60OLR RAF or SPPLATE.RAF mutation.

We therefore investigated the presence of B-RAF mutations in
peripheral blood mononuclear cells of an additional series of LCH
paticnts for whom blood samples were available cither at diagnosis
or relapse (n=22) (Table 3), or under treatment (n = 32). Neither
V600ER R AT or SO°PLATR.RAF were detectable by pyrosequencing
in these 56 peripheral blood mononuclear ccll samples (Tables 2 &
3, and data not shown). Unfortunately granuloma samples were
not availables for these patients, however based on the frequency
of B-RAF mutation in LCH granuloma, 57% in the Badalian-
Very study, and 11/16 (68%) in the present study, it is likely that
several of the 56 patients had a B-RAF mutation in their
granuloma.

In aggregate, these data indicate that VE0OER RAF and
600DLATR R AF mutations are detectable in granuloma but not in
the hlood, and thus strongly suggest they are somatic events. In
addition, lack of detection of B-RAF mutations in the blood from
patients I and 2 and from the 22 others patients for whom blood
samples were available at diagnosis or relapse suggests that
detection of potential circulating B-RAF mutated cells will require
a threshold of sensitivity below 1%.

Germline B-RAF polymorphisms
In contrast, the T599AB_RAF mutation was detected in both the
granuloma and the whole blood of paticnt #16. TS99AB.RAF was
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Figure 1. Analysis of B-RAF mutant. A. Sequence alignment, results from 454 pyrosequencing of granuloma cells from patients 1-10 and 16. B.
‘Sanger’ sequencing of patient 16 blood; A/G transition at nucleotide 1795. C. Pedigree of patient 16, Both the patient and his mother carry a T599Ag.
RAF allele, while his father is *'B-RAF, D-E, Comparison between “*B-RAF 5P_15056 (D, purple), Ve00ER_ RAF structure (E, cyan) and the modeled
mutant ©%LATR RAF (F, grey). In D, Val600 (yellow) forms a hydrophobic contact with Phe468 (red arrow). In E and F charged residues Asp and Glu (in
orange) distupt the hydrophobic network of interactions, stabilising the active conformation of the P-loop. In F, insertion Asp-Leu-Ala-Thr shifted
Vals00 and disrupt the hydrophobic cluster. G, H. MEK phosphorylation in 293 T cells. 293 T cells were transiently transfected with with mock or B-
RAF mutant expressing vectors (WT, V60OE, T599A, 600DLAT, D594A, G596R), and with {H) or without (G) wtC-RAF. Twenty-four hours after
transfection, the medium was changed to serum-free DMEM, followed by further 18 hours culture. Total cell lysates were immunoblotted with the
indicated antibodies.

doi:10.1371/journal.pone.0033891.g001

Table 1. Age, sex, and clinical characteristics of patients 1 to 16.

Patient# NuP age at diagnosis (y) sex clinical features

LETTERER SIWE hematological dysfunction, bone, liver, spleen

#10 1406015 [4} F LETTERER SIWE hematological dysfunction, bone, liver, spleen, pituitary, lung, lymph
nodes

LETTERER SIWE hematological dysfunction, bone, lung, liver, spleen

1506008

1406247 . bone, lymph node

6766
#16 1506646 1 M

doi:10.1371/journal.pone.0033891.t001
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Table 2. Presence and relative abundance of B-RAF mutant clones identified in granuloma and blood from patients with LCH.

granuloma

effluent

Patient#

CD1a+ effluent blood

V600E 35%

14062;";5 ‘
1406015 600DLAT 11%
» 1506098

1106247

#16 1506646 T599A 44%

600DLAT 5%

VG0OE 48% V600E 6%

600DLAT 28%

T599A 37% T599A 37% T599A 45%

doi:10.1371/journal.pone.0033891.t002

detected in the monocytic (CD144) and lymphoid fractions
(CD14—), at a high frequency of 37 to 45% relative mutation
abundance, respectively, similar to its abundance in the granuloma
(Table 2). This pattern suggested a germ-line mutation. Conven-
tional ‘Sanger’ sequencing of peripheral blood mononuclear cells
from the patient and from the patient’s mother with an Applied
Biosystem Genetic analyzer 3730xl confirmed the presence of an
allelic mutation (Figure 1 B). Therefore the TS99AB R AF mutation
was present in the peripheral blood of the patient and his mother,
indicating a germ-line transmitted allele (Figure 1 C).

Altogether, these data indicate that V600LR_ R AF and #0OPLATB-
RAF are somatic events while T°°*B-RAF is a germ-line
polymorphisim.

B-RAF 600DLAT is an activating B-RAF mutant
Substitution of Val600 with Glu (Y*%°"B-RAF) strongly activates
B-RAF [28,29]. %°PLATB.RAF is an in-frame insertion of 12
nucleotides leading to the insertion of 4 amino acids (Asp-Leu-Ala-
Thr, or DLAT) starting from position 600 (Figure 1 A). This
insertion, in the structural alignment superimposed to the V600
position, therefore effectively results in a B-RAFV600D substitu-
tion, lcaving the insertion constituted only by a LATV scgment.
We have examined the residues surrounding D600 in the structure
within a cut-off range of 6 A. As reported by Wan et al, [29] the
V600 residue is in a cluster of hydrophobic residues with Phe468,
therefore the presence of a negative charge (residue D) will disrupt
this cluster, resulting in destabilization of the inactive conforma-
tion of S0°PLATB.RAF, cxactly as for the V60OE mutant (Figurc 1
D—F?.'A’ As cxpected from our structural modelisation study,
B00DLATR R AF resulted in increased MEK and ERK activation
upon transient transfection in 293 T cells in comparison to wild-
type B-RAF, similar to what is observed for VG0OER_ RAF [29]
(Figure 1). However, we could not investigate the role of V5°’EB-
RAF and 59°PLATB.RAF in myeloid cells, since, when transfected

@ PLoS ONE | www.plosone.org

in U937 and THPI myeloid cell lines both '***"B-RAF and
S00DLATR R AF resulted in growth arrcst and cell death (data not
shown).

B-RAF T599A is a dead-kinase B-RAF mutant that does

not transactivate C-RAF

Thr599 is a major phosphorylation site in the B-RAF activation
domain [28], and substitution of Thr599 with alanine was shown
in vitro to suppress B-RAF activity. Indeed, in contrast to Ve0oER.
RAF and SUWPLATR RAF, TSAB.RAF substitutes a polar
uncharged residue with a hydrophobic residue, causing the loss
of short-ranged interactions with residues D576 and D594
(Figure 1 A, B). This does not predict a destabilization of the
inactive conformation of B-RAF. Indeed transfection of T599AR.
RAF in 293 T cells did not increases MEK and ERK phosphor-
ylation, in comparison to wt control (Figure 1 G). Co-transfection
of C-RAF did not increasc MEK and ERK phosphorylation in the
presence of T599AB.RAF (Figure | H). To further investigate the
function of TPPAB-RAF in myeloid cells, we retrovirally
transfected “B-RAF and T5°*AB-RAF in THPI mycloid cells.
As shown in Figare 2 C and 2 D T**B-RAF did not induce
MEK and ERK phosphorylation in THP1 cells above control
(Figure 2 C). Thus T599AB.RAF may represent a mutant devoid of
intrinsic kinase activity.

However, some B-RAF mutants found in cancer such as
D39MAB R AF, albeit devoid of intrinsic B-RAF kinase activity, can
transactivate C-RAF and the MEK/ERK pathway [30,31]. We
thus compared the activity of T599AB_RAF with that of “'B-RAF
and D9'AB.RAT after retroviral transfection into U937 cells.
Results indicated that unlike P¥***B-RAF, ™**B-RAF did not
induce MEK/ERK phosphorylation (Figure 2 D, E) or 1L-8
production (Figure 2 F) by U937 cells.

April 2012 | Volume 7 | Issue 4 | e33891
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Table 3. Age, sex, clinical features, and molecular findings in 22 patients with available blood samples at the time of diagnosis or

patient # Clinical feature

status at the time of blood sample

bone skin, ENT, pituitary, neuro

1406220

1506604

1506882

gical dysfunctlo

Bone, skin, ENT, nodes, pituitary, lung,
liver, spleen, hematological dysfunction

1506009

1506819

1506957

1507096

<2 MONTH DIAGNOSIS
NTHS DIAGNOSIS

doi:10.1371/journal.pone.0033891.t003

Clinical features of patients with B-RAF mutations

VS0OER RAF mutations were found both in children with
granuloma of bones or isolated skin discase, and in infants with
carly-onset multi-organ discasc (Table 1). Among the 16 studied
paticnts, we compared the proportion of patients with or without
B-RAF mutations according to the cxtension of the discasc by
Fisher exact test and according to the age of diagnosis by
Kruskall Wallis Test. No significant difference was observed as
the p value was above 0.05 for all tests. However the sample size
was small and may not be representative of a population based
sample of patients. The patient with a 600DLATR R AF insertion
presented with early-onset multi-organ disease, but responded
well to treatment (Patient #10, Table 1). The patient with a
germ-line T**B-RAF allele (Patient #16, Table 1) presented at
the age of 10 months with persistent swelling of the left parietal
hone. Two months after, clinical examination revealed 10 small
skin nodules. Biopsy of one skin element demonstrated the
histological diagnosis of LCH with the presence of CDla+ cells.
Patient #16 received therapy by vinblastine and steroid, as per
the LCH III protocol, for a total duration of one year. No
reactivation of the discase or sequellac was observed during a 7-
year follow-up. His mother, who carried the samc allelic
mutation, is in good health and did not rcport a personal
history of LCH.

@ PLoS ONE | www.plosone.org

Discussion

In this study we confirm the findings by Badalian-Very et al.
[20], that V6OOER_R AT mutations are detected in LCH granuloma,
and identify two additional mutations “°°*TB-RAF and "****B-
RAF in two LCH patients. The BOODLATR R AF mutants mimics
VB00ER R AF at the structural and functional level. Our results also
indicate that YS®FB-RAF and SCPMATB-RAF mutations are
enriched in GDlat+ ‘LCH’ granuloma cells and absent from the
blood of 58 patients, suggesting the presence of somatic mutations
in CDla+ cells, and arguing against a mosaicism in the myeloid
lincage or a bone marrow clonal disease, within the sensitivity
limits of our deep-sequencing assay. We also identified a novel
germ-line TSAB.RAF polymorphism in a patient with LCH,
although it remains unclear whether TB99AB_RAF is involved in
the pathophysiology of LCH in this patient. The data presented
here strengthen the association between B-RAF mutation and a
dysregulation of the RAS-RAF-MEK pathway in CDla+ LCH
cells from LCH granuloma.

Both the study by Badalian-Very [20] and our present report
fail to show a corrclation between the presence of B-RAF
mutations in LCH granuloma and the patient’s age, clinical
presentation, or outcome. However, the total number of cases
analysed reported (77 in total) is still too small to allow a powerful

April 2012 | Volume 7 | Issue 4 | €33891
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Figure 2. Analysis of T5°**B-RAF. (A, B) Comparison between models of “"B-RAF 5P_15056 (A, violet) and TS99 RAF (B, gold), T5°7*B-RAF
substitutes a polar uncharged residue with a hydrophobic residue, causing the loss of short-ranged interactions with residues D576 and D594. C.
Analysis of MEK and ERK phosphorylation in THP1 cell lines stably transfected with V"B-RAF-FLAG and T599AB_RAF-FLAG. Experiment was ({%peated

twice with similar results. (D-F) Analysis of MEK and ERK phosphorylation and IL-8 production in U937 cell lines stably transfected with

B-RAF,

5998 RAF, and P*9%AB-RAF, Experiment was repeated twice with similar resuits,

doi:10.1371/journal.pone.0033891.g002

statistical analysis, given the marked clinical heterogeneity of the
disease [1,4,5]. A statistical study of the possible association or lack
of association of B-RAF somatic mutations with subgroups of
LCH patients or with the natural history of the disease remains to
be done, in a population based approach.

Our results indicate that both PMATB.RAF and Vo°"B-RAF
mutations are somatic events which are not detected in the blood
of patients. LCH granulomas may thus arise from a local process
within affected tissucs, rather than from the continuous recruit-
ment of putative precursors, such as monocytes or dendritic cells
carrying activating B-RAFV600E or B-RAF600DLAT alleles.
Nevertheless, given the threshold sensitivity of 1%-2% of our
deep-sequencing method, we cannot exclude the contribution of a
minor myeloid-restricted clone in the bone marrow of patients, or
of a subset of patients, and a prospective investigation is required
to further investigate whether detection of rare circulating or bone
marrow B-RAF mutated cells may be useful to monitor residual
disease.

While substitution of Val600 with Glu (VGOOEB-RAFg strongly
activates B-RAF, substitution of Thr599 with Ala ("****B-RAF)
impairs B-RAF kinase activity [28,29] given that Thr599 is the
major phosphorylation site in the B-RAF activation domain [28].
Other mutations that affect intrinsic B-RAF kinasc activity such as
DSStAR.RAF can also transactivate G-RAF and the MEK/ERK
pathway, albeit less strongly [30,31]. However we have shown
here that T59*B-RAF was both impaircd in its intrinsic B-RAF
kinase activity and unable to transactivate G-RAF. At this time, we
do not have a molecular explanation for this observation. Further
studies will therefore be needed to potentially unveil the functional
consequences of the TS99AB_RAF allele on cell activation. The
patient’s mother born in 1977 carried the same B-RAFI599A
allele while in good health, and without a personal history of LGH.
Therefore, although the T599AB RAF allcle is not a common
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polymorphism, there is no evidence that TSSSAB.RAF is involved
in the pathophysiology of LCH in our patient. However the
clinical spectrum of LCH is remarkably broad, and the age of
onsct highly variable [1,4,5], preventing us to definitely conclude
to the absence of LCH in the mother of the patient. For instance,
in one previously reported case of familial LCH, a monostotic
lesion was diagnosed in a 20-year-old woman and then also in her
daughter when aged 30 months [32].

Finally, Y“**B-RAF mutations are observed in a number of
benign and tumoral diseases (c.g. naevi and melanoma [25,26]). In
itself this mutation thus do not characterize a malignant disease. It
is posssible that the cffects of activating B-RAF mutations such as
V6OOER RAF and SOPMATB-RAF are different whenever they
occur in stem cclls or and differentiated cells, and depending on
the lincage of the mutated cells, ie. epithelial or myeloid.
Therefore, more work is needed to understand the consequences
of VBOOLR R AT and SPPLATRB_RAF in mycloid cells. We observed
that retroviral transduction of either Ve"°FB-RAF or S00DEATR.
RAF in U937 and THPI myeloid cell lincs resulted in growth
arrest and cell death. This suggests that an in vivo approach may
be preferable, since an appropriate cellular environment could be
required to support cell growth of V600LR R AF or POPLATB.RAF
expressing myeloid cells. In this regard, mouse models of
conditional expression of B-RAF mutant alleles in different cell
lineages [23], should prove cxtremely usefisl.

Materials and Methods

Patients

Patients were registered in the National French Registry for
Langerhans Cell Histiocytosis. LCH diagnosis was established on
the basis of the patients’ clinical history, histological examination
and the mandatory presence of CDla+ histiocytes in clinical
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biopsy specimens, and reviewed by a national panel of
pathologists. Patient’s parents gave written informed consent for
the study. The Study was approved by the Institutional Review
Board of the University Hospital of Nantes, France. Characteristic
of patients 1-16 are summarized in Table 1. Biopsies samples
and/or blood were obtained at diagnosis from 15 patients with
various clinical forms of the disease, isolated involvement of bone
(n =9), carly-onset multisystermn disease (n=4), isolated skin (n=1)
and skin and lung discase (n=1) (Table 1). Purificd CDlat cells
were isolated from biopsics from patients with cosinophilic
granuloma of bone (n=23) and carly-onsct multisystem discasc
(n=3). Blood was obtain from patient 16 and his parents, and
epithelial cells from patient 16, his parents and brother.

Preparation of DNA from granuloma samples, whole

blood, and purified celiular fractions

Samples from CDla+ LCH cells were obtained as previously
described [8]. In brief, after frozen section examination, sterile
tissue from cosinophilic granuloma was harvested in RPMI 1640
supplemented with 2 mM L-glutamine, 100 U/mL penicillin,
100 pg/ml, streptomycin, and 10% heat-inactivated fetal calf
serum (FCS) myoclone (all from GIBCO BRL, Gaithersburg,
MD), referred to below as complete medium. Tissues were
immediately gently dissociated through a nylon mesh. The cell
suspension was washed 3 times and incubated with human IgG to
block Fc receptor, and anti-CDla antibody (BL6; Immunotech,
Marseille, France). The cells were washed twice, incubated with
antimouse microbeads (MAGS; Miltenyi Biotec, Bergisch Glad-
bach, Germany) for 15 minutes at 4°C. Cells were washed again,
and then CDlat+ LCH cells were separated by positive
immunomagnetic selection by using a magnetic cell separator
(MACS) according to the manufacturer’s instructions. Between
2.105 and 6.105 CD1la+ cells were recovered from each sample.
Purity of CDla+ and CDlalow/neg sorted fraction was 80% or
greater and mortality 10% or less, Genomic DNA and RNA from
frozen granuloma cells, sorted CDla+ cells and effluent fractions
lysed and stored in Trizol were extracted using chloroform, the
organic phase was transferred to a fresh tube to extract genomic
DNA, and RNA was extracted using the RNA microkit from
Qiagen. cDNA was obtained using the Superscript IIl Reverse-
transcriptase kit (Invitrogen) according to the manufacturer’s
procedure. Genomic DNA extraction from paraffin scctions
(Paticnt 16) was performed as per Qiagen protocol for this
material. Genomic DNA extraction from whole Blood was
performed using the GenElutc Blood genomic DNA kit mini prep
from Sigma Aldrich according to the manufacturer procedure.
Peripheral blood mononuclear cells (PBMCs) were obtained by the
standard Ficoll-Hypacque method. GD14+ and CD14— fraction
were separated by negative magnetic depletion by using hapten-
conjugated CD3, CD7, CD19, CD45RA, CD56, and anti-Ighk
antibodies (MACS; Miltenyi Biotec) and a MACS according to the
manufacturer’s instructions. gDNA and RNA were extracted from
CD14+ and CD14— MACS purificated monocytes fractions using
the RNA/DNA AllPrep QJAgen Minikit (Quiagen).

B-RAF mutation detection

Pyrosequencing assay was performed using with 454 sequencing
(Roche GS FLX platform). Primers scts were designed to amplify
B-RAF exons 11 and 15 from both genomic DNA and c¢cDNA,
which incorporated a universal forward and reverse sequence tag.
A second round of PCR was also performed utilizing the universal
tags, to incorporate a sample specific 10 bp “barcode” sequence as
well as additional tags utilized in the sequencing process (Roche
GS FLX Titanium). Sequencing was performed to yield a ‘depth’
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in excess of 500 clonal reads (500x) per cxonic amplicon, per
patient sample in most cases. This allowed detection of mutant
clones down to around 1-2% relative mutation abundance,
defined as the proportion of sequence reads that contain the
mutation. Independent PCR and GS FLX sequencing experi-
ments were carricd out to confirm mutations and to reduce
sampling error for calculations of mutation abundance. Somatic
mutation in patient #16, his parents and his sibling were
confirmed using a Applicd Biosystem Genetic analyzer 3730x1
(primers available on request).

B-RAF mutation modeling

The B-RAF paticnt mutations G0ODLATR R AF and T*°*B-RAF
have been modeled starting from the structure of the B-RAF
kinasc domain [29] using the Modeller 9v8 program [33]. The
sequence alignment on this domain with the observed patient
mutations was performed with the program Praline [34]. The
structural alignment of the mutated sequences with the chosen
template (pdb code 1WUH) was performed with the program T-
coffee [35]. For each mutant, 200 structurcs have been generated
and the ones with the best DOPE score have been selected for
further investigations. The VMD program [36] has been used for
graphical representations and for structural analyses.

Transfection of B-RAF alleles in 293 T cells

293 T (Lenti-X 293 T) was purchased from Clontech, and
maintained in DMEM supplemented with 10% FBS, 100 units/ml
Penicillin, and 100 mg/ml Streptomycin. ¢cDNA fragments of
human B-RAF (Genbank accession number: NM_004333) and C-
RAF (Genbank accession number: NM_002880) were amplified
by RT-PCR from human PBMC c¢DNA and cloned into pMXs-
puro vector. V60OE, T599A, D594A, and G596R B-RAF mutants
construct were obtained by site-direct mutagenesis (Agilent
Technologies). DLAT insertion B-RAF mutant construct was
generated by PCR. The constructs were FLAG-tagged and cloned
into pMXs-puro and pMXs-IRES-GFP vectors. The mutations
were confirmed by DNA sequencing.

993 T was transiently transfected with pMXs-puro, FLAG-B-
RAF WT, V60OE, T599A, 600DLAT, D564A, G596R, or FLAG-
CRAFvectors as indicated in the figure. Transfection was carried
out with jetPEI according to the manufacture’s instructions
(Polyplus transfections, Inc.).

Generation of stable B-RAF transfectants using retroviral

vector

Retrovirus packaging cell line, Plat-A was purchased from Cell
Biolabs, Inc., and maintained in DMEM supplemented with 10%
FBS, 100 units/ml Penicillin, and 100 mg/ml Streptomycin.
U937 was kindly donated by Dr. Taams. THP-1 was kindly
donated by Dr. Neil. These cell lines were maintained in RPMI
supplemented with 10% FBS, 100 units/ml Penicillin, and
100 mg/ml Streptomycin (complete medium). Plat-A was tran-
siently transfected with pMXs-IRES-GFP, FLAG-B-RAF WT,
V600E, T599A, 600DLAT, D594A, and GHIGR vectors using
jetPEL Twenty-four hours after transfection, the medium was
changed to fresh DMEM, and the cells were cultured for further
94 hours. The virus supernatants were collected and the debris
was removed by centrifuge. The supernatants were mixed with
DOTAP Liposomal Transfection Reagent (Roche) and added to
U937 or THP-1 culture, followed by centrifuge at 30°C at 1100xg
for 2 hours. Forty-cight hours after infection, GFP positive cells
were sorted using BD FACSAria (BD Biosciences) and maintained
in complete medium.
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Western-Blot analysis

Twenty-four hours after transfection to 293 T cells, culture
medium was changed to serum-free DMEM and cells starved for
18 hours. Cells were lysed with RIPA buffer (20 mM Tris-HCI
(pH7.4); 150 mM NaCl, 2 mM EDTA, 1% Nonidet-P 40, 0.1%
Sodium dodecyl sulfate, 0.1% Sodium deoxycolate, 50 mM
Sodium fluoride, 1 mM b-Glycerophosphate, 1 mM Sodium
orthovanadate, 1 mM Phenylmethylsulfonyl fluoride, and Prote-
ase inhibitor cocktail (Sigma-Aldrich)). For the experiment using
THP-1 transfectant, 1x10° of growing cells were colllected by
centrifuge and lysed in RIPA buffer. The cell lysates were
separated on 10% SDS-PAGE gel and transferred onto nitrocel-
lulose membranes (Bio-Rad). The membrane were blotted with
anti-phospho-MEK1/2 mAb (41G9), ant-MEK1/2 mAb
(L38C12), anti-phospho-ERK1/2 (D13.14.4E), anti-ERK1/2
mAb (L34F19) all from Gell Signaling Technology, Inc., and
anti-FLAG M2 (Sigma Aldrich). Horseradish peroxidase-coupled
secondary antibodies were used to detect the primary antibodies.
Signal was revealed by enhanced chemiluminescence (SuperSignal
West Pico Chemiluminescent Substrate, Pierce) using a molecular
imager Chemidoc™ XRS+, Biorad. Band intensity was quanti-
fied by ImageLab™ Analysis Software.

References

1. Guyot-Goubin A, Donadieu ], Barkaoui M, Bellec S, Thomas G, et al. (2008)
Descriptive epidemiology of childhood Langerhans cell histiocytosis in France,
2000-2004. Pediatr Blood Cancer 51: 71-75.

2. Salotti JA, Nanduri V, Pearce MS, Parker L, Lynn R, et al. (2009) Incidence and
clinical features of Langerhans cell histiocytosis in the UK and Ireland. Arch Dis
Child 94: 376-380.

3. Stalemark H, Laurencikas E, Karis J, Gavhed D, Fadeel B, et al. (2008)
Incidence of Langerhans cell histiocytosis in children: a population-based study.
Pediatr Blood Cancer 51: 76-81.

4. Group TFLCHS (1996) A multicentre retrospective survey of Langerhans’ cell
histiocytosis: 348 cases observed between 1983 and 1993, Arch Dis Child 75:
17-24.

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

6. Madrigal-Martinez-Pereda C, Guerrero-Rodriguez V, Guisado-Moya B, Me-
niz-Garcia C (2009) Langerhans cell histiocytosis: literature veview and
descriptive analysis of oral manifestations. Med Oral Patol Oval Gir Bucal 14:
£222-228.

7. Grois N, Prayer D, Prosch H, Lassmann H (2005) Neuropathology of GNS
disease in Langerhans cell histiocytosis. Brain 128: 829-838.

8. Geissmann F, Lepelletier Y, Fraitag S, Valladeau J, Bodemer C, et al, (2001)
Differentiation of Langerhans cells in Langerhans cell histiocytosis. Blood 97:
12411248,

9. Allen CE, Li I, Peters TT, Leung HG, Yu A, et al. (2010) Cell-specific gene
expression in Langerhans cell histiocytosis lesions reveals a distinct profile
compared with epidermal Langerhans cells. J Immunol 184: 4357-4567.

10, Egeler RM, van Halteren AG, Hogendoorn PCl, Laman JD, Leenen FJ (2010)
Langerhans cell histiocytosis: fascinating dynamics of the dendritic cell-
macrophage lineage. Immunol Rev 234: 213-232.

11. Annels NE, Da Costa CE, Prins FA, Willemze A, Hogendoorn PG, et al. (2003)
Aberrant chemokine receptor expression and chemokine production by
Langerhans cells underlies the pathogenesis of Langerhans cell histiocytosis.
J Fxp Med 197: 1385-1390.

12. Senechal B, Elain G, Jeziorski E, Grondin V, Patey-Mariaud de Serre N, et al.
(2007) Expansion of regulatory T cells in patients with Langerhans cell
histiocytosis. PLoS Med 4: €253,

13. da Costa CE, Annels NE, Faaij GM, Forsyth RG, Hogendoorn PG, et al. (20053)
Presence of osteoclast-like multinucleated giant cells in the hone and nonostotic
lesions of Langerhans cell histiocytosis. J Exp Med 201: 687-693.

14. Gasent Blesa JM, Alberola Candel V, Solano Vercet G, Laforga Canales J,
Semler C, et al. (2008) Langerhans cell histiocytosis. Clin Transi Oncol 10:
688-696.

15. Arico M, Nichols K, Whitock JA, Arceci R, Haupt R, et al. (1999) Familial
clustering of Langerhans cell histiocytosis. Br ] Haematol 107: 883-888.

16. Weitzman S, Egeler RM (2008) Langerhans cell histiocytosis: update for the
pediatrician. Curr Opin Pediatr 20: 23-29.

@ PLoS ONE | www.plosone.org

B-RAF Mutant Alleles in LCH

Quantification of pMEK, pERK, and IL-8 from U937
transfectant by Bio-Plex

For the measurement of IL-8 sccretion, 1x104 of U937
transfectants ware laid in a 96 well plate in 100 microL. After
24 hours, the platc were centrifuged and supernatants were
collected. For pMEK and pERK, 1x104 of U937 were lysed using
Bio-Plex Cell Lysis kit. The samples were analyzed according to
manufactures instructions.

Statistics

Unsupervised students t-test on single comparisons was
compared to analyse significance. A P value<0.05 was considered
significant.
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Histiocytoses are rare disorders of unknown origin with highly heterogeneous progno-
sis. BRAFV6%E gain-of-function mutations have been observed in 57% of cases of
Langerhans cell histiocytosis (LCH) and 54% of cases of Erdheim-Chester disease
(ECD), but not in other types of histiocytoses. Targeted therapy with an inhibitor of
mutated BRAF (vemurafenib) improves survival of patients with melanoma. Here, we
report vemurafenib treatment of 3 patients with multisystemic and refractory ECD
carrying the BRAFVE00E mutation; 2 also had skin or lymph node LCH involvement. The
patients were assessed clinically, biologically (CRP values), histologically (skin biopsy),
and morphologically (positron emission tomography [PET], computed tomography and
magnetic resonance imaging). For all patients, vemurafenib treatment led to substantial
and rapid clinical and biologic improvement, and the tumor response was confirmed by
PET, computed tomography, and/or magnetic resonance imaging 1 month after treat-
ment initiation. For the first patient treated, the PET response increased between
months 1 and 4 of treatment. The treatment remained effective after 4 months of follow-up although persistent disease activity was
still observed. Treatment with vemurafenib, a newly approved BRAF inhibitor, should be considered for patients with severe and
refractory BRAFVS09 histiocytoses, particularly when the disease is life-threatening. (Blood. 2013;121(9):1495-1500)

Introduction

treatments have been evaluated in only small numbers of patients.
Despite recent therapeutic progress the overall mortality remains high
(18% of the 84 ECD patients seen at our institution). BRAFY6XE
mutations have been observed in 38% to 69% of cases of LCH.>7 We
recently reported BRAFYSWE mutations in 54% of 24 patients with
ECD.3 Vemurafenib, an inhibitor of mutant BRAF, has shown some
efficacy against 2 diseases (melanoma and hairy-cell leukemia) associ-
ated with the BRAFV®0E mutation. >

Erdheim-Chester disease (ECD) is a rare non-Langerhans cell
histiocytosis, characterized by the infiltration of tissues by foamy
CD68*+ CDla- histiocytes.! It is a systemic disease with diverse
manifestations: the clinical course mainly depends on the extent and
distribution of the disease, and ranges from asymptomatic bone
lesions to life-threatening manifestations.? Rare cases of ECD associated
with Langerhans cell histiocytosis (LCH) have been reported.’
Unlike ECD, LCH histiocytes are CDla® and frequently
infiltrate the epidermis in skin lesions.* Interferon a (IFN) is
generally the first choice for ECD therapy and improves survival, It
should be prescribed at high dose if there is central nervous system
and/or cardiovascular involvement.? However, long-term IFN
treatment can lead to severe side effects and some patients are refractory
to treatment. Motreover some patients with CNS and/or cardiovascular
infiltrations develop secondary resistance to high-dose of IFN. Alterna-

Methods

‘This study was approved by the ethics committee Ile de France T (#2011-A00447-
34) and conducted in accordance with the Declaration of Helsinki.

tive treatments include recombinant human interleukin-1 receptor
antagonist, cladribine, thyrosine kinase inhibitors, autologous hematopoi-
etic stem cell transplantation.> However, the optimal second line
therapeutic strategy remains to be defined, mostly because these

Patient no. 1

A 65-year-old man presented in October 2010 with elevated serum
creatinine and C-reactive protein (CRP) levels found on routine blood
testing. Abdominal computed tomography (CT) disclosed retroperitoneal
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Figure 1. Sequential PET. Patient no. 1 (left): Sequential PET showing high initial pathologic uptake of 18F-fluorodeoxyglucose in soft tissue and bones before vemurafenib
treatment, and significantly less uptake after 1 month and major regression after 4 months of vemurafenib treatment. Patient no. 2 (right): Similar substantia reduction of
18F-fluorodeoxyglucose uptake in all tissues involved. Reconstruction algorithm: OSEM_3D (5 iterations, 16 subsets, 9 mm Gauss filter). Volume rendering: Maximum Intensity
Projection (Osirix Software). Display: BW inverse logarithmic table and range (min value = 0, max = 2.7 for SUV).

fibrosis complicated by bilateral hydronephrosis with sheathing of the
abdominal aorta. Double ureteral pigtail stents were inserted and because
hydronephrosis relapsed, bilateral nephrostomy was performed. Long-bone
X-rays showed typical bilateral and symmetric cortical osteosclerosis in
the lower limbs. A biopsy sample of the perirenal fibrosis showed
numerous foamy CD68% CD1a~ histiocytes. A diagnosis of ECD was
established. Cerebral magnetic resonance imaging (MRI) showed sinus
osteosclerosis; on cardiac MRI, the pericardium appeared thickened and
there was specific infiltration of the auriculo-ventricular sulcus. Positron
emission tomography (PET) revealed an intense uptake in the lower limbs
and in the thoracic aorta.

Pegylated interferon o (PEG-IFN) treatment was started in July 2011, at
135 pg/w for 4 weeks, and was then increased to 180 pg/w due to cardiac
involvement, Double ureteral pigtail stents were implanted to replace the
nephrostomy and the blood creatinine concentration remained stable at
115pM. In January 2012, the CRP level was 21 mg/L, and the creatinine
level was 137 uM. The patient developed pruritus, and gammaglutamyl
transferase (GGT) activity was 936 U/L (normal 12-55) and alkaline
phosphatase activity was 644 U/L (normal 40-120). Abdominal CT showed
the persistence of sheathing of the whole aorta. Bilateral hydronephrosis
had increased and there was a left renal artery stenosis. Liver MRI and
biopsy showed no or only minor abnormalities, and in particular no
histiocytes or signs of sclerosing cholangitis. PET revealed that the number
of lesions and uptake by the lesion had increased, that is, hypermetabo-
lism of the long bones of the lower limbs, and of thoracic and abdominal
aorta, mediastinum and retroperitoneum (Figure 1). Cardiac MRI
findings were unchanged. Angioplasty of the left renal artery with stent
implantation was performed. In February 2012, the IFN dose was
increased (to 180 wg/w PEG-IFN alternating with 270 pg/w) due to the
absence of response to treatment; this was followed by depression and
fatigue. The depressive symptoms persisted despite administration of
antidepressant drugs, leading to the IFN treatment being stopped in
March 2012. The creatinine level increased to 190pM, and consequently
the double ureteral pigtail stents were replaced by thermoformable spiral
metallic stents.

Patient no. 2

A 59-year-old woman was referred to us in February 2011 with a 2-year
history of bone pain in the lower limbs. For the previous 6 months she had

-had diabetes insipidus, right orbital pain requiring morphine, and head-

aches. She had a history of bilateral breast cancer in 1998 treated by right
mastectomy, radiotherapy, and chemotherapy. Thoracic and abdominal CT
showed peri-aortitis (involving the arch, origin of the supra-aortic vessels,
and the sub-renal aorta), nodular infiltration of the epiplon, and soft-tissue
thickening of the pre- and retro-sternal spaces. Cardiac MRI showed a right
pseudo-tumoral atrial infiltration. Orbital MRI found a right retro-orbital
infiltration and compression of the optic nerve with intense enhancement
after gadolinium administration. Bone scintigraphy was highly suggestive
of ECD with intense uptake in the lower limbs. A monoclonal IgA x
component (12 g/L) was found, so a bone marrow biopsy was collected and
revealed 30% plasma cell infiltration; renal function and calcemia were
normal, hemoglobin was 12.5 g/dL, there was no proteinuria, and no lytic
bone lesions were found. Stage I myeloma in the Durie-Salmon classifica-
tion was diagnosed. Celioscopy in January 2011 found a peritoneal
infiltration with foamy CD68* CDla~ histiocytes consistent with a
diagnosis of ECD., At initial presentation, the patient had papulo-maculous
squamous intertrigo-like lesions under the left breast: biopsies showed
Langerhans cell infiltrate in the epidermis and non-Langerhans cell
infiltrate in the hypodermis (Figure 2). Initial PET revealed intense uptake
in the retro-orbital space, right atrium, and abdominal aorta, and bilateral
and symmetric uptake in the diaphyseal and metaphyseal regions of the
long bones (Figure 1) typical of ECD. These findings led to a diagnosis of
ECD associated with histologic lesions of LCH in the skin. The most severe
symptoms, requiring therapy, were due to ECD (peri-aortitis, bone pain,
pseudo-tumoral atrial infiltration, mesenteric localization, and right retror-
bital involvement). The associated IgAx stage I myeloma only required
monitoring.

Therapy with 135 wg/w PEG-IFN was initiated in March 2011. Partial
improvement was observed, but pain in the right eye and cardiac abnormali-
ties persisted. The PEG-IFN dose was increased to 180 p.g/w in June 2011
In December 2011, the orbital pain had worsened and orbit MRI detected a
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Figure 2. Skin lesions. LCH skin lesions in patient no. 2
disappeared after a few days of treatment with vemu-
rafenib. Skin biopsy before treatment showing typical
LCH infiltration of the epidermis and papillary dermis with
CD1at histiocytes; the hypodermis is infiltrated by foamy
CD68+CD1a- histiocytes (as in the peritoneal biopsy).
Immunohistochemistry confirmed the expression of BRAF
by histiocytes.

new hypersignal in the right optic nerve; PET revealed intense uptake in the
long bones. PEG-IFN, which had been maintained at 180 pg/w, was
stopped at the beginning of March 2012 due to depression, fatigue,
neutropenia (~ 500/mm?3), thrombocytopenia (46.000/mm?), and inefficacy
against the retro-orbital involvement, The patient was re-assessed on March
23: she had fever, CRP was 89 mg/L, and PET confirmed the worsening of
the retro-orbital, bone, and mediastinal involvements. Orbit MRI also
showed persistence of the retro-orbital lesion (Figure 3). Treatment with
100 mg/d anakinra was initiated on March 24 and effectively reduced the
fever but not the CRP value (Figure 4). Concomitantly, the cutaneous
lesions relapsed leading to anakinra discontinuation on April 17. The right
retro-orbital pain worsened. Skin lesions were re-biopsied and the findings
were unchanged (co-existence of LCH in the epidermis and ECD in the
hypodermis).

Patient no. 3

A 31-year-old woman originating from Laos was referred to our department
in April 2010 for subacute renal failure, diabetes insipidus, and elevated
CRP level. Physical examination identified bilateral superior and inferior
eyelid xanthelasma. Blood tests confirmed elevated creatinine and CRP
levels (178 .M and 147 mg/L, respectively). Abdominal CT-scan revealed
retroperitoneal fibrosis and lymphadenopathy, and cerebral MRI showed
that the pituitary axis was enlarged. Long bone %Tc scintigraphy showed
intense metaphyseodiaphyseal uptake in femurs and tibias. Similar hyperme-
tabolism in the long bones and also in the spleen, and retroperitoneal
adenopathies were found on PET.

Biopsy of the palpebral xanthelasma confirmed the ECD localization
with foamy histiocytes. Immunohistology was positive for CD68 and
negative for PS100 with a few CD1a-positive cells. Biopsies of T4 vertebra
and right inferior metaphyseal femur showed the same ECD patterns, and a
biopsy of a retroperitoneal node displayed characteristics of LCH with
strongly positive CD1a and PS100 staining.

In April 2010, treatment with PEG-IFN (135 pg/w) was started and
double ureteral pigtail stents were inserted. Ten months later, in February
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2011, the CRP level was 24 mg/L, creatinine had decreased to 138uM, and
PET showed an improvement of long-bone uptake. In February 2012, the
clinical status had deteriorated with new lower-limb pain and increased size
of xanthelasmas. Abdominal CT scan showed enlargement of periaortic and
periureteral infiltrations. Cardiac MRI, which had been normal on previous
assessments, displayed a typical infiltration of the right atrial wall,
atrioventricular groove, and gadolinium enhancement of the left ventricular
wall, septum, and apex. The CRP level was 20 mg/L and PET disclosed a
strong, new uptake in the basilar skull region. The PEG-IFN dose was
increased to 180 pg/w on March 20, but was clinically ineffective: the CRP
level increased to 42 mg/L. Treatment was stopped on May 9.

Histology and molecular analyses

All biopsies (perirenal, peritoneal, skin, and bone) obtained from the
3 patients before or after vemurafenib treatment were reviewed by
2 pathologists with specialist training in histiocytosis (EC.-A., J.-FE.). All
patients provided consent for vemurafenib treatment after the provision of
counseling. Each sample was processed for immunohistochemistry with
antibodies against CD1a (Beckman-Coulter), CD68 (Dako), CD163 (Ther-
moscientific) and $100 protein (Dako), and with VE1 (a mouse monoclonal
antibody specific for the BRAFY®E mutant, kindly provided by Prof A. von
Deimling, Heidelberg University, Heidelberg, Germany). Clone L26 (anti-
CD20) was used as IgG2a isotype matched control for the VEI antibody.!!
BRAFVO%E mugations were detected as previously described.'>? DNA
was extracted from formalin-fixed and paraffin-embedded (FFPE) tissues
after histologic detection of histiocyte-rich areas, and pyrosequencing with
PyroMark Q24 (QIAGEN) was used to detect BRAFY6% mutations.

Results

BRAFV69E mutations were detected in ECD biopsies from all
3 patients, and in samples of LCH epidermal infiltration from
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Figure 3. CT scan and MRI imaging assessment. Patient no. 1: Comparison of
abdominal axial CT scans performed before (January 28, 2012; left) and on day 37
(May 23, 2012; right) of treatment showing regression of the infiltration around both
kidneys (white arrows), evidenced by the decreased thickness (right kidney: 24.8 to
18.2 mm, left kidney 22 to 12.4 mm). Patient no. 2: Comparison of MRI performed
before (left) and on day 36 (right) of vemurafenib treatment showing regression of
ECD orbital infiltration. Comparison of abdominal axial CT scans performed before
(March 29, 2012; left) and on day 39 (May 25, 2012; right) of vemurafenib treatment
showing regression of the infiltration around abdominal aorta (white arrows):
latero-aoric infiltration from 10.8 to 6.5 mm thick, and posterior infiltration from 6.5 to
4.6 mm thick. Patient no. 3: comparison of cardiac MRI, 4-chamber view: (A) Febru-
ary 21, 2012; see the infiltration of the atrial septum, the posterior wall and the free
wall of the right atrium (white arrows); (B) July 19, 2012; note the regression of the
infiltration.

patient no. 2. The expression of the V60OE mutant BRAF protein in
histiocytes from both ECD and LCH lesions was confirmed by
immunohistochemistry (Figure 2).

The efficacy of vemurafenib

These 3 cases of refractory ECD with life-threatening manifesta-
tions associated with the BRAFV60E mutation were all treated with
vemurafenib. All patients provided consent for vemurafenib treat-
ment after appropriate counseling.

Vemurafenib (initially given at 1920 mg/d) was tapered in all
3 patients to 960 mg/d (on days 30, 30, and 20, respectively) due to
cutaneous side effects and was maintained until further follow-up.
2 These side effects were classified as grade 2 according to the
Common Terminology Criteria for Adverse Effects (CTAE). No
other toxicities or adverse events were observed. All patients
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showed clear clinical improvement within a few days of initiation
of this treatment.

Patient no. 1. Vemurafenib was started at 1920 mg/d (b.i.d.)
on April 19, 2012 and was tapered to 960 mg/d from day 30 due to
erythema, and was thereafter maintained at this dose. Within a few
days of the initiation of treatment, itching disappeared. Evaluation
on day 30 showed an improvement of creatinine (190 to 161 M),
GGT (936 to 300 U/l and alkaline phosphatase (644 to 177 U/l)
values. On day 62, GGT was 183 U/l, PAL 146 U/l, and creatinine
170pM. CRP was normalized by day 30 (Figure 4), and remained
under 5 mg/L on day 62. PET was performed after 30 days of
vemurafenib treatment and the findings compared with those
obtained 4 months earlier: there was a substantial improvement of
all lesions (Figure 1), with a mean Standardized Uptake Value
(SUV) change of ~70% (range, —66% to —80%); the change
within soft tissue and bone was similarly ~70% (range, —51% to
—178%; supplemental data, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).
Thoraco-abdominal CT after 37 days of treatment showed a significant
reduction of periaortic infiltration (Figure 3). This cannot be attributed to
PEG-IFN treatment, withdrawn on March 31, 2012, because several
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Figure 4. Evolution of CRP levels under treatment. Patient no. 1: Blood CRP
concentrations, correlating with initial response and secondary resistance to PEG-
IFN treatment, and returning to normal values (< 5 mg/L) under vemurafenib. Patient
no. 2: an initial CRP increase was associated with headaches and fever (39°C); CRP
concentrations returned to normal values after 1 month of treatment. Patient no. 3:
CRP concentrations returned to normal values after one month of treatment. Time 0
corresponds to initiation of vemurafenib treatment, and each graduation corresponds
to 1 month.
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other markers clearly indicated that the patient was a nonresponder
(high CRP values, hydronephrosis and pyelocalicial dilation,
worsening of PET findings). Hydronephrosis and pyelocaliceal
dilation resolved completely. Note that the PET assessment at
4 months showed that the decrease of FDG uptake had been
sustained: uptake was lower than that observed after the first month
(Figure 1). Aortic MRI after 4 months disclosed a marked regression of
peri-aortic sheathing relative to that obsetved by CT-scan in May 2012.
The CRP value remained low on day 123 of treatment (Figure 4).
Patient no. 2. Vemurafenib was administered at 1920 mg/d
(b.i.d) from April 17 with a transient interruption of 2 days (days 12
to 14) due to headaches and fever at 39°C. The CRP value
increased to 114 mg/L (May 1); lumbar puncture was normal, blood
cultures were negative, and both physical examination and thoracic
CT-scan ruled out pneumopathy. The clinical symptoms rapidly
disappeared and CRP values declined (100 and 48 mg/L on May 2
and 3). We were able to resume treatment at full dose at day 14. Our
impression was that this transient episode was perhaps a viral
infection, or cytokine-related, but not due to the disease or vemurafenib
treatment, The dose was tapered to 960 mg/d from day 30 due to
itching, skin rash and keratosis pilaris lesions which had appeared a
few days before. Itching was not attributed to LCH involvement but
appeared to be a consequence of the cutaneous toxicity of vemurafenib.
Skin manifestations disappeared within days of the reduction of the
dose which was maintained at 960 mg/d until further follow-up.
After a few days, histiocytic skin lesions resolved (Figure 2),
and the pain in the right eye disappeared such that morphine could
be stopped. A new skin biopsy confirmed the absence of histiocytic
infiltration of the epidermis and hypodermis. CRP was normalized
by day 30 (Figure 4), and was 5.2 mg/L (N < 5) on day 48. PET 31
days after initiation of vemurafenib was compared with that
performed 2 months earlier: the change in the mean SUV was
—57% (range, —51% to —67%) and that in soft tissue and bone
was —70% (range, —56% to —78%; Figure 1 and supplemental
data). Orbit MRI on day 36 showed a 26% to 66% decrease of the
retro-orbital infiltration (Figure 3 and supplemental data). Thoraco-
abdominal CT on day 39 demonstrated a 30% to 40% decrease of
the posterior and lateral peri-aortic infiltration (Figure 3), and the
absence of the previously observed interlobular septa thickening,
characteristic of pulmonary involvement of ECD. The CRP value
remained below 5 mg/L on day 141 of treatment (Figure 4), and the
patient was asymptomatic, with the absence of orbital pain.
Patient no. 3. Vemurafenib was administered at 1920 mg/d
(b.i.d) from May 9 to May 29: the dose was tapered to 960 mg/d
(b.i.d) due to pilar keratosis and erythema, One month later, the
CRP level was 10 mg/L, the thickeness of xanthelasmas had
diminished, and PET displayed significantly decreased uptake in
the basilar region and by the long bones. In July 2012, the CRP
value was normal. The most striking feature was the significant
improvement of the cardiac MRI on July 19: right atrial wall
infiltration had regressed substantially (Figure 3). On day 119 of
treatment, the CRP value was still low, at 8 mg/L (Figure 4).

Discussion

This is the first report of the use of vemurafenib in ECD patients
carrying the BRAFY°E mutation, with a multisystemic form of the
disease refractory to IFN. The treatment was extremely and rapidly
effective in all 3 patients: clinical symptoms improved, CRP values
normalized, all pathologic uptakes on PET regressed substantially,
peri-vascular sheathing regressed, and heart infiltration improved
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markedly; the LCH skin lesions of patient no. 2 disappeared and
the severity of the orbital lesion decreased.

PET assessment of treatment of cases of ECD has not previ-
ously documented such rapid efficacy. IFN treatment has a much
more subtle and slow effect on the regression of uptakes.!* For
patient no. 1, there was a mean regression of 70% of visceral and
bone 8F-fluorodeoxyglucose uptakes at month 1, and the therapeu-
tic response observed at month 4 was even better. Substantial
regression of peri-vascular sheathing and disappearance of hydro-
nephrosis (CT), as well as normalization of measures of CRP and
liver enzymes confirmed the excellent therapeutic efficacy. The
benefits of treatment were similar in patient no. 2, with 57% to 70%
regression of visceral and bone '*F-fluorodeoxyglucose uptakes,
regression of peri-aortic and orbital infiltrations, and normalization
of CRP values.

Imaging and analysis of biologic markers demonstrated tumor
regression within 40 days in patients 1 and 2, and for patient no. 3
there was a major regression of heart infiltration by day 71.
Moreover, the clinical benefits, with the resolution of pruritus for
patient no. 1 and of skin lesions and orbital pain for patient no. 2,
were apparent within a few days. The Pitié-Salpétriére Hospital has
cared for 84 ECD patients between 1991 and 2012, and there have
been no previous cases of such remarkable and rapid clinical,
biologic, and imaging improvements.

Typical LCH infiltration has been reported in some patients with
confirmed ECD. In patient no. 2, the BRAFYS’F mutation was
detected in both types of histiocytes. LCH skin lesions disappeared
rapidly under vemurafenib and this was confirmed by biopsy,
suggesting that LCH patients may also benefit from vemurafenib
treatment; the value of such treatment should be assessed in
patients with pure LCH disease.

Contrasting with other types of histiocytosis, BRAFY®E muta-
tions are present in approximately half of the patients with ECD or
LCH.%® Among the 84 ECD patients followed in our center,
17 (20.2%) have died of disease. Although an appropriate dosing
schedule and treatment duration remain to be determined in clinical
trials, our findings provide compelling evidence of the fast efficacy
of BRAF inhibition in BRAFV60%E_agsociated ECD. The long-term
efficacy of BRAF inhibition in ECD should also be studied, as
secondary resistance develops in almost all cases of BRAFVO0E.
associated melanoma. 4 Patient no. 1 was asymptomatic at 4 months
and had normal CRP values. At that time, follow-up PET assess-
ment only revealed persistent bone uptake, which we believe
should rather be interpreted as being a typical hallmark of the
disease than a marker of disease activity. Nevertheless, the
durability of the therapeutic response to vemurafenib remains
unknown and should be evaluated over longer periods.

In view of the remarkable efficacy in the 3 cases we report, we
believe that BRAF inhibition should be considered in a larger
cohort of BRAFVS%E_associated histiocytosis patients, particularly
those with life-threatening disease.
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Primary (;entral nervous system histiocyti(; sarcoma (PCNS-HS) is a rare malignant disorder
with a dismal prognosis. We report the case of a 40-yéar-old man suffering from progressive
‘memory impairment and raised intracranial pressure syndrome. Magnetic resonance imaging
revealed a contrast-enhanced left temporal tumor with acute hydrocephalus. After biopsy and
cerebrospinal fluid (CSF) shunt, a comprghensivé neurologicél and systemic workup
demonstrated PCNS-HS with CSF spread. Molecular analysis of the tumor demonstrated a
BRAF p.V600E mutation and multiple chromosomal imbalances. Vemurafenib treatment was
started with dramatic clinical, _radiologi;:al, and biological responses. Thus, the BRAF
‘mutation is a potential driving mutation in PCNS-HS. This case supports molecular-based

personalized medicine in neuro-oncology.
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Molecular cytogenetic characterization of canine
histiocytic sarcoma: A spontaneous model for
human histiocytic cancer identifies deletion of
tumor suppressor genes and highlights influence
of genetic background on tumor behavior
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Abstract

Background: Histiocytic malignancies in both humans and dogs are rare and poorly understood. While canine
histiocytic sarcoma (HS) is uncommon in the general domestic dog population, there is a strikingly high incidence
in a subset of breeds, suggesting heritable predisposition. Molecular cytogenetic profiling of canine HS in these
breeds would serve to reveal recurrent DNA copy number aberrations (CNAs) that are breed and/or tumor
associated, as well as defining those shared with human HS. This process would identify evolutionarily conserved
cytogenetic changes to highlight regions of particular importance to HS biology.

Methods: Using genome wide array comparative genomic hybridization we assessed CNAs in 104 spontaneously
occurring HS from two breeds of dog exhibiting a particularly elevated incidence of this tumor, the Bernese
Mountain Dog and Flat-Coated Retriever. Recurrent CNAs were evaluated further by multicolor fluorescence in situ
hybridization and loss of heterozygosity analyses. Statistical analyses were performed to identify CNAs associated
with tumor location and breed.

Results: Almost all recurrent CNAs identified in this study were shared between the two breeds, suggesting that
they are associated more with the cancer phenotype than with breed. A subset of recurrent genomic imbalances
suggested involvement of known cancer associated genes in HS pathogenesis, including deletions of the tumor
suppressor genes CDKN2A/B, RBT and PTEN. A small number of aberrations were unique to each breed, implying
that they may contribute to the major differences in tumor location evident in these two breeds. The most highly
recurrent canine CNAs revealed in this study are evolutionarily conserved with those reported in human histiocytic
proliferations, suggesting that human and dog HS share a conserved pathogenesis.

Conclusions: The breed associated clinical features and DNA copy number aberrations exhibited by canine HS
offer a valuable model for the human counterpart, providing additional evidence towards elucidation of the
pathophysiological and genetic mechanisms associated with histiocytic malignancies. Extrapolation of data derived
from canine histiocytic disorders to human histiocytic proliferation may help to further our understanding of the
propagation and cancerization of histiocytic cells, contributing to development of new and effective therapeutic
modalities for both species.
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Background

Histiocytic malignancies in human patients are rare but
aggressive cancers associated with high mortality [1-4].
Pathologic and cytogenetic data for these malignancies
are sparse, based on a few early case studies e.g.[5-7]
and a single larger study of 18 histiocytic sarcomas (HS)
[2]. On a molecular level, deletions of CDKN2A/
pl4ARF, TP53, MDM2 and PTEN have been reported in
human histiocytic disorders [4,8-14], but their etiology
remains poorly understood. The clinical behavior of
these diseases is also unclear, and the optimal course of
treatment remains a matter of debate [4,15]. Elucidation
of the genetic basis of many human cancers has been
~ aided by identification of recurrent genomic DNA copy
number aberrations (CNAs) affecting dosage of target
genes involved in cancer pathogenesis. The diagnostic,
prognostic and therapeutic significance of numerous
CNAs in a variety of common cancers is well described
[16]. However, for rare cancers, including HS, the lim-
itations on sample availability preclude the generation of
comprehensive data regarding recurrent CNAs,

Histiocytic cancers are uncommon within the domestic
dog population in general, but there is a highly elevated
incidence in several breeds, including the Bernese Moun-
tain Dog (BMD) and Flat-Coated Retriever (FCR), suggest-
ing heritable risk factors and indicating that these breeds
may share genetic characteristics contributing to tumor
injtiation and progression [17-22]. Canine HS are histolo-
gically comparable to the corresponding human cancers,
involving proliferation of members of both histiocytic
lineages (dendritic cells (DC) and macrophages) with
which they share pathologic features [17,18]. With only
small numbers of available human samples, we propose
that the canine model provides a unique opportunity to
identify recurrent genomic lesions associated with sponta-
neous HS, and provide greater insight into the pathogen-
esis and genetic etiology in human patients.

For this study we hypothesized that recurrent CNAs
exist in canine HS, detection of which would identify
regions of the canine genome containing genes associated
with HS initiation and progression. Approximately ~25%
of all tumors diagnosed in the BMD are reported to be
HS, and a recent study estimated that 80% of canine dis-
seminated HS cases are diagnosed in the BMD, sugges-
tive of a multigenic or multifactorial mode of
transmission [22,23]. The typical age of onset in the
BMD is 6.5 years, with 82% and 55% of cases involving
an internal organ and multiple organs, respectively
[22,23]. This latter presentation represents the dissemi-
nated form of the disease, often referred to as malignant
histiocytosis. Tumor progression is rapid with a mean
survival time following diagnosis of only 49 days [23].
With such an aggressive behavior and high prevalence in
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the breed, HS has a huge impact on BMD longevity. HS
also is the most common malignant tumor identified in
the FCR, accounting for at least 40% of all tumors diag-
nosed in this breed, with an average age of onset of 8.5
years [24,25]. Tumors in the FCR are generally located in
the muscle region surrounding a joint, with a high rate of
metastasis to local lymph nodes, spleen, thorax and
abdominal organs. While treatments are available for pal-
liation of clinical signs and extension of life, this tumor
carries a poor prognosis in the FCR, with a reported
median survival of only four months [25].

We evaluated genome-wide CNAs in a cohort of histo-
logically confirmed canine HS cases using array compara-
tive genomic hybridization (aCGH), supplemented with
fluorescence in situ hybridization (FISH) and loss of het-
erozygosity (LOH) analysis. We identified recurrent CNAs
common to HS in both breeds (BMD and FCR), indicating
an association with tumor phenotype. These changes
included genomic imbalances encompassing well defined
cancer associated genes (CDKN2A/B, RB1, PTEN). Epide-
miological data revealed a significant difference in the ana-
tomical location of histiocytic tumors between the two
breeds. A subset of CNAs was also associated significantly
with breed. These data suggest that at least some of the
CNAs are associated with breed and/or tumor location,
rather than tumor phenotype.

Having defined aberrant genomic regions in two
breeds of dog with a high incidence of HS, subsequent
comparative molecular analysis of such regions, both in
dog and human patients, will provide opportunities to
gain greater insight into our understanding of the path-
ways implicated in histiocytic cancers, providing a first
step on the road to developing new treatments.

Methods

Case recruitment and histological evaluation of canine
histiocytic tumors

No animal experimentation was performed during this
study. All patients evaluated in this study were from
family owned dogs with a confirmed histiocytic malig-
nancy. All blood and tumor samples were taken with
informed owner consent by veterinarians between 2003-
2008. One hundred and forty six patients were recruited
for this study. Unfixed tumor biopsies were submitted
from 125 cases that had not previously received treat-
ment for their HS other than for palliative care. Tumor
biopsies were obtained under sterile conditions, either as
part of a routine diagnostic biopsy procedure, during sur-
gery, or immediately following euthanasia. All FCR cases
(n = 45) originated from the USA, while the BMD cases
(n = 101) were derived from the USA (n = 68 patients) or
France (n = 33 patients). The anatomical location of
tumors evident at the time of diagnosis and/or necropsy
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was recorded for each case in one of five categories:
tumor present in i) one internal organ; ii) multiple inter-
nal organs (equivalent to disseminated HS); iii) lymph
node only; iv) limb only; v) skin only. The last two loca-
tions were regarded as localized HS. A representative
portion of the tumor was fixed in 10% neutral-buffered
formalin. Histological specimens were evaluated by
board-certified veterinary pathologists (JC, JA) using rou-
tine hematoxylin-eosin (H&E) staining and antibodies
against CD3 (T-cell marker), CD18 (hematopoietic
marker), CD79a (B-cell marker), MHC class II, E-cad-
herin and Thy-1. In rare cases where the pathology
remained inconclusive (and where frozen tissue was
available) tissues were evaluated further with CD11c and
CD11d. In such cases, a diagnosis of HS was confirmed
when tumor cells were positive for CD11c or CD11d
markers and negative for CD3 and CD79a markers.
Tumors were classified according to the criteria of Affol-
ter and Moore (2002)[17].

Array comparative genomic hybridization (aCGH) analysis
Genomic DNA was isolated from representative speci-
mens of unfixed tumor tissue. aCGH analysis was per-
formed as described previously [26] using a custom
genomic microarray comprising canine bacterial artificial
chromosome (BAC) clones distributed at ~1 Mb inter-
vals within the 7.6x canine genome sequence assembly
[27]. All BAC clones had been previously verified to
map to a unique chromosomal location by multicolor
fluorescence in situ hybridization (FISH) analysis [26].
Equimolar quantities of blood-derived DNA isolated
from five or more unrelated, cancer free individuals
were used as breed matched reference samples. Data
analysis was performed as described elsewhere {26,28].
Tumor-associated genomic imbalances were detected
using the aCGH-Smooth algorithm [29] with threshold
limits for detection of CNAs set at log, ratio values of
tumor DNA vs. reference DNA equivalent to 1.15:1
(copy number gain) and 0.85:1 (copy number loss).
CNAs were defined as recurrent or highly recurrent
when common to 230% and >=50% of cases, respectively.
The megabase (Mb) location of dog genes along the cor-
responding chromosome were based on the canFam v2
genome sequence assembly [27] accessed via the UCSC
genome browser http://genome.ucsc.edu/.

Loss of heterozygosity (LOH) analysis

Genomic regions exhibiting recurrent DNA copy num-
ber loss in HS were further evaluated for LOH using the
M13-tailed primer method [30]. PCR primers flanking
microsatellite sequences [31] located within these
regions are listed in Additional file 1: Table S1. Each
locus was amplified independently from paired tumor-
and blood-derived DNA from each patient evaluated.
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PCR was conducted in 10 pl reactions containing 0.8
units Taq polymerase (Go Tag, Promega), 1.0 pl 10x
reaction buffer (Promega), 0.25 mM each dNTP,
0.15 uM each microsatellite-specific primer, 0.1 pM 5’
fluorescently labeled M13 primer and 50 ng template
DNA. The M13 primer was tagged at the 5 end either
with PET, VIC, FAM or NED (Applied Biosystems) to
facilitate multiplexing of products. Amplification condi-
tions were as follows: 95°C for 2 min followed by 35
cycles of 94°C for 30 s, 58°C for 30 s and 72°C for 30 s,
followed by a 2-min final extension at 72°C. Amplicons
were visualized and evaluated by capillary-electrophor-
esis (3730x] DNA Analyzer, Applied BioSystems). Two
parameters were calculated for each sample: the allelic
ratio (AR) and allelic balance (Al). The AR was calcu-
lated by AR = (peak area 1)/(peak area 2); Al by Al =
AR (tumor)/AR (blood). When Al 2 1.5 or < 0.67, the
region was considered to be deleted.

Cytogenetic and fluorescence in situ hybridization (FISH)
analysis

Where viable tumor tissue was available, interphase
nuclei and chromosome preparations were generated for
FISH analysis. Primary tumor specimens were disaggre-
gated using Collagenase B (Roche) and the resulting cell
suspensions harvested directly, or from low passage
(n <2) primary cell cultures, using conventional techni-
ques of colcemid arrest, hypotonic treatment and
methanol/glacial acetic acid fixation, as described else-
where [32]. Multicolor FISH analysis was carried out as
described previously [33] using BAC clones representing
regions of the genome highlighted by aCGH analysis.
All probes were hybridized first onto metaphase chro-
mosome preparations from a pool of clinically healthy
dogs to confirm the expected copy number for each
probe at the expected chromosomal location. Image
data were assessed from a minimum of 30 representative
cells from each control/case evaluated.

Statistical analysis

aCGH, clinical and demographic data were compared
with Mann-Whitney U tests in the case of continuous
outcome variables, and with Fisher’s Exact tests in the
case of categorical outcomes. These methods are non-
parametric, requiring no distributional assumptions to
retain validity. Principal components analysis (PCA) is
well-established in human genetics to detect geographic
and racial background differences in human populations
[34,35]. PCA was performed to evaluate potential popu-
lation substructure in the USA and French BMD popu-
lations, and to test for differences in CNA frequency
between the two breeds [36-38]. Association analyses
were performed with Fisher’s Exact tests to test for asso-
ciation between aberration frequencies and breed. To
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control family-wise error rates and correct for multiple
comparisons, permutation testing was performed, deriv-
ing empirically p-value cut-offs of significance corre-
sponding to a family-wise error rate of 0.05 [39].
Statistical analyses were performed using JMP Genomics
v4 and SAS 9.1.3 (SAS Institute, Cary, NC) and Stata
v.11 http://www.stata.com.

Results

Statistical evaluation of epidemiological data

Evaluation of the 113 HS cases recruited from within
the USA provided an opportunity for direct comparison
of their epidemiological characteristics. The USA cohort
comprised 68 BMD (33 male, 35 female) and 45 FCR
(20 male, 25 female), all of whom were registered with
the American Kennel Club. The mean age at diagnosis
was 8.6 years + 1.7 for the FCR (range 5 to 12 years)
and 7.7 years + 1.9 for the BMD (range 2 to 12 years),
which also showed a secondary peak at 10 years of age
(Figure 1). These data indicate that within the US
patients the age of onset of HS was significantly higher
in the FCR than the BMD (p = 0.01, Mann-Whitney U
test).

The anatomical location of the tumor(s) also showed
significant variation between the two breeds (Figure 2),
with 87% of BMDs presenting with HS affecting one or
more internal organs compared with 48% of FCRs (p <
0.001, Fisher’s Exact test). Moreover, occurrence of HS
on a limb was >10 times more frequent in the FCR than
in the BMD (38.4% versus 3.2%). With the assumption
that isolated skin and limb tumors correspond to loca-
lized HS, we may surmise that the prevalence of loca-
lized HS is seven times more frequent in the FCR than
in the BMD (46.1% versus 6.5%) and that of dissemi-
nated HS is approximately two fold higher in the BMD
than the FCR (50.8% versus 25.6%).
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Figure 1 Distribution of the age of diagnosis of HS in US-
resident BMD (68 cases) and FCR (45). The mean age of HS
diagnosis Is significantly different between BMD (7.7 yrs) and FCR
(86 yrs) (pval = 001, Mann-Whitney U test).
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Figure 2 Anatomical distribution of histiocytic tumors in FCR

and BMD. Anatomical location of HS is significantly different
between the two breeds (p value < 0.001, Fisher Exact test).
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Overview of DNA copy number aberrations revealed by
aCGH

Metaphase preparations were generated from >20 HS
tumor biopsies from both BMD and FCR, The domestic
dog karyotype comprises 38 pairs of single-armed chro-
mosomes and a pair of bi-armed sex chromosomes
(2n = 78). Conventional cytogenetic evaluation of HS
cases revealed highly variable chromosome numbers in
both breeds, which were generally in the range 42-58.
All cases evaluated exhibited an abundance of aberrant
bi-armed chromosomes. These data suggest that in addi-
tion to numerical changes there also are large numbers
of structural changes that merit further evaluation in a
subsequent study.

Of the 146 HS cases available to this study (68 BMD
and 45 FCR from the USA, and 33 BMD from France),
unfixed tumor biopsies were obtained for 125 (Addi-
tional file 2: Table S2). Tumor specimens from 104
cases (33 FCRs, 71 BMDs) yielded DNA of sufficient
quality to permit aCGH analysis, of which 86 (82.6%)
(30 FCRs, 56 BMDs) presented with detectable CNAs.
The remaining 18 cases (17.3%) (3 FCR and 15 BMD)
did not demonstrate any detectable CNAs at 1 Mb reso-
lution, presumably either due to an abundance of non-
malignant tissue in the biopsy received, or the presence
of a highly polyclonal cell population with few shared
aberrations. Since these 18 cases provided no evidence
for CNAs they were excluded from subsequent analyses.

Typically, aCGH profiles for individual canine HS
cases demonstrated numerous CNAs, both gains and
losses, throughout the genome (Figure 3a), which were
supported by FISH analysis of select regions (Figures 3b,
¢ and 3d). When considered as a single population of 86
aberrant cases, the genome wide aCGH profiles for
canine HS shared numerous CNAs (Figure 4). Thirty-
one regions of the canine genome presented with recur-
rent DNA copy number increases (present in 230% of
the combined cohort), comprising eight regions of gain
and 23 regions of loss. Of these 31 regions, six were
highly recurrent (present in 250% of the combined
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Figure 3 Molecular cytogenetic evaluation of a canine histiocytic malignancy using aCGH and FISH. A. Example of whole genome aCGH
profile of a HS in a five year old female FCR. Log, ratios representing thresholds of genomic gain and loss are indicated by horizontal bars
above {green line) and below (red line) the midline (orange line), which represents normal copy number. The chromosome copy number status
line for the tumor appears as an orange overlay of the center-line when there is a normal copy number, and as either green (gain) or red (loss)
in the regions where genomic imbalances were apparent, as determined by the aCGH Smooth algorithm [29]. The aCGH profile is annotated
with the clone address of nine BAC clones from the 1 Mb array that were used in subsequent FISH analysis of this case. Three of these nine
clones have been shown previously to contain the full coding sequence of a key cancer-associated gene (CDKN2A, RB1, PTEN) [26). The color of
the text denotes the fluorochrome with which the BAC clone was labeled. B, C Targeted FISH analysis of tumor metaphase chromosome
spreads from the same case using nine differentially labeled BAC clones (highlighted in A) combined in two separate groups. The modal copy
number for each clone is indicated. D. Summary of copy number data of all nine loci evaluated by FISH analysis of at least 30 tumor interphase
nuclei or metaphase spreads. The aCGH copy number status of these regions (gain, loss, balance) are indicated, demonstrating concordance

between FiSH data and aCGH data.
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cohort), all of which were deletions; located on dog
chromosome 2 (Canis familiaris, CFA 2) (50% cases),
CFA 11 (62.8% of cases), CFA 16 (86% of cases), CFA
22 (64% of cases) and CFA 31 (61.6% of cases). Overall
the mean number and size of CNAs in both breeds was
highly comparable (Table 1), although the proportion of
cases that showed no detectable CNAs was 2.3 fold
greater in the BMD (21%) than in the FCR (9%). Figure
5 shows the size distribution of regions of CNA within
the FCR and BMD, indicating that in both breeds more

Table 1 Summary of the overall DNA copy number status
in the study population.

BMD FCR Mean (+/- st.dev)
mean number of CNAs 303 + 178 322+ 178 307 £176
mean number of losses 159+ 93 181 %72 167 + 86
mean number of gains 138 £ 103 141 % 123 139 £ 109
ratio losses:gains 1151 1.271 1.22:1
mean size of loss (Mb) 307 £ 21 357 %205 325+ 21
mean size of gain (Mb) 233 + 237 224 + 205 231 £ 226

(CNAs = Copy Number Aberrations, BMD = Bernese Mountain Dog, FCR = Flat
Coated Retriever, Mb = Megabase).

than 50% of the observed deletions were >30 Mb in
size, while half of the gains were <15 Mb.

ldentification of recurrent population associated
aberrations

Segregation of aCGH data by breed revealed remarkable
genome-wide similarity in the gross distribution of geno-
mic gains and losses between BMD and FCR (Figure 6),
indicating that most of the CNAs identified were
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Figure 5 Distribution of the size of the CNAs identified by
aCGH analysis of HS of BMD and FCR.
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common to both breeds. To identify whether the geogra-
phical origin of a patient (USA or France) had any signifi-
cant effect on its genome wide CNA profile, principal
component analysis (PCA) was used to investigate poten-
tial population substructure within the BMD cohort.
Visual inspection of the scree plot of the first ten poten-
tial components indicated just a single significant compo-
nent (Figure 7a). Eigen values for the first three
components are represented in three-dimensional space
in Figure 7b, which demonstrates that there is no division
between BMD patients by geographical origin. Mann-
Whitney U tests showed no significant association
between the eigen values from the first five components
and the geographic origin of the patient (p > 0.05 for
each test). These results indicate there is no substantial
population substructure between American and French
BMDs. Based on these results the American and French
BMDs were evaluated as one single population in subse-
quent association analysis.

PCA was also used to assess evidence for global differ-
ences in the distribution of genome-wide DNA copy
number aberrations between the two breeds (Figure 8a).
These results indicate four significant components that

define the global data. The eigen values were generated
corresponding to the first four components and were
tested for association with breed using nonparametric
Mann-Whitney U tests (Table 2). The results of these
association tests indicate a statistically significant asso-
ciation between breed and the second principal compo-
nent (p < 0.0001). Figure 8b shows that there is a strong
division between the two breeds defined by the second
component, visually representing the association demon-
strated in Table 2. Tumor location was also tested for
association with the eigen values for the first four prin-
cipal components (Table 2), the results indicating a sig-
nificant association between tumor location and the
second principal component. Since there is a highly sig-
nificant association between breed and tumor location,
it is not possible to determine if it is the breed or the
tumor location that is driving the association and so this
must be considered when interpreting the results of
breed association with CNA.

Fisher’s exact tests of associations were performed for
each region of DNA copy number gain or loss and
breed, to identify specific regions of aberrations that
define this global difference (Table 3). The permutation
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Figure 7 Principal Component Analysis (PCA) to identify
potential population substructure between French and
American BMD cases of HS. A). Scree plots of the eigen values
first 10 components, B). Three dimensional plot of the first three
components. American BMD patients are indicated in red while
French BMD patients are indicated in blue,

e 3 ﬁ 3
A, A
1204 =
o0- \ 90
3 - . 8 704
T 60 T g 5o
% : ''''' “‘\ﬂ«w,_,,__. ?) 50: \\%MM‘-‘.
o 30 B & 30 e
i N w w
104 e 10
.zo—l'l‘l'l'l‘|'|‘I'I‘I'I ‘10-‘l'l'l'|'l'l'l'|’l'
0 1 2 3 4 5 86 7 8 9 10 0 1 2 4 5 6 7 8 9 10

distribution indicated that an uncorrected p-value < 0.01
was statistically significant at a family-wise error rate
(FWER) of 0.05. Copy number aberrations involving 13
regions on seven different chromosomes (CFA 10, 15,
22, 25, 30, 34, and 36) were significantly associated with
breed.

Evaluation of tumor suppressor gene deletions in canine
HS

A subset of recurrent CNAs identified in this study
involved regions of the genome that contain known can-
cer associated genes and were investigated further. Dele-
tion of CFA 11q16 at ~44 Mb, which includes the
tumor suppressor gene CDKN2A/B, was identified in
62.8% of HS cases (60.7% of BMD and 66.7% of FCR)
(Figure 6). This region was further evaluated by LOH
analysis of 26 BMD and 20 FCR cases, each of which
exhibited CFA 11q16 deletion in aCGH analysis, and
had high quality DNA available from both peripheral
blood and tumor specimens. Genotyping of seven
microsatellites surrounding the CDKN2A/B locus

Pan2

Figure 8 Principal Component Analysis (PCA) to assess global
variation in aberration frequency between BMD and FCR. A)
Scree plots of the eigenvalues first 10 components, 8) Three
dimensional plot of the first three components. BMD patients are

L indicated in red and FCR patients are indicated in blue.

demonstrated LOH of at least one microsatellite within
this region in all 46 cases, consistent with the loss of
CFA 11q16 identified by aCGH (data not shown). More-
over, LOH analysis of an additional 11 cases, in which
loss of this region of CEA 11 was not apparent from
aCGH analysis, revealed that six (54%) showed LOH of
at least one marker close to the CDKN2A/B locus (data
not shown). The common region deleted in both breeds
was centered on the CDKN2A/B locus. Two of the cases
used for this analysis showed log, tumor DNA:reference
DNA ratios < -1.0 at the CDKN2A/B locus, highly sug-
gestive of an homozygous deletion. Subsequent FISH
analysis using a BAC clone containing the CDKN2A/B
locus confirmed homozygous deletion of this region in
these tumors (see Figure 3 for an example).

The most frequent DNA copy number aberration
observed by aCGH in the HS cohort was deletion of
CFA 16, with a 6 Mb segment of this chromosome
(extending from 47-53 Mb) deleted in 86% of all cases
(80.4% of BMD and 96.7% of FCR). These data were
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Table 2 Test of association between the first eigenvalues for the first four principal components and breed (BMD/FCR)

or tumor location (internal/external)

Component P-value for association test with breed p-value for association test with tumor location
1 04174 0.08205431
2 <0,00001 7.12E-05
3 0.1291 0.06926817
4 0.2995 0.82846813

supported by FISH analysis (see Figure 3 for an exam-
ple) and LOH analysis on a subset of 26 BMDs and 20
FCRs for which matched blood and tumor DNA sam-
ples were available (data not shown). The second most
_ frequently observed CNA in our cohort was deletion of
CFA 22ql1 at ~60.5 Mb, which includes the tumor sup-
pressor gene RBI. DNA copy number loss of this region
was identified in 55.8% of all cases, with deletions twice
as common in the FCR (83.3% of FCRs and 41.1% of
BMDs). The TP53 tumor suppressor gene locus (CFA
5q21 at ~35.5 Mb) was gained in 26.7% of all cases,
with the frequency in the FCR (40%) being twice that of
the BMD (19.6%). Further, gain of this region was
almost three times more frequent than loss (26.7% gain
vs 9.3% loss) across all cases and also within both breeds
when considered separately (10.7% loss in BMDs, 6.6%
loss in FCRs). aCGH indicated that deletion of the full
length of CFA 26 was evident in approximately 10-20%
of cases. In both breeds, however, deletion of the distal
end of CFA 26, a region that contains PTEN, was
deleted in 40.7% of cases (42.9% of BMD, 36.7% of
FCR), representing the highest frequency of loss along
this chromosome. FISH analysis with BAC clones repre-
senting CDNK2A/B, RBI, TP53 and PTEN supported

Table 3 Thirteen regions along seven dog chromosomes
showed significant differences between BMD and FCR
tumors.

CFA position (Mb) P-value
10 25-30 <0.0057
15 19-22 <0.0063
15 29-49 <0.0094
15 52-54 <0,0059
22 00-12 <0.0023
22 31-48 <0.0089
22 54-57 <0.0064
25 09-12 <0.0046
25 14-18 <0.0062
30 26-28 <0.0040
30 30-33 <0.0076
34 45-46 <0.0094
36 00-20 <0.0099

The megabase (Mb) position of these regions on different chromosomes (CFA)
is indicated. The uncorrected p-value is shown.

the copy number status identified by aCGH in those
cases evaluated.

Discussion

We hypothesized that spontaneous canine HS exhibit
recurrent CNAs of genes involved in histiocytic canceri-
zation, and that identification of these CNAs may
advance our understanding of the molecular characteris-
tics of these cancers in both canine and human patients.
The pathophysiologies of several dog and human can-
cers share many similarities and our previous studies
have demonstrated that CNAs in a variety of human
cancers are evolutionarily conserved in the correspond-
ing canine cancer [40-42]. These findings support the
idea of a fundamental and evolutionarily conserved asso-
ciation between cytogenetic abnormalities and tumor
phenotype, indicating similar biological consequences in
both species [41]. In testing our hypothesis we recruited
client owned BMD and FCR patients, each with a con-
firmed diagnosis of HS, and performed genome-inte-
grated aCGH analysis of 104 cases to identify recurrent
CNAs at 1 Mb resolution. We also performed statistical
analysis of clinical and demographic data from our HS
cohort in order to expand knowledge of the epidemiolo-
gical basis of this disease in these breeds.

Disseminated canine HS was first described as malig-
nant histiocytosis in the BMD [19,20], and while this
condition has been documented in other breeds [17], it
appears that this clinical form continues to be reported
more frequently in the BMD than other breeds. Conver-
sely, Fidel et al. (2006) [25] described that the majority
of HS in the FCR were restricted to a joint and/or mus-
cle/skin, corresponding to a localized form of HS. Epide-
miological data from our cohort are consistent with
previous reports. Our data showed also that the anato-
mical location of the histiocytic tumors differed signifi-
cantly between the two breeds investigated: BMDs
present more frequently with tumors of internal organs
and also with a high frequency of dissemination, while
FCRs more often develop a localized tumor of the skin
or leg. To our knowledge this study represents the first
to provide statistical significance for these parameters.
The contrasting patterns of anatomical location of HS
in the BMD and FCR suggest that the genetic back-
grounds of these two breeds may play a key role in
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determining risk, location and progression of this neo-
plasm, which could be assessed using genome wide
association analyses. Prior human and mouse studies
have identified specialized DC subtypes with heteroge-
neous functions [43] and so it is possible that the HS
diagnosed in FCR and BMD represent malignancies of
different DC subtypes, which might explain the different
behavior of these cancers in the two breeds.

Identification of breed-associated genomic copy number
aberrations

No statistical differences were found between CNAs
detected in HS of BMDs from two distinct geographic
areas (France/USA). These data suggest that it is reason-
able to sample BMDs from different geographic areas to
increase the number of cases available for subsequent

statistical analyses. This is not surprising considering .

the BMD has its roots in Switzerland in the late 19"
century, was admitted to the AKC registry in 1937, and
experienced numerous international ‘line-exchanges’
over the ensuing 74 years. These data suggest a rela-
tively homogeneous international population, supporting

the conclusion of Quignon et al. [44] who proposed the

use of international BMD cohorts for genetic studies.
From a population genetics perspective, since the main
populations of BMD are located in the USA and Europe,
and there are no apparent differences in CNAs evident
at 1 Mb resolution between the two BMD populations,
we surmise that the genomic changes associated with
HS are common to all BMDs regardless of geographic
origin. This in turn may indicate that any risk factors
for the development and progression of HS are linked
tightly to the genetic makeup of the breed and indepen-
dent of geography. Advances in understanding of the
biological mechanism of HS in BMDs in the USA
should therefore apply also to BMDs in other countries,
extending the value of such studies.

Most of the CNAs identified in this study were com-
mon to both the BMD and the FCR, and so it is likely
that such aberrations may also be evident in other
breeds presenting with these malignancies. We identified
13 regions of the genome on seven chromosomes that
showed a significant association between DNA copy
number and breed of the patient (Table 1). Further,
PCA indicated a significant association between specific
CNAs and either breed (BMD/FCR) or anatomical loca-
tion(s) of the tumor(s). Since breed and tumor location
are so closely correlated, it is not possible from this
study to determine whether the association between
CNAs and breed was driven by breed itself or by the
anatomical location of the tumor in that breed. Aberra-
tions may be associated with location of affected organ/
tissue, and/or dissemination/metastatic nature of HS.
These aberrations could confer a proliferative advantage
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to the tumor in one particular organ, or elevate the risk
of metastasis. An alternative hypothesis is that some of
these aberrations are linked specifically with the genetic
background of each breed. Since it has been shown pre-
viously that individual genetic backgrounds, as defined
by breed in dogs, influence tumor karyotypes [40,45],
we could hypothesize that some pathways are inacti-
vated by germline mutations in one breed, creating a
genetic risk for HS, but are inactivated by somatic modi-
fications (genomic loss, mutation) in the second breed.
Evaluation of HS in additional breeds that also present
with a disseminated form of the disease, such as the
Rottweiler, will aid in determining whether the apparent
separation between BMD and FCR is driven by breed or
by anatomical features of the cancer [9].

Identification of highly recurrent CNAs shared by the FCR
and the BMD - candidate regions for human HS

Despite the high level of genome reorganization evident
in canine HS and the varying anatomical location of the
tumors between breeds, we identified numerous CNAs
within our sample population shared between the both
breeds. Several of these were classified as recurrent
(230% frequency) or highly recurrent (250% frequency).
Among the most highly recurrent CNAs detected were
loss of regions of CFA 2, CFA 11, CFA 16, CFA 22 and
CFA 31, all of which were highly frequent (50-86%) in
both breeds. The presence of highly recurrent abnormal-
ities common to both breeds, along with their presence
in both the localized and disseminated forms of HS, is
suggestive of an association more with the cancer phe-
notype than with breed. These regions likely contain
genes that may play a key role in malignant transforma-
tion of histiocytes, independent of anatomical location.
This is especially so for the most frequent CNA, dele-
tion of CFA 16, an aberration that was detected in 86%
of HS cases (80.4% of BMD, 96.7% of FCR).

At first glance many of the recurrent aberrations iden-
tified in this study involved large contiguous tracts of
the canine genome (Figures 4 and 5), and so identifica-
tion of candidate genes is challenging. Closer considera-
tion of subchromosomal differences in aberration
frequency may however be used to determine minimal
regions of interest. For example, Figures 4 and 5 indi-
cate that while the full length of CFA 16 is deleted in at
least 50% of all HS cases (both FCR and BMD), there
are regional differences in the frequency of deletion
along the length of the chromosome. The highest fre-
quency of recurrent deletion (86%) along CFA 16
involved a 6 Mb region (47-53 Mb) towards the telo-
meric end of the chromosome. There are several anno-
tated candidate genes within this region of the canine
genome http://genome.ucsc.edu/cgi-bin/hgGateway?
db=canFam2 that are known either to be involved in
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regulation of apoptosis, or which are suspected to be
tumor suppressor genes; including CDKN2A interacting
protein (CDKN2AIP), FAT tumor suppressor homologl
(FAT1), Tumor suppressor candidate 3 (TUSC3), Mito-
chondrial Tumor Suppressor gene I (MTUSI) and peri-
centriolar material-1 (PCMI1). Of comparative
significance specific to HS, CDKN2AIP is known to
interact with CDKN2A/p14ARF, TP53/p53 and MDM2,
all of which have been shown to be involved in human
histiocytic disorders [4,8,9,11-14,46] and so this merits
further investigation in future studies.

Similarly, a neighboring 2.4 Mb region of CFA 16 (41.8
Mb-44.2 Mb) was deleted in 84.9% of HS cases. Of possi-
ble comparative significance, this region of CFA 16 is in
part orthologous to human chromosome (HSA) 8p22-
p21.3, a region that is frequently deleted in numerous
tumors, including multiple myeloma, prostate cancer,
hepatocellular carcinoma and neck squamous cell carci-
noma [47-50]. These data indicate that in both human
and canine cancers, this region exhibits a strikingly high
and comparable level of CNA. Further evaluation of both
human and canine patients will be required to determine
whether this shared deletion contains genes and regula-
tory elements associated with HS, or if its presence is
merely a generalized passenger aberration.

aCGH profiling of canine HS suggests that disruption of
the p53 and Rb pathways is a common event

Segments of CFA 11 (q22), 22 (q11) and 26 (q25) all
showed a high incidence of copy number loss in canine
HS. Each of these three regions contain key cancer asso-
ciated genes involved in the p53 and Rb pathways:
CDKN2A/B (CFA 11q22), RB1 (CFA 22q11) and PTEN
(CFA 26q25). CDKN2 encodes three distinct tumor sup-
pressor genes (ARF, p15™ % p16"™%42) that code for pro-
teins regulating cell cycle progression via the Rb and p53
pathways. While p15™N P and p16™5** regulate the Rb-
pathway, ARF inactivates MDM2 protein and so regu-
lates p53 [51,52]. The human region orthologous to CFA
1122 is HSA 9p21, which is among the most frequent
sites of DNA copy number loss in human cancers [53].
Genes within this region, especially p16™#4, have also
been shown to be inactivated in several dog cancers
including lymphoma, melanoma, hemangiosarcoma and
osteosarcoma [42,54-59]. Since direct inactivation of
p16™"4 by point mutation, deletion or promoter methy-
lation is evident in approximately one third of human
hematopoietic tumors [53,60], it is not surprising to find
this locus is involved in human histiocytic disorders. Sig-
nificantly, monosomy of HSA 9, including the CDKN2
locus, has been observed in different human dendritic
proliferations including plasmacytoid DC sarcoma [8]
and follicular DC sarcoma [9]. Moreover deletion of HSA
9p has been reported as the second most frequently
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observed aberration in Langerhans cell histiocytosis
(LCH) of the lung [10]. In mice, loss of INK4a allows
macrophages to bypass senescence [61] and Pten and
Ink4a/Arf have a cooperative role in restricting macro-
phage growth. The same is true in human HS where
inactivation of PTEN and INK4a/ARF tumor suppressors
are critical steps in the pathogenesis of this cancer [4,11].
It is therefore of interest that in this study >50% of HS
cases presented with a deletion of the CDKN2 locus.
Other mechanisms, such as DNA sequence mutations or
methylation, may also inactivate these tumor suppressor
genes. In future studies it will be important to investigate
whether HS cases presenting with no apparent deletion
of CDKN2 have an increased rate of DNA sequence
mutation of this locus, resulting in aberrant expression
for reasons other than gene dosage.

Also belonging to these key pathways is the gene Retino-
blastoma 1 (RB1), which is disrupted in a variety of
human solid tumors including pituitary adenomas, eso-
phageal carcinoma, gliomas and ovarian cancer [62]. Dele-
tion of HSA 13q14, containing RBI, is also a common
event in a wide variety of acute/chronic myeloid disorders
as well as in human dendritic sarcomas (plasmacytoid DC
and follicular DC sarcomas) [8,63]. In our study, loss of
the RBI locus on CFA 22 was highly recurrent across the
cohort (55.8% of HS cases) although it was detected twice
as frequently in HS tumors of FCRs than of BMDs (83.3%
of FCR cases vs 41.1% of BMD cases).

Deletion of HSA 17p, containing TP53, has been
described in human LCH [10,12], while other studies
reported an elevated expression of p53 in this disease
[13,14]. In the present study, 36% of canine HS cases
demonstrated CNA of TPS53, representing copy number
loss in 9.3% cases and gain in 26.7% of cases. Further
studies are needed to assess if gene dosage of TP53, as
well as other mechanisms, result in altered expression of
p53 that may be correlated with elevated expression of
this protein in Langerhans cell proliferation.

Deletion of CFA26 was present in approximately 20%

~of canine HS cases, but the telomeric end of this chro-

mosome, a region encoding the PTEN locus, was deleted
in ~41% of cases, regardless of breed. PTEN plays a sig-
nificant role in inducing cycle arrest and programming
apoptosis. It is an antagonist of the PI3K/AKT pathway,
and in turn regulates the Rb pathway [64]. It also con-
trols p53 protein levels and transcriptional activity
through both phosphatase-dependent and independent
mechanisms [65]. PTEN has been shown to be deleted
or mutated in a wide range of human tumors [64] and
also in several canine tumors [58,66]. While PTEN influ-
ences p53 transcriptional activity and p53 stability [65],
no association was found in our data between gain/loss
of TP53 and PTEN loss (Fisher’s Exact test, data not
shown).
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Copy number aberrations common to both breeds,
combined with their likely consequential impact on the
same pathways in human and canine HS, support the
relevance of the dog as a model of HS. In addition to
the genes discussed above we suspect that other tumor
suppressors on CFA 2, CFA 16 and CFA 31 (deleted in
50%, 86% and 61.6% of HS tumors, respectively) also
may play an important role in histiocytic cancerization.
Their identity likely will become apparent with increased
resolution and functional analysis of genes within these
regions.

Conclusions

This study demonstrates that histiocytic sarcomas of
two dog breeds with distinct genetic backgrounds (BMD
and FCR), but sharing a high incidence of the disease,
present with highly aberrant genome-wide DNA copy
number profiles. The presence of numerous highly
recurrent CNAs shared by both BMD and FCR tumors
suggests that these are associated more with the cancer
phenotype than breed. The small number of breed asso-
ciated CNAs identified may contribute to the major dif-
ferences in the varying tumor location evident in these
two breeds. The most highly recurrent aberrations
revealed in this study are evolutionarily conserved with
those reported in human histiocytic proliferations, sug-
gesting that human and dog HS share a conserved
pathogenesis. The breed associated clinical features and
chromosomal aberrations of canine HS offer a valuable
spontaneous model for the human counterpart, aiding
elucidation of the pathophysiological and genetic
mechanisms associated with histiocytic malignancies and
providing new opportunities for developing effective
therapeutic modalities for both species.

Additional material

P

Additional file 1: Table S1. List of microsatellite markers used for
LOH study. The position of each sequence is shown as the base pair
location in the canine genome assembly, canFam2. Forward primers of
CFA 11 markers had an M13-tail and were used with an M13 primer
fluorescently tagged at the 5’ end either with PET, VIC, FAM or NED to
facilitate multiplexing.

Additional file 2: Table $2. Signalment and clinical data for all 125
canine histiocytic sarcoma cases for which unfixed tumor biopsies
were available, Unshaded cases indicate 86 cases used for aCGH data
analysis. Cases that did not yield sufficient quality DNA and those that

did not contain evident CNAs are highlighted in grey.
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Notch is active in Langerhans cell histiocytosis and confers pathognomonic
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Langerhans cell histiocytosis (LCH) is an
enigmatic disease defined by the accumu-
lation of Langerhans cell-like dendritic
cells (DCs). In the present study, we dem-
onstrate that LCH cells exhibit a unique
transcription profile that separates them
not only from plasmacytoid and myeloid
DCs, but also from epidermal Langerhans
cells, indicating a distinct DC entity. Mo-
lecular analysis revealed that isolated and

tissue-bound LCH cells selectively ex-
press the Notch ligand Jagged 2 (JAG2)
and are the only DCs that express both
Notch ligand and its receptor. We further
show that JAG2 signaling induces key
LCH-cell markers in monocyte-derived
DCs, suggesting a functional role of Notch
signaling in LCH ontogenesis. JAG2 also
induced matrix-metalloproteinases 1 and
12, which are highly expressed in LCH

and may account for tissue destruction in
LCH lesions. This induction was selective
for DCs and was not recapitulated in
monocytes. The results of the present
study suggest that JAG2-mediated Notch
activation confers phenotypic and func-
tional aspects of LCH to DCs; therefore,
interference with Notch signaling may be
an attractive strategy to combat this dis-
ease. (Blood. 2012;120(26):5199-5208)

Introduction

Langerhans cell histiocytosis (LCH) is a disease characterized by
the accumulation of eponymous CD1a*Langerin® Langerhans cell
(LC)-like dendritic cells (DCs) of largely unknown origin.! It is a
rare disease that may affect any age group, although its most severe
clinica! course predominantly affects young children.? One intrigu-
ing feature of LCH is the wide spectrum of clinical presentations,
which can range- from single system disease such as osteolytic
bone lesions, which can resolve spontaneously, to fulminant
multisystem disease that requires intensive chemotherapy and BM
transplantation.? The etiology of LCH is not known, and it is even
unclear whether it is an inflammatory disorder or neoplastic
disease.* Therefore, targeted therapeutic approaches do not exist,
although the recent discovery of BRAF mutations in a majority of
LCH samples® could pave the way for RAF inhibitors in the
treatment of LCH.

Recently, a comprehensive gene-expression profiling study of
LCH cells has been conducted and revealed more than 2000 differ-
entially expressed transcripts compared with normal LCs.% How-
ever, the relationship between LCH cells and other naturally
occurring dendritic cells had not yet been investigated.

In the present study, we performed comparative gene-
expression analysis of highly purified LCH cells derived from
different locations and disease courses and 3 major, functionally
divergent naturally occurting human DC lineages; epidermal LCs,
myeloid dendritic cells (nDCls), and plasmacytoid dendritic cells
(pDCs).” Our results indicate that LCH cells form a distinct DC

entity. Furthermore, we have identified transcripts that are uniquely
expressed by LCH cells and that in functional analyses induced
LCH-specific features in human DCs.

Methods

Cell isolation

LCH biopsies were obtained from patients undergoing surgery. Cell
suspensions were prepared by dissociating collagenase IV (Worthington
Biochemical)-treated, minced tissue using a cell dissociation sieve (Sigma-
Aldrich). Cells were pelleted, resuspended in ice-cold RPMI 1640/10%
FCS, and immunostained with CDla (BD Biosciences) and CD207/
Langerin (Coulter) Abs. Isolation of epidermal Langerhans cells, pDCs, and
mDCls was performed as described previously® and as outlined in
supplemental Methods (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). All protocols for obtaining
and studying human tissues and cells were approved by the institutional
review boards and according to the regulations of the Declaration of
Helsinki.

RNA purification, amplification, and hybridization

Sorted cells were lysed in TRIzol reagent (Sigma-Aldrich) and RNA was
isolated according to the manufacturer’s recommendations. cCRNA target
synthesis, amplification, hybridizations to GeneChip Human Genome U133
Plus 2.0 Arrays (Affymetrix), and scanning were done according to
standard protocols recommended by the manufacturer.
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Analysis of gene-expression data and functional annotation

Raw and normalized microarray experiments have been submitted to the
Gene Expression Omnibus (GEQ; accession number GSE35340). Normal-
ization of CEL files and all further analyses were performed in the
R statistical environment using Bioconductor packages. Affymetrix CEL
files of LCH and DC samples were normalized together using germa and
preprocessed as described previously.” Briefly, probe sets that did not differ
significantly from nontargeting probe sets were excluded and the most
informative (variable) probe set was selected for each gene. This procedure
yielded a final number of 10 007 probe sets that were used for all further
analyses. Differential expression between the different DCs and LCH
samples was measured by a moderated ¢ test statistic and P values were
corrected for multiple testing using the Benjamini-Hochberg method. !0

Principal component analysis, multidimensional scaling, and
hierarchical clustering

Analyses were based on a matrix of pairwise correlations (Pearson
correlation coefficient) over all filtered genes among the 17 samples (used
as distances: 1-cor), For multidimensional scaling, the R function “sam-
mon” was used with default parameters. For hierarchical clustering and the
heat map shown in supplemental Figure 1, the R function “hclust” was used
in combination with the “heatmap.2” function using the “average linkage”
algorithm.

Generation of Euler diagrams

Area proportional Euler diagrams were generated using VennMaster
Version 0.37.5 software.!! Differentially regulated genes (adjusted P < .05,
fold change > 2) in LCH cells compared with the individual DC subsets
were used for analysis.

Immunohistochemistry and immunofiuorescence

Paraffin sections were stained according to standard protocols, as described
previously!? and as detailed in the supplemental materials. For immunoflu-
orescence analysis, frozen sections were fixed at —20°C in acetone or at
room temperature in 4% paraformaldehyde. Sections were blocked in
1% BSA and 10% goat or rabbit serum before Ab labeling and then
counterstained with DAPI. Images were captured with a fluorescence
microscope (Axioplan 2; Zeiss) using the ISIS Fluorescence Imaging
System (MetaSystems) or an inverted Axiovert 200M microscope (Zeiss)
equipped with the laser-scanning module LSM510 (Zeiss). IHC stains were
acquired on a Olympus BX51 microscope equipped with a ProgRes
C12 Jenoptic Optical Systems digital camera with the operational ProgRes MAC
CapturePro 2.7 application sofiware. Figure 2B and Care shown with a original
magnification of 40X, using a Olympus Plan Apo 40X/0.85 objective, the insets
and Figure 2D show the original magnification of 100X operating with a
Olympus U Plan Apo 100X/1.35 objective.

Quantitative PCR

Total RNA was reverse transcribed using a Superscript 1II first-strand
synthesis kit (Invitrogen) and quantitative PCR was performed under
standard conditions with an ABI 7500 fast real-time PCR machine (Applied
Biosystems). Samples were run in triplicate for each probe and quantifica-
tion was based on AACT calculations. Samples were normalized to
B-microglobulin, Predesigned TagMan probes were purchased from Ap-
plied Biosystems. The following probes were used: B2M: Hs 99999907,
TGF-B: Hs 000998133, MMPI: Hs 00899658, MMP12: Hs 00899662, and
ADAMDECI: Hs 00936068.

DC differentiation

PBMCs were isolated from buffy coats from healthy donors by density
gradient centrifugation using Ficoll-Paque. Monocytes were isolated by
magnetically activated cell sorting using CD14 MicroBeads (Miltenyi
Biotec). Alternatively, cells were isolated by counterflow centrifugal
elutriation (Elutra Cell Separation System). For DC differentiation, CD14-
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enriched monocytes were cultured in 100 ng/mL of human recombinant
GM-CSF (rtGM-CSF) and 100 ng/mL of human rIL-4 (both PeproTech) in
culture medium consisting of RPMI 1640 medium supplemented with
50 U/mL of penicillin, 50 pg/mL of streptomycin, 2mM glutamine (all from
Invitrogen), and 10% FCS (Hyclone). Where indicated, TGF-81 (Pepro-
Tech) was added to a final concentration of 10 ng/mL. Cultures were
maintained for 7 days on a confluent layer of MS5 cells transduced with
human Jagged?2 (JAG2) or empty vector (MSCV-IRES-GFP).13

DC stimulation

Iimmature monocyte-derived DCs (MoDCs) were washed twice in ice-cold
RPMI 1640 medium and resuspended in RPMI 1640 medium supplemented
with 10% FCS, 50 U/mL of penicillin, 50 pg/mL of streptomycin, and
2mM glutamine at a density of 2 X 105 cell/mL. DCs were either stimulated
with recombinant human TNFo (R&D Systems) at a final concentration of
10 ng/mL in flat-bottom, 96-well culture plates or seeded on a confluent
layer of MS5 cells transduced with human JAG2 or empty vector.>1

FACS staining

Three-color immunolabeling was performed as described previously.!s
Briefly, cells were washed twice in ice-cold PBS, resuspended in MACS
buffer (0.5% BSA and 2mM EDTA in PBS, pH 7.4) containing the mAb
mixture and incubated on ice for 30 minutes. The cells were then washed,
resuspended in PBS, and analyzed on a FACScan flow cytometer (BD
Biosciences).

Immunoblot analysis

Pieces of frozen tumor samples (approximately 2 mm?) were homogenized
in lysis buffer (20mM Tris, pH 7.5, 150mM NaCl, ImM EDTA, ImM EGTA,
1% Triton X-100, and proteinase inhibitors). Lysates were run on polyacryl-
amide gels, transferred to Protran Nitrocellulose Membranes (Whatman),
blocked with Roche Western Blocking Reagent, and hybridized with Abs to
activated NOTCH1 (Cleaved Notchl Val1744 [D3B8] rabbit; Cell Signal-
ing Technology) and Langerin (mab2088; R&D Systems). Blots were
rinsed in 0.1% Tween 20/PBS, incubated with HRP-conjugated secondary
Ab, and visualized with SuperSignal Femto Chemoluminescent Substrate
(Pierce).

Results
LCH cells form a distinct entity among naturally occurring DCs

Investigation of LCH cells poses major challenges because of the
paucity of biopsy material and the heterogeneity of lesional
composition. Therefore, to obtain the most comprehensive molecu-
lar information on these disease-causing DCs, in the present study,
we performed purification and subsequent analysis of transcrip-
tional profiles of LCH cells. In addition, we compared the
transcriptional profiles of LCH with those from different naturally
occurring human DCs to address lineage relationships between
LCH cells and indigenous DCs. Biopsies of 8 different LCH
patients were analyzed (Table 1): 5 patients had single site bone
lesions, 1 had a skin lesion, and 1 had mucosal manifestations. All
patients had single system disease, although 1 had multifocal bone
lesions, and 1 was classified as single system reactivation of a
multisystem disease. CD1a and Langerin immunolabeling identi-
fied LCH cells in the biopsy materials, and > 95% pure popula-
tions were obtained using FACS (Figure 1A-B). In addition to LCH
cells, 3 major DC lineages, LCs, mDCls, and pDCs, were isolated
from skin (for LCs) and peripheral blood (for mDC1s and pDCs) of
healthy donors.

Cells were lysed immediately after ex vivo purification without
an intercalated culture step. Therefore, RNA reflects most closely
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Table 1. Summary of clinical and demographic details of LCH
sample donors

Sample no. Sex  Age,y Localization Staging
Geneexpressionarray B U
LCH1 F 1 Skull S
LCHe CMO A R e
~ LCH3 M 3 Skull ss
JLCH4 Mo e e skl 8
LCHS M 2 Skull Multifocal bone
LCHB " - Fool 005 v 8K 88
LCH? ‘ M4 Pelvis ss
LCHB 00 i D T Mucosa L 88
Western blot (Figure 2F) v N
CLGHY i R g B e Mg
LCH10 M 10 Bone ss
S LCHIT DM ot pdne i gg
LCH12 M 16 Bone Ss
LLeHIg ML 7400 i Bone sl Y88
LCH14 ND  ND Bone -
immunohistochemistry = 1L A T e
(Figure 2BE). e
LCH13
CLGHIS L i R SKull oSS
LCH16 M 6 Bone SS

*This patient had a multisystem disease as an infant. At time of the biopsy, she
had a single system relapse confined to the mucosa. Since then (3 years ago), she
has not had another relapse.

ND indicates not determined; $S, single system; and MS, multisystem.

the in vivo gene expression of investigated DCs. We first investi-
gated the lineage relationships between the different DC subsets
and the LCH cells. Using the whole dataset obtained with the
Affymetrix whole genome expression arrays in an unsupervised
approach to define groups of samples, principal component analy-
sis placed LCH samples in an independent cluster apart from LCs
and the other DCs (Figure 1C). Even though LCH cells were
obtained from different organs and at different stages of the
disease, they had a remarkably high degree of homogeneity,
indicating that these cells form an entity (Figure 1C and supplemen-
tal Figure 1). Surprisingly, LCs and mDCls were equidistantly
positioned from LCH samples (Figure 1C and supplemental Figure
1B). In addition, the Pearson correlation coefficients between
LCH:LCs and LCH:mDCls were virtually identical (0.77 in both
comparisons; Figure 1D), which is a further indication that
LCH cells differ from LCs and mDCls to a similar extent. This was
demonstrated most directly by the fact that 2419 differentially
regulated transcripts separated pDCs from LCH cells, whereas
lower and similar numbers of differentially regulated transcripts
were observed when comparing LCH cells with LCs and mDCls
(1488 and 1431, respectively; Figure 1G-H). Therefore, no prefer-
ential ties of LCH cells with either LCs or mDCls could be
established, leading to the conclusion that LCH cells are equidis-
tantly related to mDC1s and LCs, whereas pDCs displayed a lower
degree of similarity in all analyses performed.

This lineage independency compared with normally occurring
DCs is further underscored by the unique combination of hallmark
lineage antigens: LCH cells share CD1a and Langerin expression
with LCs and can be discerned by these discriminative markers
from other DCs analyzed (supplemental Figure 2). Conversely,
L.CH cells express CD14, a marker not found on epidermal LCs and
mDCls, and share BDCsA4 expression with pDCs. In addition,
CD163 and ITGAM, 2 markers of myeloid DCs, were expressed in
the LCH samples (supplemental Figure 2).7
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From a transcriptomic view, we conclude that LCH cells
form a separate entity distinct from indigenous occurring DCs
and, on average, are more closely related to LCs and mDCls
than to pDCs.

Sets of genes defining LCH identity

Based on the observation that LCH cells form a separate entity
apart from indigenous DCs, we hypothesized that transcripts
involved in LCH pathogenesis are likely to be differentially
regulated in LCH cells compared with naturally occurring DCs. We
first identified differentially expressed (P value adjusted for
multiple testing, < .03, fold change, > 2) transcripts between LCH
and individual DC subsets (Figure 1D-F). In total, 1488 genes
(684 down-regulated and 804 up-regulated) were differentially
expressed comparing LCH cells with L.Cs (Figure 1E), 1431 genes
(560 down-regulated and 871 up-regulated) in mDCls (Figure 1F),
and 2419 genes (1035 down-regulated and 1384 up-regulated) in
pDCs (Figure 1G). To assess whether these differentially regulated
genes in the respective DC lineages contained the same transcripts
or whether each comparison resulted in a separate set of genes, we
generated Buler diagrams to illustrate the number of regulated
genes and the extent to which they overlapped (Figure 1H-I).
Figure 1H shows that the majority of up-regulated genes in LCH
cells compared with mDC1s are also up-regulated compared with
pDCs and to a smaller extent compared with LCs, A total of
203 transcripts were jointly overexpressed in LCH cells compared
with all 3 indigenous DC subsets, thus defining the “private” or
LCH cell unique transcriptional profile. Among the down-
regulated genes, the diversity between the DCs was higher, but
53 genes were down-regulated in LCH cells compared with all
other DCs (Figure 21). To single out common biologic functions
of significantly up- and down-regulated genes, we assembled
them into functional groups. Regulated genes were assigned
molecular functions using databases of gene-function relation-
ships and significantly enriched annotations were then clus-
tered (supplemental Figure 3). These analyses showed that
genes involved in the immune response were up-regulated in
LCH cells compared with all 3 individual DC subsets. Cell-cycle—
related genes were up-regulated in LCH cells compared with
mDCls and pDCs but not LCs. In addition, genes involved in
apoptosis formed a prominent LCH-enriched group in all of the
comparisons (supplemental Figure 4).

Among the selectively regulated transcripts, we found several
signaling molecules and cytokine receptors tightly associated with
cellular proliferation (Table 2): LCH cells selectively displayed
c-kit ligand. Because the c-kit ligand has been reported to drive
expansion of CD34* hematopoietic progenitor cell Langerhans cell
precursors in vitro,!® this signaling pathway could be an attractive
candidate to account for LCH cell expansion. Other molecules
associated with cellular proliferation and/or survival were IL7R
and FGF2, which has not yet been reported on DCs.!7 Interestingly,
FLT3, which is tightly associated with the expansion of DC
progenitors,'® was selectively absent in LCH cells (Table 2). A
previous study showed that Flt3 is not required for the appearance
of LCs in mice,!? indicating that the development of cells with LC
features does not rely on FLT3 signaling.

Among the immunoregulatory factors that were selectively
up-regulated in LCH cells, we identified IL22RA2, the decoy receptor
for 11.22,20 and ghrelin, which has been shown to repress leptin-induced
cytokine release?! (Table 2). In addition, LCH cells selectively
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Figure 1. LCH cells form a distinct entity among indigenous human DCs. (A-B) LCH cell purification. Cell suspensions obtained from LCH biopsies carried out at the time
of diagnosis contain a high number of LCH cells identified by CD1a expression and forward scatter properties. LCH cells were sorted to > 95% purity and reanalyzed for CD1a
and Langerin expression. (C) Principal component analysis of LCH cells and 3 indigenous DG subsets. LCs and mDC1s cells are approximately equidistant from LCH cells,
although in different axes (dimensions) of the gene space (ie, different gene sets separate LCH from LCs and mDCs). Each DC subset sample is presented by a triangle. L.Cs,
mDC1s, and pDCs (n = 3 for each subset) were isolated from healthy subjects; LCH cells (n = 8) were isolated as shown in panel A. Because of superimpositions, not alt
symbols can be optically discemed in the displayed figure. (D) Similarity of LCH cells to indigenous DCs. Mean Pearson correlation coefficients of each replicate of LCs,
mDC1s, pDCs, and LCH cells versus each replicate of LCH cells are depicted. Conrelation coefficients are the highest among LCH samples, followed by mDC1s and LCs,
indicating the highest similarity among LCH samples followed by virtually equal simitarity of LCH cells to mDC1s and LCs. Resulis are shown as box plots displaying the
medians and 25th and 75th percentiles as boxes and outliers as whiskers. (E-G) [dentification of LCH transcripts selectively regulated compared with individual indigenous DC
subsets. Volcano plot analysis (—log10-transformed P values from a moderated ttest statistic vs log2-fold change of all genes) of gene-expression differences between L.CH
cells and LCs (E), mDC1s (F), and PDCs (G). Fold change and P value thresholds are indicated by dashed lines. Transcript highlighted by red circles is JAG2. Numbers in
boxed areas indicate the number of transcripts. (H-I) Identification of LCH unique iranscriptional profile: Venn diagram (Euler diagram) of significantly regulated (log-fold
change > 2, P value adjusted for multiple testing < .05) genes comparing LCH with LCs, pDCs, and mDC1s. The relative sizes of circles indicate the relative sizes of gene
sets. The overlapping areas of circles indicate the number of genes that are shared by 2 or more DC lineages. Among the regulated genes, 203 were up-regulated and 53 were
down-regulated in all 3 DC lineages compared with LCH cells.
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Figure 2. JAG2 and active NOTCH1 are detected in lesional LCH cells in situ. (A) LCH cells are the only DCs that coexpress Notch receptor and ligand. RMA normalized
expression values for Notch-receptors and Notch-ligands. (B-D) Immunchistochemical analysis of paraffin-embedded LCH material. Sections were stained with Abs to JAG2
(B), full-length NOTCH1 (C), and activated NOTCH1 (D-E). Corresponding isotype controls are shown in supplemental Figure 5B. LCH samples LCH13 (B-C), LCH15 (D), and
LCH16 (E) are shown. Immunofluorescence staining of a frozen LCH section showing staining for Langerin (green), DAPI {blue), and activated NOTCH1 (red). (F) Immunoblot
analysis showing activated NOTCH1 in biopsy materiat from LCH patients. MOLT-4 and Jurkat cell lines were used as positive controls. Ponceau staining was used to ensure

comparable loading.

displayed transcripts for matrix-degrading enzymes matrix metallo-
proteinase 1 (MMP1), MMP9, and MMP12,22 which have already
been described in LCH lesions using immunohistochemistry.523

Analysis of LCH-specific genes also revealed potential auto-
and/or paracrine signaling loops. The TNF family member TRAIL
was selectively detected in LCH cells (Table 2 and supplemental
Figure 5), whereas high-level expression of functional receptors
(TNFRSF10A and B) was shared with other DCs. TRAIL is a
potent inducer of cell death via TRAIL receptors, and expression of
TRAIL by tumor cells is viewed as a tumor-escape mechanism by
eliminating tumor-reactive T cells.?* LCH cells selectively coex-
pressed TNRSF10C (Table 2), a nonsignaling decoy receptor for
TRAIL, indicating potential protection of LCH cells against
TRAIL-induced death stimuli.

L.CH cells coexpress JAG2 and its cognate receptor, NOTCH1

Another receptor-ligand pair that was coexpressed by LCH cells
was NOTCHI and its ligand, JAG2.%5 JAG2 was highly expressed
in all LCH samples, whereas all other DCs were devoid of this
molecule (Figure 2A and Table 2). LCH cells also expressed
NOTCHI, and this expression was shared with mDCl1s and pDCs.
However, LCH cells were the only DCs that coexpressed tran-
scripts for the NOTCH receptor(s) together with one of its cognate
ligands (Figure 2A).

Immunohistochemical validation of JAG2 and NOTCH1 was
performed on LCH sections. Anti-JAG2 Ab prominently stained
the membrane of LCH cells (Figure 2B). Within the lesions, these
JAG2+ LCH cells were densely packed, indicating that these
aggregates provide a structural basis for JAG2-Notch activation in
LCH cells in trans.

Staining of LCH biopsies with an Ab against full-length
NOTCH]1 showed staining in both the plasma membrane region
and the nucleus (Figure 2C). Because nuclear translocation of
Notch is a hallmark feature of Notch activation,? this indicated that
NOTCHI is active in LCH.

NOTCH1 is activated in lesional LCH cells in situ

To further validate whether NOTCHI1 was activated in LCH, we
stained LCH lesions with an Ab that specifically recognizes
activated NOTCH]1. Figure 2D shows that staining for activated
NOTCH]1 can be detected in the majority of CD1at LCH cells. In
addition, immunofluorescence staining corroborated nuclear
distribution for NOTCH1 in LCH cells (Figure 2E). To further
confirm this finding, activated NOTCHI was detected by
Western blotting in protein lysates from LCH biopsies (Figure
2F). Ten of 12 patients displayed detectable Langerin reactivity
by Western blotting, which was indicative of detectable LCH
material in lysates and thus qualified for further analysis. Among
these 10 patients, 9 displayed activated NOTCH1 (Figure 2E and
supplemental Table 1), Of 7 patients analyzed by immunohistochem-
istry, 7 displayed detectable nuclear staining of activated NOTCH1.
In total, intracellular NOTCH (NOTCH-IC) was detected in 15 of
17 patients with traceable LCH cells. No active NOTCH1 could be
detected in the Langerin~ samples or a biopsy taken from a Wilms
tumor (supplemental Table 1 and data not shown), suggesting that
activated NOTCH]1 is specifically found in LCH cells, most likely
because of stimulation by JAG2. Consistent with this finding,
3 patients with a different histiocyte disorder, juvenile xanthogranu-
loma, tested negative for NOTCHI expression (supplemental
Figure 5C) and therefore activated NOTCH1 (data not shown).
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Table 2. Transcripts selectively regulated in LCH cells
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Transcripts that were up- or down-regutated (fold change [FC] > 2, adjusted P < .05) in LCH cells compared with ali 3 indigenous DC lineages as delineated in the Venn
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transcripts were up-regulated ( 1) or down-regulated ( | ) in LCH cells compared with all other DC lineages. FC and Pvalues (by Student ttest) are also indicated.

JAG2 cooperates with TGF-B1 in the differentiation of LCH
like cells

Although Notch signaling has been implicated in DC differentia-
tion,?® no specific evidence for the role of JAG2 in this process
exists to date. In the present study, we investigated whether JAG2
might contribute to the development of LCH-like cells. We

incubated peripheral blood monocytes with JAG2-expressing
MS5 cells and the DC-promoting cytokine GM-CSF and
assayed for induction of LCH-defining markers. JAG2 readily
induced CD1a expression on MoDCs (Figure 3A). CD1a induction by
JAG2 depended on GM-CSF (data not shown), but did not require IL-4
or TGE-B1 (Figure 3A). We then investigated whether the addition
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Figure 3. JAG2 induces an LCH-like phenotype
in vitro. Monocytes were cultured with the indicated A
cytokines in the presence of JAG2 or control transfected
CD45- MS5 feeder cells for 5 days. Cells were collected
and stained for CD45 to allow separation of monocyte-
derived cells from feeder cells, along with Abs against the
LCH-associated markers CD1a and Langerin. (A) Induc-
tion of CD1a shown as the percentage of CD1a* cells
among the CD45* population. (B) Detection of TGF-B1
mRNA in frozen biopsy material taken from LCH lesions
and from healthy human skin and bone, TGF-B1 expres-
sion is normalized to B2M. (C) CD1a* cells were further
analyzed for the coexpression of Langerin and E-cadherin.
Histogram plots show Langerin and E-cadherin expres-
sion of CD1a*CDA45* celis shown in panel A. (C) DCs
generated in the presence of GM-CSF, TGFB1, and
JAG2. Langerin staining (red) reveals the presence of
numerous rod-shaped Langerin* organelles in the cyto- C
plasm indicative of the presence of Birbeck granules. Cell
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of the LC-promoting factor TGF-B1 could induce a more complete
LCH-like phenotype. TGF-B1 promoted Langerin and E-cadherin
expression in GM-CSF- and IL-4—containing conditions, but failed
to do so when IL-4 was omitted (Figure 3C). In contrast,
substitution of 1L-4 by JAG2 permitted high-level induction of
Langerin, but not E-cadherin, by TGF-B1 (Figure 3C). This is
remarkable because LCH cells display no or only very low levels of
E-cadherin transcripts,627 whereas E-cadherin is highly expressed
on LCs.28 We conclude that JAG2 cooperates with TGF-B1 in the
formation of CD1a*Langerin® E-cadherin~ DCs that are strikingly
similar to LCH cells. Furthermore, JAG2 renders DC generation
from human monocytes independently of IL-4 stimulation.

Because the observed LCH-like phenotype was dependent
on JAG2 and TGF-B1, we next investigated whether LCH
lesions contained TGF-B1 in addition to JAG2 (Figure 3B) and
sought to compare LCH lesions with regard to TGF-B1 message
with normal human tissues. As shown in Figure 3B, LCH lesions
contained TGF-B1 message at higher levels than normal human
dermis and at levels comparable to those seen in normal human
bone. Because bone is a predilection site for LCH, it is tempting
to speculate that elevated levels of TGF-B1 in the bone may
contribute to LCH formation in that location. Our data indicate
that 2 key ligands that can promote LCH-cell-like differentia-
tion in vitro, JAG2 and TGF-B1, are found in LCH lesions in
situ and cooperate in vitro to differentiate LCH-like cells in an
1L.-4—-independent fashion.

GM-CSF GM-CSF GM-CSF
JAGZ TGF-B1 TGF-p1
JAG2 iL-4

JAG2 stimulates MMP production by DCs but not monocytes

Tissue destruction is frequently observed in LCH lesions. This
process may be explained by the production of tissue-degrading
enzymes, particularly MMPs that are expressed in LCH lesions.523
Therefore, we investigated whether JAG2 might also be implicated
in the pathogenesis of LCH lesions by MMP induction. MoDCs
were stimulated with JAG2 and with TNFa, which is a known
strong inducer of MMPs as a control.?? Strikingly, JAG2 induced
2 of the 3 MMPs that were selectively expressed in LCH cells,
MMPI1 and MMP12. MMP1 in particular was massively up-
regulated by JAG2, but MMP12 also showed a low, but consistent
elevation (Figure 4A). In contrast, ADAMDEC1, another member
of the family of metalloproteinases up-regulated in LCH (Table 2),
was not regulated by JAG2 (Figure 4).

We also investigated whether MMP induction by JAG2 was
specific for DC differentiation. MMP1 was only induced in
differentiated DCs, not in their progenitor cells (ie, monocytes),
indicating that MMP1 induction by JAG2 is a distinct feature of
DCs (Figure 4B). We conclude that MMP expression in LCH is
likely to occur by JAG2-mediated Notch stimulation on LCH cells.

Discussion

In the present study, we compared the transcriptional profiles of
LCH cells with those of 3 indigenous types of DCs, LCs, pDCs,
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Figure 4. JAG2 induces MMP expression in MoDCs. (A) GM-CSF~ and IL-4-
generated MoDCs were cocultured with JAG2 or control transfected MS5 feeder cells
for 15 hours. As a benchmark for protease induction, TNFo was added instead of
JAG? or control feeder cells. Cells were harvested and analyzed for induction of
MMP1, MMP12, and ADAMDECH . Transcripts were normalized to Ba-microglobulin
and induction over control transfected feeder cells is shown. Feeder cells
alone did not show significant induction of transcripts. Error bars show the SD.
The results of 1 of 6 independent experiments with 3 different donors are shown.
(B) Induction of MMP1 expression in monocytes and MoDCs. Cells were plated
onto feeder cells expressing JAG2 or control cells and harvested after 14 hours.
MMP1 RNA induction was normalized to Bp-microglobulin and relative expression
values are shown. The results of 1 of 3 independent experiments with 5 different
donors are shown.

and mDCls, constituting a representative cross-section of naturally
occurring DC lineages in humans: pDCs are key to fighting viral
infections® and myeloid DCs constitute a heterogeneous entity that
comprises dermal DCs and peripheral blood-derived mDCls and
mDC2s.% Myeloid DCs can adapt to disease conditions and display
phenotypes and functions not observed in healthy subjects.3! LCs
are regarded as a unique DC subset that forms dense networks in
the skin or mucosal epithelium,3? This approach enabled us to
investigate: (1) whether homogeneity exists among LCH cells of
different patients, and (2) the relationship of LCH cells to naturally
occurring DC subsets. Principal component analysis showed that
LCH samples were surprisingly homogeneous and formed a
separate cluster apart from indigenous DC subsets, a result further
corroborated by multidimensional scaling and unsupervised hierar-
chical clustering (supplemental Figure 1). This is intriguing
because LCH samples were derived from different body sites and
disease stages, which suggests a common LCH-wide differentia-
tion program, To further investigate relationships among naturally
occurring DCs and LCH cells, 2 independent statistical methods
were used, The numbers of differentially regulated transcripts among
LCH cells and indigenous DCs were calculated (Figure 1H-I), and mean
Pearson correlation coefficients () were examined (Figure 1D).

Both statistical methods revealed that LCH samples differed
from LCs and that mDCls differed to a similar extent with regard
to r values and differentially regulated transcripts, whereas pDCs
were clearly less closely related to LCH. LCH forms a separate,
well-defined entity apart from naturally occurring DCs that is at the
transcriptomic level similarly related to mDCls and LCs.

All DC subsets analyzed were purified ex vivo in an immature
state and subjected to chip profiling without any intercalated
culture or activation step. LCH cells have also been described as
immature DCs in situ.»3 This was corroborated by our present
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results because maturation-associated markers such as B7 family
members and HLA-DR-related transcripts were observed in simi-
lar numbers as in comparator DCs (supplemental Figure 2).
Hallmarks of DC maturation such as CCR7 and CD83 were either
absent or expressed at a comparable level as in immature LCs (data
not shown). Therefore, transcriptional profiling of LCH cells
confirms an immature phenotype and relationships between LCH
cells and indigenous DCs obtained in silico are not skewed by
different activation and or maturational stages.

The notion that LCH cells form a separate DC entity that
displays a similar relationship to mDCls and LCs has several
implications. As the name implies, LCH cells are currently
considered to be aberrant LCs.! Therefore, LCH is categorized by
the World Health Organization (WHO) classification as a hemato-
logic disease derived from LCs based on the expression of the key
LC discriminating markers CD1a and Langerin.* The finding that
LCH transcriptional profiles are equidistant to LCs and mDCls
challenges this dogma, which is consistent with observations made
by other investigators.®32 Therefore, LCH cells should be viewed
as a DC entity distinct from LCs. Whether LCH cells represent a
separate lineage originating from an as-yet-unidentified precursor
or if they are derived from differentiated DCs such as LCs or mDCs
that adopted the LCH-specific phenotype during pathogenesis
remains to be investigated.

Given the fact that LCH cells form a well-defined entity, we
next identified LCH transcripts that displayed significant regulation
compared with any other DC subset. A total of 203 transcripts were
selectively up-regulated in LCH cells, among them JAG2, a
member of the Notch-signaling pathway. Because dysregulation of
Notch signaling is associated with several human diseases,” we
explored the impact of this pathway on LCH. We showed that LCH
cells selectively expressed the Notch ligand JAG2 and coexpressed
the NOTCHI receptor. Although our LCH study cohort primarily
consisted of patients with early-stage, single system disease
manifestations, a previous study that included multisystem LCH
also revealed up-regulation of JAG2 in those patient samples.®

We verified expression of JAG2 and NOTCHI in L.CH cells by
immunohistochemistry and explored activation of Notch signaling
in LCH with a 2-tailed approach: First, activated NOTCH1 was
detected in LCH cells and nuclear translocation was demonstrated.
Second, activated NOTCH1 was detected in lysates derived from
LCH biopsies, further corroborating activity of this signaling
cascade in LCH lesions. Overall, 15 of 17 patients analyzed
displayed activated NOTCH1. Failure to detect NOTCH-IC in
2 patients may indicate insufficient sensitivity of either the
detection methods used or the pathways active in a subset of LCH
patients who may compensate for NOTCH signaling. Both NOTCH-
IC~ patients were contained in the single-system LCH pool
(11 patients), whereas 6 of 6 multisystem patients displayed
NOTCH activation (supplemental Table 1). BRAF status was
successfully determined in 7 patients and the V60OEE mutation
was identified in 2 patients. However, all patients with known
BRAF status displayed activated NOTCH, indicating that mutated
BRAF in principle does not impede NOTCH1 activation in LCH
(supplemental Table 1). Larger cohort sizes will be required to
correlate NOTCH activity with LCH subsets.

Only transcripts for NOTCHI, not for any other Notch recep-
tors, were detected in LCH cells, leading to the conclusion that
biologic effects of JAG2 are conferred via NOTCHI. Notch
signaling regulates a variety of developmental processes, and the
Noich ligands JAG1 and Delta-like ligand (DLL) have been shown
to affect DC function and phenotype.®>* However, a distinct
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functionality of Notch ligands has been suggested and the role of
JAG2 has not yet been explored in DC ontogeny. Therefore, we
investigated whether JAG2 might modulate DC differentiation
from monocytes. Surprisingly, high numbers of CDla* DCs were
readily obtained on culture of monocytes in GM-CSF and JAG2, a
process usually requiring IL-43 and not previously described in the
literature. Further addition of TGF-Bl induced high levels of
Langerin on MoDCs. Therefore, JAG2 efficiently promotes the
expression of LCH hallmark antigens and renders DC development
independently of IL-4 in vitro. JAG2 suppressed TGF-B1-driven
E-cadherin induction on MoDCs. Synergism between TGF-B1 and
a different Notch ligand, DLL1, in the induction of CDla and
Langerin has been reported previously, and DLL1 has been
shown to induce sizable quantities of this molecule,*> whereas
our present data suggest a suppressive effect of JAG2 on
E-cadherin expression. This discrepancy that may be reconciled
by the notion that individual Notch ligands elicit divergent
biologic effects.4® CD1la*Langerin*E-cadherin™ DCs induced
by JAG2 display striking similarity to LCH cells, which, in
sharp contrast to LCs, express E-cadherin at low levels or not at
all.1.2741 Therefore, it can be speculated that the LCH phenotype
may be at least in part due to JAG2-mediated NOTCH1 activation
on LCH cells. Although these data were generated by in vitro
differentiation of monocytes, this hypothesis is further corrobo-
rated by the observation that LCH cells coexpress Noich
receptor and ligands. Activation of NOTCHI signaling could
therefore be a LCH cell-autonomous process, which conse-
quently could confer some degree of independence from signals
from the surrounding tissue on LCH cells and thus enable them
to reside in such diverse locations as skin and bone. To
ultimately test this hypothesis, inhibition of Notch signaling in
LCH-derived pathologic cells would be required, which is
currently not possible because of the lack of a suitable culture
system or animal model.

The concept of a cell-autonomous interplay of Notch receptor
and ligands has been recently elaborated in granulocyte regula-
tion,%2 but has not yet been investigated in DC biology. However,
JAG2 derived from mesenchymal stem cells was shown to be
critically important in conferring regulatory functions onto DCs#
and regulatory T cells were induced by forced expression of Jagl in
murine DCs.* This is particularly interesting because regulatory
T-cell expansion has been observed in LCH patients,* and it is
conceivable that JAG2 activation of LCH cells may contribute to
this phenomenon. However, the role of Notch in DC biology is not
limited to the induction of tolerance: IL-12 independent Th,
differentiation has been reported by D114, and in humans JAGI
was shown to induce DC maturation rather than an arrest at an
immature state, as was suggested in the mouse.®® It therefore
appears that Notch plays a vital role in DC biology and that the
individual contributions of each Notch ligand in different species
still need to be elaborated.

The occurrence of densely packed DCs aggregates is a
feature unique to LCH, so it is conceivable that efficient
stimulation of the Notch signaling pathway occurs in LCH-DCs
in trans.*” We also examined whether JAG2 may have an impact
on pathognomonic LCH features. We and others observed
induction of tissue-degrading enzymes in LCHS4? that may
explain the tissue destruction in LCH lesions most prominently
recognized in eosinophilic granuloma of the bone. Data pre-
sented herein show that JAG2 is a potent inducer of MMP1 in
DCs. MMP1 induction by JAG2 appears to be DC selective:
monocytes did not induce MMP1 mRNA levels in response to
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JAG?2. Other Notch ligands tested displayed weak induction of
MMP1 in MoDCs, further underscoring the pivotal role of JAG2
in this system and suggesting divergent roles of different notch
ligands. MMPI is the only enzyme able to initiate breakdown of
the major collagens of skin, bone, and vasculature, and is also
involved in migratory and invasive processes.?? It is therefore
conceivable that JAG2-mediated MMP1 is a crucial factor in
LCH-mediated tissue destruction.

Currently, treatment of multisystem LCH consists of combi-
nation chemotherapy, and the most promising approach for
high-risk patients who fail to respond to standard initial
treatment is hematopoietic stem cell transplantation after reduced-
intensity conditioning.*® However, among multisystem patients
with risk of organ involvement, mortality is still approximately
20%.% These patients would clearly profit from targeted thera-
pies. The finding that NOTCHI is active in LCH lesions and that
JAG2 signaling induces an LCH-like phenotype in Mo-DCs
tempts speculation that interference with the Notch signaling
pathway might provide a new therapeutic approach to the
treatment of LCH. Interestingly, the involvement of the Notch
signaling in LCH has been discussed before based on the
detection of an activating NOTCH1 mutation in one LCH patient
with a previous T-ALL,5® underscoring a potential role of this
pathway in LCH.

In conclusion, the results of the present study show that LCH
cells form a distinct DC entity that differs from LCs and mDCls
to a similar extent. Furthermore, we have identified the Notch
signaling pathway as being a potentially important factor in
LCH pathogenesis. We have also demonstrated that Notch is
constitutively active in LCH cells in vivo and provided evidence
that the Notch signaling pathway can contribute to LCH cell
phenotype and function. We conclude that targeting Notch activity in
LCH may be a promising approach to fighting this disease.
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ABSTRACT

Microglia, macrophages of the central nervous system, play
an important role in brain homeostasis. Their origin has
been unclear. Recent fate-mapping experiments have estab-
lished that microglia mostly originate from Myb-independ-
ent, FLT3-independent, but PU. I-dependent precursors that
express the CSF1-receptor at E8.5 of embryonic develop-
ment. These precursors are presumably located in the yolk
sac (YS) at this time before invading the embryo between
E9.5 and E10.5 and colonizing the fetal liver. Indeed, the
E14.5 fetal liver contains a large population of Myb-inde-
pendent YS-derived myeloid cells. This myeloid lineage is
distinct from hematopoietic stem cells (HSCs), which require
the transcription factor Myb for their development and
maintenance. This “yolky” beginning and the independence
from conventional HSCs are not unique to microglia. Indeed,
several other populations of F4/80-positive macrophages
develop also from YS Myb-independent precursors, such as
Kupffer cells in the liver, Langerhans cells in the epidermis,
and macrophages in the spleen, kidney, pancreas, and lung.
Importantly, microglia and the other Myb-independent mac-
rophages persist, at least in part, in adult mice and likely
self-renew within their respective tissues of residence, inde-
pendently of bone marrow HSCs. This suggests the existence
of tissue resident macrophage “stem cells” within tissues
such as the brain, and opens a new era for the molecular and
cellular understanding of myeloid cells responses during
acute and chronic inflammation. ©2012 Wiley Periodicals, Inc.

MICROGLIA—RESIDENT MACROPHAGES
OF THE CNS

Microglia are macrophages of the central nervous sys-
tem (CNS) (Lawson et al., 1992; Perry et al., 1985).
They account for 5 to 20% of the non-neuronal glial
cells. Their estimated total number in adult mice is 3.5
X 108 cells per brain but their density varies in different
brain regions (from 22 to 165 cells/mm?) (Lawson et al.,
1990). They are proposed to monitor the functional sta-
tus of neuronal cells (Wake et al., 2009), tissue metabo-
lism, inflammation (Saijo et al., 2009), and cell death
(Nimmerjahn et al., 2005; Wake et al., 2009). Here, we
review experimental evidence that indicate that micro-
glia are part of a novel family of Myb-independent
“resident” macrophages.

©2012 Wiley Periodicals, Inc.

HEMATOPOIETIC STEM CELLS

The founders of the adult hematopoietic system are the
hematopoietic stem cells (HSCs). The current model pro-
poses that HSCs emerge from the dorsal aortic endothe-
lium in the aorto-gonado-mesonephros (AGM) region, in a
Runx1-dependant manner (Bertrand et al., 2010; Kissa
and Herbomel, 2010). In mouse embryos this process
takes place 10.5 days after fecondation (embryonic day
10.5, E10.5) (Boisset et al., 2010). HSCs from the E10.5
AGM are able of long-term repopulation activity when
transferred into irradiated recipient adult mice (Med-
vinsky and Dzierzak, 1996; Muller et al., 1994). HSCs
migrate from the AGM to the fetal liver, where they
expand and differentiate before definitive hematopoiesis
shifts to the spleen and bone marrow (BM) (Cumano and
Godin, 2007; Orkin and Zon, 2008). This sequence of
events has been directly documented in vivo. For exam-
ple, Murayama et al. used an in situ photoactivable cell
tracer system to follow the migration of definitive hemato-
poietic precursors from the zebrafish AGM to the caudal
hematopoietic tissue-—equivalent of the fetal liver of the
mouse—where they differentiated, expanded, and further
migrated to the kidney—equivalent of the mammalian
bone marrow—and the thymus (Murayama et al., 2006).
Several transcription factors are essential in this process,
in addition to Runxl. For example, Myb is detected in the
AGM at sites of HSC emergence (Labastie et al., 1998;
Vandenbunder et al., 1989). Myb is also expressed on
HSCs in chicken, mice, and humans (Ivanova et al,
2002). Myb-deficient AGM and fetal liver do not present
HSCs activity (Kasper et al., 2002) and Myb-deficient
mice lack HSC-derived erythrocytes and die with anemia
between E15 and E17 (Mucenski et al., 1991; Mukouyama
et al., 1999; Schulz et al., 2012; Sumner et al., 2000).

In adult mice, granulocytes, blood monocytes, classical
dendritic cells (cDC), and plasmatocytoid dendritic cells
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(pDC), as well as a number of tissue macrophages are
short-lived and continuously replaced from HSCs-
derived precursors (Auffray et al.,, 2009; Fogg et al,
2006; Liu et al., 2007, 2009; Naik et al., 2007; Onai et
al., 2007). Bone marrow transplantation and adoptive
transfer of precursors indeed result in a high level of
chimerism for these cells (Auffray et al., 2009; Fogg et
al., 2006; Liu et al., 2009; Onai et al., 2007) (reviewed in
(Geissmann et al., 2010)). A monocyte/macrophage and
DC precursor (MDP) gives rise to monocytes and to the
common DC precursor (CDP). The CDP gives rise to
pDCs and ¢DCs of the lymphoid organs and peripheral
tissues via pre-cDCs, which circulate in the blood and
seed tissues. The Ly6C+ subset of blood monocytes can
give rise to inflammatory macrophages, i.e. macrophages
that acutely infiltrate inflamed tissues such as the brain
(King et al., 2009; Mildner et al., 2009) and monocyte-
derived DCs (Geissmann et al., 2003, 2010). Monocytes
or their precursor can also give rise to DCs and macro-
phages in the intestinal lamina propria (Varol et al,
2009) and the intima of arteries (Choi et al., 2011). The
Ly6C— subset of monocytes and their human putative
counterparts seem to have a surveillance role in the cir-
culation (Auffray et al., 2007; Cros et al.,, 2010). They
are absent from mice deficient in the orphan nuclear re-
ceptor NR4A1/Nur77 (Nrdal™'~), while Ly6C+ mono-
cytes are still present (Hanna et al., 2011). The putative
bone marrow precursors of the Ly6C— monocytes that
remain in the BM of Nr4al™/~ mice are arrested in S
phase of the cell cycle and undergo apoptosis. Thus,
NR4A1 may function as a master regulator of the differ-
entiation of these “patrolling” Ly6C— monocytes from
their BM proliferating precursor (Hanna et al., 2011).

“PRIMITIVE” MACROPHAGES

On the other hand, several lines of observation sug-
gest that AGM-derived hematopoietic stem cells may not
be universal lineage founders responsible for all tissue
macrophages and dendritic cells.

First, yolk sac macrophages were shown to enter the
embryo before £10.5 and the onset of HSCs (Fig. 1).
From ES8, macrophages and erythrocytes of zygotic ori-
gin develop outside the embryo in the YS blood islands
(Bertrand et al., 2005), These macrophages express F4/
80, CX3CR1, and CSF1R (Bertrand et al., 2005; Rae et
al., 2007; Sasmono et al., 2003). They appear to colonize
the whole embryo between E9.5 and E10.5 (Fig. 1), and
were first described in the brain of mouse embryos as
early as day E9.5 (Alliot et al., 1999; Fantin et al,
2011), and in rat (Ashwell 1991; Sorokin et al., 1992)
and avian (Cuadros et al., 1993) embryos at comparable
stages of embryonic development (E1l and HHIS5,
respectively). Of note, Herbomel et al. also described a
specific lineage of early macrophages in zebrafish that
differentiate in the YS and which migrate along epithe-
lial structures to invade the brain and epidermis (Her-
bomel et al., 2001). The growth factor and chemotactic
factor receptor CSF1R (MCSF-receptor) seems essential
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to this process, because in the zebrafish panther mutant,
which lacks a functional esfIr gene, macrophages differ-
entiate normally in the YS, but fail to invade embryonic
tissues (Herbomel et al., 2001).

Secondly microglia, Kupffer cells, and epidermal
Langerhans cells, are “radioresistant” and can remain of
host origin for extended periods of time after syngeneic
bone marrow transplantation (Ajami et al,, 2007; Katz
et al., 1979; Merad et al., 2002; Mildner et al., 2007; Per-
reault et al., 1984), suggesting that they are either long
lived, or can renew independently of bone marrow
HSCs. Microglia can be replaced up to a chimerism of 10
to 20% following irradiation and transplantation (de
Groot et al., 1992; Hickey and Kimura, 1988; Hickey et
al., 1992; Krall et al., 1994; Lassmann et al., 1993; Mas-
sengale et al., 2005). However, in other studies, includ-
ing in parabiotic mice where the vascular system of two
animals is surgically joined, circulating myeloid cells do
not replace brain microglia, even in the setting of brain
inflammation (Ajami et al., 2011; Ginhoux et al., 2010;
Matsumoto and Fujiwara, 1987). Similar observations
were made in other tissues, in particular for epidermal
Langerhans cells (Merad et al., 2002). Nevertheless,
bone marrow-derived cells can enter the CNS, or the ep-
idermis, in some experimental models, mostly associated
with gamma or UV irradiation (Barcellos-Hoff et al.,
2005; Ginhoux et al., 2006; Mildner et al., 2007). Infil-
trating monocytes can disappear after disease resolution
(Ajami et al., 2011; Mildner et al., 2007), and do not con-
tribute to the long-term parenchymal microglia pool
(Ajami et al.,, 2011). BM-derived cells could represent
perivascular microglia, as opposed to resident parenchy-
mal microglia (Hickey and Kimura, 1988).

Thirdly, renewal of some tissue macrophages may not
require bone marrow-derived precursors, because they
can proliferate locally. Microglia, epidermal LCs, and
macrophages in the liver, peritoneum, and pleura can
proliferate during inflammation and may self renew in-
dependently from BM-derived precursors in steady state
(Bouwens et al., 1986; Chorro et al., 2009; Davies et al,,
2011; Jenkins et al., 2011; Klein et al., 2007; Lawson et
al.,, 1992; Shankaran et al., 2007; Thored et al., 2009).
In the case of Langerhans cells, CX3CR1+ precursors
are recruited from the dermis into the stratified epider-
mis at the time of its differentiation at E16.5, and later
massively proliferate in situ and differentiate into adult-
type LCs during the first week of postnatal life (Chorro
et al., 2009). In adult mice, LC proliferation is detectable
in steady-state and the proliferation rate increases in
response to inflammatory stimuli (Chorro et al., 2009;
Gschnait and Brenner, 1979; Miyauchi and Hashimoto,
1987).

Lastly, in human patients, recent reports have
described germ-line mutations in the GATA2 (Hsu et al.,
2011) and IRF8 (Hambleton et al., 2011) genes, two
transcription factors that control hematopoietic precur-
sor cells. Patients with GATA2 or IRF8 mutations show
severe defects in BM-derived monocytes and DCs, but
many tissue macrophages such as epidermal LC were
unaffected (Bigley et al.,, 2011; Hambleton et al., 2011).
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Fig. 1,

CX3CR1+ macrophages invade the mouse embryo before £10.5. Epifluorescence images of

Cx3crI¥™* macrophages in E9.5 (left panel), E9.75 (middle panel), and E10.5 (right panel) whole
embryos. Arrows points to gfp+ macrophages. Bar is 500 ym (adapted from Schulz et al., 2012).

Following limb transplantation in human, epidermal
Langerhans cells were also shown to remain of donor
(limb) origin 4.5 years after graft (Kanitakis et al.,
2004). Interestingly, in ~ 50% of pediatric patients with
Langerhans cell histiocytosis—an inflammatory granu-
lomatous disease that can affect the skin, brain, liver,
and bone—somatic mutations of the B-RAF gene are
detected in lesional macrophages, but were not detected
in the germ-line and blood leucocytes (Badalian-Very et
al., 2010; Satoh et al., 2012).

DEVELOPMENTAL ORIGINS SPECIFY
FUNCTIONAL SUBSETS

Although little direct experimental evidence was avail-
able until recently, it was therefore conceivable that sub-
sets of macrophages and DCs may have distinct develop-
mental origins (Fig. 2A) (Geissmann et al., 2010). In
theory, different developmental origins and molecular
mechanisms could be involved in parallel for the mainte-
nance of distinct subsets, or they could happen sequen-
tially in time for a given subset, upon ageing or depend-
ing on inflammation (Fig. 2A). Of note, the capacity for
a macrophage to be “radioresistant,” long-lived, and to
proliferate locally and self-renew does not rule out an
HSC developmental origin. Therefore, in order to deter-
mine the developmental origin of macrophages and DC
subsets, it was necessary to distinguish genetically the
primitive macrophages from the HSCs, to identify their
molecular signature, and to fate-map their progeny.

There is a biological and medical relevance to this
question since “resident” macrophages/DC, including
microglia, and monocyte-derived inflammatory cells
most likely have diverse functions in acute inflammation
and tissue homeostasis. Many proposed therapies aim at
preventing the recruitment of inflammatory cells, e.g. by
blocking chemokine gradients that direct immune cell
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migration (McDonald et al., 2010). Approaches based on
a detailed knowledge of the biology of macrophages
could increase effectiveness and also limit side effects.
In any case, macrophages are not necessarily always
causative of inflammation, and may also play useful
roles in scavenging dead cells and toxic waste.

Experimental evidence for a lineage of
MYB-independent YS-derived macrophages

As discussed above, Myb is a critical regulator of hem-
atopoiesis and is required for the development of HSCs
derived cells (Mucenski et al., 1991). In adult mice, loss
of MYB by conditional deletion also causes failure of
hematopoiesis (Lieu and Reddy, 2009; Schulz et al,
2012). On a molecular level MYB interacts with tran-
scription factors such as C/EBPalpha (Oelgeschlager et
al, 1996), the ETS family (including Pu.1) (Shapiro,
1995), and GATA1 (Bartunek et al., 2003). Activation of
target gene transcription requires the transactivating
domain, which recruits the coactivators p300 (Sandberg
et al, 2005) and CREB-binding protein (Dai et al,
1996). Myb directly activates Gfil and Cited2 (Zhao et
al., 2011), genes that are important for HSC mainte-
nance (Kranc et al., 2009).

However, studies in mice and zebrafish suggested that
absence of Myb might have little effect on yolk sac hem-
atopoiesis (Mucenski et al., 1991; Soza-Ried et al., 2010).
Myelomonocytic colony assays are only moderately
impaired in Myb™~ YS (Sumner et al., 2000) and F4/
80+ macrophages are present in normal numbers in the
yolk sac at E10.5 (Schulz et al., 2012), suggesting that
Myb is dispensable for YS myelopoiesis. Indeed, the fetal
liver of Myb-deficient embryos at E14.5 and E16.5 con-
tain a large population of F4/80+ CDI1lb+ cells,
although KIT+ hematopoietic progenitors are absent
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Fig. 2. Biology of phagocytes in steady state, and during inflamma-
tion and infection. A, Theoretical possibilities (top): monocyte-derived
macrophages and dendritic cells differentiate from HSC via short-lived
intermediates such as monocytes and common precursors (MDP/CDP).
Macrophages/DC may also arise directly from fetal macrophage precur-
sors. Macrophages and DCs subsets could be maintained through local
proliferation (and self-renew) or through recruitment of new bone mar-
row-derived cells. These different mechanisms of macrophages/DCs de-
velopment and maintenance could operate in parallel for distinct sub-
sets or sequentially for a given subset, depending on local or inflamma-
tory signals and ageing. B. Experimental evidence (bottom): CSF1R+

(Schulz et al., 2012). Moreover, brain microglia, as well
as the populations of F4/80°78%t tissue macrophages of
the developing skin, liver, pancreas, lung, and spleen
develop in normal numbers in Myb-deficient embryos
(Fig. 8A and (Schulz et al., 2012)).

Myb, Fit3, and HSC independent
macrophages: Kupffer cells, Microglia,
Langerhans cells, some pancreas,
spleen, kidney and lung F4/80+
macrophages

roA
LR

MDP/CDP derived short lived cells:

Ly6C- 'patrolling’ monocytes
(Nrdal dependent)

Ly6C+ Monocyte-derived cells,
recruited by Inflammation:
e.g. Granuloma macrophages,
Inflammatory DCs
Inflammatory macrophages

yolk sac progenitors give rise to microglia and F4/80+ macrophages/DC
in many tissues (epidermal Langerhans cells, liver Kupffer cells, etc.).
These macrophages are Pu.I-dependent but Myb-independent, and also
develop largely independent of F1t3+ multipotent hematopoietic precur-
sors. In contrast, other DC subsets and monocytes derive from HSC via
Flt3+ MDP and CDP in a Myb-dependent manner. Csflr, macrophage
colony-stimulating factor (M-CSF) receptor; Flt3, fms-like tyrosine
kinase receptor-3; BM, bone marrow; DC, dendritic cell; CDP, common
DC precursor; HSC, hematopoietic stem cell; MDP, macrophage/DC
precursor.

This is in contrast to the absence of CD11bP€"* mye-
loid cells in the blood and all tissues of Myb-deficient
fetuses. When conditional deletion of the Myb gene is
induced in adult C’d45.2;MxlCre;Mybﬂ°"/ o mice, blood
monocytes and granulocytes are rapidly depleted, and a
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Fig. 8. Microglia are Myb and FLT3 independent. A, Normal devel-
opment of microglia in E14.5 Myb™'~ mouse embryos. Immunofluores-
cence imaging of neuroectoderm sections from E14.5 Myb™"" (bottom)
and WT (top) embryos stained for Iba-1 (red) and DAPI (blue). Bar is
100 pm (pictures from K. Kierdorf and M. Prinz, Schulz et al., 2012). B.

syngeneic Myb*/* bone marrow engrafts without irradi-
ation (Schulz et al., 2012). Monocytes and granulocytes,
as well as CD11b”"8" myeloid cells in the spleen, liver,
kidney, and pancreas are completely replaced by donor
bone marrow-derived cells, whereas microglia, epidermal
LC, and Kupffer cells remain of host, Myb-deficient, ori-
gin 3 months after bone marrow transplantation.
Mpyb-dependency therefore distinguishes HSCs-derived
from YS-derived myeloid cells. HSCs-derived myeloid
cells are dependent on Myb for their maintenance and
renewal in adult tissues, while microglia and others YS-
derived “resident” macrophages persist in tissues in the
presence of wt HSCs, and in the absence of Myb.

Myb-Independent Microglia and Macrophages
are PU-1 Dependent

In contrast to Myb, the transcription factor Pu.l is
required for the development of all macrophages (Dakic
et al., 2005; McKercher et al., 1996; Nerlov and Graf
1998; Schulz et al., 2012) although it is dispensable for
the development of HSC. This is likely due to the fact
that PU.1 transactivates the proximal promoter of the
csflr gene (Reddy et al., 1994) and csflIr expression was
not detected in Pu.I-deficient embryos (DeKoter et al.,
1998) and Pu.I-deficient ES cells (Olson et al., 1995).
CsflIr is also required for the development of all macro-
phages, including microglia (Erblich et al., 2011) and
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Flt3 fate mapping. Fate mapping of FLT3 expression in blood and brain
microglia of 4-week-old Flt3-Cre x R26LSL-YFP mice. Bars represent
percentage of YFP-positive cells (means * SEM, n = 3). Microglia were
gated on CD45+ CD11b+. No YFP was detected in Cre- littermates.

Langerhans cells (Merad et al., 2002). Lichanska et al.
described cells expressing csfIr by in situ hybridization
in Pu.l-deficient yolk sac and embryo at E10.5 and sug-
gested that microglia can develop in a Pu.I -independent
fashion (Lichanska et al., 1999). However, in other stud-
ies, consistent with the known roles of Pu.I, no F4/80+
macrophages were detected in the YS at E10.5 (Schulz
et al., 2012), no F4/80™" or CD11b*™&"* macrophages
were detected in tissues at E14.5, and no Iba-1+ or iso-
lectin B4+ microglia cells were detected in brains from
Pu.1-deficient embryos (McKercher et al., 1996) on a
C57B16 background (Fantin et al., 2011; Schulz et al.,
2012). Therefore it is likely that microglia, like the other
macrophages, are Pu.1 dependent.

Myb-Independent Microglia and Macrophages
are Largely FLT8 Independent

FLT3 is a cytokine receptor expressed on multipotent
hematopoietic progenitors (Buza-Vidas et al, 2011),
MDPs (Auffray et al., 2009), cDC progenitor (Onai et al.,
2007), and common lymphoid progenitors in the bone
marrow (Buza-Vidas et al., 2011). In a gene expression
array analysis of E10.5 YS macrophages, T16.5 F4/
80P™8ht macrophages, and E16.5 CD11b™&™ macro-
phages, expression of FLT3 was restricted to CD11bPrient
macrophages. FLT3 thus represents a good candidate for
a fate mapping analysis of bone marrow-derived versus
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YS-derived macrophages in adult mice. In adult F1 Flz3-
Cre (Benz et al., 2008) and R26LSL-YFP (Srinivas et al.,
2001) mice, YFP labeling represents the present or past
expression of FLT3 by labeled cells or by their precur-
sor(s). Microglia are not labeled, and YFP expression is
overall restricted to blood leucocytes and Myb-dependent
macrophages (Fig. 8B) (Schulz et al., 2012) indicating
that the development of Myb-independent macrophages
occurs largely independently of FLT3" precursors.

Myb-Independent Microglia and Macrophages
Originate from a CSF1-R Yolk Sac Progenitor

The development of temporally controlled gene expres-
sion in mice using Tamoxifen-induced Cre recombinase
activation (Feil et al., 1996; Metzger et al., 1995) allows
permanent and temporally controlled “pulse-labeling” of
cell populations (Imayoshi et al., 2006) and subsequent
fate mapping of their progeny. However, fate mapping of
YS progenitors has been hampered by the fact that,
while genes specific for HSCs and their progeny exists,
e.g. FLT3, most genes that are expressed by YS hemato-
poietic cells are also expressed in HSCs, and are in addi-
tion frequently required for the development or mainte-
nance of the definitive hematopoiesis, e.g. Runxl and
SCL (reviewed in (Cumano and Godin, 2007). This
makes fate-mapping analysis of YS progenitors techni-
cally difficult.

A recent fate-mapping study, employing in utero OH-
Tamoxifen (TAM)-induced activation of Cre in E7.25-7.5
Runx1-MER-iCre-MER and R26LSL-YFP embryos
resulted in the labeling of the microglia (Ginhoux et al.,
2010). However, TAM-induced labeling in E7.25-7.5
RunxI1-MER-iCre-MER embryos also results in labeling
of 10% of HSCs (Samokhvalov et al., 2007). Thus, this
model is not ideal to distinguish the progeny from HSCs
and from YS-derived macrophages, and kinetics analy-
ses can be difficult to interpret.

However, early expression of e¢sfIr in YS precursors
allows to pulse label these CSF1R+ progenitors between
E8.5 and E9.5 in the YS, and to follow their progeny
into adulthood, without labeling the progeny of HSCs.
In utero administration of TAM into E8.5 CsfrI1-MER-
iCre-MER (Qian et al., 2011) and R26LSL-YFP embryos
results in the YFP labeling of adult microglia and other
Myb- and FLT8-independent macrophages, such as epi-
dermal Langerhans cells and liver Kupffer cells, but
Myb-dependent HSC-derived cells such as blood leuko-
cytes are not labeled (Schulz et al.,, 2012). Thus, E8.5
Mpyb-independent precursors give rise to macrophages,
such as microglia, that persist in adults.

PERSPECTIVES: A LINEAGE OF
MYB-INDEPENDENT MACROPHAGES

Macrophages and DCs are present in all tissues and
are critical effectors and regulators of immune
responses. The data discussed in this review suggest
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Fig. 4. E.14.5 fetal liver contains a large population of Myb-inde-
pendent myeloid cells. Flow cytometry analysis of E14.5 fetal liver from
Myb*™ and Myb™'" littermates, gated on CD45+ cells. Kit+ precursors
are absent in Myb~/~ fetal liver while F4/80+ cells are present (from
Schulz et al., 2012).

that functionally distinct subsets of macrophages, which
co-exist in embryo and in adult mice, also differ in their
embryonic origin and in the genes and mechanisms that
control their homeostasis and expansion. These are on
the one hand Myb- and Flt3-independent macrophages,
among them the microglia, and on the other hand Myb-
dependent HSC-derived macrophages such as blood
monocyte-derived cells. Several lines of investigation
should arise from this model of myeloid differentiation.

Microglia and others Myb-independent macrophages
integrate their target tissues at the time of their organi-
zation during embryogenesis and form stable networks
within these tissues. They are literally interweaved with
the ectodermal structures such as neurons and epithe-
lial cells. Their activation by local cues (Chorro et al,
2009) may contribute to the pathogenesis of inflamma-
tory diseases. Thus, it will be essential to investigate tis-
sue molecular cues that may selectively control the
renewal, proliferation, and effector functions of Myb-in-
dependent macrophages.

Although it is also likely that these resident cells can
be replaced by bone marrow precursors-derived cells in
some pathological circumstances, and maybe also during
aging, local self-renewal suggests the existence of macro-
phage stem cells in the brain and other tissues, at least
in young animals. It will thus be important to character-
ize these putative local “macrophage stem cells” and the
cell autonomous molecular and cellular mechanisms
that maintain the networks of macrophages and mediate
their activation and expansion during inflammation. For
example, Langerhans cell histiocytosis is a granuloma-
tous disease that can affect the brain where a somatic
mutation has been identified in a macrophage compart-
ment, but is absent—or at least remains undetected—in
the blood. It is therefore possible that this type of dis-
ease arise from a “resident” macrophage progenitor.

Finally, and in part because these cells could have a
therapeutic potential, it will be important to better char-
acterize the early CSF1R+ precursors that give rise to
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Myb-independent macrophages in embryos. The E8.5-
E9.5 CSF1R+ precursors that we described are likely to
be located in the YS, and may correspond to the “C” YS-
derived precursors (Bertrand et al., 2001) and to Mac-
CFC or HPP-CFC (Palis et al., 1999, 2001). These cells
enter the embryo around day 9.5, probably via the vitel-
line vein, and colonize the fetal liver. The fetal liver con-
tains a large population of Myb-independent F4/80+
CD11b+ cells (Fig. 4), possibly en route to other tissues
as well as precursors for local macrophages. Thereof, it
contains a mix of Myb-independent and Myb-dependent
precursors, and it should be useful to re-examine hemato-
poietic and myeloid precursors present in the fetal liver.
In this regard, it would therefore be naive to oppose
macrophages that originate from the fetal liver to mac-
rophages that originate from the YS. A genetic definition
of HSC-derived Myb-dependent and YS-derived Myb-in-
dependent macrophages seems preferable to us.
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These guidelines for the management of patients up to 18 years
with Langerhans cell histiocytosis (LCH) have been set up by a
group of experts involved in the Euro Histio Net project who par-
ticipated in national or international studies and in peer reviewed
publications. Existing guidelines were reviewed and changed where
new evidence was available in the literature up to 2012, Data and

Key words: clinical work-up; diagnosis; follow-up; guidelines; Langerhans cell histiocytosis; therapy

publications have been ranked according to evidence based medi-
cine and when there was a lack of published data, consensus
between experts was sought. Guidelines for diagnosis, initial clini-
cal work-up, and treatment and long-term follow-up of LCH
patients are presented. Pediatr Blood Cancer

© 2012 Wiley Periodicals, Inc.

INTRODUCTION

Langerhans cell histiocytosis (LCH) is a heterogeneous dis-
ease, characterized by accumulation of dendritic cells with fea-
tures similar to epidermal Langerhans cells in various organs. Any
organ or system of the human body can be affected, but those
more frequently involved are the skeleton (80% of cases), the skin
(33%), and the pituitary (25%). Other organs involved are the
liver, spleen, the hematopoictic system and the lungs (15%
each), lymph nodes (5-10%), and the central nervous system
excluding the pitvitary (2-4%). The clinical course may vary
from a self-limiting disease to a rapidly progressive one that
might lead to death. Between 30% and 40% of patients may
develop permanent adverse sequelae. Treatment options vary
depending on the extent of the disease and the severity at onset.
Response to front-line treatment is an important information to
adapt the therapeutic strategy. As LCH is a rare disease, only a
limited number of large surveys or of randomized clinical trials
are available in the literature and many aspects of the manage-
ment of patients remain obscure or controversial. The presented
guidelines are based on published evidence and the clinical ex-
pertise of the authors. They are intended to provide guidance with
respect to diagnosis and clinical work-up of LCH occurring in
patients <18 years old. The recommendations can neither replace
the physician’s own professional judgement nor consider all spe-
cial clinical circumstances which may apply to individual cases.

METHODS

This document is derived from the project Euro Histio Net
2008, a reference network (www.eurohistio.net) for LCH and
associated syndromes in the European Union which received
funding within the framework of the Public Health Program.
The guidelines were designed and established by European and
North American physicians considered to be experts in the field of
pediatric histiocytic disorders. They are active members of the
international medical society of histiocytoses “‘Histiocyte Socie-
ty” (HS), of the European national societies of Hematology/
Oncology, and of their respective national groups for the study
and treatment of these diseases. The guidelines have been devel-
oped for use as recommended practice in the evaluation and
treatment of children and teenagers up to 18 years with LCH.

© 2012 Wiley Periodicals, Inc.

DOI 10.1002/phc.24367

Published online in Wiley Online Library
(wileyonlinelibrary.com).

Scientific articles published in peer-reviewed journals up to
January 2012 were systematically reviewed. In addition to the
medical literature, the following guidelines are a synthesis of
different international and national guidelines and recommenda-
tion documents.

Evidence was ranked in four levels [1,2]: (A) meta-analyses,
high quality systematic reviews, or randomized controlled trials
with a low risk of bias; (B) systematic reviews of case—control or
cohort studies; (C) non-analytic studies; for example, case reports,
case series, small retrospective studies; (D) expert opinion. Level
of agreement between experts and data was ranked in three clas-
ses: (2) general agreement between all experts or between avail-
able studies; (1) discussed recommendation, but no formal
objections between experts or mild difference between studies,
without contradiction for the main endpoint; (0) divergence of
opinion or contradictory results for the main endpoint.

Additional Supporting Information may be found in the online version
of this article.

Abbreviations; LCH, Langerhans cell histiocytosis; MRI, magnetic
resonnance imaging; CNS, central nervous system; DI, diabetes insip-
idus; MS-LCH, multi system Langerhans cell histiocytosis; SS-LCH,
single system Langerhans cell histiocytosis; RO, risk organs.
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TABLE 1. Differential Diagnosis for Manifestations of Langerhans Cell Histiocytosis

Involvement Manifestation

Possible other condition

Skin Vesicles and bullae (most common in early infancy)

Dermatitis (most frequently scalp, diaperarea,
or axilla, may occur up to late infancy)
Nodules

Pruritus
Petechiae

Bone Vertebra plana

Temporal bone

Orbit

Other lytic lesions of the long bones

In particular systemic symptoms
and cavitated pulmonary nodules

Lung

Jaundice with direct hyperbilirubinemia
Hypoalbuminemia

Liver

Endocrine Diabetes insipidus

Erythema toxicum

Herpes simplex

Varicella

Seborrheic dermatitis (eczema; usually no petechiae
and marked scaling)

Mastocytosis

Juvenile xanthogranuloma

Neuroblastoma

Infant leukemia

Scabies (other family members may be affected)

Ewing sarcoma

Septic osteomyelitis

Chronic relapsing multifocal osteomyelitis (CRMO)
Leukemia

Lymphoma

Aneurysmal bone cyst

Juvenile xanthogranuloma

Myeloma (only described in adults)
Osteoporosis

Chronic otitis media

Mastoiditis

Cholesteatoma

Soft tissue sarcoma

Acute infection (preseptal cellulitis)
Dermoid cyst

Rhabdomyosarcoma

Neuroblastoma

Erdheim-Chester disease
Pseudoinflammatory tumor

Septic osteomyelitis

Chronic recurrent multifocal osteomyelitis (CRMO)
Aneurysmal bone cyst

Bone angiomatosis (Gorham disease)
Fibrous dysplasia

Atypical mycobacterial infection

Osteogenic sarcoma

Ewing’s sarcoma

Pneumocystis jirovecii cavitated infection
Mycobacterial or other pulmonary infections
Sarcoidosis

Bronchiolar-alveolar carcinoma (only described in adults)
Lymphangio-Leiomyosarcoma (only described in young adult women)
Septic emboli

Chronic destructive cholangitis

Metabolic disease

Hepatitis

Neoplasia obstructing biliary tract

Inherited deficient conjugation of bilirubin
Toxic (Reye syndrome)

Chronic inflammatory bowel disease
Neonatal hemochromatosis

Central nervous sysytem germ cell tumor
Hypophisitis

Langerhans Cell Histiocytosis Diagnosis

Since LCH may affect any organ or system of the body, the
condition should be considered whenever suggestive clinical man-
ifestations occur in the skin, bone, lung, liver, or CNS. Table I
shows a list of differential diagnoses to be considered depending
on presenting complaints, signs, or symptoms. The diagnosis is

Pediatr Blood Cancer DOI 10.1002/pbc

clinicopathologic and should only be made in the appropriate
clinical setting to prevent a misdiagnosis in the presence of nor-
mal reactive Langerhans cells, particularly in regional lymph
nodes. In addition to clinical and radiological features, LCH
diagnosis should always be based on histological and immuno-
phenotypic examination of lesional tissue (agreement: 2), that



should be taken from the most easily accessible, yet representative
lesion.

There is a well defined histologically characteristic appearance
of the LCH lesions on hematoxylin and eosin stained sections, but
positive CD1a and/or CD207 (Langerin) staining of the lesional
cells is required for a definitive diagnosis [3-6] (agreement: 2).
Electron microscopy is no longer needed (agreement: 2), since it
has been shown that the expression of Langerin correlates with
the ultrastructural presence of Birbeck granules. Diagnostic con-
firmation may be a challenge in some circumstances (e.g., liver
specimens), where Birbeck granules are not present and CDla
and/or Langerin may be negative because LCH cells have regress-
ed after having caused sclerosing cholangitis and Cirrhosis [7].

In rare cases the risk of biopsy may outweigh the need for a
definitive diagnosis, and therefore the risk/benefit ratio should be
carefully assessed. This is the case in patients with isolated
involvement of a vertebral body without an adjacent soft tissue
component, as in case of vertebra plana, or with isolated involve-
ment of the odontoid peg. If the decision to avoid or postpone a
biopsy is made, every effort should be made to rule out other
conditions that might lead to a similar radiological finding
(Table I).

Patients without a histologically confirmed diagnosis need to
be carefully monitored by appropriate imaging for at least the
next 6 months in order to reassess the need for biopsy and its
justification, in order to exclude a malignancy.

Pretreatment Clinical Evaluation

Once the diagnosis of LCH has been ascertained it is impor-
tant to collect further baseline informatien in order to decide on a
therapeutic approach. A complete history should include special
reference to the nature and duration of symptoms. Specific symp-
toms to be sought are: pain, swelling, skin rashes, otorrhea, fever,
loss of appetite, diarrhea, poor weight gain, growth failure, poly-
dipsia, polyuria, respiratory symptoms, irritability, behavioral, and
neurological changes. A detailed examination should be per-
formed at the onset and at each follow-up visit. Currently there
is no specific biological marker of disease activity, however, there
is a general agreement (agreement: 2) that biochemical and imag-
ing evaluation at diagnosis and at disease reactivation should
include the mandatory investigations listed in Table II. Certain
scenarios might require additional testing; the recommended
laboratory investigations, imaging, or ‘specialized clinical assess-
ments upon specific indication are shown in Table IIL; the detailed
protocol for head MRI is provided in (Supplemental Appendix ).

Defining Organ Involvement, Risk Organs,
and CNS (Central Nervous System) Risk Lesions

The findings of the pretreatment clinical evaluation allow defi-
nition of organ involvement based on the clinical, biological, and
radiological criteria shown in Table IV. Discase involvement of
certain organs is considered as a marker of higher risk of (a) dying
from disease (risk organs) or (b) developing neuro-degenerative
complications more commonly named as CNS risk lesions.

Risk organs include the hematologic system, the spleen and
the liver (evidence: B, agreement: 2) [8-10]. The lung had been
considered for many decades as a risk organ, but its individual
prognostic impact has recently been questioned [11]. In fact, in

Pediatr Blood Cancer DOI 10.1002/pbc
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TABLE II. Laboratory and Radiographic Evaluation of Children
With LCH

Evaluation

Full blood count
Hemoglobin
White blood cell and differential count
Platelet count
Blood chemistry
Total protein
Albumin
Bilirubin
ALT (SGPT)
AST (SGOT)
~GT
Creatinine
Electrolytes
Erythrocyte sedimentation rate (ESR)
Abdominal ultrasound (in particular for young children)
Size and structure of liver and spleen
Abdominal lymph-nodes
Coagulation studies
INR/PT
APTT/PTT
Fibrinogen/factor 1
Chest Radiograph (CXR)
Skeletal radiograph survey™®

ALT (SGPT), alanine transaminase (serum glutamic pyruvic transam-
inase); APTT/PTT, activated partial thromboplastin time/partial
thromboplastin time; AST (SGOT), aspartate transaminase (serum
glutamic oxaloacetic transaminase); ~GT, gamma-glutamyltransfer-
ase; INR/PT, international normalized ratio/prothrombin time; MRI,
magnetic resonance imaging; PET, positron emission tomography;
Te, technetium. *Note that other imaging techniques as bone Tc
scan, PET scan, or MRI are not an alternative to the standard skeletal
survey. The real value of these images in LCH is still under study. In
particular information from bone scan should not be considered for
evaluation of disease extent and decision-making. PET scan has prov-
en to be the most sensitive functional test used in the identification of
LCH lesions and in evaluating patient response to therapy. However,
it is currently expensive, exposes the patient to a significant radiation
dose and is not widely available [56]. bt is not recommended to
change the method of bone evaluation (skeletal radiograph), as it
may lead to discrepancy between assessments. It is important also
to consider the ALARA principle (as low as reasonably achievable)
for ionizing radiation and, if possible, during follow up, limit the
evaluation to the anatomic region initially involved.

the absence of involvement of other risk organs, lung disease is
only in exceptional cases the ultimate cause of death [12,13], and
this usually occurs through “‘mechanical complications” such as
an uncontrolled pneumothorax [14], or as a late event due to
chronic emphysematous changes. In the upcoming clinical trial
for LCH in children (LCH-IV), the lung will be no longer consid-
ered a risk organ.

Tnvolvement of some skull bones might predispose to diabetes
insipidus (DI) and CNS manifestations [15-17]. The term CNS
risk lesions, representing a more recent concept [16], suggests that
these patients are more likely to develop neuro-degenerative CNS
disease, which may be an irreversible complication of LCH and
may have a debilitating course [18). Therefore, skull bone lesions,
with the exception of the vault, are considered as CNS risk
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TABLE III. Specific Clinical Scenarios and Recommended Additional Testing in Children With LCH

Clinical scenario and recommended additional testing

History of polyuria or polydipsia
Early morning urine specific gravity and osmolality
Blood electrolytes
‘Water deprivation test if possible
MRI of the head®
Bicytopenia, pancytopenia, or persistent unexplained single cytopenia

Other causes of anemia or thrombocytopenia has to be ruled out according to standard medical practice. If no other causes are found, the

cytopenia is considered LCH-related

Bone marrow aspirate and trephine biopsy to exclude causes other than LCH b as exposant
Evaluation for features of macrophage activation and hemophagocytic syndrome (triglycerides and ferritin in addition to the coagulation studies

in Table I1a°
Liver dysfunction

If frank liver dysfunction (liver enzymes >35-fold upper limit of normal/bilirubin >5-fold upper limit of normal): consult a hepatologist and

consider liver MRI which is preferable to retrograde cholangiography

Liver biopsy is only recommended if there is clinically significant liver involvement and the result will alter treatment (i.e., to differentiate

between active LCH and sclerosing cholangitis)

Lung involverent (further testing is only needed in case of abnormal chest X-ray or symptoms/signs suggestive of lung involvement, or pulmonary
findings not characteristic of LCH or suspicion of an atypical infection)
Lung high resolution computed tomography (HR-CT) or preferably low dose multi-detector HR-CT if available, Note that cysts and nodules are
the only images typical of LCH; all other lesions are not diagnostic. In children already diagnosed with MS-LCH (see section “Clinical
Classification™) low dose CT is sufficient in order to assess extent of pulmonary involvement, and reduce the radiation exposure

Lung function tests (if age appropriate)

Bronchoalveolar lavage (BAL): >5% CD1a + cells in BAL fluid may be diagnostic in a non-smoker?

Lung biopsy (if BAL is not diagnostic)
Suspected craniofacial bone lesions including maxilla and mandible

MRI of head® including the brain, hypothalamus—pituitary axis, and all craniofacial bones. If MRI not available, CT of the involved bone and the

skull base is recommended

Aural discharge or suspected hearing impairment/mastoid involvement

Formal hearing assessment
MRI of head" or HR-CT of temporal bone
Vertebral lesions (even if only suspected)

MRI of spine to assess for soft tissue massess and to exclude spinal cord compression

Visual or neurological abnormalities
MRI of head®
Neurological assessment
Neuropsychometric assessment

Suspected other endocrine abnormality (i.e., short stature, growth failure, hypothalamic syndromes, precocious, or delayed puberty)
Endocrine assessment (including dynamic tests of the anterior pituitary and thyroid)

MRI of head?

Unexplained chronic diarrhea, failure to thrive, or evidence of malabsorption

Endoscopy
Biopsy

(HR-)CT, (high resolution) computed tomography; MRI, magnetic resonance imaging. *See Appendix 1 for details. b The clinical significance
of CDla positivity in the bone marrow remains to be proven. An isolated finding of histiocytic infiltration on the bone marrow with no
cytopenia is not a criterion for diagnosis or reactivation [57,58]. “Hemophagocytic syndrome with macrophage activation is a common finding
in patients with hematological dysfunction [59,60]. d5ee discussion in Refs. [12,13].

lesions, assuming that risk factors for DI can also be considered as
risk factors of neuro-degenerative changes (evidence C; agree-
ment: 1).

Clinical Classification

The current classification differentiates between single system
disease (SS-LCH) and multisystem disease (MS-LCH), a distinc-
tion based on the extent of involvement at diagnosis. In SS-LCH,
only one organ or system is involved such as bone (either as a
single bone or more than one bone), skin, lymph node (not
the draining lymph node of another LCH lesion), lungs,

Pediatr Blood Cancer DOI 10.1002/pbc

hypothalamic-pituitary/central nervous system, or others such as
thyroid or thymus. In MS-LCH, two or more organs, or systems
are involved either with or without involvement of risk organs.

General Considerations for Treatment

Treatment of single-system LCH. Patients with SS-L.CH may
be initially referred to a range of medical specialists depending on
the localization and presentation of the lesions, thus it is difficult
to organize and execute coordinated international trials. This sec-
tion combines the limited published evidence with the authors’
experience (evidence: C, agreement: 1.
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TABLE IV. Definition of Organ Involvement in Langerhans Cell Histiocytosis

Criteria CNS risk lesions Risk organ

Bone involvement
General bone involvement: all radiologically documented lesions, which are not
mentioned below
Craniofacial bone involvement: lesions in the orbital, temporal, mastoid, sphenoidal, Yes
zygomatic, or ethmoidal bones; the maxilla or paranasal sinuses; or cranial fossa; with
intracranial soft tissue extension
Vertebral involvement without soft tissue extension, for example, vertebra plana
Vertebral involvement with intraspinal soft tissue extension or lesions in the odontoid
peg
An abnormality on Tc bone scan or an MRI hypersignal, not correlated with symptoms,
or with an X-ray image is not considered bony disease!
Central nervous system (CNS) involvement Yes
Tumoral: all intracerebral expansive lesions predominantly affecting the brain or
meninges
Neurodegeneration on MRI: MRI imaging compatible with neurodegenerative
disease®, that is, abnormal signal intensity localized in the dentate nuclei or cerebellum
or cerebral atrophy NOT explained by corticosteroids
Clinical neurodegeneration: presence of suggestive symptoms (either cerebellar
syndrome or learning difficulty) with compatible MRI imaging
Ear involvement

Ear involvement with external otitis, otitis media, or otorrhea Yes
Eye involvement
Orbital involvement with proptosis or exophthalmos Yes

Hematopoietic involvement Yes

Mild (both of the following categories should be present)
Hemoglobin between 10 and 7 g/dl (not due to other causes, €.g., iron deficiency)
Thrombocytopenia with platelets between 100,000 and 20,000/mm>
Severe (both of the following categories should be present)
Hemoglobin <7 g/dl (not due to other causes, e.g., iron deficiency)
Platelets <20,000/mm*

Liver involvement (the patient can show a combination of these symptoms) Yes
Enlargement >3 cm below the costal margin at the mid clavicular line, confirmed by
ultrasound or dysfunction documented by: hyperbilirubinemia >3 times normal
hypoalbuminemia (<30 g/dl), v GT increased >2 times normal, ALT (SGPT)-AST
(SGOT) >3 times normal, ascites, edema, ot intra hepatic nodular mass

Lung involvement (Yes)b
Typical imaging (nodules or cysts) on CT scan
Any atypical mass needs to be explored by BAL or biopsy in order to have
histopathological/cytological diagnosis
Mucosa involvement
Oral involvement with lesions in the oral mucosa, gums
Genital or anal involvement
Pituitary involvement
Any pituitary hormone deficiency or tumor appearance in the hypothalamic-pituitary
axis
Skin involvement
Any rash documented by histological examination or any lesion (erythematous and
crusted macules, papules, or nodules, with or without ulceration, or petechiae, or
seborrhea-like picture) compatible with the diagnosis, if LCH is confirmed by biopsy
of another organ
Yes

Spleen involvement
>3 ¢m below the costal margin at the mid clavicular line, confirmed by ultrasound

ALT (SGPT), alanine transaminase (serum glutamic pyruvic transaminase); AST (SGOT), aspartate transaminase (serum glutamic oxaloacetic
transaminase); BAL, bronchoalveolar lavage; CT, computed tomography; MRI, magnetic resonance imaging. “The term radiological neuro-
degeneration has been coined to describe a certain pattern of MRI findings, but this terminology may be misleading as it does not necessarily
correlate with histopathology. See section “Risk organs.”

Pediatr Blood Cancer DOI 10.1002/pbe
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Single system unifocal bone involvement (isolated bone
lesions). Unifocal bone lesions are the predominant clinical
form of LCH. Spontaneous regression may occur, and the clinical
course is probably not greatly influenced by any form of treat-
ment. The decision on the most appropriate approach should be
based on clinical symptoms, the size and location of the disease,
and on any evidence of healing on imaging. Often, simple curet-
tage during the diagnostic biopsy will result in healing, and fur-
ther intervention may not be necessary [19]. Indications for
additional treatment include involvement of weight-bearing
bones, imminent spinal cord compression, unacceptable deformi-
ty, intense pain, and functional disability.

Complete excision of bone lesions (curettage) may be indicat-
ed if the lesion is small (<2 cm) and is combined with the
diagnostic confirmation. However, radical excision of large
lesions (>5 cm) is not indicated since it increases the size of
the bony defect, could prolong the time to healing, and might
result in permanent skeletal defects. For lesions 2-5 cms in diam-
eter, a biopsy and partial curettage is an option. Depending on
the size and location of the lesion, an intralesional injection of
methylprednisolone may be administered {20] to promote healing
(evidence: C). Immobilization of the limb may need to be consid-
ered and discussed with the orthopedic surgeon in rare cases.
“Vertebra plana” per se is not an indication for an orthopedic
corset, and expert physiotherapy assessment should be consid-
ered; however, temporary immobilization may be required for
symptomatic relief in the early phases of vertebral involvement.
Patients with temporal bone lesions and recurrent otorrhea, may
have a secondary cholesteatoma which may need specific treat-
ment [21].

In certain functionally critical anatomical sites, such as the
odontoid peg or other vertebral lesions with intraspinal soft tissue
extension there may be an immediate risk to the patient because
of the potential for disease progression and the hazards involved
in attempting a biopsy; however, these are exceptional situations,
and a biopsy should always be considered. Isolated disease in-
volving functionally critical anatomical sites may justify systemic
therapy.

Because of the potential for development of sequelae, systemic
therapy is indicated in patients with lesions involving the skull
base, temporal bone, orbits, and vertebral column, where there is
also involvement of the adjacent soft tissues.

Single system multifocal bone involvement. LCH which
presents with only multiple bone lesions at diagnosis (SS-LCH
multifocal bone) usually remains confined to the skeleton, and
only rarely extends to other organs like the skin and pituitary
gland. However, the incidence of reported reactivations in cases
of multifocal bone disease is higher than for unifocal bone disease
[22-24]. Regardless of the treatment approaches that vary from
observation only to systemic chemotherapy, survival rates
approaching 100% are reported for this disease form in almost
all the published series. Therefore, the benefit of therapies should
be evaluated in terms of localization and length of disease activi-
ty, and hence, risk of permanent consequences and quality of life.
Unfortunately, due to discrepancy in anatomic bone lesions and
outcome assessment, published data are difficult to compare and
therefore no definitive conclusions can be reached. The most
commonly used therapy for multifocal skeletal LCH consists of
steroids and vinblastine (VBL), a relatively non-toxic, and well
tolerated combination.
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Single system skin involvement (isolated cutaneous LCH).
LCH confined to the skin is rare and accounts for about 5% of
the LCH population. It can occur at any age, but is most common
in newborns and infants. In most of these cases LCH tends to
regress spontaneously, but progression to MS-LCH is common.
Therefore, close follow-up and reassessment of the need for treat-
ment is warranted in all young patients with this disease form.

Cutaneous lesions can appear either as isolated nodules or as a
skin rash; in patients with isolated nodules surgical excision may
be indicated, but radical surgery is never warranted. In children
with a skin rash, topical steroids are often suggested in standard
textbooks, but their efficacy has never been proven. Moreover,
most patients with isolated cutaneous LCH are often diagnosed
after unsuccessful treatment with topical steroids for other pre-
sumed diagnoses such as eczema [25]. Topical caryolysine (20%
nitrogen mustard ointment) has been shown to be effective on skin
LCH [26]. Even with potential mutagenesis effect, no secondary
tumor deleterious effect has been reported in relation to this drug
for this indication. Unfortunately, it is not easily available and
necessitates application by trained personnel.

In cases of ineffective local therapy or involvement of an
extensive area, systemic therapy with steroids (=VBL), or oral
low dose methotrexate can be used, but the level of evidence is
low (D) [27-29]. In the most severe cases, treatments, including
thalidomide associated with neurological toxicity, pain and
fatigue [29], azathioprine, or PUVA-therapy which have been
shown to be effective in some adult patients, might also be con-
sidered in children (evidence: D, agreement: 1),

Single System LCH of the Lymph Nodes

This is an extremely rare presentation of LCH [30]. Excision
biopsy may be the only treatment required for a solitary lymph
node.

Single system LCH of the lung (primary pulmonary LCH).
This rare disease form occurs predominantly in adolescent and
adult smokers. The impact of systemic therapy is not well docu-
mented in children, and adult pulmonologists do not consider it as
the standard approach [12,13]. Smoking withdrawal is necessary,
and usually results in significant clinical improvement and often
complete resolution. However, isolated lung involvement can be
very challenging due to the risk of acute severe complications
such as pneumothorax, or cardiopulmonary arrest. Pneumothora-
ces should be treated by standard techniques such as drainage and
possibly pleurodesis. Pleurectomy should be avoided as lung
transplantation may ultimately be considered in patients with
severe progressive disease. In case of persisting and progressive
lung disease, systemic therapy with low dose steroids is most
commonly used, but 2-chlorodeoxyadenosine (2-CdA), and the
combination of VBL and steroids have also been used (evidence:
D, agreement: 1),

Isolated diabetes insipidus and pituitary involvement.
DI occurs due to involvement of the posterior pituitary (neurohy-
pophysis) and may become manifest either before, concurrently,
or after LCH diagnosis. Isolated DI is not considered an indica-
tion for systemic therapy per se, except when active disease is
unequivocally documented by the presence of thickening of the
pituitary stalk or a mass lesion of the hypothalamic-pituitary axis.
A lesion of the hypothalamus—pituitary axis is usually considered
as active if it had local neurological consequences like alteration



of the visual field or if its volume is increasing on sequential MRL
In the experience of experts, DI is with few exceptions uniformly
irreversible, although DDAVP needs may vary.

There are some earlier anecdotal reports suggesting that treat-
ment with 2-CdA [31], etoposide [32], or radiation [33,34] soon
after DI onset may reverse the condition (evidence: D).

Brain lesions. In addition to pituitary stalk lesions, any brain,
or meningeal lesion (except local reaction to a skull vault lesion)
is considered an indication for systemic therapy. The standard
therapy with vinblastine and steroid can be effective in this situa-
tion [35] or 2-CdA monotherapy [36].

Treatment of multisystem LCH. As mentioned before, the
major clinical challenges of MS-LCH are mortality in young
children with involvement of risk organs, and bouts of reactiva-
tion resulting in morbidity and permanent consequences which
can occur in all age groups. Patients with risk organ involvement
are at risk of death, and a poor response to therapy defines a sub-
group with a particularly dismal prognosis. Patients without in-
volvement of risk organs, although not at risk for mortality, need
systemic therapy in order to control the disease activity, reduce
reactivations, and reduce permanent consequences. Several inter-
national protocols for MS-LCH treatment have been designed
within the framework of the HS [8-10]. Their main conclusions
are (evidence: B, agreement: 2) (i) standard treatment is based on
steroids and VBL, (ii) Clinical response after the first 6 weeks
of treatment is a good marker of further disease evolution. (iii)
Prolonged treatment for at least 1 year reduces the risk of disease
reactivations,

Front Line Treatment and Evaluation of Response

Front line treatment of MS-LCH is based on the association of
VBL 6 mg/m? i.v. weekly bolus for 6 weeks, with prednisone
40 mg/mZ/day given orally in three divided doses for 4 weeks
and then tapered over the following 2 weeks. After the first
6 weeks of treatment, disease status should be reevaluated and
treatment continued accordingly. The evaluation of the disease
response is usually classified as “better” in case of complete
resolution or regression of the disease, “worse” in case of pro-
gression of the disease, and “‘intermediate,” in case of stable or
mixed response with new lesions in one site, and regression in
another site. Other evaluation methods have been proposed such
as the disease activity score [37].

In case of a good response (especially in the risk organs) but
with some active disease still present in other sites, treatment with
VBL, and steroids should be continued for another 6 weeks with:
VBL 6 mg/m?® i.v. weekly bolus, and prednisone 40 mg/m*/day
orally in three divided doses for 3 days every week. One or two
intensive courses according to the above mentioned schedule
should be followed by maintenance therapy for a total duration
of up to 12 months with VBL 6 mg/m2 i.v. bolus every 3 weeks,
and prednisone 40 mg/m?/day orally in three divided doses for
5 days every 3 weeks and 6 MP at a dose of 50 mg/m?/day is
added if risk organ involvement is present.

Second Line Therapy

Refractory disease in patients with hematological involvement
or liver dysfunction is a rare but life-threatening situation [10,38].
We suggest that such patients need to be referred to a specialized
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centre (evidence: D, agreement: 2). Therapeutic options (evi-
dence: C) include combination chemotherapy with cladribine
(2-CdA) and cytarabine (Ara-C) [39] or hematopoietic stem cell
transplantation using reduced intensity conditioning regimen [40].
If there is evidence of disease progression in “‘non-risk organs,”
treatment with 2-CdA as monotherapy {41] or even with further
courses of a combination of VBL and steroids should be
considered.

Radiotherapy

Most experts in this field would no longer recommend radio-
therapy due to the risk of long term sequelae, including the
potential risk of developing a malignant tumor in the field of
the radiotherapy [38]. However, there are some physicians who
consider that radiotherapy may be useful for a single bone lesion
in teenager (evidence: C, agreement: 2).

Neurodegenerative Complications

Neurodegenerative complications represent a complex situa-
tion and such patients need to be managed by a multidisciplinary
team. Several therapies have been attempted but with possibly
occasional transitory responses. The treatment options include:
retinoic acid (evidence: C) [42], combination treatment with vin-
cristine and Ara-C (evidence: C) [43], intravenous immunoglobu-
lin (evidence: D) [44], and cladribine (evidence: D) [45]. To date,
intensive therapies have not shown any effect and should thus be
avoided, especially as they may add to the morbidity.

Monitoring and Supportive Care for

Permanent Consequences

Although LCH is predominantly a benign and treatable dis-
ease, it can result in sequelae affecting various tissues involved
[46]. Some may be present at diagnosis, while others may become
manifest up to years and decades later. It is thus important to
monitor these patients at least until growth is completed and
possibly into adult life. The most common permanent consequen-
ces are endocrine, auditory, and orthopedic. Neurocognitive, pul-
monary, and hepatic sequelae are rare but may cause significant
morbidity. The recommended investigations and tests are shown
in Table V. A scoring system for sequelae has been developed in
order to observe the evolution and to standardize the recording of
such problems [47].

Endocrine complications. DI is the most frequent endocrin-
opathy associated with LCH with a frequency from 15% to 30%
of cases [30). It is thus important to investigate thirst and polyuria
in LCH patients, even many years after the diagnosis of LCH.

Growth hormone deficiency is the most frequent anterior pitu-
itary hormone loss and occurs in up to 10% of patients. Measure-
ment of height and weight and assessment of puberty is therefore
recommended every 6 months or 1 year until growth is completed.
Any child whose growth is below that expected may need to be
investigated as suggested by the consensus guidelines of the GH
Research Society [48].

Other hormone deficiencies may occur. These include delayed
puberty and rarely panhypopituitarism, Puberty should be
assessed according to Tanner stages and need investigation in
the following cases: delayed onset of puberty (B2 >13 years in
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TABLE V. Recommendations for Follow-Up of Patients With LCH After Diagnosis

Indication

Assesment

All patients

Routine assessment at clinically appropriate intervals including:

History of thirst, polyuria
Height, weight, pubertal status, neurological assesment
FBC (CBC), ESR, Liver enzymes, Albumin

Bone involvement

X-ray oriented to the pathologic area at 6 weeks, 3 and 6 months and then depending on

clinical findings

If vertebral involvement
If jaw involvement
Pulmonary involvement

Monitor for scoliosis especially during periods of rapid growth
Monitor dental development and jaw growth
Spirometry should be performed regularly (every 6-12 months) and if abnormal X-ray

and high resolution computed tomography of chest may be needed

Endocrine involvement
If endocrine signs and symptoms develops

See text for indications for endocrine testing and repeat depending on clinical findings

and specialized advice

If proven hypothalamic-pituitary dysfunction
CNS involvement
If neurological symptoms/signs develops

Head MRI, repeated after 1 year and then at 2, 4, 7, and 10 years

Neuropsychological tests, cerebellar function assessment and MRI of the head; repeat

depending on clinical findings and specialized advice

If tumorous a lesion has been identified in the
CNS

Repeat head M

RI after 6 weeks (in symptomatic patients and those with tumorous lesions)
and 3 months. Further images should be decided on the basis of the results of the first

two examinations

If neurodegenerative findings on MRI, even
without symptoms
Liver involvement

Repeat head MRI is performed after 1 year and then at 2, 4, 7, and 10 years

Consider ultrasound scan/MRI of liver or cholangiography and repeat depending on

clinical findings and specialized advice

Ear/temporal bone involvement
develop

Audiogram at end of treatment and reassessed at start of school and if any new symptoms

CT, computed tomography; MRI, magnetic resonance imaging, CBC, complete blood count; ESR, erytrocyte sedimentation rate; CNS, central
nervous system; DI, diabetes insipidus, ENT: ear nose throat; BAL, broncho-alveolar lavage, GH, growth hormone.

girls, P2, T2 >14 years in boys), delayed onset of period in girls
(>14 years), precocious puberty (B2 <8 years in girls, P2, T2 <9
years in boys), arrest, or regression of pubertal development.

In case of delayed growth/puberty, bone age should be
assessed by X-ray, and anterior pituitary function tests should
be performed to assess secretion of GH, LH, FSH, ACTH,
and thyroid function. If hormone deficiency is confirmed by the
stimulation tests, MRI scan of head (Appendix 1) should be
performed, Bone mineral density (DEXA) scan needs to be moni-
tored in patients with GH deficiency, delayed puberty, or
panhypopituitarism.

Orthopedic. When several vertebrae are affected, scoliosis
may become manifest later in life, in particular during periods
of rapid growth such as puberty. Children should be assessed
clinically at least annually in order to identify any early signs
of scoliosis. They should be referred to the orthopedic surgeon in
order to start preventive physical therapies (e.g., orthopedic cor-
set/brace or neck collar) in order to manage this proactively. If
facial bones are affected, facial asymmetry may become manifest
and reconstructive surgery may be required.

Hearing. Subjects with involvement of the middle or inner ear
and the temporal bone should be monitored with audiometry
at diagnosis and at end of treatment and reassessed at start of
school and if any new symptoms develop. Early diagnosis and
interventional strategies such as hearing aids can avoid deteriora-
tion of school performance and significantly improve learning
outcome.
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Oral tissue and jaw. Children with involvement of gums and jaw
should be monitored for dental development and growth of the jaw.

Neurological. Children with multisystem LCH should be reg-
ularly followed up clinically since they are at risk of developing
late neuropsychological sequelae, in particular cerebellar ataxia
and learning difficulties. In children with relevant history and/or
abnormal neurological examination, further investigations includ-
ing neuropsychological tests, cerebellar function assessment
(49,50}, and MRI of the head as described in Appendix 1 should
be performed.

Lungs. In those with a history of lung involvement, spirometry
should be performed regularly and if abnormal or progressive,
X-ray and computed tomography of chest may be needed. The
dangers of smoking should be explained and smoking avoided.
Pulmonary involvement may also lead to respiratory insufficiency
due to fibrosis and emphysema.

Liver. Liver involvement is rare, but can cause serious mor-
bidity. In those with abnormal liver function consider ultrasound
scan, MRI of liver, or cholangiography as clinically indicated. A
subset of young children with liver involvement may subsequently
develop sclerosing cholangitis that progresses to cirrhosis; treat-
ment for these children includes liver transplantation.

Associated Malignancies

There is a recognized association between LCH and malignan-
cies [17]. The malignancies may precede, occur concurrently or



follow the diagnosis of LCH and should be considered at every
clinical visit. Acute lymphoblastic leukemia and lymphoma more
often occur prior to the diagnosis of LCH but may be diagnosed
within S years after LCH. Myeloid leukemias usually follow LCH
especially in those patients exposed to etoposide, alkylating
agents and/or radiotherapy. Solid tumors may occur concurrently
or follow the diagnosis of LCH. Most of those that followed LCH
developed in a previous radiation field. With the current treatment
strategies it is expected that these types of secondary malignancy
will be rare. Patients treated with radiotherapy should see their
doctor in case of symptoms involving the irradiated area.

Follow-Up/Duration and Frequency

Recommendations for follow-up are shown in Table V. They
are inspired by the long term follow-up for childhood cancer
survivors [51,52]. Every patient should be followed by the local
physician and if at any time a particular issue needs to be
addressed, referral to a specialist is recommended. All patients
should be followed for a sufficient time period, defined as (i) at
least 5 years after the end of therapy; or (i) 5 years after the last
disease reactivation, in those who did not receive systemic thera-
py; or (iii) until final growth and pubertal development have
occurred.

Perspectives. LCH is a rare disease potentially resulting in
death or permanent sequelae. The burden of therapy may also
be extremely heavy. There is an obvious need for a-full assess-
ment of each patient with a rational treatment tailored to the risks
of the individual patient, which contributes to further fundamental
and clinical research in this field.

In 2010, Badalian-Very et al. [53], reported somatic mutations
of the BRAF oncogene in about half of the LCH patients in their
series, and this finding was recently confirmed by other teams
[54,55]. This discovery may have a significant potential impact if
we consider the possibility of treating LCH with the new class of
BRAF inhibitors. However, this promising discovery will need to
be verified and concretized before these drugs can be used for
treatment of LCH. The group(s) of LCH patients who may benefit
from BRAF inhibitor treatment must be determined and balanced
with toxicities as in the case of melanoma [56,57]. Knowledge
about drug schedule and safety, especially long-term effects [57]
and mechanisms of resistance [58] must be acquired.

Progress may be expected from collaborations organized at
national and international levels, among specialist groups and
expert networks. Collection of tissue and blood samples in bio-
banks is essential for improving the understanding of the biology
of this rare and fascinating condition. New international protocols
will soon be opened and continue to represent an opportunity to
develop global research in LCH (see www.histiocytesociety.org
and www.histio.net).

Euro Histio Net Partners—Institutions. Euro Histio Net is
a project funded by the European Commission/DG Sanco and
associated both medical institutions and patients associations as
listed below. 1 Reference Centre for Histiocytosis, Hopital Trous-
seau, Assistance Publique — Hopitaux de Paris, France. Jean
Donadieu, MD, PhD, Coordinator, Abdelatif Tazi, MD, PhD,
Jean Frangois Emile, MD, PhD, Milen Minkov, MD, PhD, Asso-
ciated Partners, 2 Hospital Universitario Cruces Barakaldo, Spain.
Itziar Astigarraga, MD, Associated Partner, 3 Children’s Cancer
Research Institute, St. Anna Children’s Hospital, Vienna, Austria.
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4 Istituto G. Gaslini, Genova, Italy. Riccardo Haupt, MD, Associ-
ated Partner, 5 Johns Hopkins, Baltimore, Maryland, USA. Robert
J. Arceci, MD, PhD, Collaborating Partner, 6 Azienda Ospeda-
liero-Universitaria Meyer, Firenze, Italy. Maurizio Aricd, MD,
PhD, Collaborating Partner, 7 Elisabethinen Hospital, Linz,
Austria. Michael Girschikofsky, MD, Collaborating Partner, 8
Karolinska Institutet, Stockholm, Sweden. Jan-Inge Henter, MD,
PhD, Collaborating Partner, 9 Children’s University Hospital,
Hamburg, Germany. Gritta Janka, MD, PhD, Collaborating Part-
ner, 10 Hotel Dieu de France Hospital, Beirut, Lebanon. Claudia
Djambas Khayat, MD, Collaborating Partner, 11 Hellenic Air
Force & Veterans General Hospital, Athens, Greece. Polyzois
Makras, MD, PhD, Collaborating Partner, 12 Hospital de Clinicas
de Porto Alegre, Brasil. Mariana Michalowski, MD, Collaborating
Partner, 13 Watford General Hospital, Watford, UK. Vasanta
Nanduri, MD, Collaborating Partner, 14 Dana Farber Cancer In-
stitute and Childrens Hospital, Boston, Massachusetts, USA. Car-
los Rodriguez-Galindo, MD, Collaborating Partner, 15 Medical
University Plovdiv, Bulgaria. Mariya Spasova, MD, PhD, Associ-
ate Professor, Collaborating Partner, 16 University Pediatric
Hospital, Lublin, Poland. Maria Jolanta Stefaniak, MD, PhD,
Collaborating Partner, 17 UZ Leuven, Leuven, Belgium. Stefaan
Van Gool, MD, PhD, Collaborating Partner, 18 University Hos-
pitals of Leicester, Leicester Royal Infirmary Childrens Hospital,
Leicester, United Kingdom. Johann Visser, MD, Collaborating
Partner, 19 Hospital for Sick Children, Toronto, Ontario, Canada.
Sheila Weitzman, MD, Collaborating Partner, 20 Newcastle Uni-
versity, Newcastle, United Kingdom. Kevin Patrick Windebank,
MD, Collaborating Partner, 21 Clinique Al Madina, Casablanca,
Morocco. Saadia Zafad, MD, PhD, Collaborating Partner.

Euro Histio Net Partners—Patient Associations. 1 The His-
tiocytosis Research Trust, United Kingdom, www.hrtrust.org As-
sociated Partner; 2 Artemis Association on Histiocytoses, Greece, .
www.histioartemis.gr Collaborating Partner; 3 Asociacion Espa-
nola contra la Histiocitosis de celulas de Langerhans (ACHE),
Spain, www.histiocitosis.org Collaborating Partner; 4 Association
Histiocytose France (A.H.F.), France, www.histiocytose.org Col-
laborating Partner; 5 Associazione italiana ricerca istiocitosi
(AIRI LCH onlus), Italy, www.istiocitosi.org Collaborating Patt-
ner; 6 Erwachsenen Histiozytose X e.V (EHX e.V.)., Germany,
www.histiozytose.com Collaborating Partner; 7 Féréldraforenin-
gen For Histiocytos (Ffh), Sweden, www.histiocytos.se Collabo-
rating Partner; 8 Histiocytosis Association of America (HAA),
USA, www.histio.org Collaborating Partner; 9 Histiozytosehilfe
e.V., Germany, www.histiozytose.org Collaborating Partner;
10 LCH-Belgium, Belgium, www.lch.be Collaborating Partner;
11 The ECD Global Alliance, USA, www.erdheim-chester.org
Collaborating Partner.
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lation of langerhans cells in various organs. It may affect any organ or system of the
body, but those more frequenty affected are bone (80% of cases), skin (33%) and
the pituitary (25%). Other organs involved are the liver, spleen, the hematopoietic
system and the lungs (15% each), lymph nodes (5 - 10%) and the central nervous
system (CNS) excluding the pituitary (2 — 4%). The natural history of the disease
is also extremely heterogeneous, ranging from a self-healing lesion to a disease involy-
ing several organs with life-threatening consequences, while some lesions may be
responsible for permanent sequelae. The physician’s perception of the disease varies
considerably depending on their specialty and experience, the presentation of the
disease or the short-term treatment outcome. But whatever the initial point of view
of the treating physician, a global approach to the management of LCH is recom-
mended. However, as this disease remains very rare, only a limited number of large
surveys exist in the literature (1-5], and many aspects of the management of patients
remain obscure or controversial. A multidisciplinary approach is warranted in all
cases, to coordinate the care needed for this systemic disease and its associated
morbidity. This short text proposes to summarize the major issues related to the
medical management of the disease in order to provide a consistent body of data.
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Article highlights.

« Langerhans cell histiocytosis is a rare
multisystemic disease.

« The diagnostic needs a concordance of clinical
radiological histological findings.

« Initial workup is a two-step procedure.

« The first step of the workup procedure is a thorough
clinical examination followed by few routine tests.

« The second step of initial workup is based on organ
evaluation if suspected by the first-step screening.

« Therapy is adapted to the extension of the disease.

« First-line therapy, if necessary, is associated vinblastine
and steroid.

» Scoring system helps physicians for
therapeutic evaluation.

« B raf mutations have a high frequency in LCH.

This box summarizes key points contained in the article.

2. Diagnosis of langerhans cell histiocytosis

In addition to clinical and radiological features, the diagnosis of
LCH is based on histological and immuno-phenotypic exami-
nation of a biopsy of lesional tissue. The biopsy should be taken
from the most accessible organ: skin if involved. In the case of
multiple skeletal involvements, the bony lesion that is most
easily accessible and felt to be active and representative should
be chosen for biopsy. The main diagnostic feature is the
morphologic identification of the characteristic LCH cells,
but positive staining of lesional cells with CDla and/or
Langerin (CD207) is required for a definitive diagnosis [6-9].
Electron microscopy is no longer recommended since it has
been shown that the expression of Langerin fully correlates
with the presence on electron microscopy of Birbeck granules,
which was previously one of the criteria required for definitive
diagnosis. There are very few exceptions; however, in organs
such as the liver, Birbeck granules are not present and CDla
and/or Langerin may be negative (10].

In some rare situations, where the location of the only
lesion means that the risk of biopsy may outweigh the need
for a definitive diagnosis, the risk versus benefit of biopsy
should be carefully considered. This is the case in patients
with involvement of a vertebral body without adjacent soft tis-
sue involvement, such as cases of isolated involvement of the
odontoid peg, for example. However, if the decision to omit
or postpone a biopsy is made, every effort should be made
to consider other clinical conditions that might lead to a
similar radiological finding and close follow-up is warranted.

3. Differential diagnoses

Diagnosis should always be based on concordant clinical-
radiological-pathological evidence, and the physician needs
to be aware of possible alternative diagnoses. Thus, typical
bone lesions (such as a punch-out lytic lesion on the skull)
can mimic a dermoid cyst, a vertebra plana can mimic an

Ewing’s sarcoma and typical cysts in the lung can be a leio-
myosarcoma. Even infiltration of histiocytes on a skin biopsy
with CD1a staining can result from scabies rather than LCH.
The list of potential alternative diagnosis is long and largely
depends on location and the specific organ involved (Table 1).
When considering the diagnosis of LCH, the physician must
be cautious and keep in mind the necessity to carefully
evaluate clinical, radiological and pathological data in order
to determine whether the disease presented by the patient is
really consistent with LCH.

4. Evaluation of the extent of disease at
diagnosis or during episodes of reactivation

Once a diagnosis of LCH has been ascertained, it is important
to do a careful clinical workup for each individual patient in
order to decide on the therapeutic approach.

The first step of this evaluation is a review of the complete
medical history including special reference to the nature and
duration of symptoms. Specific symptoms to be actively
looked for are pain, swelling, skin rashes, otorrhea, irritability,
fever, loss of appetite, diarrhea, weight loss or poor weight
gain, growth failure, polydipsia, polyuria, changes in activity
level, dyspnea, smoke exposure, and behavioral and neuro-
logical changes. Examination should be performed at each
follow-up visit in order to assess response to therapy, investi-
gate possible disease progression or reactivation, as well as to
detect sequelae.

The second step of this evaluation is a routine paraclinical
screening. In the absence of a specific biological marker of
disease activity, the list of mandatory paraclinical tests is
limited and includes a complete blood count, liver tests
(including albumin, bilirubin, gamma glutamyl transpepti-
dase, serum glutamic-oxaloacetic transaminase (SGOT) and
serum glutamic-pyruvic transaminase (SGPT)), erythrocyte
sedimentation rate (ESR) or C-reactive protein (CRP) levels,
a chest X-ray and bone X-ray. Usually, a radiographic skeletal
survey is performed at diagnosis, whereas in cases of disease
reactivation, X-rays are focused on the anatomic region(s)
with clinical symptoms. Abdominal ultrasound may be useful
in babies; however, the liver and spleen size should be
evaluated clinically.

Other techniques such as technetium scintigraphy [11], posi-
tron emission tomography (PET) scan (12, whole-body mag-
netic resonance imaging (MRI) [13] have been proposed, but
remain not currently recommended. In order to decide which
of these techniques to employ, two broad principles may be
considered: the principle of parsimony, which advocates for
strictly the minimum number of examinations needed in
order to make a medical decision; and the principle of exhaus-
tivity, which tends to use all available techniques in order to
have an exhaustive count and description of all anatomic
involvement in the disease. To resolve this dichotomy, it is
important to assess what added value, in terms of patient
care and treatment decisions, arises from the detection of
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Management of patients with langerhans cell histiocytosis

Table 1. Differential diagnosis for manifestations of langerhans cell histiocytosis.

Involvement

Manifestation

Possible other condition

Skin

Bone

Lung

Pituitary

Liver

Anemia
Thrombocytopenia

Vesicles and bullae
(most common in early infancy)

Dermatitis (most frequently
scalp, diaper or axilla, may occur
up to late infancy)

Nodules

Pruritus {more common),
Petechiae (uncommon)
Vertebra plana

Temporal bone

Orbit

Other lytic lesions of the long
bones .

In particular systemic symptoms
and cavitated pulmonary
nodules

Central diabetes insipidus

Jaundice with direct
hyperbitirubinemia
Hypoalbuminemia

Hematophagocytic syndrome
with hepato splenomegaly

Erythema toxicum

Herpes simplex

Chickenpox infection

Seborrheic dermatitis

(eczema; usually no petechiae and marked scaling)

Mastocytosis

Juvenile xanthogranuloma

Neuroblastoma

Infant leukemia

Scabies (other family members may be affected) [62]
Dermatopathic nodes and dermatopathic lesions [63]
Ewing sarcoma

Septic osteomyelitis

Chronic relapsing multifocal osteomyelitis (CRMO)
Leukemia

Lymphoma

Aneurysmal bone cyst

Juvenile xanthogranuloma

Myeloma (only described in adults)

Osteoporosis

Chronic otitis media

Mastoiditis

Cholesteatoma

Soft tissue sarcoma

Acute infection (preseptal cellulitis)

Dermoid cyst

Rhabdomyosarcoma

Neuroblastoma

Pseudoinflammatory tumor

Parasitosis like difilariosis {641

Osteomyelitis

Chronic relapsing multifocal osteomyelitis
Aneurysmal bone cyst

Bone angiomatosis (Gorham disease)

Fibrous dysplasia

Atypical mycobacterial infection

Osteogenic sarcoma

Ewing's sarcoma

Pneumocystis Carinii cavitated infection
Mycobacterial or other pulmonary infections
Sarcoidosis

Bronchiolar-alveolar carcinoma (only described in adults)
Lymphangio-Leiomyosarcoma {only described in young
adult women)

Septic emboli

Dysgerminoma

Idiopathic central diabetes insipidus [65,66]
Chronic destructive cholangitis

Metabolic disease

Hepatitis

Neoplasia obstructing biliary tract

Inherited deficient conjugation of bilirubin

Toxic (Reye syndrome)

Chronic inflammatory bowe! disease

Neonatal hemochromatosis

Familial Hemophagocytic Lymphohistiocytosis [67]
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any given lesion, particularly bone extensions. To our best
knowledge, no study has demonstrated that disease outcome
is related to the total number of locations of the disease in
the body. Indeed, the anatomic site itself (particularly for
bone involvement), the volume of associated soft tissue
involvement and degree of local destruction have a more clear
impact on disease outcome that the actual number of bones
involved. Lastly, it is important to consider that all ‘new” tech-
niques have a cost for the health system and may add to radi-
ation exposure or inconvenience to the patient, such as general
anesthesia for whole-body MRI in young children. The con-
clusion of this scientific debate has not yet been reached,
but so far, the parsimony principle is commonly recom-
mended. The only exception to date is the complete bone
X-ray survey, which is still recommended at diagnosis for
all patients.

Whatever the final choice to evaluate the bone lesions in a
patient with LCH, it is very strongly not recommended to
change the method of evaluation during the course of a given
patient, as it may lead to discrepancy between assessments. It
is important also to consider, during follow-up, limiting the
evaluation to the anatomic region initially involved.

The third step of the evaluation process is targeted imaging
or specialized clinical assessments for precise evaluation of
specific involvement. A history of polyuria or polydipsia
requires an early-morning urine sample for determination of
specific gravity and osmolality, a blood electrolytes test and
a water deprivation test, if possible. Other suspected endo-
crine abnormalities (i.e., short stature, growth failure, hypo-
thalamic syndromes, precocious or delayed puberty) need a
complete endocrine workup.

Bicytopenia, pancytopenia or persistent unexplained single
cytopenia requires analysis of hemophagocytic biological fea-
tures (coagulation, including fibrinogen, triglycerides and fer-
ritin), bone marrow aspiration and trephine biopsy to exclude
causes other than LCH.

Liver dysfunction requires abdominal ultrasound and
the advice of a hepatologist. Liver MRI currently appears
preferable to retrograde cholangiography in cases of frank
liver dysfunction (liver enzymes > 5 times normal and/or
bilirubin > 5 times normal range). Liver biopsy is only recom-
mended if there is clinically significant liver involvement and
if the test results will affect treatment decisions (i.e., to
differentiate between active LCH and sclerosing cholangitis).

In case of abnormal chest X-ray or symptoms/signs sugges-
tive of lung involvement, or lung findings not characteristic
of LCH, or suspicion of an atypical infection, a lung evalua-
tion is needed using high-resolution computed tomography
(HR-CT) or, preferably, low-dose multi-detector HR-CT if
available, and also a lung function test (if age appropriate).
Bronchoalveolar lavage (BAL) may be useful to exclude other
condition such as infections and may offer in addition to
HR-CT, a positive argument for LCH involvement if the
case of false-positive CD1a staining is excluded [14]. Finally,
lung biopsy is useful if the diagnosis is not ascertained by

another method. Vertebral lesions require MRI of the spine
to exclude spinal cord compression and to assess for soft tissue
masses. Any visual or neurological abnormalities need
neurological and neuropsychometric assessment. Aural dis-
charge or suspected hearing impairment/mastoid involvement
requires a formal hearing assessment, MRI of the head and
HR-CT of the temporal bone. Unexplained chronic diarrhea,
failure to thrive, or malabsorption requires endoscopy with
multiple biopsies.

4.1 Cranial MRI in LCH patients

To date, MRI of the head is not recommended for all patients
with LCH, but only for those patients with neurological
symptoms, pituitary dysfunction or patients with skull or
facial bone lesions. If performed, the MRI protocol must be
able to investigate the entire brain, the hypothalamus-
pituitary axis and all craniofacial bones. The aim of the MRI
is to systematically seek any neurodegenerative involvement
and/or tumorous lesions and meningeal involvement [15,16].
The use of an intravenous contrast agent (gadolinium chelate)
is mandatory. The following protocol is recommended: axial
and sagittal Tj-weighted slices of the entire brain, fine
T,-weighted sagittal slices focused on the pituitary gland
(3 mm/ 0.3 mm or below), axial T,-weighted and fluid atten-
uated inversion (FLAIR) slices (except in patients aged less
than 1 year) of the entire brain. The option ‘contrast by
magnetic transfer’ is not recommended. However, if this is
used, the same technique must be used at each subsequent
evaluation and this information must be specified on the
report. After injection of the gadolinium agent, the MRI
scan should be performed according to data obtained from
the first series (Ti-weighted slices): fine sagittal slices of the
pituitary and coronal slices of the brain. Additional sequences
may be taken if indicated.

Regarding the frequency of routine MRI surveillance in
cases with positive findings at the initial MRI scan, the follow-
ing recommendations are offered. If a CNS lesion has been
identified, it is suggested to repeat the examination after
6 weeks (in symptomatic patients and those with tumorous
lesions) and at 3 months. A decision to conduct further
images should be made on the basis of the results of the first
two examinations. In case of clinical hypothalamic dysfunc-
tion or neurodegenerative findings on MRI, even in the
absence of symptoms, it is suggested to perform a second
MRI after 1 year and then at 2, 4, 7 and 10 years. If after
10 years there is no clinical deterioration, further MRI is
recommended only upon clinical indication.

5. Definition of organ involvement/definition
of risk organs, CNS risk organ and special
sites in langerhans cell histiocytosis

Once a diagnosis of LCH is determined in one organ by his-
topathology, it is not mandatory to confirm the involvement
of other organs using a pathology method. The definitions

1312

Expert Opin. Pharmacother. (2012) 13(9)



of organ involvement are listed in Table 2. Among all organs
potentially involved in LCH, some organs are considered as
risk organs. In medicine in general, the term ‘risk organ’
means that in a patient with disease involvement in one organ,
there is a higher risk of complication than in patients who do
not have involvement in that ‘risk organ.” In LCH, there are
two different meanings included in the word ‘risk’: the risk
of death and the risk of a neurodegenerative complication.

The organs or systems in which disease involvement may
lead to death are well defined in the literature; in children the
main one is the hematological system, which almost always is
associated with spleen and liver involvement (23517 The
lung has been considered for several years as a ‘vital’ risk organ,
and there is general agreement that lung involvement can
considerably worsen the prognosis and s, therefore, a mortality
risk for the patient [14,8. However, lung involvement is, in
children, rarely the sole cause of death, and when it is a cause
of death, it is almost always for ‘mechanical complications’
not accessible to any systemic therapy, such as untreatable
pneumothorax (19]. This is why lung involvement is no longer
considered a ‘risk organ’ in clinical trials for LCH 201,

The CNS risk lesion, also coined a ‘special site,” is a more
recent concept (21] and has been used in the Histiocyte Society
protocol LCH TII. The risk involved here is the development
of a neurodegenerative LCH, which is a dramatic and irrever-
sible complication associating a clinical symptomatology and
typical MRI features [22.23). The literature does not define
this risk directly, and to date two aspects have been reported.
First, diabetes insipidus (DI) - that is, pituitary involvement -
is associated with neurodegeneration such that about 95% of
clinical neurodegenerative syndrome cases have DI; the risk of
neurodegeneration in patients with DI is approximately 15%
compared with 1% in patients without DI [24]. Second, there
is a statistical association between disease involvement in
certain organs and occurrence of DI [21,2425). By extension,
these organs have been considered as ‘CNS risk lesions’ based
on the assumption that DI is a surrogate marker of neurode-
generative histiocytosis [21]. Among the studies that have
addressed this question [21,24.25], head bone involvement was
shown to be always associated with the occurrence of DI
However, two studies had considered all skull bones
together [24,25], while another study evaluated the facial bones
separately from vault bone [21), excluding vault bone from the
definition of special sites, even if involvement of the same
occipital bone or frontal bone could be considered cither as
a vault lesion or as a skull base lesion. The association of
pneumothorax and sclerosing cholangitis with DI was found
in one study (241, but not evaluated in others. Finally, one
study excluded patients with inaugural DI (ie., DI onset
before or at the same time as extra-pituitary involvement),
despite the fact that they represent 50% of DI cases (21].
Indeed, the definition of CNS risk organ is not consensual
and remains an extrapolation of epidemiological studies. So
far, neurodegenerative lesion in LCH cannot be predicted at
the diagnosis of LCH by any method in a reliable way.

Management of patients with langerhans cell histiocytosis

6. Clinical classification

LCH has been classified in several ways and several syno-
nyms have been used such as eosinophilic granuloma,
Hand-Schuller-Christian syndrome, Letterer-Siwe syndrome,
Hashimoto-Prizker syndrome, all of which are quite
frequently used. In actual fact, the border between different
disease entities is not strict, and so far, despite the hetero-
geneous presentation of the disease, it is still pertinent to con-
sider LCH as a unique disease with various extensions and
various outcomes. As several reactivations may occur during
the course of the disease, the extension of the disease through
the body may increase from initial presentation to the maxi-
mal extent. The current classification differentiates single
system disease and multisystem disease. This classification is
applied at diagnosis of the disease, even if the final extent
of the disease may be different [26]. In single-system LCH
(SS-LCH), one organ or system is involved such as unifocal
bone (single bone), multifocal bone (more than one bone),
skin, lymph node (not the draining lymph node of another
LCH lesion), lungs, hypothalamic-pituitary/CNS or others
such as thyroid or thymus. In multisystem LCH (MS-LCH),
two or more systems are involved that may include ‘risk
organs’ (hematopoietic system, spleen and/or liver) or not
(for example skin and bone, or skin and pituitary).

6.1 Evaluation of disease activity

LCH can cause both acute complications and permanent
sequelae. At least 10 separate organs can be directly invol-
ved (bone, skin, liver, spleen, lung, hematopoietic system,
pituitary, brain, lymph nodes, mucosa) while others can
be affected by proximity. Some involvements appear to be
almost irreversible once they are observed. Indeed isolated
pituitary involvement can constitute both a reactivation of
disease, when it occurs late in the course of the disease,
and at the same time, a permanent consequence. A single
bone involvement can be highly symptomatic, with dra-
matic local consequences (such as deafness in the case of a
massive temporal bone lesion) while multiple bone Iytic
lesions in silent anatomic areas may have no consequences.
Finally, the healing ‘speed’ of bone lesions depends on the
criteria used to evaluate it. Our understanding of this
important aspect is based on several studies published in
the 1980s [27,28).

Disease activity is currently assessed using the criteria
employed in Histiocyte Society randomized trials (2,3]. The
more recent assessment system is semi-quantitative, with the
following four categories [18]: non-active disease, active dis-
ease-better, active disease-stable and active disease-worse.
The drawbacks of this system are that, by definition, each
assessment is based on a comparison of the situation before
and after therapy (or over a G-week interval) and the lack of
reliable definition of the disease activity in involved organs.

A disease activity score system, tested on a sample of
650 patients, has been published (29} and is a useful tool to
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Table2. Definition of organ involvement in langerhans
cell histiocytosis.

Criteria

Bone involvement
General bone involvement: All radiological documented
lesions, usually considered as LCH lesions
An abnormality on Tc Bone scan or an MRI hypersignal, not
correlated with symptoms, and not correlated with an X-ray
image is not considered bony disease!
Skin involvement
Any rash documented by histological examination
or any lesion (erythematous and crusted macules, papules or
nodules, with or without ulceration, or petechiae, or
seborrhea-like picture) compatible with the diagnosis, if LCH is
confirmed by biopsy of another organ
Mucosae involvement
Oral involvement with lesions in the oral mucosa, gums
Genital or anal involvement
Pituitary involvement
Any pituitary hormone deficiency
or tumor appearance in the hypothalamic pituitary axis
Ear involvement
Ear involvement with external otitis, otitis media or otorrhea
Hematopoietic involvement
Mmild
Hemoglobin between 10 and 7 g/dl (not due to other
causes, e.g., iron deficiency) .
Or thrombocytopenia with platelets between 100,000 and
20,000/mm?
Severe
Hemoglobin < 7 g/dl. Exclude iron deficiency or other
causes
Or platelets < 20,000/mm?
Liver involvement (the patient can show a combination of
these symptoms)
Enlargement > 3 cm below the costal margin at the
mid-clavicular line, confirmed by ultrasound
or dysfunction documented by: hyperbilirubinemia > 3 times
normal, hypoalbuminemia (< 30 g/dl), ¥ GT increased > 2 times
normal,
ALT(SGPT) - AST(SGOT) > 3 times normal, ascites, edema
or intra hepatic nodular mass
Spleen involvement
> 3 cm below the costal margin at the mid-clavicular line,
confirmed by ultrasound
Lung involvement
Typical imaging (nodules or cysts) on CT scan
Any atypical aspect needs to be explored by BAL or biopsy in
order to have histopathological/cytological diagnosis
Central nervous system (CNS) involvement
Tumoral: All intracerebral expansive lesions predominantly
affecting the brain or meninges
Neurodegeneration on MRI: MRI imaging compatible with
neurodegenerative disease’, i.e., abnormal signal intensity
localized in the dentate nuclei or cerebellum or cerebral atrophy
not explained by corticosteroids
Clinical neurodegeneration: Presence of suggestive symptoms
(either cerebellar syndrome or learning difficulty) with
compatible MRI imaging
Eye involvement
Orbital involvement with proptosis or exophthalmos
Anatomic involvement of the eye

assess disease response, especially in cases of systemic disease
(Table 3a).

However, this scoring system is accurate neither for lung
involvement nor for monitoring sequelae. CT scanning is
now a very accurate method for evaluating the anatomic
extension of the disease although the anatomic lesions, catego-
rized roughly as cysts or nodules, can be disseminated in a var-
ious proportion at various locations. In order to offer a simple
ranking, a semi-quantitative score has been proposed
(Table 3b) [30,31]. In addition to the disease activity scote, a
sequelae score has been proposed and correlated with quality
of life (Table 3¢} [321.

Altogether, the use of such scoring systems offer a global
and reliable approach to determine the activity of the disease
and may aid the physician in making treatment decisions as
proposed in Table 3a, 3b and 3c.

Lastly, neurodegenerative presentation must be moni-
tored, using the International Cooperative Ataxia Rating
(ICAR) scoring system (33], which has been used in the US,
France and UK (32,3435], while the Japanese cooperative
group had used a scale derived from multiple sclerosis
named EDSS (3.

7. Treatment: what are the options?

7.1 Local therapy

Bone lesions: The decision regarding orthopedic or physio-
therapy treatment options must be taken in conjunction
with an orthopedic surgeon. Complete excision of bone
lesions (curettage) may be indicated if the bone lesion is small
(< 2 cm) and this approach may offer a complete treatment.
By contrast, the complete excision of large lesions is not indi-
cated since it may increase the size of the bony defect and the
time to healing; it may also result in permanent skeletal
defects. Depending on lesion size and aspect, intra-lesional
injection of methylprednisolone can be used (37). Immobiliza-
tion of a limb has to be considered. Vertebra plana ‘per se’ is
not an indication for orthopedic corset, and only appropriate
and expert physiotherapy should be considered.

Skin lesions: Topical steroids are often suggested in stan-
dard textbooks but their efficacy has never been proven.
Moreover, most LCH patients with cutaneous involvement
(cither isolated or in the context of MS-LCH) are diagnosed
only after unsuccessful treatment with local steroids. Skin
involvement may usually be controlled by topical nitrogen
mustard (mechlorethamine hydrochloride) application [38].
These topical treatments can be applied to the external
auditory tract, in case of local lesion [39].

Lung: Pneumothoraces are treated by standard techniques
such as drainage and pleurodesis. Pleurectomy should be
avoided in patients for whom lung transplantation may
ultimately be an option.

Ear nose and throat: In case of temporal bone lesions
and recurrent otorrhea, secondary cholesteatoma can be
considered [40].
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Table 3a. Langerhans cell histiocytosis - systemic score [29].

Variable Modality Score
Bone (a) Pain

No pain
Bone (b) Compressing other organs (orbit or spine)

Fever (> 38.5 °C)

Lung: iconography

Lung: function

Skin: area

Soft tissue tumor (including CNS)

Nodes (> 2 ¢m)

Liver

Spleen

Liver (enzymes)

Liver (gamma GT)

Albumin

Platelet: requirements in past week

Red cells: requirements in past week

No compression

Yes

No

Pneumothorax

Interstitial lesion on chest X-ray film or lung CT scan
Normal chest X-ray film or lung CT scan
Mechanical ventilation or PFT > 50%
Supplemental oxygen or PFT between 50 to 80%
No dysfunction, no cyanosis, no supp. Oxygen
25%

5-25%

Below 5%

5 cm max diameter

2 - 5 ¢cm max diameter

0 - 2 ¢cm max diameter

Yes

No

Below umbilicus

Enlarged above umbilicus

Not enlarged

Below umbilicus

Enlarged above umbilicus

Not enlarged

> 10N

3Nto10N

<3N

> 10N

3Nto10N

<3N

Perfusion required in past week

No perfusion but < 30 g/l

>3049/

More than 2 transfusions

1 or 2 transfusions

Low platelet count, no transfusion
Normal count

More than 2 units

1 or 2 units

Hb below 10 g/dl, no transfusion

Hb equal or above10 gr/d|

O - WDHONWRO—,WO_NO_NO—,NO—_NO=_2O=NO_NONUTO-NO-=0ONO—

The score is calculated after collection of the clinical information, a chest X ray, a complete blood count, albumin level, SGOT, SGOT and gamma GT.

N: Maximal normal value for the laboratory.

7.2 Systemic therapy .
Many drugs are used in LCH, from nonsteroidal anti-
inflammatory drugs (NSAIDS), steroids, to cytostatic drugs
such as vincristine, vinblastine, VP-16 (etoposide), 6 mercapto-
purine (6-MP), methotrexate, cytarabine and cladribine. To this
list can be added many drugs considered as immuno-therapeutic
agents (interferon alpha, anti TNF-alpha, ciclosporin A, thalid-
omide, etc.) and various other drugs such as imatinib, retinoids
and bisphosphonates.

Unfortunately, most of the drugs used in LCH have been
evaluated in very low numbers of patients, usually in special,

potentially biased, circumstances. The degree of evidence of
efficacy is usually poor.

In the last 20 years, a limited number of therapeutic trials
have been set up: three in the Western world under the aus-
pices of the Histiocyte Society (LCHI (21, LCHII (3] and
LCH III, which are not yet published) and one in Japan (41).
None of these trials had included adults [42).

These studies have provided the following observations:

1) The most frequently reported regimen is the association
of vinblastine with a steroid. This therapy has been used

Expert Opin. Pharmacother. (2012) 13(9) 1315

RIGHTE LM

Rrpweeivis Eisrwnmix awirn



J. Donadieu et al.

Table 3b. Lung score evaluated by the high-resolution CT scan.

Estimation of the proportion of cysts by field:

Estimation of the proportion of nodules by field:

0 no nodules

0 no nodules

1 < 25% or rare

1 < 25% or rare

2 25 - 50% or intermediate

2 25 - 50% or intermediate

3 > 50% or high

3 > 50% or high

Right Left

Right Left

Upper
Medium
Lower

Upper
Medium
"~ Lower

To establish this score, the chest was divided into six fields: upper, medium and lower and left and right. For each field, and both for nodules and for cysts, the score
was 0 if no lesion, 1 if the proportion of lesions was between 1 and 25% of the surface (or consider as rare), 2 if the proportion of the fesions was between 26 and
50% (or consider as intermediate) and 3 if the proportion of lesions was above 50% (or consider as high) [30,311. This score correlates with lung function.

since 1972 and so far all reports have shown that, for
most of the cases, it is a safe and efficient therapeutic
option. Late effects of this treatment are very limited in
children. The use of this combination is more controver-
sial in adults and more frequent short term side effects
are reported, such as peripheral neuropathy

2) VP-16 added to a combination of vinblastine, steroid
and 6-MP did not provide any additional effect in
patients with risk organ involvement or MS-LCH [23]

3) Methotrexate, in addition to a combination of Vinblas-
tine steroid and 6-MP did not bring any addition
benefit for patients with risk organ involvement or
MS-LCH (LCH I protocol, unpublished results)

4) In patients with MS-LCH, a 12-month maintenance
therapy period limited the rate of reactivation com-
pared with 6 months of maintenance therapy (LCH
III protocol, personal communication)

5) The combination of vincristine, steroid, and cytarabine
provides comparable results to the combination of
vinblastine, steroid, and 6-MP [41]

6) Cladribine monotherapy is effective for non-risk-organ
disease that is refractory to standard therapy except in
cases of hematological dysfunction [43]

7) Cladribine in association with cytarabine is effective
in patients with hemarological dysfunction that is
refractory to standard therapy [44].

8) Hematopoietic stem cell transplantation is a therapeu-
tic option if risk organ involvement is present, refrac-
tory to other salvage therapeutic approaches [45)

Because of its simplicity and low toxicity, compared with
other drugs used in association, the use of NSAIDs has to
be emphasized too [46].

7.3 Front-Line treatment
The most frequently used systemic therapy is based on
vinblastine 6 mg/m?® intravenous (i.v.) bolus once every

7 days (once a week) for 6 weeks, along with prednisone at
40 mg/m?/day given orally in three divided doses for 4 weeks
and then tapered over the following 2 weeks. After the first
6 weeks of treatment, disease status should be evaluated and
treatment continued accordingly. Usually, in cases of disease
progression, patients must switch to salvage therapy. By con-
trast, in cases of complete response, patients continue with
maintenance therapy, while in the intermediate situation, a sec-
ond course of 6 weeks of vinblastine plus steroid is adminis-
tered, with a further evaluation undertaken at the end of this
second coutse. Given that the risk of reactivations is high in
many forms of LCH, and in line with as-yet-unpublished
results of the LCH III protocol, treatment should continue
for up to a total of 12 months with vinblastine 6 mg/m? i.v.
bolus every 3 weeks, along with prednisone at 40 mg/m*/day
given orally in three divided doses for 5 days. The immunosup-
pressive drug 6-MP at a dose of 50 mg/m” is added if a risk
organ is present at diagnosis. An acceptable modification to
this protocol is to avoid steroids in cases of DI (as steroids inter-
fere with water balance) and to use more frequent vinblastine
pulses in the maintenance therapy in case of minor reactivation
between pulses provided every 3 weeks. Vinblastine with
steroid is efficient as a front-line therapy for tumoral processes
of the CNS [471.

The association of vincristine, cytarabine and steroid, as
proposed by the Japanese cooperative group (41}, represents
a therapeutic alternative to the combination of vinblastine
and steroid. Whatever the systemic therapy, prophylaxis
against Preumocystis carinii is recommended during the
treatment period.

7.4 Salvage therapy

Refractory disease in patients with hematological and/or liver
dysfunction is a rare but life-threatening situation (5,17). Such
patients need to be referred to a trained team, that is, a team
with a medical experience of both intensive chemotherapy
and LCH. Therapeutic options (although the evidence is quite
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Table 3c. Score sequel [32].

Management of patients with langerhans cell histiocytosis

Other: in text

Score
Hormones DI -3 Panhypopituitarism and/or hypothalamic syndrome not correctable with hormone
replacement
2 Partial anterior pituitary deficiency and diabetes insipidus on replacement therapy
1 Diabetes insipidus on replacement therapy
0 No pituitary deficiency
Cerebellar syndrome [33] 3 Severe ataxia (scale > 40) or other motor disability
2 Moderate ataxia (scale 20-40)
1 Mild ataxia (scale < 20)
0 No ataxia
Intetlectual deficiency 3 Severe learning difficulty (IQ < 70) and/or severe behavioral/psychological problems
impairing function and not correctable by treatment '
2 Moderate learning difficulty (IQ 71-79) and/or behavioral/psychological problems
correctable by treatment
1 Mild learning difficulty (IQ 80-89) and/or mild behavioral/psychological problems not
requiring treatment
0 No intellectual deficiency
Ear function 3 Severe bilateral hearing loss, not correctable with aids
2 Moderate bilateral hearing loss, partially correctable by aids
1 Mild bilateral or moderate/severe unilateral loss correctable with aids
0 No hearing loss or mild unilateral hearing loss, no aids required
Lung = dyspnea NYHA 3 Patients who should be at complete rest, confined to bed or chair; any physical activity
brings on discomfort and symptoms occur at rest./requiring lung transplant
2 Patients with marked limitation of activity; they are comfortable only at rest
1 Patients with slight, mild limitation of activity; they are comfortable with rest or with mild
exertion
0 Patients with no limitation of activities; they suffer no symptoms from ordinary activities
Dysmorphie facial - teeth 3 Gross facial or orthodontic abnormality and/or scarring requiring repeated or major surgery
2 Moderate facial or orthodontic abnormality andfor scarring correctable with surgery
1 Mild facial or orthodontic abnormality and/or scarring not requiring any surgery
0 No abnormality
-Liver 3 Liver function extremely poor/requiring liver transplant
2 Moderate liver function decrease/jaundice permanent
1 Mild cholangitis - no liver dysfunction
0 No liver dysfunction
Obesity 3 Pathological obesity - BMI > 35
2 Obesity ~ BMI 30 - 35
0 BMI < 30
Vision 3 Bilateral blindness - not correctable
2 Mild bilateral blindness or unilateral severe blindness
1 Mild unilateral blindness
0 No abnormality

This score can be applied at each follow-up visit and is correlated with quality of life.

limited) may include the chemotherapy combination of cladri-
bine and cytarabine (44] as a second-line treatment, and even
hematopoietic stem cell transplant after reduced-intensity con-
ditioning regimen as a third-line option [4s). Indications for
the combination of cladribine and cytarabine in France have
been limited to patients with a systemic disease activity score
above 5 and who progress after initial therapy with a classical
regimen comprising at least six pulses of vinblastine and 6 weeks
of therapy. In this group of patients, the survival rate was very
low (about 30%) until the use of cladribine and cytarabine and
is now as high as 85% (LCH S 2005 protocol — personal data).

In contrast to the situation of failure in patients with
risk organs, the possibility of disease progression in patients

without risk organ involvement (e.g., bone or mass lesion in
the CNS) can be managed by cladribine monotherapy [43]..

7.5 Radiotherapy

Radiotherapy is an efficient method to treat a bony lesion
or a CNS mass lesion. However, this method has two limi-
tations: first, it is only a local therapy, which means that the
systemic course of the disease is not controlled by this
approach; and second, there is a frank increased risk of
secondary malignant tumor, as observed in several surveys
and case reports. With regard to the ALARA (as low as
reasonably achievable) safety principle, there is always an
alternative therapy.
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7.6 Adults

So far, the medical management of adults is not based on
therapeutic trial but on small survey (421, In adult, the dose of
vinblastine is commonly adapted (as the maximum dose per
pulse is no more than 10 mg), while peripheral neuropathy is
a more frequently observed compare with children.

7.7 Neurodegenerative complications
Neurodegenerative complications are complex situations and
such patients need to be managed by a multidisciplinary
team, involving a physician trained in LCH, a neurologist, a
reeducation specialist and, commonly, a endocrinologist,
with the help of social workers.

Several therapeutic approaches have been attempted and
can be proposed: retinoic acid (survey of 10 patients (35]),
the combination of vincristine and cytarabine (survey of
8 patients [34]), immunoglobulin (4 patients including
2 asymptomatic and a case report [36,48]) and more recently
infliximab (49]. The best result that can be expected from
such regimens is the stabilization of neurological symptoms.
So far, intensive therapy, including autologous bone marrow
transplant, radiotherapy, high-dose methotrexate or steroids,
has never shown any effect, not even a stabilization of the
course of neurodegeneration, and should be avoided.

8. Indications for therapy and evaluation

MS-LCH with risk organ involvement (hematopoietic sys-
tem/liver/spleen, regardless of additional organs involved).
A systemic therapy is always recommended. The use of a sys-
temic scoring system [29] is very useful in this situation in
order to objectively determine the response to therapy.

MS-LCH and SS-LCH without risk organ. The indication
of systemic therapy should be based on the presence or
absence of clinical symptoms and/or patient complaints, and
on the size and site of the disease. In the absence of symptoms
or threat to organ function, the decision is more controversial.
Some may decide that a systemic therapy should be used in all
MS-LCH without risk organ involvement and some may even
decide to treat all patients with skull lesions, or lesions local-
ized at the skull base (but the latter are commonly responsible
for symptoms).

There is no consensus regarding duration of maintenance
therapy. However, the results of the unpublished LCH III
protocol offer a first answer and demonstrate than a duration
of 12 months limits the total number of reactivations.

8.1 Isolated lung involvement

The impact of systemic therapy on the lung is not well docu-
mented in children or adults, and pneumologists do not con-
sider systemic therapy as the standard approach 418l In
adults, smoking cessation and stopping exposure to cigarette
smoke in daily life is always mandatory. This recommenda-
tion may be considered for teenagers. There is no information
about the impact of passive smoking exposure on children.

However, isolated lung involvement can be very challenging
due to the risk of severe acute complications such as
pneumothorax or acute cardiopulmonary arrest.

8.2 Diabetes insipidus and pituitary involvement

In our experience, as in the experience of several groups (50),
DI is almost never reversible even if the needs of desmopressin
may change during the life of the patient. However, a case
report had shown that cladribine provided soon after DI onset
may reverse DI (s1]. Diabetes insipidus in our experience, as
well as in the conclusion of a UK study (50}, is not considered
as an indication for systemic therapy, except if it is associated
with a mass lesion of the hypothalamus-pituitary axis. How-
ever, some authors had recommended to start a systemic ther-
apy in case of isolated CDI p23]. In cases of growth hormone
deficiency, there is no contraindication to treat a patient
with LCH, even with active disease, using growth hormone
therapy, if the latter is fully indicated. Indeed, there is no
evidence to link an increased risk of LCH reactivation or
any peculiar side effects with growth hormone therapy [s2).

8.3 Treatment evaluation

All therapy needs to be carefully monitored. The evaluation
needs to be focused on the target organs, those for which
the initial therapy was started. Whatever the methods
and criteria used to assess the response, a treatment period
of 6 weeks is important to respect before assessing
response [5,17] but some assessments can be delayed for the
lung or for bone.

A general disease activity score (Table 3a) is a clear aid for
therapeutic evaluation, in order to check for serious, poten-
tially lethal, threats. If the score remains low (i.e., below 5),
the disease is not life-threatening. In case of a high disease
activity score (above 5), the possibility of switching to a sal-
vage therapy must be considered within the trained team,
associating both the experience of LCH and the management
of high-dose chemotherapy, like in acute myeloid leukemia.
Persistence of very aggressive local disease, if the local activity
of the disease may be ascertained, can justify a switch to
monotherapy with cladribine.

Usually, bone reconstruction is a very long process and per-
sistence of X-ray bone lesions is rarely a good reason to mod-
ify the therapeutic schedule. Lung involvement is commonly
assessed by CT scan although it is important to note that
the density of cysts is rarely altered by therapy and should
not be used to guide treatment.

9. Treatment options in case of reactivation

The choice of treatment options for disease reactivation is
based on the same principles as for initial disease [53]. The
options for reactivations of SS-LCH (skin, bone, other)
include a ‘wait and watch’ approach, local therapy (as above),
NSAID for bony disease and vinblastine plus steroid.
Radiotherapy is no longer recommended due to potential
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long-term sequelae. In case of a multisystemic reactivation of
a SS-LCH, treatment should follow the options for MS-LCH
including systemic therapy.

Reactivation after systemic therapy. If the reactivation is
after completion of treatment, re-induction with vinblastine
plus steroid may be effective, and there may be no need to
switch to an alternative therapy.

9.1 Management of permanent consequences
Although LCH is a mostly benign and treatable disease, it
can result in sequelae affecting various involved tissues [25].
Some sequelae may be present at diagnosis or even precede
diagnosis, while other may become manifest later. It is thus
important to keep monitoring these patients at least until
growth is completed and possibly further into adult life.
The most common long-term consequences are endocrine
and growth, auditory and orthopedic. Neurocognitive,
pulmonary and liver sequelae are rare but cause major
morbidity. A scoring system for sequelac has been devel-
oped in order to observe disease evolution, and its adapta-
tion to incorporate liver sclerosing cholangitis and morbid
obesity is proposed [32].

So far, the management of long-term sequelae is not
specific to LCH and all therapeutic options, like growth
hormone therapy, liver or lung transplantation must be
considered according to current medical practice.

9.2 Follow-up; duration and frequency

With regard to the heterogeneity of the disease, a standard
follow-up schedule appears difficult to propose and we wish
to provide only some principles.

The first principle is the use of a coordinated multidisci-
plinary approach. This means that each patient needs to be
followed by the referting physician during the course of their
disease and that evaluation and/or therapy of a particular
clinical situation need to be addressed by a competent specialist.

The second principle is to follow the patient for a sufficient
duration, which has been considered as at least 5 years after
the last therapy or the last activation of the disease in the
absence of systemic therapy.

The frequency of the follow-up is necessarily adapted to
cach particular situation. If the patient is receiving a syste-
matic therapy, this frequency is adapted to the treatment
schedule. In the absence of systemic therapy or in the
absence of symptomatology, we consider that the routine
number of consultations should be 4 during the first year
after diagnosis, 2 in the second and third years and 1 each
for yeats 4 and 5.

Management of patients with langerhans cell histiocytosis

10. Expert opinion

LCH is a rate disease potentially resulting in death or with
permanent sequelae. The burden of therapy may also be
extremely heavy: there are still lots of reasons to continue to
develop fundamental and clinical research in this field.

Indeed, in 2010 the team of Barrett Rollins reported a
very important discovery that about 50% of the tumoral
tissues of LCH patients bear a somatic mutation of the
B raf oncogenes [s4. A lot of complementary research
remains to be done in order to understand how such
mutations may lead to disease as observed in many other
conditions including malignant disease (melanoma, colon
carcinoma, papillary thyroid cancer (55-571) and benign con-
ditions such as naevi 58], Nevertheless, this discovery may
have a clear potential impact if we consider the possibility
of treating LCH with the new class of B raf inhibitors (59).
However, many steps need to be made from this discovery
to the clinical use of these new drugs including a determi-
nation of the group(s) of patients who may benefit from
B raf inhibitor treatment.

Progress may be expected from collaborations organized at
national and international levels, among collaborative groups
and expert networks. Collections of tissue and blood samples
in biobanks have to be organized too. New international pro-
tocols will be opened to patient accrual and represent an
opportunity to develop global research [6o.61].
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Abstract

Langerhans Cell Histiocytosis (LCH) is an orphan disease of clonal dendritic cells which may
affect any organ of the body. Most of the knowledge about the diagnosis and therapy is based
on pedriatic studies. Adult LCH patients are often evaluated by physicians who focus on only
the most obviously affected organ without sufficient evaluation of other systems, resulting in
patients being underdiagnosed and/or incompletely staged. Furthermore they may be treated
with pediatric-based therapies which are less effective and sometimes more toxic for adults.
The published literature on adult LCH cases lacks a comprehensive discussion on the
differences between pediatric and adult patients and there are no recommendations for
evaluation and comparative therapies. In order to fill this void, a number of experts in this
‘field cooperated to develop the first recommendations for management of adult patients with
LCH. Key questions were selected according to the clinical relevance focusing on diagnostic
work up, therapy, and follow up. Based on the available literature up to December 2012,
recommendations were established, drafts were commented by the entire group, and redrafted
by the executive editor. The quality of evidence of the recommendations is predominantly
attributed to the level of expert opinion. Final agreement was by consensus.

Keywords

‘Langerhans, Adult, Histiocytosis

Background, process of development and restrictions

There are no universally accepted international guidelines available for the diagnosis and
treatment of adult LCH patients. The largest number of patients was published in a pooled
retrospective analysis from several national registries [1].

Based on the available literature up to December 2012 and personal experience the following
recommendations were established by an international group of academic clinicians who are
recognized experts in the field of histiocytic disorders. Grading of recommendations based on
Jevels of evidence and agreement between experts is listed in Table 1.

Table 1 Grade of Recommendation

Level of evidence Level of agreement between experts

A meta-analyses, high quality systematic reviews, 2 general agreement between all experts
or randomized controlled trials ’

B systematic reviews of case control or cohort 1 discussed recommendation, but no
studies ‘ formal objections between experts

Cnon-analytic studies: for example, case reports, 0 divergence of opinion
case series, small retrospective studies

D expert opinion

Due to the diversity of clinical course of LCH, even recommendations which are established
as standard of care may need to be critically appraised in an individual case and involvement
of a LCH expert should be considered. A map of experts, reference centers and additional




information about . the disease is -available on the web-site of Euro-Histio-Net
(http://www.eurohistio.net) and the Histiocytosis Association (https://www.histio.org/).

General consideration

The etiology of LCH is unknown. LCH cells are clonal (except primary pulmonary LCH)
[2,3] and a cancer-associated mutation (BRAFV600E) was found in more than half of
investigated specimens, indicating that LCH may be more a neoplastic (not a malignant!)
disease than a reactive disorder, but the pathogenesis is still unclear [4,5]. Although apparent
associations between LCH and malignant tumors have been recognized, these cases represent
a minority of all LCH patients and the pathophysiologic relationship remains undefined [6].

The disease may affect any organ or system, more frequently bones, skin, and pituitary gland.
Lymph nodes, liver, spleen, gut, the central nervous system, pituitary, and the hematopoietic
system are less frequently affected. Lungs may be affected simultaneously or consecutively
with other organs, but isolated pulmonary LCH (PLCH) occurs frequently in adults and may
proceed to multisystem involvement. PLCH requires a different management in contrast to
multi-organ involvement and is therefore discussed in a separate section.

Clinical manifestations of LCH vary depending on the organ or system affected, from self-
healing disease to chronic recurrences. A rapid progressive form, seen in children, is usually
not observed in adults. Langerhans cell sarcoma (malignant histiocytosis) can occur de novo
or from an antecedent LCH [7]. This paper will not cover other histiocytic disorders such as
Erdheim-Chester disease (ECD), Rosai-Dorfiman disease (RDD) or malignant histiocytosis.
In cases of occurrence of LCH and ECD or RDD in the same patient, the management is
based on the predominant disease.

Treatment options vary depending on disease extent and severity at onset. A uniform
diagnostic work-up is necessary (see Figure 1). One of the main problems of LCH in adults is
the variety of potentially involved organs resulting in several physicians being consulted.
Frequently only the most obviously affected site is considered and a complete examination is
not done thus missing other sites of disease. '

Figure 1 Management of Langerhans Cell Histiocytosis in adults.
Diagnosis

The diagnosis of LCH should be based on-histologic and immunophenotypic examination of
a lesional biopsy. Normal Langerhans cells stain positively with CD1a and/or Langerin [8-
10]. Misdiagnoses of LCH have occurred, as the presence of normal reactive LCs in skin and
regional lymph nodes may be confusing. '

The two levels of certainty of LCH diagnosis which are generally agreed upoﬁ are shown in
Table 2 [11]. : '



Table 2 Diagnostic criteria of LCH
Definitive: Presumptive (or compatible):

Based on clinic-pathological evidence Based only on clinico-radiological evidence,
with microscopic examination and at least without biopsy, as in case of: '
one of the following immunological

staining:

» Langerin (CD 207) positivity e.g.: Pulmonary lesions on CT scan with typical
+ CD1a positivity cysts and nodules in a smoker. (however, biopsy
« Presence of Birbeck granules on should be considered in order to reach a more
electronic microscopy - definitive diagnosis)

Prétreatment clinical evaluation

Complete history

Patients with LCH are often asymptomatic or show only mild symptoms. The most common
- symptoms are dyspnea, cough, bone pain, an abnormal growth of soft tissue over the affected
bone, rash, pruritus, increased thirst, and lymphadenopathy. Additional signs are fatigue,
generalized weakness, weight loss, night sweats, nausea, and fever.

A thorough history should be performed including the questioning about unexplained -
symptoms in the past such as “idiopathic” eczema, thyroid disease or diabetes insipidus, lung
cysts or pneumothorax, or bony lesions, the smoking and family history with special attention
to autoimmune disease. A very small number of familial cases are reported [12].

Complete physical examination

A comprehensive physical examination is necessary. The ‘skin and visible mucous
membranes should be inspected. Supplemental neurological “and/or psychological.
investigations are useful in patients presenting with neuromyopathy or cognitive impairment.

Laboratory and radiographic evaluation

The laboratory tests to be performed for all patients indepehdently of affected organs include
a complete blood count, blood chemistry, coagulation studies, thyroid stimulating hormone
(TSH), freeT4 and urine analysis - see Table 3 (Grade D2). :

Table 3 Baseline laboratory and radiographic evaluation

Recommendation ' Grade
Full Blood Count (Hemoglobin, White blood cell and differential count, Platelet D2
count) : : :

Blood Chemistry (Total protein, Albumin, Bilirubin , ALT (SGPT), AST (SGOT) D2
Alkaline phosphatase (AP), gammaglutamyl transpeptidase (YGT) '

Creatinine, Electrolytes, CRP (C-reactive Protein)

Erythrocyte Sedimentation Rate (ESR) D1
Coagulation Studies (INR/PT, Fibrinogen) D2
Thyroid Stimulating Hormone (TSH), freeT4 D2




Morning Urine Osmolarity D1

Urine Test Strip D2
‘Ultrasound (liver, spleen, lymph-nodes, thyr01d gland) - D2
Chest Radiograph (CXR) D2
‘Low Dose Whole Body (Bone) CT (if not available: X-Ray Skeletal/Scull Survey) D2
Optional: Baseline Head-MRI D2
Optional: PET-CT instead of Ultrasound, CXR and Bone CT D2

A skeletal survey, skull series (or low dose whole bone CT [13]) and chest x-ray (AP and
lateral) are the first radiographic examinations to be done. CT of specific areas of the skeleton
are indicated when mastoid, orbital, scapular, vertebral, or pelvic lesions are found by plain
- x-rays. MRI may detect additional osseous or extraosseous lesions. A skeletal scintigram
(bone scan) alone does not suffice.

Any evidence of a pathological thoracic finding should be followed up by high-resolution
chest CT. Ultrasonographic examination of the abdomen may reveal hepatic abnormalities.
An ultrasound of the neck with attention to the thyroid gland may be indicated if there are
thyroid nodules or evidence of thyroid dysfunction. A MRI of head is needed for
hypothalamic/pituitary or brain abnormalities. PET-(CT) scan may 1dent1fy lesions missed by
other modalities and documents response to therapy [14].

Further investigations may be indicated based on the patient's symptoms and the findings of
- the basic diagnostic tests - see Table 3 and 4 (Grade D2).

Table 4 Specific clinical scenarios: recommended additional tésting _
Recommendation o ‘ Grade

History of polyuria or polydipsia: ‘ D2 .
¢ Urine and Plasma osmolality

* Water deprivation test

* MRI of the head

Suspected Other Endocrine Abnormaility:_ D2
« Endocrine assessment (including dynamic tests of the anterior pituitary, MRI of the v
head)

Bi- or Pancytopenia, Or Persistent Unexplained Single Cytopema D2
« Any other cause of cytopenia has to be ruled out according to standard medical -
practice

« Bone marrow aspirate and trephine biopsy to exclude causes other than LCH

« In case of morphological signs of hemophagocytosis additional tests like serum-

ferritin should be performed (criteria of HLH)

Liver Or Spleen Abnormalities: ' ' D2
« In case of any unclear sonographically pathology CT, PET-CT, MRI or Scans should

be added (the choice is depending on the sonomorphology — d1scuss with your
radiologist) ‘

» Visuable lesions of the liver should be biopsied if possible

« Other causes of splenomegaly has to be ruled out before it may be assigned to LCH




« ERCP (Endoscopic Retrograde Cholangiopancreatography) or MRCP (Magnetic
Resonance Cholangiopancreatography) should be performed in case of elevated serum
cholestasis markers or sonomorphologically dilatated bile ducts. Primary biliary

cirrhosis and primary sclerosing cholangitis have to be ruled out.

Unexplained Chronic Diarrhea, Weight loss, Evidence Of Malabsorption Or D2
Hematochezia ~

« GI-Exploration (Endoscopy with biopsies, capsule endoscopy)

Enlarged Lymph Nodes (LN): ‘ D2
« If found by screening ultrasound or physical examination the best suitable LN should

be extirpated. A LN needle biopsy should be avoided.

« CT scans or a PET-CT should be performed additionally

Lung Involvement - In case of abnormal Chest X Ray or symptoms/signs - D2
suggestive for lung involvement or suspicion of a pulmonary infection:

* Lung high resolution computed tomography (HR-CT) ‘

» Lung function tests (Spirometry, Diffusing capacity, Oxygen desaturation during
exercise (6MWT), blood gases) , .

» Bronchoalveolar lavage (BAL): > 5% CDla + cells in BAL fluid may be diagnostic

of LCH

« Lung biopsy (if BAL is not diagnostic), ideally Video-assisted thoracoscopic surgery
(VATS)

Osseous Disease: ’ ‘ D2
« CT +/- MRI should be performed in case of craniofacial or vertebral lesions or signs

of additional soft tissue involvement } _

« Biopsies should be taken from the most suitable region in case of multifocal bone
disease

Skin, Oral And Genital Mucosa lesions: D2
« Biopsies should be taken

Aural Discharge Or Suspected Hearing Impairment / Mastoid Involvement: D2
» Formal hearing assessment

* MRI of head

Definition of organ involvement

Possibly involved organs

After the diagnosis of LCH has been made, involvement of other organs shouid be evaluated
and defined according to the clinical, biological or radiological criteria.

Risk organs (bone marrow, liver, spleen, CNS)

Involvement in the hematopoietic system (extremely rare in adults), spleen, liver or CNS

indicates a less favorable prognosis, with possible mortality if the patient does not respond to
therapy. Although this has never been proven for adults, retrospective analyses of national
- registries and the experts’ experience support the existence of the above mentioned “risk

organs”.



Fever, night-sweats and weight loss combined with poor performance score might predict the
rarely observed aggressive course of LCH in adults comparable to that of high grade non-
Hodgkin lymphoma [15,16].

“Special Sites” and “CNS-Risk” bone involvement

Vertebral lesions with intraspinal or cranofacial bone lesions with soft tissue extensions
(orbit, mastoid, sphenoid or temporal bones) may cause immediate risk to the patient because
of the critical anatomical site and the hazards of attempting local therapy. Isolated disease in
these “Special Sites” justifies systemic therapy for children because of spinal cord
~ compression and the association of cranio-facial bone lesions with an increased risk of
developing diabetes insipidus [17]. It is unclear if this connection might be extrapolated to
adults, but most experts treating LCH patient follow the same guidelines for their adult
patients as with the pediatric cases. (Grade D2)

Endocrinologic dysfunction

LCH exhibits a predilection for the hypothalamo-pituitary (HP) region leading to permanent
posterior and/or anterior pituitary hormonal deficiencies in a subset of patients.

Diabetes Insipidus (DI) is the most common disease-related consequence that can predate the
- diagnosis or develop anytime during the course of the disease [18,19]. DI is found in up to
30% of patients [1], but may reach to 40% in patients with multisystem disease or 94% in the
presence of other pituitary deficiencies [18,20]. Polyuria and polydipsia, and/or structural
abnormalities of the HP region dictate investigations to confirm DI. :

Anterior pituitary dysfunction (APD) is found in up to 20% of patients, almost always with
DI [18,21]. Although APD is not invariably associated with abnormal HP imaging it is almost
always encountered in patients with MS LCH who have DI and HP pathology on MR
imaging [22]. Growth hormone deficiency (GHD) is the most frequent disease-related APD
found in up to 50% of patients with DI [20]. In adults there are no specific GHD-related
symptoms that can suggest the diagnosis [23]. Gonadotropin deficiency is the second most
common deficiency, presenting with menstrual disturbances in women and decreased libido
in men [20]. ACTH deficiency may be partial or complete and present either with non-
specific symptoms or as acute adrenal insufficiency following stressful events. TSH
deficiency is almost always associated with panhypopituitarism and may present with subtle
symptoms or obvious signs of hypothyroidism. Moderately elevated prolactin levels
attributed to pituitary stalk infiltration can cause galactorrhoea in females and gonadotropin
deficiency in all patients. Established endocrine deficiencies almost never recover over time,
although apparent HP abnormal imaging may often regress either in response to treatment or
as a result of the “natural course” of the disease [22]. .

Hypothalamic involvement is less frequent than pituitary involvement and leads to not only
pituitary dysfunction, but neuropsychiatric and behavioral disorders, disturbances of thermo-
regulation and sleeping pattern, and autonomic and metabolic abnormalities. The most
frequent consequence is severe obesity due to increased appetite. Hypothalamic-related
adipsia may seriously complicate the management of DI.

Metabolic abnormalities: One study involving 14 adult patients and 42 controls has shown
that adults with LCH are at high risk of developing abnormalities of carbohydrate metabolism



(diabetes mellitus, impaired glucose tolerance) and lipid metabolism leading ‘to increased
insulin resistance even in the absence of obesity [24].

Bone metabolism: Adults with LCH may present with a lower than expected bone mineral
density at any age especially during periods of active disease [25].

Investigation of hormonal deficiencies: Evaluation of TSH, free T4 and morning urine
osmolality is recommended in all patients, further procedures (water deprivation test, plasma
osmolality, serum cortisol, insulin like growth factor I, gonadal steroids and gonadotropin
serum levels) to detect partial DI or anterior pituitary deficiencies should be performed when
clinical symptoms are present (Grade D2). »

Dermatological involvement

Cutaneous LCH can be the great pretender, mimicking a number of common dermatoses, and
may. represent the earliest sign of the disease [26]. The typical scalp lesions are small
translucent papules, 1-2 mm in diameter, slightly raised and rose-yellow in colour. These
lesions frequently show scaling or crusting, often leading to a misdiagnosis of seborrheic
dermatitis. '

Intertriginous involvement in the axillary, inguinal, vulvar, or anogenital regions with
erythema and erosions are frequently misdiagnosed as eczema, psoriasis, Candida infection,
or intertrigo. Generalised skin eruptions can mimic guttate psoriasis prurigo nodularis or
lichen planus.

" Gingival involvement is frequently associated with alveolar bone involvement and loosening
of teeth. Tooth extraction should be avoided as with treatment they will embed into the
recovering alveolar bone. Nail changes include paronychia, onycholysis, subungueal .
hyperkeratosis and purpuric striae of the nail bed, suggesting a wide panel of conditions.
Dark-brown striae similar to those drug-induced are also seen.

-

Cutaneous LCH has so many different manifestations that one needs a high level of suspicion
and biopsy is essential. Although skin disease may be the primary presentation, one must
investigate for systemic disease. (Grade D2) - :

Gastrointestinal involvement

Gastrointestinal (GI) tract involvement by LCH is rare and may appear as a solitary colorectal
polyp or multiple granulomatous lesions of the mucous membrane in the upper and lower GI
tract [27]. Patients are often asymptomatic. Multiple infiltrations are associated with
abdominal pain, diarrhea, and hypoalbuinemia. '

Liver infiltration is characterized sometimes by infiltration of CDla+ cells in nodules or by
lymphocytes alone along the portal tracts which may lead to sclerosing cholangitis. In case of

splenomegaly other causes than LCH primarily have to be ruled out. Pancreatic involvement
(mainly tumorous) is extremely rare.

Stratification

Single System LCH (SS-LCH): One organ/systetm involved (uni- or multifocal):



> Bone: unifocal (single bone) or multifocal (> 1 bone)
> Skin

> Lymph node

> Hypothalamic-pituitary / Central nervous system

> Lungs (primary pulmonary LCH) '

> Other (e.g. thyroid, gut)

Multisystem LCH (MS-LCH): Two or more organs/systems involved:

> With involvement of “Risk Organs” (Hematopoietic system, spleen, and/or liver,
tumorous CNS) :
> Without involvement of “Risk Organs”

Treatment

Management algorithms (see Figure 1)

Treatment recommendations are based on site and extension of the disease.
Careful Observation, Local or “mild systemic” Therapy

Bone involvement

~ In case of single system LCH with unifocal bone involvement of “non-CNS-Risk facial
bones” local therapy and careful observation is recommended. The modality of treatment
depends on location, size, and symptoms of the disease. Biopsy or curettage is suitable for
histopathologic diagnosis and initiating a healing process. Complete excision of bone lesions
is not indicated as it may increase the size of the bony defect and the.time to healing or result -
in permanent skeletal defects. Intralesional injection of steroid may hasten healing. Dosages
of 40 — 160 mg of methylprednisolone have been used [28] (Grade C2). Radiotherapy is
indicated if there is an impending neurological deficit and a high surgical risk, e.g. lesion in
the odontoid peg or cranial base. For multifocal bone LCH and for bone lesions in “special
sites” systemic therapy (see next page under front line treatment) should be given. (Grade
D2) ‘

Isolated lymph nodes involvement

Isolated lymph nodes involvement is rare but spontaneous regressions have been observed.
Thus extensive surgery (e.g. neck-dissection) and systemic therapy should be omitted [29]
(Grade C2).

Skin Involvement

Surgical excision should be limited to solitary lesions, but mutilating surgeries such as hemi-
vulvectomy should not be performed (Grade D2). If the patient is being treated for
multisystem disease the skin will respond to treatment. In single system skin disease or in the
rare instance where the skin fails to respond fully to systemic treatment for multisystem
disease there are a number of treatments directed specifically to the skin:



Topical nitrogen mustard: 20% nitrogen mustard appiied to the skin is an effective treatment
‘in children [30]. There is no published data on treatment in adults and there are problems
with availability in most countries. (Grade C1) :

Phototherapy: Psoralen plus ultraviolet A (PUVA) [31] and narrow band ultraviolet (UV) B
" [32] are effective in treating cutaneous LCH in individual case reports. It is difficult to treat
patients with intertriginous or scalp involvement and would be contraindicated in penile
disease. (Grade C1) ’ o

Thalidomide: is a TNF-o antagonist and has been shown to be effective in treating cutaneous
LCH [33] but gives poor responses in high risk multisystem disease [34]. Dose of 100mg/day
in adults is generally used but toxicity with peripheral neuropathy must be monitored (Grade
C2).

Azathioprine: There are no published reports of the use of azathioprine (or its metabolite 6-
mercaptopurine) in adults with cutaneous LCH but it is a useful drug in single system skin as
well as multisystem disease [35]. Patients need to be tested for thiopurine methyl transferase,
and if normal should be treated at a dose of 2mg/kg/day. The drug takes about 6 weeks to
become effective. (Grade D1) :

Methotrexate: There are published reports on the use of low dose methotrexate as either
single agent treatment or in combination with azathioprine or prednisolone. Methotrexate was
used successfully at the dosages of 20mg once weekly [36]. (Grade C1)

Involvement of the oral mucous membranes

These lesions should be treated with “mild Systemic” therapy as described above and
extraction of teeth should be avoided as much as possible. In refractory cases more intensive
systemic treatment is required (see next paragraph). (Grade D2)

Systemic therapy

Front line treatment

Systemic therapy should be considered in case of the following disease category:

> MS-LCH with/without involvement of “risk organs”
> SS-LCH with multifocal lesions '
> SS-LCH with “special site” lesions

There is no standard first line therapy like in pediatric LCH. Vinblastine/prednisolone is
mentioned in various chemotherapeutic manuals, but has never been proven effective for
adults in a prospective study. An international trial failed because of low recruitment rate.
Due to lower risk of neurotoxicity and frequently observed unacceptable steroid induced side
effects some experts prefer monotherapy with cladribine, cytarabine or etoposide [35]. Ina -
retrospective study evaluating 58 adult patients with bone lesions the authors observed a clear

superiority of cytarabine especially to vinblastine/prednisolone but even to 2-CDA. in terms
of response and toxicity [37]. Intensive combination chemotherapies (e.g. MACOP-B) are



effective [38] but should be used only in rare cases of an aggressive LCH form [15]. (Grade
. Cl) )

Until recently, most experts started with 2-CDA in case of risk organ or tumorous cerebral
involvement, but cytarabine may be a reasonable alternative. (Grade C2)

Some investigators have used bisphosphonates for multifocal bone disease, but patients have
to be advised to the risk of osteonecrosis of the jaw and its prevention [39]. COX-Inhibitors
might be more than analgetic drugs and regression of LCH was observed [40]. (Grade C2).

Grade of recommended systemic first line therapy is listed in Table 5.

Table 5 First line systemic therapy

Recommendation Grade
Mild Symptoms, No Risk Organ Involved:

« Methotrexate 20 mg per week p.o/i.v. , ' Cl
» Azathioprine 2 mg/kg/d p.o ‘ D1
» Thalidomide 100mg/d p.o in skin or soft tissue multifocal single system LCH -C2
Additionally In Multifocal Bone LCH '

» zoledronic acid 4 mg i.v. C2
q 1 (- 6) month (depending on éxtent and response) C1
Symptomatic, MS-LCH, No Risk Organs involved :

* Cytarabine 100 mg/m* d1-5 qdw i.v. | Cl
» Btoposide 100 mg/m” d1-5 gdw i.v. D1
» Vinblastin/Prednisolone (like in pediatric studies) : Cl
MS-LCH, Risc Organs Involved ’

« 2-CDA 6 mg/m? d1-5 g4w s.c./i.v. ‘ C2

Evaluation of response

Evaluation is done after 2 to 3 cycles of chemotherapy. If there is disease progression or
reactivation, complete evaluation as recommended in the previous section has to be
performed. (Grade D2) ‘

Maintenance therapy

Etoposide or 2-CDA are usually administered up.to 6 months. Cytarabine can be given at low |
dose monthly up to a year in most patients (6-12 cycles). (Grade D2)

Salvage therapy

Refractory disease should be treated with drugs not used for the first course. In case of further
progression, especially in CNS involvement cytarabine may be added to 2-CDA (both drugs .
cross the blood brain barrier) [41]. Some cases with response to tyrosine kinase inhibitors
(imatinib) have been reported [42,43]. In the rare case of a most aggressive course of disease
hematopoietic stem cell transplant has been performed successfully as well [44,45].
Clofarabine has been effective for refractory childhood LCH [46]. (Grade C2)



Treatment options in case of reactivation

‘Reactivations of LCH in adults occur in about 25-38% of the patients (European national
registry data and [37]). Patients may have further reactivations especially those with
multisystem disease.

Reactivation of single system disease
The choice of treatment options is based on the same principles as for initial disease.
The options for reactivations of SS-LCH (skin, bone, other) include

1. Wait and watch approach ~

1L " Local therapy including irradiation (as above)
1. Bisphosphonates for bony disease (as above)
Iv. Chemotherapy (as above)

In case of a multisystem reactivation of a SS-LCH, treatment should follow the options for
MS-LCH including systemic therapy. (Grade D2)

The efficacy of 2-CDA for single and multisystem reactivated LCH has been proved in a
phase II trial [47].

Reactivation after systemic therapy

L If the reactivation is more than one year after completion of treatment, re-induction
with the prior chemotherapy may be effective. If however, the disease is not
responsive we suggest discussion with the reference centre for your country.

1L If reactivation occurs while on treatment, potentially 2nd line strategies as described
above, but should be generally discussed with your reference centre, (Grade D2) '

Radiotherapy

In contrast to pediatric recommendations, radiotherapy is an effective treatment option with
acceptable side-effects for adult patients with LCH in selected situations [48-52].

Most literature data concerning radiotherapy in adult LCH deal with uni- or multifocal
osseous single-system disease. The local control rates ranged from 75-100%, complete
remission from 79-100%, respectively [53].

The dose recommendation for radiotherapy is still controversial and an exact dose-effect
relationship has not been established. There is a wide dose range of applied total doses from
1,4 Gy up to 45.Gy. In general, a dose range from 10 to 20 Gy is recommended in adults
[50,54)). (Grade C2) .

Recommended indications for the use of radiotherapy in adults with LCH are listened in
Table 6.



Table 6 Possible indications for the use of radiotherapy in adults

Recommendation Grade
Isolated “Unresectable” lesion: . ‘ ' C2

if a resection would significantly compromise anatomic function, e.g. odontoid peg, '
CNS

Recurrent or progressive lesion: } , C2

In multifocal or multisystem disease only in case of minor response to standard

systemic therapy .

Adjuvant treatment following marginal or incomplete resection: especially in C2
single system bone disease with soft tissue involvement

Treatment and hormone replacement of endocrinopathies

DI should be treated with desmopressin. The timing and dosage must be individualized. In

“proven LCH new onset DI is a sign of active disease and initiation of systemic treatment is
recommended to try to prevent the development of further hormonal deficiencies although
existing ones usually do not resolve [55]. Adequate replacement of hormonal deficiencies
should be initiated as soon the diagnosis is made. (Grade D2)

Central nervous system involvement

Tumorous lesions ‘ \

These lesions are most frequently observed in the hypothalamic-pituitary region. The tumor
size ranges from discrete thickening of the pituitary stalk to larger tumors. Parenchymal,
meningeal or choroid plexus lesions occur less frequently [56].

In addition to hormone replacement isolated cerebral tumors should be treated with
irradiation or chemotherapy and pituitary/hypothalamic lesions with chemotherapy.
Multifocal brain lesions or single brain lesions with multi system disease need to be treated
with chemotherapy. The most suitable drugs are Cladribine or Cytarabine as described above.
(Grade C2) ‘

Neurodegerative LCH

Non-tumorous MRI findings of the cerebellum, and/or brain stem are histopathologically
different than the typical LCH mass lesions. The neurodegenerative lesions lack CDlat
histiocytes and have infiltrating CD8+ lymphocytes [55]. Some of these patients show no
symptoms, others have clinical signs ranging from subtile tremor, dysarthria, dysphagia, and
motor spasticity to pronounced ataxia, behavioral disturbances and severe psychiatric disease.

Retinoic acid and intravenous immunoglobulin may stabilize such patients [57,58].
Improvement with infliximab has been observed in one case [59]. Cytarabine with or without
Vincristine provided improvement in 5/8 patients of which 4/8 remained stable over more
than 7 years of follow-up and one relapsed but is improved after treatment with intravenous
Methotrexate. Patients who responded to Cytarabine/Vincristine had symptoms for less than
18 months before starting treatment [60,61]. Thus early onset of Cytarabine is recommended



as first line therapy, but for any case of neurodegenerative LCH we suggest discussion with
- the reference centre for your country. (Grade C1)

Primary pulmonary LCH
Epidemiology

The incidence of pulmonary LCH (PLCH) is unknown. Reports provided by
histopathological studies and interstitial lung diseases registries revealed about 5% of PLCH
in this population [62]. Data from a Japanese survey show an estimated prevalence of 0.07-
0.27/100000 population in females and males, respectively [63]. The prevalence may be
underestimated. :

PL.CH affects mainly young, predominantly smoking (> 90%) adults with a peak at 20-40
years of age and a slight predominance of women. It is unknown if there are any racial
differences in this disease [62].

Clinical features

Patients with PLCH often present with a non-productive cough or dyspnoea, chest pain,
associated non-specific symptomns like fatigue, weight loss, night sweats and fever may be
observed [62,64]. About 20% of patients with PLCH are initially asymptomatic and an equal
percentage of patients present with acute symptoms of a pneumothorax.

It is important to exclude the existence of multi system LCH. Thus, a thorough history,
comprehensive physical examination, and baseline radiographic, blood and urine tests should
be performed in any patient presenting with PLCH to avoid undertreatment. (see Table 3 and
4). ‘ .

Diagnosis

X-Ray of the chest shows a reticulo-micronodular pattern. In more advanced cases cysts may
be visible within the infiltrates symmetrically in both lungs, but predominating in the middle
and upper lung fields and sparing the costophrenic angles [62].

Hi'gh resolution CT (HRCT) is the most important visualizing tool for PLCH [62]. The
typical HRCT pattern is of small nodules, cavitated nodules (both may resolve), and thick-
and finally thin-walled cysts. As the disease evolves, cystic lesions become a predominant
finding. '

Pulmonary lung function tests most frequently show reduced diffusing capacity of the lung
for carbon monoxide (DLCO), 70-90% of the patients. Lung volumes are impaired in a
majority of patients with decreased vital capacity and air trapping (elevated residual volume).
Total lung capacity is within normal values in most cases. An obstructive pattern is observed
in a sizeable proportion of patients, particularly in advanced disease. Rarely a restrictive
component may appear [65]. A predominantly nodular pattern suggestive of active
inflammatory disease can have only moderate functional consequences [65].



‘Bronchoalveolar lavage (BAL) often shows high alveolar macrophage counts, reflective of
smoking. Infection should be systematically ruled out. BAL yielding more than 5% CDI1-
positive cells has previously reported to support the diagnosis of pulmonary LCH [66]. While
this has a high specificity, BAL results lack sensitivity.

Bronchial biopsies are not helpful in the diagnosis of PLCH but are useful in ruling out other
diagnoses in patients with atypical manifestations. The diagnostic method of choice is
therefore videothoracoscopic lung biopsy after HRCT evaluation (see Table 7). In asympto-
matic patients with a typieal HRCT pattern and a macrophage alveolitis by BAL, for whom
no systemic therapy is required, a presumptive diagnosis may be acceptable with a close
follow-up. In patients with extensive cystic lesions, the risk of invasive procedures has to be
balanced with the need for a definitive diagnosis. (Grade D2) ’

Table 7 Diagnostic recommendations in pLCH

Recommendation ' Grade
Confirm definitive diagnosis _

« in all patients before start of systemic therapy \ D2

s prefer lung biopsy ' D2

« HRCT is required in all patients } D2
Exclude Existence Of Multi System LCH ‘ D2

Treatment and prognosis

The natural history of adults with PLCH is widely variable and mostly unpredictable in the
individual patient. About 40-50% of patients with PLCH experience a favorable outcome and
partial or complete clearance of the radiological abnormalities occurs with or without
therapy. -

Serial lung function tests are essential for following patients with PLCH. In a recent
retrospective multicenter study, lung function (mainly DLCO and FEV)) deteriorated in
approximately 60% of the patients [65]. An isolated decline of DLCO in symptomatic
patients should prompt a search for pulmonary hypertension by echocardiography and in case
of increased systolic pulmonary arterial pressure should be confirmed by right heart
catheterization [67]. '

Based on the epidemiologic data smoking cessation is essential. Patients with a stable disease
despite ongoing smoking should be told about all other known medical reasons for ceasing
smoking and enrollment in a support group may be valuable [62,64].

There are no study-based data supporting cortisone therapy for pulmonary LCH. Any
possible therapeutic benefit for symptomatic patients should, therefore, be carefully weighed
against the potential undesired effects of this form of treatment, because spontaneous
remissions do occur. If smoking cessation failed and treatment is required systemic steroid
therapy (usually 1mg/kg/day for one month, followed by tapering dosages over months) may

be given in patients with the nodular form of pulmonary LCH [62,64].

Lower respiratory tract infection is a common cause of deterioration of PLCH and should
lead to prompt treatment. Annual vaccination against influenza as well as anti-pneumococcal
is recommended for patients with impaired lung function.



Progressive PLCH despite steroid therapy may be treated with 2-CDA [68,69]. A randomized
controlled trial evaluating the effectiveness and tolerance of 2-CDA in this subgroup of
patients is ongoing.

Pneumothorax requires drainage and pleurodesis should be considered in case of recurrence
[70]. Lung transplantation (LT) may represent a therapeutic option in case of advanced PLCH
(severe respiratory failure or major pulmonary hypertension). Recurrence of LCH after
transplatation occurs in 20% without impact on the survival rate [71].

Grades of recommendations for therapy in pLCH are listed in Table 8.

Table 8 Therapeutic recommendations in pLCH

Recommendation Grade
first step is Smoking cessation in all patients : C2
Watchful waiting in a- or minor symptomatic patients C2
systemic steroid therapy in symptomatic patients ' ‘ C2
Chemotherapy (e.g. 2-CDA) in progressive disease . C2

consider lung transplantatlon in case of severe respiratory failure or major pulmonary C2
hypertension

Pregnancy

There are only a few reports about pregnancy and LCH with worsening to no change of
clinical symptoms, but even 1mprovement was observed. Deterioration was mainly related to
diabetes insipidus. It is unclear if worsening or onset of DI during pregnancy is really caused
by LCH. This may also be observed in women not suffering from a histiocytic disorder and is
caused by an accelerated degradation of vasopressin through placental enzyme
vasopressinase [72]

It is unpredlctable if and in which way pregnancy may influence the course of LCH. The
_ scant literature suggests there is no adverse impact of LCH on pregnancy or birth, with
exception of need for cesarean section in selected cases [73,74]. (Grade C2)

-

Follow up

LCH may reactivate and lead to chronic local symptoms or induce organ dysfunction. Rarely
LCH is associated with malignant tumors. Therefore, follow-up 1nvest1gat10ns of disease and
monitoring of functional impairments are necessary.

Restaging every 2-3 months is standard. Follow-up 1ntervals depend on the primary extent
- and activity of disease within 3 to 12 months (see Table 9). In case of affirmed reactivation,
clinical evaluation should include all investigations listed above. (Grade D2)



Table 9 Recommendations for follow-ﬁp

Test

SS-LCH And No Disease Activity

History (especially of thirst, polyuria, cough, dyspnea,
bone pain, skin changes, neurological symptoms)
Clinical assessment, blood count and blood chemistry
(as described in baseline diagnostics), ultrasound

Chest XR

After MS-LCH And With No Disease Activity
History (especially of thirst, polyuria, cough, dyspnea,
bone pain, skin changes, neurological symptoms)
Clinical assessment, blood count and blood
chemistry(as described in baseline diagnostics),
ultrasound

Chest XR
TSH, freeT4

Patients. With Active Disease
Diagnostic procedures are depending on the site of
organ involvement '

Frequency Grade
« Bvery clinic visit D2
* End of therapy D2

» every 6 month (for the next 2
years) :

» then once a year (for at least

3 years)

+ annually (for at least 3 years) D2

» Every clinic visit D2

« End of therapy D2
» every 3 month (for the next 2
years) ,

» every 6 month (for the next 3
years)

» then once a year (for at least

5 years)

» annually (for at least 3 years) D2
* Once a year (until end of D2
routinely follow up)

Frequency is dependingon D2
rates and velocity of

recurrences
Patients With pLCH '
History (in case of non-pulmonary symptoms: look for * Every clinic visit . D2
MS LCH, see Table 4) ‘
Diagnostic procedures are depending on symptoms und * End of therapy D2

course of PLCH (baseline: Chest X-ray, lung function
(+DCLO)

« every 6 month (for the next 2
years)

« then once a year (for at least
5 years)
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Serial c‘omputed tomography and lung
function testing in pulmonary Langerhans
cell histiocytosis

Abdellatif Tazi, Karima Marc, Stéphane Dominique, Cédric de Bazelaire,
Bruno Crestani, Thierry Chinet, Dominique Israel-Biet, Jacques Cadranel,
-Jacques Frija, Gwenael Lorillon, Dominique Valeyre and Sylvie Chevret

ABSTRACT: Little is known about longitudinal lung function variation in patients with pulmonary

Langerhans’ cell histiocytosis (LCH). The contribution of serial lung computed tomography (CT)

to managing these patients has not been evaluated.

~ This long-term retrospective study included 49 patients who were serially evaluated by lung CT
and pulmonary function tests. The lung function variation was categorised as improvement or
deterioration. The extent of the CT lesions was correlated with lung function. »

Lung function deteriorated in ~60% of the patients. Forced expiratory volume in 1 s (FEV1) and
diffusing capacity of the lung for carbon monoxide (DL.co) were the parameters that most
frequently deteriorated. A subgroup of patients experienced a dramatic decline in FEV1 within
"2 yrs of diagnosis. Airway obstruction was the major functional pattern observed. In a multivariate
analysis, % predicted FEV1 at diagnosis was the only factor associated with the incidence of
airway obstruction. The increase in cystic lesions on the lung CTs was associated with impaired
lung function but did not anticipate the decline in FEV1 or DL,co. ’

" Serlal lung function tests are essential for following patients with pulmonary LCH, who
frequently develop airway obstruction. A lung CT at diagnosis Is informative, but routine
sequential CTs seem less useful. A prospective study is needed to characterise those patients
with early progressive disease.

KEYWORDS: Airway obstruction, diffuse cystic lung disease, multicentre study, smoking
cessation

of patients with pulmonary LCH has not been
evaluated. Nodules may progress over time to
cysts that may remain stable or progress [10].

ulmonary Langerhans’ cell histiocytosis
(LCH) is an uncommon disorder that
occurs predominantly in young smokers

) [1—4] The natural history of pulmonary LCH is
widely variable and difficult-to predict in an
individual patient [5-8]. It has been suggested that
older age, evidence of obstruction, air trapping (an
increased residual volume (RV)/total lung capa-
city (TLC) ratio) and a reduced diffusing capacity
for carbon monoxide (D1.,CO) at diagnosis are asso-
ciated with the development of respiratory failure
and increased mortality [5, 6, 9]. However, scant
information is available concerning the longitudi-
nal variations in lung function over time, particu-
larly over a long period.

The eventual contribution of high-resolution com-
puted tomography (HRCT) to predicting the outcome

The extent of the cystic lesions present on HRCT
has been correlated with impaired DL,CO and an

impaired forced expiratory volume in 1 s (FEV1)/

forced vital capacity (FVC) ratio at a given time
point [11, 12] and (more recently) during follow-
up in a small series of patients [13]. Those authors
stated that the patients with declining lung
function had severe cystic alterations on lung
computed tomography (CT), but few patients in
their series progressed [13].

We conducted a long-term retrospective multicentre
study of a large cohort of patients with pulmonary
LCH who were serially evaluated by HRCT and lung
function testing. We had the following objectives:
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INTERSTITIAL LUNG DISEASE

1) to evaluate the longitudinal variation in lung function
parameters; 2) to compare the HRCT findings and lung function
results during follow-up; and 3) to identify the factors that
predict eventual outcome in these patients. '

MATERIALS AND METHODS

Design of the study, setting and subject selection

This was a retrospective study involving seven French teaching
hospital pulmonary departments. All the consecutive patients
referred to these centres for pulmonary LCH from June 1989 to
January 2005 were sequentially included in this study, provided
that they were serially evaluated by two or more HRCTs and
lung function tests performed at >6-month intervals.

49 patients with pulmonary LCH were selected to be reviewed
retrospectively in the cohort. This study was approved by the
institutional review board of Bichat Hospital, Paris, France
(number IRB00006477).

Diagnosis of pulmonary LCH

The diagnosis of pulmonary LCH was based on one of the
following criteria: 1) disease proven by lung biopsy; 2) a positive
biopsy of an extra thoracic localisation of the disease or the
presence of diabetes insipidus associated with characteristic
lung HRCT findings; or 3) the combination of an appropriate
clinical setting, a typical lung HRCT pattern (showing both
nodules and cysts) and exclusion of the alternative diagnoses.

Data collection

Data on the patients’ demographics, clinical pfesentation, smok-
ing habits and treatments of interest were retrieved from the
medical records. :

All of the HRCT scans were centrally analysed by two radiologists
(C. de Bazelaire and J. Frija) and a chest physician (A. Tazi),
without knowledge of the clinical or functional findings. The lung
HRCT lesions were classified as has been previously described
[10]. Each lung was divided into three areas, from the lung apices
to the domes of the diaphragm, and semi-quantitative CT scores
were established for each area to estimate the nodule profusion
and the extent of the cysts. The results were obtained by con-
sensus. The global nodular and cystic CT scores were calculated
by adding the nodule extent and cyst values obtained from the
three areas of the lung (giving maximum values of 18 and 24,
respectively). Based on the CT scores, the patients were classified
as having low, intermediate and high nodular CT scores, and low,
intermediate, high and very high cystic CT scores. Additional
details on the methods used to determine the lung CT scores are
provided in the online supplement.

Lung volumes were evaluated by plethysmography (except for
two patients), and FEV1 and FVC by the flow-volume curve.
DLCO was measured using the single-breath method. The
predictive values were determined as has been previously
described [14]. Obstruction was defined as FEV1/FVC ratio
<70% [15].

End-points of the study

Two outcomes were considered: deterioration or improvement
of lung function from the baseline measurements. ‘For each
parameter, variations of >10% in the FEV1 or FVC, or of =15%
in the DL,CO defined improvement or deterioration [16]. The
overall lung function outcome was defined by whether there
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was an increase or decrease of >10% in the FEV1 and/or FVC,
and/or of >15% in the DL,CO. In cases of discrepancies, the
impaired parameter was used as the overall Jung function
outcome. If the changes were <10% for FEV1 and FVC, and
<15% for DL,cO, lung function was considered to be stable.

Times to developing airway obstruction and restriction were
also computed.

Statistical analysis

The descriptive statistics of the study groups are presented.
Mean-sp or median (interquartile range (IQR)) values are
reported. Receiver operating characteristic (ROC) curves for the
HRCT scores were plotted to delineate the patients with obs-
tructive or restrictive patterns at diagnosis, with the area under
the ROC curve (AUC) used as a measure of discrimination.

Patient follow-up was the interval between the date of the first
examination and the date of an event; the patients who neither
deteriorated nor improved and who did not develop obstructive
or restrictive functional defects were censored at the reference
date (September 2005). Thus, the actual follow-up varied accord-
ing to the patients’ date of inclusion in the study and was up to
16 yrs. As the patients were enrolled sequentially from 1989 to
2005 and the study ended in September 2005, statistical methods
for time-to-event data were used to account for the censoring of
the data. The cumulative incidences of lung function deteriora-
tion, lung function improvement and obstructive or restrictive
patterns over time were estimated separately. Cox proportional
hazards models were used to calculate the relative hazards of lung
function deterioration or improvement associated with different
population characteristics while fully adjusting for potential
confounders. To assess the influence of smoking cessation, a
Cox model with a time-dependent covariate was used.

All of the statistical tests were two-sided, with p-values <0.05
denoting statistical significance. :

RESULTS

Study population

The demographic characteristics, clinical features, lung func-
tion tests and HRCT score subgroups at diagnosis are shown in
table 1. Among the 47 patients evaluated by plethysmography,
23 (49%) patients had normal lung volumes, 21 (45%) had air
trapping and three (6%) patients had a mild restriction (TLC
78.7 4 0.6% predicted), either isolated (n=2) or associated with
obstruction (mixed pattern, n=1). Among the whole study
population (n=49), 15 (31%) had an obstructive pattern (FEV1
744413.7% pred; FEV1/FVC 65.1+3.4%). The DLCO was
decreased in 35 (81%) of the 42 patients in whom it was
initially measured.

46 patients had both nodules and cysts in their lung HRCTs
and three patients had an isolated cystic pattern. At the time of
diagnosis, the mean HRCT nodular score was 6.6 +3.4 and the
mean cystic score was 11.916.1.

Nine patients received steroids for 229+ 11.7 months and one
received vinblastine alone for 19 months, while two were treated
with both prednisone and vinblastine for 19 and 40 months,
respectively.

EUROPEAN RESPIRATORY JOURNAL
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characteristics of he patie
pumonary Langerhans’ ce

Characteristic . Subjects ‘

Subjects n*- ‘ : : 49
Age yrs : 306+7.2 5
. Male sex 2aE9)

Smoking status

Current smokers , " 46 04)
Ex-smokers =3 .(6)
, ' Exposure pack-yrs 22119
Symptoms: 38(77.5)
Cough- 25'(51.0)
Dyspnosa (NYHA AT - 10/1°(22.5)
Pneumothorax . 9(18.5)
Respiratory + constitutional 11'(22:5)
No symptoms 11 (22.5)
Histological confirmation- 35(71)
Surgical lung biopsy 30-(61)
Extra:puimonary biopsy “5(10)
TLC* % pred 10044165
EVC %.pred 8914186
RV* % pred 129.4+47.8
RV/TLC* % pred ~126.5438.0 "
~ FEV1 % pred 7764218 .
FEV4/FVC % C 72841285
DLico.% of pred (n=42) 6284226
"“HRCT. nodular score subgroup : e
Low S e :31:(63)
Intermediate i : ’ ) 16°(33) -
High : ‘ ‘ _ L oy
" HRCT cystic score subgroup ) E S
Ctow 14/29)
intermediate : : 15 (31):
High ™~ U T 10/(20)
*Very. high ' 10 (20)

. Data are presented as rmean £50.0r n (%), Unless othenvise stated. NYHA:New
York Heart Association; TLC: total lung-capacity; % pred: % predicted; RVC;
“forced vital capacity; RV: residual volume: FEV1: forced. expiratory. volume:in
1'8:"DLco: diffusing. capacity of the lung for.carbon:monoxide; -HRCT: high-
resolition computed: tomography. *: n=47; ’ E

Correlation between HRCT and lung function at diagnosis
At diagnosis, the HRCT nodular score was not correlated with
any lung function parameters or with a restrictive or an obstruc-
tive pattern. By contrast, the HRCT cystic score was inversely
correlated with the FEV1, FEV1/FVC ratio (r= -0.7, p<<0.0001),
and DL,CO (r= -0.38, p=0.01) and positively correlated with air
trapping (RV/TLC % pred; r=0.63, p<<0.0001). The 15 patients
with airway obstruction had higher HRCT cystic scores than the
patients without obstruction (17.6+5.9 and 9.4+4.1, respec-
tively; p<<0.001). The HRCT cystic score at diagnosis discrimi-
nated between the patients with and without an obstructive
lung function pattern, with AUC of 0.86 (95% CI 0.73-0.99). A
cut-off value of 14 for the HRCT cystic score predicted an obs-
tructive pattern with a sensitivity of 80% and a specificity of
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91.2%. There was no difference in tobacco consumption at -
diagnosis among these patients (p=0.51). ' :

Evolution of lung function and HRCT findings during foIIow-Up
The median follow-up was 36 months (IQR 17-67 months), with

" amedian of two longitudinal and lung function evaluations (IQR

1-3 months). Six (12.2%) patients were lost to follow-up before
any deterioration of their lung function after a median time of
3 yrs of follow-up. Table 2 shows the lung function outcomes for
the study population. These results were confirmed when
estimating the cumulative incidence of patients with either
deteriorated or improved lung function over time (fig. 1).

The changes in the different lung function parameters varied
considerably, with the DL,CO being the parameter that improved
the least frequently (table 2 and fig. 1). It is noteworthy that
among ‘the 19 patients who had an impaired FEV1 during
follow-up, 10 (52.6% or 20.5% of the study population) had
deteriorated soon after their diagnoses. The median FEV1
decrease within the first 2 yrs for these 10 patients was
-235 mL (IQR -340- -200 mL; -18% cornpared to the values at
diagnosis, IQR -21- -11%), whereas it was -30 mL (IQR -195-
100 mL) for the nine patients whose FEV1 deteriorated later
(-6% of the value at diagnosis, IQR -13- -4%). ‘

Six patients developed a new-onset airflow obstruction, among
whom one patient displayed a mixed pattern (TLC 83% and 79%
pred, respectively, at diagnosis and at 68 months of follow-up).
Thus, 21 (43%) patients had an obstructive pattern at some point
(mean FEV1 1,900 + 655 mL (54.4 1 16.8% pred) at the time of last
follow-up). Conversely, the three patients who had mild res-
triction at diagnosis had normal TLCs at their last evaluations.

The variations in the nodular and cystic CT scores over time
were inversely correlated (p<0.05). Overall, the mean nodular
score decreased during the follow-up. At the final follow-up,
45 (92%) of the patients had a low nodular CT score, and four
(8%) of the patients had an intermediate CT nodular score. By
contrast, the mean value of the cystic HRCT score increased
over time (p<<0.01). At the last evaluation, 26 (53%) patients
had a high or very high CT cystic score.

The effects of smoking cessation on the variations in the
lung function and HRCT findings

Of the 46 patients who were current smokers at diagnosis, 16
stopped smoking during the follow-up, with a median time to
cessation of 11 months (IQR 0-24.5 months). The lung function
results and HRCT nodular and cystic scores of these patients at
diagnosis were similar to those who continued to smoke (not
shown). No statistical differences in lung function outcomes,
including decline versus improvement of FEV1, were observed
between the two groups of patients (table 3). The hazard ratio
(HR) for developing airflow obstruction during follow-up was
not significantly different after smoking cessation (p=0.66). No
significant differences were observed between the mean nodular
and cystic CT scores of the patients who ceased smoking and the
scores of those who continued to smoke.

Correlation between HRCT and lung function during follow-up
The variations in the HRCT nodular score over time and lung
function outcomes were not correlated (p=0.91). Conversely, the
variations in the HRCT cystic score were inversely correlated
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Lung function Improvement- - E - :Deterioration - . : . Cumulative Incidence of delerloratlon at
; , S , I 5yrs% &)

Overall Rt 10 (20.5) BB s

Fve - S ' L9 (18.3) : e @) 247

FEV1 e : LR - 111 R - Q@Y e

‘DLeot SR - 2/40.(6) N e 18/40(45) Sl e

Dafa are presented as sh %) unless olherW|se specmed Foreach parameter, changes of 210%in forced explralory volume inis (FEV1) or forced vital capacrly FVC) or
.of 2 15% in diffusing capacity of the [ung. for carbon monoxide (DL.CO) constrtuted improvement or deterroratron The.overall lung furiction outcome was defrned based on '
increases.or decreases.of »10% in FEV1 and/or FVC and/or of :215% in DL, 0. In‘case of dlscrepancres the rmpalred parameter was ‘used. The patlenls whose Iung '
: funclron was stable (neither improved nor deteriorated)are:not shown. The estimated cumulallve incidences of deterroratlon ln lung’ funcllon parameters at's yrs were.
calculated considering the competing risks framework for overaII lung function‘and. according to each lung funcllon parameter senal DLCO results were. avarlable lor 40 :
patients: : e { : : :

with variations in DL,CO (p=0.0001), FVC (p=0.0001) and FEV1  p=0.32). The increase in the HRCT cystic score did not precede
(p=0.002). Among the 19 patients whose FEV1 deteriorated, 10 the deterioration in the FEV1 or the DL,co (fig. 2).

(52.6%) had higher HRCT cystic scores, as compared to two (25%) .

among the eight patients whose FEV1 improved. Once the HRCT Prognostrc analyses

cystic score increased, however, the HR for a deteriorating FEV1 None of the factors evaluated at dlagnosrs was 51gn1f1cantly
was not significantly increased (HR 2.1, 95% CI 047-9.64 associated with FEV1 deterioration. Notably, the FEV1 at
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FIGURE 1. The estimated cumulative incidences of deterioration or improvement in the lung function of the study population over time. a) Overall lung function. Increase
or decrease of >10% in forced explratory volume in 1 s (FEV1) and/or forced vital capagcity (FVC) and/or of >16% in diffusing capacity of the lung for carbon monoxide
(DLCO). In case of discrepancies, the impaired parameter was used; b) DL.CO; ¢) FEV1; d) FVC.
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Lung function Improvement .

- Deterloration

Continued smoking Smoklngicessat.lbn ‘ (;:o.ritinUed,ismqk]ng ’ o : fémpklng cessation

_Subjects : . 80 e T L R ggt T e
Overall ~* .o BT RN e LBs0)
EVC R BT e Ty D (daE)
FEV1 - S 50 ' 309 B 4
:DL,CO ' /25 (4) 1349 13125 (5"2) B 4/13(31)

Data are presented as.norn (%). n=46. The lung function parameters represent all patlenls unless otherW|se specmed For each parameter changes of > 10% in forced
expiratory volume-in 1 s (FEV1) or forced vital capagity (FVC), or of .315% in diffusing capaclty of the lung for carbon monoxide: {DL,.CO) constltuted !mprovement or
detenoratron The overall lung function outeorne was defined based on increases or decreases of =10%:in FEV1 and/or FVC and/or of >15% in. DL co. In‘case of

dlscrepancses the impaired parameter was used p -values -were not sugnlﬂcant for any of the comparisons.

diagnosis did not differ between the patients who deteriorated
(2,456 987 mL; 71 4£24% pred) and the patients who did not
(2,840 £796 mL; 82+20% pred). No factor at diagnosis could
distinguish the subgroup of 10 patients whose FEV1 deterio-
rated within the first 2 yrs of follow-up except that, surpris-
ingly, their mean cumulative tobacco consumption was lower
compared with the remaining patients (table 4). However, the
hazard of early decline of FEV1 was not statistically modified
by tobacco consumption; either unadjusted (FHR 0.94, 95% CI
0.88-1.02; p=0.1) or adjusted for age and sex (HR 0.94, 95% CI
0.86-1.02; p=0.11). Furthermore, no factor at diagnosis could
differentiate between the patients whose FEV1 decreased
within the first 2 yrs and those in whom it declined later.
Finally, smoking cessation had no influence on whether the
FEV1 decreased within the first 2 yrs (p=0.90).

A significant difference in the cumulative incidence of airflow
obstruction according to the HRCT cystic score at diagnosis was
- observed (p<0.0001; table 5). In the multivariate model, how-
ever, only the FEV1 % pred at diagnosis remained significantly

a) 1.0
8 0.8 —— Deterioration of FEV1
5 - - Increase of HRCT cystic score
k] .
g 0.6+
]
=
3 04
=
o}
O
0.2

0 20 40 60 80 100 120
Time of follow-up months

associated with the incidence of airflow obstruction (p=0.0006).
Thus, a smaller FEV1 % pred at diagnosis was associated with a
greater risk of developing airflow obstruction.

DISCUSSION

This is the largest cohort study evaluating the long-term
variations in lung function and HRCT findings in patients with
pulmonary LCH. We determined the rate and lung function
deterioration profile of these patients and identified a sizeable
group of patients who experienced dramatic declines in their
FEV1 values early in the course of the disease. We also provided
additional information concerning the prognostic value of lung
HRCTs, both at diagnosis and during follow-up.

Overall, lung function deteriorated in ~60% of the patients and
improved in 20%. The evolution of the different lung function
parameters was heterogeneous. DL,CO deteriorated in approxi-
mately half of the patients, and FEV1 deteriorated in 40% of them,
while FVC significantly decreased during follow-up in a mino-
rity of the patients. Strikingly, we identified two populations of

by o

- Deterioration of DL.co
-------- tincrease of HRCT cystic score

0 20 4 60 8 100 120
Time of follow-up months

cystic score variation over time. a) forced expiratory volume in 1 s (FEV1); b) diffusing capacity of the lung for carbon monoxide (DL,co). Although the two curves follow

FIGURE 2. A comparison of the study population's estimated cumulative incidences of deterioration of lung function and high-resolution computed tomography (HRCT) )
parallel courses, note that the increase in the extent of the cystic lesions did not precede either the FEV1 or the DL,CO impairment. 5
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patients with different FEV1 impairment profiles over time.
Approximately half of these patients experienced a dramatic
decline in their FEV1 within the 2 yrs following diagnosis. The
median rate of FEV1 decline in these patients was markedly
more pronounced than that reported for smokers and patients
with chronic obstructive pulmonary disease (COPD) [17].
Unfortunately, we were unable to identify a predictive factor
at diagnosis that identified this subgroup of patients.

Airway obstruction was the salient pattern of lung function
defect observed both at diagnosis and during the course of the
disease. This finding is consistent with the bronchiolar localisa-
tion of pulmonary LCH lesions [18] and with the functional
pattern observed in other diffuse cystic lung diseases, such as
lymphangiomyomatosis [19].

The DL,co decline was isolated in some of the patients, which
may suggest the development of pulmonary hypertension (PH),
a known complication of pulmonary LCH [20-24]. Although
echocardiography or right heart catheterisation results were not
available for these patients, this assumption is consistent with a
recent study we performed in patients with pulmonary LCH
and PH, in whom isolated declines in DL.CO were associated

‘with the development of PH {24].

In this large cohort, we confirmed that the extent of the HRCT
cystic lesions is correlated with various Iung function para-
meters [11-13]. Additionally, we found that the HRCT cystic
score was both sensitive and specific for discriminating between

EUROPEAN RESPIRATORY JOURNAL
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the patients with and without airflow obstruction, both at
diagnosis and during follow-up. However, although the hazard
for having airway obstruction was strikingly increased in the
patients with high cystic CT scores, only the FEV1 % pred at
diagnosis remained a predictive factor for the incidence of
airway obstruction in the multivariate analysis.

The extent of the nodular lesions decreased during follow-up,
whereas the extent of the cystic lesions increased, as has been
previously reported for smaller series [10, 13]. No patients had
high nodular CT scores at the time of the last evaluation, where-
as half the patients had a high or very high cystic CT score.
Although this increase in the cystic CT score was correlated with
deterioration in several lung function parameters, it did not
precede the FEV1 or the DL,CO decrease over time. Thus, the
initial lung HRCT findings are useful for both the diagnosis and
prognosis of pulmonary LCH, but our results suggest that
routine serial CT scans add limited information to lung function
measurements during patient follow-up.

Surprisingly, smoking cessation did not modify the pulmonary
L.CH outcomes. As this study was retrospective and no sur-
rogate marker was available to ascertain smoking cessation,
definitive conclusions should not be drawn from these results.
The relatively small sample size (and thus, the limited statistical
power) could also explain this negative finding. Obviously,
continuing to smoke has several deleterious consequences for
these patients, such as increased risk of COPD and lung cancer
[25]. Tt should be stressed, however, that although improved
pulmonary LCH has been reported in patients who have stopped
smoking, the effect of smoking cessation on the outcome of the
disease has not been rigorously evaluated [26].

This retrospective study has several limitations. As the patients
were sequentially included during the study period, the follow-
up time was variable. Although adequate statistical methods for
time-to-event data were used, we cannot exclude a bias toward
~ an over-representation of patients with unfavourable outcomes.

Itis also possible that the patients selected for this study may not
have been fully representative of the general pulmenary LCH
population, although the lung function at diagnosis of our
patients was similar to the lung function reported in previous
studies [5-8]. Finally, as systemic treatments were prescribed
according to the physicians’ discretion, we could not evaluate
their effects on the pulmonary LCH outcomes. In a previous
study, corticosteroid therapy was associated with poorer out-
comes, probably as a result of selection bias towards more
severe forms of the disease [6]. ’

In summary, this study provides important clinical insights into
the long-term lung function outcomes of patients with pulmonary
LCH. In practice, serial lung function tests are important during
follow-up. Lung function should be closely monitored during the
first 2 yrs after diagnosis. A lung HRCT at diagnosis is informative,

but routine serial CT scans seem less useful for managing these.

young patients, in whom the radiation burden is a concern. Pros-
pective studies are needed to better characterise the patients who
progress soon after diagnosis and to assess the effects of controlled
smoking cessation on pulmonary LCH outcomes.
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Cladribine Is Effective against Cystic Pulmonary
Langerhans Cell Histiocytosis

Pulmonary Langerhans cell histiocytosis (PLCH) is a rare disease of
unknown etiology characterized by the infiltration and destruction
of the walls of distal bronchioles by Langerhans cell granulomas
(1-3). In patients with progressive disease and impaired lung
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function, extensive cystic lesions are the main finding on high-
resolution computed tomography (HRCT) scans (4-6), a radiolog-
jcal pattern usually considered end-stage disease. With the
exception of lung transplantation, no treatments have been shown
to be effective for these patients (7).

We report the cases of three patients, all current smokers,
with progressive cystic PLCH who were significantly improved
after treatment with cladribine, a purine nucleoside analog. Af-
ter written informed consent, the patients received four to five
courses of subcutaneous cladribine at 0.1 mg/kg/d for 5 consecutive
days every month, as a salvage therapy (8). Oral trimethoprim/
sulfamethoxazole and valaciclovir were administered to pre-
vent opportunistic infections. In all cases, the treatment was well
tolerated.

A 21-year-old male was referred for PLCH associated with
diabetes insipidus and a biopsy-proven: osteolytic lesion of the
skull. Despite treatment with vinblastine and corticosteroids,
his lung condition worsened to stage IIl World Health Organi-
zation (WHO) functional class dyspnea and his lung function de-
teriorated (FVC: 52%; FEV;: 40% of predicted values; FEVy/
FVC: 71%). After treatment with cladribine, his dyspnea im-
proved to stage II WHO functional class. The lung HRCT
showed a partial résolution of both the nodular and cystic
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Figure 1. Comparative lung high-resolution computed to-
mography scans performed before and after treatment
with cladribine in patients with pulmonary Langerhans cell
histiocytosis. Thin coronal sections through the tracheal
bifurcation are shown. (A and B) Patient 2. The thick-
walled cysts were resolved with a fibrous local scar. Note
the presence of increased traction emphysema and re-
duced lung volume in areas where the cystic lesions im-
proved (arrows). (C and D) Patient 3. The bullocystic lesions
dramatically collapsed, and lung volume decreased after
treatment with cladribine. (€ and F) Three-dimensional re-
construction of the serial lung high-resolution computed
tomography scans from patient 3, performed before (F)
and after (F) treatment with cladribine. The bullous sub-
pleural lesions dramatically collapsed after cladribine treat-
ment and were replaced by irregular linear scars. Note the
reduction of lung volume after treatment, the retraction of .
the right inferior lobe, and the minimal dilation of the right
upper and middie lobes. Smaller bullae remained present in
the inferior part of the lung. Scale bar = 10 cm.

lesions. His FVC and FEV; values increased by 41 and 24%,
respectively, compared with the pretreatment values.

Patient 2, a 32-year-old male, was diagnosed with PLCH on
the presence of a combination of small nodules and thick-
walled cysts on lung HRCT. He received oral corticosteroids
for 18 months for stage II WHO functional class dyspnea. De-
spite this treatment, his dyspnea worsened to stage 111, and his
lung function revealed worsening of the diffusing capacity of
carbon monoxide (DLco) value (24% of predicted), although
the other parameters remained stable. No pulmonary hyper-
tension was evidenced on two successive echocardiographs.
The lung HRCT scan showed extensive thick-walled cysts
(Figure 1A). After treatment with cladribine, his dyspnea im-
proved to a class II WHO functional status. The lung HRCT
showed that numerous thick-walled cysts had resolved and that

 the lung tissue initially containing these cysts had retracted and

was surrounded by traction emphysema (Figure 1B). In addition,
the DLo value significantly improved (+46% compared with the
pretreatment value).

Patient 3, a 23-year-old man, had a long history of histolog-
ically proven multisystem LCH, which was diagnosed during his
childhood and treated by corticosteroids and vinblastine with
a good response. At 22 years of age, his LCH relapsed and
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he complained of stage III WHO functional class dyspnea. Of
note, he had begun smoking 5 years earlier. A Jung HRCT scan
demonstrated extensive bullocystic lesions predominantly in
the lower regions. of the lung (9). Despite treatment with vin-
blastine and corticosteroids, his lung function deteriorated (to-
tal lung capacity [TLC]: 77%; FVC: 47%; FEV: 37%; residual
volume [RV]: 163%; Drco: 37% ‘of predicted; FEV,/FVC:
68%). After treatment with cladribine, his dyspnea improved
to stage II. Strikingly, on serial lung HRCT scan, the confluent
bullocystic lesions had almost completely resolved, whereas the
lung volume had decreased (Figures 1C-1F). In parallel, his RV
and TLC values decreased (respectively to 100 and 67% of pre-
dicted). In contrast, his FEV; and FVC levels had, respectively,
increased by 71 and 40%-compared with the pretreatment values.

These results clearly demonstrate that an isolated cystic pat-
tern observed on lung HRCT in patients with PLCH does not
necessarily.represent end-stage disease (10, 11). A randomized
controlled trial is strongly needed to assess the effectiveness and
tolerance of cladribine in a larger population of patients with
progressive PLCH.
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Erratum: Alterations of the Arginine Metabolome
in Asthma

The authors would like to correct errors they discovered in their
2008 American Journal of Respiratory and Critical Care Medi-
cine article (1). They have found errors in the units that are
listed for arginase activity and for amino acid concentrations.
On page 675, the paragraph under the heading “Arginase Activity”
contains several instances in which units of arginase activity are
measured in mmol/ml/h; throughout this paragraph, these units
should be corrected to “pmol/ml/h,” On page 676, the first line
of the first paragraph, and throughout Table 3, all instances of
“mM? should be changed to “pM.”
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2 Cda Arac - Mise a jour. Trop toxicité ? Recommandations
thérapeutiques version 2013 J Donadieu Trousseau

Les recommandations HL 2010 offre une base pour la prise en charge des patients, dans la démarche diagnostique,
I'évaluation, la thérapeutique.

Les propositions d'amendement concernent les points suivants:

* | 'absence durable de caryolysine nous oblige a nous adapter. L'aldara a été suggéré mais ne semble pas
consensuel. Une proposition, en cas d'échec au stéroide local serait de recommander le purinethol.

T Généralisation de I'étude de I'oncogéne B Raf pour tous nouveaux diagnostics des atteintes sévéres.
* Association 2 cda Aracytine et aussi 2 Cda : Les modifications a introduire seraient de limiter & 3 cures maximum les

cures de 2 Cda Arac, de recommander des mesures de prophylaxie anti bactérienne plus stringentes:
Immunoglobulines IV / Bactrim a viser anti bactérienne et aussi anti Herpés.
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