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ABSTRACT 

BRAF inhibitors effectively treat BRAFV600E-mutated, risk-organ-positive Langerhans cell 

histiocytosis (RO+ LCH). However, cell-free BRAFV600E DNA often persists during therapy 

and recurrence frequently occurs after therapy discontinuation. To identify a pathological 

reservoir of BRAFV600E-mutated cells, we studied peripheral blood cells obtained from 6 infants 

with RO+ MS LCH that received targeted therapy. After cell sorting, the BRAFV600E mutation 

was detected in monocytes (n=5), B lymphocytes (n=3), T lymphocytes (n=2), and myeloid and 

plasmacytoid dendritic cells  (n=2 each). This biomarker may offer an interesting tool for 

monitoring the effectiveness of new therapeutic approaches for weaning children with RO+ 

LCH from targeted therapy. 
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MANUSCRIPT 

Children with refractory BRAFV600E-mutated, risk-organ-positive, multisystem Langerhans cell 

histiocytosis (RO+ MS LCH) benefit from targeted therapy with BRAF inhibitors, like 

vemurafenib and dabrafenib (Donadieu et al, 2019; Eckstein et al, 2019; Kieran et al, 2019; 

Lee et al, 2020). However, recurrences frequently occur upon weaning from this targeted 

therapy. Importantly, during therapy, and despite a clinical complete remission, patients 

maintain a persistent positive BRAFV600E allelic load, when measured in circulating cell-free 

(ccf) DNA (Donadieu et al, 2019; Schwentner et al, 2019). These data suggested that a 

pathological cell reservoir persisted. Recent studies have suggested that, particularly in young 

infants with RO+ MS LCH, the clonal origin of the pathological BRAFV600E mutated histiocytes 

may originate from hematopoietic stem cells. One argument in favor of this hypothesis is that, 

in addition to the pathological CD1a+ CD207+ histiocytes of the lesions, other cells carry the 

BRAFV600E mutation, including monocytes, myeloid dendritic cells (mDCs), plasmacytoid 

dendritic cells (pDCs), and less frequently, B and T lymphocytes (Berres et al, 2015; Milne et 

al, 2017; Xiao et al, 2020). However, previous studies have included very low numbers of 

patients, and the kinetics of these sub-sets of BRAFV600E-mutated circulating blood cells during 

the natural course of the disease remains unknown. To prepare for a prospective study that 

would systematically follow the sub-sets of BRAFV600E-mutated circulating blood cells in 

infants treated for RO + MS LCH, we conducted the present study to assess feasibility. For this 

study, we identified 6 infants with RO+ MS LCH from a French cohort of patients with LCH 

that were treated with vemurafenib (Donadieu et al, 2019). We acquired stored frozen samples 

of peripheral blood mononuclear cells (PBMCs) that were drawn from each patient during 

vemurafenib therapy or after discontinuing therapy. This study was approved by the Ile de 

France III Ethics Committee (#2011‐A00447‐34), and it was conducted in accordance with the 

principles of the Declaration of Helsinki. Written informed consent was obtained from the 

parents of all children. 

The 6 studied patients (Table I) were infants, with a median age at diagnosis of 0.7 years (range, 

0.1 to 1.3 years). All patients had BRAFV600E-mutated RO+ MS LCH. The organs involved, in 

order of descending frequency, were: skin (n=6), hematology (n=6), bone (n=2), liver (n=2), 

spleen (n=2), and gut (n=1). For these patients, vemurafenib was given after failure of the first-

line treatment of vinblastine combined with corticosteroid therapy (n=6) and 

2-chlorodeoxyadenosine (2CDA, n=1; patient 6, who had no active hematologic involvement 

at the time). For this patient, 2CDA monotherapy was administered after progression at month 
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9 of the combined vinblastine-steroid treatment, but 3 courses of 2CDA were ineffective with 

progression to RO, then vemurafenib was started 13.5 months after the initial diagnosis. The 

median time from diagnosis to the initiation of vemurafenib was 7.3 months (range, 1.1 to 13.5 

months), and the median age when starting vemurafenib was 1.3 years (range, 0.2 to 1.9 years). 

The median Disease Activity Score (Donadieu et al, 2004) at the start of treatment was 7.5 

(range, 3 to 14). Vemurafenib was crushed and dissolved in water or milk for oral 

administration, as previously described (Héritier et al, 2015; Donadieu et al, 2019). The median 

dose was 23 mg/kg/day (range, 20 to 24 mg/kg/day). The median residual plasma vemurafenib 

concentration, measured at steady state, was 14 mg/L (range, 8.7 to 20.2 mg/L). In all patients, 

a complete clinical response was achieved rapidly after vemurafenib initiation.  

All patient except P6 underwent longitudinal monitoring of the ccf BRAFV600E plasmatic load 

during treatment, as previously described (Héritier et al, 2017). The monitoring results showed 

persistent detection of ccf BRAFV600E during treatment. The median plasmatic load was 3.5% 

(range, 1.1 to 12.8%),  measured at the start of vemurafenib, and 2.1% (range, 1.2 to 4.1%), 

measured after 9 months of continuous therapy (Fig. 1A). For 3 patients (P4, P5, and P6), 

treatment was discontinued, and reactivations occurred after 7 days (P5), 2 months (P4), and 8 

months (P6). At reactivation, ccf BRAFV600E plasmatic load was 3.9% for P5, 3.1% for P6, and 

was not available for P4. All 6 patients were taking vemurafenib at the last visit.  

For each patient, we studied a sample of frozen PBMCs, obtained at different times during the 

clinical course. For P1, P2, and P3, respectively, PBMCs were collected on day 15, at 5 months, 

and at 9 months from the start of vemurafenib treatment. For P4, P5, and P6, the PBMCs were 

collected after attempting to discontinue the targeted therapy. Thus, PBMCs were collected at 

7 days after discontinuation, for P4 and P5, and at 8 months after discontinuation for P6. At the 

time of collection, P5 and P6 showed LCH reactivation, but all other patients were in complete 

clinical remission.  

After thawing and immunostaining, the PBMCs were sorted with flow cytometry (Influx, 

Beckton-Dickinson, Le Pont-de-claix, France) to isolate 5 sub-populations of interest: 

monocytes, pDCs, mDCs, B lymphocytes, and T lymphocytes (Fig. 1B and Supplemental file 

1). We extracted DNA from each sorted subpopulation, then we analyzed the DNA with real-

time quantitative TaqMan PCR (qPCR) assays for BRAFV600E, as previously described (Hélias-

Rodzewicz et al, 2015). Based on the PCR results, we estimated the percentage of mutated 

BRAFV600E cells in each sorted subpopulation (Supplemental file 2). With this method, the 

limit of detection was a variant allele frequency (VAF) of 1%, for the three largest 
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subpopulations among the PBMCs (i.e., monocytes, B lymphocytes, and T lymphocytes), and 

a VAF of 5% for the smaller subpopulations (pDCs and mDCs). Due to insufficient amounts of 

cells, we could not perform subsequent analyses on mDCs for 3 patients, pDCs for 2 patients, 

and monocytes for 1 patient. When the BRAFV600E allele was detectable, but the VAF was close 

to the limit of detection, we confirmed the result with digital PCR (Supplemental file 3).  

All patients carried BRAFV600E in PBMCs, but the subsets of cells positive for BRAFV600E were 

different among patients, and the VAF was variable (Fig. 1C). The BRAFV600E mutation was 

detected in the monocytes of all 5 patients analyzed; the mean proportion of mutated cells was 

10% (range: 230%). For 3 and 2 patients, the BRAFV600E mutation was detectable in B and T 

lymphocytes, respectively. The mean proportions of mutated cells were 9% (range: 216%) 

among B lymphocytes and 3% (range: 24%) among T lymphocytes. Among the 4 patients 

analyzed for pDCs and the 3 patients analyzed for mDCs, 2 had BRAFV600E-positive mDCs 

(24% mDCs for P1 and 16% mDCs for P3), and 2 had BRAFV600E-positive pDCs (20% pDCs 

for both P1 and P3). Two patients, P1 and P3, that had the highest ccf BRAFV600E DNA levels 

(above 10%) at initiation of vemurafenib therapy also had the most BRAFV600E-positive 

subpopulation and at the higher level. Both these patients were in clinical complete remission 

at the time of PBMC collection. The samples were collected after 15 days (P1) and after 9 

months (P3) of targeted therapy. The 4 other patients showed positivity in one or 2 

subpopulations, but the other subpopulations were too small for analysis. Importantly, for the 3 

patients that had completed therapy, the persistence of mutated cells among PBMCs was 

associated with reactivations that were either clinically detectable (P5 and P6) or imminent  (P4) 

at the time of PBMC collection.  

These results showed that, in children with severe RO+ MS LCH, the BRAFV600E mutation was 

present, both in pathological CD1a + CD207 + histiocytes within the lesions and in other 

hematopoietic cell subtypes of myeloid and lymphoid lineages. The advantage of our analysis 

over a plasmatic ccf BRAFV600E DNA analysis, was that our analysis provided information about 

the BRAF allele distribution among various cellular compartments. On the other hand, our 

analysis was more expensive and tedious than a ccf DNA analysis, due to cell sorting and the 

molecular analysis of each population sorted. We chose the BRAFV600E qPCR assay, because it 

was inexpensive, easy to perform in any hematology center, and its limit of detection was 

relatively low (down to 1%) for analyzing the cell subgroups most represented in PBMCs.  
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Beyond the general interest in BRAFv600E mutations and the debate on the stage of maturation 

of the cell responsible for the RO+ MS LCH, our study will encourage others to perform this 

type of analysis, both at diagnosis and in longitudinal follow-ups, for patients treated for LCH 

with cytotoxic chemotherapy or targeted therapies. Indeed, in RO− and RO+ LCH, respectively, 

4% and 49% of patients did not respond to vinblastine-corticosteroid therapy, and 38% 

experienced reactivation, particularly those treated for BRAFV600E-mutated LCH (Héritier et al, 

2016). Among patients treated with 2-chlorodeoxyadenosine, 34% of patients with RO− did not 

respond or experienced reactivation (Barkaoui et al, 2020). The demonstration of a circulating 

subpopulation of cells that are resistant to treatment may be evaluated in a prospective, 

consistent patient cohort, to identify whether a mutated cell profile and its persistence might be 

associated with a particular clinical pattern or outcome. Moreover, future studies may 

investigate whether a therapeutic adaptation could be considered, based on the persistent 

BRAFV600E sub-population.  
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TABLES AND FIGURE 

Table I. Characteristics of patients with RO+ MS LCH treated with vemurafenib 

Patient 
Age at LCH 
diagnosis 

(years) 

Disease 
extension 

(organs involved) 

Age at 
vemurafenib 

initiation (years) 

DAS at 
vemurafenib 

initiation 

Dosage of 
vemurafenib 
(mg/kg x2/d) 

Median plasma 
vemurafenib 

concentration (mg/L) 

Duration of vemurafenib 
administration and status 

at  PBMC collection  

DAS and disease status 
at  PBMC collection  

P1 0.6 
RO+ MS (skin, 
bone, hemato) 

1.3 6 12  18.2 15 days; on therapy 0, non-active disease 

P2 0.1 
MS OR+, (skin, 
gut, hemato) 

0.2 7 12 14.0 5 months; on therapy 0, non-active disease 

P3 0.8 
RO+ MS (skin, 
hemato, liver, 

spleen) 
1.6 14 12  20.2 9 months; on therapy 0, non-active disease 

P4 0.2 
RO+ MS (skin, 

hemato) 
0.7 9 10  8.7 

21 months; discontinued 
for 7 days 

0, non-active disease 

P5 1.3 
RO+ MS (skin, 
hemato, liver, 

spleen) 
1.4 8 11  10.2 

12 months; discontinued 
for 7 days 

4, disease reactivation 

P6 0.8 
RO+ MS (skin, 
bone, hemato) 

1.9 3 11  _ 
2 months; discontinued for 

8 months 
3, disease reactivation 

 
Abbreviations: RO+ MS, risk-organ positive multisystem;  LCH, Langerhans cell histiocytosis; DAS, Disease Activity Score; PBMC, peripheral blood mononuclear cells; hemato: haematological 

involvement 
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Figure 1: Cell-free circulating BRAFv600e DNA during the course of RO+ MS LCH and the 

cells that carry BRAFv600e. (A) The load of circulating cell-free BRAFV600E during and after 

BRAF inhibitor therapy, and the clinical status of each patient at the time of PBMC collection. 

D0: treatment start; M1-M12, months of treatment; D7 and M8: 7 days and 8 months, 

respectively, after discontinuation. Patients (P1-P6) are color-coded. (B) Cell sorting strategy 

to isolate 5 sub-populations of interest: monocytes, pDCs, mDCs, B lymphocytes, and T 

lymphocytes. (C) Percentage of BRAFV600E-positive cells among sorted sub-populations and 

per patient. The grey hatched line represents the limit of detection with our BRAF-specific 

qPCR method. In subpopulations where BRAFV600E levels were close to the limit of detection, 

the result was confirmed with digital PCR. The time of collection of PBMC for each patient is 

mentioned in Figure 1A. x: Insufficient numbers in a subpopulation to allow analysis. RO+ MS 

LCH: risk-organ positive multisystem Langerhans cell histiocytosis; P1-P6: patient numbers; 

PBMC: peripheral blood mononuclear cells; pDCs: plasmacytoid dendritic cells; mDCs: 

myeloid dendritic cells 
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SUPPLEMENTAL FILE 

Supplemental file 1: Fluorescence-activated cell sorting 

Antibodies were tagged with fluorescent markers, as follows: antigen fluorochrome (clone) 
CD45-Krome Orange (J33; Beckman Coulter), CD3-PE (SK7), CD14-FITC (61D3 ; 
ThermoFisher), CD19-APC-A750 (SJ25-C1; ThermoFisher), CD56-APC (CMSSB; 
ThermoFisher), CD123-PC7 (6H6 ; ThermoFisher), CD1c-PE Dazzle 594 (L161; Biolegend), 
HLADR-Pacific Blue (Immu-357; Beckman Coulter), 7 AAD Viability staining (Biolegend). 

 

Flow cytometry panel of antibody targets: 

 

Supplemental file 2: Real-time quantitative TaqMan PCR assays for BRAFV600E  

PCR primers and probes are listed below (Table S1) (Hélias-Rodzewicz et al, 2015). PCR 
amplification and detection were performed on a QuantStudio 3 Real-Time PCR 
System  (Thermofisher Scientific). The protocol had an initial step of 2 min at 50°C, followed 
by 50 cycles of 15 s at 95°C and 90 s at 60°C. Commercial wild-type DNA and BRAFV600E-
mutated DNA (Horizon DNA) were mixed in various proportions to generate a standard curve 
of BRAFV600E/BRAFtotal  against ΔCt (CtBRAFWT – CtBRAFV600E) (Figure S1). All samples were 
measured in triplicate, and the mean ΔCt was used to calculate the BRAFV600E/BRAFtotal, as 
previously described ( Levine et al, 2006; Delhommeau et al, 2007).  
 

Table SI: Oligonucleotides used to detect BRAF V600 in qPCR and digital PCR 

analyses  

 

 

T lymphocytes CD45+ 7AAD- CD3+ 

B lymphocytes   CD45+ 7AAD- CD3- CD14- CD19+ 

CD14+ monocytes  CD45+ 7AAD- CD3-CD14+  

pDCs CD45+ 7AAD- CD3- CD19- CD56- CD14-  HLADR+ CD123+  

mDCs CD45+ 7AAD- CD3- CD19- CD56- CD14-  HLADR+ CD1c+  

Oligonucleotide type Sequence 

Forward Primer CTACTGTTTTCCTTTACTTACTACACCTCAGA 

Reverse Primer ATCCAGACAACTGTTCAAACTGATG 

Probe for BRAF V600 WT VIC-CTAGCTACAGTGAAATC 

Probe for BRAF V600E 6FAM-TAGCTACAGAGAAATC 



 

 
Figure S1: Quantification of the percentage of BRAFV600E detected with allele-specific Taqman 

qPCR, based on the difference in cycle thresholds (∆Ct) between the target (BRAFv600e) and a 

control (wild-type allele [WT]). 

Supplemental file 3: Tabulate results of BRAFV600E allele fraction among sorted sub-
populations and per patient.  
Percentage of BRAFV600E was quantified by qPCR as described in Supplemental file 2. In 
subpopulations where BRAFV600E levels were close to the limit of detection (i.e. 1% for 
monocytes, B lymphocytes, and T lymphocytes; and 5% for pDCs and mDCs), samples were 
also analyzed by digital PCR using QIAcuity Digital PCR System (Qiagen, Courtaboeuf, 
France). In these cases, ratio (mutated alleles) / (mutated + WT alleles) and the percentage of 
the mutated alleles out of the total alleles are reported. 
 

 Monocytes pDCs mDCs B lymphocytes T lymphocytes 

 qPCR 
digital 
PCR 

qPCR 
digital 
PCR 

qPCR 
digital 
PCR 

qPCR 
digital 
PCR 

qPCR 
digital 
PCR 

P1 
positive 

15% 
_ 

positive 
10% 

_ 
positive 

12% 
_ 

positive 
7% 

_ negative 
0/1180 

(0%)* 

P2 
positive 

2.5% 
_ negative _ x 

positive 
1% 

17/1935 
(0.9%) 

negative _ 

P3 
positive 

5% 
_ 

positive 
10% 

_ 
positive 

8% 
_ 

positive 
5% 

28/707 

(4%)* 

positive 
1% 

7/673 
(1%) 

P4 
positive 

1% 
6/681 
(0.9%) 

negative _ negative _ negative _ negative _ 

P5 
positive 

1% 
1/187 

(0.5%)§ 
x x negative _ negative _ 

P6 x x x negative 
0/1625 

(0%)* 

positive 
2% 

18/608 

(3%)* 

Symbol legend: 
§ For monocytes of P5, the digital PCR study was hampered by the low quantity of remaining DNA after 
qPCR analyses. The sample was considered positive with an allelic fraction at 1% as the sample was 
positive in all three qPCR assays for this quantification value (all samples were measured in triplicate). 
* Contols samples used for digital PCR assay: B lymphocytes of P3 and T lymphocytes of P6 were used 
as positive controls; B lymphocytes of P6 and T lymphocytes of P1 were used as WT controls.  
X Due to insufficient amounts of sorted cells, BRAF allele study could not be performed on monocytes 
for P6, pDCs for P5 and P6, and mDCs for P2, P5 and P6. 
_ Digital PCR not done. 
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