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Erdheim-Chester Disease (ECD) is a rare histiocytosis characterized by a wide spectrum of clinical manifestations. Although somatic
mutations have been involved in ECD, its etiology remains poorly understood. This study aimed to identify novel molecular
mechanisms involved in ECD through the first integrated methylome and transcriptome analysis. Peripheral blood samples were
collected from 137 ECD patients and 410 controls. Genome-wide DNA methylation and transcriptome analyses were performed,
followed by functional in silico studies using different online bioinformatics tools. Subsequently, methylome and transcriptome
data were integrated, and a drug repurposing approach was undertaken. Our results revealed 2511 differentially methylated
positions and 1484 differentially expressed genes associated with ECD. The integrative analysis identified 46 alterations in DNA
methylation patterns that regulate the expression levels of 29 altered genes in ECD patients, highlighting key genes involved in
immune response and tumorigenesis. Remarkably, our results identified B cells and NF-kB signaling pathway as novel contributors
of ECD pathogenesis. Finally, the drug repurposing analysis identified potential therapeutic options for ECD patients. In conclusion,
this study represents an important advance in understanding the molecular basis of ECD, proposing novel cell types and pathways
involved in ECD pathogenesis and suggesting new avenues for clinical management.
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INTRODUCTION

Erdheim-Chester disease (ECD) is a rare histiocytosis, with ~2000
cases recorded globally. It is characterized by foamy CD68" and
CD1a histiocyte tissue infiltration and manifests with a wide
spectrum of clinical features, spanning from organ-limited to
aggressive systemic forms [1]. ECD predominantly affects indivi-
duals aged 50 to 70 years, with a higher prevalence among males
[2], but pediatric-onset ECD is also reported [3].

ECD is considered a myeloid neoplasm in which inflammation
plays a pivotal role in the disease progression and the tissue
damage [4, 5]. The identification of activating somatic mutations
in several proto-oncogenes or genes regulating cell growth and
proliferation has highlighted the crucial role of genetics in the
development of the disease [1, 2, 4, 5]. Furthermore, the genetic
predisposition to ECD has recently been investigated through a

genome-wide association study (GWAS), which led to the
identification of the first germline variant associated with ECD
risk [6]. This study reinforced the significant role of genetic factors
in this condition and opened new perspectives on disease
development. Nevertheless, the pathogenesis of ECD remains
poorly understood, highlighting the need for different approaches
to uncover the mechanisms driving this condition.

In recent years, there have been numerous efforts to examine
the contribution of epigenetic mechanisms to complex diseases
pathology, including neoplastic and immune-mediated inflamma-
tory diseases (IMIDs) [7, 8]. Among epigenetic modifications, DNA
methylation is the most extensively studied and has significantly
advanced our understanding of how environmental factors can
regulate gene expression [9]. Moreover, alterations in DNA
methylation are associated with disease activity, clinical subtypes
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and responses to drugs, making them amenable for use in clinical
practice [10, 11]. In addition, the use of novel approaches
integrating methylome and transcriptome data has provided
insights into the pathogenesis of both hematological malignan-
cies and IMIDs [12-14].

Considering all the above, we conducted the first analysis of the
methylome and transcriptome in ECD, including the integration of
these omics data, in a large ECD cohort, detecting a significant
dysregulation in the epigenome and transcriptome of ECD
patients. Our findings allowed the identification of new molecules
and altered pathways that could help in the identification of novel
biomarkers and therapeutic targets.

MATERIAL AND METHODS

Study population

A case-control cohort of European descent comprising a total of 137
individuals diagnosed with ECD and 410 unaffected controls was analyzed
in this study. Informed written consent was signed by all participants in
accordance with the tenets of the Declaration of Helsinki and all DNA
samples were irreversibly anonymized. This study was approved by the
CSIC Ethic Committee.

Blood samples from ECD patients were collected at two referral centers for
ECD, namely the Pitié Salpétriére Hospital (Paris, France) and the Meyer Children’s
Hospital IRCCS (Florence, Italy). Patients enrolled were diagnosed over the age of
55 and included 94 males and 42 females. All patients were diagnosed in
accordance with the latest consensus guidelines for the diagnosis and
management of ECD [15]. Data collected included demographics, diagnostic
biopsy, mutational status, cardiovascular risk factors, organ involvement at any
time, therapy and prognosis. The main clinical features of the analyzed ECD
patients are included in Supplementary Table 1. Unaffected controls samples
were obtained from the multi-center, cross-sectional, clinical study PRECISESADS
[16]. Due to the relevance of BRAFY®* mutation in ECD pathology, subgroups of
patients were defined for the statistical analysis based on the mutational status
(i.e, BRAFY*®E positive and BRAFY®F-negative patients) and the use of MAPK
inhibitors as treatment at the time of sampling or in the previous 6 months (i.e,,
untreated BRAF'®%.positive and treated BRAF®**-positive patients). The
comparisons performed in the present study included: ECD patients vs. controls,
BRAFV®%_nositive vs. BRAFY®E.negative, BRAF'®**®_positive vs. controls,
BRAF'®*E_negative vs. controls and untreated BRAF'®*_positive vs. treated
BRAFY®®_positive patients. The specific sample sizes for each group are
provided in Supplementary Table 2.

Genome-wide methylation assay and data processing

Whole peripheral blood samples were obtained from ECD patients and
unaffected controls. After DNA extraction, bisulfite conversion was
performed following the manufacturer's protocols. Subsequently, the
genomes were amplified, fragmented and hybridized to the Infinium
Methylation EPIC BeadChip (lllumina, San Diego, CA, USA), which has a
coverage for more than 850,000 CpG sites at single-nucleotide resolution,
including 99% of reference sequence (RefSeq) genes and 95% of CpG
islands. A detailed explanation of the data processing is included in
the Supplementary Material.

Differential DNA methylation analysis for all comparisons was performed
using eBayes moderate t-test from the limma package [17]. The
comparisons were carried out including demographic location, sex, age
and cell composition as covariates. To correct for multiple testing, we used
a false discovery rate (FDR). An additional filter based on beta value
differences (AB) between the compared groups was applied. Those probes
with a p-valuerpr < 0.01 and |AB|>0.15 were considered as differentially
methylated positions (DMPs).

RNA-seq and gene expression analysis

RNA sequencing data from all individuals were obtained from high quality
whole blood RNA samples and 1 pg of each RNA sample was used for library
synthesis according to the manufacturer’s protocol. RNA sequencing data
acquisition and processing are detailed in the Supplementary Material.

To identify differentially expressed genes (DEGs) in each comparison, we
used DEcomposing heterogeneous Cohorts using Omic data profiling
(DECO) [18]. This bioinformatic tool is specifically designed for analyzing
heterogeneous cohorts. A more detailed explanation of DECO is included
in the Supplementary Material.
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Enrichment analysis of the associated signals

Several online enrichment tools were employed to prioritize the most
relevant molecular processes involved in ECD pathogenesis. A detailed
description of these tools can be found in the Supplementary Material.

Integrative analysis of DNA methylation and

transcriptome data

To identify modifications on DNA methylation patterns that impact on
gene expression regulation, a linear model was calculated using the
MatrixEQTL R package [19]. A maximum distance of 1 Mb between CpG
sites and genes was defined. To consider the influence of DNA methylation
on gene expression as significant in ECD patients, we established the
following criteria: (i) the CpG was differentially methylated in the DNA
methylation analysis; (ii) the gene was differentially expressed in the
transcriptomic analysis; and (iii) the CpG-gene interaction showed a
significant association (p-valuegpg < 0.05) in the integrative analysis.

Drug repurposing of the integration results

Finally, we conducted a drug repurposing analysis to identify potential
candidate drugs for ECD treatment using the DrugBank V.5.0 database [20].
We explored the proteins encoded by the genes identified in the
integrative analysis as well as the proteins that interact with those proteins
(interaction score >0.7) according to STRING [21]. Approved drugs for
IMIDs and/or neoplastic diseases were prioritized to identify the most
promising options.

RESULTS

DNA methylation profiles differ between Erdheim-Chester
disease patients and controls

After quality control (QC), a total of 784,676 CpG sites from a final
cohort of 81 individuals with ECD and 176 unaffected controls
were included in the methylation analysis (Supplementary Table 2).
The results revealed 2512 DMPs, annotated to 1563 unique genes,
across the whole genome (Fig. 1A, Supplementary Table 4).
Among the DMPs, ~60% were hypermethylated, while the
remaining 40% were hypomethylated in ECD cases compared to
controls. Regarding their genomic location, most DMPs were
found in OpenSea regions (54.30%) and CpG Islands (27.67%).
Furthermore, we observed that DMPs located in or near promoter
regions were more frequently hypomethylated (63.30%) than
hypermethylated (19.20%) (Fig. 1B).

We identified DMPs mapped to novel candidate genes potentially
involved in ECD pathogenesis, including genes associated with the
RAS-RAF-MEK-ERK and PI3K-AKT-mTOR signaling pathways (Supple-
mentary Table 5), which are known to play key roles in ECD
development [4]. Moreover, we discovered altered methylation
patterns associated with genes from the tumor necrosis factor (TNF)
superfamily pathway, a key player in the pro-inflammatory cascade
that characterizes ECD [2] (Supplementary Table 5). Changes on the
methylation patterns of the SETBP1 gene also showed a significant
association in the case-control analysis (Supplementary Table 4).
Notably, genetic variation at the SETBPT loci are related to ECD risk in
the first and recent GWAS on ECD [6].

The gene ontology (GO) enrichment analysis revealed immune
system-related pathways, including IgA binding, positive regula-
tion of interleukin (IL)-5 production, and negative regulation of Fc-
gamma receptor involved in phagocytosis. Additionally, we
observed significant enrichment in pathways related to cell
proliferation and growth, such as replication fork processing,
DNA-dependent DNA replication fidelity maintenance, microtu-
bule organizing center localization, and centrosome localization
(Fig. 2, Supplementary Table 6). Furthermore, transcription factor
(TF) analysis indicated that the DMPs were significantly enriched
with TF binding sites that played significant roles in tumorigenic
processes and had previously been associated with various
cancers (Fig. 2, Supplementary Table 7). Interestingly, one of
those enriched TFs was OCT2, which is primarily expressed in
blood and immune cells, particularly in monocytes [22].
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Results from the comparison of DNA methylation patterns between patients with Erdheim-Chester disease and controls.

A Volcano plot of the epigenome-wide association study results. False discovery rate (FDR) values are represented on the —-log10 scale in the y-
axis. The effect size and direction obtained for each CpG site is depicted in the x-axis though the beta differential (Af) value. Significant
threshold (FDR < 0.05 and Af >0.15|) is marked by the dashed lines. Orange and blue dots represent hypomethylated and hypermethylated
differentially methylated positions (DMPs), respectively. B Bar plots representing the annotation of the significant hypomethylated and
hypermethylated DMPs in relation to CpG island (right panel) and gene location (left panel). Promoter regions included TSS1500, TSS200,

1stExon and 5'UTR.

Transcriptomic analysis of patients with Erdheim-Chester
disease revealed alterations in the gene expression profile
After QC, differential gene expression analysis between ECD
patients and controls was carried out including 14,745 genes in a
final cohort of 66 ECD individuals and 358 unaffected controls
(Supplementary Table 2). The results revealed 1484 DEGs, of which
75% showed upregulation and the remaining 25% showed
downregulation (Fig. 3, Supplementary Table 8). We identified
DEGs that were involved in the RAS-RAF-MEK-ERK and PI3K-AKT-

SPRINGER NATURE

mTOR signaling pathways, as well as in the TNF superfamily
pathway (Supplementary Table 5).

To provide an illustrative picture of the putative functional role of the
DEGs, we performed protein-protein interaction (PPl) and GO
enrichment analyses. The protein molecular network exhibited
significantly more interactions than expected (PPl enrichment,
848E-05). Notably, MAP2K2, MAPK12 and AKT2 proteins represented
relevant nodes in the PPI network. GO analysis showed that the DEGs
were enriched in pathways related to the immune system, cell growth

Leukemia (2025) 39:2758 - 2766
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Fig. 2 Results from the enrichment analysis of the differentially methylated positions (DMPs) using EWAS toolkit. A Results of the Gene
Ontology (GO) enrichment analysis of DMPs. Most relevant terms are displayed in the plot. The colours of the bars represent the different
groups in which the GO terms were classified. B Scatter plot displaying significant transcription factors (TFs). X-axis exhibits percentage of
DMPs overlapping transcription factor binding sites for each TF. Y-axis represents this value divided by percentage of all analysed CpGs
overlapping with the same TF. The colour denotes the transcription factor’s family, while the size reflects the significance level in terms of
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and proliferation, stress response and apoptosis or cell adhesion (Fig. 3,
Supplementary Table 9). Interestingly, the most significant enriched
pathway was the RAS signaling pathway (p-value = 5.85E-08). We also
identified additional enrichments related to cell growth and prolifera-
tion, such as the EGFR and PDGF signaling pathways (Fig. 3,
Supplementary Table 9). Interestingly, we observed an enrichment in
inflammation mediated by chemokine and cytokine signaling pathway
(p-value =833E-05), T cell activation (p-value =2.23E-04), B cell
activation  (p-value =4.99E-04), and toll-ike receptor (TLR)
(p-value = 1.02E-03) signaling pathways, all of which could be involved
in the inflammatory cascade responsible for tissue damage in ECD.

Integrative approach revealed correlations between
alterations in DNA methylation and changes in gene
expression

For the integration analysis, we included 35 ECD patients and 146
unaffected controls, that were the samples for which both methylation
and transcriptomic data were available and that passed all QCs
(Supplementary Table 2). We identified 29 genes differentially
expressed in ECD whose expression levels were associated with DNA
methylation changes at 46 CpG sites (Table 1). The distribution of CpGs
relative to the genes they interact with showed that 83.33% of the
CpGs located near or within gene promoters exhibited a negative
correlation, while 16.67% revealed a positive correlation. We detected
interactions that involved relevant genes in the context of cell division,
immune system and tumorigenesis (Table 1). Among the strongest

Leukemia (2025) 39:2758 - 2766

interactions identified, the upregulation of RNASET2, that acts as a
tumor suppressor [23], was associated with five distinct CpGs (Table 1).
We also detected interactions between genes that might play
important roles in the development of ECD. One example was LRRC14,
that regulates NF-kB signaling pathway [24]. The upregulation of
LRRC14 correlated with hypermethylation of cg12574437 in ECD
patients (r= 0.35, p-valuegpr = 1.27E-02). Moreover, the upregulation
of TGFB1, which is frequently altered in tumor cells [25], correlated with
hypermethylation of ¢g05217755 in ECD patients (r=0.33, p-
valuerpg = 4.06E-02) (Table 1).

BRAFV6%°F mutation and MAPK inhibitors do not significantly
influence methylation and expression profiles between ECD
patients

To investigate the heterogeneity of ECD patients, we conducted a
stratified cohort analysis based on BRAF'®°F mutation status.
We performed a differential methylation analysis, for which
45 BRAFYS%%E_positive patients, 23 BRAFV®*%E_negative patients,
and 167 unaffected controls were included. Comparisons between
BRAF6%%E_positive and BRAFY®°%_negative patients did not yield
any DMP. However, when each BRAFY°*® subgroup was
compared to controls, we observed substantial methylation
changes (BRAFY®°®E_positive vs. controls: 2446 DMPs; BRAFY6?%E
negative vs. controls: 2609 DMPs)  (Supplementary
Tables 10 and 11). Notably, 97% and 91% of these DMPs,
respectively, overlapped with those identified in the overall ECD

SPRINGER NATURE
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Fig. 3 Results from the comparison of gene expression patterns between patients with Erdheim-Chester disease and controls. A Volcano
plot of the transcriptomic study results. False discovery rate (FDR) values are represented on the -log10 scale in the y-axis. The effect size and
direction obtained for each gene is depicted in the x-axis though the log fold change (logFC) value. Orange and blue dots represent upregulated
and downregulated differentially expressed genes (DEGs), respectively. B Results of the Gene Ontology (GO) enrichment analysis of DEGs. Most
relevant terms are displayed in the plot. The colours of the bars represent the different groups in which the GO terms were classified.

vs. control comparison. Additionally, to assess the potential impact
of MAPK inhibitor therapy in BRAF'®®E-positive patients, we
stratified BRAFV®%_positive patients into untreated and treated
(23 vs. 22, respectively). No significant differences were observed
in their methylation patterns.

For the transcriptomic analysis, cohort stratification included 35
BRAF®°%_positive patients, 12 BRAFY®*®-negative patients, and 358
unaffected controls. Gene exgression profiles were similar between
BRAFV®°%_positive and BRAF'6*®-negative patients, with no DEGs
identified. The comparison between BRAF'®*®_positive patients and
controls revealed 1573 DEGs (Supplementary Table 12), 92% of which
overlapped with those from the global ECD vs. control analysis. The

SPRINGER NATURE

BRAFY®®._negative vs. control comparison identified 315 DEGs
(Supplementary Table 13), all of which overlapped with the ECD vs.
control DEGs. The lower number of DEGs in the BRAF***5-negative vs.
control analysis may be attributed to reduced statistical power due to
the smaller sample size in this comparison. Finally, no significant
differences were detected between untreated and treated BRAFY5%E-
positive patients (22 vs. 13, respectively).

Drug repurposing analysis identified novel potential
treatments for Erdheim-Chester disease

In an attempt to identify potential new drugs for ECD based on
the data generated in our study, a drug repurposing analysis was

Leukemia (2025) 39:2758 - 2766
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Table 1.
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-0,04
-0,03
0,01
0,04
-0,02
-0,03
-0,05
-0,07
0,01
0,03
-0,01
-0,05
0,01
-0,05
0,01
0,01
0,00
0,00

P (FDR)

5,94E-05
6,64E-03
6,13E-04
1,51E-04
2,52E-03
1,42E-07
1,17E-09
8,80E-05
5,39E-11
5,58E-03
3,75E-03
8,17E-09
1,09E-03
6,18E-03
6,23E-12
2,98E-05
5,93E-04
6,75E-04
9,61E-06
8,06E-10
1,71E-04
1,09E-03
1,91E-04
2,29E-03
1,86E-03
2,49E-04
6,78E-03
3,59E-11
1,05E-04
6,13E-04
4,64E-03
5,10E-03
5,28E-04
4,08E-03
1,50E-05
1,13E-04
2,91E-03
2,37E-03
2,13E-03
2,72E-06
5,99E-03
1,28E-05
3,73E-04
1,99E-09
3,30E-18
5,57E-03

Gene Expression

logFC
1,52
2,34

4,67

-2,84

-3,65
2,78

-1,00
-2,26

1,56
-5,25

-4,89
1,43

1,69
1,38
1,73
-1,57
2,32

2,53
9,57
0,99
-4,11
1,53

1,24
2,00
6,50
1,49
1,23
1,41
1,28

P (FDR)
4,76E-07
6,73E-03

6,55E-08

5,72E-06

3,64E-05
1,92E-05
7,84E-05
1,35E-04

1,23E-03
1,99E-05

3,65E-05
5,16E-04

3,16E-03
1,02E-04
1,41E-05
7,69E-04
9,64E-05

6,54E-05
1,01E-12
1,33E-04
7,16E-11
3,99E-04

1,64E-04
5,60E-04
2,49E-12
6,11E-05
5,60E-05
2,44E-05
4,42E-04

Only significant interactions are showed (i.e,, interaction pairs in which both methylation and expression levels were independently associated to the disease
and in which CpG-gene interaction had a p-value (FDR) < 0.05 in the integrative analysis by MatrixEQTL). AB, ratio of DNA methylation between cases and
controls. Chr, chromosome. logFC, log fold change.
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carried out using the proteins encoded by the genes identified in
the integrative analysis as well as the proteins that interact with
them based on STRING [21]. Among the 109 evaluated proteins,
33 were targeted by different approved drugs (Supplementary
Table 14). Interestingly, one of these drugs, cladribine, has been
suggested as a treatment option in patients with ECD without the
BRAFY®°°E mutation [26]. Furthermore, other identified drugs, such
as fostamatinib, sulfasalazine, and auranofin, have been used in
the treatment of IMIDs and/or neoplastic conditions and could be
of interest for ECD treatment (Table 2).

DISCUSSION
Over the last decade, advances in the understanding of ECD have
significantly improved its diagnosis and treatment, resulting in an
increased number of diagnosed cases and a reduction in mortality
rates [1, 2, 4]. Nevertheless, major challenges persist in the clinical
management of ECD, mainly due to the substantial variability in its
clinical and pathological characteristics, which complicates both
timely diagnosis and the selection of an optimal treatment
strategy [2, 4]. In this context, a comprehensive characterization of
the molecular alterations underlying ECD is essential for the
identification of robust biomarkers that facilitate early diagnosis
and novel therapeutic targets.

In this study, we investigate for the first time the molecular
profiles of ECD patients by analyzing their methylome and
transcriptome. Our results uncovered over 2500 DMPs and around

Chronic lymphocytic leukemia, Cutaneous T-cell lymphoma, Non-Hodgkin’s lymphoma, Relapsing multiple
Rheumatoid arthritis, Crohn’s disease, Ulcerative colitis, Proctitis, Polyarticular juvenile rheumatoid arthritis

©
g
g
1500 DEGs, respectively. These findings emphasized a profound © >
epigenetic and transcriptomic dysregulation in ECD patients. £ 3
Interestingly, BRAFY®°° mutational status and MAPK inhibitors do E £
not significantly influence methylation and expression profiles in = £ £
ECD patients, underlining that the complexity of ECD pathogen- 2 g e @
esis cannot be explained exclusively by somatic mutations. Of s&2 < 2
interest, the integration analysis allowed the identification of a T ER 2 ¢
subset of gene expression changes that were linked to methyla- .;- ) ‘g )
tion abnormalities in ECD. g 59 5 5
Somatic mutations affecting the RAS-RAF-MEK-ERK and PI3K- 5 %; é -S
AKT-mTOR pathways are well-established drivers of ECD patho-
genesis in a large proportion of patients, highlighting the o A0
neoplastic component of the disease [1, 2, 4]. Our findings EHEIEE
underscore the significance of neoplastic processes in ECD, 2 22g3
shedding light on their impact at both the epigenomic and = == =
transcriptomic levels. Enrichment analysis of DMPs and DEGs 2T T T wm
revealed key pathways regulating cell growth, proliferation, > & & & &
differentiation, and survival. Interestingly, the EGFR signaling
pathway activates several major downstream cascades, including ° o
the RAS and PI3K pathways [27]. Given that the EGFR pathway has o |Sl | E
been targeted in cancer therapies [28], it is tempting to £ =5 'é
hypothesized that it could be considered a potential new o5 & 5 8
therapeutic target for ECD. Moreover, DMPs were enriched in g—' 8 3 2 §

binding sites for ten TFs, seven of which have been previously
implicated in cancer (Supplementary Table 7). Their identification
in ECD supports the neoplastic component of the disease and
highlights novel molecular mechanisms potentially involved in its
pathogenesis.

Summary of the most relevant drugs identified in the drug repurposing analysis.

Inflammation is a hallmark of ECD, with over 80% of patients @ =
presenting systemic inflammation. However, few studies have e G
focused on understanding the inflammatory component of this < C o ;E
disease, which remains poorly understood [4]. Our results high- g = |2 = g@
light the significant role of the immune/inflammatory component ko U X XpF
in ECD development. Thus, transcriptomic enrichment analysis
identified B and T cell activation as relevant pathways in ECD. In ]
this context, Th1 cells have been suggested to play a role in ECD ol =
pathogenesis, based on serum molecule levels observed in ] §
patients [4]. Interestingly, our findings are the first to implicate B . 8 | | <
cells as a cellular component potentially involved in the S 8 = |GlolT
. . . . . - w X & &
inflammatory processes underlying this disease. In this sense, 2T 23 x<x«x

=

enrichment analysis of DMPs showed increased regulation of IL-5
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production and IgA binding. IL-5 is essential for B cell differentia-
tion and enhances IgA production via plasma cells [29].
Additionally, OCT2, a TF identified in the enrichment analyses, is
involved in B cell regulation and their differentiation into plasma
cells, through the IL-5 receptor gene, under T-cell dependent
conditions [30, 31]. Therefore, our findings suggest possible
alterations in B-cell regulation and differentiation in ECD patients,
as highlighted by both expression and methylation results.
Notably, ECD tissue lesions typically exhibit low levels of B-cell
infiltration. However, it is important to note that our analyses were
conducted using whole blood samples. Thus, the observed
alterations in B cell-related pathways are more likely to reflect
systemic immune dysregulation rather than a direct pathogenic
role of B cells in tissue damage. In this context, future studies will
be essential to elucidate the specific contribution of B cells to ECD
pathophysiology.

One of the major challenges in understanding ECD pathogenesis
is the unclear relationship between clonal histiocyte proliferation
and systemic inflammation. In this context, our results highlight
pathways that may shed light on this connection. First, the
enrichment of the integrin signaling pathway, which is essential
for cell-extracellular matrix interactions [32], could suggests that
integrins may facilitate histiocyte proliferation, adhesion, and tissue
infiltration in ECD. Second, the enrichment of negative regulation of
Fc-gamma receptor-mediated phagocytosis may reflect impaired
phagocytic activity, a feature characteristic of senescent cells [33].
This finding aligns with previous studies describing the expression
of senescence markers in BRAF'®*®-mutated histiocytes with a
potential inflammatory role in ECD [34]. Third, the enrichment of the
inflammation mediated by chemokine and cytokine signaling
pathway underscores the active role of these soluble mediators in
maintaining a pro-inflammatory environment and promoting
histiocyte accumulation.

Interestingly, our study has also revealed novel insights
involving the NF-kB pathway in ECD pathogenesis. In this sense,
the integrative analysis pointed to LRRC14, a gene that negatively
regulates TLR-mediated NF-kB signaling through its interaction
with IKBKB [24]. Specifically, LRRC14 is involved in TLR7/8 cascade,
which participates in tumor growth and surveillance, and promote
histiocytosis [35, 36]. Additionally, the integrative analysis
identified RNASET2 and TGFB1, two genes that interact with
TLR8 and NF-kB, respectively [37, 38]. The methylome and
transcriptome results also reinforce this idea. The transcriptomic
analysis revealed enrichment of the TLR and EGFR signaling
pathways, with EGFR being a known activator of NF-kB signaling
[39]. Furthermore, the TF enrichment analysis identified Sp1 and
KLF6, two regulators of the NF-kB pathway [40-42]. Notably,
previous studies have reported a cross-regulation between the
MAPK and NF-kB pathways, highlighting their interplay in cancer
progression [42]. Hence, NF-kB pathway may represent an
additional mechanism that could contribute to the link between
the clonal component and the inflammatory processes of ECD.
Finally, it is noteworthy that NF-kB is critical for B cell development
and activation [43], which aligns with our findings suggesting B
cell involvement in the pathogenesis of ECD. Considering all the
above, we propose the NF-kB pathway as a potentially critical
pathway in the development of this disease.

ECD management remains complex, and the search for effective
treatments represents a significant hurdle. In this regard, drug
repurposing is a valuable strategy, as it can shorten the drug
development timeline and enhance the success rate of drug
approval [44]. The drug repositioning analysis identified sulfasa-
lazine, auranofin, and fostamatinib as potential therapeutic
candidates for ECD. Interestingly, all these drugs target IKBKB, a
key member of the NF-kB pathway. Notably, fostamatinib is a
kinase inhibitor that acts on B-cell activation, T-cell activation, and
signal transduction by Fc-gamma receptors [45, 46], which are
enriched pathways in ECD according to our results. This drug is
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indicated for chronic immune thrombocytopenia and is under
clinical trials for B- and T-cell lymphomas, and different IMIDs
(NCT01499303, NCT00798096, NCT02612558, NCT01197521,
NCT01197534, NCT01197755). Collectively, our findings suggest
that these drugs may benefit ECD patients, but further experi-
mental and clinical validation is essential.

In conclusion, this study marks a significant step in under-
standing ECD pathogenesis. We identified substantial disruptions
in multiple molecular pathways, particularly those associated with
neoplastic mechanisms and inflammatory processes. Moreover,
we have identified novel mechanisms that may play critical roles
in disease progression. Outstandingly, the identification of B cells
as a pivotal cellular component in ECD pathogenesis, along with
the involvement of the NF-kB pathway, underscores new avenues
for disease management. Furthermore, the identification of
candidate drugs that have been successfully used in diseases
with similar features to ECD represents a crucial step toward
improving therapeutic options for these patients.

DATA AVAILABILITY
The data underlying this study are available upon request from the corresponding
author. Due to privacy or ethical restrictions, they are not publicly accessible.
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