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The plasma soluble CSF1R level is a promising prognostic indicator

for pediatric Langerhans cell histiocytosis
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Abstract

Langerhans cell histiocytosis (LCH) is a rare hematologic neoplasm characterized by the clonal proliferation of Langerhans-like

cells. Colony-stimulating Factor 1 receptor (CSF1R) is a membrane-bound receptor that is highly expressed in LCH cells and

tumor-associated macrophages. In this study, a soluble form of CSF1R protein (sCSF1R) was identified by plasma proteome

profiling, and its role in evaluating LCH prognosis was explored. We prospectively measured plasma sCSF1R levels in 104 LCH

patients and 10 healthy children using ELISA. Plasma sCSF1R levels were greater in LCH patients than in healthy controls

( P < 0.001) and significantly differed among the three disease extents, with the highest level in MS RO+ LCH patients

( P < 0.001). Accordingly, immunofluorescence showed the highest level of membrane-bound CSF1R in MS RO+ patients.

Furthermore, the plasma sCSF1R concentration at diagnosis could efficiently predict the prognosis of LCH patients treated with

standard first-line treatment (AUC =0.782, P < 0.001). Notably, dynamic monitoring of sCSF1R levels could predict relapse

early in patients receiving BRAF inhibitor treatment. In vitro drug sensitivity data showed that sCSF1R increased resistance

to Ara-C in THP-1 cells expressing ectopic BRAF -V600E. Overall, the plasma sCSF1R level at diagnosis and during follow-up

is of great clinical importance in pediatric LCH patients.

Introduction

Langerhans cell histiocytosis (LCH) is a rare hematologic neoplasm characterized by the accumulation of
CD1a+ CD207+ histiocytes and inflammatory infiltrates1,2. This disease most commonly affects children
with highly variable clinical manifestations, ranging from a single self-limited bone or skin lesion to life-
threatening disseminated disease1,2. The mechanisms of pathogenesis are underpinned by alterations in the
MAPK pathway, with 50% to 60% of patients exhibiting the BRAF- V600E mutation in lesions1. Although
stratified treatment strategies have improved the overall survival (OS) rate of pediatric LCH patients in
recent decades and BRAF or MEK inhibitors have shown good short-term effectiveness and tolerability in
recurrent/refractory LCH, relapse has remained the major cause of treatment failure3. Therefore, there is
a pressing need to identify effective prognostic factors to predict recurrence and refine risk stratification for
LCH patients.

Colony-stimulating Factor 1 receptor (CSF1R) is a transmembrane protein that functions as a cell mem-
brane receptor4,5; it binds ligands through its ectodomain to activate intercellular signaling pathways,
which control innate immune responses5. CSF1R is a helpful marker for distinguishing florid dermato-
pathic lymphadenopathy from Langerhans cell neoplasms6. High expression of CSF1R in LCH cells and
tumor-associated macrophages (TAMs) from LCH patients further supports the importance of CSF1R in
LCH disease7. Intriguingly, a soluble form of CSF1R (sCSF1R), a truncated CSF1R protein, has been
reported in goldfish serum8. sCSF1R lacks the transmembrane and intracellular domains but retains the
ligand-binding region. However, whether sCSF1R is generated through alternative splicing or proteolytic
cleavage of the extracellular domain of the full-length receptor is not fully understood8. A peptide derived
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from CSF1R has been identified in human cerebrospinal fluid (CSF) as a potential biomarker for Parkinson’s
disease compared to healthy controls9. However, whether sCSF1R can be detected in the plasma of LCH
patients as a biomarker must be explored.

This study is the first to identify sCSF1R as a robust plasma biomarker by plasma proteome profiling.
We further detected plasma sCSF1R levels at diagnosis and during follow-up with an immunoassay ELISA
to investigate its prognostic value. Finally, we explored the effect of sCSF1R on chemotherapeutic drug
sensitivity at the cellular level.

Patients and Methods

Patients

A total of 139 consecutive pediatric patients with newly diagnosed LCH were admitted to our hospital
between January 1, 2020, and June 30, 2021. One hundred and fourteen patients with available plasma
samples were prospectively enrolled in the present study cohort. Twenty-five patients were excluded due to
loss to follow-up after diagnosis (n = 18) or lack of plasma samples (n = 7). This study was approved by
the Beijing Children’s Hospital Ethics Committee and was conducted in accordance with the Declaration of
Helsinki. Informed consent was obtained from the guardians of the patients.

Diagnosis and therapeutic regimen

Histopathological examination confirmed that the patients had LCH, as indicated by positive immunostaining
for CD1a and Langerin (CD207) in the lesion tissues. Patients were divided into single-system (SS) or
multisystem (MS) LCH according to the number of organs or systems involved and classified as risk organ
(RO) positive (liver, spleen, and/or hematological system) or negative according to the extent of LCH[1].

Patients were treated with a systemic chemotherapy regimen (CCHG-LCH 2019 protocol, www.chictr.org.cn,
identifier: ChiCTR1900025783), which was based on the LCH III and LCH-S-2005 protocols10. Briefly, the
first-line treatment was vindesine-steroid combination therapy, beginning with one or two six-week courses
of intensive initial induction therapy followed by maintenance therapy. The BRAF inhibitor dabrafenib was
given to patients who carried the BRAF -V600E mutation and had recurrent/refractory LCH disease. The
details of the treatment are shown in the Supplementary Methods.

Mass spectrometry-based plasma proteomics analysis

We collected diagnostic plasma samples from 11 patients, including 5 with MS RO+, 6 with SS-LCH and
5 healthy controls, for proteomic analysis (Supplementary Table S1). Date-independent acquisition (DIA)
combined with liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis was performed.
The differentially expressed proteins (DEPs) between MS RO+ LCH and SS LCH were explored. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were also
conducted to reveal the functions of the DEPs in biological processes.

Single-cell RNA-seq (sncRNA) analysis

We performed a bioinformatics analysis using a single-cell RNA sequencing (scRNA-seq) dataset of PBMCs
from our previous study11. Briefly, we divided the samples into two groups: the MS RO+ LCH group (n =
7) and the SS LCH group (n = 3). Differentially expressed genes (DEGs) were also analyzed.

ELISA for plasma sCSF1R in LCH

For patients receiving first-line therapy, plasma samples were collected at two time points: at the time of
diagnosis and at week 6 (after the first initial induction therapy). For patients receiving dabrafenib treatment,
serial blood samples were collected at every evaluation time point (baseline, one month, and every three
months later) during follow-up. The levels of sCSF1R were tested using an automated microplate reader
(Thermo, USA) at 450 nm according to the instructions of the Human CSF1R ELISA Kit (Boster, China).

Immunofluorescence staining of CSF1R in LCH lesions
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Six biopsy samples from LCH patients at diagnosis were collected for immunofluorescence (IF) analysis. IF
was performed as described. Briefly, tissue sections were deparaffinized, dehydrated, incubated with H2O2

for 20 minutes, subjected to high-pressure repair for 2 minutes, blocked with BSA for 30 minutes, and then
incubated with anti-CSF1R and anti-BRAF -V600E antibodies at 4 °C overnight. The slices were incubated
with the secondary antibody and evaluated via fluorescence microscopy.

Statistical analysis

All parameters were compared between patient groups by the χ2 test, t test, one-way ANOVA, and post
hocTukey’s test according to the scale of the variable. For skewed data, a nonparametric test (Mann-
Whitney U test) or one-way ANOVA and Tukey’s test were applied after log transformation. To assess
the correlation between sCSF1R and other parameters, Spearman’s rank correlation coefficient (rS) was
computed. Progression-free survival (PFS) was evaluated from the date of diagnosis until the date of one
of the following events: progression, relapse, or death, whichever came first. PFS was estimated using the
Kaplan–Meier method and compared with the log-rank test between subgroups. The prognostic value of
plasma sCSF1R levels was studied using univariate and multivariate Cox models. AllP values are shown as
the results of two-sided tests. A Pvalue < 0.05 was considered to indicate statistical significance. All the
statistical analyses were performed by M Salama using SPSS software version 29.0 (SPSS, Inc., IL).

Results

Clinical characteristics of LCH patients

A total of 114 pediatric LCH patients with available plasma samples were enrolled in the present study. The
patients’ clinical characteristics are shown in Table 1. There were 70 boys and 44 girls in this study cohort.
The median age at diagnosis was 4.46 years (range, 0.08 to 15.08 years). These included patients were
classified as follows: 68 (59.6%) patients with SS LCH, 27 (23.7%) with MS RO- and 19 (16.7%) with MS
RO+ LCH. There was no significant difference in clinical features between the 114 included patients and 25
excluded patients. The 114 studied LCH patients included 55 cases (48.2%) with BRAF -V600E mutation,
31 cases (27.2%) with MAP2K1 mutation, 6 cases (5.3%) with BRAF indel mutation, 6 cases (5.3%) with
BRAF -V600D mutation, 1 case (0.9%) with ARAF mutation, 1 case (0.9%) with c.1517+2 1517+3ins
BRAF mutation and 14 cases (12.3%) without gene mutation.

Changes in the plasma proteome profile in LCH patients: identification of differentially ex-
pressed proteins

We explored the difference in plasma proteome profiles between 6 patients with MS RO+ LCH and 5
with SS LCH using DIA-based proteomic analysis. Nontargeted proteomics identified 85 DEPs in LCH
plasma samples, 27 of which were upregulated and 58 of which were downregulated (fold change >1.5 and
adjusted P < 0.05). Volcano plots (Figure 1A) and hierarchical clustering heatmaps (Figure 1B) illustrating
the qualified and dysregulated proteins. The expression levels of the top nine up- and downregulated DEPs
between the two classifications are shown in Supplementary Figure S1. GO analysis of the biological processes
revealed enrichment of differentially expressed proteins involved in the acute-phase response and regulation of
immune system processes (Figure 1C). KEGG analysis revealed that complement and coagulation cascades;
pathways related to metabolism; and the PI3K-Akt, PPAR, MAPK, and NF-kappa B signaling pathways
were significantly enriched (Figure 1D).

Identification of overlapping DEPs/DEGs by scRNA-seq versus plasma proteomics

We next performed a bioinformatics analysis of our previous scRNA-seq dataset from pediatric LCH
PBMCs11. We integrated 576 single cells from SS patients and 856 cells from MS RO+ patients to investi-
gate the difference between the two disease extents. Nine cell clusters were identified by tSNE visualization
(Figure 2A). We identified 322 differentially expressed genes (DEGs).

Furthermore, we identified three overlapping DEPs/DEGs, CSF1R, CD14, and GSN, between the scRNA-
seq and plasma proteomics data (Figure 2B). The differential expression of the three DEGs in the single-cell
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transcriptome of LCH PBMCs is shown in Figure 2C. Among the three candidates, CD14 is often considered
a marker of classical monocyte cells, and GSN was found to be downregulated in the plasma of MS RO+
LCH patients. We focused on CSF1R for further analysis because it plays a critical role in the pathogenesis
of LCH.

sCSF1R levels in plasma and CSF1R expression in LCH lesions

We determined plasma sCSF1R levels by ELISA to confirm the proteomic findings. The results showed
that sCSF1R levels were greater in 104 LCH patients than in 10 healthy controls (median level: 38,823.8
vs.18,172.6 pg/ml, P < 0.001; Figure 3A) and significantly differed among the three disease extents, with
the most increased level occurring in the MS RO+ LCH group (P < 0.001; Figure 3B).

We further investigated the association between sCSF1R levels and the clinicopathological characteristics of
LCH patients (Supplementary Figure S2). Patients younger than two years at diagnosis with skin, lung, or
risk of organ involvement who were harboring theBRAF- V600E mutation in lesion tissues or cell-free DNA
had increased sCSF1R. In addition, the plasma levels of several other DEPs were evaluated via ELISA in
LCH patients (Supplementary Figure S3).

We analyzed the differential expression of CSF1R in LCH lesion cells by IF staining (Figure 3C). Consistently,
patients with MS RO+ LCH had significantly greater CSF1R expression than did those with MS RO- LCH
(P < 0.01) or SS-LCH (P < 0.001).

Prognostic significance of sCSF1R levels at diagnosis

ROC curve analysis revealed that plasma sCSF1R levels at diagnosis could efficiently predict the prognosis
of pediatric LCH patients (n=104) treated with standard first-line treatment (AUC = 0.782, P< 0.001;
Figure 4A), and an optimal cutoff for sCSF1R was chosen at 42,401.2 pg/ml by maximizing the Youden
index. Using the cutoff values, we divided the whole cohort into high- and low-sCSF1R groups (72 and 32
patients, respectively). The 3-year PFS was significantly poorer in the high-sCSF1R subgroup than in the
low-sCSF1R subgroup (21.9% ± 7.3% vs. 78.8% ± 4.9%, P < 0.001; Figure 4B). The prognostic impact of
high-sCSF1R expression was significant in MS LCH patients (P < 0.001; Figure 4D) but not in SS-LCH
patients (P = 0.85; Figure 4C).

Univariate analysis revealed that age at diagnosis; sex; bone, skin, liver, spleen, hematologic system, lung,
pituitary, eye, ear, or lymph node involvement; and sCSF1R level were associated with the 3-year PFS of
LCH patients (Figure 4E). Moreover, multivariate Cox proportional hazards regression analysis revealed that
the sCSF1R concentration was an independent prognostic factor for 3-year PFS in children with LCH after
we adjusted for these univariate risk factors (Figure 4F).

Monitoring sCSF1R levels during treatment

sCSF1R levels at week 6 of induction therapy were determined in 23 available plasma samples. After the
6-week course of initial induction treatment, ten patients were evaluated as active-disease (AD)-better, six
patients were considered AD-stable, and seven patients developed progression and were evaluated as AD-
worse. sCSF1R levels decreased significantly in the 16 patients who had AD-better/stable responses (P <
0.0001), whereas sCSF1R remained at high levels in those seven patients with disease progression (Figure
5A).

sCSF1R was sequentially monitored during dabrafenib treatment in thirteen MS LCH patients with theBRAF
-V600E mutation (Supplementary Table S2). Six patients experienced relapse after discontinuation of da-
brafenib (Figure 5B-G). The levels of sCSF1R obviously decreased after the initiation of dabrafenib ad-
ministration but increased again at relapse, which was in accordance with the trend of cfBRAF- V600E.
Notably, five (patients 1, 2, 4, 5 and 6) of the six patients had elevated sCSF1R levels 1-3 months before
the clinical or radiographic appearance of recurrent lesions, which increased earlier than that of cfBRAF-
V600E, indicating that sCSF1R levels provided a lead-time advantage over cfBRAF- V600E in predicting
relapse (Figure 5B-G).
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Of the seven patients who remained in remission, three had drug discontinuation (patients 7 to 9; Supple-
mentary Figure S4A), and four had continuation (patients 10 to 13; Supplementary Figure S4B), and their
sCSF1R levels were maintained at low levels during follow-up. Details of the longitudinal changes in sCSF1R
and cfBRAF -V600E levels during dabrafenib treatment are shown in Supplementary Table S3.

sCSF1R increased the resistance of cells to the chemotherapeutic drug cytarabine

Transcriptome studies have shown that a few monocytes are potential precursors in the circulation for
LCH11,12. To evaluate the effect of sCSF1R on the chemosensitivity of LCH cells, we infected THP-1 cells
with a BRAF -V600E overexpression lentivirus, which resulted in a significant increase in ERK1/2 phos-
phorylation (Supplementary Figure S5A). MTS experiments showed significantly elevated IC50 values after
incubation with sCSF1R compared to those of the control (IC50: 4.6 vs . 2.3 μmol/L, P = 0.02; Supplemen-
tary Figure S5B), indicating increased resistance to cytarabine (Ara-C) resulting from sCSF1R treatment.

Discussion

Liquid biopsy provides enhanced sensitivity for biomarker discovery and ease of repeated sampling throughout
treatment in a much more convenient and noninvasive way13,14. Recent advances in mass spectrometry (MS)-
based proteomics have greatly extended its reach in biomedical and clinical research, and mass spectrometry
(MS) is now poised to characterize the plasma proteome in great depth15. Plasma proteomic analysis has
proven to be a promising tool for identifying new and effective biomarkers that can be used for evaluating
the prognosis and treatment response in patients with various cancers16.

Patients with RO+ LCH have a poorer prognosis than patients with RO-LCH17. Recent evidence from the
myeloid dendritic cell (DC) model suggested that MS-RO+ LCH results from a driver mutation in a bone
marrow (BM)-resident multipotent hematopoietic progenitor18. However, the exact mechanism is unknown.
Herein, we focused on the differences in plasma proteome profiles between RO+ LCH patients and SS LCH
patients, and our study is the first, to our knowledge, to identify a novel soluble form of CSF1R in the plasma
of pediatric LCH patients.

The results of the ELISA validation showed that plasma sCSF1R levels were associated with disease extent,
and high levels of sCSF1R correlated with more severe disease, as indicated by a younger age; involvement
of the RO, skin, and lung; and the presence of the BRAF-V600E mutation in lesions or cfDNA. Moreover,
a high sCSF1R level at diagnosis independently predicted inferior PFS and was sustained in patients who
experienced disease progression after 6 weeks of treatment. Notably, dynamic monitoring of sCSF1R levels
provided an early warning of relapse in patients receiving BRAF inhibitor treatment. Therefore, the sCSF1R
level should be closely monitored, especially during treatment with targeted inhibitors of BRAF or other
proteins in the MAPK pathway.

IF staining in this study showed that high CSF1R protein expression in LCH lesions was associated with
RO involvement, which was in line with the plasma sCSF1R levels. We also noted that sCSF1R levels
apparently decreased after dabrafenib administration initiation, suggesting that extracellular CSF1R in
plasma was mainly secreted by cells that carried the BRAF -V600E driver mutation. In vitro drug sensitivity
data showed that sCSF1R increased resistance to Ara-C in THP-1 cells expressing ectopic BRAF -V600E.
However, the exact biological function of sCSF1R is unclear. The release of soluble forms may represent
a mechanism for counter regulation of CSF1R. A recent study revealed that overexpression of sCSF1R
significantly decreased the extent of microgliosis in both the dorsal and ventral horns, indicating that sCSF1R
can reduce the activation of native CSF1R on microglia19. By acting as a decoy receptor, sCSF1R can
bind to colony-stimulating Factor 1 (CSF1) and prevent it from interacting with the membrane-bound
CSF1R on target cells, possibly modulating CSF1 signaling and affecting the recruitment, survival, and
differentiation of cells. In contrast, our data showed that sCSF1R was closely linked to severe disease
and relapse in LCH patients, suggesting that sCSF1R contributes to disease progression. Previous studies
have suggested that several oxidative stress proteins, including thioredoxin and heat shock proteins, are
released from stressed, transformed cells and act as “endogenous” danger signals by binding TLR4 in the
extracellular microenvironment, which results in the activation of downstream pathways and the secretion of
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proinflammatory cytokines20,21. We thus speculated that sCSF1R may act as an endogenous danger signal
by binding to danger signal sensors/receptors, which is independent of CSF1. However, further investigations
are needed to explore the underlying mechanisms involved.

Several recent studies have shown the good short-term effectiveness and tolerability of BRAF or MEK
inhibitors in recurrent/refractory LCH22-25. However, MAPK pathway inhibition did not appear to be
curative and was associated with a high risk of reactivation following drug discontinuation 26-28. Pharma-
cological inhibition of CSF1R has emerged as a promising antitumor strategy, and several small-molecule
CSF1R inhibitors have been developed in clinical and preclinical studies29. Thus, combined inhibition of
BRAF/MAPK signaling and CSF1R may be beneficial for recurrent/refractory LCH treatment. However,
most clinical results on the safety and efficacy of CSF1R inhibition are limited 30, which may be caused,
in part, by a high level of plasma sCSF1R, as shown in this study. Therefore, monoclonal antibodies engi-
neered to recognize the extracellular domains of CSF1R may inspire new ideas for recurrent/refractory LCH
treatment.

One limitation of this study was the lack of a validation cohort for the prognostic analyses of sCSF1R.
Additional studies in independent cohorts are needed to establish the validity of our findings.

In conclusion, our findings identify plasma sCSF1R as a promising prognostic indicator for pediatric LCH.
Accurate measurements of plasma sCSF1R at diagnosis and during follow-up have potential academic and
clinical importance, and exploring such effective biomarkers to facilitate risk stratification and precision
medicine is the major challenge for LCH treatment.
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Figure legends

Figure 1. DEP screening and annotation enrichment analysis of the plasma proteome profiles
of pediatric LCH patients. (A) Volcano plot of DEPs between the MS LCH and SS LCH groups. The blue
points represent downregulated proteins, while the red points represent upregulated proteins. (B) Hierarchical
clustering heatmap of the screened DEPs. (C) KEGG annotation and enrichment analysis of DEPs showing
the signaling pathway diagram for the enriched items. (D) Gene Ontology annotation and enrichment analysis
of DEPs, including biological process (BP), molecular function (MF), and cellular component (CC) terms.

Figure 2. Identification of overlapping DEPs/DEGs by scRNA-seq versus plasma proteomics.
(A) T-distributed stochastic neighbor embedding (t-SNE) plot of nine PBMC subclusters from MS RO+
LCH (n= 7) and SS LCH (n=3) patients. (B) Venn diagram illustrating the intersections between the two
comparisons according to plasma proteomics versus scRNA-seq. (C) The feature plot shows the clustering
of common DEGs (CSF1R , CD14 , and GSN ) based on gene expression. The color legend shows the
log10-transformed expression levels of the genes.

Figure 3. sCSF1R levels in plasma and CSF1R expression in LCH lesions. (A) sCSF1R levels in plasma
samples from LCH patients and healthy children determined by ELISA. (B) Scatter plots showing the
differences in sCSF1R levels among SS, MS RO-, and MS RO+ LCH patients. (C) Representative images
of immunofluorescence staining forBRAF- V600E (pink) and CSF1R (green) in LCH skin biopsies. Original
magnification: 100×; scale bar: 50 μm. Histogram of MFI (average fluorescence intensity) among SS, MS
RO-, and MS RO+ LCH.

Figure 4. Prognostic value of plasma sCSF1R levels at diagnosis. (A) ROC curve schematic. (B) 3-year
PFS in the cohort of 104 LCH patients treated with standard first-line treatment. (C) PFS in patients with
SS LCH (n= 68). (D) 3-year PFS in patients with MS LCH (n= 36). (E-F) Univariate and multivariate
analyses of prognostic factors for PFS in children with LCH.

Figure 5. Monitoring of plasma sCSF1R levels during follow-up in LCH patients. (A) The levels of plasma
sCSF1R at two time points (at diagnosis and at week 6) in 23 patients receiving first-line therapy. (B-G)
Dynamics of the plasma sCSF1R and cfBRAF -V600E levels in six relapsed patients treated with BRAFi
therapy. The black arrows indicate the time points at which patients stopped treatment with darafenib; the
red arrows indicate the time of recurrence. Treatment regimens are indicated at the bottom of each graph.
The limit of the cfBRAF -V600E detection assay was determined to be 0.1%.
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