
Myeloid cells from Langerhans cell histiocytosis patients 
exhibit increased vesicle trafficking and an altered 
secretome capable of activating NK cells

Daniel W. Hagey,1,2 Egle Kvedaraite,2-4+ Mira Akber,3+ André Görgens,1,5 Joman Javadi,1 Tatiana 
von Bahr Greenwood,2,6 Caroline Björklund,7 Selma Olsson Åkefeldt,2,8 Tova Hannegård-
Hamrin,9,10 Henrik Arnell,11,12 Katalin Dobra,1 Nikolas Herold,2,6 Mattias Svensson,3 Samir El 
Andaloussi,1 Jan-Inge Henter2,6 and Magda Lourda2,3 
 
1Department of Laboratory Medicine, Karolinska Institutet, Stockholm, Sweden; 2Childhood 
Cancer Research Unit, Department of Women’s and Children’s Health, Karolinska Institutet, 
Stockholm, Sweden; 3Center for Infectious Medicine, Department of Medicine Huddinge, 
Karolinska Institutet, Karolinska University Hospital, Stockholm, Sweden; 4Department of 
Clinical Pathology and Cancer Diagnostics, Karolinska University Hospital, Stockholm, 
Sweden; 5Institute for Transfusion Medicine, University Hospital Essen, Essen, Germany; 
6Pediatric Oncology, Astrid Lindgren Children’s Hospital, Karolinska University Hospital, 
Stockholm, Sweden; 7Department of Pediatric Hematology and Oncology, Umeå University 
Hospital, Umeå, Sweden; 8Theme of Children’s Health, Karolinska University Hospital, 
Stockholm, Sweden; 9Department of Physiology and Pharmacology, Karolinska Institutet, 
Stockholm, Sweden; 10Department of Pediatric Anesthesia and Intensive Care, Karolinska 
University Hospital, Stockholm, Sweden; 11Pediatric Gastroenterology, Hepatology and 
Nutrition, Astrid Lindgren Children's Hospital, Karolinska University Hospital, Stockholm, 
Sweden and 12Department of Women's and Children's Health, Karolinska Institutet, 
Stockholm, Sweden 
 
+EK and MA contributed equally to this work.

Abstract 
 
Langerhans cell histiocytosis (LCH) is a potentially life-threatening inflammatory myeloid neoplasia linked to pediatric 
neurodegeneration, whereby transformed LCH cells form agglomerated lesions in various organs. Although MAP-kinase 
pathway mutations have been identified in LCH cells, the functional consequences of these mutations and the 
mechanisms that cause the pathogenic behavior of LCH cells are not well understood. In our study, we used an in vitro 
differentiation system and RNA-sequencing to compare monocyte-derived dendritic cells from LCH patients to those 
derived from healthy controls or patients with Crohn’s disease, a non-histiocytic inflammatory disease. We observed that 
interferon-γ treatment exacerbated intrinsic differences between LCH patient and control cells, including strikingly 
increased endo- and exocytosis gene activity in LCH patients. We validated these transcriptional patterns in lesions and 
functionally confirmed that LCH cells exhibited increased endo- and exocytosis. Furthermore, RNA-sequencing of 
extracellular vesicles revealed the enrichment of pathological transcripts involved in cell adhesion, MAP-kinase pathway, 
vesicle trafficking and T-cell activation in LCH patients. Thus, we tested the effect of the LCH secretome on lymphocyte 
activity and found significant activation of NK cells. These findings implicate extracellular vesicles in the pathology of LCH 
for the first time, in line with their established roles in the formation of various other tumor niches. Thus, we describe 
novel traits of LCH patient cells and suggest a pathogenic mechanism of potential therapeutic and diagnostic importance. 
 

Introduction 
Langerhans cell histiocytosis (LCH) is characterized by the 
accumulation of langerin+CD1a+ myeloid cells (LCH cells) 
together with other immune cell populations in inflamma-
tory lesions, which can be fatal or result in a diversity of 
long-term consequences, including neurodegeneration.1 

The molecular characteristics of LCH began to be under-
stood when it was discovered that most lesions are af-
fected by constitutively activated extracellular 
signal-regulated kinases (ERK) due to somatic mutations 
in proteins of the mitogen-activated protein kinase (MAPK) 
pathway.1-3 In addition, BRAF V600E mutation in LCH pa-
tients was found to correlate with a suppressive tumor im-
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mune microenvironment and reduced disease-free 
survival.4 However, the underlying causes of LCH and the 
behavior of lesional cells remain elusive. 
While research on immune stimulation has previously fo-
cused on soluble protein factors, such as cytokines,5-10 the 
role of extracellular vesicles (EV) in intercellular communi-
cation has only recently been described. EV are 30 nm to 
1 mm in size and are secreted in a programmed fashion 
from the cell surface and endosomal system of all cells.11 
They have been demonstrated to transport lipids, proteins 
and nucleic acids between cells to influence various pro-
cesses, including tumor growth.12 EV can promote pheno-
typic changes in recipient cells by transferring 
oncoproteins that activate downstream signaling pathways, 
such as the MAPK or PI3K–AKT–mTOR, which makes them 
potential mediators of LCH pathology.13 However, neither 
abnormal vesicle trafficking nor EV have previously been 
investigated in LCH. 
In this work, we have utilized an in vitro differentiation 
system14 to generate mature monocyte-derived dendritic 
cells (moDC) from blood monocytes of LCH patients and 
compare them to healthy controls or patients with 
Crohn’s disease (CD), a non-histiocytic inflammatory dis-
ease often presenting with granulomas. RNA-sequencing 
(RNA-seq) of these cells confirmed previously described 
aspects of LCH and revealed starkly increased levels of 
various membrane trafficking genes in LCH. We confirmed 
these expression profiles in lesions and performed func-
tional analyses demonstrating that LCH cells displayed in-
creased endocytosis, reacted specifically to interferon-γ 
(INFγ) treatment and secreted higher numbers of EV. In-
terestingly, LCH EV were associated with an enrichment 
of transcripts involved in cell adhesion, MAPK signaling, T-
cell activation and vesicle trafficking, particularly in pa-
tients with active LCH. By treating lymphocytes with LCH 
secretome, a marked increase in the frequency of acti-
vated NK cells was observed. Together, these results point 
to novel mechanisms of LCH pathogenesis that may help 
to better understand the disease and provide potential 
therapeutic and diagnostic targets. 

Methods 
Blood samples 
The study cohort includes nine children with a definitive 
LCH diagnosis (2 sampled twice) that had been cared for 
in the Karolinska University Hospital (n=8) or Umeå Uni-
versity Hospital (n=1) in Sweden (Online Supplementary 
Table S1) and three children with a definitive CD diagnosis 
(2 sampled at diagnosis and 1 at follow-up) that had been 
cared for in the Karolinska University Hospital. Blood 
samples from healthy controls (n=16) were received from 
the Clinical immunology and transfusion medicine lab-

oratory (n=11, adults) or the Department of Pediatric 
Anesthesia and Intensive Care in Karolinska University 
Hospital (n=5, children). All samples were received after 
signed informed consent. The study was performed in ac-
cordance with the Declaration of Helsinki and approved 
by the Ethical Review Board in Stockholm. 

Isolation of peripheral blood mononuclear cells and 
purification of monocytes 
Peripheral blood mononuclear cells (PBMC) were retrieved 
after separation of the blood components with Lympho-
prep (Axis-Shield PoC AS, Oslo, Norway) and the mono-
cytes were negatively selected using the EasySep™ 
Human Monocyte Enrichment Kit without CD16 Depletion 
(STEMCELL Technologies, UK) according to the manufac-
turer’s instructions. The purity of the enriched monocytes 
was evaluated with flow cytometry5 and was >90%. 

Monocyte differentiation to monocyte-derived dendritic 
cells 
Purified monocytes were seeded at a concentration of 1 
million cells/mL in RPMI 1640 medium (Thermo Fischer 
Scientific, South Logan, US), supplemented with 10% 
heat-inactivated fetal calf serum (FCS; Sigma-Aldrich, St. 
Louis, USA), 2 mM L-glutamine (Thermo Fischer Scien-
tific), 10 mM Hepes (N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid; Thermo Fischer Scientific), 50 ng/mL 
GM-CSF (PeproTech, New Jersey, USA) and 10 ng/mL IL-4 
(PeproTech) for 6 days to achieve differentiation to moDC. 

Monocyte-derived dendritic cell stimulation 
moDC on day 6 were counted and replated in 6-well 
plates (1 million cells/mL) in RPMI 1640 medium, supple-
mented with 10% heat-inactivated FCS, 2 mM L-gluta-
mine, 10 mM Hepes, 50 ng/mL GM-CSF and 10 ng/mL IL-4 
± 2 ng/mL INFγ (PeproTech) for 7 additional days. Mature 
moDC and culture medium were collected on day 13 and 
further processed for RNA-seq or transmission electron 
microscopy (EM) imaging.  

RNA-sequencing 
RNA from cells or EV was extracted15 and precipitated as 
previously described16 and further explained in the Online 
Supplementary Appendix.  

Statistical analysis 
GraphPad Prism version 9, Excel, R prcomp and DESeq2 
were used to analyze the data as described in the Figure 
legends. The statistical tests used in each graph and the 
P values are indicated in the figures: *P<0.05, **P<0.01, 
***P<0.001 or ****P<0.0001. All violin plots were gener-
ated in R using ggplot2, with sample mean shown as a 
large solid dot, standard error as a vertical line and indi-
vidual data points as rings. 
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Additional methods used are available in the Online Sup-
plementary Appendix. 

Results 
RNA-sequencing of monocyte-derived dendritic cells 
In order to better understand the functional character-
istics of the myeloid compartment in LCH, we sought to 
characterize the intrinsic differences between moDC from 
LCH patients and healthy controls. In order to accomplish 

this, we isolated circulating monocytes from three LCH 
patients (Online Supplementary Table S1) and three 
healthy controls and differentiated them towards imma-
ture moDC using a well-established protocol14,17,18 (Figure 
1A). After 7 additional days in culture, the morphology of 
the cells was studied with EM (Figure 1B) and RNA was 
extracted for sequencing.  
In agreement with previous work,19 EM visualization of the 
moDC revealed no substantial differences in their mor-
phological phenotype (Figure 1B). Analysis of RNA-seq data 
confirmed the purity of the analyzed cells, as the cultures 
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Figure 1. In vitro differentiation of monocytes. (A) Schematic diagram of the differentiation protocol applied to monocytes isolated 
from healthy controls or Langerhans cell histiocytosis (LCH) patients. (B) Electron microscopy (EM) images of control and patient 
monocyte-derived dendritic cells (moDC). Scale bars are inset. (C) Expression of marker genes for different immune cell popu-
lations in all moDC transcriptome data sets. (D) Comparison between control and patient moDC expression of monocyte and 
moDC genes. ***DESeq2 adjusted P<0.001. (E) Principal component analysis of control and patient transcriptomes. (F) Gene ex-
pression comparison between control and patient moDC. Illustrative genes found differentially expressed in Allen et al.20 are 
highlighted. (G) Gene ontology term fold enrichments for genes differentially expressed between control and patient moDC. P 
values for significantly enriched terms are inset. GM-CSF: granulocyte-macrophage colony-stimulating factor.
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were enriched in markers of monocytes and DC over those 
of other immune cells (Figure 1C). In order to see if this pat-
tern was equally true in patient and control cells, we inves-
tigated the levels of monocyte and DC markers separately 
in each group. Interestingly, this revealed that the ex-
pression of monocyte genes (e.g., CD14, PECAM1) was sig-
nificantly higher in patients, while the expression of DC 
markers (e.g., CXCR4, CCR7) was significantly lower (Figure 
1D). 
In order to assess the differences between patients and 
controls in an unbiased and genome-wide fashion, we 
performed principal component analysis (PCA) and hier-
archical clustering based on the most variable genes in 
the data set. This demonstrated that patient and control 
samples robustly separated from each other (Figure 1E; 
Online Supplementary Figure S1A) and this separation was 
driven, at least in part, by the expression of monocyte and 
moDC genes (Online Supplementary Figure S1B). Fur-
thermore, the moDC from the youngest (18 months old) 
and oldest (12 years old) patients with active and non-ac-
tive disease respectively, clustered closer together com-
pared to the third patient (6 years old, non-active 
disease). Moreover, none of the three patients was on 
treatment at sampling, indicating that the separation of 
patients from controls was not affected by age, disease 
status or treatment of the patients. Additionally, differen-
tial expression analysis on the entire transcriptome re-
vealed thousands of genes to be significantly dysregulated 
in LCH patient cells (Figure 1F; Online Supplementary 
Tables S2 and S3). Importantly, the genes differentially ex-
pressed in our experiments matched well with those pre-
viously described in arrays of lesion-derived LCH cells20 
(Online Supplementary Figure S1C). In order to character-
ize the differentially expressed and top PCA-loaded genes, 
we analyzed their gene ontology enrichments for pro-
cesses known to be affected in LCH. This revealed that 
while immune system processes were both up- and 
downregulated in LCH-derived versus control-derived 
cells, genes regulating cell-cell adhesion were downregu-
lated and cell cycle genes were upregulated in LCH cells 
(Figure 1G; Online Supplementary Figure S1D). 

Stimulation of monocyte-derived dendritic cells with 
interferon-γ 
Recent single-cell sequencing efforts have identified INFγ 
signaling in LCH cells.21 Thus, we introduced INFγ stimu-
lation into our moDC differentiation protocol to evaluate 
its relative effects on the transcriptomes of our patient 
and control cells (Figure 2A). Confirming the effects of 
INFγ treatment, hierarchical clustering demonstrated that 
treated samples generally clustered together when com-
pared to untreated cells from the same individual (Online 
Supplementary Figure S2A). Gene ontology analysis of 
genes affected by INFγ showed that treated cells down-

regulated proliferation genes and upregulated those in-
volved in INFγ response and immune cell activation (On-
line Supplementary Figure S2B, C). However, this 
transcriptional response did not affect the clear separ-
ation observed between patient-derived and control-de-
rived moDC by hierarchical clustering (Figure 2B).  
Comparison of control and patient moDC treated with INFγ 
revealed a similar number of differentially expressed genes 
to that of untreated cells (Figures 1F and 2C; Online Sup-
plementary Tables S2 and S3). However, cells from patients 
showed a more pronounced response to INFγ compared 
to controls (Figure 2D, E). In order to characterize the bio-
logical processes that are differentially affected by INFγ, 
we performed gene ontology analysis. Like in the case 
without INFγ treatment, patient cells both up- and down-
regulated genes involved in immune system processes. In 
contrast, INFγ increased the enrichment of genes involved 
in cell migration in control cells over patient cells. In pa-
tient cells, INFγ treatment exacerbated the differential ex-
pression of genes involved in the MAPK pathway, 
receptor-mediated endocytosis and regulated exocytosis 
(Figure 2E, F). Notably, exocytosis terms were found within 
the top ten most significant gene ontologies upregulated 
in patient cells (Online Supplementary Table S3).  
As vesicle trafficking was affected on multiple levels in 
our RNA-seq data, we looked specifically at the various 
pathways involved in endocytosis, endosomal sorting and 
exocytosis.22,23 This revealed that while caveolin and clath-
rin were downregulated in patient cells, most scavenger 
receptors and structural components of endocytosis were 
upregulated (Online Supplementary Figure S3). Moreover, 
although markers of early endosomes and lysosomes 
were downregulated in patients, various markers of COP-
II-mediated anterograde trafficking, late and recycling en-
dosomes, as well as multivesicular bodies were 
upregulated in patient cells.24-26 This was mirrored by an 
increase in specific syntaxin, synaptogamin and SNARE 
genes, as well as markers of vesicle fusion and lysosomal 
exocytosis,27 which together illustrated the complexity of 
the LCH exocytosis phenotype (Online Supplementary Fig-
ure S3). 
In order to confirm that the biological processes identified 
by gene ontology analysis in our in vitro system were also 
active in vivo in LCH cells within patient lesions, we turned 
to a recently published single-cell RNA-seq data set.21 We 
used CD1A and CD14 to map where LCH cells and mono-
cytes were located within the cell dispersion maps from 
each of the seven patient lesions analyzed. In this way, we 
observed that the MAPK, endocytosis and, particularly, 
exocytosis genes we found enriched in our patient cells 
were primarily expressed by monocytes and LCH cells, 
within patient lesions (Figure 2G; Online Supplementary 
Figure S4). 
As our patient samples were limited and heterogeneous, 

Haematologica | 108 September 2023 

2425

ARTICLE - Increased vesicle trafficking in LCH myeloid cells D.W. Hagey et al.



A

B E

F

G

C

D

Figure 2. Interferon-γ enhances abnormal Langerhans cell histiocytosis patient monocyte-derived dendritic cell membrane traf-
ficking. (A) Schematic diagram of the differentiation and stimulation protocol applied to monocytes isolated from healthy controls 
or patients. (B) Hierarchical clustering of sample-sample Pearson correlations for all control and patient monocyte-derived den-
dritic cells (moDC) ± interferon-γ (INFγ) treatment. (C) Gene expression comparison between control and patient moDC treated 
with INFγ. Red dots represent genes with significantly different expression. (D) Magnitude of differential gene expression between 

Continued on following page.
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we wished to confirm the biological processes dysregu-
lated in LCH moDC by comparing these samples with ad-
ditional age-matched control groups. Thus, we sequenced 
moDC from five healthy pediatric controls and three pedi-
atric CD patients (Figure 3A; Online Supplementary Table 
S4). Clustering these samples together with our previous 
data showed distinct clusters of CD and LCH samples 
separated from one CD and all control samples (initial and 
additional pediatric, n=8) (Figure 3B). Performing differen-
tial expression analysis between all control samples and 
either LCH or CD samples revealed more differences be-
tween controls and LCH cells (Figures 3C, D). Importantly, 
the differences in gene expression levels were as signifi-
cant between LCH moDC and each of the three other 
sample groups (Figure 3E). Finally, we assessed the po-
tential enrichment of gene ontology terms related to 
those we found upregulated in our previous analysis. In 
contrast to their upregulation in LCH moDC, CD moDC 
downregulated genes involved in MAPK cascade, prolifer-
ation, endocytosis and exocytosis, while chemotaxis was 
instead a feature of these cells (Figure 3F). 

Endo- and exocytosis phenotype confirmation 
Since gene ontology and pathway analysis suggested that 
receptor-mediated endocytosis genes were upregulated in 
LCH cells, we wished to functionally confirm this pheno-
type in moDC cells from a larger and more homogeneous 
cohort. To this end, EM analysis of moDC from seven LCH 
patients and seven control samples revealed dense struc-
tures within moDC, which were significantly enriched in 
LCH cultures (Figure 4A, B). Interestingly, these structures 
were not observed at all when monocytes were isolated 
with a different protocol that did not involve incubation 
with magnetic beads (Online Supplementary Figure S5). 
This suggested that antibody-coated magnetic beads were 
aberrantly endocytosed during patient monocyte isolation, 
reflecting the transcriptional changes detected by RNA-
seq. 
As genes regulating exocytosis pathways were particularly 
upregulated in LCH cells, it was important to understand 
how this phenotype manifested itself in LCH. In order to 
study this, we analyzed the vesicles and soluble proteins 
present in conditioned media from patient and control 
moDC cultures. Characterization by EM and nanoparticle 
tracking analysis revealed an abundance of EV 50-200 nm 
in size in culture media from both patients and controls 
(Figure 5A, B). In order to separate and quantify the EV 

and soluble proteins present in the media, we performed 
size exclusion chromatography (Figure 5C). This analysis 
revealed no difference in the amount of soluble proteins 
present in media from healthy controls and LCH patients, 
though patient cells treated with INFγ secreted higher 
protein amounts than untreated patient cells (Figure 5D). 
Importantly, LCH cells secreted significantly more EV than 
control cells regardless of their exposure to INFγ, as 
quantified by nanoparticle tracking. Interestingly, while 
control cells secreted significantly less EV in the presence 
of INFγ, LCH patient cells increased the quantity of se-
creted EV (Figure 5E). 

Characterization of the monocyte-derived dendritic cell 
secretome 
Since we consumed all our primary moDC media perform-
ing size exclusion, we turned our analysis to moDC derived 
from an expanded cohort of LCH patients (Online Supple-
mentary Table S1) and healthy controls to explore the dif-
ferences between control and patient secretomes. 
Analysis of moDC conditioned media using a Luminex 
panel of selected cytokines known to be secreted by 
monocytes and DC revealed a significant decrease in the 
levels of CCL2 released by patients, while all other factors 
were found at similar levels in the media from patients 
and controls (Online Supplementary Figure S6A). In a par-
allel attempt to understand the differences between EV 
secreted by LCH and control moDC, we utilized the MAC-
Splex EV surface protein profiling assay. These experi-
ments revealed lower levels of CD81 and a trend towards 
higher levels of HLA-DRDPDQ on patient EV, while most 
other markers were found at similar levels (Online Sup-
plementary Figure S6B). 
Even though vesicle quantities were clearly increased in 
patients, the MACSplex assay did not demonstrate clear 
pathogenic differences between patient and control EV. 
Therefore, we sought to better understand their functional 
distinctions. EV are known to carry and deliver diverse 
protein-, lipid- and nucleic acid cargo between cells and 
mRNA has attracted particular attention recently due to 
its role in directly regulating cellular activity.12 RNA-seq 
followed by PCA of the most variable genes in the data 
set showed LCH patient-derived EV transcriptomes to 
cluster close together, in contrast to control-derived EV, 
which were more heterogenous (Figure 6A). Furthermore, 
differential expression analysis revealed hundreds of 
genes to be specifically enriched in either control or pa-

control and patient moDC when untreated or treated with INFγ. (E) Normalized count data in control and patient moDC ± INFγ 
treatment for genes exemplifying the gene ontology pathways regulated in (F). (F) Gene ontology term fold enrichments for 
genes differentially expressed between control and patient moDC ± INFγ treatment. P values for significantly enriched terms are 
inset. (G) Single cell RNA-sequencing data from Halbritter et al.21 showing the expression of markers for Langerhans cell histio-
cytosis (LCH) cells (CD1A, pink circle) and monocytes (CD14, black circle), as well as the genes we found differentially expressed 
within the gene ontology terms listed. Statistics for (D) performed using a two-tailed, unpaired t-test and for (E) using the ad-
justed P value from DESeq2. **P<0.01 and ***P<0.001. GM-CSF: granulocyte-macrophage colony-stimulating factor.

Haematologica | 108 September 2023 

2427

ARTICLE - Increased vesicle trafficking in LCH myeloid cells D.W. Hagey et al.



Figure 3. Vesicle trafficking phenotypes are robust and unique to Langerhans cell histiocytosis samples. (A) Schematic diagram 
of the differentiation and stimulation protocol applied to monocytes isolated from healthy (adult) controls, healthy pediatric 
controls, Crohn’s disease (CD) or Langerhans cell histiocytosis (LCH) patients. (B) Hierarchical clustering of sample-sample Pear-
son correlations for monocyte-derived dendritic cells (moDC) from the initial cohort of healthy controls and LCH patients and 
the additional cohort of healthy pediatric controls and CD patients. (C, D) Gene expression comparison between all healthy con-
trols and LCH (C) or CD (D) patient moDC. Red dots represent genes with significantly different expression. (E) Batch corrected 
normalized count data in original and pediatric controls, as well as CD and LCH patient moDC for genes exemplifying the gene 
ontology pathways regulated in (F). Statistics performed using unpaired, two-tailed t-tests **P<0.01 and ***P<0.001. (F) Gene 
ontology term fold enrichments for genes differentially expressed between all healthy controls and LCH patient moDC. P values 
for significantly enriched terms are inset. GM-CSF: granulocyte-macrophage colony-stimulating factor.
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tient EV (Figure 6B; Online Supplementary Tables S5 and 
S6). Although it might have been expected that these 
transcripts simply represented the most highly expressed 
genes in control and patient cells, this was not the case 
(Online Supplementary Figure S7A). Instead, only LCH-de-

rived EV were specifically enriched for the genes found to 
be upregulated in the original cohort of patient cells (Fig-
ure 6C). 
In order to further understand which cellular transcripts 
were sorted into EV, we performed differential expression 
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analysis between cells and EV and plotted their normal-
ized expression values against one another. This showed 
that EV-enriched genes were expressed at lower levels in 
patient and control cells relative to the genes enriched in 

cells (Online Supplementary Figure S7B-E). Moreover, the 
difference between control and patient EV-enriched tran-
scripts was larger than that between the cells themselves 
(Online Supplementary Figure S7F). 

A B

Figure 4. Patient monocyte-derived dendritic cells display abnormal endocytosis. (A) Representative electron micrographs show-
ing beads used in the isolation protocol to be taken up by patient, but not control, monocyte-derived dendritic cells (moDC). 
Scale bars are inset. (B) Quantification of beads found in moDC from controls (N=7) and patients (N=7). Statistics performed 
using Mann-Whitney test. **P<0.01.

Figure 5. Patient monocyte-derived dendritic cells display in-
creased extracellular vesicle exocytosis. (A) Electron micrograph 
of monocyte-derived dendritic cells (moDC) media with arrow-
heads pointing to different sizes of extracellular vesicles (EV). Scale 
bar is inset. (B) Nanoparticle tracking graph illustrating moDC EV 
particle concentrations and sizes. (C) Graph of particle (black) and 
protein (grey) concentrations from all moDC samples in each of 
the 4 size exclusion fractions collected. (D) Average protein con-
centration from control and patient samples ± interferon-γ (INFγ) 
treatment. (E) Average particle concentration from control and pa-
tient samples ± INFγ treatment. Statistics performed using two-
tailed, unpaired t-tests. *P<0.05, **P<0.01 and ***P<0.001.
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In order to characterize the potential function of patient-
enriched EV-born transcripts on cells in the lesion, we 
subjected these to gene ontology analysis. This revealed 
an enrichment of metabolic genes in both patient and 

control EV. In contrast, each was enriched in transcripts 
with opposing effects on cell motility, such that control 
and patient EV were associated with positive regulators 
of cell motility and cell-cell adhesion, respectively (Figure 

A

D E
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B C

Figure 6. Langerhans cell histiocytosis extracellular vesicles carry transcripts promoting Langerhans cell histiocytosis lesion prop-
erties. (A) Principal component analysis of control and patient extracellular vesicle (EV) transcriptomes. (B) Gene expression comparison 
between EV secreted from INFγ-treated control and patient monocyte-derived dendritic cells (moDC). Red dots are genes with sig-
nificantly different expression. (C) Overlap enrichment of genes differentially expressed in control and patient moDC cells and EV. 
Statistics performed using R prcomp. **P<0.01. (D) Gene ontology term fold enrichments for genes differentially expressed between 
INFγ-treated control and patient moDC EV. P values for enriched terms are inset. (E) Normalized count data in INFγ-treated patient 
and control moDC EV for genes exemplifying the gene ontology pathways regulated in (D). (F) Gene ontology term fold enrichments 
for genes differentially expressed between EV derived from patients with non-active or active Langerhans cell histiocytosis (LCH). P 
values for enriched terms are inset. (G) Normalized count data in EV derived from patients with non-active or active disease for genes 
exemplifying the gene ontology pathways regulated in (F). *DESeq2 adjusted P value <0.05 and **DESeq2 adjusted P value <0.01.
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6D). Furthermore, a strong enrichment of genes with well-
characterized roles in T-cell activation and MAPK cascade 
was observed specifically in patient cells (Figures 6D, E). 
Interestingly, patient EV transcriptomes could be clearly 
separated into two subclusters based on PCA: one derived 
from patients with active disease and one from patients 
with non-active disease (Figure 6A; Online Supplementary 
Table S1). By performing differential expression analysis 
on these two groups (Online Supplementary Figure S7G), 
EV derived from patients with active disease were more 
enriched in transcripts involved in T-cell differentiation, 
MAPK signaling and vesicle trafficking than those from pa-
tients with non-active disease (Figures 6F, G; Online Sup-
plementary Table S7). 

Langerhans cell histiocytosis secretome affects the 
function of lymphocytes 
Since gene ontology analysis revealed upregulation of vari-
ous terms related to lymphocyte function in EV secreted 
from LCH patient moDC, we sought to investigate how 
these would affect lymphocytes in vitro. For this, we iso-
lated PBMC from buffy coats from three healthy donors and 
cultured them in the presence of either LCH or control 
moDC supernatants for 18 hours. Cells were then stained 
with a 22-color flow cytometry panel (Online Supplemen-
tary Table S8) to phenotypically characterize the lympho-
cyte subpopulations in the stimulated PBMC. Single alive 
lymphocytes from each donor for each stimulation were 
analyzed with uniform manifold approximation and projec-
tion (UMAP) to achieve dimensionality reduction. UMAP 
analysis (Figure 7A; Online Supplementary Figure S8A) 
showed that the same lymphocyte subsets could be de-
tected in both LCH- and control-treated PBMC. These were 
CD4+ and CD8+ T cells (including MAIT cells), NK cells and 
ILC (Figure 7B; Online Supplementary Figure S8B). Unsuper-
vised clustering with phenograph subdivided the main lym-
phocyte subsets into 20 distinct subpopulations based on 
the median fluorescence intensity of cell markers (Figures 
7C, D). Investigation of the frequency of each subset in each 
donor when treated with LCH or control medium (Figure 
7E) revealed that LCH medium significantly decreased the 
frequencies of Treg (C2), CD8+ activated/regulatory cells 
(C11) and non-activated NK cells (C1, C5). Moreover, LCH 
media also resulted in a relative increase in the frequencies 
of naïve CD4+ T cells (C8), effector memory CD4+ T cells 
with a naïve phenotype (C7) and mature activated NK cells 
(C4), while no significant difference was observed in other 
lymphocyte subsets.  

Discussion 
One challenge in understanding LCH pathology is that the 
lesion creates a unique niche of immune cells with complex 

phenotypes and interactions that cannot be accurately re-
capitulated in healthy individuals. However, as LCH cells are 
a type of CD1a+ DC, and monocytes/monocyte-like cells 
were proposed to contribute to the LCH cell pool,21,28,29 we 
felt it would be informative to derive these in vitro and apply 
an unbiased RNA-seq-based approach to study their niche-
independent differences. Although the cells analyzed were 
not bona fide LCH cells, this analysis uncovered novel vesicle 
trafficking phenotypes and confirmed a previously described 
increase in MAPK activity, impaired DC differentiation and 
cell migration defects.20,30,31 These phenotypes agree with 
previous studies reporting low CCR7 protein levels in LCH 
cells in lesions and an overall semi-mature mixed mono-
cyte-macrophage-DC phenotype.20,31-33 This data demon-
strated that our differentiation system adequately 
recapitulated characteristics of bona fide LCH cells in vitro. 
INFγ expression has been previously documented in LCH 
lesions34,35 and LCH cells are known to express IFNγR1.35 
However, little is known about the impact of INFγ on LCH 
pathology. Thus, we treated moDC with INFγ and compared 
their transcriptional profiles with those of unstimulated 
cells. We found that INFγ treatment exacerbated the in-
creased expression of genes involved in MAPK signaling, en-
docytosis and exocytosis in LCH patient moDC. Functionally, 
we found that control moDC decreased their release of EV 
upon INFγ stimulation, while patient cells increased the se-
cretion of both proteins and EV under these conditions. This 
supports the interpretation that patient cells are inherently 
vulnerable to immunological stimuli, possibly explaining the 
hypercytokinemia detected in patient lesions, blood and 
CSF.5-8,36,37 
Our results indicated that increased proliferation, endocyto-
sis and exocytosis are amongst the most pronounced phe-
notypes in LCH cells, though these have not been previously 
described in LCH. The finding of multiple exocytosis terms 
within the top ten most enriched gene ontology terms de-
scribing patient moDC demonstrated this importance (On-
line Supplementary Table S3). EV are recognized as having a 
key role in tumor growth through the reprogramming of tis-
sue resident cells and formation of the tumor niche. Their 
ability to stimulate angiogenesis, drive matrix remodeling 
and enable immune escape are well documented in several 
cancers and thus it is possible that EV have a similar role in 
LCH pathogenesis. Moreover, their unique capability to cross 
the blood brain barrier provides a potential lead in the link 
between LCH and pediatric neurodegeneration.38-40 Unfor-
tunately, the small size of our cohort constitutes a limitation 
of our study and the modest number of moDC obtained pre-
vented us from performing all experiments on the same 
samples. Regardless, we confirmed the LCH transcriptional 
phenotypes that we discovered by comparing to three dif-
ferent control groups, including another inflammatory gra-
nuloma disease, and functionally verified them using EM, 
nanoparticle tracking and lymphocyte stimulation assays. 
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Moreover, the biological relevance of our findings was sup-
ported by our ability to map the expression of the dysregu-
lated gene sets in LCH moDC to the CD1A and CD14 
expressing cells in LCH lesions.21 
Although the mechanisms that underpin LCH have remained 
elusive, our understanding of the intrinsic pathways dys-
regulated in LCH cells was improved by the discovery of 
MAPK pathway mutations in LCH cells. Interestingly, MAPK 
signaling influences vesicle trafficking, which may lead to 
the increased exocytosis we observed. As EV can deliver a 
broad range of biological cargo to influence neighboring 
cells,12,13 they represent both a novel pathological mechanism 
and a potential source of disease biomarkers. Indeed, the 

analysis of EV contents in plasma and other biofluids have 
been proposed as tumor biomarkers in various cancers.13 
Thus, EV secreted by cells found in LCH granulomas could 
possibly be used both as early LCH diagnostic markers and 
as markers for disease state and therapy evaluation.  
The upregulation of genes such as LAMTOR2 and com-
ponents of the ESCRT machinery in LCH moDC hinted at 
previously underappreciated pathological mechanisms. 
LAMTOR2 resides mainly in late endosomes, where it regu-
lates vesicle sorting and has been shown to be necessary 
for Langerhans cell proliferation and survival by regulating 
ERK and mTORC signaling.25 Interestingly, inhibition of mTOR 
was sufficient to reduce production of inflammatory cyto-

A

C

E

D

B

Figure 7. Langerhans cell histiocytosis secretome reprograms lymphocyte function. (A) Uniform manifold approximation and 
projection (UMAP) on concatenated files of 114,000 lymphocytes from 3 healthy donors (38,000 cells each) treated either with 
control conditioned culture medium (light blue) or 114,000 lymphocytes from the same 3 healthy donors (38,000 cells each) 
treated with Langerhans cell histiocytosis (LCH) conditioned culture medium (red). (B) UMAP displaying the median fluorescence 
intensity (MFI) of the indicated markers. (C) Distribution of the 20 identified phenograph clusters overlaid on the UMAP projection. 
(D) MFI of each marker in the phenograph clusters. (E) Frequency of each cluster in each donor when treated with CN medium 
(first point) or LCH medium (second point), linked with a line. Statistics in (E) performed using Multiple paired t-tests. *P<0.05, 
**P<0.01, ***P<0.001 and ****P <0.0001.

Haematologica | 108 September 2023 

2432

ARTICLE - Increased vesicle trafficking in LCH myeloid cells D.W. Hagey et al.



kines by BRAF V600E+ hematopoietic progenitors and im-
prove outcomes in treated mice.41 Moreover, the ESCRT ma-
chinery plays a vital role in the cellular processes essential 
for exosome release and its activation would contribute to 
the increased exocytosis characterizing LCH cells.42 The per-
turbed vesicle trafficking resulting from the dysregulation of 
these genes may explain why we found patient moDC EV to 
be particularly enriched in transcripts involved in T-cell ac-
tivation, cell adhesion and MAPK signaling. Importantly, the 
lateral transfer of these phenotypes would help justify the 
behavior of lesional cells, including the observation of acti-
vated T cells in the absence of stimulatory cytokines.43 In 
order to assay this directly, we tested the effects of patient 
and control moDC conditioned media on lymphocyte activ-
ity. Interestingly, this revealed a reduction in the frequency 
of activated T cells and inactive NK cells, and a striking in-
crease in the frequency of naïve T cells and activated NK 
cells. However, given that the activation markers in these 
cell types overlap extensively, and NK terms are very limited 
in the gene ontology database, it is not surprising that T-cell 
regulation was highlighted in our data. Regardless, this con-
stitutes the first example of histiocytosis cells reprograming 
other cells in their niche, which is a common function of EV 
in other neoplastic diseases.41  
Together, our findings indicate that LCH patient cells are in-
trinsically sensitive to immune insult, reveal important 
mechanisms of disease pathology, and suggest EV as po-
tentially valuable target in LCH patient diagnostics and ther-
apy. For example, a prospective study of LCH patient EV in 
liquid biopsies has the potential to reveal biomarkers such 
as mutational status, which could improve the sensitivity of 
LCH diagnosis and treatment monitoring. Moreover, if EV are 
confirmed as a pathogenic mechanism of LCH, then seques-
tering them in lesions or inhibiting their production may 
prove a potent therapeutic approach, as has been recently 
demonstrated in systemic inflammation and melanoma.44-46 
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