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Abstract

Distinguishing classical dendritic cells from other myeloid cell types is complicated by the shared
expression of cell surface markers. ZBTBA46 is a zinc finger and BTB domain-containing
transcription factor, which is expressed by dendritic cells and committed dendritic cell precursors,
but not by plasmacytoid dendritic cells, monocytes, macrophages, or other immune cell
populations. In this study, we demonstrate that expression of ZBTB46 identifies human dendritic
cell neoplasms. We examined ZBTB46 expression in a range of benign and malignant histiocytic
disorders and found that ZBTB46 is able to clearly define the dendritic cell identity of many
previously unclassified histiocytic disease subtypes. In particular, all examined cases of
Langerhans cell histiocytosis and histiocytic sarcoma expressed ZBTB46, while all cases of blastic
plasmacytoid dendritic cell neoplasm, chronic myelomonocytic leukemia, juvenile
xanthogranuloma, Rosai-Dorfman disease, and Erdheim-Chester disease failed to demonstrate
expression of ZBTB46. Moreover, ZBTB46 expression clarified the identity of diagnostically
challenging neoplasms, such as cases of indeterminate cell histiocytosis, classifying a fraction of
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these entities as dendritic cell malignancies. These findings clarify the lineage origins of human
histiocytic disorders and distinguish dendritic cell disorders from all other myeloid neoplasms.

Introduction

Distinguishing classical dendritic cells from other myeloid cell lineages is complicated by
the shared expression of cell surface markers. We previously identified Zbtb46 as a
transcription factor selectively expressed by dendritic cells and dendritic cell precursors but
not by related immune cell types such as plasmacytoid dendritic cells, monocytes, and
macrophages?3. Since its description, the expression of Zbtb46 has been used to accurately
assign dendritic cell identity in diverse settings, including in steady-state and inflamed
tissues*~5, the tumor microenvironment”:8, bone marrow progenitors22, and in non-model
organisms20. Importantly, the dendritic cell-specific expression of Zbtb46is conserved in the
human immune system (as ZBT7B46), nominating its use for the clinical diagnosis of
dendritic cell malignancies?3-11,

Human malignancies of dendritic cells and related myeloid cell types are often considered
under the umbrella terms of “histiocytoses” or “histiocytic disorders”12, These disorders can
range in clinical behavior from mild unifocal lesions, which do not require therapeutic
intervention, to disseminated aggressive forms, which require systemic chemotherapy and
may be fatal'2. In contrast to the highly granular classification schemes for lymphoid
malignancies and bone marrow myeloid leukemias, the categorization of histiocytic
disorders is relatively unclear. One explanation for this ambiguity is the inability to
accurately define the cellular identity of each histiocytic disease subtype by standard
immunohistochemical methods, since surface markers are often shared between lineages.
For example, while B and T cells can be clearly distinguished by their expression of CD20
or CD3, respectively, no analogous strategy is available to distinguish dendritic cells from
macrophages. As a result, there are several non-overlapping classification schemes for
histiocytic disorders currently in clinical usel2:13,

Here, we developed the clinical application of an anti-human ZBTB46 antibody on
formalin-fixed paraffin-embedded pathology specimens to clarify the cellular identity of
histiocytic disorders. We performed ZBTB46 immunohistochemistry on more than 50
primary diagnostic specimens, representing a range of benign and malignant histiocytic
categories. We found that all cases of Langerhans cell histiocytosis and histiocytic sarcoma
were positive for expression of ZBTB46, while blastic plasmacytoid dendritic cell neoplasm,
chronic myelomonocytic leukemia, juvenile xanthogranuloma, Rosai-Dorfman disease, and
Erdheim-Chester disease were negative for expression of ZBTB46. Furthermore, ZBTB46
expression clarified the identity of several diagnostically challenging cases, where the
standard surface marker workup was not informative, including the identification of a subset
of indeterminate cell histiocytoses as dendritic cell disorders. Since dendritic cells are
continually replenished from bone marrow progenitors, while macrophages are typically
seeded by embryonic progenitors and self-renew locallyl:14, classification of histiocytic
disorders as dendritic cell neoplasms may have implications for clinical therapy, for example
nominating the use of bone marrow-targeted treatment strategies. In summary, these findings
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provide a method to accurately classify a subset of histiocytic disorders based on their
lineage identity as dendritic cells, which may improve diagnostic precision and strategies for
clinical therapy.

Materials and Methods

Case Selection

A total of 56 cases, including Langerhans cell histiocytosis (18 cases), histiocytic sarcoma
(10 cases), blastic plasmacytoid dendritic cell neoplasm (7 cases), chronic myelomonocytic
leukemia (4 cases), juvenile xanthogranuloma (4 cases), Rosai-Dorfman disease (3 cases),
Rosai-Dorfman disease/Langerhans cell histiocytosis mixed (2 cases), Erdheim-Chester
disease (4 cases), indeterminate cell histiocytosis (3 cases), and S100+, SOX10+ neoplasm
(1 case) were identified between 2008 and 2016 in the Stanford University and University of
Colorado-Denver Pathology databases. Cases were diagnosed according to the 2008 WHO
Classification. In particular, cases of Langerhans cell histiocytosis were distinguished from
histiocytic sarcoma by positive staining for CD1A and/or CD207. Institutional Review
Board approval was obtained from Stanford University for these studies, and patient records
and information were de-identified prior to analysis. One case of histiocytic sarcoma with
BCL2 rearrangement was previously described,

ZBTB46 Immunohistochemistry

Automated immunohistochemical staining was performed with Ventana Benchmark XT
(Ventana Medical Systems, Inc., Tucson, AZ, USA). 4-micron formalin-fixed, paraffin-
embedded tissue sections were deparaffinized and rehydrated. Antigen retrieval was
performed using Standard Cell Conditioning 1 (pH 8.5) pre-treatment for 60 minutes
(Ventana Medical Systems). Slides were incubated with anti-human ZBTB46 (1:10,
polyclonal, Sigma Aldrich, St. Louis, MO, USA) at 37°C for 30 minutes. After primary
incubation, the ultraView Universal DAB Detection system (Ventana) was used for single
brown staining with 3,3”diaminobenzidine chromogen. Interpretation of staining patterns
and intensity was performed by comparison to background endothelial cell staining and
negative staining controls. Specifically, Zbtb46is expressed at low levels in endothelial cells,
compared to its expression in dendritic cells®3. Therefore, to guide our interpretation of
ZBTB46 positivity in malignant specimens, we required ZBTB46 staining in malignant
dendritic cells to be stronger than the staining observed in endothelial cells within the same
section. Additional antibody staining was performed for CD1A (1:100, Clone 10, Dako
#M3571), Langerin/CD207 (1:200, Clone 12D6, Leica - Ncl-Langerin), BRAF V600E
(1:200, Clone VE1, Ventana #790-4855), S100 (1:1000, polyclonal, Dako #20311), and
SOX-10 (1:30, polyclonal, Cell Marque #202M-96).

Microarray Gene Expression Analysis

Microarray data (Human Genome U133 Plus 2.0 Array) for human cancer subtypes were
downloaded from GEO (Supplementary Table 1). Data were quantile-normalized within
each experiment and then globally scaled to adjust for variation between experiments
(Genevestigator, ETH Zurich16). Cancer subtypes analyzed included Langerhans cell
histiocytosis - multifocal, Langerhans cell histiocytosis - unifocal, acute myeloid leukemia,
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chronic myelomonocytic leukemia, juvenile myelomonocytic leukemia, chronic myeloid
leukemia, B cell acute lymphoblastic leukemia, diffuse large B cell lymphoma, chronic
lymphocytic leukemia, multiple myeloma, peripheral T cell lymphoma, angioimmunoblastic
T cell lymphoma, hairy cell leukemia, mature NK/T cell lymphoma, melanoma, Ewing’s
sarcoma, squamous cell carcinoma, adenocarcinoma, non-small cell lung carcinoma, and
small cell lung carcinoma.

Interphase Fluorescence In Situ Hybridization (FISH)

Results

FISH was performed on a hemodilute bone marrow aspirate specimen as previously
described!®. The BCL 2 separation probe (ZytoVision #Z-2192) identifies translocation-
mediated rearrangement of the BCL 2 gene on chromosome 18.

To initially examine the specificity of ZBTB46 in human cancer subtypes, we analyzed RNA
expression data from 5,460 samples, representing 23 hematopoietic and 6 non-hematopoietic
cancer subtypes (Fig. 1a, Supplementary Table 1). These data included 19 Langerhans cell
histiocytosis samples from patients with uni- and multifocal diseasel’. Historically,
abnormal cells in Langerhans cell histiocytosis have been thought to resemble the
morphology and immunophenotype of Langerhans cells18. However, recent evidence from
gene expression arrays and genetic mouse models has demonstrated that Langerhans cell
histiocytosis may be derived from myeloid dendritic cells that express similar cell surface
proteins as Langerhans cells, such as CD1A and CD207 (langerin)1719-21 Gene expression
analysis showed that ZB7B46 was highly specific to Langerhans cell histiocytosis compared
to closely related myeloid cancer subtypes, such as monocytic and myelomonocytic
leukemia, and more broadly specific when compared to all other hematopoietic malignancies
(Fig. 1a). In addition, ZBTB46 was not expressed in large-cell non-hematopoietic cancers
that are often considered in the differential diagnosis of histiocytic disorders, including
metastatic melanoma and carcinoma, nominating its use for distinguishing these entities in
the clinical setting (Fig. 1a).

To measure ZBTB46 expression in clinical samples, we developed the use of an anti-human
ZBTB46 antibody for formalin-fixed, paraffin-embedded clinical specimens. In order to
validate its utility, we stained 18 cases of Langerhans cell histiocytosis that were diagnosed
at Stanford Hospital or University of Colorado-Denver between 2008 and 2016
(Supplementary Table 2). These cases represented a range of patient demographics (3
weeks-old to 73 years-old) and clinical phenotypes (unifocal skin lesions to multi-system
disease) (Fig. 1b). Microscopically, all specimens showed collections of atypical
mononuclear cells with eosinophilic cytoplasm in a background of mixed inflammation
composed of variable proportions of neutrophils, eosinophils, and small lymphocytes (Fig.
1b). The atypical cells contained prominent folded or coffee-bean shaped nuclei with fine
chromatin and irregular nuclear contours. All cases were positive for expression of CD1A
and S100, and 4/7 tested cases were positive for VE1 antibody staining by
immunohistochemistry, indicating the presence of a BRAF V600E mutation. Importantly,
18/18 Langerhans cell histiocytosis cases showed strong nuclear ZBTB46 expression in
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neoplastic cells (Fig. 1c, d). ZBTB46 expression was positive in Langerhans cell
histiocytosis in all organ settings examined, including skin, bone, lymph node, bone marrow,
and gastrointestinal tissue, demonstrating that the site of disease involvement does not
impact its expression (Fig. 1d, Supplementary Table 2). These results established ZBTB46
as a nuclear marker for Langerhans cell histiocytosis and suggested the broader application
of ZBTB46 immunohistochemistry for the identification of dendritic cell disorders in
clinical samples.

We next analyzed ZBTB46 expression in non-Langerhans cell histiocytic disorders to
identify additional subtypes with a dendritic cell phenotype. We performed ZBTB46
immunohistochemistry on 34 cases, representing the major categories of histiocytic and
related disorders: blastic plasmacytoid dendritic cell neoplasm, chronic myelomonocytic
leukemia, histiocytic sarcoma, juvenile xanthogranuloma, Rosai-Dorfman disease, and
Erdheim-Chester disease (Supplementary Table 2). Blastic plasmacytoid dendritic cell
neoplasm and chronic myelomonocytic leukemia are malignancies of plasmacytoid dendritic
cells and monocytes, respectively. Both cell types are closely related to dendritic cells and
derive from a common bone marrow progenitor but are negative for expression of ZBTB46
in humans and mice23. Accordingly, all cases of blastic plasmacytoid dendritic cell
neoplasm and chronic myelomonocytic leukemia examined were negative for expression of
ZBTB46 by immunohistochemistry (Fig. 2a). In contrast, juvenile xanthogranuloma and
histiocytic sarcoma have been previously suggested to arise from dendritic cells and/or
macrophages'2-13.22_ Both disorders are histologically similar to Langerhans cell
histiocytosis, but are distinguished by key microscopic and immunophenotypic findings,
including the lack of CD1A expression and Birbeck granules. However, both juvenile
xanthogranuloma and histiocytic sarcoma express CD163, CD68, and have been reported to
harbor the BRAF V600E mutation, blurring the distinction between all three diseases?3.
Strikingly, we found that all histiocytic sarcoma cases showed strong nuclear expression of
ZBTB46, while cases of juvenile xanthogranuloma were negative for expression (Fig. 2a, b).
ZBTB46+ cells in histiocytic sarcoma exhibited enlarged nuclei with fine chromatin,
irregular nuclear contours, and frequent mitotic figures (Fig. 2b). In contrast, neoplastic cells
in juvenile xanthogranuloma were negative for ZBTB46 and demonstrated less cytologic
atypia and mitotic activity. These results support a dendritic cell phenotype of histiocytic
sarcoma and macrophage phenotype of juvenile xanthogranuloma and are consistent with
the aggressive, multi-organ involvement of histiocytic sarcoma and it’s co-occurrence with
other bone marrow-derived neoplasms??. In line with these findings, three cases of Erdheim-
Chester disease, a disease which is also thought to arise from macrophages rather than
dendritic cells, were also negative for expression of ZBTB46. Finally, we assessed five cases
of Rosai-Dorfman disease, two of which had coincident involvement by Langerhans cell
histiocytosis, as described previously?®. ZBTB46 expression was negative in lesional Rosai-
Dorfman disease cells in all cases, but positive in Langerhans cell histiocytosis cells,
demonstrating that ZBTB46 immunohistochemistry can distinguish the presence neoplastic
dendritic cells from closely related myeloid cells within a single specimen (Supplementary
table 2).

We next determined whether the expression of ZBTB46 could clarify the identity of
malignant cells in indeterminate cell histiocytosis. Indeterminate cell histiocytosis is a rare
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disorder characterized by a histiocytic infiltrate with characteristics of Langerhans cell
histiocytosis and non-Langerhans cell histiocytoses. Malignant cells in indeterminate cell
histiocytosis variably express markers consistent with Langerhans cells/dendritic cells
(CD1A, S-100) and monocytes/macrophages (factor XlIlla, CD68), but are distinguished
from malignant cells in Langerhans cell histiocytosis by their lack of Birbeck granules by
electron microscopy and expression of CD207 (langerin) by immunohistochemistry, and in
some cases by the presence of an E7V3-NCOAZtranslocation?6:27, These characteristics
have made it challenging to determine: 1) the cellular identity of malignant cells in
indeterminate cell histiocytosis, and 2) whether indeterminate cell histiocytosis is a single
disease entity, or consists of several morphologically-overlapping diseases. We performed
ZBTB46 immunohistochemistry in three cases of indeterminate cell histiocytosis, each of
which demonstrated dermal infiltrates of mononuclear histiocytes expressing CD1A and
CD68. Surprisingly, 2/3 cases showed positive nuclear expression for ZBTB46 in the
malignant histiocytes, while 1/3 showed no expression. These results suggest that at least a
subset of indeterminate cell histiocytosis cases contains malignant dendritic cells and
supports further investigation of molecular heterogeneity within this classification of
histiocytic disease.

Finally, we asked whether ZBTB46 immunohistochemistry could aid in the clarification of
differential diagnoses for tumors that lacked hallmark disease-associated surface markers.
We first analyzed ZBTB46 expression in an undefined myeloid neoplasm infiltrating the
liver (Fig. 2d). Histologically, the liver biopsy showed infiltration by sheets of CD45+ large
atypical cells, but markers for myeloid subsets were negative, including CD1A, S100,
CD123 (a marker for blastic plasmacytoid dendritic cell neoplasm), CD68, and CD163.
However, we found strong nuclear staining of ZBTB46 in the malignant population,
suggesting a dendritic cell tumor (Fig. 2d). Analysis of bone marrow infiltrates showed
involvement by the same population of atypical myeloid cells and the presence of a
coincident follicular lymphomal®. In addition, atypical cells in the bone marrow and liver
possessed a complex BCLZrearrangement: a 5'/3" BCL2signal separation pattern was
observed in 18/200 (9%) nuclei (Fig. 2d). Altogether, these findings supported the
classification of this neoplasm as histiocytic sarcoma with BCL 2 rearrangement5:28,
Conversely, lack of ZBTB46 expression was also useful in eliminating dendritic cell tumors
from the differential diagnosis. We tested ZBTB46 expression in a SOX10+/S100+
neoplasm for which the histologic findings were consistent with either recurrent malignant
melanoma or a dendritic cell sarcoma (Fig. 2e). Interestingly, atypical cells in this specimen
did not express hallmark markers for either melanoma (HMB45, Tyrosinase, MITF,
Melanin) or histiocytic sarcoma (CD68, CD163). However, a lack of ZBTB46 expression
supported its classification as recurrent malignant melanoma (Fig. 2e).

Discussion

In summary, we demonstrate the clinical utility of ZBTB46 expression as an indicator of
dendritic cell lineage identity in malignant histiocytic disorders. We show that the inclusion
of ZBTB46 immunohistochemistry in the work-up of histiocytic disorders clarifies the
classification of these disease subtypes, particularly in cases where typical hallmark surface
markers are not expressed. ZBTB46 expression was positive in all cases of Langerhans cell
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histiocytosis and histiocytic sarcoma examined, and in a subset of cases of indeterminate cell
histiocytosis, while all other hematopoietic neoplasms and one case of melanoma (with an
immunohistochemical profile indistinguishable from that of a dendritic cell neoplasm) tested
were negative, indicating the high sensitivity and specificity of this marker. In neoplasms
that expressed ZBTB46, it was difficult to identify co-expressed cell surface markers that
reliably reflected dendritic cell lineage, since distinct disease entities often demonstrated
overlapping immunohistochemical findings. But generally, expression of S100 or CD207/
langerin was correlated with dendritic cell identity, with the latter marker being specific for
Langerhans cell histiocytosis, while CD163 expression was correlated with macrophage
identity. CD68 was non-specific and expressed across a variety of histiocytic neoplasms.

Future studies should focus on determining the diagnostic specificity and utility of this
reagent across additional malignant and non-malignant specimens. In this study, one setting
where ZBTB46 immunohistochemistry was particularly useful was in a case of histiocytic
sarcoma with ambiguous immunophenotype and a clonal relationship to coincident follicular
lymphomal®. The potential utility of ZBTB46 in this setting is supported by prior studies,
which demonstrated that histiocytic/dendritic cell neoplasms arising from other
hematolymphoid malignancies, including follicular lymphoma and chronic lymphocytic
leukemia, often show a hybrid ambiguous immunophenotype — expressing both macrophage
and dendritic cell markers28-30, Therefore, wider application of ZBTB46
immunohistochemistry to these entities may be diagnostically useful. Finally, evaluation of
this marker in additional rare and poorly-characterized diseases in the differential diagnosis
for histiocytic neoplasms, such as interdigitating dendritic cell sarcoma and follicular
dendritic cell sarcoma, may be informative. In particular, interdigitating dendritic cell
sarcoma can share the exact morphologic and immunohistochemical profile as spindle cell
melanoma, and differential expression of ZBTB46 in these two entities may have significant
diagnostic utility3Z.

More broadly, the use of ZBTB46 immunohistochemistry may aid in developing a
classification scheme for histiocytic disorders that accurately reflects both cellular lineage
and clinical behavior (Fig. 3), similar to that which exists for B- and T cell-derived cancers.
Since dendritic cells are continually renewed from bone marrow progenitors, classification
of Langerhans cell histiocytosis and histiocytic sarcoma as dendritic cell neoplasms supports
their inclusion in the category of myeloproliferative disorders, as previously proposed?9, and
may nominate alternative strategies for clinical treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

. ZBTB46 expression distinguishes the dendritic cell identity of human
histiocytic neoplasms.

. ZBTB46 expression is positive in Langerhans cell histiocytosis, histiocytic
sarcoma, and indeterminate cell histiocytosis and negative in blastic
plasmacytoid dendritic cell neoplasm, chronic myelomonocytic leukemia,
juvenile xanthogranuloma, Rosai-Dorfman disease, and Erdheim-Chester
disease.
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Langerhans cell histiocytosis - Multifocal
Langerhans cell histiocytosis - Unifocal
Acute myeloid leukemia (M0)

Acute myeloid leukemia (M1) I

Acute myeloid leukemia (M2) 41—

Acute myeloid leukemia - Promyelocytic
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Langerhans cell histiocytosis case characteristics
Criteria
Age, mean (min-max)

20.4y (3w -73y)

Gender (M/F) 8M/10F
Unifocal unisystem disease 6/18
Multifocal unisystem disease 6/18
Multisystem disease 6/18
CD1A+ / $100+ Immunohistochemistry 18/18
CD207+ Immunohistochemistry 13/13

BRAF V600E+ Immunohistochemistry 417
ZBTB46+ Immunohistochemistry 18/18

Multisystem disease

b,
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Fig. 1. ZBTB46 expression is positive in Langerhans cell histiocytosis
(a) ZBTB46 expression in hematopoietic and non-hematopoietic cancer subtypes. For each

category, the boundaries of the box represent the 75t and 25t quantiles, and whiskers
represent minimum and maximum expression values across all cases. (b) Characteristics of
Langerhans cell histiocytosis cases examined (top). H & E (middle) and CD207 or CD1A
immunohistochemistry (bottom) of Langerhans cell histiocytosis case SU03. (c) ZBTB46
immunohistochemistry of representative Langerhans cell histiocytosis cases SUO7
(Unifocal; left) and SU06 (Multisystem; right). (d) ZBTB46 immunohistochemistry of
Langerhans cell histiocytosis cases in different organs (Skin: SU03, Lymph node: SUO1,

Bone: SU14).
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Histiocytic sarcoma case characteristics
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Chronic myelomonocytic leukemia

Criteria
Age, mean (min-max) 45y (9m - 89y)
Gender (M/F) 5M/5F

Unisystem disease

Multisystem disease
Coincident/history of lymphoma
CD68+ Immunohistochemistry
CD163+ Immunohistochemistry
ZBTB46+ Immunohistochemistry

5/10
5/10
410
8/10
9/10
10110

>

Xa
ZBTB46 .

ZBTB46

Fig. 2. ZBTB46 clarifies the dendritic cell origin of HS and indeterminate cell histiocytosis
(a) ZBTB46 immunohistochemistry of representative chronic myelomonocytic leukemia,

blastic plasmacytoid dendritic cell neoplasm, and juvenile xanthogranuloma cases. Arrows
indicate giant Touton cells. (b) Characteristics of histiocytic sarcoma cases examined (top).
ZBTB46 immunohistochemistry of representative histiocytic sarcoma cases (bottom). (c)
Positive ZBTB46 expression in a case of indeterminate cell histiocytosis. (d) ZBTB46
immunohistochemistry (left) and BCLZ2FISH (right) in a case with a differential diagnosis
of myeloid neoplasm versus histiocytic sarcoma. Yellow arrows indicate nuclei with BCL2
rearrangement, and white arrows indicate normal cells. Red dots: 5 BCLZ2probe, green
dots: 3" BCLZ2probe. (e) ZBTB46 immunohistochemistry (left) and S100
immunohistochemistry (right) in a case with a differential diagnosis of malignant melanoma
versus dendritic cell sarcoma.
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Fig. 3. Proposed schematic of cell identity of histiocytic disorders
(a) Proposed schematic of cell identity for histiocytic and related disorders. The left columns

indicate the development of normal human myeloid cell types, and the right column

Page 13

indicates the proposed classification of histiocytic disorders by cell identity based on the

expression of ZBTB46.
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