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The spectrum of somatic mutations in pediatric histiocytoses and their clinical

sis (-LCH) subtypes. A cohort of 415 children with histiocytosis from the French his-
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were analyzed by next-generation sequencing (NGS) with a custom panel of genes

1 Erdheim-Chester disease, 21 Rosai-Dorfman disease (RDD), 21 juvenile xanthogra-

Wild-type sequences were identified in 17.1% of samples. BRA was the only

variant significantly correlated with critical presentations: organ-risk involvement and
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approaches.

1 | INTRODUCTION

Histiocytosis constitutes a group of rare disorders arising from tissue
infiltration by myeloid cells with diverse macrophage or dendritic cell
phenotypes.! Oncogenic somatic mutations of the MAP-kinase path-
way have been reported in varying frequencies depending on histiocy-
tosis subgroup, age of the studied population, and sensitivity of the
molecular method used.

Langerhans cell histiocytosis (LCH) and Erdheim-Chester disease
(ECD) are included among the L group histiocytoses in the 2016
revised classification? because of their shared clinical and molecular
characteristics. LCH is by far the most common histiocytosis with a
pediatric predominance, whereas ECD is very rare in children. For this
L group, the mutational spectrum is the best described, and molecular
alterations involving the MAP-kinase pathway are assumed to be
identifiable in about three of every four cases. In childhood LCH,
BRAFV%9E is the most frequently identified mutation (about 50%), fol-
lowed by alterations in exons 2 and 3 of MAP2K1, which are found in
~11%-30% of pediatric cases.> ® Recently, small deletions and dupli-
cations of BRAF exon 12 have been reported, but their prevalence is
less clearly established.”*° Data are even more scarce for the muta-
tional spectrum of less frequent histiocytoses such as juvenile xantho-
granuloma (JXG), Rosai-Dorfman disease (RDD), and malignant
histiocytosis (MH).”1112

The mutation status related to the MAP-kinase pathway is of
therapeutic interest because of implications for which targeted ther-
apy is indicated for chemotherapy-resistant disease: specific inhibitors
of BRAF in the context of the BRAFY4°°F mutation and MEK inhibitors
for other BRAF or MAP2K1 mutations.! Moreover, we have estab-
lished a genotype-phenotype correlation in childhood LCH between
the BRAFV%%E mutation and multisystem (MS) risk organs positive
(RO+) LCH, resistance to first-line vinblastine-steroid chemotherapy,
reactivations, and late sequelae, in particular neurodegenerative rami-
fications.*>* For pediatric LCH, these data have paved the way to
developing tailored strategies of therapeutic stratification and long-
term adapted follow-up based on molecular findings.

Molecular analysis in histiocytoses represents a difficulty com-
pared with other neoplasia pathologies because of the low infiltration
into lesions of pathological cells bearing the oncogenic mutation and
the limited material from diagnostic biopsies in young children.**°

Centralized analysis in a reference pathology laboratory is of interest
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neurodegeneration. MAP-kinase pathway mutations were identified in seven RDD
(mostly MAP2K1) and three JXG samples, but most samples were wild-type on NGS.
Finally, two MH samples had KRAS mutations, and one had a novel BRAFG4¢°R muta-
tion. Rarely, we identified mutations unrelated to MAP-kinase pathway genes. In
conclusion, we characterized the mutational spectrum of childhood LCH and clinical
correlations of variants and subtypes. Variants responsible for JXG and RDD were
not elucidated in more than half of the cases, calling for other sequencing

in order to benefit from an optimized process that includes histologi-
cal review, macrodissection if necessary to enrich the sample in path-
ological histiocytosis, and finally the choice of analytical method, with
digital PCR if necessary.*?

This study used data from a representative cohort of children
treated for pediatric histiocytosis, and whose molecular analysis was
centralized in a national expert reference laboratory. The aim was to
define the spectrum of somatic mutations for each histiocytosis sub-
type and characterize genotype-phenotype correlations, with a spe-
cific focus on non-BRAFY®%E mutations in childhood LCH and on
mutations associated with JXG, RDD, and MH (i.e, non-LCH
subtypes).

2 | MATERIALS AND METHODS

2.1 | Patients
Among patients with pediatric histiocytosis included in the French
National histiocytoses registry,’® 484 had benefited from the histo-
logic review over the last 12 years (2010-2021) in the histiocytosis
French reference laboratory. The inclusion criteria were age <18 years
at diagnosis, presence of histiocytes in analyzed material, and amplifi-
able DNA detected after extraction. The exclusion criteria were the
absence of histiocytosis infiltration in samples or non-amplifiable
DNA. This study was approved by the Ethics Committee, Sud-Ouest
et Outre-Mer Il (#2019-A01814-53), and was conducted in accor-
dance with the Declaration of Helsinki. All patients provided written
informed consent (clinical trial registration NCT04437381 [Molecular
Targets for the Treatment of Histiocytosis TARGET-HISTIO]). Among
the 484 pediatric biopsy samples received during the covered period,
415 were from cases that met the inclusion criteria (Figure 1).
Demographic data, clinical characteristics, extent of disease, type
of treatment and response to therapy, reactivation, and permanent
sequelae were recorded as previously described*® and according to
classifications established by the Histiocyte Society.!” Treatment effi-
cacy was evaluated according to the classification used by the Histio-
cyte Society. When tumorous lesions were present, we used the
Response Evaluation Criteria in Solid Tumors version 1.1, as previ-
ously described.*® Among childhood, LCH patients included here,
214/366 (58.5%, Supplementary Material 1A) were already included
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484 biopsies from children with histiocytosis selected for central review and DNA
sequencing in a French expert reference center (years, 2010-2021)

— No histiocyte infiltration n=22
— Non-amplifiable DNA n=47

v

415 samples with confirmed diagnosis and studied for BRAFV600E

-LCH n=366 -ECD n=1
-RDD n =21 -IXG n=21
-MH n=6

—» BRAFV®00E mutation, n = 187

— Insufficient materiel for NGS, n = 80

v

148 samples analyzed by next-generation sequencing (NGS)

FIGURE 1 Workflow of
recruitment of histiocytosis
patients into the study. ECD,
Erdheim-Chester disease; JXG,
juvenile xanthogranuloma; LCH,
Langerhans cell histiocytosis; MH,
malignant histiocytosis; NGS,
next-generation sequencing;
RDD, Rosai-Dorfman disease.

with a panel of genes customized for histiocytosis and myeloid neoplasia

in the BRAFV4P°E correlation study published in 2016 by our group,

with extended follow-up.*®

2.2 | Histological review and DNA extraction
Histologic control with hematoxylin and eosin staining and CD1a
(Dako, clone 010, #IR069), CD207 (Leica, #NCL-L-Langerin), and
CD163 (Leica, clone 10D6, #NCL-CD163) antibody analysis was per-
formed to review the histiocytic disorder diagnosis and identify a
region suitable for DNA extraction. Tissue samples were macrodis-
sected and the percentage of histiocytes was evaluated for each
patient. Since 2016, pERK (Cell Signaling, CD13.14.4E, XP®, #8544)
antibody has progressively been applied to complete immunohisto-
chemistry (IHC) analysis.

For most samples, DNA was extracted as described by Colomba
et al.'? Since 2020, DNA extraction has been automated on a Max-
well® RSC Instrument (Promega, France), with extraction performed
according to the supplier's recommendations. For formalin-fixed
paraffin-embedded (FFPE) and frozen biological materials, the Max-
well® RSC DNA FFPE Kit and Maxwell® RSC Tissue DNA Kit were
used, respectively. For targeted BRAFV%° analysis, DNA was quanti-
fied by a spectrophotometric method (ND-100, Nanodrop®, or Multi-
scan Go, Thermo Fisher Scientific, France). For next-generation
sequencing (NGS) analysis, DNA quantity was evaluated by the Qubit

Fluorometer (Thermo Fisher Scientific, France).

2.3 | BRAFY® analysis

BRAFY4%° status was defined using first-line detection methods (QPCR

d,13’19

or pyrosequencing), as previously describe and reviewed using a

digital PCR approach if the first result was doubtful.2® Since 2021, we

have applied a new digital PCR method using a QlAcuity One, 5plex
Instrument (Qiagen) with a commercially available BRAFY¢%°F assay
(#DMHO0000004, Qiagen). The reaction conditions for this digital PCR

are reported in Supplementary Material 1B.

24 | DNA-Seq NGS

The DNA-Seq panel included almost 60 genes covering hot spots or
all exons previously reported to be mutated in histiocytoses and genes
involved in the MAP-kinase pathway and myeloid neoplasia. The
sequencing technique used and the regions covered by panels used in
this study are presented in Supplementary Material 1C-E. The quality
sequencing data and target coverage quality data are also included.
The sequencing data were analyzed depending on the applied tech-
nique. Mutations detected by DNA sequencing were interpreted
according to standards and guidelines as described by Richards

.2 and Sanger sequencing and length analysis of PCR products

eta
(LAPP) methods were used to confirm unusual and/or low-frequency
BRAF and MAZ2K1 alterations, as described in Supplementary

Material 1F,G.

2.5 | Statistical analysis

Differences between groups were tested with the Mann-Whitney
U test for quantitative variables and Fisher's exact test for qualitative
variables. For statistical analysis, the threshold significance was 0.01,
and for univariate analyses (multitests) of LCH presentation according
to mutational status, p <.002 was considered statistically significant
(Bonferroni correction). Survival analyses included the interval
between diagnosis and an event (reactivation or death) or the last

examination. Survival rates were estimated with the Kaplan-Meier
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FIGURE 2 Molecular
overview of pediatric
histiocytoses. (A) Frequency of
BRAFV49°E mutation in different

(A)  LCH (n=366)

histiocytosis disorders. The sole 50
ECD BRAFY4%°E patient is not

represented. (B) Landscape and

frequency of different mutations

observed by DNA-Seq in WT s =182

histiocytosis cases that were wild-
type (WT) for BRAFY¢%°, The
section results are given in %.
DUP, duplication; INS, insertion;
PM, point mutation. [Color figure
can be viewed at

M V600E 1 =184

(B) LCH (n =105)

wileyonlinelibrary.com] 18
39
25
WT
MAP2K1 DEL

B MAP2K1 PM

method, and subgroups were compared with the log-rank test. All sta-
tistical analyses were performed with Stata 13 software. The cut-off

date for these analyses was June 31, 2022.

3 | RESULTS

A total of 415 biopsies were analyzed from 415 children with con-
firmed diagnoses as follows: LCH, 366 patients; ECD, 1 patient; RDD,
21 patients; JXG, 21 patients; and MH, 6 patients. The BRAFV¢0E
mutation was detected in 45.1% of 415 samples (n = 187/415) and
almost exclusively in cases of LCH. Three non-LCH histiocytosis sam-
ples showed BRAFV%%F mutations, two from RDD and the ECD case
(Figure 2A).

Because of DNA quantity and quality, DNA-Seq analysis was not
performed in 80 BRAFWT (wild-type) samples. Among 148 samples
that were wild-type at the BRAFV®°E |ocus and analyzed by DNA-
Seq, 26.4% still had other aberrations in BRAF (n = 39/148), mostly
deletions and small duplications localized in exon 12, and 33.1% had
mutations in the MAP2K1 gene (n = 49/148). Among MAP2K1 alter-
ations, exon 2 deletions were more frequent than exon 3 deletions
(57.2% vs. 30.6% of all MAP2K1 alterations), whereas point mutations
were rare although seen in both exons (6.1% in exon 2 and 6.1% in
exon 3, of all MAP2K1 alterations). In 9.5% of samples (n = 14/148),
we detected a mutation in genes other than BRAF and MAP2K1, and
in three cases, these mutations coexisted with BRAF or MAP2K1 vari-
ants. For both RDD and JXG samples, MAP2K1 and KRAS mutations
were occasionally found, but for most of these histiocytosis subtypes,

no mutation was identified despite our large NGS panel. Finally,

RDD (n =21) JXG (n=21) MH (1 = 6)
90 100 100
WTnrn=19 WTn=21 WTn=6
M V600E n=2 M V600E n=0 M V600E n=0
RDD (n =18) JXG (n=20) MH (n =5)
6 ‘ 5 ' n
67 80 20
BRAF EX12 DEL B BRAF V600 REGION DELINS
B BRAF EX12 DUP B OTHER NON-V600 BRAF PM
B KRAS [ OTHER GENES

almost all patients analyzed by NGS for MH had at least one non-
recurrent molecular alteration (Figure 2B). A detailed description of all

detected mutations is presented in Supplementary Table 1.

3.1 | Molecular status among children with LCH
and clinical correlation

Among 366 children with LCH investigated for BRAFV°%E, 184 (50.3%)

FV6OOE_ mytated

harbored this mutation. Among those with non-BRA
LCH (n = 182), 105 samples were subjected to further molecular analy-
sis. In this subgroup, the prevalence of other somatic mutations was
41.9% for MAP2K1 exon 2 or 3 mutations (n = 44), 24.8% for a small
deletion in BRAF exon 12 (n = 26), and 7.6% for a small duplication in
BRAF exon 12 (n = 8) (Figure 2B, Supplementary Table 1). Four patients
had a BRAF mutation localized at the V600 codon that was different
from V60OE (V600_W604delinsKTDG, V600_K601delinsEISMEWVP,
V600delinsDL, and V600D). Four other patients had non-recurrent

R4 (variant

mutations without other molecular alterations: CSF1
allele frequency [VAF], 3.4%) together with EZH27>1S (VAF, 15.0%),
ETVER3™W (VAF, 8.2%), NF1R*23°W (VAF, 4.2%), and TET29®¥0" (VAF,
12.2%). In two children, MAP2K1 deletion was found together with
either JAK2RS77R (VAF, 10.2%) or GATA25133-P137del (WAF 10.0%) muta-
tion. Thus, we sometimes but rarely observed alterations in genes com-
monly mutated in myeloid malignancies or clonal hematopoiesis, in
contrast to what is reported in adults with ECD.??

Finally, no significant mutation was identified after NGS analysis
in 19/105 samples (18.1% of non-BRAFV¢°°E-mutated samples).

BRAFV49%E mutation was associated with multisystem (MS) disease
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TABLE 1

Characteristics

Male 51.6
Female 48.4
Age at diagnosis (median) 1.9 years
SS-LCH 511
RO— MS LCH 21.7
RO+ MS LCH 27.2
Bone involvement 72.3
Skin involvement 56.0
Pituitary involvement 19.6
Tumor of central nervous system involvement 54
Liver involvement 21.7
Hematologic involvement 22.3
Spleen involvement 19.6
Lung involvement 12.5
Lymph node involvement 10.3
Follow-up (median) 5.1 years
VLB steroid regimen 60.9
Response to VLB steroid 76.8
Receipt of second-line therapy 304
Receipt of targeted therapy 18.5
5-year cumulative incidence of reactivations 42.0
Permanent consequence 25.5
Neurodegeneration 7.6
Sclerosing cholangitis 3.3
Severe lung involvement 1.6
Death 2.7

With BRAFVS%E (n — 184)

Characteristics of LCH patients according to BRAFY4O0E status: values in % of n unless otherwise indicated.

Without BRAFV4?% (n = 182) p
64.8 .01
352
3.3 years .002
72.5 <.001
19.8
7.7
73.6 .81
30.2 <.001
11.5 .04
33 A4
4.9 <.001
3.8 <.001
4.4 <.001
12.1 1
11.0 .87
3.3 years .008
48.9 .03
94.4 .001
7.1 <.001
3.3 <.001
30.3 .06
15.9 .03
0 <.001
33 1
2.7 .50
1.6 72

Abbreviations: LCH, Langerhans cell histiocytosis; MS, multiple system; RO, risk organs; SS, single system, VLB, vinblastine.

and RO involvement: 27.2% of patients with BRAFV?F had MS RO+
LCH compared with 7.7% of patients without BRAFVC°E (p < .001),
and hematologic, spleen, and liver involvement was present in 22.3%,
19.6%, and 21.7% of cases with BRAFY¢CCE compared with 3.8%,
4.4%, and 4.9% of cases without this mutation (p < .001) (Table 1).
Patients with BRAFV6%° LCH were more likely to have skin
involvement (56.0%, BRAFV°CE: 30.2%, non-BRAFY%°E; p < 001) and
to require more vinblastine-steroid chemotherapy (60.9%, BRAFV60°F:
48.9%, non-BRAFV6COE: o — .03). Response to vinblastine-steroid che-
motherapy was lower with BRAFVCE (76 8%, BRAFV6CE. 94.4% non-
BRAFY600E, p = .001), and 30.4% of those harboring BRAFVOCE \yere
treated with a second-line therapy compared with 7.1% without
BRAFY4%%E_ Only 3.3% (n = 6) of children without BRAFY4%°F received
targeted therapy, compared with 18.5% (n = 34) bearing BRAFY°E,
Response to targeted therapy was constant when administered for
chemo-refractory active LCH disease. Patients with BRAFV°°E tended
to experience a higher 5-year LCH reactivation risk (42.0%) compared
with those lacking BRAFV¢%°F (30.3%; log-rank test, p = .06). Regard-
ing long-term consequences of the disease, 7.6% of patients with

BRAFV4%E  developed a clinical neurodegenerative LCH, but no
patients without this mutation did so (p < .001). For the less frequent
recurrent mutations (MAP2K1, BRAF exon 12 small deletions, BRAF
exon 12 small duplication), we found no significant difference related
to characteristics of LCH disease and outcome between these sub-
groups (Table 2).

Although cases involving non-BRAFV®°°E_mutated LCH were
globally less severe, some involved a life-threatening presentation.
One patient with a BRAF exon 12 small duplication had an MS RO+
LCH (hematological involvement, disease activity score [DAS] = 6,
diagnosis at age 0.3 years) but with a favorable outcome as the dis-
ease responded to vinblastine-corticosteroid therapy. Two patients
with a BRAF exon 12 small deletion had a severe disease course, one
with severe destructive lung involvement and the other with scleros-
ing cholangitis. Both underwent solid organ transplantation (lung and
liver, respectively) with continuous MEK inhibitor therapy before, dur-
ing, and after the procedure, with good graft function and no reactiva-
tion under targeted therapy. Three patients with a MAP2K1 mutation
had a severe disease presentation. One of these children
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TABLE 2 Characteristics of LCH samples that were wild-type for BRAFY4°F and studied by NGS, according to molecular status; values in %

of n unless otherwise specified.

MAP2K1 mutation

Characteristics (n = 44)
Male 72.7
Female 273
Age at diagnosis (median) 3.4 years
SS-LCH 72.7
RO- MS LCH 25

RO+ MS LCH 2.3
Bone involvement 88.6
Skin involvement 18.2
Pituitary involvement 9.1

Tumor of the central nervous system involvement 0

Liver involvement 2.3
Hematologic involvement 23
Spleen involvement 2.3
Lung involvement 9.1
Lymph node involvement 22.7
Follow-up (median) 1.6 years
VLB steroid regimen 47.7
Response to VLB steroid 95.2
Receipt of second-line therapy 6.8
Receipt of targeted therapy 4.5
5-year cumulative incidence of reactivations 40.8
Permanent consequence 114
Neurodegeneration 0
Sclerosing cholangitis 0
Severe lung involvement 4.5
Death 0

BRAF exon 12 BRAF exon 12

small deletion (n = 26)  small duplication(n =8) WT((n=19) p
61.5 75.0 52.6 40
38.5 25.0 47.4

3.2 years 4.1 years 2.2 years NS
80.8 75.0 73.7

11.5 12.5 21.0 .60
7.7 12.5 5.3

61.5 100 63.2 .008
30.8 125 47.4 .08
11.5 0 15.8 .59
3.8 0 5.3 21
7.7 0 0 .56
0 12.5 5.3 .37
0 0 0 1.0
154 125 10.5 .87
3.8 125 5.3 .10
2.6 years 2.2 years 1.6 years NS
50.0 75.0 57.9 .54
91.7 80.0 90.9 92
7.7 125 10.5 .81
77 0 5.2 .89
20.1 314 354 .60
19.2 0 15.8 .58
0 0 0 =
77 0 0 19
7.7 0 0 77
0 0 5.3 .28

Note: When specified, p value was obtained by comparison among all four groups of patients.
Abbreviations: LCH, Langerhans cell histiocytosis; MS, multiple system; NS, not significant; RO, risk organs; SS, single system, WT, wild-type, VLB,

vinblastine.

(MAP2K1PF33%) had MS RO+ LCH (DAS = 13, diagnosis at age
0.4 years) with diffuse lung lesions refractory to vinblastine-
corticosteroid therapy, but experienced a clinical complete remission
with MEK inhibitor therapy. The second child with MAP2K17>3-Q58delinsL
underwent a left complete pneumonectomy at age 1 month because of
complete destruction of the unilateral lung parenchyma leading to seri-
ous mechanical complications, and the third of these patients with
MAP2K1Q56-G61delinsR a5 successfully treated with MEK inhibitor
after experiencing no response to vinblastine-corticosteroid first-
line chemotherapy and severe diffuse lung lesions. The four
patients treated with MEK inhibitors were still on therapy at the
last visit, including one who experienced reactivation after
discontinuation.

Among four patients with mutations localized at the V600 codon
of BRAF other than V60OE, one patient, with BRAFY600-W604delinsLTDG
had infant MS RO+ that responded to vinblastine-corticosteroid

therapy with a favorable outcome, while the three other patients had
benign single-system (SS)-LCH disease.

Among patients with non-recurrent mutations, one with
TET29®0" and one with ETV6R*¢"™ had SS-LCH of skin and bone,
respectively, with unremarkable presentation and outcome. Con-
versely, a patient with CSF1RR?¢%" and EZH2°7°%% combined muta-
tions had SS bone LCH diagnosed at age 8.3 years but had an
uncommon reactivation with ECD features (osteosclerosis of long
bones, coated aorta) at age 14.5 years, managed with interferon-a
therapy. A patient with NF1R*25°W had MS RO+ LCH diagnosed at
age 6.2 years, with a favorable outcome after vinblastine-
corticosteroid treatment together with 6-mercaptopurine therapy.
Finally, 19 patients had wild-type samples after DNA-targeted NGS
investigation, and pERK IHC was positive in all cases. Of note, in this
subgroup of patients, one had infant MS RO+ LCH refractory to
vinblastine-steroid therapy but responsive to MEK inhibitor, and one
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had indolent skin SS-LCH associated with severe inherited osteope-

trosis, which ended in death.

3.2 | Molecular study of childhood RDD

Samples of 21 children with RDD were included in this study
(Supplementary Table 2A), 10 boys and 11 girls with a median age of
7.9 years (range, 0.8-15.4 years) at diagnosis, 7 (33%) of whom had
sub-Saharan African ancestry. Six patients (18.6%) had significantly
associated disease: R6 and R9 had primary immunodeficiency, R3 and
R15 had developmental delay, which was associated with a congenital
heart defect for R15; R20 had Steinert myotonic dystrophy, and R21
had fragile X syndrome. Nine (43%) patients had classic nodal RDD,
and 12 (57%) had extranodal involvement: seven in the head and neck
(nasal cavity and paranasal sinuses mass, n = 5; thickened mucosa of
larynx, n = 1; orbit, n = 1), two in the skin, two with central nervous
system tumors, and one with multifocal bone involvement.

Molecular studies showed significant mutation in samples from
eight patients (Figure 2, Supplementary Table 1). Patients R1 and R6
had classical nodal RDD mutated BRAFY6%°E and KRASCSP, respec-
tively. BRAFVC°F was also detected in patient R21, who had spinal
cord involvement. MAP2K1 was the most mutated gene reported in
this cohort, with four mutations identified that represented 22% of
cases subjected to NGS (D58_E62del, V6OE, 1103S, and C121S). The
four RDD patients with MAP2K1 mutations (R3, R9, R15, and R18)
had lymph node involvement, and patient R3 also had a paranasal
sinus mass. Regarding clinical syndromic features of patient R15 and
the allelic MAP2K1'1°%5 frequency at 51%, a germline mutation was
suspected and confirmed, and a diagnosis of cardiofaciocutaneous
syndrome was made (de novo mutation). After targeted NGS, 61.1%
of studied samples were found to be wild-type. Of note, the
DNMT3AR747C mutation was identified in patient R9 with a unifocal
skin lesion. IHC analyses of biopsy samples showed pERK positivity
for all tested samples, including nine that were wild-type.

In this cohort, 12 patients had benefited from an initial course of
corticosteroid therapy, five of whom also had cytotoxic chemother-
apy. Of the 12, 83% (n = 10/12) experienced a response to this first-
line therapy, and five of them had reactivation after discontinuation.
Nine patients had benefited from second-line chemotherapy: 2CDA
(n = 3), MEK inhibitor (n = 2), BRAF inhibitor (n = 1), mercaptopurine
(n = 1), methotrexate-azathioprine (n = 1), interferon alpha (n = 1),
and rapamycin associated with rituximab in a patient with associated
primary immunodeficiency (n = 1). Responses were variable, but of
note, the three patients treated with targeted therapy also experi-
enced a response. Seven patients received no systemic therapy, with

favorable outcomes.

3.3 | Molecular study of JXG

The group of 21 children with JXG (9 boys and 12 girls) had mostly a
severe presentation with multifocal skin or extracutaneous

involvement (Supplementary Table 2B). Median age at diagnosis was
0.6 years (range, 0-11.8 years). Fifteen patients had skin involvement
(solitary skin lesions, n = 2; multifocal skin lesions, n = 13). Moreover,
15 patients had extra-cutaneous involvement. Four had orbital or
ophthalmologic localization (iris involvement, n = 1; infiltrative orbital
lesion, n = 3), and 11 had a tumor mass with various localizations:
liver (n = 5), soft tissue (n = 5), bone (n = 4, including two patients
with a compressive base skull tumor and two patients with multifocal
bone localizations), spleen (n = 3), lung (n = 2), mediastinal (n = 1),
and kidney (n = 1). Finally, five patients had hematologic involvement
with severe cytopenia (JX3, JX7, JX8, JX12, and JX20).

All cases were negative for BRAFY?%F mutation. NGS showed sig-
nificant mutations in samples from four patients (Figure 2B, Supple-
mentary Table 1). Two different mutations of KRAS were identified:
KRASQ70-Y71insWEYSAMRDQ ;3 natient JX1 with multifocal skin involve-
ment; and KRASC1?R in patient JX12 with multifocal skin involvement
and an infiltrative orbital lesion. This child presented with Burkitt leu-
kemia at age 2.7 years (2 years after the multifocal skin JXG diagno-
sis), and the treatment of the leukemia resulted in effacement of
cutaneous lesions but did not prevent the development of infiltrative
orbital lesions. A MAP2K1®@%8-E62del \ya5 identified in a newborn girl
(JX3) with a voluminous neck tumor and hematologic involvement.
Finally, a CSF1IR®7%" mutation was identified in a boy aged 11.8 years
(patient C4) with a solitary skin lesion, and the histologic diagnosis
was a C group histiocytosis without typical features of JXG. After tar-
geted NGS, 80% of the studied samples remained wild-type. IHC ana-
lyses of biopsy samples showed pERK positivity for 12 samples, and
4 were negative (C4, JX6, JX10, JX17).

Twelve patients had benefited from a first-line systemic chemo-
therapy, and among them, 11 were treated with an LCH-like regimen
with vinblastine associated with corticosteroid or mercaptopurine
therapy. An objective response was observed for six patients, and one
patient had stabilization of the disease. Four patients were treated
with a second-line therapy: three (JX1, JX9, and JX12) received MEK
inhibitors, with a frank clinical response for two and stabilization of
the disease for one; and JX7 experienced clinical remission and favor-
able outcome after 2CDA-aracytine second-line therapy in the con-
text of very severe systemic disseminated disease. Finally, one other
patient (JX20), also with very severe systemic disseminated disease,
was treated with 2CDA-aracytine as first-line therapy but died of
infectious complications in a situation with persistently active disease.
This patient was the only one among those with JXG who died.

3.4 | Malignant histiocytosis

Six children (three boys and three girls) with MH were included in this
study (Supplementary Table 2C). Median age at diagnosis was
12.4 years (range, 1.4-16.2 years). For three children, MH was diag-
nosed secondary to the management of B-cell acute lymphoblastic
leukemia (patients M1 and M5) and Burkitt leukemia (patient M3). At
the initial diagnosis, bones were involved in three patients (multifocal

lesions) treated for a previous lymphoid malignancy, while one patient
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had disseminated central nervous system tumor lesions (M1), one had
a soft tissue tumor with inguinal lymph node localization (M4), and
one patient had a cervical lymph node localization (Mé). For two
patients (M4 and M5), no follow-up was available. The systemic che-
motherapy scheme was variable for the four patients for whom
follow-up was available. Three of them experienced a poor response
to chemotherapy, with death at a median of 11 months from diagno-
sis (range, 9.6-24.9 months). M6 was the only survivor and experi-
enced a response to topotecan-temozolomide (TOTEM) combined
chemotherapy.

IHC for pERK was performed for three cases (M2, M5, and Mé),
and all were positive. All cases were negative for BRAFY6°°F mutations
(Figure 2A). NGS was performed on samples from five cases, and
mutations were highlighted in four (Figure 2B, Supplementary Table 1):
a novel BRAFS**"R mutation associated with NF1512%¢" in a girl age
12.4 years with disseminated central nervous system tumor lesions
(patient M2); KRAS?®M in a boy age 12.8 years with MH of bone sec-
ondary to Burkitt leukemia (patient M3); ETV6M3®' in a boy age
1.4 years with a soft tissue tumor lesion (patient M4); and KRASA14¢P
in a boy age 16.2 years with MH of bone secondary to B-cell acute
lymphoblastic leukemia (patient M5). No PTPN11 alteration was
detected in our patients, in contrast to what has been reported in
adults with malignant histiocytoses,?®> whereas two of our three
patients with previous B-cell lymphoid malignancies had KRAS muta-
tions, as reported in adults with histiocytic sarcoma.?*

4 | DISCUSSION

Here, we present the results of the molecular and clinicopathological
characterization of 415 cases of pediatric histiocytosis, most of them
(88%) of the LCH subtype. Analyses of clinical features, response to
treatment, and prognosis were conducted in relation to the molecular
profiles of the cases. To our knowledge, this group is the largest
homogeneous cohort of children representing all histiocytosis sub-
types published to date.

As in other cancers, the most frequent BRAF alteration that we
found in our pediatric cohort was the BRAFV4°°E mutation. In the pre-
sent study, BRAFYP%F was found in 45.1% of all histiocytoses and in
50.3% of childhood LCH. This result is in accordance with previously
published findings showing BRAFV6%°E in 19%-67.6% of pediatric
LCH.37¢ In four children with LCH in the current study, we observed
more complex alterations (small deletion/duplication) around codon
V600 (Supplementary Table 1). These mutations altered the physico-
chemical properties of this hydrophobic domain, leading to the activa-
tion of downstream effectors of the MAP-kinase pathway. Such com-
plex rearrangements of the V600 region have rarely been described in
histiocytosis®®> and are more frequent in other cancers.?®?’ The
BRAFV4P%E mutation has rarely been detected in non-LCH pediatric
histiocytosis.2*?8-29 |n our series, we found this mutation in only two
RDD patients and in one with ECD, which is a rare condition in
childhood.?*~3% Deletions and duplications in exon 12 of BRAF were

exclusively found in the LCH group and were present in 24.8%

B WiLEY- L

(deletions) and 7.6% (duplications) of non-BRAFV¢%%E-mutated cases.
A pathogenic role of these deletions and duplications in MAP-kinase
pathway activation has been confirmed,”*° and they can be targeted
by BRAF or MEK inhibitors; however, the efficacy of MEK inhibitors
needs further investigation in the context of MAP2K1 exon 3 deletions
(also called class 3 mutants®*) and BRAF exon 12 small duplications.*®
Finally, in a patient with MH, we report a novel BRAF®4°R mutation
of unknown pathogenic function; pERK staining was positive in this
MH case.

In our cohort, MAP2K1 alterations were the most frequently
detected mutations in non-BRAFV6°°E childhood LCH, occurring in
42% of these patients. In contrast to BRAF, where the V600E point
mutation is predominant, deletions were more common in the
MAP2K1 gene, especially in exon 2 (57.2% of all MAP2K1 alterations).
Furthermore, we identified MAP2K1 alterations in 20% of RDD cases
and in one patient with JXG. Previous publications have reported
MAP2K1 mutations in 11%-30% of pediatric LCH patients®~” and
more rarely in other histiocytosis types.®2>3¢ Because non-
BRAFV4%E_mutated LCH cases constitute half of our LCH cohort, we
can estimate that MAP2K1 mutations are found in 21% of childhood
LCH, in accordance with previously published data.

In 12 samples without BRAF or MAP2K1 alteration, NGS revealed
a mutation in genes other than BRAF or MAP2K1 (Supplementary
Table 1). Additionally, samples from two MAP2K1-mutated LCH cases
and one BRAFS#*?R-mutated MH case harbored a second mutation in
another gene. The “less common” mutated genes in our series were
KRAS (n=5), CSF1R, ETV6, and NF1 (each n=2), and DNMT3A,
EZH2, GATA2, JAK2, and TET2 (each n = 1), all of which could have
pathological consequences.?! According to previous studies, the fol-
lowing genes (already found in cancer cases) also are rarely found to
be mutated in pediatric histiocytosis: ARAF,”378 CSF1R,” KRAS,1%?
KIT,74° MET,>” NF1,” NRAS’ and TP53>' and quite rarely with
MAP2K1 or BRAF alteration.®3®

KRAS mutations were found in JXG (n = 2), RDD (n = 1), and MH
(n = 2) types. KRAS is a well-known oncogene, and regarding histiocy-
toses, KRAS mutations have been reported in secondary MHZ32441
and occasionally in RDD or JXG.'! In contrast to the activating muta-
tions in CSFIR reported by Durham et al.,” both CSFIR mutations
detected in our series (LCH, n = 1; XGJ, n = 1) generate the stop
codon in the c-CBL binding domain, which might lead to abnormal
CSF1R ubiquitination and degradation by the interruption of the c-
CBL-CSF1R association.*?*® The pathological mechanism of these
mutants needs further investigation.

In contrast to reports concerning adults with ECD,?? we observed
very rare alteration in genes commonly mutated in myeloid malignan-
cies or clonal hematopoiesis: the DNMT3AR747C mutation highlighted
here in a child with RDD and the TET2?¥1%" mutation identified in a
child with LCH were the only ones found in this cohort that are
involved in clonal hematopoiesis.

Together with genetic analysis, we evaluated the correlation
between the molecular profile and the clinical characteristics and out-
comes for each histiocytosis subtype. Given the small number of cases

representing the non-LCH histiocytosis subtypes and no recurrent
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molecular profile found among them, a correlation analysis could not
be performed in these groups. Nevertheless, we describe a substantial
cohort of children with RDD, JXG, or MH with detailed clinical pheno-
type and outcomes, whereas most relevant previous publications have
been case reports.

We note that the 21 children with JXG reported here typically
had a severe presentation with multifocal skin or extracutaneous
involvement. Only two patients had a solitary skin lesion, which is the
most common presentation of JXG, with a favorable prognosis and
spontaneous regression. To date, the largest study included 55 JXG
patients,” most with skin involvement only (n = 51), and with various
molecular alterations reported but no clear predominance of any of
them. The most common were changes in MAP2K1 (n = 6), CSF1R
(n =5), and KRAS (n = 4), and NTRK1 (n = 6) and BRAF (n = 4) gene
fusions. In the current work, we also found associations with molecu-
lar changes in MAP2K1, CSF1R, and KRAS. Of interest, we identified
no BRAFV6P%E mutations, in keeping with the findings of Durham
et al., although this mutant has previously been reported in the central
nervous system JXG.273C Further detailed clinico-molecular studies
are needed to gain more insights into JXG. Furthermore, we report
here one of the largest cohorts of childhood LCH cases with molecular
analysis data. In this current study, we again show the clinical correla-
tion of BRAFV¢%%E mutation with MS RO+ LCH and resistance to first-
line vinblastine-steroid chemotherapy that we reported in 2016,
now with a patient cohort enriched by more than one-third with new
patients, and a centralized molecular analysis, in contrast to our previ-
ous study. The risk of permanent sequelae, in particular clinical neuro-

FV60%E_mutated

degenerative LCH, is also significantly higher in BRA
cases.’® Others have reported similar findings for pediatric LCH, in
part, but in smaller cohorts.*>”** One exception is a recently pub-
lished international cohort study by Kemps et al., which included an
equivalent number of patients to ours.” Regarding these data for
children diagnosed with BRAFV¢P°E-mutated LCH, specific attention
should be paid to young children regarding MS-RO+ LCH risk. We
suggest a close follow-up at least during the first year after the diag-
nosis, and parents should be made aware of symptoms that are sug-
gestive of disease progression towards MS OR+ LCH (prolonged
fever and/or diarrhea, signs of cytopenia, enlarged abdomen), with
instructions to consult quickly if symptoms arise. Also, for children
with BRAFYE.mutated LCH, especially those who have experi-
enced pituitary, skull base, or orbit bone involvement, follow-up
after remission of LCH should be extended, if possible, throughout
the primary and secondary school years to identify suggestive early
signs of neurodegeneration (academic delay, attention, and concen-
tration difficulties).

Despite the large cohort in the current study, groups with
MAP2K1 mutations or BRAF exon 12 small deletions or duplications
encompassed fewer than 50 patients each, which is a limitation for
correlation analysis between these molecular subgroups. These cases
are generally less severe than those involving BRAFY%%E but without
important differences between them. A few patients may have rare
but life-threatening presentations, such as MS RO+ or severe lung

involvement, or sclerosing cholangitis. In patients with MAP2K1

mutations (non-class 3 MAP2K1 mutants) or a BRAF exon 12 small
deletions, MEK inhibitors were occasionally used with good clinical
response, as previously reported with BRAF inhibitors for chemo-
refractory BRAFVC%E-mutated LCH.*® Despite this broad molecular
study, no mutation was detected in many cases. We found estimated
wild-type rates of 9% for LCH, 60% for RDD, 80% for JXG, and 20%
for MH, based on targeted NGS results. It should be pointed out that
for LCH and RDD, activation of the MAPK pathway appears to be uni-
versal, as attested by ERK phosphorylation in all samples studied here.
Unidentified genetic alterations or extracellular signals may be
involved in wild-type samples. Further molecular analyses are needed
(e.g., whole genome sequencing or fusion gene analyses performed on
biopsy samples, or peripheral blood mononuclear cell NGS analyses
for cases with very low infiltration of pathological histiocytes) to eluci-
date the genetic basis of this disease and improve genotype-
phenotype correlations. As an example, a few publications have

7,46 or

reported the presence of tyrosine kinase receptor fusion genes
BRAF fusion’ in some pediatric histiocytosis, which is an avenue
worth pursuing. Also, because of the rarity of pediatric histiocytosis or
disseminated JXG, international teamwork probably will be necessary

to accelerate progress in understanding this histiocytosis subtype.

5 | CONCLUSIONS

Our molecular analysis revealed a very heterogeneous mutational pro-
file across histiocytosis subtypes. The genotype-phenotype correla-
tion analysis confirmed our previous observations and showed a
significant correlation of BRAFY¢°°F mutation with MS RO+ LCH and

FV69°E_mutated

neurodegeneration. Correlation analyses of non-BRA
LCH cases harboring other genetic alterations in BRAF and MAP2K1
genes were harder to perform because of the small number of cases
in each mutation subgroup; however, the prognosis appears to be bet-
ter in these cases. Molecular and clinical information about these dis-
eases offers important knowledge for clinicians to better evaluate
disease prognosis and use in clinical management and therapeutic
decision-making. Collaboration between groups of the Histiocytosis
Society and among members of the European Consortium for Histio-
cytosis or North American Consortium for Histiocytosis may acceler-
ate the application of the molecular knowledge to clinical practice and

validate its usefulness.
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