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1 | INTRODUCTION

Febrile infection—related epilepsy syndrome (FIRES) is an
epileptic encephalopathy seen in children with refractory

Summary

Objectives: Although secondary hemophagocytic lymphohistiocytosis (HLH) has
been reported in children with critical illness of various etiologies, it has not been
reported in patients with febrile infection—related epilepsy syndrome (FIRES). We
describe a series of patients with concurrent HLH and FIRES in an effort to
establish common pathophysiologic abnormalities.

Methods: Five patients with FIRES who were assessed for HLH were identified
from a neurocritical care database. All were previously healthy and had extensive
diagnostic testing. All had clinical deterioration with multiorgan dysfunction
prompting HLH screening 20-29 days after hospitalization. Markers for inflamma-
tory dysregulation were assessed in cerebrospinal fluid (CSF) and serum at vari-
ous time points. Outcomes were assessed 6 months after presentation.

Results: Three patients met clinical criteria for secondary HLH. Elevation of
specific cytokines/chemokines was variable. CSF neopterin, high mobility group
box 1 (HMGB1), and C-X-C motif chemokine ligand 8 (CXCL8) were signifi-
cantly elevated in all. Interleukin-1p (IL-1p) and IL-18 were not elevated in any
of the samples. Treatment and outcomes were variable.

Significance: We describe 3 patients with HLH and FIRES. The co-occurrence
of these 2 rare disorders suggests the possibility of a common immune dysregula-
tion phenotype prolonging epileptogenesis. HLH screening in critically ill patients

with FIRES may yield a broader understanding of shared inflammatory processes.

KEYWORDS
febrile infection—related epilepsy syndrome, hemophagocytic lymphohistiocytosis, refractory status
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status epilepticus (RSE) after febrile illness.' The etiology
is unknown, although maladaptive activation of the innate
immune system is postulated to have a role.”” Seizures are
usually refractory to antiseizure drugs (ASDs), anesthetic
agents, and immune modulators."** The study of FIRES
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pathophysiology is stymied by the lack of diagnostic crite-
ria or tests. The diagnosis is one of exclusion usually
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applied late in the disease course when changes in disease
markers might be altered by polypharmacy, seizure burden,
and complications of critical illness.

The hypothesis regarding FIRES etiology is based on
evidence of inflammatory interplay and epileptogenesis
extrapolated from status epilepticus (SE) research to
FIRES. In genetically predisposed individuals, a non-
specific febrile illness triggers the release of inflamma-
tory molecules via innate immune activation and through
promotes  hyperexcitability.*”
Another hyperinflammatory disorder is hemophagocytic
lymphohistiocytosis (HLH), which is characterized by
uncontrolled activation of histiocyte and lymphocytes
resulting in hypercytokinemia and hemophagocytosis.®”’
HLH is classified as primary due to genetic mutations
and secondary due to malignancy, autoinflammatory,
infectious, or metabolic conditions.® In secondary HLH,
the role of innate immune activation via stimulation of
Toll-like receptors has been highlighted.® Five of 8 crite-
ria are necessary to diagnose secondary HLH (Figure 1).°
Secondary HLH is usually underrecognized due to lack
of criteria specificity,'® which is why some experts
recommend HLH screening in febrile, critically ill
patients with multiorgan dysfunction, >2 cytopenias, or
splenomegaly."!

Although secondary HLH has been reported with infec-
tions, malignancies, and autoimmune disorders,12 it has
never been reported in patients with FIRES. We describe
our experience with HLH in patients with FIRES and
explore a potential pathophysiologic mechanism of sec-
ondary systemic and neurologic inflammation.

various mechanisms

The diagnosis of HLH can be established if either 1 or 2 below is fulfilled

(1) A genetic mutation affecting immune effector function (including
familial HLH)
(2) Diagnostic criteria for HLH fulfilled (5/8 criteria below)

Diagnostic Criteria to be evaluated

Fever

Splenomegaly

Cytopenias (affecting 22 of 3 lineages in the peripheral blood):
Hemoglobin <9 g/dL (in infants <4 weeks: Hb <10 g/dL)
Platelets <100 X 10%/L
Neutrophils <1.0 X 109/L

Hypertriglyceridemia and/or hypofibrinogenemia:
Fasting triglycerides >265mg/dL
Fibrinogen <1.5 g/dL

Hemophagocytosis in bone marrow or spleen or lymph nodes
No evidence of malignancy

Low or absent natural killer cell activity

Ferritin 2500 pg/L

Soluble CD25 (ie, soluble IL-2 receptor) 22400 U/mL

FIGURE 1 HLH diagnostic criteria.” 2004 Histiocyte Society
Criteria specify 5/8 criteria necessary to fulfill a diagnosis of
secondary HLH

Key Points

e Elevation of CSF neopterin, HMGBI1, and
CXCLS8 was seen in 5 patients with FIRES

e Central and peripheral inflammatory interplay
may promote worsening of epileptogenesis in
patients with FIRES

e The co-occurrence of HLH and FIRES suggests
a shared inflammatory dysregulation pathway

2 | METHODS

We performed a retrospective analysis of 10 patients with
FIRES from 2007 to 2017. Patients were identified from a
prospective neurocritical care database. The electronic med-
ical record was used to supplement patient demographics
and clinical course information. All had (1) super-refractory
status epilepticus (defined as status epilepticus that contin-
ues or recurs 24 hours or more after the onset of anesthe-
sia'®) preceded by a nonspecific febrile illness; (2) an
extensive evaluation for infectious, structural, metabolic,
and immunologic triggers that did not reveal an etiology
for the refractory seizures; and (c) no evidence of chronic
disease. Patients were excluded if they had preexistent epi-
lepsy, were younger than 2 years, had a known neurologic
disease, or had another diagnosis to explain the clinical
presentation. Five children were assessed for HLH.

Our institution routinely screens most severely critically
ill children with ferritin levels if they have unexplained mul-
tiorgan dysfunction, fever, or cytopenias. The sixth patient
with FIRES cared for at our institution (Patient 1) had associ-
ated multiorgan dysfunction, fever, and cytopenias prompt-
ing clinicians to assess her for HLH. All subsequent patients
with FIRES (n = 5) have been fully or partially screened for
HLH and thus are included in this study.

All 5 patients screened for HLH had further assessment
of their inflammatory state. Cerebrospinal fluid (CSF) fro-
zen at —80°C was assessed for cytokine and chemokine
levels a minimum of once in the disease course. Matched
serum cytokines and chemokines were measured in 2
patients at least once in the disease course. Cytokine and
chemokine analysis was performed at the translational neu-
roimmunology laboratory at Mayo Clinic. This study was
approved by the institutional review boards at both Chil-
dren's National Health System and Mayo Clinic.

2.1 | FIRES diagnosis—clinical/laboratory
features

For a comprehensive list of specific tests performed in each
patient, please refer to Table S1.



FARIAS-MOELLER ET AL.

2.2 | HLH diagnosis—clinical/laboratory
features

Patients were evaluated for HLH using the 2004 Histiocyte
Society Criteria’ (Figure 1) The presence of 5 or more cri-
teria was considered diagnostic for secondary HLH in the
absence of a genetic/molecular diagnosis confirming pri-
mary HLH. During the time of HLH screening, supporting
clinical features outside of strict HLH criteria such as rash,
liver and/or kidney dysfunction, ileus, coagulopathy, and
hemodynamic instability were reviewed.

2.3 | Outcomes

Outcomes were assessed 6 months after presentation. Out-
come analysis included the presence of refractory epilepsy,
cognitive state, functional assessment, dependence on medi-
cal devices (ie, gastrostomy or tracheostomy with our with-
out ventilator support), and mortality.

2.4 | Cytokine and chemokine analysis

CSF was collected from all 5 patients; matched serum was
available from 2. CSF controls utilized derive from adult
patients with normal pressure hydrocephalus. Serum controls
were obtained from healthy adults. Interleukin (IL)-1p, IL-6,
IL-10, IL-12p70, and tumor necrosis factor (TNF)-a were
measured using an inflammatory cytokine-specific cytomet-
ric bead array (#551811, BD Biosciences, San Diego,
California). C-C motif chemokine ligand (CCL)-2, CCL5,
C-X-C motif chemokine ligand (CXCL)8, CXCL9, and
CXCL10 were also measured by cytometric bead array
(#552990, BD Biosciences) using an Accuri C6 flow
cytometer (BD Biosciences). Limits of detection for the
inflammatory cytokine kit were as follows: 7.2 pg/mL IL-
1B; 2.5 pg/mL IL-6; 3.3 pg/mL IL-10; 3.7 pg/mL. TNF-«;
and 1.9 pg/mL IL-12p70. Limits of detection for the chemo-
kine kit were as follows: 2.7 pg/mL CCL2; 1.0 pg/mL
CCL5; 0.2 pg/mL CXCLS; 2.5 pg/mL CXCL9; and 2.8 pg/
mL CXCL10. Quantitation was performed by reference to
a standard curve using FCAP Array software (BD
Biosciences) and manual analysis in FlowJo 10.1 (Ashland,
Oregon). Results are expressed as pg/mL for each analyte.

2.5 | Measurement of IL-18, HMGBI1, and
IL-1RA by ELISA

Serum and CSF levels of IL-18 (#7620, MBL, Woburn,
MA), high mobility group box 1 (HMGBI1) #ST51011,
IBL International, Hamburg, Germany), IL-1 receptor
antagonist (IL-1RA) (#DRAOOB, R&D Systems; Min-
neapolis, Minnesota), and C-reactive protein (CRP)
(#DCRP0OO, R&D Systems) were measured by enzyme-
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linked immunosorbent assay (ELISA). Absorbance at
450 nm of the final reaction product was measured with a
Spectramax M3 spectrophotometer and quantified by refer-
ence to a standard curve. Results are presented as pg per
mL for each analyte. The minimum detectable concentra-
tions were as follows: 12.5 pg/mL for serum IL-18, 0.2 ng/
mL for serum HMGBI, 6.3 pg/mL for serum IL-1RA, and
10 pg/mL for serum CRP minimum detectable concentra-
tions for CSF were not available from the manufacturer.

2.6 | Clinical laboratory measurements

CSF and/or serum levels of neopterin, ferritin, soluble
CD25, fibrinogen, triglycerides, and all cell number mea-
surements were performed via standard clinical laboratory
testing at Children’s National Health System.

2.7 | Statistics

Wilcoxon rank-sum test was used to compare median CSF
neopterin for patients with FIRES to published median
CSF neopterin values in the following conditions'*: acute
disorders (n = 30), chronic progressive disorders (n = 17),
febrile exacerbation of chronic static disorders (n = 6), and
chronic static disorders (n = 105). The P values were
adjusted for the number of comparisons using the Sidak
method. Data analysis was performed using Stata 14 (Col-
lege Station, Texas).

3 | RESULTS

Patient characteristics are summarized in Table 1. Male-to-
female ratio was 3:2. Age ranged from 4 to 16 years (me-
dian 4.5, interquartile range [IQR] 4.5-12.5). No patient
was immunocompromised at the time of admission or
prior. None had a preexisting rheumatologic, autoimmune,
or paraneoplastic disorder. Family history was negative for
HLH in all patients. The timing of HLH screening ranged
from 20 to 29 days after hospitalization (median 23 days,
IQR 21-26). All patients continued to have electrographic
seizures and/or a background with frequent epileptiform
discharges on the ictal-interictal continuum'” at the time of
HLH screening.

Three patients fulfilled >5 diagnostic criteria for sec-
ondary HLH. The other 2 patients met 3 and 4 criteria but
were incompletely screened. Three patients were geneti-
cally screened for HLH, and none had a known genetic
mutation. Four patients exhibited a maculopapular rash
within 2 days of HLH surveillance. Additional clinical fea-
tures identified during HLH screening included elevation of
transaminases in all patients with cholestasis in 3, renal
dysfunction in one patient, hemodynamic instability and
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TABLE 1 Patient characteristics

Patient

Age/gender

HD of HLH screening

HLH—2004 criteria
Fever (Y/N)

Hepato/splenomegaly
(Y/N)

Cytopenias > 2 cell
lines

Triglycerides>
265 mg/dL

Hemophagocytes

NK cell activity

Ferritin >500 ug/L

Soluble
CD25 > 2400 U/mL

Genetic screen for
HLH

Multisystem dysfunction

Liver dysfunction

AKI w/dialysis
Hypotension

Tleus

DIC
Rash (HD)
CSF studies/HD

CSF neopterin (HD)
normal range
7-40 nmol/L

#1
5 y/female
29

Y (> 7 days)
Y

Y

4989

Low quantity
in BM

Low

17 188
5589

Negative

Y (1 AST/
ALT)

N
N
N

N
Y 27)

WBCO0, RBCO,
Prt20, Glc106/1

260 nmol/L (20)

Immune modulators (HD)

IVIG/MP
PLEX

RTX
CTX
KD

Anakinra

HLH 2004 protocol

Y (7-11)
N

N
N
Y (21-33)

N

Y® (33-146)

#2
4 y/male
23

Y (> 4 days)
Y

Y

1744

Absent in
CSF and BM

Normal

1668
7614

Negative

Y (1 AST/
ALT/GGT)

N
Y

Y (+tamylase/
lipase)

N
Y (23)

WBC17, RBC2,
Prt32, Glc86/1

>300 nmol/L (29)

Y (3-6, 15)
Y (47-52)

Y (58, 72)
N

Y (12-23 &
39-73)

Y (34-39)

N

#3
7 y/male
22%

Y (>7 days)
Y

N

461

Not done

Normal
(drawn HD 52)

1918

Not done

Not done

Y (1 AST/
ALT/Bili)

Y (CRRT)
Y

Y (+tamylase,
lipase)

Y
N

WBC7, RBCO,
Prt45, Glc86/1

122 nmol/L (17)

Y (3-8)

Y (11,12,14,
17,19,21)

Y (52, 66)

Y (56,97,126,158)

Y (17-24)

Y (26-53)

N

#4
9 y/male
20*

346

Not done

Normal

378

Not done

Not done

Y (1 AST/
ALT)

N
N
N

N
Y (20)

WBCS, RBCO,
Prt44, Glc70/1

255 nmol/L (1)

Y (3-8)

Y (9,10,12,
14,16)

Y (16, 33)
N
Y (20-56)

Y (33-63)

N

#5
16 y/female
23

621

Absent in
CSF and BM

Low

649
10 000

Negative

Y (TAST/ALT/
Bili/GGT)

N
Y
Y

N
Y 1)

WBC 5, RBCO,
Prt 37 Glc 63,/1

296 nmol/L (22)

Y (3-8)
Y (9-13)

Y (17,25,45)
N

Y4(30-65)
IV (80-105)

Y (24-38,
44-126)

Y€ (93-100)

(Continues)
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TABLE 1 (Continued)
Patient #1 #2
Outcome Mild cognitive Moderate
(6 months post impairment, cognitive
presentation) independent impairment,
w/ADLs participates
w/ADLs

Epilepsiefif””

#3 #4 #5

Severe cognitive Mild cognitive Severe
impairment, impairment, encephalopathy,
dependent independent dependent for
for ADLs, GT, w/ADLSs. ADLs
and tracheostomy- tracheostomy/

ventilator and
GT-dependent

dependent

Bold type indicates abnormal. ADLs, activities of daily living; AKI, acute kidney injury; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Bili,

bilirubin; BM, bone marrow; CRRT, continuous renal replacement therapy; CTX, cyclophosphamide; DIC, disseminated intravascular coagulation; GGT, gamma-glu-

tamyl transferase; Glc, glucose; GT, gastrostomy tube; Hb, hemoglobin; HD, hospital day; IV, intravenous ketogenic diet; IVIG, intravenous immunoglobulin; KD,
ketogenic diet; MP, methylprednisolone; NK, natural killer; PLEX, plasma exchange; Plt, platelets; Prt, protein; RTX, rituximab; WBC, white blood cells.

“Incomplete screening.

"HLH 2004 chemotherapy protocol: dexamethasone, etoposide + intrathecal methotrexate, and hydrocortisone.

“Partial HLH 2004 chemotherapy protocol: dexamethasone 10 mg/m*/day.
dVariable ketone levels.

ileus in 3 patients, and disseminated intravascular coagula-
tion in 2 patients.

CSF neopterin was sent in all patients as part of the
diagnostic work-up for CNS inflammation (reference range
7-40 nmol/L). In our patients with FIRES, the levels ran-
ged from 122 to 300 nmol/LL (median 260, IQR 188-297).
Median CSF neopterin was higher in comparison with pre-
viously published neopterin levels in acute disorders
(P = 0.0187), chronic progressive disorders (P = 0.0036),
and static disorders (P = 0.0008). There was no significant
difference between the median CSF neopterin value of
FIRES patients and reported median value for “febrile
exacerbation of chronic illnesses.”'*

Individual cytokine and chemokine measurements are
described in detail in Table 2. Figure 2 demonstrates the
temporal characteristics of the disease course and treat-
ments employed in each of the 5 patients in this study.
Cytokine and chemokine data during the HLH screening
phase are demonstrated for 4 patients in Figure 3 (Patient 4
lacked analysis during this phase). Notably, the levels of
IL-1p and IL-18 were not elevated in any of the subjects
during any of the CSF sampling times and indeed failed to
reach detection threshold in many of the patients (Figure 2;
Table 2). However, HMGB1 and CXCL8 were substan-
tially elevated in CSF in all patients during the HLH
screening phase (Figure 3; Table 2). IL-6 was markedly
increased in CSF in 2 patients; CXCL9 was elevated in
one subject; CXCL10 was strongly elevated in one patient
and more weakly elevated in another 3; and CCL5 was
detectably increased in 2 patients during the HLH screen-
ing phase (Figure 3; Table 2). Table 2 also indicates that
many of these factors were elevated outside of the HLH
screening phase. For example, Patient 4, who did not have
a sample during the HLH screening phase, exhibited ele-
vated CSF levels of HMGB1, CXCL8, CXCL9, and

CXCLI10, as well as exceptionally high levels of CCLS5, at
a point greater than 90 days from presentation. For the sub-
jects with matched serum and CSF samples, we detected
high levels of IL-1RA at several sampling points, consis-
tent with anakinra treatment (Figure 2; Table 2). These
patients also exhibited high levels of CRP and IL-6 in
serum at several time points (Table 2).

Table 1 summarizes the time course of treatments
administered, excluding antiseizure drugs and anesthetics.
All patients received immunoglobulin and methylpred-
nisolone early in their disease course for presumed
immune-mediated encephalitis. Plasmapheresis was admin-
istered in 4. Ketogenic diet (KD) was initiated in all
patients at different times during the course of disease and
maintained for a variable amount of time. Four patients
received rituximab and one received cyclophosphamide.
Four patients received anakinra. Outcomes 6 months after
FIRES diagnosis were variable. All patients had medically
refractory epilepsy. Of the 3 patients diagnosed with HLH,
only one patient (Patient 1) was treated with chemotherapy
for secondary HLH with central nervous system (CNS)
involvement per the 2004 Histiocyte Society recommenda-
tions.® Within days of treatment initiation, the seizures sub-
sided and encephalopathy markedly improved. At 6-month
follow-up, she had mild cognitive impairment but was
independent for all activities of daily living (ADLs). One
patient (Patient 5) was partially treated for HLH with high-
dose dexamethasone. At 6 months, she had severe cogni-
tive impairment necessitating a gastrostomy and tra-
cheostomy with ventilator support and was dependent for
ADLs. Patient 2 was not treated for HLH. At 6 months, he
was moderately cognitively impaired and participated with
ADLs. The 2 patients who did not meet criteria for HLH
had different outcomes. Patient 3 was severely cognitively
impaired depending on a tracheostomy and gastrostomy as
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FIGURE 2 Cytokine/chemokine analysis respective to disease course and therapies received. IL-1p and IL-18 are depicted simultaneously.

Specific cytokine/chemokine values can be found in Table 2. CTX, cyclophosphamide; IVIG/MP, intravenous immunoglobulin/

methylprednisolone; IV ketogenic diet; IVKD, HLH chemotherapy protocol®; KD, ketogenic diet; PLEX, plasma exchange; RTX, rituximab

well as dependent for all ADLs. Patient 4 had mild cogni-
tive impairment but was independent for all ADLs.

4 | DISCUSSION

FIRES is a catastrophic epileptic encephalopathy of uncer-
tain etiology. The seizures are usually not responsive to
antiepileptic anesthetics, typical
immune modulating agents. Although innate immune acti-
vation is the hypothesized mechanism driving epileptogene-
sis in the acute period,>*'® a specific etiology for this
condition is still unknown. In our center, we observed a
pattern of clinical deterioration in FIRES patients 3-
4 weeks after presentation. Unexplained fever and multior-
gan dysfunction prompted us to evaluate several patients
for secondary HLH of which 3 met full criteria. The

medications, and/or

concurrence of these 2 rare disorders in these patients
brought attention to several associations between the
FIRES and HLH. In a comprehensive FIRES literature
review, we found several patients with similar clinical dete-
rioration and rash about 4 weeks after illness onset,!!*!7:!8
but none mentioned HLH screening. Although the co-
occurrence of systemic inflammatory response syndrome
has been reported after status epilepticus,'® to our knowl-
edge, the coexistence of FIRES and HLH has not been
described previously.

We summarize our hypothesized mechanisms for the
association between FIRES and secondary HLH observed
in our cohort (Figure 4) initiating with a nonspecific febrile
illness triggering release of inflammatory molecules. In a
genetically predisposed individual, anti-inflammatory medi-
ators are unable to resolve inflammatory responses.*"
Activated immune pathways in glial cells, neurons,



FARIAS-MOELLER ET AL.

™ | Epilepsia

1400 -

1200 ©

1000 - ® ®
800 -
600 -
400 -

0

60
50 ®
40 ©

30+
20
101 °
O ——

HMGB1 (pg/mL)

IL6 (pg/mL)

= )
= 0o W
L L 1 1

CCLS (pg/mL)

o
o v

O
I

Pt#1
Pt#2
Pt#3
Pt#5

150

100 -

CXCL8 (pg/mL)

CXCL9 (pg/mL)

CXCL10 (pg/mL)

(9]
o
o
1
©
©

Pt#3
Pt#5

—
T ¥ B
[= T =

FIGURE 3 Cytokine/chemokine analysis peri-HLH screening phase. Pt, patient; HC/green dot, healthy control subjects; Pt/Red dots, patient

values; Patient 4 lacks cytokine/chemokine analysis during this phase

astrocytes, and cellular components of the blood-brain bar-
rier give rise to an uncontrolled neuroinflammatory cascade
marked by production of inflammatory cytokines/chemoki-
nes and adhesion molecules that promote infiltration of
peripheral immune effectors.” A hyperexcitable state devel-
ops via (a) N-methyl-p-aspartate (NMDA) receptor phos-
phorylation with neuronal calcium influx*'* (b) ion
channel changes leading to alteration of glutamate and y-
aminobutyric acid (GABA) release/reuptake; (c) reduced
astrocytic buffering capacity; and (d) glutamate/GABA
receptor trafficking modifications.”*'~** In parallel, there is
activation of gene transcription programs leading to neuro-
genesis, sprouting, angiogenesis, and chronically dysfunc-
tional astrocytes.21 Models of SE show that recurrent
seizure activity triggers neuroinflammation, thereby perpet-
uating a cycle of innate immune activation.>* Put differ-
ently, sustained seizures, as those that occur in FIRES, lead
to neuroinflammation, higher seizure burden, and further
inflammation.

Figure 4B demonstrates secondary HLH patho-
physiology, which occurs when natural killer (NK) cells and

T regulatory lymphocytes (Treg) are unable to regulate cyto-
toxic T lymphocyte (CTL) populations through a variety of
genetic and acquired mechanisms. Hyperactivated CTLs
secrete large amounts of interferon-y (IFN-y), thereby stimu-
lating macrophages and inducing hemophagocytosis, culmi-
nating in an overwhelming cytokine storm.® Secondary HLH
can occur via several mechanisms.” Through acquired
defects in cytotoxicity, there is reduced NK cell function
with decreased perforin expression, rendering these cells
unable to regulate CTL. This phenomenon can be secondary
to preexisting persistently elevated levels of cytokines,
including IL-12, IL-18, and IL-6. However, in secondary
HLH, there are alternative causes for hyperinflammation and
abnormal cytotoxicity is rarely the disease driver.®

Animal models have highlighted the role of innate immu-
nity activation via excessive stimulation of Toll-like recep-
tors,”*> and HMGB1 has been implicated specifically in the
development of macrophage-activating syndrome (MAS),
which is classified among the secondary forms of HLH.?® In
our cohort, HMGB1 was elevated in every patient in CSF,
but not in serum. IFN-y, a central cytokine in HLH, is also
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21.22.24 (5) Recurrent seizures further activate this cycle. With

prolonged exposure to neuroinflammation, long-term transcriptional changes occur causing changes in neurogenesis, sprouting, angiogenesis, and

chronic astrocyte dysfunction®'>

activity and marked cytokine crossover occurs via disrupted BBB>*>*

contributing to increased epileptogenesis and chronic epilepsy. (6) Meanwhile, an exaggerated TLR receptor
causing NK cell dysfunction. (7) NK cells no longer are able to control the

activated CTL pool and become hyperactivated.® (8) Treg cells are unable to compete with hyperactivated CTL for the available IL-2 because of

upregulation in CD25 in CTL, so Treg numbers decrease.® (9) Activated CTLs and NK cells produce massive amounts of IFN-\(.8 (10) IFN-y

activates macrophages to hemophagocytose and monocytes to produce neopterin.?® (11) Macrophages produce proinflammatory cytokine storm®

which are then able to cross the disrupted BBB to further activate the innate immune system and perpetuate this cycle*

associated with the stimulation of monocytes to produce
neopterin. Neopterin is a sensitive marker of inflammation'*
that has biochemical and physiologic functions in host
defense, but also promotes oxidative stress, which may
amplify cytotoxic effects.”” Neopterin, which is a sensitive
and specific marker for HLH®® correlating with serum fer-
ritin,?® was markedly elevated in our FIRES cohort, consist-
ing of the finding of increased IFN-y production in these
patients and similar to what is observed in HLH.

The mechanisms by which a systemic inflammatory
response activates neuroinflammation are multifactorial, but
disruption in the blood-brain barrier (BBB) that promotes
“leakage” of peripheral cytokines and danger signals into
the CNS may be of paramount importance.’***° Further-
more, altered BBB permeability may facilitate trafficking
of innate and adaptive immune cells into the CNS,*" trig-
gering further activation of the brain-resident innate
immune system, resulting in epileptogenesis and brain
injury. A better understanding of systemic and intrathecal

inflammatory changes in patients with FIRES will poten-
tially allow us to identify the factors that may contribute to
this self-perpetuating mechanism.

To better understand the processes that may underlie
inflammatory epileptogenesis, we measured cytokine and
chemokine levels in our patients with FIRES who were
screened for HLH. Elevation of specific cytokines and
chemokines in our cohort was highly variable, and there
were discrepancies between levels measured in serum ver-
sus CSF. HMGBI, IL-6, CXCL8, CXCL9, and CXCL10
were found to be elevated in most patients, but the pattern
of changes in these factors relative to the development of
HLH were not consistent across subjects. IL-1 receptor type
1 (and IL-18) is the current focus of anakinra therapy and
in models of FIRES.'® Neither IL-1p nor IL-18 was ele-
vated in CSF in our patients (Figure 3), which could
explain the lack of response to anakinra. The overexpres-
sion of other chemokines and cytokines as well as HMGBI1
may be relevant to inflammatory changes in this patient
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cohort. Alternatively anakinra was started too late in the dis-
ease process and thus unable to mitigate an already evolv-
ing inflammatory response. Not surprisingly, elevated levels
of cytokines and chemokines largely declined over time,
presumably due to improvement in seizure control, fever
reduction, therapeutic interventions, and subsiding critical
illness, among other factors. Similar to our cohort, an analy-
sis of cytokine and chemokine expression in 14 patients
with FIRES by Sakuma et al®’ demonstrated upregulation
of several factors, including IL-6, CXCLS, and CXCLI10 in
CSF. HMGB1 was not tested in that study, and the timing
of sample collection after presentation varied greatly.
Treatment for secondary HLH is more standardized than
treatment for FIRES, but there exists controversy regarding
the administration of chemotherapy to all patients who meet
criteria.'? In our cohort, only Patient 1 received chemother-
apy treatment for secondary HLH. The decision behind
administering such an aggressive treatment course was
related to her markedly elevated ferritin. Ferritin levels
higher than 10 000 ng/mL are 90% sensitive and 96% speci-
fic for HLH.*® In this case, HLH appeared to develop as a
complication of FIRES, as her ferritin level was only 354 ng/
mL early in her course (Day 17), subsequently increasing to
17 188 ng/mL (Day 29). After receiving systemic and
intrathecal chemotherapy, this patient exhibited rapid resolu-
tion of seizures with marked improvement in encephalopa-
thy. We hypothesize that chemotherapy received for HLH
halted an intrathecal inflammatory response that may have
been driving the FIRES-related epileptogenesis. This regi-
men is not without side effects,3 3 and the decision to admin-
ister chemotherapy needs to be carefully weighed in
critically ill patients with FIRES who meet criteria for HLH.
We acknowledge several limitations of this small study.
Not all patients were comprehensively screened. While one
patient (Patient 4) did not have HLH, Patient 3 met 4/5 crite-
ria necessary for diagnosis. It is possible that if comprehen-
sive screening had been performed, he would have fully met
criteria. Furthermore, the five children with FIRES (cared for
previous to Patient 1) who were not screened for HLH had
associated supporting clinical features outside HLH criteria
such as multiorgan dysfunction (4/5), rash (3/5), ileus (4/5),
and hemodynamic instability (4/5). It is possible that HLH
incidence in our cohort is underestimated because patients
were not screened. An additional limiting factor is the lack of
specificity of secondary HLH criteria given that many of
these features are frequently seen in critically ill patients with
sepsis or systemic inflammatory response syndrome.®'!
Another limitation in the analysis of cytokine and chemokine
levels in this study is the heterogeneity of samples relative to
disease stage and the lack of matched serum samples for
comparison in 3 patients. While every effort was made to
process the samples quickly and under identical conditions,
there are doubtless variations in sample stability that may

impact detection of extremely sensitive factors such as IL-
1p."® Likewise, the determination of control ranges for all of
the factors is challenged by the unavailability of CSF from
healthy control pediatric donors. From a mechanistic stand-
point, it is currently unknown whether the changes we
observed are a cause or an effect of the underlying seizures.
How the levels of these factors relate to the multiple treat-
ments administered and to ongoing seizure burden in each
individual patient at the time of collection is also unclear.

5 | CONCLUSION

Febrile infection-related epilepsy syndrome is a rare disorder
of unknown etiology and without clear diagnostic criteria.
The co-occurrence of hemophagocytic lymphohistiocytosis
in three patients with FIRES patients suggests the possibility
of a common immune dysregulation phenotype, with inflam-
matory mediator cross talk between the CNS and the periph-
ery serving as one mechanism underlying acute
epileptogenesis in these patients. We note CSF neopterin to
be markedly elevated in comparison with other CNS inflam-
matory conditions, and further studies are required to evalu-
ate whether or not it can be used as an early biomarker. We
recommend maintaining a high index of suspicion for sec-
ondary HLH in patients with FIRES, especially in the pres-
ence of other features associated with HLH, such as
cholestasis, elevated transaminases and lactate dehydroge-
nase, rash, lymphadenopathy, and coagulopathy.'' The deci-
sion to administer chemotherapy should always be made
with detailed scrutiny of clinical and laboratory data, disease
severity stratification, and close collaboration with expert
consultants. We support collaborations via national and inter-
national databases to collectively gain more experience in
understanding and managing these challenging patients.

ACKNOWLEDGEMENTS

The authors would like to thank the following contributors:
Dr. Russell Dale and Mrs. Paulina Salazar.

DISCLOSURES

None of the authors has any potential conflict of interests to
disclose. The authors confirm that we have read the journal's
position on issues involved in ethical publication and affirm
that this report is consistent with those guidelines.

REFERENCES

1. Kramer U, Chi CS, Lin KL, et al. Febrile infection-related epi-
lepsy syndrome (FIRES): pathogenesis, treatment, and outcome: a
multicenter study on 77 children. Epilepsia. 2011;52:1956-65.



FARIAS-MOELLER ET AL.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

van Baalen A, Vezzani A, Hausler M, et al. Febrile infection-
related epilepsy syndrome: clinical review and hypotheses of
epileptogenesis. Neuropediatrics. 2017;48:5-18.

. Pardo CA, Nabbout R, Galanopoulou AS. Mechanisms of epilep-

togenesis in pediatric epileptic syndromes: rasmussen encephalitis,
infantile spasms, and febrile infection-related epilepsy syndrome
(FIRES). Neurotherapeutics. 2014;11:297-310.

. Gofshteyn JS, Wilfong A, Devinsky O, et al. Cannabidiol as a

potential treatment for Febrile Infection-Related Epilepsy Syn-
drome (FIRES) in the acute and chronic phases. J Child Neurol.
2017;32:35-40.

. Vezzani A, Dingledine R, Rossetti AO. Immunity and inflamma-

tion in status epilepticus and its sequelae: possibilities for thera-
peutic application. Expert Rev Neurother. 2015;15:1081-92.

. Freeman HR, Ramanan AV. Review of haemophagocytic lym-

phohistiocytosis. Arch Dis Child. 2011;96:688-93.

. Brisse E, Matthys P, Wouters CH. Understanding the spectrum of

haemophagocytic lymphohistiocytosis: update on diagnostic chal-
lenges and therapeutic options. Br J Haematol. 2016;174:175-87.

. Brisse E, Wouters CH, Matthys P. Advances in the pathogenesis

of primary and secondary haemophagocytic lymphohistiocytosis:
differences and similarities. Br J Haematol. 2016;174:203-17.

. Henter JI, Horne A, Arico M, et al. HLH-2004: diagnostic and

therapeutic guidelines for hemophagocytic lymphohistiocytosis.
Pediatr Blood Cancer. 2007;48:124-31.

Raschke RA, Garcia-Orr R. Hemophagocytic lymphohistiocyto-
sis: a potentially underrecognized association with systemic
inflammatory response syndrome, severe sepsis, and septic shock
in adults. Chest. 2011;140:933-8.

Machowicz R, Janka G, Wiktor-Jedrzejczak W. Similar but not
the same: differential diagnosis of HLH and sepsis. Crit Rev
Oncol Hematol. 2017;114:1-12.

Haytoglu Z, Yazici N, Erbay A. Secondary hemophagocytic lym-
phohistiocytosis: do we really need chemotherapeutics for all
patients? J Pediatr Hematol Oncol. 2017;39:e106-9.

Shorvon S. Super-refractory status epilepticus: an approach to ther-
apy in this difficult clinical situation. Epilepsia. 2011;52(Suppl
8):53-6.

Dale RC, Brilot F, Fagan E, et al. Cerebrospinal fluid neopterin
in paediatric neurology: a marker of active central nervous system
inflammation. Dev Med Child Neurol. 2009;51:317-23.

Hirsch LJ, LaRoche SM, Gaspard N, et al. American Clinical
Neurophysiology Society's Standardized Critical Care EEG Ter-
minology: 2012 version. J Clin Neurophysiol. 2013;30:1-27.

van Baalen A, Hausler M, Boor R, et al. Febrile infection-related
epilepsy syndrome (FIRES): a nonencephalitic encephalopathy in
childhood. Epilepsia. 2010;51:1323-8.

Meletti S, Slonkova J, Mareckova I, et al. Claustrum damage and
refractory status epilepticus following febrile illness. Neurology.
2015;85:1224-32.

Kenney-Jung DL, Vezzani A, Kahoud RJ, et al. Febrile infection-
related epilepsy syndrome treated with anakinra. Ann Neurol.
2016;80:939-45.

Szklener S, Korchut A, Godek M, et al. Systemic inflammatory
response syndrome in the course of status epilepticus: 7-year,
two-center observational study. Epilepsy Res. 2017;137:53-5.
Gallentine WB, Shinnar S, Hesdorffer DC, et al. Plasma cytoki-
nes associated with febrile status epilepticus in children: a

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. * e 1763
Epilepsia--™
potential biomarker for acute hippocampal injury. Epilepsia.
2017;58:1102-11.

Matin N, Tabatabaie O, Falsaperla R, et al. Epilepsy and innate
immune system: a possible immunogenic predisposition and related
therapeutic implications. Hum Vaccin Immunother. 2015;11:2021-9.
Vezzani A. Epilepsy and inflammation in the brain: overview and
pathophysiology. Epilepsy Curr. 2014;14:3-7.

Vezzani A, Viviani B. Neuromodulatory properties of inflamma-
tory cytokines and their impact on neuronal excitability. Neu-
ropharmacology. 2015;96:70-82.

Nabbout R, Vezzani A, Dulac O, et al. Acute encephalopathy
with inflammation-mediated status epilepticus. Lancet Neurol.
2011;10:99-108.

Behrens EM, Canna SW, Slade K, et al. Repeated TLR9 stimula-
tion results in macrophage activation syndrome-like disease in
mice. J Clin Invest. 2011;121:2264-77.

Palmblad K, Schierbeck H, Sundberg E, et al. High systemic
levels of the cytokine-inducing HMGB1 isoform secreted in sev-
ere macrophage activation syndrome. Mol Med. 2015;20:538-47.
Hoffmann G, Wirleitner B, Fuchs D. Potential role of immune
system activation-associated production of neopterin derivatives
in humans. Inflamm Res. 2003;52:313-21.

Brisse E, Imbrechts M, Put K, et al. Mouse cytomegalovirus
infection in BALB/c mice resembles virus-associated secondary
hemophagocytic lymphohistiocytosis and shows a pathogenesis
distinct from primary hemophagocytic lymphohistiocytosis. J
Immunol. 2016;196:3124-34.

Ibarra MF, Klein-Gitelman M, Morgan E, et al. Serum neopterin
levels as a diagnostic marker of hemophagocytic lymphohistiocy-
tosis syndrome. Clin Vaccine Immunol. 2011;18:609-14.
Anthony DC, Couch Y. The systemic response to CNS injury.
Exp Neurol. 2014;258:105-11.

Sakuma H, Tanuma N, Kuki I, et al. Intrathecal overproduction
of proinflammatory cytokines and chemokines in febrile infec-
tion-related refractory status epilepticus. J Neurol Neurosurg Psy-
chiatry. 2015;86:820-2.

Allen CE, Yu X, Kozinetz CA, et al. Highly elevated ferritin
levels and the diagnosis of hemophagocytic lymphohistiocytosis.
Pediatr Blood Cancer. 2008;50:1227-35.

Sioka C, Kyritsis AP. Central and peripheral nervous system toxi-
city of common chemotherapeutic agents. Cancer Chemother
Pharmacol. 2009;63:761-7.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

How to cite this article: Farias-Moeller R,
LaFrance-Corey R, Bartolini L, et al. Fueling the
FIRES: Hemophagocytic lymphohistiocytosis in
febrile infection-related epilepsy syndrome.
Epilepsia. 2018;59:1753—-1763. https://doi.org/
10.1111/epi.14524



https://doi.org/10.1111/epi.14524
https://doi.org/10.1111/epi.14524

