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ARTICLE INFO ABSTRACT

Keywords: Herpes simplex encephalitis (HSE) patients may develop secondary anti-N-methyl-D-aspartate receptor
MICAR (NMDAR) encephalitis (NMDARE), associated with worsened long-term neurological outcome. Immunosup-
PhIP-Seq

pressive treatment can limit NMDAR autoantibody-mediated pathology, but early predictive biomarkers for the
risk of NMDARE are lacking. In a multicenter study, we performed unbiased antibody reactome profiling using
Phage ImmunoPrecipitation Sequencing (PhIP-Seq). HSE patients with secondary NMDARE (n = 13) versus those

Antibody reactome
Intrathecal synthesis

NMDAR

Encephalitis without (n = 10) showed enhanced antibody responses against HSV-1, but not HSV-2, which comprised specific
HSV antibodies to five peptides of the HSV-1 UL42 and UL48 proteins. A score of these signature CSF antibodies
HSE identified HSE patients with secondary NMDARE with a sensitivity of 75%, a specificity of > 99%, a positive

predictive value of 90%, a negative predictive value of > 97% and an odds ratio (OR) of 209 (CI: 28 - 1,582)
across all individuals in this study, and with similar performance values in serum (>66%, >99%, >88%, >96%,
OR 307 (15 - 6,089)). These signature antibodies represent a promising biomarker to identify HSE patients at
risk for NMDARE development. In NMDARE patients without a history of HSE and in MS patients, no disease-
associated HSV antibody reactivity patterns were detected. Furthermore, we introduced the Multiplexed Index
Calculations of the Antibody Reactome (MICAR) metric to characterize proteomic targets of compartment-
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specific antibody responses, an approach that is applicable in neuroimmunology and other compartmentalized

disease states.

1. Introduction

Herpes simplex encephalitis (HSE) is the most common form of
sporadic encephalitis, accounting for 15 to 40% of all encephalitis cases
(George et al., 2014). The incidence is estimated at 2-12 patients per
million inhabitants per year (George et al., 2014; Hjalmarsson et al.,
2007; Jouan et al., 2015; Venkatesan et al., 2019). Even with the use of
antiviral acyclovir treatment, HSE mortality rates range from 5 to 16%
(Hjalmarsson et al., 2007; Jouan et al., 2015; Singh et al., 2016; Stahl
et al., 2012), and HSE survivors frequently suffer from long-term
neurological morbidity (Jouan et al., 2015; Sili et al., 2014). In addi-
tion to sequelae resulting from the infection itself, ~23% of HSE patients
develop autoimmune encephalitis (AE) within 2 months of the onset of
infection (Armangue et al., 2023; Armangue et al., 2018). HSE followed
by a secondary AE is associated with worse neurological outcomes and
higher long-term disabilities (Armangue et al., 2023).

In most AE post-HSE patients, N-methyl-D-aspartate receptor
(NMDAR) autoantibodies are found (Armangue et al., 2023; Armangue
et al.,, 2018; Pruss et al., 2012), which cause reversible NMDAR
dysfunction (Ceanga et al., 2023; Hughes et al., 2010; Hunter et al.,
2024; Kreye et al., 2016; Planaguma et al., 2015; Wright et al., 2021)
and mark the most frequent form of AE, known as anti-NMDAR en-
cephalitis (NMDARE) (Dalmau and Graus, 2018; Dalmau et al., 2007).
Other NMDARE cases have been reported in association with ovarian
teratomas, although the majority are idiopathic (Dalmau et al., 2007;
Nosadini et al., 2021). Despite the severity of clinical presentation that
commonly involves psychosis, seizures and autonomic dysfunction,
NMDARE patients generally achieve remarkable improvement with
adequate immunosuppressive therapies, often with complete remission
(Titulaer et al., 2013). In contrast, delayed treatment initiation corre-
lates with poor outcomes (Nosadini et al., 2021). This suggests that for
HSE patients progressing to NMDARE, the outcome may be improved by
earlier immunosuppressive treatments. However, timely differentiation
of HSE patients developing secondary NMDARE (H+N+) from those
who do not (Hopy) is challenging for several reasons. First, clinical signs
of secondary autoimmunity often resemble residual infection-related
symptoms or those from viral reactivation, particularly in older chil-
dren and adults, who may present with isolated behavioral abnormal-
ities without movement disorders (Armangue et al., 2015; Bradshaw and
Venkatesan, 2016; Nosadini et al., 2017). Second, transient NMDAR
autoantibodies have been reported in individuals without the clinical
picture of AE (Armangue et al., 2023; Dahm et al., 2014; Hansen et al.,
2013; Pruss et al., 2012). Third, the underlying etiology of NMDARE
post-HSE is insufficiently understood, and no predictive biomarkers are
available (Dalmau et al., 2019). A recent study found prolonged inter-
feron type I responses in H4+-N+ patients compared to Hoqly (Armangue
et al., 2023). However, interferon-related gene signatures were
increased in only one of four time points tested and were non-specific to
post-HSE AE, limiting their clinical utility.

We hypothesized a heightened and/or differential herpes simplex
virus (HSV) antibody response in H+N-+ patients and aimed to charac-
terize specific features of the antibody response that may serve as clin-
ically useful biomarkers for risk of post-infectious NMDARE. Such
antibody biomarkers might include differential patterns of binding to
the viral proteome and/or differential levels of intrathecal antibody
synthesis (ITAS or ITS). ITS refers to antibody production in the central
nervous system (CNS) (Reiber and Felgenhauer, 1987), with antigen-
specific ITS being a characteristic feature of viral and autoimmune en-
cephalitis (Hummert et al., 2023; Pruss, 2021; Shamier et al., 2021).
However, currently available diagnostics can only quantify ITS for one
or a small number of antibody specificities at a time (single-plex or oligo-

plex) (Leypoldt et al., 2015; Reiber and Felgenhauer, 1987; Reiber and
Lange, 1991). In contrast, we here use Phage ImmunoPrecipitation
Sequencing (PhIP-Seq) technology (Larman et al., 2013; Larman et al.,
2011; Xu et al., 2015) in combination with a novel metric, Multiplexed
Index Calculations of the Antibody Reactome (MICAR), to quantify ITS
for hundreds or thousands of antibody reactivities simultaneously. We
present an analysis of antibody reactivities in H+N+ and Honyy patients,
along with NMDARE patients without a history of HSE (Nonly) and
multiple sclerosis (MS) patients as controls.

2. Materials and methods
2.2. Patient cohorts and biospecimens

We identified NMDARE and HSE patients with available bio-
specimens retrospectively through a proposal to the GErman NEtwork
for Research on AuToimmune Encephalitis (GENERATE network,
generate-net.de) and to Johns Hopkins School of Medicine in 2023, and
recruited from a total of 17 study centers. For HSE, patient inclusion was
based on a documented history of CNS infection with HSV and corre-
sponding clinical and imaging data. For NMDARE, patient inclusion was
based on published criteria for definite NMDARE (Graus et al., 2016),
with diagnosis determined by clinical features and not solely on the
presence of NMDAR antibodies. In fact, one Hoply patient had transient
serum NMDAR antibodies at low titers in the initial phase of HSE
without clinical picture of NMDARE, a phenomenon also described in a
recent prospective cohort (Armangue et al., 2023). With regard to the
partial overlap of HSE and NMDARE, the respective patients were
grouped into three cohorts as follows: i) individuals with HSE and sec-
ondary NMDARE (H+N+ ), ii) individuals with HSE without evidence of
NMDARE (Hoply), and iii) individuals with NMDARE without a history of
HSE (Nonty). In the H+N+ cohort, samples can be from time points
before, at or after NMDARE was diagnosed. Follow-ups were similar in
HSE cohorts according to study center standards and at least > 3 months
after HSE onset to enable proper differentiation between H+N+ and
Honly individuals. MS was selected as a neuroimmunological control
cohort. Patients were recruited at Charité — Universitatsmedizin Berlin
with diagnosis based on McDonald criteria of 2017 (Thompson et al.,
2018). The patients ranged in age from 3 months to 94 years (median: 34
years), including 7 children and 126 adults. The final size of the study
cohort was determined by the availability of biospecimens.

2.3. Biospecimen collection

All samples were collected during routine diagnostic work-up at
respective study centers between 2005 and 2023. Samples were
promptly frozen and stored at —80 °C until further use. To avoid po-
tential interference, all patients who had received intravenous immu-
noglobulin treatment within six months prior to sampling were
excluded. No other exclusion criteria were applied. For study in-
vestigations, a total of 309 samples from 133 individuals were included,
comprising n = 41 (21 CSF, 20 serum, of which 20 are CSF/serum pairs)
from 13 H+N+ individuals, n = 18 (11 CSF, 7 serum, of which 6 are
CSF/serum pairs) from 10 Hyyjy individuals, n = 170 (86 CSF, 84 serum,
of which 82 are CSF/serum pairs) from 70 Noply individuals and n = 80
(40 CSF, 40 serum, of which 40 are CSF/serum pairs) from 40 patients
with MS. H+N+ samples are from time points before (5 CSF, 4 serum, of
which 4 are CSF/serum pairs), at (3 CSF, 3 serum, of which 3 are CSF/
serum pairs), or after (13 CSF, 13 serum, of which 13 are CSF/serum
pairs) NMDARE manifestation. All CSF and serum sample pairs were
collected on the same day.
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2.4. Immunodiagnostic parameters and intrathecal synthesis calculation

Measurement of basic laboratory parameters, including CSF white
blood cell counts, CSF/serum albumin and immunoglobulin G (IgG)
antibody levels, as well as OCB evaluation, were performed locally at
study centers as part of routine clinical diagnostics. Type 2 and 3 OCBs
were considered CSF-specific OCBs, following consensus recommenda-
tions (Andersson et al., 1994). From the CSF/serum albumin ratio (Qap),
the age-adjusted CSF/serum albumin ratio (age-adjusted Qapp) was
determined by dividing Qaip by the age-dependent upper limit (Qim(aib),
4 + age/15, with age in years). From the CSF/serum IgG ratio (Qigc), the
clinical ITS of total IgG was considered positive if Qg > Qlim(gG), With
QiimagG) determined using the hyperbolic function Qumage) =
0.93*1/(Qp, + 6%10°%) —1.7+10°3. If positive, the clinical ITS of total IgG
was determined as ITS [in %] = (Qgc — Qlim(156))/Qlimgc))- If the clin-
ical ITS of total IgG was calculated to be negative (Qigc < Qlim(ga)); it
was set to 0%, all following previously established definitions (Reiber,
1998).

2.5. NMDAR Cell-based assay (CBA)

NMDAR antibody titers were obtained from routine diagnostic CBAs
and indicated as routine tests in Fig. S1. Those tests were performed
locally at study centers using different CBAs, including live or fixed cells,
and different dilution steps. For standardized re-tests, all samples were
subjected to a secondary evaluation at a reference laboratory, using
human embryonic kidney 293 (HEK293T) cells transfected with
NMDAR1, following established protocols and according to the manu-
facturer’s instructions for use (Anti-Glutamate receptor (type NMDA)
IIFT, FA 112d-1010-51, EUROIMMMUN Medizinische Labordiagnos-
tika AG) (Dalmau et al., 2008; Dalmau et al., 2007). Lowest dilutions
were 1:1 for CSF and 1:10 for serum samples.

2.6. Phage immunoprecipitation sequencing (PhIP-Seq) experiments

PhIP-Seq experiments were performed following established pro-
tocols (Mohan et al., 2018). For IgG antibody reactome analyses against
tiled proteomes of human viruses, including HSVs, the VirScan phage
library (110,215 56-mer peptides) (Xu et al., 2015), was used. Addi-
tionally, to enable the computation of intrathecal synthesis of specific
reactivities from a broader reactome data set (MICAR paragraph below),
further phage libraries were included, which display proteomes of
humans (HuScan, 274,207 90-mer peptides) (Larman et al., 2011; Xu
et al., 2016), protein allergens (AllerScan, 19,331 56-mer peptides)
(Monaco et al., 2021), environmental toxins and virulence factors
(ToxScan, 95,601 56-mer peptides) (Angkeow et al., 2022), and bacte-
riophages (PhageScan, 100,275 56-mer peptides) (Liebhoff et al., 2024).
In brief, for incubation of patients’ IgG antibodies with PhIP-Seq li-
braries, CSF and serum samples were randomly assigned to four 96-well
plates with equal distribution of cohorts across plates. Paired samples
were processed on the same plate. To adjust for difference in IgG levels
in serum versus CSF, we diluted samples to 2 ug of IgG if possible, with
rounded volumes capped at a maximum of 40 uL. For CSF, 52 samples
contained 2 pug + 20% (mean 2.00 pg and median 1.99 ug), 81 samples
contained < 1.6 pg (mean 0.82 pg and median 0.81 pg) and 25 samples
had unknown IgG concentrations. For serum, 128 samples contained 2
ug + 20% (mean 1.99 pg and median 1.98 pg) and 23 samples had un-
known IgG concentrations. The antibody-phage mixture was kept
shaking overnight at 4 °C, then incubated with protein A and protein G
coated magnetic beads (Dynabeads, Invitrogen) to immunocapture IgG-
bound phage. The peptide coding sequences of the captured phage were
amplified for Illumina sequencing using two lanes of a NovaSeq SP 100
flow cell with an estimated coverage of approximately 3.5 reads per
peptide.
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2.7. PhIP-Seq analytics

Fastq files were aligned to quantify peptide-corresponding read
counts for all peptides, but excluding those corresponding to the Human
Immunodeficiency Virus (HIV), as HIV-antibody testing requires a
separate written consent under the German Infection Protection Act,
which was not obtained from all study participants. For each peptide,
antibody reactivity was measured as fold-change binding versus control
conditions with no sample input ("mock IP"), and referred to relative
binding throughout the manuscript. Following established protocols
(Larman et al.,, 2011; Mohan et al., 2018), P-values of differential
abundance were calculated separately for each peptide using the EdgeR
software and antibody reactivities to peptides were considered signifi-
cant and referred to as a "hit" if the read count in the sample was at least
15, the relative binding was at least 5-fold over bead-controls, and the P-
value was below 0.001. Samples were excluded from further analysis if
total peptide hits were below 250 (two serum and one CSF sample) or
maximum relative binding was below 40 (one additional serum). Cor-
rectness of CSF/serum sample pairing was evaluated by correlating
public peptide reactivities of VirScan and ToxScan libraries (Angkeow
et al., 2022) and by excluding discordant pairs from further analysis if
the Pearson’s correlation coefficient was below 0.6 (one CSF/serum
pair). To evaluate antibody responses at the viral species level (e.g.
Fig. 5A), virus aggregate reactivity scores (VARscores) were computed
by comparing average fold-change binding of the peptides associated
with each virus versus distributions of randomly selected peptides
(Morgenlander, 2022), and by using a threshold of positivity at 0.72 to
define seropositivity (Morgenlander et al., 2024). The breadth of an
antibody response to a virus (e.g. Fig. 4B) was measured as the count of
virus-specific peptide hits (including such with partial overlap). For
quantification of the strength of an antibody reactivity to entire viruses
(e.g. Fig. 4D), the virus-specific relative binding was measured as the
mean relative binding of five peptides representing the respective virus,
using the highest relative binding values of five peptides from five
different viral proteins.

2.8. Multiplexed Index Calculations of the Antibody Reactome (MICAR)

In this study, we introduce and establish MICAR, a novel algorithm
for quantifying intrathecal synthesis based on multiplexed antibody
reactivity profiles obtained via PhIP-Seq. MICAR scoring uses paired
relative binding values (fold-change binding versus mock IP controls
with no sample input), analogous to routine-diagnostic antibody indices
(Reiber and Lange, 1991). MICAR scores were computed for relative
binding values from PhIP-Seq data for paired CSF and serum samples
(MICAR indices, representing a quantification for ITS). We implemented
MICAR readouts as equivalents for clinical ITS of total IgG (referred to as
"MICAR ITS of total IgG"), virus-specific ITS (referred to as "MICAR virus
antibody indices"), and peptide-specific ITS (referred to as "MICAR
peptide antibody indices"). MICAR incorporates normalization that ac-
counts for differences in the IgG input. For this purpose, MICAR peptide
antibody indices are ratios of relative binding for each peptide adjusted
by the ratio of median relative binding for all peptide hits from the CSF
(1,145 + 499 hits from five phage libraries, mean + standard devia-
tion). Considering the ratio of median relative binding for all peptide
hits is analogous to the correction by the total IgG amount in conven-
tional ELISA-based antibody index calculations (Shamier et al., 2021). In
brief, MICAR peptide antibody indices for paired CSF and serum relative
binding values (fold-change versus mock IP controls with no sample
input) are calculated as:

Relative bindingcgr [peptide]
Relative bindingge,, [peptide]

Median relative binding gy [all peptide hitscsr]
Median relative bindinge,,, [all peptide hitscsr |

MICAR peptide antibody index =

For MICAR peptide antibody indices, MICAR indices are considered
positive (MICAR+ ) if i) the peptide reactivity is considered a hit in the
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CSF, ii) the mean of the paired relative binding values is > 3, and iii) the
ratio of the paired relative binding value is also > 3. Peptide antibody
reactivities that are a CSF hit but are not MICAR+ are annotated as
MICAR- peptides. For MICAR virus antibody indices, the mean of MICAR
peptide antibody indices was computed for all viruses with five or more
peptide hits in the CSF. For MICAR ITS of total IgG, the count of
MICAR+ peptide was divided by the total count of peptide hits in the
CSF (including MICAR+ and MICAR- peptides). Similar to the clinical
ITS of total IgG parameter, MICAR ITS of total IgG indicates to what
degree CSF antibodies are intrathecal antibodies, i.e. derive from pro-
duction within the CNS. For inversed MICAR scoring (Fig. S3D-F), the
same calculations were applied except with values from CSF and serum
interchanged.

In addition, when analyzing the relative binding values for both
compartments separately (and not their ratio), a normalization factor,
defined as the square root of the ratio of median relative binding for the
CSF and the serum reactomes, was applied. For normalized relative
binding values in the CSF, relative binding values are divided by the
normalization factor, as:

Relative binding g

2/ Median relative bindingcgg [all peptide hitscsr]
Median relative bindingge.,, [all peptide hitscg]

Normalized relative binding g, =

For normalized relative binding values in the serum, relative binding
values are multiplied by the normalization factor, as:
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using Youden Index computation and defined at an optical density of
0.1095 for serum samples (after subtracting the sample-specific optical
density measured without preincubation with the signature peptides).

2.10. Protein sequence comparison

For HSV-1 and NMDAR sequence comparison, UniProt full-length
protein sequences for HSV’s UL42 (UniProt accession P10226) and
UL48 (P06492) were compared with the NMDAR subunit 1 (Q05586)
using the MEME sequence analysis tool for ungapped motifs (meme-
suite.org) (Bailey and Elkan, 1994; Bailey et al., 2015). MEME pro-
vides so called E-values for each motif, which are based on its log like-
lihood ratio, width, sites, the background amino acid frequencies, and
the size of the training set. We considered motifs as statistically signif-
icant with an E-value < 0.05, following the authors’ recommendations
(Bailey et al., 2015).

2.11. Statistical analysis

All analyses were performed using RStudio 2023.06.1 (Posit Soft-
ware, PBC) and GraphPad Prism 9.5.1 (GraphPad Software). For sta-
tistical tests, unless indicated otherwise, only one sample per individual
was used, selected from the earliest sampling time point if multiple were
available. For each individual test, missing data points were not
considered for the respective comparison. For the investigations of dif-
ferential patterns in antibody responses between the H+N+ and Hoply
cohorts (Fig. 4, Fig. S5, Fig. S6, Table S2, Table S3), the first time points

Median relative binding;[all peptide hitscsz]

Normalized relative binding,,... = Relative binding,,,., x \2/

2.9. UL42 and UL48 signature antibodies

The UL42-UL48-antibody score condenses the cumulative antibody
binding against the five herpes simplex virus type 1 (HSV-1) “signature
peptides” into a single metric (e.g. Fig. 4I-K). The score was defined as
the sum of relative binding values from PhIP-Seq data (fold-change
versus mock IP controls with no sample input) of the five signature
peptides, with a minimum value of 5 (if none of the peptides are
considered a hit, since each peptide will have a fold-change of 1). In a
receiver-operating characteristic curve (ROC) analysis using the pROC
package in R, a sum-based scoring metric of the individual binding
values revealed superior discriminative performance to differentiate
H+N+ individuals from other disease groups (area under the curve, AUC
= 0.869 for CSF samples) versus a median-based scoring approach (AUC
= 0.708 for CSF samples), and was therefore selected for all subsequent
analyses. The optimal cut-off was determined on scores from all in-
dividuals of the study cohort using Youden Index computation and
defined at 38.8 for CSF samples (sensitivity 75%, specificity > 99%) and
at 15.3 for serum samples (sensitivity > 66%, specificity > 99%).

For validation, a signature antibody ELISA was performed using with
the five signature peptides synthesized by Biomatik (Ontario, Canada)
and following established procedures (Bunger et al., 2023). In brief, the
peptides were diluted in PBS and pooled isomolar to a total peptide
concentration of 2 ug/ml, then incubated overnight at 4 °C in 96-well
high-binding plates. The plates were then blocked for 1 h with PBS
containing 1% BSA and 0.05% Tween, before incubating sera diluted
1:200 in blocking solution for another hour. After washing, an ALP-
coupled anti-human IgG antibody (Mabtech, #3850-9A-1000) was
added for 1 h, before development using pNPP substrate solution and
recording of 405 nm absorbance values after 30 min. The optimal cut-off
was determined on measurements from all H+N+ and Hoply individuals

Median relative binding,,, [all peptide hitscsz]

> 14 days after HSE onset were used (to account for time required to
develop an antibody response after infection), and in the H+N+ cohort,
the first sample after NMDARE manifestation was used, if available.
Unpaired quantitative data were analyzed using unpaired t-tests if data
were parametric or Mann-Whitney tests if non-parametric. Paired
quantitative data were analyzed using paired t-tests if data were para-
metric or Wilcoxon tests if non-parametric. For comparison of quanti-
tative data from more than two groups, one-way ANOVA tests with post-
hoc Tukey’s multiple comparisons were performed if data were para-
metric, and Kruskal-Wallis tests with post-hoc multiple comparisons
using Dunn’s test were performed if data were non-parametric. The
significance level for the indicated statistical plots is indicated in the
plots as follows: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001,
or is not significant if not shown. Linear correlations of two variables
were determined using Pearson correlation models (GraphPad Prism).
All P-values are two-tailed and were considered statistically significant
if < 0.05. For UL42-UL48-antibody score performance evaluation,
sensitivity was calculated as true positives/(true positives + false neg-
atives), specificity as true negatives/(true negatives + false positives),
the PPV as true positives/(true positives + false positives) and NPV as
true negatives/(true negatives + false negatives). Odds ratios (OR) and
corresponding 95% confidence intervals (CI) were calculated from 2x2
contingency tables using the Haldane-Anscombe correction.

3. Results
3.1. A subset of HSV antibodies is detected only in CSF in HSE
To investigate if HSE patients who go on to develop NMDARE pro-

duce heightened and/or differential HSV antibody responses, we
collected 309 CSF and serum samples (including 148 pairs) from 133
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Table 1
Demographics and routine diagnostic CSF results from study cohorts.
HSE and HSE w/o NMDARE Multiple
NMDARE NMDARE w/o HSE Sclerosis
(H+N+) (Honty) (Nonty) MS)
Patients, n 13 10 70 40
Samples (CSF, 21, 20, 20 11, 7,6 86, 84, 82 40, 40, 40

serum, thereof

CSF/serum

pairs), count
Age, in years,

64 (38-75) 36 29 (21-36) 33.5

median (IQR) (25.8-60) (28.3-38.8)

Female, count (%) 8 (61.5%) 5 (50.0%) 53 (75.7%) 27 (67.5%)

Time point of 2 (0.5-6.5) 6.5 8 (0.6-24) 6 (1-23)
sampling®, in (0.0-44.3)
months®, median
(IQR)

WBC, in cells/pl, 9 12 3 (1-10.5) 10
median (IQR) (2.3-127.5) (4.5-143) (5.3-17.8)

Age-adjusted Qap’, 0.81 0.65 0.70 0.70
as ratio, median (0.62-2.3) (0.43-1.8) (0.50-1.0) (0.50-0.90)
(IQR)

Age-adjusted Qajp 4 (33.3%) 3 (42.9%) 17 (25.4%) 6 (15.0%)
> 1%, count (%)

Intrathecal IgG 24.5 (0-43) 0 (0-19.5) 0 (0-7) 25
synthesis®, in %, (8.5-46.5)
median (IQR)

Intrathecal I1gG 7 (58.3%) 2 (25.0%) 17 (25.8%) 31 (77.5%)
synthesis > 0%,
count (%)

CSF-specific OCBs?, 8 (61.5%) 5 (62.5%) 30 (44.8%) 40 (100%)
count (%)

Serum NMDAR-IgG 7.5 (neg"‘- neg® (neg‘- 50 neg* (neg'-
titer”, median 77.5) neg‘) (10-320) neg®)

(IQR)

CSF NMDAR-IgG 1 (neg™®-10) neg” (neg'- 10 (1-64) neg‘ (neg‘-
titer”, median neg‘) neg®)
(IQR)

IQR = interquartile range, Qay, = CSF/serum albumin ratio, WBC = white blood
count.

@ Data is from earliest available sample for each individual.

b Time is measured in months after onset of first disease-associated symptoms.
For H+N+ patients, this refers to the onset of HSE symptoms.

¢ neg indicates that CBA for NMDAR-IgG was negative in the initial dilution
tested (1:10 for serum, 1:1 i.e. undiluted for CSF samples).

4 Some H+N+ patients tested negative for NMDAR-IgG in earliest available
sample (shown here), all tested positive at later time points of sampling.
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patients with HSE (59 samples, 23 patients), NMDARE (170 samples, 70
patients), and MS (80 samples, 40 patients). The HSE patients were
divided into individuals with (H+N+, 41 samples, 13 patients) or
without (Honly,18 samples, 10 patients) secondary NMDARE. Further
NMDARE patients are those without a history of HSE (Non1y). MS pa-
tients were included as controls. In all four cohorts, samples were ob-
tained at similar intervals after symptom onset. Age, sex distribution,
and routine laboratory CSF test results corresponded with disease-
typical features (Table 1). Preexisting autoimmune comorbidities, dis-
ease course and antiviral treatments were not significantly different
between the H+N+ and Hoyly groups (Table S1).

For quality assurance, we first quantified NMDAR antibodies in all
samples. We found strong correlation between titers from previous
(routine diagnostics) and current NMDAR-IgG tests, indicating that
sample pairs are suitable for comparative antibody analysis even after
long-term storage (Table 1, Fig. S1). Next, we performed PhIP-Seq
measurements using five phage libraries to comprehensively profile
IgG antibody binding reactivities against the HSV proteome and nearly
600,000 peptides from proteomes of human viruses (VirScan) (Xu et al.,
2015), humans (HuScan) (Larman et al., 2011; Xu et al., 2016), protein
allergens (AllerScan) (Monaco et al., 2021), environmental protein
toxins and virulence factors (ToxScan) (Angkeow et al., 2022), and
bacteriophages (PhageScan) (Liebhoff et al., 2024). IgG antibody reac-
tomes were captured from 2 pg of IgG whenever possible and at an
average sequencing depth of ~ 2.1 million reads per sample. Across the
four disease cohorts, the antibody reactomes were similar in numbers of
total peptide targets (hits), median level of reactivity, and maximum
level of reactivity (Fig. S2A-H), suggesting comparable humoral immune
competence across groups. For CSF/serum pairs, on average, approxi-
mately half of all antibody hits were shared between CSF and serum
antibody reactomes. Among the remainder, there were more serum-
exclusive than CSF-exclusive hits (Fig. 1A, Fig. S2I-J). The total num-
ber of CSF-exclusive hits and those that correspond to HSV-1 and HSV-2
were increased in the H+-N- but not in the Hoyy cohort when compared
to patients without a history of HSE (Fig. 1B-C). However, we observed
that CSF-exclusive hits (as well as serum-exclusive hits) include pre-
dominantly weak reactivities in contrast to shared hits. We considered
that intrathecal antibodies include those that are CSF-exclusive (likely
weakly binding in CSF and undetectable in serum) and those that are
CSF-enriched (strongly binding in CSF and co-detected in serum).
Therefore, for complete characterization of intrathecal antibodies that
include strongly binding, CSF-enriched antibodies, a quantitative com-
parison of antibody-compartment responses is required.

CSF-exclusive hits (selected viruses)

80 * %k * %
* ok ok ok
604 O
@] o o
40+ o

| O
2° 5
@]

Anitbody hits detected in CSF only

°]
20
2. 88 £sie ioidl
Jo=88 T<es S-d8 ..,
| S | I . T T
~2~x‘\ o eoe\\{o ste o ew*@e @"ex%"@ %@*@% ”J) ES://Z

Fig. 1. CSF-exclusive HSV antibody reactivities. (A) A Venn diagram is shown to illustrate the overlap of the total antibody hits from paired CSF/serum samples.
Numbers and relative areas represent mean values from data of n = 123 sample pairs from all four disease cohorts. (B) Scattered dot plots display counts of CSF-
exclusive antibody hits (for peptides from all PhIP-Seq libraries) (n = 123 paired CSF/serum samples). Hits are considered CSF-exclusive if antibody binding was
detected by CSF antibodies but not by serum antibodies. Red bars indicate median. For comparison, a Kruskal-Wallis test with post-hoc multiple comparisons using
Dunn’s test was performed. (C) For selected viruses, scattered dot plots display counts of CSF-exclusive antibody hits (n = 123 paired CSF/serum samples, shown only
if total virus-specific hits are > 10). Black bars indicate median. For comparison, a Kruskal-Wallis test with post-hoc multiple comparisons using Dunn’s test was
performed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Multiplexed Index Calculations of the Antibody Reactome (MICAR) correlates with clinical ITS. (A and B) Examples of MICAR scoring for IgG antibody
binding to viral peptides are shown for (A) an H+N+- patient with pronounced ITS and for (B) a Non1y patient with negative clinical ITS of total IgG. MICAR indices for
CSF/serum pairs are considered positive (indicating intrathecal antibodies, MICAR+, dashed box), if the mean and the CSF/serum-ratio of the normalized relative
binding values are > 3, or > 1.58 in log,-scale (Methods). All viral peptides from the VirScan PhIP-Seq library (n = 110,215) are displayed, MICAR+ peptides
representing selected viruses are highlighted by color. (C) A Pearson correlation model is shown that measures linear correlation between the MICAR ITS of total IgG
and the clinical ITS of total IgG (n = 111 CSF/serum sample pairs with available clinical data). Dotted lines indicate 95 % CI. MICAR ITS of total IgG was determined
as the count of MICAR+ peptides relative to total CSF peptide hits using peptides from all PhIP-Seq libraries (n = 599,629). Arrows indicate the individuals shown in
A and B. (D) Truncated violin plots display MICAR ITS of total IgG from CSF/serum pairs, separately for pairs with (n = 64) and pairs without (n = 35) CSF-specific
OCBs. Red lines indicate median, grey lines indicate interquartile range. For comparison, a Mann-Whitney test was performed. (E) Scattered dot plots display MICAR
ITS of total IgG (n = 123 paired CSF/serum samples). Red bars indicate median. For comparison, a Kruskal-Wallis test with post-hoc multiple comparisons using
Dunn’s test was performed. (F) A cartoon illustrating depths of resolution of MICAR scoring to identify ITS of total IgG, and at level of virus species and proteomic

peptide libraries. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Multiplexed index calculations reveal intrathecal HSV antibody
reactomes

Previous PhIP-Seq investigations had not quantitatively analyzed
pairwise compartment comparisons (Johnson et al., 2019). We therefore
developed a novel metric called Multiplexed Index Calculations of the
Antibody Reactome (MICAR). MICAR scoring allows differentiation of
whether peptides are targeted by intrathecal antibodies (MICAR+) or by
antibodies equally present in CSF and serum (MICAR-) (Fig. 2A-B). The
MICAR algorithm (Methods) is robust to differences in the IgG input and
uses optimized thresholds to define MICAR-positivity (Fig. S3A-B).

Within this study’s cohorts, we observed striking variability in the
quantity of MICAR+ peptide hits, ranging from 1 to 551 peptides. As
expected, the fraction of MICAR+ peptide hits, referred to as “the
MICAR ITS of total IgG”, correlated well with the clinical measures of
ITS, i.e. the fraction of the IgG produced in the CSF among the total IgG
(called “clinical ITS of total IgG”) and the presence of CSF-specific oli-
goclonal bands (OCBs, another clinically used measure for the detection
of ITS) (Fig. 2C-D). When using MICAR scoring to detect serum-enriched
instead of CSF-enriched antibody responses (“inversed MICAR”), as ex-
pected we found the fraction of MICAR+ peptide hits to be low and not

correlated with clinical ITS of total IgG or OCB status (Fig. S3C-F). These
results are consistent with the fact that the majority of IgG in the CSF is
physiologically derived from peripheral immune responses and diffuses
into the CNS. If present, additional oligoclonal IgG in the CSF derives
from ITS. Across the four cohorts, MICAR ITS of total IgG was highest in
the H+N+ cohort (Fig. 2E), similar to the clinical ITS of total IgG
measurements (Table 1). However, in contrast to the clinical ITS test, the
MICAR approach also reveals the proteomic targets of intrathecal anti-
bodies at virus-specific and at peptide-specific resolution (Fig. 2F).

In the H4+N+ cohort, the MICAR+ reactome revealed a predomi-
nance of viral peptides (Fig. S3G). Therefore, we next aimed to imple-
ment MICAR comparison at the level of virus species, equivalent to
clinically used diagnostics (Reiber and Lange, 1991; Shamier et al.,
2021; Warnke et al., 2014), but at a breadth of all human viruses. To
compute virus-specific ITS (MICAR virus antibody indices), we aggre-
gated MICAR peptide antibody indices of the corresponding peptides
(Methods) and found greater MICAR+ virus indices in patients with
positive clinical ITS of total IgG and those with CSF-specific OCBs
(Fig. S4A-B), supporting the validity of the approach. Interestingly, even
in H+N+ and H,p1y patients with negative clinical ITS of total IgG and
those without OCBs, we frequently detected positive MICAR virus
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Fig. 3. MICAR elucidates intrathecal HSV antibodies. (A) Effect sizes and significance levels of Kruskal-Wallis tests are shown from comparison of MICAR virus
antibody indices between disease cohorts (n = 123 paired CSF/serum samples). Viruses for which > 1 MICAR index was computed (n = 109) are shown. Dotted lines
indicate thresholds for effect size (Statistical Power Analysis for the Behavioral-Sciences, 1988) and statistical significance (P-values adjusted using Benjamini-
Hochberg procedure). (B) A heat map illustrates relative frequencies of positive MICAR virus antibody indices (n = 123 paired CSF/serum samples). All viruses
with > 1 MICAR index in any disease cohort are shown and ordered by total count of MICAR+ indices. (C) Scattered dot plots display MICAR virus antibody indices
for selected viruses (n = 123 paired CSF/serum samples). Black bars indicate the median with interquartile range. For comparison, Kruskal-Wallis test post-hoc
multiple comparisons with Dunn’s test were performed. The dotted line indicates positivity threshold. (D) Stacked bars represent counts of MICAR+ peptides
(indicating peptide-specific ITS) from viral peptides from the VirScan PhIP-Seq library (n = 110,215). n = 123 paired CSF/serum samples. Selected viruses are
highlighted by color and individuals ordered by the total counts of MICAR+ peptides within each disease cohort. (E) A heat map illustrates absolute frequencies of
positive peptide-specific ITS by selected HSV-1 proteins and separately for all individuals of the H+N+ disease cohort (n = 13). All proteins of the HSV-1 proteome
represented in the VirScan PhIP-Seq library (n = 46) with > 2 MICAR peptide antibody indices are shown. Data is ordered by total count of MICAR+ indices per

protein (rows) and per individual (column).

antibody indices for HSVs and related monkey cercopithecine herpes
viruses (CeHV) 1 and 16. In contrast, MICAR virus indices were rarely
positive for other viruses (Fig. S4C-D), suggesting that the MICAR
approach can detect even subtle antigen-specific ITS reliably and in a
completely unbiased manner.

Comparing MICAR virus antibody indices between the four disease
cohorts revealed significant differences, most prominently for HSVs and
CeHVs (Fig. 3A), which were frequently positive in the H+N+, to a
lesser extent in the Hoply, and rarely in the Nogy or MS cohorts (Fig. 3B-
C). HSV-1 MICAR indices strongly correlated with those for HSV-2 and
related CeHVs, likely due to antibody cross-reactivity (Fig. S4E-H).
When examining the peptide reactivity levels, we identified that
MICAR-+ antibodies in the H+N+ cohort bound most frequently to HSV-
1, and relatively less to HSV-2 or CeHV targets (Fig. 3D). Interestingly,
while these intrathecal antibodies bound to a variety of proteins of the
HSV-1 proteome, binding to UL26 and UL48 was most common
(Fig. 3E).

3.3. Enhanced antibody response to distinct HSV peptides is associated
with post-HSE NMDARE

With the established MICAR approach, we next sought to define
differences in the antibody responses to HSV proteomes in HSE patients
with NMDARE (H+N+ ) versus those that did not develop NMDARE
(Honty). The samples of both cohorts were collected at comparable me-
dian time points (Fig. 4A) and revealed continuous detection of HSV
antibodies even years after HSE, when acute signs of inflammation had
vanished (Fig. S5A-B). The diversity of HSV antibodies in the CSF, i.e.
the breadth of the antibody response, was similar in both cohorts
(Fig. 4B). In some Hopry samples the CSF antibodies targeted more HSV-
1, in others more HSV-2 peptides, whereas in all H+N+ samples the CSF
antibodies predominantly targeted HSV-1 peptides (Fig. 4C). Consis-
tently, H+N+ patients displayed enhanced antibody responses towards
HSV with greater antibody reactivity levels in the CSF and increased
intrathecal antibody production (by counts of MICAR+ peptides);
neither of the observations pertained to HSV-2 (Fig. 4D-E). When
comparing binding patterns to the HSV proteome between the H+N+
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and the Hopyy cohorts, we identified increased antibody binding to 23
HSV-1 peptides and one HSV-2 peptide and higher MICAR antibody
indices for three HSV-1 peptides and one HSV-2 peptide in H+N+ pa-
tients, but none that are significantly enriched in the Honly cohort
(Fig. 4F, Fig. S5C, Table S2, Table S3). For five HSV-1 peptides and one
HSV-2 peptide, the antibody binding in the H+N+ cohort was more
prevalent when compared to Hypy, and also when compared to the non-
HSE patients (Non1y and MS cohorts), resulting in positive predictive
values (PPV) > 75% under both comparison conditions (Fig. 4G,
Table S2). Interestingly, these six “signature peptides” belong to two
proteins: the DNA polymerase processivity factor (gene UL42, three
consecutive HSV-1 peptides) and the tegument protein VP16 (gene
UL48, two consecutive HSV-1 peptides and one corresponding HSV-2
peptide with > 82% sequence homology to the respective HSV-1 UL48
sequence, Fig. S6A). Antibodies against one UL42 signature peptide
(amino acids position 449 to 488), but not against any other of the
H+N+ associated peptides, correlated with NMDAR-IgG titers (Fig. S6B-
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F). Using MEME software, we systematically searched for sequence
homologies between HSV-1 UL42, HSV-1 UL48, and the human NMDAR
which might explain the link between the signature peptides and the
associated anti-neuronal autoimmunity. However, we found no signifi-
cant motifs that are shared between the two HSV proteins or between the
HSV proteins and the human receptor. Moreover, binding to PhIP-Seq
HuScan library peptides representing the NR1 subunit of the NMDAR
was not detected in any of the NMDARE patients. Both provide no
support for molecular mimicry based on linear epitopes.

While each of the signature peptides had a specificity > 98%, the
corresponding sensitivities to detect H+N+ patients were moderate,
varying between 41% and 58% (Table S2). We observed that while some
H+N+ patients responded to all signature peptides, others reacted only
to subsets with varying patterns of distributions, and four patients dis-
played no reactivity at all (Fig. 4H). Hence, we incorporated the reac-
tivity levels of the three HSV-1 UL42 and the two HSV-1 UL48 signature
peptide antibodies into a combined UL42-UL48-antibody score (Fig. 41).
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Fig. 4. Enhanced HSV antibody response to distinct peptides associates with NMDARE post-HSE. (A) Scattered dot plots display time points of sampling separately
for each disease cohort (n = 21 samples from 13 H+N + individuals, n = 11 samples from 10 Hoy1y individuals). For comparison, a Mann-Whitney test was performed.
Red bars indicate geometric mean. Dotted line indicates the > 14 days cut-off that accounts for the antibody response after infection and was used for analyses shown
in B-K. (B) Scattered dot plots display CSF antibody breadth (n = 18 samples from 12 H+N+ individuals, n = 9 samples from 8 Hoyly individuals). Red bars indicate
median. For comparison, a Mann-Whitney test was performed. (C) Scattered dot plots display CSF HSV-1 versus HSV-2 antibody dominance (difference of HSV-1 and
HSV-2 peptide hits, with values > 0 indicating greater breadth against HSV-1, and values < 0 indicating greater breadth against HSV-2). Same samples as in B. Red
bars indicate median. For comparison, a Mann-Whitney test was performed. (D) Scattered dot plots display virus-specific antibody reactivity. Samples are only shown
if antibody response to the respective virus is present in CSF. Same samples as in B. Red bars indicate median. For comparison, Mann-Whitney tests were performed.
(E) Scattered dot plots display virus-specific intrathecal antibodies. Same samples as in B, shown if antibody response to the respective virus is present in CSF. Red
bars indicate median. For comparison, Mann-Whitney tests were performed. (F) A volcano plot illustrating differential reactivity patterns of HSV peptide targets,
compared between CSF antibodies from H+N+ (n = 12) and Hoply (n = 8) individuals. HSV-1 (n = 216) and HSV-2 (n = 89) peptides are shown if detected in at least
one H+N+ or Hopyy individual. For comparison of mean reactivities between cohorts, two-tailed t-tests were performed. Positive differential antibody reactivity (right
side) indicates greater mean reactivity in H+N+ cohort, negative values (left side) greater mean reactivity in Hopnyy cohort. Arrows above graph indicate mean of
antibody reactivity for all peptides representing HSV-1 (blue) and HSV-2 (purple). Dotted lines indicate threshold for statistical significance based on unadjusted P-
values. (G) Positive predictive values (PPV) for HSV-1 and HSV-2 peptides with differential CSF antibody reactivity in H-+N+- versus Hoyly disease cohorts (derived
from C) are shown. PPVs are shown for identification of H+N+ versus Honyy cohort (x-axis) and versus non-HSE cohorts (y-axis). For peptides with PPVs > 75%
(dotted lines) under both comparison conditions, the HSV protein and the amino acid positions within the protein are shown. (H) A heat map illustrates CSF antibody
reactivities for five HSV-1 signature peptides (n = 12 H+N+ individuals). (I) Scattered dot plots display UL42-UL48-antibody scores (n = 128 CSF samples). Red bars
indicate median. For comparison, Kruskal-Wallis tests were performed with post-hoc multiple comparisons using Dunn’s test. Dotted line indicate threshold of
positivity of 38.8. (J) Parameters of UL42-UL48-antibody score test performance are shown (128 CSF and 124 serum samples of entire study cohort). Thresholds of
positivity defined at 38.8 for CSF and 15.3 for serum samples (Methods). (K) Plot shows longitudinal UL42-UL48-antibody score for 3 H+N+ individuals with
available longitudinal CSF measurements. The vertical dotted line indicates > 14 days cut-off that accounts for the antibody response after infection and was used for
analyses shown in B-K. The horizontal dotted line indicates threshold of positivity of 38.8. (L) Scattered dot plots display antibody binding to five signature peptides
(as in H) from ELISA measurements with n = 12 H+N+ individuals and n = 5 Hoyly individuals. Optical density (OD) measurements are median from three in-
dependent experiments and are shown after subtraction of sample-specific OD from control wells without preincubation with the signature peptides. For comparison,
a Mann-Whitney test was performed. Red bars indicate median + interquartile range. For the H+N+ cohort, upward-point arrowheads represent samples before
NMDARE was diagnosed, diamonds represent samples at time of NMDARE manifestation, and downward-point arrowheads represent samples after NMDARE
manifestation. CI = confidence interval. NPV = negative predictive value, ns = not significant, PPV = positive predictive value. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. No link between HSV immunity and NMDARE patients without a history of HSE. (A) Bar plots display prevalence of CSF antibody responses to HSV-1 and
HSV-2 (n = 128 CSF samples) for all disease cohorts. Prevalence of antibody reactivity is defined by VAR scores > 0.72 (Methods). (B) Scattered dot plots display CSF
antibody breadth against HSV-1 and HSV-2 for Nony and MS cohort. Samples are only shown, if antibody response to respective virus is present in patient’s CSF or
serum (Nopry: 36 HSV-1, 22 HSV-2, MS: 25 HSV-1, 15 HSV-2). Red bars indicate median. For comparison, Mann-Whitney tests were performed. (C) Scattered dot plots
display virus-specific antibody reactivity against HSV-1 and HSV-2. Same samples as in B. Red bars indicate median. For comparison, Mann-Whitney tests were
performed. Scale on y-axis as in Fig. 4D for better comparison. (D) Scattered dot plots display virus-specific intrathecal antibodies against HSV-1 and HSV-2. Same
samples as in B. Red bars indicate median. For comparison, Mann-Whitney tests were performed. Scales on y-axis as in Fig. 4E for better comparison. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

It is important to emphasize that the UL42-UL48-antibody score aggre-
gates reactivities only against the five signature peptides, not against the
entire UL42 and UL48 proteins, as reactivities against non-signature
peptides of these proteins were more similar across all four disease co-
horts (Fig. S6G-H).

Applying the UL42-UL48-antibody score to the entire study cohort,
resulted in an increased sensitivity of 75% in CSF (>66% in serum) and a
robust specificity > 99%, both within the entire study cohort and within
the HSE cohorts (Fig. 41-J, Fig. S7A). A positive score in the CSF was
associated with an OR of 46 (CI 2 - 1,029) for distinguishing H-+N+ from
Hony individuals, and an OR of 209 (28 - 1,582) for distinguishing
H+N+ from all other individuals in our study population, with similar
values observed in serum (Fig. 4J). We found robust stability of UL42-

UL48-antibody score measurements in longitudinal samples (Fig. S7B)
and identified positive score in H+N+ samples taken before, at, and
after manifestation of NMDARE (Fig. S7C). Of three H+N+- patients with
available longitudinal CSF samples, all had negative UL42-UL48-
antibody scores at the initial sampling, suggesting that the signature
antibodies were not pre-existing before HSE. In two of these patients,
UL42-UL48-antibody scores were highly positive at the last available
sampling (after NMDARE manifestation). Notably, in both cases, the
signature antibodies were already detectable in samples taken 2-3
weeks after HSE onset, but prior to clinical NMDARE diagnosis (Fig. 4K).
Finally, we orthogonally validated the UL42-UL48-antibody score using
an ELISA with the five signature peptides. Sera from 75% of H+N+
individuals, but none from the H-only group, showed signals above the
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cut-off (Fig. 4L), demonstrating concordance with the PhIP-Seq results
(Fig. S7D).

Collectively, this suggests that these signature antibodies can
distinguish H+N+ from Honly and non-HSE patients and may have po-
tential to predict NMDARE development in post-HSE patients.

3.4. HSV antibodies are not associated with NMDARE in patients without
a history of HSE

Since some reports have suggested (Nosadini et al., 2017; Salovin
et al., 2018) a link between HSV immunity and NMDARE even in pa-
tients without prior HSE, we compared HSV antibody responses between
the non-HSE cohorts (Noq1y and MS). First, by prevalence, we detected
HSV antibodies in approximately half of Noyy patients, both in CSF
(52%, Fig. 5A) and in serum samples (55%, Fig. S8A), similar to MS
patients (55%, 63%). Second, by quantity, we found similar character-
istics of HSV antibody responses in the two cohorts (Noqjy and MS).
There was no single parameter significantly increased in the Ny
cohort, neither for HSV-1 nor for HSV-2, when comparing the diversity
of HSV antibody targets in CSF (Fig. 5B) or in serum (Fig. S8B), the level
of antibody reactivity in CSF (Fig. 5C) or in serum (Fig. S8C), and the
count of intrathecal antibodies (Fig. 5D, Fig. 3B-C). Third, by quality, in
a systematic comparison of HSV binding patterns, we identified only a
single peptide with increased antibody binding in the Ny versus the
MS cohort (Fig. S8D), however, with poor performance to differentiate
between the two cohorts (Table S4). Collectively, these findings indicate
that the link between HSV immunity and NMDAR autoimmunity is
likely limited to the post-HSE condition.

4. Discussion

In this study, we addressed the medical need for biomarkers to
identify HSE patients at risk for secondary NMDARE. We analyzed
antibody reactome profiles against all human viruses and introduce a
novel metric to quantify intrathecal antibody reactivities. We identified
a distinctive antibody signature associated with NMDARE development,
which may in the future enable early intervention to reduce disease
burden from secondary autoimmunity.

4.1. Functions of UL42 and UL48 proteins and antibodies

Recent investigations in a prospective HSE cohort had observed
increased blood type I interferon responses 21 days after HSE onset in
20% of patients that went on to develop secondary autoimmune en-
cephalitis (Armangue et al., 2023). This slower decay of interferon
activation indicates a prolonged viral immune response (Leib, 2002;
Mesev et al., 2019), which is associated with increased antibody pro-
duction (Le Bon et al., 2001). In the present study, we could not assess
this interferon signature due to the lack of suitable biospecimens.
However, we found distinctive features in the HSV antibody responses in
the H+N+ compared to the Hyny cohort that are consistent with a
prolonged HSV response. First, HSV antibodies of all H+N+ individuals
preferentially bound HSV-1 over HSV-2 targets, suggesting an infection
with HSV-1, which is consistent with PCR results showing that H+N+
cases are predominantly preceded by HSV-1 infections (Armangue et al.,
2023). Second, the total HSV-1, but not HSV-2, antibodies showed
greater level of reactivity and were more frequently a result of ITS.
Third, the enhanced HSV-1 response in H+N+ individuals comprised a
differential pattern of HSV-1 antibody reactivities. The differential
reactivity pattern was more related to differences in specific peptides
targeted, versus differences in peptide-specific ITS. This H+N+ associ-
ated antibody reactivity pattern comprised five distinct peptides from
the HSV-1 UL42 and UL48 proteins. By sequence analysis between UL42,
UL48 and the NMDAR, we did not find any evidence for molecular
mimicry based on linear epitopes, as previously supposed by some au-
thors (Nosadini et al., 2017; Salovin et al., 2018). Given that the
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signature peptides are derived from two different HSV-1 proteins and
that H+N+ patients contained signature antibodies in varying distri-
butions, it is also unlikely that molecular mimicry of conformational
epitopes can explain the association to NMDAR autoimmunity. Perhaps
more likely is that UL42 and UL48 antibodies are associated with
enhanced inflammatory responses that subsequently break tolerance to
the NMDAR autoantigen. Interestingly, both UL42 and UL48 proteins,
despite divergent role in viral life cycle, inhibit NF-xB activation
(Chapon et al., 2019; Xing et al., 2013; Zhang et al., 2013), and thus
abrogate the production of type I interferons (Le Bon et al., 2001; Pfeffer,
2011). If the UL42 and UL48 antibodies are able to reach their intra-
cellular targets (Pinal-Fernandez et al., 2024; Rocchi et al., 2019), it is
conceivable that they could disinhibit this HSV-1-protein mediated
interferon suppression, thereby providing a potential mechanism for
immune hyperactivation (and ensuing autoantibody development),
similar to what has been proposed in anti-MDAS5 dermatomyositis
(Pinal-Fernandez et al., 2020, 2024; Jayaraman et al., 2025). Alterna-
tively, such antibodies targeting interferon-binding proteins may pro-
mote the development of interferon autoantibodies through epitope
spreading, potentially modulating the immune response. Via these two
or some other pathways, antibodies to different epitopes of UL42 and
UL48 may differentially dysregulate interferon signaling, potentially
explaining why some, but not all, UL42 and UL48 antibodies are asso-
ciated with secondary NMDARE. Interestingly, HSV-1 UL48 antibodies
were previously described in 30% of Behcet’s disease patients (Zheng
et al., 2015), an autoimmune systemic vasculitis, consistent with a role
in activation of (auto)immunity.

4.2. Potential diagnostic utility of HSV-1 signature antibodies in HSE
patients

While these signature antibodies were frequent in H+N+ in-
dividuals, they were found only in two of 70 NMDARE patients without
a history of HSE. This is consistent with a link between NMDARE and
HSV infections (Armangue et al., 2018; Pruss et al., 2012) that applies
exclusively to post-HSE cases. A previous study had reported a signifi-
cantly increased HSV-1 prevalence in their non-HSE-encephalitis
NMDARE cohort (n = 39) at 49% (Salovin et al., 2018), which howev-
er might be due to the unusually low 21% prevalence of HSV-1 sero-
positivity among that study’s controls (Bradley et al., 2014; Chemaitelly
et al., 2019; James et al., 2020). In contrast, our study’s larger Nonly
cohort (n = 70) demonstrated HSV antibody responses with no evidence
of enhanced reactivities and with a prevalence of ~ 50%, similar to the
MS control cohort and within the typical range of Western populations
(Bradley et al., 2014; Chemaitelly et al., 2019; James et al., 2020).
Interestingly, in the clinical records of the one Noy1y individual with low-
level detection of signature antibodies, we found that HSV-specific ITS
was detected as part of the clinical diagnostics from an earlier CSF/
serum pair (3 weeks after NMDARE onset, no material left for this
study). The HSV-specific ITS may indirectly reflect an HSE despite
negative HSV-PCR, which can occur if too few viral particles are in the
CSF at the time point of lumbar puncture (de Montmollin et al., 2022).
Since the question of HSE could not be fully clarified, we considered this
case to be Noyyy. If it had been excluded, the specificity and PPV of the
UL42-UL48-antibody score would have been further increased to 100%
for CSF from 128 individuals tested in this study.

Independently, the UL42-UL48-antibody score revealed high sensi-
tivity for H+N+ individuals (9/12 in CSF, 8/12 in serum), and was
rarely positive in the other cohorts (Hopyy: 0/8 in CSF, 0/5 in serum; non-
HSE groups: 1/108 in CSF, 1/107 in serum). Importantly, within the
H+N+ cohort, signature antibodies were detected before and after
NMDARE manifestation, supporting their potential use as a prognostic
biomarker in HSE to evaluate the risk for secondary NMDARE. As HSE
can result from primary HSV infection or from HSV reactivation (Ak
et al., 2024; Steiner, 2011), clinical utilization in the context of primary
infection will have to consider that seroconversion requires
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approximately two weeks (Ashley et al., 1999), which is typically before
the onset of NMDARE (with median delay of 39 days after HSE)
(Armangue et al., 2023). Once induced, signature antibodies will likely
be detectable over a long period of time, given the remarkable stability
of IgG responses (Amanna et al., 2007) and their detection in some of our
cohort’s H+N+ individuals in up to > 20 years after HSE. Collectively,
this suggests the utility of UL42 and UL48 signature antibodies as a
biomarker for risk of NMDARE after HSE. Future studies should validate
these findings in independent HSE cohorts, investigate the potential
influence of different HSV-1 and HSV-2 strains, and potentially explore
additional orthogonal antibody detection assays. They should prefer-
entially compare samples at different time points at and after HSE onset
and evaluate the influence of concurrent steroid treatment in HSE
treatment (Whitfield et al., 2021). If validated, predictive signature
antibody detection in HSE patients could enable early stratification of
risk for secondary NMDARE and guide clinical decision making, similar
to lupus anticoagulant and anti-ribosomal P antibodies that are predic-
tive for neuropsychiatric events in systemic lupus erythematosus pa-
tients (Hanly et al., 2011). For HSE patients with high-risk for NMDARE,
more frequent clinical follow-ups and NMDAR autoantibody testing
(particularly from CSF) may reduce diagnosis delays for secondary
NMDARE. Ultimately, earlier initiation of immunosuppressive therapies
(possibly in selected cases even before the detection of NMDAR auto-
antibodies) may reduce long-term morbidity from post-HSE autoim-
munity or even prevent its onset, similar to benefits from early treatment
initiation in other neuroimmunological conditions such as MS (Cobo-
Calvo et al., 2023; Harding et al., 2019; He et al., 2020) or NMDARE
independent of previous HSE (Titulaer et al., 2013). Moreover, future
experimental studies should aim to isolate signature antibodies (Kreye
etal., 2016; Kreye et al., 2021) to discern their bioactivity in vitro and in
vivo.

4.3. Limitations

This study has several limitations. First, the number of patients is
relatively low, especially in the H+N+ cohort, given the rare nature of
this condition. The age of the H+N+ patients investigated here (median
64 years) was higher than in other cohorts (34 years, Armangue et al.,
2023) and thereby underrepresents children. Second, the samples were
collected in a multicenter study at heterogenous and non-standardized
time points. While variability in sampling time could, in principle, in-
fluence antibody detection, IgG responses are generally persistent
(Amanna et al., 2007; Vogl et al., 2021), also notable in our cohort
(Fig. S5B), which likely mitigates any effect of minor differential sam-
pling times. Third, due to limited sample volumes, we focused on re-
testing NMDAR autoantibodies only (Fig. S1) and did not conduct
broader CBA screening. Thus, Hyyly individuals were classified based on
at least 3 months of follow-up without clinical suspicion of secondary
autoimmune encephalitis. We cannot rule out transient post-HSE auto-
antibody development, but without relevant symptoms, these cases do
not meet criteria for autoimmune encephalitis per current guidelines
(Graus et al., 2016). Fourth, we did not have access to samples before
HSE onset. In some individuals, pre-existing HSV antibody responses,
such as those from prior infections, may have influenced our results. In
two H+N+ individuals we observed that signature antibodies were
induced by HSE, but we could not systematically investigate whether
they can be pre-existing before HSE. And last, despite detailed profiling
of antibody responses to the HSV proteome, our analyses may have
overlooked HSV antibodies to targets that are not captured in the PhIP-
Seq library which are restricted to 56-mer peptide tiles and HSV se-
quences published at the time of its design (Xu et al., 2015).

4.4. Conclusion and perspective on MICAR applications

In conclusion, we present distinct features of an enhanced HSV
antibody response associated with NMDARE development in HSE
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patients and report an antibody biomarker signature with potential
utility for risk stratification. In our study cohort, we found no heightened
or differential HSV antibody reactivities in NMDARE patients without a
history of HSE. These unbiased analyses of the intrathecal antibody
reactome are made possible via the MICAR metric, developed and re-
ported here. MICAR uses multiplexed evaluation of antibody
compartment-specificity and can analyze ITS at the level of total IgG,
virus specificity, and peptide specificity. In this first application of
MICAR, we found HSV-specific ITS years after HSE and even below the
clinical threshold for ITS of total IgG. Given the relevance of target-
specific ITS for infectious and autoimmune diseases of the CNS (Pruss,
2021; Rodriguez-Mogeda et al., 2024; Shamier et al., 2021; Thompson
et al.,, 2018) and MICAR’s unbiased nature to identify ITS targets,
MICAR will advance future investigations in neuroimmunology and
support the discovery of novel immune targets, immunological disease
associations, and antibody cross-reactivities. While we solely demon-
strate MICAR’s utility with PhIP-Seq data, the approach could readily be
adapted to other multiplexed antibody assay types, including protein
and peptide arrays (Jeong et al., 2012; Sjoberg et al., 2016), yeast
display platforms (Wang et al., 2022), and human cell display systems
(Freeth and Soden, 2020; Tucker et al., 2018). Further, beyond inves-
tigating CSF-specific antibodies as ITS, MICAR may also find utility in
characterizing antibodies specific to other body fluids (e.g. from the
pulmonary system, gastrointestinal tract, or synovial fluid) (Fekkar
et al., 2008), or specific to tissues, including from biopsies and tumor
resections.
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