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Abstract: Background: FIRES is a rare and catastrophic presentation of a de novo refractory
status epilepticus (RSE) in healthy individuals following mild febrile illness. It carries
a high burden of morbidity and an estimated mortality of 12% in children. In over half
of patients, an underlying cause is not discovered (cryptogenic FIRES). The theory that
post-infectious inflammation promotes aberrant neuronal excitation has led to the use of
immunomodulatory therapies as treatment for FIRES. High-dose glucocorticoids and intra-
venous immunoglobulin (IVIG) are used as first-line therapies but are ineffective in most
cases. A comprehensive initial evaluation is critical in directing second-line therapies; how-
ever, an autoimmune and inflammatory workup is seldom completed prior to treatment.
Despite recent trends toward using cytokine-directed therapies, outcomes remain poor.
Methods: This single-institution retrospective case series describes three cases of FIRES
in similarly aged children. Each patient experienced super-refractory status epilepticus
(SRSE) resistant to first-line systemic immunotherapy (SIT). The novel use of baricitinib, a
non-selective JAK inhibitor, proved effective for one patient, while IL-1 and IL-6 inhibition
were effective in the other two. All patients suffered moderate-to-severe neurologic and
cognitive impairment at the time of discharge. Conclusions: FIRES is a poorly understood
catastrophic presentation of refractory status epilepticus (RSE) requiring a multimodal
approach to treatment. Cytokine profiling can be helpful in identifying cryptogenic cases
from those with an underlying cause if conducted early in the clinical course. The early use
of second-line immunomodulatory therapies may aid in decreasing neuroinflammation
and improve outcomes.

Keywords: new onset refractory status epilepticus (NORSE); febrile infection-related
epilepsy syndrome (FIRES); cryptogenic NORSE; cryptogenic FIRES; children; cytokines;
systemic immunotherapy; JAK inhibitor

1. Introduction
Febrile infection-related epilepsy syndrome (FIRES) is a rare and catastrophic pre-

sentation of status epilepticus (SE) affecting approximately one in one million children
with an estimated mortality rate of 12%. Of those that survive, 90% suffer permanent
neurocognitive deficits and chronic epilepsy [1,2]. This phenomenon occurs in healthy
individuals within 2 weeks of a mild febrile illness. FIRES is classified as a subcategory of
new onset refractory status epilepticus (NORSE) (see Table 1) where SE without an identifi-
able cause is refractory to two or more anti-epileptic medications [2–4]. In roughly half of
patients, an underlying cause is never found, and this is termed cryptogenic NORSE/FIRES
(c-NORSE/c-FIRES).
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Most pediatric patients diagnosed with NORSE have a preceding febrile illness, thus
meeting criteria for FIRES [2,3,5–9]. Autoimmune encephalitis and paraneoplastic syn-
dromes are more common in adults and often present with focal neurologic findings or
psychiatric symptoms [5,10]. In a small, but not negligible, number of pediatric patients,
a genetic or metabolic etiology is discovered [2,8,11]. Several studies have demonstrated
that FIRES in the pediatric population is more likely to be cryptogenic as compared to
adults [12]. A retrospective study of 71 patients aimed to identify characteristics that could
differentiate c-NORSE from RSE with an identifiable cause [8]. Patients with c-NORSE
more frequently had prodromal fever, required mechanical ventilatory support, and had
symmetric abnormalities on MRI. Those with a genetic cause were younger in age and
less likely to progress to SRSE. Cases where an etiology was discovered were associated
with CSF oligoclonal bands, psychoactive behavioral alterations, and involuntary move-
ments [8]. The early identification of some of these features can help direct investigation
and treatment.

The clinical progression in NORSE is biphasic. In the acute phase, children can have
hundreds of seizures a day and frequently require multiple anti-epileptic drugs (AEDs)
and anesthetic medications to suppress seizure activity. The acute phase can last days
to months. After RSE has resolved, the chronic phase results in neurocognitive deficits
and drug-resistant epilepsy in most cryptogenic cases [1,5,10,13]. Cryptogenic cases have
proven to be more resistant to anti-seizure medications with higher morbidity and mortal-
ity [2]. It is not known what causes FIRES or what might predispose children to developing
FIRES. A widely accepted theory is that unregulated systemic inflammation leads to in-
flammation within the CNS. Pro-inflammatory cytokines trigger aberrant neuroexcitation,
leading to drug-resistant seizures [14]. Anti-inflammatory and immunomodulatory ther-
apies have become the standard of care in the treatment of NORSE/FIRES with variable
results [2]. Advances in cytokine analysis has led to the use of cytokine-directed thera-
pies such as anakinra (IL-1 inhibition) and tocilizumab (IL-6 inhibition) [2,14]. JAK-STAT
pathways have been implicated in various forms of epilepsy and are another potential
target of treatment [15]. Despite multiple JAK inhibitors (JAKi) currently in use for various
inflammatory diseases, the use in FIRES is limited to a few case reports [16,17]. Research
remains lacking on which therapies would provide the most benefit in cryptogenic cases.

Table 1. Definitions.

Status Epilepticus (SE)
Generalized seizure lasting longer than 5 min
Focal seizure with impaired consciousness lasting 10 min
Absence seizure lasting 10–15 min

Refractory Status Epilepticus (RSE) Status epilepticus persists despite administration of 2 or
more parenteral anti-seizure medications

Super Refractory Status epilepticus (SRSE)

Status epilepticus persists at least 24 h after onset of
anesthesia without interruption of appropriate anesthesia,
recurring while on appropriate anesthesia or recurring after
withdrawal of anesthesia, requiring re-introduction of
anesthetic

New Onset Refractory Status Epilepticus (NORSE)
The clinical presentation of new onset refractory status
epilepticus, in a patient without history of epilepsy, that has
no clear acute or active structural, toxic, or metabolic cause

Febrile Infection-Related Epilepsy Syndrome (FIRES)

A subcategory of NORSE that requires a preceding febrile
infection with fever occurring between 2 weeks and 24 h
prior to the onset of RSE. Fever does not need to be present
at onset of SE

Sources for above definitions [2–4,14].
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The high mortality and morbidity rates associated with NORSE/FIRES necessitates
patients be treated in a tertiary center by a multidisciplinary team of specialists familiar
with neuroinflammatory disorders. The rarity of this condition and paucity of pediatric
providers with knowledge in the immunopathology associated with FIRES leads to delays
in treatment and a less robust use of immunomodulatory therapies. While there are
increasing numbers of case reports discussing the use of second-line immunomodulatory
therapies in the treatment of FIRES, the majority of studies are limited to first-line treatment
with IVIG, IV glucocorticoids, and, in some cases, rituximab. This case series highlights
three school-age children who were transferred to our tertiary center with FIRES who
progressed to SRSE. It illustrates the clinical progression of FIRES with an emphasis on
immunodiagnostics and immunomodulatory treatments. To our knowledge, this is the
only case report utilizing baricitinib (JAKi) in the treatment of FIRES.

2. Materials and Methods
This case series presents the clinical features, laboratory and imaging data, and treat-

ments for three children who were transferred to the University of California, Los Angeles,
Mattel Children’s Hospital from 2022 to 2024 for a higher level of care. Although, the data
collection was compiled retrospectively the patients were cared for by each of the authors.
There was no inclusion or exclusion criteria since the patients presented sequentially, and,
to the author’s knowledge, there were no other patients with NORSE or FIRES admitted
during this time. Each patient was analyzed for infectious, autoimmune, and metabolic
causes but was felt to fulfill most closely the description of FIRES. FIRES was defined as
new onset refractory status epilepticus in an individual who had a known fever or infection
within 14 days and 24 h prior to the onset of seizure [2]. Patients with known epilepsy,
metabolic, structural, infectious, or other toxicities leading to RSE discovered within 72 h
of seizure onset were excluded from the definition. Information pertaining to clinical
presentation, laboratory results, imaging results, EEG findings, treatment, complications,
and neurologic outcomes at time of discharge were compared, as shown in Tables 2–4.
Since there are only 3 patients presented, there is no statistical analysis, but 2 of the patients
responded to therapies as discussed [2].

Table 2. Clinical characteristics of three FIRES patients.

Case 1 Case 2 Case 3

Age in Years/Sex 10/M 6/M 8/F

Symptoms prior to
SE (days)

Headache (6)
Fever (6)

Fever (6)
Fatigue (6)

Anorexia (6)
Chest pain (0)

Sore throat (6)
Abdominal pain (6)

Fever (4)
Anorexia (4)
Fatigue (0)

Headache (0)

Family history of
autoimmune disease

Sister with juvenile idiopathic
arthritis None Father with history of juvenile

idiopathic arthritis

EEG findings

Background: Generalized
polymorphic 2–4 Hz slowing.

Seizure: Excessive beta
frequencies. Right

temporoparietooccipital
seizures and focal seizure with

secondary generalized
seizures.

Background: Diffuse
high-amplitude delta

slowing.
Seizures: Occasional small

spikes from the left
temporal central area or

right central parietal area,
which progressed to
generalized seizures.

Background: High-amplitude
delta slowing (2–3 Hz) with
intermittent frontal central

spindles.
Seizures: Originating in the

left centrotemporal region that
spread to the contralateral
hemisphere. Evolved into

seizures with diffuse onset.
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Table 2. Cont.

Case 1 Case 2 Case 3

Age in Years/Sex 10/M 6/M 8/F

MRI findings

Initial: Symmetric restricted
diffusion in the hippocampus
Repeat: Bilateral hippocampal

volume loss and diffuse
generalized cerebral

volume loss.

Initial: Symmetric
T2/FLAIR hyperintensities

in the bilateral basal
ganglia and right nuclei.

Repeat after prolonged SE:
Cytotoxic edema with

scattered petechial
hemorrhages and

vasogenic edema in
bilateral parietooccipital

parenchyma and posterior
cingulate gyri

(hemorrhagic PRES).

Initial: FLAIR hyperintensity
of the sulci.

CSF
Initial: RBC 95, glucose 84

Repeat: RBC 420, glucose 91
MBP 6.11

Initial: Glucose 106
Repeat: RBC 2000,

protein 82
IgG synthesis 7.9

(N 0–2.2 mg/24 h)
MBP 29.4

Initial: neutrophil 53%,
glucose 85%

Repeat: RBC 124

Autoantibodies

CSF: GAD 65: 0.09
(N < 0.02 nmol/L)

Serum: Anti-thyroglobulin ab
2.4 (N < 0.4 U/mL)

TPO 52.2 (N < 20 IU/mL)
GAD 65: 44.9 (N < 5 IU/mL)

DRVVT positive
SSA 21 (N < 20 U)

CSF: GAD 65: 0.05
(N < 0.02 nmol/L)

Serum: Anti-thyroglobulin
ab 0.7 (N < 0.4 U/mL)

CNS: GAD 65: 0.16
(N < 0.02 mmol/L)

Serum: SSA 50 (N < 20 U)

Genetics VUS in KIF1A VUS in KCNH2 and
MICAL1 Not obtained

Antiepileptics used
in sequence

Levetiracetam
Lacosamide

Fosphenytoin
Perampanel
Clobazam

Brivaracetam
Cenobamate
Felbamate
Ganloxone

Levetiracetam
Valproate

Fosphenytoin
Lacosamide
Perampanel

Epidiolex
Diazepam

Phenobarbital
Cenobamate
Felbamate

Topiramate

Levetiracetam
Fospheytoin
Lacosamide

Valproate
Brivaracetam

Clobazam
Phenobarbital
Cenobamate
Cannabidiol
Perampanel

Continuous IV
anesthetics

(duration in days)

Midazolam (4)
Pentobarbital (14)

Ketamine (58)

Midazolam (6)
Pentobarbital (42)

Ketamine (85)
Propofol (13)

Dexmedetomidine (22)

Midazolam (17)
Pentobarbital (24)

Dexmedetomidine (6)
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Table 2. Cont.

Case 1 Case 2 Case 3

Age in Years/Sex 10/M 6/M 8/F

AEDs on discharge

Phenobarbital
Cenobamate
Felbamate

Brivaracetam
Lacosamide
Clobazam

Perampanel

Levetiracetam
Lacosamide
Diazepam

Phenobarbital
Cenobamate
Topiramate
Perampanel

Lacosamide
Clobazam

Phenobarbital
Cenobamate
Cannabidiol
Divalproex
Perampanel

Adverse events

Tracheitis; ESBL UTI;
ventilator-acquired

pneumonia; bacteremia;
drug-induced liver injury

PRES; drug-induced liver
injury; ESBL UTI; bilateral

renal calculi

Hypogammaglobulinemia;
acute severe macroglossia;

renal calculi;
thrombocytopenia; UTI;

pneumonia
Cerebral spinal fluid (CSF); normal CSF glucose (43–73 mg/dL); normal CSF protein (15–45 mg/dL); normal CSF
WBC (0–5/cm); normal CSF seg neutrophils (0–6%); normal CSF RBC (0–10/cm); myelin basic protein (MBP)
0.00–5.50 ng/mL; variant of uncertain significance (VUS); posterior reversible encephalopathy syndrome (PRES);
extended-spectrum beta lactamase (ESBL); and urinary tract infection (UTI).

Table 3. Systemic immunotherapy used in three FIRES patients.

SIT Case 1 Case 2 Case 3

IV methylprednisolone
(doses/days) 1 g × 3 (9 doses)

10 mg/kg BID (5 days)
20 mg/kg (1 dose)

30 mg/kg (2 doses)
40 mg/kg (5 days)

IVIG 2 g/kg over 4 days 2 g/kg over 2 days
(2 doses) 2 g/kg over 3 days

Plasmapheresis 5 days 5 days on alternating days 5 days

Anakinra 4 mg/kg/day (9 days)
8 mg/kg/day (12 days)

5 mg/kg sq Q 12 (15 days)
2–4 mg/kg/day IV *

4 mg/kg/day increased to
10 mg/kg/day

Rituximab 750 mg/m2 (2 doses)

Tocilizumab 8 mg/kg × 1 8 mg/kg every 14 days *

Baricitinib 4 mg daily
2 mg daily *

* Systemic immunotherapy continued at time of discharge

Table 4. Elevated cytokine levels over time.

Case 1 DOH: 8
Seizure: SE

DOH: 23; 28
Seizure:

Subclinical
Seizures

DOH: 50
Seizures:

Subclinical Focal
Seizures

DOH: 63
Seizures: None

Weaning
Sedation

DOH: 91
Seizures: 1
Subclinical
Seizure. Off

Sedation

SIT to date methylprednisolone,
IVIG

anakinra,
plasmapheresis,

IVIG,
tocilizumab

no active SIT baricitinib baricitinib

Cytokines
Serum:

* IL-6: 71 pg/mL
* IL-8: 31 pg/mL

Serum
+ IL-6:

20.5 pg/mL;
12.4 pg/mL

Serum:
* IL-6: 71 pg/mL
** CSF: Normal

Serum:
* IL-6: 157 pg/mL
* IL-8: 43 pg/mL

Serum:
+ IL-6: 4.6 pg/mL
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Table 4. Cont.

Case 2 DOH: 38
Seizures: SE

DOH: 56
Seizures: Focal

DOH: 102
Seizure: None

SIT to date

methylprednisolone
IVIG

plasmapheresis
anakinra

anakinra methylprednisolone
anakinra

Cytokines CSF:
** IL-6: 71 pg/mL

Serum:
ˆ IL-2Rs: 2981 pg/mL

+ IL-6: 3.8 pg/mL

Serum:
* IL-8: 26 pg/mL

* IFN gamma:
2 pg/mL

** CSF: normal

Case 3 DOH: 6
Seizures: SE

DOH: 13
Seizures:

Self-limited seizures

DOH: 40
Seizures: None

SIT to date methylprednisolone
IVIG

plasmapheresis
anakinra

rituximab
tocilizumab

Cytokines
Serum:

+ IL-6: 8.6 pg/mL
+ IL-8: 5.0 pg/mL

Serum:
+ IL-2 R soluble: 1308.6 pg/mL

+ IL-5: 9.5 pg/mL
+ IL-10: 10.9 pg/mL
+ IL-18: 1.8 pg/mL
+ IL-6: 21.7 pg/mL
+ IL-8: 3.5 pg/mL

Serum:
+ IL-2 Rs:

2071.2 pg/mL
+ IL-10:

7.8 pg/mL
+ IL-6:

37.8 pg/mL
SIT = systemic immune therapy; DOH = day of hospitalization. Cytokine analysis: * Cincinnati Children’s
Laboratory Serum: IL-1 beta ≤ 4 pg/mL, IL-2 ≤ 8 pg/mL, IL-4 ≤ 19 pg/mL, IL-5 ≤ 5 pg/mL, IL-6 ≤ 8 pg/mL,
IL-8 ≤ 9 pg/mL, IL-10 ≤ 7 pg/mL, IFN gamma ≤ 1 pg/mL, TNF alpha ≤ 3 pg/mL, GM-CSF ≤ 4 pg/mL;
** Cincinnati Children’s Laboratory CSF: IL-1 beta ≤ 4 pg/mL, IL-2 ≤ 6 pg/mL, IL-4 ≤ 16 pg/mL, IL-5 ≤ 5 pg/mL,
IL-6 ≤ 63 pg/mL, IL-8 ≤ 181 pg/mL, IL-10 ≤ 6 pg/mL, IFN gamma ≤ 1 pg/mL, TNF alpha = 3 pg/mL, GM-CSF
≤ 3 pg/mL; + ARUP Laboratories Serum: IL-2 ≤ 2.1 pg/mL, IL-2 Rs 175.3–858.2 pg/mL, IL-12 ≤ 1.9 pg/mL,
IFN gamma ≤ 4.2 pg/mL, IL-4 ≤ 2.2 pg/mL, IL-5 ≤ 2.1 pg/mL, IL-10 ≤ 2.8 pg/mL, IL-13 ≤ 2.3 pg/mL,
IL-17 ≤ 1.4 pg/mL, IL-1 B ≤ 6.7 pg/mL, IL-6 ≤ 2 pg/mL, IL-8 ≤ 3 pg/mL, TNF-a ≤ 7.2 pg/mL; and ˆ Quest
Diagnostics Serum: IL-2 Rs 532–1891 pg/mL.

3. Results
3.1. Case Presentation
3.1.1. Case 1

A 10-year-old male with no significant past medical history presented to an outside
emergency department (ED) after he developed lip smacking and mouth twitching fol-
lowed by a generalized tonic–clonic seizure lasting 5–7 min. Six days prior, he experienced
a headache and low-grade fever of 100.3 F and was diagnosed with a viral syndrome by
his local physician. While in the ED, he experienced an episode of left lateral gaze and
left-hand tensing and was loaded with levetiracetam and transferred to a local PICU. Initial
evaluation in the ED revealed a normal head CT and brain MRI. Labs were significant
for mildly elevated CRP. CSF studies were normal except for mildly elevated glucose.
Infectious workup was negative. Anti-NMDA receptor ab was later found to be negative.
EEG was performed showing status epilepticus with focal seizure origination in the right
temporoparietooccipital area. He was then sedated with midazolam and intubated. Sys-
temic immunotherapy (SIT) was initiated on day three with intravenous immunoglobulin
(IVIG) and IV methylprednisolone (dose and duration in Table 3). He remained in SRSE
and was placed in a pentobarbital coma. SRSE persisted prompting transfer to a tertiary
center for higher level of care. Upon transfer, it was noted that his medications were
dosed based on ideal weight, doses were increased, and he achieved burst suppression



Children 2025, 12, 485 7 of 20

for a short time. Ketamine was then started as well as additional AEDs (noted below in
Table 2) to achieve burst suppression. Repeat MRI showed bilateral restricted diffusion
of the hippocampus. Pediatric rheumatology was consulted on hospital day 8. Repeat
CSF and serum studies were obtained as well as imaging to evaluate for an autoimmune
or paraneoplastic process. Paraneoplastic evaluation with CT chest/abdomen/pelvis as
well as the testicular ultrasound were negative. CSF studies again showed a normal cell
count and protein count. Myelin basic protein was mildly elevated in the CSF; however,
the IgG synthesis rate and oligoclonal bands were negative. Serum cytokines showed mild
elevations in IL-6 and IL-8 on day 9 of hospitalization after he had received steroids, IVIG,
and was started on anakinra. CSF cytokines were sent to Cincinnati Children’s laboratory
much later in the hospital course and were normal at that time. Autoantibody studies were
grossly negative aside from a positive anti-TPO antibody and anti-thyroglobulin antibody,
which both normalized on subsequent testing, suggesting false positivity post-IVIG. He
was given a second course of IV methylprednisolone. His autoimmune encephalitis workup
resulted with a positive GAD65 antibody in the serum and a mildly positive antibody in
the CSF, prompting a five-day course of plasmapheresis. A ketogenic diet was started on
hospital day 12; however, ketosis was difficult to achieve. After a lack of improvement in
his EEG findings following increased doses of anakinra, tocilizumab (IL-6 receptor antago-
nist) was started. His serum IL-6 levels were monitored periodically through ARUP and
Cincinnati laboratories prior to starting tocilizumab and after its initiation. IL-6 levels rose
just prior to starting tocilizumab and remained elevated with monitoring. After his second
dose of tocilizumab, there was some improvement in his EEG activity, and pentobarbital
was successfully weaned. Seizures returned with an attempted wean of ketamine, and he
was given a third dose of tocilizumab. He continued to have breakthrough seizures. He
received a third pulse of methylprednisolone on hospital day 48 with no improvement
in ability to wean off anesthetic agents. He struggled with rising transaminases, likely
due to the large pharmacologic burden from AEDs and antibiotics needed for recurrent
infections. His seizure burden increased despite increased doses of ketamine. He was then
started on baricitinib (JAKi), and clinical and subclinical seizure activity resolved within 48
h. Cytokine monitoring showed a steady decline in serum IL-6 after starting baricitinib.
His baricitinib dose was increased following some breakthrough seizure activity but was
then subsequently decreased due to recurrent episodes of pneumonia. He was weaned
off ketamine on hospital day 83, at which time he began to have increased alertness and
interaction. He was discharged to inpatient rehabilitation and maintained on baricitinib
for nearly 12 months. Upon follow up, he remains on several AEDs. He has breakthrough
seizures upon weaning AEDs, which eventually resolve without increased therapy. He
participates in home schooling and home-based occupational and physical therapies, show-
ing gradual improvements in his motor and cognitive function. He remains in a state of
moderate disability.

3.1.2. Case 2

A 6-year-old male with no significant past medical history was brought to his local
ED after being found unresponsive by his mother with periorbital cyanosis and left-sided
facial twitch. Six days prior to presentation, he had a fever lasting four days, fatigue, and
loss of appetite. He had defervesced for two days and was in his usual state of health
until he awoke that morning at 5:00 am with chest pain. He went back to bed and was
discovered by his mother three hours later unconscious and seizing. On initial evaluation
in the ED, he was afebrile and unresponsive. He was given Ativan, levetiracetam, and
valproic acid. Initial laboratory workup was notable for leukopenia, anemia, and a normal
CSF analysis. A CT scan of the brain was performed and was normal. He was transferred to
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a local children’s hospital and placed on EEG, which revealed that he was in subclinical SE.
Repeat neuroimaging with MRI was significant for hyperintensities in the bilateral basal
ganglia. Additional AEDs and sedative medications were given (see Table 2). Repeat CSF
studies were normal as was his autoimmune encephalitis antibody panel, which resulted
later. Infectious studies were unrevealing. On day two of seizures, he was started on IVIG
and high-dose IV methylprednisolone (dose and duration in Table 3). After 10 days of
hospitalization and treatment with multiple AEDs, a pentobarbital coma, and first-line SIT,
he remained in SRSE. Plasmapheresis was initiated as well as a ketogenic diet, although he
had difficulty achieving ketosis. Second-line SIT with subcutaneous anakinra was started
on day 19 of hospitalization due to little improvement in clinical status. Attempts to wean
sedative medications were met with the recurrence of seizures. He was transferred to a
higher level of care on hospital day 37. During transport, all his sedative infusions were
stopped, and he arrived in the ED in clinical SE. Burst suppression was achieved after
re-titrating multiple AEDs and initiating multiple IV sedative medications. Repeat CSF
studies showed 2000 RBCs, elevated protein, an elevated IgG synthesis rate, and myelin
basic protein consistent with CNS inflammation and injury. Repeat MRI showed findings of
hemorrhagic posterior reversible encephalopathy syndrome (PRES), likely from prolonged
status epilepticus. Anakinra was resumed and given intravenously. He had recurrence of
seizures a week later and serum cytokines revealed elevated soluble IL-2R. He was given
another three-day course of high dose methylprednisolone, and anesthetics were increased.
His seizure burden improved, and sedative medications were able to be successfully
weaned without the recurrence of SE. He continued to have choreoathetoid movements
throughout admission that did not correlate with EEG findings. These improved with the
addition of diazepam. The evidence of hepatic injury prompted a liver biopsy with findings
consistent with drug-induced hepatitis. Felbamate was discontinued, and phenobarbital
was weaned. He maintained good seizure control during the month leading to transfer to
inpatient rehabilitation. Upon transfer to acute rehabilitation, he continued to remain in a
state of severe neurocognitive disability on ventilatory support. Anakinra was continued
upon discharge.

3.1.3. Case 3

An 8-year-old girl with no significant past medical history presented to her local
ED in a state of aggressive demeanor following a witnessed generalized tonic–clonic
seizure lasting one minute at home. Six days prior, she experienced a mild sore throat
and abdominal pain followed by a fever of 104 F. Her fever resolved after 3 days, and she
was able to return to school. While at school, she began to experience extreme fatigue and
headache and was picked up early. Upon arriving home, she complained of right arm pain
and right eye pain followed by her first seizure. She was afebrile when arriving at the ED
with normal inflammatory markers, CBCs, and metabolic panel. CSF studies were notable
for mildly elevated glucose and a normal WBC count with a neutrophil predominance on
the differential. MRI of the brain showed mild FLAIR hyperintensities in the bilateral sulci.
She experienced a recurrence of SE while being evaluated in the ED, which progressed
to RSE. EEG findings noted that the seizures were generalized and originated in the left
hemisphere. Her RSE progressed to SRSE, and first-line SIT with IV methylprednisolone
and IVIG were initiated on day 2 of hospitalization (doses and duration of SIT in Table 3).
She was transferred to a tertiary center for a higher level of care, and burst suppression
was eventually achieved after the addition of pentobarbital and ketamine. Despite the
completion of first-line SIT, she remained in SRSE. Anakinra was started on day 7 of
hospitalization for a second-line SIT. Workup for an autoimmune process resulted with a
positive SSA concerning for possible Sjogren’s encephalitis. Autoimmune workup was not
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performed until after she received IVIG; however, the SSA titer was higher than what would
be expected as a false positive post-IVIG. She was started on plasmapheresis followed
by rituximab, an anti-CD-20 directed biologic, a second-line treatment for autoimmune
encephalitis. Serum cytokines were obtained showing elevated levels of soluble IL-2R as
well as cytokines involved in both Th2 and Th17 cellular responses (see Table 4). Given
the lack of significant improvement in her SRSE after 2 weeks of therapy, anakinra was
discontinued, and she was started on tocilizumab. Sedative medications were able to be
weaned two days later, and all sedation was discontinued two weeks later. She developed
a complication of severe macroglossia, which started just prior to starting tocilizumab. A
definitive cause of her macroglossia was not found, and her tongue slowly returned to
its normal size over the next two months. Complications of nephrolithiasis led to a mild
increase in self-resolving seizures, which improved after the renal stones were passed.
There was a brief period of bilateral wrist and ankle swelling with overlying warmth and
restricted range of movement concerning for arthritis. This improved over the course
of her hospitalization. On day 40 of hospitalization, her level of consciousness began to
improve with spontaneous eye opening. One month later, she was following commands
and attempting to speak. Prior to discharge, she was alert and interactive and able to
articulate needs. She was transferred to acute inpatient rehabilitation. Neurocognitive
deficits remaining two months after discharge included short term memory loss, difficulty
with concentration, and behavioral outbursts. She was able to enroll in home schooling
and retained her ability to read, write, and perform grade level mathematics. Persistent
motor weakness, predominantly in her lower extremities, was addressed with intensive
physical therapy.

4. Discussion
4.1. Proposed Pathogenesis

Post-infectious immune activation plays a key role in the development of FIRES.
Disruption of the blood–brain barrier in the setting of systemic inflammation triggers
neural excitation leading to the development of seizures [18–22]. Cytokines readily cross the
blood–brain barrier (BBB), leading to the activation of microglia and astrocytes that produce
inflammatory cytokines locally in the CNS. In animal models, rats with inflammatory bowel
disease showed elevated proinflammatory cytokines in the CNS that mirrored those found
in the periphery. This mirrored inflammation led to the proliferation of microglia. These
rats showed increased susceptibility to seizures during states of inflammation, and the
susceptibility was reduced with TNF-α inhibition [23]. Another proposed mechanism of
CNS activation is through cytokine-induced upregulation of adhesion molecules on the
internal vessels of the brain. This facilitates the increased extravasation of inflammatory
cells across the BBB. Once activated, microglia and astrocytes produce proinflammatory
cytokines such as IL-1β and TNF-α. IL-1β has been shown to be a pro-convulsant cytokine
by activating the NMDA receptor and inhibiting glutamate reuptake [19,20,22]. In cases of
FIRES, the low-grade systemic inflammatory prodrome in the days to weeks prior to SE is
thought to activate inflammatory cells in the CNS through the above mechanisms.

Inflammatory profiles in FIRES patients differ from other CNS disorders. Cytokine
and chemokine profiles in children with FIRES show an elevation of Th1 specific cytokines
(IL-2, TNF, INF-γ) and chemokines when compared to children with other forms of epilepsy
or encephalopathy [24]. Despite the wealth of evidence for the role of IL-1β in neuroex-
citation, IL-1β was not found to be elevated in FIRES patients in two different studies;
however, cytokines involved in the innate immune response (IL-6, IL-8, and CCL2) were
elevated [12,24,25]. While FIRES is classified as a subset of NORSE, two systematic reviews
found that the cytokine and chemokine profiles in NORSE involved both the innate and
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adaptive immune systems, while profiles in FIRES patients lacked the evidence of an
adaptive immune response [5,21]. Brain biopsies of patients with FIRES and cryptogenic
NORSE show generalized neuronal cell loss and reactive gliosis. Evidence of the activation
of the adaptive or humoral immune system is often absent [5,21,26]. The level of innate
immune activation in FIRES patients indicates that CNS inflammation likely contributes to
seizure onset and severity and is not merely a consequence of the seizure itself.

It is unclear what may predispose an individual to FIRES. The responses of viral and
bacterial sensing toll-like receptors (TLR3, TLR4, TLR7/8 and TLR9) were found to be
impaired in the peripheral mononuclear cells of five children with FIRES. It is thought that
the decreased clearance of viral and bacterial debris during infection led to epitope cross-
reactivity in neuronal components in the CNS. Additionally, these patients had reduced
regulatory T-cells, which led to impaired downregulation of the inflammatory cascade [27].
While the proposed mechanism of autoimmune activation is contrary to the theory of
FIRES being primarily an overactivation of the innate immune system, dysregulation of the
immune system was demonstrated in this cohort.

Genetic alterations in the genes encoding IL-1Ra have also been found in pediatric
patients with FIRES [21,28]. The IL-1Ra is important in the downregulation of IL-1 activity.
Variable number tandem repeat polymorphisms in the IL1RN gene were found in 19
children with FIRES. Specifically, the haplotype RN2 of IL1RN, which leads to decreased
IL-1Ra production, carried a higher risk of encephalopathy [29]. A specific environmental
or genetic predisposition has not yet been discovered. It is of note that two of our patients
had a family history of juvenile idiopathic arthritis (JIA). It is likely a combination of factors
including dysregulation of the immune system, BBB disruption, and a lowered seizure
threshold in susceptible individuals.

4.2. Recommended Evaluation

In patients who present with clinical features of FIRES, as discussed above, a prompt
and thorough workup with an early initiation of treatment leads to the best outcome. It
is recommended to initiate first-line SIT no later than 72 h after the onset of RSE. First-
line therapies include IVIG and high-dose steroids. If these therapies are initiated prior
to a serological and inflammatory workup, the results may be less reliable and more
difficult to interpret, as was seen in two of our patients. The international consensus
recommendations for the management of NORSE outline the recommended workup,
which includes evaluations for infectious, autoimmune, paraneoplastic, metabolic, and
genetic causes [2,14]. Extra blood and CSF samples for storage and future analyses should
also be obtained in case additional studies are needed after the initiation of SIT. CSF studies
are important in differentiating c-NORSE from other etiologies. Given the time-sensitive
nature and need for larger volumes of CSF in these patients, it is our recommendation that
lumbar puncture be performed by an experienced clinician that is skilled in this procedure.

CSF analysis is a critical first step in the workup of new onset seizures. Ruling out
infections can be lifesaving. In addition to helping to ruling out infection, additional studies
can help differentiate c-NORSE from other causes. CSF white blood cell counts are typically
normal in FIRES, as was seen in our cohort, or show a mild pleocytosis. Elevations in
CSF protein are frequently seen in epilepsy [30]. CSF protein was elevated upon repeat
analysis in one of our patients; however, there was also a very high RBC count with MRI
findings showing hemorrhagic PRES, which could account for the elevated protein. CSF
oligoclonal bands and the IgG synthesis rate indicates intrathecal IgG production that
is independent of systemic inflammation. Oligoclonal bands are often seen in multiple
sclerosis (MS) but can also be seen in other inflammatory processes such as autoimmune
encephalitis or infection. Mirrored bands, bands seen in the CSF and serum, can indicate
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BBB dysfunction [31]. Elevated oligoclonal bands have been shown to be negatively
associated with c-NORSE and, if present, may prompt the clinician to evaluate for another
underlying cause [32]. An elevated IgG synthesis rate was seen as a later finding in one
of our patients with c-NORSE, and none of our patients had elevated oligoclonal bands
in the CSF. Other markers of neuronal damage, such as CNS myelin basic protein (MBP),
can indicate demyelinating diseases such as MS or acute demyelinating encephalomyelitis
(ADEM). MBP can also be present after CNS trauma and hydrocephalus in children and
indicate CNS damage [33–35]. MBP was elevated upon repeat CSF analysis in two patients
in our cohort; however, it was likely more of an indication of CNS damage due to SRSE
rather than a primary demyelinating process given the lack of clinical and radiographical
correlates. As specific serologic markers of autoimmune encephalitis can take weeks to
result, a careful analysis of readily available CNS studies can help rule out other causes
and dictate treatment.

While autoimmune causes of NORSE/FIRES are less frequently seen in children, a
comprehensive autoimmune workup is important in all patients as it can direct treatment
and prognosticate outcomes. The international consensus recommendations highlight test-
ing to include anti-neuronal surface antigens, myelin oligodendrocyte glycoprotein (MOG),
glutamic acid decarboxylase 65 (GAD65), anti-thyroid, paraneoplastic, and systemic lupus
erythematosus (SLE) panels, anti-nuclear antibodies (ANAs), and antineutrophil cytoplas-
mic antibodies (ANCAs) as a standard workup [2,14]. Additionally, complete rheuma-
tologic evaluation can include the addition of other autoantibodies involved in systemic
processes that may affect the CNS. All patients in our cohort had autoantibody testing with
one patient having a full autoimmune encephalitis and paraneoplastic panel sent prior to
IVIG. The other had testing for specific antibodies such as anti-NMDA and MOG prior
to IVIG but lacked a complete workup. The presence of autoantibodies at low titers can
often be false positives. The question of their pathogenicity is complicated further after a
patient receives IVIG. A significantly elevated anti-SSA antibody was detected in one of
our patients, which prompted treatment with plasmapheresis and rituximab. It is unclear if
this was a true positive SSA as it was drawn after IVIG. Plasmapheresis and rituximab can
be effective in autoantibody mediated diseases; however, they are not without side effects,
and risk vs. benefit hinges on the reliability of testing. This patient went on to receive both
plasmapheresis and rituximab but required additional cytokine-directed therapies before
seizures aborted.

In cases of c-FIRES, CSF cytokine and chemokine profiles are used for diagnostic
and prognostic purposes. CSF cytokine profiles have been shown to differ in cases of
NORSE/FIRES as compared to other CNS inflammatory disorders [12,19,23–25,29,36,37].
A retrospective study measuring intrathecal cytokines and chemokines in pediatric patients
showed that children with FIRES had higher CNS cytokines associated with a Th1-mediated
immune response (TNF-α, CXCL9, CXCL10, CXCL11) as well as CCL19, CXCL1, and IL-
6 when compared to children with febrile status epilepticus or other non-inflammatory
CNS disorders. Children with encephalitis had more of a diffuse clustering of B-cell and
T-cell-associated cytokines [24]. Different cytokine profiles have also been shown to predict
outcomes [38,39]. CSF cytokine analysis was not performed early in the clinical course in
any of our patients and was only obtained in two patients during their entire clinical course.
IL-6 was elevated in one patient at time of active RSE without elevation of other cytokines.
CSF cytokine analysis was normal in another patient despite some seizure activity. The
patient with the elevated IL-6 in the CSF did result with the poorest neurologic outcome
at the time of discharge and had the worst seizure burden overall. In cryptogenic cases,
cytokine-directed therapy has been reported to be effective when first and second-line
treatments fail [17,40,41]. The lack of routine utilization of cytokine analysis as well as the
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difficulty in performing periodic CSF analysis in pediatric patients makes CSF cytokine
profiling difficult in practice.

Serum cytokine analysis was performed periodically in all our patients. Serum IL-
6 was elevated most often in all patients. Serum IL-6 levels did not seem to decrease
with the use of tocilizumab in two of our patients and remained elevated despite good
seizure control on tocilizumab in case 3. Serum IL-6 levels did begin to decrease after
the initiation of baricitinib and correlated with seizure activity and overall improved
neurologic status in one patient. Over time, serum cytokines may be less reflective of the
initial underlying etiology as the patients frequently experience infections, procedures, or
changes in medications, which may alter the cytokine profile. Provider variability also led
to inconsistent serum cytokine monitoring intervals as well as laboratory preference for
analysis, making it difficult to compare the three cases above. Consistencies in monitoring
will help with future analysis.

Imaging is important in the initial workup of FIRES and should be performed within
the first 48 h. It is recommended to obtain MRI with gadolinium contrast and consider MRA
and MRV early in the clinical period. Gadolinium contrast can help identify blood–brain
barrier disruption. In the acute phase of NORSE/FIRES, MRI is found to be normal in most
patients. In one study, T1/FLAIR hyperintensities in the mesial temporal lobe, neocortical
areas, or basal ganglia were seen in most patients [9]. Abnormalities in the temporal lobe
followed by the basal ganglia encompassed most findings in a large literature review of
children with FIRES [42]. The same review reported the most common findings in the
chronic phase to be generalized brain atrophy. MRI findings in conjunction with the history
of presentation can help differentiate between FIRES, ADEM, or limbic encephalitis. Limbic
encephalitis will also show bilateral temporal lesions. However, the onset is more insidious,
and a prodrome of memory impairment is common. Brain spectroscopy can be helpful in
identifying findings consistent with inborn errors of metabolism and should be strongly
considered in younger pediatric patients or when there is clinical suspicion [2]. While
paraneoplastic causes are more common in adults, screening should be performed in all
patients with a CT chest, abdomen, and pelvis. It is recommended to additionally obtain
testicular and ovarian ultrasound as a part of malignancy screening as there is a strong
association between teratomas and antibody-mediated encephalopathies [2].

EEG findings can help in the diagnosis of patients with NORSE/FIRES. One retro-
spective single-center study analyzed findings in children meeting criteria for FIRES and
noted specific features common in most patients. These features included an initial lack
of electrographic seizures with a gradual increase in activity leading up to SE. There was
an extreme delta brush (EDB) pattern in the background followed by characteristic elec-
trographic seizures arising from the frontal, temporal, or central areas and spreading [43].
Similar patterns of background delta slowing were seen in our cohort as well as focal onset
leading to the generalized spreading of seizures.

Genetic evaluation should be pursued in most cases of NORSE and should be con-
sidered early in young patients [2]. Polymorphisms in the SCN1A and SCN2A, genes
associated with Dravet syndrome and febrile seizures were found with statistical signifi-
cance in patients with FIRES indicating that an undiagnosed seizure disorder could be the
cause [29]. Another retrospective single-center study looking at 71 pediatric patients with
NORSE found that a genetic cause could be attributed to 21.1% of patients. Undiagnosed
metabolic disorders were the cause in 3% [8]. Other studies have additionally demonstrated
that, despite the lack of typical features associated with metabolic and genetic disorders
prior to FIRES, a significant number are identified [2,5]. Given the ease and relative afford-
ability of genetic testing today, the benefit to testing in the pediatric population outweighs
the risk. Whole exome sequencing was performed in two of our patients. There were
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VUS’s identified in both patients in genes that are known to be involved in axonal transport
(KIF1A), CNS, cardiac potassium channel function (KCNH2), and associations with lateral
temporal epilepsy (MICAL1) [44–46]. The patients’ specific mutations were not previously
reported in the literature relating to epilepsy. Genetic studies are not routinely performed
lending to a paucity of available data for comparison. The VUS’s in our cases were not
felt to be pathologic; however, routine genetic analysis will enhance our ability to identify
mutations of significance and help to shed light on the cause of cryptogenic cases.

Despite the importance of an early and thorough diagnostic workup, a recent literature
review noted that only 60.9% of practitioners obtained autoimmune or paraneoplastic
workup in NORSE/FIRES patients [5]. Investigation was limited to infectious or metabolic
causes in 78% of studies. CSF cytokine measurements were obtained in as little as 21.4% of
reports [47]. Urgent consultation with a pediatric rheumatologist and neurologist can aid
in identifying what studies should be prioritized at the time of presentation. Most children
who have their first seizure are taken to the closest ED for evaluation. Initial studies are
often performed outside of a tertiary center where subspecialists are readily available
for guidance. A high index of suspicion is needed by all providers when encountering
a school-aged child that presents with their first unprovoked seizure so that the critical
window for evaluation and treatment is not missed.

4.3. Proposed Treatment Guidelines

International consensus recommendations for the management of NORSE/FIRES
were released in 2022, which include recommendations for initial treatment. It is highly
recommended that systemic immunotherapy with IV steroids and/or IVIG be started
within 72 h of onset of NORSE/FIRES [2]. These guidelines are modeled after consensus
guidelines of the treatment of autoimmune encephalitis and other systemic autoimmune
conditions that affect the CNS [48]. While response to initial SIT is poor in FIRES, it can be
effective in cases where there is underlying autoimmune or paraneoplastic etiology. The
incidence of an underlying autoimmune driven disorder is higher in adults than children.
Most autoimmune workup will take longer than 72 h to result. Empiric treatment is
recommended to avoid further neurologic damage, while diagnostic studies are pending [2].
Therapeutic plasma exchange (TPE) is another consideration as a first-line therapy. It has
been favored less in pediatric cases likely due to increased immunosuppression and the
risk of eliminating AEDs. It is highly effective and recommended in pediatric patients with
autoantibody mediated disease [49]. In our cohort, first-line systemic immunomodulatory
therapies were used within 48 h of RSE in all patients without improvement in seizure
activity. TPE was used in all three patients as well; however, all three went on to require
second-line therapies.

Consensus recommendations add that second-line SIT should be initiated within
7 days if first-line therapies are not effective. Specific recommendations on the type and
dosage of second-line therapies are less clear. Adult practitioners within the consensus
group favored rituximab followed by IL-6 antagonists, while pediatric clinicians preferred
IL-1R antagonists followed by IL-6 antagonists [2]. It is recommended to consider rituximab
if a pathogenic antibody is identified or suspected. The utilization of IL-1R antagonists or
IL-6 antagonists should be considered in cryptogenic cases.

The evidence to support innate immune activation has made IL-1R antagonists a
logical treatment for FIRES. Additionally, anakinra, an IL-1 receptor antagonist, readily
crosses the blood–brain barrier, which would theoretically improve its activity against
IL-1β produced by resident microglia and astrocytes. Despite the theoretical utility of IL-1R
antagonism, its efficacy is variable [13,17,20,24,40,41,50]. A large review of second-line
immunomodulation noted that anakinra was used in children with FIRES with seizure
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control or reduced seizure activity seen in 73% of patients in the acute phase [50]. This
meta-analysis did not consistently report time to improvement in SE after starting anakinra,
and most patients received other therapies. Neurologic outcomes were documented, and
most patients continued to have post-NORSE epilepsy with moderate-to-severe disability
occurring in 88% [50]. Our center’s experience with anakinra had less favorable results with
two of the three requiring a switch to another cytokine-directed therapy before sedation
could be discontinued. The one case that used IL-1β alone as a second-line therapy did have
eventual control of seizures; however, it had the least favorable neurologic outcome. Due
to complications of PRES and the prolonged duration of SE at presentation, it is difficult to
determine if the utilization of another agent would have provided any benefit.

The use of tocilizumab, an IL-6 receptor antagonist, has resulted in favorable out-
comes in many reports of NORSE/FIRES. It has been used more frequently in adults as
compared with children in the current literature. When used in seven adults with NORSE
(six cryptogenic, one autoimmune-mediated), SE was aborted in six of eight cases within
ten days of administration. All patients showed elevated IL-6 levels in the CSF. Like the
results with anakinra, five out of the six patients went on to have chronic seizure disorders
at follow-up with severe-to-moderate disability in all but one [51]. Another retrospective
analysis of adults with c-NORSE showed superior improvement in clinical outcome scores
during follow-up when tocilizumab was used compared to those who received rituximab
or no second-line therapy [38]. Again, many of these patients had elevated IL-6 in the CSF.
Tocilizumab was used in two of our patients and led to the resolution of SE in one. CSF
cytokines were normal in the former case and not obtained in the latter. Serum IL-6 was
elevated early in the disease course in both patients. Subsequent analysis after starting
tocilizumab showed higher levels of IL-6 in both patients and did not correlate with seizure
burden. Tocilizumab blocks the IL-6 receptor and does not bind circulating IL-6, which
makes post-initiation serum cytokine profiling less reliable [15,52]. The patient who had an
abortion of seizures with tocilizumab was also the only patient who received rituximab;
therefore, it is difficult to draw conclusions on which treatment provided the most benefit.

There is a paucity of the literature on the use of other systemic immunomodulatory
therapies in cryptogenic NORSE/FIRES. JAKi proved to be efficacious in one of our patients
who failed second-line therapies with rituximab, anakinra, and tocilizumab. One case
report described a 5-year-old boy with FIRES treated effectively with emapalumab-Izsg,
an IFN-γ neutralizing antibody, after failing treatment with anakinra, tocilizumab, and
rituximab and subsequently developed secondary hemophagocytic lymphohistiocytosis
(HLH). He was then transitioned to baricitinib, a first generation JAKi, without any chronic
epilepsy syndrome and only mild cognitive impairment and ADHD [17]. A report of
eight patients with autoimmune encephalitis refractory to initial immunotherapies were
trialed on tofacitinib (JAKi), resulting in a good response in 25% and a partial response in
37.5%. In the two patients with a good response, one of them had NORSE and had seizure
termination on day 16 of tofacitinib administration [16]. The JAK-STAT pathway has more
recently been shown to be involved in the development of various forms of epilepsy [15].
The downstream effects of both type 1 interferons and IL-6 receptor activation is mediated
through the JAK-STAT pathway. Additionally, JAKi are small molecule biologics and can
cross the blood–brain barrier [53,54]. JAK inhibition may be a viable option for second-line
treatment in FIRES cases resistant to initial immunomodulatory therapies. Baricitinib
was used with success in seizure abortion in one of our patients after 48 h of use. It
was used rather late in the clinical course, and, while seizure control was successful,
significant neurologic deficits remained at the time of discharge in this case. IL-6 levels did
show a more consistent decline after initiating treatment with baricitinib than with other
immunomodulatory therapies in this case.



Children 2025, 12, 485 15 of 20

There are no current guidelines regarding the duration of SIT. A large retrospective
cohort of c-NORSE in adults showed that clinical outcome scores at 2 years were best when
SIT was continued beyond 18 weeks. The scores did not show meaningful improvement
when therapy was continued beyond 52 weeks in this group [38]. The international
consensus recommendations are to continue successful SIT for at least three months prior to
discontinuation [2]. Immunomodulation has also been shown to be effective in the chronic
phase of NORSE. One report of a 10-year-old child with FIRES who failed to improve
on first-line SIT was given anakinra 1.5 years after disease onset and reached full seizure
control for the first time in their disease course [41].

4.4. Outcomes

The outcomes of NORSE and FIRES in the pediatric population are ominous with an
estimated 12% resulting in death [6,7,10,12,13,32,38,39]. Outcomes for survivors remain
poor with 60–93% developing chronic epilepsy and neurocognitive impairment [7,13].
Poorer outcomes have been correlated with SRSE, longer times in a burst suppression
coma, diffuse cortical edema and multifocal abnormalities on MRI [6,7,13]. In our cohort,
all patients had significant neurologic impairment at the time of discharge. Two patients
regained the ability to communicate at the time of discharge. The patient with the shortest
time to seizure abortion and withdrawal of anesthetics had the best neurologic outcome
at the time of discharge. One retrospective study looking at different cytokine profiles
in patients with NORSE found that elevated innate immunity-associated inflammatory
cytokines were associated with worse outcomes at discharge [39]. The utilization of second-
line therapy has resulted in improved outcomes when compared to those who only receive
IVIG and corticosteroids [38]. Another literature review focused on the efficacy of second-
line immunotherapies, specifically anakinra, tocilizumab, and intrathecal dexamethasone.
While seizure burden improved in most reports, patients continued to experience long-term
neurologic disabilities [50]. Outcomes are often reported as poor at the time of discharge;
however, nearly half of patients continue to experience neurologic improvements over
time [10]. The international consensus recommendations highlight the importance of
neuropsychological evaluation upon discharge in all patients with NORSE/FIRES with the
implementation of individualized therapies. Psychiatric evaluation is also important as
mood disorders are common. Intensive motor and cognitive rehabilitation is essential for
optimizing neurologic outcomes [2].

5. Conclusions
FIRES is a catastrophic condition characterized by the abrupt onset of SE in previously

healthy individuals. The aberrant activation of the innate immune system is postulated
as part of the pathogenesis of FIRES prompting the utilization of immunomodulatory
therapies as the standard of care. Second-line immunomodulatory therapies should be
considered early when patients do not respond to first-line treatment. A thorough and
comprehensive evaluation prior to initiating treatment is crucial in identifying which cases
are likely to be cryptogenic. Our cohort highlights that, despite similarities in initial presen-
tation and early uses of IVIG and glucocorticoids, second-line therapies were required in
all cases. It also highlights the difficulty in deciding which second-line therapy will provide
the most benefit based on individual patient characteristics. While all three patients showed
innate immune activation by serum cytokine profile, only two patients had cytokine anal-
ysis early in the disease course. Cytokines were not analyzed prior to initiation of SIT in
any case making results difficult to interpret. Neurocognitive deficits were seen in varying
degrees of severity in all patients despite each receiving first-line SIT within the first 48 h.
Poorly controlled and prolonged seizures resulted in the most severe neurologic outcomes.
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Each patient received several second-line immunomodulatory therapies with multiple
infections during their treatment. A more targeted approach to treatment may decrease
the burden of immunosuppression; however, targeted therapy can only be provided if
the initial workup is thorough. The consideration of JAKi in the treatment of FIRES may
allow for more robust cytokine-directed therapy in refractory cases. Further research is
needed to identify different genetic or immunologic susceptibilities in FIRES as well as
to improve upon treatment and outcomes. Prospective studies are needed to standardize
autoimmune analysis and cytokine profiling at the time of presentation in both serum and
the CSF. Repeat cytokine analysis at structured timepoints can help clarify correlations
with treatment modalities and clinical findings. Implementing second-line therapies earlier
in the clinical course, when data suggest c-FIRES, may help lessen time to seizure control
and improve outcomes. Further data are needed to clarify how long to trial a specific
cytokine-directed therapy is before deeming it ineffective. Routine genetic analysis on
FIRES patients is essential in efforts to understand the interplay between abnormalities in
immune regulation and seizure development.
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Abbreviations
The following abbreviations are used in this manuscript:

ADEM Acute demyelinating encephalomyelitis
ADHD Attention-deficit hyperactivity disorder
AEDs Anti-epileptic drugs
ANA Anti-nuclear antibody
ANCA Anti-neutrophil cytoplasmic antibody
Anti-TPO Anti-thyroid peroxidase
BBB Blood–brain barrier
BID Twice a day
c-FIRES Cryptogenic FIRES
c-NORSE Cryptogenic NORSE
CRP C-reactive protein
CSF Cerebral spinal fluid
CT Computed tomography
DOAJ Directory of open access journal
DRVVT Dilute Russell’s viper venom time
ED Emergency department
EDB Extreme delta brush
EEG Electroencephalogram
FIRES Febrile infection-related epilepsy syndrome
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FLAIR Fluid-attenuated inversion recovery
GAD Glutamic acid decarboxylase
HLH Hemophagocytic lymphohistiocytosis
HSV Herpes simplex virus
IFN Interferon
IgG Immunoglobulin G
IL-1R Interleukin 1 receptor
IL-2Rα Interleukin 2 receptor alpha
IVIG Intravenous immunoglobulin
JAKi Janus kinase inhibitor
MBP Myelin basic protein
MDPI Multidisciplinary Digital Publishing Institute
MOG Myelin oligodendrocyte glycoprotein
MRA Magnetic resonance angiography
MRI Magnetic resonance imaging
MRV Magnetic resonance venography
NMDA N-methyl-D-aspartic acid
NORSE New onset refractory status epilepticus
PICU Pediatric intensive care unit
PRES Posterior reversible encephalopathy syndrome
RBCs Red blood cells
RSE Refractory status epilepticus
SE Status epilepticus
SIT Systemic immunotherapy
SLE Systemic lupus erythematosus
Sq subcutaneous
SRSE Super refractory status epilepticus
SSA Anti-Sjogren’s-syndrome-related antigen A
TLR Toll-like receptor
TNF-α Tumor necrosis factor alpha
TPE Therapeutic plasma exchange
VUS Variant of uncertain significance
WBC White blood cell

References
1. Specchio, N.; Pietrafusa, N. New-Onset Refractory Status Epilepticus and Febrile Infection-Related Epilepsy Syndrome. Dev. Med.

Child. Neurol. 2020, 62, 897–905. [CrossRef] [PubMed]
2. Wickstrom, R.; Taraschenko, O.; Dilena, R.; Payne, E.T.; Specchio, N.; Nabbout, R.; Koh, S.; Gaspard, N.; Hirsch, L.J.; Auvin, S.;

et al. International Consensus Recommendations for Management of New Onset Refractory Status Epilepticus Including Febrile
Infection-Related Epilepsy Syndrome: Statements and Supporting Evidence. Epilepsia 2022, 63, 2840–2864. [CrossRef] [PubMed]

3. Hirsch, L.J.; Gaspard, N.; van Baalen, A.; Nabbout, R.; Demeret, S.; Loddenkemper, T.; Navarro, V.; Specchio, N.; Lagae, L.; Rossetti,
A.O.; et al. Proposed Consensus Definitions for New-Onset Refractory Status Epilepticus (NORSE), Febrile Infection-Related
Epilepsy Syndrome (FIRES), and Related Conditions. Epilepsia 2018, 59, 739–744. [CrossRef]

4. Gaspard, N.; Hirsch, L.J.; Sculier, C.; Loddenkemper, T.; van Baalen, A.; Lancrenon, J.; Emmery, M.; Specchio, N.; Farias-Moeller,
R.; Wong, N.; et al. New-Onset Refractory Status Epilepticus (NORSE) and Febrile Infection–Related Epilepsy Syndrome (FIRES):
State of the Art and Perspectives. Epilepsia 2018, 59, 745–752. [CrossRef]

5. Lattanzi, S.; Leitinger, M.; Rocchi, C.; Salvemini, S.; Matricardi, S.; Brigo, F.; Meletti, S.; Trinka, E. Unraveling the Enigma of
New-Onset Refractory Status Epilepticus: A Systematic Review of Aetiologies. Eur. J. Neurol. 2022, 29, 626–647. [CrossRef]

6. Wu, J.; Lan, X.; Yan, L.; Hu, Y.; Hong, S.; Jiang, L.; Chen, J. A Retrospective Study of 92 Children with New-Onset Refractory
Status Epilepticus. Epilepsy Behav. 2021, 125, 108413. [CrossRef]

7. Kramer, U.; Chi, C.S.; Lin, K.L.; Specchio, N.; Sahin, M.; Olson, H.; Nabbout, R.; Kluger, G.; Lin, J.J.; Van Baalen, A. Febrile
Infection-Related Epilepsy Syndrome (FIRES): Pathogenesis, Treatment, and Outcome: A Multicenter Study on 77 Children.
Epilepsia 2011, 52, 1956–1965. [CrossRef]

https://doi.org/10.1111/dmcn.14553
https://www.ncbi.nlm.nih.gov/pubmed/32372459
https://doi.org/10.1111/epi.17397
https://www.ncbi.nlm.nih.gov/pubmed/35997591
https://doi.org/10.1111/epi.14016
https://doi.org/10.1111/epi.14022
https://doi.org/10.1111/ene.15149
https://doi.org/10.1016/j.yebeh.2021.108413
https://doi.org/10.1111/j.1528-1167.2011.03250.x


Children 2025, 12, 485 18 of 20

8. Lee, S.; Kim, S.H.; Kim, H.D.; Lee, J.S.; Ko, A.; Kang, H.C. Identification of Etiologies According to Baseline Clinical Features of
Pediatric New-Onset Refractory Status Epilepticus in Single Center Retrospective Study. Seizure 2024, 120, 49–55. [CrossRef]

9. Sculier, C.; Barcia Aguilar, C.; Gaspard, N.; Gaínza-Lein, M.; Sánchez Fernández, I.; Amengual-Gual, M.; Anderson, A.; Arya,
R.; Burrows, B.T.; Brenton, J.N.; et al. Clinical Presentation of New Onset Refractory Status Epilepticus in Children (the PSERG
Cohort). Epilepsia 2021, 62, 1629–1642. [CrossRef]

10. Gaspard, N.; Foreman, B.P.; Alvarez, V.; Kang, C.C.; Probasco, J.C.; Jongeling, A.C.; Meyers, E.; Espinera, A.; Haas, K.F.; Schmitt,
S.E.; et al. New-Onset Refractory Status Epilepticus Etiology, Clinical Features, and Outcome. Neurology 2024, 85, 1604–1613.
[CrossRef]

11. Schubert-Bast, S.; Zöllner, J.P.; Ansorge, S.; Hapfelmeier, J.; Bonthapally, V.; Eldar-Lissai, A.; Rosenow, F.; Strzelczyk, A. Burden
and Epidemiology of Status Epilepticus in Infants, Children, and Adolescents: A Population-Based Study on German Health
Insurance Data. Epilepsia 2019, 60, 911–920. [CrossRef] [PubMed]

12. Jimenez, A.D.; Gopaul, M.; Asbell, H.; Aydemir, S.; Basha, M.M.; Batra, A.; Damien, C.; Day, G.S.; Eka, O.; Eschbach, K.; et al.
Comparative Analysis of Patients with New Onset Refractory Status Epilepticus Preceded by Fever (Febrile Infection-Related
Epilepsy Syndrome) versus without Prior Fever: An Interim Analysis. Epilepsia 2024, 65, e87–e96. [CrossRef] [PubMed]

13. Husari, K.S.; Labiner, K.; Huang, R.; Said, R.R. New-Onset Refractory Status Epilepticus in Children: Etiologies, Treatments, and
Outcomes. Pediatr. Crit. Care Med. 2020, 21, 59–66. [CrossRef] [PubMed]

14. Wickström, R.; Taraschenko, O.; Dilena, R.; Payne, E.T.; Specchio, N.; Nabbout, R.; Koh, S.; Gaspard, N.; Hirsch, L.J.; Auvin,
S.; et al. International Consensus Recommendations for Management of New Onset Refractory Status Epilepticus (NORSE)
Including Febrile Infection-Related Epilepsy Syndrome (FIRES): Summary and Clinical Tools. Epilepsia 2022, 63, 2827–2839.
[CrossRef]

15. Sun, H.; Ma, D.; Cheng, Y.; Li, J.; Zhang, W.; Jiang, T.; Li, Z.; Li, X.; Meng, H. The JAK-STAT Signaling Pathway in Epilepsy. Curr.
Neuropharmacol. 2022, 21, 2049–2069. [CrossRef]

16. Jang, Y.; Lee, W.J.; Lee, H.S.; Chu, K.; Lee, S.K.; Lee, S.T. Tofacitinib Treatment for Refractory Autoimmune Encephalitis. Epilepsia
2021, 62, e53–e59. [CrossRef]

17. Harrar, D.B.; Genser, I.; Najjar, M.; Davies, E.; Sule, S.; Wistinghausen, B.; Goldbach-Mansky, R.; Wells, E. Successful Management
of Febrile Infection–Related Epilepsy Syndrome Using Cytokine-Directed Therapy. J. Child. Neurol. 2024, 39, 440–445. [CrossRef]

18. Vezzani, A.; Friedman, A.; Dingledine, R.J. The Role of Inflammation in Epileptogenesis. Neuropharmacology 2013, 69, 16–24.
[CrossRef]

19. Vezzani, A.; Maroso, M.; Balosso, S.; Sanchez, M.A.; Bartfai, T. IL-1 Receptor/Toll-like Receptor Signaling in Infection, In-
flammation, Stress and Neurodegeneration Couples Hyperexcitability and Seizures. Brain Behav. Immun. 2011, 25, 1281–1289.
[CrossRef]

20. Vezzani, A.; Balosso, S.; Ravizza, T. Neuroinflammatory Pathways as Treatment Targets and Biomarkers in Epilepsy. Nat. Rev.
Neurol. 2019, 15, 459–472. [CrossRef]

21. Tan, T.H.L.; Perucca, P.; O’Brien, T.J.; Kwan, P.; Monif, M. Inflammation, Ictogenesis, and Epileptogenesis: An Exploration through
Human Disease. Epilepsia 2021, 62, 303–324. [CrossRef] [PubMed]

22. Matin, N.; Tabatabaie, O.; Falsaperla, R.; Lubrano, R.; Pavone, P.; Mahmood, F.; Gullotta, M.; Serra, A.; Di Mauro, P.; Cocuzza, S.;
et al. Epilepsy and Innate Immune System: A Possible Immunogenic Predisposition and Related Therapeutic Implications. Hum.
Vaccin. Immunother. 2015, 11, 2021–2029. [CrossRef]

23. Riazi, K.; Galic, M.A.; Pittman, Q.J. Contributions of Peripheral Inflammation to Seizure Susceptibility: Cytokines and Brain
Excitability. Epilepsy Res. 2010, 89, 34–42. [CrossRef]

24. Kothur, K.; Bandodkar, S.; Wienholt, L.; Chu, S.; Pope, A.; Gill, D.; Dale, R.C. Etiology Is the Key Determinant of Neuroinflamma-
tion in Epilepsy: Elevation of Cerebrospinal Fluid Cytokines and Chemokines in Febrile Infection-Related Epilepsy Syndrome
and Febrile Status Epilepticus. Epilepsia 2019, 60, 1678–1688. [CrossRef]

25. Kothur, K.; Wienholt, L.; Brilot, F.; Dale, R.C. CSF Cytokines/Chemokines as Biomarkers in Neuroinflammatory CNS Disorders:
A Systematic Review. Cytokine 2016, 77, 227–237. [CrossRef]

26. Hanin, A.; Cespedes, J.; Huttner, A.; Strelnikov, D.; Gopaul, M.; DiStasio, M.; Vezzani, A.; Hirsch, L.J.; Aronica, E. Neuropathology
of New-Onset Refractory Status Epilepticus (NORSE). J. Neurol. 2023, 270, 3688–3702. [CrossRef]

27. Hsieh, M.Y.; Lin, J.J.; Hsia, S.H.; Huang, J.L.; Yeh, K.W.; Chang, K.W.; Lee, W.I. Diminished Toll-like Receptor Response in Febrile
Infection-Related Epilepsy Syndrome (FIRES). Biomed. J. 2020, 43, 293–304. [CrossRef]

28. Clarkson, B.D.S.; LaFrance-Corey, R.G.; Kahoud, R.J.; Farias-Moeller, R.; Payne, E.T.; Howe, C.L. Functional Deficiency in
Endogenous Interleukin-1 Receptor Antagonist in Patients with Febrile Infection-Related Epilepsy Syndrome. Ann. Neurol. 2019,
85, 526–537. [CrossRef]

29. Saitoh, M.; Kobayashi, K.; Ohmori, I.; Tanaka, Y.; Tanaka, K.; Inoue, T.; Horino, A.; Ohmura, K.; Kumakura, A.; Takei, Y.;
et al. Cytokine-Related and Sodium Channel Polymorphism as Candidate Predisposing Factors for Childhood Encephalopathy
FIRES/AERRPS. J. Neurol. Sci. 2016, 368, 272–276. [CrossRef]

https://doi.org/10.1016/j.seizure.2024.06.009
https://doi.org/10.1111/epi.16950
https://doi.org/10.1212/WNL.0000000000001940
https://doi.org/10.1111/epi.14729
https://www.ncbi.nlm.nih.gov/pubmed/30980677
https://doi.org/10.1111/epi.17988
https://www.ncbi.nlm.nih.gov/pubmed/38625055
https://doi.org/10.1097/PCC.0000000000002108
https://www.ncbi.nlm.nih.gov/pubmed/31568262
https://doi.org/10.1111/epi.17391
https://doi.org/10.2174/1570159X21666221214170234
https://doi.org/10.1111/epi.16848
https://doi.org/10.1177/08830738241273448
https://doi.org/10.1016/j.neuropharm.2012.04.004
https://doi.org/10.1016/j.bbi.2011.03.018
https://doi.org/10.1038/s41582-019-0217-x
https://doi.org/10.1111/epi.16788
https://www.ncbi.nlm.nih.gov/pubmed/33316111
https://doi.org/10.1080/21645515.2015.1034921
https://doi.org/10.1016/j.eplepsyres.2009.09.004
https://doi.org/10.1111/epi.16275
https://doi.org/10.1016/j.cyto.2015.10.001
https://doi.org/10.1007/s00415-023-11726-x
https://doi.org/10.1016/j.bj.2020.05.007
https://doi.org/10.1002/ana.25439
https://doi.org/10.1016/j.jns.2016.07.040


Children 2025, 12, 485 19 of 20

30. Langenbruch, L.; Wiendl, H.; Groß, C.; Kovac, S. Diagnostic Utility of Cerebrospinal Fluid (CSF) Findings in Seizures and Epilepsy
with and without Autoimmune-Associated Disease. Seizure 2021, 91, 233–243. [CrossRef]

31. Jin, H.; Lu, Q.; Gao, F.; Hao, H. Application of Oligoclonal Bands and Other Cerebrospinal Fluid Variables in Multiple Sclerosis
and Other Neuroimmunological Diseases: A Narrative Review. Ann. Transl. Med. 2023, 11, 282. [CrossRef] [PubMed]

32. Yanagida, A.; Kanazawa, N.; Kaneko, J.; Kaneko, A.; Iwase, R.; Suga, H.; Nonoda, Y.; Onozawa, Y.; Kitamura, E.; Nishiyama,
K.; et al. Clinically Based Score Predicting Cryptogenic NORSE at the Early Stage of Status Epilepticus. Neurol. Neuroimmunol.
Neuroinflamm. 2020, 7, e849. [CrossRef] [PubMed]

33. Su, E.; Bell, M.J.; Kochanek, P.M.; Wisniewski, S.R.; Bayir, H.; Clark, R.S.B.; Adelson, P.D.; Tyler-Kabara, E.C.; Janesko-Feldman,
K.L.; Berger, R.P. Increased CSF Concentrations of Myelin Basic Protein after TBI in Infants and Children: Absence of Significant
Effect of Therapeutic Hypothermia. Neurocrit. Care 2012, 17, 401–407. [CrossRef] [PubMed]

34. Levin, S.D.; Hoyle, N.R.; Brown, J.K.; Thomas, D.G.T. Cerebrospinal fluid myelin basic protein immunoreactivity as an indicator
of brain damage in children. Dev. Med. Child. Neurol. 1985, 27, 807–813. [CrossRef]

35. Whitaker, J.N. Myelin basic protein in cerebrospinal fluid and other body fluids. Mult. Scler. 1998, 4, 16–21. [CrossRef]
36. Wang, D.; Wu, Y.; Pan, Y.; Wang, S.; Liu, G.; Gao, Y.; Xu, K. Multi-Proteomic Analysis Revealed Distinct Protein Profiles in

Cerebrospinal Fluid of Patients Between Anti-NMDAR Encephalitis NORSE and Cryptogenic NORSE. Mol. Neurobiol. 2023, 60,
98–115. [CrossRef]

37. Sakuma, H.; Tanuma, N.; Kuki, I.; Takahashi, Y.; Shiomi, M.; Hayashi, M. Intrathecal Overproduction of Proinflammatory
Cytokines and Chemokines in Febrile Infection-Related Refractory Status Epilepticus. J. Neurol. Neurosurg. Psychiatry 2015, 86,
820–822. [CrossRef]

38. Jang, Y.; Ahn, S.H.; Park, K.-I.; Jang, B.-S.; Lee, H.S.; Bae, J.-H.; Lee, Y.; Sunwoo, J.-S.; Jun, J.-S.; Kim, K.T.; et al. Prognosis
Prediction and Immunotherapy Optimisation for Cryptogenic New-Onset Refractory Status Epilepticus. J. Neurol. Neurosurg.
Psychiatry 2024, 96, 26–37. [CrossRef]

39. Hanin, A.; Cespedes, J.; Dorgham, K.; Pulluru, Y.; Gopaul, M.; Gorochov, G.; Hafler, D.A.; Navarro, V.; Gaspard, N.; Hirsch, L.J.
Cytokines in New-Onset Refractory Status Epilepticus Predict Outcomes. Ann. Neurol. 2023, 94, 75–90. [CrossRef]

40. Goh, Y.; Tay, S.H.; Yeo, L.L.L.; Rathakrishnan, R. Bridging the Gap: Tailoring an Approach to Treatment in Febrile Infection-Related
Epilepsy Syndrome. Neurology 2023, 100, 1151–1155. [CrossRef]

41. Dilena, R.; Mauri, E.; Aronica, E.; Bernasconi, P.; Bana, C.; Cappelletti, C.; Carrabba, G.; Ferrero, S.; Giorda, R.; Guez, S.; et al.
Therapeutic Effect of Anakinra in the Relapsing Chronic Phase of Febrile Infection–Related Epilepsy Syndrome. Epilepsia Open
2019, 4, 344–350. [CrossRef] [PubMed]

42. Culleton, S.; Talenti, G.; Kaliakatsos, M.; Pujar, S.; D’Arco, F. The Spectrum of Neuroimaging Findings in Febrile Infection-Related
Epilepsy Syndrome (FIRES): A Literature Review. Epilepsia 2019, 60, 585–592. [CrossRef] [PubMed]

43. Farias-Moeller, R.; Bartolini, L.; Staso, K.; Schreiber, J.M.; Carpenter, J.L. Early Ictal and Interictal Patterns in FIRES: The Sparks
before the Blaze. Epilepsia 2017, 58, 1340–1348. [CrossRef]

44. Haikazian, S.; Olson, M.F. MICAL1 Monooxygenase in Autosomal Dominant Lateral Temporal Epilepsy: Role in Cytoskeletal
Regulation and Relation to Cancer. Genes 2022, 13, 715. [CrossRef]

45. Sanchez-Conde, F.G.; Jimenez-Vazquez, E.N.; Auerbach, D.S.; Jones, D.K. The ERG1 K+ Channel and Its Role in Neuronal Health
and Disease. Front. Mol. Neurosci. 2022, 15, 890368. [CrossRef]

46. Della Vecchia, S.; Tessa, A.; Dosi, C.; Baldacci, J.; Pasquariello, R.; Antenora, A.; Astrea, G.; Bassi, M.T.; Battini, R.; Casali, C.; et al.
Monoallelic KIF1A-Related Disorders: A Multicenter Cross Sectional Study and Systematic Literature Review. J. Neurol. 2022, 269,
437–450. [CrossRef]

47. Kessi, M.; Liu, F.; Zhan, Y.; Tang, Y.; Wu, L.; Yang, L.; Zhang, C.L.; Yin, F.; Peng, J. Efficacy of Different Treatment Modalities for
Acute and Chronic Phases of the Febrile Infection-Related Epilepsy Syndrome: A Systematic Review. Seizure 2020, 79, 61–68.
[CrossRef]

48. Nosadini, M.; Thomas, T.; Eyre, M.; Anlar, B.; Armangue, T.; Benseler, S.M.; Cellucci, T.; Deiva, K.; Gallentine, W.; Gombolay,
G.; et al. International Consensus Recommendations for the Treatment of Pediatric NMDAR Antibody Encephalitis. Neurol.
Neuroimmunol. Neuroinflamm. 2021, 8, e1052. [CrossRef]

49. Eyre, M.; Hacohen, Y.; Barton, C.; Hemingway, C.; Lim, M. Therapeutic Plasma Exchange in Paediatric Neurology: A Critical
Review and Proposed Treatment Algorithm. Dev. Med. Child. Neurol. 2018, 60, 765–779. [CrossRef]

50. Hanin, A.; Muscal, E.; Hirsch, L.J. Second-Line Immunotherapy in New Onset Refractory Status Epilepticus. Epilepsia 2024, 65,
1203–1223. [CrossRef]

51. Jun, J.S.; Lee, S.T.; Kim, R.; Chu, K.; Lee, S.K. Tocilizumab Treatment for New Onset Refractory Status Epilepticus. Ann. Neurol.
2018, 84, 940–945. [CrossRef] [PubMed]

52. Tanaka, T.; Narazaki, M.; Kishimoto, T. Interleukin (IL-6) Immunotherapy. Cold Spring Harb. Perspect. Biol. 2018, 10, a028456.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.seizure.2021.06.030
https://doi.org/10.21037/atm-21-3073
https://www.ncbi.nlm.nih.gov/pubmed/37090049
https://doi.org/10.1212/NXI.0000000000000849
https://www.ncbi.nlm.nih.gov/pubmed/32727813
https://doi.org/10.1007/s12028-012-9767-0
https://www.ncbi.nlm.nih.gov/pubmed/22890910
https://doi.org/10.1111/j.1469-8749.1985.tb03806.x
https://doi.org/10.1177/135245859800400105
https://doi.org/10.1007/s12035-022-03011-1
https://doi.org/10.1136/jnnp-2014-309388
https://doi.org/10.1136/jnnp-2024-334285
https://doi.org/10.1002/ana.26627
https://doi.org/10.1212/WNL.0000000000207068
https://doi.org/10.1002/epi4.12317
https://www.ncbi.nlm.nih.gov/pubmed/31168503
https://doi.org/10.1111/epi.14684
https://www.ncbi.nlm.nih.gov/pubmed/30854647
https://doi.org/10.1111/epi.13801
https://doi.org/10.3390/genes13050715
https://doi.org/10.3389/fnmol.2022.890368
https://doi.org/10.1007/s00415-021-10792-3
https://doi.org/10.1016/j.seizure.2020.04.015
https://doi.org/10.1212/NXI.0000000000001052
https://doi.org/10.1111/dmcn.13925
https://doi.org/10.1111/epi.17933
https://doi.org/10.1002/ana.25374
https://www.ncbi.nlm.nih.gov/pubmed/30408233
https://doi.org/10.1101/cshperspect.a028456
https://www.ncbi.nlm.nih.gov/pubmed/28778870


Children 2025, 12, 485 20 of 20

53. Lin, C.M.; Cooles, F.A.; Isaacs, J.D. Basic Mechanisms of JAK Inhibition. Mediterr. J. Rheumatol. 2020, 31, 100–1404. [CrossRef]
[PubMed]

54. Virtanen, A.; Spinelli, F.R.; Telliez, J.B.; O’Shea, J.J.; Silvennoinen, O.; Gadina, M. JAK Inhibitor Selectivity: New Opportunities,
Better Drugs? Nat. Rev. Rheumatol. 2024, 20, 649–665. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.31138/mjr.31.1.100
https://www.ncbi.nlm.nih.gov/pubmed/32676567
https://doi.org/10.1038/s41584-024-01153-1

	Introduction 
	Materials and Methods 
	Results 
	Case Presentation 
	Case 1 
	Case 2 
	Case 3 


	Discussion 
	Proposed Pathogenesis 
	Recommended Evaluation 
	Proposed Treatment Guidelines 
	Outcomes 

	Conclusions 
	References

