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Abstract

Purpose of Review This review presents an appraisal of current therapeutic options for the
treatment of central nervous system haemophagocytic lymphohistiocytosis (CNS-HLH)
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in the context of systemic disease, as well as when CNS features occur in isolation. We
present the reader with a diagnostic approach to CNS-HLH and commonly used treatment
protocols. We discuss and evaluate newer treatments on the horizon.

Recent Findings Mortality is high in patients who do not undergo HSCT, and while larger
studies are required to establish benefit in many treatments, a number of new treatments
are currently being evaluated. Alemtuzumab is being used as a first-line treatment for CNS-
HLH in a phase I/II multicentre prospective clinical trial as an alternative to traditional
HLH-1994 and 2004 protocols. It has also been used successfully as a second-line agent
for the treatment of isolated CNS-HLH that is refractory to standard treatment. Ruxolitinib
and emapalumab are new immunotherapies that block the Janus kinase—Signal Transducer
and Activator of Transcription (JAK-STAT) pathway that have shown efficacy in refractory
HLH, including for CNS-HLH disease.

Summary Treatment of CNS-HLH often requires HLH-94 or 2004 protocols followed by
haematopoietic stem cell transplantation (HSCT) to maintain remission, although relapse
can occur, particularly with reduced intensity conditioning if donor chimerism falls. CNS
features have been shown to improve or stabilise following HSCT in CNS-HLH in the context
of systemic disease and in isolated CNS-HLH. Encouraging reports of early cohort stud-
ies suggest alemtuzumab and the Janus kinase (JAK) inhibitor ruxolitinib offer potential
salvage therapy for relapsed and refractory CNS-HLH. Newer immunotherapies such as
tocilizumab and natalizumab have been shown to be beneficial in sporadic cases. CNS-HLH

due to primary gene defects may be amenable to gene therapy in the future.

Introduction

Haemophagocytic lymphohistiocytosis (HLH) repre-
sents a type of cytokine storm syndrome, character-
ised by uncontrolled inflammation and immune dys-
regulation, which can be fatal [1-4]. Clinical features
include unremitting fever, hepatosplenomegaly, and
cytopaenias as well as central nervous system seque-
lae [3, 5, 6]. HLH may be classified as either primary
(inherited) or secondary (acquired). Familial HLH
(fHLH) is a form of primary HLH that normally pre-
sents in early childhood and is caused by inherited
autosomal recessive bi-allelic mutations in genes
encoding proteins that regulate granule-dependent
cytotoxicity of cytotoxic T lymphocytes (CTLs) and
natural killer (NK) cells (types 2-5, Table 1) [2, 5, 7].
In these conditions, HLH is usually the predominant
or only clinical abnormality, and patients with these
genetic mutations have a very high risk of developing
HLH. Heterozygous defects in two or more of these
genes may also cause synergistic deleterious effects
which can also lead to HLH, although the onset is
commonly later in childhood [8]. Primary HLH can

also be seen in primary immunodeficiency disorders
(PID) where the susceptibility to HLH is more vari-
able, and is usually associated with other immuno-
logical defects (susceptibility to chronic infection,
autoimmunity). Some of these disorders also affect
cytotoxic cell function, such as Chediak-Higashi syn-
drome, Griscelli syndrome subtype 2, and Hermansky
Pudlack type 2. Other PIDs associated with HLH have
an impaired immune response to Epstein-Barr Virus
(EBV) or other viral infections, such as deficiencies in
X-linked lymphoproliferative disorder type 1 (XLP1)/
SLAM-associated protein (SAP), X-inhibitor of apopto-
sis protein (XIAP), CD27, MAGT1, and IL-2 inducible
kinase deficiency (ITK) (Table 1). HLH can also be an
unusual complication of other more common PIDs
such as chronic granulomatous disease, DiGeorge syn-
drome, severe combined immunodeficiency (SCID),
and Wiskott-Aldrich Syndrome [9]. Untreated full
blown primary HLH is usually fatal [4].

Secondary causes of HLH are numerous and include
infection (e.g. viruses—particularly EBV, bacteria,
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protozoa and fungi), malignancy, metabolic disorders,
autoimmune diseases, and autoinflammatory disor-
ders [2, 3].

Central nervous system involvement in all forms of
HLH (CNS-HLH) is common, with a reported inci-
dence of between 18 and 73% and up to 75% in fHLH
[10-18]. CNS-HLH may occur at disease onset, during
the course of the disease or at a relapse, and results
in increased morbidity and mortality and poor neu-
rological outcome [19]. Although clinical features of
CNS-HLH have been more commonly reported in
patients with primary causes of HLH, they are increas-
ingly recognised in secondary HLH, particularly when
associated with chronic EBV infection.

Less commonly, both primary and secondary HLH
may present with isolated CNS features in the absence

Pathophysiology of CNS-HLH

of systemic disease, or occurring several weeks or
months prior to the onset of systemic signs and symp-
toms [20, 21]. Isolated CNS-HLH is becoming increas-
ingly recognised as a separate clinical entity, although
it presents a diagnostic challenge, as, in the absence of
systemic inflammation, neurological symptoms, and
neuroradiological manifestations can mimic a number
of other neuroinflammatory and neurovascular condi-
tions. In addition, there is very little evidence for the
specific treatment of isolated CNS-HLH.

In this review, we summarise our current under-
standing of pathogenic mechanisms, present com-
mon clinical features of CNS-HLH and methods of
investigation and diagnosis, and review current treat-
ment approaches with particular focus on newer
immunotherapeutics.

The neuropathological features of CNS-HLH vary greatly both in the context
of primary and secondary HLH [19, 21, 22]. In a recent literature review of
7 biopsies and 39 autopsies (9 studies) carried out in children with primary
HLH, neuropathological changes included vascular, parenchymal, and lep-
tomeningeal lymphohistiocytic infiltration, small vessel lymphocytic vascu-
litis, and parenchymal white matter and leptomeningeal inflammation that
could be accompanied by necrosis and haemorrhage [19]. The occurrence of
CNS haemophagocytosis is variable and has been most commonly observed
in the leptomeninges. In those who had had biopsies as part of a diagnostic
work up for fHLH, with confirmed genetic changes, the findings were less
severe and usually involved lymphocytic infiltration and CNS haemophago-
cytosis without gross haemorrhage or necrosis. In autopsies, findings varied
considerably from mild leptomeningeal infiltration to haemorrhage with
gross oedema and tissue destruction [14, 19]. Immunostaining of perivascu-
lar infiltrates has demonstrated the majority of cells are CD3 +lymphocytes
[23]. Biopsy findings of 5 children with secondary HLH (2 EBV, 2 malignancy,
1 unknown) showed similar findings to those found in primary HLH [19].

Another literature review of biopsy findings in 28 cases of isolated CNS-
HLH demonstrated that lymphocytic infiltrate was the most common find-
ing in just over 15% of cases, whereas necrosis, haemorrhage, and ischaemia
occurred in < 5%. Half of these patients went on to develop systemic features
[21].

A three stage neuropathological system has been devised for CNS-HLH
based on autopsy findings in cases of primary HLH [14]. Stage I involves lep-
tomeningeal inflammation; stage II extended to perivascular inflammation; in
stage 111, lymphohistiocyte tissue infiltration, tissue necrosis, and blood vessel
destruction are apparent. In secondary HLH, the pathology of CNS-HLH has
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been less well studied, although reports from autopsy and biopsy findings are
similar to those with primary HLH. The pathological mechanisms of HLH
in the CNS remain poorly characterised but likely relate to the hyperinflam-
mation and dysregulated immune response observed systemically [24, 25].

The cellular mechanisms of CNS-HLH are poorly understood. Gene muta-
tions identified in fHLH and other forms of primary HLH are predominantly
involved in perforin-granzyme B-mediated apoptotic signalling in CTLs and
NK cells (Table 1) [26]. These mutations impair perforin formation as well
as trafficking, docking, or fusion of perforin and granzyme-containing cyto-
toxic granules to the plasma membrane [26]. Other described gene mutations
affect B, T, NK, and NKT cell activation (Table 1) [25, 26]. These mutations
effectively impair the cytotoxic killing potential of CTLs and NK cells, prevent-
ing the removal of infected, unwanted, or defective cells, which is thought
to result in excessive activation and proliferation of both antigen-presenting
cells (APC) and effector cells [25]. The normal regulatory mechanisms that
eliminate activated immune cells are also impaired resulting in an excess
production of pro-inflammatory cytokines resulting in sustained hyperin-
flammation [4].

The lymphohistiocytic infiltration, haemophagocytosis, and subsequent
tissue damage observed in CNS disease in the context of systemic HLH and
isolated CNS-HLH are similar to that seen in other end organs. The reason
for a predilection for the CNS or CNS infiltration prior to systemic infiltra-
tion is unclear and further research on pathological mechanisms is required
to elucidate this.

Diagnosis of CNS-HLH
- 0 _______0____000_0_00___]

There is no agreed definition of CNS-HLH, but HLH-2004 diagnostic criteria
list neurological symptoms and cerebrospinal fluid pleocytosis as supportive
evidence of disease [27]. In general, CNS-HLH should be considered in any
patient presenting with one or more of the following neurological symptoms
or signs: irritability, seizures, ataxia, dystonia, hemi- or diplegias, cranial nerve
palsies, visual disturbance, dysarthria, dysphagia, mental status change, or
meningoencephalitis and pleocytosis or high levels of protein in the CSF and
abnormalities on MRI brain imaging in the context of HLH.

A recent global cohort study of isolated CNS-HLH demonstrated the mean
time to diagnosis of 28.3 months, highlighting the diagnostic difficulties [21].
Diagnostic delay may result in inappropriate management and CNS-HLH
may be only considered in cases that are refractory to treatment. An initial
response to systemic immunosuppression given for suspected alternative neu-
roinflammatory conditions may further delay diagnosis, with neurological
disease progression.
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Neurological Features

In systemic HLH, seizures are observed in 30-40% of young patients with
CNS involvement [17, 28], with ataxia being more frequent in older children
[13]. In a global study of 38 cases of isolated CNS-HLH, the most frequent
neurological presentations were ataxia and gait disturbances (up to 74%)
[21]. Seizures were the next most frequent manifestation (50%), followed by
headache (47%), visual disturbances (45%), and motor difficulties (42%).
Diverse, neurological manifestations such as cranial nerve palsies, dysme-
tria, dysarthria, papilloedema, intermittent sensory deficits, and behavioural
changes were also reported in this cohort [21].

A smaller series of four patients with isolated CNS-HLH also reported
ataxia, seizures, motor weakness, and cognitive decline [20]. There are case
reports of CNS-HLH presenting with peripheral nervous system involvement,
e.g. motor and sensory neuropathy in a patient with confirmed compound
heterozygous mutations in UNC13D, and diffuse polyradiculoneuropathy
in an 11-year-old with parental consanguinity but without genetic testing of
fHLH genes [29, 30].

The clinical features described in these studies demonstrate the extent of
brain involvement in CNS-HLH—cerebellar, brainstem, and cortical.

CSF Investigations

In a study of 116 children with systemic HLH, the prevalence of CSF abnor-
malities (defined as a leukocyte number above 19 x 10°/L or total protein
concentration above 500 mg/L) was reported to be up to 15%, and was more
prevalent in primary HLH (58%; 7/19 cases) than secondary HLH (6%;
10/160 cases) [28].

In 29 cases of isolated CNS-HLH, the median CSF cell count was
10.0 x 10%/L (range 0-84 x 10°/L) with elevated CSF protein (>45 mg/dL;
range 4-874 mg/dL) in 52% (15/29) [21]. Oligoclonal bands (OCB) in the
CSF have varied with both positive (type 2, suggesting intrathecal synthesis)
or matched (type 4, suggesting blood brain barrier (BBB) damage) being
reported [30, 31]. The neurotransmitter, CSF purine nucleotide neopterin, is
synthesised by microglia following interferon-y (IFN-y) stimulation. Levels
were elevated in 2 of 4 cases with isolated CNS-HLH [20] but its utility needs
validation in larger studies.

Blinco et al. identified normal CSF parameters (white cell count<5 x 106/L
and protein<45 g/dl) in 38% of cases (12/32) of isolated CNS-HLH, sug-
gesting disease may exist within brain parenchyma without leptomeningeal
involvement [21]. However, this appears contrary to post-mortem histopa-
thology classification in primary HLH, where early disease is characterised by
leptomeningeal inflammation [14].

The limited literature in isolated CNS-HLH does not support a correla-
tion between CSF abnormalities and prognosis, although resolution of CSF
abnormalities can be used to monitor response to therapy in CNS-HLH.
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It is recommended that all patients with HLH have a lumbar puncture
(LP), irrespective of the presence of clinical neurological features, provided
there are no contraindications [32] (Fig. 1). Repeated lumbar puncture is
required if there is clinical suspicion of CNS disease as CSF abnormalities may
develop over time. CSF changes can occur in isolation and are considered a
poor prognostic indicator in systemic HLH [15, 17].

Neuroimaging

MRI is the modality of choice for neuroimaging in CNS-HLH. In CNS-HLH
in the context of systemic disease, the prevalence of MRI abnormalities was
reported to be as high as 50% in a study of 179 children with HLH [28]. The
highest proportion of MRI abnormalities was observed in those with primary

[ Investigations ] [ Outcome of Investigations ] [ Differential Diagnosis & Treatment ]

Treat for encephalitis/meningitis and send
PCR/serology tests;
consider autoimmune encephalitis

LP_if no contraindications ) LP/Bloods/MRI suggestive
(consider CSF for: cell of infectious agent
count/protein/

neopterin/microscopy/ MOG/AQP4 ABS+ve & MRI

bactgnal culture/wral. consistent with demyelination
studies/cytospin & paired \ J

with serum as below)

Treat for NMOSD/MOGAD
& classify phenotype

Oligoclonal type 2 bands &

McDonald 2017 criteria met* Treat for relapsing-remitting MS

Blood tests P
(consider in addition to Symmetrical white matter changes Consider genetic and metabolic tests for
routine blood tests, on MRI inherited white matter disorders

J

infectious markers and
rheumatological
investigations, paired serum
and CSF

.
bMOS/;’-\QP4/0I|gocIonaI Atypical MRI features Functional assays . NOtR(IjVIé-\L:_ Cc:)r)siderf
ands argeted brain biopsy for
Negative autoimmune CD107a granule releage assay differential diagnosis
i eahes Intracellular expression of
perforin, SAP**, XIAP**

Ny

MRI/MRA suggestive of ]

Consider cerebral arteriopathy/vasculitis
vasculopathy

Moya Moya/Stroke

MRI brain and spine with Negative metabolic tests ABNORMAL: CNS-HLH

Look f temic feat
contrast (Consider MRA or o%L:;E\éstfglcaseieurres
targeted imaging)

review

+ Next generation

+/- raised CSF sequencing/HLH targeted
WCC/protein/neopterin panels

Fig. 1 Flow chart for the investigation and differential diagnosis of CNS-HLH and related conditions. Diagnostic algorithm
for the evaluation of patients with possible neuroinflammatory conditions including CNS-HLH (suggested by history and
examination). Further diagnostic evaluation is dependent on the initial results of LP, neuroimaging, and blood tests, which
can be stratified according to differential diagnosis and treated accordingly. Features suggestive of CNS-HLH together with
further diagnostic evaluation and treatment are shown in the grey boxes. Abbreviations: LP, lumbar puncture; CSF, cerebro-
spinal fluid; MRI, magnetic resonance imaging; MRA, magnetic resonance angiography; PCR, polymerase chain reaction;
MOG, myelin oligodendrocyte glycoprotein; AQP4, aquaporin 4 antibodies; ABS, antibodies; NMOSD, neuromyelitis optica
spectrum disorder; MOGAD, MOG antibody disease; MS, multiple sclerosis; SAP, SLAM-associated protein; XIAP, X-inhibitor of
apoptosis protein; HLH, hemophagocytic lymphohistiocytosis; CNS-HLH, central nervous system hemophagocytic lymphohis-
tiocytosis. *McDonald 2017 criteria for MS [39], **Test only if male.
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HLH (13/18 cases); 67/142 were observed in secondary HLH. In comparison
to MRI abnormalities, neurological symptoms were only observed in 21.2%
(38/179) of children. Lesions that have been reported in CNS-HLH in the
context of systemic HLH included nodular or ring-enhancing parenchymal
lesions with periventricular changes, lesions at the junction of grey and white
matter, and haemorrhagic transformation (of parenchymal lesions) [33-35].
Subdural collection, diffuse leptomeningeal enhancement, and atrophy have
also been reported, and even within the same patient, there is variability of
imaging findings over time [34]. Neuroimaging has also shown brainstem
and spinal cord involvement in fHLH [13, 35-37].

In isolated CNS-HLH, all patients have positive imaging findings along
with neurological symptoms as the presentation of such features leads to
the diagnosis (Fig. 1). The largest worldwide cohort of isolated CNS-HLH to
date identified cerebellar abnormalities in 61% of patients [21]. In common
with CNS disease in systemic HLH, reported findings included diffuse and
multifocal white matter changes, oedema, haemorrhage, and atrophy. Within
the spine, isolated CNS-HLH has been described with short segment punc-
tate enhancing lesions [38]. Progression of MRI changes prompted further
investigations since isolated CNS-HLH was not the initial diagnosis in any of
the 38 patients reported in the cohort. Initial diagnoses in isolated CNS-HLH
included demyelinating conditions such as acute disseminated encephalomy-
elitis (ADEM) and multiple sclerosis (MS) [39], as well as vasculitis, stroke,
and the descriptive entity “chronic lymphocytic inflammation with pontine
perivascular enhancement responsive to steroids (CLIPPERS)” [21]. The char-
acteristic MRI findings of which include punctate and curvilinear perivascular
peppercorn-like gadolinium enhancement (suggesting BBB damage) of the
pons and cerebellum [40]. Two children who presented with an atypical
chronic demyelinating illness were initially diagnosed as CLIPPERS. Next
generation sequencing (gene panels conducted on a research basis) identi-
fied a compound heterozygote variant in RAB27A (Griscelli syndrome type
2) in one child, and a heterozygote variant in STXBP2 gene (fHLH V) in the
second, consistent with primary HLH [41]. This demonstrates that all children
with suspected CLIPPERS should have primary HLH excluded. As deep grey
matter and cerebellar involvement is also seen in myelin oligodendrocyte
glycoprotein (MOG) antibody positive as well as antibody negative demyeli-
nating conditions, these conditions should also be considered (Fig. 1) [38].

Histopathology

The presence of CNS-HLH may only be diagnosed, or the extent appreci-
ated, on brain biopsy (Fig. 1) [20]. Brain biopsies have played a role in iso-
lated CNS-HLH diagnostic process where imaging, neurological features,
and CSF findings have been non-specific. In 28 cases of isolated CNS-HLH
disease, 6 cases (21%) pursued investigations for fHLH genes following a
brain biopsy [21]. As previously mentioned, the most prevalent finding was
T cell-dominated lymphohistiocytic infiltration (15/20 biopsies), with more
severe features such as necrosis and haemorrhage being present in smaller
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numbers (3/20 and 1/20, respectively) [21]. However, timing of the biopsies
was varied with one case identified after autopsy and another case was only
found to have lymphohistiocytic infiltration on a repeat second biopsy. In the
era of genetic, molecular, and immunological studies, highlighting isolated
CNS-HLH as a clinical entity may reduce the need for brain biopsies which
carry inherent risks.

Functional Assays for Primary HLH

NK cells and cytotoxic T lymphocytes mediate cell death of target cells
through the release, or degranulation, of cytolytic granules containing gran-
zyme B and perforin. This process requires fusion of the granule membrane
with the cytoplasmic membrane resulting in surface exposure of proteins such
as CD107a. Membrane expression of CD107a represents a surrogate marker
of effective cytotoxicity in NK or cytotoxic T cells. Flow cytometric analysis
of CD107a expression on cytotoxic cells following activation can therefore
be used to identify patients with inherent defects of cytotoxic granule release
(including fHLH 3-5, Chediak Higashi syndrome, Griscelli syndrome type
2, Hermansky Pudlack type 2) [42].

A prospective study of degranulation assays in 494 HLH or suspected
HLH patients identified resting NK-cell degranulation below 5%, with 96%
sensitivity and 88% specificity for primary HLH disorders caused by impaired
cytotoxic granule release [43]. NK or cytotoxic T cell function can be further
investigated using cellular killing assays. Flow cytometry-based assays can
also quantify perforin, SLAM-associated protein (SAP), and X-linked inhibi-
tor of apoptosis (XIAP), to further aid the diagnosis of other specific forms
of primary HLH. Although these functional and protein expression assays
are invaluable tools in the rapid diagnostics of primary HLH, it is important
to recognise that not all causes of primary HLH will be identified by these
assays. In some patients with primary HLH, pathogenic gene mutations can
result in non-functional proteins which are still expressed, resulting in a nor-
mal protein expression as identified by flow cytometry, but impaired protein
function. The proportion of patients with protein expression in the cohort
of 38 patients with isolated CNS-HLH cohort is higher than that reported for
patients with systemic HLH and perforin deficiency, suggesting a hypothesis
that isolated CNS HLH may be associated with hypomorphic rather than
null mutations [21].

Genetic Testing

Urgent genetic investigation of any patients with suspected CNS-HLH is essen-
tial. Immunological functional abnormalities with negative exome sequenc-
ing of fHLH genes have been reported [44]. In 5 such cases, whole genome
sequencing identified mutations in the non-coding region of RAB27A. The
cases lacked the typical hypopigmentation associated with Griscelli syndrome
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type 2. Three of these cases presented with recurrent neuroinflammation and
two were initially diagnosed as ADEM [44].

Summary of the Recommendations for Investigation
of CNS-HLH (Fig. 1)
]

1.

Lumbar puncture for CSF analysis is indicated provided there are no contraindications. We recommend CSF
microscopy and culture, protein, paired serum and CSF glucose, paired serum and CSF oligoclonal bands,
and neopterin (if available).

An extended MRI protocol of brain and spine of T1, T2-weighted, fluid-attenuated inversion recovery (FLAIR),
for detection of juxtacortical lesions, diffusion weighted imaging (DWI), which is sensitive to white matter
changes, and post-contrast imaging along with susceptibility-weighted imaging (SWI) looking for blood
components is recommended.

Functional assays for primary HLH have an important role in CNS-HLH diagnosis. These investigations are
limited by the need for specialist laboratory experience; however, the reliability of these assays is not com-
promised by a 48-h delay between blood draw and testing, allowing samples to be couriered to specialist
laboratories. Not all causes of primary HLH will be identified by these assays so if clinical suspicion is high,
genetic investigations should be pursued.

Genetic diagnosis is needed for confirmation of a diagnosis of primary HLH. Usually this is clinically urgent
and guides ongoing treatment; the mode of genetic investigation must be governed by the turnaround time
of results. Where a specific diagnosis is suggested by functional immunology assays, conventional Sanger
sequencing targeting likely causative genes may be most efficient. Otherwise next generation sequencing,
using targeted gene enrichment panels or whole exome/genome sequencing is appropriate. We would recom-
mend an extensive genetic investigation as soon as practicably possible in any case of suspected CNS-HLH,
as the genetic diagnosis may have implications for siblings of the index case.

. Targeted brain biopsy can aid determination of differential diagnoses.

Treatment of CNS-HLH in the Context of Systemic Disease
]

The HLH treatment guidelines developed by the Histiocyte Society in 1994
and 2004 (HLH-94 and HLH-2004) include specific recommendations for
the management of CNS disease presenting in the context of systemic HLH,
or isolated CNS-HLH, once identified [22, 27]. There is no consensus on
salvage treatments for individuals with CNS-HLH who are refractory to HLH-
1994 and 2004 protocols, or in whom disease relapses. Here we summarise
current approaches and review newer immunotherapies that are beginning
to come into use.

The initial treatment of CNS disease in systemic HLH is based on control
of systemic hyperinflammation and immune dysregulation, with a presumed
beneficial effect to CNS infiltration and haemophagocytosis in the brain. The
1994 and 2004 protocols use a combination of etoposide, dexamethasone,
and cyclosporine A (CsA) with the aim of reducing systemic hyperinflamma-
tion and controlling the immune response to induce a state of remission. In
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primary causes of HLH, particularly fHLH, once in remission, continuation
therapy acts as a bridge prior to more definitive treatment with allogeneic
HSCT [45]. In the revised HLH-2004 protocol, CsA was used at the start of
induction rather than later on in treatment, with the aim of reducing pre-
HSCT morbidity and mortality. However although this improved remission,
there was no overall improvement in long-term survival compared to the
HLH-94 protocol, due to infectious complications [46]. In secondary HLH
with CNS features, induction therapy may be curative. However, continua-
tion therapy should be initiated if the disease is still active. Refractory cases
may need second-line therapy and even HSCT if recurrent or persistent. Both
HLH-94 and HLH-2004 protocols also include specific intrathecal treatment
(methotrexate and hydrocortisone) for CNS disease in the context of sys-
temic HLH [22, 27]. EBV is a common infectious trigger in both primary and
secondary HLH, and where detected rituximab should be used to reduce the
viral load [47].

In the HLH-94 trial, 81/122 (66%) of patients with CNS involvement were
alive after starting treatment, with CNS features persisting in 22% post-HSCT
after a median follow-up of 3.1 years [22]. With the revised protocol, CNS
features post-HSCT persisted in 17% [27].

An alternative approach to the HLH-94 and 2004 protocols has been the
use of lymphocyte serotherapy. Anti-thymocyte globulin (ATG) is an infu-
sion of rabbit-derived antibodies against human T cells and in combination
with methylprednisolone and CsA continuation therapy, has had comparable
efficacy for CNS-HLH [48]. With this regimen, complete remission in patients
with neurological involvement was seen in 11/19 patients (58%) within a
median time of 1.3 months [32]. A hybrid immunotherapy trial for HLH
(HIT-HLH) in children is currently underway in North America (clinicaltrials.
gov NCT01104025) which combines the HLH-2004 and ATG regimens to see
if combined therapies result in better remission rates. The evaluation of this
trial is currently in progress.

Alemtuzumab is another treatment being explored as an alternative
therapy for HLH. It is a humanised IgG1 kappa monoclonal antibody that
selectively binds CD52, a small GPI-anchored protein expressed on lym-
phocytes, monocytes, macrophages, and dendritic cells, depleting these cells
from the circulation. The use of alemtuzumab was first described in adult
patients with refractory sHLH who had failed standard therapy [49, 50]. A
small retrospective (26 patients) and prospective (29 patients) pilot study of
alemtuzumab with steroids and CsA demonstrated a favourable safety profile
with 92.3% and 91.6%, respectively, surviving to HSCT. CNS disease, how-
ever, was not specifically evaluated [23]. A prospective multicentre, phase I/
I, non-randomised study (NCT02472054) is currently open assessing the use
of alemtuzumab, with methylprednisolone and CsA as a first-line therapy in
patients with primary HLH [45]. Alemtuzumab-based treatment is currently
used as first line in certain specialist European centres and publications of
outcome data are awaited.

The quality of disease remission prior to HSCT in HLH is important for
long-term survival, with the HLH-2004 data demonstrating a significant sur-
vival benefit for patients undergoing HSCT in complete remission compared
to those in partial remission (hazard ratio 2.12) [46]. Mortality prior to
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transplant remains between 20 and 30% despite modifications to the stand-
ard HLH-94 and 2004 protocols [45]. Mortality with CNS-HLH has been
reported to be worse on longer-term follow-up prior to HSCT (hazard ratio
1.3) using the 2004 protocol, although this was not statistically significant.
The delay in the diagnosis and appropriate treatment of isolated CNS-HLH
may contribute to worse outcomes although this has not been quantified.

In patients with CNS-HLH that is refractory to systemic and intrathecal
treatment, high-dose pulsed corticosteroids and alemtuzumab have been
recommended [21]. Alemtuzumab has been used as a salvage therapy in 22
paediatric and adult patients with HLH refractory to standard treatments
(etoposide, dexamethasone, cyclosporine), with 67% of patients reported
to achieve a partial response, and 77% going on to receive HSCT [51]. How-
ever, two patients with CNS-HLH who had failed systemic HLH treatment
and intrathecal methotrexate showed no clinical improvement in CNS fea-
tures, although CSF post-alemtuzumab could not be fully analysed. In a more
recent comprehensive study, 38 patients with isolated CNS-HLH in fHLH,
alemtuzumab was used in 3 patients, which was in addition to intrathecal
therapy in two of the three [21]. Two patients showed neurological improve-
ment, with one having residual subtle neurological features and the other,
who only received systemic alemtuzumab and steroids, regaining the abil-
ity to walk after being previously wheelchair bound. The third child had
moderate improvement with significant ongoing neurological impairment.
In previous studies, CMV and adenovirus viraemias occurred in a quarter
to a third of patients following alemtuzumab, which is a potential concern
with this treatment [25]. In 2019, the European Medicines Agency (EMA)
has launched an urgent safety review of alemtuzumab after a number of seri-
ous cardiovascular and immune-mediated adverse events were reported [52].
The UK Medicines and Healthcare products Regulatory Agency (MHRA) has
increased restrictions on its use while this review is undertaken.

Treatment of Isolated CNS-HLH
-

A review of cases of isolated CNS-HLH in fHLH showed a wide variation
in initial treatment including standard HLH-94 and 2004 protocols with
intrathecal therapy, isolated used of intrathecal methotrexate and steroids,
alemtuzumab, cyclosporine, cyclophosphamide, and MMF with or without
steroids. This was primarily because the patients with isolated CNS-HLH are
often treated for other conditions including ADEM, MS, and CNS vasculitis
even up to the point of transplantation [21]. Horne et al. [32] has suggested
that the standard of care for isolated CNS-HLH should be the same as that for
CNS-HLH in systemic disease, namely standard HLH-94 or 2004 protocols,
intrathecal therapy, and alemtuzumab for refractory or relapsed disease, fol-
lowed by HSCT. However, problems with monitoring response to therapy
run the risk of prolonged systemic therapy with greater toxicity. A therapeutic
approach that targets CNS inflammation would be much more attractive.
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HSCT
- ]

HSCT is currently used for the treatment of CNS-HLH in those with con-
firmed genetic mutations (Table 1) or in individuals with relapsed or refrac-
tory CNS features, whether isolated or in the context of systemic HLH [47].
Fully myeloablative conditioning regimens have been largely replaced by
reduced intensity conditioning (RIC) or reduced toxicity regimens due to
complications, particularly veno-occlusive disease [53-55]. Comparable or
improved outcomes have been observed with RIC, although increased rates
of mixed chimerism have been reported, with increased risk of engraftment
failure and relapse [53, 56, 57]. Reported survival rates with RIC are extremely
variable (44-100%) but individuals with CNS features generally have a worse
prognosis [13, 16]. In the context of RIC conditioned HSCT, higher rates of
mixed chimerism and rejection are seen with mismatched donors. Haploi-
dentical (including parental) donors have the advantage of donor availabil-
ity, and can avoid delays in transplant caused by an unrelated donor search;
however, rates of rejection remain higher than with fully matched donors.
Newer haploidentical transplant conditioning and graft manipulation strate-
gies (post-transplant cyclophosphamide with a T replete graft, a pTCR/CD19
depleted graft manipulation) may improve results [58].

The minimum donor chimerism for HSCT in primary HLH has been deter-
mined to be 20-30%, as this level has been found to protect against late
disease relapse (>180 days post-transplant). In some individuals, a higher
level of chimerism is required. Levels of donor chimerism <20% inevitably
result in disease relapse which often requires a second transplant [59]. Low
lymphoid chimerism rather than myeloid chimerism appears to be a better
predictor of relapse, although the threshold of chimerism which can prevent
HLH is likely to be different for different genetic disorders [45]. Adequate
chimerism and engraftment have been demonstrated to prevent neurological
disease progression [60, 61].

A recent single-centre review of HSCT in 4 children with isolated CNS-
HLH and confirmed Prfl or UNC13D gene mutations showed success-
ful engraftment with long-term correction in all 4 patients. Three patients
received RIC and matched unrelated donor (MUD) transplants and achieved
20-23% donor chimerism [62]. Two patients improved in terms of neuro-
logical features (ataxia, weakness, diplopia, reduced seizures) and the third
patient remained stable. The fourth patient received a matched transplant
from a sibling who was heterozygous for a Prfl mutation, and experienced
a CNS-relapse. It was later demonstrated that the donor cells had lower than
normal perforin expression despite adequate chimerism. The patient survived
with long-term remission following a second MUD transplant. The impact of
heterozygous mutations in donor siblings is unclear, particularly as monoal-
lelic variants are also observed in the general population [63, 64].

In a recent literature review and international survey of isolated CNS-HLH
(primary HLH) cases, 19/38 underwent HSCT following reduced intensity
conditioning and 11 (59%) had long-term improvement in neurological
sequelae, 4 remained stable (21%), 1 relapsed requiring a second transplant,
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and 3 died (15%) [21]. In two patients, the improvement was significant
with return to normal neurological baseline. Another 15/38 patients were
not transplanted and of these 3 improved with systemic + intrathecal treat-
ment (20%), 1 relapsed, 1 had unreported outcomes, and 10 died (67%). A
further 4 patients were awaiting planned HSCT. The authors suggest that the
poor outcomes in non-transplanted patients indicate that HSCT should be
rapidly performed in isolated CNS-HLH. More robust follow-up studies are
required to better understand the factors which lead to successful long term
engraftment success in CNS-HLH with resolution of CNS features, prevention
of neurological progression, and prevention of relapse.

With standard treatments for CNS-HLH, there remains concern in paediat-
ric populations about the toxicity of chemotherapy drugs such as etoposide
as well as side effects of long-term steroids. Early administration of CsA is
now often omitted due to high rates of toxicity such as posterior reversible
encephalopathy syndrome (PRES) and renal toxicity [25, 65], and lack of
significant improvement in overall survival [65]. The rapid development of
targeted immunotherapies against inflammatory mediators has led to a num-
ber of studies looking at the effectiveness of these molecules in primary and
secondary HLH. We consider these in the sections below.

Inhibition of JAK-STAT Signalling

Perforin deficient mouse models of HLH have shown that interferon gamma
(IEN-vy) is a key mediator of hyperinflammation in HLH [66, 67]. Signalling
downstream of IFN-y and a number of other cytokines is mediated via Janus
Activated Kinase-Signal Transducer and Activator of Transcription (JAK-STAT)
cascades (Fig. 2). Two JAK-STAT pathway inhibitors are currently under inves-
tigation for the treatment of HLH: ruxolitinib, a selective JAK1/JAK2 inhibitor,
and emapalumab, a fully human IgG1 anti-IFN-y monoclonal antibody that
binds free and receptor-bound IFN-y (Fig. 2) [68, 69].

Ruxolitinib has shown efficacy in mice and has been used in a number
of case studies for the treatment of refractory HLH, to good effect [66, 67,
70-72]. In a case series of 34 paediatric patients with refractory HLH, rux-
olitinib with or without glucocorticoid treatment 25/34 (73.4%) showed a
partial (58.8%) or complete (14.7%) response to treatment [72]. The overall
survival rate was 65.9%. Clinical trials investigating the efficacy of ruxolitinib
in HLH including in effects on CNS-HLH are ongoing (NCT02400463 and
NCT03533790).

Emapalumab has been tested in an open-label phase 2-3 study in 34
children with primary HLH (NCT01818492) with a response in 65%
of patients (21% partial and 31% complete) [73]. A partial response was
defined as improvement in three or more clinical parameters including CNS
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Fig. 2 Mechanism of action of new immunotherapeutics used in the treatment of HLH. JAK-STAT pathway inhibitors are
being used to block downstream cytokine activation in HLH. The monoclonal antibody emapalumab binds to IFN-y and
blocks ligand-receptor interaction and downstream signalling. Ruxolitinib is a selective JAK1/JAK2 kinase inhibitor that
blocks JAK-STAT signalling downstream of a number of inflammatory cytokines. Tocilizumab binds to the IL-6 receptor and
prevents IL-6 binding and downstream activation of JAK-STAT signalling. Natalizumab is a monoclonal antibody that binds
to alpha integrin on the surface of immune cells and prevents their adhesion to, and passage across, the blood-brain bar-
rier. Anakinra is a competitive inhibitor of IL-1 and prevents downstream signalling via mitogen activated kinases (MAPK)
and nuclear factor kappa NF-xB and subsequent upregulation of a number of pro-inflammatory cytokines.

involvement. Twelve patients had CNS involvement, which normalised in
6, improved in 4, and could not be evaluated in 2 because of worsening sys-
temic HLH. There was no organ toxicity but severe infections were observed
in 10/34 patients and this remains a safety concern and although approved
by the Food and Drug Administration (FDA) in the USA for refractory HLH,
the European Medicines Agency (EMA) has refused market authorisation
based on lack of evidence |74, 75]. Further studies are required to establish
the safety and efficacy of these agents in systemic and isolated CNS-HLH.



Curr Treat Options Neurol

Other Immunotherapies

A number of other new immunotherapeutics have been used for the treat-
ment of HLH or are in clinical trials to establish efficacy for HLH, but not spe-
cifically for CNS-HLH. These include i) tocilizumab, a humanised monoclonal
antibody directed against the human interleukin-6 receptor (anti-IL-6R) [76];
ii) natalizumab, a humanised monoclonal antibody that targets the cell adhe-
sion molecule alpha-4 integrin believed to reduce the ability of inflammatory
immune cells to pass through the BBB [77]; and iii) anakinra, a recombinant
human IL-1 receptor antagonist protein [78-81] (Fig. 2).

Tocilizumab has been successfully used to treat refractory HLH in adults with secondary HLH (88.9% remis-
sion) [82], and is currently being tested in a phase-2 open-label clinical trial in children who meet the clini-
cal diagnostic criteria for HLH, as defined by the Histiocyte Society (either primary or secondary), with a
primary completion date of January 2021 (NCT02007239). As with ruxolitinib, there are concerns over the
use of tocilizumab for the treatment of secondary HLH due to infective complications.

Natalizumab has been used compassionately for the treatment of a 5-year-old girl with CNS-HLH, prior to
diagnosis, who presented with headache, vomiting, mild ataxia with CSF pleocytosis, and multifocal cer-
ebral and cerebellar lesions on MRI (CIS) [20]. Her condition clinically and radiographically improved and
stabilised for 3 years, after which she relapsed, was diagnosed with fHLH and treated according to the HLH-
2004 protocol. Natalizumab has also been used in another patient on compassionate grounds but standard
treatment and HSCT were still required [62].

iii) Anakinra has established efficacy in patients with systemic juvenile idiopathic arthritis and macrophage

activation syndrome (MAS) [78-81]. A retrospective review of anakinra treatment in 44 children with vari-
ous types of secondary HLH showed that early initiation resulted in a survival rate of 73% compared with
56% using etoposide-based protocols [83]. Anakinra is not myelosuppressive and can cross the BBB when
given intravenously. Subcutaneous treatment has shown to be neuroprotective in rats, although high doses
are required [84]. Further studies are required to establish whether these agents could be used in addition
to, or as an alternative to, the standard HLH-94 and 2004 protocols.

Gene Therapy

The monogenic nature of defects associated with primary HLH means that,
like other monogenic disorders that affect the immune system such as
X-linked severe combined immunodeficiency syndrome (X-SCID), adenosine
deaminase 1 associated SCID (ADA-SCID), Wiskott-Aldrich syndrome, and
chronic granulomatous disease, gene therapy may offer a viable alternative
to HSCT.

Pre-clinical gene therapy studies in murine models of HLH due to perforin
deficiency have shown successful correction of cytotoxic T cell-mediated killing
following with autologous CD8 +T cells transduced with a gammaretroviral
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vector carrying the Prfl gene [85]. Gammaretroviral mediated transfer of the
UNC13D gene to cytotoxic T cells derived from patients with fHLH type 3
restored expression of functional Munc13-4 protein, as well as degranulation
capacity and cell-mediated cytotoxicity in vitro [86]. Although this field is in
its infancy, the use of autologous stem cells and RIC, with reduced toxicity and
elimination of GvHD, offers a potentially curative treatment for primary HLH
and associated CNS disease.

Conclusions

In patients with systemic HLH, CNS involvement should be actively looked
for through CSF studies and regular neuroimaging. Isolated CNS-HLH pre-
sents a diagnostic challenge and should be considered early in cases of unclas-
sified neuroinflammation, despite the a lack of haematological or systemic fea-
tures of HLH. Treatment approaches to CNS-HLH in the context of systemic
HLH are improving but whether these can be extrapolated to isolated CNS
disease remains to be established. The CNS penetration of newer therapies
also needs to be determined. Optimisation of therapies for isolated CNS-HLH
is required and needs to be tailored to this subgroup of patients. Uncertainty
remains about the optimal time of HSCT with respect to CNS-HLH treatment
and response, and also how CNS-HLH relapse post-HSCT should be treated.
The recent advances in diagnostics and our understanding of the variability of
clinical phenotype in CNS-HLH have now provided a foundation for address-
ing these important therapeutic questions.
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