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            Abstract
Histiocytoses are clonal hematopoietic disorders frequently driven by mutations mapping to the BRAF and MEK1 and MEK2 kinases. Currently, however, the developmental origins of histiocytoses in patients are not well understood, and clinically meaningful therapeutic targets outside of BRAF and MEK are undefined. In this study, we uncovered activating mutations in CSF1R and rearrangements in RET and ALK that conferred dramatic responses to selective inhibition of RET (selpercatinib) and crizotinib, respectively, in patients with histiocytosis.
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                    Fig. 1: Genomic analysis of 270 patients with sporadic and familial histiocytoses.[image: ]


Fig. 2: Activating mutations mapping to CSF-1R and the benefit of ALK and RET inhibition in histiocytosis.[image: ]
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WES data have been deposited in dbGaP under project accession number phs001864.v1.p1. Source data for Fig. 2 and Extended Data Fig. 10 are presented with this dbGaP paper.
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Extended data

Extended Data Fig. 1 Pedigree and genomic analyses of monozygotic twins with CSF-1R mutant Juvenile Xanthogranuloma (JXG).
(a) Pedigree of twins with JXG. Twin 1 and 2 are monochorionic, diamniotic identical twins born to an otherwise healthy 35-year-old mother. At one year of age, both twins developed small skin lesions on their forehead, which over the course of four months grew in number and diameter extending to the scalp and upper chest. Scalp biopsies were consistent with a diagnosis of JXG. Ophthalmic examination of both twins also identified multiple, bilateral subconjunctival lesions compatible with JXG in twin 1 only. Both twins were monitored in our institution until 2.5 years-of-age with stable, persistent JXG with no visual compromise or neurologic signs or symptoms, and therefore no indication for therapy. Complete blood counts and comprehensive metabolic profiles of both twins have been within normal limits since birth. (b) Mutational profile of the JXG lesion from each twin displaying the fraction of mutations found in each trinucleotide context (performed using deconstructSigs21). (c) Piechart showing the relative contribution of each mutational signature in the JXG lesion from (b) in each twin (based on the 30 mutational signatures detected by Sanger/COSMIC25). Signatures 6 and 15 are associated with defective DNA mismatch repair25. (d) Histogram illustrating the fraction of indels among all mutations identified in the JXG lesions of twins 1 and 2 (red dashed lines) along with the distribution of indel fractions for TCGA samples (colorectal, endometrial, ovarian, stomach) with known microsatellite instability (MSI) status assayed from mononucleotide markers (as described previously23,24; MSI-H: high microsatellite instability; MSS: microsatellite stable). (e) Bar graph depicting proportion of histiocytosis samples that are MSS (90%; n = 28/31) versus MSI-H (10%; n = 3/31) based on WES.


Extended Data Fig. 2 Pie charts of histologic subsets of histiocytoses analyzed with kinase mutations identified in each subset.
(a) Numbers and percentage of patients with each histological subtype of histiocytosis sequenced in this study. Frequency of kinase mutations in the subset of patients with (b) Erdheim-Chester Disease, (c) Langerhans Cell Histiocytosis, (d) Juvenile Xanthogranuloma, (e) Rosai-Dorfman Disease, and (f) Histiocytic Sarcoma.


Extended Data Fig. 3 CSF-1R mutants are expressed on the cell surface and result in phosphorylation of CSF-1R.
(a) Representative anti-CSF-1R and GFP flow cytometry analysis of Ba/F3 cell expressions of human CSF-1R constructs from an MSCV-IRES-GFP construct. Experiments were performed with n = 3 independent biological replicates. (b) Representative histograms of the median fluorescent intensity (MFI) of phospho-CSF-1R Tyrosine 723 intracellular flow cytometry in cells from (a) in cytokine depletion conditions following 60 minutes of stimulation with PBS, human M-CSF (hM-CSF; 100 ng/mL), or hIL-34 (100 ng/mL). Cells expressing empty vector (‘vector’) are shown in the top three rows of each plot) and those expressing wild-type (WT) or mutant CSF-1R constructs are shown in the bottom three rows of each plot. Experiments were performed with n = 3 independent biological experiments. (c) Bar graphs of IC50 values of Ba/F3 cells expressing an empty vector control or CSF-1R mutations in response to Pexidartinib (left) or BLZ945 (right). Mean values of n = 3 biologically independent experiments ± standard deviation is shown. Calculation of p-values performed using ordinary one-way ANOVA; ****p < 0.0001.


Extended Data Fig. 4 Novel kinase mutations and fusions identified in patients with histiocytic neoplasms in this study.
(a) Protein diagrams of novel, somatic point mutations uncovered in kinases in histiocytoses in this study, as well as whether they have been previously described as somatic in cancer (noted by an asterisk, ‘*’) and/or functionally characterized (noted by pound sign, ‘#’).Of the 14 mutations illustrated, the RAF1 K106N5, MEK2 Y134H5, JAK3 V722I26, KIT V530I27, and CSF3R T64028 mutations have been shown to be activating previously. Also, four co-existed with other kinase alterations in the following combinations: CSF3R R583H mutation co-occurred with CSF3R T640I in a JXG patient, KIT R888W mutation co-occurred with MEK1 F53L in a histiocytic sarcoma patient, KIT V530I mutations co-occurred with a MEK1 V93I mutation in a JXG patient. (b) BRAF fusions, (c) NTRK1 fusions, (d) and ALK fusions identified. Hematoxylin and eosin (H&E) and anti-NTRK1 and anti-ALK immunohistochemical staining shown in TPM3-NTRK1-rearranged juvenile xanthogranuloma and KIF5B-ALK-rearranged Erdheim-Chester Disease tumor biopsies, respectively.


Extended Data Fig. 5 Oncoprint of mutations identified in the Erdheim-Chester Disease cohort (n = 100 patients).
Results of whole exome and targeted DNA and RNA sequencing of non-LCH neoplasms. Each patient is represented in one column. Diagnosis (ECD), age category, and sequencing method are in the first 3 rows. Somatic mutations identified are in the lower rows and subdivided based on mutations known to activate kinases, affect the JNK/p38 MAP kinase pathway, or involve a diverse array of co-occurring pathways (shown on the right).


Extended Data Fig. 6 Oncoprint of mutations identified in the Langerhans Cell Histiocytosis cohort (n = 92 patients).
Results of whole exome and targeted DNA and RNA sequencing of LCH neoplasms. Each patient is represented in one column. Diagnosis (LCH), age category, and sequencing method are in the first 3 rows. Somatic mutations identified are in the lower rows and subdivided based on mutations known to activate kinases, affect the JNK/p38 MAP kinase pathway, or involve a diverse array of co-occurring pathways (shown on the right).


Extended Data Fig. 7 Oncoprint of mutations identified in the Juvenile Xanthogranuloma cohort (n = 55 patients).
Results of whole exome and targeted DNA and RNA sequencing of non-LCH neoplasms. Each patient is represented in one column. Diagnosis (JXG), age category, and sequencing method are in the first 3 rows. Somatic mutations identified are in the lower rows and subdivided based on mutations known to activate kinases, affect the JNK/p38 MAP kinase pathway, or involve a diverse array of co-occurring pathways (shown on the right).


Extended Data Fig. 8 Oncoprint of mutations identified in the Rosai Dorfman Disease cohort (n = 17 patients).
Results of whole exome and targeted DNA and RNA sequencing of non-LCH neoplasms. Each patient is represented in one column. Diagnosis (RDD), age category, and sequencing method are in the first 3 rows. Somatic mutations identified are in the lower rows and subdivided based on mutations known to activate kinases or involve a diverse array of co-occurring pathways (shown on the right).


Extended Data Fig. 9 Mutations identified in histiocytic sarcoma (HS) (n = 6 patients).
Results of whole exome and targeted DNA and RNA sequencing of non-LCH neoplasms. Each patient is represented in one column. Diagnosis (HS), age category, and sequencing method are in the first 3 rows. Somatic mutations identified are in the lower rows and subdivided based on mutations known to activate kinases or involve a diverse array of co-occurring pathways (shown on the right).


Extended Data Fig. 10 Characteristics of RET fusion-driven histiocytosis and response to selpercatinib.
(a) Protein diagram of NCOA4-RET fusion identified in a cutaneous xanthogranuoma patient. Photographs of NCOA4-RET JXG skin lesions pre- and 12-weeks post selpercatinib on back (b), scrotum (c), and neck (d). (e) Number of Ba/F3 cells expressing an empty vector or the NCOA4-RET fusion following IL-3 withdrawal (mean of n = 3 independent biological experiments ± standard deviation). Calculation of p-values performed using two-way ANOVA; ****p < 0.0001. Representative western blotting (f) and phospho-protein flow cytometric analysis (g) of phospho-MEK1/2 and phosho-ERK1/2 in the cells from (e). Experiments performed in three independent biological experiments with similar results.
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