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ARTICLE INFO ABSTRACT

Handling Editor: Professor C Selmi Background: Autoimmune encephalitis (AIE) is a disabling inflammatory condition of the brain deemed to be due
to a dysregulated immune response. Viral infections and malignancies together with certain genetic poly-

Keywords: morphisms are thought to contribute to the pathogenesis of AIE, yet the exact mechanisms remain insufficiently

Autoimmune encephalitis understood. Diagnosis of AIE currently relies on clinical consensus criteria. However, diagnostic workup can be

Multidimensional flow cytometry
Immune cells

Herpes virus infections
Differential diagnoses

challenging in some cases, potentially delaying treatment initiation associated with poor clinical outcomes.
This study aims to investigate the systemic and intrathecal immune cell profiles of AIE in comparison to viral
meningoencephalitis (VME) as a clinically relevant differential diagnosis and evaluate its diagnostic and ther-
apeutic potential.

Methods: 97 mainly treatment-naive AIE patients, 47 patients with VME, and 109 somatic symptom disorder (SD)
controls were included. Analysis of peripheral blood (PB) and cerebrospinal fluid (CSF) immune cell profiles was
performed using multidimensional flow cytometry (mFC) in combination with novel computational approaches.
Results: We were able to identify alterations in the adaptive B and T cell-mediated immune response in AIE
compared to SD controls which correspond to respective changes in the brain parenchyma. AIE and VME exhibit
similar patterns of adaptive B and T cell responses and differ in pattern of innate immunity especially NK cells.
MFC together with routine CSF parameters can differentiate AIE from VME and SD controls implying diagnostic
potential.

Conclusion: AIE is characterized by a B and T cell-mediated systemic and intrathecal immune-cell signature which
corresponds to changes reported in the brain parenchyma providing insights into immunopathogenesis. Differ-
ences between AIE and VME were most prominent for the innate immune response indicating a potential role of
NK cells in the pathogenesis of autoimmunity. Our data provides evidence that mFC could be a novel comple-
mentary approach to the diagnosis of AIE with diagnostic, therapeutic, and prognostic implications.

1. Introduction 4]. The most common form of AIE is anti-N-methyl-D-aspartate receptor
encephalitis (NMDARE), typically presenting with psychiatric symp-

Autoimmune encephalitis (AIE) is an inflammatory condition of the toms, memory disturbance, seizures, movement disorders, language
brain, predominantly affecting the grey matter of the central nervous deficits, reduced level of consciousness, and autonomic instability [5,6].
system (CNS) [1,2]. It is a major cause of encephalitis alongside infec- Another typical clinical presentation of AIE is autoimmune limbic en-
tious encephalitis and acute disseminated encephalomyelitis (ADEM) [3, cephalitis (ALE). A variety of autoantibodies can be detected in serum
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and/or cerebrospinal fluid (CSF) of patients with ALE (referred to as
antibody-positive ALE), first and foremost those against leucine-rich,
glioma inactivated 1 (LGI1) and the 65 kDa isoform of the glutamic
acid decarboxylase (GAD65). ALE is clinically characterized by temporal
lobe seizures, behavioral changes, and memory deficits [1,2].

Diagnostic criteria for AIE in children and adults have been sug-
gested, comprising clinical presentation and results of technical studies
(e.g. electroencephalography (EEG), magnetic resonance imaging
(MRI), and CSF analysis) [5,7]. Detection of autoantibodies in serum and
or CSF together with typical clinical symptoms can support the diagnosis
of AIE [5]. However, the clinical diagnosis can be challenging in some
cases, especially in patients without detectable autoantibodies in serum
or CSF (referred to as antibody-negative ALE (AAB ALE)), delaying
initiation of immunotherapy associated with worse outcomes [8,9].

Technical and conceptual advances over the last years facilitated a
more precise clinical and pathophysiological characterization of AIE and
led to an increasing number of detectable autoantibodies in serum or
CSF [10,11]. Apart from the pathophysiological role of autoantibodies,
previous studies support the relevance of immune cells in the patho-
genesis of AIE. Differences in the relative contribution of adaptive im-
mune effector mechanisms within the brain parenchyma were
apparently based on the cellular localization of the respective target
antigens [11-13]. In AIE with autoantibodies against surface membrane
neural antigens (e.g. NMDAR, LGI1), autoantibodies have been shown to
disrupt epitope function, cross-link targeted antigens, with subsequent
internalization of the antibody-antigen complex, activate complement,
and instigate cytotoxicity depending on the immunoglobulin subclass
[14,15]. However, recent findings also suggest a role for neural-antigen
specific cytotoxic T cells in this group of AIE syndromes [16,17].

In AIE with autoantibodies against intracellular neural antigens (e.g.
Hu, GAD65), autoantibodies are considered non-pathogenic except for
those binding to antigens transiently exposed to the surface membrane
e.g. during vesicle exo- and endocytosis [16,18,19]. In this group of AIE
syndromes, neural-antigen specific cytotoxic T cells are thought to
interact with the cells expressing the target antigen resulting in release
of cytokines and different cytotoxic effector molecules that mediate cell
dysfunction and destruction [14,17,20,21].

Different factors were linked to the immunopathogenesis of AIE
(reviewed in Refs. [22,23]): (i) there seems to be a rather strong genetic
predisposition in many AIE syndromes comprising associations inside
and also outside the human leukocyte antigen (HLA) locus; (ii) various
malignancies expressing neural or structurally related antigens and (iii)
systemic and cerebral viral infections together with (iv) defective im-
mune regulatory mechanisms may cause break-down of immune toler-
ance and promote AIE [22,24,25].

Multidimensional flow cytometry (mFC) is a powerful tool to
perform broad characterization of local immune cell composition [26,
27]. It can provide insights into the immune effector mechanisms
contributing to the pathogenesis of AIE and identify immune cell sig-
natures distinguishing AIE from clinical differential diagnoses. A
recently published study assessed the differences in the immune cell
profile between patients with NMDARE and VME and reported increased
neutrophil counts and a higher monocyte-to-lymphocyte ratio in the PB
of NMDARE patients in relation to VME and controls. In the CSF, T
lymphocytes, especially CD4" T cells were decreased in NMDARE
compared to VME. Higher percentages of CD8" T cells in PB and CSF
correlated with disease severity of NMDARE [28]. Even though the
study provides first insights into the immunological differences between
NMDARE and VME, the study features several limitations, e.g., only
lymphocyte subsets were analyzed by mFC, no patients with other
subtypes of AIE were included, and the control cohorts were insuffi-
ciently characterized.

Applying mFC combined with novel computational approaches, we
here provide a detailed characterization of the peripheral and intra-
thecal immune cell profile of mainly immunotherapy-naive patients
with a more generalized AIE (i.e. NMDARE) and more focal AIE (i.e. ALE
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with and without different autoantibodies) and compare them to acute
VME (aVME) and post-acute VME (pVME) as relevant clinical differen-
tial diagnoses, and non-inflammatory controls.

We aimed to enhance the understanding of the immunopathogenesis
of AIE and evaluate the benefit of mFC as a complementary tool to the
diagnostic workup of AIE facilitating early diagnosis and treatment to
improve clinical outcomes.

2. Methods
2.1. Retrospective identification of patients

We retrospectively searched the clinical database of the Department
of Neurology at the University Hospital Miinster, Germany, to identify
immunotherapy-naive patients diagnosed with NMDARE and ALE with
and without different autoantibodies according to the diagnostic criteria
suggested by Graus et al. [5] who received mFC of PB and CSF. Detection
of neural autoantibodies in serum and/or CSF was performed using a
combination of tissue- and cell-based immunofluorescence assays and
immunoblotting by the Clinical Immunological Laboratory Prof. h.c.
(RCH) Dr. med. Winfried Stocker, Grop Gronau (Germany). The
following antibodies were assessed: Hu, Ri, ANNA-3, Yo, Tr/DNER,
Myelin, Ma/Ta, GAD65, Amphiphysin, Aquaporin-4, NMDA receptor,
AMPA receptor, GABA-A/B receptor, LGI1, CASPR2, ZIC4, DPPX,
glycine receptor, mGluR1, mGluR5, Rho-GTPase activating protein 26,
ITPR1, Homer 3, MOG, Neurochondrin, GluRD2, Flotillin 1/2, IgLON5,
CV2, Recoverin, SOX1, Titin, VGKC, Neurexin-3a, GFAP. ALE and
NMDARE patients together are referred to as AIE.

Patients with VME were enrolled if herpes viruses (herpes simplex
virus 1/2 [HSV], Epstein-Barr virus [EBV], or varicella-zoster virus
[VZV]) could be detected in the CSF by polymerase chain reaction
(PCR). Patients with VME showed typical clinical signs of encephalitis
(e.g. headaches, fever, altered mental status, seizures, psychiatric
symptoms, focal neurological abnormalities). Routine CSF studies were
compatible with VME, and diagnosis was made based on the detection of
virus DNA (HSV, VZV, or EBV) by PCR of CSF. VME was classified as
acute, if virus DNA could be detected in the CSF sample at the time of
mFC analysis. Post-acute VME was assumed if virus DNA could no longer
be detected in the CSF sample at time of mFC analysis (mean time be-
tween positive PCR and mFC sample taking: 13.31 + 9.61 days). Pa-
tients with somatic symptom disorder (SD; F45.0 or F45.1), diagnosed
according to the ICD-10 diagnostic criteria [29,30], served as
non-inflammatory controls (referred to as SD controls (SD)). SD controls
had no comorbid neurological conditions. All SD subjects exhibited
intrathecal leukocyte counts of <5 cells/pl, intrathecal lactate levels <2
mmol/]l, an intact blood-CSF barrier (BCSFB) as indicated by the
age-adjusted albumin ratio (QAlb), no intrathecal immunoglobulin
synthesis according to Reiber criteria, and an oligoclonal band (ocb)
pattern type 1 as described previously [27,31]. Patients with comorbid
systemic autoimmune disease, chronic infections or patients treated
with immunosuppressants (except for steroids) prior to sampling were
excluded from our study. The NMDARE, ALE and SD cohorts were used
before [27,31-33].

All patients have been admitted to the Department of Neurology of
the University Hospital Miinster, Germany, since 2011 and received
mFC of PB and CSF during routine clinical workup. Data were anony-
mized and analysis was performed retrospectively. The study was per-
formed according to the Declaration of Helsinki and was approved by
the local Ethics Committee of the Board of Physicians of the Region
Westfalen-Lippe and of the University of Miinster, Germany (reference
number: 2019-712-f-S). All patients provided written informed consent
to participate in the study.

2.2. Routine CSF analysis

Lumbar puncture was performed during the clinical routine workup
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and samples were processed within 1 h. A Fuchs-Rosenthal chamber was
used to assess CSF white blood cell counts (WBC). Protein/albumin
concentration and immunoglobulin levels (IgG, IgA, and IgM) were
measured by nephelometry. In order to evaluate the integrity of the
blood-CSF-barrier, serum and CSF albumin, and immunoglobulin con-
centrations were compared and a Reiber scheme was created [34]. Ocbs
were detected by isoelectric focusing and silver nitrate staining.

2.3. Multidimensional flow cytometry (mFC)

MEFC of PB and CSF was performed as part of the routine workup at
our center during normal working hours. Fresh PB and CSF samples were
used for multidimensional flow cytometry, which is an accredited
method. The minimum sample volume was 3 mL. All samples were
processed within 1 h of sampling. The flow cytometer was checked by
Flow-Check Fluorospheres (Beckman Coulter) on a daily basis.
IMMUNO-TROL cells (Beckman Coulter) were used as reference control
to ensure validity of the results. CSF samples were centrifuged at 300xg
for 15 min. Supernatant was discarded and CSF cells were resuspended
in parallel to 100 pl PB in 100 pl VersaLyse. Samples were stained based
on an established protocol using the antibodies listed in Table 1 [35]. A
Navios® flow cytometer (Beckmann Coulter) and the software Kaluza®
(version 2.1) were used for data analysis. Paired PB and CSF samples
were analyzed and gates were set by comparing CSF with PB samples
ensuring a reliable identification of even small cell populations. Gating
was performed as described previously [27]. First, leukocytes were
identified as CD45 positive cells. Next, leukocyte subsets were separated
into granulocytes (Granulo; SSChighCD14-), monocytes (Mono;
SSCMCD14+), and lymphocytes (Lympho; SSCI°CD14-). Lymphocytes
were further divided into B cells (Bc; cD19Mghep 38-), plasma cells (Pc;
CD19"°%CD138M8M) and T cells (Tc; CD3+CD56-). T cells were further
classified into CD4" T cells (CD4-+CD8-), CD8" T cells (CD4-CD8+), and
CD4*CD8" T cells (CD4+CD8+). Furthermore, expression of the acti-
vation marker HLA-DR was analyzed on CD4" T cells (CD4+HLADR+)
and CD8™ T cells (CD8+HLADR+). Natural killer cells (NK) cells were
selected as CD56-+CD3- cells and were subdivided into CD56""8" NK
cells (NK bright; CD56”8"CD16%™) and CD564™ NK cells (NK dim;
CD56%MCD16+). Natural killer T cells (NKT) were identified as
CD56+CD3+ cells. Moreover, monocyte subsets were selected as cMono
(CD14"8"CD16-), iMono (CD14+ CD16+), and ncMono
(CD14"°"CD16M8M) cells. Percentages of either PB or CSF immune cell
populations were compared between groups.

2.4. Data analysis

MFC data acquired during clinical routine workup were retrospec-
tively analyzed using GraphPad Prism (version 9.0.0) and R studio
(v1.3.1093). UMAPs (uniform manifold approximation and projection
for dimension reduction) were created with the R packages ‘umap’
(v0.2.10.0) and ‘ggplot2’ (v3.4.4). Data were scaled and centered in
advance. Heatmaps were created using the R package ‘pheatmap’

Table 1

Antibodies for mFC analysis.
Antibodies (Clone) Company Identifier
CD3 (UCHT1) Beckman Coulter #A66327
CD4 (13B8.2) Beckman Coulter #IM2468
CD8 (B9.11) Beckman Coulter #A82791
CD14 (RM052) Beckman Coulter #B36297
CD16 (3G8) Beckman Coulter #A66330
CD19 (J3-119) Beckman Coulter #B76283
CD45 (J33) Beckman Coulter #B36294
CD56 (N901) Beckman Coulter #A21692
CD138 (B-A38) Beckman Coulter #A40316
HLA-DR (Immu-357) Beckman Coulter #B92438

mFC - multidimensional flow cytometry.

Journal of Autoimmunity 152 (2025) 103396

(v1.0.12). The group medians for each parameter were calculated and
data were scaled row wise. Violin plots were created with the R package
‘ggplot2’ (v3.4.4). P-values were calculated using Kruskal Wallis test
with Dunn post hoc test (p-adjustment method: Benjamini-Hochberg) as
normality could not be assumed based on Shapiro-Wilk test. For binary
data, Fisher’s exact test was used. A p-value <0.05 was considered
statistically significant. Multiple linear regression was performed to
adjust for differences in age and sex between groups (CSF/PB parame-
ters as dependent variables, age, sex, and group as independent vari-
ables). Sparse Partial Least Squares Discriminant Analysis (sPLS-DA)
was applied to evaluate the performance of the PB mFC parameters, the
CSF routine parameters, and the combination of CSF routine with PB/
CSF mFC parameters to differentiate between groups. SPLS-DA was
performed using the R package ‘mixOmics’ (v6.26.0). The ‘auroc’
function was used to calculate the Area Under the Curve (AUC) for the
classification results obtained from sPLS-DA, higher values indicating
better performance. In addition, the contribution of the top ten variables
on latent component 1 was visualized.

3. Results
3.1. Basic cohort characteristics

In total, 253 patients were enrolled (17 NMDARE, 80 ALE, 47 VME,
and 109 SD). The study design is illustrated in Fig. 1A. 62.5 % of ALE
patients met the diagnosis of definite ALE, 33.75 % of possible ALE, and
3.75 % of probable ALE according to Graus et al
(Fig. 1A-Supplementary Table 1) [5]. All NMDARE patients fulfilled the
criteria of definite NMDARE (Supplementary Table 1) [5]. 26.3 % of ALE
patients had antibodies against extracellular target antigens (LGI1 = 11,
CASPR2 = 3, GABA-B-R = 2, GABA-A-R = 1, DPPX = 2, VGKC = 1,
Neurexin-3a = 1 patient(s)), 21.3 % against intracellular target antigens
(GAD65 =11,Hu =2,Ma/Ta=2, Yo, Ma/Ta =1, Hu/Sox/Z1C4/Yo =1
patient(s)), 50.0 % were antibody-negative, and two patients had anti-
bodies targeting an unknown antigen. Detailed clinical characteristics of
AIE patients are summarized in Supplementary Table 1. None of the
patients were receiving immunotherapy at the time of mFC analysis. 19
AIE patients had received steroids at any time point prior to sampling
(19.4 %), and one patient plasmapheresis (1.0 %). None of the patients
were treated with other immunosuppressants (e.g. rituximab, azathio-
prine, cyclophosphamide, or methotrexate) before. Mean age was
similar between ALE and VME patients (ALE: 55.1 + 14.5, aVME: 50.7
+ 21.3, pVME: 53.1 + 18.3 years) while NMDARE patients and SD
subjects were younger on average (NMDARE: 39.8 + 20.4, SD: 39.8 +
16.9 years). Sex was slightly imbalanced towards male in the ALE and
VME group (% female: 42.5 [ALE], 36.8 [aVME], 43.9 [pVME]) while a
female predominance was noted for the NMDARE and SD group (% fe-
male: 70.6 [NMDARE] and 69.1 [SD]).

3.2. ALE, NMDARE, and VME patients feature elevated CSF WBC, an
impaired blood-CSF-barrier, and intrathecal immunoglobulin synthesis

Comparison of CSF routine parameters between groups revealed
elevated CSF white blood cell counts in ALE, NMDARE, aVME, and
PVME patients compared to SD controls. CSF white blood cell count was
highest in aVME, followed by pVME, NMDARE, and then by ALE pa-
tients (Fig. 1B). CSF protein levels were elevated in ALE, aVME, and
PVME patients in relation to SD controls, with the highest levels seen in
patients with aVME (Fig. 1C). More patients with ALE, NMDARE, aVME,
and pVME had an impaired blood-CSF-barrier with an increased QAlb
compared to SD controls. QAlb was highest in aVME, followed by pVME,
ALE, and finally NMDARE patients (Fig. 1D and E). The percentage of
patients with intrathecal immunoglobulin synthesis and CSF oligoclonal
bands was higher in ALE, NMDARE, aVME, and pVME than in SD con-
trols. NMDARE, aVME, and pVME patients showed more often intra-
thecal immunoglobulin synthesis and/or CSF oligoclonal bands than
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Fig. 1. Basic demographics and clinical parameters of ALE, NMDARE, and VME patients.

A Study design, created in BioRender. Réauber, S. (2024) https://BioRender.com/154t980: The ALE cohort was further subdivided into ALE patients with autoan-
tibodies against extracellular target antigens (ALE-Extra, 26.3 %), ALE patients with autoantibodies against intracellular target antigens (ALE-Intra, 21.3 %), and ALE
patients without autoantibodies (AAB~ ALE, 50.0 %). Two patients had autoantibodies targeting an unknown antigen. VME was classified as acute (aVME, 31.67 %),
if virus DNA could be detected in the CSF sample at the time of mFC analysis. Post-acute VME (pVME, 68.33 %) was assumed if virus DNA could no longer be detected
in the CSF sample at time of mFC analysis; B-G Violin plots with overlaying boxplots and bar plots illustrating the routine CSF parameters. Boxes display the median
as well as the 25th and 75th percentiles. The whiskers extend from the hinge to the largest and smallest values, respectively, but no further than 1.5 * IQR from the
hinge. Significance was assessed using Kruskal Wallis test with Dunn post hoc test (p-adjustment method: Benjamini-Hochberg) as normality could not be assumed

based on Shapiro-Wilk test. For binary data, Fisher’s exact test was used.
A - Area; ALE - autoimmune limbic encephalitis; aVME - acute viral meningoencephalitis; BCSFBD - blood-CSF barrier dysfunction; CSF - cerebrospinal fluid; Ig - immuno-

globulin; mFC - multidimensional flow cytometry; NMDARE - anti-N-methyl-D-aspartate receptor encephalitis; ocbs - oligoclonal bands; PB - peripheral blood; pVME - post-
acute viral meningoencephalitis; QAlb - CSF/serum albumin ratio; VME - viral meningoencephalitis; SD - somatic symptom disorder; sPLS-DA - Sparse Partial Least
Squares Discriminant Analysis; WBC - white blood cell count.

* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-yalue < 0.0001.

identified higher percentages of PB lymphocytes in AAB~ ALE compared
to ALE-Extra while PB CD8" T cells were elevated in ALE-Intra in
comparison to ALE-Extra (Fig. 2B, C, D). Significance of the latter was
not maintained after correction for differences in age and sex. Regarding
the CSF, AAB~ ALE patients had increased percentages of T cells
compared to ALE-Extra and ALE-Intra (Fig. 2B-E). In turn, ALE-Extra
and ALE-Intra showed higher fractions of CSF B cells and plasma cells
compared to AAB™ ALE patients (Fig. 2B-F, G). Differences between
ALE-Extra and AAB™~ ALE were confounded by age and sex. No signifi-
cant differences in other PB or CSF immune cell populations were
detected between ALE-Extra, ALE-Intra, and AAB~ ALE (Supplementary
Table 2).

ALE patients (Fig. 1F and G).

In summary, ALE, NMDARE, aVME, and pVME patients share an
elevated CSF white blood cell count, an impaired blood-CSF-barrier, and
higher probability of intrathecal immunoglobulin synthesis, and CSF
oligoclonal band detection.

3.3. Pronounced intrathecal B and plasma cell response in ALE with AABs
and increased T cell response in AAB~ ALE

We first assed differences in peripheral and intrathecal immune cell
profiles within the ALE cohort depending on the location of the target

antigen. For this, the ALE cohort was subdivided into ALE patients with
autoantibodies targeting extracellular antigens (ALE-Extra), intracel-
lular antigens (ALE-Intra), and ALE patients without autoantibodies
(AAB™ ALE). UMAP analysis revealed comparable overall immune cell
profiles between the three groups (Fig. 2A). Single parameters analysis

In conclusion, intrathecal B and plasma cell responses are more
pronounced in ALE patients with autoantibodies compared to AAB~ ALE
patients while the latter have higher percentages of lymphocytes in the
PB and T cells in the CSF.
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Fig. 2. Differences in PB and CSF immune cell profiles amongst ALE patients depending on the location of the target antigen.

A UMAP analysis including PB or CSF mFC parameters of ALE-Extra, ALE-Intra, and AAB~ ALE patients. Each patient is shown as a multidimensional data point
(triangle, square, or filled circle); B Heatmap analysis of PB or CSF mFC parameters: the median of each parameter was calculated, scaled, centered, and clustered
hierarchically; C-G Violin plots with overlaying boxplots showing PB or CSF mFC parameters of ALE-Extra, ALE-Intra, and AAB~ ALE patients. Boxes display the
median as well as the 25th and 75th percentiles. The whiskers extend from the hinge to the largest and smallest values, respectively, but no further than 1.5 * IQR
from the hinge. P-values were calculated by Kruskal Wallis test with Dunn post hoc test (p-adjustment method: Benjamini-Hochberg) as normality could not be
assumed based on Shapiro-Wilk test. Only significant comparisons are illustrated.
AAB - autoantibody-negative; ALE - autoimmune limbic encephalitis; ALE-Extra - ALE patients with autoantibodies targeting extracellular antigens; ALE-Intra - ALE
patients with autoantibodies targeting intracellular antigens; cMono - classical monocytes; CSF - cerebrospinal fluid; Granulo - granulocytes; iMono - intermediate
monocytes; Lympho - lymphocytes; mFC - multidimensional flow cytometry; Mono - monocytes; ncMono - non-classical monocytes; NK - natural killer cells; NK bright -
CD56"" NK cells; NK dim - CD56%™ NK cells; NKT - natural killer T cells; PB - peripheral blood; Tc - T cells; UMAP - uniform manifold approximation and projection for

dimension reduction.

* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001.

3.4. ALE and NMDARE show similarities in PB adaptive immunity with
VME and diverge in innate immune cell patterns

As VME presents a relevant clinical differential diagnosis to AIE and
can precede the development of AIE, we assessed the immune response
of patients with VME at different time points (acute [aVME] and post-
acute [pVME]) and compared it to the one seen in NMDARE, ALE, and
SD patients. First, we focused on the PB immune response. The overall
PB immune cell profile was comparable between groups as revealed by
UMAP analysis (Fig. 3A).

Next, single parameters were analyzed in the PB of aVME, pVME,
ALE, and NMDARE compared to SD controls (Fig. 3B-I).

With regard to the innate immune response, a shift from PB cMono to
iMono was observed in aVME patients. IMono were also higher in pVME

than in SD controls and ALE patients (Fig. 3B, C, D). PB granulocytes
were elevated in ALE and NMDARE patients in comparison to SD con-
trols (Fig. 3B-E).

Taking a closer look at the adaptive immune response, a decrease in
the percentage of all PB lymphocytes was noted in ALE, NMDARE,
aVME, and pVME patients (Fig. 3B-F). Differences between aVME and
SD patients did not remain significant after correction for age and sex. In
ALE patients, a shift from PB CD8" to CD4" T cells was observed
(Fig. 3B-G-I). Activated CD4" and CD8™ T cells were elevated in ALE,
aVME, and pVME, but not in NMDARE patients compared to SD con-
trols. Activated T cells were even higher in aVME/pVME than in ALE and
NMDARE patients (Fig. 3B-J, K). Significance of differences between
aVME/pVME and NMDARE were not maintained after correction for age
and sex. Furthermore, PB plasma cells were increased in NMDARE,
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Fig. 3. Similarities in PB adaptive immune response and differences in innate immunity between ALE, NMDARE and VME.

A UMAP analysis including PB mFC parameters of ALE, NMDARE, a/pVME, and SD control patients. Each patient is shown as a multidimensional data point (triangle,
square, or filled circle); B Heatmap analysis of PB mFC parameters: the median of each parameter was calculated, scaled, centered, and clustered hierarchically; C-L
Violin plots with overlaying boxplots depicting the PB mFC parameters of ALE, NMDARE, a/pVME, and SD control patients. Boxes display the median as well as the
25th and 75th percentiles. The whiskers extend from the hinge to the largest and smallest values, respectively, but no further than 1.5 * IQR from the hinge. P-values
were calculated by Kruskal Wallis test with Dunn post hoc test (p-adjustment method: Benjamini-Hochberg) as normality could not be assumed based on Shapir-

o-Wilk test. Only significant comparisons are illustrated.

ALE - autoimmune limbic encephalitis; aVME - acute viral meningoencephalitis; cMono - classical monocytes; CSF - cerebrospinal fluid; Granulo - granulocytes; iMono - in-
termediate monocytes; Lympho - lymphocytes; mFC - multidimensional flow cytometry; Mono - monocytes; ncMono - non-classical monocytes; NK - natural killer cells; NK
bright - CD56" 8" NK cells; NK dim - CD56“™ NK cells; NKT - natural killer T cells; NMDARE - anti-N-methyl-D-aspartate receptor encephalitis; PB - peripheral blood; pVME -
post-acute viral meningoencephalitis; SD - somatic symptom disorder; Tc - T cells; UMAP - uniform manifold approximation and projection for dimension reduction; VME - viral

meningoencephalitis.
* p-value < 0.05; ** p-value < 0.01; ***

p-value < 0.001; **** p-yalue < 0.0001.
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aVME, and pVME patients compared to SD controls and ALE patients
(Fig. 3B-L). The comparison between pVME and ALE was significantly
confounded by age and sex differences.

As differences in PB lymphocytes and PB CD8" T cells were noted
depending on the autoantibody status of ALE patients (Fig. 2B-D), we
repeated the analyses for those parameters subdividing the ALE cohort
into ALE-Extra, ALE-Intra, and AAB~ ALE. Reduced percentages of PB
lymphocytes were only detected in ALE-Extra and ALE-Intra, not in
AAB™ ALE in comparison to SD controls (Supplementary Fig. 1A). In
turn, PB CD8™ T cells were only reduced in ALE-Extra and AAB~ ALE,
not in ALE-Intra in relation to SD controls (Supplementary Fig. 1B).

Taken together, VME patients show alterations in the PB monocyte
compartment whereas ALE and NMDARE patients feature higher frac-
tions of PB granulocytes compared to SD controls. ALE and VME patients
share an increase in activated T cells whereas the shift from CD8" to
CD4" T cells was only visible in ALE patients in comparison to SD
controls. Activated T cells were even higher in VME than in ALE pa-
tients. NMDARE and VME patients both had an increase in PB plasma
cells.

3.5. ALE, NMDARE, and VME patients share intrathecal T, B, and
plasma cell responses while differentiating in NK cell patterns

We went on and repeated the analyses including CSF mFC parame-
ters. UMAP analysis revealed a noticeable overlap between NMDARE
and aVME/pVME patients while ALE patients clustered together with SD
controls showing only a slight overlap with NMDARE and VME patients
(Fig. 4A).

Next, single parameters were analyzed in the CSF of ALE, NMDARE,
aVME, and pVME patients in relation to SD controls (Fig. 4B-M).

Focusing on the innate immune response, CSF monocytes and
granulocytes were reduced in NMDARE, aVME, and pVME patients
compared to SD controls and ALE patients (Fig. 4B-D). Differences in
monocytes between ALE and NMDARE and in granulocytes between
aVME and ALE, aVME and SD, and NMDARE and ALE were significantly
confounded by age and sex. CSF NK cells, especially NK dim, were
significantly higher in aVME and pVME patients compared to SD con-
trols and ALE/NMDARE patients. Even higher fractions of NK cells were
noted in aVME than in pVME patients (Fig. 4B-E, F). Significance in NK
dim between aVME and NMDARE was not maintained after correction
for age and sex. NK bright cells were reduced in NMDARE compared to
ALE patients and SD controls as well as in aVME compared to ALE pa-
tients (Fig. 4B-G).

One pVME patient developed NMDARE at a later time point. As
immune cell profiles between AIE and VME patients most markedly
differed with regard to CSF NK cells, proportions of NK cells in PB and
CSF of this patient were compared to the median of the other pVME
patients and SD controls. Both PB NK and CSF NK were lower in that
patient compared to the rest of the pVME cohort (median PB NK post-
HSV NMDARE: 5.4 % vs other pVME 13.5 % vs SD 13.5 %; median
CSF: post-HSV NMDARE: 2.3 % vs other pVME 3.5 %; SD 2.1 %)
(Supplementary Figs. 1F and G). CSF NK dim were reduced while NK
bright were increased in that patient compared to all other pVME pa-
tients (median CSF NK dim post-HSV NMDARE: 17.4 % vs other pVME
26.7 % vs SD 10.0 %; median CSF NK bright post-HSV NMDARE: 67.9 %
vs other pVME 58.1 % vs SD 62.7 %) (Supplementary Fig. 1G).

Regarding the adaptive immune response, higher percentages of
lymphocytes could be detected in the CSF of NMDARE, aVME, and
PVME patients compared to SD controls and ALE patients (Fig. 4B-H).
Differences between NMDARE and ALE were no longer significant after
correction for age and sex. The overall fraction of CSF T cells was lower
in NMDARE, aVME, and pVME patients compared to SD controls and
ALE patients (Fig. 4B-I). Activated CD4" and CD8" T cells were
increased in ALE, aVME, and pVME while only activated CD8" T cells
were elevated in the CSF of NMDARE patients compared to SD controls.
Activated CD4" T cells were even higher in aVME and pVME than in ALE
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and NMDARE patients (Fig. 4B-J, K). CSF B and plasma cells were
increased in all patient groups in comparison to SD controls. CSF B cells
were significantly higher in NMDARE and pVME compared to ALE pa-
tients and CSF plasma cells were increased in a/pVME compared to
NMDARE and/or ALE patients (Fig. 4B-L, M). Differences in B cells
between pVME and ALE as well as in plasma cells between a/pVME and
ALE/NMDARE were no longer significant following correction for age
and sex.

As differences in CSF T, B, and plasma cells were detected amongst
ALE patients depending on the location of the target antigen (Fig. 2B-E-
G), the analyses were repeated for those cell populations subdividing the
ALE cohort into ALE-Extra, ALE-Intra, and AAB~ ALE. CSF T cells were
only significantly higher in AAB™ ALE, not in ALE-Extra and ALE-Intra,
compared to NMDARE, aVME, and pVME patients (Supplementary
Fig. 1C). CSF B and plasma cells were elevated in ALE-Extra and ALE-
Intra, but not in AAB™ ALE, in comparison to SD controls. CSF B and
plasma cells were higher in ALE-Extra, ALE-Intra, NMDARE, aVME, and
PVME compared to antibody-negative ALE. Furthermore, CSF plasma
cells were also increased in a/pVME compared to ALE-Intra
(Supplementary Figs. 1D and E).

Overall, ALE, NMDARE, and VME share an intrathecal increase in
activated T cells. Antibody-positive ALE (especially with autoantibodies
targeting extracellular antigens) and NMDARE patients also share a
pronounced B and plasma cell response in the CSF with VME patients.
Regarding innate immunity, NMDARE and VME are characterized by a
reduction in CSF monocytes and granulocytes. VME patients feature an
increase in CSF NK, especially NK dim, not visible in ALE or NMDARE
patients. NK bright cells were reduced in NMDARE and aVME patients
compared to SD controls and/or ALE patients.

3.6. MFC can support the diagnostic workup by differentiating AIE from
similar clinical entities

As VME present an important clinical differential diagnoses to ALE
and NMDARE, we were further interested in whether PB and CSF mFC
could complement the diagnostic workup supporting early diagnosis
and treatment. We therefore performed sPLS-DA in combination with
ROC analysis to evaluate the performance of the PB mFC and/or CSF
mFC and/or CSF routine parameters.

Using CSF routine in combination with PB/CSF mFC parameters as
model input, ALE and aVME could be differentiated with an AUC of
0.995, CSF white blood cell count, CSF IgM, and CSF IgA being the three
most important parameters (Fig. 5A). ALE and pVME could be differ-
entiated with an AUC of 0.983, CSF white blood cell count, CSF lym-
phocytes, and CSF monocytes contributing the most to the model
(Fig. 5B).

As AAB™ ALE is especially difficult to diagnose, we repeated the
analyses only inlcuding this subgroup of ALE patients. AAB™ ALE and a/
PVME patients could be differentiated with and AUC of 1.0, CSF white
blood cell count, CSF IgM, and CSF IgA (AAB”ALE vs aVME) and CSF
lymphocytes, CSF monocytes, and CSF white blood cell count (AAB~ALE
vs pVME) being the most relevant parameters (Fig. 5C and D).

NMDARE and aVME could be differentiated with a perfect AUC (1.0),
blood-CSF-barrier dysfunction, CSF white blood cell count, and CSF NK
being the most important parameters of the model (Fig. 5E). NMDARE
and pVME could be differentiated with an AUC of 0.979,with CSF white
blood cell count, CSF lymphocytes, and blood-CSF-barrier dysfunction
contributing the most to the model (Fig. 5F).

Finally, we combined ALE and NMDARE patients (AIE patients) and
performed sPLS-DA analysis in comparison to aVME and pVME patients,
respectively. AIE and aVME could be distinguished with an AUC of
0.993, CSF white blood cell count, CSF IgM, and CSF IgA presenting the
most important parameters of the model (Fig. 5G). AIE and pVME could
be differentiated with an AUC of 0.974, with CSF white blood cell count,
CSF lymphocytes, and CSF monocytes being the most relevant param-
eters (Fig. 5H).
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Fig. 4. ALE, NMDARE and VME share an intrathecal T, B, and plasma cell response while diverging in NK cell patterns.

A UMAP analysis including CSF mFC parameters of ALE, NMDARE, a/pVME, and SD control patients. Each patient is shown as a multidimensional data point
(triangle, square, or filled circle); B Heatmap analysis of CSF mFC parameters: the median of each parameter was calculated, scaled, centered, and clustered hi-
erarchically; C-M Violin plots with overlaying boxplots depicting the CSF mFC parameters of ALE, NMDARE, a/pVME, and SD control patients. Boxes display the
median as well as the 25th and 75th percentiles. The whiskers extend from the hinge to the largest and smallest values, respectively, but no further than 1.5 * IQR
from the hinge. P-values were calculated by Kruskal Wallis test with Dunn post hoc test (p-adjustment method: Benjamini-Hochberg) as normality could not be
assumed based on Shapiro-Wilk test. Only significant comparisons are illustrated.
ALE - autoimmune limbic encephalitis; aVME - acute viral meningoencephalitis; Bc - B cell; cMono - classical monocytes; CSF - cerebrospinal fluid; Granulo - granulocytes;
iMono - intermediate monocytes; Lympho - lymphocytes; mFC - multidimensional flow cytometry; Mono - monocytes; ncMono - non-classical monocytes; NK - natural killer
cells; NK bright - CD56""8" NK cells; NK dim - CD56%™ NK cells; NKT - natural killer T cells; NMDARE - anti-N-methyl-D-aspartate receptor encephalitis; PB - peripheral blood;

Pc - plasma cells; pVME - post-acute viral meningoencephalitis; SD - somatic symptom disorder; Tc -
dimension reduction; VME - viral meningoencephalitis.
* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-yalue < 0.0001.

T cell(s); UMAP - uniform manifold approximation and projection for
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Fig. 5. MFC in combination with CSF routine parameters can perfectly differentiate ALE and NMDARE from VME patients.

A-H ROC analyses of the classification results obtained from sPLS-DA including CSF routine, PB and CSF mFC parameters. ALE patients (A, B), antibody-negative ALE
patients (C, D), NMDARE patients (E, F), or AIE patients (ALE and NMDARE patients combined) (G, H) were compared to either aVME or pVME patients.
AABALE - antibody-negative ALE; AIE - autoimmune encephalitis; ALE - autoimmune limbic encephalitis; AUC - Area under the curve; aVME - acute viral meningoencephalitis;
BCSFBD - blood-CSF barrier dysfunction; cMono - classical monocytes; contrib. - contribution; CSF - cerebrospinal fluid; Granulo - granulocytes; iMono - intermediate
monocytes; Lympho - lymphocytes; mFC - multidimensional flow cytometry; Mono - monocytes; NK - natural killer cells; NK bright - CD56”"8" NK cells; NK dim - CD56%™ NK
cells; NMDARE - anti-N-methyl-D-aspartate receptor encephalitis; ocb - oligoclonal bands; PB - peripheral blood; pVME - post-acute viral meningoencephalitis; Q - ratio; ROC -
receiver operating characteristic; SD - somatic symptom disorder; sPLS-DA - Sparse Partial Least Squares Discriminant Analysis; WBC - white blood cell count.
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Next, we repeated all analyses only including CSF routine parameters
and found that using PB/CSF mFC parameters in combination with CSF
routine parameters as model input was superior to CSF routine param-
eters alone (Supplementare Fig. 2A-H).

As lumbar puncture presents and invasive procedure and cannot be
performed in all patients, we went on and assessed the discriminator
ability of PB mFC parameters alone.

The models including PB mFC parameters were inferior to the models
including PB/CSF mFC and/or CSF routine parameters. However,
reasonable AUC values ranging from 0.778 to 0.894 were reached
(Supplementary Figs. 2I-P).

In summary, the combination of CSF routine with PB/CSF mFC can
perfectly discriminate ALE and NMDARE from aVME and pVME
patients.

4. Discussion

AlE as a clinical entity became increasingly recognized over the last
years and intensive efforts were made to characterize the pathophysio-
logical mechanisms leading to a dysregulated immune response. Graus
et al. suggested diagnostic criteria to enhance the diagnosis of AIE [5].
However, the diagnostic workup can be challenging in some cases
causing therapeutic delay associated with poor outcomes [8,9]. Asso-
ciations between viral infections and AIE have been described, the
precise pathophysiological relevance and mechanisms remain insuffi-
ciently understood to date [24,25].

Previous studies analyzed immune cell patterns in CSF and brain
parenchyma in subgroups of AIE patients and identified changes in the B
and T cell response [14,16,17,20,36-41]. We performed a broad anal-
ysis of PB and CSF immune cell patterns in a sizable cohort of mainly
treatment-naive ALE and NMDARE patients and were able to confirm
previously observed alterations in adaptive immunity in AIE. While
NMDARE is mainly driven by a B and plasma cell response, ALE is
characterized by a B and plasma cell as well as a pronounced T cell
response. These changes are consistent with previous studies showing B
and plasma cell accumulation in the CSF and brain parenchyma in
NMDARE [38-41] and a B and plasma cell as well as T cell response in
the CSF and brain parenchyma in ALE [14,16,17,20,36,37]. Thus, we
were able to confirm previously described changes in adaptive immunity
in a sizable mainly treatment-naive cohort of NMDARE and ALE patients
supporting the validity of our approach.

Viral infections, especially by herpes viruses, have been previously
linked to the pathogenesis of AIE [24,25,42]. Around one third of HSVE
patients develop AIE, mainly NMDARE, usually presenting within 3
months post HSVE [24]. However, the exact pathophysiological mech-
anisms contributing to AIE remain insufficiently understood to date.

A recently published study reported increased neutrophil counts and
a higher monocyte-to-lymphocyte ratio in the PB of NMDARE patients in
relation to VME and SD controls. In the CSF, T lymphocytes, especially
CD4" lymphocytes were decreased in NMDARE compared to VME and
higher percentages of CD8™ T cells in PB and CSF correlated with disease
severity of NMDARE [28]. Performing a broad characterization of innate
and adaptive immune cell populations in well-defined cohorts of AIE
and VME, we found similarities, mainly in the adaptive B and T
cell-driven immune response between NMDARE, ALE, and VME. Even
though there seem to be similarities in the overall adaptive immune
response between AIE and VME, previous studies using single-cell RNA
sequencing (sc-Seq) and single-cell B cell receptor sequencing
(scBCR-seq) were able to identify differences in B cell subsets and
functional phenotypes of B cells. NMDARE patients featured higher
proportions of CSF IgD"CD27~ double negative (DN) B cells and the B
cells of these patients showed a more activated state compared to B cells
from VME patients [43]. The interaction of B and T cells resulting in B
cell expansion, generation of antibody-producing plasma cells and
activation as well as clonal expansion of T cells has been reported to be
critically involved in the pathogenesis of CNS autoimmune diseases [44,
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45]. In this context, complex formation between foreign- and
self-antigens can lead to T cells specific to foreign antigens providing
help to autoreactive B cells [44]. Taken together, further studies per-
forming an in-depth immune cell and repertoire profiling will be
necessary to assess the contribution of viral triggers to the pathogenesis
of AIE.

Main differences between the immune cell profile of VME and AIE
were seen with regard to the innate immune response, predominantly
the NK cell compartment. NK cells are known to be important mediators
of the anti-viral immune response which could account for higher pro-
portions of NK cells in VME compared to AIE [46,47]. In our cohort,
VME patients showed an intrathecal increase in NK cells, especially NK
dim. NK dim are reported to possess a high cytotoxic capacity contrib-
uting to the anti-viral and anti-tumor immune response [48]. In contrast,
NK bright cells are very efficient in cytokine production. They release
interferon- y, granulocyte-macrophage colony-stimulating factor, tumor
necrosis factor-a, IL-10, and IL-13, depending on the activating condi-
tions. Furthermore, NK bright cells possess immunoregulatory functions
[48]. Regulatory NK cells are able to limit the development of
autoantibody-secreting B cells [49] and contribute to the inhibition of
autoreactive T cells [50-52]. In line with that, we detected lower per-
centages of NK bright cells in the CSF of our NMDARE cohort compared
to SD controls. It is intriguing to speculate that an impaired NK cell
response might contribute to the excessive and prolonged B cell, plasma
cell, and T cell response seen in AIE. The potential role of NK cells in the
pathogenesis of AIE is supported by lower proportions of CSF and PB NK
cells post-VME in the patient who developed NMDARE later on
compared to the median of the other pVME patients. A shift from CSF NK
dim to CSF NK bright in this patient may suggest a reduction in cytotoxic
activity and an increase in immunoregulatory capacities. Unfortunately,
due to the difficulty of obtaining these longitudinal samples, data was
only available for one patient. On a functional level, previous studies
found a dysregulation of regulatory CD56"8" NK cells, with a reduced
ability to inhibit autologous T cell proliferation, contributing to CNS
autoimmune diseases, e.g. multiple sclerosis (MS) [53]. Another study
reported an impaired control of autoimmunity by NKG2C + NK cells. In
addition, EBV-variant (Latent membrane protein 1 (LMP-1)
peptide)-specific upregulation of the immunomodulatory HLA-E has
been described to facilitate immune evasion by preventing the killing of
autoreactive T cells by NKG2A + cells contributing to the development
of MS [54]. Thus, further studies on the exact phenotype and functions
of NK cells might yield relevant insights into the pathogenesis of AIE and
might contribute to the identification of novel treatment targets.

Apart from differences in NK cells, changes in monocyte populations
were detected in the PB and CSF of AIE and VME patients. Monocytes are
differentiated into three main subpopulations based on their expression
of CD14 and CD16 (cMono: CD14"CD16-, ncMono: CD14°*CD16M8",
and iMono: CD144+CD16+). NcMono have been reported to possess a
more anti-inflammatory phenotype, while cMono and iMono are
regarded to be more pro-inflammatory [55,56]. Monocytes have been
previously detected to be crucially involved in the pathogenesis of CNS
viral infections and CNS autoimmune disorders. In the case of viral en-
cephalitis, infiltration of monocytes in the inflamed tissue and their
contribution to the local inflammation, e.g. by differentiation into in-
flammatory macrophages, secretion of pro-inflammatory cytokines, and
disruption of blood-brain-barrier integrity, has been described [56,57].
In CNS autoimmune disorders like multiple sclerosis, shifts in periph-
eral, intrathecal, and intraparenchymal monocyte populations have
been observed and monocytes were found to contribute to acute
inflammation, activation of autoreactive T cells via differentiation to
dendritic cells, demyelination, and tissue destruction [56,58]. The
pathophysiological relevance of infiltrating monocytes in viral CNS in-
fections as well as in CNS autoimmune disorders is further emphasized
by the fact that reduction in local monocyte infiltration mitigates the
disease course [59]. In the current study, we found reduced amounts of
monocytes in the CSF of NMDARE and VME patients, which might
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indicate invasion into the brain parenchyma to the site of inflammation,
where monocytes are involved in the local pathology. In the PB, VME
patients featured a shift from cMono to iMono. Given the different
phenotypical and functional states of myeloid cells as well as their
pathophysiological relevance in CNS infections and autoimmune dis-
eases, an in-depth characterization of monocyte subsets might be
promising to improve the pathophysiological understanding of these
disease entities and to identify novel treatment approaches.

Beyond the pathophysiological mechanism, we were interested in
the clinical approach of AIE.

Diagnosis of AIE can be challenging, especially if antibody testing
yields negative results. However, early diagnosis and therapy are crucial
as treatment delay is associated with permanent neurologic deficits and
a worse prognosis [8,9]. AVME and pVME present entities which can be
confused with AIE based on clinical and radiological features [60,61].
We therefore assessed whether mFC could be a useful tool to distinguish
AIE from clinical differential diagnoses supporting the diagnosis of AIE.
Our results indicate that PB/CSF mFC in combination with CSF routine
analysis can perfectly discriminate between VME, (antibody-negative)
ALE, and NMDARE. The combination of mFC with CSF routine analysis
was superior to CSF routine analysis alone. Furthermore, PB mFC
combined with novel computational approaches might be a beneficial
non-invasive approach supporting the diagnosis in patients who are not
eligible for a lumbar puncture.

Taken together, our data prove that mFC of PB and CSF might be a
useful tool in the diagnostic workup of AIE, presenting a valuable
complement to the established diagnostic approach promoting early
diagnosis and treatment to improve outcomes.

Our study is limited by the retrospective design, the lack of an in-
dependent validation cohort as well as differences in age and sex be-
tween groups. Furthermore, samples were not analyzed at the same time
point as mFC data were acquired during clinical routine workup. 20.4 %
of AIE patients were pretreated with immunotherapy or plasmapheresis.
As the time frame between the last treatment and the mFC analysis was
not available, we cannot rule out treatment-effects on immune cell
profiles in these cases. As the scope of the current study was to analyze
the peripheral and intrathecal immune cell profiles of ALE, NMDARE,
and VME patients compared to SD controls and to assess the diagnostic
potential, MRI data were not analyzed as part of the study. Correlating
immune cell changes in the PB and CSF with MRI abnormalities could
support the pathophysiological relevance of certain immune cell sub-
sets, which would be an interesting topic for future studies. Further-
more, disease duration was not available for the ALE and NMDARE
cohorts. However, peripheral and intrathecal immune cell profiles can
vary depending on the disease stage. Thus, future studies should include
the duration of the disease and assess changes of PB and CSF immune
cell profiles depending on the stage of the disease. Moreover, it has to
been acknowledged that antibody-negative ALE patients might have
unknown antibodies or antibodies not detectable by the assays used.

Regarding the viral encephalitis cohort, only patients with herpes
viruses were included in the study. However, several other viruses can
cause encephalitis (e.g., tick-borne encephalitis virus, west nile virus,
enteroviruses, and adenoviruses). The peripheral and intrathecal im-
mune mechanisms can vary depending on the underlying type of virus.
Thus, our findings might not be applicable to other CNS viral infections.
Analyzing the immune response in other forms of CNS viral infections
and comparing them with autoimmune encephalitis might be an inter-
esting topic for future studies. Given the wide availability of herpes virus
PCR testing, the diagnosis can be confirmed quickly. However, PB mFC
may be useful in patients who are not eligible for lumbar puncture.
Furthermore, mFC might support the diagnosis early during the disease
course, when the PCR can be negative in some cases [62,63]. Once mFC
is established at a department, it can be performed easily with the results
being available on the same day. Further studies should clarify the
benefit of mFC in the diagnostic workup of viral encephalitis including
patients with viral encephalitis caused by other (non-herpes) viruses as
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these can present a diagnostic challenge.

Despite the limitations, our study exceeds previous studies in several
ways: 1. We analyzed the PB and CSF immune cell profile from a sizable,
well-defined cohort of mainly immunotherapy-naive AIE patients
compared to SD controls and clinical differential diagnoses. 2. We
combined mFC with novel computational approaches facilitating the
identification of possible pathophysiological mechanisms of AIE with
implications on diagnosis and treatment to improve outcomes.

5. Conclusion

In summary, our results point towards a relevant involvement of the
adaptive immune system in the pathophysiology of AIE and a contri-
bution of the NK cell compartment to the pathogenesis of autoimmunity.
Above that, our data suggests that mFC could be a valuable complement
to the diagnostic workup of AIE under certain circumstances facilitating
early diagnosis and initiation of appropriate therapy to improve pa-
tients” outcomes.
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10. List of abbreviations

Abbreviation Explanation

AABs autoantibodies

ADEM acute disseminated encephalomyelitis
AIE autoimmune encephalitis

ALE autoimmune limbic encephalitis

AUC area under the curve

aVME acute viral meningoencephalitis
BCSFBD blood-CSF-barrier dysfunction
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(continued)
CASPR2 contactin-associated protein-like 2
cMono classical monocytes
CNS central nervous system
CSF cerebrospinal fluid
DPPX dipeptidyl-peptidase-like protein 6
EBV Epstein-Barr virus
EEG electroencephalography
GABA-A-R y-aminobutyric acid A receptor
GABA-B-R y-aminobutyric acid B receptor
GAD65 65 kDa isoform of the glutamic acid decarboxylase
GFAP glial fibrillary acidic protein
GluRD2 glutamate receptor &2
Granulo granulocytes
HLA human leukocyte antigen
HSV herpes simplex virus 1/2
Ig immunoglobulin
IgLONS IgLON family member 5
iMono intermediate monocytes
ITPR1 Inositol 1,4,5-trisphosphate receptor type 1
LGI1 leucine-rich, glioma inactivated 1
Lympho lymphocytes
mFC multidimensional flow cytometry
mGluR1 Metabotropic glutamate receptor 1
mGluR5 Metabotropic glutamate receptor 5
MOG Myelin oligodendrocyte glycoprotein
Mono monocytes
MRI magnetic resonance imaging
ncMono non-classical monocytes
NK natural killer cells
NK bright CD56™8" NK cells
NK dim CD56%™ NK cells
NKT natural killer T cells
NMDAR N-methyl-D-aspartate receptor
NMDARE anti-NMDAR encephalitis
ocbs oligoclonal bands
PB peripheral blood
PCR polymerase chain reaction
PVME post-acute viral meningoencephalitis
ROC receiver operating characteristic
sPLS-DA Sparse Partial Least Squares Discriminant Analysis
UMAP uniform manifold approximation and projection for dimension

reduction

VGKC voltage-gated potassium channel
VME viral meningoencephalitis
vzv varicella-zoster virus
WBC white blood cell count
Zic4 Zinc finger protein 4
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