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Brainstem pathology in anti-IgLONS5 disease:
new insights into early events and tau
progression

Raphael Reinecke,’? Sophie Nitsch,? Francisca Faber,»? Cansu Elmas,*?
Marlene Gaubinger,”? Anika Simonovska Serra,”? Verena Endmayr,*>
Inga Koneczny,? Evelyn Berger-Sieczkowski,?> Morten Blaabg erg,* M. Elena Erro,’
Julia Ferrari,® Markus Glatzel,” Anna Heidbreder,® Birgit Hégl,” Casper Jansen,°

Jan Lewerenz,'! Patrizia Moser,? (Liisa Myllykangas,’? Jeanette Krogh Petersen,’
Peter Schnider,’® ®Ambra Stefani,® Maarten J. Titulaer,'® Deniz Yilmazer-Hanke,’
Serge Weis,'® Lidia Sabater,'® Carles Gaig,?° Ellen Gelpi***
and ®Romana Héftberger:>1

4

TThese authors contributed equally to this work.

Anti-IgLONS disease is a rare neurological disease at the intersection of autoimmunity and neurodegeneration. It is
characterized by the presence of anti-IgLON5 antibodies and the development of a brainstem-dominant tau path-
ology. Recent research indicates that the tau pathology may develop in a time-dependent manner. A three-staged
neuropathological classification of the disease has been recently suggested, ranging from no or minimal tau (stage
1) to the characteristic brainstem tau pathology (stage 3) as originally described. This study aimed to characterize
the evolution of the disease-associated tauopathy more precisely and to further investigate the early neurodegenera-
tive events in anti-IgLON5 disease.

We analysed the medullary region of 14 autopsy cases of anti-IgLON5 disease with different severity grades of tau path-
ology and varying disease durations, from 6 to 180 months, and compared our findings with five cases with progressive
supranuclear palsy and 10 neurologically healthy controls by immunohistochemistry. We applied a broad panel of anti-
bodies targeting different pathological tau post-translational modification sites and the nuclear membrane. In addition,
we performed a cell culture of rat hippocampal neurons incubated with purified anti-IgLON5 antibodies to validate the
results of the autopsy samples.

Based on the tau burden in relation to the pathology stage and disease duration, we determined the chronological
appearance of the different post-translational modifications of tau. Phosphorylation at serine 422 was identified as
one of the first alterations at stage 1 and showed an early neuronal nuclear staining with simultaneous anti-IgLON5
IgG4 deposits on the neuronal surface as observed by double immunolabelling. Nuclear membrane alterations were
also evident by Lamin B1 staining. These were significantly more frequent at stage 1 as compared with controls and
adopted the form of nuclear invaginations and crenellations. Crenellations of the nuclear membrane also developed
in neuronal cell culture after 3 weeks of antibody incubation, supporting the autopsy findings in vitro.

The development of cytoplasmic tau pathology occurs at later stages of the disease with a sequence of post-translational
modifications, after an initial nuclear pathology. These new findings contribute to a better understanding of the early
pathophysiological events in anti-IgLONS disease and reinforce the concept of a secondary tauopathy related to an im-
mune-mediated mechanism.
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Introduction

Anti-IgLONS disease is a rare neurological disease at the intersec-
tion of autoimmunity and neurodegeneration. Since the discovery
of the disease-associated anti-IgLON5 antibodies in patients with
a peculiar type of sleep disorder 10 years ago, intensive work has
been carried out to decipher the disease mechanisms, which are
still not fully understood.™? Bulbar symptoms were described as
the most common initial clinical presentation, followed by REM
and non-REM sleep disturbances, movement abnormalities remin-
iscent of progressive supranuclear palsy (PSP) as well as cognitive
impairment.® During the disease course, most patients develop a
combination of these symptoms, including other brainstem symp-
toms and autonomic dysfunction. The clinical spectrum of the dis-
ease makes early diagnosis difficult, which is further complicated
by the fact that a delayed initiation of treatment is also associated
with a poor prognosis and high mortality.? Consistent with the
symptoms observed in affected patients, a brainstem- and
hypothalamus-dominant neurodegeneration with a novel type of
tauopathy was identified in an initial autopsy cohort study, leading
to the first neuropathological classification of the disease in 2016.*
Over time, however, there were cases identified without or only
minimal tau deposits at autopsy.>®

To account for the new findings, an updated neuropathological
classification was developed in 2024 in an autopsy cohort of 22

cases and suggested a time-dependent three-stage pathology mod-
el: stage 1 with mild neurodegeneration and no or only minimal tau
pathology; stage 2 with moderate neurodegeneration and mild to
moderate tauopathy; and stage 3 with prominent neurodegenera-
tion and tauopathy, corresponding to the characteristic tauopathy
originally described.>” Moreover, stage 1 was supported by the
identification of IgG4 deposits in the brainstem and cerebellum in
a fraction of the cases.® Patients at stage 1 had a higher age at initial
manifestation and a short disease duration of less than 2 years,
while patients at stage 3 had an earlier age of onset but a signifi-
cantly longer disease duration of up to 6 years. The precise mechan-
isms behind the shorter disease course in older patients are
currently unknown. However, a reduced ‘brain resilience’ of the
elderly brain, for example due to co-pathologies, could play a role,
making it more susceptible to the functional effects of the
antibodies.”

The hypothesis that the tauopathy is a time-dependent phe-
nomenon and that anti-IgLONS disease represents a primary auto-
immune disease that induces a secondary tauopathy is supported
by other recent studies. For example, a pathogenic effect of IgG1
and IgG4 subclasses of the anti-IgLONS antibody has been demon-
strated in vitro.2'° In addition, it has been shown that patients with
anti-IgLONS disease show a strong HLA association, particularly
with HLA-DQB1*05 subtypes,'* and new data show that an early
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start of therapy is associated with a better clinical outcome.***3

However, the exact mechanism by which antibody binding leads
to the development of tauopathy remains unclear.

From a neuropathological point of view, there is a need for add-
itional markers at the early stage of pathology, in particular in cases
with no or only minimal tau pathology (stage 1) of patients who had
neurological symptoms and anti-IgLONS antibodies in blood and/or
CSF. In addition, an exact characterization of the pathological post-
translational modifications (PTM) of the tau protein and their se-
quential occurrence during pathology progression is lacking for
anti-IgLONS disease.

The objective of this study was therefore to characterize the
evolution of the disease-associated tauopathy more precisely, to
further investigate the early steps of neurodegeneration in an effort
to identify new diagnostic markers and to provide new insights into
the pathophysiology of anti-IgLONS disease.

Materials and methods

For this study, we included a total of 14 brain autopsies of patients
with anti-IgLON5S disease, with a representative number of each
disease stage 1-3. Cases from the previous study,’ for which suffi-
cient material was available for the study question, were used (for
details, see Table 1). All cases had clinical symptoms and neuro-
pathological findings consistent with anti-IgLONS5 disease; 13/14
cases had positive anti-IgLONS5 antibodies in the CSF. In one case
(Case 8), antibody determination was no longer possible in the post-
mortem stage. Brains were collected at different centres through-
out Europe, including Austria (n=5), Germany (n=3), Finland (n=
2), Spain (n=1), the Netherlands (n=1), Slovenia (n=1) and
Denmark (n=1). Clinical information on the initial subtype was ta-
ken from the structured questionnaires already collected for the
previous study.’

In addition, we included 10 age-matched controls without
known neurological disease as well as five cases with PSP as a ‘tauo-
pathy’ positive control, four of which tested negative for
anti-IgLONS antibodies in the CSF. In one case (Case 17), testing
was not possible as the CSF or serum was no longer available, but
the patient presented clinically with a classical PSP phenotype
without any atypical findings [see Supplementary Table 1, available
at doi.org/10.5281/zenodo.17486565, Cases 15-21 for partI (n=7) of
the study and Cases 15-29 for partII (n = 15)]. Since previous studies
showed that the lower brainstem is one of the first regions affected
by neurodegeneration in anti-IgLONS disease, leading to neuro-
logical symptoms, and this region is routinely sampled in the diag-
nostic workup, we used exclusively samples of the medulla
oblongata for this study. Ethical approval for the use of post-
mortem brain tissue for research studies was obtained from the
Medical University of Vienna (EK 1123/2015 and 1636/2019).

For immunohistochemical (IHC) analyses, we used 13 different
antibodies directed to different pathological PTMs of the tau pro-
tein. The selection of antibodies was based on those available and
already established for other tauopathies. A full list of antibodies
with name, target epitope, manufacturer and pre-treatment condi-
tions can be found in Table 2. Immunohistochemical staining on 5-
um thick, formalin-fixed, paraffin-embedded tissue sections was
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performed on an autostainer Link48 (Dako) for the antibodies ATS,
RD3 and RD4 tau isoforms. The remaining antibodies were applied
manually according to an in-house protocol with the tissue section
pretreatments as listed in Table 2. Image acquisition was performed
using a NanoZoomer S20MD digital slide scanner (Hamamatsu
Photonics) and a Nikon Eclipse Ni-E microscope (Nikon).

Depending on the individual section and exact level of the medulla
oblongata, the following core areas were examined, as far as present
on the tissue section: dorsal motor nucleus of the vagal nerve, hypo-
glossal nucleus, solitary tract and nucleus, nucleus ambiguus, gigan-
tocellular nuclei/reticular formation and inferior olives. The burden
of tau pathology was assessed in anti-IgLONS5 cases (n=14), PSP
(n=5) and controls (n=2) semi-quantitatively, separately for each
pretangles, tangles, threads, nuclear staining and glial tau pathology
at the area of maximum disease burden in the above-mentioned re-
gions as previously performed,” as follows: 0= absent, i=isolated
(<3 tau-positive neuropil threads/<1 pretangle/tangle/nucleus/glial
tau); 1=mild (3-15 positive neuropil threads, >2 pretangles
and <5 tangles/nuclei/glial tau); 2=moderate (>15 positive
neuropil threads, >3 pretangles and >5 tangles/nuclei/glial tau);
3=abundant (abundant neuropil threads and >10 pretangles/
tangles/nuclei/glial tau). Based on the intensity of tau pathology
in relation to the stage and the duration of the disease, a timeline
was created with the approximate occurrence of the pathological
steps over the course of the disease.

For the investigation of early pathological events at the cellular le-
vel, we focused on the analysis of the nuclear morphology. For this,
we used an antibody targeting Lamin B1 (Table 2) for visualizing the
nuclear membrane. For the quantification of nuclear membrane
changes, we assessed all clearly recognizable neurons with a fully
depicted nucleus in a predefined area of the medulla oblongata
that included the above-mentioned neuroanatomical areas.
Nuclear invaginations and crenellations of 14 anti-IgLONS disease
cases, five PSP cases and 10 controls were categorized semi-
quantitatively into ‘normal’, ‘mild’, ‘moderate’ and ‘severe’. For nu-
clear invaginations, ‘mild’ corresponded to a membrane infolding
of less than one-third of the nuclear diameter, ‘moderate’ to more
than one-third of the diameter and ‘severe’ to multiple and almost
cross-nuclear infoldings. For statistical analysis, normal/mild and
moderate/severe were grouped and then compared. With regard
to nuclear crenellations, ‘mild’ corresponded to an early splitting
of the membrane, ‘moderate’ to the development of multiple in-
dentations and ‘severe’ to a shrivelling of the nucleus. For statistical
analysis, ‘normal’, ‘mild/moderate’ and ‘severe’ were compared
among controls, PSP and anti-IgLONS disease ‘total’ as well as along
the different stages of pathology (stages 1 to 3). The changes were
assessed blinded to condition and stages. Owing to the limited
number of samples, statistical analyses were performed using the
Kruskal-Wallis test followed by Dunn’s multiple comparison test.
This was done for comparing controls and PSP to all IgLONS cases
as a whole as well as to individual IgLONS stages. The calculations
and visualization of the data were performed using Prism 10
(Version 10.4.2).

To examine the spatial relationship between tau and
anti-IgLONS antibodies in the early pathology stages, we performed
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Table 2 Antibodies and target epitopes
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Antibody Epitope Host (clone) Source/identifier Pretreatment/dilution
Tau antibodies
ATS8 Phosphorylation at Ser202/Thr205 Mouse (AT8) Thermo Scientific/Cat. No. MN1020 None/1:200
3RD 3-repeat tau isoform Mouse (8E6/C11)  Millipore, Sigma Aldrich/Cat. No.05-803 Citrate buffer pH 6 +
1 min FA/1:2000
4RD 4-repeat tau isoform Mouse (1E1/A6) Millipore, Sigma Aldrich/Cat. No.05-804  Citrate buffer pH 6 +
1 min FA/1:800
AT100 Phosphorylation at Thr212/Ser214 Mouse (AT100) Thermo Scientific/Cat. No. MN1060 None/1:500
AT180 Phosphorylation at Thr231 Mouse (AT180) Thermo Scientific/Cat. No. MN1040 Citrate buffer pH 6/1:500
AT270 Phosphorylation at Thr181 Mouse (AT270) Thermo Scientific/Cat. No. MN1050 None/1:1000
Alz-50 Misfolded conformation of tau (aa 2-10 Mouse Gift from Peter Davis Lab Citrate buffer pH 6/
and 312-342) 1:160%
MC1 Misfolded conformation of tau (aa 2-10 Mouse Gift from Peter Davis Lab Citrate buffer pH 6/1:80%
and 312-342) without
cross-reactivity for FAC1
PHF-1 Phosphorylation at Ser396/Ser404 Mouse Gift from Peter Davis Lab Citrate buffer pH 6/
1:160°%
pTau Ser356 Phosphorylation at Ser356 Rabbit Affinity Bioscience/Cat. No. AF3143 Citrate buffer pH 6/
1:2000
pTau Ser262  Phosphorylation at Ser262 Rabbit Affinity Bioscience/Cat. No. AF3151 Citrate buffer pH 6/1:200
pTau Ser422 Phosphorylation at Ser422 Rabbit Affinity Bioscience/Cat. No. AF3145 Citrate buffer pH 6/1:200

Ac-Tau K274

Other antibodies

Acetylation at K274

Rabbit (MAB359)

IgG4 Mouse (HP6025)
Lamin B1 Rabbit
CD8 Mouse (C8/144B)
Granzyme B Rabbit
MHC-I Mouse

Gift from Li Gan Lab

Bio-Rad/Cat. No. MCA2098G
Abcam/Cat. No. ab16048
Dako/Cat. No. M7103

Cell Marque/Cat. No. EP230
Gift from Hans Lassmann

Citrate buffer pH 6 +
1 min FA/1:1000

EDTA pH 9/1:500

EDTA pH 9/1:1000
Citrate buffer pH 6/1:100
EDTA pH 9/1:50

EDTA pH 9/1:2000

Antibodies used in this study for immunohistochemistry and immunofluorescence and their respective target epitope as well as source and identifier when applicable. aa=

amino acid; FA = formic acid; FAC1 = fetal Alz-50-reactive clone 1.
2Antibodies received as supernatant.

double immunolabelling for light microscopy with anti-IgG4 and
anti-pTS422 antibodies in representative cases at stage 1 (Casess
1and 4). For quantitative analyses, we assessed the area with max-
imal IgG4 deposits and counted all neurons within two adjacent
square millimetres and categorized them as IgG4 positive (deposits
along the neuronal membrane), pTS422 nuclear positive, double
positive and double negative. One representative case from stage
2 (Case 7) and stage 3 (Case 11) was used as a control.
Chromogenic reactions with two different substrates, Fast Blue
(blue) and 3-amino-9-ethylcarbazole (AEC; PolyDetector Liquid
AEC HRP Red, BioSB), were used for double labelling of different
antigens.

To assess the contribution of cellular cytotoxicity in both diseases,
we performed anti-CD8 immunostaining in all cases with available
material (anti-IgLONS disease, n = 12; PSP, n =4). Quantification was
performed using an ocular morphometric grid to measure the num-
ber of parenchymal and perivascular T cells per 1 mm? in the area
of maximal inflammation, as previously described.® In representa-
tive cases with the highest CD8+ T-cell burden from each stage of
anti-IgLONS disease and PSP (Cases 4, 7, 13 and 16), we also per-
formed immunostaining for Granzyme B, MHC-I and a double im-
munolabelling with anti-CD8 and anti-pTS422 to evaluate the
spatial relationship of cytotoxic T cells and pTS422-positive
neurons.

Plasmapheresis material from an anti-IgLONS5 disease patient with
clinically bulbar as well as PSP-like symptoms and serum from a
healthy donor were diluted 1:4 in PBS, filtered using 0.2 pm filters,
and incubated overnight at 4°C with gentle rolling with Pierce
Protein A/G Plus Agarose (Thermo Scientific, Cat. No. 20423) for total
IgG isolation. For 1gG4 isolation, the total IgG in

PBS was applied directly to a column containing CaptureSelect
IgG4 (Hu) Affinity Matrix (Thermo Scientific, Cat. No. 2942902005).
The column flow-through was subsequently applied to a column
containing CaptureSelect IgGl (Hu) Affinity Matrix (Thermo
Scientific, Cat. No. 191303005) to isolate IgG1. All affinity matrices
were packed into 1.5 mm diameter columns (Bio-Rad, Cat. No.
7371507) and washed with PBS. Bound IgG was eluted in 1 ml frac-
tions using 0.1 M glycine (pH 2.3) and immediately neutralized
with 1 M Tris base (pH 8.0). Protein concentrations were determined
by absorbance at 280 nm, and the fractions with the highest con-
centrations were pooled and dialysed to PBS using Spectra-Por
Float-A-Lyzer G2 (Sigma-Aldrich, Cat. No. Z727253) according to
the manufacturer’s instructions. The analysis of IgG subclasses
was adapted from previously described methods.’® In short,
HEK293 cells were transfected with full-length human IgLON5
fused to TurboGFP. Transfected cells were incubated with purified
IgG from patient serum, followed by subclass-specific mouse anti-
human antibodies (IgG1-4) and anti-mouse IgG conjugated with
Cy3 for detection. Flow cytometry was used to measure the median
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fluorescence intensity (MFI) of Cy3 in the phycoerythrin (PE) chan-
nel. To correct for non-specific binding, AMFI values were calcu-
lated by subtracting the MFI of tGFP™ cells from that of tGFP*
cells. This assay was independently repeated three times. The fi-
nal composition of the patients’ total IgG showed a percentage
distribution of 17.5% IgG1, 2.7% 1gG2 and 79.8% IgG4. 1gG1 purifica-
tion yielded a result of an IgG1 fraction of 100%, and 1gG4 purifica-
tion yielded an IgG4 fraction of 85.9% and 6.5% of IgG1 (6.8% IgG2
and 0.7% IgG3).

Rat hippocampal neuronal cell cultures were carried out from em-
bryonic Day 18 embryos as previously described.’® On Day 7,
treatment with purified healthy control IgG, anti-IgLONS IgG to-
tal, as well as purified IgG1 and IgG4 antibody subclasses (as de-
tailed earlier) was initiated at a final concentration of 10 pg/ml,
based on prior studies with anti-IgLONS5 antibody incubation.?
Treatment was refreshed weekly with the addition of 1 ml of
antibody-containing medium per 35mm culture dish. A
treatment-naive control group received only medium without
antibody incubation. After 3 weeks of antibody incubation, neu-
rons were stained live with human serum from a patient with
anti-IgLON5 disease. In addition, cultures were stained with
anti-Lamin B1 (1:500, Abcam, Cat. No. ab16048), neurofilament
protein (NFP; 1:400, Dako, Clone 2F11) and pTau422 (1:100,
Affinity Bioscience, Cat. No. AF3145) antibodies after fixation
with paraformaldehyde, followed by anti-human, anti-rabbit
and anti-mouse IgG Alexa Fluor 488 (1:1000, Jackson
ImmunoResearch, Lot#129707/139784/155613), respectively. The
experiments were repeated four times independently. Confocal
microscope images were captured using an Olympus BX63 micro-
scope (Olympus) with a numerical aperture of 1.40 for the 40x
and 100x objectives. Since all secondary antibodies were conju-
gated with Alexa Flour 488, fluorescence was recorded using the
corresponding FITC filter set (excitation wavelength 494 nm,
emission wavelength 518 nm). Nuclei were stained with DAPI
(DAPI filter, excitation wavelength 345 nm, emission wavelength
455 nm). The quantification of nuclear changes in the form of cre-
nellations was performed semi-quantitatively, analogous to hist-
ology. For the quantification, the nuclei of all neurons present on
the coverslips were analysed. The percentage of moderately and
severely crenellated nuclei was evaluated for the individual ex-
periments, and the mean value was calculated for each condi-
tion. Statistical analysis between groups was performed using
the Kruskal-Wallis test followed by Dunn’s multiple comparison
test. Quantification studies were done by investigators blinded to
the condition. The calculations and visualization of the data were
performed using Prism 10 (Version 10.4.2).

Results

According to the previously published staging system based on
the AT8 antibody, which targets the Ser202/Thr205 phosphoryl-
ation sites of tau, cases at stage 3 had the highest tau pathology
load, cases at stage 2 had an intermediate load and cases in stage
1had no or only minimal tau. However, when applying other anti-
bodies targeting different PTM sites, we observed different pat-
terns, particularly with regard to the intensity of tau burden in
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the different pathology stages [see Fig. 1 for an example illustra-
tion of five representative antibodies along the three stages, ran-
ging from the earliest to the latest pathological step, and
Supplementary Fig. 1 (available at doi.org/10.5281/zenodo.
17486565) for the remaining antibodies examined and a compari-
son with PSP and controls].

Based on the intensity of tau burden, in relation to the stage
and disease duration, we determined the chronological appear-
ance of the different pathological steps of tau pathology as fol-
lows (earliest to latest): phosphorylation at Ser422 (pTauS422),
phosphorylation at Ser202/Thr205 (AT8), phosphorylation at
Thr231 (AT180), phosphorylation at Ser396/Ser404 (PHF-1), mis-
folded conformation of tau aa 2-10 and 312-342 (Alz50/MC1),
phosphorylation at Thr212/Ser214 (AT100), 4-repeat tau (RD4),
phosphorylation at Ser356 (pTauSer356), phosphorylation at
Ser262 (pTauSer262), 3-repeat tau (RD3), acetylation at K274
(ac-Tau) and phosphorylation at Thr181 (AT270). The full scores
and antibody results are presented in Supplementary Table 2
(available at doi.org/10.5281/zenodo.17486565). While most of
these post-translational modifications occurred at stage 2,
pTauS422 showed a positive staining in all stage 1 cases with at
least isolated threads and more intense staining in two cases,
while RD3 tau staining, ac-Tau and AT270 only occurred at stage
3. We mapped the pathologic steps of the tau pathology along the
different disease stages in a schematic timeline, which is
depicted in Fig. 2, and included our previously described neuro-
pathological data on the IgG4 immunolabelling.® The immuno-
histochemical profile of the different tau phosphorylation
steps, however, did not clearly differ from the PSP cases used
as a positive control for an established brainstem-dominant
tauopathy. These results indicate that the neuronal tau path-
ology associated with anti-IgLONS disease currently cannot be
neuropathologically differentiated from the tau pathology re-
lated to PSP based solely on this anti-tau antibody profile. The
only exception is the presence of 3R tau isoforms in the late dis-
ease stages of anti-IgLONS disease (see Table 3 for a comparison
of the PTM profiles of anti-IgLONS disease with the other well-
characterized tauopathies). The neurologically healthy controls
showed almost completely negative results, confirming the spe-
cificity of the antibodies for tau pathology.

As previously reported, we detected a variable amount of
glial tau in most anti-IgLONS5 disease autopsies. This was par-
ticularly evident in the form of oligodendroglial tau with coiled
bodies in mild to moderate severity. However, individual cases
also showed thorn-shaped astrocytes. The glial tau pathology
developed similarly to the neuronal component over time,
but in comparison showed increased immunolabelling with
the antibodies PHF-1, RD4 and ac-Tau (Supplementary Table 2).

Previous descriptions of the tau pathology of anti-IgLONS disease
are based on immunostainings with AT8, RD3 and RD4 antibodies,
and mainly revealed the cytoplasmic component of tau in the form
of pretangles, tangles and threads. This was particularly evident in
the AT8 staining in cases with moderate and advanced pathology
(stages 2 and 3), but not in early stages (stage 1). In this study, we
identified a positive pTauS422 staining in neuronal nucleiin a frac-
tion of cases at stage 1. This pattern was not only observed at stage
1 but also in some stage 2 and stage 3 cases and was often asso-
ciated with an irregular nuclear membrane morphology (Fig. 3A).
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Figure 1 Development of the tauopathy in the medulla oblongata during the course of anti-IgLONS disease. Based on five example antibodies, ranging
from a first phosphorylation step at Ser422 (pTauSer422) to a late step at Thr181 (AT270), a progressive increase in tau pathology can be seen from stages
1to 3. In parallel, there is a decrease in tau pathology from the early to the late phosphorylation steps within one stage. The same case is shown for all
antibodies for each stage, respectively, with the exception of Ser422 in stages 1 and 2, to demonstrate the early staining pattern. The depicted areas
include one or more of the following areas, depending on the sampling-related level: dorsal motor nucleus of the vagal nerve, hypoglossal nucleus,
solitary tract and nucleus, nucleus ambiguus, raphe nuclei. Neg = negative staining. Scale bars =800 pm, insets in stages 2 and 3 =45 pm. Stage 1=

Case 2 (pTS422 Case 1), stage 2 =Case 5 (pTS422 Case 7), stage 3 =Case 13.

Additionally, cases at stage 2 and stage 3 also had higher pTauS422
load compared with ATS8, suggesting that phosphorylation at
Ser422, in combination with early nuclear changes, is an earlier
event than phosphorylation at Ser202/Thr205 (AT8) and thus one
of the first alterations detectable by IHC in anti-IgLON5S disease.
Nuclear staining was also seen with the AT100 antibody, as well as
occasionally with pTS356 and ac-Tau (K274) antibodies. In a singular
PSP case, nuclear tau was only mildly seen by AT100 staining, while
in the controls, only very isolated neurons showed nuclear staining.

In accordance with the immunohistochemical timeline of post-
translational tau modifications (Fig. 2), the early nuclear changes
observed with pTS422 co-occurred in areas with IgG4 deposits in
two patients at stage 1, who died of brainstem symptoms but
showed no obvious tau deposits applying the AT8 antibody. In
both cases, double immunostaining showed several neurons
framed by IgG4 deposits that were previously shown to correspond
to anti-IgLONS5 antibodies.® A total of 7.8% of the neurons in the
areas with maximal IgG4 deposits showed concomitant membran-
ous IgG4 and nuclear staining for pTauS422, indicating both a tem-
poral and spatial relationship between antibody deposition and
early nuclear tau accumulation [Fig. 3B and Supplementary
Fig. 2A (available at doi.org/10.5281/zenodo.17486565)]. This associ-
ation was not observed in example stage 2 and stage 3 cases, where

only pTS422 but not membranous IgG4 staining was detected
(Supplementary Fig. 2B and C).

Our previous study showed a similar amount of T cells in the paren-
chymal and perivascular compartments between anti-IgLON5 dis-
ease and PSP.° To assess whether the cellular inflammatory
component could also play a relevant role in the development of
the tauopathy along the different stages of anti-IgLONS disease, or
whether this could be used to distinguish it from PSP, we
also performed immunostaining for CD8, Granzyme B and
MHC-I. Quantification of CD8+ T cells revealed no significant differ-
ences in parenchymal or perivascular compartments along the
three disease stages or in comparison to PSP, although in line with
previous findings,® parenchymal CD8+ T cells were less pronounced
in PSP [Supplementary Fig. 3A (available at doi.org/10.5281/zenodo.
17486565)]. In isolated cases, particularly in stage 1, CD8+ T cells
were found in the immediate proximity of or adjacent to neurons
(Supplementary Fig. 3B). Only isolated Granzyme B+ T cells were
found in the vicinity of neurons (Supplementary Fig. 3C). MHC-I
was strongly expressed in microglia, other nucleated cells and
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Figure 2 Schematic timeline representation of the tau pathology and IgG4 in anti-IgLONS disease. While IgG4 predominates in stage 1, only pTauS422
appears during this stage. Most post-translational modifications occur at stage 2, while singular ones only occur at stage 3. The dashed line in IgG4
indicates that IgG4 depositions were still detectable in individual cases of stages 2 and 3, but in fewer regions and in significantly lower quantities
than in stage 1 cases. The order of appearance is based on the corresponding detectability at the different disease stages and the disease duration.

Created in BioRender. Hoftberger, R. (2026) https:/BioRender.com/agutmeél.

Table 3 Comparison of phosphorylated and acetylated epitopes of tau protein in anti-IgLONS disease and other tauopathies

Antibody Phosphorylation/acetylation sites 3R+4R 3R+4R 3R+4R 4R 4R 3R 4R
4R > 3R
Anti-IgLON5 CTE PSP PSP PiD AGD
Oown AD Lit" Lit'e?” Oown Lit'®%° Lit'821-23 Lit?*26

ATS Ser202/Thr205 + + + + + + +
3RD 3-repeat tau + + + — — + _
4RD 4-repeat tau + + + + + - +
AT100 Thr212/Ser214 + + + + + + +
AT180 Thr231 + ¥ + + + + N
AT270 Thri181 + + ? + ? + +
Alz-50 aa 2-10 and 312-342 + + ? + + + +
PHF-1 Ser396/Ser404 + + + + + + +
pTau Ser356 Ser356 + + ? + ? - _
pTau Ser262 Ser262 + + + + ? - —
pTau Ser422 Ser422 + + + + + + +
Ac-Tau K274% Acetylation at K274 + + + + + + -

Phosphorylated/acetylated sites in the respective tauopathies are indicated with ‘+’, if not present, sites are indicated with ‘~‘; ? =no data in literature; own =results from the
present study; Lit =results from literature review; 3R = 3-repeat tau isoforms; 4R = 4-repeat tau isoforms; aa 2-10 and 312-342 = misfolded conformation of tau at amino acids 2-
10 and 312-342; AD = Alzheimer’s disease; AGD = argyrophilic grain disease; CTE = chronic traumatic encephalopathy; PiD = Pick’s disease; PSP = progressive supranuclear palsy.

vessels, with increased intensity in cases with more severe path-
ology. A fraction of neuronal perikarya was also immunolabelled
in cases and areas with more severe pathology (data not shown).
In contrast to IgG4, we could not identify CD8+ T cells abutting to
neurons with nuclear pTS422 staining by double immunohisto-
chemistry in anti-IgLONS disease (Supplementary Fig. 3D).

Alterations of the morphology of the nuclear
membrane represent an early sign of
neurodegeneration in anti-IgLONS disease

Based on our findings of early tau phosphorylation at S422 in a
nuclear distribution and the identification of nuclear membrane
alterations, we immunolabelled the nuclear membrane with
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Figure 3 Nuclear staining pattern of pTauS422 and co-distribution with anti-IgLONS antibodies. (A) Staining for pTauS422 revealed a nuclear staining
pattern in stage 1 cases, which was not evident in control cases (bottom left). Higher magnification (top right and bottom right) additionally revealed ir-
regular borders of the nuclear membrane in the IgLONS cases (arrows in insets). Scale bars = 250 um (top left); 100 pm (top right and bottom left); 5 pm (bot-
tom right and bottom left inset). Stage 1=Case 4, control =Case 20. (B) Double immunostaining with anti-IgG4 (red, corresponding to anti-IgLONS
antibodies) and anti-pTauS422 (blue) antibodies in stage 1 cases reveals simultaneous deposition of anti-IgLONS IgG4 antibodies along the neuronal
surface and nuclear pTauS422 staining (arrows in bottom row) in multiple neurons, Case 1. Note that the stainings in A and B have different secondary
detection systems, resulting in nuclear staining patterns that are not completely identical. Scale bars = 2.5 mm (top middle); 50 pm (top left and right);
15 pm (bottom row).
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Figure 4 Nuclear membrane alterations in anti-IgLONS5 disease. (A and B) Anti-Lamin B1 immunohistochemistry. (A) All neurons in the depicted area,
including hypoglossal nucleus (XII), dorsal motor nucleus of the vagal nerve (DMNV), the solitary nucleus (S), nucleus ambiguus (A) and reticular for-
mation, were analysed. (B) Exampe images for invaginations ranging from (i) a normal nuclear membrane morphology to (ii) mild (less than one-third of
nuclear diameter), (iii) moderate (more than one-third of nuclear diameter) and (iv) severe invaginations. Crenellations were also graded as (v) normal,
(vi) mild, (vii) moderate and (viii) severe crenellations. (C and D) Statistical analysis. Percentage of invaginations (C) and mild/moderate crenellations
(D) comparing controls to all anti-IgLONS disease cases as well as to different disease stages separately, *P < 0.05, **P <0.01, **P < 0.001, ***P < 0.0001. IV =
fourth ventricle, MLF = medial longitudinal fasciculus. Scale bars =2.5 mm (A), 5 pm (B).

antibodies directed against Lamin B1 and compared the
anti-IgLONS disease cohort with PSP cases and age-matched con-
trols without neurological disease in the area of maximal disease
severity in the medulla oblongata (Fig. 4A). Here, we observed two
main types of changes of the nuclear membrane: nuclear invagina-
tions and nuclear crenellations.

Nuclear invaginations were characterized by infoldings of the
membrane to different degrees into the nucleus [Fig. 4B(i-iv)]. If de-
fined as less than one-third of the nuclear diameter (moderate/se-
vere), a significantly higher percentage of invaginated neurons
was found when all anti-IgLON5 disease cases were compared
with controls (40.9% versus 19.9%, P <0.0001; Fig. 4C). The mild in-
crease in invaginations in PSP compared with controls (mean dif-
ference: 11.3%, P=0.452) and in anti-IgLON5 disease compared
with PSP (mean difference 9.7%, P=0.183) did not reach signifi-
cance. All anti-IgLONS disease stages contributed to the difference
with controls (mean difference stage 1: 22.0%, P=0.0159; stage 2:
21.2%, P =0.0717; stage 3: 20.5%, P = 0.0056). No difference was found
among stages (Fig. 4C). Thus, even if only few cytoplasmic tau-AT8
deposits can be found in stage 1, the nuclear changes occur as fre-
quently as in higher stages of the disease.

Nuclear crenellations were defined as irregularities of the nu-
clear circumference and ranged from a slight splitting of the

membrane to a severe shrinking of the nucleus [Fig. 4B(v-viii); see
also methods for the precise quantification of changes].
Quantification of the nuclear crenellations yielded a similar picture
as for invaginations. There was a significant increase in the number
of mildly and moderately crenellated nuclei (mean difference of
23.0%, P =0.0021) with a corresponding significant reduction in nor-
mal nuclei in anti-IgLONS disease compared with controls as well
as among the different disease stages, with a significantly in-
creased number of mild/moderate crenellations at stage 3 (mean
difference: 27.0%, P=0.0170). Stage 1 (mean difference: 20.7%, P =
0.2224) and stage 2 (mean difference: 16.8%, P > 0.999) also showed
an increased fraction of crenellated nuclei compared with controls,
but only trends or no statistical significance, respectively, due to
the smaller number of cases. The PSP group revealed an increase
in mild and moderate crenellations compared with controls as
well, albeit at a lower level and not reaching significance (mean dif-
ference: 15.3%; P = 0.2305). Comparison of anti-IgLONS5 disease with
PSP did not reveal a significant difference (mean difference: 7.6%,
P>0.999; Fig. 4D). Overall, nuclei with severe crenellations were
not abundant but were more frequently detected in anti-IgLONS dis-
ease cases than in controls, especially at stage 3 [Supplementary
Fig. 4B; see also Supplementary Table 3 for full statistical results of
nuclear alterations (available at doi.org/10.5281/zenodo.17486565)].
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Figure 5 Anti-IgLONS antibody incubation leads to nuclear membrane crenellations in vitro. Rat hippocampal neurons were treated for 3 weeks with
anti-IgLONS total IgG, IgG1- and IgG4-purified human antibodies in parallel to control hippocampal neurons receiving either no treatment or treatment
with IgG from a healthy human control. (A) Treatment with anti-IgLONS antibodies leads to reduction of IgLONS clusters (top row) and disruption of
neurofilament architecture acquiring ring- and bulb-like morphologies in neurofilament protein (NFP) staining (bottom row; arrows indicate example
ring-like and arrowheads example bulb-like morphologies). Scale bars: IgLON5 =20 pm, magnification =5 pm; NFP = 50 pm, magnification = 10 pm. (B)
Staining for Lamin B1 reveals shrinking and nuclear membrane alteration with crenellations (arrows) in neurons treated with anti-IgLONS antibodies.
Scale bars =50 pm (top row), 10 pm (bottom row). (C) Examples of normal and mildly, moderately or severely crenellated neurons in cell culture. Scale
bars=5 pm. (D) Quantification of crenellated nuclei (moderate/severe) in per cent of total nuclei in the respective treatment groups, *P < 0.05.

To validate the immunohistochemical observations, we performed
an in vitro experiment using primary rat hippocampal neurons.
Three weeks of incubation with total IgG from anti-IgLONS disease
plasmapheresis material as well as purified anti-IgLONS IgG1l and
anti-IgLON5 IgG4 subclasses showed a significant reduction in the
IgLONS clusters in all three groups compared with the two control
groups treated with healthy control IgG and without any antibody
treatment, respectively (Fig. SA). In addition, we observed a significant
disruption of the neurofilament architecture in the anti-IgLON5
groups in the neurofilament protein (NFP) staining in the neuronal
cultures treated with anti-IgLONS5 antibodies. On the one hand, there
was a reduction in neurite outgrowth with early termination of den-
drites; on the other hand, there were abundant ring- and bulb-like le-
sions of the nerve cell processes (Fig. 5A). These observations are in
line with a previous study by Landa et al.® and support the pathogenic
effect of anti-IgLONS5 IgG1/IgG4 antibodies in cell culture.

To test whether the incubation of rat hippocampal neurons with
anti-IgLON5 antibodies also led to the nuclear pathology as

observed in the post-mortem human tissue samples, we performed
an additional staining with anti-Lamin B1 antibodies. In the untreat-
ed group and after treatment with healthy control IgG, the neurons
predominantly had round-oval nuclei with a smooth, intact nuclear
membrane. In contrast, after incubation with anti-IgLONS anti-
bodies, a fraction of the nuclei appeared significantly smaller and
showed alterations of the nuclear membrane with membrane split-
ting and indentations, analogous to the crenellations observed in
the autopsy cases (Fig. 5B). Semi-quantitative assessment of nuclear
changes, analogous to the autopsy cases (Fig. 5C), showed a signifi-
cantly increased proportion of moderate/severe nuclear crenella-
tions after incubation with purified anti-IgLONS IgG total antibodies
compared with the control groups (mean values: no treatment:
8.7%; healthy IgG: 9.6%; IgLONS total IgG: 26.6%; P=0.0125 and P=
0.0189, respectively, Fig. 5D). An increased number of moderate/
severe crenellations were also observed after incubation with 1gG1-
and IgG4-purified anti-IgLONS5 antibodies compared with the
controls (mean values: IgG1: 19.7%, IgG4: 22.1%), but these were less
pronounced than in the anti-IgLONS5 IgG total incubation [Fig. 5D;
see also Supplementary Table 4 for full statistical results (available
at doi.org/10.5281/zenodo.17486565)]. Immunostaining for pTS422
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revealed an equivocal, non-specific, diffuse cellular staining pattern
that could not be confidently evaluated in relation to an existing spe-
cific tau pathology (data not shown).

Discussion

In this study, we characterized the evolution of the disease-
associated tauopathy in anti-IgLONS disease along the different
stages of pathology and identified early features of neurodegen-
eration, providing new insights into the pathophysiology of
anti-IgLONS disease.

A precise characterization of the various pathological PTMs in
the development of a tauopathy is crucial for understanding its
pathophysiology. While these steps have already been established
for other well-characterized tauopathies, they were not previously
known for anti-IgLONS disease. Here, we observed that several
PTMs of the tau protein, in particular phosphorylation and acetyl-
ation, as detectable by immunohistochemistry, occur during the
course of the disease in a particular timeline.

Analogous to two other 3- and 4-repeat tauopathies, namely
Alzheimer’s disease (‘primary’ tau pathology) and chronic traumat-
ic encephalopathy (CTE; ‘secondary’ tau pathology), anti-IgLONS
disease shows a similar pattern of tau PTM (see Table 3 for a de-
tailed comparison).”"” In contrast, tau acetylation at K274 occurs
late during the course of the disease, which distinguishes it from
the 4-repeat tauopathy argyrophilic grain disease (AGD), where this
acetylation is not present.?” Furthermore, in contrast to AGD and to
the 3-repeat tauopathy Pick’s disease, tau phosphorylation at
Ser356/262 is observed.’®*"% A clinically and neuropathologically
important differential diagnosis of anti-IgLONS5 disease is PSP, a 4-re-
peat tauopathy with similar topographical distribution and overlap-
ping clinical symptoms. The phosphorylation pattern studied here
does, however, not differ between the two diseases and is currently
not suitable as a singular marker for distinguishing the molecular sig-
nature of anti-IgLONS disease from PSP,'®2° except for the presence
of 3R tau isoforms at later disease stages of most, but not all,
anti-IgLONS disease cases (see Table 3 for a complete overview of
the phosphorylation steps of the known tauopathies). Notably, the
PSP cases included as a ‘positive tauopathy control’ in our study
also exhibited an increased number of invaginated and crenellated
nuclei compared with the controls, although this was less pro-
nounced than in anti-IgLONS disease and did not reach statistical sig-
nificance. However, these findings should be corroborated in a larger
cohort of PSP cases at different stages of pathology.

While neuronal tau pathology is still the primary feature in
anti-IgLONS disease, most of the cases also show variable glial
tau pathology.*” This is mainly represented by mild to moderate
oligodendroglial coiled bodies, but also in individual cases of thorn-
shaped astrocytes. While the latter might be an age-related compo-
nent, i.e. ageing-related tau astrogliopathy (ARTAG), it might
constitute a further diagnostic challenge to differentiate it from
the more common PSP, where a delineation from tufted astrocytes
might be sometimes difficult.?®

Whereas the cellular component of the immune system, includ-
ing CD8+ T cells, may play a role and contribute to the neurodegen-
erative process in anti-IgLONS disease, as shown by the presence
of some parenchymal and perivascular T cells in the brain tissue
and in close proximity to neurons in an immunological synapse,®
the antibodies per se are sufficient to cause neuronal damage,
as observed in cell culture, where nuclear alterations in the form
of crenellations are evident after isolated antibody incubation.
Furthermore, in contrast to a recent study comparing PSP with
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Parkinson’s disease,?® we observed no significant differences in
the quantification of CD8+ T cells between anti-IgLONS disease
and PSP, indicating that this cellular component cannot be used ei-
ther to distinguish between the two diseases.

The exact mechanism between antibody binding and the devel-
opment of a tauopathy remains the subject of intensive research in
anti-IgLONS disease.? In this study we were able to provide new in-
sights into the early changes in the disease-associated pathology,
showing nuclear alterations as an incipient event in anti-IgLON5
disease. We observed an initial nuclear, and not cytoplasmic, im-
munoreactivity pattern in the earliest tau phosphorylation step in
parallel to early disruptions of the nuclear lamina in the form of in-
vaginations and crenellations as detected by Lamin B1 immunos-
taining. While the physiological role of tau is seen particularly in
the context of modulation of microtubules’ dynamics, tau is also lo-
calized in the inner nuclear lamina and plays a role in the regula-
tion of the nuclear pore complex.?°32 Nuclear tau is also involved
in the regulation of Lamin B1 expression,* and previous studies
have shown that a tau-mediated reduction of Lamin B1 can lead
to disruptions of the nuclear lamina.>* Changes in the nuclear lam-
ina are also a characteristic of the normal ageing process,* which is
reflected in the fact that we detected these changes to a small ex-
tent in the age-matched control group as well. However, the
anti-IgLONS disease patients showed a significant increase in the
number of affected neurons at all stages of pathology.

The role of nuclear tau in the pathophysiology of tauopathies is
an emerging but still understudied topic in neurodegeneration.?®
For instance, prior experimental studies on frontotemporal lobar
degeneration (FTLD) by Daude et al.*” using a tau seeding assay fea-
turing a substrate for tau misfolding that comprised a central re-
gion of tau with P301L and V337M missense mutations, detected a
nuclear membrane staining, reflecting nuclear membrane tau de-
positions. Moreover, in a study investigating tau exon 10+16 splice
site (MAPT IVS10+16)-mutated FTLD autopsy cases as well as iPSC
models with 1VS10+16 and P301L MAPT mutations, Paonessa
et al.*® demonstrated the occurrence of nuclear invaginations, which
appear strikingly similar to those observed in the anti-IgLONS dis-
ease cases in our study. In further experiments, the authors found
that hyperphosphorylation of tau led to an abnormal projection of
microtubules into the nuclear membrane, causing the observed in-
vaginations. The resulting disruption of nucleocytoplasmic trans-
port may thus be an important pathological process in the
development of the tauopathy.*® Whether a similar process might
also play a role in anti-IgLONS disease remains to be elucidated.

Our cell culture experiments confirmed prior results of an
antibody-induced reduction in IgLONS clusters and damage to the
neuronal cytoskeleton, thus supporting a direct pathogenic effect
of the antibodies.®'® Of note, a reduction of IgLON5 clusters was
also observed in neuronal cultures incubated with the IgG4 sub-
class, likely due to the imperfect IgG4 purification and reflecting
an effect of the coexisting IgGl fraction.’® Incubation with
anti-IgLONS antibodies for 3 weeks also led to a nuclear pathology
with alterations of the nuclear membrane in the form of crenella-
tions, as we had observed in post-mortem human brain tissues,
supporting our findings in vitro. Interestingly, nuclear pathology ap-
peared more pronounced when incubating neurons with total IgG
compared with IgG1 or IgG4 alone. Whether this indicates a synergis-
tic effect of the combined antibody subclasses on pathology needs to
be investigated in further studies, as this observation was only based
on a single patient’s sample.

The existing evidence of a neuronal nuclear pathology in other
tauopathies,*® combined with the fact that we also observed a
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higher number of nuclear lamina alterations in our PSP cases com-
pared with controls, suggests that these changes are not a unique
feature of anti-IgLONS disease but may rather represent a common
mechanism of various neurodegenerative diseases. The distin-
guishing characteristic of anti-IgLONS disease is its aetiological as-
sociation with an antibody, which renders it a unique condition and
an ideal model for research on common mechanisms in neurode-
generation. In this context, experimental models play a particularly
important role, including animal models. However, inducing tauo-
pathies in rodent models, while essential, is still difficult.® This is
also the case for anti-IgLONS disease, where it has not yet been pos-
sible to induce a tau pathology similar to that seen in humans in
mouse models through passive antibody transfer.***? These diffi-
culties are also partly reflected in the findings of our study, in which
staining for pTS422 in the rat hippocampal neurons yielded only
non-specific results. Ideal future experimental scenarios include
animal and cellular models and the analysis of fresh, unfixed hu-
man brain tissue with in-depth molecular and biochemical charac-
terizations. For instance, compartmental microdissection of
neuronal nuclear and cytoplasmic fractions may prove very useful
for studying nuclear pathology in this regard.

The temporal and spatial connection between the deposition of
IgG4 antibodies along the neuronal surface and the earliest patho-
logical tau phosphorylation step at Ser422 adds more evidence to
the hypothesis that an immune-mediated mechanism precedes
or triggers neurodegeneration and that the tauopathy is indeed a
time- and antibody-dependent phenomenon, i.e. a secondary tauo-
pathy. Applied to clinical practice, these findings also strengthen
the concept that antibody-depleting immunotherapy can poten-
tially mitigate or even prevent further neurodegeneration and tau
accumulation at an early stage of the disease, thus underlining
the importance of early and intensive immunotherapy. In fact, re-
cent data shows that immunotherapy initiated early is associated
with a better outcome in affected patients.'*'® For diagnostic
neuropathology, the new findings also offer an opportunity to
make a more reliable diagnosis in early anti-IgLONS5 disease cases.
We therefore suggest that in autopsy cases that do not show tau de-
posits with the antibody ATS (i.e. stage 1 cases),” the panel should
be extended to include the IHC antibodies against IgG4, Lamin B1
and pTauS422, all of which are commercially available.

In summary, with these new findings, we contribute to a better
understanding of the pathophysiology of anti-IgLON5 disease, sup-
porting the concept of an immune-mediated, secondary tauopathy
with a timeline of post-translational tau modifications, and provide
new insights into the early phase of the disease with an initial nu-
clear pathology preceding tau deposition. These findings may
provide a further basis for exploring the link between autoimmun-
ity and neurodegeneration, which is important not only in
anti-IgLONS disease itself but also as a disease model for other neu-
rodegenerative diseases.

Data availability

Data supporting the findings of this study that are not included in
the article or the supplementary material are available from the
corresponding author upon reasonable request. Supplementry ma-
terial is available at Zenodo (doi.org/10.5281/zenodo.17486565).
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