
ORIGINAL RESEARCH

The presence of CXCR4C CD1aC cells at onset of Langerhans cell histiocytosis is
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ABSTRACT
Purpose: Langerhans Cell Histiocytosis (LCH) is a neoplastic disorder characterized by tissue accumulating
CD1aC histiocytes which frequently carry somatic mutations. Irrespective of mutation status, these LCH-
cells display constitutively active kinases belonging to the MAPK pathway. We evaluated, in retrospect, the
contribution of individual components of the MAPK-activating and chemotaxis-promoting TNF-CXCR4-
CXCL12 axis to LCH manifestation and outcome. Experimental design: CXCR4, CXCL12 and TNF protein
expression was immunohistochemically analyzed in 70 LCH-affected biopsies. The presence of
CXCR4CCD1aC cells in peripheral blood (PB) and/or bone marrow (BM) samples was evaluated by
flowcytometry in 13 therapy-naive LCH-patients. Results: CXCL12 was detected in 68/70 (97%) biopsies.
CXCR4CLCH-cells were present in 50/70 (71%) biopsies; their presence was associated with higher levels of
intralesional TNF. Circulating CD1aCCXCR4C cells were detected in 4/13 (31%) therapy-na€ıve LCH-patients
which displayed BRAFV600E (2/4), MAP2K1 (1/4) or no (1/4) mutations in their tissues. These CD11c co-
expressing CD1aCCXCR4Ccells migrated to CXCL12 in chemotaxis assays. Lesional CXCR4CLCH-cells were
detected in 18/20 cases who presented with LCH manifestation at multiple sites and in 5/23 (22%)
patients who developed additional lesions after initially presenting with a single lesion. The CXCR4 status
at onset proved to be an independent risk factor for LCH reactivation in multivariate analysis (odds ratio
10.4, p D 0.034). Conclusions: This study provides the first evidence that CXCR4 is involved in the homing
and retention of LCH-cells in CXCL12-expressing tissues and qualifies CXCR4 as a candidate prognostic
marker for less favorable disease outcome.

Abbreviations: BM, Bone Marrow; BMMC, Bone Marrow Mononuclear Cells; CHT, chemotherapy; CNS, Central Ner-
vous System; DI, diabetes Insipidus; FFPE, formalin-fixed-paraffin-embedded; IVIG, intravenous immunoglobulin; LC,
Langerhans Cell; LCH, Langerhans Cell Histiocytosis; LN, lymph nodes; MAPK-pathway, RAS-RAF-MEK-ERK-pathway;
MO, mono ostotic; MS, multi system; PB, Peripheral Blood; PBMC, Peripheral Blood Mononuclear Cells; PO, poly
ostotic; PS, penicillin/streptomycin; RTX, radiotherapy; ST, steroids; RE, resection
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Introduction

LCH is characterized by chronically inflamed tissue lesions
which contain clonal LangerinC (CD207C)/CD1aC Langer-
hans Cell (LC)-like histiocytes of myeloid origin (LCH-cells)
intermixed with other inflammatory cells. Its clinical manifes-
tation varies from a single site lesion to multiple lesions. The
presence of multiple lesions may be limited to the bone
(referred to as poly-ostotic LCH) or as part of a multi-system
disease. These lesions are either located in ‘non-risk’ organs
(bone, lung, gastrointestinal tract, lymph nodes (LN) and
skin) or in ‘risk organs’ that is BM, liver and spleen. Its mani-
festation form, the involvement of risk organs and the
patient’s clinical response to first line treatment evaluated at
6–12 weeks collectively predict the risk for mortality and

treatment failure.1 In addition, patients who suffer from
multi-system disease and/or multiple reactivations are more
likely to develop long-term permanent sequelae than patients
with single-system disease.2,3

Results from international studies have shown that pro-
longation of chemotherapy improves reactivation-free survival
in multi-system LCH patients.4,5 Given that a substantial pro-
portion (»70%) of multi-system and poly-ostotic patients
never reactivates, biomarkers identifying this subcategory of
patients at the time of diagnosis are needed as prolonged treat-
ment may lead to an unnecessary burden for both the patient
and the health care system. To date, few biological risk markers
have been identified which seem useful to predict the develop-
ment of chronic disease, reactivations or sequelae.6-9
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In the majority of patients suffering from this rare disease,
distinct somatic mutations are detected in lesional LCH-cells.
The somatic mutations identified to date are all confined to
genes encoding intracellular signaling proteins (kinases) of the
RAS-RAF-MEK-ERK (MAPK)-pathway.10–12 The cancer-asso-
ciated BRAFV600E mutation is by far the most frequently
detected mutation in LCH-cells followed by MAP2K1 muta-
tions.10-12 The impact of these mutations on primary LCH
manifestation and long-term outcome is still not clear.6,13–16

While genetic screening of LCH-cells present in biopsied tis-
sues may be helpful in the upfront identification of patients
who could apply for targeted pharmacotherapy such as RAF or
MEK inhibitors,17 there are currently no risk markers available
for treatment decisions for patients in whom any of these muta-
tions are not found. Given that constitutive expression of active
kinases like phosphorylated-ERK have also been detected in the
latter category of LCH patients,13 there are probably additional
mechanisms contributing to ERK activation.

Interactions of chemokines and their receptors play an
important role in migration of immune cells and cancer cells to
distinct tissues throughout the body. We earlier reported data
supporting the concept that LCH-cells fail to upregulate CCR7
and downregulate CCR6. This aberrant chemokine receptor
profile could explain their apparent disability to migrate from
tissues where the CCR6-binding ligand CCL20 is expressed to
regional LN.18,19 Histiocytes in other non-LC-histiocytic dis-
eases, such as Erdheim-Chester Disease (ECD) and Rosai-Dorf-
man disease, also display aberrant co-expression of CCR6 and
CCR7.19,20 For conventional human LC residing in the upper
layers of the skin and mucosa, upregulation of the chemokine
receptor CXCR4 is required for subsequent migration to deeper
layers of the skin and LN where its sole ligand (Stromal-
Derived-Factor-1 or CXCL12) is produced.21 Other typical
LCH manifestation sites such as bone (marrow), LN and lung

all normally express CXCL12.22 Furthermore, binding of extra-
cellular CXCL12 to CXCR4 results in the activation of, among
others, ERK1/2 proteins,23 which could well fit with the
observed constitutive expression of phosphorylated-ERK in
LCH-cells.13 Aside from the inflammation-induced expression
of CXCR4 by TNF,21,24 CXCR4 (over)expression is associated
with the extent and site of metastases as well as with poor prog-
nosis in more than 23 types of cancer.22,25,26 Given the neoplas-
tic features of LCH-cells, we assessed whether the TNF-
CXCR4-CXCL12 axis is involved in orchestrating the accumu-
lation of LCH-cells at tissue sites where CXCL12 is normally
produced. Furthermore, we evaluated CXCR4 expression in
relation to LCH manifestation and long-term outcome.

Materials and methods

Patient materials

A total of 70 formalin-fixed-paraffin-embedded (FFPE)
archived biopsies (bone n D 47, skin n D 12, lung n D 6 and
LN n D 5) derived from 57 LCH-patients were obtained at
diagnosis (n D 66) or after reactivation (n D 4). Patient charac-
teristics are shown in Table 1. LCH diagnosis was confirmed by
clinical symptoms in combination with the presence of CD1aC

histiocytes present in biopsied tissues. All CD1aC LCH-cells
present in the included biopsies co-expressed Langerin
(CD207) so that either marker can be used for visualization of
LCH-cells in situ (data not shown). PB and/or BM samples
were collected from 13 LCH patients at different time points as
indicated in the figure legends; buffy coats from whole blood
donations by healthy volunteer donors served as controls (San-
quin Blood Supply Foundation, Leiden, The Netherlands). All
LCH-patients, and their parents in the case of patients below
the age of 18 years, provided verbal or written consent which

Table 1. Clinical characteristics of LCH patients analyzed for in situ CXCR4 and Langerin co expression.

Variable
Total cohort
(nD 57 )

Mono-ostotic
(n D 26 )

Poly-ostotic
(n D 10 )

Multi-system
(nD 10 )

LN or skin Single site
(n D 7 )

Pulmonary
(n D 4 )

Sex, n (%)
Female 16 (30) 7 (28) 8 (80) 6 (60) 4 (80) 1 (33)
Male 37 (70) 18 (72) 2 (20) 4 (40) 1 (20) 2 (66)
N.A. 4 1 0 0 2 1

Age at onset, n, median (range) in years
< 18 years 41, 5 (0–17) 21, 7 (0–17) 8, 3 (0–10) 8, 2 (0–17) 3, 10 (0–16) 1, 17 (17)
� 18 years 12, 29 (23–65) 4, 27 (23–53) 2, 28 (27–29) 2, 56 (48–65) 2, 25 (23–27) 2, 37 (30–44)
N.A. 4 1 0 0 2 1

CXCR4 protein expression, n (%)
CXCR4C LCH cells 41 (72) 19 (73) 9 (90) 9 (90) 3 (43) 1 (25)
CXCR4- LCH cells 16 (28) 7 (27) 1 (10) 1 (10) 4 (57) 3 (75)

Mutation status, n (%)
BRAF WT 20 (60) 7 (64)� 4 (57) 2 (29)�� 4 (80) 3 (100)
BRAF V600E mutation 13 (40) 4 (36) 3 (43) 5 (71) 1 (20) 0 (0)
N.A. 24 15 3 3 2 1

Treatment, n (%)
None 5 (11) 3 (13) 0 0 1 (50) 1 (100)
Resection 2 (5) 1 (4) 0 0 1 (50) 0
Intralesional corticosteroid infiltration 16 (36) 15 (65) 0 1 (11) 0 0
Intralesional corticosteroid infiltrationC other 3 (7) 2 (9) 1 (11) 0 0 0
Systemic steroids C chemotherapy 14 (32) 2 (9) 7 (78) 5 (56) 0 0
Systemic steroids C chemotherapy C other 4 (9) 0 1 (11) 3 (33) 0 0
N.A. 13 3 1 1 5 3

Other: either resection or radiotherapy
�One patient displayed the ARAF mutation10
��One patient displayed the MAP2K1 mutation11
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was registered in the patients’ files and in informed consent
forms. Patient characteristics are shown in Table 2. This study
was approved by the Medical Ethical Committees of the Leiden
University Medical Center (P10.163) and of the Amsterdam
Medical Center (METC2013_266). The study was performed
according to the guidelines of the national organization of sci-
entific societies (FEDERA).

Immunohistochemistry, immunofluorescent staining and
BRAF mutation analysis

4mm FFPE sections were dewaxed and rehydrated as described
earlier.27 For immunohistochemistry analysis, endogenous per-
oxidase was blocked by methanol containing 0.3% H2O2 and
antigen retrieval was performed in boiling EDTA buffer pH8.0
or citrate buffer pH6.0 (immunofluorescent analysis) for
12 min. Sections were incubated overnight with antibodies spe-
cific for Langerin (Imgenex or Novocastra), CCR6,18,19

CXCR7,28 CCL20,18,19 CXCL12,28 (R&D systems, Minneapolis,
Minnesota, USA) CCR7,18,19 TNF (Abcam), CD31 (Neo-
markers), Podoplanin (manufactured by Dr. H. Kawachi, Nii-
gata University School of Medicine, Niigata, Japan) and/or,
CXCR4,28 (Abnova) diluted in PBS 1% Bovine Serum Albumin.
Isotype specific secondary antibodies bound to Alexa fluoro-
chromes 488, 546 and 647 (Invitrogen) or HRP-labeled Bright-
vision anti-rat-rabbit-mouse (ImmunoLogic) were applied for
30 min. Bound HRP was developed with 3,30-Diaminobenzi-
dine substrate (Dako). These sections were counterstained with
Hematoxylin (Kinipath) and mounted with Pertex (Leica
Microsystems). Immunofluorescently stained sections were
mounted with homemade moviol. For a selected set of biopsies,
BRAFV600E-mutation analysis was performed by immunohis-
tochemistry or by real-time PCR, and in some instances with
pyrosequencing, according to validated pathology protocols or
according to protocols developed in research settings, including
Sanquin’s Research Laboratory (Amsterdam, the Nether-
lands).13,15,29 Likewise ARAF-mutations and MAP2K1-muta-
tion analysis was performed by Whole Exome Sequencing,
Sequenom and real-time PCR.12,30The techniques used for
mutation analysis are shown per case in Table 2.

Images were recorded at 20�C by a fluorescent microscope
(DM5500B, Leica Microsystems, Leica Microsystems DFC 350
FX camera, 40£ original magnification) or a bright field micro-
scope (BX41, Olympus, Olympus UC30 camera, 20£ original
magnification). All antibodies used in this study were validated
for immunohistochemistry or immunofluorescent stainings on
FFPE tissues by their manufacturers and staining results with
these antibodies have been extensively reported in the litera-
ture. (Inflamed) skin and/or tonsil tissue served as positive con-
trols; consecutive sections stained with secondary antibodies
only served as negative controls.18,28 No immunoreactivity was
detected for any type of secondary antibodies when the primary
antibody was omitted (data not shown). Stained sections were
scored by at least two independent researchers (WTQ, SJS, JAS
or AGSH) who were blinded for clinical data as well as for
BRAF-mutation status.

TNF protein expression within the lesional area was scored
according to a modified Ruiter score,31 for staining intensity
(absent (0), weak (1), clear (2) and strong (3)) and distribution

(1–5% (1), 6–25% (2), 26–50% (3), 51–75% (4) and 76–100%
(5)); combination scores were created by the sum of both.
LangerinC cells, displaying the typical round LCH-cell mor-
phology, were scored in five representative pictures (original
magnification 40£) as present or absent. Of note, LCH-affected
skin biopsies often contain LangerinC cells which clearly dis-
play dendrites but lack the typical round LCH-cell morphology;
these cells were designated as normal epidermal LC and were
excluded from the analysis.

Flowcytometric analysis of PBMC and BMMC and
chemotaxis assays

Fresh PB and BM samples were subjected to ficol density gradi-
ent centrifugation and cryopreservation in DMSO-and human
albumin-enriched medium. Thawed Peripheral Blood Mono-
nuclear Cells (PBMC) and Bone Marrow Mononuclear Cells
(BMMC) were left for 1 h at 37�C, 5% CO2 in culture medium
(Invitrogen) supplemented with 1% penicillin/streptomycin
(PS) and 10% fetal calf serum (Greiner Bio-One) prior to anti-
body labeling or chemotaxis assays. Fresh LCH biopsies were
homogenized according to a standard gentleMACSTM Dissocia-
tor protocol for processing human tumors (Miltenyi Biotec).
Processed tissue was washed with ice cold PBS and filtered
through a 30 mM mesh to obtain a single cell suspension.30

Multicolor (7 color) flowcytometric analysis was performed on
a LSRII or ARIAIII flowcytometer (BD Biosciences) after label-
ing 1£104–107 PBMC or BMMC with the following antibodies:
CD123-FITC, CD11c-PE, CD3/CD20/CD56-PE-Cy7, CD1a-
APC, HLA-DR-V500, CXCR4-BV421 and CD14-PerCP-Cy5.5
(all from Becton Dickinson). Data were analyzed with Diva
Software (BD Biosciences). Noteworthy, we have used the
CD1a-specific HI149 clone and not the BB5 clone. The latter
clone was initially reported to be specific for the human CD1a
molecule, but it was shown later that it recognizes CD1b/c and
not CD1a. Consequently, blood-born DCs described in an ear-
lier report.32 were therefore incorrectly scored as being CD1a-
positive. Results from a more recent report, in which the HI149
clone has been used, showed that the CD1cC cells which circu-
late in PB have the capacity to differentiate into CD1aCLC.33

Where indicated, flow sorted CD1aCCD11cC cells were col-
lected in PBS/0.5% albumine for subsequent BRAF-mutation
analysis by real-time PCR.34

For chemotaxis assays,35 escalating doses (0; 1; 10; 100 pg/
mL) of recombinant human/rhesus macaque/feline CXCL12
(R&D systems), were added to the lower wells of a 24 ultra-
low attachment plate (Costar) where after 8£105 PBMC or
BMMC were added to each 5.0 mm pore size trans-well
insert. When indicated, the cells were pre-incubated for
15 min with 1 mg/mL of the CXCR4-antagonist AMD3100
Octahydrochloride (Sigma-Aldrich) which remained present
during the total incubation period. Total cells which
migrated to the lower compartment were harvested after
16 h of incubation at 37�C, 5% CO2 and stained with CD3-
FITC, CD11c-PE, CD1a-APC (Becton Dickinson) and
CD14-PerCP-Cy5.5 (PharMingen). True count beads (Cyto-
count, DAKO) were added in equal quantities to each condi-
tion and these mixtures were analyzed on a Calibur
flowcytometer (BD Biosciences). Phenotypic characteristics
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and the absolute number of migrating cells per 10,000 count-
ing beads were analyzed using BD Cell Quest ProTM Software
(version 5.2.1, BD Biosciences). All conditions were tested in
duplicate.35

Statistical analysis

Correlation between chemokine (receptor) expression and TNF
scores was tested using the non-parametric Mann–Whitney
test. The influence of chemokine (receptor) expression on LCH
manifestation and tissue site was analyzed using Fishers’ Exact
test and on LCH reactivation rates using the Kaplan–Meier
analysis, logrank test and multivariate Cox regression in SPSS
version 20.0 and Graph Pad Prism version 5.0; p < 0.05 was
considered as statistically significant.

Results

The majority of lesional LCH-cells express CXCR4 and/or
CCR6

The two chemokine receptors most frequently expressed by
LangerinC LCH-cells are CXCR4 and CCR6. CXCR4 expres-
sion by LCH-cells was studied in n D 66 LCH lesions which
were derived from 57 therapy-na€ıve patients and 4 lesions

derived from 2 patients at LCH reactivation. CXCR4-positive
LCH-cells were present in 46 of 66 LCH biopsies (69%,
Fig. 1A) as well as in 4/4 biopsies taken at LCH reactivation.
CXCR4 expression was mostly confined to bone (36/45, p D
0.01), but was also found in lesions taken from other anatomic
locations (LN (2/4), skin (7/11) and lung (1/6). Please note that
in n D 6 patients, similar CXCR4 expression was observed in
different tissues taken simultaneously from the same patient.
To validate the immunohistochemical staining results, we proc-
essed a fresh LCH-affected skin biopsy (LCH9) which was
taken from the same location as the FFPE-biopsy shown in
Fig. 1A. Mechanically dissociated CD1aC LCH-cells were ana-
lyzed for CXCR4 expression by flowcytometry (Fig. 1C–1D). In
both cases, CD1aC/LangerinC LCH-cells clearly expressed
CXCR4 (Fig. 1A and 1D). CXCR4 was completely absent on
LCH-cells visualized in 20/66 (30%) LCH lesions (Fig. 1B). In
most patients (45/57), 100% of LCH-cells either expressed or
lacked CXCR4 while 12 cases showed a mixed picture in which
at least 80% of the LCH-cells were positive or negative. The lat-
ter patients did not differ clinically from patients displaying
homogeneous CXCR4-expression. We additionally assessed
whether LCH-cells expressed other chemokine receptors
involved in tissue retention (CCR6) or migration to regional
lymph nodes (CCR7) in a smaller panel of LCH-affected tissues
(n D 25). Serially stained sections showed differential expression

Figure 1. Chemokine receptor expression by LCH-cells. Representative pictures of recent onset LCH lesions subjected to triple immunofluorescent staining with antibod-
ies directed against the LCH-cell-specific marker Langerin (CD207, blue color) in combination with the chemokine receptor CXCR4 (CD184, red color). Representative pic-
tures were taken using a Leica Microsystems Fluorescent microscope. Original magnification 40£ and scale bar defines 50 mm. Inserts depicted at the upper right corner
of each photograph are a larger magnification of the indicated areas. (A) Pictures of a skin lesion from multi-system patient LCH9 showing co-localization of CXCR4 (red)
on Langerin positive LCH-cells resulting in purple colored cells. Note that other cells express CXCR4 in the absence of Langerin (small white arrow in A); (B) Picture of a
LN lesion showing non-LCH-cells expressing CXCR4 (left insert) and LCH-cells lacking CXCR4 visualized as single blue staining cells (right insert). (C) Representative FACS
dot-plots of a 7-color based flowcytometric analysis showing gated CD1aCCD11cC cells present in single cell suspensions prepared from a fresh LCH-affected skin biopsy
from the same patient (LCH9) as depicted in Fig. 1A. (D) Representative histogram overlay showing the mean fluorescence intensity of CXCR4 expression on gated
CD1aCCD11cC cells as shown by square in Fig. 1 C by the red histogram compared to control unlabeled cells which are shown in the gray histogram.
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of CXCR4, CCR6 and CCR7 on LCH-cells that is: CXCR4C

CCR6CCCR7¡ (10/25), CXCR4CCCR6¡CCR7C (6/25), CXCR4¡

CCR6CCCR7¡ (8/25), or CXCR4¡CCR6¡CCR7C (1/25) (data not
shown).

Lesional LCH-cells, stromal cells and vessels express the
CXCR4 ligand CXCL12

Based on the finding that the majority of LCH-cells express
CXCR4, we assessed the in situ expression of its ligand CXCL12
(Fig. 2). Due to limited biopsy material we randomly excluded
some samples from CXCL12 analysis. LangerinC LCH-cells
expressed CXCL12 in the majority (39/66) of LCH biopsies taken
at diagnosis (Fig. 2A-2C). In these 39 biopsies, the CXCL12
expression occurred either in the presence (34/39, Fig. 2A and
2B) or absence (5/39) of CXCR4 expression (data not shown). In
addition, none of the CXCR4-negative CXCL12C LCH-cells co-
expressed CXCR7, the alternative chemokine receptor which
binds CXCL12 (data not shown).36 In 55 of 57 patients, CXCL12
was abundantly expressed in the micro-environment of the lesion
as well as in the surrounding tissue by Langerin-negative, presum-
ably stromal cells (single purple cells in Fig. 2A and 2B and red
cells depicted in Fig. 2C), and by endothelial cells lining microvas-
culatures (Fig. 2D). The differential expression pattern of podopla-
nin, which is exclusively expressed by lymphatic vessels, and
CD31, which is mainly expressed by blood vessels, discriminates
these vasculatures.37 Additional Immunofluorescent staining
experiments revealed that LangerinC LCH-cells are located
around CD31C blood vessels in the co-presence of some
podoplaninC cells (Fig. 2D and 2E). Taken together, CXCL12 was
thus detected in 68/70 (97%) biopsies.

The presence of CXCR4-positive LCH-cells correlates with
the extent of locally produced TNF

We next investigated whether TNF, a known inducer of
CXCR4 and CXCL12 under inflammatory conditions,21,24 is
expressed in LCH lesions. TNF expression varied from weak to
strong staining intensity; likewise, the percentage of positively
staining cells ranged from just a few cells (Fig. 2F) to the vast
majority of cells present in the lesions being positive (Fig. 2G).
Although the presence of CXCL12C LCH-cells did not correlate
with TNF score (p D 0.18, data not shown), lesions containing
CXCR4C LCH-cells had a significantly higher mean TNF score.
(p D 0.01, Fig. 2H)

Detection of CXCL12-responsive CD1aCCXCR4C cells in
peripheral blood and bone marrow samples derived from
LCH-patients with active disease

Based on our in situ observations, we hypothesized that CXCR4C

LCH-cells are actively recruited from the circulation into
CXCL12-expressing tissues. We therefore searched for the pres-
ence of CD1a and CXCR4 co-expressing cells in PBMC (n D 17)
and BMMC (nD 5) derived from 13 therapy-naive LCH-patients
with different clinical manifestation forms (3 multi-system, 4
poly-ostotic, 5 mono-ostotic and 1 diabetes insipidus); samples
were collected at different time points that is, at onset (n D 14,
one PBMC and one BMMC were collected from the same
patient), after initiating any form of treatment (n D 2), after
reaching non-active disease (n D 4) or at LCH reactivation (one
PBMC and one BMMC sample from the same patient). In 5 out
of 14 samples collected from therapy-naive patients with multi-

Figure 2. High TNF and CXCL12 expression in LCH lesions correlates with the presence of CXCR4C LCH-cells. LCH lesions (nD 25) were stained with antibodies specific for
the LCH-cell-specific marker Langerin (green color in A–B and blue color in C–E), CXCL12 (red color in A–D),CXCR4 (blue color in A–B), CD31 (green color in E) and Podo-
planin (red color in E) or with TNF (brown color in F–G) Representative pictures are taken from lesions with different distribution of CXCL12 (original magnification 40£,
scale bar defines 50mm) and of TNF original magnification 20£, scale bar defines 100 mm). Inserts depicted at the upper right corner of B and C are a larger magnification
of the cells in the indicated areas. (A–B) Pictures taken at 10£ magnification (A) and 40£ magnification (B) from the depicted area in A. Pictures are showing that CXCL12
is expressed by CXCR4C LangerinC LCH-cells, resulting in a purple, turquoise cell (right insert in B) which are surrounded by Langerin¡ bystander cells that co-express
CXCL12 and CXCR4 (left insert in B) (C) Picture showing that CXCL12 is expressed by Langerin-negative cells (left insert) and by Langerin-positive LCH-cells, resulting in a
purple cell (right insert). (D) Picture demonstrating that CXCL12 is expressed at endothelial cells lining vessels (red) which are surrounded by Langerin-positive-LCH-cells
(blue color). (E) A picture taken from the same location in a serial section prepared from the same LCH lesion as displayed in B. This photograph shows that LCH-cells
(blue color) surround CD31C (green color) blood vessels, while some cells stain positive for Podoplanin (red color). (F) Picture of a representative LCH lesion with a TNF
combination score three (moderate staining intensity and expression of less than 5% of cells present in the biopsy) and (G) Picture of a representative LCH lesion with
combination score eight (strong staining intensity and expression of more than 75% of the cells present in the biopsy) (H) Graph showing correlation analysis of the com-
bination scores of TNF and CXCR4 expression by LCH-cells within the same lesion. Lesions with high TNF scores contained more CXCR4C LCH-cells (p D 0.01). Line repre-
sents median TNF score.

e1084463-6 W. T. QUISPEL ET AL.



system LCH (nD 3) or withmono-ostotic (nD 1) LCH, a distinct
population of CD1aC cells within the Lin¡ (CD3¡CD20¡CD56¡)
HLA-DRC cells (varying from 0.01% to 0.6% in PBMC and
0.04%–0.2% in BMMC) was detected. This population could be
detected in both PBMC and BMMC from one multi-system
patient (Fig. 3A and 3B). Whereas CD1aC cells co expressed
CD11c and CXCR4 in all four patients, co expression of CD14
was seen in all but one patient (Fig. S1 for the corresponding gat-
ing strategy). These ‘LCH-like’ cells with myeloid features were
not detected when BMMC and/or PBMCwere collected from the
same patients after initiation of systemic chemotherapy or after
therapy-induced remission; no follow-up samples were available
from the other two patients with circulating CD1aC cells.
CD1aCCXCR4C cells were neither detected in samples collected
from the other therapy-naive patients (n D 9), nor from patients
in remission (n D 5) nor in healthy controls (n D 8) (data not
shown). Note that all patients with circulating HLA-
DRCCD1aCCD11cCCXCR4C cells also displayed CXCR4C LCH-
cells in situ at LCH onset as is shown in Fig. 1A for LCH9.

Mutation analysis was performed on biopsied tissue samples
and circulating LCH-like cells obtained from these four
patients. While patient LCH8 displayed BRAFwild type/
MAP2K1mutated,12 LCH-cells in his tissue biopsy, flow-sorted

‘LCH-like’ cells also expressed the BRAFwild type DNA sequence
(data not shown); Note that MAP2K1 analysis could not be
performed due to limited DNA yields. Likewise, the DNA
extracted from flow-sorted CD1aC cells of the two patients in
whom the BRAFV600E mutation was identified in biopsied tissue
specimens (LCH6 and LCH9, Table 2) did not yield enough
template for reliable BRAF analysis. The BRAFV600E DNA
sequence was however detected in DNA extracted from unsep-
arated BM cells obtained from patient LCH9 (data not shown).

Next, the chemotactic capacity of circulating
CD1aCCD11cCCXCR4C cells toward CXCL12 was addressed
using a standard trans-well chemotaxis assay.35 To this end, we
selected the patient who presented with the highest percentage
of circulating CD1aC cells at disease onset. Only during active
disease, CD1aCCD11cC cells present in PBMC and BMMC
migrated to CXCL12 in a dose-dependent manner (Fig. 3B).
When PBMC were collected from the same patient after LCH
recovery, only very few CD1aCCD11cC cells migrated to
CXCL12 (Fig. 3B), similarly to PBMC from healthy controls
(data not shown). The active migration of CD1aCCD11cC cells
toward CXCL12 was effectively reduced to baseline migration
after pre-exposure of PBMC or BMMC to the CXCR4 inhibitor
Plerixafor�).

Figure 3. CXCL12-responsive CD1aCCXCR4C cells are present in PB and BM samples collected during active multi-system LCH manifestation. Representative FACS dot-
plots of a seven-color based flowcytometric analysis (A) and graphs from migration assays (B) performed with PBMC and BMMC from a multi-system patient (LCH7 ana-
lyzed at disease onset (upper and middle row respectively) and PBMC collected 5 y after recovery (lower row)). (A) Dot-plot of PBMC showing the increased percentage
of Lin¡(CD3¡CD20¡CD56¡) CD14CHLA-DRCCD1aCCD11cC cells (cells depicted in the box) and the mean fluorescence intensity of CXCR4 expression by these
CD1aCCD11cC cells (gray histogram in right plot) compared to unlabeled cells (black histogram in right plot) are shown. Percentage represents the number of
CD1aCCD11cC and CD1aCCD14C cells among the Lin¡(CD3¡CD20¡CD56¡) HLA-DRC population within the indicated box. (B) Left graphs show the number of
CD1aCCD11cC cells per 10,000 true count beads which migrated in trans well plates from the upper compartment to the lower compartment containing escalating doses
of the chemo attractant CXCL12 (0; 1; 10; 100 pg/mL) as measured by flowcytometry. The corresponding right graphs show the migration of Lin¡CD1aCCD11cC cells
toward 10 ng/mL CXC12 in the presence (black bars) or absence (gray bars) of the CXCR4-blocking reagent AMD3100 (Plerixafor�), which completely reduced the migra-
tion to basal levels in the absence of CXCL12 (horizontal lines). Data represents the mean number of migrating cells per condition as measured in duplicate.
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LCH-patients with CXCR4-positive LCH-cells at diagnosis
are highly prone to develop LCH at multiple sites and to
reactivate

Based on our observations that intralesional blood vessels
express CXCL12 and CXCL12-responsive CXCR4C myeloid
cells are circulating during active disease, we retrospectively
investigated the clinical relevance of CXCR4 expression by
lesional LCH-cells in relation to primary LCH manifestation
and disease progression (Fig. 4A). CXCR4-negative-LCH-cells
were detected in 14 patients who presented with a single LCH
lesion and their lesion resolved during follow-up. In contrast, 5/
23 patients (22%) who initially presented with a single-site lesion
containing CXCR4C LCH-cells developed multiple LCH lesions
during follow-up. In the group of patients who presented with
LCH at multiple sites (defined as multi-system LCH with and
without risk-organ involvement or poly-ostotic LCH), 18/20
patients (90%) displayed CXCR4C LCH cells at diagnosis
(Fig. 4A); 4/6 (66%) poly-ostotic LCH patients in the latter
group developed a multi-system variant of LCH during follow-
up. The two exceptional patients who presented with multiple
LCH lesions containing CXCR4-negative LCH-cells were (1) an
11 y old girl with poly-ostotic LCH who achieved complete
remission after chemotherapy and did not show any signs of
reactivation within 10 y of follow-up and (2) a 56 y old male
who presented with a disseminated form of LCH with poly-
ostotic lesions, involvement of LN and possible involvement of
lung and liver. As he was also diagnosed with metastasized uro-
thelial cell carcinoma and prostate carcinoma no anti-LCH
treatment was initiated and he was lost for follow-up after 2 y.

CXCR4 expression correlated either with primary LCH
manifestation at multiple sites (Fisher’s Exact Test p D 0.02) as
well as with the development of multiple lesions during follow-
up (p D 0.003). In addition, biopsies from 4/4 patients with
poly-ostotic or multi-system involvement collected from multi-
ple sites respectively at diagnosis and at reactivation all con-
tained CXCR4C LCH-cells.

Subsequent Kaplan–Meier analysis revealed that 17/41
(44%) of the patients who presented with CXCR4C LCH-cells
at LCH onset developed secondary lesions within 10 y after
diagnosis while none of the 13 patients with CXCR4-negative
LCH-cells reactivated (log-rank test p D 0.001, sensitivity of
100%, specificity of 35%), Fig. 4B). In addition, while disease
manifestation (both disseminated disease as well as multiple
lesions at diagnosis) and BRAF mutation status were risk fac-
tors for reactivation (log-rank test p D 0.02, p D 0.02,
p D 0.05), age and TNF expression were not a risk factor (log-
rank-test p D 0.71, p D 0.84, respectively). However, CXCR4
status at LCH onset was shown to be an independent risk factor
for reactivation when corrected for age (odds ratio 8.7;
p D 0.013) the presence of multiple lesions at diagnosis (odds
ratio 12.2; p D 0.002), BRAF mutation status (odds ratio 10.1;
p D 0.006) and TNF expression (odds ratio 7.1; p D 0.02) as
well as corrected for age, manifestation at diagnosis and BRAF
mutation status (odds ratio 10.45; p D 0.03). Note that follow-
up data from three patients who presented with CXCR4-nega-
tive LCH-cells at diagnosis are missing. Moreover, clinical data
on the involvement of risk organs are missing for the vast
majority of patients. Hence, whether the involvement of risk
organs is a risk factor for reactivation in this cohort cannot be

Figure 4. Patients displaying CXCR4C LCH-cells at diagnosis are more likely to develop LCH at multiple sites and are prone to LCH reactivation. (A) Flow diagram showing
the association between CXCR4 expression on LCH-cells in primary LCH lesions with the manifestation of LCH either at a single or at multiple sites at diagnosis (upper
row) or during the entire follow-up period (lower row). Note that, poly-ostotic lesions and LCH lesions in multiple organ systems were collectively designated as ‘LCH
manifestations at multiple sites’; mono-ostotic lesions and solitary skin, lung or LN lesions were designated as ‘single site LCH manifestation’. Follow-up data were not
available from two patients with single-site disease; these patients were designated as single-site lesions in follow-up. (B) Kaplan–Meier analysis showing that none of
the 13 of LCH patients in whom the LCH-cells lacked membrane CXCR4 expression reactivated within 10 y after the primary diagnosis. On the contrary, nearly half of the
patients (17/41) with CXCR4C LCH-cells at disease onset showed LCH reactivation later in time. Clinical follow-up was incomplete for five patients, who were excluded
from the correlation analysis. Clinical follow-up for nine patients was longer than ten years without any event.
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analyzed. These results indicate that in this randomly selected
patient cohort the presence of CXCR4-positive LCH-cells at
primary LCH manifestation has a negative impact on the
patients’ clinical outcome.

Discussion

The unpredictable outcome of LCH, including disease reactiva-
tion, the unusual homing characteristics and presumed myeloid
origin of the aberrantly differentiated LCH-cells have all been
studied independently. Given their pleiotropic functions, che-
mokines likely play a role in the maintenance and/or develop-
ment of LCH predilection sites, as well as in directing LCH
lesion infiltration of other immune cells (arrow in Fig. 1A), all
reminiscent signs of chronic inflammation. In this study,
CXCR4 expression by LCH-cells was found to be associated
with multiple site LCH manifestation and elevated risk of dis-
ease reactivation regardless of the mutation status of LCH-cells
at disease onset. In contrast, as the sensitivity of CXCR4 assess-
ment in relation to reactivation is 100% in this sample set,
patients who’s LCH-cells lack CXCR4 have a very limited risk
to reactivate. Whereas CCR6 seems to be required for retention
of LCH-cells in the various tissues, our in vitro experiments
support a role for CXCR4 in the distribution of blood-borne
CD1aCCD11cCCXCR4C‘LCH-cell like’myeloid cells in analogy
to both immune cells and tumor cells.21

Given the similarity in CXCR4 gene expression profiles of
LCH-cells isolated from multi-and single-site patients,38,39 our
immunohistochemistry findings point out that visualization of
protein expression by LCH-cells remains an essential step to
confirm the functional relevance of their mRNA signature. Dis-
crepancies between mRNA and protein expression levels may
indicate that posttranscriptional processes, among others, can
influence the production level, stability and recycling pattern of
membrane-expressed proteins. Furthermore, the balance
between pro-and anti-inflammatory cytokines, like TNF pro-
duced by other lesional cells, may have an exogenous effect on
CXCR4 protein expression by LCH-cells.40,41,42 As the presence
of CXCR4C LCH-cells correlated to the extent of TNF pro-
duced in the lesion, we hypothesize that TNF plays a role in sta-
bilizing cell surface expression of CXCR4 by LCH-cells which
subsequently controls their CXCL12-responsiveness. As reacti-
vation rates were solely influenced by the presence of CXCR4
and not by intra-lesional TNF levels (high versus moderate to
low), CXCR4 is probably not a surrogate marker for high TNF
levels co-present in the lesion. Elevated TNF serum levels.43

may, however, stabilize CXCR4 expression on the circulating
CD1aCCXCR4Ccells which were visualized by multicolor flow-
cytometric analysis of PB or BM samples collected at LCH
onset from four patients with active LCH (Table 2). Increased
plasma levels of TNF as well as TNF-induced cytokines and
chemokines were also observed in patients with ECD.44 How-
ever , the relevance of high TNF levels in ECD is unclear as it is
unknown whether (1) ECD-associated histiocytes express
CXCR4 in situ, (2) aberrant histiocytes circulate in these
patients and (3) TNF could induce CXCR4 on these cells. Given
that LCH lesions are heavily vascularised and that these blood
vessels were found to express CXCL12, we speculate that
CXCR4 expression supports both the entry of BM-derived

LCH-cell precursors via the bloodstream to CXCL12-positive
tissues and the re-direction of LCH-cells which arise as a conse-
quence of somatic mutations in situ.6 In accordance with the
already defined phenotype of lesional LCH-cells,45-47 majority
of the circulating CD1aC cells reported in this study clearly co-
expressed HLA-DR, CD11c and CD14. Increased percentages
of myeloid CD11cC cells in PB collected from LCH-patients
were earlier reported, however, both studies never performed
CD1a nor Langerin co-labeling.6,48 The recently published find-
ing that genetically modified mice expressing BRAFV600E-alleles
under the CD11c-promoter develop LCH-like lesions,6 implies
that CD1aCCD11cC cells are possibly the direct precursors of
LCH-cells found in situ. This may explain why the genetic sig-
nature of tissue-isolated LCH-cells is significantly different to
that of PB-derived monocytes, plasmacytoid and myeloid
DC.39 Our findings extend the recent finding that circulating
BRAFV600E expressing CD11cC and CD14C cells are only pres-
ent in PB and BM from patients with multiple lesions.6 While
CD1aCCD11cCCD14CCXCR4C cells were detected in patients
expressing BRAFV600E LCH-cells in situ (LCH6 and LCH9), we
here report that circulating CD1aCCD11cCCD14CCXCR4C

cells were also detected in a patient who had lesional LCH-cells
expressing a MAP2K1-mutation (LCH8).12 as well as in a
patient with BRAFwild type lesional LCH-cells (LCH7). Through
extending the number of antibodies for prospective screening
of PB or BM samples from newly onset LCH patients, we
expect to be able to finally answer the question whether these
circulating CD1aC ‘LCH-like’ myeloid cells are actually mature
CD207C LCH-cells which have re-entered the circulation or
whether these cells represent the long sought BM-derived pre-
cursor cells which give rise to tissue-resident LCH cells as sug-
gested by Berres et al..6 As LCH is a rare disease it will take
some time to collect enough samples to confirm the prospective
value of these circulating cells.

The only low-risk multi-system patient in our study who
lacked circulating CD1aC cells at disease onset displayed a het-
erogeneous expression pattern of CXCR4 in situ in comparison
to the other three multi-system patients in whom circulating
CD1aC cells could be clearly visualized. It is tempting to specu-
late that the LCH-cells in this patient have acquired CXCR4
expression after entering the tissue. CXCL12 binding to
CXCR4 on monocyte-derived dendritic cells induces ERK1/2
phosphorylation which subsequently leads to increased prolif-
eration and survival of these cells.23 As shown by data from the
Rollins group,13 LCH-cells, on the contrary, express constitu-
tively high-levels of phospho-ERK1/2 regardless of their BRAF
mutation status. Given that CXCL12 is expressed in both an
autocrine and paracrine fashion, we postulate that local
CXCR4-CXCL12 signaling leads to increased proliferation and
survival of tissue-resident LCH-cells through providing anti-
apoptotic signals in situ. While BRAFV600E and CXCR4 co-
expressing LCH-cells were found in 13/14 (93%) biopsies,
13/19 (68%) BRAFwild type LCH-cells also expressed CXCR4
(Tables 1 and 2). It remains to be studied whether signaling
through CXCR4 alone is sufficient to induce constitutive
MAPK activation,13 in the absence of known somatic mutations
like the recently described ARAF or MAP2K1 mutations,10-12,30

The retrospective nature of our study refrained us from testing
this hypothesis. Given the observed CXCL12 responsiveness of
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circulating CD1aCCD11cCcells (Fig. 3B), it would also be of
interest to use the recently developed BRAFV600ECD11c mouse
model to study CXCR4 expression in the myeloid compartment
of these mice and the therapeutic action of the FDA-approved
CXCR4 antagonist AMD3100,49 on disease manifestation and
progression in these mice.

In conclusion, this study provides the first evidence that in
situ CXCR4 expression at primary LCH manifestation is an
independent prognostic marker for disease progression and
reactivation. Whether patients who’s LCH-cells lack CXCR4
indeed have a limited risk to reactivate, is currently addressed
in a prospective add on study to LCH-IV which is performed
in collaboration with the Dutch Childhood Oncology Group.

Disclosure of potential conflicts of interest

All authors state that they have nothing to disclose. C.v.d.B., W.T.Q. and
A.G.S.H. receive limited travel support from the Histiocytose Vereniging
Nederland for attending meetings organized by the international Histio-
cyte Society.

Acknowledgments

The authors thank Prof. Dr. J.V.M.G. Bovee (Leiden University Medical
Center, Leiden), Dr. J. Bras and Prof. Dr. C.J.M van Noesel (Amsterdam
Medical Center, Amsterdam)) for providing archived tissue samples. Dr.
M. Schrevel and Dr. A. Gorter and (Leiden University Medical Center, Lei-
den), kindly provided CXCR4-, CXCR7- and Podoplanin-specific
antibodies. We also like to thank Dr. J.L. Selway (Buckingham University,
Buckingham, UK) for normalization and analysis of published mRNA
datasets.38,39 Furthermore, we thank Dr. T.D. de Gruijl and Dr. S. Spiekstra
(VU Medical Center, Amsterdam, the Netherlands) for useful comments
on the manuscript and technical support regarding the migration assays.35

Prof. Dr. A. von Deimling (Department of Neuropathology, Institute of
Pathology, University Heidelberg and Clinical Cooperation Unit Neuropa-
thology German Cancer Research Center, Heidelberg, Germany) kindly
analyzed LCH samples for the presence of BRAFV600E- by immunohis-
tochemistry. We thank Dr. R. v Eijk, E.C. Steenwijk (Leiden University
Medical Center, Leiden), R. Dee (Sanquin Research, Amsterdam), Prof.Dr.
B.J. Rollins, Dr. G. Badalian-Very, Dr. D.S. Nelson and the Center for Can-
cer Genome Discovery at the Dana-Farber Cancer Institute (Boston,Ma,
USA) for performing BRAF analysis.

Funding

This work was supported by grants from the ‘1000 kaarsjes voor Juultje’
Foundation and in part by the Kinderen Kankervrij Foundation (Kika
project 73).

Authorship

Contribution: W.T.Q.: study design, literature search, data collection and
interpretation, writing the paper; J.A.S, L.L.B. and S.J.S.: data collection; M.
L. C.v.d.B: provided patient materials and clinical data; C.v.d.B.: provided
patient materials and clinical data, data interpretation and writing the
manuscript; A.G.S.H.: senior of technical aspects in the lab, study design,
sample collection, data collection and interpretation, writing the manu-
script; R.M.E.: overall clinical leader and data interpretation.

References

1. Minkov M, Grois N, Heitger A, Potschger U, Westermeier T,
Gadner H. Response to initial treatment of multisystem Langerhans
cell histiocytosis: an important prognostic indicator. Med Pediatr

Oncol 2002; 39:581-5; PMID:12376981; http://dx.doi.org/10.1002/
mpo.10166

2. Nanduri VR, Pritchard J, Levitt G, Glaser AW. Long-term morbidity
and health related quality of life after multi-system Langerhans cell
histiocytosis. Eur J Cancer 2006; 42:2563-9; PMID:16959486; http://
dx.doi.org/10.1016/j.ejca.2006.05.031

3. Pollono D, Rey G, Latella A, Rosso D, Chantada G, Braier J. Reactiva-
tion and risk of sequelae in Langerhans cell histiocytosis. Pediatr
Blood Cancer 2007; 48:696-9; PMID:17252574; http://dx.doi.org/
10.1002/pbc.21145

4. Gadner H, Minkov M, Grois N, Potschger U, Thiem E, Arico M,
Astigarraga I, Braier J, Donadieu J, Henter JI et al. Therapy prolonga-
tion improves outcome in multisystem Langerhans cell histiocytosis.
Blood 2013; 121:5006-14; PMID:23589673; http://dx.doi.org/10.1182/
blood-2012-09-455774

5. Minkov M. Multisystem Langerhans cell histiocytosis in children: cur-
rent treatment and future directions. Paediatr Drugs 2011; 13:75-86;
PMID:21351807; http://dx.doi.org/10.2165/11538540-000000000-
00000

6. Berres ML, Lim KP, Peters T, Price J, Takizawa H, Salmon H, Idoyaga
J, Ruzo A, Lupo PJ, Hicks MJ et al. BRAF-V600E expression in pre-
cursor vs. differentiated dendritic cells defines clinically distinct LCH
risk groups. J Exp Med 2014; 211:669-83; PMID:24638167; http://dx.
doi.org/10.1084/jem.20130977

7. Geissmann F, Emile JF, Andry P, Thomas C, Fraitag S, de Prost Y,
Brousse N. Lack of expression of E-cadherin is associated with dissem-
ination of Langerhans’ cell histiocytosis and poor outcome. J Pathol
1997; 181:301-4; PMID:9155716; http://dx.doi.org/10.1002/(SICI)
1096-9896(199703)181:3<301::AID-PATH779>3.0.CO;2-2

8. Kim SY, Kim HJ, Kim HJ, Park MR, Koh KN, Im HJ, Lee CH, Seo JJ.
Role of p16 in the pathogenesis of Langerhans cell histiocytosis.
Korean J Hematol 2010; 45:247-52; PMID:21253426; http://dx.doi.
org/10.5045/kjh.2010.45.4.247

9. Seo JJ, Cho T, Kim SY, Nassour I, Kim HJ, Lim YJ, Koh KN, Im HJ.
Prognostic significance of gelsolin and MMP12 in Langerhans cell his-
tiocytosis. Korean J Hematol 2012; 47:267-72; PMID:23320005; http://
dx.doi.org/10.5045/kjh.2012.47.4.267

10. Brown NA, Furtado LV, Betz BL, Kiel MJ, Weigelin HC, Lim MS, Ele-
nitoba-Johnson KS. High prevalence of somatic MAP2K1 mutations
in BRAF V600E negative Langerhans cell histiocytosis. Blood 2014;
124:1655-8; PMID:24982505; http://dx.doi.org/10.1182/blood-2014-
05-577361

11. Chakraborty R, Hampton OA, Shen X, Simko S, Shih A, Abhyankar
H, Lim KP, Covington K, Trevino L, Dewal N et al. Mutually exclusive
recurrent somatic mutations in MAP2K1 and BRAF support a central
role for ERK activation in LCH pathogenesis. Blood 2014; 124:3007-
15; PMID:25202140; http://dx.doi.org/10.1182/blood-2014-05-577825

12. Nelson DS, van Halteren AGS, Quispel WT, van den Bos C, Bovee JV,
Bhumi P, Badalian-Very G, Hummelen P, Ducar M, Macconaill LE
et al. MAP2K1 and MAP3K1 Mutations in Langerhans Cell Histiocy-
tosis. Genes Chromosomes Cancer 2014; 54(6):361-8; PMID:
25899310; http://dx.doi.org/10.1002/gcc.22247

13. Badalian-Very G, Vergilio JA, Degar BA, Macconaill LE, Brandner B,
Calicchio ML, Kuo FC, Ligon AH, Stevenson KE, Kehoe SM et al.
Recurrent BRAF mutations in Langerhans cell histiocytosis. Blood
2010; 116:1919-23; PMID:20519626; http://dx.doi.org/10.1182/blood-
2010-04-279083

14. Nichols KE, Arceci RJ. BRAF, a piece of the LCH puzzle. Blood 2010;
116:1825-7; PMID:20847208; http://dx.doi.org/10.1182/blood-2010-
06-289934

15. Sahm F, Capper D, Preusser M, Meyer J, Stenzinger A, Lasitschka F,
Berghoff AS, Habel A, Schneider M, Kulozik A et al. BRAFV600E
mutant protein is expressed in cells of variable maturation in Langer-
hans cell histiocytosis. Blood 2012; 120:e28-34; PMID:22859608;
http://dx.doi.org/10.1182/blood-2012-06-429597

16. Satoh T, Smith A, Sarde A, Lu HC, Mian S, Trouillet C, Mufti G,
Emile JF, Fraternali F, Donadieu J et al. B-RAF mutant alleles associ-
ated with Langerhans cell histiocytosis, a granulomatous pediatric dis-
ease. PLoS One 2012; 7:e33891; PMID:22506009; http://dx.doi.org/
10.1371/journal.pone.0033891

e1084463-10 W. T. QUISPEL ET AL.

http://dx.doi.org/10.1002/mpo.10166
http://dx.doi.org/10.1002/mpo.10166
http://dx.doi.org/16959486
http://dx.doi.org/10.1016/j.ejca.2006.05.031
http://dx.doi.org/17252574
http://dx.doi.org/10.1002/pbc.21145
http://dx.doi.org/10.1182/blood-2012-09-455774
http://dx.doi.org/10.1182/blood-2012-09-455774
http://dx.doi.org/10.2165/11538540-000000000-00000
http://dx.doi.org/10.2165/11538540-000000000-00000
http://dx.doi.org/24638167
http://dx.doi.org/10.1084/jem.20130977
http://dx.doi.org/10.1002/(SICI)1096-9896(199703)181:3&lt;301::AID-PATH779&gt;3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1096-9896(199703)181:3&lt;301::AID-PATH779&gt;3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1096-9896(199703)181:3&lt;301::AID-PATH779&gt;3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1096-9896(199703)181:3&lt;301::AID-PATH779&gt;3.0.CO;2-2
http://dx.doi.org/21253426
http://dx.doi.org/10.5045/kjh.2010.45.4.247
http://dx.doi.org/23320005
http://dx.doi.org/10.5045/kjh.2012.47.4.267
http://dx.doi.org/10.1182/blood-2014-05-577361
http://dx.doi.org/10.1182/blood-2014-05-577361
http://dx.doi.org/10.1182/blood-2014-05-577825
http://dx.doi.org/10.1182/blood-2010-04-279083
http://dx.doi.org/10.1182/blood-2010-04-279083
http://dx.doi.org/10.1182/blood-2010-06-289934
http://dx.doi.org/10.1182/blood-2010-06-289934
http://dx.doi.org/22859608
http://dx.doi.org/10.1182/blood-2012-06-429597
http://dx.doi.org/22506009
http://dx.doi.org/10.1371/journal.pone.0033891


17. Delprat C, Arico M. Blood spotlight on Langerhans cell histiocytosis.
Blood 2014; 124:867-72; PMID:24894775; http://dx.doi.org/10.1182/
blood-2014-02-556407

18. Annels NE, da Costa CE, Prins FA, Willemze A, Hogendoorn PC,
Egeler RM. Aberrant chemokine receptor expression and chemokine
production by Langerhans cells underlies the pathogenesis of Langer-
hans cell histiocytosis. J Exp Med 2003; 197:1385-90; PMID:12743170;
http://dx.doi.org/10.1084/jem.20030137

19. Fleming MD, Pinkus JL, Fournier MV, Alexander SW, Tam C, Loda M,
Sallan SE, Nichols KE, Carpentieri DF, Pinkus GS et al. Coincident
expression of the chemokine receptors CCR6 and CCR7 by pathologic
Langerhans cells in Langerhans cell histiocytosis. Blood 2003; 101:2473-
5; PMID:12642342; http://dx.doi.org/10.1182/blood.V101.7.2473

20. Stoppacciaro A, Ferrarini M, Salmaggi C, Colarossi C, Praderio L, Tre-
soldi M, Beretta AA, Sabbadini MG. Immunohistochemical evidence
of a cytokine and chemokine network in three patients with Erdheim-
Chester disease: implications for pathogenesis. Arthritis Rheum 2006;
54:4018-22; PMID:17133532; http://dx.doi.org/10.1002/art.22280

21. Ouwehand K, Santegoets SJ, Bruynzeel DP, Scheper RJ, de Gruijl TD,
Gibbs S. CXCL12 is essential for migration of activated Langerhans
cells from epidermis to dermis. Eur J Immunol 2008; 38:3050-9;
PMID:18924211; http://dx.doi.org/10.1002/eji.200838384

22. Sun X, Cheng G, Hao M, Zheng J, Zhou X, Zhang J, Taichman RS,
Pienta KJ, Wang J. CXCL12 / CXCR4 / CXCR7 chemokine axis and
cancer progression. Cancer Metastasis Rev 2010; 29:709-22; PMID:
20839032; http://dx.doi.org/10.1007/s10555-010-9256-x

23. Delgado-Martin C, Escribano C, Pablos JL, Riol-Blanco L, Rodriguez-
Fernandez JL. Chemokine CXCL12 uses CXCR4 and a signaling core
formed by bifunctional Akt, extracellular signal-regulated kinase
(ERK)1/2, and mammalian target of rapamycin complex 1 (mTORC1)
proteins to control chemotaxis and survival simultaneously in mature
dendritic cells. J Biol Chem 2011; 286:37222-36; PMID:21878648;
http://dx.doi.org/10.1074/jbc.M111.294116

24. Sato K, Kawasaki H, Nagayama H, Enomoto M, Morimoto C, Tado-
koro K, Juji T, Takahashi TA. TGF-b 1 reciprocally controls chemo-
taxis of human peripheral blood monocyte-derived dendritic cells via
chemokine receptors. J Immunol 2000; 164:2285-95; PMID:10679062;
http://dx.doi.org/10.4049/jimmunol.164.5.2285

25. Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, McCla-
nahan T, Murphy E, Yuan W, Wagner SN et al. Involvement of che-
mokine receptors in breast cancer metastasis. Nature 2001; 410:50-6;
PMID:11242036; http://dx.doi.org/10.1038/35065016

26. Koizumi K, Hojo S, Akashi T, Yasumoto K, Saiki I. Chemokine recep-
tors in cancer metastasis and cancer cell-derived chemokines in host
immune response. Cancer Sci 2007; 98:1652-8; PMID:17894551;
http://dx.doi.org/10.1111/j.1349-7006.2007.00606.x

27. Quispel WT, Stegehuis-Kamp JA, Santos SJ, van WA, Dompeling E,
Egeler RM, van D, V, van Halteren AG. Intact IFN-gammaR1 expres-
sion and function distinguishes Langerhans cell histiocytosis from
mendelian susceptibility to mycobacterial disease. J Clin Immunol
2014; 34:84-93; PMID:24254535; http://dx.doi.org/10.1007/s10875-
013-9959-1

28. Schrevel M, Karim R, ter Haar NT, van der Burg SH, Trimbos JB,
Fleuren GJ, Gorter A, Jordanova ES. CXCR7 expression is associated
with disease-free and disease-specific survival in cervical cancer
patients. Br J Cancer 2012; 106:1520-5; PMID:22531719; http://dx.doi.
org/10.1038/bjc.2012.110

29. Boparai KS, Dekker E, Polak MM, Musler AR, van ES, van Noesel CJ.
A serrated colorectal cancer pathway predominates over the classic
WNT pathway in patients with hyperplastic polyposis syndrome. Am
J Pathol 2011; 178:2700-7; PMID:21641392; http://dx.doi.org/10.1016/
j.ajpath.2011.02.023

30. Nelson DS, Quispel WT, Badalian-Very G, van Ham SM, van den Bos
C, Bovee JV, Tian SY, Van HP, Ducar M, Macconaill LE et al. Somatic
activating ARAF mutations in Langerhans cell histiocytosis. Blood
2014; 123:3152-5; PMID:24652991; http://dx.doi.org/10.1182/blood-
2013-06-511139

31. Ruiter DJ, Ferrier CM, van Muijen GN, Henzen-Logmans SC, Ken-
nedy S, Kramer MD, Nielsen BS, Schmitt M. Quality control of immu-
nohistochemical evaluation of tumour-associated plasminogen

activators and related components. European BIOMED-1 Concerted
Action on Clinical Relevance of Proteases in Tumour Invasion and
Metastasis. Eur J Cancer 1998; 34:1334-40; PMID:9849413; http://dx.
doi.org/10.1016/S0959-8049(98)00151-8

32. Ito T, Inaba M, Inaba K, Toki J, Sogo S, Iguchi T, Adachi Y, Yamagu-
chi K, Amakawa R, Valladeau J et al. A CD1aC/CD11cC subset of
human blood dendritic cells is a direct precursor of Langerhans cells. J
Immunol 1999; 163:1409-19; PMID:10415041

33. Milne P, Bigley V, Gunawan M, Haniffa M, Collin M. CD1cC blood
dendritic cells have Langerhans cell potential. Blood 2014; 125:470-3;
PMID:25352125; http://dx.doi.org/10.1182/blood-2014-08-593582

34. van Eijk R., Licht J, Schrumpf M, Talebian YM, Ruano D, Forte GI,
Nederlof PM, Veselic M, Rabe KF, Annema JT et al. Rapid KRAS,
EGFR, BRAF and PIK3CA mutation analysis of fine needle aspirates
from non-small-cell lung cancer using allele-specific qPCR. Plos One
2011; 6:e17791; PMID:21408138; http://dx.doi.org/10.1371/journal.
pone.0017791

35. Gibbs S, Spiekstra S, Corsini E, McLeod J, Reinders J. Dendritic cell
migration assay: A potential prediction model for identification of
contact allergens. Toxicol In Vitro 2012; 27:1170-9; PMID:22683935;
http://dx.doi.org/10.1016/j.tiv.2012.05.016

36. Balabanian K, Lagane B, Infantino S, Chow KY, Harriague J, Moepps
B, Arenzana-Seisdedos F, Thelen M, Bachelerie F. The chemokine
SDF-1/CXCL12 binds to and signals through the orphan receptor
RDC1 in T lymphocytes. J Biol Chem 2005; 280:35760-6; PMID:
16107333; http://dx.doi.org/10.1074/jbc.M508234200

37. Breiteneder-Geleff S, Soleiman A, Kowalski H, Horvat R, Amann G,
Kriehuber E, Diem K, Weninger W, Tschachler E, Alitalo K et al.
Angiosarcomas express mixed endothelial phenotypes of blood and
lymphatic capillaries: podoplanin as a specific marker for lymphatic
endothelium. Am J Pathol 1999; 154:385-94; PMID:10027397; http://
dx.doi.org/10.1016/S0002-9440(10)65285-6

38. Allen CE, Li L, Peters TL, Leung HC, Yu A, Man TK, Gurusiddappa S,
Phillips MT, Hicks MJ, Gaikwad A et al. Cell-specific gene expression
in Langerhans cell histiocytosis lesions reveals a distinct profile com-
pared with epidermal Langerhans cells. J Immunol 2010; 184:4557-67;
PMID:20220088; http://dx.doi.org/10.4049/jimmunol.0902336

39. Hutter C, Kauer M, Simonitsch-Klupp I, Jug G, Schwentner R, Leitner
J, Bock P, Steinberger P, Bauer W, Carlesso N et al. Notch is active in
Langerhans cell histiocytosis and confers pathognomonic features on
dendritic cells. Blood 2012; 120:5199-208; PMID:23074278; http://dx.
doi.org/10.1182/blood-2012-02-410241

40. Andersson BU, Tani E, Andersson U, Henter JI. Tumor necrosis fac-
tor, interleukin 11, and leukemia inhibitory factor produced by Lan-
gerhans cells in Langerhans cell histiocytosis. J Pediatr Hematol Oncol
2004; 26:706-11; PMID:15543003; http://dx.doi.org/10.1097/
00043426-200411000-00004

41. Egeler RM, Favara BE, van Meurs M, Laman JD, Claassen E. Differen-
tial In situ cytokine profiles of Langerhans-like cells and T cells in Lan-
gerhans cell histiocytosis: abundant expression of cytokines relevant to
disease and treatment. Blood 1999; 94:4195-201; PMID:10590064

42. Bruhl H, Cohen CD, Linder S, Kretzler M