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INTRODUCTION

The mitogen-activated-protein-kinase (MAPK) pathway has a long association with

human neoplasia. A key player is BRAF, which encodes a BRAF serine/threonine ki-

nase belonging to the RAF family of serine/threonine kinases, which also includes

ARAF and RAF1. These kinases transduce mitogenic signals from the cell membrane

to the nucleus and regulate MEK-Extracellular-signal-regulated kinases (ERK)

signaling. Of the RAF kinases, BRAF is most frequently mutated in human cancers

with BRAFV600E accounting for 90% of activating mutations.1 Similarly, the neoplastic
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KEY POINTS

• Histiocytic and dendritic cell neoplasms (HDCNs) have a molecular pathogenesis largely

driven by aberrant MAP kinase, PI3K-AKT-mTOR, and/or receptor tyrosine kinase (RTK)

signaling.

• BRAFV600E is the most common alteration in Langerhans cell histiocytosis (LCH) and Erd-

heim-Chester disease (ECD) but not in other HDCNs subtypes.

• ALK-positive histiocytosis is the first molecularly characterized diagnostic subtype of the

histiocytic and dendritic cell neoplasms (HDCNs).

• Next-generation sequencing (NGS) molecular studies are extremely useful for guiding

therapy decisions in HDCNs and diagnosing some subtypes of HDCNs.

• Molecularly inspired therapeutics targeting the MAP kinase, PI3K-AKT-mTOR, and RTK

signaling pathways have been clinically effective in HDCNs.
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cells of the histiocytic and dendritic cell neoplasms (HDCNs) have nearly universal

ERK overexpression suggesting constitutive activation of MAPK signaling in these

distinct hematologic neoplasms (Fig. 1).2–4

Although quite rare in hematological disorders, BRAF mutations are strikingly

enriched in Langerhans cell histiocytosis (LCH)2 and Erdheim-Chester disease

(ECD).3 Furthermore, additional sequencing efforts identified recurrent mutations in

MAP2K1 in LCH,5,6 ECD, and other non-LCH neoplasms.7,8 Interestingly, BRAFV600E

is frequently present in LCH and ECD (50%–60%)2,3; meanwhile, MAP2K1 mutations

are the second most frequent molecular alterations across the HDCNs (∼25%) (see

Figs. 1 and 2).5–8 However, despite their common molecular alterations, the HDCNs

are a heterogeneous group of hematologic neoplasms with different clinical presenta-

tions and biology. Nonetheless, the discovery of recurrent BRAFV600E and MAP2K1

mutations in the HDCNs has guided new therapeutic approaches, as well as an oppor-

tunity to explore how common genetic events give rise to these enigmatic diseases

(see Figs. 1 and 2).7,9–14 This review discusses the amalgamation of diverse kinase al-

terations uncovered in the HDCNs during the past 15 y of molecular progress and un-

derscore how new insights have refined our understanding of these disorders as

clonal neoplasms with constitutive MAPK and PI3K-AKT-mTOR activation. We will

also highlight how our concepts of the cellular origins of the MAPK-driven hematologic

neoplasms and molecular therapeutics have evolved.

OVERVIEW OF THE HISTIOCYTIC AND DENDRITIC CELL NEOPLASMS

Histiocytic neoplasms are a heterogeneous group of disorders broadly classified as

LCH and non-LCH that share the common pathologic features of infiltration and accu-

mulation of neoplastic histiocytes in tissues with nearly universal ERK activation and

an accompanying inflammatory milieu.2,3,15,16 However, a revised 2016 classification

re-categorized LCH and non-LCH into the following: “L” Langerhans group (LCH,

ECD, disseminated juvenile/adult xanthogranuloma [JXG/AXG], and indeterminate

cell histiocytosis [ICH]); “C” group (cutaneous JXG/AXG and Rosai-Dorfman-

Destombes disease [RDD]); “R” group (non-cutaneous RDD); and “M” group (malig-

nant histiocytoses-most commonly histiocytic sarcoma [HS]) (Table 1).17

CLINICAL AND PATHOLOGIC FEATURES OF LANGERHANS CELL HISTIOCYTOSIS

LCH has diverse manifestations from self-resolving, single-organ lesions to multi-

organ disease, which is associated with 10% to 20% mortality.18,19 Bone (75%) and

skin (34%) are the most commonly involved organs with lytic bone lesions, frequently

Abbreviations

AXG adult xanthogranuloma

ECD Erdheim-Chester disease

FDA Food and Drug Administration

HDCNs histiocytic and dendritic cell neoplasms

ICH indeterminate cell histiocytosis

JXG juvenile xanthogranuloma

KIF5B kinesin family member 5B

LCH Langerhans cell histiocytosis

MAPK mitogen-activated-protein-kinase

RDD Rosai-Dorfman-Destombes disease

SH2 Src homology 2

WHO World Health Organization

Durham472



Fig. 1. Overview diagrams of the aberrant MAP kinase, PI3K-AKT-mTOR, and tyrosine kinase

signaling underlying the molecular pathophysiology of the histiocytic and dendritic cell

neoplasms. (A) Diagram of the MAPK and PI3K-AKT signaling pathways with description

of the activation of the RAS proteins (HRAS, KRAS, and NRAS) with annotation of the

signaling proteins affected by genetic alterations in the histiocytic and dendritic cell neo-

plasms. (B) Diagram of biochemical classes of MEK1 mutations. Class 1 mutants are depen-

dent on and hyperactivated by phosphorylation of MEK1/2 from RAF kinases. Therefore,

they are sensitive to ERK-dependent feedback inhibition (red lines). Class 2 mutants have

some degree of basal RAF-independent activity but are further activated by RAF. Class 3 mu-

tants however, completely RAF independent, drive high levels of ERK1/2 activation, are

insensitive to ERK-dependent feedback inhibition, and are predicted to be the most likely

of any class of MEK1 mutations to transform cells.
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Fig. 2. Summary of diverse kinase alterations discovered in the histiocytic neoplasms. (A) Pie

chart illustrating a composite of the known driver kinase alterations in Langerhans cell his-

tiocytosis. (B) Pie chart showing a composite of the known driver kinase alterations in

Erdheim-Chester disease. (C) Pie charts demonstrating the published kinase alterations in

the xanthogranuloma (XG) family of histiocytic neoplasms (juvenile/adult xanthogranulo-

matosis [JXG/AXG]). (D) Pie charts illustrating the composite of published driver kinase alter-

ations in Rosai-Dorfman-Destombes disease. (E) Pie charts showing the composition of

published driver alterations in indeterminate cell histiocytosis. (F) Histogram illustrating

the molecular driver alterations published in the most common malignant histiocytosis

known as histiocytic sarcoma, which often has multiple, co-occurring driver alterations.
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involving the skull.20,21 Besides skin, LCH may arise in any mucosal tissue (gingiva,

gastrointestinal tract).20,22,23 “High-risk” LCH includes diffuse infiltration or focal le-

sions of spleen, liver, or bone marrow with a 5-y survival rate of 84% compared to

99% in “low-risk” LCH.24 LCH may also involve the central nervous system, presenting

with mass lesions, diabetes insipidus, or progressive neurodegenerative symptoms

arising decades after initial presentation.25–27

Pathologically, LCH is characterized by lesions composed of clonal, pathologic

“histiocytes” with reniform (coffee-bean-shaped) nuclei and abundant, pink cytoplasm

with immunoreactivity for CD1a and langerin (CD207) and pathognomonic Birbeck

granules (see Table 1).15,28–30 Histology also shows a milieu of pathologic dendritic

cells (DCs) and recruited inflammatory cells (lymphocytes, eosinophils, and

macrophages).31–34

CLINICAL AND PATHOLOGIC FEATURES OF XANTHOGRANULOMA FAMILY OF

HISTIOCYTIC NEOPLASMS (JUVENILE/ADULT XANTHOGRANULOMATOSIS)

JXG/AXG was originally described in the early 1900s and was believed to be endothe-

lium derived and was named “nevoxanthoendothelioma”.35 JXG/AXG is usually

self-limiting with dermal lesions in the majority of patients; but 4% present with

disseminated disease.36,37 Histologically, JXG/AXG shows xanthomatous histiocytes

with admixed multinucleated and Touton giant cells that are immunoreactive for CD68,

CD163, CD14, fascin, and Factor XIIIa with variable positivity for S100 and no immu-

noreactivity for CD1a or CD207 (see Table 1).15,37–39

CLINICAL AND PATHOLOGIC FEATURES OF ERDHEIM-CHESTER DISEASE

ECD is a rare, systemic, non-LCH with around 1000 reported cases in the literature

that was first described as a “lipoid granulomatosis” in 1930 by Erdheim and Chester.

ECD has diverse clinical manifestations ranging from localized presentations (bone-

only disease) to multisystem disease that are extensively discussed elsewhere.37–43

The diagnosis of ECD requires combining the histologic criteria and the appropriate

clinical and radiologic setting.15,37–39 Radiographically, bilateral and symmetric diaph-

yseal and metaphyseal osteosclerosis of the legs are observed in most patients. His-

tologically, ECD shows xanthomatous histiocytes with surrounding fibrosis, as well as

admixed multinucleated giant cells with immunoreactivity for CD68, CD163, CD14,

fascin, and Factor XIIIa and negativity for CD1a and CD207 (see Table 1).15,37–39

CLINICAL AND PATHOLOGIC FEATURES OF ROSAI-DORFMAN-DESTOMBES DISEASE

RDD is a rare, non-LCH hematologic disorder known has “sinus histiocytosis with

massive lymphadenopathy” that was first described by Destombes, Rosai, and Dorf-

man.39,44–46 RDD has heterogeneous clinical manifestations and can occur as an iso-

lated disorder or in association with hereditary, autoimmune, or neoplastic conditions.

The majority of RDD patients present with classical (nodal) RDD that primarily mani-

fests as bilateral, massive, and painless cervical lymphadenopathy with or without fe-

ver, night sweats, and weight loss. However, 43% of patients develop extra-nodal

RDD with 19% showing multisystem RDD, and prognosis has been correlated with

the number of extra-nodal systems affected with a detailed clinical discussion

reviewed elsewhere.39,47 Histologically, the abnormal, xanthomatous histiocytes of

RDD demonstrate abundant emperipolesis of erythrocytes, lymphocytes, and plasma

cells. The abnormal histiocytes are immunoreactive for CD14, CD68, CD163, and

S100 with negativity for CD1a and CD207 (see Table 1).15,37,39,48
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CLINICAL AND PATHOLOGIC FEATURES OF INDETERMINATE CELL HISTIOCYTOSIS

ICH is a rare, non-LCH neoplasm first described in 1985 that predominantly involves

the skin and is characterized by the presence of dendritic cells that are morphologi-

cally and immunophenotypically similar to LCH. However, ICH shows a dense dermal

infiltration of neoplastic histiocytes admixed with lymphocytes without significant

eosinophilic infiltration and is immunoreactive for CD68, S100, and CD1a but not for

CD163 and CD207. Therefore, unlike LCH, ICH lacks CD207 and Birbeck granules

(see Table 1).49,50

CLINICAL AND PATHOLOGIC FEATURES OF HISTIOCYTIC SARCOMA

HS is defined by the World Health Organization (WHO) as “a malignant proliferation of

cells showing morphologic and immunophenotypic features of mature tissue histio-

cytes”.51,52 These are rare non-LCH neoplasms most of which present in extranodal

sites that can appear as solitary lesions or with innumerable tumor loci. Histologically,

HS is a diffuse, non-cohesive proliferation of monomorphic-to-pleomorphic large his-

tiocytes with large, round-to-oval, irregularly folded, and eccentrically-placed nuclei.

Prominent mitotic activity and atypical mitoses are noted. The immunophenotype

shows immunoreactivity for CD14, CD68, and CD163 and are negative for CD1a

and CD207 (see Table 1).51–55 Recent studies have demonstrated constitutive activa-

tion of the MAPK pathway in HS.53–56

CLINICAL AND PATHOLOGIC FEATURES OF ALK-POSITIVE HISTIOCYTOSIS

ALK-positive histiocytosis is a non-Langerhans cell histiocytic neoplasm with overex-

pression of the ALK- receptor tyrosine kinase based on the fusion involving ALK and a

5′ partner gene that is most commonly KIF5B (Kinesin Family Member 5B). This

neoplasm was officially recognized by the WHO and International Consensus Classi-

fication classifications of hematopoietic tumors as a distinct HDCN in 2022 and the

first diagnostic molecular subtype of the HDCNs.51,52 It was initially reported in infants

but can also occur in adults.57,58 Most cases in the pediatric age group present with

multisystem disease with hepatosplenomegaly and involvement of bone marrow.58

Clinical manifestations include anemia, thrombocytopenia, and systemic symp-

toms.59 Skin involvement has been reported but is not common. Neurologic involve-

ment is common, approximately 50%.58,60 Patients with involvement of the central

nervous system present with diverse symptomatology including seizures, ataxia,

headache, and paresis. Infrequent presentations include localized disease involving

bone, soft tissue, and skin. Adults are more likely to present with isolated lesions

involving breast, gastrointestinal tract, and soft tissue.61,62 Involvement of lung and

lymph nodes has been reported.

The histologic features resemble xanthogranuloma. The histiocytes have plump

foamy cytoplasm.58 However, the morphology is variable with some cases having cells

with a more spindle-shaped appearance, or epithelioid morphology.62,63 The nuclear

features are generally bland with oval-to-indented nuclei, finely stippled chromatin,

and small nucleoli. Touton-type giant cells may be present, and emperipolesis is occa-

sionally seen.64 However, other inflammatory cells including eosinophils are largely ab-

sent from the tissue microenvironment. A mildly fibrotic background is noted. The bone

marrow is usually not diffusely involved. In the liver, the cells tend to infiltrate the hepatic

sinusoids.57 The cells display immunophenotypical markers consistent with a histiocytic

lineage with expression of CD68, CD163, and Factor XIIIa (see Table 1).64 The

expression of ALK is confirmed by immunohistochemistry, with cytoplasmic staining

Histiocytic and Dendritic Cell Neoplasms 477



in the lesional cells and should be performed in all cases of histiocytosis. S100 is pos-

itive in about 50% of cases, but CD1a and langerin are negative. Expression of OCT-2,

p-ERK, and Cyclin D1 is often seen (see Table 1).58

MOLECULAR PATHOGENESIS OF THE HISTIOCYTIC AND DENDRITIC CELL

NEOPLASMS

Prior to the molecular era, the determination of whether or not histiocytoses were reactive

or neoplastic was unclear and constituted a historic debate.65,66 Furthermore, the cellular

heterogeneity of histiocytoses and the limitations of molecular technology precluded

classification of histiocytoses as neoplasms.32,67,68 However, the dawning of the molec-

ular era revealed a series of activating kinase alterations involved in MAP kinase, PI3K-

AKT-mTOR, and RTK signaling were discovered in the HDCNs (see Figs. 1 and 2).

RAF Isoforms

The discovery of BRAF mutations in the histiocytoses occurred after BRAFV600E was

reported in 57% of LCH2 and 54% of ECD.3 Later studies uncovered BRAFV600E in

JXG/AXG, RDD, and ICH but were not prevalent in HDCNs other than LCH and

ECD.13,69–71 Besides BRAFV600E, HDCN case reports have revealed other activation

segment BRAF mutations (BRAFV600D; BRAFV600insDLAT).72,73 Additionally, a BRAF

splicing mutation (BRAF c.1511_1517 + 2 duplication) was reported.74 Furthermore,

activating, in-frame deletions in BRAF exon 12 (encodes the β3-αC loop critical for ki-

nase activation) and numerous BRAF fusions have been described in HDCNs (see

Figs. 2 and 4).13,75–77 Other whole exome sequencing (WES) studies have revealed

activating ARAF mutations in LCH78 and non-LCH (ECD; JXG/AXG; RDD) along with

RAF1 mutations in ECD and HS (see Fig. 2).7,12,13

MAP2K1/MAP2K2

In BRAFV600E-negative histiocytoses, Next-generation sequencing (NGS) studies

found MAP2K1 to be a second recurrently mutated gene locus in LCH5,6 and non-

LCH (ECD, JXG/AXG, RDD. ICH, and HS).7,79 Functionally, the MAP2K1 mutations

occurred within mutational hot-spots and clustered in the N-terminal regulatory

domain (exon 2) and N-terminal kinase domain (exon 3) resulting in MAPK

activation.6,7,79,80 However, there are different biochemical classes of MAP2K1 (en-

codes MEK1) mutations. Class I mutants are dependent on and hyperactivated by

phosphorylation of MEK1/2 from RAF kinases. Therefore, they are sensitive to ERK-

dependent feedback inhibition. Class II mutants have some degree of basal RAF-

independent activity but are further activated by RAF. Class III mutants, however,

are completely RAF-independent, drive high levels of ERK1/2 activation, are insensi-

tive to ERK-dependent feedback inhibition, and are predicted to be the most likely of

any class of MEK1 mutations to transform cells. Furthermore, in vitro studies within

solid tumor cell lines have shown that biochemical Class III MEK1 mutations do not

respond well to allosteric MEK1/2 inhibitors (trametinib, cobimetinib, etc.).81 Addition-

ally, ECD sequencing found recurrent MAP2K2Y134H in the MEK2 kinase domain that

activated MAPK signaling (see Figs. 1 and 2).12,13

RAS Isoforms and Regulators of Rat Ssarcoma Virus (RAS) Activation

The RAS isoforms encode small GTPases that regulate the MAPK and PI3K-AKT-

mTOR signaling pathways. First, NRAS mutations were found in single cases of

LCH and ECD.82,83 Afterward, studies confirmed that NRAS/KRAS mutations are

recurrent in HDCNs and affected the GTP-binding domains leading to constitutive
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MAPK activation (see Figs. 1 and 2).7,13,77,79,84,85 Interestingly, regulators of RAS acti-

vation are frequently affected in HS but very rarely in the other HDCNs. Activating mu-

tations in PTPN11 (positive regulator of RAS activation) and inactivating mutations in

NF1 (negative regulator of RAS activation) are frequently uncovered in HS or co-occur

with other kinase driver alterations (see Figs. 1 and 2).53–55

Extracellular-Signal-Regulated Kinases Isoforms

As the molecular age continued to interrogate BRAFV600-negative histiocytoses, rare

mutations started to emerge in the ERK isoforms. An activating MAPK1D321N affecting

the ERK2 C-terminal-docking domain surfaced in JXG and showed in vitro sensitivity

to ERK inhibition but not RAF or MEK inhibition.86 Another WES study of LCH found

MAPK3V121M in the ERK1 kinase domain and MAPK7R400L affecting the ERK5 C-ter-

minal-domain with both mutations influencing MAPK signaling (see Figs. 1 and 2).13

PI3K Isoforms

The PI3K isoforms include phosphatidylinositol-4,5-bisphosphate-3-kinase catalytic

subunit alpha (PIK3CA) and catalytic subunit delta (PIK3CD), members of the PI3K-

AKT signaling pathway. Recurrent PIK3CA mutations were first revealed in ECD,84

and then in LCH.87 Later studies primarily identified PIK3CA mutations as recurrent

events in ECD with rare PIK3CD mutations in JXG and LCH. PIK3CA mutations clus-

tered in the α-helical and kinase domains leading to PI3K-AKT-mTOR activation (see

Figs. 1 and 2).6,7,13

ALK Receptor Tyrosine Kinase Fusions

ALK-rearrangements can be confirmed by fluorescence in situ hybridization (FISH) or

RNA sequencing. KIF5B serves as a microtubule-dependent motor involved in the

normal distribution of mitochondria and lysosomes and is the most common 5′ fusion

partner for ALK with several variable fusion breakpoints within KIF5B, but CLTC::ALK,

TPM3::ALK, TFG::ALK, EML4::ALK, SQSTM1::ALK, and DCTN1::ALK fusions have

been described as well (Fig. 3). All the described ALK fusions have an intact kinase

domain fused with different 5′ partner genes where the N-terminal protein has a

coiled-coil or other heterodimerization domains that can lead to ligand-independent

constitutive activation of the intact, intracellular ALK kinase domain leading to inap-

propriate overexpression of ALK and constitutive activation of the MAPK and PI3K-

AKT-mTOR signaling pathways within the neoplastic histiocytes (see Fig. 1).57,58

Other Tyrosine Kinase Alterations

Continued sequencing of histiocytoses implicated the RTKs. A WES study found a

case of ERBB3-mutated LCH.6 Later studies uncovered recurrent NTRK1 fusions in

ECD and the xanthogranuloma family (JXG/AXG).7,77 Then, a large WES/NGS study

evaluated 270 histiocytoses patients and discovered recurrent, activating mutations

in CSF1R, the RTK critical for monocyte and macrophage development, which was

enriched in JXG/AXG but found across histiocytoses; and this study was really the first

time that activating CSF1R mutations have been implicated in cancer. Additionally,

other RTK alterations were uncovered in the xanthogranuloma family (JXG/AXG)

(KIT, JAK3, ALK, MET, and CSF3R) and in LCH (TEK), as well as the first RET and

NTRK3 fusions in the histiocytoses (see Figs. 2 and 4).13,58,88,89

Quite recently, recurrent and functional SYK fusions were implicated in the patho-

genesis of xanthogranuloma family (JXG/AXG) neoplasms with CLTC::SYK being

the most common. SYK is a nonreceptor tyrosine kinase that is primarily expressed

in hematopoietic cells (B cells, monocytes, and macrophages). The kinase domain
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of SYK is held in an inactive confirmation by the Src homology 2 (SH2) domains; how-

ever, the CLTC::SYK fusion results in the deletion of these SH2 domains (see Figs. 2

and 4) and thereby in a continuously active kinase.89

ETV3-NCOA2 Fusions

ETV3-NCOA2 fusions were described to be enriched in ICH and then reported in

one LCH case.77,90,91 These fusions involve exons 1 to 4 of ETV3 and exons 14

Fig. 3. Summary of the ALK fusions uncovered in ALK-positive histiocytosis. (A) Histogram

showing the current frequencies of distinct ALK fusions in ALK-positive histiocytosis. (B) Il-

lustrations of the recurrent KIF5B::ALK fusions with the most common KIF5B (exons 1–24)

and ALK (exons 20–27) fusion, as well as (C) fusions with variant breakpoints involving

KIF5B across the ALK-positive histiocytosis. Diagrams of the less common fusions: (D)

EML4::ALK fusions, (E) TPM3::ALK fusions, (F) SQSTM1::ALK fusion, (G) TFG::ALK fusion,

(H) CLTC::ALK fusion, and (I) DCTN1::ALK fusion.
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to 23 of NCOA2. This leads to the preservation and fusion of the C-terminal tran-

scriptional activation domains of NCOA2 to the N-terminal ETS domain of ETV3

(Fig. 4),90,92,93 and prior studies of NCOA2 gene fusions have demonstrated that

the AD1 and CID domains in the C-terminus are required for the transformation of

NCOA2 fusion proteins (see Figs. 2 and 4).48,90–92,94–97 However, extensive func-

tional characterization of the role of the ETV3-NCOA2 fusion in histiocytoses path-

ogenesis is warranted.

Overall, the molecular age demonstrates most HDCNs patients harbor diverse alter-

ations in MAPK, PI3K-AKT-mTOR, and RTK pathway genes supporting that histiocy-

toses are clonal, hematopoietic neoplasms with many potential molecular therapeutic

targets.

MOLECULARLY INSPIRED HISTIOCYTIC AND DENDRITIC CELL NEOPLASM

THERAPEUTIC TARGETS

Over the past 5 to 10 y, therapy for histiocytoses has dramatically changed with the

emergence of targeted therapy and the first US-Food and Drug Administration

(FDA)-approved HDCNs treatment resulting in an improved prognosis for ECD (5-y

survival of 43% in 1996 but 83% currently).43,98

Since 50% to 60% of HDCNs patients harbor BRAFV600E,2,3 a vemurafenib phase II

clinical trial studied BRAFV600-mutated ECD and LCH and demonstrated a nearly

100% metabolic response rate, as did several case series. As a result, the US-FDA

approved vemurafenib for use in BRAFV600-mutated ECD in November

2017.9,11,14,99–102 Although BRAF inhibition generally achieves robust and durable re-

sponses in BRAFV600-mutated histiocytoses, the LOVE study showed 75% of patients

who discontinued vemurafenib relapsed in 6 mo but were able to recapture their prior

responses when restarted on BRAF inhibitors (vemurafenib; dabrafenib).103,104 Addi-

tionally, BRAF inhibitor resistance in the SH is rare and has only been reported in one

instance where a dabrafenib-treated BRAFV600E-mutated ECD patient acquired a

KRAS mutation, which responded to trametinib.105

Accumulating molecular knowledge in BRAFV600-negative SH led to investigations

into MEK inhibitors (cobimetinib; trametinib)7,12,103,106 with the cobimetinib phase II clin-

ical trial showing an 89% overall response rate by fluorodeoxyglucose (FDG)-PET-

computed tomography (CT) irrespective of disease site. As a result, the US-FDA granted

approval in November 2022 to cobimetinib in the treatment of BRAFV600-negative his-

tiocytoses.12 However, in vitro studies have shown that there are different biochemical

classes of MAP2K1 (encodes MEK1) mutations (second most frequent alterations

across HDCNs) where biochemical class III MEK1 mutations show response heteroge-

neity to the FDA-approved, allosteric MEK1/2 inhibitors (trametinib, cobimetinib,

etc.).12,81 Therefore, alternative targeted therapies to biochemical class III MEK1 muta-

tions beyond allosteric MEK1/2 inhibitors will likely need to be explored.

Moreover, molecular discovery of recurrent ALK, NTRK1, RET, and SYK fusions, as

well as CSF1R mutations in diverse histioctyoses have stimulated investigations into

other targeted therapies. These studies have provided in vitro functional data or clin-

ical reports supporting the use of ALK inhibitors (crizotinib; alectinib); the RET-specific

inhibitor selpercatinib; NTRK inhibitors; and CSF1R-inhibitors (pexidartinib) in

HDCNs.7,13,64,77,107 Therefore, the molecular age has provided many exciting thera-

peutic options for HDCNs patients, but molecularly-targeted therapies beyond

BRAF and MEK inhibitors need to be scrutinized in future clinical trials. Also, questions

about the optimal dosing, treatment duration, and therapy response assessments

require further study, especially in pediatric HDCNs patients.
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Fig. 4. Summary of the diverse kinase fusions in histiocytic neoplasms. (A) Illustrations of

recurrent BRAF fusions discovered in the histiocytic neoplasms. (B) Illustrations of the recur-

rent NTRK1 fusions uncovered in non-Langerhans cell histiocytoses and an NTRK3 fusion in

Langerhans cell histiocytosis (LCH). (C) Illustration of the recurrent ETV3::NCOA2 fusion

discovered in indeterminate cell histiocytosis. (D) Illustration of the recurrent NCOA4::RET

fusion recently discovered in non-LCH. (E) Illustration of the recurrent CLTC::SYK fusions

in the xanthogranuloma (XG) family of histiocytic neoplasms (juvenile/adult xanthogranulo-

matosis[JXG/AXG]).
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SUMMARY AND FUTURE DIRECTIONS

Molecular advancements over the past 15 y have helped unravel the molecular path-

ophysiology and therapeutic targets in the MAPK-driven hematologic neoplasms.

Since the description of BRAFV600E in LCH and ECD,2–4 there has been an onslaught

of molecular progress linking diverse kinase alterations activating MAPK, PI3K-AKT-

mTOR, and RTK signaling to the diverse histiocytic and dendritic cell neoplasms (see

Figs. 1–4). These recent discoveries have refined the current pathologic understand-

ing of the histiocytoses as clonal, myeloid neoplasms with constitutive activation of

MAPK and PI3K-AKT-mTOR signaling. Furthermore, molecular progress has re-

imagined therapeutic options for patients with these disorders. Additionally, many

biomarkers are now available that have enhanced our biologic understanding of

the cellular pathogenesis and ontogeny of the HDCNs. However, our functional

genomic conceptualization of the molecular pathogenesis and histogenesis of the

HDCNs are just emerging with many aspects still enshrouded in mystery requiring

systematic dissection with studies employing single-cell and spatial molecular and

epigenetic analyses, detailed proteomics analyses, and intricate metabolomic

studies, as well as pre-clinical models. Finally, as the molecular era continues to un-

fold, future comprehensive studies to elucidate why the HDCNs share common MAP

kinase, PI3K-AKT-mTOR, and RTK alterations but are phenotypically diverse neo-

plasms with differing clinical presentations, pathophysiology, suspected cellular ori-

gins, and responses to targeted therapeutics are a desperately needed dimension of

investigation.

CLINICS CARE POINTS

• Next-generation sequencing (NGS) molecular studies are recommended when evaluating

histiocytic and dendritic cell neoplasms (HDCNs) for molecular therapeutic guidance across

the histiocytic neoplasms.

• Pathological diagnostic evaluation of HDCNs now warrants the use of ALK

immunohistochemistry and molecular studies for ALK rearrangements/fusions.

• RAF inhibitors (vemurafenib; dabrafenib) have significant clinical efficacy in BRAFV600-

mutated HDCNs while allosteric MEK1/2 inhibitors (trametinib; cobimetinib) have been

clinically efficacious in BRAFV600-negative HDCNs.
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