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Abstract

Isolated neuroinflammatory disease has been described in case reports of familial hemophagocytic lymphohistiocytosis (FHL),
but the clinical spectrum of disease manifestations, response to therapy and prognosis remain poorly defined. We combined an
international survey with a literature search to identify FHL patients with (i) initial presentation with isolated neurological
symptoms; (ii) absence of cytopenia and splenomegaly at presentation; and (iii) systemic HLH features no earlier than 3 months
after neurological presentation. Thirty-eight (20 unreported) patients were identified with initial diagnoses including acute
demyelinating encephalopathy, leukoencephalopathy, CNS vasculitis, multiple sclerosis, and encephalitis. Median age at pre-
sentation was 6.5 years, most commonly with ataxia/gait disturbance (75%) and seizures (53%). Diffuse multifocal white matter
changes (79%) and cerebellar involvement (61%) were common MRI findings. CSF cell count and protein were increased in 22/
29 and 15/29 patients, respectively. Fourteen patients progressed to systemic inflammatory disease fulfilling HLH-2004 criteria
at a mean of 36.9 months after initial neurological presentation. Mutations were detected in PRF'[ in 23 patients (61%), RAB27A
in 10 (26%), UNC13D in 3 (8%), LYST in 1 (3%), and STXBP2 in 1 (3%) with a mean interval to diagnosis of 28.3 months.
Among 19 patients who underwent HSCT, 11 neurologically improved, 4 were stable, one relapsed, and 3 died. Among 14 non-
transplanted patients, only 3 improved or had stable disease, one relapsed, and 10 died. Isolated CNS-HLH is a rare and often
overlooked cause of inflammatory brain disease. HLH-directed therapy followed by HSCT seems to improve survival and
outcome.
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CsA Cyclosporine A

MTX  Methotrexate

IVIG  Intravenous immunoglobulin
MMF  Mycophenolate mofetil
ATG Anti-thymocyte globulin
CTL Cytotoxic T lymphocyte
APC Antigen-presenting cells
TLR Toll-like receptor
Introduction

Neuroinflammatory disorders are a heterogenous group of
severe diseases characterized by inflammation in the ce-
rebrum or the spine. They can be grouped according to
the putative primary immune mechanism, including cell-
mediated, antibody-associated, and infection-associated
CNS disease, genetically driven immune-mediated CNS
disease, and paraneoplastic neurological disorders [1].
Much progress has been made in diagnosis and treatment
of neuroinflammatory disorders, in particular with the in-
creasing recognition of autoantibody-associated diseases;
however, the disease mechanisms and therefore the appro-
priate treatment targets remain unclear in a relevant frac-
tion of severely affected patients.

Familial hemophagocytic lymphohistiocytosis (FHL) is
a rare, inherited syndrome of immune dysregulation that
is caused by impairment of the cytotoxic function of NK
and T cells leading to uncontrolled immune cell activa-
tion, excessive secretion of inflammatory cytokines, and
subsequent multiorgan cell-mediated immunopathology
[2, 3]. Multiple genetic defects responsible for FHL have
been described including PRFI, UNCI3D, STXII,
STXBP, LYST, and RAB27A, all playing crucial roles in
the granule exocytosis cytotoxicity pathway [4]. Patients
with loss-of-function mutations in these genes usually
present early in life with fevers, cytopenia, splenomegaly,
and a combination of characteristic laboratory features,
which are the basis of the HLH-2004 diagnostic criteria
[5]. CNS involvement and inflammation is frequently ob-
served as part of this systemic disease process [6, 7], but
does not feature in the current criteria. Systemic
hemophagocytic lymphohistiocytosis (HLH) is normally
managed acutely with the use of immunosuppression, of-
ten including dexamethasone and etoposide [8]; however,
long-term cure can only be achieved by allogeneic stem
cell transplantation.

Notably, there are also case reports of isolated CNS
disease in FHL patients, occurring in the absence of any
systemic disease features, mostly in older patients with
hypomorphic mutations [9-23]. Reported cases are rare
and therefore the spectrum of clinical manifestations, re-
sponse to therapy and prognosis remain poorly defined.

@ Springer

To better characterize this rare neuroinflammatory disor-
der, we present herein 20 new cases followed in North
American, European, and other international centers to-
gether with a summary of all 18 cases we could identify
in the literature. We describe the clinical presentation,
treatment, and outcome of isolated CNS-HLH in the larg-
est cohort reported to date.

Patients and Methods
Recruitment of Patients

In order to identify FHL patients who presented with iso-
lated CNS manifestations, we performed a survey among
centers involved in the diagnosis and treatment of HLH
through the Histiocyte Society (HS), the European Society
of Blood and Bone Marrow Transplantation’s Inborn
Errors Working Party (IEWP), and through North
American collegial networks. These data were supple-
mented by a literature review based on a PubMed search
for “hemophagocytic lymphohistiocytosis” or “HLH” or
“FHL” and “CNS” or “encephalitis” and “isolated” or
“presenting” including the “similar article” function, up
to February 28, 2019. All potential cases were reviewed
by AB, MH, RM, EH, and SE. Patients were only includ-
ed if they fulfilled the following criteria: (1) confirmed
diagnosis of FHL by genetic and/or functional testing;
(2) any neurological clinical symptom at time of presen-
tation; (3) absence of systemic HLH according to HLH-
2004 criteria [5] at presentation and within the first
3 months after initial neurological presentation (in partic-
ular absence of bi-lineage cytopenia and absence of
splenomegaly). Fever and increased ferritin level were
permitted to allow capturing patients with an initial diag-
nosis of cerebral vasculitis.

From all patients, we recorded demographic data, clinical
and neurological presentations, neuro-radiological imaging
(MRI), CSF examination (total cell count, protein, cytospin),
CNS biopsy or autopsy results, features of systemic HLH
according to HLH-2004 criteria [5], genetic and functional
diagnosis of FHL, microbiological data, data on treatment
(including intrathecal therapy), HSCT data (donor source,
conditioning regimen), and outcome including neurological
outcomes and survival. For published patients, this informa-
tion was extracted from the literature.

Statistical Analysis

Data for continuous variables is presented using medians and
means with ranges as appropriate.
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Results
Neurological Presentations in Isolated CNS-HLH

Twenty new patients from 16 centers in Europe, North
America, Egypt, and Israel were eligible for inclusion in the
study, and 18 patients were identified in the literature.
Altogether we analyzed 38 patients from 37 unrelated fami-
lies. The median age at time of onset of neurological symp-
toms was 6.5 years (mean 8.3 years, range 0.5-31 years).
Neurological presentation was assessed both at initial presen-
tation (Fig. 1a) and at FHL diagnosis (performed by molecular
and/or functional testing) because in most cases, initial mani-
festations were not recognized as CNS-HLH. The most com-
mon neurological manifestations were ataxia and gait distur-
bance in 28/32 patients (74%), seizures in 19/38 (50%), head-
ache in 18/38 (47%), limb weakness or motor impairment in
16/38 (42%), and visual abnormalities in 17/38 (45%).
Progression/relapse of neurological symptoms from initial on-
set of symptoms to time of molecular/functional diagnosis
was reported in 28/38 (74%) patients. The initial diagnoses
included acute demyelinating encephalopathy, CNS vasculi-
tis, leukodystrophy, multiple sclerosis and other demyelinat-
ing disorders, neuroinflammatory disorders, and encephalitis
(Table 1). The mean interval from onset of neurological symp-
toms to confirmed molecular diagnosis of FHL was
28.3 months (median 19.5 months, range 1-108 months;
timing not reported in 2 patients and diagnosis was confirmed
post-mortem in 2 literature patients).

Imaging, CSF, and Brain Biopsy Findings in Isolated
CNS-HLH

CNS MRI imaging was performed and showed abnor-
mal findings in all patients (Fig. 1). Diffuse or multifo-
cal white matter changes were the most common find-
ings in 30/38 (79%). Cerebellar involvement was report-
ed in 23/38 patients (61%), including cerebellar white
matter changes (17), atrophy (5), edema (4), nodular
changes (2), necrosis (1), masses (1), and hemorrhage
(1). Further MRI findings were periventricular changes
in 14/38 (37%), brainstem involvement in 14/38 (37%),
edema or swelling in 10/38 (26%), and volume loss or
atrophy in 8/38 (21%) (Fig. 1, Supplemental Table S1).

CSF cell count was not highly elevated, but abnormal
(>5x%10%L) in 22/29 patients. The median CSF cell
count was 10.0 x 10%L (range 0-84 x 10°L). CSF pro-
tein level was elevated (>45 mg/dL) in 15/29 patients.
The median CSF protein was 43 mg/dL (range 4—
874 mg/dL). CSF cytospin was performed in 9 patients
and CSF hemophagocytosis was not observed. Two pa-
tients had evidence of activated T cells in the CSF
(90% and 33% of cells being HLA-DR+, respectively).
Importantly, the latter patient had HLA-DR expression
on <5% of T cells in peripheral blood analyzed in
parallel.

Twenty-two brain biopsies were performed in 19 patients,
with T cell-dominated lymphohistiocytic infiltration being the
most common finding (Fig. 1, Supplemental Table S2).

Fig. 1 a Frequencies of
neurological manifestations,
neuroradiological findings, and
histopathologic CNS biopsy
results in 38 patients with isolated
CNS HLH. b Examples of CNS
MRI imaging in patients with
isolated CNS-HLH. Upper panel:
patient 1—T?2 images in 2016
(left) and 2017 (right)
demonstrate cerebral atrophy with
diffuse white matter
abnormalities. Lower panel:
patient 4—T?2 images reveal
multiple nodular lesions in the
pons, cerebellum, and white
matter
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Table 1 Clinical findings in isolated CNS-HLH
Pt Age/ Initial clinical Neurological CSF cell CSF Initial diagnosis Time from  Time from
onset  manifestations manifestations at FHL count protein neuro onset  neuro onset
diagnosis x 10°L  mg/dL to systemic  to molecular
HLH (f FHL
applicable)  diagnosis
1 4y Acute loss of ability to Spastic tetraplegia, 19 (d) 41(d) ADEM Sy Sy
walk dysphagia, dysphasia, Leukodystrophy
exotropia, neurogenic
bladder, seizures
2 8y Headache, unsteady gait, Gait disturbance. 26 (p) 250 (p) CNS vasculitis n.a. 5 mo
somnolence Non-responsiveness
requiring intubation,
seizures
3 2y Ataxia, slurred speech Ataxia, slurred speech, 4 (d) 10(d) nr n.a. 5 mo
weakness
4 10y Unilateral leg weakness,  Progression to inability to 7 (p) 35(p) ADEM n.a. 4 mo
gait disturbance walk
5 14y Headache, vomiting, Ataxia 21 220 n.r 28 mo 28 mo
dizziness, diplopia,
dysphoria
6 19mo  Insecure gait, Left hemiparesis, visual 12 nr n.r 6 mo 6 mo
somnolence, irritability abnormalities
7 4y Headache, status Status epilepticus 0 (p) 47 (p) nr. n.a 1 mo
epilepticus
*Gray hair
8 7 mo Ataxia Ataxia, poor balance, 4 41 Neuroinflammatory n.a. 24 mo
speech difficulties, disorder
urinary incontinence
9 Sy Gait disturbance, Vomiting, headache 36 76 Labyrinthitis n.a 3 mo
vomiting, ADEM
unconsciousness,
seizures
10 Ily Vomiting, reduced Progressive weakness, 0 (p) 27 (p) ADEM n.a. 15 mo
consciousness, inability to walk, speech 26 (d) Metachromatic
hypotonia, disturbance, headache, leukodystrophy
hyperreflexia, gray hair seizures, reduced Griscelli neuropathology
consciousness
11 14y Headache, diplopia, Ataxia, slurred speech, 30 40 ADEM 7y 7y
vertigo, fixation diplopia, right CNS vasculitis
nystagmus* hemiparesis
12 8y Generalized seizures Facial nerve palsy, mild 0 normal ADEM n.a. 4 mo
ataxia and dysmetria
13 9y Headache, blurred vision, Intermittent paresthesias 8 40.4 ADEM n.a 12 mo
slurred speech, CNS vasculitis
abnormal gait
14 9y Headache, vomiting, Headache, generalized 2 (d) Normal CNS inflammatory disease 27 mo 14 mo
blurred vision, tonic clonic seizures (d)
unsteadiness
15 9y Ataxia, visual disturbance Chorea, right upper limb 132y nr. Small vessel CNS 4y 9y
hypertonia, ataxia, visual post-- vasculitis
disturbance d)
16 14y Left sided paresthesias, Left-sided paresthesias, 1 25 Brain mass n.a. 2 mo
headache, nausea, headache, nausea,
vomiting, difficulty vomiting, difficulty
walking, fatigue walking, fatigue
17 3y Seizures, left arm Seizures, left arm weakness 1 27 ADEM n.a. 12 mo
weakness
18 13y Headache, ataxia, word Headaches, flashing lights, 13 58 ADEM n.a. 3y
finding difficulties, paresthesia, right-sided
transient left arm and weakness
facial weakness,
blurred vision in left
eye
19 45y Headache, fatigue, Headache, fatigue, 14 43 EBV infection n.a. 2y 8 mo
excessive crying, convergent squint, CLIPPERS
vomiting, weight loss personality change
20 Ily Ataxia Diplopia, strabismus, 4 31 Atypical ADEM n.a. 2y 1mo
nystagmus, ataxia CLIPPERS
L1(10) 6 mo 30 119 Aseptic meningitis 27 mo 24 mo
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Table 1 (continued)
Pt Age/ Initial clinical Neurological CSF cell CSF Initial diagnosis Time from  Time from
onset  manifestations manifestations at FHL count protein neuro onset  neuro onset
diagnosis x10%L  mg/dL to systemic  to molecular
HLH Gf FHL
applicable)  diagnosis
Poor head control, Tetraplegia, cognitive
seizures impairment, seizures
L2(11) 22mo  Ataxia, abnormal eye Seizures, meningism, 12 56 Metabolic 22 mo Post-mortem
movements, dysarthria dysphagia, progressive neurodegeneration
cognitive and motor loss
L3(11) 6y Seizure Ataxia, loss of ability to 4 30 Varicella meningitis n.a. Post-mortem
Sib of L2 walk, progressive motor Encephalomyelitis
and sensory loss
L4(12) 13y Headache Ataxia, vomiting, diplopia, n.r. 48 CNS tumor n.a. 4 mo
6th/7th cranial nerve ADEM/immune-mediated
palsy, papilloedema, inflammatory disorder
absent reflexes in lower
limbs, sensory loss
L5(13) 16y Unilateral weakness, Intermittent sensory n.r. nr. Multiple sclerosis 24 mo 24 mo
paresthesia deficits, headache
Lo(14) 25y Seizures, somnolence Spasticity, unable to sit, nr 440 Encephalitis n.a nr
speech impairment
L7(15) 4y Headache, dysarthria, Generalized seizure 20 4.1 Neuroinflammatory 13 mo 13 mo
abnormal gait, disorder
strabismus,
hyperesthesia
L8(16) 4y Visual disturbances, Stumbling, falling, loss of n.r. n.r CNS vasculitis n.a 14 mo
vomiting, vertigo, hearing
dizziness
L9(17) Sy Headaches, vomiting, nr. 10 45 Demyelinating clinically — n.a Sy
mild ataxia, speech isolated syndrome
difficulties,
developmental
regression
L10(17) 6y Cognitive decline, nr. 3 33 ADEM n.a 2y
psychiatric symptoms,
headache, focal
seizure, hemiparesis,
dystonia
L11(17) 7y Diplopia, ataxia, right nr. 12 41 Demyelinating clinically ~ n.a. 6y
hemiparesis, seizure, isolated syndrome
mood lability CLIPPERS
L12(19) 55y Vomiting, fatigue, Right hemiparesis, ataxia, 10 (d) 150 (d) Metachromatic 10 mo 10 mo
weakness, tremors, spasticity, speech leukodystrophy
reduced consciousness, abnormalities
gray hair
L1320) 20y Bilateral loss of visual Seizure, mood disturbance 8 (p) 76 (p) ADEM n.a 8 mo
acuity, headache (cglls/— Multiple sclerosis
m’)
L1421) 6y Vomiting, headache, Multiple relapses, ataxia, ~ Minimal normal ADEM Ty Ty
weakness, ataxia, tremor Multiple sclerosis
confusion®
L1521) Sy Ataxia, strabismus, n.r. n.r. nr ADEM 4y 4y
diplopia, papilloedema,
somnolence™
L16(22) 15y Generalized tonic-clonic ~ Generalized tonic-clonic 1 (p) 29 (p) nr na. nr
seizure, left sided seizure
hemiparesis
L1723) 31y Paresthesia left arm, Seizure 84 791 Combined 3y 3y
left-sided hemiparesis immunodeficiency
L18(21) 25y Ataxia, gait disturbance,  Seizures, stopped walking, 6 874 Acute cerebellitis, chronic n.a. Sy
tremor* apraxia meningoencephalomye-
litis

y years, mo months, n.r. not reported, (p) presentation, (d) diagnosis, n.a. not applicable, ADEM acute demyelinating encephalomyelitis, CLIPPERS

chronic lymphocytic inflammation with pontine enhancement responsive to steroids

*No hypopigmentation
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Infectious Triggers in Isolated CNS-HLH

CSF and blood analysis for infectious triggers was positive in
two of 15 unreported patients and revealed the presence of
EBYV in the blood and CSF in patient 3 and CMV in the blood
but not CSF in patient 14. Among the published patients, L5,
L7, L17, and L18 were reported to have EBV infection or
reactivation, L2 developed symptoms immediately following
gastrointestinal infection (no pathogen identified), and L3 and
L18 developed symptoms in the context of varicella zoster
infection.

Progression to Systemic HLH

As defined by the eligibility criteria, no patient fulfilled the
clinical HLH-2004 diagnostic criteria for systemic HLH [5]
(not considering reduced cytotoxicity or the genetic diagnosis
of FHL) within 3 months of the onset of neurological symp-
toms. Three patients were reported as having elevated sIL2-R
(mean 2746 U/mL, range 2030-3500 U/mL), 2 patients had
mildly elevated ferritin (426 ng/mL and 599 ng/mL respec-
tively), and 2 patients had fever. Most patients had no clinical
sign of systemic HLH. However, a total of 14 patients (6
unreported, 8 published) progressed to fulfill the criteria for
systemic HLH, with a mean latency of 36.9 months (median
27.5 months, range 6—84 months) from initial onset of neuro-
logical symptoms. Notably, 24/38 (63%) patients never devel-
oped systemic HLH before death, HSCT, or end of follow-up.

Rationale for Consideration of Isolated CNS HLH

The diagnosis of FHL was considered for the following rea-
sons: (i) after eventual onset of systemic HLH in 8§ patients;
(ii) following genetic investigations for unexplained neurolog-
ical disease in 8 patients (iii)) when disease pattern, imaging,
and response to therapy were felt to be atypical in 5 patients;
(iv) following brain biopsy in 6 patients; (v) due to the pres-
ence of hair or skin abnormalities in 3 patients; (vi) due to
similar cases or cases in the literature in 2 patients; (vii) due
to a family history of isolated CNS-HLH in 1 patient and (viii)
not reported in 7 patients (Table 2). Nine patients were report-
ed to be from consanguineous families, and four patients had
silvery gray hair or abnormal hair microscopy consistent with
Griscelli syndrome type 2.

Genetic Diagnoses in FHL Patients with Isolated CNS-
HLH

All 38 patients had a confirmed FHL genetic diagnosis (Fig. 2,
Table S3). All mutations have either been previously reported
in systemic HLH or their pathogenicity has been confirmed by
perforin expression or functional testing, with the exception of
L12 who has a novel mutation in RAB27A that has not yet

@ Springer

Table 2
HLH

Rationale for consideration/investigation of isolated CNS-

Basis of investigation for FHL Number of patients

(n=28)

Eventual onset of systemic HLH

Genetic investigation for unexplained 8
neurological disease
Atypical disease pattern/response to therapy

Brain biopsy findings

Family history of isolated CNS-HLH

5
6
Skin/hair abnormalities 3
1
Similar case/cases in literature 2

7

Not reported

been functionally evaluated. However, this patient had abnor-
mal hair pigmentation in keeping with the clinical syndrome.
The majority of patients, 23/38 (61%), had biallelic mutations
in PRF1 (FHL2). All 23 FHL?2 patients carried at least one
missense mutation, 11 of them homozygous. All fourteen an-
alyzed patients had reduced or absent perforin expression on
flow cytometry. Notably, seven patients from 6 families car-
ried the same p.R225W mutation, with 6 patients being ho-
mozygous. Ten patients (26%) had mutations in RAB27A,
three of them without abnormal hair pigmentation had the
recently described duplication-inversion mutation of the 5’
untranslated region (2 homozygous). Finally, 3 patients had
compound heterozygous mutations in UNCI3D.; P16 had
compound heterozygous mutations in LYST in addition to a
polymorphism in PRF/ and P19 had compound heterozygous
mutations in STXBP2, with one mutation at a splice site ac-
ceptor site.

Outcomes Following Systemic Therapy in Isolated
CNS-HLH

Overall, reported therapy was highly variable. Nineteen pre-
viously unreported patients received systemic HLH-directed

PRF1

PRF1 R225W
Rab27a
Rab27a dup-inv
UNC13D

LYST

STXBP2

BERCO00A

N = 38

Fig. 2 Overview of genetic mutations found in isolated CNS HLH
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therapy as detailed in Table 3. Outcome did not appear to
correlate with intrathecal treatment. Five of them received
VP-16 (etoposide)-based protocols, one improved, one had initial
improvement then deteriorated, one was stable, two deteriorated,
and response not reported in one. Two patients were treated with
alemtuzumab and corticosteroids, with the addition of CSA in
one patient. One patient improved significantly and rapidly re-
sumed walking; the second one remained stable. Eleven patients
were treated with various immunosuppressive agents, all in com-
bination with steroids (detailed in Table 3). Seventeen literature
patients received systemic chemo/immunotherapy, while treat-
ment was not reported in 1 patient. Improvement occurred in 3
out of 8 reported patients who received VP-16 (etoposide)-based
protocols. Four patients were managed with steroids alone with
splenectomy in L5.

Neurological Outcomes and Survival Following HSCT

Eleven of the 20 unreported patients proceeded to HSCT as
depicted in Table 3, while 3 patients died before transplanta-
tion, 1 patient is currently maintained with intermittent sys-
temic therapy, and 3 are awaiting HSCT. Donor sources were
heterogeneous. Conditioning regimen were mostly Bu/Flu (4)
or Treo/Flu (3) based reduced toxicity regimen, the latter in
combination with thiotepa. Nine of the eleven transplanted pa-
tients are currently alive and in remission from both acute CNS
and systemic HLH manifestations, with a mean time post-HSCT
of 24 months (median 17 months, range 4.9-51 months, not
reported in 1). With the exception of one patient, all have perma-
nent neurological deficits. HSCT was reported in 8 literature
patients with all patients being alive at time of last follow-up.
Progress post-HSCT and neurological outcomes are also sum-
marized in Fig. 3. The overall mortality was 34%. Altogether, of
the 19 patients treated with HSCT, 11 patients (59%) had im-
proved neurological outcome with “normal” neurological status
reported in 2 patients, 4 patients (21%) had stable neurological
findings, including permanent deficits, one patient had relapse of
his CNS disease requiring a second HSCT, one patient died
8 months post-HSCT due to brain hemorrhage and neurological
deterioration, one patient died 33 days post-HSCT of idiopathic
pneumonitis, and one patient died 5 months post-HSCT of sep-
sis. In contrast, only two of the 14 patients (13%) who did not
receive HSCT had neurological improvement, 1 patient (P10)
had neurological improvement followed by several CNS re-
lapses, 1 (7%) had stable neurological outcome, 10 died (67%),
and neurological outcome not reported in one. Four patients are
currently awaiting HSCT.

Discussion

We provide here the first comprehensive review of clinical
manifestations, diagnostic features, treatment, and outcome

of isolated CNS-HLH, a cell-mediated neuroinflammatory
disease that can be the initial presenting manifestation in a
group of rare monogenetic immunodeficiencies. An increased
awareness of this clinical entity in the differential diagnosis of
neuroinflammatory disease will allow more rapid diagnosis
and treatment targeted to the specific disease
pathophysiology.

Familial hemophagocytic lymphohistiocytosis (FHL) is a
rare, inherited syndrome of immune dysregulation that is
caused by impairment of the cytotoxic function of NK and T
cells [4]. While FHL patients are usually asymptomatic at
birth, immune activation (typically infections) trigger the se-
vere systemic inflammation characteristic for hemophagocytic
lymphohistiocytosis (HLH) [24]. The clinical presentation of
HLH is dominated by fevers, cytopenias, and splenomegaly
and a number of typical laboratory features including exces-
sive elevation of ferritin and sIL2-R. Ifuntreated, HLH rapidly
leads to inflammation-associated multiorgan failure. CNS in-
flammation is frequently part of this systemic disease and has
an important impact on long-term prognosis [25].

A number of case reports have pointed out that FHL can
also present as a highly variable and non-specific
neuroinflammatory disease [10-22] in the absence of any sys-
temic features of HLH. This different clinical manifestation
leads to initial presentation to the neurologist who is less fa-
miliar with this rare disease than the hemato-oncologist or
immunologist who are usually confronted with FHL patients
due to their systemic inflammatory and hematologic manifes-
tations. Although the number of the worldwide collected pa-
tients presented in this paper may seem to be low, the true
incidence of isolated CNS-HLH is likely to be higher, since
we did not include patients without confirmed molecular di-
agnosis, shorter interval until systemic symptoms, or patients
in whom the diagnosis FHL was never made. We expect that
with the increased use of exome sequencing in rare disease
presentations, the true incidence will become more obvious in
the future.

Our large case collection identified ataxia and gait distur-
bance (74%), seizures (50%), headache (47%), visual abnor-
malities (45%), and limb weakness or motor impairment
(42%) as the most common neurological manifestations. A
predilection for cerebellar involvement was also evident in
imaging studies as 61% of patients had cerebellar abnormali-
ties detected on MRI. Indeed, all patients had abnormal MRI
findings, with progression of changes reported in multiple
patients from initial presentation to FHL diagnosis. In addition
to predominant cerebellar involvement, we observed diffuse
and multifocal white matter changes, atrophy, leptomeningeal
enhancement, edema, and hemorrhage. Previous literature de-
tailing radiological findings in systemic HLH with CNS in-
volvement reports that the spectrum of findings in these pa-
tients is highly diverse and non-specific, with focal, diffuse,
and mixed changes that can evolve with time. This is similar
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Fig. 3 Survival and neurological
outcome of transplanted and non-
transplanted patient

Patients with Isolated

CNS-HLH n =38

to what we observed in our patient series [6, 26—33]. The
majority had mild CSF pleocytosis (median 10 x 10° cells/L)
and CSF protein elevation (median 43 mg/dL), which was less
than previously reported in systemic CNS-HLH (20-80 x 10/
L and 50-100 mg/dL, respectively) [6, 25]. Concomitant iso-
lated CNS infection was not observed in any patient and only
7 patients had systemic infections reported during their neu-
rological presentation.

The unspecific nature and the wide variety of neurological
symptoms, CSF, and radiological findings of isolated CNS-
HLH Ied to a mean delay from disease onset to molecular FHL
diagnosis of 28.3 months, which had significant consequences
for patient outcome. In many patients, CNS-HLH was not
sufficiently controlled by the treatment directed against other
suspected conditions and progressed over time. Moreover, 14
patients developed systemic HLH at intervals of up to 7 years
after the initial neurological symptoms and 9 of these patients
had a fatal outcome. One of the key questions is therefore how
patients with neuroinflammatory disease as an isolated mani-
festation of FHL can be identified more rapidly.

Although there were individual patients with fever, moder-
ate ferritin, or sIL2-R elevation (< 3500 U/mL) at neurological
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Improvement
n =11 (59%)
Stable/permanent

HSCT deficits

n=19 n=4 (21%)
CNS relapse post HSCT
n=1(5%)
Death
n=3(16%)

_| Awaiting HSCT
n=4 Improvement

n=2(13%)
Stable/permanent
deficits
n=1(7%)

No HSCT CNS relapse

n=15 n=1(7%)
Death
n =10 (67%)
Not reported
n=1(7%)

presentation, there was no single “HLH marker” that was con-
sistently abnormal to raise awareness for this differential di-
agnosis of neuroinflammatory disease and most patients did
not fulfill a single systemic HLH criterion. Diffuse and mul-
tifocal white matter lesions on MRI are not specific and can be
found in a variety of inflammatory CNS diseases. Differential
diagnoses include multiple sclerosis, ADEM, especially in a
pediatric population, encephalitis, but also metabolic diseases,
infections, CNS vasculitis, and leukodystrophy [34].
Nevertheless, the presence of non-specific enhancing lesions
on MRI, in particular with cerebellar involvement, should
alert to CNS-HLH as a possible differential diagnosis.
Clinically, the presence of seizures in a patient diagnosed with
ADEM or MS should raise suspicion, as seizures would be
uncommon in these two important differential diagnoses.
Furthermore, CNS-HLH should be considered when the evo-
lution of the proposed diagnosis is atypical, in either the re-
sponse to treatment or the expected natural history of the dis-
ease. This includes acute deterioration in patients suspected as
having a chronic disease such as a leukodystrophy or recurrent
neurological symptoms 3 months after a diagnosis of ADEM.
Diagnostic testing for FHL should therefore be performed
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generously in the context of non-specific neuroinflammation
with atypical presentation or clinical course, in particular in
childhood, in patients from consanguineous families, in those
with a family history of FHL, and in patients with hair pig-
mentation abnormalities characteristic for most (but not all)
patients with Griscelli syndrome type 2. In addition, the pres-
ence of any single sign of systemic HLH should provide even
more reason to test FHL, although this is not required, as
shown in this study.

Flow cytometry for perforin expression and NK and T cell
degranulation are excellent screening assays for FHL provid-
ing high positive and negative predictive values in experi-
enced laboratories [35]. Since results can be available within
48 h, they can be rapidly incorporated into treatment decisions
[36]. Functional testing also allows more targeted genetic
analysis, which remains the gold standard. In our worldwide
cohort, PRF'] mutations were found most frequently (61% of
patients), which is more than the 15 and 37% reported in two
recent European systemic FHL series [36, 37]. The mean age
of onset for patients with PRF'/ mutations in our cohort was
7.5 years. This is much higher than in cohorts of FHL2 pa-
tients with systemic HLH where disease onset is usually in the
first year of life, although systemic HLH has manifested in an
FHL2 patient as late as 62 years [38]. The spectrum of muta-
tions in our cohort is different from the spectrum seen in
systemic HLH. Interestingly, 7 patients from 6 families carried
the p.R225W PRFI mutation, which has been associated with
late-onset HLH in previous reports [39]. Most patients carried
at least one point mutation and none of our patients carried
biallelic mutations leading to a premature stop codon, com-
patible with the possible hypomorphic nature of these vari-
ants. In contrast, in a study from the Italian HLH registry
including 69 patients with FHL2, W374X, Y219X, and
R232H were the most frequent PRFI mutations, and these
were associated with early manifestations of HLH [40].
None of these mutations was detected in our cohort.
Nevertheless, it is important to point out that several of the
mutations observed in our cohort have also been reported in
association with systemic HLH (e.g., L17fs*, Q446P, V50M,
D70Y*). Thus, the specific mutation does not predict the type
of disease manifestation. However, the higher association of
probably hypomorphic mutations with CNS-only disease
could point towards pathogenetic differences as discussed
below.

A further 26% of patients had Griscelli syndrome type 2
(found in 5 and 11% in the two recent systemic series) [36,
37], enriched for a particular genetic variant in the RAB27A 5’
untranslated region which requires particular attention since it
is not found upon exome sequencing [21]. Only 3 patients
with UNC13D mutations and one patient each with a LYST
and an STXBP2 mutation were identified, while FHL3 repre-
sented 28 and 33% in recent FHL series [36, 37]. Notably, the
spectrum of genotypes we observed was unexpected and does

@ Springer

not correlate with previous reports of CNS-HLH in systemic
HLH, where CNS disease was observed in 36% of 124 FHL2
patients [41], while it was seen in 60% of 81 patients with
FHL3 (UNC13D) [42], although these two diseases show a
similar prevalence in cohorts focusing on systemic FHL [40].
Since about half of the patients in our cohort were taken from
the literature, the earlier discovery of the genetic cause of
FHL2 may play a role, but this may also indicate differences
in pathogenesis. MUNC13-4 is not only involved in the re-
lease of perforin, but also in other physiological processes
involving lysosomal transport, including other immune func-
tions [43]. It is possible that this may explain why the disease
more frequently affects both compartments in FHL3, while it
can remain limited to CNS or the systemic compartment in
FHL2.

How should CNS-HLH be managed therapeutically? For
CNS involvement in systemic FHL, Horne et al. recommend
use of the full HLH-2004 protocol [5, 25] including IT meth-
otrexate and corticosteroids as first-line and high-dose pulse
corticosteroids or alemtuzumab as second-line therapy.
Although the literature regarding the overall benefit of the
additional IT therapy is not clear, Horne et al. suggest it as
standard of care [25]. Our case collection suggests that this
therapeutic concept can also improve neuroinflammatory dis-
ease in isolated CNS-HLH. The excellent response of a
wheelchair-bound patient, who started walking again after
monotherapy with alemtuzumab and steroids, may indicate
an approach that is worth further exploration. In the future, it
will be interesting to explore new agents such as anti-
interferon-y antibody or ruxolitinib [44—46], which are cur-
rently under study for systemic HLH.

An important question is whether diagnosis of isolated
CNS-HLH also represents an indication for HSCT [47].
Although HSCT is curative for FHL, CNS involvement in
systemic HLH is associated with a poorer outcome after
HSCT [6, 48]. In systemic HLH patients with CNS involve-
ment who survived post-HSCT, Deiva et al. found that 18%
had severe and 21% intermediate neurological impairment
[49]. Horne et al. observed that 15% of patients were left with
neurological sequelae such as neurodevelopmental delay
and seizures [7]. In our cohort, 59% of patients demon-
strated neurological improvement post-HSCT, including
the most severely affected patients; only one patient had
CNS relapse and three patients died post-HSCT. A poor
pre-HSCT neurological status was associated with a
poor long-term neurological outcome. Patients who were
not transplanted had a much poorer outcome, with 33%
of patients alive at follow-up and only 2 surviving with
reported neurological improvement. Although this retro-
spective case series does not allow for firm conclusions,
our data strongly suggest that HSCT should also be
rapidly performed in isolated CNS-HLH in the context
of FHL.
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The pathophysiological mechanism why neuroinflammation
occurs in the absence of systemic HLH remains a matter of
speculation. One possibility is that isolated CNS infection leads
to immune activation limited to this compartment. Although iso-
lated CNS infection was not reported in any patient in our cohort,
one cannot exclude that the serological and PCR analysis for
neurotropic viruses may have missed relevant pathogens.
Alternatively, the apparently isolated neuroinflammation may
in fact be part of a clinically unnoticed systemic immune re-
sponse. It is conceivable that in the presence of hypomorphic
mutations, residual cytotoxicity allows for the control of the sys-
temic immune activation so it can remain clinically unnoticed. In
contrast, CTL may (at least initially) have limited access to the
CNS and allow more widespread APC and macrophage activa-
tion in this compartment, eventually resulting in apparently iso-
lated CNS disease. Non-infectious localized immune stimulation
also remains a possibility, for example, via TLR triggering [50].
In this respect, the observation of isolated CNS-HLH in FHL
patients adds to observations of primary HLH manifestation in
utero (with unlikely infectious exposure) and the lack of an ob-
vious infectious trigger in many cases of early-onset FHL [51].

In summary, isolated CNS-HLH is a rare, severe but treat-
able cause of inflammatory brain disease. If considered early
in the differential diagnosis, the availability of rapid, sensitive,
and specific immunological and genetic tests allows a rapid
diagnosis of this rare condition [35, 36, 52]. HLH-directed
therapy followed by HSCT appears to be essential for survival
and improved neurological outcome.
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