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Anti-IgLONS5 disease is an autoimmune disease, in which autoantibodies (AABs) against the neuronal cell surface
protein IgLONS5 lead to profound brain dysfunction and Tau pathology. How a-IgLON5 AABs cause neuronal Tau
protein pathology and neurodegeneration remains unclear. We find that patient-derived a-IgLON5 AABs cluster
IgLONS5 proteins with other cell surface proteins, leading to neuronal hyperactivity that triggers pathological Tau
missorting and phosphorylation, typically observed early in Tau-related neurodegenerative diseases. In wild-type
mice, a-IgLON5 AABs induce hippocampal Tau phosphorylation and neuroinflammatory responses. Our findings
establish a causal link between the a-IgLON5 AABs and Tau pathology in anti-lgLON5 disease patients and high-
light the role of neuronal hyperactivity as a disease-overarching driver of Tau pathology and provide a potential

target for therapeutic intervention.

INTRODUCTION

In autoimmune encephalitis disorders, autoimmune antibodies [au-
toantibodies (AABs)] directed against neuronal or glial epitopes in
the brain can cause or promote neuroinflammation and neurode-
generation (1, 2). Anti-IgLON5 disease is a rare but severe neuro-
logical disorder characterized by the presence of AABs targeting the
neuronal cell surface protein IgLON5 (3). Individuals diagnosed with
anti-IgLONS5 disease demonstrate diverse clinical manifestations,
commonly experiencing sleep behavior abnormalities, movement
disorders, memory deficits, and seizures (4-6). Brains of anti-IgLON5
patients show intraneuronal accumulations of phosphorylated
Tau protein in several regions, including brain stem, hypothalamus,
cerebellum, hippocampus, and basal ganglia, as well as in the spinal
cord (7, 8). Similar neuronal Tau accumulation and aggregation
are well-known as pathological hallmarks in primary and secondary
tauopathies, including frontotemporal dementia (FTD) variants and
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Alzheimer’s disease (AD) (9, 10). However, anti-IgLON5 disease
differs from other tauopathies because of its unique autoimmune
context, anatomical distribution of Tau pathology, and set of clinical
manifestations (3). The occurrence of Tau pathology in anti-IgLON5
disease poses the fundamental questions of how AABs against a
cell surface protein can trigger pathophysiological intracellular
Tau changes.

IgLONS5 is primarily expressed in neurons in the brain stem, me-
dulla oblongata, thalamus, cerebral cortex, and cerebellum and, to a
lesser degree, in other brain areas like the hippocampal formation
and amygdala (11). It belongs to the IgLON protein family, a group
of immunoglobulin (Ig) domain cell adhesion molecules comprising
five members [OPCML (=IgLON1), NTM (=IgLON2), LSAMP
(=IgLON3), NEGR1 (=IgLON4), and IgLON5] (12). IgLON5 is a
glycosylphosphatidylinositol (GPI)-anchored surface protein with
three Ig domains (Igl, Ig2, and Ig3) that extend into the extracellular
space and mediate homo- and heterodimer formation with other
IgLON family members on the cell surface (13-15). The physiological
function of IgLONS5 is not fully understood, however, other IgLON
family members have been implicated in neuronal cell adhesion,
neurite growth, neural circuit, and synapse formation (16-18). In
neuronal cultures, binding of AABs from anti-IgLON5 patient se-
rum to surface IgLONS5 was shown to induce protein-AAB complex
internalization (19), and long-term treatment (up to 4 weeks) induced
common neurodegenerative phenotypes like cytoskeleton disruption
(20), synapse loss, and cell death (21).

Here, using purified a-IgLON5 AAB from anti-IgLON5 disease
patient plasma, we show that a-IgLON5 AABs promote propatho-
logical Tau changes and neurotoxicity by inducing acute neuronal
hyperactivity via surface clustering of ion channels, receptors, and
adhesion proteins. The present findings establish an important novel
molecular and cellular mechanism underlying Tau pathology in
anti-IgLON5 disease, which, in turn, provides a foundation for the
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development of treatment strategies aimed at preventing Tau chang-
es in autoimmune encephalitis patients.

RESULTS

o-lgLONS5 AABs isolated from patient plasma

To investigate the effects of a-IgLON5 AABs on neurons and Tau,
we isolated polyclonal pools of IgLONS5-specific AABs (a-IgLON5
AABs) from the plasma of four anti-IgLONS disease patients through
affinity chromatography with immobilized recombinant human
IgLONS5-Fc chimera (Fig. 1A). The purified a-IgLON5 AABs had a
purity of 78 + 6% [means + SEM; signal intensity of heavy (~50 kDa)
and light chain (~25 kDa) relative to total signal in SDS-polyacrylamide
gel electrophoresis (PAGE); Fig. 1B]. Immunoblotting confirmed
the binding of the isolated a-IgLON5 AAB pool to recombinant
IgLONG protein, but not to LGI1, another neuronal surface protein
(fig. S1A), as well as the absence of residual IgLONS5 protein in the
AAB preparations (fig. S1B). The IgG subclass composition of iso-
lated a-IgLON5 AAB pools [by enzyme-linked immunosorbent as-
say (ELISA)] appeared to be similar for all patient a-IgLON5 AAB
preparations (fig. S1C), with 37 to 50% being IgGj, 37 to 52% being
IgG,, 2 to 3% being IgGs, and 8 to 13% being IgG,. IgG pools de-
rived from healthy subject serum (pCtrl) or commercially available
human serum (IgGpoo1) showed similar proportion of IgG subclass-
es as well. Dot blot analysis of IgG subclasses confirmed the ELISA
data for a-IgLON5#1 and pCtrl (fig. S1D). Additionally, we found
that the IgM levels were comparable across samples, with a slight
increase observed in a-IgLON5#4 and pCtrl (fig. S1E). pCtrl anti-
bodies were subsequently used throughout the manuscript as
control IgG pool.

Patient-derived a-IgLON5 AABs bind neuronal cell

surface IgLON5

To examine the surface antigen affinity of a-IgLON5 AABs, we
measured their binding to the neuronal cell surface. Staining of para-
formaldehyde (PFA)-fixed, unpermeabilized primary hippocampal
mouse neurons [days in vitro (DIV)12] with a-IgLON5 AABs re-
vealed different binding efficiencies, measured based on antihuman
secondary antibody immunofluorescence (IF): a-IgLON5#1 [dissoci-
ation constant (Kg) = 11 nM] showed the strongest and a-IgLON5#3
showed the weakest binding (Fig. 1C and fig. S1F). Further, we found
that a-IgLON5 AABs (exemplified for a-IgLON5#1) bound similarly
to cell bodies, dendrites (MAP2"), and axons (MAP2") (Fig. 1D) and
did not show a preference for presynaptic (synapsin-1) or postsyn-
aptic (PSD95) areas (fig. S1G). We could also confirm reactivity of
a-IgLONS5#1 in mouse brain sections (Fig. 1E) and on the surface of
cultured human neurons (fig. S1H). To confirm the specificity of a-
IgLONS5 AABs for IgLONS protein, we confirmed dose-dependent
binding of a-IgLON5#1 to human embryonic kidney (HEK) cells
recombinantly expressing human IgLON5 protein (fig. S1I). Further-
more, in mouse neurons with short hairpin RNA (shRNA)-mediated
IgLONS5 knockdown (IgLONS5 KD), the binding of a-IgLON5#1
decreased in a ShRNA dose-dependent manner (Fig. 1F). IgLON5
KD in mouse neuroblastoma cells (Neuro2a) confirmed the efficiency
of the IgLONS5 shRNA approach (fig. S1J). Notably, the reduction of
neuronal surface IgLON5 by >30% [at >0.1 pl of adeno-associated
virus (AAV) shRNA] appeared to be neurotoxic (Fig. 1F), a find-
ing consistent with previous reports (19). Last, to determine which
part of IgLON5 protein was bound by a-IgLON5 AABs, we titrated
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a-IgLONS5#1 to HEK cells recombinantly expressing human full-length
IgLONS5 or (combinations of) its individual GPI-anchored Ig domains
(Ig1/2/3) (fig. S1K). These experiments showed binding of the poly-
clonal a-IgLON5#1 pool to all three Ig domains. Notably, previous
studies suggested binding of nonpurified IgLON5 AABs in patient
serum mostly to Ig2 (19).

a-IgLON5 AABs induce Tau missorting

Most IgLONS patients develop neuronal Tau accumulation and ag-
gregation in one or more brain regions (3, 7, 22). To test whether
a-IgLON5 AABs would be able to promote Tau aggregation, we applied
a-IgLON5#1 on neurons that recombinantly expressed (AAV-mediated)
human Tau FTD mutants with increased aggregation potential. In
neurons expressing TauP301L or TauAK280, a-IgLONS5#1 treatment
was unable to set off Tau aggregation (fig. S2A). However, in neurons
expressing the spontaneously aggregating FTD-double-mutant
TauP301L/S320F (23, 24), a-IgLONS5#1 treatment induced a signifi-
cant increase in neurofibrillary tangle-like Tau aggregate formation
compared with pCtrl-treated neurons (a-IgLONS5#1, tangles in 5% of
transduced neurons; pCtrl, tangles in 2% neurons; Fig. 1G). a-IgLON5
AABs, therefore, promoted spontaneous FTD-Tau aggregation.

Missorting of phosphorylated Tau from the axon into the soma
and dendrites is one of the earliest signs of Tau “activation” in the
context of neuronal stress and neurodegenerative diseases like AD
(25). Prolonged Tau missorting is thought to precede pathological
Tau oligomerization and aggregation in AD and tauopathies (26).
To assess whether a-IgLON5 AABs were able to induce a priori Tau
missorting, we treated hippocampal neurons with the different
a-IgLON5 AABs for 2 days and assessed the levels of endogenous
Tau in neuronal somata by IE Treatment with a-IgLON5#1 for 2 days
induced somatic Tau accumulation in a dose-dependent manner
(Fig. 2, A and B, and fig. S2B) and mild neurotoxicity over time
(fig. S2C). Notably, overall Tau protein levels, as determined by pan-
neuronal IF and Western blot of neuronal lysates, were unchanged
by a-IgLONS5 treatment, indicating no transcriptional or translational
up-regulation of Tau (fig. S2, D and E). High a-IgLON5#1 concentra-
tion (50 pg/ml) induced fragmentation of neuronal processes already
after 2 days (Fig. 2A), indicating specific or unspecific neurotoxicity.
a-IgLONS5#1, therefore, exerted a time- and dose-dependent toxic-
ity. Similarly, prolonged treatment of cultured neurons with the total
IgG fraction from a-IgLON5 patient serum, containing high doses
of unpurified antibodies (e.g., AABs of 10 to 50 pg/ml for 5 to 21 days),
was reported to induce neurotoxicity (19, 21).

Tau accumulation in neuronal cell bodies also occurred upon
treatment with AABs from other anti-IgLON5 patients, a-IgLON5#2
and a-IgLON5#4, that also showed strong binding to the neuronal
surface (Fig. 1C), however, not for the weaker binding a-IgLON5#3
(Fig. 2C and fig. S2F). Together, these data suggested that binding of
IgLON5 AABs can directly trigger Tau missorting. When remov-
ing a-IgLON5 AABs from the medium after 2 days and quantify-
ing cell body Tau IF 3 days later, the cell body Tau levels remained
similar to conditions of continuous treatment with AABs (Fig. 2D),
suggesting that Tau, once resorted, resides in the somatodendritic
compartment for multiple days. Notably, by Western blot, overall
total and phosphorylated Tau (AT8, PHF-1, AT180, and pS199
epitopes) were similar in whole cell lysates of a-IgLON5 AAB-,
pCtrl-, and nontreated (NT) neurons (fig. S2, G and H). This was
likely due to generally high Tau phosphorylation in cultured neurons
at baseline (27).
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Fig. 1. a-IgLON5 AABs from patient plasma bind neuronal IgLONS5. (A) Principle of a-IgLON5 AAB isolation from clinically verified anti-IlgLON5 patient plasma using
affinity purification on immobilized recombinant human IgLON5-Fc chimera. (B) Western blot of patient a-IgLON5 AABs (IgLON5#1-4) and pCtrl probed with a-human IgG
shows the presence of IgG heavy and light chains. (C) Dose-dependent binding of a-IgLON5 AABs and pCtrl to paraformaldehyde (PFA)-fixed primary hippocampal
mouse neurons. Kq's were calculated via nonlinear fitting. [AB], antibody concentration. (D) Binding of a-IgLON5#1 to dendrites (MAP2*: white arrowheads) and axons
(MAP27; pink arrowheads). n = 3 experiments with three to five repeats per condition. Data points represent individual images analyzed. Student’s t test. n.s., not signifi-
cant. (E) Immunoreactivity of a-lgLON5#1 and pCtrl in fresh-frozen, sagittal brain sections of an adult wild-type mouse. A.U., arbitrary units; N.A., not applicable. (F) Short
hairpin RNA (shRNA)-mediated IgLON5 KD in primary neurons. Quantification of a-IlgLON5#1 binding to neurons transduced with serial dilutions of AAVs encoding anti-
mIgLONS5 or scrambled shRNA. mIgLON5 shRNA AAV dose-dependent neurotoxicity [lactose dehydrogenase (LDH) assay] occurs 20.1 pl of shRNA AAVs. AAB signal was
measured from dendrites (MAP2™ area). n = 3 experiments with three to five replicates. One-way analysis of variance (ANOVA) with Tukey postrest. (G) Experimental setup,
representative images, and quantification of NFT-like Tau aggregation in neurons expressing enhanced green fluorescent protein (eGFP)-TauP301L/S320F for 5 days and
then treated with a-IgLON5#1 or pCtrl (1 pg/ml) for 2 days. White arrows indicate Tau NFTs neurons. n = 3 experimental replicates. Data points are individual images.
Student’s t test. All panels: Data are shown as means + SEM. Scale bars as indicated.
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Fig. 2. a-IgLON5 AABs promote somatodendritic Tau missorting. (A) Hippocampal neurons treated with increasing a-lgLON5#1 concentration (1, 10, and 50 pg/ml)
for 2 days, immunolabeled for MAP2, total Tau, and phosphorylated Tau (pS199/pT205/pT231/pS396). Untreated neurons (NT) are shown for comparison. Treatment with
a-IgLON5#1 (1 and 10 pg/ml) showed increased total Tau and phospho-Tau in neuronal cell bodies. At 50 pg/ml, fragmentation of neuronal processes indicates neurotoxicity
and neurons showed strong phospho-Tau reactivity in cell bodies and elevated signal in the nucleus, whereas total Tau decreased in cell bodies. Scale bar, 50 pm.
(B) Quantification of total Tau in neuronal cell bodies/somata treated with nontoxic doses of a-IgLON5#1 or pCtrl (0.1, 1, and 10 pg/ml) for 2 days. n = 3 experiments with
three to five replicates. Data points show individual neurons (22 to 95 neurons per group). (C) Total Tau in cell bodies upon treatment with a-IgLON5 AABs (1 pg/ml) from
four different patients or pCtrl for 2 days. n = 3 experiments with three to five replicates. Data points show individual neurons (43 to 136 neurons per group). (D) Total Tau
in cell bodies upon treatment with a-IgLON5#1 or pCtrl (1 pg/ml) for 5 days continuously (bars without pattern fill) or for 2 days followed by 3 days (3d) without AABs (bars
with pattern fill). n = 3 experiments with three to five replicates. Data points show individual neurons (48 to 71 neurons per group). [(B) to (D)] One-way ANOVA with Tukey
posttest. n.s., not significant.

a-IgLONS5 AABs induce hippocampal Tau phosphorylation

Next, we assessed whether a-IgLON5 AABs would be capable and
sufficient of inducing Tau changes in vivo. For this, we delivered
a-IgLONS5 AABs into the brains of adult wild-type mice, which usually
do not develop Tau aggregation pathology but can show abnormal
Tau phosphorylation in sporadic tauopathy-associated conditions
[e.g., seizures (28, 29) or traumatic brain injury (30)]. Over the course
of 14 days, a total amount of 75 pg (~3 pg/g body weight) of a-
IgLONS5#1 was infused via Alzet pumps into the right lateral ventricle
(n =10 animals). Littermates infused with the same amount and con-
centration of pCtrl (n = 9) or with phosphate-buffered saline (PBS;

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

n = 9) functioned as controls. After the infusion, the brains were
analyzed for phospho-Tau and neuroinflammation by immuno-
histology, and RNA and protein were extracted from the contralateral
hemisphere for transcriptome and protein analyses (Fig. 3A).
Immunodetection of a-IgLON5#1 showed strong labeling in brain
areas around the infused ventricle (cortex, hippocampus, and striatum),
where the AAB concentration is expected to be the highest, and
weaker labeling in more distant ipsilateral regions (e.g., parts of
thalamus, hypothalamus, and amygdala) (fig. S3A). In the contralateral
hemisphere, mostly, the hippocampus showed a-IgLON5#1 immuno-
reactivity. Animals treated with pCtrl, although having received the
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Fig. 3. Intraventricular a-IgLON5 AAB infusion triggers hippocampal Tau phosphorylation and glia responses. (A) Experimental design for in vivo application of a-IgLON5
AABs. Wild-type mice were infused in the right ventricle with 75 pg of a-lgLON5#1 or pCtrl, or with PBS, over 14 days. At day 14, serum and brain tissue for protein and RNA
analysis and IF were collected. 2 mo, 2 months. (B) p-Tau pS396/pS404 immunoreactivity in a-IgLON5#1 and pCtrl mouse brains. p-Tau accumulation occurs in dorsal hippo-
campi (top) in dentate gyrus (DG) granule cells (black arrowheads), mossy fiber (MF) projections onto CA3 (white arrowhead), and commissural fiber (CF) tracks of the corpus
callosum (CC; white arrowhead). In ventral hippocampi, p-Tau accumulation is found in projections onto ventral CA1 (vCA1; white arrowhead) and MF projections onto CA3
(white arrowhead). (C) Quantification of p-Tau pS396/pS404 intensity in projections onto CA3. n = 8 to 10 animals per group, three to five brain sections per animal. (D) Immu-
nolabeling of caspase-3 in a-lgLON5#1 and control brains. Caspase-3" cells (white arrowheads) are only found near the injection site. (E) CA1 pyramidal layer in oa-IgLON5#1 and
control brains, with quantification of CA1 layer thickness (measured as indicated by pink line with arrowheads). n = 3 to 4 animals, three to four brain sections per animal. n.s.,
not significant. (F) Astrocytes [glial fibrillary acidic protein (GFAP)*1in DG of a-IgLON5#1 and control animals, with GFAP intensity quantification in entire hippocampal area.n = 8
to 10 animals, three to five brain sections per animal. (G) Microglia (Iba1) in DG of a-IgLON5#1 and control animals, with quantification of Iba1 intensity in entire hippocampal
area.n=8to 10 animals, three to five brain sections per animal. (H) Triple correlation of hippocampal GFAP versus Iba and p-Tau pS396/pS404 (color gradient) fluorescence. Data
points represent individual animals. [(C) and (E) to (G)] Data are shown as means + SEM. One-way ANOVA with Tukey posttest. [(B) and (D) to (F)] Scale bars as indicated.

same antibody dose, showed generally less labeling, also in the
contralateral hippocampus. This is in line with the weak, unspecific
binding of pCtrl observed in neuronal cultures. In the following, we
analyzed only tissue from contralateral hemispheres to avoid artifacts
induced by injury and scar formation associated with the cannula
implantation. Immunolabeling of brain sections revealed higher

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

levels of phosphorylated Tau-pS396/pS404 in the contralateral hip-
pocampus of a-IgLON5#1 compared with that of control (pCtrl and
PBS) mice, particularly in mossy fiber (MF) projections onto CA3
(IgLONS5#1 versus pCtrl, P = 0.01). Tau-pS396/pS404 could also be
found in some cell bodies in dentate gyrus (DG), in bidirectional pro-
jections on ventral (but not dorsal) CA1, and in commissural fibers of
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the corpus callosum (CC; Fig. 3, B and C). In other brain regions
(including spinal cord, fimbria, cerebellum, and hypothalamus but
excluding brain stem and entorhinal cortex for sampling reasons),
we did not observe Tau-pS396/pS404 immunoreactivity. For Tau-
pS202/pT205 (AT8 epitope) and Tau-pT231, two other epitopes
phosphorylated by Tau kinases like GSK3p, CdK5, and c-Jun N-
terminal kinase and commonly associated with Tau pathology in
neurodegenerative diseases (31), we observed no enhanced immuno-
reactivity compared with that of pCtrl-injected animals (fig. S3B).
Notably, detecting Tau changes in wild-type mice, normally rather
resilient to pathological changes in endogenous mouse Tau, demon-
strates the strong potential of a-IgLONS5 AABs in triggering Tau
changes. The occurrence of Tau phosphorylation in the hippocampus,
and not in brain regions majorly affected in IgLON5 disease brains,
i.e., brain stem, hypothalamus, and cerebellum, likely relates to differ-
ences in a-IgLON5 AAB distribution in the brains of ICV-infused
mice versus patients (Supplementary Text).

Next, we examined whether the increased Tau phosphorylation
induced by a-IgLON5 AAB infusion was associated with neurotoxicity.
However, we found no signs of apoptosis in the hippocampus, assessed
on the basis of the absence of caspase-3-positive cells (Fig. 3D) as well
as immunolabeling of milk fat globule epidermal growth factor 8
[MFG-E8; (32)] (fig. S3C). Caspase-3—positive cells were only present
in the ipsilateral cortex near the injection site due to tissue damage
during pump implantation (Fig. 3D). We also did not observe neuro-
degeneration, assessed on the basis of CA1 neuronal layer thickness
(Fig. 3E) and neurofilament light chain (Nfl) serum levels (fig. S3D)
(33). Together, these data indicated that 2 weeks of cerebroventricular
infusion of a-IgLON5 AABs induced local, hippocampal Tau phos-
phorylation in the absence of detectable neurotoxicity. However,
a-IgLON5#1 animals had slightly lower body weight (nonsignifi-
cant) compared with control groups throughout the infusion period
(fig. S3E).

Neuroinflammation caused by a-IgLON5 AABs

Tau phosphorylation and missorting, before aggregation and neuro-
degeneration, were previously suggested to correlate with glia cell
activation in tauopathy animal models and human brains (34, 35).
Similarly, we found that astrocytic glial fibrillary acidic protein
(GFAP; Fig. 3F and fig. S3F) and microglial Ibal intensities (Fig. 3G
and fig. S3G) were significantly increased in the contralateral hippo-
campus of a-IgLON5#1-infused mice compared with that of pCtrl
and PBS controls. On the animal level, hippocampal Ibal and GFAP
levels appeared to increase with MF Tau-pS396/pS404 intensity, based
on linear regression (moderate correlation by spearman) (Fig. 3H and
fig. S3H).

To gain further insights about a-IgLONS5#1-induced effects in
the brain, we analyzed the gene expression [by RNA sequencing
(RNA-seq)] in contralateral hippocampi and cortices. In hippocampi
of a-IgLONS5#1, we detected 23 significantly down-regulated and
361 significantly up-regulated transcripts compared with those in
pCtrl animals (Fig. 4, A and B, fig. S3I). Most of these transcripts
were associated with inflammatory pathways [Gene Ontology (GO)
biological processes] particularly interleukin-6 (IL-6) and tumor
necrosis factor—a (TNFa) cytokine responses or belonged to Ig genes
(Fig. 4, C and D, and data S1 and S2). The cortical transcriptome of
the mice showed similar changes between a-IgLON5#1 and pCtrl
animals, while only few differences in gene expression were found
between the two control groups, pCtrl and PBS (fig. S3, ] and K). Of

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

the genes up-regulated in the hippocampus of a-IgLONS5#1 animals,
we confirmed the up-regulation of the neuroinflammation-associated
astrocyte gene complement-3 (C3) by immunolabeling (Fig. 4E).
Together, the in vivo data show that, in wild-type mice, cerebro-
ventricular infusion of a-IgLON5 AABs induces localized Tau phos-
phorylation on epitope pS396/pS404 in distinct hippocampal axonal
projections (MF and CC axons) as well as hippocampal neuroin-
flammation. Notably, because we observed neither phospho-Tau
accumulation or aggregation in neuronal somata nor hippocampal
neuronal loss, we interpret these changes as earliest, prepathological
Tau changes that could lead to Tau pathology and neurotoxicity later
on. Furthermore, in contrast to the animal model used here, in which
mice received a direct AAB infusion selectively into the right ventricle
for 2 weeks, anti-IgLON5 disease patients” brains are diffusely ex-
posed to the AAB over prolonged times. Such differences in AAB
exposure likely explain the different distribution of Tau changes and
neuroinflammation in humans, where Tau phosphorylation is mostly
found in brain stem, hypothalamus, and cerebellum (3, 7, 8, 22)
(Supplementary Text).

a-lgLONS5 AABs trigger acute neuronal hyperactivity

Somatodendritic Tau missorting has previously been suggested to
be driven by neuronal hyperactivity, for example, in the context of
epileptic activity (36), Ap oligomers (37), and chemical stimulation, e.g.,
glutamate (37). Because a-IgLON5 AABs induced Tau missorting, we
hypothesized that a-IgLON5 AABs may exert neuronal hyperactivity.

To test this hypothesis, we assessed spontaneous neuronal activity
using calcium (Ca®*) imaging in GCamp6f-expressing neurons
(Fig. 5A) treated with a-IgLON5 AABs or pCtrl (1 pg/ml). One hour
after treatment, a significant increase in Ca”* spike frequency could
be detected for patient-derived AABs a-IgLON5#1, a-IgLON5#2,
and a-IgLON5#4 compared with pCtrl or NT neurons (Fig. 5, B and C).
a-IgLON5#3, which showed inefficient binding and did not induce
Tau missorting (Figs. 1C and 2C), also did not increase neuronal
activity. Activity-dependent expression of the immediate early gene
¢-FOS confirmed the observed increase in activity, showing significantly
increased fluorescence intensity of nuclear c-FOS in a-IgLON5#1-
and o-IgLON5#2-treated neurons (Fig. 5D). Even at a low AAB dose
(0.1 pg/ml, ~0.67 nM), at which a-IgLON5#1 binding to neurons
was similar to pCtrl (Fig. 1C), a-IgLON5#1 still induced a significant
increase in neuronal activity compared with pCtrl (fig. S4, A to C).
The mild activity induced by pCtrl in this condition can be accounted
to the antibody application procedure, because a nonbinding human
monoclonal antibody [mCtrl; (38)] showed a similar effect. In sum-
mary, these data indicated that a-IgLON5 AAB binding correlated
with neuronal activity and Tau missorting (fig. S4, D and E). Appli-
cation of EGTA-AM to suppress intracellular Ca®* spikes (39) pre-
vented somatodendritic Tau missorting (Fig. 5, E and F, and fig. S4F),
and treatment of neurons with the sodium channels blocker tetrodo-
toxin (TTX) before a-IgLONS5#1 treatment abolished o-IgLON5#1-
induced Ca’* transients and hyperactivity (Fig. 5G). These data
establishing a causal link between a-IgLON5 AAB-induced hyper-
activity increase in intracellular Ca®* levels and Tau missorting and
indicate that Ca®* and sodium channels may be involved in a-IgLON5
AAB-induced activity.

Next, we investigated how a-IgLON5 AAB or pCtrl (1 pg/ml)
exposure for 2 to 3 days would affect neuronal activity, a time point
when Tau was missorted into neuronal cell bodies following a-IgLON5
AAB treatment. After the initial induction of neuronal hyperactivity
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Fig. 4. RNA-seq confirms microglia activation in a-lgLON5 AAB infused animals. (A) Hierarchical clustered heatmap of differentially expressed genes (DEGs) in con-
tralateral hippocampi of PBS-, pCtrl-, and a-IgLON5#1-infused mice. (B) Number of significantly up-regulated (red) and down-regulated (blue) DEGs in contralateral hip-
pocampi of PBS, pCtrl, and a-IgLON5#1 mice. (C) Volcano plot of gene deregulation in contralateral hippocampi of a-IgLON5#1 compared with those of pCtrl animals.
(D) Gene Ontology (GO biological processes) enrichment analysis of up-regulated genes in hippocampi of a-IgLON5#1 compared with those of pCtrl animals. (E) Immu-
nolabeling of neuroinflammatory markers (C3, CD68, and C1q) in hippocampi of a-IgLON5#1 and control mice. For the quantification of C3, CD68, and C1q fluorescence
intensity, data are shown as means + SEM; n = 7 to 9 animals, three to five brain sections per animal. Data are shown as means + SEM. One-way ANOVA with Tukey posttest.

Scale bars as indicated.

within 60 min after a-IgLONS5#1 application, both the average spike
rate and the fraction of hyperactive neurons dropped back after
2 days to levels detected before treatment (Fig. 5, H and I, and
fig. S4G). Baseline Ca®" levels (F, of gCam6 fluorescence) seemed
to be not altered in actively spiking neurons but was reduced in si-
lent neurons after 2 days of a-IgLON5#1 compared with pCtrl and
NT neurons (fig. S4H), which could reflect a homeostatic reaction
to prolonged hyperexcitation (40). The absence of hyperactivity
after 2 days was confirmed by electrophysiological recordings in
autaptic cultures of hippocampal neurons (fig. S4, I and J) treated
with AABs for 3 days, which showed no difference between -
IgLONS5#1 and pCtrl-treated cells for any measured parameters
(fig. S4I). In vivo, activity-dependent c-FOS expression in the DG
was similar in mice that had received a-IgLON5#1 or pCtrl antibodies
for 2 weeks (fig. S4K). a-IgLON5 AAB-induced neuronal hyper-
activity, therefore, seemed to be transient, whereas the related Tau
missorting persisted over days.

Prolonged AAB exposure may lead to a reduction of synapse
numbers, which may dampen the initial a-IgLON5 AAB-induced
hyperexcitation. Previous data from neurons treated with high doses
of antibodies from anti-IgLON5 disease patient serum (1:50 dilution
of total IgG isolates) showed a loss of synaptic protein content indica-
tive of synaptic decline (21). In our model of low-dose (1 pg/ml)
a-IgLON5#1 treatment, however, no significant loss in pre- and
postsynaptic marker densities (fig. S4, L and M) was observed com-
pared with that in control groups up to 7 days of AAB treatment.

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

a-lgLONS5 AABs cluster cell adhesion and ion
channel proteins
The decline of hyperactivity after multiple days of a-IgLON5 AAB
treatment could be due to internalization of IgLON5 protein/antibody
complexes, leading to a decrease in IgLONS cell surface epitopes
(2, 19, 41). Previous studies reported an irreversible internalization
of surface IgLONS clusters in neurons after 3 days of treatment with
the bulk antibody fraction from a-IgLON5 patient serum (19). In
neurons continuously treated with a-IgLONS5#1 over multiple days,
we found an initial increase in IgLON5 surface clusters compared
with that in controls after 60 min, followed by a decline of IgLON5
clusters back to densities comparable to untreated control neurons
after 7 days (Fig. 6A). To assess the intracellular fate of IgLONS clusters
on longer time scales, we conjugated a-IgLON5#1 to the pH-sensitive
fluorophore pHrodo, which increases fluorescence upon exposure
to acidic environments characteristic of late endosomes and lyso-
somes (pH ~4.5 to 5.5). pHrodo fluorescence was detected in neu-
rons treated with a-IgLON5#1 for 2 days and, to a lesser extent, also
in pCtrl-treated neurons (fig. S4N), which may be due to unspecific
antibody/protein internalization by neurons. These data suggest that,
at least, a fraction of internalized a-IgLONS5#1 is trafficked to degra-
dative compartments rather than being recycled to the plasma
membrane. IgLONS5 cluster internalization could, therefore, in part,
account for the observed reduction in hyperactivity after 2 to 3 days.
AAB-induced clustering of surface receptors, i.e., N-methyl-
D-aspartate receptors (NMDARs) and LGI1, can change receptor
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Fig. 5. a-lgLON5 AABs induce neuronal hyperactivity. (A) Expression of mRuby2 and Ca*? indicator GCampéf in cultured neurons. (B) Ca®* levels (time integrated;

pseudocolored) in GCamp6f* neurons treated with a-IgLONS5#1 (1 pg/ml) or not (NT). White circles: cell bodies corresponding to GCamp6f traces (AF/Fq versus time).
Raster plots: individual spikes of neurons in field of view (n = 25 to 30 cells). (C) Normalized spike rates after treatment with patient-derived a-lgLON5 AABs or pCtrl (1 pg/
ml, 60 min). Spikes recorded before (0) and after (60 min) treatment in same cultures. Controls: bicuculline (30 pM, 5 min) and TTX (0.5 pM, 10 min). n = 3 experiments, 875
to 1344 neurons per group. Data are normalized to NT at 60 min. (D) c-FOS upon treatment with a-IgLON5 AABs or pCtrl (1 pg/ml, 60 min). Control: KCI (8 mM, 60 min).
n =3 experiments. (E) Spikes upon pretreatment with EGTA-AM concentrations for 20 min and then with a-IgLON5#1 (1 ug/ml, 60 min). Data are normalized to untreated
neurons. n = 3 experiments, 203 to 309 neurons per condition. (F) Tau missorting in neurons pretreated or not with EGTA-AM (20 uM, 20 min) and then with a-IgLON5#1
or pCtrl (1 pg/ml, 2 days). n = 3 experiments, 47 to 60 neurons per condition. (G) Normalized spike rates before and after treatment with a-IgLON5#1 (1 pg/ml, 60 min), TTX
(0.5 pM, 10 min), or both (first TTX and then a-IgLON5#1). n = 3 experiments. (H) Spikes before and after a-IgLON5#1 or pCtrl treatment (1 pg/ml, 60 min or 2 days). n =3
to 4 experiments, 263 to 309 neurons per condition. (I) Percentage of inactive (blue), active (green), and hyperactive (pink) neurons upon treatment with a-IgLON5#1 or
pCtrl (1 pg/ml for 0 min, 60 min, or 2 days). Hyperactivity: spikes/min > mean + 2*SD of pCtrl at each time point. Active: 0 < spikes/min < mean + 2*SD of pCtrl. Silent: no

spikes. [(C) to (H)]: Means + SEM, one-way ANOVA with Tukey posttest. [(A), (B), and (D)] Scale bars as indicated. n.s., not significant.

surface availability and dynamics, leading to altered neuronal activ-
ity (42-48). We, therefore, hypothesized that AAB-induced IgLON5
clustering may be involved in neuronal hyperactivity as well. Untreated
cultured neurons showed a clustered appearance of IgLON5 on the
cell surface [Fig 5B(19)]. Acute (60 min) treatment with a-IgLON5
AABs up-regulated IgLONS5 surface cluster size and their dendritic
density (Fig. 6, A to C), implicating antibody-mediated redistribu-
tion of IgLONS5 molecules into larger surface clusters. Notably, total
IgLONG surface fluorescence was slightly reduced (fig. S5A), with
~7.5% of the IgLONS5 IF signal detected intracellularly (fig. S40),
suggesting that a small fraction of IgLON5 clusters were internal-
ized within the first hour of treatment. This occurred at maintained
total cell surface labeling of IgLONS5, indicating no increase in IgLON5
protein content (fig. S5A)

To test whether a-IgLON5 AABs directly induced the clustering,
we separated the antigen-recognizing Fab fragments from the con-
necting Fc part of a-IgLON5#1 by papain digestion (fig. S5B), which

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

removes the ability of the AAB to bind and “cross-link” multiple
IgLONS5 molecules at a time. This approach was previously used
to disable clustering of NMDARs by a-NMDAR AABs (49). For
a-IgLONS5#1, treatment with equimolar concentrations of a-IgLONS5#1
Fab fragments (2 mol of Fab fragments for 1 mol of IgG) did not in-
duce IgLONS5 surface clustering as observed for intact a-IgLON5#1
(Fig. 6D and fig. S5C). a-IgLON5#1 Fab fragments also induced less
neuronal activity (c-FOS intensity) and Tau missorting (Fig. 6D).
Hence, a-IgLONS5#1-induced IgLONS5 clustering seemed to be in-
volved in inducing neuronal hyperactivity and Tau changes.

To determine whether IgLONG5 clusters contained surface mole-
cules capable of inducing neuronal hyperactivity, we determined the
IgLONG5 cluster proteome using an immunolabeling-based proximity
biotinylation approach (Fig. 7, A and F, and fig. S5D). Neurons treated
with a-IgLON5#1 or pCtrl for 60 min were fixed (4% PFA in PBS)
and immunolabeled with a-human IgG secondary coupled to horse-
radish peroxidase (HRP). Addition of cell-impermeable biotin and
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Fig. 6. a-IgLON5 AAB-induced IgLONS5 protein clustering on the cell surface. (A) Quantification of IgLON5 surface cluster density (# clusters/MAP* area) in primary
neurons treated with a-IgLON5#1 or pCtrl (1 pg/ml) at indicated time points (60 min, 2 days, 4 days, and 7 days). n = 3 experiments with three to four replicates per condi-
tion. Two-way ANOVA with Sidék posttest. (B) Confocal images of IgLONS surface clusters on nonpermeabilized neurons upon treatment with a-IgLON5#1 or pCtrl (1 pg/
ml) for 60 min. Scale bars as indicated. (C) Refined analysis of IgLONS5 surface cluster density and size. Histogram shows frequency distribution of IgLONS5 surface cluster
size for all measured clusters. Additionally, mean cluster size and density (#/gLON5 clusters/MAP™ area) are shown. n = 3 experiments, three replicates per condition. One-
way ANOVA with Tukey posttest. (D) a-IgLON5#1 and pCtrl Fab fragment (antigen-binding region) generation by papain digestion. IgLONS5 surface cluster size/area,
neuronal activity (nuclear c-FOS intensity), and Tau accumulation in cell bodies in upon treatment with equimolecular concentrations of a-IgLON5#1, Fab a-IgLON5#1, and
pCtrl. For analysis of cluster size and neuronal activity, neurons were treated for 60 min. For Tau missorting, neurons were treated for 2 days. n = 3 experiments, four to five
replicates per condition. One-way ANOVA with Tukey posttest. [(A) to (C)] Data are shown as means + SEM.

hydrogen peroxide (H,0,) catalyzed the biotinylation of cell surface
proteins in proximity to IgLON5#1, hence, in IgLONS5 cell surface
clusters. By microscopy, the spatial overlap and restriction of bio-
tinylation to IgLONG5 clusters could be confirmed (Fig. 7, B and C).
We, therefore, considered biotinylated proteins in o-IgLONS5#1-
treated neurons to be part of IgLON5 clusters. Western blots con-
firmed the biotinylation of proteins in lysates of a-IgLON5#1-treated
neurons and, to a lesser degree, in pCtrl-treated neurons (Fig. 7D)
and the successful pulldown of these proteins using streptavidin
beads. Proteomics mass spectrometry (MS) revealed the enrichment
of specific cell surface proteins in IZLON5 clusters: other members of
the IgLON family (IgLON1/2/3/4), as expected from a previous study
(15), as well as other cell adhesion molecules [i.e., Ncam, Nrcam,
Cadherins (Cdh4, Cdh6, Cdhl11, and Cdh2), Contactins (Cntn1-6),
and Integrins (Itga5, Itga7, and Itgb1); Fig. 7E and data S3]. IgLON5
clusters also contained ion channel auxiliary units involved in the
regulation of neuronal activity, particularly regulatory subunits of
voltage-gated sodium channels (Scnl1b/2b/3b) and voltage-gated
Ca®* channels (Cacna2d1/d2/d3), voltage-gated potassium channel
KCNNS3, and the kainate receptor subunit GRIK3 (Fig. 7F and fig. S5E).
Notably, we did not detect Na, and Ca, in the IgLONS5 clusters
proteome. This may be attributed to their embedding in the plasma
membrane, which renders the channels difficult to extract from fixed
neurons and may make them inaccessible for the biotinylation reaction
using non-cell-permeable biotin. GO analysis (GO biological pro-
cesses) of all differentially enriched proteins revealed proteins involved
in cell adhesion, synapse assembly and function, synaptic and axonal
signal transmission and propagation, and ion channel clustering

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

(Fig. 7G, fig. S5F, and data S4). The proteome of the input cell lysate
(before streptavidin bead pulldown) of a-IgLON5#1 and pCtrl-treated
neurons did not have significant differences (fig. S5G and data S3).

In summary, our data suggest that the binding of «-IgLON5 AABs
induces physical clustering and stimulation of Na,, Cay, and Ky
channels and auxiliary subunits and the glutamate-sensing kainate
receptor subunit GRIK3. The deregulation of this complex mix of
activity regulating channels and receptors by a-IgLON5 AABs ex-
plains the acute and excessive hyperexcitability of neurons upon
a-IgLONS5 AABs binding, which ultimately triggers prolonged so-
matodendritic Tau missorting and neurotoxicity. In addition, a-
IgLON5 AABs induce clustering of cell adhesion molecules, including
cadherins and integrins, a fundamental step at the top of cell adhesion
signaling cascades. Whether cell adhesion signaling contributes to
a-IgLON5 AAB-induced Tau changes has to be further investigated.

DISCUSSION

AABs against neuronal receptors and cell surface proteins, e.g., NMDAR,
GABAAR, and LGI]I, can alter neuronal physiology (1, 2, 50-52).
Our data reveal that anti-IgLON5 disease may involve a similar dis-
ease mechanism: Cell surface binding of a-IgLON5 AABs promotes
the physical clustering of surface IgLONS5 with cell adhesion mole-
cules and ion channels, leading to acute neuronal hyperactivity that
induces persistent Tau missorting, promotes Tau aggregation, and,
ultimately, can lead to neurotoxicity. Previous studies reported that
long-term treatment (for weeks) of neurons in vitro or of mice with
anti-IgLONS5 disease patient serum antibody pools (not enriched
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Fig. 7. a-IgLON5 AAB-induced clustering of cell surface proteins. (A) Antibody-mediated proximity biotinylation assay. Live hippocampal neurons were treated with
a-IgLON5#1 for 60 min to allow surface clustering, then fixed, and incubated with a-human IgG-horseradish peroxidase (HRP). Membrane-impermeant biotin-phenol and H,0,
were applied to selectively label surface proteins in proximity to AAB-bound IgLONS5 clusters. Biotinylated proteins were pulled down and analyzed by MS. Surface protein bio-
tinylation could be observed based on streptavidin—Alexa Fluor 555 labeling in neurons treated with a-IgLON5#1, a-human IgG-HRP, and biotin. Ab, antibody. (B) Detection of
IgLONS5 surface cluster biotinylation with streptavidin-Alexa Fluor 555 (A555) upon incubation of neurons with a-IgLON5#1 (1 pg/ml), followed by fixation, HRP secondary incu-
bation, and biotinylation reaction. Scale bar as indicated. (C) Images of overlapping a-IgLON5 and streptavidin-Alexa Fluor 555 signal in neurons treated with a-IgLON5#1 (1 ug/
ml) for 60 min. Intensity profile plot confirms colocalization of a-IgLON5 AABs and biotin signal. Thick lines indicate mean profiles, and thin lines indicate individual measured
profiles. Scale bars as indicated. (D) Example Western blot showing biotinylated proteins in input (IN; cell lysate), flow-through (FT; wash), and pulldown (PD). Note: Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) is only detected in IN and FT samples, confirming cell surface specificity of the labeling. (E) Volcano plot of biotinylated surface proteins
in neurons treated with a-IgLON5#1 versus pCtrl. Proteins significantly enriched in IgLONS5 clusters (blue points) are provided as magnified view: IgLON family members (yellow;
IgLON51/2/3/4/5), cell adhesion proteins (pink), and ion channel subunits (cyan). (F) Interaction network (STRING data base) of selected ion channel auxiliary subunits found in
IgLONS5 clusters (from fig. S5E). (G) GO analysis of biological processes associated with proteins significantly enriched in a-IgLON5 AAB-induced surface clusters.

for a-IgLONS5 AABs) disrupted synaptic protein levels and neuronal
activity and caused cognitive deficits and anxiety-like behavior in
mice (21, 53, 54). Our data now shed light on the events upstream of
these effects.

Antibody-induced changes in receptor surface distribution
have previously been reported for AABs. For example, AABs against

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

LGI1 reduce its surface availability and impair interactions with
potassium channels, leading to destabilization of synaptic contacts,
dysregulation of excitatory transmission, and initiation of path-
ological hyperactivity including seizures (45, 46, 48, 52, 55). a-
NMDAR AABs trigger nanoscale clustering of NMDARs, disrupting
their association with scaffolding proteins, followed by receptor
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internalization and degradation, ultimately leading to a reduction in
surface NMDARs and impaired synaptic transmission and neuronal
silencing (43, 44, 49, 51). For a-IgLON5 AABs, we similarly found
that binding induces clustering of IZLONS5 together with cell surface
proteins. After 2 days, however, the enhanced IgLONS receptor/
protein clustering disappeared, and we detected IgLON5 anti-
bodies within acidic late endosomal/lysosomal compartments,
suggesting that a fraction of internalized complexes is routed toward
degradative pathways rather than being rapidly recycled to the
plasma membrane. Such irreversible internalization and lysosomal
degradation of IgLON5 antibody—protein complexes is in line with
previous reports (19). If a-IgLON5 AAB-induced hyperexcitation is
directly related to IgLONS5 clustering, as suggested by our data,
then the reduced the availability of functional IgLONS5 at the neuronal
surface may limit the capacity of a-IgLON5 AABs to sustain receptor
clustering and hyperexcitability, explaining why AAB-induced hyper-
excitation vanished after 2 days in neuronal cultures. Notably, the
shRNA-mediated reduction of IgLONS5 led to a dose-dependent
increase in neuronal toxicity, similar to what has previously been sug-
gested for internalization-related reduced surface IgLON5 (19).
Therefore, loss of surface IgLONS5, whether through genetic manip-
ulation or prolonged antibody-mediated internalization, appears to
contribute to neuronal vulnerability.

a-IgLON5 AABs induce clustering of ion channel auxiliary units
(Scn1b/2b/3b and Cacna2d1/d2/d3) that regulate the permeability
of voltage-gated Ca’* (Ca,) and sodium (Na,) channels, which are
essential for synaptic transmission and action potential initiation and
propagation (56), and with the Ca**-activated potassium channel
KCNN3 and the ionotropic glutamate receptor GRIK3/GLUR7, which
are directly involved in neuronal excitability (57, 58). Aberrant
physical interactions and clustering of these proteins, induced by
a-IgLON5 AABs, can have a profound impact on neuronal activity.
In addition, we identified several cell adhesion molecules (IgLON
family members, integrins, cadherins, protocadherins, and contactins)
in IgLONS surface clusters. These transmembrane proteins dy-
namically interact with the actin cytoskeleton to facilitate synaptic
organization, neuronal migration, and development (59, 60). Their
interaction with other surface proteins modulates function and local-
ization of voltage-gated ion channels, thereby altering Ca** influx,
neuronal excitability, and other signaling pathways that remodel the
cytoskeleton, strengthen adhesion, and support synaptic function
and plasticity. The concerted effect of a-IgLON5 AAB binding on
adhesion proteins, receptors, and ion channels can explain how
a-IgLON5 AAB binding induces neuronal hyperexcitability. While
these findings establish a-IgLON5 AAB-mediated protein clustering
at the neuronal surface as a key upstream event driving hyperactivity
and Tau activation, future studies using targeted pharmacological
perturbations, e.g., using NMDA/AMPA receptor antagonists and
Ca®* channel blockers, will be required to identify specific molecular
players in the cascade.

We showed that intracellular Ca** chelation can rescue a-IgLON5
AAB-induced Tau missorting. Whether the Ca®" that activates Tau
originates from synaptic influx and/or is released from internal stores,
e.g., the endoplasmic reticulum (ER) or mitochondria, remains
unclear. Previously, intracellular Ca®* increase through NMDAR
activation or membrane depolarization was shown to engage down-
stream pathways linked to Tau phosphorylation and truncation, in-
cluding calpain activation, sustained extracellular signal-regulated
kinase (ERK)/mitogen-activated protein kinase signaling and the

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

CaMKK2-AMPK pathway (61-63). In addition, activity-dependent
synaptic Ca** entry can trigger secondary Ca®" release from intra-
cellular stores, such as the ER, thereby amplifying and prolonging
intracellular Ca*" signaling (64), which could further promote and
prolong Tau phosphorylation. For example, during nonhuman primate
aging, cyclic adenosine 3’,5'-monophosphate (cAMP)-inducible
cAMP-dependent protein kinase (PKA)-dependent phosphoryla-
tion of RyR2 at $2808 (pS2808-RyR2) causes Ca”* leak from intra-
cellular stores, correlating with Tau phosphorylation at CaMKII and
GSK3p-dependent sites (65). Ultimately, identifying the contribu-
tion of synaptic Ca®" influx and intracellular Ca** storage release,
as well as the involved downstream Tau kinases, will be required to
define the signaling cascades acting in Tau activation downstream of
a-IgLONS5 AAB binding at the neuronal surface.

In vitro, a-IgLON5 AABs triggered acute (minutes to hours)
neuronal hyperactivity, which vanished after 2 days but left behind
lasting (multiday) Tau missorting and promoted FTD-Tau aggrega-
tion. Similarly, in vivo, after 14 days of AAB infusion, we did not
detect neuronal hippocampal activation using c-FOS in animals that
received a-IgLONS5 AABs but detected hippocampal Tau phosphory-
lation, potentially activity-induced. Whether a-IgLON5 AABs also
promote FTD-Tau aggregation in mice remains to be tested. However,
together, these findings may suggest a homeostatic adaptation of
neuronal activity to initial a-IgLON5 AAB hyperexcitation, which is
coupled to prolonged Tau phosphorylation and missorting. In anti-
IgLONS5 disease patients, where a-IgLON5 AABs are chronically
present in the cerebrospinal fluid (CSF), and, therefore, neurons are
repeatedly or continuously exposed to AABs over long time periods.
Antibody-driven Tau changes and neuronal dysfunction may occur
in episodes, modulated by fluctuations in local AAB concentration
and state-dependent network activity (e.g., sleep-wake cycles). Over
time, these recurrent “hits” could accumulate into gradual, irre-
versible, and neurotoxic accumulation of pathological Tau, contribut-
ing to anti-IgLON5 disease progression.

The extended presence of Tau in the somatodendritic compart-
ment can exhaust neuronal homeostasis (66), induce synapse loss (34),
and impair other key neuronal functions (67-69). Consequently, this
would explain why immunotherapy (to deplete AABs) seems most
beneficial when initiated early in anti-IgLON5 disease (5), i.e., before
overt Tau accumulation. Tau pathology has previously been connected
to neuronal hyperactivity in epilepsy (70) and in AD (71-73). Sus-
tained neuronal hyperactivity, induced through chemical or opto-
genetical stimulation, has been shown to promote Tau secretion,
accumulation, aggregation, and cell-to-cell propagation (74, 75). These
are key processes in the development and spread of Tau pathology in
AD and FTD and may also contribute to the progression of Tau
pathology in IgLONS5 disease. Susceptibility of neurons to hyper-
excitation could, therefore, encode a selective vulnerability of neuronal
circuits to Tau pathology. The here revealed hyperactivity-induced
Tau pathology in anti-IgLON5 disease emphasizes the importance
of considering the modulation of neuronal activity for therapeutic
approaches to prevent or lower Tau pathology and toxicity across
tauopathies. For the treatment of anti-IgLON5 disease patients, de-
termining the neuromodulatory activity of their plasma AAB pool
could help in the choice of treatment, i.e., whether to target neuro-
nal hyperexcitation, neuroinflammation, Tau phosphorylation, and
aggregation, or all. For example, our data indicate that the effects of
a-IgLON5 AABs on neuronal activity and Tau depend on AAB bind-
ing strength, AAB concentration, and duration of exposure. These
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factors differ between patients and may contribute to variations in
brain functional impairment and Tau pathology progression between
anti-IgLONS patients (8). Further, whether neuronal hyperactivity
plays a role for Tau pathology in other immune-related secondary
tauopathies, e.g., in subacute sclerosing panencephalitis (76) (mea-
sles late reaction) and head-nodding syndrome (77) (involving DJ-1
antibodies), should be tested as well.

In mice with cerebroventricular infusion of a-IgLON5 AABs, Tau
phosphorylation occurred in hippocampal projections (i.e., MFs
between DG and hippocampal CA3, projections onto ventral CAl,
and commissural fibers in CC). A similar projection selectivity of
phosphorylated or misfolded Tau accumulation in MFs has, for
example, been observed in mice expressing acetylation-mimetic or
pro-aggregant Lys**’-deletion Tau (78, 79), where it was associated
with deficits in synaptic plasticity in this circuit. Whether a-IgLON5
AAB-treated mice show Tau phosphorylation in neurons of locus
coeruleus or entorhinal cortex, two other regions primary affected by
Tau pathology in AD (80-82), remains to be tested. The a-IgLON5
AAB-induced accumulation of phosphorylated Tau in axonal projec-
tions, and not (yet) neuronal cell bodies, is reminiscent of earliest
pathological alterations found in other tauopathies, like AD and
FTD, where changes in Tau (i.e., phosphorylation and somatoden-
dritic missorting) spatially associate with progressive decay in synaptic
homeostasis (34, 83-85) and neuroinflammation and, ultimately, lead
to neurodegeneration (8, 9) (Supplementary Text). A previous pilot
study suggested that the cerebroventricular infusion of IgGs from an
IgLONG disease patient into mice expressing human wild-type Tau
[hTau line; (86)] increased the extend of Tau phosphorylation (AT8)
in hippocampal and brain stem neuronal cell bodies (54); neuronal
loss was not reported in this study. It remains to be tested whether
administration of a-IgLON5 AABs in models developing Tau pathol-
ogy (e.g., transgenic mice expressing FTD-mutant Tau) would pro-
mote Tau aggregation, supportive of our in vitro data in TauP301L/
S320F-expressing neurons, and induce neurotoxicity. In addition,
a-IgLON5 AABs triggered microglia activation, neuroinflammatory
gene expression signatures (TNFa and IL-6 pathways) commonly
observed in Tau and neurodegeneration models, and a pronounced
up-regulation of Ig gene expression that is typically not reported in
tauopathy brains or models. The latter may indicate B cell infiltration,
e.g., as a result of a-IgLON5 AAB-induced IL-6 up-regulation (87),
or inflammation-related microglial Ig expression (88). Mild B cell in-
filtration has been reported in IgLONS5 autopsy brains (22). Whether
Ig gene up-regulation occurs in IgLONS disease patient brains is not
known. The IgG subclass composition of a-IgLON5 AAB in the brain
may play an important role for the extend and kind of neuroinflam-
mation induced (Supplementary Text). As in other tauopathies,
however, it remains uncertain whether a-IgLON5 AAB-induced
neuroinflammation is mediated by Tau changes and to what extent
neuroinflammation contributes to Tau pathology.

a-IgLON5 AAB-induced Tau phosphorylation in MF and
CC axonal projections appeared to be epitope selective on epitope
pS396/pS404. This is in line with previous reports that identified
(pre)synaptic Tau is phosphorylated at pS396/pS404 (89, 90), an epitope
targeted by multiple kinases, including GSK3p, CDK5, and ERK
(91, 92). Previous studies indicated that Tau/GSK3p interactions are
important for synaptic defects in neurodegenerative diseases (93, 94)
and that GSK3p is especially important for synaptic Tau phosphoryla-
tion at pS396/pS404 (95). In vitro, GSK3p phosphorylates Tau directly
with a preference at the pS396/pS404 epitope, thereby promoting its
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aggregation into AD-like fibrils (92). In addition, phosphorylation
of Tau can be primed by cAMP-dependent PKA, leading to strong
phosphorylation involving additional Tau epitopes (91). Whether
a-IgLON5 AAB-induced MF Tau phosphorylation at pS396/pS404
relates to specific kinases, e.g., GSK3b, needs to be further investi-
gated. Notably, in IgLON5 patient brains, synaptic and axonal Tau
phosphorylation has not yet been assessed. However, a recent study
on IgLONS5 disease brain stem Tau pathology suggested a disease
stage dependent occurrence of Tau phosphorylation sites in neuronal
somata (96), which indicated sequential occurrence of AT8 > pT231 >
pS396 and additional phospho-epitopes. In AD hippocampus, Tau
epitopes also seem to occur sequentially yet different from IgLON5
patient brain stem (97-99). It is important to note though that all
these studies characterize phospho-Tau accumulating in neuronal
cell bodies, and not in axonal projections as observed in a-IgLON5
AAB-treated mice in our data.

Clinically, anti-IgLON5 patients generally present with complex
sleep and breathing disturbances, and neurophysiological assessment
relies primarily on video polysomnography. Epileptiform electroen-
cephalogram (EEG) activity has been reported in a subset of anti-
IgLONS patients (100), and EEG abnormalities are variable and often
absent in routine recordings (3, 6). Accordingly, data from a pilot
study with intracerebroventricular infusion of a-IgLON5 AABs in
wild-type mice did not also reveal consistent EEG or behavioral (e.g.,
sleep, breathing, and licking behavior) abnormalities (54). Therefore,
our findings on a-IgLON5 AAB-induced hyperexcitability in dis-
sociated neuronal cultures may not directly translate into a globally
hyperactive brain state. Instead, such changes at the cellular level may
alter how neurons integrate synaptic inputs, affecting synaptic plasticity
and network activity without producing overt population-level hy-
peractivity. Additionally, transient changes in local neuronal activity
of anti-IgLON5 patients may be missed by single time-point assess-
ments through EEGs, especially early in the disease when mostly brain
stem and hypothalamus, but not cortex or hippocampus, are affected.
In animal models, brain region-specific continuous or longitudinal
measurements of neuronal activity using single- or multielectrodes
or Ca** imaging will, therefore, be critical to capture the temporal
dynamics of anti-IgLON5 AAB-induced cellular hyperexcitability
and circuits dysfunction.

MATERIALS AND METHODS

Ethics

All analyses of patient material were approved by the Charité -
Universitdtsmedizin Berlin Ethics Board (no. EA1/258/18). Primary
mouse neuron preparations and experiments involving adult animals
(C57/B6, male) were carried out according to the guidelines stated in
the directive 2010/63/EU of the European Parliament on the protec-
tion of animals used for scientific purposes and were approved by
local authorities in Berlin and the animal welfare committee of the
Charité Universititsmedizin Berlin, Germany.

IgLONS5 patients

Anti-IgLONS5 disease patients, whose a-IgLON5 ABB and pCtrl AB
pools were isolated in this study, were patients in the neurology clinics of
the Charité University Medicine Berlin (patients: [IgLON5#2,3,4) and
of the Otto-von-Guericke-University Magdeburg (patient: IgLON5#1)
(Table 1). Phosphorylated tau 217 (pTau217) in serum of patients
IgLON5#2,3,4 and in plasmapherisate of patient IZLON5#1 was
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measured using the Simoa pTau217 Advantage PLUS assay (Quanterix,
Billerica, MA, USA; kit lot 504407) at the DZNE Bonn. The intraplate
coefficient of variation was <5.1% based on two control levels run in
duplicates at the beginning and end of the plate.

o-IgLONS5 AAB detection in patient CSF and serum

Specificity of the purified a-IgLON5 AABs was confirmed by indirect
IF performed on HEK293 cells transfected with commercially avail-
able IgLON5 expression vector (EUROIMMUN, no. 1151-1005-50)
and cells with control transfection. a-IgLON5 AAB binding on cells
was confirmed at dilutions of 1:100 for CSF and 1:1000 for serum.

Purification of patient-derived a-IgLON5 AABs

Recombinant human IgLONS5-Fc chimera (R&D Systems) was bound
to a 1-ml HiTrap NHS-activated HP column (GE Healthcare) ac-
cording to the manufacturer’s guide. For antibody isolation, eluates
of plasmapheresis were loaded overnight onto the column. Then, the
column was washed with 15 ml of 20 mM tris (pH 7.5) and 15 ml of
0.5 M NaCl in 20 mM tris (pH 7.5). a-IgLON5 AABs were eluted
with 100 mM glycine (pH 2.2) with subsequent neutralization using
1 M tris (pH 8.8). Last, the samples were rebuffered into PBS using
Vivaspin 15R ultrafiltration spin columns (Sartorius). For detection
of specificity, recombinant IgLON5 or LG1 protein was spotted onto
a nitrocellulose membrane (GE Healthcare), membranes were blocked
with 1% bovine serum albumin (BSA) in PBS, incubated with a-
IgLON5 AABs overnight at 4°C, washed, and incubated with HRP-
coupled antihuman IgG. For the isolation of control serum IgGs
(pCtrl), 750 pl of serum from healthy controls was mixed with 450 pl
of protein A/G agarose (Santa Cruz Biotechnology). IgG fractions

were isolated according to manufacturer’s instructions. Purity was
checked by Coomassie staining. Protein concentration was deter-
mined using a bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific). The nonreactive human monoclonal control AAB
(mCtrl; mGO53) was purchased from InVivo BioTech.

IgG subclass composition of patient-derived AABs

For detection of IgG subclasses, 2 pg of patient-derived a-IgLON5
AABs #1 and pCtrl were dotted on a nitrocellulose membrane (GE
Healthcare). Membranes were probed with mouse antihuman IgG1-
POD, antihuman IgG2-POD, antihuman IgG3-POD, and IgG4-POD
ab (Thermo Fisher Scientific) and sheep antihuman IgG (Seramun).
For quantitative determination of subclass distribution across all four
isolated a-IgLON5 antibody samples and pCtrl, the Human IgG Sub-
class ELISA Kit (Thermo Fisher Scientific) was used according to
the manufacturer’s protocol.

Relative binding strength quantification using

flow cytometry

Binding strength was determined following previously published
protocols (101). In brief, HEK293T cells were transfected with cDNA
plasmids coding for full human IgLON5 protein that coexpressed a
myc-tag for transfection efficiency control. Three days posttransfec-
tion, cells were harvested and stained with serial dilutions of AABs
and c-myc AABs. From live cells with top 30% protein expression
(evaluated by c-myc signal), the mean fluorescence intensity (MFI)
of Alexa Fluor 488-coupled goat antihuman IgG (1:500; Life Tech-
nologies) was evaluated, and nonlinear regression models [MFI =
MFI . *IgG conc./(0.5¥MFI o + IgG conc.)] under settings for

Table 1. Anti-IgLONS5 disease patient information. MP, methylprednisolone; PPH, plasmapheresis; RTX, rituximab; IA, immunoadsorption; IVIG, intravenous
immunoglobulins; *, pTau217 in plasmapherisate of this patient; M, male; F, female; Y, years; N.A., not applicable.

Patient# Sex (M/F) Age (Y) Immuno Effect? AAB titer CSF NFL Serum Clinical
therapy pTau217 symptoms
(pg/ml)
IgLON5#1 M 59 MP and PPH N.A. 1:1000 (serum) N.A. 0.0722% Sleep apnea,
and 1:100 myoclonic
(CSF) jerks, dysar-
thria, and gait
disorder
IgLON5#2 59 PPH, RTX, and No 1:1000 (serum) 841 0.0193 Gait instability,
Bortezomib and 1:100 bulbar symp-
(CSF) toms, sleep
disturbance,
fasciculations,
myoclonic
jerks, myo-
rhythmia, and
hyperreflexia
IgLON5#3 35 IA and RTX No 1:3200 (serum) 559 N.A. Sleep distur-
and 1:32 (CSF) bance and
fasciculations
IgLON5#4 76 MP and PPH No 1:1000 (serum) 1127 0.0246 Bulbar syn-
IVIG and 1:10 (CSF) dromes, sleep

Askin et al., Sci. Adv. 12, eaec2042 (2026)
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disturbance,
respiratory
insufficiency,
and cognitive
dysfunction
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one site-specific binding were generated using GraphPad Prism 8
(GraphPad Software Inc.).

Tissue reactivity screening

Sagittal mouse brain sections were obtained from unfixed tissue, cut
on a cryostat (Leica) at 20-pm thickness, and mounted on glass
slides. Sections were rinsed with PBS, then blocked with PBS con-
taining with 2% BSA and 5% normal goat serum (NGS) for 1 hour
at room temperature, and incubated with a-IgLON5#1 and pCtrl
overnight at 4°C. After three washes with PBS, goat antihuman IgG-
Alexa Fluor 488 was applied for 2 hours at room temperature, fol-
lowed by staining with 4',6-diamidino-2-phenylindole (DAPI; 1:1000
in PBS) for 5 min. Sections were washed with PBS before mounting
with Immo-Mount (Epredia) and imaging using an inverted epifluo-
rescence microscope (Leica SPE).

Epitope mapping in HEK293T cells expressing

IgLONS5 constructs

To map the epitopes of patient-derived a-IgLONS5#1, we cloned human
IgLONS5 deletion constructs from full-length Myc-DKK-tagged human
IgLONS5 plasmid (OriGene, no. 225495) using a Q5 Site-Directed
Mutagenesis kit (New England Biolabs). Individual Ig domains of
IgLONS5 (Igl, Ig2, and Ig3) or combinations thereof (Igl + Ig2, Igl +
Ig3, and Ig2 + Ig3) were expressed in HEK293T cells for 48 hours.
HEK293T cells were seeded on poly-L-lysine (PLL)-coated coverslips
and transiently transfected with either full-length IgLONS5 or its dele-
tional constructs. After fixation with 4 % PFA for 10 min at room
temperature, blocking with 3% NGS in PBS for 1 hour, cells were
incubated with a-IgLON5 AABs or pCtrl overnight at 4°C. After
washing and incubation with the Alexa Fluor 488-conjugated anti-
human IgG for 1 hour at room temperature, binding of a-IgLON5
AABs was evaluated on the basis of epifluorescence microscope
(Leica SPE).

Intrathecal osmotic pump infusion

Eight-week-old male C57Bl/6] wild-type mice were randomized for
the different treatment groups by an independent investigator. In
total, 75 pg (~3 pg/g body weight) of a-IgLON5#1, IgG from healthy
control individual serum (pCtrl), and PBS were delivered continu-
ously into the right lateral ventricle over the course of 14 days, with
a flow rate of 0.25 pl/hour. The cohort consisted of a-IgLON5 (1 = 10),
pCtrl (n =9), and PBS (n = 9) animals. Antibody cerebroventricular
infusion was performed unilaterally using osmotic pumps (model
1002, Alzet, Cupertino, CA), which were loaded 24 hours before
surgical implantation. For pump implantation, mice were placed in
a stereotaxic frame, and a cannula was inserted into the right ventricle
(coordinates: 0.2 mm posterior and +1.00 mm lateral from bregma,
depth of 2.2 mm). The cannula was connected to a pump, which was
subcutaneously implanted on the interscapular space of the animals.
After surgery, mice were monitored daily to assess symptoms and
body weight. Mice were euthanized after 14 days and brain, and
serum were harvested.

Tissue processing

For protein and RNA analysis, brain and spinal cord tissues were
promptly dissected on ice, flash frozen by placing on dry ice, and
stored at —80°C until further use. For protein extraction, brain and
spinal cord tissues were homogenized in ice-cold radioimmunoprecipi-
tation assay (RIPA) buffer (Sigma-Aldrich) containing phosphatase
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and protease inhibitor cocktail (Thermo Fisher Scientific) using a
probe homogenizer. After incubating the homogenates on ice for
20 min, samples were centrifuged at 10,000g for 20 min at 4°C. Protein
concentration in the supernatant was measured using a BCA protein
assay kit (Pierce). Concentration of each sample was adjusted to
2 pg/pl and then mixed with 6X SDS-containing Laemmli buffer
(Thermo Fisher Scientific). Subsequently, they were boiled at 95°C
for 5 min and stored at —20°C until the Western blot analysis.

For immunohistochemistry (IHC), brains were drop fixed in 4%
PFA for 2 days. For cryoprotection, fixed tissues were sequentially
transferred to 10, 20, and 30% sucrose in PBS with 0.02% sodium
azide at 4°C. Tissue was cut into 30-pm-thick sections using a cryo-
stat (Leica) and serially collected in 50% glycerol in PBS to be stored
at —20°C until used for THC.

Western blot

To analyze total and p-Tau levels by Western blot, 10 ug of total protein
per sample was loaded onto 4 to 12% bis-tris SDS-PAGE (Invitrogen).
Following electrophoresis, the separated proteins were transferred
to a nitrocellulose membrane. The membrane was blocked with 3%
BSA in PBS containing 0.05% of Tween (PBS-T) for 1 hour at room
temperature. Subsequently, the membranes were incubated with
primary antibodies for total Tau, p-Tau, and loading control, diluted
in the blocking solution, overnight at 4°C. The following day, mem-
branes were washed three times for 5 min in PBS-T and then incu-
bated with fluorescent dye-conjugated secondary antibodies, diluted
in blocking solution, for 1 hour at room temperature. Membranes were
then imaged using a LI-COR imaging system (Odyssey DLx). A full
list of antibodies used in Western blot can be found in table S1.

Histology

For immunodetection, 30-pm-thick PFA-fixed brain sections were
washed free-floating in tris-buffered saline (TBS), permeabilized with
0.3% Triton X-100 in TBS for 20 min at room temperature, and
washed two times for 5 min in TBS. All incubation steps were per-
formed on an orbital shaker (180 rpm). Sections were blocked in
blocking solution (3% NGS in TBS) for 1 hour at room temperature.
Sections were incubated with primary antibodies diluted in block-
ing solution at 4°C overnight. Next day, the sections were washed
three times for 10 min in TBS and incubated with Alexa Fluor-
conjugated secondary antibody diluted in blocking solution for 2 hours
at room temperature. Sections were washed three times for 10 min
in TBS and incubated with DAPI (1:1000 in PBS) for 15 min at room
temperature. Sections were then mounted onto microscope slides
and covered with coverslip using Fluoroshield mounting medium
(Sigma-Aldrich). A full list of antibodies used IHC can be found in
table S1. Sections were imaged on a wide field fluorescence micro-
scope (Eclipse-Ti, Nikon) using 10X objective with tiling function.
Same imaging parameters were used while imaging the sections across
different groups. MFI was measured using Image] from manually
drawn regions of interest (ROIs) in the brain sections (on contralateral
site to avoid injection confound). Mean intensity was averaged over
three to five brain sections per animal.

Detection of the spread of infused AABs was done in free-
floating brain sections with goat antihuman HRP-conjugated sec-
ondary antibody in 3% NGS in TBS for 2 hours at room temperature.
Sections were washed three times for 5 min in TBS, and the signal
was amplified with a CF 594 tyramide signal amplification kit (Thermo
Fisher Scientific).
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Evaluation of serum

Levels of Nfl was measured from undiluted serum samples using a
commercial ELISA kit (Cloud-Clone) according to the manufac-
turer’s instructions.

RNA sequencing

Total RNA was extracted from brain tissue using the miRNeasy Mi-
cro Kit (QIAGEN) according to the manufacturer’s protocol. RNA
integrity was assessed before bulk RNA-seq, which was performed
in paired-end mode using the Illumina NovaSeq 6000 platform. Raw
FASTQ files were aligned to the GRCm38 reference genome using
STAR aligner with default parameters (102). The following analysis
steps were performed in R (v4.3.0) (R Core Team, R: A language and
environment for statistical computing, R Foundation for Statistical
Computing) and R Studio [v1.4.1717; RStudio Team, RStudio: Inte-
grated development for R, RStudio Inc., Boston, MA (2021)]. Genes
with fewer than 10 read counts in at least four samples were excluded
from the analysis, resulting in a filtered dataset of 20,271 genes for
downstream processing. Normalization of the count matrix was com-
puted with R/DESeq2 (v1.40.2) (103) and a variance stabilizing trans-
formation applied using the DESeq2 vst function at default settings.
Differential expression analysis based on the DESeq2 package was
performed adjusting P values according to independent hypothesis
weighting from the R/IHW package (v1.28.0) (104) and applying apeglm
shrinkage from the R/apeglm package (v1.22.1) (105). Differentially
expressed genes (DEGs) were defined on the basis of a fold change
threshold of >2 and a P value threshold of <0.05. A gene set enrichment
analysis was performed with the transformed data as the input using
R/fgsea (v1.26.0) (106), whereby the GO (107) and the Molecular Sig-
nature Database (MSigDB) (108, 109) Hallmark gene set were used.

Preparation of mouse primary neurons

Primary neurons were prepared from hippocampi dissected from
postnatal 0 (P0) to P1 wild-type mice of either sex. Hippocampi
were dissected in ice-cold Hanks’ balanced salt solution (Merck
Millipore) containing 1% penicillin/streptomycin (P/S). Then,
hippocampal tissue was digested in enzyme solution containing
Dulbecco’s minimum essential medium (DMEM; Thermo Fisher
Scientific), 3.3 mM cysteine, 2 mM CaCl,, 1 mM EDTA, and papain
(20 U/ml; Worthington) at 37°C for 30 min. Papain reaction was
inhibited by incubating digested hippocampal tissue in DMEM con-
taining 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 1%
P/S, 38 mM BSA, and 95 mM trypsin inhibitor at 37°C for 5 min.
Cells then were triturated in complete Neurobasal-A (NBA) medi-
um containing 10% FBS, 2% B-27, 1% GlutaMAX, and 1% P/S and
seeded in PLL (0.1 mg/ml)-coated glass bottom p-slide eight-well
imaging dishes (ibidi) at a seeding density of ~30,000 cells/cm?” for
IF experiments. For calcium (Ca**) imaging, neurons were seeded
in 96-well clear-bottom black microplates (Corning) at a seeding
density of 125,000 cells/cm? and maintained at 37°C and 5% CO,
until used for experiments. After 3 hours of seeding the neurons, the
medium was completely changed to FBS and phenol red-free com-
plete NBA medium. Every second day, one-fifth of the medium was
replaced by fresh complete NBA medium.

Differentiation of human neurons

Human neuronal stem cells (hNSCs) were differentiated using an
inducible Neurog2 hNSCs through doxycycline induction. hNSCs
were received from Berlin Institute of Health Core Unit pluripotent
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Stem Cells and Organoids, Charité-Berlin. Cells were seeded in lam-
inin 521 (Biolamina)-coated eight-well plates. The composition of
the differentiation medium was NBA, Neural Induction Supplement,
and Advanced DMEM/F12 (Gibco), supplemented by antibiotic
(Gibco) and doxycycline (Sigma-Aldrich). On day 4, the medium
change was performed by the medium supplemented with AraC
(Sigma-Aldrich) to reduce the number of nonneuronal cells. The
differentiation medium was refreshed every day, and the cells were
cultivated for 43 days in 37°C and 5% CO,.

Antibody binding curves on the neuronal surface

Primary mouse hippocampal neurons (DIV12) were fixed with 4%
PFA for 15 min at room temperature and blocked with 3% NGS in
PBS for 1 hour. For surface staining with AABs, the permeabilization
step was omitted. Neurons were then incubated overnight at 4°C with
increasing concentrations (0.01, 0.1, 1, and 10 pg/ml) of a-IgLONS5
AABs or pCitrl diluted in blocking buffer. The next day, cells were
washed with PBS and incubated for 2 hours at room temperature
with Alexa Fluor 488-conjugated a-human secondary antibodies.
After additional PBS washes, neurons were permeabilized with 0.3%
Triton X-100 in PBS for 20 min, reblocked, and stained overnight at
4°C with MAP2 primary antibodies. Alexa Fluor 555-conjugated
secondary antibodies were applied for 2 hours at room temperature
the following day. Nuclear staining was performed using DAPI (1:1000
in PBS, 10 min at room temperature), followed by a final PBS wash.
Neurons were imaged using a spinning disk confocal microscope
(Nikon CSU-X) equipped with a 10X objective lens. Quantitative
analysis of antibody binding was done by measuring the MFI within
dendritic regions. Dendrites were identified on the basis of MAP2-
positive staining and delineated using CellProfiler software. The MFI
was measured for each treatment concentration using Image] soft-
ware. Concentration-dependent binding curves were then generated.

Live staining (surface antigen binding)

Primary mouse hippocampal neurons (DIV12) were treated with
a-IgLON5 AABs or control antibodies (1 pg/ml) and kept at 37°C
and 5% CO, for 60 min. Then, neurons were washed with PBS before
fixation with 4% PFA in PBS for 15 min and then washed with TBS
for 10 min at room temperature. After fixation, neurons were blocked
with 3% NGS for 1 hour at room temperature and incubated with
antihuman 488 secondary antibodies for 2 hours at room temperature.
After three times 10 min PBS washes, nuclei were stained with DAPI
(1:1000 in PBS) for 10 min. Dishes were imaged with laser scanning
confocal microscope (Nikon, A1Rsi+) with a 60X oil objective.

Colocalization with synaptic markers

After the surface antigen labeling as described above, neurons were
permeabilized with PBS containing 0.3% Triton X-100 for 20 min at
room temperature. After two consecutive washing steps with excess
PBS, neurons were blocked again with 3% NGS for 1 hour. Neurons then
were incubated with primary antibodies, diluted in blocking solution,
for microtubule (MAP2) and presynaptic (synapsin-1) or postsynaptic
(PSD95) markers overnight at 4°C. Secondary antibody and DAPI
stainings were performed as described above. Dishes were imaged with
alaser scanning confocal microscope (Nikon, A1Rsi+) with a 60X oil
objective using the z-stack function (z-step, 0.5 pm). Same imaging
settings were used between each biological replicate (n = 3) to allow
the comparison for colocalization analysis, which was performed
using standard procedures and custom-made macros in Image].
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IgLON5 KD in Neuro2a cells and primary mouse neurons

To knock down mouse IgLON5, pAAV-U6-shRNA vectors encoding
either IgLON5-shRNA or scramble-shRNA, both expressing a BFP
marker, were obtained from VectorBuilder. Knockdown efficiency
was first validated in Neuro2a mouse neuroblastoma cells (American
Type Culture Collection, CCL-131). Cells were cultured to ~60%
confluence in DMEM supplemented with 10% FBS, 1% P/S, 2 mM
L-glutamine, and 1% NEAA and transfected using Lipofectamine
2000 per the manufacturer’s protocol. After 24 hours, cells were fixed
with 4% PFA, and surface IgLON5 staining was performed using
a-IgLONS5#1. Cell membranes were labeled with CellBrite-Red
(Biotium). Imaging was conducted on a spinning disk confocal micro-
scope (Nikon CSU-X, 40X objective). Following validation, AAV2/9
viral particles were produced by the Viral Core Facility at Charité
[IgLON5-shRNA: 8.26 X 10'2 vector genomes (VGs)/ml; scramble-
shRNA: 9.86 x 10"* VGs/ml]. At DIVS5, primary mouse hippocampal
neurons were transduced with serial dilutions (0.001 to 0.5 pl) of
IgLONS5-shRNA or scramble-shRNA AAVs. At DIV12, cells were
fixed and stained for surface IgLON5 using a-IgLON5#1, followed
by MAP2 staining for dendritic visualization. Imaging was performed
on a spinning disk confocal microscope (Nikon CSU-X, 10X objective).
Quantification of a-IgLON5 AAB binding was done by measuring
MFI in dendritic regions of ISLON5-shRNA and control neurons.

Tau missorting analysis in neurons

Primary neurons were treated with different concentrations of a-
IgLONS5 AABs or control antibodies for either 2 days or 5 days. For
Ca®" depletion experiments, neurons were treated with 10 uM cell-
permeable Ca** chelator, EGTA-AM (AAT Bioquest), 20 min before
the antibody treatment. After the treatments, neurons were fixed at
DIV9 to DIV12 with 4% PFA for 15 min and immunolabeled for
total Tau and MAP2 by following the IF protocol described above.
Antibody specifications are listed in table S1. Neurons were imaged
with a spinning disc confocal microscope (Nikon, CSU-X), using a 40X
oil objective. Identical imaging settings were used for all conditions.
ROIs were manually defined for the soma and nucleus on the basis
of signals from the MAP2 and DAPI channels, respectively. Mislocal-
ization of Tau into the somatodendritic compartment was quantified
by calculating MFI from the Tau channel using the following equation

— RawIntDen
— Area,

_ RawlIntDen
- Area

soma nucleus

MFI

soma nucleus

FTD-Tau aggregation analysis in neurons

Primary neurons (DIV5) were transduced with AAV2/9 serotype
viral particles encoding green fluorescent protein (GFP)-tagged
human full-length Tau (2N4R isoform) carrying two FTD-associated
mutations (AK280, P301L, and P301L/S320F) under human synapsin
1 (hSynl) or CAG promoter. At DIV12, neurons were treated with
either pCtrl or a-IgLON5 AABs (1 pg/ml) for 2 days, fixed on DIV 14,
and immunolabeled for MAP2 and DAPI. GFP-TauAK280- and
GFP-TauP301L-expressing neurons were treated with AABs for
7 days. Tau aggregates were manually counted and the percentage of
neurons with tangle-like Tau aggregates calculated as # tangles/#
DAPI + nuclei.

Cytotoxicity assay (LDH)

To assess cytotoxicity, neuronal culture supernatants were collected,
centrifuged at 1000g for 5 min, and analyzed using the CyQUANT
lactose dehydrogenase (LDH) assay (Thermo Fisher Scientific) per
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the manufacturer’s instructions. Absorbance was measured at A =
490 nm in Tecan Infinite M Plex plate reader.

Ca”* imaging in cultured neurons

For Ca”* imaging in cultured hippocampal neurons, AAV2/9 serotype
was used for neuron-specific expression of GCamp6f under the hSyn
promoter. AAVs expressing hSyn:mRuby2-P2A-GCamp6f were
produced by the Viral Core Facility of Charité Universititsmedizin,
Berlin (catalog number BA-026¢). AAVs (0.16 pl of 1.04 x 10" VGs/
ml) were added to hippocampal neurons cultured in 96-well plates
at DIV5. Ca®* recordings were performed at DIV13 to DIV15. Addi-
tionally, immunostaining for c-FOS, an immediate early gene marker
of neuronal activation, was performed in treated neurons to confirm
AAB-induced hyperactivity.

Ca** transient recordings

Neurons in 96-well plates expressing GCamp6f were imaged using a
wide field fluorescence microscope (Eclipse-Ti, Nikon) with a 10X
objective. Imaging dishes were placed in the live-cell imaging chamber
of the microscope to maintain an environment of 37°C, 5% CO,,
and ~95% humidity. a-IgLON5 AABs or control antibodies were
added to the wells by direct application. Bicuculline (30 pM for
5 min) and TTX (0.5 pM for 10 min) were included in the record-
ings as controls. Ca®* imaging was done in the green channel- and
mRuby-expressing neurons were visualized in the red channel. Ca**
transients were recorded for 180 s at ~8 Hz. Two to three wells in three
independent cultures were analyzed per condition.

Analysis

ROIs were created for each soma in the red channel using a custom-
written script in CellProfiler. Created ROIs were placed over each
frame of the video recorded in the green channel, and mean intensity
over time was measured using Image]. The .csv files containing MFI
from each image of the time-lapse videos were processed using the
FluoroSNAP application for AF/F0 conversion and spike detection
(110). In short, .csv files were uploaded to FluoroSNAP, and the func-
tion “Convert raw fluorescence data to AF/F0” was used to compute
baseline fluorescence by taking the average of the 50th percentile of
the signal across a 60-s time window. Ca®* transients from individual
ROIs were detected with a template-based approach. This method
identifies events by comparing a moving window of the Ca** signal to
a predefined library of Ca** waveform templates. Events were detected
with a similarity threshold of 0.75 and a minimum amplitude of 0.01.
Hyperactivity criteria were calculated for each time point indepen-
dently by taking the means + SD of the pCtrl group as a reference value
for normal activity: Spike frequencies larger than [means + 2*SD]
of pCtrl were considered as hyperactivity (111, 112).

Electrophysiology in primary autaptic cultures

Isolated primary neurons on micro islands of glial cells (“autaptic
cultures”) were prepared from wild-type mice as recently described
(113), with slight modifications. Briefly, 300-pm spots of a growth-
permissive substrate mix of collagen (0.7 mg/ml) and poly-D-lysine
(0.1 mg/ml) were printed on glass coverslips coated with agarose.
Astrocytes were seeded onto these coverslips in DMEM (Thermo
Fisher Scientific), supplemented with 10% fetal calf serum and 0.2% P/S
(Invitrogen). After formation of glia microislands, DMEM was replaced
with NBA supplemented with 2% B27 and 0.2% P/S. Hippocampal
neurons prepared from PO mice were added at a density of 370 cells/
cm?. Before electrophysiological recordings, autaptic cultures were
treated with antibodies at a final concentration of 0.1 pg/ml for 3 days.
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Electrophysiological recordings

Neurons were recorded at DIV13 to DIV17 at room temperature on
an IX73 inverted microscope (Olympus) using a MultiClamp 700B
amplifier under the control of a Digidata 1550 AD board and Clampex
10 software (all Molecular Devices). Data were acquired at 10 kHz and
filtered at 3 kHz, and series resistance was compensated at 70%. The
extracellular solution contained 140 mM NaCl, 2.4 mM KCl, 10 mM
Hepes, 10 mM glucose, 2 mM CaCl,, and 4 mM MgCl, (pH adjusted
to 7.3 with NaOH, 300 mosmol). The intracellular solution contained
136 mM KCl, 17.8 mM Hepes, 1 mM EGTA, 4.6 mM MgCl,, 4 mM
Na,ATP, 0.3 mM NaGTP, 12 mM disodium phosphocreatine, and
creatine phosphokinase (50 U/ml), pH adjusted to 7.3 with KOH,
300 mosmol. Autaptic neurons were recorded in whole-cell voltage
clamp mode using thick-walled borosilicate pipettes with a tip resis-
tance of 3 to 4 MQ. Membrane potential was set to —70 mV. Paired
EPSCs were evoked every 5 s by triggering two unclamped action po-
tentials with 40-ms interstimulus interval using 1-ms depolarizations
of the soma to 0 mV. The readily-releasable pool of synaptic vesicles
was determined by application of a hypertonic 500 mM sucrose so-
lution for 10 s. Electrophysiological recordings were analyzed us-
ing AxoGraph. The vesicular release probability was calculated as
the ration of the charge of the sucrose evoked response by the aver-
age charge of six EPSCs before the sucrose application. The paired-
pulse ratio was calculated as the ratio from the second and first
EPSC amplitude.

Antibody internalization experiments

a-IgLONS5 AABs and pCtrl were conjugated with endosomal-pH
sensitive red-fluorescent dye (pHrodo iFL Red STP ester, Thermo
Fisher Scientific) following the manufacturer’s instructions. pHrodo-
conjugated antibodies were applied at 5 pg/ml to primary mouse
hippocampal neurons (DIV12) for 2 days at 37°C. Images were cap-
tured on a spinning disc confocal microscope (Nikon, SoRa CSU-W1).

Cell surface clustering of a-lgLON5 AABs

Live primary mouse neurons (DIV12) were treated with a-IgLON5#1
or pCtrl (1 pg/ml) or left untreated (NT) and incubated at 37°C and
5% CO, for 60 min. After incubation, cells were washed with PBS,
fixed with 4% PFA, and surface stained using a-IgLON5 AABs as
described in the “Antibody binding curves on the neuronal surface”
section. MAP2 staining was used to visualize dendrites. Imaging was
performed on a Nikon A1Rsi+ laser scanning confocal microscope
using a 60X oil objective with z-stack (0.5-pum steps), applying consis-
tent settings across biological replicates. IgLONS5 cluster density, size,
and radius were quantified using a custom CellProfiler pipeline.

Fab fragment preparation and cell treatments

Fab fragments were generated from a-IgLON5#1 using a commer-
cially available Fab preparation kit (Thermo Fisher Scientific) fol-
lowing the manufacturer’s protocol. Briefly, IgG was digested with
papain to cleave the Fc region and isolate antigen-binding Fab frag-
ments. The resulting fragments were separated via SDS-PAGE to
confirm digestion efficiency. For all Fab assays, neurons were treated
with equimolecular concentrations of a-IgLON5#1, a-IgLON5#1 fab
fragment, or pCtrl.

Antibody-mediated cell surface proximity biotinylation
Primary mouse neurons (DIV12) were treated with a-IgLON5#1 or
pCtrl (1 pg/ml) for 60 min at 37°C. After washing with PBS, cells
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were fixed with 4% PFA for 10 min at room temperature, quenched
with 100 mM glycine (10 min), and treated with 0.5% H,O, (10 min)
to block endogenous peroxidase. Following PBS washes, cells
were blocked with 5% biotin-free BSA for 45 min at room tem-
perature and then incubated with HRP-conjugated a-human
secondary antibodies for 1 hour. Surface biotinylation was per-
formed using 250 pM biotin-tyramide (Iris Biotech) and 50 pM
H,O0, for 1 min at t room temperature, followed by quenching
with Trolox and sodium L-ascorbate. Cells were washed and pre-
pared for imaging.

IF assessment of biotinylation

Cells were stained with streptavidin-Alexa Fluor 555 to detect bioti-
nylated proteins and Alexa Fluor 488-conjugated a-human antibodies
to visualize bound a-IgLON5 AABs. Nuclei were counterstained with
DAPI. Imaging was conducted on a spinning disk confocal micro-
scope (Nikon CSU-X, 40x oil objective), and colocalization analysis
was performed using intensity profiling in Image].

Streptavidin pulldown and MS

Neurons were seeded into six-well plates (500,000 cells per well).
After surface biotinylation, cells were scraped with PBS, with three
wells (~1.5 million cells) pooled per condition. Pooled cells were
pelleted by centrifugation at 8000g for 5 min at room temperature to
remove supernatant. Cell pellet was lysed in ice-cold RIPA buffer
(with 0.5% SDS and protease/phosphatase inhibitors). Lysates were
sonicated, incubated on ice for 20 min, and boiled (99°C, 1 hour) for
decrosslinking. Soluble proteins were collected by centrifugation
(14,000¢, 20 min, 4°C), and protein concentration was determined
using a BCA assay (Thermo Fisher Scientific). For pulldown, strepta-
vidin magnetic beads (BioLabs) were equilibrated in RIPA buffer. For
each pulldown, 180 pg of protein lysate was incubated with beads
overnight at 4°C. Next day, beads were washed with ice-cold RIPA
buffer, and biotinylated proteins were separated from the beads
through competitive elution by adding 10 mM biotin-tyramide to
the bead slurry and by boiling at 95°C for 10 min. The eluted proteins
were stored at —80°C for subsequent MS analysis. In addition to the
pulldown samples, 30 pg of total protein lysates from a-IgLON5#1
or pCtrl-treated neurons were included in the MS analysis to ensure
that the protein composition in the input samples was comparable
across treatment conditions.

MS sample preparation and analysis

Pulldown (~110 pl) and total lysate (~50 pl) samples were thawed on
ice and treated with 0.2 and 0.5 pl of nuclease, respectively. Samples
were diluted 1:1 with 50 mM ammonium bicarbonate (ABC). SP3-
beads (Sera-Mag SpeedBeads) were prepared as described before (114),
and 10 pl of beads per pulldown and 15 pl of beads per lysates samples
were added. Acetonitrile was added to a final concentration of 70%
(v/v), samples were incubated for 30 min at 24°C with shaking
(1000 rpm), and supernatants were discarded. Beads were resuspended
in 20 pl of 50 mM ABC and reduced with 3 pl of 200 mM DTT at
45°C for 20 min (1200 rpm). After cooling to room temperature,
7 pl of 400 mM iodoacetamide was added, and the samples were
incubated at 24°C with shaking at 1200 rpm for 30 min, followed by
addition of 3 pl of 200 mM DTT. Freshly prepared 10 pl of SP3-beads
were added to the sample still containing previous beads, and ACN
was added to a final concentration of 70% (v/v). After incubation for
30 min shaking at 24°C, the beads were washed four times with 80%
ethanol, and the supernatant was discarded. For digestion, 20 pl of
digestion mix [trypsin (0.03 pg/pl), Lys-C (0.015 pg/pl), and 50 mM
ABC] was added per 20 pg of protein. The samples were gently spun
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and incubated overnight at 37°C. Supernatants were subsequently
filtered thorough preequilibrated [0.1% formic acid (FA)] Spin-X
0.22-pm filters and collected in a fresh tube. The remaining beads
were resuspended in 20 pl of 0.1% FA and sonicated twice for 30 s in
a water bath, and eluates were filtered through Spin-X 0.22-pm filters.
Both eluates were combined and dried by vacuum centrifugation.
Dried peptides were reconstituted in 13 pl of 0.1% FA. In total, 6 pl of
pulldowns and 350 ng of peptides per lysate were injected via a
nanoElute nanoHPLC system (Bruker, Germany) coupled to a timsTOF
Pro mass spectrometer (Bruker, Germany) with a CaptiveSpray ion
source (Bruker, Germany). Samples were separated on an in-house
packed C18 analytical column (15 cm by 75 pm inner diameter,
ReproSil-Pur 120 C18-AQ, 1.9 pm, Dr. Maisch GmbH) using a gradient
of water and ACN (B) at 300 nl/min containing 0.1% FA (0 min, 2%
B; 2 min, 5% B; 62 min, 24% B; 72 min, 35% B; and 75 min, 60% B)
at a column temperature of 50°C. Spectra were acquired with Data
Independent Acquisition Parallel Accumulation-Serial Fragmentation
(diaPASEF). Ion accumulation and separation using trapped ion mo-
bility spectrometry (TIMS) was set to a ramp time of 100 ms. One
scan cycle consisted of a TIMS full MS scan and 26 windows with a
width of 27 mass/charge ratio (m/z) covering an m/z range of 350 to
1002 m/z. Two windows were recorded per PASEF scan, resulting in
a cycle time of 1.4 s.

MS data processing

MS data were analyzed with DIA-NN version 1.8.2 (115). A library
free search was performed against a mouse FASTA database including
common contaminants. Methionine oxidation and acetylation of
protein N termini were set as variable modifications, and carbamido-
methylation of cysteine residues was set as fixed modification.
The match between runs-option was enabled while data normal-
ization was disabled. Charge states from two to four with an m/z
range of 300 to 1400 were considered. Trypsin with up to two
missed cleavages was set as digestion condition. Mass accuracy
and ion mobility settings were set to automatic. Statistical data
processing was performed with the freeware tool Perseus version
2.0.11 (116).

Statistical analysis

All data plotting and statistical analyses were performed in GraphPad
Prism 10. Comparisons between two groups were performed
using the unpaired ¢ tests, while one-way analysis of variance
(ANOVA) followed by Tukey’s test used for multiple group com-
parisons, as specified in the figure legends. Statistical significance
was denoted as follows: *P < 0.05, **P < 0.01, ***P < 0.001,
#EFEED <0.0001.

Data and code
RNA-seq data generated in this study are available in the Gene
Expression Omnibus (GEO) at www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE298951, under the accession number GSE298951.
Lists of DEG can be found in data S1. All original code to reproduce
key steps of the RNA-seq analysis has been deposited at GitLab (https://
gitlab.dzne.de/ag-ulas/iglon5-autoimmune-antibody-influence-
on-neurons) and Zenodo (https://doi.org/10.5281/zenodo.19454006).
The proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset iden-
tifier PXD066225. Lists of differentially enriched proteins can be
found in data S3.

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1to S5

Table S1

Legends for data S1 to S4

Other Supplementary Material for this manuscript includes the following:
Data S1to S4

REFERENCES

1. H.Priss, Autoantibodies in neurological disease. Nat. Rev. Immunol. 21, 798-813 (2021).

2. J.Dalmau, C. Geis, F. Graus, Autoantibodies to synaptic receptors and neuronal cell
surface proteins in autoimmune diseases of the central nervous system. Physiol. Rev. 97,
839-887 (2017).

3. L.Sabater, C. Gaig, E. Gelpi, L. Bataller, J. Lewerenz, E. Torres-Vega, A. Contreras,

B. Giometto, Y. Compta, C. Embid, I. Vilaseca, A. Iranzo, J. Santamaria, J. Dalmau, F. Graus,
A novel non-rapid-eye movement and rapid-eye-movement parasomnia with sleep
breathing disorder associated with antibodies to IgLON5: A case series, characterisation
of the antigen, and post-mortem study. Lancet Neurol. 13, 575-586 (2014).

4. Y.Fu, X. Zou, L. Liu, Epileptic seizures and right-sided hippocampal swelling as
presenting symptoms of anti-lgLON5 disease: A case report and systematic review of the
literature. Front. Neurol. 13, 800298 (2022).

5. T.Gruter, F. E. Mollers, A. Tietz, J. Dargvainiene, N. Melzer, A. Heidbreder, C. Strippel,

A. Kraft, R. Hoftberger, F. Schoberl, F. S. Thaler, J. Wickel, H. Y. Chung, F. Seifert,

M. Tschernatsch, M. Nagel, J. Lewerenz, S. Jarius, B. C. Wildemann, L. de Azevedo,

F. Heidenreich, R. Heusgen, U. Hofstadt-Van Oy, A. Linsa, J. J. MaaB3, T. Meng,

M. Ringelstein, D. J. Pedrosa, J. Schill, T. Seifert-Held, C. Seitz, S. Tonner, C. Urbanek,

S. Zittel, R. Markewitz, M. Korporal-Kuhnke, T. Schmitter, C. Finke, N. Briiggemann,

C. 1. Bien, I. Kleiter, R. Gold, K. P. Wandinger, G. Kuhlenbdumer, F. Leypoldt, I. Ayzenberg,
German Network for Research on Autoimmune Encephalitis (GENERATE), Clinical,
serological and genetic predictors of response to immunotherapy in anti-lgLON5
disease. Brain 146, 600-611 (2023).

6. N.Madetko, W. Marzec, A. Kowalska, D. Przewodowska, P. Alster, D. Koziorowski,
Anti-lgLONS5 disease - The current state of knowledge and further perspectives. Front.
Immunol. 13, 852215 (2022).

7. E.Gelpi, R. Hoftberger, F. Graus, H. Ling, J. L. Holton, T. Dawson, M. Popovic,

J. Pretnar-Oblak, B. Hogl, E. Schmutzhard, W. Poewe, G. Ricken, J. Santamaria, J. Dalmau,
H. Budka, T. Revesz, G. G. Kovacs, Neuropathological criteria of anti-IgLON5-related
tauopathy. Acta Neuropathol. 132, 531-543 (2016).

8. E.Gelpi, R. Reinecke, C. Gaig, A. Iranzo, L. Sabater, L. Molina-Porcel, I. Aldecoa, V. Endmayr,
B. Hogl, E. Schmutzhard, W. Poewe, B. Pfausler, M. Popovic, J. Pretnar-Oblak, F. Leypoldt,
J. Matschke, M. Glatzel, E. M. Erro, |. Jerico, M. C. Caballero, M. V. Zelaya, S. Mariotto,

A. Heidbreder, O. Kalev, S. Weis, S. Macher, E. Berger-Sieczkowski, J. Ferrari, C. Reisinger,
N. Klupp, P.Tienari, O. Rautila, M. Niemel3, D. Yilmazer-Hanke, M. Guasp, B. Bloem,

J.Van Gaalen, B. Kusters, M. Titulaer, N. L. Fransen, J. Santamaria, T. Dawson, J. L. Holton,
H.Ling, T. Revesz, L. Myllykangas, H. Budka, G. G. Kovacs, J. Lewerenz, J. Dalmau, F. Graus,
1. Koneczny, R. Hoftberger, Neuropathological spectrum of anti-IgLON5 disease and
stages of brainstem tau pathology: Updated neuropathological research criteria of the
disease-related tauopathy. Acta Neuropathol. 148, 53 (2024).

9. M. G. Spillantini, M. Goedert, Tau pathology and neurodegeneration. Lancet Neurol. 12,
609-622 (2013).

10. K.lgbal, A. Del, C. Alonso, S. Chen, M. O. Chohan, E. El-Akkad, C. X. Gong, S. Khatoon, B. Li,
F.Liu, A. Rahman, H. Tanimukai, I. Grundke-Igbal, Tau pathology in Alzheimer disease and
other tauopathies. Biochim. Biophys. Acta 1739, 198-210 (2005).

11. Tissue expression of IGLON5 - Summary - The Human Protein Atlas. www.proteinatlas.
org/ENSG00000142549-IGLON5/tissue.

12. T.Vanaveski, K. Singh, J. Narvik, K.-L. Eskla, T. Visnapuu, I. Heinla, M. Jayaram, J. Innos,

K. Lillevéli, M. A. Philips, E. Vasar, Promoter-specific expression and genomic structure of
IgLON family genes in mouse. Front. Neurosci. 11, 38 (2017).

13. F.M.Ranaivoson, L. S. Turk, S. Ozgul, S. Kakehi, S. von Daake, N. Lopez, L. Trobiani,

A.De Jaco, N. Denissova, B. Demeler, E. Ozkan, G.T. Montelione, D. Comoletti, A
proteomic screen of neuronal cell-surface molecules reveals IgLONSs as structurally
conserved interaction modules at the synapse. Structure 27, 893-906.e9 (2019).

14. H.Venkannagari, J. M. Kasper, A. Misra, S. A. Rush, S. Fan, H. Lee, H. Sun, S. Seshadrinathan,

M. Machius, J. D. Hommel, G. Rudenko, Highly conserved molecular features in IgLONs

contrast their distinct structural and biological outcomes. J. Mol. Biol. 432, 5287-5303 (2020).

15. J.Landa, A. B. Serafim, C. Gaig, A. Saiz, . Koneczny, R. Hoftberger, J. Santamaria,
J. Dalmau, F. Graus, L. Sabater, Patients’ IgLON5 autoantibodies interfere with
IgLON5-protein interactions. Front. Inmunol. 14, 1151574 (2023).

18 of 21

9202 ‘TZ A2\ Uo (INZQA) "A @ usbBunuess3 anireeusbapoIna 1) WNuaZ sayasineq e B1o'aoua 0s"Mmm//:sdny Wwody papeojumoq


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE298951
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE298951
https://gitlab.dzne.de/ag-ulas/iglon5-autoimmune-antibody-influence-on-neurons
https://gitlab.dzne.de/ag-ulas/iglon5-autoimmune-antibody-influence-on-neurons
https://gitlab.dzne.de/ag-ulas/iglon5-autoimmune-antibody-influence-on-neurons
https://doi.org/10.5281/zenodo.19454006
http://www.proteinatlas.org/ENSG00000142549-IGLON5/tissue
http://www.proteinatlas.org/ENSG00000142549-IGLON5/tissue

SCIENCE ADVANCES | RESEARCH ARTICLE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

Askin et al., Sci. Adv. 12, eaec2042 (2026)

. T.Hashimoto, S. Maekawa, S. Miyata, IgLON cell adhesion molecules regulate

synaptogenesis in hippocampal neurons. Cell Biochem. Funct. 27, 496-498 (2009).

. K. Karis, K-L. Eskla, M. Kaare, K. Téht, J. Tuusov, T. Visnapuu, J. Innos, M. Jayaram,

T.Timmusk, C. S. Weickert, M. Vali, E. Vasar, M.-A. Philips, Altered expression profile of
igLON family of neural cell adhesion molecules in the dorsolateral prefrontal cortex of
schizophrenic patients. Front. Mol. Neurosci. 11, 8 (2018).

. R.Sanz, G. B. Ferraro, A. E. Fournier, IgLON cell adhesion molecules are shed from the cell

surface of cortical neurons to promote neuronal growth. J. Biol. Chem. 290, 4330-4342
(2015).

. L. Sabater, J. Planaguma, J. Dalmau, F. Graus, Cellular investigations with human antibodies

associated with the anti-lgLON5 syndrome. J. Neuroinflammation 13, 226 (2016).

J. Landa, C. Gaig, J. Plaguma, A. Saiz, A. Antonell, R. Sanchez-Valle, J. Dalmau, F. Graus,

L. Sabater, Effects of IgLON5 antibodies on neuronal cytoskeleton: A link between
autoimmunity and neurodegeneration. Ann. Neurol. 88, 1023-1027 (2020).

M. Ryding, M. Gamre, M. S. Nissen, A. C. Nilsson, J. Okarmus, A. A. E. Poulsen, M. Meyer,
M. Blaabjerg, Neurodegeneration induced by anti-IgLON5 antibodies studied in induced
pluripotent stem cell-derived human neurons. Cells 10, 837 (2021).

E. Berger-Sieczkowski, V. Endmayr, C. Haider, G. Ricken, P. Jauk, S. Macher, W. Pirker,

B. Hogl, A. Heidbreder, P. Schnider, E. Bradley-Zechmeister, S. Mariotto, |. Koneczny,

R. Reinecke, G. Kasprian, C. Weber, M. Bergmann, I. Milenkovic, T. Berger, C. Gaig,

L. Sabater, F. Graus, E. Gelpi, R. Hoftberger, Analysis of inflammatory markers and tau
deposits in an autopsy series of nine patients with anti-lgLON5 disease.

Acta Neuropathol. 146, 631-645 (2023).

K. H. Strang, C. L. Croft, Z. A. Sorrentino, P. Chakrabarty, T. E. Golde, B. . Giasson, Distinct
differences in prion-like seeding and aggregation between Tau protein variants provide
mechanistic insights into tauopathies. J. Biol. Chem. 293, 2408-2421 (2018).
J.Hochmair, M. C. M. van den Oetelaar, L. Ravatt, L. Diez, L. J. M. Lemmens, R. Ponce-Lina,
R. Sankar, M. Franck, G. Nolte, E. Semenova, S. Mohapatra, C. Ottmann, L. Brunsveld,
S.Wegmann, Stoichiometric 14-3-3¢ binding promotes phospho-Tau microtubule
dissociation and reduces aggregation and condensation. Commun. Biol. 8, 1139
(2025).

H. Zempel, E. Mandelkow, Lost after translation: Missorting of Tau protein and
consequences for Alzheimer disease. Trends Neurosci. 37,721-732 (2014).

C. M. Moloney, V. J. Lowe, M. E. Murray, Visualization of neurofibrillary tangle maturity in
Alzheimer’s disease: A clinicopathologic perspective for biomarker research. Alzheimers
Dement. 17, 1554-1574 (2021).

G. Canet, E. Rocaboy, F. Laliberté, E. Boscher, I. Guisle, S. Diego-Diaz,

P. Fereydouni-Forouzandeh, R. A. Whittington, S. S. Hébert, V. Pernet, E. Planel,
Temperature-induced artifacts in Tau phosphorylation: Implications for reliable
Alzheimer’s disease research. Exp. Neurobiol. 32, 423-440 (2023).

S. L. DeVos, D. K. Goncharoff, G. Chen, C. S. Kebodeaux, K. Yamada, F. R. Stewart,

D.R. Schuler, S. E. Maloney, D. F. Wozniak, F. Rigo, C. F. Bennett, J. R. Cirrito,

D. M. Holtzman, T. M. Miller, Antisense reduction of tau in adult mice protects against
seizures. J. Neurosci. 33, 12887-12897 (2013).

A. L. Gheyara, R. Ponnusamy, B. Djukic, R. J. Craft, K. Ho, W. Guo, M. M. Finucane,

P.E. Sanchez, L. Mucke, Tau reduction prevents disease in a mouse model of Dravet
syndrome. Ann. Neurol. 76, 443-456 (2014).

A. D. Bachstetter, J. M. Morganti, C. N. Bodnar, S. J. Webster, E. K. Higgins, K. N. Roberts,
H. Snider, S. E. Meier, G. K. Nation, D. S. Goulding, M. Hamm, D. K. Powell, M. Vandsburger,
L.J. Van Eldik, J. F. Abisambra, The effects of mild closed head injuries on tauopathy and
cognitive deficits in rodents: Primary results in wild type and rTg4510 mice, and a
systematic review. Exp. Neurol. 326, 113180 (2020).

J. Z.Wang, |. Grundke-Igbal, K. Igbal, Kinases and phosphatases and tau sites involved in
Alzheimer neurofibrillary degeneration. Eur. J. Neurosci. 25, 59-68 (2007).

J. Wagner, K. Degenhardt, M. Veit, N. Louros, K. Konstantoulea, A. Skodras, K. Wild, P. Liu,
U. Obermiiller, V. Bansal, A. Dalmia, L. M. Hésler, M. Lambert, M. De Vleeschouwer,

H. A. Davies, J. Madine, D. Kronenberg-Versteeg, R. Feederle, D. Del Turco, K. P. R. Nilsson,
T.Lashley, T. Deller, M. Gearing, L. C. Walker, P. Heutink, F. Rousseau, J. Schymkowitz,

M. Jucker, J. J. Neher, Medin co-aggregates with vascular amyloid-f in Alzheimer’s
disease. Nature 612, 123-131 (2022).

O. Preische, S. A. Schultz, A. Apel, J. Kuhle, S. A. Kaeser, C. Barro, S. Gréber,

E. Kuder-Buletta, C. LaFougere, C. Laske, J. Voglein, J. Levin, C. Masters, R. Martins,

P. Schofield, M. N. Rossor, N. Graff-Radford, S. Salloway, B. Ghetti, J. Ringman, J. Noble,

J. Chhatwal, A. Goate, T. Benzinger, J. Morris, R. Bateman, G. Wang, A. Fagan, E. McDade,
B. Gordon, M. Jucker, Dominantly Inherited Alzheimer Network, Serum neurofilament
dynamics predicts neurodegeneration and clinical progression in presymptomatic
Alzheimer’s disease. Nat. Med. 25, 277-283 (2019).

Y.Yoshiyama, M. Higuchi, B. Zhang, S.-M. Huang, N. Iwata, T. C. Saido, J. Maeda, T. Suhara,
J. Q. Trojanowski, V. M.-Y. Lee, Synapse loss and microglial activation precede tangles ina
P301S tauopathy mouse model. Neuron 53, 337-351 (2007).

S.Wegmann, R. E. Bennett, L. Delorme, A. B. Robbins, M. Hu, D. McKenzie, M. J. Kirk,

J. Schiantarelli, N. Tunio, A. C. Amaral, Z. Fan, S. Nicholls, E. Hudry, B. T. Hyman,

13 May 2026

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Experimental evidence for the age dependence of tau protein spread in the brain. Sci.
Adv. 5, eaaw6404 (2019).

Y. Gao, J. Zheng, T. Jiang, G. Pi, F. Sun, R. Xiong, W. Wang, D. Wu, S. Li, H. Lei, H. Yu, Q. Zhou,
Y.Yang, H. Zhang, J. Z. Wang, Targeted reducing of tauopathy alleviates epileptic seizures
and spatial memory impairment in an optogenetically inducible mouse model of
epilepsy. Front. Cell Dev. Biol. 8, 633725 (2021).

H. Zempel, E. Thies, E. Mandelkow, E.-M. Mandelkow, Ap oligomers cause localized Ca*t
elevation, missorting of endogenous Tau into dendrites, Tau phosphorylation, and
destruction of microtubules and spines. J. Neurosci. 30, 11938-11950 (2010).

N. K. Wenke, J. Kreye, E. Andrzejak, A. van Casteren, J. Leubner, M. S. Murgueitio,

S. M. Reincke, C. Secker, L. Schmidl, C. Geis, F. Ackermann, M. Nikolaus, C. C. Garner,

H. Wardemann, G. Wolber, H. Priiss, N-methyl-D-aspartate receptor dysfunction by
unmutated human antibodies against the NR1 subunit. Ann. Neurol. 85, 771-776 (2019).
G. E. Hardingham, F. J. L. Arnold, H. Bading, A calcium microdomain near NMDA
receptors: On switch for ERK-dependent synapse-to-nucleus communication. Nat.
Neurosci. 4, 565-566 (2001).

P.Kudela, G. K. Bergey, P. J. Franaszczuk, Calcium involvement in regulation of neuronal
bursting in disinhibited neuronal networks: Insights from calcium studies in a spherical
cell model. Biophys. J. 97, 3065-3074 (2009).

A. J. Gill, A. Venkatesan, Pathogenic mechanisms in neuronal surface autoantibody-
mediated encephalitis. J. Neuroimmunol. 368, 577867 (2022).

J. Kreye, N. K. Wenke, M. Chayka, J. Leubner, R. Murugan, N. Maier, B. Jurek, L. T. Ly,

D. Brandl, B. R. Rost, A. Stumpf, P. Schulz, H. Radbruch, A. E. Hauser, F. Pache, A. Meisel,

L. Harms, F. Paul, U. Dirnagl, C. Garner, D. Schmitz, H. Wardemann, H. Priiss, Human
cerebrospinal fluid monoclonal N-methyl-D-aspartate receptor autoantibodies are
sufficient for encephalitis pathogenesis. Brain 139, 2641-2652 (2016).

L. Mikasova, P. De Rossi, D. Bouchet, F. Georges, V. Rogemond, A. Didelot, C. Meissirel,

J. Honnorat, L. Groc, Disrupted surface cross-talk between NMDA and Ephrin-B2
receptors in anti-NMDA encephalitis. Brain 135, 1606-1621 (2012).

Z. Jamet, C. Mergaux, M. Meras, D. Bouchet, F. Villega, J. Kreye, H. Priss, L. Groc, NMDA
receptor autoantibodies primarily impair the extrasynaptic compartment. Brain 147,
2745-2760 (2024).

T. Ohkawa, Y. Fukata, M. Yamasaki, T. Miyazaki, N. Yokoi, H. Takashima, M. Watanabe,

0. Watanabe, M. Fukata, Autoantibodies to epilepsy-related LGI1 in limbic encephalitis
neutralize LGI1-ADAM22 interaction and reduce synaptic AMPA receptors. J. Neurosci. 33,
18161-18174 (2013).

M. Upadhya, T. Kirmann, M. A. Wilson, C. M. Simon, D. Dhangar, C. Geis, R. Williams,
G.Woodhall, S. Hallermann, S. R. Irani, S. K. Wright, Peripherally-derived LGI1-reactive
monoclonal antibodies cause epileptic seizures in vivo. Brain 147, 2636-2642 (2024).

M. Upadhya, A. Stumpf, J. O'Brien-Cairney, C. C. Gdmez, J. D6ring, J. Hoffmann, S. Mueller,
Y. Fukata, S. van Hoof, D. Dhangar, M. A. Wilson, A. Atwal, R. Rosch, G. Woodhall,
P.Boehm-Sturm, M. Fukata, J. Kreye, D. Schmitz, S. K. Wright, H. C. Kornau, H. Priss,
Patient-derived monoclonal LGI1 autoantibodies elicit seizures, behavioral changes and
brain MRI abnormalities in rodent models. Brain Behav. Immun. 126, 342-355 (2025).

U. Schulte, J. O. Thumfart, N. Klocker, C. A. Sailer, W. Bildl, M. Biniossek, D. Dehn, T. Deller,
S. Eble, K. Abbass, T. Wangler, H. G. Knaus, B. Fakler, The epilepsy-linked Lgi1 protein
assembles into presynaptic Kv1 channels and inhibits inactivation by Kvp1. Neuron 49,
697-706 (2006).

E. G. Hughes, X. Peng, A. J. Gleichman, M. Lai, L. Zhou, R. Tsou, T. D. Parsons, D. R. Lynch,
J. Dalmau, R. J. Balice-Gordon, Cellular and synaptic mechanisms of anti-NMDA receptor
encephalitis. J. Neurosci. 30, 5866-5875 (2010).

J.Kreye, S. K. Wright, A. van Casteren, L. Stoffler, M. L. Machule, S. M. Reincke, M. Nikolaus,
S.van Hoof, E. Sanchez-Sendin, M. A. Homeyer, C. C. Gémez, H. C. Kornau, D. Schmitz,

A. M. Kaindl, P. Boehm-Sturm, S. Mueller, M. A. Wilson, M. A. Upadhya, D. R. Dhangar,

S. Greenhill, G. Woodhall, P. Turko, . Vida, C. C. Garner, J. Wickel, C. Geis, Y. Fukata,

M. Fukata, H. Pruss, Encephalitis patient-derived monoclonal GABAA receptor antibodies
cause epileptic seizures. J. Exp. Med. 218, €20210012 (2021).

M. Ceanga, V. Rahmati, H. Haselmann, L. Schmidl, D. Hunter, A. K. Brauer, S. Liebscher,

J. Kreye, H. Priiss, L. Grog, S. Hallermann, J. Dalmau, A. Ori, M. Heckmann, C. Geis, Human
NMDAR autoantibodies disrupt excitatory-inhibitory balance, leading to hippocampal
network hypersynchrony. Cell Rep. 42, 113166 (2023).

H. C. Kornau, J. Kreye, A. Stumpf, Y. Fukata, D. Parthier, R. P. Sammons, B. Imbrosci,

S. Kurpjuweit, A. B. Kowski, M. Fukata, H. Priss, D. Schmitz, Human cerebrospinal fluid
monoclonal LGI1 autoantibodies increase neuronal excitability. Ann. Neurol. 87, 405-418
(2020).

Y.Ni, Y. Feng, D. Shen, M. Chen, X. Zhu, Q. Zhou, Y. Gao, J. Liu, Q. Zhang, Y. Shen, L. Peng,
Z.Zeng, D.Yin, J. Hu, S. Chen, Anti-lgLONS5 antibodies cause progressive behavioral and
neuropathological changes in mice. J. Neuroinflammation 19, 140 (2022).

S. Alvente, G. Matteoli, L. Molina-Porcel, J. Landa, M. Alba, S. Bastianini, C. Berteotti,

F. Graus, V. Lo Martire, L. Sabater, G. Zoccoli, A. Silvani, Pilot study of the effects of chronic
intracerebroventricular infusion of human anti-IgLON5 disease antibodies in mice. Cells
11,1024 (2022).

19 of 21

9202 ‘Tz A2\ U0 (INZQ) " A @ usbunxuelyi3 aAleeUSBapoInaN 1) WNUeZ sayssine e H10'adus 198 mmmy/:sdny wouy papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Askin et al., Sci. Adv. 12, eaec2042 (2026)

S. Aurangzeb, M. Symmonds, R. K. Knight, R. Kennett, T. Wehner, S. R. Irani, LGI1-antibody
encephalitis is characterised by frequent, multifocal clinical and subclinical seizures.
Seizure 50, 14-17 (2017).

S. A. Alpizar, I. H. Cho, M. B. Hoppa, Subcellular control of membrane excitability in the
axon. Curr. Opin. Neurobiol. 57, 117-125 (2019).

C.T.Bond, J. Maylie, J. P. Adelman, SK channels in excitability, pacemaking and synaptic
integration. Curr. Opin. Neurobiol. 15, 305-311 (2005).

P.S. Pinheiro, D. Perrais, F. Coussen, J. Barhanin, B. Bettler, J. R. Mann, J. O. Malva,
S.F.Heinemann, C. Mulle, GIuR7 is an essential subunit of presynaptic kainate
autoreceptors at hippocampal mossy fiber synapses. Proc. Natl. Acad. Sci. U.S.A. 104,
12181-12186 (2007).

G. K. Povlisen, D. K. Ditlevsen, V. Berezin, E. Bock, Intracellular signaling by the neural cell
adhesion molecule. Neurochem. Res. 28, 127-141 (2003).

R.S. Schmid, P. F. Maness, L1 and NCAM adhesion molecules as signaling coreceptors
in neuronal migration and process outgrowth. Curr. Opin. Neurobiol. 18, 245-250
(2008).

T. C. Foster, Calcium homeostasis and modulation of synaptic plasticity in the aged brain.

Aging Cell 6,319-325 (2007).

G. Amadoro, M. T. Ciotti, M. Costanzi, V. Cestari, P. Calissano, N. Canu, NMDA receptor
mediates tau-induced neurotoxicity by calpain and ERK/MAPK activation. Proc. Natl.
Acad. Sci. U.S.A. 103, 2892-2897 (2006).

G. Mairet-Coello, J. Courchet, S. Pieraut, V. Courchet, A. Maximoyv, F. Polleux, The
CAMKK2-AMPK kinase pathway mediates the synaptotoxic effects of AB oligomers
through Tau phosphorylation. Neuron 78, 94-108 (2013).

M. J. Berridge, Calcium regulation of neural rhythms, memory and Alzheimer’s disease. J.
Physiol. 592,281-293 (2014).

D. Datta, S. N. Leslie, M. Wang, Y. M. Morozov, S. Yang, S. A. Mentone, C. Zeiss, A. Duque,
P.Rakic, T. L. Horvath, C. H. van Dyck, A. C. Nairn, A. F. T. Arnsten, Age-related calcium
dysregulation linked with tau pathology and impaired cognition in non-human
primates. Alzheimers Dement. 17, 920-932 (2021).

K. Papanikolopoulou, E. M. C. Skoulakis, Altered proteostasis in neurodegenerative
tauopathies. Adv. Exp. Med. Biol. 1233, 177-194 (2020).

S. Meier, M. Bell, D. N. Lyons, J. Rodriguez-Rivera, A. Ingram, S. N. Fontaine, E. Mechas,

J. Chen, B. Wolozin, H. Le Vine, H. Zhu, J. F. Abisambra, Pathological tau promotes
neuronal damage by impairing ribosomal function and decreasing protein synthesis. J.
Neurosci. 36,957-962 (2016).

T.Vanderweyde, D. J. Apicco, K. Youmans-Kidder, P. E. A. Ash, C. Cook,

E. Lummertz da Rocha, K. Jansen-West, A. A. Frame, A. Citro, J. D. Leszyk, P. lvanov,

J.F. Abisambra, M. Steffen, H. Li, L. Petrucelli, B. Wolozin, Interaction of tau with the
RNA-binding protein TIA1 regulates tau pathophysiology and toxicity. Cell Rep. 15,
1455-1466 (2016).

B. Eftekharzadeh, J. G. Daigle, L. E. Kapinos, A. Coyne, J. Schiantarelli, Y. Carlomagno,

C. Cook, S. J. Miller, S. Dujardin, A. S. Amaral, J. C. Grima, R. E. Bennett, K. Tepper,

M. DeTure, C. R.Vanderburgh, B.T. Corjuc, S. L. DeVos, J. A. Gonzalez, J. Chew, S. Vidensky,
F.H. Gage, J. Mertens, J. Troncoso, E. Mandelkow, X. Salvatella, R.Y. H. Lim, L. Petrucelli,
S.Wegmann, J. D. Rothstein, B. T. Hyman, Tau protein disrupts nucleocytoplasmic
transport in Alzheimer’s disease. Neuron 99, 925-940.e7 (2018).

X.Y.Tai, M. Koepp, J. S. Duncan, N. Fox, P.Thompson, S. Baxendale, J. Y. W. Liu, C. Reeves,
Z. Michalak, M. Thom, Hyperphosphorylated tau in patients with refractory epilepsy
correlates with cognitive decline: A study of temporal lobe resections. Brain 139,
2441-2455 (2016).

B. Styr, I. Slutsky, Imbalance between firing homeostasis and synaptic plasticity drives
early-phase Alzheimer’s disease. Nat. Neurosci. 21, 463-473 (2018).

W. J. Lee, J. A. Brown, H. R. Kim, R. La Joie, H. Cho, C. H. Lyoo, G. D. Rabinovici, J. K. Seong,
W. W. Seeley, Alzheimer’s Disease Neuroimaging Initiative, Regional Af-tau interactions
promote onset and acceleration of Alzheimer’s disease tau spreading. Neuron 110,
1932-1943.e5 (2022).

J. Giorgio, J. N. Adams, A. Maass, W. J. Jagust, M. Breakspear, Amyloid induced
hyperexcitability in default mode network drives medial temporal hyperactivity and
early tau accumulation. Neuron 112, 676-686.e4 (2024).

A. M. Pooler, E. C. Phillips, D. H. W. Lau, W. Noble, D. P. Hanger, Physiological release of
endogenous tau is stimulated by neuronal activity. EMBO Rep. 14, 389-394 (2013).
J.W.Wu, S. A. Hussaini, I. M. Bastille, G. A. Rodriguez, A. Mrejeru, K. Rilett, D. W. Sanders,
C. Cook, H. Fu, R. A. C. M. Boonen, M. Herman, E. Nahmani, S. Emrani, Y. H. Figueroa,

M. I. Diamond, C. L. Clelland, S. Wray, K. E. Duff, Neuronal activity enhances tau
propagation and tau pathology in vivo. Nat. Neurosci. 19, 1085-1092 (2016).

C. Bancher, H. Leitner, K. Jellinger, H. Eder, U. Setinek, P. Fischer, J. Wegiel,

H. M. Wisniewski, On the relationship between measles virus and Alzheimer
neurofibrillary tangles in subacute sclerosing panencephalitis. Neurobiol. Aging 17,
527-533(1996).

M. S. Pollanen, S. Onzivua, J. Robertson, P. M. McKeever, F. Olawa, D. L. Kitara, A. Fong,
Nodding syndrome in Uganda is a tauopathy. Acta Neuropathol. 136, 691-697 (2018).

13 May 2026

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

J. M. Decker, L. Kriiger, A. Sydow, S. Zhao, M. Frotscher, E. Mandelkow, E.-M. Mandelkow,
Pro-aggregant Tau impairs mossy fiber plasticity due to structural changes and Ca*™*
dysregulation. Acta Neuropathol. Commun. 3, 23 (2015).

T.E.Tracy, P. D. Sohn, S. S. Minami, C. Wang, S. W. Min, Y. Li, Y. Zhou, D. Le, I. Lo,

R. Ponnusamy, X. Cong, B. Schilling, L. M. Ellerby, R. L. Huganir, L. Gan, Acetylated tau
obstructs KIBRA-mediated signaling in synaptic plasticity and promotes tauopathy-
related memory loss. Neuron 90, 245-260 (2016).

H. Braak, E. Braak, Staging of alzheimer’s disease-related neurofibrillary changes.
Neurobiol. Aging 16, 271-278 (1995).

B.T.Hyman, L. J. Kromer, G. W.Van Hoesen, A direct demonstration of the perforant
pathway terminal zone in Alzheimer’s disease using the monoclonal antibody Alz-50.
Brain Res. 450, 392-397 (1988).

D. R.Thal, M. Holzer, U. Riib, G. Waldmann, S. Glinzel, D. Zedlick, R. Schober, Alzheimer-
related tau-pathology in the perforant path target zone and in the hippocampal stratum
oriens and radiatum correlates with onset and degree of dementia. Exp. Neurol. 163,
98-110 (2000).

C. M. Henstridge, E. Pickett, T. L. Spires-Jones, Synaptic pathology: A shared mechanism
in neurological disease. Ageing Res. Rev. 28, 72-84 (2016).

E. K. Pickett, C. M. Henstridge, E. Allison, R. Pitstick, A. Pooler, S. Wegmann, G. Carlson,
B.T.Hyman, T. L. Spires-Jones, Spread of tau down neural circuits precedes synapse and
neuronal loss in the rTigTauEC mouse model of early Alzheimer’s disease. Synapse 71,
21965 (2017).

B. Dejanovic, M. A. Huntley, A. De Maziere, W. J. Meilandt, T. Wu, K. Srinivasan, Z. Jiang,
V. Gandham, B. A. Friedman, H. Ngu, O. Foreman, R. A. D. Carano, B. Chih, J. Klumperman,
C. Bakalarski, J. E. Hanson, M. Sheng, Changes in the synaptic proteome in tauopathy
and rescue of tau-induced synapse loss by C1q antibodies. Neuron 100, 1322-1336.e7
(2018).

C. Andorfer, Y. Kress, M. Espinoza, R. De Silva, K. L. Tucker, Y. A. Barde, K. Duff, P. Davies,
Hyperphosphorylation and aggregation of tau in mice expressing normal human tau
isoforms. J. Neurochem. 86, 582-590 (2003).

X. Chen, D. M. Holtzman, Emerging roles of innate and adaptive immunity in Alzheimer’s
disease. Immunity 55, 2236-2254 (2022).

K. Morimoto, H. Sano, M. Takahashi, R. Takahashi, K. Nakajima, Comprehensive analysis of
immunoglobulin expression in the mouse brain from embryonic to adult stages. J.
Neuroinflammation 22, 153 (2025).

H. C.Tai, A. Serrano-Pozo, T. Hashimoto, M. P. Frosch, T. L. Spires-Jones, B. T. Hyman, The
synaptic accumulation of hyperphosphorylated tau oligomers in Alzheimer disease is
associated with dysfunction of the ubiquitin-proteasome system. Am. J. Pathol. 181,
1426-1435 (2012).

L. Zhou, J. McInnes, K. Wierda, M. Holt, A. G. Herrmann, R. J. Jackson, Y.-C. Wang, J. Swerts,
J. Beyens, K. Miskiewicz, S. Vilain, I. Dewachter, D. Moechars, B. De Strooper,

T. L. Spires-Jones, J. De Wit, P. Verstreken, Tau association with synaptic vesicles causes
presynaptic dysfunction. Nat. Commun. 8, 15295 (2017).

F.Liu, Z. Liang, J. Shi, D.Yin, E. EI-Akkad, I. Grundke-Igbal, K. Igbal, C. X. Gong, PKA
modulates GSK-3p- and cdk5-catalyzed phosphorylation of tau in site- and kinase-
specific manners. FEBS Lett. 580, 6269-6274 (2006).

P. Chakraborty, A. . De Opakua, J. A. Purslow, S. A. Fromm, D. Chatterjee, M. Zachrdla,
S.Zhuang, S. Puri, B. Wolozin, M. Zweckstetter, GSK3f phosphorylation catalyzes the
aggregation of tau into Alzheimer’s disease-like filaments. Proc. Natl. Acad. Sci. U.S.A. 121,
€2414176121 (2024).

L. M. Ittner, Y. D. Ke, F. Delerue, M. Bi, A. Gladbach, J. van Eersel, H. Wolfing, B. C. Chieng,
M. J. Christie, I. A. Napier, A. Eckert, M. Staufenbiel, E. Hardeman, J. G6tz, Dendritic
function of tau mediates amyloid-beta toxicity in Alzheimer’s disease mouse models. Cell
142, 387-397 (2010).

T. Duka, V. Duka, J. N. Joyce, A. Sidhu, a-Synuclein contributes to GSK-3f-catalyzed tau
phosphorylation in Parkinson'’s disease models. FASEB J. 23, 2820-2830 (2009).

A.C. Amaral, B. G. Perez-Nievas, M. S. T. Chong, A. Gonzalez-Martinez, H. Argente-Escrig,
S. Rubio-Guerra, C. Commins, S. Muftu, B. Eftekharzadeh, E. Hudry, Z. Fan, P. Ramanan,
S.Takeda, M. P. Frosch, S. Wegmann, T. Gomez-Isla, Isoform-selective decrease of
glycogen synthase kinase-3-beta (GSK-3p) reduces synaptic tau phosphorylation,
transcellular spreading, and aggregation. iScience 24, 102058 (2021).

R. Reinecke, S. Nitsch, F. Faber, C. EImas, M. Gaubinger, A. Simonovska Serra, V. Endmayr,
1. Koneczny, E. Berger-Sieczkowski, M. Blaabjerg, M. E. Erro, J. Ferrari, M. Glatzel,

A. Heidbreder, B. Hogl, C. Jansen, J. Lewerenz, P. Moser, L. Myllykangas, J. Krogh Petersen,
P. Schnider, A. Stefani, M. J. Titulaer, D. Yilmazer-Hanke, S. Weis, L. Sabater, C. Gaig,

E. Gelpi, R. Hoftberger, Brainstem pathology in anti-IgLON5 disease: New insights into
early events and tau progression. Brain , awag015 (2026).

N. I. Luna-Viramontes, B. B. Campa-Cdrdoba, M. A. Ontiveros-Torres, C. R. Harrington,

1. Villanueva-Fierro, P. Guadarrama-Ortiz, L. Garcés-Ramirez, F. de la Cruz,

M. Hernandes-Alejandro, S. Martinez-Robles, E. Gonzalez-Ballesteros,

M. Pacheco-Herrero, J. Luna-Munfoz, PHF-core tau as the potential initiating event for tau
pathology in Alzheimer’s disease. Front. Cell. Neurosci. 14, 247 (2020).

20 of 21

9202 ‘Tz A2\ U0 (INZQ) " A @ usbunxuelyi3 aAleeUSBapoInaN 1) WNUeZ sayssine e H10'adus 198 mmmy/:sdny wouy papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

98. M. Regalado-Reyes, D. Furcila, F. Hernandez, J. Avila, J. Defelipe, G. Le6n-Espinosa,
Phospho-tau changes in the human CA1 during Alzheimer’s disease progression. J.
Alzheimer's Dis 69, 277-288 (2019).

99. J. C. Augustinack, A. Schneider, E. M. Mandelkow, B. T. Hyman, Specific tau
phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimer’s
disease. Acta Neuropathol. 103, 26-35 (2002).

100. J. A.Honorat, L. Komorowski, K. A. Josephs, K. Fechner, E. K. St Louis, S. R. Hinson,

S. Lederer, N. Kumar, A. Gadoth, V. A. Lennon, S. J. Pittock, A. McKeon, IgLON5 antibody:
Neurological accompaniments and outcomes in 20 patients. Neurol. Neuroimmunol.
Neuroinflamm. 4, e385 (2017).

101. L.T.Ly, J. Kreye, B. Jurek, J. Leubner, F. Scheibe, J. Lemcke, N. K. Wenke, S. M. Reincke,

H. Priss, Affinities of human NMDA receptor autoantibodies: Implications for disease
mechanisms and clinical diagnostics. J. Neurol. 265, 2625-2632 (2018).

102. A.Dobin, C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, M. Chaisson,
T.R. Gingeras, STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

103. M.I. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

104. N.Ignatiadis, B. Klaus, J. B. Zaugg, W. Huber, Data-driven hypothesis weighting
increases detection power in genome-scale multiple testing. Nat. Methods 13,
577-580 (2016).

105. A.Zhu, J. G.Ibrahim, M. I Love, Heavy-tailed prior distributions for sequence count data:
Removing the noise and preserving large differences. Bioinformatics 35, 2084-2092
(2019).

106. G. Korotkevich, V. Sukhov, N. Budin, B. Shpak, M. N. Artyomov, A. Sergushichev, Fast gene
set enrichment analysis. bioRxiv 060012 [Preprint] (2021). https://doi.org/10.1101/060012.

107. M. Ashburner, C. A. Ball, J. A. Blake, D. Botstein, H. Butler, J. M. Cherry, A. P. Davis,

K. Dolinski, S. S. Dwight, J. T. Eppig, M. A. Harris, D. P. Hill, L. Issel-Tarver, A. Kasarskis,
S. Lewis, J. C. Matese, J. E. Richardson, M. Ringwald, G. M. Rubin, G. Sherlock, Gene
Ontology: Tool for the unification of biology. Nat. Genet. 25, 25-29 (2000).

108. A.Liberzon, C. Birger, H. Thorvaldsdéttir, M. Ghandi, J. P. Mesirov, P. Tamayo, The Molecular
Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. 1, 417-425 (2015).

109. A.Subramanian, P.Tamayo, V. K. Mootha, S. Mukherjee, B. L. Ebert, M. A. Gillette,

A. Paulovich, S. L. Pomeroy, T. R. Golub, E. S. Lander, J. P. Mesirov, Gene set enrichment
analysis: A knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl. Acad. Sci. U.S.A. 102, 15545-15550 (2005).

110. T.P Patel, K. Man, B. L. Firestein, D. F. Meaney, Automated quantification of neuronal
networks and single-cell calcium dynamics using calcium imaging. J. Neurosci. Methods
243, 26-38(2015).

111. M. A.Busche, G. Eichhoff, H. Adelsberger, D. Abramowski, K. H. Wiederhold, C. Haass,

M. Staufenbiel, A. Konnerth, O. Garaschuk, Clusters of hyperactive neurons near amyloid
plaques in a mouse model of Alzheimer’s disease. Science 321, 1686-1689 (2008).

112. M. A.Busche, S. Wegmann, S. Dujardin, C. Commins, J. Schiantarelli, N. Klickstein,
T.V.Kamath, G. A. Carlson, I. Nelken, B. T. Hyman, Tau impairs neural circuits, dominating
amyloid-p effects, in Alzheimer models in vivo. Nat. Neurosci. 22, 57-64 (2019).

113. B.R.Rost, J. Breustedt, A. Schoenherr, G. Grosse, G. Ahnert-Hilger, D. Schmitz, Autaptic
cultures of single hippocampal granule cells of mice and rats. Eur. J. Neurosci. 32,
939-947 (2010).

114. C.S.Hughes, S. Moggridge, T. Miiller, P. H. Sorensen, G. B. Morin, J. Krijgsveld, Single-pot,
solid-phase-enhanced sample preparation for proteomics experiments. Nat. Protoc. 14,
68-85 (2018).

Askin et al., Sci. Adv. 12, eaec2042 (2026) 13 May 2026

115. V.Demichev, C. B. Messner, S. I. Vernardis, K. S. Lilley, M. Ralser, DIA-NN: Neural networks
and interference correction enable deep proteome coverage in high throughput. Nat.
Methods 17, 41-44 (2019).

116. S.Tyanova, T.Temu, P. Sinitcyn, A. Carlson, M. Y. Hein, T. Geiger, M. Mann, J. Cox, The
Perseus computational platform for comprehensive analysis of (prote)omics data. Nat.
Methods 13,731-740 (2016).

Acknowledgments: We thank B. Eickholt for providing us with access to instruments and
equipment of the Charité Biochemistry Department, the Advanced Medical Bioimaging Core
Facility (AMBIO) of the Charité, which enabled us to perform most microscopy on brain
sections and neuron/cell cultures, the Viral Core Facility (VCF) of the Charité for virus
production, and the PRECISE sequencing platform for RNA-seq of mouse brain tissue.
Diversity, equity, ethics, and inclusion: All authors state their clear commitment to promote
and support diversity, inclusion, equality, and equity in the clinical and research community.
Funding: This work was supported by German Center for Neurodegenerative diseases
(DZNE) (S.W. and H.P); Einstein Center for Neuroscience Berlin (B.A.); Deutsche
Forschungsgemeinschaft, 504745852 (S.W. and D.S.), PR1274/5-1 (H.P), PR1274/9-1 (H.P),
PR1274/13-1 (H.P), 327654276 (B.R.R.), and 273915538 (B.R.R.); Helmholtz Association, HIL-A03
BaoBab (H.P); and German Federal Ministry of Education and Research, 01GM1908D (H.P).
Author contributions: Conceptualization: SW., H.P, B.A., D.S., S.FL., AS., C.C.G., PK, JJN. and
S.L-L.D. Data curation: S.W.,, B.A,, J.P, C.C.G,, CK, KN, T.U, and PG. Formal analysis: S.W., B.A,,
DS, J.P,C.CG, CK, KN, TU, AGN., and PG. Funding acquisition: S.W., H.P, B.A,, D.S., S.FL.,
and B.RR. Investigation: B.A,, A.G,, ES.,HH., D.R, J.P, JL, CCG, SH., CK,KN,EDD.,TU.,
S.L-L.D., EW, and A.D.-B. Methodology: S.W.,, H.P, B.A, PT, S.FL,AG,ES., DR, JP,CCG,SH.,
CK, V.1, M.B, KN, T.U, JW, JJN,, S.L-L.D., and A.G.N. Project administration: SW., H.P, B.A,,
S.FL, C.C.G, PK, and JJ.N. Resources: SW, H.P, D.S., S.FL, AG, C.CG., PK, MB, KN, ED.D.,
and S.L.-L.D. Software: T.U., A.G.N., and P.G. Supervision: SW.,, H.P, B.A,, S.FL, AS., D.R, T.U, and
JJ.N. Validation: SW., H.P, B.A, S.FL, A.G, DR, J.P, AD-B, CK,T.U, and S.L-L.D. Visualization:
S.W, BA, C.CG, CK,TU., and PG. Writing—original draft: S.W.,, B.A.,, A.G,, T.U,, JJ.N,, and PG.
Writing—review and editing: S.W.,, B.A, D.S, S.FL, AG, ES, HH., DR, JP, PK, SH., CK, MB,
K.N., L.D, HP, T.U., JW, JJN, S.L-L.D., AG.N., and A.D.-B. Competing interests: The authors
declare that they have no competing interests. Data, code, and materials availability: All
data and code needed to evaluate and reproduce the results in the paper are present in the
paper and/or the Supplementary Materials or are available as follows: The plasmid for
enhanced green fluorescent protein (eGFP)-TauP301L/S320F expression can be provided by
S.W!s pending scientific review and a completed material transfer agreement with the DZNE.
Requests for the plasmid for eGFP-TauP301L/S320F should be submitted to: Susanne.
wegmann@dzne.de. RNA-seq data generated in this study are available in the GEO at www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE298951, under the accession number
GSE298951, with the token: mduriemyzlsvdej. Lists of DEGs can be found in data S1. Code for
RNA-seq analysis is available at https://gitlab.dzne.de/grundschoettelp/iglon5-autoimmune-
antibody-influence-on-neurons. The proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD066225 (token i5YAGUXZ5Yv4, username: reviewer_pxd066225@ebi.ac.uk, password:
rbRRDufubh6K). Lists of differentially enriched proteins can be found in data S3.

Submitted 10 September 2025
Accepted 8 April 2026
Published 13 May 2026
10.1126/sciadv.aec2042

21o0f 21

9202 ‘Tz A2\ U0 (INZQ) " A @ usbunxuelyi3 aAleeUSBapoInaN 1) WNUeZ sayssine e H10'adus 198 mmmy/:sdny wouy papeojumoq


https://doi.org/10.1101/060012
mailto:Susanne.​wegmann@​dzne.​de
mailto:Susanne.​wegmann@​dzne.​de
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE298951
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE298951
https://gitlab.dzne.de/grundschoettelp/iglon5-autoimmune-antibody-influence-on-neurons
https://gitlab.dzne.de/grundschoettelp/iglon5-autoimmune-antibody-influence-on-neurons
mailto:reviewer_pxd066225@​ebi.​ac.​uk

Science Advances

IgLONS autoimmune antibodies activate Tau via neuronal hyperactivity

Bilge Askin, Cagla Kilic, César Cordero Gémez, Sophie Lan-Linh Duong, Alvaro Domingues-Baquero, Alexander Goihl,
Karsten Nalbach, Joana Petushi, Pia Grundschéttel, Jessica Wagner, Valentine Thomas, Janne Lamberty, Emily Withers,
Hanna Huber, Sabrina Huebschmann, Ekaterina Semenova, Paul Turko, Andrew G. Newman, Lisa Diez, Marc Beyer,
Elena De Domenico, Peter Kortvelyessy, Dirk Reinhold, Anja Schneider, Jonas J. Neher, Thomas Ulas, Stefan F.
Lichtenthaler, Benjamin R. Rost, Dietmar Schmitz, Harald Priss, and Susanne Wegmann

Sci. Adv. 12 (20), eaec2042. DOI: 10.1126/sciadv.aec2042

View the article online

https://lwww.science.org/doi/10.1126/sciadv.aec2042
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

9202 ‘TZ A2\ Uo (INZQA) "A @ usbBunuess3 anireeusbapoIna 1) WNuaZ sayasineq e B1o'aoua 0s"Mmm//:sdny Wwody papeojumoq


https://www.science.org/content/page/terms-service

	IgLON5 autoimmune antibodies activate Tau via neuronal hyperactivity
	INTRODUCTION
	RESULTS
	α-IgLON5 AABs isolated from patient plasma
	Patient-derived α-IgLON5 AABs bind neuronal cell surface IgLON5
	α-IgLON5 AABs induce Tau missorting
	α-IgLON5 AABs induce hippocampal Tau phosphorylation
	Neuroinflammation caused by α-IgLON5 AABs
	α-IgLON5 AABs trigger acute neuronal hyperactivity
	α-IgLON5 AABs cluster cell adhesion and ion channel proteins

	DISCUSSION
	MATERIALS AND METHODS
	Ethics
	IgLON5 patients
	α-IgLON5 AAB detection in patient CSF and serum
	Purification of patient-derived α-IgLON5 AABs
	IgG subclass composition of patient-derived AABs
	Relative binding strength quantification using flow cytometry
	Tissue reactivity screening
	Epitope mapping in HEK293T cells expressing IgLON5 constructs
	Intrathecal osmotic pump infusion
	Tissue processing
	Western blot
	Histology
	Evaluation of serum
	RNA sequencing
	Preparation of mouse primary neurons
	Differentiation of human neurons
	Antibody binding curves on the neuronal surface
	Live staining (surface antigen binding)
	Colocalization with synaptic markers
	IgLON5 KD in Neuro2a cells and primary mouse neurons
	Tau missorting analysis in neurons
	FTD-Tau aggregation analysis in neurons
	Cytotoxicity assay (LDH)
	Ca2+ imaging in cultured neurons
	Ca2+ transient recordings
	Analysis

	Electrophysiology in primary autaptic cultures
	Electrophysiological recordings

	Antibody internalization experiments
	Cell surface clustering of α-IgLON5 AABs
	Fab fragment preparation and cell treatments
	Antibody-mediated cell surface proximity biotinylation
	IF assessment of biotinylation
	Streptavidin pulldown and MS
	MS sample preparation and analysis
	MS data processing

	Statistical analysis
	Data and code

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES
	Acknowledgments


