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Preface

As the second textbook on “histiocytic disorders” is about to be published,
the world of histiocytoses has never been more exciting and challenging at
the same time. Exceptional advances in molecular and cellular biology have
led to rapid changes in diagnostic and therapeutic modalities and have revo-
lutionized the way we view most histiocytic disorders today. Once considered
to be disorders of immune regulation, Langerhans cell histiocytosis (LCH)
and Erdheim-Chester disease (ECD) are now considered as inflammatory
myeloid neoplasms thanks to the discovery of BRAF-V600E and MAP2K
mutations in two-thirds of these patients. One of the most important priorities
of this textbook is to discuss the new genomic findings in all histiocytic neo-
plasms and related disorders and to shed more light on the new pathophysi-
ological and genetic findings in hemophagocytic lymphohistiocytosis (HLH).
The 2016 revised classification of histiocytic disorders will also be explained,
and this will take into account all the most recent molecular and genomic
findings merged with clinical categories.

This book will include four sections: the first one is dedicated to the
pathology of all histiocytic disorders and is written by the top two world
pathology experts on histiocytoses; section 2 is dedicated to LCH in children
and adults, central nervous system (CNS) LCH, and first-line treatment of
pediatric and adult LCH as well as treatment of refractory and relapsed LCH,
with chemotherapy and BRAF inhibitors as well as new hematopoietic stem
cell transplantation (HSCT) modalities, with an updated chapter on late
effects after LCH. The third section is dedicated to HLH, in particular its
diagnostic and clinical features, genetics and pathophysiology, with dedi-
cated chapters on CNS-HLH, EBV-related HLH, malignancy-associated
HLH, and macrophage-activation syndrome (MAS). These are followed by
chapters on frontline treatment, treatment of refractory/relapsed HLH, HSCT
and novel therapies, and finally adult HLH. Section 4 includes the uncommon
histiocytic disorders with dedicated chapters on juvenile xanthogranuloma
(JXG) and JXG-like disorders, ECD, Rosai-Dorfman disease (RDD), and
malignant histiocytoses.

All chapters were written by distinguished experts in each field. We would
like to take this opportunity to thank all of them for their efforts and time but
also to thank several junior physicians who assisted these experts on specific
chapters. We are also very grateful for the editorial assistance of Andy Kwan
in New York and of Rahul Kumar Sharma in India, who have shown extraor-
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dinary dedication and patience in managing the flow of many manuscripts,
figures, and permissions.

We hope this book will serve as a comprehensive and updated tool for all
pediatric and adult hematologists, oncologists, immunologists, pathologists,
and trainees who will be looking after patients with histiocytic disorders.

Toronto, Canada Oussama Abla, MD
Hamburg, Germany Gritta Janka, MD, PhD
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Pathology of Histiocytic Disorders
and Neoplasms and Related

Disorders

Jennifer Picarsic and Ronald Jaffe

Introduction

The “histiocytoses” have been a collective
description of tissue proliferations of the
hematopoietic-derived cells that compose both
the monocyte-macrophage and the dendritic
cell families. Our understanding of histiocytic
disorders has evolved from the first classifica-
tion published by the Histiocyte Society (HS)
Working Group in 1987 that included disorders
of Langerhans cells (LC), non-Langerhans cell
related, and the malignant histiocytoses (MH)
[1]. A more contemporary classification was laid
out in 1997 by the World Health Organization
(WHO) Committee on Histiocytic/Reticulum
Cell Proliferations and the Histiocyte Society
Reclassification Working Group (Table 1.1) [2].
These classifications were based on biologic
behavior and histopathology, including dendritic
cell related (e.g., Langerhans cell histiocytosis
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© Springer International Publishing AG 2018

(LCH), juvenile xanthogranuloma (JXG) fam-
ily), macrophage related (e.g., hemophagocytic
syndromes, Rosai-Dorfman disease (RDD)),
and malignant disorders, typically grouped by
their most common morphologic/immunophe-
notypic counterpart. The histology together
with the clinical features and stage of involve-
ment had resulted in a unifying clinicopatho-
logic diagnosis in most cases [2]. However, the
field of histiocytic disorders is now within an
era of “molecular enlightenment.” New molecu-
lar data are emerging that support the theory that
LCH and Erdheim-Chester disease (ECD) (and
possibly also systemic JXG lesions with gain of
function mutations) are best classified as inflam-
matory myeloid neoplasms [3-5]. The shared
molecular alterations in these histiocytic dis-
orders have blurred the lines between the LCH
and “non-LCH” groups. Recent discussion is
now focused on a revised classification scheme
in which the molecular signature of these disor-
ders is more strongly emphasized and proposes
to lump seemingly separate groups (i.e., LCH
and ECD) based on common molecular altera-
tions and overlapping clinical presentations [6]
(Table 1.2). The proposed 2016 WHO classifi-
cation of mature lymphoid, histiocytic, and den-
dritic neoplasms has now separated ECD as its
own distinct entity based on integration of clini-
cal, radiology, and histopathologic diagnosis [7]
(Table 1.3).

As the molecular signature of the histiocytic
disorders/neoplasms is further elucidated, we are

O. Abla, G. Janka (eds.), Histiocytic Disorders, https://doi.org/10.1007/978-3-319-59632-7_1
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Table 1.1 1997 Contemporary classification of histio-
cytic disorders: by WHO Committee on Histiocytic/
Reticulum Cell Proliferations

Disorders of varied biologic behavior

Dendritic cell related

Langerhans cell histiocytosis

Secondary dendritic cell processes

Juvenile xanthogranuloma and related disorders

Solitary histiocytomas of various dendritic cell
phenotypes

Macrophage related

Hemophagocytic syndromes

Primary hemophagocytic lymphohistiocytosis (familial
and sporadic; commonly elicited by viral infections)

Secondary hemophagocytic syndromes

Infection associated

Malignancy associated
Others

Rosai-Dorfman disease (sinus histiocytosis with
massive lymphadenopathy)

Table 1.2 2016 Revised classification of histiocytoses
and neoplasms of the macrophage-dendritic cell lineages
based on clinical, radiographic, pathological, phenotypic,
genetic, and/or molecular features

L group histiocytoses

Langerhans cell histiocytosis

Indeterminate dendritic cell tumor

Erdheim-Chester disease

Mixed Langerhans cell histiocytosis/Erdheim-
Chester disease

C group: non-Langerhans cell histiocytosis of skin and
mucosa

Cutaneous non-Langerhans cell histiocytosis

Xanthogranuloma family:

Juvenile xanthogranuloma granuloma

Adult xanthogranuloma granuloma

Solitary reticulohistiocytoma

Benign cephalic histiocytosis

Generalized eruptive histiocytosis

Progressive nodular histiocytosis

Solitary histiocytoma with macrophage phenotype

Non-xanthogranuloma

Malignant disorders

Cutaneous Rosai-Dorfman disease

Monocyte related

Necrobiotic xanthogranuloma

Leukemias (FAB and revised FAB classifications)

Cutaneous histiocytosis not otherwise specified

Monocytic leukemia M5A and B
Acute myelomonocytic leukemia M4

Chronic myelomonocytic leukemia

Extramedullary monocytic tumor or sarcoma
(monocytic counterpart of granulocytic sarcoma)

Dendritic cell-related histiocytic sarcoma (localized or
disseminated)

Specify phenotype, follicular dendritic cell,
interdigitating dendritic cell, etc.

Macrophage-related histiocytic sarcoma (localized or
disseminated)

Cutaneous non-Langerhans cell histiocytosis with a
major systemic component

Xanthogranuloma family: xanthoma
disseminatum

Non-xanthogranuloma family: multicentric
reticulohistiocytosis

R group: Rosai-Dorfman disease and miscellaneous
noncutaneous, non-Langerhans cell histiocytoses

Familial Rosai-Dorfman disease

Sporadic Rosai-Dorfman disease

Classical (nodal) Rosai-Dorfman disease

Reference: Favara et al. [2]

afforded a better understanding of the putative
cell of origin. Transcriptional profiles of LCH
share a gene expression profile closely related to
circulating dendritic cells (cDCs) and late-stage
myeloid progenitor cells, rather than epidermal
Langerhans cells, supported by previous reports
that LCH is derived from immature myeloid
dendritic cells of the bone marrow [3, 8]. In con-
trast, non-LCH lesions (i.e., JXG, ECD) may
share transcriptional profiles more similar
to monocytes and earlier hematopoietic stem
and progenitor cells in preliminary work [4].

Extranodal Rosai-Dorfman disease

Neoplasia-associated Rosai-Dorfman disease

Immune-associated Rosai-Dorfman disease

M group: malignant histiocytoses

Primary malignant histiocytoses, localization and
subtype (histiocytic, Langerhans cell,
interdigitating, indeterminate cell, or not specified)

Secondary malignant histiocytoses (following or
associated with another hematologic neoplasia)

H group: hemophagocytic lymphohistiocytosis and
macrophage activation syndrome (HLH/MAS)

Primary HLH: monogenic, Mendelian-inherited
conditions leading to HLH

Secondary HLH (apparently non-Mendelian HLH)

HLH of unknown/uncertain origin

Reference: Emile et al. [6]
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Table 1.3 Proposed 2016 WHO classification of mature
lymphoid, histiocytic, and dendritic neoplasms

Histiocytic and dendritic cell neoplasms

Histiocytic sarcoma

Langerhans cell histiocytosis

Langerhans cell sarcoma

Indeterminate dendritic cell tumor

Interdigitating dendritic cell sarcoma

Follicular dendritic cell sarcoma

Fibroblastic reticular cell tumor

Disseminated juvenile xanthogranuloma

Erdheim-Chester disease®

Reference: Swerdlow et al. [7]
#Changes from the 2008 classification

Thus, while sharing similar mitogen-activated
protein kinase (MAPK) pathway mutations,
newer transcriptional data with RNA-seq analy-
ses in LCH and non-LCH histiocytoses may still
support two separable groups, as originally sup-
ported by their divergent immunophenotype [4].

The sustained progress that has been made in
the field will continue as we further explore the
diverse histopathology, now with a strong empha-
sis on the molecular underpinnings that may
drive these disorders in order to better describe,
classify, and ultimately treat these rare disorders/
neoplasms. For the purposes of this chapter, we
will describe the main histiocytic groups based
on their defining histopathologic characteristics,
with reference to areas that are in fluidity with
regards to the proposed revised classification
(Table 1.2) [6].

Langerhans Cell Histiocytosis (LCH)
Morphology

The establishment of LCH requires a tissue diag-
nosis, which shows a clonal neoplastic prolifera-
tion of generally large (15-25 pm) round to oval
histiocytes with a complex nuclear contour that
often assumes a nuclear groove (“coffee bean”
nucleus) (Fig. 1.1). The cells should be distin-
guished from the inflammatory CD1a+ dendritic
cells, which have a branching morphology given
their antigen-presenting role.

Immunophenotype

The immunophenotype of LCH (Fig. 1.1,
Table 1.4) includes surface CD1a expression [9]
and granular cytoplasmic CD207 (langerin)
staining, which is a surrogate for Birbeck gran-
ules and has replaced the need for ultrastructural
confirmation [10]. When still performed, S100 is
present with cytoplasmic and nuclear staining.
An inflammatory milieu often accompanies but is
not required for diagnosis and includes eosino-
phils, lymphocytes, phagocytic macrophages,
and a variable number of lysozyme-rich (CD68+/
CDla-) osteoclastic-type giant cells, especially
frequent within bony lesions, while plasma cells
are rare. Foci of necrosis and brisk mitoses can be
seen but are not unfavorable features, unlike the
presence of atypical mitoses, diffuse pleomor-
phism, and cytologic atypia, which raise concern
for Langerhans cell sarcoma (see “Malignant
Histiocytic Disorders”). In general, the prolifera-
tion index of LCH can be difficult to determine
accurately without a dual-staining marker (e.g.,
CD207/Ki-67) to confirm the LCH cells within
an inflammatory milieu; however, the prolifera-
tion rate is generally less than 10% when dual
staining is applied (Ronald Jaffe, personal obser-
vations 1985-2015).

Differential Diagnosis

While it is often overlooked, it is important to
remember that the pathologic diagnosis of LCH
requires not only the appropriate cytomorphol-
ogy and phenotype but also the correct pattern
of organ involvement. Diagnostic difficulty
ensues in chronic inflammatory disorders, most
notably of the skin and lymph node, where LC/
dendritic cell hyperplasia with increased num-
bers of CDla-positive dendritic cells (CD207
can be low or absent) in a non-LCH pattern of
involvement (i.e., perivascular distribution in
chronic dermatoses or paracortical hyperplasia
in dermatopathic lymphadenopathy) leads to a
false-positive diagnosis. On the opposite end of
the spectrum, diagnostic challenges ensue in
cases where LCH cells have been replaced by a
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Fig. 1.1 (a) Langerhans cell histiocytosis (LCH) with
large oval histiocytes and “coffee bean” nuclear groove
admixed with eosinophils (hematoxylin and eosin (H&E)
stain, 100x). (b) Surface CD1a expression (immunostain,
100x). (¢) Nuclear and cytoplasmic S100 expression

fibroxanthomatous inflammatory milieu or lim-
ited sampling precludes a diagnosis (false nega-
tive). This is most commonly seen in the bone
marrow, liver, and small pituitary and other
CNS biopsies where very few LCH cells may
be sampled on biopsy. Molecular testing may
hold promise in these “false-negative” cases.
Rare reports have shown small percentages of
BRAF mutant-positive (<1%), CDla-negative
myeloid precursor cells in the bone marrows of
LCH patients who were known to harbor the
BRAF-V600E mutation [3]. Further investiga-
tion will be needed to delineate if the “molecu-
lar microscope” may better signal disease in
this “false negative” as opposed to standard his-
topathology alone.

(immunostain, 100x). (d) Granular cytoplasmic CD207
(langerin) (immunostain, 100x) expression (Original
objective magnification) (Modified from previous publi-
cation (Ref. [24]))

Ancillary Studies: Insights
into Cellular Origin and Diagnostic
Testing

Original reports on the BRAF-V600E mutation-
specific antibody (clone VE1) [11] and sub-
sequent molecular analysis [3] suggest that
the co-expression of mutant protein is seen in
CD207+ tissue LCH cells, along with circulat-
ing and bone marrow-derived CD14+/CD36+
or CD14+/CD11c myeloid cells, which support
the role of immature myeloid dendritic cells
as the precursor or cell of origin in LCH. The
VELI antibody has an ancillary role, but has not
replaced molecular testing, with few studies spe-
cifically addressing the comparison of antibody
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Table 1.4 Immunohistochemical (IHC) panels and pearls for diagnosis of select histiocytic lesions/neoplasms

Diagnosis

THC panel

Pearls for diagnosis

Langerhans cell
histiocytosis

CDla (membranous) CD207/
langerin (cytoplasmic)
S100 (nuclear and cytoplasmic)

CD207 replaced need for EM and more sensitive than
CDla
Correct pattern of involvement for given site is needed

Indeterminate cell

CDla (membranous)

ETV-NCOA?2 fusion now described in some

histiocytosis S100 (nuclear and cytoplasmic)
Negative for CD207
Erdheim-Chester CD163 (surface to cytoplasmic) | The morphology and phenotype of “juvenile
disease CD14 (surface) xanthogranuloma family” have to be correlated with
CD68 (granular cytoplasmic) clinical and radiographic images for diagnosis. Factor
Factor XIIIa (cytoplasmic) XIIIa can be lost in heavily xanthomatous cells
Fascin (cytoplasmic)
Juvenile Similar to ECD above While cutaneous lesions with typical morphologic
xanthogranuloma patterns do not require extensive immunophenotyping,

family of lesions

deep and visceral lesions without classic morphology
can be aided by IHC

S100 and fascin positive
CDla and CD207 negative

Rosai-Dorfman disease

Large pale histiocytes with a hypochromatic nucleus
are diagnostic. Emperipolesis is variable

An S100+ lesion in lymph node should exclude
metastatic malignant melanoma in an adult and LCH
in a child

CD163, CD14, CD4, and
CDl 1c, lysozyme (Golgi dot),
CD45, HLA-DR,

S100 +/—, CD56 (rare), and
variable JXG phenotype
Ki-67 proliferation rate > 10%

Histiocytic sarcoma

CD163 in a surface and/or cytoplasmic pattern has
high specificity, more so than CD68 that is present in a
variety of cell types

Cytologic pleomorphism, increased mitoses, including
atypical forms

CDla (membranous) CD207/
langerin (cytoplasmic)

S100 (nuclear and cytoplasmic)
Ki-67 proliferation rate > 30%

Langerhans cell
sarcoma

Cytologic pleomorphism, increased mitoses, including
atypical forms

to molecular testing in LCH [11, 12]. According
to the US Food and Drug Administration (FDA)
definition of in vitro diagnostic product (IVD)
reagents intended for use in diagnostics of disease
taken from the human body, the VEI antibody
could fall under Class II: “providing prognostic
or predictive data” which requires more rigor-
ous validation since treatment decisions could
be based directly on results [13, 14] (College of
American Pathology (CAP) checklist, available
upon request). In the United States, it is impor-
tant to ensure that the clinical laboratory offering
VE] testing has rigorously validated the antibody
according to FDA/CAP guidelines if used for
treatment decisions in lieu of molecular testing.
After the diagnosis of LCH has been con-
firmed, some centers perform up-front BRAF
mutational testing on all LCH cases [15], as

ongoing work is showing its value in predicting
refractory or recurrent disease [3], first-line treat-
ment failure, and association with high-risk fea-
tures [16]. While molecular PCR confirmation is
the gold standard, the role of VE1 immunohisto-
chemistry (if properly validated) has significant
value in LCH as it has been demonstrated that
LCH lesions may have a very low number of
lesional cells harboring the BRAF mutation (in
many cases below 5% of cells). Conventional
PCR sequencing will miss those cases with small
allelic fractions and may be considered negative
(i.e., typical limit of detection is 20-25% of
cells); therefore, sensitive methods of detection
including validated VE1 immunohistochemistry
and highly sensitive molecular assays (i.e., quan-
titative real-time PCR (qPCR) or allele-specific
PCR/amplification refractory mutation system
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(ARMS)) are required to accurately determine
the BRAF status in LCH with a limit of detection
down to 1% or less for mutated alleles [3, 15, 17].
Other mutations in the MAPK pathway (e.g.,
ARAF, ERBB3, MAP2K]1) and rarely mutations
in the phosphoinositide 3-kinase-Akt murine thy-
moma pathway (PIK3CA) have also been discov-
ered in BRAF wild-type LCH lesions with nearly
all LCH lesions showing upregulation of ERK
phosphorylation [18-23]. A detailed review of
the molecular and genomic features of LCH is
provided in Chap. 2 and elsewhere [24].

LCH Pattern of Involvement
in Specific Organs

Because the diagnosis of LCH requires the com-
bination of morphology, immunophenotype, and
correct pattern of organ involvement, we will
briefly discuss the salient features in these vari-
ous organ systems, but refer to other sources for
further details [25].

Bone

Clinical

Bone involvement may manifest as an asymp-
tomatic solitary osteolytic lesion that will spon-
taneously resolve with simple curettage.
Multifocal bone involvement, with or without
bone pain or bone involvement associated
with disseminated multiorgan involvement
(MS-LCH), confers a more aggressive disease
course. In the cranial bones, it has long been held
that involvement of certain “CNS-risk sites”
including the temporal bone, maxillofacial
bones, and orbital bones confer a higher risk of
diabetes insipidus (DI), endocrinopathies, and
subsequent CNS neurodegeneration (ND) [26].
Vertebral involvement often leads to collapse
(i.e., vertebra plana) with complications arising
if there is spinal cord compression.

Pattern of Involvement
Lytic bone lesions are one of the most common
sites of involvement, which manifest as sheets of

LCH cells within a rich inflammatory milieu with
cortical destruction. In some cases, an aneurys-
mal bone cyst-like formation occurs with numer-
ous osteoclast-type giant cells lining the periphery
of the cystic space [27] (Fig. 1.2). Older lesions
may result in extensive fibrosis, which may pre-
clude a diagnosis if the residual small collections
of diagnostic LCH cells are not identified.

Ancillary Testing

Bone lesions are a particular challenge for BRAF
mutational studies, as formic acid decalcification
processing irreversibly degrades nucleic acids
and renders the specimen inadequate for subse-
quent PCR molecular studies. Therefore, up-
front triage of a fresh frozen tissue in bone lesions
with suspected histiocytic disorders should be
instituted (i.e., bone curettage and marrow aspi-
rates). Some also propose an alternative fixation/
decalcification in EDTA, which is reported to
offer the best chance of successful DNA extrac-
tion from FFPE decalcified bone specimens [12,
28]. Alternatively, the VEI antibody appears to
be stable in decalcified FFPE sections both with
formic acid [29] and EDTA [12, 30]) prepara-
tions, which could serve as a surrogate if the anti-
body has properly been validated (see above).

Differential Diagnosis

The differential diagnosis in these cases includes
chronic osteomyelitis, fibrohistiocytic lesions,
JXG family, and ECD. Reactive conditions,
including culture-negative chronic recurrent mul-
tifocal osteomyelitis (CRMO), can be challeng-
ing to distinguish by histolopathology alone,
especially in those cases associated with frac-
tures and associated plasma cells. Typically,
CRMO lesions present in the metaphyses of long
bones and do not involve unusual sites such as the
skull bone, nor should they have associated soft
tissue lesions or lymphadenopathy; if these fea-
tures are present on imaging, a repeat biopsy or
biopsy of another site may be warranted. In the
differential diagnosis of old fibrosing lesions of
the long bones, especially in adults, ECD should
also be considered with the typical radiographic
findings (i.e., bilateral long bone osteosclerosis
and retroperitoneal fibrosis). The radiographic
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Fig. 1.2 Bone LCH. (a) Cortical destruction of frontal
skull bone by LCH (H&E, 2x). (b) LCH with a rich
inflammatory background including osteoclast-like giant
cells (OCGC), eosinophils, and neutrophils (H&E, 40x).
(¢, d) Dural extension with aneurysmal bone cyst-like for-
mation with OCGC lining the leading edge of the lesion
(arrow head corresponding to image d) and asterisk indi-
cates the area of CDla-positive LCH (c. H&E, 2x, with
inset, immunostain, 20x and d. H&E, 40x). (e) CD68

findings are correlated with the histology show-
ing a JXG immunophenotype with a high content
of xanthomatous/foamy cells within a fibrosing
stromal background (see below) [31]. The
challenge in RDD bone lesions is that bone
involvement is rare and demonstration of RDD

positivity in lysosomal rich OCGC (immunostain, 100x),
with (f) variable paranuclear positivity to negative stain-
ing of LCH cells for this lysosomal marker (CD68 immu-
nostain, 100x) (Digital whole slide images (WSI) are
available here: http://image.upmc.edu:8080/
HistioPathChapter/Abla/view.apml and hosted courtesy of
University of Pittsburgh School of Medicine, Department
of Pathology, Division of Informatics)

cells (e.g., large pale histiocytic cells with a
hypochromatic nucleus and variable emperipole-
ses) may be masked by a fibrosing and inflamma-
tory background rich in plasma cells, which can
mimic chronic osteomyelitis including CRMO if
multifocal (see below).
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Skin

Clinical

LCH involvement of the skin typically presents
as eczema/seborrheic dermatitis in young chil-
dren or papulonodular eruptions of the flexural
(axilla, groin), scalp, and genital/perineal areas in
adults.

Pattern of Involvement

LCH expands the upper dermis with sheetlike
infiltration and epidermotropism and may ulcer-
ate the surface (Fig. 1.3). LCH cells demand the
correct cytomorphology (i.e., plump histiocytes
with grooved nucleus) and immunophenotype
(CDla+ surface/CD207+ cytoplasmic). Isolated
cutaneous LCH involvement in a neonate should
be treated as single-system (SS)-LCH only after
careful staging has been performed, as a subset of
these patients already have or will later present
with MS-LCH disease [32].

Ancillary Testing
In children with cutaneous LCH, circulating
peripheral blood monocyte/myeloid cells with

BRAF-V600E mutation were noted with much
greater frequency (72%) in those with multisys-
tem (MS)-LCH as compared to those with skin-
only LCH (8%) [32]. Therefore, a diagnosis of
congenital, self-healing Hashimoto-Pritzker dis-
ease, or self-healing reticulohistiocytoma, is a
diagnosis of clinical exclusion based on retro-
spective clinical insight, after careful staging and
watchful waiting, and should not be made on his-
tologic grounds alone [33]. A highly sensitive
qPCR test for circulating and/or bone marrow
BRAF mutant precursor cells (<1% mutant) may
hold promise for predicting and following dis-
ease course, although a wild-type BRAF status at
this point does not necessarily predict indolent
behavior and clinical staging is still mandatory in
patients with apparent skin-only disease [34].

Differential Diagnosis

Important differential diagnoses include other
cutaneous histiocytic lesions (e.g., JXG family,
RDD), cutaneous myelomonocytic leukemias,
mastocytosis, melanocytic nevi, and immune
defects, including the V(D)J recombination
activation gene (RAGI and 2) defects/severe

Fig. 1.3 Cutaneous lesions. (a) Skin LCH with epider-
motropism and ulceration (H&E, 20x); CDla (inset,
100x) (b). Chronic dermatitis with folliculitis pattern
(H&E, 20x) with mild hyperplasia of CD1a-positive cells,
which are branched and spindled, unlike LCH cells (20x)

(Digital whole slide images (WSI) are available here:
http://image.upmc.edu:8080/HistioPathChapter/Abla/
view.apml and hosted courtesy of University of Pittsburgh
School of Medicine, Department of Pathology, Division
of Informatics)
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combined immune defects (SCID) (including
Omenn syndrome, OMIM #603554) [35]. These
immune defects may have a mixed histiocytic
dermal infiltrate with dendritic cell hyperplasia,
but are predominately CD1a and langerin nega-
tive. Involvement of the skin with a CD1a+ imma-
ture myelomonocytic leukemia/sarcoma should
be ruled out with a panel including MPO, CD14,
lysozyme, CD33, and Ki-67/MiB1, which will
have a generally high proliferation rate. In such
cases, we also find it helpful to perform both
CD68-KP1 (lysosomal and an early myeloid
marker) and CD68-PGMI1 (lysosomal marker
only), where KP1 can be informative as a
myeloid marker if expression is greater than
PGM1, confirming a myeloid predominant pop-
ulation. We have seen a rare example of a
CDla+ myeloid sarcoma and advocate also
using CD207, which will be negative. Cutaneous
JXG and RDD of the skin are described in their
respective sections (see below). Mastocytosis is
usually CD117/tryptase positive and CD1a/lan-
gerin negative. Melanocytic nevi will express
S100 with other melanocytic markers (MelanA,
HMBA45) and is CD1a/langerin negative. Chronic
inflammatory dermatoses, including chronic sca-
bies and pseudo-lymphomatous folliculitis,
show a mostly superficial perivascular/perifol-
licular mononuclear inflammatory infiltrate with
dendritic cell hyperplasia. While it does not have
the pattern of LCH, the indiscriminate use of
immunostains will reveal a population of spindly
perivascular dendritic cells that are CDla+/
S100+ with variable CD207+, but should not be
diagnosed as LCH (Fig. 1.3).

Lymph Node

Pattern of Involvement

In order to diagnose LCH involvement of the
lymph nodes, a sinus pattern must be demon-
strated. Secondary involvement of the other
zones (i.e., paracortex) occurs in cases with
architectural expansion and parenchymal efface-
ment. In such cases, there may be less expression
of CD1a/CD207 in the paracortex when com-
pared to the sinus infiltrate (Fig. 1.4a, b).

Differential Diagnosis

Indiscriminate use of immunostains in a reactive
lymph node with nodular paracortical hyperplasia
(i.e., dermatopathic lymphadenopathy pattern)
will reveal an expanded population of CDIla+/
CD207+ spindled/dendritic cells, in addition to a
rich population of S100+/fascin+ interdigitating
dendritic cells within the pale staining interfollicu-
lar nodular areas. Occasional melanin pigment-
laden macrophages are often noted in the
background. In this scenario, recognizing the pat-
tern of CD1a+/CD207+ cells without a sinus pat-
tern together with the paracortical S100+/
fascin+ expansion will prevent an erroneous diag-
nosis of LCH (Fig. 1.4). We advocate the use of
both CD1a and CD207 immunostains, as there is
an endogenous cell population of CD207+ cells in
the medullary sinuses that may additionally cause
diagnostic confusion in the node. Langerhans cell
sarcoma (LCS) of the lymph nodes can be distin-
guished from LCH based on high cellularity with
nuclear pleomorphism, increased mitoses includ-
ing atypical forms, and increased Ki-67 index
(>30%); the immunophenotype and sinus pattern
of involvement are retained in both LCH and
LCS. Often there is more architectural effacement
in LCS (see below, Fig. 1.17). In RDD, a histio-
cytic sinus involvement is noted, but the presence
of large pale histiocytes with a large hypochro-
matic nucleus and variable degree of emperipole-
sis should be readily distinguished from LCH by
H&E, and the S100+/fascin+/CD1a-/CD207- phe-
notype is further confirmatory (see below).
Replacement of the nodal architecture with a xan-
thomatous histiocytic-rich infiltrate can be seen in
late LCH involvement with little discernable
CD1a+/CD207+ cells. In addition, storage disor-
ders are considered here in which clinical history
and discerning use of ancillary stains and ultra-
structural analysis can be confirmatory. Nodal
JXG involvement is exceptionally rare and may
rather raise a suspicion for histiocytic sarcoma if
cytologic atypia or atypical/increased mitoses are
found. Other malignancies in the differential diag-
nosis include histiocytic-rich variant of anaplastic
large cell lymphoma, for which cytomorphology
and phenotype should be readily distinguishable.
Other nodal inflammatory conditions included in
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Fig. 1.4 Lymph node lesions. (a) LCH of lymph node
with subcapsular sinus involvement and extension into the
paracortex (H&E, 20x). (b) CD1a shows strong membra-
nous staining of the sinus LCH cells with paracortical
infiltration (immunostain). (¢) Extensive paracortical den-
dritic cell hyperplasia consistent with dermatopathic

the differential diagnosis would include Churg-
Strauss syndrome (eosinophils), while a vaguely
granulomatous/histiocytic lymphadenitis may fur-
ther raise a differential diagnosis of various immu-
nodeficiency states which needs to be correlated
with the clinical scenario (i.e., chronic granuloma-
tous disease (CGD), Blau syndrome, CVID, and
certain RAGI1 deficiencies) [36-39]. Lastly,
microscopic foci of dendritic/Langerhans cells in
the context of other lymphoproliferations are best
classified as LCH-like lesions, rather than a true
LCH lesion. These small foci appear to be an
exaggerated reactive response, without the typical

effect (Digital H&E image, 5x). (d) High content of inter-
spersed CDla+ dendritic Langerhans cells without sinus
expansion; the paracortical areas stain strongly for S100+
interdigitating cells (immunostain image, inset, 5x) and
fascin (not shown)

pattern of LCH, and tend to involute when the pri-
mary disease is controlled without sequela of LCH
[40], and, when tested, appear polyclonal in nature
[41]. We have also seen such foci with Hodgkin
lymphoma, cutaneous pseudolymphoma, thyroid
malignancy, and in the thymus [42].

High-Risk Organ Involvement
In multisystem (MS)-LCH, involvement of the

bone marrow, liver, and/or spleen confers a higher
risk of death from disease and thus is collectively
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referred to as risk organs. In multivariate analysis
studies, pulmonary involvement was not an inde-
pendent variable and is now no longer considered
to be a risk organ. [43].

Bone Marrow

Clinical

The clinical definition of bone marrow involve-
ment is based on cytopenias of at least two cell
lineages. Since marrow biopsies are generally
normocellular [44] or even hypercellular and lack
a marrow-replacing infiltrate [45], it is more
likely that the cytopenias are cytokine mediated
rather than direct LCH replacement.

Pattern of Involvement

True marrow infiltration of LCH, separate from
penetration of a destructive cortical-based lesion,
is typically seen in association with MS-LCH dis-
ease and is often difficult to diagnose by histopa-
thology alone [26, 46]. The marrow in these
patients is almost never replaced by an LCH infil-
trate, as seen in leukemia. The more typical sce-
nario is one in which a macrophage-rich collection
of xanthomatous CD163+/CD68+ cells with (at
best) small clusters of CD1a+/CD207+ LCH cells
is focally present. In rare cases, the macrophages
will be activated with a phagocytic phenotype,
and it is important to distinguish LCH involve-
ment from an associated macrophage activation
that may have more ominous prognostic implica-
tions [45, 47]. However, often the diagnosis can-
not be reliably made on bone biopsy in the absence
of the LCH cell clusters. The VE1 immunostain-
ing pattern is a work in progress.

Ancillary Testing

Recent studies have shown that highly sensitive
gPCR can detect very low allelic fractions of
BRAF-V600E in CDla-negative precursor cells
(~0.02%) in otherwise “negative” (e.g., CDla/
CD207 negative) bone marrows of LCH patients.
These marrows may either show a normal histo-
logic appearance or display a histiocytic-rich
infiltrate [3, 15]. It has been advocated that in
those patients harboring a BRAF-V600E-positive

primary LCH lesion, subsequent bone marrow
evaluation and/or peripheral blood testing for the
BRAF-V600OE mutation with a highly sensitive
PCR methodology may help follow disease pro-
gression [15]. Preliminary studies have shown
that the mutation may be associated with a two-
fold increase in the risk of treatment failure or
reactivation [3, 15].

Differential Diagnosis

JXG only rarely involves the bone marrow, and
this is typically seen in systemic JXG [48, 49].
ECD bone involvement may extend into the mar-
row space and can be difficult to separate from
bone involvement, and may also be BRAF-V600E
positive; therefore, clinical/radiographic correla-
tion is mandatory. RDD within the marrow is also
typically a part of systemic disease and shows a
variable inflammatory rich to fibrosing pattern
with occasional RDD cells (see below). Chronic
osteomyelitis remains in the differential, but a
plasma cell inflammatory infiltrate is not typical
with LCH marrow involvement (see above, bone
LCH).

Liver

Clinical

Hepatic LCH involvement presents with hepato-
megaly (greater than 3 cm below the costal mar-
gin at the midclavicular line with ultrasound
confirmation) and obstructive cholangiopathy
with elevated bilirubin and gamma-glutamyl
transferase (yGT) greater than twice the
normal [26].

Pattern of Involvement

Hepatic LCH involvement is one of large bile
duct infiltration and is typically noted in the con-
text of MS-LCH disease (Fig. 1.5a). Typically, a
liver biopsy is not required for the diagnosis if the
disease has been previously established and there
are obstructive cholangiopathy laboratory find-
ings. Diagnostic challenge ensures in atypical
cases or in those without a prior diagnosis, as a
liver biopsy itself is rarely diagnostic given the
preferential large bile duct involvement
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Fig. 1.5 Liver lesions. (a) Large bile duct involvement
with LCH (H&E, 2x); inset with few CD207-positive
LCH cells at explant (immunostain, 10x). (b) Rare exam-
ple of small (distal) bile duct LCH involvement at biopsy
with an active obstructive cholangiopathy pattern (H&E,
20x), with CD1a-positive LCH cells within the duct epi-
thelium (inset, immunostain 20x). (¢) Same patient
3 months later with sclerosing cholangitis pattern, nega-

(Fig. 1.5a). Rarely, one can demonstrate CD1a+/
CD207+ LCH infiltration within the distal small
bile duct epithelium at biopsy (Fig. 1.5b).
However, more often, the biopsy will show an
obstructive/destructive cholangiopathy pattern
(best highlighted by cytokeratin 7 immunostain)
with elevated yGT and bilirubin (Fig. 1.5¢). In

tive for LCH in small ducts (CD1a—/CD207-, not shown)
with cytokeratin 7 highlighting proliferating ductules
(inlet, immunostain 20x). At explant (see a) this patient
was shown to have focal, residual LCH only in large hilar
bile ducts. (d) Juvenile xanthogranuloma (JXG) involve-
ment and expansion of the portal tracts without biliary
involvement (H&E, 20x) showing diffuse surface staining
for CD163 (inset, immunostain 40x)

such a scenario, hepatic LCH involvement is
likely if a diagnosis has been previously estab-
lished elsewhere. This determination is more
challenging without a prior diagnosis, and other
causes of obstructive/sclerosing cholangiopathy
need to be ruled out. With advanced disease at the
hilar ducts, the distal sclerosing biliary lesions,
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which are typically CDla- and /CD207-, will
progress with bridging portal fibrosis to
micronodular cirrhosis, which will eventually
require liver transplantation. At explant, the
larger hilar ducts may rarely show residual LCH
(Fig. 1.5a) and should be adequately sampled. In
active LCH disease at biopsy, increased portal
macrophages and exuberant Kupffer cell activa-
tion, with an element of hemophagocytosis, may
reflect a systemic cytokine effect in MS-LCH as
a consequence of LCH, rather than direct bile
duct involvement [47].

Ancillary Testing

Whenever the diagnosis of LCH cannot be defini-
tively made by biopsy, some investigators advo-
cate testing for the BRAF-V600E mutation in
peripheral blood which may support the diagno-
sis if positive [15].

Differential Diagnosis

JXG involvement of the liver has a unique pat-
tern of portal expansion without biliary infiltration
(Fig. 1.5d, see below). Hepatic RDD is exceed-
ingly rare and should be distinguished from acti-
vated sinusoidal macrophages/Kupffer cells,
which can acquire a S100+/fascin+ phenotype.
Some have shown that these activated reactive
S100-positive macrophages are more reactive to
S100-alpha subunit, in contrast to the S100-beta
subunit expressed in LCH [50]; however, most
commercially available polyclonal S100 antibod-
ies have dual-subunit reactivity. Another chal-
lenge is in those post-transplant LCH patients with
subsequent biliary obstructive changes. Structural
post-transplant biliary problems can be challeng-
ing to distinguish from LCH recurrence [51].
Clinical/radiographic correlation with the help of
ancillary molecular testing is needed in such cases.

Spleen

Clinical

The spleen is rarely biopsied given its high vas-
cularity. Similar to the bone marrow and liver,
determination of true LCH involvement in the
spleen can be challenging. Splenomegaly is

clinically defined as a spleen size greater than
3 cm below the costal margin at the midclavicu-
lar line, confirmed by ultrasound [26].

Pattern of Involvement

While LCH can be demonstrated in the red pulp
sinuses [40], macrophage activation and/or extra-
medullary hematopoiesis of the cords with sinu-
soid red blood cell congestion may also explain
the splenomegaly in LCH patients [52]. Thus,
while the dictum of splenomegaly in the context
of MS-LCH typically confers splenic involve-
ment, such non-LCH causes of splenomegaly
should also be considered.

Lung

Clinical

Pulmonary involvement in adults has been
closely linked with cigarette smoking and is often
a single site of involvement. In children it is often
seen in MS-LCH but is no longer considered a
risk organ site.

Pattern of Involvement

The pattern of involvement is primarily that of
small airway-centered LCH with extension into
the alveolar septa (Fig. 1.6). Over time, tissue
destruction progresses with regression of CD1a+/
langerin+ cells, and the fibrotic stellate nodules
with interstitial fibrosis lead to honeycomb-like
enlargement of the airspaces with hyperinfla-
tion and cystic change. Transbronchial biopsy
together with bronchoalveolar lavage has variable
success in diagnosing the peribronchial infiltrate
in a patient with suspicious clinicoradiographic
findings, and multiple biopsies (at least six) are
usually needed to increase sensitivity [53]. A
wedge biopsy of peripheral lesions is often diag-
nostic (Fig. 1.6).

Differential Diagnosis

The differential diagnosis depends on disease
distribution and age of the patient. In adults,
upper lobe involvement with cystic lung disease
can also be seen with sarcoidosis and centrilobu-
lar emphysema; lower lobe involvement can be
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Fig. 1.6 Lung involvement of LCH. (a) An expanded peribronchial nodular infiltrate extending into the adjacent septa
(H&E, 10x). (b) CD1a highlights the LCH with surface staining (immunostain, 20x)

found in patients with Birt-Hogg-Dube syn-
drome, panacinar emphysema, and usual intersti-
tial pneumonia, while entire lung involvement is
usually seen with lymphangioleiomyomatosis,
infections, lymphoid interstitial pneumonia, can-
cer, and bronchiectasis [54]. In children, cystic
pulmonary malformation, congenital bronchiec-
tasis, and infections are within the differential
diagnosis. Other histiocytic disorders are
described in their respective sections, but typi-
cally JXG involvement in the lung is rare outside
of systemic disease involvement. Pulmonary
ECD involvement is a known site of involvement
with a septal (e.g., lymphatic/subpleural) distri-
bution and pleural effusions [31, 55].

Central Nervous System

Clinical

Few pathologic studies have systematically
studied LCH involvement in the CNS [56, 57]
with detailed immunophenotyping [54-56].
Descriptions of CNS-LCH disease prior to immu-
nohistochemistry described both a proliferative
phase with transition to a granulomatous and
more xanthomatous phase and finally a fibrotic
stage [56, 57]. The largest series from the

Histiocyte Society CNS-LCH group included
neuropathology from 12 patients with limited
immunohistochemistry [58]. The most common
sittet of CNS-LCH involvement 1is the
hypothalamic-pituitary axis (HPA) with infun-
dibular thickening and lack of the posterior pitu-
itary bright spot on T1-weighted MRI images,
which clinically manifests with diabetes insipi-
dus and/or anterior pituitary dysfunction [59].
The pattern of a slowly progressive “CDla-
negative” LCH neurodegeneration (ND) is radio-
graphically characterized by variable symmetric
MRI signal intensity changes of the cerebellum,
basal ganglia, and/or pons along with dilated
VRS spaces [59] and clinically is defined as hav-
ing progressive problems with coordination
(ataxia, dysarthria, dysmetria) as well as neuro-
cognitive and psychological difficulties [60] (see
also Chap. 4, “Central Nervous System LCH”).

Pattern of Involvement

A diagnostic HPA biopsy will show collections
of LCH cells with variable admixture of eosino-
phils in its proliferative phase (Fig. 1.7). However,
obtaining a diagnostic biopsy at this site can be
fraught with challenges: (1) biopsy fragments are
small and tenuous given the location, (2) samples
contain only scant diagnostic cells or none at all,
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and (3) perilesional granulomatous histiocytic
infiltrates may masquerade as other histiocytic
lesions (see below).

Space-occupying intracranial, extra-axial
lesions involving the dura/leptomeninges, cho-
roid plexus, and pineal gland are also described,
but intraparenchymal involvement is rare [58,
61]. We have noted rare cases of parenchymal
CNS-LCH with peculiar perivascular pattern of

LCH cells and a surrounding macrophage-rich
inflammatory response (Fig. 1.7). This perivas-
cular rich pattern of involvement was previously
described by Kepes in 1979 who noted (without
the aid of immunohistochemistry) that “this pat-
tern of development has a course much in com-
mon with that of other mesenchymal lesions of
the brain, e.g. sarcoidosis, primary malignant
lymphomas, etc.” [56]. Thus, LCH in the brain

Fig. 1.7 CNS involvement with LCH. (a) Hypothalamic
involvement with a granulomatous infiltrate of LCH cells
and eosinophils (H&E, 40x). (b) CD207 positive (immu-
nostain, 40x). (¢) Parenchymal cerebellar involvement
with perivascular nodules of LCH (H&E, 20x); inset
CDla (immunostain 20x). (d) Robust surrounding hyper-

vascular/sclerotic inflammatory response with demyelin-
ation (H&E, 20x) (Digital whole slide images (WSI) are
available here: http://image.upme.edu:8080/
HistioPathChapter/Abla/view.apml and hosted courtesy
of University of Pittsburgh School of Medicine,
Department of Pathology, Division of Informatics)
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may enter the parenchyma and leptomeninges in
a manner similar to primary CNS lymphomas,
with an angiocentric proliferation expanding the
Virchow-Robin perivascular cuffs, with subse-
quent invasion into neural parenchyma or sub-
arachnoid spaces, either developing into a mass
lesion or with more diffuse infiltration [62, 63],
as originally noted by Kepes. Further, ongoing
work is in progress to better delineate these find-
ings, specifically in the context of late neurode-
generative LCH (ND-LCH) disease [64]. Only
few ND-LCH cases have undergone detailed his-
topathologic investigation, including a rare pub-
lished autopsy study [58]. A nonspecific pattern
of tissue destruction with loss of neurons (e.g.,
cerebellar Purkinje cells) and axons and demy-
elination has been described, with atrophy from
loss of axons and neurons and resultant gliosis
and inflammation [58]. Older studies without the
aid of detailed histochemical analysis describe
late-stage disease with a striking fibrous gliosis
[56, 57] which may be the histopathologic corre-
late of ND-LCH. Current ongoing work is further
exploring the previously described CNS-LCH
histopathologic patterns in the context of new
ancillary techniques [62]. This current ongoing
work is beginning to challenge the long-standing
notion of ND-LCH as a paraneoplastic process,
as new data may suggest that CDla-negative
BRAF-V600E mutant myeloid/dendritic pre-
cursor cell could be the driving cell leading to
ongoing, smoldering neuroinflammation, demy-
elination, and subsequent fibrotic gliosis in the
brain [62, 64].

Ancillary Testing

As described above, establishing a diagnosis with
the addition of the BRAF-V600E mutation may
be further confirmatory, especially in cases with
rare CD1a and CD207 cells.

Differential Diagnosis

HPA biopsies showing granulomatous infiltrates
with xanthomatous histiocytes will cause diag-
nostic confusion with JXG and ECD (especially
if BRAF-V600E positive). Other “granuloma-
tous” HPA/infundibular lesions that should be
ruled out include germ cell tumors, sarcoidosis,

nonspecific lymphocytic hypophysitis, and
tuberculosis, while involvement of the hypo-
thalamus should exclude gliomas, lymphoma,
and sarcoidosis [65].

JXG involvement of the CNS can involve the
spinal canal and meninges, with predilection for
the Meckel’s cave area [66], along with rare
intraparenchymal involvement described in the
context of systemic disease. The challenge, as
previously described, is that active CNS-LCH
lesions, regressing lesions, and even treated LCH,
particularly of the intracranial extra-axial sites,
can often incite a robust xanthomatous inflamma-
tory response closely resembling JXG. Even in
active LCH disease, only rare perivascular nod-
ules of LCH may be demonstrated (Fig. 1.8).

Other Sites of Involvement

Other sites of LCH involvement include the gas-
trointestinal (GI) tract, thymus, and thyroid. We
have previously expounded in more detail on
these various sites [25, 67]. In the GI tract, LCH
can expand the lamina propria, which can extend
into the submucosa [68]. Thymic involvement
can range from architectural disruption with
fibrosis to medullary-restricted LCH infiltrates
[42, 69]. Rare cases of mixed LCH-JXG-like
histiocytic proliferation have been noted [42],
but single, solitary JXG involvement of the thy-
mus has not been described. Of note, the thymus
can also show microscopic collections of hyper-
plastic LCH-like foci in incidental thymectomies
that are not diagnostic of LCH involvement [42].
Thyroid involvement can also be seen both in
SS and MS-LCH disease, and disease involve-
ment should be distinguished from reports of
microscopic LCH-like foci associated with pap-
illary thyroid carcinoma. Various case reports
have shown concurrence of papillary thyroid
carcinoma and LCH disease both harboring the
BRAF-V600E mutation [70, 71]. Of note, certain
sites including the kidneys and gonads are privi-
leged sites where LCH does not typically occur,
unlike the other histiocytic lesions, including
ECD, which more commonly involves these
sites [72, 73].
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Fig. 1.8 CNS lesions. (a) Dural involvement of small
LCH nodules (H&E, 10x) that are CD1a positive (inset,
immunostain 40x) surrounded by fibrosis and (b) xantho-
matous inflammatory infiltrates (H&E, 40x). (¢) Solitary
juvenile xanthogranuloma (JXG) of the temporal lobe
(H&E, 20x). (d) Lesions of the dural, cavernous sinus,

Conclusions

The histopathology of LCH is relatively
straightforward in most cases with diagnostic
CD1a+/CD207+ cells. However, the diagnosis
hinges on the correct phenotype and pattern of
involvement to prevent erroneous false-positive
diagnoses. It is equally important to remember
that histopathologic diagnosis may be limited
without diagnostic CD1a+/CD207+ LCH cells

and sella with features of a JXG family of lesions, with
foamy macrophages in a sclerosing background with
occasional Touton giant cells and diffuse CD163 immu-
nostaining (inset, immunostain 20x) that was found to be
Erdheim-Chester disease with clinicopathologic correla-
tion and BRAF-V600E mutation

present (i.e., false negative). However, at cer-
tain sites such as the bone marrow and CNS,
our understanding of “LCH involvement” may
be evolving beyond the defining CDla+/
CD207+ cell to include BRAF-V600E mutant
myeloid precursor cells. The refined molecular
landscape of LCH should help aid diagnosti-
cally challenging cases while also helping to
provide more lineage-specific LCH phenotypic
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markers as we better define and classify these
challenging lesions.

Erdheim-Chester Disease

Historically, Erdheim-Chester disease (ECD) has
been grouped under the pathologic category of
systemic juvenile xanthogranuloma (JXG)
“family” given its shared immunophenotype
(CD163, CD68, CD14, factor XIlIa, and fascin,
with low to absent S100 (Table 1.4)), although it
has been long recognized that it has a distinct
clinical and radiographic presentation [74].
However, the current understanding of ECD as a
clonal inflammatory myeloid neoplasm [4, 5, 75]
has helped distinguish ECD as a distinct entity in
the WHO tumors of hematopoietic and lymphoid
tissues [7] (Table 1.3). At the same time, however,
there are increasing number of reports of LCH
and ECD having shared clonal mutations in the
mitogen-activated protein kinase (MAPK) path-
way [3, 4, 19, 22, 76-78] along with combined
LCH/ECD lesions either in the same lesion/site or
at different sites within the same patient during
their lifetime [71, 76, 79-81]. This has led to the
proposal for classifying LCH and ECD together
within the “L” (Langerhans) group in the latest
revised classification [6] (Table 1.2). For the pur-
poses of this chapter, we opt to leave ECD as its
own category acknowledging the shared molecu-
lar phenotype with LCH and the shared immuno-
phenotype with JXG family of lesions.

Chapter 18 is devoted to the detailed clinical
review of ECD, but we herein share some of
pathologic key points in this distinct histiocytic
disorder that has molecular and immunopheno-
typic similarities spanning the LCH and JXG
family of lesions.

Pattern of Involvement

The presence of CD68+ xanthomatous -cells
alone is not enough for a confident diagnosis
of ECD. The histopathology often shows a cel-
lular infiltrate of plump epithelioid to variably
“xanthomatous” or foamy-appearing histiocytes,

often with a variable number of giant cells with a
central ring of nuclei (e.g., Touton giant cells). In
most cases, the histiocytic proliferation is within
a densely fibrotic stroma admixed with plasma
cells, lymphocytes, and rare granulocytes in the
background (Figs. 1.9 and 1.10). The epithelioid
histiocytes should display a JXG-like immuno-
phenotype (Table 1.4) characterized by surface/
membranous staining for monocytic/macro-
phage markers including CD163 (a hemoglobin-
haptoglobin scavenger receptor) and CDI14
(monocyte/macrophage receptor that binds lipo-
polysaccharide), along with granular cytoplas-
mic staining for CD68 (a lysosomal glycoprotein
marker which binds low-density lipoprotein),
together with cytoplasmic staining for factor XIIla
(a tissue transglutaminase that was formerly sug-
gested to represent interstitial and interdigitating
dendritic cells, now better recognized as dermal
macrophage marker [82] and fascin (an actin-bun-
dling protein). Of note, factor XIIla staining can
be diminished in heavily xanthomatous cells [25].
Typically, S100 is negative in ECD, as is CDla
and langerin, although focal and variable S100
positivity can be seen [6]. It is mandatory that the
histopathology be correlated with the correct clin-
ical and radiographic features in order to make a
unifying diagnosis of ECD. Organ-specific fea-
tures are described below.

Ancillary Testing

Because of the therapeutic implications, testing
of ECD for the BRAF-V600E mutation should
include sensitive molecular methods for accurate
detection, especially given the variable low con-
tent of histiocytes in some cases. Recent consen-
sus ECD guidelines urge the confirmation of
negative BRAF-V600E testing using another
genotyping modality and/or genotyping from a
different anatomic site, especially if a BRAF
wild-type bone lesion was originally tested [31].
In cases with mutated BRAF-V600E, the VEI1
antibody will show a dark cytoplasmic granular
staining pattern in the clonal histiocytes [71, 83].
Other mutations in the MAPK pathway include
MAP2K]I and NRAS which will also show pERK
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Fig. 1.9 Erdheim-Chester disease of the retroperitoneal
soft tissue and muscle. (a) Tissue biopsy showing hyalin-
ized fibrosis alternating with looser fibrotic zones with
admixture of plump epithelioid histiocytes and a light
chronic inflammatory infiltrate (H&E, 20x). (b) CD68

antibody expression. Reports of PIK3CA muta-
tions have also been recently described [4].

Differential Diagnosis
The “age” of the lesion may impact the degree of

underlying fibrosis which is most notable, but not
exclusive to involved retroperitoneal and bone
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shows cytoplasmic granular staining in the plump histio-
cytes (immunostain, 40x). (¢) CD163 highlights the epi-
thelioid histiocytes (immunostain 40x, inset immunostain
4x). (d) Factor XIlIIa highlights cytoplasmic staining of
the histiocytes (immunostain, 40x)

sites. To the unwary pathologist, the lesion may
be missed as a nonspecific inflammatory or fibros-
ing process, especially if the clinical and radio-
graphic findings are not correlated. Thus, a
histopathologic-based diagnosis of either “fibro-
histiocytic lesion” or a “JXG family of lesions” in
the correct clinical/radiographic setting is diag-
nostic of ECD, which is defined by the interplay
of clinical, radiographic, and histopathologic
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Fig. 1.10 Erdheim-Chester disease of the liver. While
not a typical site, the patient had liver lesions in addition
to omental and bone involvement. (a) Expanded zone of
fibrosis with plump, finely vacuolated, epithelioid histio-
cytes (H&E, 20x). (b) Expanded fibrotic zones imparting

findings [31]. Further support with BRAF or other
ERK pathway mutations solidifies the diagnosis;
however, previously treated or late/regressed LCH
lesions can enter into the differential diagnosis if
classic imaging findings are not found (i.e., bone
osteosclerosis, retroperitoneal fibrosis). Treated
and/or long-standing LCH lesions may acquire a
morphologic and phenotypic overlap with xan-
thomatous-appearing histiocytes within a densely
fibrotic stroma showing little to no CDla+/
CD207+ LCH cells. Some of these cases may
even display a JXG-like phenotype with small
allelic fractions of mutant BRAF-V600E, which
has been noted in bone marrow cases of LCH
patients [3]. These index cases stress the impor-
tance of clinical, radiographic, and pathologic
correlation for the diagnosis of ECD while also
highlighting the shared histopathologic overlap
between some cases of LCH, ECD, and systemic
JXG family of lesions. A clear distinction between
childhood ECD and disseminated JXG is not
always easy, especially in cases with shared
molecular mutations but certain clinical/radio-
graphic features, most notably osteosclerosis of
the long bones, remain distinctive thus far.
Supportive data points toward a CDla-negative
marrow-derived myeloid precursor cell as the

-

it

architectural distortion of the liver with bridging portal
fibrosis and cirrhosis (Masson trichrome, 4%). (¢) The
CD163 stain highlights the histiocytic proliferation
(immunostain, 40x)

driving cell in LCH, ECD, and possibly also sys-
temic JXG family of lesions with gain of function
mutations in the MAPK/ERK activated pathway
[3, 5, 6, 75]. Thus, the reclassification proposal of
a shared “L group” lesion for these histiocytic dis-
orders may be timely as we begin to understand
them as inflammatory myeloid neoplasms
(Table 1.2).

Bone

Clinical

Osteosclerotic lesions involving the bilateral dis-
tal limbs (e.g., diaphysis and metaphysis of the
femur, proximal and distal tibia) are seen in the
vast majority of ECD patients, and the small per-
centage (~4%) of cases lacking classic bone
findings should demonstrate other organ involve-
ment with clinical/radiographic/pathologic cor-
relation [84].

Pattern of Involvement

The histopathology may show a medullary scle-
rosis and cortical thickening with the biopsy
showing a fibroxanthomatous replacement of the
Marrow space.
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Ancillary Testing

BRAF-V600E and other mutations in the MAPK/
pERK pathway may be further supportive [4], but
testing must be done on appropriate material for
PCR testing (fresh, frozen, EDTA decalcifica-
tion) as routine formic acid decalcification is
incompatible with nuclei acid amplification.

Retroperitoneum

Clinical and Pattern of Involvement
Typically, ECD involvement of the pelvic/retro-
peritoneum involves a fibrohistiocytic encasement
of the perinephric tissues with a “hairy kidney”
appearance on imaging, including encasement of
the ureters with narrowing and hydronephrosis,
and/or renal arteries with hypertension. The typi-
cal immunophenotype of these histiocytic cells
is demonstrated (CD163+/CD68+/CD14+/factor
XlIla+/fascin+).

Differential Diagnosis

ECD of the retroperitoneum (Fig. 1.9) may
incite a differential diagnosis including retro-
peritoneal sclerosing diseases, amyloidosis, and
xanthogranulomatous inflammation (Fig. 1.11).
Xanthogranulomatous pyelonephritis is a chronic
pyelonephritis of adults, rarely seen in childhood,
in which the robust infectious/inflammatory pro-
cess can replace much of the kidneys and even
extend into the retroperitoneum. These lesions,
however, do not display the same JXG phenotype
with a more phagocytic appearance and little to
no factor XIIla staining. Loss of factor XIIla
staining occurs more commonly in very xantho-
matous ECD lesions.

Skin

Clinical

Cutaneous ECD typically presents as a
xanthelasma-like lesion (XLL) with frequent
involvement of the periorbital site in 25% of
patients; and papulonodular/patch-like lesions
of the head/neck, axilla, groin, trunk, and extremi-
ties are also common. Cutaneous ECD lesions are
clinically and phenotypically indistinguishable

from JXG lesions and classic dyslipidemia-
associated xanthelasma palpebrarum (XP) [31,
71, 83].

Pattern of Involvement and Ancillary
Testing

Newer reports suggest that certain histopathol-
ogy findings such as reticular dermis involve-
ment, immunostaining for factor XIIIa in greater
than 30% of the histiocytes, and a high density of
multinucleated and Touton giant cells, along with
a decreased degree of fibrosis, are features that
can better discriminate a cutaneous ECD lesion
from a classic XP lesion [83]; however, signifi-
cantly elevated serum lipid levels still appear to
be a good clinically discriminating factor for XP,
with a high rate of BRAF-V600E mutations noted
in ECD XLL-like lesions [83] . Cutaneous lesions
with a reticulohistiocytoma-like appearance and
a large eosinophilic ground-glass cytoplasm pos-
itive for the BRAF-V600E mutation can also be
seen in ECD [71]. Thus, a pathologic diagnosis
of a cutaneous xanthogranuloma family of lesions
in an adult should prompt further investigation
for ECD including confirmatory molecular and
radiographic findings, as skin involvement may
be the presenting feature [71, 83].

Central Nervous System,
Including Orbital

Clinical

Like LCH, ECD has a predilection for pituitary
gland involvement. Diabetes insipidus (DI) is a
known finding in 25% of patients, but a recent
systematic case-control study has shown that
anterior endocrinopathies are present in almost all
cases, with growth hormone (GH) deficiency, tes-
ticular deficiency, and hyperprolactinemia being
the most frequently reported [72]. Long-term
sequela of ECD may include CNS manifestations
(i.e., ataxia, oculomotor difficulties, and dyspha-
gia) outside of direct lesional CNS involvement.

Pattern of Involvement

As described above, a xanthomatous histiocytic-
rich lesion in the pituitary of a child with DI and
a complete JXG phenotype is largely supportive
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Fig. 1.11 Perinephric/abdominal mass in a child mas-
querading as a histiocytic lesion. (a) Xanthogranulomatous
pattern of inflammation with admixed acute inflammation
(H&E, 40x%). (b) Histiocytic markers. (¢) CD163 with light

of ECD in the absence of other complicating fac-
tors, but without complete immunophenotyping
and nonsupportive clinicoradiographic findings,
the diagnosis may be less clear (see Chap. 18).
Parenchymal lesions of the CNS are more com-
mon in ECD as compared to LCH and portend a
worse outcome [85] but may be difficult to dif-
ferentiate from JXG lesions in isolation. A soli-
tary JXG lesion of the CNS, typically dural,
should not be labeled as ECD without supporting

surface staining (immunostain, 40x). (d) CD68 with
coarse phagocytic cytoplasmic staining (immunostain,
40x). (e) Negative for factor XIIla (immunostain, 40x). (f)
Negative to trace staining with fascin (immunostain, 40x)

clinical and imaging findings. Intracranial, extra-
axial lesions may also involve the facial bones
with osteosclerosis.

Cardiovascular
A fibrohistiocytic encasement around the tho-

racic and abdominal aortal (“coated aorta”) can
be found by imaging in most ECD patients, often
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without systemic symptoms. However, pericar-
dial disease typically manifests with signs of
pericarditis, effusion, or tamponade and can be a
major cause of death. Reports of cardiac involve-
ment with mass lesions or diffuse infiltration of
the myocardium are also noted [31, 86], but are
rarely biopsied.

Lung

Pulmonary ECD involvement tends to have a par-
ticular predilection for the septal lymphatics with
pleural and interlobular septal thickening.
Patients may be asymptomatic or can present
with nonspecific symptoms such as cough and
progressive dyspnea. Lung involvement in ECD
is rarely biopsied [55]. Pleural effusions will con-
tain variable collections of epithelioid to foamy
histiocytes. Immunohistochemistry performed
on a cell block preparation reveals the JXG
phenotype.

Other Sites of Involvement

Unlike LCH, hepatosplenic involvement is rare
in ECD and does not confer increased disease
risk. We have seen a rare systemic case of hepatic
and omental involvement. Biochemically, the
liver enzymes showed a cholestatic pattern with
clinical symptoms of abdominal distention sec-
ondary to omental thickening and ascites. The
liver biopsy revealed large epithelioid cells con-
ferring a JXG phenotype by immunostains within
a densely sclerotic stroma, involving and extend-
ing out from the portal tracts with severe
architectural distortion (Fig. 1.11). Lymph nodes
are not a typical site of involvement for either
ECD or JXG, and such suspected nodal examples
should raise the possibility of a histiocytic sar-
coma/malignant histiocytosis of the JXG type
(see below, Fig. 1.18).

Conclusions

ECD is a rare histiocytic disorder which is now
distinguished as a distinct clonal entity by the
WHO. Those in the histiocyte community are

further recognizing it within the spectrum of an
inflammatory myeloid neoplasm. The cell of
origin is still debatable with overlapping fea-
tures in both the LCH and JXG family of lesions.
For the pathologist, the recognition of a fibro-
histiocytic pattern with variable epithelioid to
xanthomatous cells having a JXG phenotype
(especially in an adult) should be correlated
with clinical and directed imaging in order to
make a unified clinicopathologic diagnosis of
ECD. Ancillary testing with VE1 BRAF anti-
body staining and confirmatory mutational anal-
ysis of the tissue, blood, and even urine can be
further helpful [31, 87].

Juvenile Xanthogranuloma Family
of Lesions (JXG)

Juvenile xanthogranuloma family of lesions is a
pathologic term that we have adopted from the
Burgdorf and Zelger (1996) description [88], fur-
ther refined by Weitzman and Jaffe in their 2005
classification to encompass a range of clinical
phenotypes [89]. This is also included in the most
recent reclassification of histiocytic disorders
with some modifications [6] (Table 1.2). Under
the microscope, the JXG “family of lesions” can
display a number of histologic patterns (Fig. 1.12)
with the common variable being the JXG pheno-
type, useful in cases when the typical morphol-
ogy may be obscured (Fig. 1.13). The JXG family
phenotype is characterized by surface/membra-
nous CD163 and CDI14, granular cytoplasmic
CD68 along with cytoplasmic factor XIIla, and
fascin immunostaining (Fig. 1.13). While S100
has typically been noted as a negative stain in
these lesions, there are conflicting reports as to
whether the variable S100 positivity identified in
previous reports [90-92] represents JXG lesional
cells versus CDla dendritic cell staining [93].
However, we [94] and others have noted variable
focal to diffuse S100 expression in the mononu-
clear and giant cells of otherwise diagnostic JXG
family of lesions in up to 20% of cases (Ronald
Jaffe personal observations 1985-2015).

The cell of origin has been long debated. The
first hypothesis made by McDonagh in 1909
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Fig. 1.12 Juvenile xanthogranuloma morphologic pat-
terns. Within the same cutaneous lesion were intermixed
patterns including (a) small epithelioid cells with Touton-
like giant cells (H&E, 40x) and (b) oncocytic cells with a
reticulohistiocytoma-like pattern (H&E, 40x). (¢) Other

was that of an endothelial origin (nevoxantho-
endothelioma). Helwig and Hackney in 1954
noted the cutaneous proliferation of spindle and
polygonal “xanthomatous-like” cells of young
children without lipid abnormalities had variable
Touton giant cells and eosinophils [95]. They
were the first to coin these lesions as JXG, for
which they conclude is a “descriptive term...
until the exact etiologic factors are known.”
Since that time, the lesional cell was postulated

patterns include xanthomatous to spindled arrangement
with entrapped fibrosis ((H&E, 20x). (d) Classic Touton
giant cell with finely vacuolated peripheral cytoplasm
with a ring of nuclei around a central eosinophilic core
(H&E, 100x)

to be a dermal “dendrocyte” based on its factor
XIIa expression and has been later reclassi-
fied as a dermal macrophage marker [82] with
co-expression of macrophage/monocyte makers
CD163/CD68/CD14 (Table 1.4). While Kraus
et al. has postulated that the CD4+ plasmacy-
toid monocyte is the principal cell of origin, this
was never further substantiated [90]. The World
Health Organization’s Committee on Histiocytic/
Reticulum Cell Proliferations has previously
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Fig. 1.13 Juvenile xanthogranuloma family immuno-
phenotype is helpful when the typical morphology may be
obscured. (a) Brain biopsy of ventricular mass with plump
histiocytic cells with variable crush artifact (H&E, 40x).

considered JXG as a dendritic cell histiocytic
disorder [2]. The recent revised classification
of histiocytoses and neoplasms of the macro-
phage-dendritic linage subscribes to the notion
of separating ECD, which may also include sys-
temic JXG with gain of function mutations in the
MAPK pathway (L group), from the cutaneous
and mucocutaneous histiocytosis (C group) based
on disparate molecular and clinical outcomes [6]
(Table 1.2). For the purposes of this chapter, the
cutaneous and systemic JXG groups are included

(b) CD14 stains the cell surface (immunostain, 40x). (c)
CD163 with surface and cytoplasmic staining (immunos-
tain, 40x). (d) CD68 with granular staining (immunostain,
40x). (e) Factor XIIIa is cytoplasmic (immunostain 40x)

together based on their shared pathologic fea-
tures described herein.

The variable histologic patterns in the JXG
family of lesions have been described based on
a so-called “temporal-based presentation” (i.e.,
early vs. late lesions) [92], knowing that it is
common to see a spectrum of patterns within
the same lesion. We subscribe to the notion that
both time course and local tissue factors likely
play a role in defining the cellular morphology,
as originally proposed, with a wide variety of
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monomorphic cell shapes including scalloped,
epithelioid, spindled, vacuolated, xanthoma-
tous, and oncocytic, while giant cells usually
present as Touton or Touton-like [88, 89, 96-98]
(Fig. 1.12). The so-called early-type pattern has
small- to intermediate-sized mononuclear his-
tiocytes in a sheetlike infiltrate with little xan-
thomatous cells but often has finely vacuolated
cytoplasm with a folded bland nucleus and rare
to no Touton-type giant cells [92]. This pattern
may display increased mitoses, especially in the
youngest of patients, but is devoid of sarcoma-
tous features including lack of pleomorphism
and atypical mitoses, an important distinction
from histiocytic sarcoma of JXG type (see
Fig. 1.18) [99]. The classic JXG pattern is
noted by abundant foamy, xanthomatous (i.e.,
lipidized) histiocytes and Touton giant cells that
display an eosinophilic core with a ring of nuclei
and peripheral foamy cytoplasm (Fig. 1.12).
The so-called transitional JXG pattern is charac-
terized by the predominance of spindle-shaped
cells resembling benign fibrous histiocytoma
(BFH) with foamy histiocytes and occasional
giant cells. However, unlike JXG family of
lesions, BFH has only interspersed dendritic-
shaped histiocytes, without uniform expression
of JXG immunophenotype. While reticulohis-
tiocytoma (RH), characterized by oncocytic
cells with abundant glassy pink cytoplasm, has
traditionally been classified as its own entity
(more specifically the multicentric form with or
without arthropathy, MRH), microscopically, it
shares an immunophenotype with the JXG fam-
ily [98]. We have seen such cases in which the
reticulohistiocytoma pattern of oncocytic epi-
thelioid cells was intermixed with more typi-
cal JXG-like morphology (Fig. 1.12) and also
a case with classic RH morphology with BRAF
VEI positivity in the context of ECD [71]. The
immunophenotype may also show slight varia-
tions based on the morphologic pattern (i.e.,
highly xanthomatous cells “lose” their factor
XIIIa expression with more variable surface
CD163 staining). In these highly xanthomatous
lesions, a peripheral rim of more strongly stain-
ing factor XIIIa epithelioid cells often remains
at the edge of the lesion.

Thus, we believe that any of these patterns
together with a confirmatory immunopheno-
type establishes the pathologic diagnosis of a
“JXG family of lesions.” A simplified but prac-
tical approach is that the pathologic diagnosis
of “JXG family” should be correlated with the
clinical presentation for classifying the lesion,
with further distinguishing by the molecular phe-
notype. Those of the so-called cutaneous/muco-
cutaneous (“C” group), including those with a
major systemic component, are without known
gain of function mutations as opposed to those
systemic JXG with a gain-of-function mutation
(BRAE, NRAS, KRAS, or MAP2KI) for which
some would consider within the ECD family

(“L” group) [6].

Cutaneous and Mucocutaneous JXG
Family of Lesions

Pattern of Involvement

The prototypical JXG lesion is that of a cutane-
ous infiltrate with any of the above described pat-
terns, presenting a dermal or submucosal-based
lesion, typically in infancy with self-limited
course. Dermal lesions tend to involute slowly
over time, and thus involvement of excision mar-
gins is typically not of any clinical significance.
Cutaneous and mucocutaneous JXG lesions can
develop after treatment for LCH [81], and, rarely,
combined elements of both are present. As
described previously, the presence of BRAF
mutation in a dermal JXG-type lesion—in the
correct clinical/radiographic context—should
raise concern for ECD. [71]. Periocular JXG,
particularly around the eyelid, is a common site
of involvement. While ocular JXG can lead to
blindness and glaucoma, it is not clear from the
literature if routine ophthalmologic screening in
young patients with cutaneous JXG is warranted,
unless there are symptomatic ocular changes
[100, 101]. There is an eruptive xanthogranuloma
member of the JXG family, which is not associ-
ated with hyperlipidemic states. Eruptive xantho-
mas are common in hyperlipidemic diseases and
thus should be distinguished clinically for defini-
tive diagnosis [102].
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Differential Diagnosis

The differential diagnosis of cutaneous lesions
includes LCH, RDD, melanocytic nevi, mastocy-
tosis, and, in older and more spindled lesions,
benign dermal fibrous histiocytoma (BFH) or
dermatofibroma for which distinguishing immu-
nophenotype should clearly separate these lesions
if the cytomorphology is not typical. Single or
small clusters of RDD-type cells can be seen in
traumatized or previously shaved JXG lesions
and are distinguished from cutaneous RDD
which typically has a deeper dermal/subcutane-
ous involvement with surrounding lymphoplas-
macytic response and contains more numerous
S100-positive histiocytic cells with pale cyto-
plasm and hypochromatic nucleus.

Systemic JXG Family of Lesions

A more detailed clinical overview of JXG is pro-
vided in Chap. 17. Briefly, the diagnosis of a JXG
family histiocytic proliferation at an extra-
cutaneous site should prompt investigation for
other lesions in the context of systemic/dissemi-
nated JXG, which is an aggressive disease
typically involving infants or very young children
and often requiring systemic treatment. Solitary
extra-cutaneous lesions do rarely occur [91],
which in small series showed a predilection for
the head and neck region. There appear to be bet-
ter outcomes as compared to systemic disease
characterized by two or more sites of involve-
ment (i.e., skin and viscera) [85].

Ancillary Testing

New molecular data linking common kinase
mutations in both LCH and non-LCH systemic
histiocytosis (i.e., ARAF, MAPK BRAF-RNFII
fusion) has prompted some to subclassify sys-
temic JXG (“L group”) separately from cutane-
ous JXG (“C group”) [6]. However, preliminary
gene enrichment data based on upregulated gene
sets may suggest divergent hematopoietic pre-
cursors in LCH (e.g., late-stage myeloid progen-
itor cells, granulocyte-monocyte progenitors,
and classic dendritic cell genes) as compared to
non-LCH histiocytoses (e.g., common myeloid
progenitors and core macrophage-associated
genes) [4].

While deep lesions tend to be more cellular
and monotonous with fewer Touton cells [91,
103], no specific pathologic variables per se dis-
tinguish systemic and solitary visceral JXG from
its cutaneous form, with all sharing a similar
immunophenotype.

Special Sites Including Bone, CNS,

and Liver

Distinguishing between systemic JXG and rare
case of early/childhood ECD under the micro-
scope is impossible, but clinical/radiographic fea-
tures are helpful for the diagnosis. Systemic JXG
is often a neonatal disease without bone involve-
ment, while childhood ECD often will include
classic bilateral bone involvement. While the
BRAF-V600E mutation may be more prevalent in
ECD, systemic JXG lesions are now known to har-
bor mutations in the MAPK pathway, further blur-
ring the diagnostic lines [4]. JXG bone involvement
of the axial skeleton, especially with an osteoscle-
rosis pattern, should prompt further clinical and
radiologic investigation for ECD [104]. Solitary
JXG lesions of the bone, including osteolytic
destructive lesions with soft tissue and/or dura
involvement, have been rarely noted [105], and a
differential diagnosis of regressing and healing
phases of LCH, which can often acquire large
numbers of xanthoma cells, should always be kept
in mind. Furthermore, bone marrow involvement
with “JXG” morphology can also be difficult to
distinguish from marrow involvement of LCH
which often has few CD1a/CD207-positive cells.
Berres et al. have reported MS-LCH cases with
CD1a/CD207-negative bone marrows harboring a
low-level (0.03-0.4%) BRAF-V600E mutant
alleles, in which the pathology showed JXG mor-
phology [3]. These cases, thus, question our ability
to accurately categorize such cases based on histo-
morphology alone. Other differential diagnoses
for bone lesions include RDD (see below) and
chronic osteomyelitis.

CNS involvement both in solitary and systemic
JXG is described, often involving the dura, spinal
canal, or Meckel’s cave (the trigeminal cave at the
petrous apex) with parenchymal brain mass lesions
often presenting with seizures, headaches,
and ataxia [91, 92, 106-110]. The characteristic
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immunophenotype is retained, but more variable
S100+ can also be present in the mononuclear JXG
cells. Orsey et al. provide a nice literature review of
26 cases of CNS JXG with 38% of cases presenting
as isolated lesions [108]. However, unlike LCH and
ECD, pituitary involvement of JXG with diabetes
insipidus is rare [92, 106]. While solitary CNS JXG
lesions may have better outcomes given their ability
for complete resection, we have encountered rare
examples of solitary CNS mass lesions with pleo-
morphism and increased proliferation (including
atypical mitoses) which we have called histiocytic
sarcoma (with a JXG phenotype) (Fig. 1.18, see
below). Others have noted fatal outcomes in what
first appeared to be a primary CNS JXG with men-
ingeal and spinal dissemination [110], while malig-
nant transformation has also been noted in CNS
JXG with diffuse leptomeningeal and parenchymal
involvement [108].

Liver involvement in JXG has a portal-centric
predilection and unlike LCH, does not directly
involve the bile ducts (Fig. 1.5d). Rather, the
portal tracts are expanded with an infiltrate of
plump histiocytic cells with the JXG phenotype
and can be associated with macrophage activa-
tion, hepatomegaly, and liver dysfunction.
Hepatic involvement is often a poor prognostic
factor when associated with fulminant hepatic
failure in systemic JXG and may be related to a
macrophage activation syndrome [91, 92, 106,
111, 112].

Other extra-cutaneous sites include the eye,
gastrointestinal tract, spleen, genitourinary tract,
and lungs with bronchocentric pattern [91, 92,
101, 106]. Solitary thymic involvement is exceed-
ingly rare, but we have seen examples of mixed
histiocytic lesions with both LCH and JXG-like
morphologies within the same thymus [42]. Of
note, lymph node involvement of JXG is exceed-
ingly rare and outside of contiguous growth, and
such involvement should prompt evaluation for a
histiocytic sarcoma of JXG type (see below).

Rosai-Dorfman Disease

Also known by its descriptive name, sinus histio-
cytosis with massive lymphadenopathy (SHML),
Rosai-Dorfman disease (RDD) remains a unique

histiocytic disorder with a variable clinical course
having solitary, multifocal, and systemic forms.
The name first coined by Rosai and Dorfman in
1969 [113, 114] was first noted by Destombes as
adenitis with lipid excess [115]. A more detailed
overview of RDD is provided in Chap. 19. Briefly,
while it has been recognized as a “benign” disor-
der, often with spontaneous regression, a small
subset of cases will have poorer outcomes. While
the molecular underpinnings of this histiocytic
disorder are at the early stages, additional clues
from the “molecular microscope” may help
unravel the striking variations in clinical presen-
tation and behavior. New data are emerging that
RDD may also harbor kinase mutations simi-
lar to LCH, including NRAS, KRAS, and ARAF
[4], while a subset are associated with germline
mutations (see below). Briefly, the classic clinical
presentation is that of enlarged, bilateral cervical
lymphadenopathy. However, a wide range of non-
nodal sites can also be involved, including skin
and subcutaneous tissues, bone, orbit, nasal cav-
ity/paranasal sinuses, salivary glands, and CNS,
in particular the meninges, with case reports of
multiple different visceral sites of involvement
[116-119]. RDD may present with variable
systemic symptoms including fever, elevated
sedimentation rate, leukocytosis, mild anemia,
high ferritin, and polyclonal hyperglobulinemia,
with a proportion of patients demonstrating
clinical evidence of autoimmune disease [119].
The association of RDD or RDD-like changes
are noted in several other conditions including
LCH; lymphoma; HIV; autoimmune-related dis-
eases (systemic lupus erythematous, idiopathic
juvenile arthritis, autoimmune hemolytic ane-
mia); ALPS, in particular the type I with het-
erozygous germline mutation in TNFRSF6, the
FAS gene (OMIM#601859); and histiocytosis-
lymphadenopathy plus syndrome with a homozy-
gous or compound heterozygous mutation in the
SLC29A3 gene (OMIM #602782) [79, 120-125]
which are further elaborated in Chap. 19.

The pathologic sine qua non is the RDD cell
which is a large histiocytic cell characterized by
ample pale cytoplasm, often with a “watery-clear”
or foamy appearance, and a large hypochromatic
nucleus with a prominent nucleolus (Figs. 1.14
and 1.15). Emperipolesis, the trafficking of whole,
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Fig. 1.14 Rosai-Dorfman disease, lymph node with
sinus expansion of large pale staining histiocytes with
large hypochromatic nucleus, and emperipolesis (a H&E,
4%, ¢ H&E, 100x, e S100 immunostain, 100x). In contrast
reactive sinus histiocytosis of a lymph node with small

intact leukocytes through the cytoplasm (in con-
trast to phagocytosis), is a diagnostic finding, but
can be focal, especially at extranodal sites, and
often is best highlighted on the selective cytoplas-
mic staining for S100 and fascin of the RDD cells

histiocytes has eosinophilic cytoplasm and a small bland
nucleus and is negative for S100 which highlights occa-
sional dendritic cells (b H&E, 4%, d H&E, 20x, f S100
immunostain 40x)

(Figs. 1.14 and 1.15). The immunophenotype of
the large histiocytic cells is characterized by
S100, CD68, and fascin, along with variable
CD163 and CDI14, and is typically CDla and
CD207 negative (Table 1.4). Similar to the other
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Fig. 1.15 Rosai-Dorfman disease (RDD) of the skin
with deep dermal infiltrate and a robust surrounding lym-
phoplasmacytic infiltrate, simulating a lymph node in the

histiocytic disorders, the cytomorphology and
immunophenotype should be taken together with
the pattern of involvement.

In the revised classification of histiocytosis
and neoplasms of the macrophage-dendritic cell
lineage, the “R” group (Table 1.2) includes clas-
sic sporadic RDD of the lymph nodes, extranodal
involvement by sporadic RDD, and inherited and
other conditions predisposing to RDD or
RDD-like conditions [6]. We will attempt to out-
line the pathology based on these subgroups.

Classic Sporadic RDD

Sinus expansion in the lymph node, particularly
of the cervical chain, with RDD cells is the most
common presentation seen in children and young
adults. It is often accompanied by numerous
polytypic plasma cells in the medullary cords and
around the venules. A thickened capsule is often
present. Focal areas of necrosis and suppurative
inflammation are not unusual. The nodal archi-
tecture is typically preserved, but residual folli-
cles are often compressed due to the massive
sinus expansion. Distinguishing between reactive

skin. (a) H&E (2x). (b) H&E (100x). (¢) Fascin immu-
nostain highlighting cytoplasm of a RDD cell with
emperipolesis (immunostain, 40x)

sinus histiocytosis should not be difficult, as
reactive sinus histiocytes do not have the classic
RDD cytomorphology which is a criterion for
diagnosis (Fig. 1.14) and is usually S100 nega-
tive. An important caveat in making the diagnosis
of sporadic nodal RDD is excluding any associ-
ated pathology both within the node itself or
other related conditions (see inherited conditions
predisposing to RDD or RDD-like conditions).

Extranodal Involvement

Sporadic RDD most often occurs in the bone,
skin, upper respiratory tract, and orbit. In our
files, bone and skin/soft tissue are the most fre-
quent sites noted in consultation with rare exam-
ples in the eye (conjunctiva and orbital bone),
spinal canal, and spleen. Extranodal sites will
still retain the same cytomorphology of the RDD
cells, albeit less frequent emperipolesis.
Typically, a rich lymphoplasmacytic surrounding
infiltrate is noted, and stromal fibrosis can be
extensive. The combination of plasma cells and
fibrosis may spark an investigation for increased
1gG4 plasma cells in the context of IgG4-related
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disease (RD), which is characterized by 1gG4/
IgG ratio > 0.4, storiform fibrosis, and oblitera-
tive phlebitis. In the most recent classification of
histiocytosis, it was recommended to evaluate
IgG4/IgG ratio in all RDD (grade D2), although
it is still unclear whether RDD should belong in
the spectrum of IgG4-RD or as a separate diag-
nostic subcategory of RDD [6, 126, 127]. If there
is an increased IgG4/IgG ratio, serum Ig subsets
could be evaluated, although increased IgG4
serum levels are also not specific for IgG4-RD,
but are rather a T-helper 2 cell-mediated immune
response to various conditions. Evaluation of
CD4/FOXP3-positive T-regulatory (Treg) cells
may also be a potential future marker with ele-
vated levels in IgG4-RD, reactive lymph nodes,
and variable high levels in RDD with elevated
[gG4/1gG levels >0.4 [127].

RDD of the bone may mimic an inflammatory
process, most notably chronic osteomyelitis
(postinfectious and rheumatic-mediated CRMO),
further compounded by the rich inflammatory
milieu with plasma cells and vague systemic
symptoms (i.e., fever, high ESR, leukocytosis).
Often the larger positive histiocytic cells can be
obscured or focal, especially if S100/fascin stains
are not utilized, further leading to false-negative
diagnosis. Chronic osteomyelitis, including
CRMO, does not typically present with lymph-
adenopathy, and sampling of lymphadenopathy
or soft tissue masses in such cases is warranted,
which may reveal the diagnostic RDD cells if the
bone is non-diagnostic of RDD.

RDD of the skin is another special site that
may cause diagnostic confusion with other his-
tiocytic disorders, inflammatory conditions, and
other cutaneous lymphoid lesions. Typically, the
RDD cells form a deep dermal to subcutaneous
nodule with surrounding lymphoid follicles and
plasma cells with a “lymph node in the skin”
appearance (Fig. 1.15). Emperipolesis may be
less prominent than in nodal sites, and older
lesions may have extensive fibrotic stromal
changes obscuring the residual diagnostic islands
of RDD. The S100 and fascin immunostains
may better highlight the lesional cells. We have
seen rare cases of RDD with a more superficial
dermal extension. It is also not uncommon to

have isolated RDD-type cells within LCH and
JXG family of lesions, but typically these are not
diagnosed as mixed histiocytic lesions, unless
there is a clear distinct area of RDD that could be
microdissected from the surrounding lesion (see
“Mixed Histiocytic Disorders”).

Inherited Conditions Predisposing
to RDD or RDD-Like Conditions

Familial and systemic RDD-like disease is
described in Faisalabad histiocytosis. The over-
lapping SLC29A3 mutation on chromosome
10g22 and a variable constellation of findings
between familial RDD, Faisalabad histiocytosis,
H syndrome, and pigmented hypertrichosis with
insulin-dependent diabetes mellitus syndrome
(e.g., cutaneous, cardiac, and/or endocrine fea-
tures, joint contractures, and/or deafness) suggest
that these four entities comprise the SLC29A3
spectrum disorder, now listed as histiocytosis-
lymphadenopathy plus syndrome, OMIM
#602782 [120, 128, 129].

Associated RDD morphology has been noted
in up to 41% of cases of autoimmune lymphopro-
liferative syndrome (ALPS) type I with germline
mutation in the FAS gene (TNFRSF6, OMIM
#601859). Features distinct from RDD include
paracortical hyperplasia of the lymph node con-
taining double-negative CD4/CD8 T cells and
interdigitating S100-positive dendritic cells.
These patients tend to have more aggressive man-
ifestations of ALPS, male predominance, and
early age at onset, but the RDD-like changes
appear to be self-limited in these cases [121].

Neoplasia-Associated RDD

The association of RDD with non-Hodgkin lym-
phoma (NHL) and Hodgkin lymphoma (HL),
including classical and nodular lymphocyte pre-
dominant (NLP) HL, has been reported. In the
cases of RDD and lymphoma occurring at differ-
ent sites, RDD either precedes or follows a diag-
nosis of lymphoma, with NHL predominating
[121, 130-140]. In contrast, the simultaneous
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involvement of HL. and RDD-like changes within
the same node/site may represent a distinct phe-
nomenon, as many of the reported cases describe
a more focal (<10%) RDD-like involvement of
the node [122, 124, 141].

Conclusions
Inherited and neoplasia-associated RDD, along
with high prevalence of immune dysregulation in
sporadic RDD, suggests a concomitant role of
dysfunctional immunity with the expansion of
the RDD cell with associated emperipolesis,
plasmacytosis, and variable fibrotic response.
Other histiocytic lesions: Indeterminate cell
histiocytosis, ALK-positive histiocytosis, and den-
dritic cell histiocytosis, not otherwise specified
Some histiocytic lesions do not fit nicely into
a certain category based on their immunopheno-
type. It is the hope that we will be able to better
diagnose, classify, and ultimately treat these
“rare” disorders with the insight gained from the
“molecular microscope” of histiocytic disorders.
Two such examples include the indeterminate
cell histiocytosis with a unique ETV-NCOA2
fusion [142] and systemic JXG-like ALK-
positive histiocytosis seen in early infancy [143].
Indeterminate cell histiocytosis (ICH) is one
such lesion that has features of a Langerhans-like

cell with an oval to round shape and a convoluted
nucleus with surface CDla and cytoplasmic/
nuclear S100 expression, but lacks Birbeck gran-
ules on ultrastructural examination, and thus is
also CD207 (langerin) negative by immunohisto-
chemistry (Fig. 1.16) (Table 1.4). Despite being
recognized since the early 1980s [144], these
lesions have previously received little attention
given their rarity, poorly defined origin, and
pathogenesis and thus have remained poorly
understood. However, the ‘“molecular micro-
scope” has helped in gaining new insights with at
least three reported ICH cases harboring a gene
fusion ETV3-NCOA2 [142]. A large series of
ICH cases is lacking, but those few reported cases
suggest a female predominance in older adults
with a variable indolent course and a typical cuta-
neous presentation [142, 145, 146]. While fol-
low-up in these rare cases is often not extensive,
at least a few cases had a fatal outcome with asso-
ciated lymphoma/leukemia and/or signs of ade-
nopathy/splenomegaly [142, 145].

ALK-positive histiocytosis is another rare
histiocytosis, described thus far in infancy, with
features of juvenile xanthogranuloma (positive
for ALK, CD163, CD68, lysozyme, and vari-
able fascin, factor XIIIa, and S100, but negative
for CD30, CDla, and CD207 immunostains).

Fig. 1.16 Indeterminate cell histiocytosis with ETV 3-NCOA2 fusion. (a) Morphologic features of LCH cell (H&E,
40x) with (b) membranous CD1a staining (immunostain, 40x) but CD207 negative (not shown)
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These rare ALK-positive histiocytoses harbor the
TPM3-ALK fusion with positive ALK immuno-
histochemistry in a membranous and cytoplas-
mic expression [143]. The three index cases were
females with hepatosplenomegaly and sinusoi-
dal infiltrates of ALK-positive histiocytes. The
active phase initially showed signs concerning
for hemophagocytosis, malignancy, or storage
disorder given the hepatosplenomegaly, vari-
able hematologic changes, and large sinusoidal
histiocytes. However, the clinical resolution sug-
gests that this is a unique but self-limited form
of histiocytosis of infancy [143], distinct from
the systemic/visceral JXG lesions. ALK immu-
nohistochemistry may help separate these lesions
especially in early infancy period.

Solitary Histiocytomas
of the Dendritic Cell Phenotype

The solitary histiocytomas of the dendritic cell
phenotype, not otherwise specified [2], have been
described as tumoral proliferations of cells that
are devoid of malignant features and, while lack-
ing the immunophenotype of LCH or JXG, do
have some staining suggestive of a “semi-mature”
myeloid dendritic cell lineage (S100+, fascin+,
HLA-DR+, and CD68+ but CDla-, CD207-).
Unlike ICH, a small series previously noted more
frequency in children with dural and soft tissue
unifocal involvement but with a higher rate of
local recurrence [147]; however, more detailed
studies are lacking. Further investigation is war-
ranted in these cases which may just represent
variants rather than a unified group.

Mixed Histiocytic Disorders

The term “mixed histiocytic” disorders is not a
well-defined group of disorders, with few case
reports [42, 71, 79, 80] and even rarer case series
[76] . We have largely subscribed to the notion
that two distinct histiocytic lesions are present
within the same lesion, in which microdissection
of the two lesions could be technically achieved.
This serves to distinguish the so-called secondary

histiocytic hyperplasias seen in some disorders.
Occasional S100+/fascin+ RDD cells may be
found within a JXG family of lesions and should
not constitute a “mixed histiocytosis” diagnosis;
the same is true with CDla-positive dendritic
cells in other lesions. Some authors expand the
definition of “mixed” histiocytic disorders to
include more than one histiocytic lesion within
the same patient, either concurrently or separable
in time, most recently described with LCH and
ECD [71, 76].

The mixed histiocytic lesions are distinguished
from those histiocytic lesions following lym-
phoid neoplasms (see “Lymphomas, Leukemias,
and Secondary Histiocytic Tumors, Including
Secondary Histiocytic Sarcoma”). In histiocytic
lesions following acute lymphoblastic leukemia
(ALL), a shared molecular or clonal identity could
be identified in a subset of patients and tended to
show more aggressive behavior as compared to
their native “benign” counterpart [148].

The International Rare Histiocytic Disorders
Registry (IRHDR) (NCT02285582) is positioned
to collect data on disease presentation, treat-
ments, and outcomes of patients with non-LCH
histiocytic disorders (https://clinicaltrials.gov/
ct2/show/NCT02285582). It is only through the
dedicated international collaboration of patholo-
gists, clinicians, and scientists that we can con-
tinue to make sustained progress in better
understanding and developing best-practice treat-
ment regimens for these rare diseases.

Malignant Histiocytic Disorders
Histiocytic Sarcoma

Clinical Course

Most instances of histiocytic sarcoma with “ana-
plastic” cytologic features are aggressive with
patients dying within a year. Tumor size may cor-
relate with outcome. There is a small and poorly
defined group of lesions that has relatively low-
grade cytologic features, more confined growth
potential, and longer survival. These “atypical”
histiocytic lesions need to be better demarcated
from high-grade histiocytic sarcomas.
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Histiocytic sarcoma is defined as a high-grade,
progressive tumor that has cellular atypia, mito-
ses and atypical mitoses (“‘sarcoma”), and the
phenotypic features of histiocytes. Chromosomal
gains or losses are rare, and BRAF mutations are
described in some [149, 150]. While most are pri-
mary, some instances arise secondary to lympho-
mas, leukemias, or other hematologic neoplasms.
Extramedullary myeloid tumors that have mono-
cytic differentiation are not included.

Primary Histiocytic Sarcoma

Clinical

All ages can be affected, including infants and
children [151], but adults predominate with equal
sex distribution. Rare instances follow mediastinal
malignant teratomas [152]. Presentation is com-
monly with “B” symptoms and the discovery of
lymphadenopathy, skin, soft tissue, bone, or CNS
lesions. Hepatosplenomegaly may be present,
more likely as a systemic effect and not infiltration.

Pattern of Involvement

The initial impression is that of a diffuse large cell
“lymphoma” that effaces lymph nodes or forms
tumors. Cellular pleomorphism is the rule, often
with binucleated or multinucleated forms inter-
spersed. Mitotic activity is variable and may
include atypical forms in the more anaplastic
lesions. Inflammatory cells are generally sparse
but present and may include bland histiocytes,
lymphocytes, eosinophils and plasma cells. A
cytologic clue to the diagnosis is the relatively
abundant “macrophage-like” cytoplasm, lightly
eosinophilic, though some are more spindly or
dendritic cell in appearance. Nuclei are oval, hypo-
chromatic, or vesicular with a single small nucleo-
lus. Multinucleation is common. Tumors at various
sites, including CNS, have similar features. It was
formerly said that histiocytic lineage was docu-
mented only by excluding all other cell types, but
phenotypic confirmation of the histiocytic differ-
entiation suffices. It is important to note that a high
content of interspersed “benign” histiocytes in this
as well as other hematopoietic tumors may con-
found. Histiocytic sarcoma has the phenotype of

mature tissue macrophages [153] (Table 1.4).
Immunostains for CD163 show a surface and or
cytoplasmic pattern with higher specificity than
CD68 that is present in a variety of cell types.
Membranous CD14, light CD4, and CDl1c are
additional histiocytic markers. Lysozyme is seen
as a Golgi-type dot rather than the diffuse cyto-
plasmic stain of myeloid and monocytic lesions.
S100 can be present in cases with a more dendritic
morphology. CD45 and HLA-DR may be
expressed and CD56 is rare. Cases with JXG phe-
notype, including variable factor XIIIa and fascin,
have been described (Fig. 1.18). Few cells express-
ing CD1a or langerin may be demonstrable.

Differential Diagnosis

Markers that would suggest alternative diagnoses
should not be expressed, specifically myeloid leu-
kemia (myeloperoxidases), Langerhans cell
(CDl1a, CD207), follicular dendritic cell (CD21,
CD23, CD35), anaplastic large cell (CD30, EMA,
ALK), and epithelial keratins. The Ki-67/Mib pro-
liferation marker may be present in more than 10%
of cells. Ultrastructure and enzyme histochemistry
have been largely superseded. The differential
diagnoses of large cell anaplastic tumors have
been covered under the phenotype, but anaplastic
tumors with a high content of interspersed macro-
phages should always be kept in mind. Ancillary
molecular testing has shown recurrent molecular
mutations in the MEK-ERK1/2 MAPK signaling
pathway (e.g., BRAF, HRAS, BRAF gene fusions)
of primary histiocytic sarcomas in addition to
chromosomal gains or losses [4, 149, 154].

Lymphomas, Leukemias,

and Secondary Histiocytic Tumors,
Including Secondary Histiocytic
Sarcoma

Histiocytic lesions of a wide variety have been
noted to follow lymphomas or leukemias, mostly
B cell type, and in many instances a clear clonal
relationship has been established between the
two processes [155, 156]. Some of the histio-
cytic tumors have been low grade with benign
long-term follow-up [157], but others fulfill the
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criteria for a wide range of tumors including
interdigitating cell sarcoma, Langerhans cell sar-
coma, immature undefined histiocytic lesions,
and (secondary) histiocytic sarcoma [158].

This intriguing condition has the same diag-
nostic features as those described for primary
histiocytic sarcoma but can follow follicular lym-
phomas, lymphoid leukemia, and rarely other
histiocytoses [159]. In many instances, the molec-
ular genetic signature of the primary tumor has
been demonstrated in the subsequent histiocytic
sarcoma that suggests “transdifferentiation” or
lineage switching. Similar /GH gene rearrange-
ments, deletions of positions of chromosome 5,
t(14;18), trisomies 8 and 9, and BCR-ABLI have
been documented in the primary tumor and the
histiocytic sarcoma [159-162].

Langerhans Cell Sarcoma

Clinical

Langerhans cell sarcoma (LCS) is more common
in adults, mean age 50 years, but cases are described
in childhood. Very rare and poorly documented
cases of prior Langerhans cell histiocytosis are

described, but the condition probably arises de
novo with no connection. Presentation is com-
monly with a mass lesion in skin, soft tissues,
lymph node, or Waldeyer’s ring. Localized disease
confers survival advantage with surgical excision,
but more disseminated disease is associated with
survival of about 2 years [163].

Pattern of Involvement

LCS has the features of a high-grade, cytologi-
cally malignant hematopoietic neoplasm with
the Langerhans cell phenotype (Fig. 1.17) [163,
164]. The cellular pleomorphic large cell popu-
lation with high-grade features has a range
from moderate pleomorphism to frank anapla-
sia. The classical nuclear features of the LCH
cell, complex folding, and “coffee bean” groves
serve as a clue to establishing the phenotype as
atypical mitoses. Cytoplasm is pale and moder-
ately abundant. There may be a light eosinophil
presence, but inflammatory cells including
interspersed macrophages are sparse. The
mitotic rate is generally brisk, and Ki-67 in the
CD207+ cells is above 30% (Table 1.4). Similar
to histiocytic sarcoma (Fig. 1.18), there are a

Fig.1.17 Malignant histiocytosis, features of Langerhans
cell sarcoma with architectural effacement. (a) Complex
grooved nuclear folds with high cellularity and pleomor-
phism (H&E, 100x) which have (b) CD207 expression

(immunostain, 40x). Unusual features included dimin-
ished CD1a expression. There was also surface staining of
CD163, CD14, and cytoplasmic and paranuclear CD68
immunostains (not shown)
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Fig. 1.18 Malignant histiocytosis, histiocytic sarcoma,
JXG phenotype. (a) Intermediate to large, histiocytic cells
with frequent mitoses including an atypical mitosis with
diffuse growth pattern. (b) The Ki-67 proliferation index
is very high including large cells (immunostain, 20x). The

small number of instances in which the pleo-
morphism and mitotic rate do not reach the
cytologic threshold for “sarcoma.” These cases
deserve better characterization since the out-
come is uncertain. Lymph node involvement,
like LCH, is primarily that of a sinus pattern,
though it may be lost over time. At other sites,
the diagnosis is established based on the cytol-
ogy and phenotype.

cells display a JXG histiocytic phenotype including (c)
surface and cytoplasmic CD163 (immunostain, 40x), (d)
granular cytoplasmic CD68 (immunostain, 40x), (e) cyto-
plasmic factor XIIla (immunostain, 40x), and (f) fascin
(immunostain, 40x)

Differential Diagnosis

LCS has the same phenotype as LCH, with
CDla, CD207, and S100 positivity. There is,
however, greater variability in the number of
cells staining for each, and both CDla and
CD207 can be lost on recurrences. CD68 and
HLA-DR can be seen as a paranuclear dot in
some. Rarely, CD56 or CD30 is expressed as
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well. Demonstration of the ultrastructural
Birbeck granule is not required for diagnosis.

The primary differential diagnosis is that of
LCH. The excess pleomorphism, high mitotic
rate, and atypical mitoses, when present, are
diagnostic of LCS. There are rare and poorly
characterized instances in which the features fall
short. Other diagnostic considerations are
excluded by the definitive LCS phenotype. Like
LCH, the cell of origin is believed to be myeloid
and activating kinase mutations in BRAF-V600E,
and other MAP kinase pathway mutations have
been described [165, 166].

Indeterminate Dendritic Cell Sarcoma
Clinical

Indeterminate dendritic cell sarcoma is rare, affect-
ing primarily older adults. Most cases involve the
skin, soft tissue, and lymph nodes. Secondary
indeterminate dendritic cell lesions can follow
prior lymphomas or leukemias and can share the
genetic signature of the primary tumor [145].

Pattern of Involvement

Indeterminate dendritic cell sarcoma is a high-
grade lesion with similarities to LCS, but defined
by its phenotype that is S100+/CD1la+ and lacks
CD207 and the ultrastructural Birbeck granule
[167, 168]. The tumors are highly reminiscent of
LCS but lack their convoluted nuclear morphology.
CDl1a is required for the diagnosis, and CD207 is
absent by definition. S100 is generally positive but
S100-negative cases are reported. CD68 generally
has a paranuclear dot. The biological spectrum is
wide, from low-grade and localized lesions to more
anaplastic high-grade ““sarcoma.”

Ancillary Studies

BRAF mutations have been described [169], but
more interestingly, three adult patients with inde-
terminate cell lesions have been shown to harbor a
recurrent ETV3-NCOA2 translocation suggesting

that it is biologically distinct [142], although dem-
onstration in its “sarcoma’ form has not yet been
described. While indeterminate dendritic cell sar-
coma has morphologic similarity to LCS, biologi-
cal outcome in reported cases has varied, with
suggestion of a more aggressive tumor.

Differential Diagnosis

The differential diagnosis includes LCS that is by
definition is CD207+. However, LCS can pro-
gressively lose its markers, such as CD207, and
mimic indeterminate dendritic cell sarcoma.
Exuberant skin lesions (especially following
arthropod bites) can have abundant CD1a reactiv-
ity without CD207, as a physiological state.
Other CDla+ /CD207- infiltrates include some
myelomonocytic and rare T cell leukemias.

Interdigitating Dendritic Cell
Sarcoma (IDCS)

Definition

This is a clinically aggressive, though histologi-
cally non-anaplastic, sarcoma that has the pheno-
type of the lymph node paracortical interdigitating
dendritic cell [170]. Because of the disparity
between the histopathology and clinical behav-
ior, it is often referred to as the interdigitating
dendritic cell tumor rather than sarcoma (herein
IDCS). Rare instances accompany or follow low-
grade B or T cell lymphomas [158, 171, 172].
The existence of IDCS has recently been chal-
lenged because the lesion appears to be indistin-
guishable on histopathologic and phenotypic
grounds from spindle cell melanoma, though
ultrastructural differences may apply [170, 173].

Clinical

Tumors present as masses in nodal or extrano-
dal sites, skin, soft tissue, and organ sites pre-
dominantly. The clinical progression is
aggressive in about half of the patients, but his-
topathology is not predictive.
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Pattern of Involvement

Nodal lesions tend to be paracortical and sharply
defined from residual lymphoid tissue, but at the
other sites, the spindle cell lesion is diffuse and
may have poorly formed fascicles or whorls.
Nuclear features are generally bland, rarely ana-
plastic, and the nuclei are vesicular, oval to
plump with a single prominent nucleolus. The
cytoplasm is pale, and abundant and has indis-
tinct cell borders. Interspersed small lympho-
cytes and plasma cells may be noted. Cytologic
atypia varies (usually low) and mitoses are not
prominent. Ultrastructural features are thought
to be informative with complex interdigitating
cell processes without formed desmosomes.
Distinguishing features such as Birbeck gran-
ules, basal lamina, or melanosomes should not
be found.

Immunophenotype

The diagnosis of interdigitating dendritic cell sar-
coma in a spindle cell mass relies on the pheno-
type; like the paracortical interdigitating cell of
the lymph node, there is moderate and high
expression of S100 and fascin, vimentin, and
HLA-DR. Conventional histiocytic markers such
as CD68, CD163, and CD14 are absent, as are
CD45 and lysozyme. Specific subset histiocytic
markers like CD21, CD23, CD35, CDla, and
CD207 are absent. HBM45 and cytokeratin are
not found. Interspersed lymphocytes are T cells.
Ki-67 is reported to be in the 10-20% range.
BRAF mutations have been described [169, 174].

Differential Diagnosis

The differential diagnosis of spindle cell tumors
is of course wide. The distinction from spindle

cell melanoma has been mentioned, but the
expanded phenotype is distinct if other look-
alikes are excluded.

Follicular Dendritic Cell Sarcoma

The follicular dendritic cell is reputed to be of
mesenchymal, non-hematopoietic origin and is not
included in the review of histiocytic lesions nor
considered in the revised classification of histiocy-
toses and neoplasms of macrophage-dendritic cell
lineages [6]. Their phenotype is distinctive and
includes CD21, CD23, CD35, clusterin, podo-
planin, desmoplakin, and claudin-4 [175].

Fibroblastic Reticular Cell Tumor

The fibroblastic reticular cell or cytokeratin-
positive interstitial reticulum cell is not believed
to belong to the histiocytic family but to be of
mesenchymal origin. The cell forms a complex
network of channels in the lymph node paracor-
tex. These nodal (rarely splenic) lesions are char-
acterized by their staining for vimentin, actin,
and keratin and sometimes also desmin [176].

Hemophagocytic
Lymphohistiocytosis

and Macrophage Activation
Syndrome

Section III is dedicated to the clinical diagnosis,
classification, and treatment of hemophagocytic
lymphohistiocytosis/macrophage activation syn-
drome (HLH/MAS). While included herein, it
should be stressed that HLH/MAS is not a pri-
mary histiocytic defect but rather a regulatory
disorder of T cells leading to unbridled macro-
phage activation. Furthermore, despite the name,
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Table 1.5 Histologic hepatic patterns of hemophago-
cytic lymphohistiocytosis (HLH)/macrophage activation
syndrome (MAS)

1. Chronic hepatitis-like pattern with a portal
accumulation of T lymphocytes and plump activated
histiocytes (“lymphohistiocytosis”) with
lymphocytic bile duct injury and endothelialitis.
Activated sinusoidal macrophages with
hemophagocytosis can accompany

2. A leukemia-like pattern with sinusoidal infiltration
of T cell with bile duct damage and endothelialitis

3. A histiocyte storage disorder-like pattern with
intravenular and sinusoidal lymphohistiocytic
macrophages

4. A neonatal giant cell hepatitis-like pattern with
multinucleated giant cell transformation of
hepatocytes, extramedullary hematopoiesis, and
lymphohistiocytic infiltrates in the portal tracts with
bile duct injury and endothelialitis (similar to
pattern 1)

Taken from Chen et al. [181]

the pathologic features of hemophagocytosis are
neither specific nor sensitive in the overall diag-
nosis and constitute only one of the eight diag-
nostic criteria [177]. Hemophagocytosis can be
demonstrated after transfusions, surgical inter-
ventions, and immunoglobulin infusions. Briefly,
in HLH/MAS-activated macrophages, some with
hemophagocytosis can be found in the lymph
nodes, spleen, central nervous system, liver, bone
marrow, and thymus [178]. None of the patho-
logic features will clearly distinguish between
the primary and secondary hemophagocytic syn-
dromes. The lymph nodes may display enlarged
activated macrophages in the sinuses and para-
cortical T-zone areas, whereas lymphoid deple-
tion, particularly of the follicles, may be present
in later stages [179, 180]. The spleen is also a
prominent site of hemophagocytosis and often
will show white pulp depletion in severe cases
with enlarged activated macrophages in the cords
and sinuses [178]. In the liver, the infiltrate has
been described in four patterns (Table 1.5), but

the recognition of a ‘“chronic hepatitis” pattern
with lymphohistiocytosis has been long noted.
Classically, the portal and sinusoidal infiltrates
are composed of activated macrophages with
variable hemophagocytosis (CD163+/CD68+,
CDla-) and cytotoxic T cells (CD3+, CD8+,
granzyme B+) (Fig. 1.19). Endothelialitis of the
portal and central veins is quite typical, often
with free-floating macrophages in the lumen of
the veins. Lymphocyte-mediated bile duct injury
is also a typical feature [178, 180, 181]. In the
bone marrow, macrophage activation and hemo-
phagocytosis can be cyclical, and intervening
biopsies may be negative at first examination or
during troughs of activity (false negative) [177,
180]. In the bone marrow, the PGM-1 CD68 anti-
body has little cross-reaction with hematopoietic
precursors and is therefore a preferred bone mar-
row macrophage stain if CD163 is not available.
When positive, the marrow will display enlarged
macrophages, increased in size and number, with
variable hemophagocytosis, in contrast to normal
oval to spindled marrow macrophages (Fig. 1.20).
An increase of CD3/CD8 T cells is also observed.
Early disease often does not show marrow deple-
tion, which suggests that cytopenias are secondary
to cytokine effect rather than marrow replace-
ment. Dyserythropoiesis and pseudo-Pelger-Huet
change can be noted on aspirates. Late disease,
often after systemic therapy, may show mar-
row depletion with xanthomatous macrophage
replacement [178, 182]. A skin biopsy with non-
specific rash may show a lymphocytic infiltration
with or without hemophagocytosis. The CSF in
patients with neurologic symptoms may show
pleocytosis with large activated cytoplasmic-rich
macrophages that may show hemophagocytosis,
along with elevated protein levels.

It should be noted that while pathologic fea-
tures may further confirm a diagnosis of HLH/
MAS, the clinical criteria must be met before
such a diagnosis is established.
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Fig. 1.19 Familial hemophagocytic lymphohistiocytosis
(HLH), type 2 perforin deficient. (a) The liver has
expanded portal areas and sinusoids with high macrophage
content and lymphocytic content. (a) H&E (40x), (b)
CD163 immunostain with variable portal macrophages

g , . .x,,z:.."ﬂa W
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and enlarged, activated sinusoidal macrophages (immu-
nostain, 20x). (¢) Expanded portal infiltrate of CD3 T cells
(immunostain, 20x), (d) which are mostly CD8-positive
cytotoxic T cells (immunostain, 20x). The perforin immu-
nostain was not detectable on lymphocytes (not shown)
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Fig.1.20 HLH cerebral spinal fluid (CSF) and bone mar-
row (BM). (a) Predominance of monocytoid cells and acti-
vated macrophages in the CSF of a patient with HLH would
indicate CSF HLH involvement (Wright-Giemsa, 40x).

Conclusions

The pathology of histiocytoses and neoplasms
of the macrophage-dendritic cell lineages is
varied and made more difficult by their rarity in
any one practice. The “molecular microscope”
of these lesions is further unraveling their bio-
logic potential, which in many cases has also
helped to solidify their standing as inflamma-
tory myeloid neoplasms. However, the often
overlapping clinical and histologic spectrum
among these diseases continues to baffle
pathologists, clinicians, and scientists alike as
we continue to seek out the cellular origins of
this enigmatic group of diseases. The latest
attempt to revise the classification of histiocy-
toses and neoplasms of the macrophage-
dendritic cell lineages has proposed grouping
this diverse group of over 100 clinical entities
into five main groups (see Table 1.2) based on
clinical, histologic, and molecular relevance
[6]. At the writing of this chapter, the 2016
WHO classification for histiocytoses and neo-
plasms of the macrophage-dendritic cell lin-
eages has only recently recognized ECD as a
separate category [7] (Table 1.3). The clinical/

(b) BM aspirate with hemophagocytosis (Wright-Giemsa,
100x). (¢) CD163 immunostain of BM with increased num-
bers of large macrophages, some showing intracytoplasmic
red cells and cell debris (immunostain, 40x)

pathologic relevance of this revised classifica-
tion will ultimately determine if this new
grouping is further adopted into practice as a
framework for further study.
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Introduction

Our understanding and treatment of the diseases
known as the histiocytoses have undergone revo-
lutionary changes since the turn of the century.
While still recognized as a clinically heteroge-
neous collection of disorders having a somewhat
arcane taxonomy, advances in molecular analy-
ses have revealed pathway abnormalities shared
by several of these entities. Other advances in
stem cell and lineage analyses have shed light on
the biological differences that individuate clini-
cally distinct presentations. Most importantly,
these insights have led to new therapeutic oppor-
tunities that have so far shown tremendous clini-
cal promise.

The histiocytoses are characterized by the
accumulation of cells having morphologic char-
acteristics that are reminiscent of histiocytes.
Although histiocytes are technically defined as
tissue resident macrophages, the abnormal cells
of the histiocytoses are thought to derive both
from macrophage and dendritic cell lineages. The
clinical and pathological characteristics of histio-
cytoses are varied, and several attempts have
been made over the years to create a rational tax-
onomy [1, 2]. Thanks to a number of recent
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discoveries, some of which are described below,
a new classification scheme has been proposed
[1] in which histiocytic disorders are grouped
into five categories: L Group (Langerhans cell
histiocytosis, Erdheim-Chester disease, interme-
diate cell histiocytosis), C Group (cutaneous non-
LCH diseases such as juvenile xanthogranuloma,
cutaneous Rosai-Dorfman disease, and others), R
Group (non-cutaneous Rosai-Dorfman disease in
its many manifestations), M Group (malignant
histiocytoses), and H Group (hemophagocytic
lymphohistiocytosis). This chapter will address
the biology and genomics of the diseases in the L
Group.

Pathobiology

Langerhans Cell Histiocytosis The histiocytes in
Langerhans cell histiocytosis (LCH) share several
features with normal Langerhans cells (LCs)
including the expression of CDla and CD207 (or
Langerin) and the presence of cytoplasmic organ-
elles known as Birbeck granules. Some of these
characteristics are actually pathognomonic for
LCH. As aresult, normal LCs have been thought to
be the cell of origin for LCH histiocytes [3, 4].
Nonetheless, as discussed below, the presence of
morphologic features characteristic of a specific
normal cell type does not necessarily prove that the
abnormal histiocyte is derived from that cell type.
As described in detail elsewhere in this vol-
ume, LCH is predominantly, although not
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exclusively, a disease of childhood with a peak
incidence between 5 and 10 years of age [5, 6].
Some versions, such as the one known epony-
mously as Letterer-Siwe disease, can affect neo-
nates or infants and, in its disseminated form
involving skin, lymph nodes, spleen, and liver,
can be associated with 20% mortality rate [7, 8].
The most common forms of LCH may typically
involve the bone, the skin, and the anterior pitu-
itary with concomitant diabetes insipidus. These
forms of LCH are rarely seen in adults, but the
more common adult presentation is pulmonary
LCH, which usually occurs in smokers.

This broad spectrum of clinical behaviors and
outcomes formed the basis of a complex nosol-
ogy in which each clinical version was consid-
ered to be a distinct entity (summarized in [9]).
This approach was bolstered by differences in
treatment responses [10]. Disseminated Letterer-
Siwe disease required more aggressive therapy
and had worse outcomes than Hand-Schiiller-
Christian disease or eosinophilic granuloma. The
discovery that the histiocytes in all forms of this
disease share attributes of normal LCs was a
remarkable advance that suggested that they also
share a common pathobiology. However, this
grand unification has been unable to shed light on
pathogenesis or on the mechanistic basis for the
disparate clinical behavior of the various sub-
types of LCH.

Erdheim-Chester Disease Unlike LCH, the his-
tiocytes in Erdheim-Chester disease (ECD) have
the morphology of foamy macrophages and
express macrophage surface markers such as
CD68 and CD163 rather than markers that are
characteristic of LCH [11]. In many ways, the
clinical presentation of ECD could not be more
different than LCH [11]. ECD primarily effects
adults with a peak incidence between 50 and
70 years of age and is rarer than LCH. The dis-
ease affects the long bones, CNS, skin, heart,
aorta, and kidneys, the latter often compromised
by retroperitoneal fibrosis. Skin involvement
is frequently manifested as xanthelasma, consis-
tent with the appearance of fat-laden histiocytes
in involved tissues. Despite this very different
clinical presentation and the macrophage-like

characteristics of its histiocytes, mixed ECD and
LCH may be seen simultaneously in the same
patient. In a large ECD cohort from France, this
kind of mixed histiocytic picture was observed in
19% of the patients [12]. This is a remarkably
high prevalence given the evidence supporting
different cells of origin in the two diseases and
their disparate clinical presentations and raises
the possibility of a shared early precursor.

Indeterminate Cell Histiocytosis Indeterminate
cell histiocytosis (ICH) is a rare disease charac-
terized by a generalized cutaneous eruption in
adults, although some cases may only involve
lymph nodes [13-15]. Based on case reports,
ICH appears predominantly to affect women.
The lesions consist of a non-epidermotropic infil-
tration of histiocytes that share some characteris-
tics of LCH histiocytes such as CD1a positivity.
In contrast to LCH histiocytes, however, ICH his-
tiocytes do not express CD207 and do not have
Birbeck granules. Although this mixed picture
had led some investigators to suggest that ICH
might be a variant of LCH, recent molecular data,
described below, indicates that it is a separate dis-
ease entity.

Genomics
Neoplasia vs Inflammatory Disorder

Each of the diseases in the L Group of histiocy-
toses is remarkable for being associated with a
prominent inflammatory infiltrate. For exam-
ple, LCH lesions commonly contain an impres-
sive number of eosinophils. In fact, the version
of LCH that involves a small number of sites in
long bones was known as eosinophilic granu-
loma. Thus, initial hypotheses about pathogen-
esis suggested that LCH might be an
inflammatory disorder. This notion was sup-
ported by documented cases of spontaneous
remissions even in advanced forms of Letterer-
Siwe disease [16, 17]. Further, even though the
lesions in histiocytoses are granulomatoid,
decades of searching for possible infectious,
autoimmune, or exposure associations have
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been fruitless. Reports of EBV, CMV, HHV-6,
and Merkel cell polyomavirus in LCH samples
have not been confirmed [18-20]. While high
plasma levels of cytokines that might be associ-
ated with inflammatory conditions, such as
GM-CSF, M-CSF, FLT-3L, and IL-17A, have
been reported in LCH patients, their role in
pathogenesis remains uncertain [(21-27)].

As inflammatory or autoimmune mecha-
nisms were serially hypothesized and then
excluded in LCH, it became more reasonable to
start looking at this disease and, perhaps, some
of the other L Group histiocytoses as being neo-
plasms. In order for a disease process to be con-
sidered neoplastic, two criteria must be fulfilled.
First, the abnormal cells that drive the disease
must be clonal, and, second, the clonal cells
should have evidence for recurrent genetic or
epigenetic abnormalities. In 1994, two reports
described the use of human androgen receptor
gene-based X chromosome inactivation assays
(HUMARA assays) to demonstrate that the
abnormal histiocytes in LCH are clonal [28, 29].
Thus, one of the conditions for LCH to be clas-
sified as a neoplasm was met.

Identifying recurrent genetic or epigenetic
abnormalities in LCH has been far more chal-
lenging. Until recently, assays for single-
nucleotide variants (SNVs), copy number
variations (CNVs), translocations, or epigenetic
modifiers of DNA have required abundant
amounts of fresh frozen tissue. Because the inci-
dence of the histiocytoses is so low and the
amount of tissue required to make a clinical
diagnosis is so small, frozen samples of LCH or
other L Group histiocytoses are rarely available
in large numbers. This has led to many reports of
various molecular abnormalities, but nearly all
were either nonrecurrent or have not been repro-
duced in subsequent studies. These included
nonrecurrent cytogenetic abnormalities [30, 31],
loss of heterozygosity at a number of loci [32],
and fractional allelic loss in patients with
advanced disease [33]. Another study found no
significant SNVs or CNVs in a large number of
samples [31]. In contrast to these one-off or non-
reproducible findings, overexpression of p53,
the product of the TP53 gene, is observed

frequently by immunohistochemistry. The basis
of this overexpression remains obscure, how-
ever, because of the very low frequency of muta-
tions in TP53 or the genes such as MDM?2 which
modulate levels of p53 [31, 34].

Our understanding of the genomic landscape
of the histiocytoses was aided by the advent of
analytic tools that can identify abnormalities
reliably and robustly in formalin-fixed, paraffin-
embedded tissue samples. These techniques
made available for analysis patient samples in
the archives of pathology departments where
reasonable numbers of histiocytosis specimens
have been stored. One of the first such technolo-
gies to be applied to LCH was Sequenom’s mass
spectrometry-based allelotyping platform [35].
A customized version called OncoMap [36],
which tested 983 specific alleles in 115 cancer-
related genes, was used to analyze 61 archived
LCH cases and demonstrated the presence of
the oncogenic mutation encoding the BRAF
V600E variant in 57% of the samples [34].
These mutations were confirmed using an
orthogonal identification method, namely, pyro-
sequencing, and a variety of techniques were
used to demonstrate that the mutations occurred
specifically in the CDla-positive LCH histio-
cytes. Thus, LCH cells are clonal, and over half
of LCH cases have recurrent oncogenic muta-
tions in BRAF, making LCH a neoplastic dis-
ease. (This mutation and others are described
more fully, below.)

A similar evolution in thinking about the
pathogenesis of Erdheim-Chester disease also
occurred. As in LCH, HUMARA assays demon-
strated clonality although the sample size was
very small [37]. While there has been some dis-
pute about the reliability and reproducibility of
the clonality assays in ECD [38, 39], the discov-
ery of mutations encoding BRAF V600E in over
50% of ECD lesions [40] suggests that the histio-
cytes are clonal and demonstrates the recurrent
genetic abnormality that classifies ECD as
neoplastic.

A definitive assessment of the neoplastic
nature of ICH has been much more difficult
to ascertain because it is even rarer and more
clinically heterogeneous than LCH or ECD.
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The literature contains no direct assessment of
clonality and only a single case of ICH carrying
the mutation encoding BRAF V600E [41].
However, a recent report described a recurrent
translocation in three patients (discussed below)
which may be interpreted as supporting a clonal
and neoplastic origin for ICH [42].

Recurrent Genomic Abnormalities

Langerhans Cell Histiocytosis

As noted above, the discovery of recurrent BRAF
mutations contributed to the classification of
LCH as a neoplasm. Since then, several groups
have used a variety of analytic techniques to
interrogate the LCH genome for this and addi-
tional abnormalities. Broadly based analyses,
such as whole-exome sequencing, reveal a
remarkably stable genome having a small num-
ber of SNVs compared to most other cancers: an
average of six SNVs per patient (0.14/Mb) in the
study of Nelson et al. [43] and an average of one
SNV per patient (0.03/Mb) in Chakraborty et al.
[44]. These mutation prevalences are at the low
end of the pan-cancer spectrum, where pediatric
tumors such as pilocytic astrocytomas are found,
and are lower than prevalences found in acute
lymphoblastic leukemia [45]. Nonetheless, a
variety of genetic alterations have been reported,
and several have important implications for
therapy.

BRAF BRAF is a component of a multi-step sig-
nal transduction pathway that transmits the
effects of extracellular stimuli, such as growth
factors, to the nucleus where the response to
those stimuli is executed by an induced transcrip-
tional program (Fig. 2.1). The final targets of the
pathway are the ERK (extracellular signal-
regulated kinase) proteins, ERK1 and ERK2,
which are MAPKs (mitogen-activated protein
kinases). Each step in the pathway consists of a
protein kinase which is activated by being phos-
phorylated by the next proximal kinase. In gen-
eral terms, the enzyme that phosphorylates a
MAP kinase is a MAP kinase kinase, and the next
proximal enzyme is a MAP kinase kinase kinase.
BRAF, for example, is a MAP kinase kinase

kinase and is one of the three closely related
members of the RAF protein family (Figs. 2.1
and 2.2). When extracellular messengers such as
growth factors bind to their receptors, the intrin-
sic tyrosine kinase activity of the receptor is acti-
vated. This results in the activation of a RAS
protein family member. Activated RAS proteins
activate RAF family members which phosphory-
late MEK family members, and this culminates
in the phosphorylation of ERKs. Phosphorylated
ERK then translocates to the nucleus to stimulate
transcription of specific genes. The substitution
of glutamate for valine at position 600 of BRAF
creates a protein with inherent MEK kinase activ-
ity, which is not dependent on upstream activa-
tion by RAS. This is the basis for clonal neoplastic
proliferation or accumulation of cells carrying
the BRAF V600E variant. Mutations in other
members of this cascade may occur which also
lead to constitutive activation of the signaling
cascade. Some of these occur in LCH and are
described below. These additional mutations
along with the highly prevalent BRAF V600E
mutation account for the fact that ERK phosphor-
ylation is observed in nearly all cases of LCH
regardless of BRAF mutational status [34, 46].

A large number of studies have confirmed the
original observation [34] of the high prevalence
of the T to A transversion at nucleotide position
1799 of BRAF which encodes the oncogenic sub-
stitution of glutamate for valine at amino acid
position 600 (BRAF VG600E) (Table 2.1).
Although reported prevalences range from 16%
to 64%, the studies which examine the largest
cohorts suggest that BRAF V600E occurs in
45-65% of cases [34, 46-49]. Some of the varia-
tion in prevalence rates likely reflects the associa-
tion between the presence of the mutation and
younger age [34, 47, 50] although this associa-
tion has not been seen in all studies [46]. A few
studies suggest the possibility that mutation prev-
alence might be lower in East Asian populations
[51, 52], but the number of samples tested is too
small to make this a valid inference.

As noted above, pulmonary LCH is a syn-
drome seen almost exclusively in adult smokers.
Because of this exposure history and the
multifocal nature of the disease, pulmonary LCH
was thought to be primarily an inflammatory
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Tyrosine kinase receptor

MAPK

Fig. 2.1 MAP kinase signal transduction pathway.
Extracellular stimuli, such as those induced by growth
factors (GFs), are transmitted to the nucleus by means of
serial activation of kinases. GFs bind to their cognate
receptors many of which, as shown here, have intrinsic
tyrosine kinase activity which is stimulated by GF bind-
ing. Tyrosine kinase receptor activation leads, via GRB2
and SOS, to the exchange of guanosine diphosphate
(GDP) for guanosine triphosphate (GTP) bound to
RAS. In this form, RAS phosphorylates and activates

response to environmental insults. In support of
this mechanism, only one third of pulmonary
cases have been found to be clonal [53]. Perhaps

RAF family members which are MAP kinase kinase
kinases (MAPKKK). Activated RAF kinases phosphory-
late and activate MEK1 or MEK2 which are MAP kinase
kinases (MAPKK). Activated MEK1 or MEK2 kinases
phosphorylate and activate ERK1 or ERK2 which are
MAP kinases (MAPK). Phosphorylated ERKs translocate
to the nucleus where they stimulate transcription of genes
that alter the state of the cell (Reprinted from Rollins [72],
with permission from Elsevier)

surprisingly, then, the prevalence of BRAF
V600E in pulmonary LCH approaches that seen
in non-pulmonary LCH (Table 2.1). Much, but
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Inflammation
Growth apoptosis
differentiation differentiation
survival

Fig. 2.2 The MAP kinase family. Arrows indicate sub-
strates for the indicated kinase. Shown in yellow are mem-
bers of the MAP kinase kinase kinase family. These
include RAF family members (BRAF, ARAF, and CRAF)
as well as MEKK 1-3 and several other structurally related
kinases. Shown in blue are members of the MAP kinase

not all, of the prevalence could be accounted for
by clonal cases, but the additional mutated cases
could be the result of independent clones of LCH
in a single patient, all of which carry the BRAF
mutation.

MAPKKK

MAPKK

MAPK

Apoptosis
cytokines

kinase family including MEK1 and MEK?2 as well as sev-
eral MKK family members. Shown in red are the MAP
kinase targets of these pathways including ERK1/2, INK,
and p38. Some of the physiological effects of activation of
these MAP kinases are shown below each one (Reprinted
from Rollins [72], with permission from Elsevier)

Early studies examined relatively small patient
cohorts, usually fewer than 100, and inferring
correlations between the presence of BRAF
V600E and clinical characteristics was difficult.
For example, the original description of BRAF
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Table 2.1 Prevalence of BRAF V600E in LCH!

Report (Ref.) Prevalence?
Badalian-Very et al. 57% (35/61)
[34] 42% (5/12) pulmonary only

61% (30/49) extrapulmonary
38% (11/29)

38% (34/89)>*

56% (9/16)*

56% (28/50)
100% (1/1) pulmonary only
55% (27/49) extrapulmonary

33% (26/79)
28% (7/25) pulmonary only
35% (19/54) extrapulmonary

64% (64/100)*

46% (18/38)
63% (12/19) pulmonary only
32% (6/19) extrapulmonary

53% (8/15)
54% (6/11) adult cutaneous

48% (23/48)
25% (1/4) pulmonary only
50% (22/44) extrapulmonary

45% (18/40)
25% (7/28)°
54.6% (173/315)*

43% (27/63)

50% (13/26) pulmonary only
38% (14/37) extrapulmonary
34.6% pulmonary only

21% (4/19)°

Haroche et al. [40]
Sahm et al. [106]
Satoh et al. [57]
Wei et al. [49]

Roden et al. [107]

Berres et al. [46]
Chilosi et al. [108]

Meéhes et al. [109]
Varga et al. [110]
Bubolzetal. [111]

Brown et al. [64]
Goetal. [51]
Héritier et al. [47]
Mourah et al. [48]

Kamionek et al. [65]
Sasaki et al. [52]

Alayed et al. [50] 16% (8/50)
Diamond et al. [63] 60% (6/10)

'Updated version of Table 2.1 in (72). The prevalence of
any mutation in BRAF was taken from the indicated refer-
ence. When disease involving only the lungs (“pulmonary
only”) was described, the prevalence of BRAF mutations
in that disease subtype is indicated

Prevalence rate is indicated with actual numbers shown
in parentheses (number of cases with mutated BRAF/total
number of cases)
SDetected by
antibody

“No pulmonary-only cases

Chinese population

Japanese population

"Median age 36.5 years; presence of mutation correlated
with young age

immunohistochemistry using VE-1

V600E in LCH reported that the median age of
patients carrying the mutation was younger than
the age of those who did not; further, the pres-
ence of BRAF V600E was associated with

younger age in an unadjusted exact logistic model
but not in an adjusted model [34]. Mutational sta-
tus was also not associated with specific clinical
presentations, e.g., single-system disease versus
disseminated disease. In a larger study of 100
patients, BRAF V600E was not correlated with
young age, but the mutation did predict for dis-
ease relapse despite not being correlated with
disseminated disease or the clinical definition of
high risk [46]. In contrast, a recent report on 315
pediatric patients showed that the presence of
BRAF V600E was associated with involvement
of so-called risk organs (bone marrow, spleen, or
liver) and the skin (but not single-system skin
disease with spontaneous regression) with odds
ratios of 6.35 and 3.675 [47]. BRAF V600E did
not correlate with bone involvement. The pres-
ence of the mutation also correlated with disease
involvement of the CNS and pituitary. Patients
whose histiocytes expressed BRAF V600OE were
resistant to standard vinblastine/prednisone ther-
apy, had a higher rate of relapse (as in [46]), and
had more debilitating long-term complications.
Thus, in this large pediatric study, BRAF V600E
was present in patients with more aggressive dis-
ease. This study also showed a correlation
between the presence of the mutation and younger
age.

Substitution of glutamate for valine at amino
acid position 600 is not the only molecular abnor-
mality that produces a constitutively active
BRAF kinase. In melanoma, for example, substi-
tution of another acidic amino acid, aspartate, for
valine at this position (V600D) is also an activat-
ing mutation [54]. This alteration has been
reported in one case of LCH [55]. BRAF V600K,
a substitution of lysine for valine at this same
position, is seen more commonly in melanoma
than V600D [56] but has not been described in
LCH to date. An unusual four amino acid substi-
tution for V600, aspartate-leucine-alanine-
threonine (DLAT), has been reported in a single
LCH case [57]. Like the other substitutions seen
in LCH, this is predicted on the basis of structural
considerations to lead to a constitutively active
kinase. In-frame deletions of BRAF were identi-
fied in 6 of 25 cases analyzed by whole-exome or
targeted sequencing [58]. These deletions are
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predicted to shorten the P3/aC-helix look and
lock it in the so-called “helix-in” conformation
that favors dimer formation, a conformation pre-
dicted to be resistant to inhibition by vemu-
rafenib, a first generation RAF kinase inhibitor
[59, 60]. A single example of a translocation gen-
erating a FAM73A-BRAF fusion protein has been
described [58]. This fusion is predicted to have
constitutive BRAF kinase activity because the
kinase domain of BRAF is intact, while the auto-
inhibitory domain has been replaced by the
fusion partner. BRAF duplications such as those
seen in pediatric gliomas [61, 62] have not been
described in LCH.

ARAF The RAF kinase family consists of three
structurally related members, ARAF, BRAF, and
CRAF (or RAF1), all of which phosphorylate
members of the MEK family (Fig. 2.2). Because
they are so closely related, these proteins, all
MAP kinase kinase kinases, may substitute for
one another in some circumstances. This may be
the case in LCH in which activating mutations of
ARAF have been found in patients who carry
wild-type alleles of BRAF. The first such report
described an unusual compound mutation in
which a single-nucleotide variant results in a sub-
stitution of leucine for phenylalanine at amino
acid 351 (F351L) accompanied by a six-
nucleotide in-frame deletion resulting in loss of
amino acids 347 and 348 (Q347_A348del) [43].
Both alterations occur in the kinase domain close
to the homolog of amino acid 600 in
BRAF. Expressing the ARAF variant in vitro
demonstrated that it has constitutive MEK kinase
activity. It is also capable of transforming mouse
embryo fibroblasts suggesting that it could be an
oncogenic driver in this BRAF wild-type patient.
Notably, the ARAF variant is inhibited by clini-
cally relevant concentrations of vemurafenib,
suggesting that mutational screening in the clini-
cal management of LCH should extend beyond
BRAF. Interestingly, ARAF F351L has been
found in a single case of juvenile xanthogranu-
loma (JXG), a C Group histiocytosis [63].

A different mutation in ARAF, namely, methi-
onine substituted for threonine at position 70
(T70M), was described in a case of combined

LCH and ECD [44]. Although this variant has not
been examined for constitutive MEK kinase
activity, it occurred in a case that carried BRAF
V600E suggesting that T70M is likely not to be
an activating mutation. No mutations in CRAF
have been described to date in LCH.

MAP2KI MAP2KI encodes MEK1, a MAP
kinase kinase (Fig. 2.2). Mutations in MAP2K]
have been described in LCH and, as expected, are
found only in cases in which BRAF is not mutated
suggesting that BRAF and MAP2K]I exert their
effects within the same signaling pathway in
LCH [44, 50, 64—66]. The prevalence of MAP2K1
mutations in LCH varies between 10% and 30%
(Table 2.2). Differences in prevalence may relate
to differences in study cohort composition.
Overall, however, MAP2KI mutations appear to
comprise approximately 50% of the BRAF wild-
type cases. So far, the presence of MAP2KI
mutations does not correlate with age or extent of
disease.

MAP2KI mutations in cancers, leukemias,
and lymphomas tend to cluster in the N-terminal
negative regulatory domain and in the catalytic
domain. Mutations in the N-terminal regulatory
domain include both single-nucleotide variants
as well as in-frame deletions which presumably
derepress the kinase. Mutations occurring in the
catalytic domain are single-nucleotide variants
which lead to amino acid substitutions that acti-
vate the kinase [67-71]. MAP2KI mutations in

Table 2.2 Prevalence of MAP2KI mutations in LCH'

Report (Ref.) Prevalence®
Brown et al. [64] 27.5% (11/40)
Chakraborty et al. [44] 33% (7/21)
Nelson et al. [66] 10% (3/30)

Alayed et al. [50]
Kamionek et al. [65]
Mourah et al. [48] 11.5% (3/26)}
Diamond et al. [63] 40% (4/10)

Prevalence of mutations in MAP2K1 (encoding MEK1)
in ECD. All mutations are included whether or not they
have been tested for encoding constitutively active MEK1
Prevalence rate is indicated with actual numbers shown
in parentheses (number of cases with mutated MAP2K1/
total number of cases)

3All pulmonary cases

12% (6/50)
18% (5/28)°
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LCH map to the same areas and often include
previously reported alterations such as a C to G
transversion at nucleotide position 362 which
results in a substitution of serine for cysteine at
amino acid 121 (C121S5). This is a frequent alter-
ation in melanoma [70]. However, some LCH
mutations are novel. For example, the C121S
substitution is created in at least one case by a
different nucleotide variant: an A to T transver-
sion at position 361 which creates a different
codon but one that still encodes serine at amino
acid position 121 [66]. This appears to be a
unique mutation in LCH. Many of the deletions
in the N-terminal negative regulatory domain in
LCH are identical or overlap with deletions
reported in other diseases [72].

Many of the MEKI1 variants found in LCH
samples have been expressed in vitro and have
constitutive ERK activity [44, 66]. Not all of
the deletion variants have been tested, but
because they occur in the same region as other
deletion variants known to have constitutive
kinase activity, they are presumed to be activat-
ing mutations as well. One case reported by
Nelson et al. [66] was found to have a com-
pound mutation: C121S and G128D. Each vari-
ant was tested and found to have constitutive
ERK activity in vitro (C121S > G128D), but the
combination had much more activity than either
variant alone.

MAP3KI Whole-exome sequencing identified
two LCH samples with mutations in MAP3K1, a
MAP kinase kinase kinase that encodes MEKK1
(Fig. 2.2) [66]. In both cases, deletions produced
frameshifts that encode truncated proteins:
T7991s and L1481fs. Because MEKK1 can phos-
phorylate MEK1 [73], an attempt was made to
test whether the variants were able to do so.
However, no stable expression could be achieved,
and the mutations are presumed to be null alleles
similar to many MEKK1 variants in other can-
cers, including breast cancer [74]. If these vari-
ants contribute to LCH pathogenesis at all, they
are unlikely to do so through ERK activation.
This inference is supported by the fact that the
T799fs variant was found in a case carrying
BRAF V600E [66].

RAS Activating mutations of RAS family mem-
bers could result in constitutive phosphorylation
of MEK and ERK and might explain some cases
of LCH with wild-type BRAF and MAP2KI.
Interestingly, however, RAS mutations are rare in
LCH. One analysis of 30 pulmonary LCH cases
found two instances of KRAS mutations (G12A
and G12D) [65], and both occurred, as expected,
in BRAF wild-type backgrounds. A second, inde-
pendent report on 26 pulmonary LCH cases
found one case with KRAS GI2V again in a
BRAF wild-type background [48]. This study
may underestimate the true prevalence of KRAS
mutations since the authors examined single-
nucleotide variants only at amino acid position
12. There are no reports to date of KRAS muta-
tions in non-pulmonary LCH. This may reflect
the more specific mutational effects of smoking
on the induction of KRAS mutations.
Pathogenetic variants of NRAS and, in par-
ticular, substitutions of lysine or arginine for
glutamine at position 61 (Q61K or Q61R) have
been reported in LCH. The same study of pul-
monary LCH that identified a single case with
KRAS GI12V also found that 42% of the cases
examined (11 of 26) contained NRAS Q61K or
QO61R [48]. Notably, seven of these occurred in
patients whose total biopsy material also con-
tained single-nucleotide variants encoding
BRAF V600E. However, by genotyping individ-
ual foci of CDla-positive LCH histiocytes in
several of these patients, the authors could dem-
onstrate that each focus contained cells express-
ing either BRAF V600E or NRAS Q61K/R but
not both. Thus, the mutations are mutually
exclusive as would be expected based on their
convergence on ERK. This observation also sup-
ports the notion, described above, that pulmo-
nary LCH may be comprised of multiple
independent clones that only appear in the aggre-
gate to be non-clonal. A single case report
described an NRAS GI2D variant in mixed
juvenile myelomonocytic leukemia (JMML) and
LCH [75]. This mutation is characteristic of
JMML, and its presence in this case likely
reflects its driver status in that disease and not in
LCH, since it was found in blood samples rather
than tissue LCH samples, which were not tested.
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Of course, the mutation could theoretically pro-
mote ERK activation if it were also present in
LCH histiocytes.

PI3K/PTEN/AKT/mTOR The PI3K/PTEN/AKT/
mTOR pathway converges on many of the same
downstream targets as the RAS/RAF/MEK/ERK
pathway [76], and it is possible that activating
mutations in LCH in the former may produce out-
comes similar to mutations in the latter. This pos-
sibility was supported by a report that a patient
with multisystem LCH enrolled on a clinical trial
of an AKT inhibitor had a prolonged clinical
response [77]. An LCH-specific trial demonstrated
responses in 5 of 17 patients (29%) some of whom
had relapsed or refractory disease [78]. However,
to date, no mutations in PTEN, AKT, or mTOR
have been reported in LCH. Targeted assessment
of four hotspot mutations in PIK3CA (E542K,
E545K, A1046T, and H1047R) was performed in
86 LCH patients and revealed only a single case
with the ES42K variant in a BRAF wild-type back-
ground [79]. The low frequency of PIK3CA muta-
tions in this allele-specific assessment is likely to
be generally true since no PIK3CA mutations were
described in whole-exome sequencing analyses of
LCH performed to date [44, 66].

TP53 Although the histiocytes in most cases of
LCH overexpress p53 as determined by immuno-
histochemistry [80], its mechanistic basis is
unclear. Mutations in the 7P53 gene are rare in
LCH with only one report of a case with TP53
R175H [34], a presumed oncogenic variant [81—
83]. There are no reports of mutations in p53
regulators such as MDM?2. The role of p53 over-
expression in LCH pathogenesis is unknown. On
one hand, it could be a driver abnormality that
occurs via epigenetic alterations; on the other
hand, p53 overexpression could be a response to
constitutive ERK activation.

Others Based on the low overall frequency of
single-nucleotide variants in clinical LCH sam-
ples described above, it is not surprising that few
additional DNA variants have been described. In
one whole-exome sequencing study of 41 LCH
samples, 29 mutations that targeted the RAS/

RAF/MEK/ERK pathway were found [44].
An additional 23 mutations were found in a vari-
ety of genes, which might theoretically impact
that pathway including PICK! and PIK3R2, and
an ERBB3 P921Q variant in a BRAF wild-type
background [44].

Translocations and Copy Number Variations An
early survey of cytogenetic abnormalities in LCH
described a clonal t(7;12)(q11.2;p13) transloca-
tion in one case and non-clonal translocations in
the same case plus three more; none were recur-
rent [30]. A subsequent study of 31 cases showed
that all were diploid and contained no transloca-
tions [31]. As described above, a single example
of a translocation producing a BRAF fusion pro-
tein has been reported [58].

Array comparative genomic hybridization
(array CGH), quantitative PCR, and next-
generation sequencing have all been used to
examine copy number changes in LCH. The
array CGH study examined seven bone lesions
and described several copy number changes
throughout the genome and hints of recurrent
loss of heterozygosity at some loci [32]. A sepa-
rate PCR study found fractional allelic loss at a
higher prevalence in multisystem disease than
single-system or low-risk disease [33]. However,
a later study which used high-density SNP
(single-nucleotide polymorphism) arrays failed
to confirm these findings [31]. None of the next-
generation sequencing studies published to date
describe recurrent copy number variations.

Summary Essentially all LCH histiocytes
show constitutive activation of ERK. In a little
over three quarters of these cases, activation
has a genetic explanation: activating mutations
of BRAF in about 50% (including rare fusion
events); activating mutations of MAP2KI, in
about 20-25%; and a smattering of mutations
in ARAF, KRAS, NRAS, and PIK3CA. This
leaves about 20-25% of LCH without an as yet
documented genetic basis for ERK pathway
activation. This is the “dark matter” of LCH
pathogenesis. Epigenetic alterations may even-
tually account for much of the missing mecha-
nisms underlying ERK activation. It is also
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possible that overexpression of receptor tyro-
sine kinases or their ligands could provide auto-
crine or paracrine stimulation of ERK sufficient
to cause LCH histiocyte accumulation. This
could arise from epigenetic alterations that
affect expression levels or from mutations in
promoter regions which have not been thor-
oughly examined in the sequencing projects
reported to date.

Erdheim-Chester Disease

As in LCH, the genome of ECD histiocytes is
very close to normal: an average of seven SNVs
per adult patient and five SNVs per pediatric
patient in a whole-exome analysis [63]. However,
also like LCH, the discovery of recurrent muta-
tions in the ERK activation pathway places ECD
squarely in the neoplastic disease category.

BRAF The prevalence of mutations encoding
BRAF V600E in ECD is 50-60% (Table 2.3) and
is similar to the prevalence seen in LCH. One
study showing 100% of ECD patients expressing
this BRAF variant examined a very small sample
(18 patients), and this prevalence rate has not
been reproduced [84]. To date, none of the rarer
activating mutations occasionally observed in
LCH have been reported in ECD. However, at
least two translocations involving BRAF have
been described [63]. One results in a novel
RNF11-BRAF fusion, which produces a consti-
tutively active MEK kinase with about the same

Table 2.3 Prevalence of BRAF mutations in ECD!

Prevalence?
57.5% (46/80)3

Report (Ref.)

Haroche et al. [40]
Emile et al. [112]
Emile et al. [88]

Cangi et al. [84]

100% (18/18)

Mazor et al. [113] 50% (3/6)
Caoetal. [114] 68.8% (11/16)*
Diamond et al. [63] 50% (7/14)

'Prevalence of BRAF mutations in ECD

Prevalence rate is indicated with actual numbers shown
in parentheses (number of cases with mutated BRAF/total
number of cases)

*Cumulative prevalence from various components of the
80 patient cohorts reported in these three papers

“Chinese population

activity as BRAF V600E. The second transloca-
tion is also novel and results in a CLIP2-BRAF
fusion, which is expressed, but its transforming
activity has not been demonstrated [60].

ARAF Whole-exome sequencing, targeted gene
panel sequencing, and transcriptome sequencing
of 44 BRAF wild-type ECD cases found ARAF
mutations in ten for a prevalence of 23% [63].
Among unselected ECD cases, one could impute a
prevalence of approximately 11% (10/88) which is
much higher than the prevalence seen in LCH [43,
44]. The minority of ARAF mutations encoded
amino acid substitutions in the kinase domain.
Although the effects of these substitutions on
ARAF kinase activity are largely unknown, one of
the variants (S214A) was reported as an activating
mutation in a non-small cell lung cancer case,
which responded to treatment with sorafenib [85].
This variant was found in an ECD patient who had
relapsed after multiple therapies and was similarly
responsive to sorafenib [63].

MAP2KI1 Whole-exome and transcriptome
sequencing of 14 ECD cases found two with
MAP2KI mutations; targeted sequencing of 18
archived BRAF wild-type cases found nine more
for an overall prevalence of about 22% (assuming
a 50% prevalence of BRAF mutations) [63].
MAP2KI mutations are found in 50% of the
BRAF wild-type ECD cases in this series. These
included deletions and SNVs in the N-terminal
regulatory domain and kinase domain which
overlap those found in LCH. However, the C121S
variant commonly observed in LCH was not seen
in ECD. As expected, cases with mutations in
MAP2KI did not contain mutations in BRAF,
ARAF, NRAS, KRAS, or PIK3CA.

RAS Mutations in RAS family members have a
significant prevalence in ECD. The first descrip-
tion of a KRAS mutant (G12S) came from an
analysis of mutations in cell-free DNA from the
plasma and urine of histiocytosis patients [86].
This same mutation was documented in tissue
taken from a cardiac lesion in the same patient.
No KRAS mutations were seen in a broader sur-
vey of tissues from 44 ECD patients [63].
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In contrast, NRAS mutations are recurrent in
ECD although the prevalence is still low. After a
case report from 2013 [87], a French study of 80
patients with ECD found NRAS mutations in
three (3.7%) [88]. The amino acid substitutions
were all known to be activating and included
GI12D, Q61K, and Q61R. As expected, these
appeared in BRAF wild-type cases. Another anal-
ysis of archived material from 18 BRAF wild-
type ECD cases found NRAS mutations in three,
including G12D and Q61K/R variants [63]. This
16.6% prevalence among BRAF wild-type cases
implies an overall prevalence among all ECD
patients of about 8%, similar to the French study.

PIK3CA Through a combination of allele-specific
genotyping and exon sequencing, PIK3CA muta-
tions were found in 7 of 58 ECD patients in the
French cohort (12.1%) [88]. Among the 41
patients with BRAF mutations, there were 4 con-
current PIK3CA mutations (10.0%) while there
were 3 PIK3CA mutations in the 17 remaining
BRAF wild-type patients (17.6%), suggesting that
PIK3CA mutations occur independently of BRAF
mutational status. This may mean that the PIK3CA
mutations in ECD exert their effects in a pathway
that does not overlap ERK activation pathways. A
second study found three PIK3CA mutations in 18
BRAF wild-type samples for a prevalence of
16.7% among the BRAF wild-type cohorts and an
imputed overall prevalence of 3/36 or 8.3% among
all ECD patients [63].

Others Whole-exome sequencing of 14 ECD cases
revealed nonrecurrent SN'Vs in a variety of genes
that could have a plausible role in pathogenesis
[63]. Several occurred in genes encoding members
of the JNK/p38 pathway and in genes involved in
epigenetic and transcriptional regulation. The con-
tributions of these alterations, if any, to the develop-
ment or behavior of ECD are unknown.

Translocations and Copy Number Variations
Several translocations resulting in potentially
actionable protein fusions were discovered in a
transcriptome and targeted RNA sequencing
analysis of ECD cases [63]. They appeared
in BRAF wild-type cases and included an

RNF11-BRAF fusion, a CLIP2-BRAF fusion,
two KIF5B-ALK fusions, and an LMNA-
NTRK fusion. In all cases, the kinase domain of
the downstream partner was intact. The RNF11-
BRAF fusion imparted factor-independent
growth to Ba/F3 cells and made them sensitive to
MEK inhibition similar to the effects of BRAF
fusions in other diseases [89, 90]. Similarly, the
KIFB-ALK fusion made Ba/F3 cells factor inde-
pendent, but, in this case, their growth was sensi-
tive to an ALK inhibitor. There are no published
reports of copy number changes in ECD. There
is a single report of a balanced translocation
t(12;15;20)(q11;q24,p13.3) in an ECD case [39]
which has not been reported again.

Summary Like LCH, about half of ECD cases
are driven by activating mutations of BRAF and
another 25% by activating mutations in MAP2K 1.
Unlike LCH, mutations in ARAF are somewhat
more common as are mutations in NRAS and
PIK3CA. Also more common in ECD are translo-
cations leading to fusions that activate oncogenic
driver kinases including, so far, BRAF, ALK, and
NTRKI. The result is that there is much less
“dark matter,” i.e., cases without identified driver
genomic alterations, in ECD. Nonetheless,
8—10% of ECD cases have an unexplained patho-
genesis, and it will be important to test some of
the rare, one-off mutations for their potential
function. Epigenetic mechanisms may also con-
tribute to transformation in ECD, and these have
yet to be rigorously investigated.

Indeterminate Cell Histiocytosis

The rarity of ICH and the ongoing disputes about
its diagnostic criteria have made molecular anal-
ysis of this disease challenging. One report
describes a case of mixed angioimmunoblastic T
cell lymphoma and ICH in which the ICH cells
stained for BRAF V600E [41]. If more cases
were to be described with BRAF mutations, this
might lead to a reconsideration of ICH as a vari-
ant of LCH, given its CD1a positivity. However,
a recent collection of four ICH cases showed
same clonal translocation in three which results
in a ETV3-NCOA2 gene fusion [42]. ETV3
encodes the transcriptional repressor, Ets variant
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3 (also known as METS and PE-1 and an ERK?2
substrate [91]); NCOA2 (also known as GRIP1
and TIF2) encodes nuclear receptor coactivator 2
which is a transcriptional coregulator [92]. The
pathophysiological role played by this fusion, if
any, in ICH is unclear although translocations
involving NCOA2 have been observed in a vari-
ety of sarcomas, solid tumors, and hematologic
malignancies [93-97]. This recurrent transloca-
tion provides substantial support for the idea that
ICH is a nosologically distinct histiocytosis.

Implications of Genomic Alterations
for Identifying the Cell of Origin
in Histiocytic Diseases

Inferences about histiocytoses’ cells of origin
have been based on the phenotype of the abnor-
mal histiocyte. In the case of LCH, the expres-
sion of CDla and CD207 and the presence of
Birbeck granules are features shared by mature
LCs, and LCH was presumed to arise as a result
of oncogenic activation or inflammatory stimula-
tion of LCs [3, 4]. However, several lines of evi-
dence suggest that this model is incorrect. For
example, the pattern of global gene expression by
LCH cells is much closer to that of immature
myeloid dendritic cells than LCs [98]. In addi-
tion, the mutation encoding BRAF V600E was
identified in circulating CD14+ monocytes and
CDl11c+ myeloid DCs in patients with high-risk
disease and was also present in CD34+ bone mar-
row cells in some of the high-risk patients [46].
Interestingly, circulating cells carrying mutated
BRAF were not detectable in patients with single-
system disease and were present only in a few
patients with multifocal low-risk disease. This
has led to the proposal that the acquisition of the
T1799A transversion is a transforming event and
can occur in any of the several precursor cells in
the myeloid dendritic cell lineage. Transformation
in an early precursor (e.g., CD34+ stem cells)
leads to multisystem high-risk disease, while
transformation in a later, more differentiated cell
leads to localized or lower-risk disease. Some
support for this hypothesis comes from geneti-
cally engineered mouse models in which the

gene encoding BRAF V600E is conditionally
expressed [46]. Directed expression of mutated
BRAF to CD207-expressing cells produces a
mild, limited histiocytic disease while directing
expression to CD1 1c-expressing cells results in a
systemic histiocytosis.

Similarly, the phenotype of ECD histiocytes
has led to the suggestion that they are derived
from macrophages. As in LCH, however, mutated
BRAF [84] and NRAS [88] alleles have been
found in circulating CD14+ cells of some ECD
patients suggesting the possibility that a less
mature precursor cell may have undergone trans-
formation. The existence of driver mutations in
these disorders will eventually enable a detailed
analysis of the transformation state of well-
defined stem and precursor cells. This will pro-
vide a clearer picture of the ontogeny of
histiocytosis cells.

Implications of Genomic Alterations
for the Treatment of L Group
Histiocytoses

The presence in LCH and ECD of mutations
known to be oncogenic drivers in cancer strongly
suggests, but does not prove, that they are also
drivers in these diseases. Real proof of their
driver status comes from the remarkable clinical
responses to inhibitors of the activated proteins
encoded by these mutations. Unfortunately, no
clinical trial outcome data are available yet for
the histiocytoses, but a significant number of case
reports and descriptions of small cohorts support
the efficacy of RAF or MEK inhibition in these
diseases [96-102].

The first published report of the effect of treat-
ing ECD and LCH with a RAF inhibitor described
three patients with refractory BRAF V600E-
expressing ECD, two of whom also had LCH
involvement of skin or lymph nodes. Treatment
with vemurafenib led to major clinical responses
in all three patients, and the response persisted
for the duration of reported follow-up (4 months)
[99]. The same investigators later described a
larger cohort of eight BRAF V600E-positive
ECD patients, four of whom also had LCH. Again,
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all had responses to vemurafenib that lasted for
the duration of follow-up (6—-16 months) [100].
In both reports, disease activity was easily moni-
tored by PET scanning. Single case reports also
describe responses to vemurafenib in specific
clinical settings including brainstem involvement
by ECD/LCH [101] and spinal cord involvement
by ECD [102]. A so-called basket study designed
to treat patients having a wide variety of diseases
with BRAF variants at position 600 included sev-
eral with ECD and LCH which were lumped
together in the analysis [103]. The overall
response rate of the combined diagnostic group
was 43% (6 of 14) although some disease regres-
sion was observed in 12 of 14 patients and symp-
tomatic improvement occurred in all. Median
treatment duration in the study period was
5.9 months, and no patient progressed while on
vemurafenib. Four patients discontinued the drug
because of adverse events, and one of these
patients progressed while off drug. A similar
example of treatment-dependent persistence of
response was reported in an 8-month-old patient
with multisystem LCH [104]. She had a dramatic
response to vemurafenib, but when the drug was
discontinued after 90 days of treatment, she
relapsed in the skin. Re-treatment with vemu-
rafenib was effective. Finally, the only published
report of vemurafenib resistance in LCH
described an adult patient who had a very good
response to vemurafenib for 20 months at which
time she progressed on therapy [105].

Similar early signals of efficacy for MEK
inhibition have been published. Two ECD
patients have been described who had failed mul-
tiple lines of conventional therapy and whose his-
tiocytes had MAP2KI mutations: K57N and
Q56P [63]. Both patients have experienced major
and prolonged responses to the MEK inhibitors
trametinib, in the first case, and cobimetinib in
the second. One note of caution, however, is that
some of the MAP2K] mutations that occur in
LCH, e.g., C121S, have been described as resis-
tant to MEK inhibitors [70] suggesting that not
all MAP2KI mutations may be biomarkers for
sensitivity to MEK inhibitor treatments.

The common threads that run through these
scattered reports are as follows: (1) patients

whose histiocytoses carry targetable mutations
respond dramatically to cognate inhibitors; (2)
patients do not generally develop resistance to
the inhibitors, at least during the periods of fol-
low-up described in the reports; and (3) disease
reappears when targeted therapies are withdrawn.
These observations suggest that LCH and ECD
are “single-pathway” diseases, i.e., the prolifera-
tive and antiapoptotic thrust depends almost
entirely on ERK activation through RAF and
MEK family members. Further, the non-
emergence of resistance is consistent with the
very low frequency of mutations in these diseases
(see above). A stable genome is much less likely
to generate mutations that permit bypass path-
ways to appear. In many ways, this scenario is
reminiscent of chronic myeloid leukemia and its
response to ABL inhibitors. It remains to be
determined whether LCH and ECD can be cured
by prolonged treatment with targeted agents and
whether resistance will eventually emerge
through mutations in the target proteins.

Conclusions

The recent discoveries of recurrent genomic
abnormalities in the L Group histiocytoses
have had several important implications. First,
they provide insight into the fundamental
nature of these diseases. The fact that so many
of the alterations result in activation of authen-
tic oncogenic drivers indicates that these dis-
eases are neoplastic in nature. Second, these
discoveries provide new information about
pathogenesis and the development of the his-
tiocytoses. The fact that clonal genetic abnor-
malities can be found in precursor cells, e.g.,
CD34+ bone marrow cells, indicates that the
transforming event can occur early in the
ontogeny of the abnormal histiocytes and sug-
gests the possibility that clinical behavior may
be determined by the specific precursor popu-
lation or stem cell that first suffers the muta-
genic hit. Finally, these discoveries provide a
road map for therapeutics. The histiocytosis
community can apply the lessons learned in
other ERK-driven diseases such as melanoma
to treatment of LCH and ECD. We have
already seen early evidence that RAF and
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MEK inhibitors have substantial activity in
patients whose abnormal histiocytes carry
mutations in the genes encoding the targets of
those inhibitors. It is now essential to design
clinical trials to determine which patient pop-
ulations might benefit from these targeted
therapies. In particular, the reappearance of
disease after withdrawing these drugs indi-
cates that, despite their efficacy, single tar-
geted therapies are not curing patients. In
contrast, vinblastine and prednisone can cure
LCH in the appropriate population. Future
goals will be to determine which patients
should receive cytotoxic chemotherapy, who
should receive single targeted agents, and who
should receive combination therapy.
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Epidemiology and Clinical
Manifestations of Langerhans Cell
Histiocytosis in Children

Etai Adam, Rima Jubran, and Sheila Weitzman

History of LCH
Introduction

LCH is a rare disease with a variety of presenta-
tions and outcomes. Indeed, for most of its his-
tory, it was thought to be several different entities
until sufficient cases were described that made
the spectrum of this disease clearer. The early
cases and history of its classification remain
instructive to those learning about this disease.

The first modern description of LCH came in
1865 when Dr. Thomas Smith described a child
that had impetigo and three large holes in the cal-
varium, which he thought were a congenital mal-
formation [1].

Hand-Schiiller-Christian Disease

In 1893, Dr. Alfred Hand, a medical resident at the
Children’s Hospital of Philadelphia, described a
3-year-old boy with skull lesions, exophthalmos,
polydipsia, and polyuria that he ascribed to
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tuberculosis [2]. Kay described a patient in 1905
with the above triad plus chronic ear discharge and
tooth exfoliation [3]. Schiiller described two
patients in 1915 who had exophthalmos and skull
lesions — one of them had diabetes insipidus (DI)
and the other had adiposogenital dystrophy. This
constellation of findings led him to believe that
pituitary dysfunction was the root cause of this
disease [4]. Five years later, Dr. Henry Christian
described a similar case and, being aware of
Schiiller’s hypothesis, treated his patient with a
pituitary extract. The “pituitrin” relieved the poly-
uria and polydipsia (when given subcutaneously
but not orally or rectally) but did nothing for the
bone lesions [5]. Dr. Hand recognized the similar-
ity of all of these cases and realized that the hypo-
pituitarism could not be the root cause of the
disease because pituitary extract therapy only
treated the DI and because another case he pub-
lished subsequently had the features of the disease
without the DI or other pituitary dysfunctions. He
proposed that the bone lesions were the fundamen-
tal problem, causing exophthalmos by mechanical
pressure from bone lesions in the orbit and causing
hypopituitarism (and subsequent DI) due to
changes in the sella turcica that had been noted on
Schiiller’s radiographs [6]. The names Christian
syndrome, Hand’s disease, Schiiller’s disease, and
others were used for some years before Hand-
Schiiller-Christian disease became the standard
way to describe the constellation of exophthalmos,
DI, and bone lesions in children typically over the
age of 2 years.
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Letterer-Siwe Disease

In 1924, Erich Letterer published a report of a
6-month-old infant who presented with hepato-
splenomegaly, lymphadenopathy, anemia, and
purpura who died shortly after presentation [7].
The autopsy showed the lymph nodes, bone mar-
row, spleen, and liver were infiltrated by large,
pale mononuclear cells. In 1933, Siwe described
a similar case in a 16-month-old girl and realized
the similarity to Letterer’s case and several other
cases published in the intervening 9 years [8]. He
defined a disease marked by hepatosplenomeg-
aly, lymphadenopathy, anemia, localized bone
tumors, purpura, and generalized hyperplasia of
non-lipoid-storing macrophages in children typi-
cally under 2 years old. Three years later, the dis-
ease was named “Letterer-Siwe disease” by Abt
and Denenholz [9].

The concept of the reticuloendothelial system
had been proposed in 1924 by Karl Aschoff [10]
to describe the tissues rich in mononuclear phago-
cytes, and the term “reticuloendotheliosis” was,
therefore, applied to diseases with accompanying
hepatosplenomegaly, lymphadenopathy, and bone
marrow infiltration. Letterer-Siwe disease and
Hand-Schiiller-Christian disease were both classi-
fied vaguely as “reticuloendothelioses,” along
with a variety of infections, storage diseases, and
malignancies. These were distinguished histolog-
ically with Letterer-Siwe disease being called a
non-lipoid histiocytosis, which distinguished it
from the lipoid histiocytoses such as Hand-
Schiiller-Christian disease, Niemann-Pick dis-
ease, and Gaucher’s disease. Letterer-Siwe
disease was distinguished from the known neo-
plastic and infectious non-lipoid histiocytoses by
the lack of the specific features of those diseases,
such as positive bacterial cultures or specific his-
tologic features of known malignancies [9].

Eosinophilic Granuloma of Bone

Cases of isolated bone tumors with histologic
features similar to Hand-Schiiller-Christian dis-
ease were published in 1929 by Finzi [11] and
1930 by Mignon [12]. Finzi described his case as
a myeloma of the frontal bone with a prevalence

of eosinophils in a 15-year-old boy, while Mignon
described his case as a granulation tumor of the
frontal bone. Subsequent publications of isolated
bone granulomas of similar description over the
next decade described this disease as part of
Hand-Schiiller-Christian disease until 1940 when
Otani and Erlich described a series of seven
patients with isolated bone granulomas; these
were distinguished from Hand-Schiiller-Christian
disease due to the lack of birefringent lipid on
histology and lack of other system involvement
and spontaneous healing they observed in these
patients [13].

That same year, Jaffe and Lichtenstein pub-
lished their experience with the disease, which
they called “eosinophilic granuloma of the bone,”
a name which reflects their manuscript’s focus on
the eosinophilia in the peripheral blood, bone
marrow, and bone lesions of the described
patients [14].

Histiocytosis X

As this new distinction was being made, there
were steps made toward recognizing the common-
ality of these three diseases through the recogni-
tion of transitional forms between them. It was
becoming clear that the clinical spectrum of Hand-
Schiiller-Christian disease overlapped with that of
Letterer-Siwe in terms of presenting symptoms,
course of disease, and affected ages. The only con-
crete distinction became that of cholesterol — seen
as a birefringent lipid in the cytoplasm of histio-
cytes — which was thought to be pathognomonic
for Hand-Schiiller-Christian (HSC) disease.
Opinion was divided over whether the buildup of
cholesterol was the driving force of the disease or
a secondary effect of the proliferation of histio-
cytes. Wallgren argued in 1940 that the cholesterol
accumulation had to be a secondary effect because
some cases of HSC did not show any evidence of
cholesterol accumulation; furthermore, even when
some tissues had histiocytes with accumulated
cholesterol (described as “foam cells™), other tis-
sues in the same patient would have a proliferation
of histiocytes without any notable cholesterol
buildup — implying that this is not driving the pro-
cess [15]. He goes on to write that:
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Since infiltration of foam cells can hardly be
regarded as an essential and primary feature of
Schiiller-Christian disease but is rather a second-
ary phenomenon, the boundary line between
Schiiller Christian disease and Letterer-Siwe dis-
ease, as far as the anatomic basis is concerned,
appears to be eliminated.

In 1941, at the meeting of the American
Association of Pathologists and Bacteriologists,
Sidney Farber argued further that eosinophilic
granuloma of the bone was also part of this spec-
trum [16]. Farber and Green expanded on this
line of reasoning in 1942 and provided evidence
that the relative differences in the histology of the
bone lesions in the three different diseases, in
reality, represent different stages of development
of the lesion [17]. This led to a period of gradual
acceptance of the unification of these diseases on
a single spectrum under the name ‘“histiocytosis
X [18]. It was called “histiocytosis” because
pathologists felt that this cell was key to the
pathogenesis and the “X” highlighted the need
for further investigation of the underlying etiol-
ogy. The names of the individual syndromes of
LCH remained in use to describe variations along
the spectrum of the disease.

Langerhans Cell Histiocytosis

The Langerhans cell was identified in 1868 by
Paul Langerhans who described a dendritic cell
in the skin that did not stain with gold chloride
[19]. These cells only became associated
with histiocytosis X in 1973 due to Nezelof’s

Table 3.1 Reported estimated incidence rates

discovery of the pathologic similarity between
the histiocytes in the boney lesions of histiocy-
tosis X and Langerhans cells [20] — especially
the granules visible on electron microscopy
described by Birbeck in 1961 [21] that had not
been seen in any other types of cells. This led
Nezelof to argue that the Langerhans cell was
the cell of origin of histiocytosis X. This idea
was controversial at the time, and it took
Nezelof several years before a journal finally
agreed to publish his results. Based on this find-
ing, Risdall [22] coined the term “Langerhans
cell histiocytosis” which was endorsed as a
replacement for all prior names by the newly
formed Histiocyte Society in 1987 [23].

Epidemiology of LCH
Incidence

The peak incidence of childhood LCH is between
0 and 4 years [24]. Several regional and national
studies have attempted to estimate the incidence
of LCH, with varied results, as shown in
Table 3.1.

The consistent pattern that emerges is that the
incidence of LCH peaks in infancy, decreases
with age, that there is a male predominance, and
that unifocal bone disease is the most common
manifestation. While multisystem disease domi-
nates in the first year of life [24-26], single sys-
tem becomes commoner by age 5 years and
thereafter, with the majority of single system
LCH being unifocal bone disease [24-26, 30].

Ages studied Incidence
Study author (ref) n (years) Incidence | in infants | Region Years studied | Male/female
Guyot-Goubin [25] |258 | 0-15 4.6 15.3 France 2000-2004 1.2
Stalemark [26] 22 0-15 8.9 Stockholm 1992-2001 1.2
County

Carstensen [27] 90 0-15 54 Denmark 1975-1989

Alston [24] 101 |0-15 2.6 9 NW England 1954-1998 | 1.1

Muller [28] 111 | 0-18 2.2 Hungary 1981-2001 1.4

GCR [29] 697 | 0-14 7* 26 Germany 2005-2014 | 1.5

Salotti [30] 94 0-16 4.1 9.9 UK and Ireland | 2003-2005 | 1.5

All incidence expressed in cases per million child years
2Age standardized to Segi world standard population



76

E. Adam et al.

Associated Factors

Aside from strong evidence linking smoking to
pulmonary LCH in adults [31], there are no clear
environmental risk factors for LCH. In fact, expo-
sure to tobacco smoke was not found to be associ-
ated with pediatric LCH in two epidemiological
studies that examined the possibility [32, 33].
There have been several studies looking into dif-
ferent associations in order to gain some insight
into the pathogenesis of LCH. Carstensen and
Orvold [27] looked at 15 years of data from
Denmark retrospectively and checked for correla-
tion with ABO and Rh blood types, route of deliv-
ery, previous disease, birth complications, and low
birth weight — none were found to be significant in
that population. Other studies have found an asso-
ciation between LCH and maternal UTI during
pregnancy [34], infections in the neonatal period
[32, 33], and a protective effect of childhood vac-
cinations [32]. Hamre et al. found a link between
LCH and feeding problems, blood transfusions,
and medication use in the first 6 months of life
[34]. One study found thyroid disease in the pro-
band and in the patient’s family to be associated
with LCH [32], — the association of a family his-
tory of thyroid disease did not reach significance
in a subsequent study [33]. LCH has been found in
conjunction with congenital anomalies such as
22q11 deletion [35], TAR [36], and others [37].

Seasonality

Several epidemiological studies have looked for a
seasonal pattern to LCH, as this may provide a
clue to an environmental cause. A study in the
UK and Ireland found an excess of cases diag-
nosed from March to June, although there was no
seasonal association with either birthdate or
month of symptom onset [30]. In the Stockholm
County study, 76% of their cases were diagnosed
in the fall or winter [26]. A study from Taiwan
found a 45% increase in cases (primarily in mul-
tifocal bone disease) during an El Nino year
when they had excess rainfall, mostly in the sum-
mer [38]. All of these studies show a different
seasonal peak but were also done in different

countries with different climates; thus, it is diffi-
cult to draw a firm conclusion from them. Also, a
study of LCH in NW England over 45 years did
not show a pattern of seasonal variation [24].

Exposures

Other exposure histories have been evaluated,
some of which have shown significant associa-
tions, such as alcohol consumption by the parents
and occupational exposure of the parents to
metal, granite, and wood [33].

LCH and Malignancy

There is a known association between LCH and cer-
tain malignancies, including leukemias, lympho-
mas, and several types of solid tumors. A causal
relationship in this association has not been defined,
but it’s notable that in most of the published cases of
patients having lymphoma or lung cancer and LCH,
the diagnoses were simultaneous, often both being
present in the same lymph node. The most common
malignancy associated with LCH is leukemia, and
AML appears to be a more common association
than ALL [39]. Two reviews of this found that asso-
ciated cases of AML typically came after the diag-
nosis of LCH, whereas ALL typically came before.
It has been hypothesized that LCH is an inflamma-
tory response to malignancy when it occurs simulta-
neously or after but that in some cases wherein
malignancy comes later, it may be secondary to
treatment of the LCH; however, some cases of
malignancy occur in patients where the initial LCH
was observed without therapy [40]. One survey of
family history found an increase in malignancies in
first-degree relatives [33], while another did not
[34]. There was also a finding of increased benign
tumors in relatives of the proband [34].

Association with In Vitro Fertilization
A review of 16,280 children born by in vitro fer-

tilization in Sweden between 1982 and 2002
revealed an increase in cancer overall in this
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cohort, but notably they had 5 cases of LCH in
this group, whereas they would have expected
only 0.9 cases [41]. There was also an overall
increased risk of cancer in this population. When
the study was expanded to 26,000 patients with
more follow-up time in a subsequent study, only
one additional case of LCH was found [42], sug-
gesting that this may have been a random cluster.

Familial Clusters

There have been several presumed monozygotic
twin pairs concordant for LCH and a few sib-
lings and cousins. The cases of concordant twins
with LCH seem to be skewed to younger age at
diagnosis. This implies either a strong genetic
basis for development of LCH in these children
or potentially an in utero transfusion of mutated
cells [43]. Still, the lack of family history in the
vast majority of LCH implies that a simple
genetic basis is not the prime cause in most
cases.

Genetics

The two main genetic lesions described in LCH
are mutations in BRAF and MAPK21, both of
which cause activation of the MAP/ERK path-
way. Studies of LCH have found the BRAF
V600E mutation in about 60% of tested samples
[44, 45], although some studies found a lower
percentage [46, 47]. A subsequent study found a
27.5% incidence of MAP2K1 mutation in LCH,
all in LCH lesions that do not harbor a BRAF
mutation [47]. Notably, LCH lesions appear to
show activation of the MAP/ERK pathway
regardless of whether or not there is a BRAF or
MAP2K1 mutation [47]. See Chap. 2 for more
details regarding the genomics of LCH.

Nature of LCH

Before being recognized as a distinct entity,
LCH was likely mistaken for other more com-
mon diseases. In the past, LCH was presumed to

be a disorder of lipid metabolism, an infection,
an inflammatory reaction, or a malignancy. Over
the years, its classification as an infection or
storage disease lost favor, but still scientists
lacked an understanding of the etiology. Today,
evidence of the clonality of this disease [48], dis-
covery of BRAF-V600E mutations in the lesions,
and an association with other malignancies all
suggest that LCH is a neoplastic process.
Another example suggesting neoplasm is the
finding of a clonal relationship between patients
with T cell ALL and the LCH they subsequently
developed [49]. Nevertheless, LCH does not
actually fit into the category of malignancy, as
the spectrum of disease includes solitary bone
lesions with a benign course, the Langerhans
cells from these lesions when isolated in culture
tend to mature and do not divide endlessly, there
are low levels of proliferation within the lesions,
and activating BRAF mutations are also com-
monly found in nonmalignant lesions such as
nevi [50]. Please see Chap. 2 for further discus-
sion on the BRAF V60OE mutation in LCH.

Clinical Manifestations of LCH
in Children

LCH presents in a variety of ways and can affect
any organ in the body with the exception of the
kidney and gonad (Table 3.2). Children may
present with single system (SS) or multisystem
(MS) disease. Common sites of disease include
the skin, bone, lung, liver, and pituitary gland.
Patients are stratified into groups: low risk and
high risk depending on the affected organs.
Involvement of the liver, spleen, and hematopoi-
etic system (primarily anemia) stratifies the
patient into the “risk organ” category as defined
by the Histiocyte Society, where “risk” is the risk
for mortality [51]. Risk organ involvement is usu-
ally seen in children younger than 2 years of age
but may be seen in older children and in adults.
Multifocal disease without risk organ involve-
ment is usually seen in the 2—-5-year age group,
while more than 50% of patients with a single
bone lesion are diagnosed after the age of 5 years
[25, 26, 30].
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Table 3.2 Differential diagnosis

Area of involvement | Clinical manifestation Possible differential diagnoses
Skin Dermatitis Seborrheic dermatitis
Vesicles Varicella, herpes simplex, erythema toxicum
Petechiae
Ulcerative lesions Fungal infection
Nodules Juvenile xanthogranuloma, infant leukemia, mastocytosis
Bone Lytic lesions/vertebra plana | Acute osteomyelitis
Chronic relapsing multifocal osteomyelitis
Atypical mycobacterial infection
Bone angiomatosis (Gorham disease)
Aneurysmal bone cyst
Juvenile xanthogranuloma
Malignancy such as Ewing’s sarcoma/lymphoma
Lung Cavitary nodules Mycobacterial or other infections
Sarcoidosis
Pneumocystis jirovecii
Liver Jaundice/hypoalbuminemia | Hepatitis
Sclerosing cholangitis
Metabolic disease
Malignancy
Toxic injury
Pituitary Diabetes insipidus Central nervous system germ cell tumor
Hypophysitis
Skin

The skin is a common site of disease in all age
groups. LCH may be limited to the skin or may be
associated with involvement of other organ sys-
tems. A recent report noted that 40% of children
presumed to have skin-limited disease were found
on further investigation to have other organs
affected with LCH. Patients with skin-limited dis-
ease had a 3-year progression-free survival of
89% after initial therapy. Patients with skin and
other organ involvement had a 44% progression-
free survival with therapy [52]. Lesions can pres-
ent as dermatitis, a vesicular eruption, ulcerative
lesions, or petechial rash. Although any area of
the skin may be involved, LCH has a predilection
for the scalp, axilla, and perineum (Fig. 3.1), and
it can also be disseminated (Fig. 3.2). In infants, it
commonly presents as a seborrheic dermatitis and
can be mistaken for cradle cap as it may occur
without the classical petechial component
(Fig. 3.3). Older children usually develop the rash
in skinfolds (axilla, under the breast, perineum),
and it may be misdiagnosed as fungal infection

Fig. 3.1 Seborrheic pattern of LCH in the diaper area
with scattered petechiae

[53]. Nail involvement is rare and presents as dis-
coloration and hardening of nail beds with groov-
ing and loss of nail tissue [54].

All young infants with skin-only LCH should
be carefully followed, although a recent study of
21 patients with self-resolving and 10 patients
with nonself-resolving LCH showed that mono-
lesional forms, necrotic lesions, hypopigmented
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Bone

LCH lesions can occur in any bone, although
lytic skull lesions in the vault are the most
common site of bone involvement in children
(Fig. 3.4) [56]. Bone LCH may be unifocal or
multifocal. Most commonly, patients complain
of pain and/or swelling at the site of involve-
ment. The lesions may be painful or asymp-
tomatic and commonly have a soft tissue mass
associated with the lesion which may cause
compression of surrounding tissues. In the ver-
tebral bones, advanced disease causes verte-
bral bone collapse or vertebra plana on X-ray
(Fig. 3.5) [57], and paraplegia has been
described due to the soft tissue component.
Lower extremity and pelvic lesions may cause
limping or a fracture and in rare cases may be
completely asymptomatic (Fig. 3.6). Patients
with bone lesions affecting the orbital, mas-
toid, and temporal bones are thought to have a
higher risk of developing endocrine/CNS
Fig.3.2 Disseminated skin LCH with petechial papules  jpvolvement. It has been reported that 20% of
these patients will develop DI by 15 years post-
diagnosis [58].

Fig. 3.3 Classic LCH of the scalp with crusting and
petechiae

macules at presentation, and distal extremity
lesions were seen only in patients with self-

X Fig.3.4 Typical “punched-out” LCH lytic lesions of the
resolving cutaneous LCH [55]. skull (Courtesy of Dr. Fariba Goodarzian)
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Fig.3.5 Spinal LCH: vertebra plana with collapse of T10
vertebral body and an enhancing paraspinal soft tissue

Fig.3.6 Large LCH lytic lesion in the right iliac bone,
with lobulated contours and sclerotic margins

E. Adam et al.
Lungs

Lung involvement can occur in any age group
but is more common in young adult smokers
[59]. Twenty-five percent of children with
multisystem disease present with lung involve-
ment which is no longer considered a “risk”
organ for death [51]. Lung involvement can be
seen on chest X-ray or CT scan as areas of nod-
ular fibrosis and bullae or blebs formation
usually symmetrical and in the upper and mid-
dle lobes (Fig. 3.7) [60]. Patients may have
no associated pulmonary complaints, or they
may complain of cough or shortness of breath.
The “smokers lung LCH” seen in adults may
improve with smoking cessation, or it may
progress to respiratory failure requiring lung
transplantation. Spontaneous pneumothorax,
commoner in adults, may occur and may be
bilateral. Pulse oximetry may indicate hypoxia,
and pulmonary function tests may reflect
restrictive lung disease if lung damage is
advanced [61].

Fig. 3.7 There are multiple air-filled cysts in multiple
lobes of the lungs, more prominent at the right base
(Courtesy of Dr. Alan Daneman, Hospital for Sick
Children, Toronto)



3 Epidemiology and Clinical Manifestations of Langerhans Cell Histiocytosis in Children 81

Lymph Nodes

The cervical chain is most commonly affected.
Nodes are enlarged and may be soft or hard and
matted. Mediastinal involvement is very rare and
may be due to thymic or lymph node infiltration
[62]. The presence of a skin sinus which may
become chronic usually reflects the presence of
an underlying nodal LCH.

Oral Cavity

Lesions in the oral cavity are usually ulcers and
gingival hypertrophy (Fig. 3.8). Tooth loss can
occur if the underlying bone is affected [63]. Pain
or swelling of the jaws can occur and may lead to
significant local complications.

Fig.3.8 Gum hypertrophy and loose teeth in a child with
oral cavity LCH

Central Nervous System
and Endocrine

Patients may present with lesions in the
hypothalamic-pituitary region, dural-based masses,
infiltration in the choroid plexus, or changes in
white matter in the basal ganglia and cerebellum
[64]. Involvement of the hypothalamic-pituitary
region can occur as an isolated event or as a com-
ponent of multisystem disease. The posterior pitu-
itary is affected first with the most common
manifestation being diabetes insipidus (DI). DI can
occur several years prior to or following a con-
firmed diagnosis of LCH. Overall, approximately
24% of patients with LCH have been reported to
develop DI [65], with the greatest risk being seen in
patients with multisystem disease and craniofacial
bone involvement at the time of diagnosis (relative
risk 4.6) [58]. On magnetic resonance imaging
(MRI), there is loss of the pituitary bright spot on
T2-weighted images, and usually a nodular mass or
thickening of the pituitary stalk is noted [66].
Studies of patients who present with isolated “idio-
pathic” DI showed that only 6-19% later develop
evidence of LCH [67-69]. Patients who present
with isolated DI should not be treated for LCH
without biopsy confirmation. It has been reported
that 50-80% of patients with proven pituitary LCH
and DI will develop other manifestations of LCH
[70,71]. As more of the pituitary becomes involved,
anterior pituitary dysfunction may develop, with
growth hormone (GH) deficiency being the second
most common occurring in 25% of patients with
DI [72]. Dural-based mass lesions may be noted
incidentally or present with symptoms associated
with space-occupying lesions [66].
Neurodegenerative CNS (ND-CNS) LCH
develops in approximately 1-4% of patients
with LCH. Pathologically this is no longer
active LCH, and it may be due to an antibody-
antigen reaction or possibly a late cytokine/che-
mokine effect. Patients with pituitary
involvement and craniofacial bone lesions are at
higher risk for developing this disorder [73].
Involvement usually starts in the cerebellum,
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basal ganglia, and pons. Patients have a variable
course and may develop dysmetria, tremor, ataxia,
dysarthria, behavioral disturbances, cognitive dis-
orders, and/or psychosis. Imaging on MRI shows
hyperintensity on T1-weighted images in the den-
tate nucleus which may then develop into hyper-
or hypointensity on T2-weighted images. Some
patients then develop extension into the white
matter of the cerebellum. There is frequently an
associated hyperintensity noted in the basal gan-
glia on T1-weighted images. Involvement of the
pons with LCH is associated with severe neuro-
logic impairment [64, 74, 75]. For more on CNS
LCH, please refer to Chap. 5.

Bone Marrow

Bone marrow involvement in LCH is usually mani-
fested as cytopenias in the setting of multisystem
disease. Anemia is the most common presentation
followed by thrombocytopenia. Bone marrow biop-
sies may show hemophagocytosis or large number
of macrophages. Bone marrow involvement is asso-
ciated with a worse prognosis [76-78].

Liver and Gastrointestinal Tract

Liver involvement usually occurs in children
younger than 2 years of age. Involvement with
LCH typically presents with hepatosplenomegaly
and may be confused with leukemic infiltration or
metabolic disease. These patients usually have
other organs involved, and biopsy from a skin or
bonelesionconfirmsthe diagnosis. Transcutaneous
biopsy of the liver may be nondiagnostic. LCH
granulomas tend to occur around bile ducts and
cause ductal sclerosis. Clinically patients may
also present with signs of liver dysfunction includ-
ing direct hyperbilirubinemia, hypoalbuminemia,
coagulopathy, and ascites [79, 80]. On radio-
graphic imaging, involvement may be nodular or
diffuse infiltration. Less commonly, patients may
present with or develop later a sclerosing cholan-
gitis picture thought to be due to cytokine-induced
fibrosis. These patients are challenging to treat
and may or may not respond to therapy as the

sclerosis may progress despite the LCH no longer
being active. Liver transplantation has been used
with varying success [81, 82]. Intestinal involve-
ment presents with bloody diarrhea, failure to
thrive, and malabsorption. Diagnosis depends on
endoscopic biopsy and may be difficult because
the disease is patchy [83, 84]. Differential diagno-
sis includes inflammatory bowel disease and
infection. Although not considered a “risk’ organ,
it is felt that GI involvement may portend a worse
prognosis [84].

Spleen

Involvement of the spleen usually occurs with the
liver. The organ is enlarged and can cause cytope-
nias. Splenectomy provides transient relief and
should only be performed as a lifesaving measure
[85].

Other organs: Thyroid involvement has been
reported, and children typically present with thy-
roid enlargement and hypothyroidism [86]. Eye
involvement is extremely rare and can potentially
cause blindness [87].

Conclusion

LCH is a disease with a variety of presentations
that encompasses the previous descriptions of
Hand-Schiiller-Christian  disease, Letterer-
Siwe disease, and eosinophilic granuloma of
the bone. The highest incidence is in young
children, and the disease can affect any organ
system except the kidneys and gonads. While
there are some suggestions of risk factors and
some known associated genetic lesions, the
ultimate causes of LCH remain unknown.
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MS-LCH  Multisystem LCH

ND Neurodegeneration

PC Permanent consequences
RDD Rosai-Dorfman disease
SS-LCH Single system LCH
Introduction

LCH is a dendritic cell neoplasm characterized by
granulomatous lesions containing lesional cells
positive for CD1a, CD207 (langerin), and S100.
For decades, LCH has been considered a disease
resulting from immune dysregulation. The identifi-
cation of the recurring activating BRAF-V600E
mutation [1] followed by identification of further
activating mutations alongside the MAPK pathway
[2, 3] clearly redefined LCH as a myeloid neoplas-
tic disorder. Further studies revealed that the
lesional cells in LCH, while sharing a cell surface
phenotype with dendritic cells (particularly with
the Langerhans cell of the epidermis), are recruited
from the bone marrow and have myeloid origin [4].
It seems that the clinical expression and severity of
LCH primarily depend on the maturation stage of
myeloid lineage, at which the somatic mutation has
been acquired, rather than on the specific mutation
itself [4]. Nevertheless, LCH does not clinically
behave as a classic malignancy. It has diverse
clinical behavior ranging from benign single
system disease (SS-LCH) with propensity to
spontaneous regression to multisystem disease
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(MS-LCH) with unpredictable course. Although
spontaneous regression has been rarely observed in
MS-LCH [5], most cases will progress if left
untreated. The outcome of LCH progressing
despite systemic treatment is poor [6]. LCH can
occur at any age but is more common in children,
of whom two thirds have SS-LCH predominantly
in the bone followed by skin, lungs, thyroid, brain,
and lymph nodes. MS-LCH, involving two or more
systems, has variable course and outcome [7].

Chronically reactivating course could be
observed irrespective of systemic treatment and is
associated with increased risk for sequelae [8—11].
The spectrum of disease-related permanent conse-
quences (PC) is well described and encompasses
orthopedic problems, diabetes insipidus (DI), loss of
anterior pituitary hormones, hearing loss, sclerosing
cholangitis, lung fibrosis and honeycombing, and
neurologic, cognitive, and behavioral deficits [12].

LCH can affect virtually any organ of the human
body, particularly the central nervous system
(CNS-LCH). CNS-LCH can occur either as iso-
lated LCH of the brain (cerebral SS-LCH) or more
frequently in the setting of MS-LCH. Depending
on utilized definitions (including or excluding
cases with CNS-LCH confined to the hypotha-
lamic-pituitary region; inclusion or exclusion of
clinically silent neuroimaging findings) and cohort
denominators (total LCH cohort vs. selection for
disease extent, observation time, etc.), its preva-
lence in pediatric-onset LCH series ranges between
4% and 25% [12-17]. The incidence of hypotha-
lamic-pituitary region (HPR) involvement, which
most commonly manifests with diabetes insipidus
(DI), is well known and ranges between 10% and
15% [13, 18, 19]. The prevalence of clinically man-
ifest CNS-LCH, other than isolated HPR disease,
appears to be in the range of 4-10% among patients
with pediatric-onset LCH [12, 13].

Mechanisms of CNS-LCH

Typical LCH lesions characterized by granuloma
forming inflammatory cells and containing the
diagnostic hallmark, CD1a+/CD207+ histiocytic
cells, can develop in the brain. Those are most
frequently located in the HPR or elsewhere in the

circumventricular organ, but can localize in other
brain structures (e.g., choroid plexus and menin-
ges) as well. The clinical manifestations depend
on location and are indistinguishable from the
manifestations of space-occupying lesions of
other origin. This type of CNS-LCH is referred to
as “tumorous” or “granulomatous” CNS-LCH. It
is most likely to be an inaugural manifestation or
to occur early in the LCH course.

Neurological and cognitive deficits or behavioral
problems can develop insidiously years after pre-
sentation of LCH, even in patients who seem to be
in complete remission of the underlying disease.
MRI studies usually reveal “neurodegeneration-
like” findings, corresponding to gliosis and neuro-
nal loss, with or mostly without accompanying
granulomatous lesions. This type of CNS-LCH is
called “neurodegenerative” (ND) or “non-granulo-
matous.” The exact mechanisms leading to progres-
sive damage of the brain tissue and neuronal loss are
still not well understood, nor is it frequently biop-
sied. The role of autoantibodies in this process has
not been proven to date. Both CNS tissue specimens
and cerebrospinal fluid studies suggest that tissue
damage is driven by cytotoxic lymphocytes and
mediated by inflammatory cytokines/chemokines
[20-22]. A comprehensive overview on available
laboratory evidence and hypothetic models of neu-
roinflammation and neurodegeneration in LCH are
provided in a recent paper by Imashuku and Arceci
[22]. Current ongoing work, however, is beginning
to gain insight into the pathogenesis of ND-CNS-
LCH with new data suggesting that a CD1a-negative
BRAF-V600E mutant myeloid/dendritic precursor
cell could be the driving cell leading to ongoing,
smoldering neuroinflammation, demyelination, and
subsequent fibrotic gliosis in the brain [23, 24].

Risk Factors for CNS-LCH

As far as can be extrapolated from available retro-
spective institutional series and from the database
of the Histiocyte Society, it seems that early age at
the diagnosis of LCH, multisystem disease, involve-
ment of the skull base bones, and relapsing disease
course are all predisposing factors to CNS-LCH,
particularly to ND-CNS-LCH [8, 12, 15-17, 25].
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Skull bones are frequently affected by LCH [26].
On conventional radiography, calvarial lesions are
most easily recognized and, therefore, most fre-
quently reported. Although they may have large size
and be accompanied by soft tissue masses displac-
ing or even eroding the dura, they usually do not
affect the brain. Interestingly, osseous lesions of the
skull vault are not associated with increased risk for
CNS-LCH [8]. On the contrary, lesions of the skull
base are usually more complex and can have con-
siderable soft tissue component. Their intracranial
extension may be impressive, but usually does not
penetrate the dura [27]. Craniofacial lesions of the
frontal, sphenoid, ethmoid, temporal, and occipital
bones seem to carry a higher risk for CNS-LCH in
both the HPR and other locations of the brain [8, 15,
28]. Consequently, the term “CNS-risk lesions’ has
been coined for such lesions, and systemic treatment
has been advocated (even for localized disease),
although this concept has been recently questioned
by other authors [29-31].

Clinical Spectrum of CNS-LCH

Involvement of the HPR manifesting with diabetes
insipidus (DI) and less frequently with dysfunc-
tion of the anterior pituitary is a characteristic
manifestation of LCH, known since its first
descriptions [32-34]. Involvement of other brain
structures attracted attention much later, and sys-
tematic research has been made possible after
clinical implementation of modern techniques,
like computed tomography (CT) and magnetic
resonance imaging (MRI) of the brain [14, 35, 36].
Particularly important contributions with this
regard have been made by the international CNS-
LCH Study Group of the Histiocyte Society [21,
27,28, 37]. It has been shown that patients with DI
have increased risk for CNS-LCH outside of the
HPR and particularly for ND-CNS-LCH [38, 39].
The spectrum of clinical manifestations of
CNS-LCH is wide and ranges from acute presen-
tation (headaches, seizures, symptoms of
increased intracranial pressure) to insidious onset
(cerebellar, cranial nerve, pyramidal, cognitive,
and memory deficits, as well as emotional and
behavioral problems) with variable course [28].

Diagnostic Methods and MRI-Based
Classification

Standardized neurological examination (i.e.,
Expanded Disability Status Scale (EDSS),
International Cooperative Ataxia Rating Scale
(ICARS)) and age-appropriate neuropsychologi-
cal testing performed initially and at regular
intervals are essential for objective longitudinal
judgment and clinical decision-making [28].

Patients with manifestations suggestive of
hormonal deficit have to be assessed by an endo-
crinologist for appropriate testing and hormonal
substitution.

Cerebrospinal fluid (CSF) is usually nondiagnos-
tic for CNS-LCH, but may be helpful to rule out
alternative diagnoses and document inflammatory
signature and decay products. CDla+ histiocytes
have been only anecdotally found in the CSF of
patients with granulomatous lesions [40]. A recently
presented work gives promise that elevated osteo-
pontin in CSF could be a useful marker of LCH for
the purposes of differential diagnosis, particularly if
combined with the presence of BRAF-V600E-
positive cells in blood [24]. Nevertheless, biopsy is
recommended, whenever feasible and justifiable
combined with evaluation of BRAF-V600E status.
It could be essential for diagnosing uncharacteristic
granulomatous lesions [23]. Biopsies from non-
granulomatous lesions are less likely to be diagnos-
tic, as they usually feature perivascular inflammation,
demyelination, and gliosis and lack CD1a+/CD207+
cells [21]. However, the evaluation of BRAF-V600E
status on such lesions may indicate ongoing activity
despite the absence of diagnostic LCH cells [23, 24].

Magnetic resonance imaging (MRI) has con-
siderably improved our understanding of CNS-
LCH, and consistent imaging findings evolved
into comprehensive classification [14, 27, 28, 35,
41, 42]. Due to the availability, noninvasive
nature, and reproducibility of MRI, and not least
due to the available experience, MRI is the main-
stay of the diagnostic assessment of CNS-
LCH. The role of functional imaging (e.g.,
FDG-PET, nuclide scans with other tracers, mag-
netic resonance spectroscopy) for initial evalua-
tion, follow-up, and treatment response of
CNS-LCH remains to be defined [43-46].
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The classification of the MRI findings in CNS-
LCH has been recently refined [28]. It discriminates
between granulomatous and non-granulomatous
lesions in different anatomic locations (Table 4.1).
Brain atrophy is a nonspecific finding, mostly seen
in patients with clinically manifest long-lasting
neurodegeneration. The relative frequency of the
different MRI findings is presented in Fig. 4.1.
There is a very good correlation between clinical

Table 4.1 Classification of the radiological findings in
CNS-LCH

Granulomatous lesions

Hypothalamic-pituitary region (hypothalamus,
pituitary stalk, anterior and posterior pituitary)
Pineal gland

Choroid plexus

Meninges

Enhancing parenchymal lesion

Non-granulomatous lesions

Cerebellum (dentate nucleus, cerebellar white
matter)
Brain stem, pons
Basal ganglia
Supratentorial white matter
(“leukoencephalopathy-like™)

Virchow-Robin spaces (“vascular type”)

Brain atrophy

Cerebellar
Midbrain
Supratentorial

Reprinted with permission, Grois et al. [28]

Fig. 4.1 Relative frequency of MRI findings in
CNS-LCH

manifestations, imaging, and pathology findings,
forming two main patterns of CNS-LCH, namely,
tumorous (granulomatous) and neurodegenerative
(non-granulomatous) CNS-LCH [28]. In some
patients, the lesions of both types can be simulta-
neously present (Table 4.2).

Granulomatous or “Tumorous”
CNS-LCH

Meningeal enhancement caused by the soft tissue
component of an adjacent skull bone lesion is a
common finding on MRI. The soft tissue mass
originating from the bone lesion can be of con-
siderable size and may cause displacement of the
dura, although it does not usually penetrate it
(Fig. 4.2a, b). Extradural masses accompanying
bone lesions of the vault do not seem to increase
the risk for ND-CNS-LCH. Therefore, such
lesions do not fall into the categories of “CNS-
LCH” or “CNS-risk” lesions. On the contrary,
soft tissue masses extending from the skull base
have been found to increase the risk of DI and
ND-CNS-LCH and, therefore, are categorized as
“CNS-risk” lesions [8], but are not per se consid-
ered CNS-LCH lesions.

Clinical Features

Granulomatous lesions of the HPR and of other
extra-axial locations are the most frequently
encountered type of CNS-LCH. Depending
on location of the lesions, it can manifest with
DI (polydipsia and polyuria), focal seizures,
or increased intracranial pressure. The typical
location on MRI is extra-axial (circumventricu-
lar organs, particularly the HPR and the pineal
gland, meninges, and choroid plexus). DI is the
most common neuroendocrine manifestation
of LCH with an incidence of 8-12% [47-49].
Patients with LCH and coexisting DI are at higher
risk of developing anterior pituitary dysfunction
and ND-CNS-LCH [38, 39]. The clinical mani-
festations of anterior pituitary dysfunction are
growth failure, precocious or delayed puberty,
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Table 4.2 Patterns of CNS-LCH based on clinical, imaging, and pathology findings

Pattern

‘ Clinical manifestations

MRI findings

Granulomatous ( “tumorous”)-type CNS-LCH

Isolated HPR lesion
pituitary hormones

Diabetes insipidus, loss of anterior

Pituitary stalk thickening, pituitary mass
lesion, empty sella, lacking posterior
bright spot

Mass lesions of other locations

Increased ICP, site-dependent
symptoms (e.g., seizures)

Extra-axial (meninges, circumventricular
structures), rarely parenchymal (cerebellar)
mass lesions

Non-granulomatous ( “neurodegeneration” )-type CNS-LCH

Radiological neurodegeneration | None

White and gray matter abnormal signal

Clinical neurodegeneration

Cerebellar and bulbar signs and
symptoms (ataxia, dysarthria, etc.),
cognitive and behavioral deficits

intensity without mass effect (cerebellum,
pons, basal ganglia, cortical tracts)

Mixed-type CNS-LCH

Concurrent granulomatous and | Various

non-granulomatous lesions

Mass lesions and signs of
neurodegeneration

hypothyroidism, hypogonadism, hypocortisolism,
or panhypopituitarism [50, 51]. Patients with pre-
dominant involvement of the hypothalamus may
present with temperature instability, abnormal
eating patterns with weight gain, and/or behav-
ioral problems.

Diagnostic Features

Most characteristic MRI findings of the HPR
lesions are distinct thickening of the pituitary
stalk or hypothalamic mass lesion, “empty sella,”
and lack of posterior pituitary bright spot
(Fig. 4.3a, b). Establishing the correct diagnosis
in patients with isolated HPR mass can be a chal-
lenge [40, 52]. Pragmatic algorithm aiming to find
extra-cerebral lesions accessible for biopsy or to
rule out the most common differential diagnoses
has been proposed [53]. Patients with suspected
LCH in whom a pituitary biopsy is not feasible,
and in the absence of other sites of disease, may
benefit from BRAF-V600E mutation testing in the
peripheral blood or CSF which may lead to the
diagnosis and help identifying potential targets
for inhibitor therapy [54]. Extra-axial granuloma-
tous lesions in CNS locations other than the HPR
(meninges, choroid plexus, and pineal gland)
present as nonspecific mass lesions (Fig. 4.3c, d)
and are exceedingly rare (Daniela Prayer, personal

communication). The granulomatous lesions are
usually hypo-/isointense in TI1-weighted and
T2-weighted images, mostly enhancing after con-
trast application. Tissue biopsy typically reveals
granulomas containing CD1a+/CD207+ histio-
cytes during its proliferative phase [21]; however,
such diagnostic biopsies are rarely encountered
(Figs. 4.2¢, d and 4.3e, f). Typically, biopsies are
small with scant diagnostic cells, and perilesional
granulomatous histiocytic infiltrates may mas-
querade as other histiocytic and non-histiocytic
lesions. The panel of histiocytic markers includ-
ing CDla, CD207, CD163, CDG68, factor XIlIa,
fascin, and VEI, a BRAF-V600E antibody, may
be useful in such cases (see also Chap. 1,
Pathology of Histiocytic Disorders).

Differential Diagnosis

The most common differential diagnoses are
lymphoma, juvenile xanthogranuloma (JXG),
Rosai-Dorfman disease (RDD), metastases of
other tumors [27, 55], germ cell tumors, cranio-
pharyngioma, and sarcoidosis [28, 41, 55]. In
adults with isolated DI, differential diagnosis
may also include Erdheim-Chester disease
(ECD), especially in those lesions that are BRAF-
V600E positive. Clinical and radiographic corre-
lation is essential for accurate diagnosis.
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Fig. 4.2 Extradural soft tissues mass accompanying
skull bone lesion. (a) CT scan. (b) MRI: axial TIW
image. (¢) Dural involvement of small LCH nodules sur-

rounded by histiocytic-rich inflammatory infiltrate and
fibrosis (H&E, original magnification 10x). (d) CDla-
positive nodules (CD1a immunostain 10x, inlet 40x)
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Fig. 4.3 Granulomatous lesions (MRI): (a) sagittal TIW  geal lesion. (d) Axial contrast-enhanced TIW image
image demonstrating lacking posterior bright spot. (b) showing extensive bilateral lesions in the choroid plexus.
Sagittal contrast-enhanced TIW image demonstrating (e) Hypothalamic involvement of the typical granuloma-
thickened pituitary stalk and empty sella. (¢) Coronal con-  tous infiltrate of LCH cells and eosinophils (H&E, 40x);
trast-enhanced T1W image showing an enhancing menin-  (f) CD207-positive histiocytes (CD207 immunostain, 40x)
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Fig. 4.3 (continued)

Treatment

Treatment of granulomatous CNS-LCH confined
to the HPR and clinically manifesting with iso-
lated DI remains controversial [56]. Systemic
treatment in such patients is advocated with the
hope of reversing DI and preventing late sequelae,
such as ND-CNS-LCH and anterior pituitary
dysfunction. However, reversal of DI has been
achieved only in anecdotal cases [56, 57], and
nearly all patients require a life-long replacement

therapy with desmopressin or DDAVP. The role
of systemic treatment in preventing subsequent
neurodegeneration has not been addressed by

appropriate clinical studies. Granulomatous
CNS-LCH lesions of other location than HPR
are usually treated with surgery and/or systemic
therapy. Parenchymal mass lesions of the brain
due to LCH may respond to either single drugs
or drug combinations consisting of prednisone,
vinblastine, vincristine, cytarabine, cladribine,
or clofarabine [58-61]. Vinblastine/prednisone is
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an established frontline treatment for multifocal
and multisystem LCH including pituitary/hypo-
thalamic location [48]. There are only few papers
focusing on CNS-LCH. In a retrospective study,
15/20 (75%) patients with CNS-LCH lesions
responded to treatment with weekly vinblastine
(6 mg/m?*/dose) + steroids [60]. A recent paper
has shown that cytarabine is an effective drug in
both untreated and pretreated LCH patients [62].
The progression-free survival in the group of
untreated patients was 93%, and it is remarkable
that 9 of 16 patients have had pituitary disease. In
another series (n = 12), cladribine (513 mg/m?
day given on 3-5 consecutive days; repeated every
2-8 weeks for 3—12 months) was used to treat
patients with CNS-LCH mass lesions. Complete
response was achieved in 8 and a sustained partial
radiographic response in 4, proving its activity in
granulomatous-type CNS-LCH [59]. Clofarabine
(25 mg/m?*day for 5 days, repeated monthly for
2-6 months) has been shown to be also an active
drug in the treatment of patients with active LCH,
who have failed first-line therapy. In that cohort,
5 out of the 11 patients with LCH have had CNS
or CNS-risk lesions. While all the above listed
drugs have documented activity with respect
to resolution of the granulomatous lesions, it
remains unproven, whether they are able to pre-
vent subsequent ND-CNS-LCH. In view of the
recent advances in understanding the pathobiol-
ogy of LCH (around 75% of the patients harbor
activating BRAF or MEK mutations; BRAF-
V600E accounting for the vast majority of them),
targeted drugs (e.g., vemurafenib, dabrafenib,
cobimetinib, and trametinib) are attractive new
options for granulomatous CNS-LCH.

Non-granulomatous or
“Neurodegenerative” CNS-LCH
(ND-CNS-LCH)

Clinical features

ND-CNS-LCH is a devastating and irreversible
complication that may occur many years (even
10 or more) after resolution of extra-cerebral
LCH. Typically, it has an insidious onset with
cerebellar and bulbar symptoms (ataxia, tremor,

dysmetria, adiadochokinesis, dysarthria, dyspha-
gia, hyperreflexia, spastic tetraparesis, VI and
VII cranial nerve palsy) [14, 25, 35, 63], cognitive
deficits (particularly short-term memory), behav-
ioral problems, and psychosis [16, 64—68]. The
clinical course can vary from spontaneous stabi-
lization to rapid deterioration with loss of motor
functions and mental debilitation.

Diagnostic Features

Typical MRI findings are bilateral symmetric
lesions in the cerebellum (dentate nucleus and
white matter) (Fig. 4.4a, b), pons, and basal gan-
glia (Fig. 4.4c) and rarely in the supratentorial
white matter (Fig. 4.4d). Pontine and cerebel-
lar lesions are characteristically hypointense on
T1-weighted and hyperintense on T2-weighted
images and can show variable enhancement
after application of gadolinium. Supratentorial
white matter lesions show the same signal altera-
tions on T1- and T2-weighted images, but they
are usually non-enhancing. Lesions in the basal
ganglia are hyperintense on T1-weighted and
iso-/hypointense on T2-weighted images [14,
27, 35]. MRI signal alterations are consistent
with degeneration (neuronal loss and demyelin-
ation) of the affected brain tissue. Biopsies of
such lesions are rare with only few modern stud-
ies describing the histopathology in association
with immunohistochemistry studies [21]. The
older studies performed without immunohis-
tochemistry described a striking fibrous-type
gliosis in late-stage disease (e.g. ND-CNS-LCH)
with demyelination and relative sparing of axons
along with a more pronounced loss of Purkinje
cells and neurons of the dentate nuclei [69]. Even
with the aid of immunohistochemistry, these
lesions are usually nondiagnostic for LCH (e.g.,
lack of CD1a+/CD207+ cells) and reveal peri-
vascular inflammatory changes with neuronal
loss, demyelination, and gliosis [21], similar to
original descriptions by Kepes and others [69].
There can also be CDla-negative “granuloma-
tous” inflammation with macrophages in the area
of active demyelination (Fig. 4.4e-f). Current
ongoing work is further exploring the CNS-
LCH histopathologic patterns in the context of
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Fig. 4.4 Non-granulomatous lesions (MRI): (a) axial
T1-weighted image illustrating extensive (dentate nucleus
and white matter) cerebellar neurodegeneration. (b) Axial
T2-weighted image of the same lesions as in (a). (¢) Axial
T1-weighted image showing symmetric hyperintense
lesions of the basal ganglia. (d) Axial, FLAIR (fluid-
attenuated inversion recovery) sequence demonstrating

bilateral ~ supratentorial =~ white = matter  lesions
(leukoencephalopathy-like  pattern). (e) Cerebellar
ND-CNS-LCH with foamy histiocytes (H&E 40x), nega-
tive for CDla and CD207 (not shown). (f) Low power
image showing macrophage-rich infiltrate (IBA1 immu-
nostain for activated microglial and monocytes/macro-
phages, 2x)
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new ancillary techniques with VEI BRAF anti-
body and allele-specific qPCR for BRAF-V600E
[23, 24]. These preliminary results suggest that
CDla-negative BRAF-V600E mutant myeloid/
dendritic precursor cells could be the driving
cell leading to ongoing, smoldering neuroinflam-
mation, demyelination, and subsequent fibrotic

gliosis [23, 24]. MRI findings consistent with
ND-CNS-LCH (“radiological” ND-CNS-LCH)
may precede clinical symptoms by several years.
Available data suggests that after a follow-up of
10 or more years, about 25% of the patients with
radiological findings will develop overt neuro-
logical or cognitive deficits of variable severity
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(“clinical” ND-CNS-LCH) [35, 39]. The neuro-
imaging course can be stable or progressive, but
significant regression or complete reversal of
radiographic findings has not been observed [42].

Differential Diagnosis

Important differential diagnoses are other inflam-
matory and demyelinating CNS disorders (e.g.,
acute disseminated encephalomyelitis, dissemi-
nated encephalitis, multiple sclerosis, metabolic
disorders, and degenerative brain diseases of
various etiologies) [27, 29].

Treatment

Early treatment in patients with clinical ND-CNS-
LCH is essential. Intravenous immunoglobulin
(IVIG) [70-72] and all-trans retinoic acid (ATRA)
[73] have been reported to stabilize progression of
ND-CNS-LCH. The rationale for using retinoic
acid for treatment of ND-CNS-LCH is its potential
to induce differentiation of LCH cell lines in vitro
[74]. IVIG is well known for its immunomodula-
tory effect in autoimmune disorders, particularly
in neuroinflammatory disease (e.g., multiple scle-
rosis). A Japanese group has used monthly IVIG
(400 mg/kg) concomitantly to chemotherapy for
treating patients with ND-CNS-LCH [71]. The
chemotherapy consisting of prednisone, vinblas-
tine, methotrexate, and mercaptopurine was given
for at least 1 year, while IVIG was continued alone
monthly for up to 2 years and every 2 months there-
after. Stabilization of the clinical signs and symp-
toms was observed in four out of five patients.
A follow-up report of the same group confirmed
the initial observation and concluded that IVIG is
more effective if started soon after ND-CNS-LCH
diagnosis and continued for at least 3 years [70].
Although chemotherapy has been generally inef-
fective in ND-CNS-LCH, in one series, the combi-
nation of vincristine and cytarabine was associated
with improvement in clinical symptoms and MRI
images in six out of eight patients [58]. Based on
those findings, cytarabine (100 mg/m*day for
5 days, repeated monthly for at least 612 month)

is recommended as an alternative treatment for
patients with progressive ND-CNS-LCH. Some
patients fail to respond to the above listed therapies
and have a gradual decline in neurologic function
over the course of years. Thus, immunosuppressive
and cytotoxic treatment attempts did not result in
unequivocal reproducible success. Interpretation
of response in the available small series is further
complicated by the waxing and waning course of
ND-CNS-LCH with phases of natural stabiliza-
tion. While MAPK inhibitors could be a promising
treatment option for patients with granulomatous
CNS-LCH [75], it is currently unclear whether
BRAF inhibitors will have effect in ND-CNS-
LCH. A few initial reports show promising results
in select cases [75], but not all patients may show
equal benefit [76]. Phase I/II trials are ongoing in
pediatrics for the first-generation BRAF inhibitor,
dabrafenib (NCT01677741), and results in chil-
dren with resistant LCH receiving this drug are
pending.

In summary, only a limited number of treat-
ment options are currently available for treatment
of both granulomatous and non-granulomatous
CNS-LCH, and the evidence supporting their
activity is of low quality. Therefore, large-scale
controlled prospective trials (e.g., LCH-IV) uti-
lizing standardized disease assessment and fol-
low-up, as well as uniform evaluation of treatment
response, are essential for further progress on
CNS-LCH.
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Introduction

The indications for and the intensity/duration of
treatment for Langerhans cell histiocytosis (LCH)
in the pediatric age group are largely dependent
upon disease manifestations at diagnosis and on
treatment response. This reflects the natural history
and manifestations of LCH in children, ranging
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from single self-limiting lesions to life-threatening
systemic disease. In this chapter, the current treat-
ment approaches for both localized and dissemi-
nated LCH in children will be discussed. Evidence
that has emerged from different clinical trials will
be reviewed, and remaining questions with future
directions will be discussed.

Treatment of Single-System LCH

In Table 5.1 a summary of the current first-line
strategies for LCH is provided, including those
for single-system LCH. The treatment options for
single-system LCH will be discussed on the basis
of the organ system involved.

Table 5.1 Current first-line treatment options for pediat-
ric LCH

Type of LCH Treatment options
Isolated skin Observation only (wait-and-
LCH watch) [2, 5, 9, 10]

Excision [2, 8]

Topical steroids [1, 5, 11]

In case of failure of very extensive
disease:

6-mercaptopurine and
methotrexate [11]

Others [2, 5, 11]

Single-bone Observation after biopsy/curettage
LCH [2]

Excision® [2, 11]

Intralesional steroids [2, 24]
Wait-and-watch without a biopsy
[23, 25]

Vinblastine-based treatment
(vinblastine plus corticosteroids)
[2]

Vinblastine-based treatment
(vinblastine plus corticosteroids)
[2, 11, 12]

Indomethacin [36]

Smoking cessation [39]

CNS-risk lesions

Multifocal bone
LCH

Isolated lung

LCH Steroids (+ vinblastine) [2]
2-CdA [2]

Multisystem Vinblastine-based treatment

LCH (vinblastine plus corticosteroids)

[37, 45-49]

Cytarabine (ARA-C)-based
treatment (ARA-C, vincristine,
and corticosteroids) [50-52]

2See remarks about excision in Ref. [11]

Single-System Skin LCH

Isolated cutaneous LCH can present in a wide
range of clinical manifestations, from nodules
to blisters, tumorlike lesions, and scaling or
purpuric macules [1-5]. One of the most impor-
tant things to remember in pediatrics is that,
particularly in young children under 1 year of
age, progression to the potentially lethal multi-
system LCH (MS-LCH) has been reported to be
quite common [1, 4, 6], necessitating close
monitoring for disease progression. In contrast,
more recent studies showed that older age, later
onset, and a protracted course of the skin
lesions were more frequently associated with
MS-LCH [1, 7]. It is not uncommon that the
diagnosis of LCH is made only after the pro-
gression to MS-LCH [4]. Published studies are
from referral centers [4, 7] or international col-
laborative studies [6] and reported by different
combinations of dermatologists [1] or pediatric
oncologists [4, 6, 7]. It is possible that referral
and inclusion biases are responsible for the
observed differences. Furthermore, it is recog-
nized that the true incidence of self-healing
LCH lesions is unknown and that therefore the
risk of progression may be overestimated [4]. It
is also possible that in the near future, detection
of circulating cells carrying an LCH-related
mutation such as the BRAF-V600E variant may
help to distinguish isolated skin LCH from
MS-LCH [7]. Notwithstanding all these uncer-
tainties, it is currently widely recognized that,
in general, true skin-only LCH has an excellent
prognosis and should not be overtreated [2, 8,
9]. Therefore, a careful wait-and-watch strategy
is preferred [2, 5, 9, 10]. An extensive review of
treatment modalities in both children and adults
was published in 1998 [3]. Among the modali-
ties mentioned in that review, several are still
mentioned today, such as: non-mutilating
surgery for small isolated lesions [2, 8], topical
corticosteroids [1, 5, 11], local application
of nitrogen mustard [2, 5, 9, 11, 12], PUVA
[5, 11], thalidomide [11], and different
chemotherapeutic agents, such as cladribine
(2-CdA) [11] and etoposide (VP-16). Other
reported treatment modalities are low-dose
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methotrexate (MTX) [2], vinblastine (VBL) [2,
11], vincristine (VCR) [11], and topical tacroli-
mus [5]. It is important to consider that for
some treatments, the references provided are
old and not always validated with prospective
cohorts. The local application of nitrogen mus-
tard, for example, was first described in an adult
[13], and subsequently in a case report of two
children, of whom one had MS-LCH and only a
follow-up of 1 month [14]. Several patients
were reported by the group from Great Ormond
Street Hospital in London; these reports are
quite often used as reference, but also in these
studies, some or all of the children with either
otitis externa or skin involvement had MS-LCH
and also received systemic treatment [15-18].
Hoeger et al. reported that at median follow-up
of 114 months, 10 out of 20 patients had no
active disease, and skin relapse had occurred in
eight [18]. Two patients developed contact der-
matitis. A reactivation rate after complete
response of approximately 50% was also shown
in a more recent report, where six out of 14
patients also developed contact dermatitis [19].
While a systematic review is beyond the scope
of this chapter, it is clear that the efficacy of
local application of nitrogen mustard in skin-
only LCH has not been properly validated and
that reactivation rates are well within the nor-
mal range for other treatment modalities used
in LCH.

There is no reason to assume that this is differ-
ent for the other treatments. In light of all this, it
must be concluded that the published experience
with all the treatment modalities is always lim-
ited and that “guidelines” are therefore based far
more on expert opinion [2], than on solid evi-
dence. Topical steroids are generally well toler-
ated [1]. If these fail, a well-tolerated combination
is MTX and 6-mercaptopurine (6-MP) [11];
however, there is clearly no evidence that this
regimen is superior to others.

Single-Bone (“Monostotic”) LCH

The most commonly used approach to single-
bone lesions is observation after biopsy.

Other approaches are observation only or
intralesional injection of steroids. In the 2013
guidelines the evidence for the different treat-
ment approaches for single-bone lesions is con-
sidered to be relatively poor (level C evidence)
and based on nonanalytic studies (case reports,
case series, small retrospective studies) [2].
However, some large and informative studies
have been published. A study published in 1980
reviewed 686 patients that were reported between
1940 and 1974; radiotherapy was included in 198
cases, and there was no evidence of superiority of
any form of treatment [20], comparable to the
observation in an early case series published in
1960 [21]. Another study evaluating healing
characteristics of 42 lesions in 21 patients was
also unable to demonstrate a difference between
intralesional steroids, chemotherapy, surgery,
radiotherapy, and no treatment, i.e., largely
biopsy only [22]. Indications for the use of differ-
ent interventions, such as when to use radiother-
apy, were not reported in both studies. The POG
8047 study, which included patients between
1981 and 1984, tried to address some of the open
questions. Twenty-three eligible patients were
included in the study, and excision/curettage was
an effective treatment in 20/23 lesions (87%)
[23]. The question about the value of radiother-
apy could not be answered in this study, because
of insufficient accrual in the study arms. An
interesting observation in this study was that
bone reactivation occurred in two patients in the
second year after treatment, both healing without
biopsy or specific therapy [23]. With regard to the
use of intralesional steroids, a case series of 8
patients with literature review of 48 additional
cases was published in 1992 [24]. All patients
with adequate follow-up were reported to have
obtained complete resolution of the lesion.
Complications were rare. Although there are
inevitable biases in these studies, it seems rea-
sonable to conclude that (i) no local therapy is
clearly superior, (ii) local radiotherapy can be
avoided, and (iii) the indication for the use of
intralesional steroids is not completely clear. In
the previously mentioned guidelines, the indica-
tion for the use of intralesional methylpredniso-
lone is described with equal uncertainty;
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“depending on the size and location of the lesion,
an intralesional injection of methylprednisolone
may be administered to promote healing” [2].

Stratum VI of the current LCH-IV study
(EudraCT nr. 2011-001699-2020/NCT02205762)
aims to describe the natural history of single-
system LCH treated by conservative methods,
i.e., a wait-and-watch strategy or local therapy.
The primary endpoint of this study arm is
reactivation-free survival. Although this study is
expected to yield outcome data on a large series of
uniformly followed patients, the indication for the
use of intralesional steroids is unfortunately not
dictated by the protocol. Therefore, this arm can-
not be expected to yield unbiased data regarding
the differences in outcome between the wait-and-
watch strategy and the use of methylprednisolone
injection. Considering the good prognosis of this
form of LCH and the very low toxicity and com-
plication rate of the use of intralesional steroids, it
can however be argued that this is not the most
important clinical problem in the treatment of
LCH.

An interesting study is currently running in a
number of centers in Canada and the United
States. In patients with a radiological typical
single-bone vault LCH lesion, a wait-and-watch
strategy is applied without taking a biopsy. This
approach is in line with the widely mentioned
clinical experience of self-regressing lesions [23,
25]. It can be argued that without a biopsy the
diagnosis cannot be made with a 100% certainty.
In the near future, this problem may be solved by
the use of circulating cell-free DNA for the detec-
tion of the known LCH-associated mutations [26,
27].

Central Nervous System (CNS)-Risk
Bone Lesions

Central nervous system (CNS) LCH is dis-
cussed in Chap. 4 of this book. Craniofacial
bone lesions have been reported to be associated

with an increased risk of diabetes insipidus (DI)
[28]. Furthermore, DI/pituitary involvement in
LCH has been found to be associated with neu-
rodegenerative CNS (ND-CNS) LCH [29, 30],
a devastating permanent consequence [31, 32].
Based on these observations, the concept of
CNS-risk lesions was developed and also intro-
duced in the LCH-III study. The concept of
CNS-risk lesions is complex and not well
defined; some authors have proposed that the
occurrence of DI is used as a surrogate marker
for neurodegeneration and thus for the estima-
tion of CNS-risk [28, 33]. In the LCH-III study,
the CNS risks were defined as: “lesions in the
orbital, temporal/mastoid, sphenoidal, zygo-
matical, ethmoidal bones, maxilla, sinuses or
anterior or middle cranial fossa, with intracra-
nial soft tissue extension demonstrated on
MRI.” In the current LCH-IV study, lesions at
the risk sites, with or without intracranial soft
tissue extension, are considered to be CNS-risk
lesions. The fact that the intracranial soft tissue
extension has been removed from the definition
illustrates the difficulties in the CNS-risk lesion
concept. It has also been observed (see section
“Multisystem LCH (MS-LCH)” and Table 5.3)
that the duration of treatment in MS-LCH does
not seem to influence the risk of developing DI
[34]. In a recent multicenter retrospective study
on single-bone CNS-risk lesions, no effect of
systemic therapy on the occurrence of reactiva-
tion and late sequelae could be demonstrated
[35], although the data were not derived from a
prospective randomized trial. These data are
nevertheless considered to at least challenge the
indication for systemic therapy in isolated
lesions [9]. The most recently published guide-
lines still indicate CNS-risk lesions as an indi-
cation for systemic therapy, albeit only as a
grade C recommendation [2]. The standard
treatment arm for CNS-risk lesions in the
LCH-IV study has a treatment duration of 6
months, with the use of VBL and prednisone
(PDN) (Fig. 5.1).
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Fig. 5.1 Current strategy for single-system LCH with CNS-risk lesions or multifocal bone lesions within the LCH-IV

protocol of the Histiocyte Society

Multifocal Bone LCH

Systemic treatment is usually indicated for
patients with multifocal bone disease [2, 11, 12].
It is well recognized that these patients have sur-
vival rates of 100% [2]; thus, the most important
goal in the treatment is to reduce the risk of reac-
tivations and permanent consequences. The most
commonly used strategy is the combination of
VBL and PDN [2, 11, 12]. A recognized alterna-
tive is the use of the anti-inflammatory drug,
indomethacin [36]. The efficacy of this alterna-
tive, however, has never been evaluated in a ran-
domized fashion.

The optimal duration of treatment for this
group of patients has not been well defined.
Extrapolating from patients with MS disease
without RO involvement, longer duration (12 vs.
6 months) may be associated with decreased risk
of reactivation, as shown in the LCH-III study
[37]. In the current LCH-IV protocol, multifocal
bone patients are therefore randomized between

a maintenance phase of 6 months (standard arm)
and 12 months to evaluate whether prolongation
of maintenance in this group of patients will
indeed lead to a reduction in reactivation rates
and the development of permanent consequences.
Preliminary data from the JLSG-96 and JLSG-02
studies, however, show that intensification and
prolongation (from 24 weeks to 48 weeks) of
treatment in multifocal bone LCH may not result
in a lower reactivation rate [38]. Thus, the opti-
mal treatment duration for these patients is yet to
be determined.

Isolated Lung LCH

Isolated lung LCH is very rare in children and
usually occurs in adolescent smokers. The current
therapy recommendation for adults is smoking
cessation in all patients [39]. There is no reason to
give another recommendation to smoking adoles-
cents. In children with persistent and progressive
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lung disease, 2-CdA or the combination of VBL
and steroids have been used [2]. In adults, the
natural history of pulmonary LCH is very vari-
able, and a favorable outcome is not always
dependent on therapy [39]. Steroid treatment [40,
41] had been advised for the nodular form of pul-
monary LCH [39]. The use of 2-CdA, reported in
small patient series [42—44], is indicated in case
of progression under steroid treatment [39].

There are, to our knowledge, no published
randomized studies in children or adolescents
with isolated pulmonary LCH. Therefore, it
seems reasonable to follow the adult guidelines
(see Chap. 7).

Multisystem LCH (MS-LCH)

Since the first publication on the use of vinblas-
tine (VBL) in the treatment of LCH [45], consid-
erable progress has been made in the treatment of
MS-LCH. The DAL-HX 83 and DAL-HX 90
[46] and the AIEOP-CNR-H.X’83 [47] studies
were among the first to consistently apply a risk-
adapted approach. These studies were followed
by studies of the Histiocyte Society [37, 48, 49]
and the Japan Langerhans Cell Histiocytosis
Study Group [50, 51].

In the AIEOP-CNR-H.X’83 study, patients
without involvement of risk organs (in that study
defined as no OD = organ dysfunction) responded
well to mono-chemotherapy. VBL and etoposide
(VP-16) showed a response rate of 63% and 88%,
respectively [47]. The treatment for patients with
OD consisted of cycles of prednisone (PDN),
doxorubicin, vincristine (VCR), and cyclophos-
phamide, with a maximum treatment duration of
more than a year. The study yielded a low survival
rate at 1 year of 46%, which was reported not to be
attributable to toxicity of the chemotherapy [47].

The DAL-HX 83 and DAL-HX 90 studies
were conducted between 1983 and 1991. Risk
categories were defined by the presence of multi-
focal bone disease (group A), soft tissue involve-
ment without organ dysfunction (group B), and
organ dysfunction (group C). Treatment consisted

of a 6-week induction regimen with PDN, VBL,
and VP-16, followed by a continuation treatment
for a total duration of 12 months. Continuation
treatment for group A patients was oral 6-mer-
captopurine (6-MP) and pulses of PDN and
VBL. For group B, VP-16 was added and for
group C, VP-16 and methotrexate (MTX) were
added (Table 5.2). For the multisystem patients
(groups B and C), a 79% response rate at 6 weeks
was obtained, and the 5-year reactivation rates
and survival rates were 32% and 81%, respec-
tively (Table 5.3) [46].

The LCH-I study was the first international
randomized trial for multisystem LCH (MS-LCH)
[48]. It randomized patients to receive 6 months
treatment of VBL or VP-16 after a single initial
3-day methylprednisolone pulse. At 3 years fol-
low-up, the two treatment arms had an equal
probability of survival (VBL arm 76% and VP-16-
arm 83%) and equal reactivation rates (VBL arm
61% and VP-16-arm 55%). In comparison with
the preceding DAL-HX studies, LCH-I showed a
lower 6-week response rate (53% vs. 79%) and a
higher reactivation rate (58% vs. 32%) (Table 5.3).
Involvement of the hematopoietic system, lung,
liver, and spleen, age at diagnosis less than 2 years
old, and poor response at 6 weeks were associated
with a poor outcome [48].

The LCH-II study explored in a randomized
fashion the addition of VP-16 to a standard
6-week induction with PDN and VBL and a con-
tinuation therapy with daily 6-MP and every-3-
week pulses of PDN and VBL + VP-16, for a
total of 24 weeks (Tables 5.2 and 5.3) [49]. Both
arms (+ VP-16) had similar outcomes in terms of
6-week response rates, 5-year survival probabil-
ity, and disease reactivation rates. However, for
patients with risk organ involvement, the more
intensive arm with VP-16 resulted in an increased
proportion of responses at week 6 (43% in the
VBL arm of LCH-I vs. 68% in the VP-16 arm of
LCH-II) and a reduced mortality when compared
with LCH-I (44% in the VBL of LCH-I vs. 27%
in the VP-16 arm of LCH-II). In the LCH-II
study, patients younger than 2 years without risk
organ involvement had excellent response rates
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Table 5.2 Drug doses used in LCH treatment protocols

First induction

Second induction

Continuation/maintenance

DAL-HX 83 Prednisone (40 mg/m*/day Group A: 6-mercaptopurine (50 mg/

[46] for 4 weeks, and taper over m?/day) and every-3-week pulses of
2 weeks), etoposide prednisone (40 mg/m?%day for 5 days)
(60 mg/m?/day, days 1-3), and vinblastine (6 mg/m?) for a total of
etoposide (150 mg/m? four 52 weeks of therapy
weekly doses), vinblastine Group: as group A plus every-3-week
(6 mg/m? four weekly etoposide (150 mg/m?)
doses) Group C: as group B plus every-3-

week methotrexate (500 mg/m?)

DAL-HX 90 Groups A and B: Group A: every-3-week pulses of

[46] prednisone (40 mg/m?%day prednisone (40 mg/m?%day for 5 days)
for 4 weeks, and taper over and etoposide (150 mg/m?) for a total
2 weeks), etoposide of 24 weeks of therapy
(100 mg/m?/day, days 1-5), Groups B and C: 6-mercaptopurine
etoposide (150 mg/m? four (50 mg/m?/day) and every-3-week
weekly doses), vinblastine pulses of prednisone (40 mg/m?/day
(6 mg/m? four weekly for 5 days), vinblastine (6 mg/m?),
doses) etoposide (150 mg/m?) (last pulse on
Group C: prednisone week 42) for a total of 52 weeks of
(40 mg/m?*day for 4 therapy
weeks, and taper over 2
weeks), etoposide
(150 mg/m? six weekly
doses), vinblastine (6 mg/

m? six weekly doses)

LCH-I [48] Methylprednisolone 30 mg/ Every-3-week etoposide (150 mg/m?/
kg/day for 3 days with day for 3 days) or weekly vinblastine
etoposide (150 mg/m*/day (6 mg/m?) for a total of 24 weeks of
for 3 days) or vinblastine therapy
(6 mg/m? on day 1)

LCH-II [49] Prednisone (40 mg/m*/day 6-mercaptopurine (50 mg/m*day) and
for 4 weeks, and taper over every-3-week pulses of prednisone
2 weeks) and vinblastine (40 mg/m?/day for 5 days) and
(6 mg/m? weekly for six vinblastine (6 mg/m?)
doses) Plus/minus etoposide (150 mg/m? for
Plus/minus etoposide six doses) for a total of 24 weeks of
(150 mg/m? weekly for six therapy
doses)

LCH-III Prednisone (40 mg/m*/day | Weekly vinblastine for 6-mercaptopurine (50 mg/m*/day) and

MS-RO+ [37] for 4 weeks, and taper over | six doses, weekly pulses | every-3-week pulses of prednisone
2 weeks) and vinblastine of prednisone (40 mg/ (40 mg/m?/day for 5 days) and
(6 mg/m? weekly for six m2/day for 3 days) vinblastine (6 mg/m?) for a total of
doses) Plus/minus three doses 52 weeks of therapy Plus/minus
Plus/minus methotrexate of methotrexate methotrexate (orally 20 mg/m?) once
(500 mg/m?) every other (500 mg/m? every other | every week
week during induction for | week)

a total of three doses
LCH-MS-RO- | Prednisone (40 mg/m*day | Weekly vinblastine for Every-3-week pulses of prednisone
[37] for 4 weeks, and taper over | six doses, weekly pulses | (40 mg/m*/day for 5 days) and

2 weeks) and vinblastine
(6 mg/m? weekly for six
doses)

of prednisone (40 mg/
m2/day for 3 days)

vinblastine (6 mg/m?) for a total of 26
or 52 weeks of therapy
(randomization)

(continued)
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Table 5.2 (continued)

First induction

Second induction

Continuation/maintenance

JLSG-96 [50]

Three every-2-week
courses of cytarabine

(100 mg/m?/day for 5
days), vincristine (0.05 mg/
kg on day 1), and
prednisolone (2 mg/kg/day
for 5 days),

24-week maintenance phase
alternating cycles of cytarabine

(150 mg/m? on day 1), vincristine
(0.05 mg/kg on day 1), and
prednisolone, (2 mg/kg/day for 4
days), with methotrexate (1 mg/kg for
one dose) and prednisolone (2 mg/kg/
day for 3 days) every 2 weeks

For poor responders:
Three every-2-week
courses of doxorubicin
(35 mg/m? day 1),
cyclophosphamide

(10 mg/kg/day for 5
days), vincristine

(0.05 mg/kg day 1), and
prednisolone (2 mg/kg/
day for 5 days)

For poor responders:

24-week maintenance phase

alternating cycles every 2 weeks of:
Doxorubicin (35 mg/m? day 1),
vincristine (0.05 mg/kg day 1), and
prednisolone (2 mg/kg/day for 5 days)
Methotrexate (3 mg/kg for one
dose) and prednisolone (2 mg/kg/
day for 3 days)
Cyclophosphamide (10 mg/kg day
1), vincristine (0.05 mg/kg day 1),
and prednisolone (2 mg/kg/day for 5
days)

JLSG-02 [51]

Prednisone (40 mg/m*/day
for 4 weeks, and taper over
2 weeks) and three
every-two-week courses of
cytarabine (100 mg/m*/day
for 5 days), vincristine
(0.05 mg/kg on day 1)

Maintenance A: 24-week maintenance
phase alternating cycles every 2 weeks
of:

e Cytarabine (150 mg/m? day 1),
vincristine (0.05 mg/kg on day 1),
prednisolone (2 mg/kg/day for 4 days)

* Methotrexate (1 mg/kg for one dose)
and prednisolone (2 mg/kg/day for 3
days)

Maintenance C: 24-week maintenance

phase with 6-mercaptopurine (1.5 mg/

kg/day orally) and alternating cycles
every week of:

¢ Prednisolone (2 mg/kg/day for 5
days) and vinblastine (6 mg/m?)

e Methotrexate (20 mg/m? orally for
one dose)

For poor responders:
Cyclosporine A 3 mg/
kg/day for 2 weeks, with
three every-2-week
courses of doxorubicin
(35 mg/m? day 1),
cyclophosphamide

(10 mg/kg/day for 5
days), vincristine

(0.05 mg/kg day 1), and
prednisolone (2 mg/kg/
day for 5 days)

For poor responders:

Maintenance B: 24-week maintenance

phase alternating cycles every 2 weeks

of:

« Doxorubicin (35 mg/m? day 1),
vincristine (0.05 mg/kg day 1), and
prednisolone (2 mg/kg/day for 5
days)

* Methotrexate (3 mg/kg for one dose)
and prednisolone (2 mg/kg/day for 3
days)

¢ Cyclophosphamide (10 mg/kg day 1),
vincristine (0.05 mg/kg day 1), and
prednisolone (2 mg/kg/day for 5
days)

Maintenance C
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Table 5.2 (continued)

First induction

Second induction

Continuation/maintenance

EKZ/AMC?
[52]

Prednisolone 40 mg/m?2/
day for 4 weeks

Two 2-week courses of
cytarabine (100 mg/m*/day
for 4 days), vincristine
(1.5 mg/m? on day 1)

Prednisolone 20 mg/m?/day for until
week 47, and taper over 6 weeks
Courses of cytarabine (100 mg/m?*day
for 4 days), vincristine (1.5 mg/m? on
day 1), on weeks 5, 8, 12, 17, 23, 29,
35

§ = as reported by Egeler et al. [52]

and a survival rate of 100%, thereby showing that
young age per se is not a risk factor [49].

The LCH-III study tested the efficacy of
increasing the treatment intensity by adding in a
randomized way MTX for patients with risk
organ involvement (defined for LCH-III as
involvement of the lungs, liver, spleen, or hema-
topoietic system), as well as the effect of a sec-
ond induction course in patients with insufficient
response at 6 weeks [37]. A second objective was
to evaluate the effect of treatment prolongation
for MS-RO— patients (6 vs. 12 months) [37].

Patients with MS-RO+ LCH received standard
6-week induction with PDN and VBL, and con-
tinuation with 6-MP and three-week pulses of
PDN and VBL for a total duration of 12 months
of therapy, and were randomized to the addition
of MTX (Table 5.2). Patients with active disease
at 6 weeks received a modified re-induction with
a duration of 6 weeks, consisting of weekly VBL
and PDN pulses with MTX according to the ran-
domization. As shown in Table 5.3, the outcomes
in both arms were similar for response rates,
reactivation rates, and 5-year probability of sur-
vival. Furthermore, historical comparisons
revealed superior outcomes compared with
LCH-I and LCH-II in terms of survival and reac-
tivation rates. In MS-RO— patients, longer treat-
ment resulted in a significantly lower 5-year
reactivation rate (37% vs. 54%). Overall, the
LCH-III study allowed for the conclusions that
early intensification with a second induction
phase for patients with slow responses and ther-
apy prolongation result in significantly improved
outcomes for patients with MS-LCH [37].

In the same journal issue that published the
results of the AIEOP study [47], the results of a
single institution (Emma Children’s Hospital,

Amsterdam, the Netherlands) were published
[52]. The treatment consisted of PDN, VCR, and
cytarabine (ARA-C) for a treatment duration of
12 months (Table 5.2). In a small series of
MS-RO+ patients, an overall survival rate of 75%
was found, as well as a reactivation rate of 17%
(1/6 patients; see also Table 5.3) [52]. The Japan
LCH Study Group expanded the experience with
LCH treatment on an ARA-C backbone in two
studies [50, 51]. The JLSG-96 protocol was a
non-randomized response-based trial.  All
patients received an induction course with
courses of ARA-C, VCR, and PDN, comparable
to that of the Emma Children’s Hospital study
[52]. Responding patients subsequently received
a maintenance phase with cycles of ARA-C,
VCR, and PDN, alternating with MTX and PDN
(Table 5.2). Poor responders to induction treat-
ment were switched to second induction phase
with doxorubicin, cyclophosphamide, VCR, and
PDN and subsequently continued to receive alter-
nating cycles of those agents as maintenance for
24 weeks (Table 5.2). Overall, a good response
rate of 89.8% was obtained in the MS-group at
any point in the treatment, as well as an overall
survival rate of 94.4% (Table 5.3) [50]. Patients
who obtained a good response had a reactivation
rate of 45.3% [50]. Because of these high reacti-
vation rates, the PDN dose in the induction phase
of the JLSG-02 study was increased, and the
maintenance phase was increased to a total treat-
ment duration of 12 months [51]. Furthermore,
cyclosporine was introduced in the second induc-
tion [51]. These measures (Table 5.2) increased
the 6-week response rates in MS-RO+ patients
from 68.3% to 76.2% (see also Table 5.3) and the
event-free survival (EFS) rate from 26.6% to
36.2% [51]. The role of ARA-C in the first-line
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management of LCH was also explored in sepa-
rate institutional case series of 16 patients with de
novo LCH, 14 (88%) of whom achieved non-
active disease (NAD) by the end of 1 year of
therapy, with a l-year progression-free survival
of 93% [53]. In 4 out of the 16 patients, the LCH
reactivated either during therapy or within
6 months of therapy completion [53].

An interesting observation among all the treat-
ment protocols is that the improved reactivation
rates seem to have had only limited, if any, impact
on the occurrence of permanent consequences
such as DI (Table 5.3). This was also observed
comparing treatment eras within a large national
cohort in France [34].

The results of all the multicenter studies [2],
as well as the recent report on the French national
cohort [34], support the following conclusions:
(i) early response is a predictor of survival in
MS-RO+ LCH patients [48, 51, 54], (ii) a second
induction treatment should be administered to

nonresponding patients [37, 50, 51], (iii) prolon-
gation of treatment decreases the reactivation rate
[37, 51], and (iv) isolated pulmonary involve-
ment is rare and is not an independent prognostic
factor [51, 55]. Furthermore, a recent evaluation
of the patients included in the LCH studies of the
Histiocyte Society showed that in MS-LCH
patients, the absence of bony lesions at diagnosis
is associated with a lower survival [56].

In the current LCH-IV study, MS-LCH patients
are eligible for inclusion in Stratum I, group 1
(Fig. 5.2). In line with the observations and con-
clusions shown above, the aim of the study for
MS-LCH patients is to investigate whether mor-
tality can be further decreased by an early switch
to more intensive salvage treatment in those
patients whose risk organ involvement does not
respond to frontline therapy. It also investigates in
a randomized fashion whether further prolonga-
tion (12 vs 24 months) and intensification of con-
tinuation therapy (treatment +6-MP) will reduce
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STRATUM I: Group 1 TEEmEmEEEEEEEs
> CT-Arm B (12 months PRED/VBL + 6-MP) |
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Fig. 5.2 Current strategy for MS-LCH within the LCH-IV protocol of the Histiocyte Society
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the reactivation rate and permanent consequences.
The LCH-IV study does not include a direct com-
parison between a VBL and an ARA-C-based
induction therapy. However, a separate trial is cur-
rently investigating this question in a randomized
fashion (NCT02670707).

Indomethacin

In the first report on the anti-inflammatory drug,
indomethacin, in LCH, this drug was used to
treat hypercalcemia and pain in an infant with
multisystem LCH with extensive bony lesions
[57]; however, during the treatment there was an
increase in the size of the bony lesions [57]. In
1999, a report on a series of ten patients (6
single-system bone disease and 4 with MS-LCH)
showed a good response rate, defined as a com-
plete resolution of symptoms for a period of
4 weeks [58]. In this study, evaluation of radio-
logic response was not required and was only
determined in one patient; the authors acknowl-
edged that they could not determine whether the
drug influenced the disease process or merely
acted as an analgesic [58]. In other studies,
indomethacin was compared to MTX-based
chemotherapy in a group of patients with skull
lesions, where 8 out of 9 had single skull lesions
[59], and in a group of 33 patients with other
single-bone lesions [60]. For both of these
groups, the use of adjuvant therapy is question-
able [59, 60]. More favorable responses with
indomethacin have more recently been reported
by the group from Buenos Aires [36]. Of the 22
patients in that study treated at diagnosis, 16
had only unifocal bone disease. Of the 6 patients
with multifocal bone disease at diagnosis, the
evaluation after 8 weeks revealed no evidence of
active disease in 3, and the other three needed
additional treatment [36]. Although published
results have thus far not shown a superior effect
of indomethacin over more traditional chemo-
therapeutic approaches, the low toxicity profile
of the drug as well as its price are very attrac-
tive. Furthermore, there is significant amount of
non-published favorable experiences with indo-
methacin. This has led to the randomization of

indomethacin versus 6-MP/MTX in the mainte-
nance phase of the low-risk reactivation stratum
of the LCH-IV study (Stratum II). Results of
this study are eagerly awaited and, in case of
equal efficacy, it is to be expected that the use of
indomethacin in the maintenance phase of pri-
mary LCH will be tested in future studies of the
Histiocyte Society.

Remaining Questions and Future
Directions

In skin-only LCH (see section “Single-System
Skin LCH”), there is a need for a well-designed
clinical trial to answer some of the open ques-
tions in that clinical entity. Treatment options
should be evaluated in a randomized fashion,
probably with stratification on the basis of the
percentage of involved skin. Ideally, such a study
should be a collaborative effort between derma-
tologists, pediatric oncologists, and probably also
primary care physicians, as it is not unlikely that
some mild forms of skin-only LCH are currently
not detected because no biopsy is taken. Clearly,
this will need a huge effort and it is perhaps an
unattainable goal in this mild disease. This is
probably not the case for young children, where
the substantial risk for progression to MS-LCH is
well established [1, 4, 6]. For a study in that age
group, an effort should be made to evaluate at
least those children in primary care where skin
rashes do not react as expected to standard of
care, to find out whether these children have skin
LCH.

The need for systemic treatment in single
CNS-risk lesion LCH was recently questioned by
a multicenter retrospective study [35]. Although
this was not a prospective randomized study and
thus had inherent biases, there is a need to try to
confirm these data in an independent cohort [9,
35]. The fact that in multisystem LCH the devel-
opment of DI as a permanent consequence seems
not to be influenced by the duration of mainte-
nance treatment underlines this need [34]. For
multifocal bone disease (section ‘“Multifocal
Bone LCH”), preliminary data form the JLSG
may indicate that prolongation of treatment in
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that group of patient does not necessarily lead to
a lower reactivation rate [38]. The survival rates
of 100% in multifocal bone disease seem to des-
ignate this group of patients as one where also the
efficacy of indomethacin can be further tested in
a randomized fashion. And even if the drug turns
out to be a little less efficacious than, e.g., the
more traditional 6-MP/MTX combination, it
might become the drug of choice in less affluent
countries. As mentioned in the previous section,
Stratum II of the current LCH-IV study can be
expected to shed some light on this issue.

Although for MS-LCH the LCH-II study
clearly showed that prolongation of maintenance
treatment improved the reactivation-free survival,
it cannot be denied that for almost half of the
patients, a treatment duration of only 6 months is
enough [37]. The common problem here, and in
the single-system forms discussed above, is that
currently it is very difficult to estimate the risk of
reactivation or other outcomes (e.g., death in
MS-RO+ LCH) already at diagnosis. Luckily
enough, data are appearing that might soon allow
for a more refined risk stratification at diagnosis.
Lack of bony lesions at diagnosis of MS-LCH
was found to be associated with an inferior out-
come [56], as was anemia with thrombocytopenia
with or without leukopenia and hypoalbuminemia
[61]. The expression of CXCR4 at diagnosis was
shown to be an independent risk factor for reacti-
vation [62]. Recent evidence from France indi-
cates that the presence of the BRAF-V600E
mutation correlates with high-risk LCH and also
with an increased risk of failure of first-line ther-
apy [63]. In the previous years, other factors that
may predict a risk of reactivation have been
described, although this might be explained by
their association with MS-LCH [64—-67]. The cur-
rent LCH-IV should be used as the platform to
evaluate some of these risk factors prospectively
in a cohort with a uniform treatment policy.

Lack of early response to treatment in MS-RO+
LCH has been established as a risk factor [48, 51,
54]. The effect of early switch to salvage treat-
ment is tested in the current LCH-IV study. It can
be expected that besides clinical evaluations, such
as the Disease Activity Score [68], laboratory
tests such as the detection or kinetics of ctDNA

[26, 27] will be evaluated for their ability to detect
treatment failure early in the course of treatment.
BRAF inhibitors have been shown to be effective
in patients with BRAF-V600E mutated forms of
LCH [69-71]. Inhibitors for BRAF and MEK will
undoubtedly find their way into the first-line treat-
ment of LCH within a few years, although it is
well recognized that issues such as clear indica-
tions, optimal inhibitor, best dose, and treatment
duration are yet to be defined.

Lastly, it is well recognized that only a ran-
domized study will be able to settle the dispute
[53, 72, 73] whether primary treatment should be
based on a VBL or on an ARA-C backbone.
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Treatment of Relapsed
and Refractory Langerhans Cell
Histiocytosis in Children

Oussama Abla, Carlos Rodriguez-Galindo,

and Paul Veys

Introduction

A significant improvement in the understanding
of the biology of Langerhans cell histiocytosis
(LCH) has occurred in the last decade, particu-
larly after the discovery of recurrent somatic acti-
vating mutations of the BRAF-V600E gene in
57% of LCH cases [1]. Despite this, almost 50%
of patients with LCH are refractory to initial
treatment or develop reactivation of their disease
within 5 years, with most reactivations occurring
in the first 2 years [2—4]. Well-known poor prog-
nostic factors in patients with LCH include the
involvement of “risk organs” (RO), such as the
liver, spleen and haematopoietic system, and fail-
ure to respond after 6 weeks of induction therapy
[5, 6]. Patients with multisystem (MS) LCH who
are RO+ and who fail to respond after two courses
of initial therapy (week 12) had a survival prob-
ability of 20-34% on the LCH-I and LCH-II
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studies and only 10% after the more intensive
DAL chemotherapy regimen [6]. Thus, the treat-
ment of patients with MS-LCH who are refrac-
tory to initial therapy has been quite challenging,
and their outcome is very poor.

The LCH-III trial results showed that prolong-
ing treatment with vinblastine/prednisone in
MS-LCH patients was effective in improving the
5-year survival rate to 84% (from 62% on the
LCH-I and 69% on the LCH-II trials) and
decreasing the 5-year reactivation rate to 27%
(from 55% on the LCH-I and 44% on the LCH-II
trials) [2]. These improvements were mainly
attributed to early switch to salvage therapy in
slow early responders, better salvage regimens
and better supportive care in recent years.

This chapter will focus on the treatment
strategies of children with refractory and
relapsed LCH including chemotherapy, immune-
modulating agents, targeted therapies and hae-
matopoietic stem cell transplant (HSCT).

Treatment of Relapsed
and Refractory “Low-Risk” LCH

This group includes patients with reactivation of
skin-only disease, multifocal bone disease or “low-
risk” multisystem disease (RO™). Disease reactiva-
tion tends to occur in almost one-third of these
patients, and they usually respond well to second-
line therapy, although multiple reactivations are
common. In general, treatment failures in patients
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with low-risk LCH are not associated with mortal-
ity but with long-term morbidity, and optimal che-
motherapeutic strategies are not well defined.

Therapies for Relapsed/Refractory
Skin LCH

Relapsed and refractory skin-only LCH can be
treated with topical corticosteroids, particularly
in cases with severe symptoms or for cosmetic
reasons. Failure of complete remission or con-
cerns regarding long-term steroids toxicity will
usually dictate a change of therapy. Surgery can
be a reasonable option for isolated and small
lesions, and it is used more commonly in adults
for cosmetic reasons; mutilating surgery should
be avoided. Alternative topical treatments include
nitrogen mustard, imiquimod and phototherapy.

Topical nitrogen mustard (0.02% mechloreth-
amine hydrochloride), an alkylating cytostatic
agent, has been reported to be effective and safe
in children with refractory skin LCH, although
relapses are common [7]. However, due to its
oncogenic potential and the high rate of contact
sensitivity, its use should be limited to severe skin
disease or multiply refractory cases [8, 9].

Topical imiquimod, an interferon-inducing
agent, has been successfully used in a child with
skin LCH who was refractory to topical steroids
and topical tacrolimus. The skin rash resolved
completely within 5 months with no recurrence
after a 2-year follow-up. The drug was well toler-
ated except for minor bleeding and irritation [10].
Successful use of topical imiquimod has also
been reported in adults [11].

Oral 8-methoxypsoralen (8-MOP) plus ultra-
violet A (PUVA) therapy (3 times/week for
2 months followed by maintenance therapy at
1-2 times/week) is an effective option for adult
patients with extensive and refractory skin LCH
[12]. However, due to the increased risk of skin
cancer, PUVA is contraindicated in children less
than 12 years of age [10].

Narrow band ultraviolet B (NB-UVB) therapy
is a safer and effective option in children and

adults. Side effects are usually mild and
include burning, itchiness, erythema and xerosis
[13, 14]. Nevertheless, it is controversial whether
NB-UVB can be associated with an increased
risk of skin cancer; therefore, we do not routinely
recommend it for a resistant skin-only LCH (per-
sonal communication, O. Abla).

Methylaminolevulinate (MAL)-based photo-
dynamic therapy (PDT) was found to be effective
in an 18-month-old boy with severe and resistant
scalp LCH. Two weeks after PDT, a significant
reduction of the inflammation and crusting was
noted. Four weeks later, there was an almost com-
plete healing. A control biopsy revealed a com-
plete histological clearing and only some residual
CDla + LC on immunohistochemistry. After a
follow-up of 6 months, the scalp was still recur-
rence-free. The procedure was well tolerated [15].
PDT is an FDA-approved treatment option for
superficial basal cell carcinoma, Bowen’s disease
and actinic keratosis. PDT permits selective
destruction of cells accumulating the topical pho-
tosensitizer (MAL) and subsequently activated by
a light source. Through an unknown mechanism,
a ten-fold higher intracellular concentration of the
photosensitizer is achieved in metabolically more
active cells, such as the LCH cells [15].

Refractory mucocutaneous LCH can also be
treated with systemic chemotherapy. Low-dose
oral methotrexate (MTX), at 20 mg weekly, was
found to be effective in both adults and children
with multifocal and resistant skin LCH [16-18].
The combination of alternate-day prednisone
(40 mg/m?*day) with weekly oral MTX was simi-
larly effective and tolerated in 13 children with
refractory LCH [17]. An alternative regimen is
the combined use of weekly oral MTX and daily
oral 6-mercaptopurine (50 mg/m?day), which
was beneficial and tolerated in 11 children with
relapsed skin and bone LCH [19]. Oral thalido-
mide (200 mg/day), an anti-TNF alpha agent,
was effective for mucocutaneous LCH after
4 weeks of treatment with complete remission
after 3 months. Maintenance therapy using
100 mg/day can be recommended to prevent
recurrent disease [20].
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Therapies of Relapsed and Refractory
Bone LCH

Indomethacin

Since prostaglandin (PG) E2 has been identified
in the bone lesions of LCH, indomethacin, a
potent PG inhibitor, may be useful in patients
with symptomatic bony LCH. The drug, at a dose
of 1-2.5 mg/kg/day for 1-16 weeks (mean
6 weeks), induced complete remission in eight of
ten patients treated in an older series, six with
unifocal bone and four with multifocal bone LCH
[21]. Braier et al. evaluated the nonrandomised
use of oral indomethacin (2 mg/kg/d) in
patients with symptomatic single-system bone
LCH. Thirty-eight patients were treated for a
median of 4 months. Criteria of nonactive disease
(NAD) after 8 weeks of treatment were no pain,
no soft tissue involvement, no increase of size or
no new bone lesions. Twenty-two patients were
treated at diagnosis: 18 showed NAD after initial
treatment; 3 improved and were with NAD after
treatment with indomethacin, steroids or radio-
therapy; and 1 patient developed progressive
bone disease and he was with NAD after treat-
ment with steroids and chemotherapy. Sixteen
patients were treated after reactivation, and all
were with NAD after initial treatment: 5 reacti-
vated again and 4 remained with NAD after
retreatment with indomethacin. Indomethacin
was overall well tolerated, but patients need to be
monitored for gastrointestinal side effects [22].
In summary, indomethacin can be effective in
reactivated as well as newly diagnosed single-
system bone disease. Whether it has any role in
slowing disease progression or in preventing late
sequelae, or only acts as an analgesic agent,
remain to be determined. The optimal duration of
indomethacin therapy, however, is yet to be
defined. The Histiocyte Society LCH-IV
International trial is currently studying the ran-
domised use of indomethacin (2 mg/kg/day with
gastric protection) versus 6-mercaptopurine and
MTX as continuation therapy for 2 years after
second-line treatment with VCR/prednisone and
Ara-c in “non-risk” LCH patients.

Bisphosphonates

Bisphosphonates are analogues of pyrophos-
phates that act by inhibiting osteoclasts and pre-
venting bone resorption [23]. They can be
beneficial in bone LCH mostly through a
reduction in LCH cell proliferation and reduced
formation and function of osteoclasts [24].
Bisphosphonates provide an analgesic effect by
decreasing cytokine and prostaglandin produc-
tion and through an increase in bone structure
[24]. In 1989, bisphosphonates were initially
found to be effective in multifocal eosinophilic
granuloma of the bone [25]. Several other reports
confirmed subsequently the beneficial effects of
these drugs in bony LCH [24, 26-28]. Da Costa
et al. showed, in 2005, that multinucleated giant
cells (MGCs) in LCH express several osteoclast
markers that are responsible for producing
osteoclast-inducing cytokines [29]. These osteo-
lytic cytokines, tumour necrosis factor (TNF)-a
and interleukin-1, and other matrix-degrading
enzymes produced by the MGCs, are involved in
inducing osteolysis.

A nationwide survey from Japan investigated
the role of pamidronate in 16 children with reacti-
vated bone LCH; pamidronate was effective in the
resolution of bone lesions in 75% of children with
a low toxicity profile [30]. More recently, results of
a multicentre retrospective study of 13 patients
(adults and children) with LCH who had received
bisphosphonates, either at diagnosis or at disease
reactivation, were reported. Ten patients had unifo-
cal bone disease, while 3 had bone lesions as part
of MS-LCH. Four patients received pamidronate, 3
received alendronate and 6 received zoledronate.
Significant pain relief was obtained in almost all
patients, and 12 patients (92%) achieved resolution
of active bone lesions and 10 of these had NAD for
3.5 years. One patient had significant response in
skin and soft tissue lesions following pamidronate
therapy [31] Pamidronates have been previously
shown to have some efficacy in non-ostotic LCH
lesions such as skin and soft tissue lesions [30].
This is compatible with the findings of da Costa
et al. who showed the presence of CD68+
osteoclast-like MGCs in non-ostotic lesions that
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also co-expressed CDla [29]. Bisphosphonates
were well tolerated in this series except for few epi-
sodes of fever after IV pamidronate in one patient
and mild elevation in parathyroid hormone (PTH)
levels after alendronate in another patient. The
other rare but significant side effect associated with
IV bisphosphonates is osteonecrosis of the jaw
(ONJ) [32], but none of the patients in this series
developed ONIJ. Other reported side effects of
bisphosphonates include nephrotic syndrome with
renal failure [33] and visual adverse effects [34].

In summary, both oral and IV bisphosphonates
appear to be a safe and effective option to treat bone
lesions in LCH at diagnosis and at reactivation, in
adults as well as in children. Patients need to have
adequate vitamin D repletion prior to starting
bisphosphonate therapy with monitoring of serum
calcium and PTH pre- and during bisphosphonate
therapy. Whether bisphosphonates can help in pre-
venting progression to late CNS or endocrine com-
plications remain to be determined. Prospective
long-term studies will be required to answer this
question, as well as to determine the optimal dose
and duration of therapy and long-term efficacy and
safety of bisphosphonates in LCH patients.

Chemotherapy

Anecdotal reports of daily oral 6-mercaptopurine
and weekly oral methotrexate in relapsed/refrac-
tory low-risk LCH have been reported. A previous
report of few cases from Denmark confirmed the
benefit and low toxicity of this combination in
children with relapsed skin and multifocal bone
LCH [19]. Similarly, oral chemotherapy with
alternate-day prednisone and weekly MTX was
effective and non-toxic in patients with low-risk
LCH [17]. Furthermore, intermediate-dose metho-
trexate (100-175 mg/m? IV every 10-14 days)
was found to be effective and well tolerated in
children with recurrent low-risk LCH [35].

Treatment of Relapsed
and Refractory MS-LCH

Chemotherapy

Based on the recent suggestion that LCH cells
derive from immature myeloid precursors [36], it

is reasonable to conclude that nucleoside ana-
logues such as cytarabine, cladribine and clofara-
bine may have activity against LCH.

Cytarabine (Ara-C) monotherapy or in combi-
nation with vincristine and prednisone have been
shown to be effective in children with low-risk
and RO+ MS disease, either as front-line or as sal-
vage therapy [37-40]. Egeler et al. treated 18 chil-
dren with new and relapsed LCH (8 RO+ and 10
RO-) with Ara-C, vincristine (VCR) and predni-
sone (PRED) and observed complete remissions
in 13 patients (72%). Two of those with risk organ
involvement died within 3 months of therapy. The
treatment was overall well tolerated with only two
episodes of fever/neutropenia and bacteremia
[37]. The Japanese LCH Study Group (JLSG) 02
trial (2002-2009) used a 6-week induction regi-
men, in patients with MS-LCH, consisting of
Ara-C/VCR/PRED followed by an extended
maintenance therapy (to 48 weeks) and added
cyclosporine to the salvage regimen. Patients with
risk organ involvement who were refractory to
treatment at week 6 had a mortality rate of 30%
[38]. The overall response rate at week 6 was 76%
compared to 66% with the vinblastine-prednisone-
based LCH-III trial and a long-term mortality of
8% compared to 15% with LCH-III; third and
fourth grade cytopenias were, however, much
higher (80%) than those seen with the LCH-III
trial (28%). The cytopenias, mostly neutropenias,
were transient and no life-threatening complica-
tions were observed [2, 38]. Stratum 2 of the
ongoing LCH-IV trial, designed for RO- MS
patients who fail first-line therapy or who initially
respond but subsequently develop a reactivation,
is studying a 6-month reinduction with Ara-C/
VCR/PRED followed by a randomized 18-month
continuation with oral indomethacin versus oral
6-mercaptopurine and methotrexate.

An institutional retrospective series reported
the successful use of Ara-C monotherapy
(100 mg/m?/d x 5d for 6 months) in adults with
bone LCH with a relapse rate of only 21%, as
opposed to 59% with cladribine and 84% with
vinblastine/prednisone [39]. A regimen contain-
ing intermediate-dose cytarabine (100-170 mg/
m?*day IV for 3-5 days every 3—4 weeks), either
as monotherapy or in combination with VCR or
with VCR/PRED, was reported by Simko et al. to
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be effective in treating LCH patients in first or
greater relapse with a 59% (13 of 22) response
rate, including 4 of 6 patients who were RO+.
The estimated 3-year progression-free (PFS) and
overall survival (OS) were 41% and 100%,
respectively. The PES at 1 year was 60% with no
difference between RO+ and RO- patients [40].
Toxicity was limited to neutropenia, fever or
infrequent infections requiring hospitalisation.
The same group tested the efficacy of IV cytara-
bine (100-170 mg/m?*day IV over 3-5 days,
every 3—4 weeks) in 16 patients with newly diag-
nosed LCH and found that 14 of them (88%) had
NAD after 1 year of therapy. Only one patient
progressed while on therapy and three (19%)
relapsed within 6 months after therapy comple-
tion; the OS rate was 100% [40]. A phase III trial
at Baylor College of Medicine is currently com-
paring cytarabine monotherapy versus vinblas-
tine/prednisone in patients with LCH aged
<21 years. A longer follow-up period will be
required, however, to fully evaluate the impact of
this strategy on the rates of reactivation and per-
manent sequelae.

Nucleoside Analogues

Cladribine, or 2-Chlorodeoxyadenosine (2-CdA),
is a nucleoside analogue with a well-known
activity in children with relapsed acute myeloid
leukaemia (AML) and a response rate of 59%
when used as single agent [41]. 2-CdA is resis-
tant to the enzyme adenosine deaminase (ADA),
but not to deoxycytidine kinase (dCk) which
metabolises deoxyadenosine in ADA-deficient
cells. This will cause the accumulation of chlori-
nated deoxyadenosine nucleotides which can be
incorporated into the DNA of dividing cells and a
subsequent arrest in the S phase of the cell cycle
and activation of apoptosis [42]. Normal mature
monocytes express high levels of dCk, and
in vitro studies have found 2-CdA to be a highly
selective anti-monocyte agent which results in
decreased monocyte function and decreased IL-6
secretion [43]. Since tissue histiocytes are derived
from the same stem cells as circulating mono-
cytes, 2-CdA has been reported as an active agent
in the treatment of LCH and other histiocytic

disorders. In adults with relapsed LCH, 2-CdA
was associated with excellent clinical responses
with an overall response rate of 82% [44].

In children with chronically relapsing low-
risk disease, 2-CdA appeared to be very effective
with responses in >90% of the patients although
further reactivations still occur [45-48]. 2-CdA
penetrates the blood-brain-barrier producing
cerebrospinal fluid (CSF) levels that are 25% of
plasma; thus another benefit of this drug is its
effect on active CNS LCH including the anec-
dotal reversal of diabetes insipidus [49].

Results of the LCH-Salvage-98 protocol of
the Histiocyte Society showed that single-agent
low-dose 2-CdA (5 mg/m?/d for 5 days per month
for 6 months) was effective in inducing a 22%
response rate in RO+ patients and 62% in RO-
patients who were refractory to front-line ther-
apy. However, only 4% of all patients had NAD
by week 24. The 2-year predicted survival (2-year
pSU) in RO+ patients was 48% + 0.08% from the
start of 2-CdA (23 of 45 RO+ patients died); the
2-year pSU was 97% + 0.03% for patients who
were RO- at the start of 2-CdA (1 RO- patient
died after HSCT) [50]. Prolonged myelosuppres-
sion was a limiting factor particularly in RO+
patients and most reported infections occurred in
this group; one risk patient developed an EBV-
induced lymphoproliferative disease after treat-
ment with 2-CdA, but he was heavily pretreated
with many immunosuppressive drugs. Very low
toxicity was reported in the low-risk group with
only one patient developing a prolonged EBV
infection. The study conclusion was that 2-CdA
is an active drug in LCH but that as monotherapy
it has a higher response rate in patients with low-
risk MS or MFB disease. Approximately 30% of
risk patients seem to respond to 2-CdA, and mor-
tality from disease in this group is low. Risk
patients who fail to respond to 2-CdA, however,
have a high risk of mortality [50].

A major limitation of this drug is its toxicity
which includes transient myelosuppression and
prolonged T-cell immunosuppression. Few seri-
ous infections have been reported in patients
receiving 2-CdA including recurrent herpes zos-
ter and CMV pneumonia [51]. Others have
reported late effects such as chronic myelomono-
cytic leukaemia (CMML) and EBV-induced
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lymphoproliferative disorder after therapy with
2-CdA [44]. Continued surveillance of patients
with LCH treated with 2-CdA for the develop-
ment of late malignancies, such as monosomy 7
and solid tumours (glioblastoma, mucoepider-
moid parotid carcinoma), is suggested. Other less
common complications after therapy with 2-CdA
include early and delayed onset of severe autoim-
mune hemolytic anaemia, aplastic anaemia [52]
and severe skin rash [53]. A careful risk-benefit
assessment needs to be performed in each case
due to the potential risk of serious side effects
from 2-CdA.

Due to the effects of 2-CdA on DNA metab-
olism, it is reasonable to conclude that it is
likely to be synergistic with other cytotoxic
drugs and that combination therapy is likely to
be more effective than 2-CdA alone. The cyto-
toxic effect of Ara-C is due to the active metab-
olite 5’-triphosphate, Ara-CTP [54] and the
combination of Ara-C and 2-CdA which results
in higher intracellular concentration and
increased retention time of Ara-CTP in vitro
and in vivo [55]. This synergy and the minimal
long-term toxicity of Ara-C make this an attrac-
tive combination in resistant LCH cases. An
older small series of 10 patients with progres-
sive  LCH showed encouraging results.
Treatment consisted of at least two courses of
Ara-C (1000 mg/m?/d) and 2-CdA (9 mg/m?/d)
for 5 days every 4 weeks. Amongst the seven
patients who received two courses of therapy,
disease activity decreased in six patients and
control of disease was achieved in all seven
patients after a median delay of 5.5 months.

Significant pancytopenia occurred, however,
in all patients. Two septic deaths occurred after
the first course of 2-CdA/Ara-C; a third patient
was withdrawn from the trial after the first course
and subsequently died after allogeneic HSCT
[56]. Another small series using the same combi-
nation showed similarly encouraging results in
relapsed paediatric patients with LCH and risk
organ involvement [57]. The Histiocyte Society
LCH-S 2005 protocol used a combination of
high-dose Ara-C (1 gr/m*day) and 2-CdA (9 gr/
m?*day for 5 days per cycle) in 27 very-high-risk
LCH patients (median age 0.7 months).

There was a 92% response rate after 2 cycles
(7% had NAD and 85% had AD better); four
patients relapsed, some of whom were salvaged
by HSCT. There were four deaths (15%), two
from toxicity and two from disease progression.
Although this regimen proved to be very effec-
tive, it was associated with significant toxicity
and requires excellent supportive care measures
[58]. Rosso et al. used the same combination of
drugs and treated a series of nine patients with
progressive MS-LCH with a lower dose of 2-CdA
(5 mg/m*/d) and a much lower dose of cytarabine
(100 mg/m2/d for 4 days per cycle). Six patients
achieved remission and one a partial response;
three patients reactivated. The overall probability
of survival at 3 years was 73% [59]. The studies
are not strictly comparable as only five of the
nine patients treated in the Rosso series had pro-
gressive disease at 6 weeks of LCH therapy, a
known very poor prognostic factor. However,
these results are encouraging and suggest a
worthwhile salvage strategy, particularly for sites
that do not have the supportive care required for
the high-dose therapy. Stratum 3 of the ongoing
Histiocyte Society LCH-IV trial is currently eval-
uating the efficacy of salvage with 2-CdA/Ara-C
combination in MS-LCH patients with risk organ
involvement who fail to respond to first-line
treatment or who develop reactivation after initial
response.

Clofarabine is a second-generation nucleo-
side analogue with activity in refractory AML
[60]. The drug was designed to improve the
efficacy and minimise the toxicity of its conge-
ners cladribine and fludarabine. While fludara-
bine triphosphate mainly inhibits DNA
polymerases and cladribine triphosphate par-
ticularly inhibits ribonucleotide reductase, clo-
farabine triphosphate inhibits both DNA
polymerases and ribonucleotide reductase in
addition to inducing apoptosis through release
of mitochondrial cytochrome C [61]. Small
case series have shown single-agent clofara-
bine to be a successful salvage therapy in LCH
patients (RO+ and RO-) who failed to achieve
durable responses with cladribine or cytara-
bine [62-64]. Simko et al. reported a one-year
progression-free survival of 76% in 11 LCH
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patients who had failed a median of three pre-
vious chemotherapy regimens, and most
patients (64%) had a complete response after
6 months of clofarabine at 25 mg/m?/day for
5 days every 28 days. All patients developed
grade 4 neutropenia, and five developed grade
3 bacterial infections [62]. Data from phase I
leukaemia studies showed that the maximum
tolerated dose of clofarabine in children was
52 mg/m?*/day for 5 days. Most patients in the
LCH series were treated with either 30 or
25 mg/m?/day (5 days/cycle) for 6 months, and
some patients received filgrastim. Prolonged
and cumulative cytopenias were not seen,
likely because of the lower doses of clofara-
bine in LCH compared to leukaemia studies.
Another issue with clofarabine is its high cost;

however, this could possibly be justified by the
potential to avoid HSCT in these refractory
patients. A summary of the largest salvage
therapy studies for LCH are summarised in
Table 6.1. A phase II study of clofarabine in
patients with recurrent or refractory LCH
(LCH-CLO) is currently being conducted by
the North American Consortium for Histiocytic
Disorders (NACHO).

In summary, nucleoside analogues have
an excellent activity in treating resistant
LCH, with dose-dependent effects with
regards to therapeutic efficacy and toxicity.
Patients with very resistant high-risk LCH
despite multiple salvage therapies can be
potentially be cured with haematopoietic stem
cell transplant.

Table 6.1 Salvage therapies in children with relapsed/refractory LCH

# of
Regimen (Ref) patients | Response Outcome Toxicity
ARA-C/VCR/PRED 22 59% 1-year PFS 60% Neutropenia 50%
[40] 3-year PFS 41% | Fever 19%
3-year OS 100% | Infections 12%
ARA-C/VCR/PRED 18 72% (N} 89% Mild myelosuppression | 100%
[37]* RO+ |63%
RO- | 80% Infections 11%
ARA-C/2-CdA [56] 10 70% 3-year OS 70% Febrile neutropenia 100%
Infections 30%
Neuropathy 30%
2-CdA (5 mg/m?) [50] |83 RO+ |22% | 2-year pSU =48% (RO+)
RO- 62% |2-year pSU =97% (RO-)
ARA-C(1 g/ 27 92% 5-year OS 85% Febrile neutropenia 100%
m?) + 2-CdA (9 mg/ Reactivation 22% Enteritis 18%
m’) [58] Infections 11%
Aspergillosis 11%
TRM 15%
ARA-C(100 mg/ 9 78% 3-year OS 73% Febrile neutropenia 100%
m’) +2-CdA 5 (mg/ Reactivation 33% Infections 11%
m’) [59]
Clofarabine [40] 11 73% 1-year PFS 76% Neutropenia 100%
1-year OS 91% Infections 45%
Vomiting 29%
Drug-related fever 9%
Capillary leak 9%
syndrome

ARA-C cytarabine, VCR vincristine, PRED prednisone, PFS progression-free survival, OS overall survival, pSU pre-
dicted survival, RO risk organ, 2-CdA cladribine, TRM treatment-related mortality

“Newly diagnosed and relapsed LCH
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Haematopoietic Stem Cell
Transplant

Patients with high-risk LCH, whose disease is
refractory to conventional chemotherapy, have a
poor outcome with 2-year survival rates <30%
[65]. Attempted salvage with allogeneic haema-
topoietic stem cell transplantation (HSCT) has
been explored in these patients because of the
strong immunomodulatory effects of HSCT [66,
67]. An initial review of the literature identified
29 paediatric patients with high-risk disease
who underwent allogeneic HSCT using mye-
loablative conditioning [68]. The overall sur-
vival was 48%, but transplant-related mortality
(TRM) was exceedingly high, at 45%.

Reduced-intensity conditioning (RIC) HSCT
regimens have been developed to reduce morbid-
ity and TRM in paediatric patients with non-
malignant disorders, particularly in patients with
significant comorbidities [69]. This approach
was utilised by Steiner et al. in nine high-risk
LCH patients [68]. The conditioning was gener-
ally well tolerated. Two patients died at 50 and
69 days after transplantation, and seven patients
survived free of disease to a median follow-up of
390 days, including one patient who experienced
graft rejection with autologous reconstitution.
Similarly, good outcomes with RIC regimens
and allogeneic transplantation have also been
confirmed in a further 13 LCH patients [70-72].
A prospective trial set up to examine the use RIC
transplant regimens in LCH (LCH-HCT-2006)
had to be closed due to poor recruitment,
although many centres utilised the proposed RIC
protocol.

While RIC may reduce high rates of TRM fol-
lowing HSCT, some studies in acute myeloid leu-
kaemia have suggested an increased risk of
relapse after RIC HSCT [73]. This may be impor-
tant as the observation made by Badalian-Very
et al. that 57% of archived specimens of LCH tis-
sue carried a BRAF mutation [1] and subsequent
studies showing that high-risk LCH patients car-
ried BRAF mutations in both bone marrow
CD34+ progenitors and circulating CD11c + and
CD14+ blood cells suggests that LCH might be a
myeloid neoplasm [36]. Thus, in order to examine

the influence of conditioning intensity on out-
come of transplant in LCH, a retrospective analy-
sis was performed of HSCTs reported to the two
largest transplant registries: Center for
International Blood and Marrow Transplant
Research (CIBMTR) and the European Blood
and Marrow Transplant (EBMT) [74]. Eighty-
seven patients with high-risk LCH underwent
HSCT between 1990 and 2013. Prior to the year
2000, most patients underwent HSCT following
myeloablative conditioning (MAC): only 5 of 20
patients (25%) survived with a high rate (55%) of
transplant-related mortality (TRM). After the
year 2000, an increasing number of patients
underwent HSCT with RIC, 49/67 (73%) patients
survived; however, unlike the situation in hemo-
phagocytic lymphohistiocytosis (HLH) [75], the
improved survival was not overtly achieved by
the introduction of RIC regimens with similar
3-year probability of survival after MAC (77%)
and RIC transplantation (71%) (Fig. 6.1). The
improvement over time was most likely due to
improved donor selection and general supportive
care, the only caveat to this being the possibility
that clinicians elected to treat higher risk patients
with RIC procedures due to concern over the risk
of TRM, which might also explain the apparent
lack of benefit from RIC in terms of TRM. Relapse
rates were higher after RIC compared to MAC
regimens (28% vs 8%, P = 0.05) (Fig. 6.1),
although most patients relapsing after RIC trans-
plantation could be salvaged with further chemo-
therapy. The majority of patients achieved 100%
donor chimerism, and amongst those with mixed
donor chimerism, there was a significant increase
in disease progression or relapse; this is again
reminiscent of the behaviour of a malignant dis-
ease, although, amongst six patients who had
autologous reconstitution following graft rejec-
tion, only one had recurrence of LCH: a finding
previously reported in a single patient by Steiner
et al. [68]. The majority of patients achieved suf-
ficient donor chimerism to cure a genetic disease,
such as HLH, where 10-20% donor chimerism
usually secures ongoing disease remission [76].
Relapse despite good levels of donor chimerism
and continuous remission despite autologous
reconstitution distinguish LCH from HLH where
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Fig. 6.1 (a) The cumulative incidence of transplant-
related mortality by conditioning regimen intensity.
(b) The cumulative incidence of disease relapse by
conditioning regimen intensity. (¢) The probability of

disease control would be expected with mixed
donor chimerism and disease recurrence in all
patients following graft rejection [77].

If LCH is confirmed to be a myeloid malig-
nancy and on the basis of the findings of the
above study, another approach to HSCT in LCH
might be via the use of myeloablative but reduced
toxicity protocols, such as the addition of thio-
tepa to fludarabine and melphalan [78] or treosul-
fan/fludarabine/thiotepa [79].

Another question that remains unanswered is
the precise indication and/or timing of HSCT in
LCH. Kudo et al. reported a 10-year overall sur-
vival rate amongst nine patients with risk organ
involvement at diagnosis of 57% (7/9 undergoing
HSCT within 12 months of diagnosis), whereas
six patients without risk organ involvement have
all survived with no evidence of disease (3/6
patients undergoing HSCT 7 years or later after
diagnosis) [72]. As a comparison Bernard et al.

Years

disease-free survival by conditioning regimen inten-
sity. (d) The probability of overall survival by
conditioning regimen intensity (Reproduced from
Veys et al. [74])

reported that 7/10 patients with refractory LCH
had achieved sustained complete remission after
treatment with 2-chlorodeoxyadenosine and
cytarabine alone [56]. In the study by Kudo et al.,
two patients who failed to respond to the combi-
nation of 2-CdA and cytarabine underwent
HSCT, and one is alive with no disease after RIC
transplantation [72]. Consequently, both 2-CdA/
cytarabine salvage therapy and HSCT are reason-
able approaches in refractory LCH with disease
in risk organs. At the authors’ institutions, the
current policy is to treat refractory MS-LCH with
2-CdA and cytarabine or with single-agent clo-
farabine. At the same time, a search is initiated
for potential HSCT donors. If there is no response
after two courses of salvage chemotherapy and a
donor has been identified, patients proceed to
HSCT. If there is a partial response to initial
treatment, four courses of 2-CdA/cytarabine are
given and HSCT considered if response is
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inadequate. The situation regarding indication
and timing of HSCT in LCH will become even
more complicated with the introduction of tar-
geted therapies [80].

In conclusion HSCT may be a curative
approach in three out of four patients with high-
risk LCH refractory to chemotherapy. The opti-
mal timing of HSCT and choice of HSCT
conditioning remain to be determined but should
preferably commence prior to the development of
significant comorbidities and include reduced
intensity or reduced toxicity approaches. Further
information may be forthcoming from the
LCH-IV International Collaborative Treatment
Protocol.

Novel Therapies for Relapsed/
Refractory LCH

The fact that LCH cells originate from immature
myeloid cells may also explain the possible effi-
cacy of hydroxyureainrelapsed LCH. Hydroxyurea
(HU) is a myelotoxic ribonucleotide reductase
inhibitor commonly used for the treatment of
patients with chronic myeloid leukaemia (CML).
Zinn et al. recently reported the successful use of
this drug in 15 LCH patients (adults and children
with skin or bone disease, alone or in combination
with lymph node) who had refractory/recurrent
disease or had intolerance to previous therapies.
HU was given for a median time of 10 months
(range, 1-24 months). Twelve of 15 patients (80%)
had either partial or complete responses with mini-
mal side effects. Thus, HU could be considered as
maintenance therapy in resistant low-risk cases,
also, because of the added benefits of low cost and
ease of administration [81].

Immunomodulatory Therapy

Inflammatory cytokines, like tumour necrosis
factor alpha (TNF-a), are an important cause of
morbidity in LCH. TNF-a inhibitors (receptor
blockers or monoclonal antibodies) can reduce
circulating levels of the bioactive TNF-a and to a
lesser degree IL-6 and IL-1 [82]. Thalidomide

has shown activity in localised and disseminated
skin LCH, in both children and adults, through
inhibition of TNF-a, through enhancement of
T-cell co-stimulatory activity and through its
antiangiogenic and anti-inflammatory activities
[83]. It has shown efficacy in patients with cuta-
neous, mucosal and vulvar LCH [84]. In many
patients reported so far, however, LCH lesions
tend to recur within variable periods after stop-
ping therapy. Excellent responses of cutaneous
and anogenital LCH lesions to thalidomide plus
interferon have also been published [85]. A phase
I trial of thalidomide in 16 children and adults
with refractory LCH showed a 70% response
(four complete and three partial responses) in
patients with low-risk LCH, while there was no
response in all six patients with risk organ
involvement with all patients dying from pulmo-
nary, liver or bone marrow failure [86]. The main
advantages of thalidomide, in comparison with
chemotherapy, are the lower frequency of myelo-
suppression, alopecia and nausea. However, other
dose-related toxicities can still occur and can be
debilitating such as neuropathy, somnolence,
skin and mucus membrane dryness, skin rash and
oedema [86, 87]. Initial treatment doses of tha-
lidomide range between 50 and 200 mg/day with
maintenance doses as low as 25 mg twice weekly.
Responses can be seen sometimes within
1-3 months [87].

Lenalidomide is another TNF-a inhibitor with
antiangiogenic and anti-inflammatory properties.
It is a functional analogue of thalidomide but
with increased efficacy and less side effects,
although myelosuppression is more common and
can be a dose-limiting factor [88]. Lenalidomide
has shown efficacy in adults with relapsed
MS-LCH without significant toxicity [88-90].
Complete remission with a combination of
lenalidomide, dexamethasone and etoposide
has been reported in an adult with multiply
relapsed MS-LCH [91]. Paediatric experience
with lenalidomide is, however, more limited.
Pulses of lenalidomide and dexamethasone have
been used in four children with very resistant
LCH. All patients had a complete response at the
15-18 month follow-up time, and no major
side effects were reported [92]. One important
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consideration is that lenalidomide is not only less
toxic but also less expensive than the cladribine/
cytarabine combination ($1000 vs $7500). A
phase Il clinical trial of lenalidomide in adult his-
tiocytic disorders is currently enrolling patients.

The literature on other TNF-a inhibitors such as
etanercept and infliximab has shown conflicting
results. Etanercept, a soluble TNF receptor blocker,
was given to an infant with nonresponsive MS-LCH
with improvement of clinical symptomatology and
no side effects. Nevertheless, the disease relapsed
again when the drug was stopped after 6 months
but then resolved when therapy was restarted [93].
Chohan et al. reported the successful treatment of
an adult with refractory LCH involving the CNS
with infliximab [94]. Others, however, have shown
further LCH reactivation after treatment with inf-
liximab [95]. Although no side effects were
observed with this class of drugs, the associated
immunosuppression may predispose to opportunis-
tic infections and secondary lymphoproliferative
disorders [96].

Targeted Therapy
Tyrosine Kinase Inhibitors

Imatinib mesylate is a competitive Bcr-Abl tyro-
sine kinase inhibitor that is very effective for the
treatment of patients with CML. It has also been
shown to inhibit platelet-derived growth factor
receptors (PDGFRA and PDGFRB) and KIT and
can inhibit the differentiation of CD34+ progeni-
tors into dendritic cells [97]. Caponetti et al.
showed that a group of patients with LCH were
positive for PDGFRA and suggested that they
could benefit from treatment with tyrosine kinase
inhibitors [98]. Refractory cases of MS-LCH with
cerebral and lung involvement have shown some
response to imatinib, although with mixed results
[99-101]. Imatinib has shown similar activity in
other histiocytic disorders such as Rosai-Dorfman
disease and Erdheim-Chester disease, although
responses have been variable [99].

Afuresertib is an oral, potent, highly selective
adenosine triphosphate, competitive pan-AKT
inhibitor with preclinical and clinical activity

against hematologic malignancies [102]. AKT,
also known as protein kinase B, is a serine/threo-
nine protein kinase regulating important cellular
processes, including survival, proliferation, tis-
sue invasion and metabolism [103]. Increased
AKT phosphorylation has been identified in a
small number of LCH biopsy specimens [104].
Further, the differentiation of CDla + dendritic
cells from CD34+ haematopoietic cells has been
shown to be dependent on PI3K signalling, which
can be reduced by AKT inhibition [105]. A
phase II study of afuresertib included ten patients
with refractory/recurrent and seven with newly
diagnosed LCH. Most patients were treated for
more than 24 weeks. The overall response rate
was 33% in treatment-naive patients and 28%
in patients with recurrent/refractory LCH,
which did not meet the Bayesian criteria for
efficacy. Side effects included mild to moderate
GI symptoms, fatigue, pain and severe soft tis-
sue necrosis [106].

BRAF/MEK Inhibitors

The identification of BRAF-V600E and MAP2K1
mutations in LCH patients has made the possibil-
ity of targeted therapies an obvious strategy in
resistant disease. Furthermore, in paediatric
LCH, BRAF-V600E mutation has been recently
associated with high-risk disease, permanent
sequelae and a poor short-term response to con-
ventional chemotherapy [107]. The BRAF-V600E
inhibitor, vemurafenib, has been shown to induce
deactivation of the proliferative RAS/RAF/MEK/
ERK pathway in BRAF-V600E-driven mela-
noma. The first large histiocytosis series was
published by Haroche et al. who reported dra-
matic responses to vemurafenib in eight adult
patients with refractory BRAF-mutated ECD,
four of whom had concurrent LCH. Favourable
responses were seen despite decreasing the dose
of vemurafenib to 50% due to severe cutaneous
adverse events seen in the first three patients, one
of whom developed squamous cell carcinoma
(SCC). All other patients showed a continued
response at a median 10 months (range, 6-16) on
vemurafenib [108]. Single case reports have also
described favourable responses in an adult with
CNS LCH/ECD [109] and two adults with severe
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refractory skin LCH who achieved a complete
remission within 6 months of starting vemu-
rafenib [110, 111]. The basket study was designed
to treat non-melanoma patients having a wide
variety of diseases with BRAF-V600E mutation
and included several patients with LCH and ECD
which were analysed together. The overall
response rate amongst the LCH/ECD cases was
43% (6 of 14), and 12 of 14 patients had some
disease regression, while symptomatic improve-
ment occurred in all patients. No patient pro-
gressed while on vemurafenib; four patients
discontinued the drug because of side effects and
one of them progressed while off therapy [112].

In children, a dramatic response to vemu-
rafenib has been published in an infant with
refractory MS-LCH, but when the drug was dis-
continued after 90 days of treatment, she had a
skin reactivation. Retreatment with vemurafenib
was effective again [113]. Another child with
progressive CNS-ND LCH had a favourable
response to vemurafenib [114]. A recent multi-
centre retrospective study showed vemurafenib
to be very active in systemic RO+ refractory LCH
with BRAF-V600E mutation (12 of 13 patients
had a complete response and 1 partial response
by week 6), while it had limited impact on
CNS-ND LCH [115].

Although secondary resistance to vemurafenib
is observed in most melanoma patients [116],
most case series and case reports of patients with
histiocytic disorders showed no resistance to the
drug (Table 6.2). The only published report of
vemurafenib resistance in LCH was in an adult

Table 6.2 Published treatment of LCH with vemurafenib

patient who had a very favourable response to
vemurafenib for 20 months at which time she had
progressive disease [117]. In melanoma studies,
vemurafenib has been associated with severe
toxicity profile including cutaneous SCC in over
30% of patients, pancreatic adenocarcinomas and
secondary melanomas [118, 119]. The toxicity
profile in the LCH/ECD patients was similar to
that seen in melanoma trials (Table 6.3). With
regards to the dose of vemurafenib, it seems that
20 mg/kg/day (2x 10 mg/kg) is enough in most
patients, and at this dose the skin toxicity is mini-
mal (Personal communication, Milen Minkov).
Dabrafenib, an oral BRAF inhibitor, selec-
tively binds to and inhibits the activity of BRAF-
V60OE and is approved for use in patients with
BRAF-V600E-mutated melanoma. It has similar
efficacy to vemurafenib, although at a higher
cost. Two children with BRAF-V600E+ ND-CNS
LCH, with a few years history of neurologic
decline, had rapid clinical and radiological
improvement after dabrafenib treatment [120].
Although it shares many of the same toxicities as
vemurafenib, it seems to be more tolerated with a
lower frequency of SCC (7-10% vs 20-44%) and
other cutaneous toxicities and no cardiac or liver
toxicity [121] (Table 6.3). Patients are advised to
have a baseline dermatology assessment and rou-
tine follow-up visits; it is very important to keep
the skin moisturised regularly, to avoid long and
warm baths that can cause skin dryness and to
use a powerful sunscreen (above 50 SPF).
Paediatric liquid formulations have been devel-
oped, and phase I/Il trials are ongoing for

Patients features #of patients

Outcome

Reference

ECD BRAF V600E+ (4 with LCH) 8

Major responses for the duration
of follow-up (6—16 mos)

Haroche et al. [108]

Brainstem involvement by ECD/LCH 1

Major response

Euskirchen et al. [109]

ECD or LCH BRAF V600+ (basket 14
study)

1 CR

5PR

12 some disease regression
14 symptomatic improvement

Hyman et al. [112]

8 month old with MS-LCH, BRAD 1 Major response; recurred off Heritier et al. [113]
V600E+ drug; successfully retreated
Adult with LCH, BRAF V600E 1 Major response; progressed on Gandolfi et al. [117]

drug at 20 mos

Courtesy of Dr. Barrett Rollins
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Table 6.3 Comparison of the different side effects of BRAF inhibitors

Vemurafenib [108, 109, 112—117] | Dabrafenib [121]
Toxicity hyperkeratosis 24% 37%
Cutaneous squamous cell carcinoma?® 20—44% 7-10%
Skin rash 37-78% 17-27%
Fatigue 61% 5%
Arthralgia 67% 33%
Hypertension 44% NR
Alopecia 36-45% 22%
Diarrhoea 33% 11%
Nausea 33% 20%
Photosensitivity 40-50% 3%
Fever 19% 24%
Hyperglycaemia NR 50%
Hypophosphatemia NR 37%
Hypokalaemia Reported Reported
Hyponatremia Reported 2%
Acute renal failure Common <1%
Elevated LFTs 17% NR
QTec prolongation Uncommon NR

NR no response, LFTs liver function tests
aUsually well differentiated and easily resected

dabrafenib (NCT01677741); the recommended
dose of dabrafenib in children is 5.25 mg/kg/day
(divided in 2 doses/day). Results in children with
resistant LCH receiving this drug are pending.

Similar reports of efficacy using MEK inhibi-
tors have been recently published in adult ECD
patients. Both patients were refractory to multi-
ple previous therapies and harboured MAP2K]
mutations (K57 N and Q56P). Both patients had
a major and prolonged response to trametinib and
cobimetinib, respectively [122]. However, some
MAP2KI mutations that occur in LCH, i.e.
C1218S, have been shown to be resistant to MEK
inhibitors, and this suggests that not all MAP2K1
mutations have the same sensitivity to MEK
inhibitors [123]. Recent melanoma studies have
shown that progression-free and overall survival
in patients treated with trametinib are compara-
ble to vemurafenib, but the significant benefit
with trametinib is that it is not associated with
squamous cell carcinoma [124].

The development of cutaneous toxicity of
BRAF inhibitors could be explained by the para-
doxical activation of the MAPK pathway in wild-
type BRAF cells. The presence of oncogenic

RAS mutations causes the formation of homo- or
hetero-RAF dimers in wild-type BRAF cells and
subsequent activation of MEK which is the major
cause of cutaneous side effects of BRAF inhibi-
tors. The high prevalence of RAS mutations (30—
70%) in patients who developed SCC with BRAF
inhibitor treatment is much higher than that in
patients who developed SCC without BRAF
inhibitor (3.2%). As a consequence, combination
therapy of BRAF and MEK inhibitors in mela-
noma patients has been shown to improve
response to therapy and decrease cutaneous tox-
icity (especially SCC) compared to BRAF inhibi-
tor monotherapy [121]. Future research studies
should evaluate the role of MEK and ARAF
inhibitors, as well as combined BRAF/MEK
inhibitor therapy in patients with relapsed/refrac-
tory LCH.

Other side effects from BRAF inhibitors include
acute renal failure, which seems to be related to a
tubular interstitial injury, and are more common
with vemurafenib than dabrafenib. Electrolyte
abnormalities such as hypokalaemia and hypona-
tremia have been reported with both inhibitors,
while hypophosphatemia has been reported only
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with dabrafenib [125]. Cardiac toxicity such as
QTec prolongation and left ventricular dysfunction,
although rare, has been reported mainly with
vemurafenib [126]. Ocular toxicity, such as tran-
sient retinopathy, has been reported with the use of
MEK inhibitors either as monotherapy or in com-
bination with BRAF inhibitors [127]. More studies
are needed to determine the long-term safety of
these drugs in the paediatric age group.

Although side effects like squamous cell car-
cinomas and adenomas may likely be tolerated in
adults with life-threatening melanomas, the risk
of these is hard to justify in children with LCH
who almost universally can be cured with chemo-
therapy. New clinical trials are needed to test
novel agents, like BRAF and BRAF/MEK inhibi-
tors, and to test the combination of these with
cytotoxic chemotherapy in LCH patients who
have refractory or progressive disease after sal-
vage therapy.

Future Directions

Novel therapies targeting other components of
LCH pathogenesis require more research. The
expression of CD52 by pathologic LCH cells
suggests that alemtuzumab, an anti-CD52 mono-
clonal antibody, may represent a new potential
targeted therapy for this disease [128]. Further,
the adoption of alemtuzumab in the conditioning
regimen for HSCT in high-risk LCH patients
may be able to directly target LCH cells for a
better disease control [68]. Expression levels of
specific matrix metalloproteinase, MMP12, have
been associated with disseminated LCH [129];
GMO6001, a metalloproteinase inhibitor, may
have potential therapeutic benefit in LCH espe-
cially in high-risk patients [130]. CR2113, a
monoclonal antibody against CD1a, has antitu-
mor activity against cancers expressing CDla,
like T-cell ALL, and might potentially have
future therapeutic efficacy in LCH [131].

Conclusions

The treatment of patients with relapsed and
refractory LCH has proved to be challenging,
and the outcome of these cases, especially

those with risk organ involvement, has been
poor. Histiocytoses world experts have yet to
agree on a uniform standard of care for these
patients. More time is needed to assess the
long-term efficacy of nucleoside analogues on
the rates of reactivation and permanent
sequelae. Large studies are needed to under-
stand what is the optimal BRAF inhibitor,
dose and duration to use in children with
relapsed/refractory disease and whether the
combination of BRAF/MEK inhibitors is
more effective in preventing further reactiva-
tion or development of resistance and less
toxic particularly less tumorigenic. Further,
the concept of combining BRAF or BRAF/
MEK inhibitors with chemotherapy warrants
future investigation.
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Adult Langerhans Cell

Histiocytosis

Michael Girschikofsky and Abdellatif Tazi

Introduction

Langerhans cell histiocytosis (LCH) is observed
in one to two adults per 1 million population [1],
but the true incidence is unknown. The number of
affected patients is likely to be underestimated,
since tertiary care centers are preferably con-
tacted in case of advanced or recurrent disease.
The largest number of patients was published in a
pooled retrospective analysis from several
national registries [2], but in contrast to child-
hood LCH trials, strong evidence-based recom-
mendations are lacking.

The variety of potentially involved organs
results in a large number of different physicians
who may be consulted at the time of initial pre-
sentation. Thus, in many cases only the appar-
ently affected site is recognized, and a complete
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examination, in order to detect the whole extent
of the disease, is often not performed. Although
the lungs may be affected simultaneously with
other organs, an isolated pulmonary LCH may be
observed as well and represents a special form of
adult LCH. The most frequent non-pulmonary
sites include the bone, skin, and pituitary gland
and less frequently the lymph nodes, liver, spleen,
gut, and central nervous system (CNS), while the
bone marrow is rarely involved in adults, as
opposed to children [3].

Generally, the clinical manifestations of the
disease vary depending on the involved organ or
system, ranging from isolated bone or skin
lesions to a more severe clinical manifestation
affecting the same tissue in multiple sites, or sev-
eral organs, termed multisystem (MS) LCH [4].
Pediatric studies have shown that disease involve-
ment of the hematopoietic system, spleen, and
liver (so-called risk organs, RO) confers worse
prognosis and even risk of mortality in patients
who are slow early responders [5]. It remains to
be determined whether such organs represent
true “risk organs” in adults as well.

The clinical course of LCH in adults may vary
from a self-limiting to a chronic recurrent dis-
ease. The latter form can be similar to rheumatic
disorders. Permanent consequences and late
effects of the disease and its therapy lead in some
cases to severe impairment of the quality of life.
A symptom-related approach, to avoid overtreat-
ment that could result in late sequelae, is there-
fore strictly recommended.
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Compared to childhood LCH, a rapid pro-
gressive form is usually not observed in adults,
and accordingly other malignant histiocytic dis-
orders should be ruled out in such cases.
Langerhans cell sarcoma (LCS) can occur de
novo or after a previous diagnosis of LCH [6].
The term “mixed histiocytosis” describes the
case when more than one histiocytic disorder is
present in the same patient, such as the coexis-
tence of LCH and Erdheim-Chester disease
(ECD) or the development of an ECD after a
preexisting LCH [7].

The diagnosis of LCH should be based on his-
tological and immunophenotypic examination of
a lesional tissue. The gold standard for the diag-
nosis is the morphologic identification of the
characteristic LCH cells that demonstrate CD1a
and Langerin (CD207) positivity [4]. Additional
workup may include detection of mutations of
the BRAF-ERK pathway, which can offer more
treatment options in case of refractory and recur-
rent disease [8].

Biopsy samples should be taken from the most
accessible site, i.e., the skin (if involved), or in
case of multifocal bone involvement, the most
easily accessible bone lesion should be chosen.
The risk versus benefit of a biopsy should be
carefully weighed, especially in patients with
extended isolated pulmonary LCH [9]. Another
possible scenario is that of an isolated pituitary
lesion and/or a small and not easily accessible
cerebral or spinal lesion on neuroimaging.
Without proven diagnosis, both situations do not
require initial cytotoxic medication, and close
monitoring and reassessment of the need for
biopsy is recommended in patients with mild
symptoms.

The probability of a diagnosis other than LCH
is usually higher in adults; thus in all other situa-
tions, performing a biopsy is generally recom-
mended. For example, in case of lytic bone
lesions or lymphadenopathy, other clinical condi-
tions that might lead to similar findings, such as
multiple myeloma, bone metastases of solid
tumors, lymphoma, and leukemia, have to be
considered with a higher probability [4]. In sum-
mary, LCH in adults is mostly a random and non-
expected diagnosis.

Baseline Clinical Evaluation

Initially, patients with LCH are often asymptom-
atic or show only mild symptoms, most com-
monly dyspnea and cough, local bone pain, an
abnormal growth of soft tissue over the affected
area of the bone, exanthema of the skin, and poly-
dipsia. Additional signs may include fatigue,
generalized weakness, weight loss, night sweats,
nausea, pruritus, and fever [4].

Because of the potential for generalized
involvement, a thorough history should be per-
formed and should include a family history (few
familial cases have been reported [10]), past
medical history, childhood “idiopathic” eczema,
lung alterations or bony lesions, thyroid disease,
diabetes insipidus and unexplained teeth loss,
and smoking habits.

For staging and determination of organ dys-
function, a comprehensive physical examination
is recommended. In particular, the skin and the
mucous membranes should be inspected.
Supplemental neurological and/or psychological
investigations are useful in patients presenting
with neurological or cognitive impairment.

The laboratory tests to be performed include a
complete blood count (CBC), blood chemistry,
liver enzymes, albumin, total protein, C-reactive
protein, coagulation studies, and urine analysis.
Serum levels of cytokines like interleukins,
interferon-y, GM-CSF, TNF-a, and osteopontin
have been evaluated by several groups around the
world and seem to correlate with disease activity
[11]. Detection of circulating cells harboring
mutations of the BRAF-ERK pathway might be
of additional value [12], but at the moment nei-
ther cytokine level analysis nor detection of cir-
culating LCH cells is recommended for routine
clinical use.

Only if computerized tomography (CT) scan
or positron emission tomography (PET)-CT is
not available, a skeletal survey, skull series, and a
chest x-ray should be done as the first radio-
graphic examinations, in conjunction with an
abdomen ultrasound to rule out hepatic and inter-
nal organ abnormalities. A bone scintigraphy
(technetium-99) alone is not sufficient for diag-
nostic purposes [13], while magnetic resonance
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Fig.7.1 (a, b) 37-year-old female patient with PLCH and an isolated rib lesion 2 years after lung transplantation (a).
Sustained remission 16 months after local steroid injection (b)

imaging (MRI) scan can detect soft tissue and
additional extra-osseous lesions.

Hypothalamic-pituitary and brain lesions can
be ruled out by brain MRI [14]. Any evidence of
a pathological thoracic finding should be fol-
lowed up by a high-resolution chest CT. A FDG-
PET scan may identify lesions missed by other
modalities, is suitable to document response to
therapy (Fig. 7.1a, b), and, thus, is now prefera-
bly used in adult LCH patients [15].

Treatment Options in Specific
Clinical Scenarios

Single-System (SS) LCH

Bone

In certain scenarios, such as vertebral lesions
with intraspinal extension or craniofacial bone
lesions with intracranial soft tissue extension,
the lesions tend to be located in functionally crit-
ical anatomical sites. Isolated disease in these

so-called special sites may justify systemic ther-
apy, especially in childhood. Alternatively,
radiotherapy might be considered in adults.
These lesions need to be distinguished from
other bone lesions. In children, craniofacial bone
lesions are also called CNS-risk lesions due to
their association with diabetes insipidus [16] and
subsequent neurodegenerative CNS (ND-CNS)
LCH. It is unclear whether the term “CNS-risk
lesions” can be extrapolated to the adult popula-
tion; in addition, this term is a matter of debate
even in childhood LCH [17].

In unifocal bone disease, “non-special sites,”
local therapy is the standard of care. Treatment
modality depends on the location and size of
the lesion and patients’ symptomatology.
Complete excision of bone lesions is not always
indicated since it may increase the size of the
bone defect, delay healing time, and can cause
permanent skeletal defects. When tissue sample
is taken from a bone lesion, curettage of the
center of the lesion is usually sufficient for
pathologic diagnosis and may also trigger the
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healing process. To accelerate this process,
intralesional injection of steroids is suitable,
and dosages of 40-160 mg of methylpredniso-
lone have been used [18]. Observation alone
can be considered in asymptomatic patients
with an isolated bone reactivation.

Radiotherapy (RT) is indicated if there is an
impending neurological deficit and a high sur-
gical risk (e.g., lesion in the odontoid peg or
cranial base) and should be considered in all
locally recurrent lesions. Local control rates
after RT ranged from 75% to 100%, while
complete remission rates were up to 85% [19].
Thus, in case of a slow response to standard
systemic therapy, RT may be considered as an
additive treatment for painful lesions, even in
multifocal or multisystem disease [4]. The
optimal dose of radiotherapy is still controver-
sial, since an exact dose-effect relationship has
not been established. There is a wide dose
range of applied total doses from 3 Gy up to
50.4 Gy, but in general, a dose range from 10 to
20 Gy is recommended in adults. Such total
doses should be delivered in fractions of
1-2 Gy per day, in order to avoid a possibly
limited capacity for tissue repair mechanisms
in larger single doses [19].

Systemic therapy should be administered
for multifocal bone LCH and possibly for
bone lesions in “special sites.” Patients with
mild symptoms can be treated with low-dose
chemotherapy such as oral methotrexate,
6-mercaptopurine, or azathioprine [4]. COX
inhibitors, such as indomethacin, are consid-
ered effective analgesics against bony pain
and can potentially cause regression of LCH
lesions [20]. Bisphosphonates can be consid-
ered as first-line therapy, but patients have to
be aware of the risk of osteonecrosis of the jaw
and its prevention (dental hygiene) [21]. In
addition, adequate supplementation with cal-
cium and vitamin D should be concomitantly
administered, in order to avoid severe hypo-
calcemia and/or secondary hyperparathyroid-
ism. In case of refractory or multiple recurrent
bony disease, systemic therapy (e.g., cytara-
bine) is a reasonable therapeutic option
(Table 7.1) [22].

Table 7.1 First-line systemic therapy options

Mild symptoms, no risk organs involved

Methotrexate 20 mg per week p.o./i.v.

Azathioprine 2 mg/kg/d p.o.

Thalidomide 100 mg/d p.o. in skin or soft tissue
multifocal single-system LCH

Additionally in multifocal bone LCH

Zoledronic acid 4 mg i.v., q 1 (=3) month (depending
on extent and response)

Symptomatic, no risk organs involved

Cytarabine 100 mg/m? d1-5 q4w i.v.

Etoposide 100 mg/m? d1-5 (1-3) q4w i.v.
Vinblastine/prednisolone (pediatric study-based
protocol)

Risk organs (liver, CNS — tumorous) involved
2-CDA 6 mg/m?* d1-5 q4w s.c./i.v.

Skin
There is no pathognomonic picture of skin
involvement in adult LCH, since it can mimic a
number of common dermatoses [23]. Thus, a
high level of suspicion and a skin biopsy are
required to confirm or rule out skin LCH.
Typical seborrheic dermatitis-like  scalp
lesions are small translucent papules, 1-2 mm in
diameter, slightly raised and rose-yellow in
color. Frequently, these lesions show scaling or
crusting and petechial hemorrhages (Fig. 7.2).
Erythema and erosions in the axillary, inguinal,
vulvar, or anogenital regions represent intertrigi-
nous involvement and are frequently misdiag-
nosed as eczema, psoriasis, or candida infection.
Generalized skin eruptions may mimic guttate
psoriasis with erythematous scaly patches, or
prurigo nodularis with small hard papules and
nodules, particularly on the trunk [23]. Pure
varicella-like vesicular eruptions are rarely
observed. Multiple erythematous papules involv-
ing mainly the trunk and extending to the
extremities may resemble lichen planus or
lichenoid dermatitis of different causes. Nail
changes include paronychia, onycholysis, sub-
ungual hyperkeratosis, and purpuric striae of the
nail bed, suggesting a wide panel of conditions
that affect the nails. Ulcerative lesions and ulcer-
ated nodules located to the anogenital area com-
bined with severe pruritus are a common
presentation of adult LCH. Further mucosal
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Fig. 7.2 A 30-year-old male patient with MS LCH and
chronic recurrent skin involvement

Fig. 7.3 A 42-year-old male patient with MS LCH and
chronic recurrent gingival hyperplasia by biopsy-proven
LCH

involvement may be observed in terms of ulcer-
ative or non-ulcerative lesions of the gum or gin-
gival hyperplasia, which frequently result in
teeth loss (Fig. 7.3) [4].

Surgical excision is indicated in isolated skin
lesions (usually appearing as erythematous pap-
ules), and no further intervention is required in
case of complete resection. Otherwise, mutilating
surgeries like hemivulvectomy or multiple teeth

extractions should be strictly avoided [4]. In mul-
tifocal skin disease, or in scenarios where the
skin fails to respond fully to systemic treatment,
there are a number of treatments directed specifi-
cally to the skin: topical nitrogen mustard (20%)
applied to the skin might be useful, but reactiva-
tions are quite common [24] and it is not avail-
able in most countries. Psoralen plus ultraviolet
A (PUVA) [25] and narrowband ultraviolet (UV)
B [26] have been shown to be effective in treating
cutaneous LCH in individual case reports, but
response of intertriginous or scalp lesions is lim-
ited although they may respond to photodynamic
therapy [27].

Pegylated interferon alpha can be used in mul-
tifocal papular skin involvement [28], while
TNF-o antagonists have been shown to be effec-
tive in treating cutaneous LCH as well, although
poor responses have been seen in high-risk MS
disease [29]. Thalidomide, at a dose of 100 mg/
day, is generally used in adults, but peripheral
neuropathy is a common side effect [29].
Lenalidomide showed activity in multisystem
LCH [30], but there is no data about its effective-
ness in isolated skin involvement. Azathioprine
(or its metabolite, 6-mercaptopurine) is effective
in adults with cutaneous LCH as well as in multi-
system disease. If available, patients should be
tested for thiopurine methyltransferase (TPMT)
enzyme activity, and if this is normal, then it can
be administered at a dose of 2 mg/kg/day. The
drug may take up to 6 weeks to become effective
[31]. Methotrexate (MTX) was used successfully
at the dosages of 20 mg once weekly [32] either
as single agent or in combination with azathio-
prine or prednisone. Additional folinic acid res-
cue should be considered during MTX therapy.
Despite concerns about the potential of drug-
induced secondary leukemia, etoposide (VP-16)
usually administered IV at a dose of 100 mg/m?
for 3-5 days (repeated every 4 weeks) is a useful
treatment option for refractory skin as well as for
multisystem LCH [33].

CNS and Neuroendocrine

Tumorous involvement of the hypothalamo-
pituitary axis (HPA), with consecutive perma-
nent posterior with or without anterior pituitary
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dysfunction, is frequently observed in adult
LCH [34]. Diabetes insipidus (DI) is the most
common disease-related consequence that can
precede the diagnosis or develop anytime dur-
ing the course of the disease. DI is found in up
to 30% of patients but may occur in up to 40%
in patients with multisystem disease or 94% in
the presence of other pituitary deficiencies
[35]. In the presence of polyuria and polydip-
sia, and/or structural abnormalities of the HPA,
plasma osmolality and urine/plasma osmolal-
ity ratio have to be quantified to confirm a
query DI, whereas a water deprivation test is
usually required to reveal cases of partial
DI. Desmopressin with individualized timing
and dosage should be started immediately. If
LCH is unproven (idiopathic DI), repeated
brain MRI and clinical follow-up are required;
furthermore, a pituitary biopsy in case of pitu-
itary stalk thickening (of at least 7 mm) can
be considered [36]. In proven LCH, new-onset
DI is a sign of active disease, and systemic
therapy (preferably with drugs that can pene-
trate the CNS) is recommended in order to
prevent further damage and late sequelae such
as anterior pituitary dysfunction and CNS
neurodegeneration. Radiotherapy can be an
effective alternative, but the benefit of radio-
graphic improvement has to be balanced
against the potential for radiotherapy-related
late effects [37].

Anterior pituitary dysfunction (APD) is
found in up to 20% of adult patients, is almost
always associated with DI, and needs appropri-
ate replacement therapy since it appears to be
permanent [35]. Growth hormone deficiency
(GHD) is a frequent disease-related APD,
diagnosed in up to 50% of patients with DI
[34]. In adults, there are no specific GHD-
related symptoms that can suggest the diagno-
sis and it may be missed if not specifically
considered. Administration of GH in adults is
feasible and may improve quality of life in
selected cases [38]. Gonadotropin deficiency
leads to menstrual disturbances in women and
decreased libido in men; therefore, it usually
requires adequate sex steroid replacement ther-
apy [39]. Partial or complete ACTH deficiency

is rarely observed and usually develops in the
context of panhypopituitarism and can present
with nonspecific symptoms or acute adrenal
insufficiency following stressful events. ACTH
deficiency should be promptly replaced with
daily divided doses of hydrocortisone [39].
Similarly, TSH deficiency is almost always
associated with panhypopituitarism and may
present with subtle symptoms and signs of
hypothyroidism. Levothyroxine replacement
therapy should be titrated to achieve mid-nor-
mal serum free T4 levels [4]. Moderately ele-
vated prolactin (PRL) levels attributed to
pituitary stalk infiltration can cause galactor-
rhea in females and gonadotropin deficiency in
all patients. Dopamine agonists can be used for
normalization of PRL levels [39].

Hypothalamic involvement is less common
and may lead to pituitary dysfunction, neuropsy-
chiatric and behavioral disorders, disturbances of
thermoregulation and sleeping pattern, and auto-
nomic and metabolic abnormalities. The most
frequent consequence is severe obesity due to
increased appetite, whereas hypothalamic-related
adipsia may seriously complicate the manage-
ment of DI [4]. Other sites of tumorous CNS
lesions such as parenchymal, meningeal, or cho-
roid plexus involvement occur less frequently
[37]. Isolated tumors can be treated locally with
surgery, RT, or radiosurgery. Multifocal CNS
involvement usually responds to chemotherapeu-
tic agents such as cladribine (2-CDA) or cytara-
bine [40].

Non-tumorous, neurodegenerative (ND-CNS
LCH) lesions of the cerebellum and/or brain stem
are histopathologically different from typical
LCH granulomas, with lack of CDla and pre-
dominant presence of CD8+ lymphocytes, which
can explain their neuroinflammatory nature [41].
Some of these patients are asymptomatic, and
others have clinical signs ranging from mild
tremors, dysarthria, dysphagia, and motor spas-
ticity to pronounced ataxia, behavioral problems,
and severe psychiatric disease. Unfortunately,
none of the published treatment regimens such as
intravenous immunoglobulins, retinoic acid,
TNF-a inhibitors, and various chemotherapeutic
agents [42-45] could sufficiently influence the
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course of ND-CNS disease so far. The identifica-
tion of risk categories based on a combination of
serum/CSF biomarkers with electrophysiological
and neuroimaging features may be helpful in
future targeted therapy trials [46].

Adults with LCH are at high risk of develop-
ing other endocrine abnormalities such as
impaired glucose tolerance, diabetes mellitus,
and metabolic syndrome which can occur as a
consequence of the disease’s inflammatory pro-
cess, hormonal deficiencies, and/or concurrent
medications and can lead to increased insulin
resistance even in the absence of obesity [47]. In
addition, patients may present with a low bone
mineral density at any age, particularly during
periods of active disease. Osteopenia and osteo-
porosis are commonly observed in postmeno-
pausal women and in men over 50 years old [48].
The thyroid gland may occasionally be involved
in the disease process, where fine needle aspira-
tion (FNA) or even histological specimens may
be mistaken with thyroid carcinoma [49]. Genital
tract involvement, such as the ovaries, is quite
rare and usually occurs in the context of dissemi-
nated disease [50]. Adrenal infiltration has been
described in autopsy series, although without any
obvious clinical findings [39]. Pancreatic involve-
ment is also extremely rare, although there are
reports of glucose metabolism abnormalities sec-
ondary to pancreatic and/or hepatic infiltration
and dysfunction [39].

Gastrointestinal Tract

Gastrointestinal (GI) tract involvement by LCH
is a rare condition in adults, and endoscopy is
not mandatory in asymptomatic patients. It may
appear as an incidental solitary colorectal polyp
or as multiple granulomatous and/or ulcerative
lesions in the upper and lower GI tract [51].
Patients with polyps are usually asymptomatic,
whereas extensive disease is associated with
diarrhea, weight loss, and abdominal pain mim-
icking inflammatory bowel disease. In case of an
accidental diagnosis by polypectomy, further
investigations to rule out MS LCH are required.
Multiple lesions are usually associated with MS
LCH and require treatment with systemic che-
motherapy [4].

Liver and Bile Ducts

Two distinct patterns of liver involvement may be
observed, and they can both be detected predomi-
nantly in patients with MS LCH. Hepatic tumor-
ous lesions may be revealed accidentally by an
abdominal ultrasound, CT, or MRI and are chemo-
sensitive in almost all cases [52]. Patients present-
ing with cholestasis and/or elevated liver enzymes
should undergo magnetic resonance cholangiogra-
phy (MRC) or endoscopic retrograde cholangio-
pancreatography (ERCP), which can detect
alterations of the biliary tract similar to primary
sclerosing cholangitis. Immunohistochemical con-
firmation of LCH may be difficult especially in
advanced fibrosis [52]. Ursodeoxycholic acid is
usually helpful in alleviating cholestatic symp-
toms, while response to chemotherapy is usually
very poor. Consequently, progression to secondary
biliary cirrhosis and liver failure are known late
effects, and finally patients will require liver trans-
plant [53].

Lymph Nodes

In general, a lymph node excision from the most
accessible site should be performed instead of an
FNA biopsy in order to confirm or rule out LCH
or a coexistent lymphoma, which can sometimes
be detected in the same lymph node [54]. Isolated
involvement of lymph nodes is rare, but sponta-
neous regressions have been observed. Therefore,
in adults with LCH, watchful waiting may be
adequate in isolated lymph node involvement and
mutilating surgery, such as neck dissection
should be strictly avoided [55]. Generalized
lymphadenopathy usually indicates multisystem
LCH and requires systemic chemotherapy, par-
ticularly in patients with severe general symp-
toms where the disease course is usually more
aggressive [30].

Multisystem Disease

There is no consensus regarding the optimal first-
line therapy for adults with MS LCH. Patients with
mild symptoms may be treated with low-dose che-
motherapy such as methotrexate, azathioprine, or
6-mercaptopurine.  Vinblastine-prednisone-based
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pediatric regimens have been considered as stan-
dard therapy, but have not been tested prospectively
in adults. An attempt of an international trial in
adults failed due to challenges in regulations for
academic trials, resulting in a low recruitment rate
and premature closing (LCH-A1, EudraCT 2006—
002392-40). Nevertheless, vinblastine-prednisone
is effective as published in numerous case reports
and small series [22, 56], but the risk of neuropathy,
especially in patients with coexisting diabetes mel-
litus, has to be taken into account [22]. Therefore,
some experts prefer monotherapy with cytarabine
[22], etoposide, or 2-CDA, especially in case of
tumorous liver or CNS LCH [57] (Table 7.1).
Lymphoma-based multi-agent chemotherapy pro-
tocols, like MACOP-B, can be helpful too in MS
LCH [58], although they seem not to be more
effective than 2-CDA or other single agents in
terms of response rates and long-term outcomes.

LCH and Pregnancy

Only a few case reports of LCH and pregnancy
have been reported. Changes of clinical symp-
toms ranged from improvement to worsening
with DI as the main cause of morbidity [59]. It is
unclear, however, if worsening or onset of DI dur-
ing pregnancy is really caused by LCH. Subclinical
forms of DI may be unmasked, independently
from a preexistent histiocytic disorder, by a preg-
nancy which can trigger an increased vasopressi-
nase activity and decreased responsiveness to
vasopressin [60]. In general, it is unpredictable
how pregnancy may influence the course of
LCH. Nevertheless, women can be reassured that
there are no adverse impacts of LCH on
pregnancy or delivery, with the exception of the
need for cesarean section in case of vulvar
involvement [59].

Response Assessment, Follow-Up,
and Disease Reactivation

Similarly to pediatric studies, response assess-
ment in adults is routinely performed at 6 weeks
after vinblastine-prednisone induction regimens.

When other chemotherapy protocols are being
used, early response has to be assessed after 2-3
cycles of chemotherapy, similarly to malignant
disorders. Vinblastine-prednisone maintenance
therapy is usually given for 6-12 months (every
3 weeks) with the addition of daily oral
6-mercaptopurine. Other drugs, such as cytara-
bine, etoposide, or 2-CDA, are usually admin-
istered for up to six cycles, depending on
response [22].

LCH may be quite unpredictable and disease
reactivation is possible at any time. The exact
rate of reactivation in adults is unknown, but
based on registry data, it seems to occur in
about at least 1/3 of the patients [4]. Patients
may develop multiple reactivations, which
seem to be more common in multisystem dis-
ease. The choice of treatment options is based
on the same principles as for initial disease. In
patients with mild or local reactivation (i.e.,
isolated skin or bone), the possibility of sponta-
neous regression should be kept in mind. If a
reactivation occurs more than 1 year after com-
pletion of therapy, re-induction with the previ-
ously used regimen may be effective without
the need to switch to alternative therapy.
Patients responding poorly to conventional che-
motherapy might benefit from therapies target-
ing platelet-derived growth factor receptor
(PDGFR) such as imatinib mesylate [61] or
BRAF-ERK pathway [8], but optimal dosage
and duration of therapy has to be investigated.
In the rare case of very aggressive disease,
hematopoietic stem cell transplant (HSCT) has
been performed successfully as well [62].

Extensive and multiple reactivations may
induce organ damage [53]. Moreover, LCH
can be associated with hematological malig-
nancies (predominantly lymphoma and leuke-
mia) as well as various solid tumors [63, 64].
Therefore, follow-up investigations and close
monitoring of functional impairments are
required. Follow-up intervals will depend on
the primary extent and activity of disease and
may range from 3 to 12 months. The extent of
reevaluation is based on disease manifesta-
tions and should focus on new complaints of
the patients [4].
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Primary Pulmonary LCH
Epidemiology

Although lung involvement can be present in sys-
temic forms of LCH, pulmonary LCH (PLCH) in
adults commonly occurs as a single-system dis-
ease [65]. The prevalence of PLCH is unknown,
but it probably accounts for about 3-5% of
patients with diffuse infiltrative lung disease. The
prevalence of PLCH is probably underestimated,
with an increased number of patients being diag-
nosed through the wide use of chest CT. The
most striking epidemiological feature of PLCH is
that it occurs predominantly in young smokers or
ex-smokers (>90% of cases) of both genders,
with a peak incidence between the ages of 20 and
40 years [65, 66].

Pathogenesis

The close association between smoking and
PLCH strongly suggests a role for tobacco
smoke in the pathogenesis of the disease. The
role for smoking in triggering PLCH is high-
lighted by the finding that children with extra-
pulmonary LCH who subsequently develop
PLCH during adolescence or adulthood are more
often smokers [67].

As in other forms of LCH, the presence of the
BRAFV600E mutation has been observed in
35-50% of PLCH, as well as MAP2K 1 mutations
in a subset of BRAF wild-type PLCH lesions [68—
71]. Recently, activating NRASQ61K/R muta-
tions have been described in a substantial subset
of PLCH lesions, whereas these mutations were
not reported in other forms of LCH [69].
Noteworthy, these NRAS mutations occurred
concurrently with BRAFV600E mutations in
most cases, and both mutations were carried by
different cell clones [69].

Clinical Features

PLCH is pleomorphic in its presentation.
Symptoms can be minor or absent, and often the

patients attribute their symptoms to smoking.
PLCH is usually diagnosed in three main circum-
stances. (1) Respiratory symptoms such as cough
and dyspnea on exertion are present in approxi-
mately 2/3 of patients and can be associated with
asthenia, fever, night sweats, and weight loss. (2)
Spontaneous pneumothorax in 15-20% of cases —
pneumothorax may occur at any time during the
course of disease and may be bilateral and/or
recurrent, raising difficult therapeutic challenges.
(3) In 10-25% of cases, PLCH is detected on rou-
tine chest radiography. Hemoptysis is uncommon
and should not be attributed to PLCH until possi-
ble complications (infectious bronchitis, lung
cancer, rarely aspergillus colonization of a cystic
lung cavity) or alternative diagnoses have been
ruled out. Adult PLCH is generally isolated.
When present, extrathoracic lesions usually
involve the bone, the hypothalamic-pituitary axis
(diabetes insipidus), and more rarely the skin.
Physical examination is generally normal, except
in advanced stages or when associated with extra-
thoracic involvement.

Diagnostic Evaluation

Standard chest radiographs typically show bilat-
eral symmetric reticulo-micronodular infiltra-
tion, in which cysts may sometimes be identified,
predominantly involving the upper and middle
lung fields. Occasionally, a pneumothorax, or
rarely, a lytic lesion in a rib, may be visible.
Pleural effusion is not a feature, and mediastinal
lymph nodes are very uncommon, although hilar
enlargement may be observed in patients with
pulmonary hypertension. In rare cases, the chest
radiograph is normal. Chest high-resolution com-
puted tomography (HRCT) is mandatory when
PLCH is suspected. The typical HRCT pattern
combines small poorly limited nodules, cavitated
nodules, and thick- and thin-walled cysts pre-
dominantly in the upper and middle lung fields
with relative sparing of the bases (Fig. 7.4) [65,
66]. The various lung lesions vary with disease
duration. As the disease evolves, cystic lesions
become a predominant finding [72]. Cysts vary in
size and may coalesce to form irregular shapes
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Fig. 7.4 HRCT: Recent PLCH characterized by the typi-
cal combination of nodules, cavitated nodules, and thick-
and thin-walled cysts

Fig. 7.5 HRCT: More advanced disease with predomi-
nant cysts of variable size and irregular shapes (“bizarre
cysts”). Note the presence of bilateral partial pneumotho-
rax (arrows)

(“bizarre cysts”) (Fig. 7.5). Other findings in
PLCH may include ground-glass opacities or
localized emphysema secondary to cigarette
smoking. Significantly enlarged mediastinal
lymph nodes are rarely observed and should sug-
gest another diagnosis. Pulmonary artery enlarge-
ment is suggestive of pulmonary hypertension.
Pulmonary function abnormalities vary
according to the extent of cystic involvement
and disease duration [72]. The most common
abnormality is reduction of the diffuse lung
capacity (DLCO), which is observed in §0-90%
of cases. Lung volumes are impaired in a major-
ity of patients with a reduction in vital capacity
(VC), normal or increased residual volume

(RV), preserved total lung capacity (TLC), and
increased or normal RV/TLC ratio (air trap-
ping). An obstructive ventilator defect is
observed in a sizable proportion of patients par-
ticularly in advanced cystic disease, while
restrictive ventilatory defect (defined by a
TLC < 80% predicted) is present in a minority.
Patients with predominantly nodular HRCT pat-
tern usually have minimal lung function, with
an isolated reduction in DLCO [66].
Bronchoscopy is usually macroscopically nor-
mal or may reveal nonspecific smoking-related
abnormalities. Bronchial mucosal biopsies do not
contribute to the diagnosis of PLCH, but are useful
to exclude other diseases. Transbronchial lung
biopsies have variable diagnostic yields (15 to
40%) due to the focal nature of histological lesions
[73, 74]. Bronchoalveolar lavage (BAL) is rarely
diagnostic of PLCH in adults, although it can sup-
port the diagnosis by showing high alveolar mac-
rophage counts related to smoking. The presence
of >5% of CDla + cells in BAL has only been
reported in PLCH, albeit in a minority of cases.
BAL is also useful in atypical cases to exclude
other lung diseases and to rule out lung infections,
depending on the clinical context [73—75].

Pathology

The definitive diagnosis of PLCH requires a lung
biopsy, most commonly through a video-assisted
thoracoscopic surgical biopsy guided by HRCT
findings. The histological hallmark of PLCH is
the accumulation of CD1a + cells organized into
loosely formed granulomas, preferentially
located in and destroying the wall of distal bron-
chioles [65, 66]. With progression of the lesions,
the number of CD1a + cells decreases and is sub-
sequently replaced by either fibrosis in the form
of a characteristic stellate scar or contiguous and
confluent cystic cavities surrounded by a fibrous
ring [65, 66]. Interestingly, correlations between
CT features and pulmonary histopathology have
shown that CD1a + cells may still be observed in
diffuse cystic forms and that inflammatory
cells may persist even inside thin-walled cysts
[76]. The indication for a lung biopsy must be
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determined in each individual case with careful
evaluation of risks and benefits of the procedure.
The diagnostic approach is essentially guided by
the clinical context and HRCT findings. In a
young adult smoker, with mild or no symptoms
and a typical HRCT pattern (a combination of
nodular and cystic changes), a presumptive diag-
nosis is acceptable with a close follow-up. In
patients with extensive cystic lesions and
impaired lung function, the risk of a surgical lung
biopsy should be balanced with the need of a
definitive diagnosis.

Clinical Course and Follow-Up

A limited but careful medical assessment must be
performed following the diagnosis of PLCH. The
primary goal of this clinical assessment is to
determine the degree of functional and pulmo-
nary impairment and assess for complications
like pulmonary hypertension and extrapulmonary
manifestations. In patients with clinically iso-
lated PLCH, the systematic search for bone
involvement is not usually informative [77]. The
natural history and the prognosis of PLCH are
not clearly defined and can be quite unpredict-
able [78]. Approximately half of the patients
develop stable disease with little or no progres-
sion over time [72]. Partial or complete resolu-
tion of the lung HRCT abnormalities may occur
without treatment. However, almost 50% of
patients will experience impaired pulmonary
function over time and develop obstructive lung
disease [72]. In some patients, despite regression
of the disease, pulmonary function continues to
deteriorate as a result of smoking-related COPD.

Pregnancy does not appear to modify the
course of PLCH, but certain precautions, such as
a cesarean section, are required in women with
diffuse cystic lesions and impaired pulmonary
function due to the risk of pneumothorax during
labor.

In a retrospective study, the median survival of
patients with PLCH was found to be significantly
shorter than that expected for individuals of the
same sex and age [78]. In addition to the associa-
tion with lymphoma, particularly Hodgkin’s

lymphoma, an increased incidence of primary
lung cancer (related to ongoing smoking) as well
as various other types of malignant tumors has
also been reported [78, 79].

Serial lung function tests (including diffusing
capacity measurement) are essential for follow-
ing patients with PLCH. It is recommended that
all patients undergo follow-up every 3—6 months
for the first year after diagnosis. In a recent mul-
ticenter study, an early decline of pulmonary
function was observed in a substantial proportion
of patients after a median follow-up of 1 year
after diagnosis [66]. Interestingly, sequential
chest CT scans showed that only about 10% of
patients presented significant progression of the
extent of pulmonary cystic lesions over the same
period [66]. An isolated decline of DLCO should
prompt a search for pulmonary hypertension by
Doppler echocardiography, which needs to be
confirmed by cardiac catheterization [66].

Treatment

Smoking cessation is essential and represents the
only intervention necessary in a substantial pro-
portion of patients [56]. In a recent prospective
study, persistence in smoking was associated
with longitudinal decline in lung function [66].
Individualized smoking cessation strategies
should be used to address this powerful addictive
behavior. Inhaled corticosteroids and bronchodi-
lator therapy may provide benefit to patients with
reactive airway disease and obstructive lung dis-
ease which is frequently present. Pneumothorax
requires drainage. Pleurodesis is indicated in case
of recurrence and should be also considered in
case of single large pneumothorax, because of
the high rate of recurrence with a conservative
approach [80]. Lower respiratory tract infection
is a common cause of deterioration of PLCH and
should be promptly treated. Annual vaccination
against influenza as well as anti-pneumococcal
vaccine is recommended in patients with impaired
lung function.

Systemic treatment is considered in symptom-
atic patients with impairment of lung function.
Oral corticosteroids are often prescribed in
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patients with progressive disease, even though
their efficacy in stabilizing or inducing disease
remission remains unclear. There is no evidence-
based data on the efficacy of vinblastine in
PLCH. Cladribine has been demonstrated to
induce disease remission when used as a single
drug in selected patients with advanced disease
[81, 82]. The role of cladribine in the treatment of
symptomatic forms of PLCH with impaired pul-
monary function is currently under evaluation in
a phase II clinical trial (http://clinicaltrials.
govNCT01473797).

Hypoxemia should be treated with supple-
mental oxygen. The role of vasodilator therapy
for the treatment of pulmonary hypertension in
PLCH is not well established and should be
reserved to centers with expertise in both vascu-
lar and advanced lung disease [83]. Patients with
advanced PLCH benefit from lung transplanta-
tion [84]. Disease relapse in the transplanted
lungs has been described, particularly for patients
with preoperative extrapulmonary manifestations
and in those who resumed smoking following
transplantation [84]. The effects of MAPK
pathway-targeted therapy in PLCH, particularly
on lung function outcomes, have not been yet
reported.
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Late Effects of Langerhans Cell
Histiocytosis and the Association
of LCH with Malignancy

Vasanta Nanduri, Lilibeth R. Torno,

and Riccardo Haupt

Introduction

Langerhans cell histiocytosis (LCH), previously
considered a benign and treatable condition, is
now known to cause long-term consequences in
various tissues involved.

For decades, it was recognised that up to
half of survivors of LCH may have residual
disabilities, which impact the quality of sur-
vival [1, 2]. There are now several reports
from co-operative groups in countries and
from single institutions that describe these
outcomes [3—11]. The reported incidence and
prevalence of these problems however, vary
widely across studies. Factors such as varia-
tions in the size of the studies, selection of
patient cohorts, referral bias within institu-
tions, treatments used, variability in the diag-
nosis and investigation of sequelae and the
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method used for follow-up assessment (tele-
phone interviews, questionnaire-based studies
and clinical examination) account for the dif-
ferences (Table 8.1).

The majority of published literature on perma-
nent consequences of LCH consists mainly of
follow-up studies in subjects who had the disease
during childhood. Notably, children have an
additional burden of sequelae as the disease may
involve organs that are still developing during
childhood. Its effects on growth and puberty as
well as the protracted development of late effects
over the years further complicate the burden of
disease outcomes.

In the next sections, we will describe the rele-
vant permanent consequences of LCH in various
systems, collated from evidence from published
reports and personal communications from experts
and researchers in the field of histiocytosis.
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Orthopaedic Disabilities

Since the bony skeleton is the most common site
of involvement of LCH, the commonest reported
sequelae tend to be orthopaedic, with 42% of
long-term survivors affected, and include patho-
logical fractures, malformation, scoliosis and
vertebra plana [7]. Various other studies reported
lower incidence of late complications involving
the skeletal system ranging from 2.5% [6] to 5%
[12], 15% [1,4],20% [8] and 26% [13] in a study
on subjects with single-system bone disease.
Differences in the reported incidences might be
due to selections of patient cohorts, as well as to
timing of evaluation. Although in paediatric
patients there is often reconstitution and model-
ling of bones, residual problems, when present,
may be more severe than in adult patients because
of damage to a growing skeleton. The final
assessment of orthopaedic deformities needs to
be made after completion of growth, as some
problems manifest during periods of rapid
growth such as puberty. As radiation is used
less often in the treatment of LCH, the specific

radiation-related bone consequences are not as
common as previously reported [14].

Abnormalities secondary to LCH involvement
of the skull and facial bones, such as depressed
skull lesions, asymmetry or proptosis (Fig. 8.1),
are often described and may have an impact on
appearance and therefore the quality of life of the
patient. Facial asymmetry may become more
manifest as the child grows, and rarely, major
reconstructive surgery may be required. Loss of
teeth may be permanent and can result either
directly from LCH affecting the jaw or secondary
to treatment such as curettage or radiotherapy to
the lesion (Fig. 8.1). There may also be abnormal
growth of the jaw requiring corrective orthodon-
tic surgery [15].

LCH of the spine can result in compression of
the body of the vertebra resulting in vertebra
plana, and as growth progresses, scoliosis may
become apparent (Fig. 8.2) [12].

Involvement of the long bones may result in
shortening of one limb or asymmetry. However,
limb deformities are infrequent and have not
been reported to cause significant morbidity.

Fig. 8.1 Severe proptosis, facial asymmetry and jaw
hypoplasia with almost complete loss of teeth in a patient
with single-system multiple sites LCH diagnosed at

18 months of age. This patient also developed diabetes
insipidus 16 years after LCH diagnosis
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Fig. 8.2 Scoliosis in a patient with single-system single
bone vertebral localisation when she was 6 years old

Ears

Mastoid lesions can result in permanent damage
and hearing loss with an incidence ranging from
3% to 16% [1, 4-6, 16]. Although deafness is
more often conductive, damage to the inner ear
and bony labyrinth may result in permanent sen-
sorineural hearing loss and disability [17].
Involvement of the vestibular region is rare but
may present with loss of balance in addition to
hearing loss. Damage to the bony structures of
the inner ear is best seen on CT scan of the

petrous bones; therefore, all children with hearing
loss or other symptoms of inner ear involvement
should have appropriate imaging performed.

Hearing loss may go undiagnosed resulting in
learning problems (see later). Children with ear
involvement should thus be carefully followed up
with serial audiometry and assessment through-
out childhood, since early diagnosis of hearing
loss and interventional strategies such as the use
of hearing aids can significantly improve
outcome.

Skin

Scarring can be seen at sites of previous skin
involvement and from surgical procedures.
Deposition of fat in skin lesions may result in
xanthomatous areas (Fig. 8.3) and concomitant
juvenile xanthogranuloma [18]. Treatment with
topical mustine hydrochloride was used very
effectively in the past and found to be safe with
no long-term sequelae [19]. Furthermore, radia-
tion to the area may result in secondary basal cell
carcinoma, melanoma or precancerous lesions
which need careful follow-up (see later).

Fig. 8.3 Xanthogranuloma in area of previous LCH rash
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Endocrine Sequelae

Diabetes insipidus: LCH has a special predilec-
tion for involving the posterior pituitary gland.
Diabetes insipidus (DI) can either precede the
diagnosis of LCH by many years [20] or become
manifest after LCH is diagnosed. The reported
incidence of DI ranges from 15% to 50% [5-7,
10, 21], while the reported long-term cumulative
risk of developing DI varies between 26% [8] and
42% [22]. The variations in reported incidence of
DI may be a reflection of factors such as the
referral bias to institutions, differing criteria for
establishing the diagnosis ranging from scant
clinical history of polyuria and polydipsia, mea-
surement of early morning plasma and/or urine
osmolality to water deprivation test with mea-
surement of urinary arginine vasopressin (AVP)
levels [23], the latter being the test of choice for
diagnosis of DI.

The risk factors for development of DI include
multisystem disease and involvement of the cra-
niofacial bones, especially the orbit and base of
the skull [24, 25].

DI is usually permanent [26, 27], but there
have been a few reports of reversibility of DI with
treatment [14, 28, 29]. It is possible that some of
these patients might have had partial DI with
higher AVP levels. This needs to be fully assessed
with appropriate investigations before a conclu-
sive diagnosis is made. Several studies in the lit-
erature suggest that the use of intensive
chemotherapy at onset of LCH can reduce the
development of DI [4, 24]. More studies are
needed to validate this approach.

Anterior pituitary dysfunction: Growth hor-
mone deficiency (GHD) is the next most com-
mon endocrine abnormality, occurring in up to
20% of subjects, with other hormone deficiencies
such as secondary hypothyroidism, gonadotropin
deficiency and corticotropin deficiency occurring

less often [8, 30]. Pituitary radiation used in
patients with DI does not ameliorate the condi-
tion and may, in fact, result in anterior pituitary
damage and hormone deficiency and should
therefore be avoided.

All children with DI, short stature and poor
growth or delayed puberty should have pituitary
stimulation tests to measure anterior pituitary
hormone function. It should be noted, however,
that growth may be affected due to a combination
of factors including hormone deficiency, bony
involvement, chronic steroid therapy and the
effects of the chronic disease itself, resulting in
compromised final height [21].

Children with hypothalamic damage may not
only have pituitary endocrinopathies but may
also develop behavioural problems, the so-called
hypothalamic syndrome. Features of this condi-
tion include aggressive behaviour, eating disor-
ders, obesity and temperature instability.

The thyroid gland rarely may also be directly
affected by LCH resulting in primary hypothy-
roidism. This has been described predominantly
in adults, although there have been a few reports
in children [31].

Lungs

Lung involvement may occur during the acute
phase of the disease in up to 50% of children with
multisystem LCH. However, compared to adults,
permanent lung damage is less common in chil-
dren, ranging in incidence between 1% and 8%
according to different reports [8, 10]. This is pos-
sibly due to the repair of alveoli in the young
child. Lung disease with LCH appears to be pre-
dominantly a disease of young adults, particu-
larly in those who smoke [32]. In this long-term
follow-up study, 24% of patients, including some
in whom LCH was diagnosed during childhood,
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Fig. 8.4 Pulmonary findings of LCH on chest CT

had radiological abnormalities of the lungs, and
70% of these subjects were or had been smokers.
Only 20% of these patients were symptomatic.
Overall, the natural history of pulmonary disease
in the context of LCH is still unknown. In some
patients, severe lung fibrosis and emphysema
(Fig. 8.4) resulting in restriction of activity may
require lung transplantation.

As smoking has been shown by several groups
to be the most important risk factor for worsening
lung disease [33, 34], patients with LCH should
be strongly advised to refrain from smoking.
Additionally, all patients with a history of LCH
and who are known smokers should have long-
term pulmonary follow-up as there is a known
association between LCH and lung cancer in
patients who smoke (see later) [35].

Brain

Neurological problems such as cerebellar ataxia,
psychological problems and learning difficulties
can develop concurrently, or more often, several

years after diagnosis of LCH. The natural history
of CNS disease in LCH is unclear and the abnor-
malities may remain stable or progress in time
resulting in severe disability. The prevalence of
CNS disease varies in different reports depending
on the mode of assessment and the depth of
investigation.

Cerebellar damage may be seen in up to 12%
of all patients with LCH [7], but this increases to
60% in patients with recognised CNS involve-
ment [36, 37].

Learning difficulty has been reported in
patients with LCH, but there have only been a
few comprehensive studies on this area in the
literature. Neuropsychological sequelae of LCH
include intellectual loss, learning deficit, poor
school performance and emotional disturbance.
Detailed testing has shown global deficits in
functioning with a drop in intellectual quotient
(IQ) [38] and significant cognitive impairment
in up to 40% of patients with multisystem dis-
ease [39]. CNS involvement in LCH seems to
affect general cognitive development, both ver-
bal and non-verbal. Patients have been shown to
have problems with immediate auditory verbal
memory span and immediate recall of geometric
designs. Similarly, the patients also showed
increased vulnerability to interference during
learning. Deficits in memory can result, further
affecting the ability to retain information and
learn.

It is recognised that “risk factors” for CNS
disease include multisystem involvement, cranio-
facial bone lesions and the presence of DI [8, 36].
Patients who belong to these groups should have
more careful and frequent follow-up, including
brain MRI and neuropsychometric studies, look-
ing specifically for CNS damage.

Although neurological damage may be less
common and less overt than other sequelae of
LCH, its impact on school performance and
ability to lead an independent life and quality
of life highlight the importance of assessing
every patient in detail on a regular basis, so
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that abnormalities can be picked up early and
appropriate intervention and rehabilitation can
be planned. For more details on CNS-LCH, see
Chap. 5.

Liver

Chronic, progressive liver damage may result in
sclerosing cholangitis and cirrhosis. This abnor-
mality may be seen quite early in the disease
course and may be associated with concurrent
active disease in other organs. Sclerosing cholan-
gitis is often fatal and liver transplantation might
be the only curative procedure [40]. Recurrence,
however, of LCH in the graft has also been
reported [41].

Morbidity and Quality of Life

Single-institution studies have shown that overall
morbidity can be significant resulting in disabil-
ity and handicap in over half of survivors of mul-
tisystem LCH. Health-related quality of life,
which assesses the patient’s perspective of the
burden of disease, has also been studied in the
same patients and found to correlate closely with
the morbidity, as measured by professionals.
Both parameters were especially affected by the
presence of CNS and lung involvement with
inability to lead independent lives in the most
severely affected patients [42].

LCH and Malignancies

The association of LCH with malignancy has
been described in several reports [43—53], and it is
clear that the frequency is greater than what could
be expected by chance alone. In 1991, members
of the Histiocyte Society (HS) formed the LCH-
Malignancy Registry with the goal of defining the
patterns of occurrence of malignancy and LCH in

the same individual. Information on timing (syn-
chronous or asynchronous) of the two diagnoses,
type of malignancy and treatments for the first
disease might, in fact, help to generate hypotheses
to investigate possible common pathways between
the two diseases. The registry is updated through
periodic literature review and registration of cases
by HS members. Two reports have been published
[44, 45], and in this chapter, we have the latest
update, discussing the cases observed in subjects
in whom LCH occurred in paediatric age (i.e.
<18 years) or during adulthood.

At the last update (2015), 270 cases of LCH-
malignancy association have been registered: 117
subjects had their LCH diagnosis under the age
of 18, while the remaining 153 were diagnosed as
adults (Table 8.2). Solid tumours are the most
frequently reported type of malignancy both
among children and adults; acute myeloid leu-
kaemias (AML) are the second most frequent
type of malignancy among children with LCH,
while lymphomas are more frequently reported
among adults (Table 8.2, Haupt, 2015, personal
communication, unpublished).

As for malignancies observed among subjects
diagnosed with LCH before age 18, solid tumours
are the most frequent (44 cases reported), fol-
lowed by AML (32 cases), acute lymphoblastic
leukaemias (ALL) (25 cases) and lymphomas (16
cases). In general, there appear to be two patterns
of association between LCH and malignancy:

Table 8.2 Number of malignancies reported in subjects
with LCH (Haupt, 2015, personal communication)

Age at LCH diagnosis

<18 years |>18years | Total

n (%) n (%) n (%)
Solid tumours 44 (38) 61 (40) 105 (39)
Lymphomas 16 (14) 57 (37) 73 (27)
AML + MDS 32 (27) 33 (22) 65 (24)
ALL 25 (21) 2(1) 27 (10)
Total 117 (100) | 153 (100) |270

(100)
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ALL usually precedes LCH, while AML and
solid tumours develop after LCH.

Details about specific tumour types and their
occurrence with respect to LCH diagnosis are
reported in Tables 8.3 and 8.4, stratified by age at
LCH diagnosis.

LCH and solid tumours: In most paediatric
cases, the LCH diagnosis preceded that of the

associated malignancy and in several of those
who received radiotherapy as part of their treat-
ment, the malignancy developed within the radia-
tion field. The development of solid tumours in
the radiation field used for LCH treatment indi-
cates that radiotherapy is the oncogenic stimulus
in these patients. It is possible that the frequency
of this observation will be reduced in the future

Table 8.3 Association of LCH with solid tumours or lymphomas by age at LCH diagnosis (Haupt, 2015, personal

communication)
Age (years) at LCH diagnosis
<18 >18
LCH LCH
Precedes | Concurrent | Follows |Total |Precedes |Concurrent |Follows | Total
CNS 8 1 4 13 - - 1 1
Retinoblastoma 2 1 3 6 - - - -
Neuroblastoma 3 - 3 6 - - - -
Skin 4 - - 4 - 1 4 5
Bone 4 - - 4 - - - -
Ewing/PNET 2 - 2 4 - - - -
Breast 1 - - 1 - - 6 6
Thyroid 2 - - 2 - 4 3 7
Lung 1 - - 1 9 9 5 23
Gastrointestinal - - - - - 2 1 3
Tongue - - - - - 1 - 1
Pancreas - - - - 1 - - 1
Parotid - - - - - 1 - 1
Hepatic 1 - - 1 - - - -
Bladder - - - - - - 2 2
Kidney - 1 - 1 1 1 - 2
Dysgerminoma - - - - - - 1 1
Testis - - - - - - 3 3
Apudoma 1 - - 1 - - - -
Fibrous - - - - 1 - - 1
histiocytoma
Undefined - - - - 2 1 - 3
Myeloid sarcoma - - - - - 1 - 1
Histiocytic sarcoma 1 - - 1
Myeloma 1 2 3
Hodgkin disease 4 1 7 2 17 13 32
Non-Hodgkin 5 1 3 9 5 13 4 23
lymphoma
Total 35 8 17 60 21 52 45 119
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Table 8.4 Association of LCH with leukaemias by age at LCH diagnosis (Haupt, 2015, personal communication)

Age (years) at LCH diagnosis
<18 >18
LCH LCH
Precedes | Concurrent |Follows |Total |Precedes |Concurrent |Follows | Total
ALL T-ALL 3 1 11 15 - - - -
B-ALL 2 4 6 - - 1 1
Unspecified 2 2 4 - - 1 1
AML | FAB M1 5 5 1 1 2
FAB M2 2 2 1 - 1 2
FAB M3 9 9 - - - -
FAB M4 1 1 2 4 1 - 5
FAB M5 3 3 4 - - 4
FAB M7 1 1 - - - -
Unspecified 4 - - 4 1 1 -
Other | MDS 1 4 5 1 3 5
JCML 1 1
CMML 5 2 - 7
Acute - - - - - 1 - 1
basophilic
Mixed lineage - 1 -
CLL - 1 - 1
Total 34 6 17 57 16 9 7 32

ALL acute lymphoblastic leukaemia, AnLL acute non-lymphoblastic leukaemia, MDS myelodysplastic syndrome,
JCML juvenile chronic myelocytic leukaemia, CMML chronic myelomonocytic leukaemia, CLL chronic lymphocytic

leukaemia

since radiotherapy is now rarely used for treat-
ment of LCH [14].

Among adults, lung cancer is the most fre-
quently reported malignancy often occurring
concurrently or shortly after LCH diagnosis. The
association of both lung cancer and pulmonary
histiocytosis with smoking is well known, and it
is likely that LCH represents a reaction either to
smoking or the tumour itself [54].

LCH and lymphomas: Lymphomas are more
frequently reported among adults with LCH [44],
and often, the two diagnoses are almost concur-
rent (Table 8.2). This suggests that in these cases,
LCH represents a reaction to the lymphoma.
Among children with LCH, only 16 cases of lym-
phomas have been reported (7 Hodgkin disease, 9
non-Hodgkin lymphoma).

LCH and leukaemia: Ninety-two patients had
LCH in association with leukaemia. Most of the
leukaemias reported in subjects with LCH are
AML (n = 65). In all, except one case who was
diagnosed concurrently with LCH, the leukaemia
followed LCH. The distribution of the different
subtypes is not similar to what is expected in the
de novo leukaemia; in particular nine cases of
acute promyelocytic leukaemia (APL) have been
reported. Most of these cases occurred in subjects
either of Latino or Japanese origin; hence, a role
of ethnicity has been hypothesised [46]. Another
interesting observation comes from cytogenetic
analysis of available cases; in fact, besides the
classical t(15:17), chromosome 7 abnormalities
were reported in an apparently non-random
fashion.
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It is likely that most of the AML cases were
secondary to treatment given for LCH. In fact,
all cases except one who was diagnosed
24 years after LCH were previously treated
with chemotherapy or radiotherapy or both.
Etoposide (VP-16) and other intercalating
agents were part of treatment regimens in most
cases. These observations, together with the
evidence of a minor role of VP-16 in multisys-
tem LCH, led to the exclusion of this drug from
the standard front-line treatment for multisys-
tem disease. However, even if most of the LCH-
associated AML cases are probably treatment
related, LCH patients seem to behave differ-
ently from other patients with cancer condi-
tions who develop secondary AML in which
FAB MS5 subtypes seem to occur more fre-
quently [46].

Acute lymphoblastic leukaemia (ALL) has
been associated with LCH in 27 cases, and
almost all [25] were diagnosed in patients who
developed LCH in paediatric age. Again in the
case of ALL, the distribution of different types
is not what one would expect in de novo
ALL. Interestingly, in fact, T-cell leukaemias
are the most common immunophenotype and,
in general, occur close to LCH diagnosis. In a
review by Castro et al. [55], they described the
clinico-pathologic features of 15 patients who
had histiocytic lesions that followed ALL. The
molecular signature of the prior leukaemia and
the subsequent histiocytic lesion shared immu-
noglobulin H or monoclonal TCR gene rear-
rangements [55]. As most patients with ALL
rapidly attain remission on starting treatment,
it is felt to be less likely that the LCH develops
as a “reaction” to the leukaemia. Another
hypothesis, to explain the few cases in which
LCH followed ALL, is that chemotherapy-
induced immunosuppression may have played
a role in the development of at least some
cases of LCH.

Side Effects After Treatment
with Targeted Therapies Involving
BRAF/MAPK Pathways

With the recent identification of activating muta-
tions in the proto-oncogene BRAF V600E noted
in 60% of LCH cases as well as MEK and ERK
phosphorylation in almost 100% of examined
cases, LCH is now considered a myeloid neo-
plasm in the setting of inflammation [56, 57].
This has led to the use of targeted therapies, spe-
cifically agents deactivating RAS/RAF/MEK/
ERK pathway similar to the BRAF V600E-
driven melanoma treated with the inhibitor
vemurafenib [56]. Several other inhibitors such
as dabrafenib and various other combinations of
BRAF, MEK and PI3K/mTOR inhibitors have
shown encouraging results in clinical trials [58].
Since then, the efficacy of vemurafenib in refrac-
tory Erdheim-Chester disease (ECD) and LCH
harbouring the BRAF V600E mutation has been
demonstrated [59].

The use of vemurafenib in melanoma
patients has been associated with the develop-
ment of de novo squamous cell carcinoma
(SCC) in as many as 25-50% of patients [60,
61]. Although SCC is the most concerning
cutaneous effect related to BRAF inhibitor
monotherapy, a myriad of other cutaneous side
effects have been described including hyper-
keratosis and photosensitivity [62]. Skin irrita-
tion was nearly universal in the LCH/ECD
series, including rash (78%), photosensitivity
reaction (28%) and cutaneous SCC (44%) [63].
Other toxicities experienced by adults with
ECD and LCH treated with vemurafenib have
included fatigue (61%), arthralgia (61%),
hypertension (44%), diarrhoea (33%), alopecia
(39%) and nausea (33%) [63].

There is increasing evidence for the develop-
ment of resistance and second cancers after pro-
longed use of BRAF inhibitors likely due to
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paradoxical ERK activation in cells with
wild-type BRAF in a RAS-dependent manner
[64, 65]. Secondary pancreatic cancers in patients
with melanoma and BRAF V600E mutation
treated with single inhibitor have also been
reported [66].

Jhaveri et al. reviewed the FDA Adverse Event
Reporting System’s (FAERS) quarterly legacy
data file from the third quarter of 2011 to the sec-
ond quarter of 2014 for vemurafenib use in
malignant melanoma [67]. Vemurafenib-related
renal adverse event data were extracted from the
database. A total of 132 cases of acute kidney
injury were reported secondary to vemurafenib.
The average age of the men was 65 years and
59 years for the women (P = 0.0392). There were
six cases of hypokalaemia and eight cases of
hyponatraemia reported [67]. With regard to dab-
rafenib, the European summary of product char-
acteristics of the drug reports that renal failure
has been identified in <1% of patients treated
with dabrafenib [68].

The association of BRAF inhibitors and QT
prolongation, although uncommon, has also been
reported [69]. Furthermore, a case of left ventric-
ular dysfunction in a child with relapsed neuro-
blastoma has also been described [70].

Ocular toxicity such as retinopathy has also
been noted, mainly among melanoma patients
treated with MEK inhibitors specifically bin-
imetinib [71]. MEK inhibitor as a single agent
or in combination with BRAF inhibitor
induces transient retinopathy with time-depen-
dent recurrence and usually mild visual symp-
toms. It is important to investigate all previous
ocular disorders, systemic conditions and
pharmacologic interactions of MEK inhibitor
that may accelerate the onset of associated
ocular effects [72].

The possibility of various acute complications
requires caution and judicious use of these agents.
Little is known of their long-term complications

and patients would require continued surveil-
lance. More studies are needed to ascertain the
value of combining targeted agents to ensure opti-
mal efficacy and monitor development of resis-
tance as well as possible adverse effects of these
agents especially in the paediatric population.

Conclusions

There is a considerable difference in the
reported incidence and prevalence of perma-
nent consequences after LCH in the various
sources available. Some of these discrepan-
cies may relate to the widely varying treat-
ment approaches used in the past for the
disease we now recognize as LCH. Also,
methods for collection of data and criteria for
definition of each of the late effects have been
different across different studies, leading to a
lack of homogeneous data. Therefore, it is dif-
ficult to make accurate comparisons regarding
risk factors for development of sequelae from
LCH and the association of treatment with
outcome.

In the past, patients who had LCH were
often “lost to follow-up” as LCH was consid-
ered a benign condition, and the potential risk
for late effects was underestimated. As more
information is now known regarding these
long-term problems, it is important that all
patients and their families are counselled
regarding the possibility of developing conse-
quences, especially when the risk factors men-
tioned above are present.

In a recent multicentre study sponsored by
the Histiocyte Society [8], it has been clearly
shown that a significant proportion of subjects
are lost to follow-up and that among subjects
still in follow-up, non-homogeneous criteria
are used in the different institutions to assess
permanent consequences. It is important to
use a ‘“‘common language” to define late
effects/permanent consequences and to
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Table 8.5 Proposal for standardised follow-up for permanent consequences in LCH patients [73]

System involvement Test Frequency Notes

All patients Clinical assessment, height, End of therapy If thirst or polyuria: water
weight, pubertal status Every 6 months for deprivation test with
neurological assessment 2 years measurement of plasma

history of thirst, polyuria

Yearly for 10 years

and urinary osmolarity
+/— urinary AVP

If poor growth, delayed
puberty or DI: growth
hormone and other
pituitary hormone
secretion tests

Bone-axial skeleton
and/or limbs

Orthopaedic assessment

End of therapy
Yearly until completion of
pubertal growth

Ear, mastoid and

Audiometry or

End of therapy

If hearing loss: CT scan of

skull base audiometry evoked responses in | Before entering school petrous temporal bone
younger children If symptoms develop

Oral tissue and jaw Dental assessment Yearly

CNS positive or skull | Neuropsychometric assessment | End of therapy

base

Orbital lesions, DI,
anterior pituitary
deficiency

Every 2-3 years or earlier
if there are concerns
regarding learning

CNS positive or skull
base

Orbital lesions, DI,
anterior pituitary

MRI brain with contrast

End of therapy

Once every 5 years unless
specific concerns
regarding balance, gait or

If mass lesion present,
scan every 6 months until
resolution or stable

deficiency learning
Lungs Spirometry End of therapy Dangers of smoking
Every 6 months for should be explained and
2 years smoking avoided if
Every year for 10yerars possible. If spirometry is
abnormal or chest
symptoms: chest X-ray
and high-resolution CT
scan
Liver Sonography End of therapy Repeat if abnormal

Bilirubin, GGT, alkaline
phosphatase

For disease-specific monitoring, follow guidelines of the new LCH-IV protocol

develop a consensus for the method of investi-
gations and selection of patients who need
specific tests performed. In Table 8.5 we pro-
pose a simple outline for standardised, multi-
disciplinary follow-up of long-term survivors
of LCH.

The consequences reported in the literature
are from patients who were treated on the
older regimens, and some modalities such as
radiotherapy, VP-16 and high doses of alkylat-

ing agents are now used less often for treat-
ment of this disease. It is possible that this
may reduce the long-term problems, such as
secondary development of solid tumours and
AML following treatment. Finally, with
increasing shift of treatment options towards
more targeted therapies, increasing surveil-
lance for both acute and long-term complica-
tions of these agents is imperative.
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Classification of HLH

Hemophagocytic lymphohistiocytosis (HLH) is a
life-threatening hyperinflammatory syndrome.
HLH is not a single disease, since a variety of
conditions can lead to similar clinical hyperin-
flammatory phenotypes. The terms used to
describe  HLH and related syndromes have
changed since the original description in 1952
[1]. Ideally, HLH would be classified according
to the underlying pathophysiology. However, the
pathophysiological basis of HLH varies in differ-
ent conditions and has not been fully character-
ized in many disease settings.

Because of its important therapeutic impli-
cations, the distinction between “primary HLH”
and “secondary HLH” (summarized in
Table 9.1) is a clinically relevant issue. This
implies the need for a rapid diagnosis of a
genetic defect in granule-mediated cytotoxicity.
Patients with “primary” HLH require alloge-
neic hematopoietic stem cell transplantation
(HSCT) [2-5], and the intensity and duration of
immunosuppression needed for disease control
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Table 9.1 Classification of HLH

Primary HLH

Affected genes

1. Familial hemophagocytic lymphohistiocytosis

PRF1 (FHL2), UNCI3D (FHL3), STX!] (FHL4), and STXBP2
(FHLS)

2. Griscelli syndrome type 2 RAB27A
3. Chediak-Higashi syndrome LYST
4. Hermansky-Pudlak syndrome type 2 AP3B3A

5. X-linked lymphoproliferative disorders

SH2DIA and BIRC4

Secondary HLH

Associated conditions

1. Infection-associated HLH

Viral (including EBV, CMV, ADV, HSV, HHV6, HHVS, VZV,
parvovirus B19, influenza, enteroviruses), bacterial (including
mycobacteria, BCG, Rickettsia, Staphylococcus, Klebsiella,
Ehrlichia, Mycoplasma), parasitic (Leishmania, Plasmodium,
and Toxoplasma), and rarely fungal (Histoplasma, Candida,
and Cryptococcus) infections

2. Autoinflammatory and autoimmune diseases

sJTIA, NLRC4 mutations, Crohn’s disease, SLE, Kawasaki
disease (very rarely also familial Mediterranean disease,
dermatomyositis, rheumatoid arthritis, sarcoidosis, and
systemic sclerosis)

3. Acquired immunodeficiency

Immunosuppressive treatments, HIV infection

4. Malignant diseases

Lymphomas, mostly T/NK cell, but also B-cell lymphomas, and
leukemia (rarely solid tumors) cf. Chap. 12 of this book

5. Primary immunodeficiencies (other than
primary HLH)

CGD, SCID, CID (WAS, X-MEN syndrome, interleukin-2-
inducible T-cell kinase deficiency, CD27 deficiencies (very
rarely in X-linked agammaglobulinemia, autoimmune
lymphoproliferative syndrome, nuclear factor-kappa B essential
modulator deficiency syndrome, CTLA-4 haploinsufficiency,
and IFNy receptor deficiency))

6. Metabolic diseases

Lysinuric protein intolerance, galactosemia, Wolman disease
(lysosomal acid lipase deficiency), cobalamin C type
methylmalonic aciduria with homocystinuria, propionic
aciduria, Gaucher’s disease, and hydroxycobalamin deficiency

are frequently lower in patients with “second-

ary” HLH.

Primary HLH

which HLH is one key manifestation of a more
complex syndrome. They are also called immu-
nodeficiencies with albinism. Furthermore,
HLH manifesting in the context of immunode-
ficiency X-linked lymphoproliferative syn-
drome types 1 and 2 (XLP-1 and XLP-2, with

The term “primary HLH” is used to denote
genetic disorders with a genetic defect in
perforin-mediated cytotoxicity. This may be
caused by mutations in perforin itself or in
genes whose products are involved in the
degranulation of perforin-containing granules
[6]. In some of these genetic defects, HLH is
the key disease manifestation, developing in
almost 100% of affected patients — often at
birth or in the first few years of life. These dis-
eases are summarized as familial HLH (FHL).
Other defects cause syndromic diseases in

increased vulnerability to Epstein-Barr virus
(EBV)) is also classified as “primary.” A large
proportion of patients with XLP-1 or XLP-2
(55% and 76%, respectively) will experience
HLH at some point in life [7]. Infections may
trigger the onset of an HLH episode in primary
HLH, although in many cases, no infectious
agent can be identified. Strong immunosup-
pression (to achieve remission from hyperin-
flammatory, active HLH) followed by allogeneic
HSCT is clearly indicated in most patients with
primary HLH.
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Familial Hemophagocytic
Lymphohistiocytosis

Familial hemophagocytic lymphohistiocytosis types
2-5 (FHL2-5) constitute a genetically heteroge-
neous group of rare, autosomal-recessive diseases
with an estimated incidence of 0.12 per 100,000
children [8]. Mutations in the PRFI (FHL2),
UNCI3D (FHL3), STXI1 (FHLA4), or STXBP2
(FHLS) genes have been found in these patients [9—
13]. The underlying genetic defects affect the cyto-
lytic effector protein perforin or other proteins
involved in the transport and/or exocytosis of perfo-
rin-containing granules to the lytic immunological
synapse (as described in detail in Chap. 11 of this
book). FHL2 and FHL3 are the most prevalent types,
depending on the ethnic origin: 13-50% of patients
have FHL2 and 17-41% have FHL3. FHL4 is
mostly found in patients of Turkish origin.

Griscelli Syndrome

Griscelli syndrome is characterized by hypopig-
mentation of the skin and hair, the presence of
large clumps of pigment in hair shafts, and an
accumulation of mature melanosomes within the
melanocytes. Autosomal-recessive defects in the
MYOS5A, RAB27A, and MLPH genes, respectively,
are responsible for Griscelli syndrome types 1, 2,
and 3 [14-16]. Only Griscelli syndrome type 2 is
associated with an immune disorder that leads to
episodes of hemophagocytic syndrome. Rare
RAB27A mutations have been described that con-
fer a risk for HLH but do not cause albinism.

Chediak-Higashi Syndrome
Chediak-Higashi syndrome (CHS) is caused by
autosomal-recessive mutations in the CHS/ gene
(also referred to as lysosomal trafficking regula-
tor, LYST) [17]. CHS is also characterized by
hypopigmentation of the skin, hair and the eyes.
Hair pigmentation abnormalities in CHS differ
from the hypopigmentation observed in Griscelli
syndromes. Moreover, CHS patients show giant
lysosomes in neutrophils and other blood cells,
which are diagnostic for this disease.

Hermansky-Pudlak Syndrome
Hermansky-Pudlak syndrome (HPS) is charac-
terized by bleeding problems (due to a platelet

function defect) and oculocutaneous albinism.
There are ten types of the disorder [18]. HPS2
and HPS10 (caused by mutations in the genes
encoding the 3 A subunit and the & subunit of the
adaptor protein 3 complex, respectively) are
associated with a cytotoxicity defect, but HLH
has so far only been observed very rarely in HPS
type 2. Its classification as primary HLH is sub-
ject to debate. Preemptive HSCT does not appear
to be justified in HPS type 2 [19].

X-Linked Lymphoproliferative

Disorders

As mentioned above, the primary immunodefi-
ciencies XLP-1 and XLP-2 are associated with a
high risk of developing HLH — particularly in the
context of an EBV infection. XLP-1 is caused by
mutations in the SH2D 1A gene (also referred to as
signaling lymphocytic activation molecule-
associated protein, SAP), whereas XLP-2 is
caused by mutations in the gene coding for
X-linked inhibitor of apoptosis (XIAP) [7]. In both
diseases, manifestations other than HLH (such as
immunodeficiency, inflammatory bowel disease,
or lymphoma) can dominate the clinical picture.

Secondary HLH

The term “secondary HLH” (also referred to as
“sporadic” or “acquired HLH”) has generally
been used to describe patients with (i) a disease
fulfilling the clinical diagnostic criteria for HLH
and (i) none of the abovementioned genetic
defects. Most patients with secondary HLH suffer
from an inherited or acquired underlying disease
or are receiving treatment that predisposes them
to immune dysregulation, as detailed below.
However, the majority of patients with these
diseases will never experience HLH. Infections
or high inflammatory activity may precede the
onset, but not always obvious infectious triggers
can be identified.

Infection-Associated HLH

Infections have an important role as triggers
in both acquired and inherited forms of hemo-
phagocytic  syndromes. Immunocompetent
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individuals without any underlying disease
may develop infection-triggered secondary
HLH. The most common triggers are viral
infections and particularly herpes virus infec-
tions, especially Epstein-Barr virus. The term
viral-associated hemophagocytic syndrome has
been used to describe this type of secondary
HLH occurring in otherwise healthy individu-
als. HLH has also been described after infection
with numerous different bacteria (including
Brucella, mycobacterium tuberculosis [20]),
fungi, and parasites (especially Leishmania
[21]). Because of the specific therapeutic con-
sequences, it is of particular importance to rec-
ognize that visceral leishmaniosis can present
with a clinical picture that is indistinguishable
from HLH.

Autoinflammatory and Autoimmune
Diseases

Secondary HLH can occur in autoinflammatory
syndromes and is most frequently reported in sys-
temic juvenile idiopathic arthritis (sJIA). Many
rheumatologists prefer to use the term “macro-
phage activation syndrome” (MAS), rather than
secondary HLH. MAS complicates at least 10%
of cases of sJIA, although a much higher propor-
tion of patients (30—40%) show signs of subclini-
cal MAS [22]. MAS can also occur in adult-onset
Still’s disease. Secondary HLH very rarely
occurs in patients with other autoinflammatory
syndromes [23, 24]. Recently, a mutation in the
nucleotide-binding domain of the inflammasome
component NLRC4 was linked to early-onset
recurrent MAS [25]. Interestingly, functional
assays demonstrated spontaneous inflammasome
formation, plus the production of the inflamma-
some-dependent cytokines IL-1f and IL-18 at
levels higher than those seen in cryopyrin-associ-
ated periodic fever syndromes (another group of
autoinflammatory syndromes).

Furthermore, patients with Crohn’s disease
are more susceptible to HLH. Since patients with
XLP-2 may present with a Crohn’s-like disease,
the combination of Crohn’s disease with HLH
should prompt a diagnostic workup for XLP-2
[7], bearing in mind that gastroenterological
problems have also been described in patients
with STXBP2 and NLRC4 mutations.

Patients with autoimmune disorders and
those with vasculitis may also suffer from sec-
ondary HLH or MAS. In particular, patients
with systemic lupus erythematosus (SLE) have
an increased risk of developing this complica-
tion [26]. Secondary HLH can occur during
the acute phase of Kawasaki disease (KD), a
hyperinflammatory syndrome associated with
vasculitis [27]. When KD patients present with
hepatosplenomegaly and an additional labora-
tory abnormality consistent with HLH (such
as cytopenia, liver dysfunction, hyperferri-
tinemia, elevated serum LDH, hypofibrinogen-
emia, and hypertriglyceridemia), a diagnosis
of HLH should be considered. Sporadically,
patients with other rheumatologic diseases
(such as dermatomyositis, rheumatoid arthritis,
sarcoidosis, and systemic sclerosis) develop
secondary HLH [28].

Acquired Immunodeficiencies

Secondary HLH can also arise in acquired
immunodeficiencies. Treatments with immu-
nosuppressants and certain biologics have been
linked to the development of HLH [29].
Patients with sJIA are especially vulnerable
when their immunosuppressive treatment is
modified. HLH can also arise after chemother-
apy and organ or stem cell transplantation.
Kidney transplant recipients are at increased
risk of HLH (due to immunosuppression), and
most such cases are triggered by infection. The
mortality rate is over 50% [30]. Screening for a
concomitant infection is mandatory, and spe-
cific surveillance for EBV and cytomegalovi-
rus infections and for bacterial infections
(including mycobacteria) has been recom-
mended in adult patients receiving biologics
[31]. Patients infected with HIV alone or in
presence of other opportunistic infections or
malignancies have an increased risk of devel-
oping HLH, and the latter has also been
described in a setting of immune reconstitution
inflammatory syndrome [32].

Malignant Diseases
Conditions meeting the criteria for HLH may
occur in the context of cancer (as discussed in
Chap. 12 of this book).
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Primary Immunodeficiencies

Secondary HLH may also be a rare but none-
theless clearly associated complication in some
genetic diseases. Patients with primary immu-
nodeficiencies (PIDs) other than cytotoxicity
defects or X-linked lymphoproliferative disor-
ders may develop an HLH-like disease. PIDs
like chronic granulomatous disease (CGD) and
combined immunodeficiencies are overrepre-
sented in reports of secondary HLH, relative to
other PIDs [33]. CGD is a genetically hetero-
geneous condition associated with recurrent,
life-threatening bacterial and fungal infec-
tions. HLH in CGD is mainly associated with
bacterial infections. In patients with severe
combined immunodeficiency and partial T-cell
deficiencies (such as 22ql1 microdeletion and
Wiskott-Aldrich syndrome), HLH-like episodes
tend to occur in the context of a viral infec-
tion. Combined immunodeficiencies in which
impaired control of EBV infection is a cardinal
feature have been associated with EBV-induced
HLH in some cases. This includes X-MEN
syndrome (X-linked immunodeficiency with
magnesium defect, EBV infection, and neo-
plasia) [34], patients with interleukin-2-induc-
ible T-cell kinase [35], and CD27 deficiencies
[36]. Rarely, patients with other PIDs (such as
X-linked agammaglobulinemia, autoimmune
lymphoproliferative syndrome, nuclear factor-
kappa B essential modulator deficiency syn-
drome, CTLA-4 haploinsufficiency) [37-40]
and even IFNy receptor deficiency [41] develop
secondary HLH.

Metabolic Diseases

Patients with metabolic diseases may suffer from
secondary HLH. Lysinuric protein intolerance is
associated with SLC7A7 mutations and may be
complicated by severe lung disease with pulmo-
nary alveolar proteinosis, renal disease, and an
incompletely characterized immune deficiency
with HLH [42, 43]. A clinical picture resembling
HLH has also been observed in patients with
galactosemia, Wolman disease (lysosomal acid
lipase deficiency), cobalamin C type methylma-
lonic aciduria with homocystinuria [44], propi-
onic aciduria [45], Gaucher’s disease [46], and
hydroxycobalamin deficiency [47].

Clinical Manifestations of HLH

Although the full-blown clinical picture of HLH
is quite characteristic, its initial presentation is
variable. The most common form is a sepsis-like
febrile illness with multiple organ involvement.
The cardinal signs of HLH are fever, (hepato)
splenomegaly, and pancytopenia. Characteristic
laboratory test results include marked hyperfer-
ritinemia, hypofibrinogenemia, hypertriglyceri-
demia, elevated liver enzymes, and hyponatremia.
These symptoms can be explained by (i) a high
concentration of inflammatory cytokines and (ii)
organ infiltration by activated immune cells. In
theory, almost every organ can be affected by
HLH. With a few exceptions, there are no clinical
and laboratory features that allow to differentiate
whether the disease occurs in the presence or
absence of an underlying genetic defect.

Age at Presentation

Presentation of primary HLH usually occurs in
early infancy. Antenatal presentation has been
reported and should be considered in the differ-
ential diagnosis of nonimmune hydrops fetalis
[50-52] and neonatal cytopenia.

Clinical Features

Systemic Symptoms

Most patients have a severely impaired general
condition. Prolonged, persistent, non-circadian
fever is usually observed in most patients other
than neonates and preterm infants (in whom the
incidence of fever may be low [48]) and severely
ill patients (who may develop hypothermia).

Splenomegaly
Splenomegaly is common in patients with HLH
and belongs to the diagnostic criteria. It has been
observed in 97% of pediatric and 67% of adult
cases [29, 49].

Hepatic Involvement
Hepatic involvement is present in more than half
of the patients and may manifest itself as
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hepatomegaly, elevated transaminase levels,
increased LDH, and/or hepatic cholestasis.
Increased triglycerides are also frequently
observed and belong to the diagnostic criteria
(see below). Occasionally, acute liver failure may
even dominate the clinical presentation. In
selected patients with secondary HLH-associated
liver failure, liver transplantation has been shown
to restore good health in an otherwise lethal con-
dition [56]. Fulminant liver failure has also been
reported in neonates [57]. Abnormal coagulation
is often seen and may be caused by multiple fac-
tors, such as liver dysfunction, fibrinogen degra-
dation, low platelet count, and disseminated
intravascular coagulopathy. On autopsy, the liv-
ers of patients who have died from HLH show
periportal lymphocytic infiltration and in some
cases evidence of hemophagocytosis [58].

Kidney

Kidney injury may occur in severely ill patients
[57, 58]. Glomerulopathy and nephrotic syn-
drome may develop [30].

Lung
Lung involvement is common in patients with
HLH and is suggestive of a poor prognosis [59].

Central Nervous System Involvement

HLH is typically a systemic disease, which can
also be associated with variable degrees of CNS
involvement (as detailed in Chap. 10). Cases
with predominant CNS involvement or initial,
isolated CNS involvement are rare [53, 54].
Neurological signs can range from a meningeal
irritation to a severe CNS affection, with tetrapa-
resis or epileptic seizures. Microcephaly may
develop over time [55]. At the onset of primary
HLH, neurological symptoms are mostly associ-
ated with abnormal CSF findings and normal
brain MRI. Increased CSF cell counts, protein
levels, and hemophagocytic features may be
observed. MRI abnormalities can be severe but
are unspecific. However, it has been shown that
relative to patients with acute disseminated
encephalomyelitis, patients with HLH are more
likely to show symmetric periventricular lesions
that do not affect the thalamus or brainstem and

do not show T1 hypo-intensity; this may help to
distinguish between early lesions in HLH and
those observed in other inflammatory diseases of
the white matter [55].

Additional Clinical Features

Some patients with HLH-causing gene mutations
present with additional clinical features. Patients
with Griscelli syndrome type 2, CHS, and HPS
typically show pigment abnormalities. In patients
with CHS, neurological symptoms (which are
more likely to be associated with the causal muta-
tion than with HLH) can occur in early adulthood
[60, 61].

Around 30% of patients with XLP-1 develop
lymphoma, and XLP-2 patients may suffer from
Crohn’s-like chronic hemorrhagic colitis and
recurrent splenomegaly associated with cytope-
nia and fever (probably corresponding to mini-
mal forms of HLH) [7]. Both patient groups can
develop hypogammaglobulinemia leading to
recurrent chest infections.

Laboratory Features

Hematological Signs

Cytopenias are seen in more than 80% patients
on presentation [62]. Cytokine-mediated bone
marrow suppression might well be more impor-
tant for the pathogenesis of cytopenia than
hemophagocytosis alone. In patients with sJTA
and MAS, cytopenias may occur later in the
course of the disease because these individuals
often have elevated blood counts of neutrophilic
granulocytes and thrombocytes prior to develop-
ing MAS; in this context, a change over time in
these laboratory parameters is more valuable
than the absolute values for the early diagnosis
of MAS [63].

Ferritin

Very high serum ferritin levels are common in
HLH. In the HLH-94 study, the median ferritin
level was 2950 ng/mL; ferritin levels greater than
500, 5000, and 10,000 ng/mL were seen in,
respectively, 93%, 42%, and 25% of the patients
[62]. However, the positive predictive value of
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hyperferritinemia as a single parameter for HLH
is quite low, in particular in adults [64]. Therefore,
one should also consider other possible causes,
such as liver disease, hematologic malignancy, or
chronic transfusion.

Fibrinogen

Hypofibrinogenemia is most probably caused by
increased fibrin degradation by activated macro-
phages [65, 66]. It may also be worsened in
patients with liver dysfunction.

Cytokines

Inflammatory cytokines, such as interferon-
gamma (IFN-gamma), tumor necrosis factor/
cachectin-alpha, interleukin-6 (IL-6), and IL-1,
are augmented in active HLH and contribute to
the pathogenesis of the disease [67-69]. Soluble
IL-2 receptor (sIL-2R or sCD25) is typically ele-
vated in HLH and serves as a diagnostic marker
of the disease [3]. The persistent activation of
immune cells that occurs in patients with HLH
leads to excessive cytokine production. Recently
it has been shown how increased cytokine pro-
duction is linked to the default in target cell death:
prolonged target cell survival is due to failed
disengagement of perforin- or granzyme A/B--
deficient lymphocytes, increasing mean contact
time up to fivefold. The prolonged synapse time
leads to repetitive Ca2 + —signaling within the
effector cell to cytokine hypersecretion by cyto-
toxic T cells/NK cells, including IFN-gamma
that directly activates macrophages [70].

Serum Sodium Level

Hyponatremia is often present and may be asso-
ciated with CNS disease. However, pseudohypo-
natremia (caused by severe hypertriglyceridemia)
can also be observed [71].

Diagnosis of HLH
Diagnosing an Episode of HLH
Prompt initiation of treatment is essential for the

survival of affected patients. Often the greatest
barrier to a successful outcome is late diagnosis.

The diagnosis of HLH is difficult because of the
rarity of this syndrome, the variable clinical pre-
sentation, the similarity to sepsis or flares of an
underlying rheumatic disease, and the lack of
specific clinical and laboratory findings.

There is no specific test for HLH. Diagnosis is
based on the presence of a combination of the
various diagnostic features. Hemophagocytosis
per se is not sufficient for a diagnosis of hemo-
phagocytic syndrome because macrophages that
have engulfed other blood cells (Fig. 9.1) are
present in some other conditions and hemo-
phagocytosis can be a late sign even in primary
forms of the syndrome. In clinical practice, bone
marrow and CSF (or any other biopsy taken in a
patient with suspected HLH) should be assessed
for hemophagocytosis.

In 1994, the Histiocyte Society proposed a
definition of HLH as part of the HLH-94 clinical
trial. This definition was later revised for the
HLH-2004 trial and currently comprises eight
parameters, of which at least five must be met for
adiagnosis of HLH [3]. These criteria (with some
minor modifications) are listed in Table 9.2.

The diagnostic criteria for HLH as shown in
Table 9.2 are appropriate for diagnosing primary
HLH and secondary, infection-associated
HLH. In some patients with a rheumatic disease,
recognition of an HLH episode or MAS may be
difficult, due to its resemblance to flares of the

k

Fig. 9.1 Macrophage with engulfed erythrocytes (i.e.,
hemophagocytosis) in a bone marrow smear. May-
Grunwald-Giemsa stain, light microscope,
magnification x1000 (Adapted from Pachlopnik Schmid
and de Saint Basile [92], with permission)
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Table 9.2 Diagnostic criteria for HLH

The diagnosis of HLH can be established if (A) and

(B) are fulfilled

A. A molecular diagnosis consistent with HLH:
disease-causing mutations in PRF1, UNC13D,
Muncl8-2, STX11, RAB27A, LYST, SH2DIA, or
BIRC4

B. Five out of the eight criteria listed below are
fulfilled:

1. Fever >38.5

2. Splenomegaly (palpable below costal margin or
increased size by imaging)

3. Cytopenia (affecting >2 out of the 3 lineages):

Hemoglobin (<90 g/1; in newborns, <100 g/l)
Neutrophilic granulocytes (<1.0 x 10°/1)
Platelet count (<100 x 10°/1)

4. Hemophagocytosis (in the bone marrow or CSF)
5. Hyperferritinemia (>500 pg/l)

6. Hypertriglyceridemia (fasting level, >3.0 mmol/l)
or hypofibrinogenemia (<1.5 g/l)

7. Elevated soluble CD25 (>2400 U/ml)
8. Decreased NK-cell cytotoxicity
Adapted from Henter et al. [3]

underlying rheumatic disease. The fibrinogen
level and the absolute neutrophil and thrombo-
cyte counts may be misleading in patients with
sJIA who experience MAS. In sJIA (in the
absence of MAS), elevation of these parameters
is typical [72]. In contrast, MAS leads to a rela-
tive decrease in fibrinogen and cell counts and
might therefore be underdiagnosed since it does
not lead to hypofibrinogenemia, neutropenia, or
thrombocytopenia in absolute terms. It is note-
worthy that sJIA features spikes of fever, whereas
MAS tends to be associated with a persistently
elevated body temperature.

To aid with the diagnostic process, consensus
criteria for the classification of MAS in patients
with sJIA have been published [73] as detailed in
Chap. 13. The physician must check that the labo-
ratory parameters cannot be explained by other
aspects of the patient’s condition, such as con-
comitant immune-related thrombocytopenia,
infectious hepatitis, visceral leishmaniasis, or
familial hyperlipidemia. Patients with sJIA and
recurrent MAS should be screened for primary
HLH; they may profit from targeted treatment
with IL-1 antagonists or tocilizumab. Autologous
hematopoietic stem cell transplantation following

intensive immunosuppressant therapy has been
performed in some patients with severe treatment-
resistant sJIA. This may include individuals with
severe, recurrent MAS [74]. However, HSCT cur-
rently remains an experimental therapy targeting
the underlying disease in very selected cases
rather than an accepted treatment modality for
MAS itself.

The assessment of a bone marrow aspirate
will help to rule out hematological neoplasia.
Leishmania infection should be searched by
PCR in a bone marrow specimen, since false-
negative results may result from PCR of periph-
eral blood, serology, bone marrow microscopy,
and bone marrow culture [21]. In primary HLH,
a marrow with normal or increased cellularity
(especially for the erythropoietic lineage) is typ-
ical. In contrast, MAS in sJIA tends to be associ-
ated with an increase in the granulocytic lineage.
However, hemophagocytosis in bone marrow
may not be present, especially at the beginning
of an HLH episode.

Material obtained from other organs (such as
CSF) may also be of value in the diagnostic pro-
cedure. However, hemophagocytosis is not an
obligatory diagnostic criterion, and we do not
recommend the performance of liver biopsies in
patients with active HLH (due to potential
bleeding).

The CSF should be analyzed for of cell count,
protein level, and hemophagocytic features on a
cytospin preparation. Changes in CSF may pre-
cede changes in brain imaging.

Diagnosing the Underlying Disease
Associated with an HLH Episode

In recent years, the introduction of new immuno-
logic and genetic analyses has made it easier and
faster for the physician to diagnose patients with
suspected primary HLH [75]. For example, the
identification of novel HLH-associated genes has
increased the possibilities to establish a definite
diagnosis of primary HLH [11-13]. The results
of more specific immunological tests (which may
be available within 1-3 days) allow the rapid
identification of patients in need of HSCT and
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can guide the priorities in targeted genetic analy-
sis [75]. In addition, next-generation sequencing
allows more comprehensive genetic analyses and
helps to identify novel genes that predispose to
HLH [76]. Hence, diagnostic approaches are
changing, and the most efficient algorithm has
yet to be determined.

Once an HLH episode has been diagnosed,
immunologic screening is valuable for guiding
the subsequent workup. A possible diagnostic
flow sheet is shown in Fig. 9.2. Deficient protein
expression or NK-cell degranulation should
prompt targeted genetic testing. In some cases,
the clinical context can provide additional clues
for the diagnosis of inherited vs. acquired disease.

Inherited hemophagocytic syndromes are more
frequent among young children (especially
<1 year of age) and in cases of severe and/or
recurrent disease, parental consanguinity, a fam-
ily history suggestive of an X-linked disease, and
pigmentary anomalies. However, it must be noted
that (i) acquired forms can also start early in life
and can also be severe and can be recurrent in
sJIA and other autoinflammatory diseases, and
(ii) inherited forms can start later in life and may
be sporadic, attenuated in severity, or even oligo-
symptomatic (e.g., with neurological involve-
ment alone). Therefore, even milder forms of
HLH, HLH in adult male patients (especially
those with a family history suggestive of an

| Diagnosed or suspected HLH (refer to the table with the criteria for HLH) |

v

Blood samples:

- Perforin protein expression
- NK cell degranulation

- Differential blood count: leukemia, giant granules, microthrombocytes...?
- Infectiology: blood cultures, screens for herpesviridae, parvovirus, ADV and toxoplasmosis
- Immunologic workup for hereditary HLH:

- SAP and XIAP protein expression (only in males)

Bone marrow aspirate
- Malignancy?

- Infectiology: Leishmania PCR

+

- Giant granules?

Microscopy analysis of hair shaft

Imaging:
- Brain MRI

Lumbar puncture (CSF assays):
- Cell count, Cytospin (malignant cells?), protein, glucose, lactate
- Infectiology: PCRs for HHV6, enterovirus, ADV, and perhaps others

———

If the immunologic workup for hereditary HLH is normal:

Intolerance)

disease, SLE)

- Metabolic assessments (lysosomal acid lipase activity, lysinuric protein

- Consider other primary immunodeficiencies (CD27, ITK, X-MEN, etc.) -
- Consider underlying rheumatologic diseases (sJIA, adult-onset Still's -

If the immunologic workup for hereditary HLH is
abnormal:

Genetic testing

HLA typing of the patient and family members
- Immunologic workup in siblings

Fig.9.2 Immunologic testing may support a diagnosis of
primary HLH and provide functional data, whereas gene
sequencing (typically requiring 3-8 weeks) may define
the specific mutations. If a repeatedly abnormal test sug-
gests an underlying functional abnormality, genetic test-
ing should include sequencing of introns, should consider

deletions, and should encompass sequencing of all rele-
vant genes (including the genes associated with albinism
even in the absence of this symptom). Normal immuno-
logical test results cannot fully exclude a genetic disease,
although this is very rare in experienced labs



182

J.P.Schmid et al.

X-linked disease), and neurological signs with
reasonable grounds for suspecting HLH are valid
indications to perform diagnostic tests for defects
in cell cytotoxicity by degranulation and protein
expression assays. However, in these cases the
possible benefits of the diagnostic tests should
also be weighed against the costs of unnecessary
tests and possibly resulting unnecessary follow-
up and even treatment.

In view of the iatrogenic lymphopenia that can
be induced by the subsequent treatment, immu-
nological tests should be performed early in the
disease course. However, valid results can be
obtained even under HLH-2004 therapy.

Microscopic hair analysis (Fig. 9.3) is a simple
analysis and should be carried out in patients
with a silvery shine of the hair (even in those with

Normal blond hair

Normal brown hair

Griscelli syndrome

- A
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Chediak-Higashi syndrome

Fig. 9.3 Normal hair shafts (upper panels) and charac-
teristic large clumps of pigment in the hair shaft of patients
with Griscelli syndrome and Chediak-Higashi syndrome
(lower panels). Light microscope, magnification x 250
(Adapted from Pachlopnik Schmid and de Saint Basile
[92], with permission)

dark hair) or patients with fair hair (because the
silvery shine can be very difficult to recognize in
these cases). Furthermore, giant granules should
be searched for in the differential blood count
because they are pathognomonic for CHS.

Sequential immunological testing, followed
by a genetic diagnostic approach, provides the
basis for a rapid transplant decision and timely
preparation for allogeneic HSCT. Targeted
sequencing is currently the most widely used
approach. Immunological screening can identify
patients with primary HLH but requires specific
expertise. With advances in next-generation
sequencing, genetic approaches may prove to be
technically easier and may prevail in the future.

Patients should also be screened for autoim-
mune diseases or malignancy with a detailed
clinical history, a physical examination, and other
appropriate analyses.

In a patient with a PID, an episode of second-
ary HLH may occur when the PID is diagnosed
or may even reveal the PID. PIDs other than dis-
orders of cytotoxicity or XLP are therefore a rel-
evant differential diagnosis in patients presenting
with HLH syndrome [33]. It has been reported
that patients with an underlying T-cell PID have a
significantly higher ferritin/sCD25 ratio (>10, on
average) than patients with FHL and CGD
patients (<1, on average).

In a patient with HLH, it is essential to under-
stand the underlying etiology and to screen
extensively for infectious triggers. Extensive
immunosuppressive treatment may be needed to
control the immune dysregulation. Treatment
with immunosuppressants in the absence of anti-
infective medications may have serious conse-
quences ranging from unnecessary overtreatment
[21] to a potentially lethal outcome.

Screening for infectious agents such as EBV,
cytomegalovirus, herpes simplex virus, adenovi-
rus, parvovirus B19, mycobacteria, and
Leishmania is recommended, since most of these
agents are amenable to treatment. The detection
of EBV infection has important therapeutic
implications because elimination of the main
EBYV reservoir by B-cell-directed treatment is an
important component of therapy in all patients
with EBV-associated HLH [77].
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Degranulation Test

Testing the patient’s cells for their degranulation
capability is becoming a routine procedure in
suspected HLH. The results can be obtained
within less than 2 days. In immunocompetent
individuals, when cytolytic cells such as cytotoxic
T lymphocytes (CTL) and natural killer (NK)
cells recognize a target cell, they kill the target
cells by secreting perforin and granzymes [78—
81]. Mutations in the genes UNCI3D, STXI1,
STXBP2, RAB27A, LYST, and AP3BI all affect
either vesicle loading, vesicle maturation, or ves-
icle fusion with the plasma membrane [13, 16,
82-86], thereby preventing proper target cell kill-
ing by cytolytic cells. The degranulation test thus
determines whether the secretory pathway for
lytic proteins is functional.

In the degranulation test, peripheral blood
mononuclear cells (PBMCs) are activated by incu-
bation with K562 cells. As K562 cells do not
express MHC class I molecules, they are recog-
nized as “missing self”” and subsequently killed by
NK cells by secretion of their cytotoxic molecules.
Successful degranulation of NK cells can be deter-
mined based on the presence of CD107a (LAMP1)
on the cell surface [87]. The protein CD107a is
normally only found on lysosomal membranes but
can be detected on the surface of cytotoxic cells
after fusion of cytotoxic vesicles with the plasma
membrane. The degranulation test is thus based on
the appearance of the lysosomal membrane pro-
tein CD107a on the surface of activated NK cells,
measured by flow cytometry (Fig. 9.4).

Healthy control unstimulated Health control stimulated
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Fig. 9.4 Degranulation test of healthy control and
affected patient. Dot plots of NK cells (CD3- CD56+)
showing degranulation (CD107a+) after stimulation with

Studying the expression of CD107a on NK
cells of patients suffering from different forms of
primary HLH and healthy individuals allowed
Bryceson et al. to evaluate normal and patho-
genic degranulation percentages [75]. According
to their work, no degranulation defect is present
with values above 10%. Degranulation values
between 5% and 10% are not conclusive and a
repetition of the assay is recommended.
Degranulation values below 5% are, however,
very suggestive of an inherited defect and war-
rant further genetic investigation of the known
mutations affecting degranulation.

It is important to be aware that functional
degranulation still occurs when the genetic cause
of HLH can be attributed to either PRFI,
SH2DIA, or XIAP [75]. The degranulation assay
should therefore routinely be accompanied by an
intracellular staining of CTLs or NK cells for
perforin, SAP, and XIAP — which can all be per-
formed on the same blood sample used for the
degranulation test. In combination, the degranu-
lation test and intracellular staining can detect all
currently known HLH-causing gene mutations.

Genetic Analysis

Fulfillment of at least five defined HLH (HLH-
2004) criteria out of a set of eight is sufficient for
clinical HLH diagnosis. Immunological and
genetic tests are needed for diagnosis of inherited
HLH. Nowadays Sanger sequencing of known
mutations is a relatively cheap, robust, and
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accepted method for detecting genetic mutations.
Minute amounts of DNA extracted from blood are
sufficient for sequencing. A drawback of Sanger
sequencing is that being a targeted sequencing
method, only known mutations are detected. The
detection of novel disease-causing mutations is
possible by sequencing the whole gene instead of
only the regions with known mutations, but this
may exaggerate the cost and effort. The advent of
next-generation sequencing and its increasing
affordability may however fully replace Sanger
sequencing in the near future [88, 89].

In contrast to Sanger sequencing, next-
generation sequencing (NGS) methods allow to
cover large parts of the genome [90]. Whole-
exome sequencing (WES) and whole-genome
sequencing (WGS) are the best-known methods,
and with targeted NGS, sequencing, e.g., all
genes linked to immunological disorders, is pos-
sible. Compared to Sanger sequencing, NGS cur-
rently depends on high throughput for
cost-efficiency, and the duration from taking the
blood sample to obtaining the sequencing results
is longer. Therefore today, WES is especially
used for the discovery of novel disease-causing
mutations, as it detects mutations in all protein
coding regions of the genome [18, 91]. However,
filtering all the detected variants and assigning a
specific mutation to a patient’s phenotype is very
challenging and time-consuming. Nevertheless,
as NGS is further improved, WES or a custom-
ized NGS gene panel might become an important
screening tool for HLH patients or other patients
with a suspected immunodeficiency [88].
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Introduction

Involvement of the central nervous system
(CNS) in hemophagocytic lymphohistiocyto-
sis (HLH) is usually associated with systemic
features, but neurological symptoms may be
the first and only manifestation of the disease
[1-6]. Even if the occurrence of neurological
symptoms is not included as a diagnostic crite-
rion, it is important to consider HLH in a child
with unexplained neurologic manifestations,
especially one with fever, pancytopenia, and
hepatosplenomegaly. CNS involvement is a
frequent finding in both primary and second-
ary HLH [7-10]. Overall CNS disease has
been reported in 30-73% of all HLH patients,
either at presentation or during the course of
the disease [7, 8, 11-15].

CNS involvement can cause devastating
brain lesions in affected patients and is an
important cause of mortality and morbidity in
HLH. It is essential for the clinician to have
a high suspicion of CNS-HLH and perform a
rapid evaluation. Intensive therapy can halt the
CNS inflammation and resolve the symptoms
[8, 16], whereas progressive inflammation will
lead to irreversible neurological lesions, associ-
ated with brain parenchymal necrosis [11]. This
chapter focuses on the clinical presentation,
diagnostic features, treatment, and neurological
late effects of CNS-HLH.
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Epidemiology

The true epidemiology of CNS-HLH is ham-
pered by the lack of a standard definition. Today
most HLH experts agree that an abnormal CSF
and/or MRI of the brain, with or without distinct
neurological signs or symptoms, defines CNS-
HLH. The frequency of CNS involvement has
only been evaluated prospectively in a few stud-
ies [8, 12—14]. The results from these as well as
retrospective studies indicate that CNS-HLH
occurs in primary and secondary HLH with a
relative frequency of 18-73% of patients with
documented systemic HLH [7, 9-13, 15, 17, 18].
However, CNS disease has also been reported as
a primary symptom before the onset of systemic
disease or in the absence of any systemic HLH
features [1-6, 19].

Pathology

As has been shown for systemic disease, HLH in
the CNS is considered to be the result of hyperin-
flammation. In a postmortem histopathological
review of 23 HLH patients, lymphocytic and his-
tiocytic infiltration with hemophagocytosis could
be demonstrated. The cerebrum and cerebellum
were more affected than the brainstem. The
extent of infiltration was categorized in four
stages ranging from no histopathological findings
(stage 0) to focal meningeal infiltration in stage I,
more prominent perivascular infiltration with
slight tissue infiltration in stage II, and pro-
nounced parenchymal infiltration and multifocal
tissue necrosis in stage I1I. A correlation between
the severity of the clinical symptoms and the his-
topathological changes was observed [11].

Clinical Signs and Symptoms

A wide spectrum of clinical neurological symp-
toms has been reported in HLH patients. Seizures
are the most frequent symptoms [9, 12, 13, 15,
17, 18]. In one series of 25 patients with CNS
disease, seizures occurred predominantly in
younger infants at the onset of disease, whereas

in older children, ataxia was observed [10].
Unspecific findings described as irritability, dis-
turbed consciousness, or encephalopathy are also
among the most common findings. Furthermore
opisthotonus or meningismus has been reported
in up to a third of the patients. Focal neurologic
disturbances include cranial nerve palsies, hemi-
paresis, and ataxia [10, 12, 13, 20]. Also life-
threatening neurological symptoms have been
reported [8, 12—-14].

Diagnostic Work-Up

The diagnosis of CNS-HLH, especially the iso-
lated form, is notoriously difficult and may lead
to delays in treatment or even lack of CNS-
directed therapy in patients who are left with
severe long-term effects. To initiate proper treat-
ment for CNS-HLH, a correct diagnosis must be
made. A diagnostic work-up should include a
careful review of the patient’s history and a thor-
ough neurological examination. In addition to the
blood tests required to make a diagnosis of sys-
temic HLH, a lumbar puncture with cerebrospi-
nal fluid (CSF) analysis and magnetic resonance
imaging (MRI) should always be done in all
cases regardless of the presence or absence of
neurological signs or symptoms.

CSF

CSF findings are usually subtle including mild
pleocytosis of mononuclear cells and/or ele-
vated protein levels. Although only mild
increases in protein levels are usually found,
cases with high values up 10,000 mg/l have
been reported [21]. In some cases, hemophago-
cytosis can be found in the CSF. Additional bio-
markers like neopterin [22] or elevated soluble
interleukin-2 receptor have been suggested but
have not been evaluated in detail.

None of these findings are specific. Other con-
ditions, in particular CNS infection, which can
also occur concomitantly, have to be ruled out.
Thus, CSF diagnostics should include standard
testing: protein, glucose, lactate, cell count, and
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microbiological work-up. Morphology deter-
mined by a cytospin slide mostly reveals a lym-
phocytic rather than the granulocytic pattern,
which is found in bacterial meningitis.
Hemophagocytosis, which is described to be
present in 91% of brain biopsies, mostly located
in the meninges [11], was less commonly seen in
the CSF (39%) of pediatric cases [8]. Whether the
degree of hemophagocytosis in the CSF corre-
lates to the duration and severity of disease, as
demonstrated in brain tissue, is not known.
Protein differentiation, like electrophoresis,
may help to distinguish HLH more precisely
from other conditions in which local immuno-
globulin production (e.g., viral encephalitis) is
present. The relevance of measuring opening
pressure is not clear. In case of initial normal
findings, repeated lumbar punctures might be
necessary to detect CNS involvement, especially
in patients with persisting active systemic HLH
with ongoing or new neurological symptoms.
Flow cytometry of the CSF also has not been
evaluated properly. The presence of activated T
cells, however, might be a clue to diagnosis, espe-
cially in those patients with CNS disease only.

Imaging

The variety of clinical presentations of CNS
disease in HLH is reflected by the wide spec-
trum of neuroradiological findings which have
been described in the literature. However, not
all patients with CSF abnormalities and/or neu-
rological symptoms also show abnormalities in
imaging. On the other hand, magnetic resonance
imaging (MRI) findings have been described in
patients without clinical signs or CSF abnor-
malities [6, 17].

Brain computed tomography (CT) scans might
reveal parenchymal volume loss, brain edema,
hemorrhage, and hyperdense areas indicating
calcification or necrosis [23, 24]. MRI appears
to be the most sensitive method. In addition to
the findings mentioned above, leptomeningeal
and perivascular contrast enhancement, hypoin-
tense or T2 hyperintense parenchymal lesions,
nodular or ring-enhancing parenchymal lesions,

and subdural fluid collections have been reported
[9, 18, 25-27]. Parenchymal lesions are mostly
found in the cerebrum and cerebellum, mainly
at the junction of white and gray matter, with
the brainstem less affected [6, 25, 28]. Bilateral
distribution is common, which differentiates the
condition from ADEM [9] (Fig. 10.1a—c).

Parenchymal hemorrhage and extra-axial
bleeding have been found in one child who also
had retinal hemorrhage. A diagnosis of child
abuse was made before the final diagnosis was
established due to systemic features of HLH [29].
In another case series, hemorrhagic transforma-
tion was considered to be due to ischemic injury
after perivascular infiltration [25].

Standard MRI techniques have not been
defined until now. Due to the unspecific pat-
tern of the lesions, an extended MRI protocol
can be recommended including T1-weighted,
T2-weighted, FLAIR, diffusion-weighted, and
post-contrast imaging. Susceptibility-weighted
imaging is particularly useful in demonstrating
bleeding or blood components.

In cases with symptoms suggestive of spinal
involvement or polyradiculitis, a spinal MRI
should be performed [30, 31].

Systematic follow-up imaging has not been
done. Few studies indicate that progression or
resolution of neurological symptoms is reflected
by MRI findings [6, 25, 27].

MRI spectroscopy has been applied in a few
cases and has shown an increase in lactate and a
decrease in N-acetylaspartate (NAA) in the active
phase of the disease, whereas clinical improve-
ment was associated with a decreased lactate
peak and a recovery of NAA [25, 27].

Monitoring of disease activity by repeated
CSF analysis has been suggested in the HLH tri-
als in 1994 and 2004. Treatment response seems
to be evident more rapidly in the CSF than the
resolution of neuroradiological findings can be
documented [12].

In summary, there are no specific parameters
for the diagnosis of CNS disease. Similar neuro-
radiological findings have been observed in
hereditary and acquired HLH [12]. Especially in
the absence of systemic HLH features, an
extended laboratory and radiological work-up
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Fig. 10.1 Neuroradiological MRI findings in HLH
(arrows are indicating the lesions). (a) T2w image show-
ing bilateral hyperintense lesions in the cerebellum. (b)
T2w image with hyperintense signal and edema in the left
posterior hemisphere and abnormalities in the brainstem.
(¢) Diffusion-weighted imaging of the same region as in
(b) with lesions imitating cerebral infarction

has to be performed to exclude other conditions
like acute disseminated encephalomyelitis
(ADEM), acute necrotizing encephalopathy
(ANE), CNS vasculitis, multiple sclerosis,
encephalitis, CNS manifestations of rheumato-
logic disease (such as systemic lupus erythema-
tosus), and other genetically mediated CNS
inflammatory disorders such as interferonopa-
thies, and child abuse. Both isolated CNS-HLH
and CNS involvement in addition to systemic
HLH can also mimic CNS infections. Of note,
abnormal MRI findings have also been shown as
a consequence of HLH therapy. Especially poste-
rior reversible leukoencephalopathy has been
demonstrated in association with corticosteroid
and ciclosporin A (CSA) treatment [32] but can
be distinguished from CNS disease due to its
characteristic appearance in MRI [33]. Brain vol-
ume loss is considered to be an effect of steroid
treatment. Furthermore, infectious complications
under the immunosuppressive HLH treatment,
for example, CNS aspergillosis, can easily be
confounded with CNS involvement of HLH [34].

Treatment

The pathophysiology of CNS-HLH is likely to be
similar to that of systemic HLH, i.e., massive
hyperinflammation leading to destruction of the
brain tissue. Therefore, it is important to con-
stantly reduce inflammatory HLH activity to pre-
vent CNS injury. Deficient cytotoxicity in
primary HLH may result in reduced elimination
of virus-infected cells; hence, antiviral therapy
should be given when possible. The first step is to
optimize treatment of systemic disease, which
varies depending on the underlying cause and
severity of HLH.

The international HLH 1994 study [8] and
experience with antithymocyte globulin (ATG)
[16, 35] showed that initial CSF findings
improved by using systemic therapy only.
Systemic therapy reduces cytokine-secreting T
cells in the circulation. It can be assumed that
these cells also migrate through vessels into the
brain, leading to the lymphohistiocytic infil-
trate described in brain autopsies. Available
treatments to consider include therapies used in
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protocols HLH-94 and HLH-2004, including
dexamethasone, etoposide, and CSA [8, 36], or
treatment with corticosteroids and ATG or
alemtuzumab [16, 35, 37].

A steroid, preferably dexamethasone, is of
importance in CNS-HLH treatment. Results of
clinical studies have shown that dexamethasone
has a longer half-life in the CSF and better CSF
penetration than prednisone [38, 39]. In prospec-
tive randomized trials, dexamethasone yielded
better control of CNS leukemia [39]. For EBV-
associated HLH, rituximab has been shown to be
beneficial; systemic clearance of EBV by ritux-
imab has been reported [40, 41]. It should be
used in cases of severe EBV-HLH with CNS
involvement in order to reduce inflammatory
activity by eliminating the triggering agent.
However, it has to be considered that in many
EBV-HLH cases, the virus is also found in T
cells which will not be affected by rituximab
treatment [40—43].

A novel and interesting concept for HLH
treatment is the administration of an anti-IFN-y
antibody. This agent is currently being explored
in a phase II trial (NCT01818492). It seems also
to be of benefit in CNS-HLH (Michael Jordan,
personal communication). Another very promis-
ing agent is the JAKI1/2 inhibitor ruxolitinib,
shown to be effective in HLH in two recent stud-
ies using different murine models of HLH. In the
Rab27a—/— mice, CNS involvement was signifi-
cantly reduced with ruxolitinib therapy [44, 45].

Often in CNS-HLH, there is a good response
to systemic therapy alone. However, intrathecal
therapy may be necessary in patients in whom
treatment with dexamethasone, etoposide, or
ATG offers good control of systemic HLH but not
of CNS disease. Intrathecal methotrexate and ste-
roids (as described in HLH-2004 [36]) for CNS-
HLH should then be used and be given weekly for
at least three doses and preferably until all CSF
abnormalities and CNS symptoms normalize. The
benefit from the use of intrathecal therapy for
CNS-HLH has been witnessed by many HLH
experts; however, as of today there are no con-
trolled studies to prove this. CSF abnormalities
seem to disappear in most cases, whereas an
improvement of neurologic symptoms and neuro-
radiological findings is less likely [10, 12].

There are also risks with intrathecal chemother-
apy: neurological adverse effects are well described
and may be expected [46]. There are ongoing con-
cerns regarding intrathecal drugs as a major con-
tributor to CNS late effects in children [47]. Future
studies are required to weigh the benefits and risks
of intrathecal therapy in CNS-HLH.

Even if a patient has responded well to initial
therapy of HLH, reactivation of CNS-HLH by
the time of HSCT is common. Early transplant in
HLH can halt the progression of CNS disease
[48, 49]. Therefore, even if HLH is still active, an
early transplant should be considered as the risk
of late effects may be more severe than the risk of
transplantation. After a successful HSCT, neuro-
logic manifestations can be reversed, and recur-
rences can be prevented [48, 49].

In patients who have CNS involvement, pre-
transplant close surveillance for reoccurrence is
warranted. Analyses of the CSF after donor
engraftment are advisable to monitor for recur-
rent/persistent CSF abnormalities. If CNS-HLH
recurs/worsens after HSCT, as indicated by clini-
cal findings or CSF, additional intrathecal and
systemic therapy should be considered. Finally,
all long-term survivors should have longitudinal
follow-up for neurological late effects including
cognitive and motor evaluations to initiate early
and appropriate support.

Neurological Late Effects
in Survivors

Over the last 20 years, survival of primary HLH
has improved markedly. Therefore, it has become
increasingly important to thoroughly evaluate
long-term toxicity, especially long-term effects
related to the CNS. A significant proportion of
children (10-39%) with HLH have neurologic
late effects ranging from mild to severe, despite
successful HSCT [8, 9, 13, 50].

Neurological late effects have been shown to
be more common in those patients with com-
bined abnormal CSF and neurologic symptoms at
diagnosis [13] but do not seem to be influenced
by age or type of genetic HLH defect [9].

In the prospective HLH-94 treatment study,
the most common neurological late effects were
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developmental delay, epilepsy, attention deficit
hyperactivity disorder, hearing loss, and hemiple-
gia [8]. Preliminary data from the next treatment
protocol, HLH-2004, indicates unfortunately that
this high proportion of neurological late effects in
survivors remains.

The first study which systematically evalu-
ated the cognitive and psychosocial outcome of
HLH survivors reported that children treated for
HLH with HSCT have significantly lower levels
of intellectual functions compared to both a nor-
mal population and sibling controls [50]. These
impairments were identified in 52% despite of
no obvious neurologic involvement by the dis-
ease itself at diagnosis. In addition to cognitive
difficulties, this study also found significant psy-
chosocial (especially emotional and social) dif-
ficulties in children transplanted for HLH. These
psychosocial difficulties were observed by both
parents and teachers. Also the percentage of
children with significant neuropsychological
problems in this study (30%) was higher than
previously reported [50].

The true morbidity of CNS-HLH in survi-
vors is still unknown. Future long-term studies
including larger patient numbers are needed to
analyze risk factors for adverse neurologic out-
comes. Recognition of the risks of CNS disease
and immediate early treatment are essential to
reduce the numbers of children suffering these
late effects.
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Introduction

Several hereditary disorders lead to the devel-
opment of hemophagocytic lymphohistiocy-
tosis. This syndrome is characterized by the
over-activation and proliferation of T cells,
mostly CD8" T cells, and macrophages, which
produce high levels of pro-inflammatory cyto-
kines and infiltrate many organs. Genetic dis-
eases in which HLH is the key manifestation
are referred to as primary or familial lympho-
histiocytosis (FHL; MIM 267700) (Table 11.1).
Mutations in four genes have been linked to the
occurrence of FHL. In other primary conditions,
HLH is associated with characteristic hypopig-
mentation, as in Griscelli syndrome (GS; MIM
214450) and Chediak-Higashi syndrome (CHS;
MIM 214500). Furthermore, Hermansky-Pudlak
syndrome type 2 (HPS2; MIM 608233), another
condition with pigmentary dilution, is occasion-
ally associated with HLH. Moreover, a number
of other primary immunodeficiencies (PIDs),
particularly those predisposing to susceptibil-
ity to Epstein-Barr virus (EBV) infection, such

as X-linked lymphoproliferative disease types
1 and 2 (XLP1; MIM 308240 and XLP2; MIM
300635), are associated with a significant risk of
developing HLH. Lastly, a few inborn errors of
metabolism and PIDs can predispose to HLH. It
is important to note that in addition to primary
HLH (conditions in which a genetic contribution
has been clearly defined), so-called “secondary”
forms of HLH (also referred to as macrophage
activation syndrome (MAS)) are reportedly asso-
ciated with a variety of infections, malignan-
cies and autoimmune diseases [1]. The putative
genetic component of secondary HLH remains to
be established.

Defective Cytotoxic Function in HLH

A hallmark of most primary forms of HLH is the
defective function of cytotoxic T lymphocytes
(CTL) and natural killer (NK)) cells. CTLs and NK
cells contribute to immune protection by identi-
fying and killing virus-infected or transformed
cells. Mechanistically, target cell recognition

Table 11.1 Genetic disorders associated with occurrence of HLH

‘ Gene Locus Inheritance Protein function
1. HLH with cytotoxicity defect
FHL2 PRF1 10g21-22 AR Perforin/pore-forming protein
FHL3 UNCI3D |17q25 AR Munc13-14/priming factor
FHL4 STX11 6q24 AR Syntaxin 11/membrane fusion
FHL5 STXBP2 | 19pl3 AR Munc18-2/syntaxin-binding protein
XLP1 SH2DIA | Xq25 XL SAP/regulate signalling lymphocyte
activation molecule
HLH with hypopigmentation
GS2 RAB27A | 15q21 AR Rab27a/tethering
CHS CHS/ 1q42-43 AR Lyst/lysosomal fission-protein sorting
LYST
HPS2* AP3B1 5ql4.1 AR Ap3p1/sorting of lysosomal protein
2. HLH with no evidence of cytotoxicity defect
XLP2 BIRC4 Xq25 XL XIAP/Inhibitor of apoptosis
NLRC4 NRCC4 | 2p22.3 AD/GOF | NLRC4/ innate immune response regulation
3. Metabolic disorders
Wolman disease LIPA 10923.2-23.3 | AR Lipase A/ lysosomal acid hydrolase
Lysinuric protein intolerance | SLC7A7 | 14q11.2 AR SLC7A7/cationic amino acid transporter
Others...

AR autosomal recessive, XL X-linked, AD autosomal dominant, GOF gain of function

2Only one typical HLH case has been reported
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Fig. 11.1 Cytotoxic lymphocytes kill cognate target
cells. Cytotoxic lymphocyte recognizing an antigen-
presenting cell (APC) forms a transient cell-cell conju-
gate. Cytotoxic granules containing perforin and
granzymes polarized towards the target cell fuse their
membrane with the plasma membrane and release their
content into an intercellular cleft. Perforin forms a pore in
the target membrane, allowing granzymes to enter and
induce apoptosis of the target cell. At the plasma mem-
brane, Rab27a allows tethering of cytotoxic granules that
are then primed by Muncl3-4, while syntaxin 11 and
Munc18-2 regulate granule fusion

leads to the transient formation of a cell-cell
conjugate, followed by the polarized release of
perforin- and granzyme-containing granules
from the cytotoxic cell towards the target cell
(Fig. 11.1). The secretion of mature cytotoxic
granules from CTL and NK cells is a complex
molecular process that requires a sequence of
coordinated events. These steps include the for-
mation of an immunological synapse (IS) at the
site of cell-cell contact, the transport of cytotoxic
granules towards the microtubule-organizing
centre (MTOC) and the latter’s polarization

towards the target cell. Polarized lytic granules
dock at a secretory domain on the plasma mem-
brane and then fuse near to where T cell receptor
and signalling molecules are clustered [2]. The
lytic granule contents are then released into the
narrow intercellular cleft formed between the two
cells. Perforin’s pore-forming activity enables
pro-apoptotic granzymes to enter the cyto-
plasm of the target cell, where they cleave key
substrates and thus initiate apoptotic cell death
(Fig. 11.1). All the genetic defects causing FHL
and the other primary HLH conditions associated
with hypopigmentation impair the function of the
granule-dependent cytotoxic pathway.

The Genetics of HLH with Impaired
Lymphocyte Cytotoxicity

Familial Hemophagocytic
Lymphohistiocytosis

Familial hemophagocytic lymphohistiocytosis is
inherited as an autosomal recessive disease. It has
an annual incidence estimated around 1 per
100,000 children. Isolated, overwhelming HLH
is the sole distinguishing feature of most cases of
FHL. The symptoms of HLH usually appear
within the first 6 months of life but may, in rare
cases, develop in utero [3] or at birth [4].
However, familial forms with a later onset (at any
time up to adulthood) have also been reported
[5-7] HLH mostly occurs in previously healthy
young children, which suggests that the clinical
manifestations have an exogenous trigger. In sus-
ceptible children, infection with intracellular
pathogens (notably viral and fungal pathogens) is
the most likely trigger [8].

In 1999, the use of linkage analysis and
homozygosity mapping led to the identifica-
tion of a locus (designated FHL1) on chromo-
some 9q21.3-22 in four inbred FHL families
of Pakistani descent [9]. However, no causative
gene has been associated with this locus to
date, and the robustness of these data has been
questioned. Simultaneously, a second locus
was found on chromosome 10q21-22 (FHL?2),
and evidence of the genetic heterogeneity of this
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condition was provided [10]. Shortly thereafter,
gene candidate screening within the FHL2 locus
enabled Stepp et al. to identify the first gene for
FHL (PRF1, the perforin gene) [11] (Table 11.1
and Fig. 11.1). This rather unexpected find-
ing was decisive because it (i) directly linked
the function of the granule-dependent cytotoxic
pathway to the pathophysiology of HLH and (ii)
suggested additional etiologies for FHL. Similar
genetic approaches identified three additional
causes of FHL, all of which affect the exocytosis
of cytotoxic lymphocyte granules (Table 11.1).
FHL3 has been linked to mutations in UNC13-D
(located on chromosome 17q25) [12] and FHL4
to mutations in syntaxin 11 (located on chro-
mosome 6q24) [13], and lastly, a defect in the
gene for syntaxin 11-binding protein STXBP2/
Munc18-2 (located on chromosome 19p13) was
found to cause FHLS5 [14, 15]. Given that these
four genes account for approximately 90% of the
cases of FHL, other causative genes regulating
the cytotoxic function of lymphocytes may still
be identified.

Perforin Deficiency Causes FHL2

The cytolytic effector perforin (PRF1) is local-
ized in cytotoxic granules (Fig. 11.1). Mutations
in the PRF] gene account for about 35-45% of
all FHL cases (FHL2, MIM 603553) [11, 16].
Proteolytic cleavage of perforin within granules
enables maturation of the protein. Following the
release of perforin from cytotoxic granules, the
perforin C2 domain binds calcium and interacts
with the target membrane. Once bound to the tar-
get membrane, perforin oligomerizes to form a
pore and allows granzymes to enter the target cell
cytoplasm. Rapid apoptotic death of the target
cell ensues [17]. The molecular and structural
bases for membrane binding and pore formation
have been recently characterized [18, 19]. The
perforin gene comprises three exons (of which
only the second and third are translated) and
encodes a 555-amino acid polypeptide [20]. Over
100 different recessive PRF1 mutations (micro-
deletions, nonsense or missense mutations) have
been found in FHL?2 patients. The mutations are
distributed all along the gene sequence. Some
perforin mutations are more frequent in particu-

lar ethnic populations, suggesting common
ancestry. For example, the Trp374 stop (G1122A)
mutation occurs frequently in Turkish families,
whereas the Leul7 frameshift (50delT) mutation
occurs frequently in African populations [21].
Most of the mutations result in undetectable
amounts of perforin in cytotoxic granules, lead-
ing to defective cytotoxic activity [8, 11, 22].
Some peculiar mutations of the perforin gene
specifically affect proteolytic cleavage and thus
maturation of the protein [23] or the calcium-
binding ability [24, 25]. Missense mutations that
only partially impair perforin function have also
been reported. The latter are mainly associated
with atypical (mostly late-onset) HLH disease
and include the Ala91Val substitution (found in
between 4% and 8% of healthy individuals).
Ala91Val was initially considered to be a neutral
polymorphism [26], but it does result in the par-
tial (50%) loss of PRF1-dependent cytotoxicity.
The Ala91Val allele probably confers a predispo-
sition to late-onset disease, with the homozygous
state being associated with susceptibility to lym-
phoma and the compound heterozygous state
being associated with FLH (when a second “null”
perforin allele is present) [27-29]. Furthermore,
a few reports have provided convincing evidence
to suggest that temperature-sensitive mutations
in perforin may be associated with late-onset
FHL and a predisposition to haematological
malignancies [5]. A recently proposed structural
approach explained the effect of 76 missense
mutations identified in FHL2 patients via perfo-
rin’s ability to oligomerize — thereby providing
an explanation for the observed cytotoxicity
defect in these patients [30] and a basis for the
observed phenotype/genotype correlation.

Munc13-4 Deficiency Causes FHL3

The clinical features of FHL3 are indistinguish-
able from those of FHL2. This genetic form of
FHL accounts for 30% to 35% of the cases.
Although cytolytic granules in CTL and NK
cells from FHL3 patients have normal contents,
cytotoxicity is impaired. FHL3 was found to
be associated with mutations in the gene
UNC13D coding for Munc13-4, a member of the
Munc13-UNC13 family [12]. Lymphocytes that
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lack Munc13-4 are able to form normal, stable
conjugates with target cells, dock at the plasma
membrane and polarize their cytotoxic granules
but cannot release their granule contents at the IS
(Fig. 11.1) [12]. Indeed, Munc13-4 appears to be
mandatory for the priming of docked lytic gran-
ules at the IS — probably via regulation of the
interaction between the vesicle soluble
N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) and the target (t)-
SNARE required for the fusion of the granule
with the plasma membrane. As is the case for
other members of the Munc13 family of proteins,
Munc13-4 may induce a conformational change
in the cognate t-SNARE and thus generate its
active conformation. The UNCI13D gene con-
tains 32 exons that encode the 123 kDa Munc13-4
protein. Two calcium-binding (C2) domains are
separated by long sequences containing two
Muncl3-homology domains (MHDI1 and
MHD?2). Most of the mutations so far identified
in UNCI3D are deletions, splice-site mutations
or nonsense mutations predicted to result in
major changes in the protein. The severity of the
mutations may influence the clinical expression
of HLH disease. Prenatal disease onset in utero
has been described with null mutations [3],
whereas an atypical clinical course, reminiscent
of common variable immune deficiency (CVID),
was associated with missense or splice-site muta-
tions in a few patients [31]. In addition to exonic
and splice-site mutations, deep intronic muta-
tions have also been found in populations in
northern Europe. These mutations impair
UNC13D transcription and Munc13-4 expression
in cytotoxic cells and thus cause FHL3 [32-34].
Besides its role as a priming factor, Munc13-4
is also known to be involved in the upstream mat-
uration of cytotoxic granules. By facilitating the
fusion of two distinct endosomal compartments,
Munc13-4 forms a pool of vesicles carrying
effectors of the exocytic machinery [35].
Following target cell recognition, the pool of
formed vesicles polarizes and coalesces with
perforin-containing granules at the IS. This late
granule maturation step may limit the proportion
of cytotoxic granules that can release their

contents and thus endow cytotoxic cells with
serial killing ability.

Syntaxin 11 Deficiency Causes FHL4

In patients with FHL4 (MIM 605014), the mean
time of HLH onset is later than in patients with
FHL2 or FHL3 [36, 37]. FHL4 Patients carry
mutations in the syntaxin 11 gene (STX/17) [13].
Syntaxin 11 is a member of the t-SNARE family
of proteins involved in membrane fusion events.
Most of the STX 1] mutations reported to date are
null mutations and were first identified in patients
of Turkish/Kurdish descent, where they account
for approximately 20% of FHL cases [38]. Since
then, biallelic syntaxin 11 mutations have been
identified in patients of different origins. A few
missense mutations have also been reported in
FHLA4 patients, and examination of their func-
tional consequences has helped to identify the
syntaxin 11 domain that interacts with the
syntaxin-binding protein Munc18-2 [39, 40].
Although the cytotoxic activity of NK cells in
FHL4 patients is markedly defective, syntaxin
11-deficient CTLs are less affected and can be
partially restored by IL-2 stimulation [41]. The
fact that syntaxin 3 expression in cytotoxic lym-
phocytes can compensate for a lack of functional
syntaxin 11, at least in vitro, may account for this
functional restoration [39]. Syntaxin 11 is thus
yet another effector of the cytotoxic machinery
required for the release of cytotoxic granules
contents — probably by regulating membrane
fusion events [42]. The syntaxin 11-regulated
step in the cytotoxic pathway remains to be char-
acterized, although it is probably involved in the
fusion between cytotoxic granules and the plasma
membrane at the IS (Fig. 11.1).

Munc18-2 Deficiency Causes FHL5

The most recently identified type of FHL (FHLS,
MIM 601717) is caused by mutations in the
syntaxin-binding-protein-2  (STXBP2)  gene
encoding Muncl18-2 [14, 15]. FHLS5 accounts
for 15-25% of FHL cases. To date, more than 50
different STXBP2 mutations have been reported
worldwide, including missense, nonsense, splic-
ing, deletion and insertion mutations. In the
majority of patients with Munc18-2 deficiency,
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HLH usually starts within the first 6 months
of life. In these cases, mutations affect protein
stability. A few mutations allow some residual
protein activity and are associated with a milder
disease phenotype; this is the case for the highly
prevalent exon 15 splice-site mutation c.1247-
1G > C [15, 43]. In these cases, later onset with
splenomegaly and unexplained fever or a CVID-
like profile have been observed. Development of
Hodgkin’s lymphoma has also reported in such
situation [44].

STXBP2/Munc18-2 belongs to the SM family
of fusion accessory proteins. These proteins are
SNARE partners and have a complementary role
in membrane fusion [45, 46]. STXBP2/Munc18-2
is widely expressed and binds to syntaxin 11 and
syntaxin 3 with high affinity [39]. However,
only the level of syntaxin 11 is low in STXBP2/
Munc18-2-deficient lymphoblasts [15] — indicat-
ing that syntaxin 11 is Munc18-2’s main partner
in lymphocytes and that Munc18-2 is required for
stable expression of syntaxin 11. In accordance
with the pathophysiological features of FHL,
Munc18-2-deficient NK cells and CTLs display
impairments in cytotoxic activity [14, 15]. A puta-
tive role for Munc18-2 in later stages of the exo-
cytosis pathway is suggested by the observation
that perforin-containing granules in Muncl8-2-
deficient NK cells are normally polarized towards
cognate target cells — even though the impair-
ment of exocytosis prevents them from releasing
their contents [15]. Recently, it was reported that
Munc18-2 is localized predominantly to the cyto-
toxic granules and is required for delivery of syn-
taxin 11 to the plasma membrane [47]. Thus, by
interacting with syntaxin 11, Munc18-2 probably
regulates a late step in cytotoxic granule exocy-
tosis by regulating membrane fusion (Fig. 11.1).

FHLS appears to slightly differ from the clas-
sical manifestations of HLH [43]. Gastrointestinal
manifestations, characterized by severe, chronic
diarrhoea requiring long-term parenteral nutri-
tion, have been reported in FHLS patients with
early-onset HLH. Diarrhoea is often present
before the onset of HLH and persists in most
patients having undergone haematopoietic
stem cell transplantation — suggesting a primary
epithelial defect. Short microvilli and the

accumulation of granules at the enterocytes’
apical pole have been reported. Renal tubular
dysfunction was also observed in one of these
patients [48]. Since Muncl18-2 is expressed at
high levels in normal gut epithelial cells, the pro-
tein is probably involved in the FHLS5 patients’
gastrointestinal manifestations. Sensorineural
hearing loss between the ages of 4 and 17 has
been reported in several patients [43].

Pigmentary Dilution Disorders
Associated with HLH

The HLH manifestations observed in FHL are
also associated with pigmentary dilution in two
inherited conditions: Griscelli syndrome type 2
(GS2) and Chediak-Higashi syndrome (CHS). It
can also be occasionally associated with
Hermansky-Pudlak syndrome type 2 (HPS2).

Rab27a Deficiency Causes GS2

GS2 (MIM 214450) is a rare autosomal-recessive
disease that combines HLH with hypopigmenta-
tion of the skin and hair. The disease is due to
biallelic mutations in the gene encoding Rab27a,
a ubiquitously expressed small GTP-binding
GTPase protein [49] (Table 11.1). CTLs and NK
cells that lack Rab27a exhibit impaired cytotox-
icity because polarized cytotoxic granules are
unable to reach the IS and dock with the plasma
membrane [50]. In GS2, the patients’ hypopig-
mentation is due to the defective release of
melanosomes from melanocyte dendrites, which
requires the function of the tripartite protein com-
plex, Rab27a-melanophilin-myosinVA. In cyto-
toxic cells, Munc13-4 interacts with Rab27a [35].
This molecular interaction is critical for lytic gran-
ule exocytosis and is probably involved in coor-
dination of the last step in the exocytic process,
between the docking and priming of lytic gran-
ules [51] (Fig. 11.1). The RAB27A gene, located
on 15921 chromosome region, consists of seven
exons, the first two being untranslated. Mutations
in RAB27A have been characterized in more
than 100 independent patients [37, 38, 49]. Very
few missense mutations have been reported and
functionally analysed [52]. The other mutations
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are nonsense mutations, deletions or splice-site
alterations, all predicting an early protein trunca-
tion. In all cases, the location of the stop codon
predicts truncation of the protein’s consensus
carboxyl-terminal motif, involved in Rab pro-
tein geranyl-geranylation, and thus should leave
Rab27a protein in an inactive state. Recently, a
few patients have been found to carry RAB27A
biallelic mutations affecting residues involved in
Rab27a-Munc13-4 interaction but not Rab27a-
melanophilin interaction. These patients develop
HLH with no clinical evidence of pigmentary
dilution [53, 54].

It is noteworthy that the pigmentary dilution
observed in GS2, linked to defective release of
melanosome contents from melanocyte den-
drites, is also found in patients with GS1 and
GS3. The GS1 and GS2 disease loci are located
close together in the chromosomal region 15q21,
whereas GS3 has been located on chromosome
2q37.3. GS1, GS2 and GS3 are due to defects in
myosin-Va, Rab27a and melanophilin, respec-
tively. Individuals with the GS1 and GS3 sub-
types do not develop HLH.

LYST Deficiency Causes CHS

Chediak-Higashi syndrome (MIM 214500) is
characterized clinically, in addition to the mani-
festations of HLH, by hypopigmentation of the
skin and the hair, mild bleeding tendency, recur-
rent infections and progressive neurodevelop-
mental abnormalities. The latter is characterized
by learning and behavioural deficits in child-
hood and progressive neurodegeneration in early
adulthood, with varying degrees of cerebellar
dysfunction, peripheral neuropathy, spasticity
and parkinsonism [55-57]. A pathognomonic
feature is the presence in many cell types of
enlarged inclusion bodies of lysosomal origin.
The CHSI/LYST ¢DNA (13.5 kb) [58] encodes
a huge cytosolic protein (425 kDa, 3801 amino
acids (aa)) [59, 60]. CHS1/LYST belongs to the
Beige and Chediak-Higashi (BEACH) family
of proteins that share the same three C-terminal
domains: a pleckstrin homology domain (PH)
[61], a BEACH domain [58] and WD40 repeats.
However, the domains’ exact functions are
unknown, though they are predicted to bind

protein partners [61, 62]. Most of the functional
information on CHS1/LYST comes from studies
of other members of the BEACH family, defined
as vesicle-trafficking regulatory proteins [63].
The BEACH family member LRBA is thought to
regulate the trafficking of cytotoxic T lymphocyte
antigen-4 (a potent inhibitory immune receptor)
and has been linked to autoimmune disease [64].
The CHS1/LYST protein also contains a series of
armadillo [65] and HEAT repeat motifs (thought
to mediate membrane associations and vesicle
transport [66] and a lectin-like domain [67]).
LYST’s regulation of the exocytosis of cytotoxic
granules is not well understood. It was recently
suggested that LYST is involved in the trafficking
of the exocytosis effectors required for the ter-
minal maturation of perforin-containing vesicles
into secretory cytotoxic granules [68] (Fig. 11.1).

CHS results from biallelic mutations in the
LYST gene (also known as CHS1), which consists
of 55 exons and is located on chromosome 1q43
[69] [58, 59]. Considering the length of the LYST
gene, mutation analysis in CHS patients was a
difficult task before next-generation sequencing
becomes available. Interestingly, most of the
mutations reported to date (nonsense and frame-
shift mutations) result in truncated proteins [58,
59, 70]. There is a reasonably straightforward
genotype-phenotype correlation for CHS [69],
although similar homozygous mutations were
occasionally found to be associated with both
typical and milder clinical courses — even within
the same family [70, 71]. A correlation, albeit not
absolute, has also been shown for disease sever-
ity vs. the degree of impairment of cytotoxic
activity [71]. Adults with mild forms of CHS,
even when they carry biallelic LYST variants,
may escape the onset of HLH but can develop
neurologic involvement [55, 56]. It is therefore
likely that factors other than LYST gene muta-
tions influence the clinical expression of CHS;
these may include environmental factors, such as
disease-triggering infections.

Ap3p1 Deficiency Causes HPS2

Patients with HPS2 share a common phenotype
(hypopigmentation, bleeding disorders and
increased susceptibility to infections) as a result
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of congenital neutropenia and impaired cyto-
toxicity. HPS2 results from a mutation in the
AP3BI, a gene located on chromosome 5q14.1
and that codes for the B chain of the adaptor
protein-3 (AP3) complex [72] (Table 11.1).
AP3 is a ubiquitous cytoplasmic complex con-
sisting of four different subunits. It shuttles
cargo proteins from the trans-Golgi and a tubu-
lar endosomal compartment to endosome-lyso-
some-related organelles [73, 74]. Hence, AP3
assists with protein sorting to lysosomes. Most
of the HPS2 patients screened for AP3B/ muta-
tions to date carry deletions or nonsense muta-
tions, and only a few have missense mutations
[75-78]. There is only one published report
of a HPS2 patient developing classical HLH,
although cytotoxicity is impaired in all tested
patients [75]. However, since this patient also
carried a heterozygous RAB27A mutation that
may have contributed to the disease, the risk of
developing HLH in HPS2 remains unclear but
is certainly much lower than in FHL, GS2 or
CHS [75, 78].

Genetics of HLH with Partially
Defective or Normal Cytotoxicity

Several forms of HLH are characterized by nor-
mal NK cell cytotoxicity against K562 target
cells and the induction of normal T cell cytotox-
icity by anti-CD3 antibodies. Disease onset is
frequently triggered by EBV infection [79]. The
best characterized forms are X-linked lymphop-
roliferative (XLP) syndromes.

XLP Syndromes

XLP syndrome is a very rare immunodeficiency,
with an estimated incidence of 1 per 500,000 live
births. This condition, formerly also referred to
as Purtilo syndrome, is primarily characterized
by extreme vulnerability to EBV infection in
boys, which triggers HLH and/or malignant lym-
phoproliferation [80]. There are two genetic
forms of XLP: XLP-1 [81-83] and XLP-2 [84]
(Table 11.1).

SAP Deficiency Causes XLP-1

XLP-1 results from a deficiency in the signal-
ling lymphocyte activation molecule (SLAM)-
associated protein (SAP, encoded by the
SH2DIA (for SH2 domain-containing protein
1A) gene). SAP is a small adaptor protein pro-
duced exclusively in T, NK and NKT cells. SAP
uses its SH2 domain to bind with high affinity
and specificity to immunoreceptor tyrosine-
based switch motifs present in the cytoplasmic
domains of SLAM receptors (SLAM-R) [85,
86]. SAP-deficient CTLs and NK cells are selec-
tively impaired in their cytotoxic response to
infected B cells; this probably accounts for the
exquisite (albeit not constant) role of EBV in
triggering HLH in XLP1 patients. The response
requires an interaction between SLAM-Rs and
subsequent SAP-dependent signalling in T-
lymphocytes but not in other cell types [87, 88].
In addition to impaired lymphocyte cytotoxicity
towards B cells, other cellular defects have been
documented in SAP-deficient patients. These
include CD4* T-helper cell cytokine production
and function, a blockade of CDIld-restricted
NKT cell development, defective antibody pro-
duction associated with low numbers of
switched memory B cells and defects in germi-
nal centre formation [85, 89]. These immune
dysfunctions mostly result from changes in sig-
nal transduction via SLAM-Rs.

More than 80 XLP-1-causing mutations in the
SH2DIA gene have been identified, including
missense, nonsense and splice-site mutations and
micro- and macrodeletions. Most of the missense
mutations markedly decrease the stability of the
SAP protein and impair its adaptor function. No
correlation between SH2D 1A gene mutations and
XLP-1 clinical phenotypes has been found.

XIAP Deficiency Causes XLP-2

XLP-2 results from a lack of the X-linked inhib-
itor of apoptosis (XIAP, encoded by the XIAP/
BIRC4gene) [84]. The SH2D 1A and XIAP genes
are just 0.4 Mb apart at the same gene locus
(Xq25) [84]. More than 20 XJAP mutations have
been described to date, including missense, non-
sense and frameshift mutations and deletions
[79, 84, 90, 91]. No correlations between the
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genotype, residual XIAP function and the phe-
notype have been observed — highlighting the
importance of the genetic and environmental
background in the presentation of XIAP-related
disease [92].

XLP2 frequently causes HLH, although lym-
phoma is not observed. However, a significant
proportion of patients develop a Crohn’s-like
inflammatory bowel disease. The ubiquitously
expressed XIAP protein belongs to the inhibi-
tors of apoptosis protein family and is known to
be a potent physiological inhibitor of caspases
3, 7 and 9 [93, 94]. XIAP also has a ubiqui-
tin ligase activity [95]. Furthermore, XIAP is
involved in multiple signalling pathways: the
copper metabolism pathway, activation of the
NF-xB and MAP kinase pathways and signal
transduction via the TGF-p receptor, the bone
morphogenetic protein receptor and the intra-
cellular pattern recognition receptor NOD2 [96,
97]. In agreement with XIAP’s anti-apoptotic
role, XIAP-deficient human lymphocytes dis-
play enhanced activation-induced cell death
[84, 90]. In contrast to XLP-1 patients, XLP-2
patients do not present with NK T cell lympho-
penia. However, XIAP probably contributes
to lymphocyte survival because non-random
X-chromosome inactivation is observed in the
leukocytes of female carriers of XJAP muta-
tions, with cells preferentially expressing the
wild-type XIAP allele [84, 90].

The pathophysiology of HLH in XLP-2 is not
presently understood and does not fit with the
current paradigm in which HLH is resulting from
defects in the cytotoxicity pathway. Further stud-
ies are required to determine the precise mecha-
nisms underlying HLH in patients with XIAP
deficiency, although some hypotheses have been
put forward (see below).

NLRC4 Inflammasome Activation
Causes HLH

Activating heterozygous mutations in the inflam-
masome component NLRC4 were recently
shown to cause recurrent, severe, systemic
inflammation reminiscent of HLH [98-100]

(Table 11.1). These mutations are located in
NLRC4’s nucleotide-binding domain and result
in the spontaneous formation and activation of
the NLRC4 inflammasome. In turn, this leads to
constitutively high levels of inflammatory cyto-
kines in general and IL18 in particular. It is note-
worthy that elevated serum levels of IL18 are also
associated with XIAP deficiency. NLRC4 is
expressed in monocytes and macrophages and in
intestinal epithelial cells. NLRC4 is known to be
involved in bacterial sensing via the detection of
flagellin or components of the bacterial type 3
secretion system. Accordingly, NLRC4-mutated
patients can develop a combination of enterocoli-
tis and HLH, which may be related to sensing of
the bacterial flora.

Other Conditions that Predispose
to HLH

A few inborn errors of metabolism (such as
lysosomal acid lipase deficiency (Wolman dis-
ease; MIM 278000) [101], multiple sulfatase
deficiency (MIM 272200) [102] and lysinuric
protein intolerance (MIM 222700) [103]) can
predispose to HLH. In these settings, inflamma-
some activation in macrophages probably results
from the accumulation of non-degraded sub-
strates that trigger MAS. Furthermore, patients
with PIDs related to defects in pathways other
than cytotoxicity or XLP sometimes develop an
HLH-like syndrome (Table 11.1). This includes
(i) patients with combined immune deficien-
cies (CIDs) and hypomorphic severe combined
immune deficiencies (SCIDs) with various
molecular causes (including defects in IL2GR,
IL7R, CD3e, RAG-1, WAS, CD27 and ITK), in
whom HLH is mainly triggered by a viral infec-
tion, and (ii) patients with chronic granuloma-
tous disease (p91, p47, p22, DHR), in whom
HLH is mainly triggered by bacterial infections
[104]. The development of HLH in hypomorphic
SCID and CID patients with a very low T lym-
phocyte count further indicates that mechanisms
other than T cell over-activation can account for
the pathophysiology of some secondary forms
of this disease.
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Understanding the Pathogenesis
of HLH

The Pathogenesis of HLH
with Impaired Lymphocyte
Cytotoxicity

The manifestations of HLH are frequently trig-
gered by an infectious agent, leading to the
massive expansion and activation of polyclonal
CDS8* T cells. The most obvious explanation for
the role of cytotoxic activity in the pathogenesis
of HLH is the persistence of antigen-presenting
cells (APCs), which are not properly elimi-
nated when the granule-dependent cytotoxicity
of lymphocytes is impaired. The elimination
of APCs should generate strong negative feed-
back and thus limit T cell-mediated immune
responses (Fig. 11.2). An alternative mecha-
nism, which may also occur in parallel with the
above-mentioned scenario, involves lymphocyte
cytotoxicity having a direct function in killing
T cells engaged in a given immune response.

APC/
infected cell

CTL
¥ Virus 0 .\* —_ *
s

The CTLs may either kill neighbouring T cells
that have transiently acquired peptide-MHC class
I molecules from the target cells [2, 105] or com-
mit suicide (Fig. 11.3). The latter mechanism is
not compatible with the observation that, in a set-
ting of mixed chimerism following haematopoi-
etic stem cell transplantation, a low percentage of
functional donor CTLs (20%) is sufficient to con-
trol the disease in patients with HLH [106, 107].
Excessive T cell activation leads to the produc-
tion of high quantities of cytokines (e.g. INF-y)
and induces sustained macrophage activation and
a pro-inflammatory cytokine storm. The observa-
tion of a direct role of IFN-y in murine models
of HLH (see below) has prompted the develop-
ment of anti-IFN-y therapies, through IFN-y
neutralization or inhibition of the signalling path-
way. Activated lymphocytes and macrophages
produce high levels of IL-6, IL-18 and TNF-a,
infiltrate the tissues and have a major role in the
various clinical symptoms (cytopenia and coagu-
lopathy), tissue damage and multi-organ dysfunc-
tion [108, 109]. Elevated levels of IL1 and IL6,

Physiology

-> Termination of the immune response

Cytotoxity HLH
APC/ TNF-a,
infected cell IL6, IL18 +
Tissue
PN+ infiltration
Wi 0 P— g & damage
\x-/ Ex_f_c-,;séslive Activated
Cytotoxity proliferation macrophages

and activation

Fig. 11.2 Pathophysiology of HLH. In a physiological
setting, cytotoxic T cells (CTL) proliferate in response to
a viral infection, secrete inflammatory cytokines (INF-y)
and exert their cytotoxic activity to eliminate the infected
and antigen-presenting cells (APC). In an HLH setting,
failure of CTL to eliminate the target cells leads to the
over-proliferation and over-activation of T lymphocytes

secreting high level of INFy, which activates macrophages.
Over-activated macrophages secrete high levels of inflam-
matory cytokines (including TNF-«, IL6, IL18) that in turn
further activate T lymphocytes, leading to uncontrolled,
systemic inflammatory response. Activated lymphocytes
and macrophages infiltrate the various organs resulting in
massive tissue damage and organ failure
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Fig. 11.3 Pathophysiology: how cytotoxic T lympho-
cytes (CTLs) contribute to the termination of the immune
response. CTLs can eliminate antigen-presenting cells
(APC) providing an important negative feedback to limit
T cell-mediated immune responses. CTLs could either kill

like infection, also induce fever. Elevated TNF-«
levels inhibit lipoprotein lipase, leading to hyper-
triglyceridemia, whereas activated macrophages
secrete ferritin and plasminogen activator, lead-
ing to hyperfibrinolysis. The cytopenias prob-
ably result from TNF-a’s suppressive effect on
haematopoiesis and an increase in macrophage
haemophagocytosis [108]. The elevated level of
CD25s probably reflects lymphocyte activation.

The Pathogenesis of HLH with Normal
Lymphocyte Cytotoxicity

As above mentioned, some genetically deter-
mined forms of HLH occur in the absence of an
obvious defect in cytotoxicity; this seems to be
the case for XLP2 deficiency. Indeed, XIAP-
deficient CTLs and NK cells exhibit apparently
normal in vitro cytotoxic responses, regardless of
the SLAM-R dependency, although subtle defects
cannot be fully ruled out. Invariant natural killer
T (iNKT) cells have a cytotoxic activity that is
induced by EB V-infected B cells [110]. One can-
not rule out the possibility that the exacerbated
apoptosis of XIAP-deficient iNKT cells induced
by EBV infection might be involved in the devel-
opment of HLH in XLP-2. Alternatively, the
mechanisms underlying EBV-driven HLH in
XLP-2 may differ completely from those

Suicide - > Death of effector cells

neighbouring T cells (fratricide) that have transiently
acquired peptide-MHC class I molecules from the target
cells or commit suicide. The latter is not compatible with
the transdominant effect of CTLs following haematopoi-
etic stem cell transplantation, hence indicated in brackets

observed in XLP-1 and other inherited forms of
HLH. The recent observation that XIAP is a
potent downregulator of the NLRP3 inflamma-
some and pro-inflammatory cytokine production
in mice has provided new insights into the immu-
nopathogenesis of HLH [111]. In a context of
XIAP deficiency, the accumulation of apoptotic
cells and the persistence of EBV-infected cells
might trigger abnormal inflammation and con-
tribute to the development of HLH. The impor-
tance of inflammasome activation in HLH
development is also highlighted by the conse-
quences of an activating mutation in human
NLRC4 that leads to recurrent HLH and autoin-
flammation [98-100]. In both of these settings
(XIAP and NLRC4 mutations), HLH is associated
with an extraordinarily high serum level of IL18
[100, 112]. However, the molecular mechanisms
linking XIAP deficiency to IL18 overproduction
and HLH have not been identified.

Thus, disease-based genetic discovery in
patients with HLH manifestations has led to the
emergence of two mechanistic paradigms. The
first involves cytotoxic lymphocyte dysfunction,
excessive lymphocyte activation and then sec-
ondary macrophage activation. The second, more
recent, is based on primary macrophage activa-
tion, as observed in association with NLRC4
mutants. Primary macrophage activation may
also result from not only XIAP deficiency but
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also systemic juvenile idiopathic arthritis (sJIA)
or Still’s disease [113, 114], in which a very high
serum level of IL18 is also frequently observed.

Animal Models Help Understand
the Pathophysiology of HLH

Murine models of primary HLH, in which
cytotoxicity-deficient animals are challenged with
a non-lytic virus, have proven to be very useful
tools for further understanding the pathogenesis of
HLH under defined conditions [115-121].
Experiments in a murine model of perforin defi-
ciency infected with lymphocytic choriomeningitis
virus revealed that (i) the persistence of dendritic
cells is determinant in the pathogenesis [122] and
(ii) the resulting hyperactivated cytotoxic T lym-
phocytes and high levels of IFN-y drive systemic
macrophage activation and the development of
fatal HLH [119]. Recent research has also high-
lighted the critical regulatory role of perforin-
dependent cytotoxicity in NK cells in the regulation
of macrophage and CTL activation [121].
Furthermore, IFN-y-dependent activation of mac-
rophages has been shown to prompt the develop-
ment of severe, consumptive anaemia and other
types of cytopenia, probably through direct changes
in the macrophages’ endocytic uptake, showing
that haemophagocytosis is in fact an appropriate
response to sustained inflammation [123].

In mice and humans with defects in the
granule-dependent cytotoxic pathway, the mag-
nitude of the cytotoxicity impairment appears to
be the best predictor of the development and
severity of HLH [37, 120]. In humans, it remains
difficult to assess the minimum level of cytotoxic
activity required for the maintenance of immune
homeostasis. Indeed, adult patients with HLH
have been found to carry biallelic hypomorphic
mutations that delay the development of
HLH. Furthermore, monoallelic mutations in one
or more FHL genes have been observed in some
adult patients, although the functional impact
remains difficult to assess [5, 7, 124-128]. A
recent study in mice has demonstrated that the
accumulation of monoallelic defects in HLH
genes significantly increases the risk of develop-

ing HLH [129]. Based on these results, a poly-
genic model may also account for some cases of
“secondary” HLH observed in humans.

Although cytotoxic lymphocytes have a key
role in the development of primary HLH, other
genetic factors may also contribute. It has been
shown that MyD88, which mediates toll-like
receptor and IL1 signalling, is required for HLH
in Unc13d-deficient mice — suggesting that innate
immune cells contribute to the development of
this disease [130]. Moreover, high levels of IL4 or
recurrent toll-like receptor 9 stimulation can
induce the development of an HLH-like syndrome
in wild-type mice [131, 132]. Following the iden-
tification of an NLRC4-dependent disease mecha-
nism in human HLH, it is now considered that any
regulatory molecule involved in an inflammatory
pathway can contribute significantly to the devel-
opment of the manifestations of HLH.

Lastly, environmental factors, particularly
infectious triggers, also contribute to the devel-
opment of HLH. Experiments in animal mod-
els of HLH have clearly demonstrated that even
the most severe HLH-predisposing mutations in
mice do not lead to active HLH if the animals are
never exposed to pathogenic infections. However,
a pathogen trigger cannot be identified in many
cases, in cytotoxicity-defective newborns or even
foetuses that develop primary HLH [3, 133].
Although one cannot exclude that an unknown
microorganisms may act as the trigger, it is also
possible that the granule-dependent cytotoxic
pathway in humans has a role in T cell homeo-
stasis, even in the absence of external stimulus
(as the Fas/FasL pathway). In contrast, the potent
immune system activator EBV is a major trigger of
HLH in older children and adults with residual or
even apparently normal cytotoxicity. This suggests
that environmental and other genetic factors have
greater relative weights in HLH triggering when
the cytotoxicity defect is mild. It is tempting to
speculate that (i) “extreme” stimuli may be suffi-
cient to induce sporadic HLH development in any
individual and (ii) the overall risk is augmented by
the accumulation of genetic variants that promote
excessive or poorly regulated immune responses —
including mutations in genes controlling inflam-
matory processes (Fig. 11.4).
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Fig. 11.4 HLH viewed as a single syndrome resulting
from the accumulation of underlying risk factors. Genetic
factors impairing cytotoxic activity and the control of
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inflammation together with an infectious trigger of vari-
ous forces converge to increase the risk of HLH
occurrence

Concluding Remarks

Over the last few decades, characterization of
the molecular bases of primary HLH has revealed
the critical role of lymphocyte cytotoxicity in the
control of immune homeostasis. These studies
have identified key effectors of cytotoxic granule
exocytosis and have described their specific
functions in the cytotoxic pathway. They have
also open the way for targeted therapy of HLH
patients. Greater knowledge of the scope of
HLH’s occurrence has generated the hypothesis
whereby HLH occurs when the weight of vari-
ous predisposing genetic and environmental fac-
tors exceeds a threshold, above which
inflammation is no longer controlled. Some
cases of HLH do not appear to be directly related
to a cytotoxicity defect — indicating that other
genes regulating the same disease pathway, nota-
bly those involved in macrophage-related inflam-
mation, also have a role. Characterizing the
synergistic connections between the various risk
factors for HLH will be a key challenge in the
coming years.
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Hemophagocytic

Lymphohistiocytosis Associated
with Malignancy

Malignancy-Triggered HLH
Versus HLH During Chemotherapy

The association of the hyperinflammatory syn-
drome hemophagocytic lymphohistiocytosis
(HLH) and malignant diseases has been recog-
nized for decades [1]. Patients with neoplasms
may display the typical HLH features of fever,
organomegaly, cytopenia, consumptive hypofi-
brinogenemia, and hemophagocytosis in bone
marrow or lymph nodes. As of 2014, more than
1000 cases have been reported for adults alone
[2]. A clear differentiation must be made between
two distinct situations in which HLH may occur
in relation to cancer [3]:
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In malignancy-triggered HLH, hyperinflam-
mation typically occurs at first presentation or
relapse of cancer and is considered driven by the
underlying neoplasm. The pathophysiology of
malignancy-triggered HLH is poorly understood.
In vitro experiments with lymphoma cell lines
suggest that malignant cells secrete cytokines
such as interferon-y and interleukin-6, which
play a key role in the development of HLH [4, 5].
Elevated soluble interleukin-2 receptor (sCD25)
is a marker of both HLH and tumor burden in
non-Hodgkin lymphoma [6, 7], which points at
the overlap between these two conditions. Viruses
can act as co-triggers, particularly in Epstein-
Barr virus (EBV)-related lymphomas [8].

In HLH during chemotherapy, most patients
are already in remission of the malignancy, which
renders the neoplasm an unlikely driving factor.
HLH is believed to occur primarily due to trigger-
ing infections, while patients are under strong
immune suppression caused by chemotherapy.
This suggests that the underlying pathology sub-
stantially differs from malignancy-triggered HLH
and rather resembles infection-associated HLH in
the context of long-term immune suppression.
Infections as triggers of HLH in immunocompro-
mised patients have been well described in organ
transplant recipients [9]. The microbiological
spectrum is not restricted to viral triggers (e.g.,
EBYV and cytomegalovirus (CMV)) but includes
invasive fungi and bacteria as well [10-12].

The distinction between malignancy-triggered
HLH and HLH during chemotherapy cannot be
always easily made, and coexistence is possible
when infectious agents boost malignancy-
triggered HLH. However, both for clinical pur-
poses and for scientific evaluation, the
differentiation must be attempted and is feasible
in most cases. Unfortunately, the distinction is
not always made in the literature, which renders
interpretation of results difficult.

Neoplastic Entities in Malignancy-
Triggered HLH

In adults, the most frequently reported malignan-
cies are T and NK cell lymphomas (35%) and B
cell lymphomas (32%), followed by leukemias

(6%), Hodgkin lymphomas (6%), other hemato-
logic cancers (14%), solid tumors (3%), and
other malignancies (3%) [2]. In reports from
Western countries and Japan, B cell lymphoma is
the leading triggering entity in adults [13, 14],
while T cell neoplasms are predominant in China
and Korea [15-17]. T cell malignancies consti-
tute the majority in the pediatric cohort [18, 19].

Mature T cell sub-entities display a particular
propensity to elicit HLH [20] (peripheral T cell
lymphoma including subcutaneous panniculitis-
like T cell lymphoma, primary cutaneous yo-T
cell lymphoma, anaplastic large cell lymphoma),
whereas lymphoblastic T cell malignancies have
been reported less frequently [18, 19]. In the
group of B cell neoplasms, diffuse large B cell
lymphoma is the predominant entity, particularly
in the elderly. Far East Asian patients with intra-
vascular large B cell lymphoma appear to be par-
ticularly prone to HLH [21]. B-precursor
malignancies have only rarely been reported
[22]. Among the rarely occurring solid tumors,
mediastinal germ-cell tumors stand out [23].

EBV as co-trigger is found in up to 90% of
HLH cases associated with Hodgkin lymphoma
[8, 24], less frequently (approx. one third) with
peripheral T cell lymphoma [14, 16], and only
rarely with diffuse large B cell lymphoma [25, 26].

The spectrum of differential diagnoses for
malignancy-triggered HLH is broad and includes
Langerhans cell histiocytosis [11], multicentric
Castleman disease in the context of human
immune deficiency virus (HIV) infection [27],
EBV-driven T and NK cell lymphoproliferative
disorders (particularly in Far East Asia) [28-30],
and cytophagic histiocytic panniculitis [31].

Chemotherapy Regimens Associated
with HLH During Chemotherapy

HLH in this patient cohort occurs when patients
are usually already in remission of the underlying
malignancy. In 75-100% of cases, an infectious
trigger can be found, including fungi [10, 11, 19,
22,32, 33]. Patients under aggressive chemothera-
peutic regimens for hematological malignancies
carry the highest risk [10]. While HLH often
occurs during induction and consolidation therapy,
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it can also occur during maintenance therapy [19].
Cytokine release syndromes can frequently be
observed after administration of T cell engaging
therapies for B-precursor neoplasms (chimeric
antigen receptor-modified T cells and bispecific
T cell engaging antibodies). These syndromes
can be considered as an iatrogenic subtype of
HLH [34].

Diagnosis

Figure 12.1 displays a flow chart for the diag-
nostic work-up and therapeutic decisions for
different scenarios involving HLH in the con-
text of malignancies. Scenario la: Exclusion
of an underlying malignancy in a patient with
confirmed HLH. Scenario 1b: Exclusion of
HLH in a patient with confirmed malignancy.
Scenario 2: Exclusion of HLH in a patient during
chemotherapy.

The diagnosis of HLH is based on a set of
clinical features and laboratory parameters.
Currently, the HLH-2004 criteria [35] are
the most commonly used tool. These criteria
include fever, splenomegaly, decreased blood
counts and fibrinogen, elevated ferritin, triglyc-
erides, and sCD25 (see Chap. 9). Elevated lac-
tate dehydrogenase, transaminases, d-dimers,
and decreased albumin may support the diagno-
sis. However, this set of criteria has shortcom-
ings as it was designed originally for pediatric
patients with primary and virus-associated sec-
ondary HLH. Several features may per se be
fulfilled in patients with hematological malig-
nancies at presentation or during treatment
(e.g., fever, cytopenia, organomegaly). Even the
eponymous hemophagocytosis in bone marrow
or lymph nodes is neither highly specific nor
sensitive [36] and can thus only make a small
contribution to the diagnosis of HLH. A high
sCD25/ferritin ratio can point toward an under-
lying lymphoma in HLH patients [37]. Several
modified criteria have been proposed for HLH
in adults, reviewed in [38], including a scoring
system based on a cohort in which almost half
of patients had malignancy-associated HLH
[39] as well as criteria for HLH during therapy
for acute myeloid leukemia [10]. However, it

remains to be determined whether these tools
will gain wider acceptance.

Given the challenges related to a lack of for-
mal criteria, it is important for clinical purposes
to subjectively judge if the triad of (i) combina-
tion, (ii) extent, and (iii) progression of parame-
ters is unusual, unexpected, and unexplained [3],
compared to other cases of malignancies.
Combination: Every single feature of HLH may
occur in many other circumstances. However, the
combination is abnormal. Extent: In HLH, the
derangement of laboratory parameters is typi-
cally excessive. Progression: If left untreated,
there is usually substantial momentum in the
evolvement of features. It is essential to make the
diagnosis in time.

In any patient with HLH, underlying malig-
nant disease (particularly lymphoma) should be
considered and baseline diagnostic procedures be
performed (cytology of peripheral blood and
bone marrow, ultrasound of abdomen and lymph
nodes, chest x-ray). If other etiologies can be
identified (e.g., HLH in hereditary, autoimmune,
autoinflammatory, or infectious conditions),
underlying malignancy is less likely, but not
excluded. This is especially true for the finding of
EBYV or HIV [40], as tumors may be EBV-driven
or based on acquired immune deficiency. If the
etiology of HLH is otherwise not well explained,
diagnostic work-up must be extended, including
computed tomography, magnetic resonance
imaging (MRI), positron emission tomography
[41], and lymph node biopsy. The risk of bleed-
ing complications following organ biopsies must
be weighed against the benefits, especially if
coagulation is disturbed and thrombocytopenia
profound. Cerebral MRI and cerebrospinal fluid
investigations are recommended to exclude cen-
tral nervous system involvement, particularly in
patients with clinical neurological abnormalities.

HLH parameters can be used for follow-up to
determine disease activity and treatment
response. Obviously, differentiation of features
of persistent disease activity and treatment tox-
icity (in particular if aggressive malignancy-
directed protocols are used) may prove difficult.
Platelets tend to quickly improve in patients
with good response. Even if patients respond to
treatment, normalization of ferritin usually
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Patient at presentation or relapse
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Patient with HLH
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Scenario 2:
Patient receiving chemotherapy for
malignant condition

7 Y 7
Blasts
in blood or Yes — Neoplasm Intensive
marrow ’ .
prone to trigger HLH: chemotherapy with
No T- and NK- malignancies, DLBCL, - No < strong prolonged immunosuppression.
Hodgkin lymphoma, Special case:
others (see text) T-cell engaging
therapies
Biopsy of HLH less likely.
suspected malignant Y Ves 1 Yes Re-evaluate, if indicated Yes
lesion lesion
positive
Fever, J Fever,
No hepatosplenomegaly, ———> No «———— hepatosplenomegaly,
¢ cytopenia K cytopenia
Yes Yes
Plausible
trigger, condition
(FHL, XLP, infection, . .
rheumatology, . High . High
others see ferritin, sCD25, LDH ferritin, sCD25, LDH
text) triglycerides, transaminases, d-dimers. triglycerides, transaminases, d-dimers.
Low fibrinogen. Hemophagocytosis. Low fibrinogen. Hemophagocytosis
See table 1 See table 1
Yis '\f Yes Yes
Malignancy less Ococult
likely, but not malignancy Extent, Extent,
excluded, possible. combination, progression combination, progression
especially with Strongly of features unusual, unexpected and not ~——" of features unusual, unexpected and not
EBV. Diagnostic consider explained by the malignancy explained by the malignancy
chest x-ray and | | extensive workup alone alone
abdominal to include CT
ultrasound or MRI of chest, Yes Yeos
recommended. abdomen, PET,
More extensive and others
work-up case-by- Consider malignancy-triggered HLH. In Consider HLH During Chemotherapy.
case the absence of evaluated definition In the absence of evaluated definition
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¥
Evaluate if flow cytometry or genetic

test for hereditary condition is useful.
See text

37

Test for infectious triggers, particularly
EBV (e.g. EBV driven neoplasm)
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Consider anti-CD20

criteria, the HLH-2004 criteria may
serve as substitute (Table 1)
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Evaluate if flow cytometry or genetic
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Withdraw or postpone chemotherapy.
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Consider IVIG, steroids. More aggressive
treatment controversial. Consider anti-IL6, if
post T-cell engaging therapy. Antiinfectious

prophylaxis. See text

Fig. 12.1 Diagnosis and Management of HLH associated with malignancies. From [3], with kind permission of
Haematologica
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takes several weeks or even months [42].
Follow-up bone marrow cytology may help to
distinguish HLH-related cytopenias from treat-
ment-associated cytopenias.

Role of Genetic Defects

A variable degree of predisposition to malignan-
cies appears to be present in various genetic
defects associated with hereditary HLH. This is
most striking in X-linked lymphoproliferative
syndrome type (XLP) 1 where in the largest study
approx. 40% of patients had overwhelming HLH
at primary EBV infection as first manifestation.
However, B cell lymphoma was the presenting
feature in 14% and occurred in a quarter of
patients at any time [43]. A history of EBV-
associated HLH and B cell lymphoma is thus
suggestive of XLP1 in male patients. XLP2, in
contrast, does not seem to be associated with
lymphoma [44]. Several genetic defects confer-
ring inappropriate control of EBV, which may
resemble HLH, additionally confer a predisposi-
tion to lymphoma, e.g., deficiencies of the mag-
nesium transporter | (MAGT1), inducible T cell
kinase (ITK), and CD27 [45].

The association of perforin and degranulation
defects (see Chap. 11) with malignant conditions
is less pronounced. However, defects in the
underlying genes may contribute not only to the
pathogenesis of HLH but also to the development
malignancies, even though some of the data are
conflicting. FHL mouse models reveal an
increased incidence of lymphoma [46]. In
humans, hypomorphic mutations in perforin are
associated both with HLH and hematologic
malignancies [47, 48]. The role of the hypo-
morphic perforin mutation A91V in hematologi-
cal malignancies is debated [49, 50].
Hematological malignancies were not shown to
be statistically more frequent in heterozygous
carriers of (familial hemophagocytic lymphohis-
tiocytosis) FHL mutations [51]. Several case
reports describe an association of inherited cyto-
toxicity defects and Hodgkin lymphoma [52-55],
with or without EBV. Somatic loss of heterozy-
gosity in the region 6q24, which includes STX11

(the gene mutated in FHL4), has been found in
adult peripheral T cell lymphoma cells [56].
Similarly, evidence regarding solid tumors is
inconsistent: An increased incidence of gyneco-
logical tumors has been shown for heterozygous
carriers of mutations conferring familial HLH
[51]. However, no increased frequency of perfo-
rin mutations was detected in a series of patients
with colorectal and ovarian carcinoma [57].

It is debatable if a predisposing hereditary
defect is to be excluded in every patient with
malignancy-associated HLH. As a practical
approach, a case-by-case decision can be made.
Factors increasing the likelihood of an underly-
ing defect include young age, previous episodes
of full or partial HLH, and a positive family his-
tory. A positive antibody titer to Epstein-Barr
nuclear antigen (EBNA) indicates that primary
EBYV infection has occurred previously. A posi-
tive EBNA without prior HLH renders a genetic
defect less likely, as EBV is considered the most
potent trigger of HLH in cytotoxicity defects.
Flow cytometry (protein stains and degranulation
assays) has been proven an effective screening
tool to test for the pertinent defects [58, 59] (see
Chap. 9). In case of abnormalities, targeted
sequencing or gene panel sequencing can detect
relevant mutations. Exome or genome sequenc-
ing approaches may be indicated in special cases.

Treatment and Prognosis
of Malignancy-Triggered HLH

Therapy should be instituted promptly in patients
with malignancy-triggered HLH. However, it is
currently unknown if primarily HLH-directed
treatment or malignancy-directed treatment
or a combination of both is most effective.
Consequently, decisions must be taken on a
case-by-case basis. In patients where initially an
HLH-directed approach is pursued, a regimen
addressing the neoplasm must follow once HLH
parameters have stabilized or resolved.

There is substantial overlap in the agents used
for treatment of malignancies and HLH. Etoposide
and glucocorticosteroids, in particular, are used
for both conditions. Cytostatic medications that
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have shown efficacy in murine models of primary
HLH include etoposide, cyclophosphamide, and
methotrexate [60]. Etoposide has been shown to
selectively ablate activated T cells [60] which
play a key role in HLH. Malignancy-directed
protocols containing dexamethasone, etoposide,
or cyclophosphamide may thus constitute the
preferred treatment option to address HLH when
it occurs in the context of a neoplasm. In some
patients with poor general condition, initial HLH-
directed immunosuppressive treatment may pave
the road for more aggressive malignancy-directed
therapy after clinical improvement. Liposomal
doxorubicin, methylprednisolone, and etoposide
are currently the only regimen that has been pro-
spectively studied in 29 adult patients with
lymphoma-triggered HLH unsuccessfully treated
with HLH94 for at least 2 weeks. Response was
complete (i.e., normalization of parameters) in
17%, partial (i.e., moderate improvement of
parameters) in 59%, and absent in 24% of patients
[61]. Some retrospective studies and case series
have indicated better survival if etoposide was
administered; substantial limitations of these
analyses however preclude generalization [62,
63]. Cyclosporine A has shown beneficial effects
in HLH in conjunction with cytophagic histio-
cytic panniculitis and subcutaneous panniculitis-
like T cell lymphoma [31, 64]. The janus kinase
inhibitor ruxolitinib was effective in mouse mod-
els of primary and secondary HLH [65, 66]. Its
role for the treatment of HLH in the context of
malignancies remains to be determined. In
patients with a relevant underlying hereditary
defect, hematopoietic stem cell transplantation
after resolution of HLH is usually indicated.
When treating individuals with malignancy-
triggered HLH, it is important that extensive anti-
infectious treatment of viruses, bacteria, and
fungi, as well as anti-infectious prophylaxis
(including Preumocystis jirovecii), and frequent
screening for fungi and viruses (EBV, CMV, ade-
novirus) be pursued to avoid additional triggering
factors. In highly replicative EBV infection,
rituximab is recommended to address this strong
co-trigger by elimination of B cells [67]. If the
neoplasm is CD20 positive, an additional anti-
tumor effect can be expected. Prevalence of acute

kidney failure in patients with malignancy-
triggered HLH particularly in adults is high.
Adjustments of treatment doses and renal
replacement therapy are frequently required [68].

The interpretation of outcome data may prove
difficult because it is often not possible to distin-
guish whether HLH or the underlying malig-
nancy or both are the major cause of death. The
prognosis of the HLH in this patient cohort is
biased by the often per se dismal prognosis of the
underlying neoplasm. This contributes to the
poorer outcome of HLH in the context of malig-
nancy as compared to other subtypes of HLH. The
prognosis of HLH in B cell lymphomas is supe-
rior in comparison to T cell malignancies. HLH
is a poor prognostic indicator in malignancy
patients. Depending on the subtype of the under-
lying neoplasm in adults, the 30-day survival of
the acute phase of HLH is reported to be 56-70%,
the median overall survival 36-230 days, and the
3-year survival 18-55% [14, 16, 17, 61-63, 69—
72]. Outcome data from pediatric patients are
better, with survival of the acute phase of HLH
measuring 56-67% and median overall survival
approximately 1 year [18, 19].

Treatment and Prognosis of HLH
During Chemotherapy

There is even less evidence regarding treatment
for HLH during chemotherapy. Antiviral, anti-
bacterial, and antifungal treatment directed at
the identified pathogen is a mainstay of manage-
ment. Rituximab may improve EBV-driven HLH
[67] and should thus be considered in patients
with EBV viremia. In addition, antimicrobial
prophylaxis against other viruses, fungi, and
bacteria is strongly recommended, as patients
with HLH during chemotherapy are usually pro-
foundly neutropenic and lymphopenic and con-
sequently prone to further aggravating infections.
Aspergilli should be included in the spectrum of
antifungals.

As chemotherapy-induced immune suppres-
sion is the most likely basis for the occurrence of
HLH, further chemotherapeutic courses should be
postponed or maintenance medication interrupted
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until the HLH comes under control. The benefit-
risk ratio can be assumed positive for immuno-
globulins; in addition glucocorticosteroids can be
administered [10, 19]. It is a matter of debate
whether further immune suppression (such as eto-
poside (19)) is beneficial or counterproductive. It
is thus advisable to take this decision case by case.
The anti-interleukin 6 antibody tocilizumab has
shown efficacy against cytokine-release syn-
dromes triggered by T cell engaging therapies
[34]. In adult patients treated for acute myeloid
leukemia, overall survival was significantly lower
in patients where features of HLH occurred
(1.3 years) [10]. In a small pediatric cohort of
HLH during chemotherapy mainly for leukemia,
overall survival was 0.9 years [19].

Conclusions for HLH Associated
with Malignancies

Malignancy-triggered HLH and HLH during
chemotherapy constitute a major challenge in
hematology. The criteria used for the definition
of HLH in the context of malignancies need
refinement. However, awareness of the condition
may facilitate timely initiation of therapy. Since
it is unknown if initial HLH-directed or
malignancy-directed treatment is better, therapy
must be tailored on a case-by-case basis.

Hemophagocytic
Lymphohistiocytosis Associated
with Epstein-Barr Virus

EBY, also known as human herpesvirus 4, is one
of the most common viruses to infect humans.
EBV infection is associated with a wide spectrum
of illnesses, including infectious mononucleo-
sis (IM), hemophagocytic lymphohistiocytosis
(HLH), chronic active EBV infection (CAEBYV),
posttransplantation lymphoproliferative disor-
ders (PTLD), and B and NK/T cell lymphomas
[73]. EBV first infects and proliferates in epi-
thelial cells of the nasopharynx. Subsequently,
it enters B cells that circulate throughout these
tissues. Natural killer (NK) cells initially control

EBV-infected B cells followed by EBV-specific
cytotoxic T cells (CTL) [74]. Accordingly, indi-
viduals with defects in NK cell and/or CTL
number or function are at risk to develop EBV-
induced disorders [45]. As one example, males
with X-linked lymphoproliferative disease, type
1 (XLP1), who exhibit altered T and NK function
due to germline mutations in the SH2DIA gene,
are at increased risk to develop an overwhelming
form of EBV infection known as fulminant IM
(FIM) [75].

The development of EBV-associated disorders
is related to the age of the individual and stage of
infection. IM, EBV-HLH, and XILP-associated
FIM generally occur in younger children during
primary EBV infection. In contrast, EBV-PTLD or
CAEBYV usually develop in older children during
the persistent or reactivation phase of infection
[73]. Apart from these diseases, two cutaneous
disorders, hydroa vacciniforme and severe mos-
quito bite allergy, are closely associated with
EBV-infected T or NK cells [29].

Epidemiology

The true incidence of EBV-HLH is difficult to
determine because the clinical and laboratory
findings are similar to those observed in other
inflammatory disorders [76]. In a literature
review of adult HLH cases, the prevalence of
EBYV as trigger was 15% [2]. In adults from Asia
this rate is twice as high [77]. Most studies in
EBV-associated HLH come from pediatric cen-
ters in Asia, where EBV-HLH has been the focus
of intense investigation. Imashuku et al. [78] esti-
mated that 51.7 cases of childhood HLH are
diagnosed every year in Japan, with half of these
cases due to EBV. Subsequently, Ishii et al. [14]
reported that 64 children developed HLH per
year in Japan for an estimated annual incidence
of 1 in 800,000 individuals. Forty percent of
these individuals had EBV-driven disease. More
recent studies by Kogawa et al. report a similar
annual incidence of HLH in Japan of 25 cases per
year [79]. The Korean Society collected 251 chil-
dren with HLH between 1996 and 2011 for an
annual estimated incidence of 16.7 [80]. Among
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these, 42% had evidence of EBV. The incidence
of EBV-HLH is thought to be lower in non-Asian
countries, although published data are limited.
Gurgey et al. [81] describe 18 Turkish children
with secondary HLH diagnosed between 1998
and 2005, of whom only one (5.5%) had evidence
for EBV. The higher incidence in Asia suggests
that certain genetic factors found in this ethnic
group may promote the development of
EBV-HLH.

Diagnostic Findings

EBV-HLH exhibits manifestations that are often
indistinguishable from those seen in other inflam-
matory disorders. Physical signs and symptoms
consist of persistent fever resistant to antibiotics,
hepatosplenomegaly, lymphadenopathy, rash,
jaundice, dyspnea or tachypnea, and neurological
abnormalities including irritability, disturbances
in the level of consciousness, and convulsions
[82]. As with other forms of HLH, laboratory
findings include cytopenias (affecting >2 of three
blood cell lineages), hypertriglyceridemia and/or
hypofibrinogenemia (often with evidence for dis-
seminated intravascular coagulation), hyperferri-
tinemia, liver dysfunction with high LDH, and
hyponatremia (see Chap. 9). Hemophagocytosis
in the bone marrow, spleen, and/or lymph nodes
can be detected in most patients. Pleocytosis with
an increased protein level in the cerebrospinal
fluid or abnormal radiological findings of the
brain may be observed at the onset or during the
course of the disease, despite the absence of neu-
rological abnormalities [82].

Diagnostic criteria for HLH have been put
forth in two clinical studies of the Histiocyte
Society (HLH-94, HLH-2004) [35, 83]; however,
the sensitivity and specificity of these criteria
have not been determined [84]. Regardless, these
criteria have been widely used for the diagnosis
of HLH. Ishii et al. [85] analyzed the clinical fea-
tures of 43 children with HLH and observed that
each of the HLH-94 or HLH-2004 diagnostic cri-
teria were identified in >50% of patients, indicat-
ing the potential reliability of each criterion for
establishing the diagnosis. As biological mark-

ers, a high soluble IL-2 receptor (sCD25) and
impaired NK cell activity are often used for diag-
nosing HLH [35]. Interestingly, while sCD25 is
usually increased in EBV-HLH, NK cell activity
is normal or only minimally reduced [14].

The diagnosis of EBV-HLH is made in indi-
viduals who meet HLH criteria and have evi-
dence for EBV infection. Of note, the finding of
EBYV does not exclude a lymphoma, as this may
be EBV-driven. It is important to recognize that
increased titers of certain anti-EBV antibodies
are not always seen in patients with EBV-HLH. In
94 Japanese patients with EBV-HLH showing
positive VCA-IgG, only a third of the patients
clearly had the first exposure to EBV by positive
VCA IgM or EADR-IgG, whereas the remaining
two thirds showed non-specific patterns, negative
VCA IgM/EADR-IgG or positive EBNA, indi-
cating that serological anti-EBV response may be
of limited use for the diagnosis of EBV-HLH
[78]. Patients with EBV-HLH harbor signifi-
cantly higher viral loads in plasma and peripheral
blood mononuclear cells (PBMNC) than individ-
uvals with IM, and these viral loads decreased
more slowly over time [86]. In patients with IM,
the mean viral load in PBMNC was 10> copies
of EBV genome/pg PBMNC DNA, which disap-
peared within 4-5 weeks [87]. This is in contrast
to patients with EBV-HLH, where the viral load
was 1-3 logs higher at 10°*° copies of EBV
genome/pg PBMNC DNA which only gradually
decreased over the course of treatment. In a sur-
vey of EBV-HLH patients by Kogawa et al., the
median viral load in plasma, white blood cells,
and whole blood were similarly elevated at
1.4 x 10° copies/ml, 1.1 x 10° copies/pg DNA,
and 5.0 x 10° copies of EBV genome/ml, respec-
tively [79]. The characteristics for the diagnosis
of EBV-HLH are displayed in Table 12.1.

Pathogenesis of EBV-HLH

There are two major cytotoxic pathways in CTL
and NK cells which culminate in the induction
of target cell apoptosis [88]. In the perforin/
granzyme pathway, perforin is secreted and
forms pores in the target cell plasma membrane.
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Table 12.1 Characteristics of EBV-HLH

A. Features of HLH

Clinical
Fever, liver dysfunction, splenomegaly, bleeding
tendency
2 Laboratory
Cytopenia, elevated ferritin, elevated LDH,
increased triglyceride, decreased fibrinogen
3 Histology
Hemophagocytosis without malignant findings
B. Definition of EBV infection
1 Apparent primary infection or reactivation with
EBV
2 Elevated EBV DNA in plasma, WBC, or whole
blood
3 EBER-positive cells in bone marrow, lymph nodes,
or other organs

This allows for the entry of granzymes A and B,
which subsequently trigger apoptosis. In the
Fas/Fas ligand pathway, CTL expressing Fas
ligand trigger apoptosis of Fas-expressing target
cells. In most primary forms of HLH, CTL and
NK cells are unable to kill virus-infected cells
and activated antigen-presenting cells, resulting
in the sustained activation of CTL and macro-
phages [89]. The overproduction of pro-inflam-
matory cytokines by these cell lineages leads to
hypotension, vascular leak, and tissue damage,
resulting in the many signs and symptoms of
HLH.

Consistent with this notion, EBV is a known
trigger of disease in children with the familial
form of HLH or with primary immunodeficiency
disorders that affect T and/or NK cell signaling or
cytolytic function [45, 90]. In a Chinese study,
eight out of 67 (12%) children with EBV-HLH
were found to carry monoallelic or biallelic muta-
tions characteristic of FHL [91]. XLP1 is a classic
example of a primary immunodeficiency charac-
terized by a unique susceptibility of affected
males to EBV infection. In XLP1, mutations in
SH2DIA (which encodes the signaling lympho-
cytic activation molecule-associated protein or
SAP) lead to impaired T and NK cell signaling.
As a consequence, patients fail to develop proper
EB V-specific cytotoxic responses, which, in com-
bination with other XLP-associated immune
defects, results in the polyclonal B cell prolifera-
tion that manifests as FIM (Fig. 12.2) [92].

The pathogenesis of EBV-HLH occurring out-
side the realm of familial HLH or primary immu-
nodeficiency disorders is not well understood.
For unclear reasons, EBV predominantly infects
CD8+ T cells in Asian patients with EBV-HLH
(Fig. 12.2) [93, 94]. In support of this finding,
Toga et al. [95] observed a clonal proliferation of
EBV-infected CD8* T cells with downregulation
of CD5 in patients with the disease. In contrast,
EBV is reported to infect T and B cells equally in
EBV-HLH patients of European origin [96].
Interestingly, in vitro studies show that forced
expression of EBV latent membrane protein-1
(LMP1) in T cell lines suppresses expression of
the XLP1 gene product SAP, leading to T cell
activation, increased IFNy secretion, and
decreased apoptosis [97, 98]. In separate studies,
Lay et al. [99] showed that EBV-infected T lym-
phoma cells upregulate TNFoa expression.
Finally, Kawanishi et al. showed that expression
of LMP1 in Jurkat T cells provides resistance
against apoptosis [100]. Currently, it is not known
whether responses similar to those shown in vitro
also occur in vivo. However, based on these
findings, one can speculate that EBV infection of
CD8+ T cells might contribute to HLH by pro-
moting T cell activation and pro-inflammatory
cytokine production while at the same time facili-
tating accumulation through the inhibition of
apoptosis. Of note, spontaneous outgrowth of
EBV+ B cells can be seen during the recovery
phase or remission of EBV-HLH, indicating that
EBYV infection of B cells does indeed occur in
Japanese patients but may be delayed and occur
later in the course of the illness [101].

Several investigators have confirmed the clon-
ality of virus-infected T lymphocytes in EBV-
HLH. This clonality can be evaluated by assessing
the uniformity of the EBV genome and/or the
monoclonality of T cell receptor (TCR) gene
rearrangement [102, 103]. In studies by Kogawa
et al., 62% of EBV-HLH patients exhibited clon-
ality of EBV-infected T cells [79]. From a clini-
cal perspective, the monitoring of TCR clonality
patterns combined with the quantification of
EBV load may provide useful information to
detect and enumerate proliferating EBV+ T cells
in patients with EBV-HLH.
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Fig.12.2 Schema depicting the possible pathogenesis of
IM, FIM, and EBV-HLH. When B cells are infected with
EBYV during primary infection, NK and cytotoxic T lym-
phocytes (CTL) are activated and EBV-infected B cells
are eliminated (IM). Patients with XLP exhibit impaired
development of EBV-specific cytotoxic responses, and

It is not well understood how EBV infects T
or NK cells in EBV-HLH. Initially, EBV
infects B cells by interaction of viral surface
glycoproteins with CD21, also known as com-
plement receptor 2 [74, 101]. Viral entry into B
cells is then mediated by HLA class II and
other co-receptors [96]. Although T cells
express mRNA encoding CD21, they do not
express detectable levels of the protein at the
cell surface [104]. NK cells also do not express
CD21. Accordingly, it has remained puzzling
as to how EBV infects these cell types. Toward
this end, recent data suggest that NK cells
acquire receptor molecules by synaptic trans-
fer from EBV-infected B cells and subse-
quently acquire the ability to bind EBV [105].
Similar mechanisms of transfer of target cell
membrane proteins to CTL have also been
described [106]. It is plausible, therefore, that
NK and CTL that come in close contact with
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this results in a polyclonal proliferation of B cells and the
features of FIM (XLP). In EBV-HLH, EBV predomi-
nantly infects CD8* T cells. Cytokines produced by EBV-
infected T cells are responsible for macrophage activation
and subsequent development of HLH (EBV-HLH)

EBV-infected B cells acquire CD21 and thus
become susceptible to EBV infection [29].

To understand the genetic factors associated
with EBV-HLH, Hatta et al. analyzed polymor-
phisms within genes encoding cytokines pro-
duced by CTL and their receptors in patients with
IM, EBV-HLH, and CAEBYV and in healthy con-
trols [107]. These investigators identified a poly-
morphism in the gene encoding transforming
growth factor-beta 1 (TGFf1) that was overrepre-
sented and one in the gene encoding IL-1a that
was underrepresented in EBV-HLH patients.
Based on these observations, the investigators
speculate that patients harboring these polymor-
phisms might express higher levels of TGF-f1,
which could suppress the immune reaction to
EBYV, and lower levels of IL-1a, which would fur-
ther dampen the antiviral immune response.
Collectively, these effects could impair virus
elimination and enable development of
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HLH. Henderson et al. [93] reported that expres-
sion of the viral homologue of Bcl-2, a molecule
known as BHRF]I, inhibits apoptosis of EBV-
infected T cells, and thus EBV infection of this
cell lineage may promote sustained proliferation
and cytokine production.

Treatment of EBV-HLH

Although the prognosis for EBV-HLH has
improved over time, it can be fatal in a substantial
proportion of cases. Imashuku et al. [108]
reported that the early use of etoposide within
4 weeks from EBV-HLH diagnosis significantly
improved survival. Subsequently, this group also
showed that the combination of etoposide, dexa-
methasone, and cyclosporine A could effectively
achieve long-term control of EBV-HLH [109,
110]. Nonetheless, chemotherapy containing reg-
imens may not always be needed, and in rare
cases, spontaneous recovery can occur even in
patients with severe disease. In support of this
notion, Shiraishi et al. [111] reported that 14 of
22 patients with EBV-HLH (64%) improved
without etoposide. Kogawa et al. [79] also
showed that 37 of 93 with EBV-HLH (40%) were
treated without etoposide-containing regimens,
and the overall survival rate was not different
between those treated or not with etoposide.
These findings suggest that about half of Japanese
EBV-HLH patients can be successfully treated
without etoposide.

The identification of prognostic factors in
EBV-HLH has been a major focus of investiga-
tion. Ishii et al. reported that an adult age, EBV
reactivation, and multidrug chemotherapy were
associated with a poor clinical outcome in
patients with EBV-HLH [14]. Kogawa and col-
leagues completed a retrospective analysis of 98
children with EBV-HLH [79], most of whom
were treated with a chemotherapeutic regimen
including corticosteroids, etoposide, and cyclo-
sporine. After initial treatment, 90.3% of patients
were in remission, while 7 patients experienced
recurrence of EBV-HLH. The 3-year overall sur-
vival (OS) and progression-free survival (PFS)
rates were 91.2% and 79.3%, respectively.

Among several prognostic factors analyzed,
hyperbilirubinemia (>50 pmol/L) and hyperfer-
ritinemia (>2000 pg/L) at the time of diagnosis
conferred significantly poorer prognosis. Henter’s
group identified similar findings [112] and
reported that hyperbilirubinemia, hyperferri-
tinemia, and cerebrospinal fluid pleocytosis at
diagnosis, as well as thrombocytopenia and
hyperferritinemia 2 weeks after the initiation of
treatment, adversely affect the outcome of
HLH. In contrast, EBV load, NK cell activity, the
type of cell infected by EBV (T/NK versus B),
and the presence of clonality at the onset of dis-
ease were not associated with a poorer outcome
in EBV-HLH [14, 79]. Of note, in these studies,
some patients who had completed initial treat-
ment remained in a durable remission of HLH
without further therapy despite persistently ele-
vated EBV loads. The early identification of
those who respond poorly to initial therapy may
be beneficial by allowing for a change in treat-
ment approach.

With this in mind, one interesting concept is to
deplete EBV-infected B cells using the B cell-
targeting monoclonal antibody rituximab. The
EBV-HLH Rituximab Study Group of the
Histiocyte Society completed a retrospective
analysis of 42 patients with EBV-HLH who had
received a rituximab-containing regimen [67].
On average, patients received three rituximab
infusions (range 1-10) with a median dose of
375 mg/m?. Rituximab was always given in con-
junction with corticosteroids, etoposide, and/or
cyclosporine [67]. Rituximab-containing regi-
mens appeared well-tolerated and improved the
clinical status in 43% of patients. Treatment with
rituximab-containing  regimens  significantly
reduced EBV load and serum ferritin levels, lead-
ing the authors to conclude that combination
therapies containing rituximab may improve
symptoms, reduce viral load, and diminish
inflammation in patients with EBV-HLH.

Allogeneic hematopoietic stem cell transplan-
tation (HSCT) for acquired EBV-HLH must be
reserved for patients who relapse or show per-
sistent disease despite treatment. In a retrospec-
tive study by Imashuku et al., 14 patients with
EBV-HLH underwent HSCT, including unrelated
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donor cord blood transplantation (UCBT) in half
of the cases [113]. The 10-year overall survival
rate was 85.7 + 9.4%, with the survival of UCBT
recipients >65%. However, HSCT with myeloab-
lative conditioning (MAC) is associated with high
transplantation-related mortality [114]. Recently,
reduced-intensity conditioning (RIC), which is
less toxic and associated with a lower incidence
of long-term sequelae, has been used for primary
HLH. Conditioning regimens with alemtuzumab,
fludarabine, and melphalan or treosulfan lead
to improved outcomes in HSCT for HLH, with
a 75% or better survival rate [115-117]. Recent
studies describe unrelated cord blood trans-
plantation with RIC, including fludarabine and
melphalan with or without low-dose total-body
irradiation (TBI) for both primary and EBV-HLH,
with successful results [113, 118, 119].

The current treatment strategy for EBV-HLH
in Japan is described in Fig. 12.3. In this strategy,
patients are categorized into low- and high-risk
groups according to the initial treatment response
to corticosteroids. Low-risk patients with a good
response, defined as resolution of fever within
several days, continue with corticosteroids and
y-globulin. Those with a poor response, defined
as no resolution of fever within several days, are
treated with additional therapy based on the

Good response

HLH-2004 protocol which is used from the
beginning in the poor-risk group. Rituximab can
be also be added to remove proliferating EBV-
infected B cells. If disease is still active despite
HLH-2004-based treatment and possibly ritux-
imab, other cytotoxic drugs or allogeneic HSCT
should be initiated. Other possible risk factors,
including high ferritin or bilirubin levels, and
high EBV loads at onset or during the treatment,
should be clarified by this or other prospective
studies.

Conclusions for EBV-HLH

In summary, the last two decades have witnessed
great strides in the awareness and understanding
of EBV-HLH, where it is now recognized that this
syndrome is associated with a spectrum of disease
severity and caused by the entry of EBV into
non-B as well as B cells. Despite these advances,
many questions remain unanswered. Accordingly,
the goals for future research are plentiful and
include: (1) deciphering the genetic or other risk
factors that influence disease susceptibility and
treatment response; (2) identifying and further
characterizing the mechanisms by which EBV
enters into and influences the functions of NK, T

- i Continue, sto
Y globu.lln ntinue, p
+steroid at remission
0 2-3d Poor response
Good response
Steroid Continue, stop
=P | +CSA, VP16 at remission
+ rituximab
0 8w Poor response
Good response
c Ct)ct?c?;ic | Continue, stop
4 at remission
drugs

Fig. 12.3 Treatment strategy for EBV-HLH. Patients
without risk factors (as defined in the text) should be ini-
tially treated with corticosteroids and y-globulin. If fever
does not resolve within several days or for those with risk

v Poor response

HSCT with RIC

factors, immunochemotherapy and possibly also ritux-
imab should be used. If the disease is still active despite
these approaches, other cytotoxic drugs or HSCT should
be considered
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and B cells; and (3) developing novel and rational
therapeutic strategies to further improve the cure
rate for children and adults who experience this
often devastating disease.
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Definitions

The term macrophage activation syndrome
(MAS) refers to hemophagocytic syndromes pre-
senting as a complication of a rheumatic disease.
Like other hemophagocytic syndromes, it is
caused by excessive activation and expansion of
T lymphocytes and macrophagic histiocytes that
exhibit hemophagocytic activity (Fig. 13.1). In
MAS, excessive activation and expansion of T
lymphocytes and macrophagic histiocytes lead to
a hyperinflammatory state associated with three
cardinal features: cytopenias, liver dysfunction,
and coagulopathy resembling disseminated intra-
vascular coagulation [1-6]. Extreme hyperferri-
tinemia is another striking laboratory feature of
MAS. It is a life-threatening condition and may
progress to multiple organ failure. The reported
mortality rates reach 20-30% [7, 8].

Epidemiology

Although MAS has been reported in association
with many inflammatory disorders, it is seen
most frequently in SJTA and, in its adult equiva-
lent, adult-onset Still’s disease (AOSD) [7, 9,
10]. The pathophysiology of SJIA and AOSD
seems to be driven by continuous activation of
innate immune pathways leading to dysregulated
production of proinflammatory cytokines, mainly
IL-1p [11, 12] and IL-6 [13-15]. Therefore,
many pediatric theumatologists view SJIA as an
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Fig. 13.1 Bone marrow hemophagocytic macrophages
in MAS. Bone marrow aspirate specimen revealing acti-
vated macrophages (H&E stain, original magnifica-
tion x 1000). (a) Myelocyte within activated macrophage.
In addition, there are multiple adherent red blood cell and
myeloid precursors. (b). Activated macrophage engulfing

autoinflammatory disorder rather than a classic
autoimmune disease [16].

Besides SJIA, systemic lupus erythematosus
(SLE) and Kawasaki disease are two other rheu-
matologic conditions in which MAS appears to
occur somewhat more frequently than in other
rheumatic diseases [17]. Most patients develop
this syndrome at some time during the course of
their primary rheumatic disease, but MAS occur-
ring at the initial presentation of a rheumatic ill-
ness is not uncommon [18]. In a Ilarge
retrospective, multicenter survey, about 25% of
the episodes were reported as occurring at SJTA

a neutrophilic band form. (¢) Neutrophilic band forms
and metamyelocyte within an activated macrophage.
Nuclei of band forms appear condensed. (d) Activated
macrophage with hemosiderin deposits and a degenerat-
ing phagocytosed nucleated cell (With permission from
Prahalad et al. [23])

onset with diagnoses of MAS and SJIA being
established simultaneously [19]. In adults, based
on some limited epidemiologic studies, MAS is
seen most frequently in association with adult-
onset Still’s disease, SLE, and various vasculitic
syndromes.

The epidemiologic studies of MAS have been
complicated by the lack of defined diagnostic cri-
teria. Based on several reports originating from
large pediatric rheumatology centers, approxi-
mately 7-17% % of patients with SJIA develop
full-blown MAS [8, 20], while mild “subclinical”
MAS may be seen in as many as one third of
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Fig.13.2 Bone marrow
biopsy from an SJTA
patient with subclinical
MAS. Immunostaining
with monoclonal
antibodies specific for
CD 163. Brown staining
identifies CD163 + cells
many of which have
foamy cytoplasm
reflecting highly
activated status (With
permission from

Hinze et al. (2010))

patients with active systemic disease [21, 22].
Bone marrow examination in patients with “sub-
clinical MAS” typically reveals extensive expan-
sion of highly activated macrophages with only
few of these cells exhibiting overt hemophagocytic
activity. Additional staining with monoclonal anti-
bodies specific for CD163 might be necessary to
highlight such macrophagic expansion (Fig. 13.2).
The Division of Rheumatology at Cincinnati
Children’s Hospital, a large tertiary center in the
USA, is following approximately 50 patients with
SJIA, and this number has been relatively stable
over the last 10 years. At this center, 2-3 patients
are diagnosed with MAS every year, suggesting a
crude incidence of MAS in SJIA to be in the range
between 4 and 6 MAS cases per 100 patient/years
(Grom, unpublished observations).

MAS and HLH

The abundance of tissue macrophages, or histio-
cytes, exhibiting hemophagocytic activity in
inflammatory lesions in MAS, suggests that this
syndrome belongs to a group of histiocytic disor-
ders collectively known as hemophagocytic lym-
phohistiocytosis or HLH [23, 24]. HLH is a more
general term that describes a spectrum of disease

processes characterized by accumulations of his-
tologically benign well-differentiated mononu-
clear cells with a macrophage phenotype [25,
26]. The current classification of histiocytic dis-
orders distinguishes primary, or familial, HLH
and secondary, or reactive, HLH (see Chap. 9).
Clinically, however, they may be difficult to
distinguish from each other. Primary hemo-
phagocytic lymphohistiocytosis (pHLH) is a con-
stellation or rare autosomal recessive immune
disorder linked to genetic defects in various
genes all affecting the cytolytic pathway (see
Chap. 11). The clinical symptoms of pHLH usu-
ally become evident within the first months of
life. Secondary HLH tends to occur in older chil-
dren. It may be associated with an identifiable
infectious episode, most often Epstein-Barr virus
(EBV) or cytomegalovirus (CMV) infection. The
group of secondary hemophagocytic disorders
also includes malignancy-associated HLH. The
distinction between primary and secondary HLH
is becoming increasingly blurred as new genetic
causes are identified, some of which are associ-
ated with less severe and somewhat more distinct
clinical presentations [27]. Some of these may
present later in life due to heterozygous or com-
pound heterozygous mutations in cytolytic
pathway genes that confer a partial dominant
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negative effect on the cytolytic function [28]. The
exact relationship between HLH and MAS is an
area of extensive investigations, and some rheu-
matologists believe that MAS should be catego-
rized as secondary HLH occurring in a setting of
a rheumatic disease (or MAS-HLH).

Genetic Defects in Primary HLH

In primary HLH, the uncontrolled proliferation
of T cells and macrophages has been linked to
various genetic defects leading to decreased natu-
ral killer (NK) cell and cytotoxic T cell function.
These defects, which are described in more detail
in Chap. 11, have also been implicated in the
development of MAS-HLH. Therefore, their role
in cytolytic function is briefly summarized. In
about 30% of FHLH patients, the cytolytic defect
is due to mutations in the gene encoding per-
forin [29]. Perforin is a protein which cytolytic
cells utilize to induce apoptosis of target cells
such as tumor cells or cells infected by viruses.
In about 10% of patients with primary HLH, the
disease is caused by mutations in another gene,
MUNCI13-4 [30]. The protein encoded by this
gene is involved in the release of perforin into the
immune synapse with a target cell. Although the
cytolytic cells of patients with MUNC 13-4 muta-
tions produce sufficient amounts of perforin,
their ability to kill target cells is greatly dimin-
ished. More recently, mutations in two other
genes encoding proteins that facilitate granule
fusion in intracellular trafficking events leading
to the release of perforin have been linked to the
development of primary HLH: syntaxin 11, a
member of the SNARE protein family [31], and
syntaxin-binding protein 2 (STXBP2, known as
MUNCI8-2) [32]. In addition, several immuno-
deficiency syndromes, including Griscelli syn-
drome type 2 and Chediak-Higashi syndrome,
present frequently with HLH as well.

Cytolytic Dysfunction in MAS

Similar to primary HLH, depressed cytolytic
function is observed in SJIA patients with MAS

[33], although this impairment tends to improve
with better control of the activity of the underly-
ing SJIA [34], suggesting that background
inflammation is a contributing factor. Indeed,
IL-6, a pivotal proinflammatory cytokine in SJIA,
has been shown to induce defective expression of
perforin and decreased NK cell cytotoxic activity
[35]. Heterozygous hypomorphic mutations in
HLH-associated genes are detected in approxi-
mately one third of these patients [36, 37].
Functional studies of some of these mutations
show that these variants might partially reduce
cytolytic activity [38, 39] that could be further
suppressed by the SJIA inflammatory milieu.
Although patients with such variants appear at a
higher risk for MAS recurrence, their pathogenic
significance still needs to be clarified [36].

Clinical and Laboratory
Manifestations

The clinical findings in MAS may evolve rapidly
and often mimic the picture of sepsis. Patients
become acutely ill and develop high persistent
fever, hepatosplenomegaly, generalized lymph-
adenopathy, mental status changes, and coagu-
lopathy resembling disseminated intravascular
coagulation (DIC) [1-6]. Hemorrhagic skin
rashes are common. Mild petechiae and ecchy-
motic lesions are seen early in the course of
MAS. At later stages, patients may develop epi-
staxis and hematemesis secondary to upper gas-
trointestinal bleeding as well as rectal bleeding.
Encephalopathy is another frequently reported
clinical feature of MAS [19]. Mental status
changes, seizures, and coma are the most com-
mon manifestations of the central nervous system
disease. Cerebrospinal fluid examination usually
reveals pleocytosis with mildly elevated protein
[2-4]. Renal involvement with deterioration in
renal function has been noted in several series
and was associated with particularly high mortal-
ity in one report [8]. Pulmonary infiltrates have
been observed in some patients, and hemophago-
cytic macrophages can be found in bronchoalve-
olar lavage. In a large international collection of
MAS cases in patients with SJIA, 25 percent of
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the reported episodes occurred at SJIA onset
[19]. While in a patient known to have SJTA, the
clinical suspicion of MAS in the presence of the
above-described clinical manifestation may be
relatively obvious, when MAS occurs at SJIA
onset, it is important to differentiate it from pri-
mary HLH [40].

The early features that should raise the imme-
diate suspicion for MAS symptoms are typically
found in laboratory evaluation. Sharp fall in at
least two of three blood cell lines (leukocytes,
erythrocytes, or platelets) is one of the early find-
ings. Sudden fall in erythrocyte sedimentation rate
(ESR) despite persistently high C-reactive protein
(CRP) is another characteristic laboratory feature.
Falling ESR usually parallels decreasing serum
levels of fibrinogen secondary to fibrinogen con-
sumption and liver dysfunction. Liver dysfunction
can be very prominent in MAS. Most patients
with MAS develop marked hepatomegaly. Some
develop mild jaundice. Liver function tests often
reveal high serum transaminases activity but
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only mildly elevated levels of serum bilirubin.
Moderate hypoalbuminemia has been reported as
well. Serum ammonia levels are typically normal
or only mildly elevated, a feature that may help
distinguish MAS from Reye’s syndrome. Liver
biopsies in these patients typically show sinusoi-
dal and periportal infiltration with T cells and his-
tiocytes. The histiocytes are highly activated and
some exhibit hemophagocytic activity.

One of the most striking laboratory findings in
MAS is serum hyperferritinemia. Presumably, it
occurs in response to the need to sequestrate
free iron released during erythrophagocytosis
(Fig. 13.3). As a general rule, strikingly high lev-
els of serum ferritin (>5000 ng/L) are highly sug-
gestive of MAS, although lower levels could be
seen in a sizable proportion of these patients.

Additional laboratory findings in MAS include
highly elevated serum levels of triglycerides.
Highly increased lactate dehydrogenase concen-
tration is typical. Another laboratory test that
may help with the diagnosis is markedly elevated
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Fig. 13.3 Hemoglobin-haptoglobin scavenger receptor
CD163, heme oxygenases and ferritin in adaptation to
oxidative stress induced by free heme and iron. Free
heme is a source of redox active iron. To prevent cell
damage caused by iron-derived reactive oxygen species,
haptoglobin forms a complex with free hemoglobin. The
Hp-Hb complexes bind to CD163 and are internalized by
the macrophage. Endocytosis of Hp-Hb complexes

leads to upregulation of heme oxygenase (HO) enzy-
matic activity. HO degrades the heme subunit of Hb
into biliverdin that is subsequently converted to biliru-
bin, carbon monoxide (CO), and free iron. The free iron
is either sequestered in association with ferritin within
the cell or transported and distributed to red blood cell
precursors in the bone marrow (With permission from
Fall et al. [49])
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serum levels of sIL2Ra chains presumably origi-
nating from overly activated T cells [21].

Increasingly MAS is being recognized as a
complication of SLE [17], but the diagnosis of
MAS in these patients might be very challenging.
Many characteristic features of MAS such as
fever, cytopenias, and raised liver enzymes can
be seen as part of disease activity in SLE itself.
Raised levels of serum ferritin and lactate dehy-
drogenase could help discriminate between active
lupus and MAS complicating lupus.

General Diagnostic Approach

The early diagnosis of MAS is often difficult due
to the fact that many clinical features of MAS
overlap with those seen in the underlying rheu-
matic diseases. Some clinical features of MAS
also overlap with sepsis-like syndromes associ-
ated with infection. This is further complicated
by the fact that MAS may also be triggered by a
flare of the underlying rheumatic disease or
infection. As a general rule in a patient with
active underlying rheumatologic disease, persis-
tent fevers, and a fall in the ESR and platelet
count, particularly in a combination with increase
in serum D-dimer and ferritin levels, MAS should
be included in the differential diagnosis. Bone
marrow biopsy may help establish the diagnosis.
Indeed, the presence of increased hemophagocy-
tosis in bone marrow is the pathognomonic fea-
ture of MAS. However, the demonstration of
hemophagocytosis may be difficult due to sam-
pling error, particularly at the early stages of the
syndrome. In such cases, additional staining of
the bone marrow with anti-CD163 antibodies
may be helpful. In the setting of MAS, such
staining usually reveals massive expansion of
highly activated histiocytes (Fig. 13.2), and the
absence of overt hemophagocytosis does not rule
out the diagnosis of MAS in these patients.

The recognition that MAS is clinically similar
to HLH has led some to recommend the use of
the HLH-2004 diagnostic guidelines developed
by the HLH Study Group of the International
Histiocyte Society [41]. However, the HLH-2004
diagnostic guidelines when applied to SJIA

patients with suspected MAS are highly specific
but not sufficiently sensitive to diagnose the con-
dition in its early stages when further deteriora-
tion could be prevented with relatively mild
treatm