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Purpose

Langerhans cell histiocytosis (LCH) is an inflammatory myeloid neoplasia with a broad spectrum of
clinical manifestations and outcomes in children. The somatic BRAFY6°°E mutation occurs fre-
quently, but clinical significance remains to be determined.

Patients and Methods

BRAF/8%°E mutation was investigated in a French LCH cohort. We analyzed associations between
mutation status and clinical presentation, extent of disease, reactivation rate, response to therapy,
and long-term permanent sequelae.

Results

Among 315 patients with successfully determined BRAF status, 173 (54.6%) carried a BRAF60F
mutation. Patients with BRAFY°°E manifested more severe disease than did those with wild-type
BRAF. Patients with BRAFY6%°E comprised 87.8% of patients (43 of 49) with multisystem LCH with
risk organ involvement (liver, spleen, hematology), 68.6% of patients (35 of 51) with multisystem
LCH without risk organ involvement, 43.9% of patients (86 of 196) with single-system LCH, and
42.1% of patients (8 of 19) with lung-involved LCH (P < .001). BRAFY®%%F mutation was also
associated with organ involvement that could lead to permanent, irreversible damage, such as
neurologic (75%) and pituitary (72.9%) injuries. Compared with patients with wild-type BRAF,
patients with BRAF 9% more commonly displayed resistance to combined vinblastine and cor-
ticosteroid therapy (21.9% v3.3%; P=.001), showed a higher reactivation rate (5-year reactivation
rate, 42.8% v28.1%; P=.006), and had more permanent, long-term consequences from disease or
treatment (27.9% v 12.6%; P = .001).

Conclusion

In children with LCH, BRAF %% mutation was associated with high-risk features, permanent injury,
and poor short-term response to chemotherapy. Further population-based studies should be un-
dertaken to confirm our observations and to assess the impact of BRAF inhibitors for this subgroup
of patients who may benefit from targeted therapy.

J Clin Oncol 34:3023-3030. © 2016 by American Society of Clinical Oncology

Clinical behavior of LCH is remarkably
heterogeneous; some cases are limited, indolent,
and self-regressive, whereas others recur sequen-

Langerhans cell histiocytosis (LCH) is the most
common type of histiocytosis and is character-
ized by inflammatory lesions with abundant
CD1a"CD207" histiocytes, which provoke the
destruction of affected tissues. This disease most
commonly affects children."?

tially, are refractory to conventional therapy, and
exhibit systemic and sometimes life-threatening
multiorgan involvement. The severe clinical form
of the disease principally affects young children
(age < 2 years) and tends to involve risk organs
(RO), including the hematopoietic system, spleen,
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and/or the liver. Despite a low mortality rate,”* long term, irreversible
adverse effects are common.” In particular, endocrine dysfunction,
secondary to pituitary involvement, and neurodegenerative disease
are reported in approximately 20% and 5% of cases, respectively.’
Currently, the molecular mechanisms that underlie these different
LCH subtypes remain poorly understood.

Since 2010, LCH has been known to harbor the BRAF'**°"
activating mutation in 38% to 64% of all cases.” ' Experiments
conducted in a mouse model have suggested that this mutation
may be mitogenic for dendritic cells.” This hypothesis was corrob-
orated when a BRAF inhibitor demonstrated efficacy in LCH'"'%
however, to date, the frequency of this mutation has only been
assessed in small, unrepresentative patient samples.

The current study includes a cohort of children with LCH who
were enrolled in the national French registry. We conducted careful
analyses of this patient cohort to determine correlations between
BRAF'*°* mutation status and clinical manifestations of LCH in
their entirety.

Patients and Sample Collection

Of 1,747 patients with childhood LCH (age < 18 years) who were
included in the French LCH registry®'>'* (from 1983 to 2015), 399 pa-
tients had biopsy samples available and were contacted to participate in
this study (Fig 1). Some biopsies were unavailable as a result of the
destruction of samples after 10 years of banking, and some samples had
damaged DNA because of preservation with Bouin’s fixation. This study was
approved by the Ethics Committee, Ile de France ITI (#2011-A00447-34) and
was conducted in accordance with the Declaration of Helsinki. All patients
provided written informed consent. Comprehensive descriptions of the
experimental plan, sample size, and study organization are given in the
Appendix (online only).

Demographic data, type of treatment, clinical characteristics, and
extent of disease were recorded according to classifications established by
the Histiocyte Society.' Patients were classified according to the Histiocyte
Society LCH IV guidelines, which consider the number of organs—or
systems—involved, lung involvement, and risk organ (RO) involvement.

Relevant ROs were liver, spleen, and hematologic system. The four clas-
sifications were: single system (SS), that is, one organ and no lung or RO
involvement; multiple system (MS) involvement, but no lung or RO in-
volvement (RO—); lung involvement (Lung+), but no RO involvement;
and MS involvement and at least one RO involved (RO+). Disease extent
was evaluated at the time of initial diagnosis and at the time of maximal
disease in instances of reactivation. Follow-up data were prospectively
recorded according to previously described methodologies.'>'?

Permanent consequences (PC) were defined as any irreversible clinical
condition that developed at any time during the course of disease that could
be directly attributed to the natural history of LCH or its treatment.” The
Disease Activity Score (DAS)"® was a quantitative score on the basis of clinical
and biologic evaluations and was used to determine severity of disease for
each patient.

Reactivation was defined as the reappearance of signs and symptoms
of active disease after either complete disease resolution or a period of
disease control that persisted for > 3 months on maintenance therapy.
Treatment efficacy was evaluated according to the classification used by the
Histiocyte Society.™'” Of 315 patients, 161 (51.1%) were treated with
a systemic chemotherapy, which included, for all but five patients,
a vinblastine-steroid combination therapy. The remaining five patients
received a systemic therapy with vinblastine or 6-mercaptopurine mono-
therapy or a vinblastine-etoposide regimen. The vinblastine-steroid
combination therapy included an initial 6-week course of vinblastine
6 mg/m” intravenous bolus weekly and continuous oral prednisolone (as
per LCH-II and LCH-III trials and national guidelines).'® All patients were
evaluated for response to treatment at 7-week intervals. Patients who
responded to therapy were defined as those who showed either complete
resolution or continuous disease regression.*'”

Identification of the BRAFV9°%F Mutation

Child patients with parents who were included in the French cohort
and who had an available biopsy sample were contacted. Signed informed
consent was obtained for 399 patients. For the majority of patients (76%),
BRAF status was obtained in an ISO 15189-certified laboratory. For 306
patients, BRAF'**°F status was successfully determined with sequencing
analyses. In brief, macro dissection was performed to obtain an infiltrate of
CD207" histiocyte cells, which comprised > 20% of the cell population.
BRAFY™E mutation was detected by performance of pyrosequencing'®"’
with PyroMark Q24 (n = 261; Qiagen, Valencia, CA) or by performance of
real-time polymerase chain reaction (n = 16; LightCycler 480; Roche,
Basel, Switzerland). When histiocytes were a minor component of

Data for 1,747 children who received an LCH diagnosis from
1983 to 2015 were retrieved from the French LCH registry

Patients for whom a biopsy was available
were contacted and provided informed consent
(n = 399)

Biopsies were reviewed with
assessment of percent of the CD207+
dendritic cells population

——  DNA could not be amplified

excluded from the analysis

BRAF status obtained and analyzed in the
correlational study (n = 315)

Patients not assessable for BRAF status
Biopsy too small with low % of CD207+ dendritic cells

Patient with unusual ®°°°"ATBRAF mutation was

Fig 1. Study cohort selection. LCH,
Langerhans cell histiocytosis.

(n =83)
(n =29)
(n = 54)
(n=1)
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infiltrate, that is, < 20% of the cell population, and sequencing produced
a negative result, or when histiocyte infiltration dipped beneath 10%, we
performed a droplet digital polymerase chain reaction assay (n = 29) with
a Raindrop system (Raindance Technologies, Billerica, CA).”® In nine
patients, immunochemistry was performed by staining histiocytes with the
mouse monoclonal antibody, VE1.'® Sixteen patients had been previously
reported by Satoh et al.” We failed to determine BRAF status in 83 patients
(20.8%) either because of a small sample with a low percentage of CD1a"
histiocytes (n = 29) or a failure in DNA amplification (n = 54). Finally, the
patient with *“”*ATBRAF mutation previously reported’ was excluded
from the present analysis.

Statistical Analyses

Differences between groups were tested with the Mann-Whitney U
test for quantitative variables and with Fisher’s exact test for qualitative
variables. For statistical analysis, threshold significance was .01, and for
univariable analyses of LCH presentation according to BRAF status—
because multitests were performed—P << .002 was considered statistically
significant (Bonferroni correction). Multivariable binary logistic regression
analyses were performed to calculate odds ratios (ORs) and 95% ClIs to
identify significant features associated with BRAF mutational status. End
points for survival analyses were any type of reactivation. Survival analyses
included the interval between diagnosis and an event (reactivation or death)
or the last examination. Survival rates were estimated by using the Kaplan-
Meier method, and subgroups were compared with the log-rank test. All
statistical analyses were performed with STATA 13 software (STATA, College
Station, TX; Computing Resource Center, Santa Monica, CA). Cutoff date
for these analyses was October 30, 2015. Eight patients received targeted
therapy with a BRAF inhibitor, and date of last follow-up was censored on
the day the first dose was administered.

BRAF somatic status was obtained for 315 children who were
diagnosed with LCH. This cohort comprised 167 (53%) boys and
148 (47%) girls. Patient clinical characteristics (Table 1) were
comparable between the study cohort and 1,431 children who were
not investigated for BRAF status but were included in the LCH
registry from 1983 to 2015; however, these groups had different
follow-up durations. The study cohort had shorter a follow-up
than did the uninvestigated cohort (median, 3.2 and 4.4 years,
respectively; P = .003).

Median age of the study cohort at diagnosis was 3.2 years
(range, 0 to 17.9 years). The 315 patients were classified as follows:
196 (62.2%) patients with SS LCH, 51 (16.2%) with MS RO—
LCH, 19 (6.0%) with Lung+ LCH, and 49 (15.6%) with MS RO+
LCH. BRAF was mutated in 172 patients (54.6%) with LCH.

BRAF Status and Clinical Extent of Disease

BRAF status of patients with LCH was related to patient
characteristics, disease features, and extent of disease (Fig 2A). At
diagnosis, patients with mutant BRAF LCH were typically younger
than patients with wild-type BRAF (median age, 2.5 and 3.7 years,
respectively; P = .01). Among patients with mutant BRAF, mul-
tisystem disease was over-represented, particularly disease with RO
involvement. BRAF"**°" mutation was found in 87.8% of patients
with MS RO+ LCH, 68.6% of patients with MS RO— LCH, 43.9%
of patients with SS RO— LCH, and 42.1% of patients with Lung+
LCH (P < .001). Among patients with LCH that involved ROs,
BRAFV*** mutation was identified in 88.9% of patients with

WWW.jco.org

spleen involvement (P < .001), 89.2% of patients with liver in-
volvement (P < .001), and 89.7% of patients with hematologic
system involvement (P < 0.001). BRAF*°° mutation was ap-
parent in 75% of patients with LCHs that involved the CNS
(P = .05) and 72.9% of patients with LCH with pituitary gland
involvement (P = .007). BRAF status was not correlated with sex or
with involvement of lymph nodes, thymus, lung, or bone. In
addition, BRAF"*°°F mutation was not significantly correlated with
localized or multifocal bone involvement (52.6% and 54.3%, re-
spectively; P = .81; Fig 2B). In contrast, skin involvement was
associated with BRAF*°°E (77.0%; P < .001; Fig 2A); however, few
infants presented with features of localized, solitary skin SS LCH
(n = 6), a rare presentation formerly called Langerhans cell his-
tiocytoma,”’ and none were positive for BRAF'*°°F. Consistent
with previous reports, all six patients with solitary skin SS LCH
were young infants when diagnosed (mean age at diagnosis,
1.4 months). Moreover, these patients all demonstrated sponta-
neous regression with no need for chemotherapy and no reac-
tivation of disease, and median follow-up was 1.6 years. In contrast,
BRAFY®*F mutation was reported in 87.5% of patients with
multifocal skin SS LCH (n = 16) and 80.2% of patients with
multifocal skin MS LCH (n = 91; Fig 2B).

Mean DAS, measured at the maximum extent of LCH disease,
was higher in patients with mutant BRAF than in those with wild-
type BRAF (means, 3.6 and 1.4, respectively; P < .001). Among
patients with BRAF'°°F, DAS values were high (DAS > 6) in
18.6%, intermediate (DAS, 3 to 6) in 14.5%, and low (DAS < 3) in

Table 1. Characteristics of Patients in the Studied Cohort (n = 315) Compared
With Patients Not Investigated but Included in the French LCH Registry From
1983 to 2015 (n = 1,431)

Patients Studied Patients Not
for BRAF Studied for BRAF
Characteristic (n =315) (n=1,431) P
Sex .23
Male 53.0 56.8
Female 47.0 43.2
Median age at diagnosis, years 3.2 3.3 .90
HS classification .35
SS LCH 62.2 61.8
MS RO— LCH 16.2 19.9
Lung+ LCH 6.0 4.7
MS RO+ LCH 15.6 13.6
Involvement
Bone 81.6 83.2 .52
Skin 35.9 36.4 .90
Pituitary 15.2 14.4 72
CNS 7.0 4.5 .09
Liver 11.8 10.3 A48
Hematologic 124 10.4 31
Spleen 1.4 8.8 16
Lung 11.8 10.3 A2
Lymph node 8.6 1.3 16
Median follow-up, years 3.2 4.4 .003
b-year relapse 36.2 38.2 .97
Death 2.2 4.3 1
Permanent consequence 21.0 17.8 .20
NOTE. Data are given as percentages unless otherwise noted.
Abbreviations: HS, Histiocyte Society; LCH, Langerhans cell histiocytosis; Lung
+, lung involvement; MS, multiple system; RO+, risk organ involvement; RO—,
no risk organ involvement; SS, single system.

© 2016 by American Society of Clinical Oncology 3025
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Fig 2. Clinical presentation, disease extent, and disease severity, according to BRAF status. (A) Prevalence of mutant BRAF among patients with Langerhans cell
histiocytosis (LCH), according to sex, age at diagnosis, organ involvement, and extent of disease. For age, sex, and involvement of individual organs, the significance was
based on comparisons between patients with and without the characteristic. For the extent of disease [lung involvement (Lung+); multiple system (MS); risk organ
involvement (RO+); no risk organ involvement (RO—); single system (SS)], the significance was based on comparisons between the all four categories. (B) Prevalence of
BRAF mutation analyzed in subgroups of patients with LCH. Among patients with bone involvement (n = 262), BRAF V8% prevalence was not different between patients
with multifocal (64.3%) and those with unifocal (62.6%) bone lesions (P = .81). Among patients with skin lesions (n = 113), BRAF mutation was not observed in patients
with localized skin lesions (solitary skin LCH), which was significantly different from the high prevalence among patients with multifocal skin lesions in SS LCH or skin
lesions in MS LCH. (C) Maximum Disease Activity Score (DAS) measured during the clinical course for each patient is shown according to age at diagnosis and BRAF status.
Blue symbols represent BRAF-mutated cases, and gold symbols represent BRAF wild-type (WT) cases. (Right) Distributions of disease severity are grouped according to
three DAS ranges (= 2, 3 to 6, and > 6). These cutoff values are from previously published data that correlated DAS with LCH prognosis.'® Pvalues in each panel were
calculated by using Fisher’s exact test. Because multitests were performed, P < .002 was considered statistically significant. * P < .05; **P < .002.

66.9% of patients. Among patients with wild-type BRAF 1.4%, BRAF Status and Biologic Parameters
11.2%, and 87.4% of patients, had high, intermediate, and low Hemoglobin level, platelet and leukocyte counts, fibrinogen,
DAS, respectively (Fig 2C). C-reactive protein, erythrocyte sedimentation rate, and albu-
We constructed a logistic regression model with BRAF'***as minemia were recorded at diagnosis and at reactivation when
the dependent variable and patient age and RO involvement (ROs  applicable. In addition, any occurrence of hemophagocytic syn-
grouped together) as independent binary covariates. In this model ~ drome, according to the HLH-2004>* criteria, was recorded.
(Table 2), BRAF*™F probability was associated only with ROs ~ Among patients with LCH, those with BRAF'**°F had a lower
(OR, 6.35; 95% CI, 2.03 to 19.85; P = .001) and skin (OR, 3.65; median hemoglobin level at diagnosis than did those with wild-
95% CI, 1.81 to 7.35; P < .001). type BRAF (10.1 g/dL v 11.8 g/dL, respectively; P = .001).
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Table 2. Logistic Regression Analyses of Associations Between BRAF Status
and Independent Clinical Binary Covariates

Variable No. OR (95% Cl) P
Age at diagnosis < 3 years 150 1.01 (0.57 to 1.81) .96
Female sex 148 1.06 (0.65 to 1.75) .80
Involvement
Bone 262 1.52 (0.70 to 3.31) 29
Skin 113 3.65 (1.81 to 7.35) < .001
RO 49 6.35 (2.03 to 19.85) .001
Pituitary 48 1.60 (0.63 to 4.08) .32
Lung 37 0.63 (0.26 to 1.54) 31
Lymph node 27 0.33 (0.11 to 1.01) .05
CNS 24 1.30 (0.36 to 4.73) .69

NOTE. Dependent variable was the BRAF status, and the independent cova-
riates were patient age, sex, and potential involvement of different organs.
Abbreviations: OR, odds ratio; RO, risk organ.

Significant hypoalbuminemia, which was defined as albuminemia
< 30 g/L, occurred more frequently in patients with BRAF'®%°F
than in those with wild-type BRAF (31.0% and 9.1%, respectively;
P =.002). Inflammatory biologic syndrome at diagnosis, defined as
erythrocyte sedimentation rate > 40 mm and/or fibrinogen > 5 g/L
and/or C-reactive protein > 30 mg/L, occurred more frequently
in patients with BRAF'*°°F than in those with wild-type BRAF
(20.4% and 11.2%, respectively; P = .03). Hemophagocytic
syndrome (n = 9) was only reported in patients with BRAF ",

BRAF Status and Response to Therapy

Among patients with LCH, 57.6% with BRAF"**°F and 43.4%
with wild-type BRAF were treated with a systemic chemotherapy
regimen at diagnosis; this treatment was almost always a vinblastine-
steroid regimen. Responses to therapy and outcome are given in
Table 3. Response rates to first-line vinblastine-steroid chemo-
therapy were lower in patients with BRAF'**°F than in those with
wild-type BRAF (78.1% and 96.7%, respectively; P = .001).

Second-line therapy and/or rescue therapy was required in
18.6% of patients with BRAF'**°F and in 3.5% of patients with
wild-type BRAF (P < .001). In particular, second-line treatment
was required in 63.6% of patients with BRAF'**°F who had RO+
LCH. Second-line therapy was cladribine monotherapy 5 mg/m?,
administered intravenously daily for 5 days, every 28 days (n = 10
BRAFV0%E, nh =3 wild-type BRAF); or a combination of cladribine

9 mg/m*/d and cytarabine 500 mg/m? twice daily, administered for
5 days® (n = 17 BRAF*°°%; n = 2 wild-type BRAF). Rescue therapy
was an allogeneic bone marrow transplantation (n =4 BRAFY%Ey,

BRAF Status and Reactivation, PCs, and Mortality

Follow-up times were comparable between patients with
BRAF'®°F and those with wild-type BRAF (median follow-ups,
3.1 and 3.4 years, respectively; P = .65). Patients with BRAF"**°F
had a higher LCH reactivation risk than did those with wild-type
BRAF (5-year reactivation rate, 42.8% and 28.1%, respectively, log-
rank test; P = .006; Fig 3A). The difference remained significant
even after exclusion of patients with RO+ LCH (5-year reactivation
rate, 40.1% and 27.6%; respectively, log-rank test; P = .009; Ap-
pendix Table Al, online only). Reactivation in ROs was higher
among patients with BRAF'**°F than among those with wild-type
BRAF (7.0% and 0.7%, respectively; P = .008; Table 3). Rate of PC
was also higher among patients with BRAF'***" compared with
those with wild-type BRAF (27.9% and 12.6%, respectively; P = .001;
Table 3). Two of the main causes of PC, diabetes insipidus and
neurodegenerative disease, occurred at higher rates in patients
with BRAFY%°E than in those with wild-type BRAF (diabetes
insipidus: 19.8% v 8.4%, P = .006; neurodegenerative disease:
6.4% v 1.4%; P = .04, respectively; Fig 3B).

The 5-year mortality rate was low for both groups
(BRAF'*%, 3.99%; wild-type BRAF, 0.8%; P = .16; Appendix).

In this population-based study of 315 patients, those with a
BRAF'®*°F mutation had characteristics of high-risk LCH, in-
cluding an increased proportion of patients with RO involvement.
BRAFY*°F mutation was also associated with reduced sensitivity to
standard LCH chemotherapy and increased rates of disease
reactivation and irreversible PC.

Identification of BRAF'®°°® in more than one half of patients
with LCH changed our understanding of LCH pathobiology®;
however, previously, the clinical relevance of BRAF'®°%F re-
mained obscure. Previous studies focused on the discovery of
the mutation or its pathophysiology, but they failed to represent
the full spectrum of pathology observed in this disease. Those
studies concluded that BRAF'°°" mutation occurred more

Table 3. Therapeutic Response and Outcome According to BRAF Status and First-Line Therapy

All Patients VLB Steroid Regimen No Systemic Chemotherapy
Outcome BRAF WT P BRAF WT P BRAF WT P
All presentation at diagnosis
Sample size, No. 172 143 96 60 73 81
Responders, No. (%) — — 75 (78.1) 58 (96.7) .001 — — —
Patient with second-line therapy, No. (%) 32 (18.6) 5 (3.5) < .001 29 (30.2) 4 (6.7) < .001 3(4.1) 1(1.2) .35
5-year cumulative incidence of reactivations, % = SE  42.8 + 44 28.1 + 45 006 447 £57 378 x7.1 14 38368 17552 .04
Reactivation in ROs, No. (%) 12 (7.0) 1(0.7) .008 8 (8.3) 0 (0 .02 4 (5.5) 1(1.2) 19
Patients with PC, No. (%) 48 (27.9) 18 (12.6) .001 38 (39.6) 12 (20) .01 8 (11) 6 (7.4) .68

NOTE. Dashes indicate not applicable.

Langerhans cell histiocytosis cases; VLB, vinblastine.

Abbreviations: BRAF, BRAF V°°°F mutated Langerhans cell histiocytosis cases; PC, permanent consequence; RO, risk organ; SE, standard error; WT, wild-type BRAF
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frequently in younger patients than in adults—on the basis
of on an adult/child cohort (n=61)*—and that it was associ-
ated with an elevated reactivation rate, but not with RO in-
volvement (n = 100).”**

Our study enrolled children with a wide spectrum of disease
phenotypes; in fact, we aimed to represent the full diversity of
pathologies observed in this disease. This inclusion increased the
accuracy of correlations with BRAFV*"°F expression. Our data
showed that BRAF'*°°* mutation was correlated with the most
aggressive forms of LCH, that is, those prevalent in patients who
are diagnosed at a young age. These aggressive disease pheno-
types included multisystem disease, skin involvement, spleen,
liver, and hematologic dysfunction,”* and localizations associ-
ated with PC, such as pituitary and CNS disorders." Moreover,
two infrequent variants of LCH segregated strictly in terms of
BRAFY°%F status. The localized LCH variant of the self-healing
Hashimoto Prizker form was always found in patients with wild-
type BRAF. In contrast, the multisystemic LCH disease with he-
mophagocytic syndrome—associated RO+ was always found
in patients with BRAFV®°°F. Apart from these two infre-
quent LCH variants, our results suggest that factors other than
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BRAF were likely to be involved in establishing the full LCH
clinical phenotype.

One limitation of this study is that we did not investigate
genotypes more fully among patients with LCH who carried wild-
type BRAF; however, although other somatic mutations are in-
teresting, previous correlation studies have only identified rare or
largely nonrecurrent mutations in BRAF ARAFE?*® ERBB3,%
PI3KCA,*® and MAP3K1.”” An exception to this observation was
the discovery of recurrent mutations in exon 2 and exon 3 of MAP2K1.
Among patients with wild-type BRAF, these mutations—mostly
deletions—affected 17% (n = 7)* to 27.5% (n = 11)*® of patients
with LCH. In the current study, MAP2KI deletions were detected
in six patients with wild-type BRAF; these mutations were iden-
tified by Sanger sequencing of DNA from fresh frozen samples. We
also detected one PIK3CA mutation, which was reported pre-
viously.”® These cases were categorized as benign bone SS LCH
(data not shown). Previous studies have shown that most LCH
cases were associated with constitutive activation of the MAPK
pathway.® On the basis of the clinical differences found in the
current study between patients with mutated and wild-type
BRAF, we hypothesized that in LCH, BRAF'°°°F mutation has
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a stronger oncogenic potential than it has by other molecular
alterations in the MAPK pathway that occurred in the presence of
wild-type BRAFE.

Association of BRAFV**® with a more aggressive, and
sometimes resistant LCH disease, suggests an avenue for devel-
opment of new therapeutic agents. LCH is an extremely hetero-
geneous disease, and some forms may be curable without drugs or
with only minimal therapy. At the other end of the spectrum, more
severe disease forms can be treated with effective second-line
therapies, but these are reported to be highly toxic.” This toxic-
ity is relevant, given that incidence of long-term adverse effects
(PC) remains substantial for patients with LCH; more than
one quarter of patients with BRAF *°°F developed PC with
LCH. Thus, anti-BRAF therapies represent a promising new
line of inquiry.”® Initial reports on anti-BRAF therapies have
indicated efficacy,'"”'* but more data are needed to validate a
tailored regimen that is tolerable for children, in particular,
infants, who are most susceptible to high-risk LCH. Because
all nine cases of LCH associated with hematophagocytic acti-
vation syndrome occurred in patients with BRAF'®°°F in our
study, this association should be investigated further. Indeed,
this subgroup of patients might benefit most from the addition
of a targeted therapy.

In terms of improved diagnosis, BRA mutation can
now be identified and quantified in plasma or serum-free cell
DNA.’*?! Future studies should be able to validate these as-
says and assess their value for prediction of prognosis and
treatment response.

Patients with BRAF mutations who develop life-threatening
histiocytoses, such as Erdheim-Chester disease and/or LCH, have
been shown to manifest significant clinical responses to targeted
therapy. Here, we show that children with BRAF'**°" experienced
more severe LCH disease, had higher rates of sequelae, and showed
a diminished response to vinblastine-steroid chemotherapy than
did children with wild-type BRAFE. Our data argue that clinical trials
should assess the benefits of BRAF inhibitor treatment in the early
stages of disease progression.
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Appendix

Comprehensive Description of Experimental Plan: Sample Size Estimation and Study Organization

At the start of the study, in September 2011, we estimated the size of the sample of patients with Langerhans cell histiocytosis
(LCH) that we would need to test for BRAF"*°F mutation. We estimated a sample size sufficient to observe at least a 20% difference
between high-risk LCH and low-risk LCH groups, with a 5% type I error and a 20% type II error. When we considered that
approximately 20% of all patients would have high-risk LCH, including lung involvement, and that 80% of patients would have
low-risk LCH, we calculated that at least 313 patients must be enrolled to achieve sufficient statistical power according to the
Casagrande and Pike method for unequal sized groups (Fleiss et al: Biometrics 36:343-346, 1980). All enrolled patients had been
included in the French LCH registry; therefore, this study was nested within the French LCH registry. To minimize potential bias in
selection of patients according to extent of disease, we asked the participating centers to propose the study to all patients that were
observed locally, regardless of the extent of disease.

Survival Data

Death occurred in five patients with mutant BRAF and two patients with wild-type BRAF. Both patients with wild-type BRAF
had multiple system with lung involvement LCH. Of those, one patient showed severe lung involvement at diagnosis and
a mechanical complication that proved lethal at 4 months after diagnosis. The other patient had achieved long-term complete
remission, and the fatality was unrelated to the disease. All five patients with BRAF'***" who died had multiple system with
involvement of risk organs LCH. Of those, two patients died after undergoing an allogeneic bone marrow transplantation, and three
patients died of sepsis, secondary to the combined cladribine-cytarabine regimen. This low mortality rate could be explained by the
efficacy of second-line therapy with the combined cladribine-cytarabine regimen. Treatment may overcome the refractory situation,
but it had high toxicity.’

Table A1. Subgroup Analysis of Therapeutic Response and Outcome According to BRAF Status, First-Line Therapy, and RO Involvement
All Patients VLB Steroid Regimen No Systemic Chemotherapy
Outcome BRAF WT P BRAF WT P BRAF WT P
SS, MS RO—, and Lung+ LCH at diagnosis
Sample size, No. 139 138 64 55 73 81
Responders, No. (%) — — — 60 (93.7) 54 (98.2) 37 — — —
Patients with second-line therapy, No. (%) 11 (7.9) 4(2.9) Al 8(12.5) 3 (5.5) 22 3 (4.1) 1(1.2) .35
B-year cumulative incidence of reactivations, % = SE  40.1 = 4.7 276 =46 009 41.0x6.7 376=*x72 13 383 +6.7 175 =52 .04
Reactivation in ROs, No. (%) 10 (7.2) 1(0.7) .01 6 (9.4) 0(0) .03 4 (5.5) 1(1.2) 19
Patients with PC, No. (%) 33 (23.7) 17 (12.3) .02 24 (37.5) 11 (20) .04 8 (11) 6 (7.4) .68
MS RO+ LCH at diagnosis
Sample size, No. 33 5 32 5 0 0
Responders, No. (%) — — — 15 (46.8) 4 (80) .34 — — —
Patients with second-line therapy, No. (%) 21 (63.6) 1 (20) 14 21 (65.6) 1(20) 14 — — —
5-year cumulative incidence of reactivations, % = SE  52.3 = 10.6 40.0 = 21.9 .89 523 +106 40 =219 .89 — — —
Reactivation in ROs, No. (%) 2(6.1) 0(0) 1 2(6.2) 0(0) 1 — — —
Patients with PC, No. (%) 15 (45.5) 1(20) .37 14 (43.7) 1(20) .63 — — —
NOTE. Dashes indicate not applicable.
Abbreviations: BRAF, BRAF/®°°F mutated LCH cases; LCH, Langerhans cell histiocytosis; Lung+, lung involvement; MS, multiple system; PC, permanent consequence;
RO+, risk organ involvement; RO—, no risk organ involvement; SE, standard error; SS, single system; VLB, vinblastine; WT, wild type BRAF LCH cases.
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