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ABSTRACT

Erdheim-Chester disease (ECD) is a rare histiocytosis, characterized by xanthogranulomatous tissue
infiltration by foamy histiocytes. Fibrosis, a histologic hallmark of ECD, is responsible for lesion growth and
clinical manifestations. Unraveling molecular fibrotic pathway in ECD would allow the identification of

new pharmacologic targets.

In this study, we evaluated serum and tissue samples from a large cohort of ECD patients focusing on
two major pro-fibrotic mediators, TGF-81 and chemokine ligand 18 (CCL18). We found a marked increase
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in CCL18 but not TGF-B1 levels in serum and lesions of ECD patients (p < 0.007), independently of
treatment status and consistently over time. Using a linear mathematical model, we also found that
elevated CCL18 serum levels correlate with both number and severity of disease localizations.

These findings suggest the involvement of CCL18-induced fibrosis in ECD pathogenesis, providing a
rationale for exploring CCL18 inhibition as a treatment for progressive fibrosis in ECD.

Introduction

Erdheim-Chester disease (ECD) is a rare non-Langerhans cells
histiocytosis, characterized by xanthogranulomatous infiltration
of tissues by CD68-positive, CD1a-/S100-negative foamy histio-
cytes, surrounded by fibrosis. Since virtually every tissue can be
affected by ECD, the clinical picture is protean and the prognosis
is often severe.'” The oncogenic BRAFV600E mutation and
deregulated activation of the mitogen-activated protein kinase
(MAPK) pathway are central to ECD pathogenesis.*> A pro-
inflammatory cytokine-chemokine network, responsible for
recruitment and activation of histiocytes, is also a consistent
finding in the lesions and serum of ECD patients.”®

Fibrosis, a histologic hallmark of ECD, is directly responsi-
ble for lesion dimensional growth and clinical manifestations,
and is not amenable to treatment with currently available strat-
egies. The molecular mechanisms underlying fibrosis in ECD
remain undetermined, and previous studies investigating differ-
ent pro-fibrotic mediators failed to demonstrate a relevance to
ECD pathogenesis.® This study investigated the role in the
pathogenesis of ECD of two mediators, TGF-f1 and chemokine
ligand 18 (CCL18), directly involved in the induction and
progression of fibrosis in various physiologic and pathologic
conditions.

Results

We first assessed serum levels of TGF-81 and CCL18 in ECD
patients and controls. TGF-1 levels were not significantly ele-
vated in ECD patients (Fig. 1A; median in ECD patients 33 ng/
ml, range 9-74; controls 31 ng/ml; range 9-68), a consistent
finding across different time-points during the follow-up (data
not shown). Conversely, ECD patients exhibited a significant,
3.4-fold increase in CCL18 serum levels compared to controls
(Fig. 1B; median in ECD patients 100 pg/ml, range 35-307;
controls 27 pg/ml, range 15-94; p < 0.001). Of note, this eleva-
tion was independent of treatment status, as both treated and
untreated ECD patients had higher CCL18 levels than controls
(p < 0.05 and <0.005, respectively; Fig. 1C), while no signifi-
cant differences were observed between treated and untreated
patients (p = 0.1). Again, this observation was consistent across
different time points (data not shown).

We then evaluated the expression of TGF-$1 and CCL18 in
ECD skin lesions with immunohistochemistry. No remarkable
TGEF- Bl expression was detected, while CCL18 was markedly
expressed by intralesional macrophages, with a clear intracellu-
lar localization in foamy histiocytes (Fig. 1D-E).

Finally, we developed a linear mathematical model to evalu-
ate correlations between CCL18 serum levels and various
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Figure 1. Serum and tissue levels of TGF-B1 and CCL18 in ECD patients. (A) Mean £ SEM plasma levels of TGF-81 in ECD patients and healthy controls. (B) Mean + SEM
plasma levels of CCL18 in ECD patients and healthy controls. (C) Mean £ SEM plasma levels of CCL18 in treated and untreated ECD patients as compared to healthy con-
trols. Groups were compared using unpaired Student’s t-test, data are expressed as mean =+ SEM of 20 ECD patients and 20 controls. (D) Expression of TGF-1 and CCL18
was evaluated in different ECD lesions with immunohistochemistry. Panels D and E show microphotographs of representative lesions (skin biopsies). (D) Immunohisto-
chemical assessments do not show a significant intra-lesional expression of TGF-B1. (E) CCL18 is markedly expressed by macrophages, with cytoplasmic reactivity and a
particular reinforcement of the Golgi apparatus. Immunohistochemistry for TGF-81 and CCL18 was performed with diaminobenzidine and background staining with
hematoxylin; original magnification 200 x. ECD Erdheim-Chester disease, HC healthy control, Utx untreated patients, Tx treated patients; ns non-significant, “p<0.05,

**p<0.005, *"p<0.001.

epidemiological features, clinical manifestations, and serum
markers in ECD patients (Fig. 2, and Supplementary Data). Ele-
vated CCL18 levels positively correlated with central nervous
system (CNS) involvement and with the number of disease
localizations (p < 0.05). No significant correlations were found
with main epidemiologic variables, disease duration, or serum
levels of pro-inflammatory mediators or markers.

Discussion

This study points at the involvement of the pro-fibrotic media-
tor CCL18 in the pathogenesis of fibrosis that characterizes
ECD. CCLI18 is produced by macrophages and mainly involved
in orchestrating cell-migration and homing.” Of note, CCL18
expression is induced by Th2-related cytokines,”' thus repre-
senting a marker for macrophages non-canonically activated by
Th2-related stimuli, termed ‘alternatively activated’ macro-
phages. CCL18 and alternatively activated macrophages are
known to stimulate collagen production and fibroblast prolifer-
ation, in part through the activation of the MAPK pathway.'""?
In this study, circulating levels of CCL18 were strikingly ele-
vated in ECD patients compared to controls (p < 0.001). Inter-
estingly, this elevation was independent of treatment status, a
finding consonant with clinical observations that fibrosis in
ECD is poorly responsive to available therapies. In ECD lesions,
we observed a marked expression of CCL18 with a prominent
localization within infiltrating foamy histiocytes, a finding sug-
gesting that this potent chemo-attractant may also be involved
in lymphocyte and macrophage recruitment into ECD lesions.
Indeed, elevated levels of CCL18 are encountered in several

other diseases characterized by both leucocyte recruitment and
fibrosis, including pulmonary fibrosis, systemic sclerosis, and
Gaucher disease.'> "

Unexpectedly, we found that serum and tissue levels of the
major pro-fibrotic mediator TGF-$1 are not significantly ele-
vated in ECD patients. The effects of TGF-p1 have been exten-
sively described in various diseases characterized by
progressive fibrosis, including systemic sclerosis, retroperito-
neal fibrosis and idiopathic pulmonary fibrosis.'®'” For exam-
ple, following tissue damage, TGF-f1 promotes mesenchymal
compartment expansion, fibroblasts recruitment, and extracel-
lular matrix deposition.'® Previous studies on ECD patients
also reported normal circulating levels of TGF-S1-related cyto-
kines (IL-4, IL-5, TL-13).°® We conclude that very low tissue
and circulating levels strongly argue against the involvement of
TGF-p1 in the pathogenesis of ECD. The role of other regula-
tory cytokines whose activity overlaps in part with TGF-p1 is
to be determined.'”!

Given the role of CCL18 in leukocyte recruitment and
fibrosis, we also evaluated potential correlations with disease
severity in ECD patients. Elevated CCL18 levels were associ-
ated with CNS involvement, an independent predictor of
death in ECD patients. Since in cases characterized by CNS
involvement ECD tends to have an aggressive course and a
multisystem spread,”>*’ such elevation may be an expres-
sion of greater disease burden, as also suggested by the pos-
itive correlation between CCL18 levels and the number of
disease localizations. Given this correlation with both num-
ber and severity of ECD localizations, further studies should
determine whether CCL18 might represent a useful tool in
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Figure 2. Correlation between CCL18 levels and other variables in ECD patients. Graphic representation of the analysis performed using univariate linear model. The color

scale ranges from 1 (correlation coefficient pli = 1, correlation of the direct type) to -1 (correlation coefficient p1, =

-1, correlation of the indirect type). A weak correlation

is represented with 0<p-1<0.3, a moderate correlation with 0.3 <p0. <0.7 and a strong correlation with p<0> 0.7. The correlation index is 0 if the two variables are
independent. The barred boxes represent the pairs of variables whose correlation does not result to be statistically significant with & = 0.05. There is a statistically signifi-
cant positive correlation between the variables CCL18 and LocCNS and between CCL18 and Locations. IL-6 Interlukin 6, MCP-1 Monocyte chemoattractant protein-1, IL-8
Interlukin 8, ESR Erythrocyte sedimentation rate, MIP-18 Macrophage inflammatory protein-1 beta, DoD Duration of disease, IP-10 Interferon gamma-induced protein 10,
LocCt Cutaneous localization, TGF- B transforming growth factor beta, IL-12 Interlukin 12, LocCNS Central nervous system localization, Loc Localisation, CCL18 Chemokine

ligand 18, CRP C reactive protein.

the prospective or prognostic evaluation of ECD, for which
no validated biomarker is currently available.** At present,
no treatment available for ECD has clearly demonstrated
efficacy against fibrosis.>> Biologic agents blocking the
proinflammatory cytokine IL-1 are promising, as this mole-
cule is a central mediator of fibrosis and induces hundreds
of chemokines.”*”” Anakinra, the recombinant version of
the naturally occurring IL-1 receptor antagonist, blocks the
activity of IL-1 in a broad variety of inflammatory disor-
ders®®>? and can be effective in the treatment of ECD as
well as other conditions characterized by progressive
fibrosis.”*** Whether anakinra can reduce the fibrotic bur-
den in ECD or dampen levels of CCL18 specifically remains
to be determined. Nevertheless, the identification of CCL18
as a target amenable to pharmacologic intervention should
encourage exploration of tailored therapeutic strategies,
aimed at halting the progression of the fibrotic process.

Independent validation studies of CCL18 as a biomarker
and therapeutic target in ECD are warranted.

Patients and methods

All studies were approved by Institutional Ethics Committee
and conducted in accordance with the Helsinki Declaration.
Serum samples were obtained from 20 histologically confirmed
ECD cases (15 male and 5 female; median age, 62 years; range,
35-80) evaluated at our Institution between January 2001 and
June 2010, and from age- and sex-matched healthy controls.”
Since spontaneous variations in cytokine serum levels may
occur over time, we evaluated multiple (at least 5) samples for
each patient obtained at different time points during the fol-
low-up, as previously described.”” Levels of CCL18 and
TGF-B1 were assessed with specific ELISAs (BioSource Europe
Sa, Nivelles, Belgium). Statistical significance was evaluated
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with the unpaired Student’s t-test (Prism version 6.0,
GraphPad, San Diego, CA).

Tissue samples were obtained from ECD skin lesions, for-
malin-fixed, stained with hematoxylin, and incubated with the
following monoclonal antibodies: CD68 (Dako, Glostrup,
Denmark), pl6Ink4a (clone JC8, Santa Cruz Biotechnology,
Dallas, TX, USA), CCL18/MIP-4 (clone A7, Santa Cruz Bio-
technology), TGF-B1 (clone TB21, AbD Serotec, Raleigh, NC,
USA), Ki-67 (MIB-1 clone, Dako), following the manufac-
turer’s instructions.

Correlation of CCL18 serum levels with various epidemiolog-
ical features, clinical manifestations, and biohumoral markers
was assessed with a linear mathematical model. Statistical analy-
ses were performed using R version 3.2.1 for Windows 8 and
GraphPad Prism version 5.0b for Macintosh (GraphPad). Data
were expressed through statistical descriptors (Spearman’s rank
correlation coefficient) and, when categorized, by calculating
median and range of variability.
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