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Abstract

Background and Objectives Supplementary Material

Emerging evidence suggests that immune dysregulation plays a pivotal role in triggering
cryptogenic new-onset refractory status epilepticus (c-NORSE), prompting a consensus on
early initiation of immunotherapy. However, despite similar timing of administration,
responses to immunotherapies have been varied and unpredictable, suggesting the presence of
heterogeneous underlying mechanisms. The aim of this study was to identify distinct in-
flammatory response subtypes in patients with c-NORSE by analyzing their cytokine profiles.
Insights into underlying mechanisms were sought to understand the pathophysiology and guide
personalized therapies to improve patient outcomes.

Methods

Sixty-two patients with c-NORSE were included. A comprehensive panel of 96 cytokines was
analyzed in serum samples. Patients were clustered based on their cytokine profiles using the
Louvain algorithm, an unsupervised graph-based clustering method. The identified clusters of
patients were compared regarding cytokine levels and clinical features. Protein pathway analysis
was used to explore the biological relevance of the inflammatory markers within each cluster.
Patients with c-NORSE were compared with control patients (n = 18) and patients with other
forms of refractory SE (n = 45).

Results

Compared with controls, patients with c-NORSE exhibited significant differences in 33 cyto-
kines. Pathway analysis revealed dysregulations in chemotaxis and neutrophil recruitment and
migration, highlighting the importance of innate immunity in patients with c-NORSE. Within
the c-NORSE cohort, 3 clusters of patients emerged: cluster A, lacking specific inflammatory
markers; cluster B, with a much stronger innate-immunity cytokine-driven inflammatory re-
sponse compared with clusters A and C; and cluster C, defined by dysregulated autoimmune
processes. Notably, patients in cluster B showed a statistically significant elevation of innate
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Abbreviations

ASM = antiseizure medication; ¢-NORSE = cryptogenic new-onset refractory status epilepticus; FIRES = febrile
infection—related epilepsy syndrome; HLH = hemophagocytic lymphohistiocytosis; ICU = intensive care unit; IL-1 =
interleukin 1; IQR = interquartile range; JAK-STAT = Janus kinase signal transducer and activator of transcription; MOGAD =
myelin oligodendrocyte glycoprotein antibody disease; PCA = principal component analysis; STROBE = Strengthening the

Reporting of Observational Studies in Epidemiology; TNF = tumor necrosis factor.

immune-related proinflammatory cytokines associated with leukocyte recruitment and degranulation. By contrast, those in
cluster C showed activation of Janus kinase signal transducer and activator of transcription (JAK-STAT) pathways, suggesting
autoimmune mechanisms. Patients in clusters B and C demonstrated varied responses to immunotherapies, with cluster C
patients showing favorable outcomes after multiple immunotherapies.

Discussion

The identification of distinct inflammatory subgroups in c-NORSE suggests that variations in the underlying immune mech-
anisms contribute to differential treatment responses. These findings underscore the importance of personalized therapeutic
strategies, potentially targeting specific inflammatory pathways, to optimize clinical outcomes in this challenging condition.

Introduction

New-onset refractory status epilepticus (NORSE) is a rare and
devastating form of status epilepticus (RSE). NORSE abruptly
occurs in adults and children without active epilepsy or preex-
isting relevant neurologic disorders and with no clear acute or
active structural, toxic, or metabolic cause identified within
72 hours." The onset of SE can be preceded by prodromal
syndromes, including fever, headaches, or behavioral changes,
which, although nonspecific, could guide toward an etiology
(e.g, behavioral changes in the case of anti-NMDA receptor
encephalitis).” If a febrile infection occurs between 2 weeks and
24 hours before the onset of SE, patients qualify as having febrile
infection-related epilepsy syndrome (FIRES), a subset of
NORSE." The prognosis for NORSE, including FIRES, is often
poor, with a high rate of mortality, long-term neurocognitive and
functional disabilities, and post-NORSE epilepsy.z_4

Although some cases of NORSE can be attributed to proven
autoimmune encephalitis, infectious encephalitis, or rare genetic
disorders, >70% remain unexplained (cryptogenic NORSE [c-
NORSE]).>*® Emerging evidence suggests that immune dysre-
gulation may trigger the onset and contribute to the adverse
consequences of c-NORSE. First, polymorphisms in cytokine-
related genes have been identified in cryptogenic FIRES, poten-
tially explaining their susceptibility to specific infections with
a predilection to CNS complications.7 Second, a multiproteomic
analysis revealed distinct protein profiles in the CSF of patients
with ¢-NORSE compared with those with anti-NMDA receptor
encephalitis, indicating an upregulation of pathways related to
innate and lymphocyte-mediated immune response in patients
with ¢ NORSE.® These findings suggest different pathogenic
mechanisms for ¢-NORSE and noncryptogenic RSE. Similarly,
significant  differences in innate immunity serum cytokine/
chemokine profiles were identified between patients with
c-NORSE and noncryptogenic RSE, with patients with -NORSE
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exhibiting significantly higher levels of CXCL8, CCL2, and MIP-
la.” Higher levels of proinflammatory cytokines were associated
with worse short-term and long-term outcomes. However, serum
cytokine profiles were variable and sometimes even normal.”

There is a consensus among experts on the early use of immu-
notherapy to address the presumed inflammatory condition to
shorten the duration of SE and minimize long-term sequelae.'
However, evidence for a beneficial effect and even more evidence
to favor certain types of immunologic interventions are still lack-
ing.'* Disturbances in innate immunity can be managed with im-
munotherapy regimens that target specific proinflammatory
cytokines, such as interleukin 1 (IL-1) receptor antagonist (ana-
kinra) or IL-6 receptor antagonist (tocilizumab), or by using
intrathecal dexamethasone to inhibit the production of proin-
flammatory cytokines within the CNS."" Despite similar timing of
administration, responses to immunotherapies have been varied
and unpredictable, suggesting the presence of heterogeneous un-
derlying mechanisms."" Further research is needed to elucidate the
heterogeneity of c-NORSE, particularly regarding inflammation
profiles, and to help select targeted immune treatments.

In this study, we analyzed a panel of 96 inflammatory bio-
markers in 62 patients with c-NORSE to determine whether
distinct inflammatory response subtypes can be identified,
which may provide insights into the underlying pathophysi-
ologic mechanisms.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by Yale University (NORSE/FIRES
biorepository, institutional review board #1511016840 and
#2000031611) and the Paris Piti¢-Salpétrie¢re Hospital (APHP,
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COLETTE). Informed consent was obtained from all patients
or their legally authorized representatives according to the
Declaration of Helsinki. The study was designed and reported
following the STROBE (Strengthening the Reporting of Ob-
servational Studies in Epidemiology) statement. Patients were
recruited from 22 hospitals in the United States; 3 in Canada;
and one in France, Belgium, and Spain. Data were prospectively
extracted from medical records and collected in a REDCap
database.

We included 62 patients with c-NORSE, aged at least 2 years,
for whom no etiology was found despite an extensive workup,
usually including anti-neuronal antibody screening, genetic
analysis, and metagenomics. Patients with c-NORSE were
compared with patients with an RSE of known etiology (RSE,
n = 45) and control patients (n = 18); the latter included
healthy controls (n = 7) and patients with noninflammatory
peripheral neuropathies (n = 4), idiopathic intracranial hy-
pertension (n = 4), normal pressure hydrocephalus (n=2), or
epilepsy admitted for a psychological disorder (n = 1). The
serum specimens were collected and stored according to the
standardized procedures."”

The functional outcomes of patients with SE have been
assessed at intensive care unit (ICU) discharge and within
12 months after SE ended using the Glasgow Outcome Scale
Extended, ranging from 1 [death] to 8 [upper good recovery].
Patients who have experienced at least one unprovoked post-
NORSE seizure after their initial hospitalization for NORSE
were classified as having post-NORSE epilepsy. The follow-up
information was collected by the research teams in each
center and was reviewed with experts (LJ.H. and N.G.).

Biological Marker Measurement

Ninety-six serum markers were analyzed using Eve Tech-
nologies’ Human Cytokine 96-Plex Discovery Assay (Milli-
poreSigma, Burlington, MA). All samples were measured
undiluted and in duplicate, with the mean value used for
further analysis. Spearman correlations among the 96 bi-
ological features were analyzed to identify related variables,
resulting in the formation of 3 representative groups of
markers using the Ward hierarchical clustering. Each group of
markers was characterized by its principal component,
reflecting the weighted contribution of each feature within the
group (eFigure 1). As a result, 3 new features (i.e., one for
each group) were generated for each patient.

Cluster of Patients

Using these new 3 features, a similarity matrix was computed
for all patients with ¢-NORSE, which facilitated the con-
struction of a connectivity graph.'® Patients were linked with
weights ranging from 0 to 1, where the most similar patients
(according to the new 3 features) had weights closer to 1,
represented by shorter links on the graph. On the contrary,
patients with highly dissimilar feature profiles exhibited con-
nectivity weights approaching zero. Clusters of patients with
c-NORSE were subsequently identified using the Louvain
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algorithm, a nonparametric graph-based clustering method."*
The Louvain method leverages the structure of the patient
network to identify communities within the graph. Compared
with other graph-based methods, Louvain offers the advan-
tage of being computationally efficient while delivering strong
performance across graphs of varying sizes.'> The literature
has shown that using a network-based model combined with
the Louvain community detection algorithm rather than
classical clustering methods achieves superior results on var-
ious biological data sets using similar approaches.'® To
compare patients with c-NORSE and other forms of RSE, the
patients with RSE were included in the graph using the same
methodology applied to the patients with c-NORSE. Cluster
analyses were performed in Python (version 3.10.13).

Prediction Tests

A leave-one-out cross-validation test was performed to eval-
uate the predictive capacity and robustness of the clustering
method. In this test, 1 patient was removed from the data set,
the method was retrained on the remaining patients, and the
excluded patient was then projected onto the graph. The new
cluster assignment of the excluded patient was compared with
their original cluster when all patients were included. This
process was repeated for each patient, and predictive accuracy
was calculated accordingly.

Pathway Analysis

We compared the median values of each marker between
c-NORSE and control groups. Markers were considered sig-
nificantly overexpressed if the ratio between the patients with
c-NORSE and control patients was greater than 1.2. These
differentially expressed markers were used to define each
c-NORSE cluster and identify overexpressed pathways spe-
cific to each patient cluster.

To understand the role of the biological features, PathwayStudio
(Desktop version v10.0; Elsevier, United Kingdom) was used to
analyze protein-protein interaction, molecular functions, and
biological and pathologic processes (accessed on 2024/9/10).
We identified the 100 most significant pathophysiologic pro-
cesses for each cluster of patients. We used the Venn diagram
tool 7 to visualize the overlap and distinctions among pathways
across different patient clusters. Inflammation-related pathways
were selected from the cluster-specific pathways, and a Sub-
Network Enrichment Analysis algorithm was used to examine
protein-protein interactions and associated functions. This al-
gorithm uses the Fisher exact test to detect nonrandom associ-
ations between 2 categorical variables that are organized by
a specific relationship.'®"?

Statistical Analysis
All analyses were performed using R Statistical Software
(v4.1.2; R Core Team 2021).

Kruskal-Wallis tests were used to compare continuous bi-
ological and clinical features among clusters of patients. Post
hoc comparisons were performed using Dunn tests when
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appropriate. Fisher tests were used to compare categorical
variables among clusters of patients. The significance
threshold was set at a p value of 0.0S.

Data Availability
All data are available on request from the corresponding
author.

Results
Study Participants

Serum samples were collected from 62 patients with
c-NORSE, with a median age of 31 years (interquartile range
[IQR]: 21-60), comprising 49 adults (79%, range 18-87) and
13 children (21%, range 4-17). Forty-one patients (66%) had
a previous febrile illness and qualified as FIRES. Serum was
collected after a median delay of 12 days after SE onset (IQR:
5-20). Forty-six patients (74%) received at least one first-line
immunotherapy before sample collection (steroids n = 43, IV
immunoglobulins n = 31, plasma exchange n = 11). Twelve
patients (19%) received at least one second-line immuno-
therapy before collection (anakinra n = 9, tocilizumab n = §,
rituximab n = 2, intrathecal dexamethasone n = 1). Twelve
patients (19%) died during ICU stay, with 6 additional deaths
within 12 months of SE resolution. Of those alive at the ICU
discharge, 30 of 49 (61%) had post-NORSE epilepsy and 4
without recurring seizures did not take antiseizure medi-
cations (ASMs).

Among the 45 patients with RSE of known etiology (median
age 45 years [IQR: 25-63]), 14 (31%) had previous epilepsy.
The causes of SE included autoimmune encephalitis (n = 7),
tumoral epilepsy (n = 7), epilepsy with changes in antiseizure
medication regimens (n = 7), genetic cause (n = §), metabolic
cause (n = 4), posterior reversible encephalopathy syndrome
(n = 4), previous epilepsy without an additional cause iden-
tified (n = 3), multiple underlying causes without previous
epilepsy (n = 3; 1 with vascular sequelae and alcohol with-
drawal; another with acute kidney failure, sepsis, and tox-
ocariasis; and the third one with febrile SE and CACNA1A
neurodevelopmental disorder), traumatic brain injury (n = 2),
viral encephalitis (n = 2), and nonviral encephalitis (n = 1).
Serum samples were collected at a median of 6 days after SE
onset (IQR: 2-14). Six patients (13%) died during ICU stay
and 8 more within 12 months after SE resolution, including 4
from tumor progression. All patients with RSE were admitted
to the ICU, with 35 (78%) receiving anesthetics and 13 (29%)
receiving immunotherapy before sample collection. By con-
trast, none of the 18 control patients was admitted to the ICU
or received immunotherapy.

Comparisons of Biological Features Between
c-NORSE, RSE, and Control Groups

Serum analysis revealed significant differences among the 3
groups of patients (i.e., -NORSE, other RSE, and controls)
across 35 of the 96 biological features (eTable 1). Initially, we
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compared the 62 patients with c-NORSE with the 18 controls,
identifying significant differences in 33 features. Among these,
29 features were increased while 4 were decreased in patients
with c-NORSE (eTable 1). Notably, patients with c-NORSE
exhibited higher levels of FLT-3L, IL-6, CXCL8/IL-8, IL-10,
and IL-18, suggesting a severe systemic inflammatory re-
sponse, potentially indicative of a cytokine storm. To distin-
guish dysregulations specific to ¢NORSE from those
associated with SE in general, we next compared the 62
patients with c¢-NORSE with the 45 patients with RSE of
known etiology. Ten features showed significant differences,
with 9 features, including FLT-3L, CXCL8/IL-8, and gran-
zyme B, being overexpressed in c-NORSE (eTable 1).

We then investigated whether some cytokine levels were
correlated with other cytokines within the c-NORSE cohort.
Three distinct groups of biological features were identified
through the correlation matrix and Ward hierarchical algo-
rithm in the c-NORSE cohort (Figure 1A). The first group,
represented in green (Figure 1B), consisted of 46 features
including key innate immunity-related proinflammatory
cytokines such as IL-6, CXCL8/IL-8, IP-10, FLT-3L, CXCL9,
and tumor necrosis factor (TNF)-a. The second group,
shown in red (Figure 1B), included 20 features such as IL-35,
IL-21, and IFN-p involved in immunomodulation. The third
group, depicted in blue (Figure 1B), comprised 30 features,
including IFNY, IL-2, and IL-17A, which are key mediators of
T-cell responses. The full list of features is provided in
eTable 2.

Variations across these 3 groups of biological features may
reflect distinct underlying pathways. To explore this further,
we examined whether patients with c-NORSE could be sep-
arated into clusters based on the levels of markers across all 3
groups.

Identification of Clusters of Patients

We generated 3 new features for each patient (i.e., one for
each group of biological features) by considering the in-
dividual weighted contribution of each feature within the
group (eFigure 1 and eTable 2). These new 3 features were
then used to construct a connectivity graph of patients
(Figure 2A). The Louvain algorithm identified 8 subclusters
of patients within the graph, with subcluster sizes ranging
from 6 to 11 patients (Figure 2A). There was no significant
difference among subclusters in the time to collect biospeci-
mens after SE onset, the number of immunotherapy agents
used before serum collection, or the proportion of patients
who received at least a first-line or second-line immunother-
apy before serum collection. However, significant differences
were observed in age (p = 0.019) and ASM usage during the
hospital stay (p = 0.046). Notably, patients from subclusters 0,
6, and 2 were younger (a median of 18.5, 21, and 26 years,
respectively) compared with those from subclusters 4 and 3 (a
median of 67.5 and 69 years, respectively), with older patients
receiving fewer ASMs.
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Figure 1 Different Groups of Biological Features
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(A) The Spearman correlation matrix identifies 3 distinct groups of biological features. (B) A complete list of the biological features in group 1 (green), group 2
(red), and group 3 (blue) is provided. The graph illustrates the correlation between the various markers, with bars representing the contribution of each
marker in the principal component analysis (PCA), which was performed to condense all features within a group into a single composite feature.

By calculating the distance between patients within a sub-
cluster and between subclusters, we were able to group some
subclusters, ultimately resulting in 3 main clusters of patients:
cluster A (comprising previous subclusters 3 and 4, yielding
13 patients), cluster B (comprising previous subclusters 1 and
S, yielding 16 patients), and cluster C (comprising previous
subclusters 0, 2, and 6, yielding 22 patients). Subcluster 7 (11
patients) was centrally positioned among the 3 main clusters
(Figure 2A), making it less distinct and more challenging to
separate. To minimize potential bias in the analysis, we ex-
cluded the patients in this subcluster further labeled as “cluster
U” or “undetermined.”

When evaluating the methodology’s predictive efficacy, the
algorithm demonstrated a 96.77% accuracy in identifying the
most appropriate cluster (A, B, C, or U) for each patient using
a leave-one-out approach. The 2 patients who were mis-
classified were assigned to cluster U, which shares common
characteristics with the other clusters.

Different Clinical and Paraclinical Features
Between Clusters of Patients

Patients from the 3 main clusters A, B, and C were compared
to assess whether they also displayed distinct clinical and
paraclinical characteristics (Table 1). It is important to note
that patients were not clustered based on their hospital lo-
cation. However, patients in cluster C were significantly
younger than those in cluster B (p = 0.022) and cluster A (p <

Neurology.org/NN

Neurology: Neuroimmunology & Neuroinflammation

0.001), with children being more frequently represented in
cluster C than in clusters A and B (odds ratio, OR = 4.4
[1.8-19.4], p = 0.0012).

Patients in clusters B and C received more ASMs than those in
cluster A (p = 0.009 and p = 0.003, respectively). However, no
differences were observed for anesthetics. In addition, patients
in cluster C received more immunotherapies than those in
cluster A (p = 0.01), with a similar trend observed for cluster B
compared with cluster A (p = 0.087). This difference could be
explained by the higher proportion of white blood cells in the
CSF of patients from clusters B and C compared with cluster
A (p = 0.023). Second-line immunotherapy was also admin-
istered more frequently in cluster C compared with cluster A
(OR =2.81 [1.28-7.74], p = 0.023), although no significant
difference was found between clusters B and C. Notably, in
cluster C, 40% of the patients were treated with anakinra and
25% with tocilizumab and/or rituximab. Only a few patients
received intrathecal dexamethasone (2 in cluster C and one in
cluster B), and none received Janus kinase signal transducer
and activator of transcription (JAK-STAT) or anti-TNF
therapies.

There were no significant differences across clusters of
patients regarding history of autoimmune disorders, pro-
dromes (including psychiatric features), type of SE, or MRI
findings. However, outcomes varied notably. Patients in
cluster B had worse outcomes at discharge (p = 0.031) and
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Figure 2 Different Clusters of Patients With c-NORSE
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(A) The connectivity graph was extracted from
the patients’ connectivity matrix, and the 8 sub-
clusters of patients with c-NORSE, identified us-
& e ) ing the Louvain algorithm, were condensed into
Y 4 clusters of patients. (B) The diagram illustrates
o %, the 8 subclusters of patients in the center, fol-
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3 % all groups of biological markers (1, 2, and 3),
\ o represented by color bars (with reddish colors
i indicating higher levels). Connections between
patients are shown in the center of the circle,
where black links represent inter-subcluster
connections and colored links indicate intra-
) subcluster connections. c-NORSE = cryptogenic

new-onset refractory status epilepticus.

during follow-up (p = 0.015), as shown by lower Glasgow
Outcome Scale Extended scores, than those in cluster C. This
suggests that despite similar management strategies, patients
in clusters B and C experienced different trajectories of dis-
ease severity and recovery, possibly reflecting different un-
derlying responses to the same treatments. Patients in cluster
A also had poor outcomes but developed post-NORSE epi-
lepsy less frequently than those in cluster B (38% vs 83%,
p = 0.06).
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Differences in Biological Feature Levels and
Related Pathways Between Clusters

of Patients

We next investigated the relative differences in levels of the
previously discussed 3 groups of biological features between
the 3 clusters of patients. Patients in cluster B exhibited high
levels of features associated with groups 1 and 3 (indicated by
reddish colors) but low levels of features associated with
group 2 (indicated by bluish colors) (Figure 2B). By contrast,
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Table 1 Clinical and Paraclinical Features for the Patients Belonging to Clusters A, B, and C

Cluster A Cluster B Cluster C Intercluster
(13 patients) (16 patients) (22 patients) p Value®
Age,y 69 (35-75) 34 (28-49) 22 (13-31) <0.001
% Children 113 0/16 9/22 0.0038
% Female 10/13 11716 9/22 0.087
History of autoimmune disorders 2/13 4/16 3/22 0.65
FIRES 6/13 13/16 16/22 0.13
Memory impairments 113 1716 2/22 >0.99
Psychiatric features 3/13 2/16 5/22 0.74
SE duration, d 18 (5-32) 34 (11-51) 12 (6-28) 0.097
Convulsive SE 9/13 15/16 14/22 0.085
ICU duration, d 26 (19-50) 38 (15-87) 31 (12-66) 0.76
CIVAD, # 3(1-3) 3(3-4) 3(2-3) 0.14
ASM, # 4 (4-5) 7 (5-8) 7 (5-9) 0.007
Delay of serum collection, d 14 (12-20) 12 (5-30) 8 (3-18) 0.57
Immunotherapies 2(1-3) 3(2-4) 3(2-4) 0.038
Immunotherapies before serum collection 9/13 10/16 20/22 0.083
Second-line immunotherapies before serum collection 0/13 4/16 6/22 0.086
Number of immunotherapies before serum collection 1(0-2) 2(0-3) 2(1-3) 0.1
Immunotherapies 11/13 15/16 20/22 0.71
Second-line immunotherapy 2/11 7/15 13/20 0.047
Anakinra 1711 4/15 8/20 0.22
Tocilizumab 0/11 3/15 5/20 0.28
Rituximab 1711 2/15 5/20 0.61
Intrathecal dexamethasone 0/11 115 2/20 >0.99
Last immunotherapy received — — — —
First-line 9/11 9/15 7/20 0.039
Anakinra 1711 3/15 3/20 0.88
Tocilizumab 0/11 1715 3/20 0.54
Rituximab 1711 115 5/20 0.33
Intrathecal dexamethasone 0/11 0/15 2/20 0.50
Ketogenic diet 5/13 5/16 11/22 0.51
CSF WBCs, per pL 3(1-9) 11 (3-25) 13 (3-27) 0.08
CSF protein, mg/dL 51 (46-62) 43 (36-57) 48 (37-67) 0.73
OCBs 1/9 0/9 1712 >0.99
MRI temporal T2 HI 6/13 8/16 8/22 0.72
ASM at discharge, # 2(2-2) 5 (4-6) 3(3-4) 0.0048
GOS-E score at discharge 3(1-3) 3(2-3) 3(3-5) 0.049
Mortality at discharge 4/13 4/16 2/22 0.24
Continued
Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 12, Number 4 | July 2025
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Table 1 Clinical and Paraclinical Features for the Patients Belonging to Clusters A, B, and C (continued)

Cluster A Cluster B Cluster C Intercluster

(13 patients) (16 patients) (22 patients) p Value®
GOS-E score at follow-up, 12 mo (higher better) 2 (1-6) 3(1-4) 6 (4-7) 0.034
Post-NORSE epilepsy at 12 mo 3/8 10/12 12/20 0.11

Abbreviations: ASM = antiseizure medication; CIVAD = continuous anesthetic drug; FIRES = febrile infection-related epilepsy syndrome; GOS-E = Glasgow
Outcome Score Extended, HI = hyperintensity; ICU = intensive care unit; OCBs = oligoclonal bands; SE = status epilepticus; WBC = white blood cell.

@ Kruskal-Wallis tests were used to compare clinical and biological features among clusters of patients. Post hoc comparisons were performed using Dunn
tests when appropriate. Fisher tests were used to compare categorical variables among clusters of patients.

Data are represented as median (interquartile range) or ratio.

patients in cluster C displayed high levels of features from
groups 2 and 3 but low levels of features from group 1.
Patients in cluster A did not show increased levels for any
feature groups when compared with other patients with
c-NORSE. Meanwhile, patients in the central cluster U
demonstrated moderate levels of features from groups 1 and 2
and moderate-to-high levels of features from group 3

(Figure 2B).

To further understand the biological pathways underlying the
distinct patient clusters, we examined the functions of the
overexpressed markers in patients with c-NORSE compared
with nonstatus controls. We analyzed the 100 most signifi-
cantly upregulated pathways for each cluster of patients with
c-NORSE compared with control patients (Figure 3,
eTable 3).

A total of 59 pathways were overexpressed across all 3 clusters
(A vs controls, B vs controls, and C vs controls), including
those related to inflammation, immune response, innate im-
munity, chemotaxis, and neutrophil recruitment and migra-
tion, highlighting the importance of innate immunity in all
patients with c-NORSE compared with controls. Of interest,
compared with patients belonging to clusters B and C, none of
the pathways overexpressed by patients in cluster A were
specific to inflammation. However, 16 pathways were specif-
ically overexpressed in cluster B, including those involved in
leukocyte recruitment and migration, lymphocyte chemo-
taxis, degranulation, monocyte infiltration, and hemophago-
cytic lymphohistiocytosis (HLH) (Figure 3). These findings
suggest that although all patients with c-NORSE exhibit in-
nate immune responses, those in cluster B are more prone to
experience acute phase inflammatory syndrome, cytokine
storm, and rapid immune activation aimed to eliminate
pathogens and damaged cells, such as through granzyme B
production (Figure 3).

By contrast, cluster C, characterized by high levels of group 2
and 3 features, presents a profile dominated by dysregulated
autoimmunity, including abnormal JAK-STAT signaling, and
altered B-cell and T-cell function (Figure 3). Dysregulations
were even more important for subclusters 6 and 0 within
cluster C (Figure 2B).

Neurology: Neuroimmunology & Neuroinflammation
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Comparison With Patients With Other RSE

To determine whether the biological profile can provide in-
sight into the underlying etiology and severity of the disease,
particularly when an autoimmune disease is suspected, we
further analyzed the biological profiles of patients with RSE
and a known etiology (n = 45) (Figure 4A). These patients
were projected onto the previously established connectivity

graph (Figure 4A).

We observed a clear pattern in how patients clustered based
on their etiology. Notably, all patients who experienced SE
due to preexisting epilepsy with changes in ASM regimens
were grouped and showed similarity to patients in subcluster 2
within cluster C, with moderate levels of group 2 and 3
markers and low levels of group 1 markers. Likewise, most
patients with SE caused by a brain tumor were grouped and
aligned with cluster A.

Notably, 6 of the 7 patients whose SE was attributed to au-
toimmune encephalitis with identified autoantibodies
(NMDAR = 4, GAD6S = 2, myelin oligodendrocyte glyco-
protein antibody disease [MOGAD] = 1) were grouped in
cluster C, specifically in subclusters 6 and 0 (Figure 4B). By
contrast, none of the patients in cluster B had autoimmune
encephalitis. Five of the 6 patients in cluster B had worse
outcomes at discharge and during follow-up, suggesting more
severe disease, as observed for patients with c-NORSE in
cluster B.

Discussion

We demonstrated that distinct clusters of patients with
¢-NORSE can be identified based on serum cytokines/
chemokines, potentially revealing different underlying mecha-
nisms of RSE and guiding the use of specific immunotherapies,
even when the clinical presentation seems similar. While patients
with ¢-NORSE in all clusters had elevated levels of proin-
flammatory cytokines related to innate immunity compared with
controls and patients with RSE of known etiology, we identified
3 major clusters based on their relative levels of a large number of
cytokines/chemokines. The clinical and biological features of

each cluster are summarized in Table 2.
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Figure 3 Network Analyses of Protein Interaction and Implicated Biological and Pathologic Processes Involved for the

Clusters of Patients With c-NORSE
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The Venn diagram highlights the pathways shared by patients in clusters A, B, and C, as well as those unique to specific clusters. A protein pathway analysis
was performed, focusing on inflammation-related pathways specific to each cluster. None of the pathways overexpressed in cluster A were related to
inflammation. For clusters B and C, cellular processes are represented by yellow rectangles (e.g., leukocyte migration), disease states by blue rectangles (e.g.,
autoimmunity), and functional pathways by orange hexagons (e.g., JAK). Markers are illustrated in either intracellular or extracellular spaces, based on their

expression location. Relationships are shown as lines and arrows. c-NORSE = cryptogenic new-onset refractory status epilepticus.

The elevated cytokine levels related to innate immunity align
with growing evidence suggesting that RSE onset in patients
with ¢-NORSE may be triggered by dysregulation of innate
immunity.g’20 Increased levels of IL-1f, IL-6, and CXCL8/IL-
8 have been frequently observed in these patients compared
with controls or patients with epilepsy.”’?> However, it
remains unclear whether this dysregulation is a cause or
a consequence of SE. We previously reported higher levels of
CXCL8/IL-8, MIP-1a, and CCL2 in the serum of patients
with ¢-NORSE compared with those with RSE of known
causes.” These findings suggested that inflammation might
play a role in driving RSE in patients with c-NORSE and that
immunotherapies could help shorten SE duration.”*® In
support, preclinical studies in rodent models have shown that
cytokines such as IL-13 and CXCL8/IL-8 contribute to
seizures because blockage of their receptors or respective

Neurology.org/NN
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downstream pathways reduces seizure frequency and
shortens SE duration.>* Moreover, there is increasing evi-
dence implicating innate immunity cytokines in SE re-
fractoriness.”* In 2022, recommendations for managing
patients with NORSE emphasized early immunotherapy,
including targeted treatments such as anakinra (IL-1 re-
ceptor antagonist) and tocilizumab (IL-6 receptor antago-
nist) for c-NORSE.'® Since then, anakinra and tocilizumab
have been increasingly used, with up to 70% of patients
achieving seizure control within weeks after treatment ini-
tiation.'" The earlier administration of either agent has been
associated with shorter SE duration and lower frequency
of brain atrophy.”> However, approximately one-third of
patients do not respond to these treatments, possibly be-
cause of noninflammatory etiologies or different in-
flammatory drivers.
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Figure 4 Distribution of Patients With a RSE of Known Etiology
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In our study, we highlighted that the 3 clusters of pathways  importance of innate immunity in NORSE. However, the
shared an upregulation of innate immunity—driven response  patients in cluster A showed lower levels of proinflammatory
when compared with control patients, highlighting the  cytokines than those in clusters B and C. Despite ongoing SE,
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Table 2 Summary of the Main Clinical and Biological Features for the 3 Clusters of Patients

Cluster A Cluster B Cluster C
Inflammation profile No Innate-immunity cytokine-driven inflammatory Dysregulated autoimmunity
inflammation  response processes
Overexpressed pathways related to None Leukocyte migration JAK-STAT
inflammation Degranulation T-cell function
HLH Autoimmunity
Median age (y) 69 34 22
Previous fever (FIRES) (%) 46 81 73
CSF Normal Pleocytosis Pleocytosis
Outcome at last follow-up Poor Poor Good
Post-NORSE epilepsy (%) 38 83 60
Suggested targeted immunotherapy? None Anakinra, tocilizumab Rituximab®
Anti-CXCL8 Cyclophosphamide®
Anti-TNF Ruxolitinib/tofacitinib®

Ruxolitinib/tofacitinib

Abbreviations: FIRES = febrile infection-related epilepsy syndrome; HLH = hemophagocytic lymphohistiocytosis; NORSE = new-onset refractory status

epilepticus.

2The suggestions are preliminary, not based on actual patient responses. Therapeutic decisions should consider a comprehensive evaluation that includes

clinical and paraclinical findings.
b Specifically for patients in subclusters 0 and 6.

the relative lower levels of cytokine in these patients suggest
that cytokine disturbances are not solely a consequence of
seizures. These patients were older than those with stronger
cytokine dysregulation, which may indicate an age-related
decline in immune response.26 Alternatively, the primary
difference may lie in the underlying etiology. Specifically,
patients in cluster A may have a non-immune-mediated
cause, as evidenced by their lower white blood cell count in
the CSF.>” This aligns with the fact that cluster A was ad-
ministered fewer immunotherapies. It is important to note
that the broad cytokine panel levels were not clinically avail-
able, reducing a potential bias in treatment decisions.

We confirmed that patients with c-NORSE, notably those in
cluster B, had higher levels of CXCL8/IL-8 compared with
those with RSE with established causes. A correlation matrix
showed CXCL8/IL-8 levels associated with other key proin-
flammatory cytokines, including IL6, TNF, CXCL10, and
CXCL9. These inflammatory mediators are critically involved
in recruiting and activating neutrophils and monocytes, key
components of innate immune responses. Overactivation of
neutrophil pathways may drive excessive release of granular
proteins, enzymes, and reactive oxygen species during de-
granulation, leading to further neuronal injury.28 Similarly,
overactivation of monocyte pathways may promote excessive
tissue remodeling through engraftment of monocyte-derived
macrophages, also contributing to neuronal damage.” Be-
yond modulating innate immunity, neutrophils may also
promote increased infiltration of adaptive
cells*****" This may explain the higher serum levels of
granzyme B in patients with c:NORSE compared with those
with RSE of known etiology, independently of a T-cell-driven

immune

Neurology.org/NN
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etiology.”> The highly dysregulated immune response in
group B patients may contribute to prolonged seizures and
poor outcomes.*>** These patients may benefit from immu-
notherapies targeting acute inflammation, such as tocilizu-
mab, or those modulating neutrophil activity, such as
a CXCLS8 inhibitor, or macrophage and monocyte activity,
such as anakinra (anti-IL-1) or TNF inhibitor.

Patients in cluster B exhibited overexpression of the HLH
pathway, a syndrome characterized by uncontrolled activation
of monocytes, macrophages, histiocytes, and lymphocytes,
leading to hypercytokinemia and hemophagocytosis. Al-
though primary HLH is related to genetic mutations, it can
also arise as a secondary condition triggered by innate im-
mune activation.*® HLH is often complicated by multiorgan
failure.’” Unfortunately, many of the diagnostic clinical or
biological features were not consistently reported in our da-
tabase or are challenging to interpret because of confounding
factors.***” These findings suggest that some of our patients
may have developed secondary HLH, potentially contributing
to their poor outcomes.*>* Recognizing HLH is critical be-
cause it could guide the initiation of specific therapies, in-
cluding immunosuppressive treatments and chemotherapy.*

Patients in cluster C exhibited relatively low levels of group 1
markers but increased levels of group 2 and 3 markers. Protein
pathway analysis indicated overexpression of JAK-STAT
pathways, which regulate transcription of genes involved in
immune cell proliferation, differentiation, and survival, with
varying outcomes depending on the specific STAT protein
activated. We hypothesize that these patients may be experi-
encing SE associated with an autoimmune disorder,
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potentially driven by an unidentified antibody. Notably,
STATS, known to promote autoimmune-mediated neuro-
inflammation, was overexpressed in these patients.*> This
finding aligns with the discovery of several novel autoanti-
bodies in recent years, highlighting the rapidly evolving field
of autoimmune research.* Moreover, it may explain why
these patients responded favorably to multiple lines of im-
munotherapy.47 In addition, clinical similarities between
patients in cluster C and those with SE caused by known
autoimmune disorders further support this hypothesis.
However, screening for novel autoantibodies for c-NORSE
has yielded negative results.** The SE could also be attributed
to cell-mediated encephalitis, given the overexpression of
pathways related to T-cell development and function.*’ Given
the involvement of the JAK/STAT pathway in this subgroup,
targeting these signaling molecules with anti-JAK/STAT
therapies, such as ruxolitinib or tofacitinib, could be a prom-
ising approach for patients with limited responses to con-
ventional immunotherapies.*® Ruxolitinib has been tested to
reduce hyperinflammation in patients with cytokine storm
syndromes”' and has been found effective in patients with
HLH,> suggesting its potential relevance for patients in
cluster B. However, the use of JAK/STAT inhibitors in SE
remains rare. Two studies have highlighted the beneficial
effects of ruxolitinib on memory and epilepsy in an animal
model of SE.**** In addition, 2 case reports described the use
of tofacitinib in patients with FIRES. While the first report
described EEG and MRI improvements after 10 days,*® the
second case showed no improvement after treatment initia-
tion.>> More prospective studies are needed to evaluate the
efficacy of these treatments in patients with NORSE.

Our analyses were conducted exclusively on serum sam-
ples, and the possibility of concomitant systemic infection
cannot be excluded. We prioritized serum over CSF anal-
ysis because cytokine profiles in serum exhibited more
pronounced changes in patients with c-NORSE compared
with those with other RSE,” suggesting a significant sys-
temic inflammation component for c-NORSE. In addition,
the larger availability of serum samples enabled more de-
tailed analysis compared with the limited number of CSF
samples.

However, further studies incorporating CSF analysis would be
valuable to assess the comparability of patient subgroups.
Longitudinal analysis of serum samples would also help
evaluate the consistency of the classifications over the disease
course and in relation to treatments received. To achieve
these objectives, we are enrolling patients globally into the
open NORSE/FIRES biorepository.12 Despite these efforts,
we currently lack sufficient CSF samples or longitudinal se-
rum collections to perform these specific analyses.

Despite offering new insights into c-NORSE pathophysiol-
ogy, our study has several limitations. Many of our patients
received at least a first-time immunotherapy before serum
collection, and 19% received a second-line immunotherapy,
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which may have affected cytokine levels. However, no sig-
nificant difference was found in previous immunotherapy use
between clusters of patients. The classification has been
obtained by using a panel of 96 cytokines that is not readily
available in clinical practice and has not yet been certified for
patient diagnostics. Another large panel, comprising 71 of the
cytokines/chemokines, was recently certified by the US
Centers for Medicare & Medicaid Services. However,
obtaining timely results can be challenging, particularly for
patients hospitalized outside North America. To facilitate
clinical application, it is essential to determine the optimal
number of features required for accurate patient classification,
as we plan to do with additional samples. This would enable
the development of a customized cytokine panel that includes
the most important markers and could be implemented in
hospitals worldwide. In addition, while the Louvain algorithm
identified patient clusters based on their similarity patterns,
intracluster variability cannot be excluded. Notably, sub-
cluster 2 is likely distinct from subclusters 0 and 6. The sim-
ilarity between subcluster 2 patients and those with RSE due
to ASM regimen changes suggests a potential non-
autoimmune mechanism in subcluster 2 patients. Increasing
the cohort size will help clarify this question. The suggested
immunotherapies in Table 2 are theoretical, not based on
actual patient responses. Therefore, therapeutic decisions
should always consider a comprehensive evaluation that
includes clinical and other paraclinical findings. In addition,
most of our control patients were adults, restricting the ap-

plicability of the findings to children.

In conclusion, our study highlights distinct inflammatory and
autoimmune pathways in subgroups of patients with
c-NORSE, emphasizing the need for personalized therapeutic
strategies that could lead to more effective treatments and
improved patient outcomes.
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