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1  |  INTRODUC TION

Autoantibody-mediated neurological diseases represent a rapidly 
growing clinical and scientific field. The strong association be-
tween certain autoantibodies and distinct clinical phenotypes, un-
derlying tumors or responses to immunotherapy has profoundly 
changed clinical decision-making. Paradigmatic examples, such as 

N-methyl-D-aspartate receptor (NMDAR) encephalitis and further 
autoimmune encephalitides (AIE), have resulted in re-diagnosis in pa-
tients previously assumed to have psychosomatic, viral, idiopathic, or 
‘unclear’ disease. For the group of established anti-neuronal autoan-
tibodies, it has become clear that they cause disease directly. Here, 
human clinical phenotypes can be reproduced in animals, for exam-
ple by use of patient-derived monoclonal autoantibodies (mAbs). 
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Summary
Within a few years, autoantibodies targeting the nervous system resulted in a novel 
disease classification. For several of them, which we termed ‘established’, direct path-
ogenicity has been proven and now guides diagnostic pathways and early immuno-
therapy. For a rapidly growing number of further anti-neuronal autoantibodies, the 
role in disease is less clear. Increasing evidence suggests that they could contribute 
to disease, by playing a modulating role on brain function. We therefore suggest a 
three-level classification of neurological autoantibodies according to the degree of 
experimentally proven pathogenicity and strength of clinical association: established, 
emerging, explorative. This may facilitate focusing on clinical constellations in which 
autoantibody-mediated mechanisms have not been assumed previously, including 
autoimmune psychosis and dementia, cognitive impairment in cancer, and neurode-
generative diseases. Based on recent data reviewed here, humoral autoimmunity may 
represent an additional “super-system” for brain health. The “brain antibody-ome”, that 
is, the composition of thousands of anti-neuronal autoantibodies, may shape neuronal 
function not only in disease, but even in healthy aging. Towards this novel concept, 
extensive research will have to elucidate pathogenicity from the atomic to the clinical 
level, autoantibody by autoantibody. Such profiling can uncover novel biomarkers, en-
hance our understanding of underlying mechanisms, and identify selective therapies.
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The current focus of the field has been shifting towards the group of 
emerging neurological autoantibodies. In some patients of this group 
with autoimmune dementia or autoimmune psychosis, autoantibod-
ies were associated with clinical improvement after immunotherapy; 
however, the detailed mechanisms and underlying antigenic targets 
await experimental confirmation. Most interestingly, evidence has 
been emerging that autoantibodies could even play a role in clinical 
constellations not previously thought to be autoimmune-mediated. 
Autoantibodies in this third explorative group of patients with stroke, 
neurodegenerative diseases, or cancer-associated cognitive impair-
ment, but also in normal brain aging, may play an important additive, 
modulating role on brain function.

2  |  ESTABLISHED (GROUP I ) :  ANTIBODIES 
C AUSING THE DISE A SE

2.1  |  Learnings from antibodies in 
myasthenia gravis

The presence of autoantibodies in neurological diseases has al-
ways been an exciting laboratory finding, but often generates con-
troversy about direct pathogenicity, the usefulness as a diagnostic 
marker or being a mere immunological bystander. For ‘established’ 
autoantibodies (Figure  1), profound evidence has accumulated 
that they can directly cause the disease and thus serve as the 
therapeutic target.

Much has been learned from several decades of research in my-
asthenia gravis (MG), a paradigmatic autoimmune neurological dis-
ease. The description of the clinical symptoms as a combination of 
drooping eyelids and general weakness with fatigue can be traced 
back to the seventeenth century. The first treatments 200 years 
later were not disease specific.1 Antibiotics and mechanical venti-
lation could decrease the mortality rate in patients with respiratory 
failure and pneumonia.1 The first therapeutic breakthrough was the 
administration of physostigmine by Mary Walker.2

A major discovery was the identification of autoantibodies 
targeting postsynaptic proteins at the neuromuscular junction, 
with the acetylcholine receptor (AChR) as the predominant anti-
gen in MG. AChR antibodies disrupt neuromuscular transmission 
by complement activation,3 antigenic modulation and blockade of 

receptor function.4,5 Such scientific observations in MG translated 
into specific treatment options including complement inhibition.6–8 
Thorough research identified detailed disease mechanisms, includ-
ing AChR antibody-related blockade preventing the ligand from 
binding9,10 or the combinatory effect of antibodies for receptor 
cross-linking and internalization,5 partially explaining the incomplete 
correlation between clinical disease and antibody titer.

2.2  |  Emergence of disease subgroups defined by 
specific autoantibodies

2.2.1  |  Aquaporin-4 autoantibodies in NMOSD

Long thought to be an optico-spinal disease subgroup of multiple 
sclerosis, neuromyelitis optica (NMO) became a distinct entity after 
the discovery of pathogenic IgG autoantibodies against the aqua-
porin-4 (AQP4) water channel protein on astrocytic endfeet and 
ependymal surfaces.11,12 NMO patients had IgG and IgM deposits 
along with products of complement activation,13 and they improved 
after plasmapheresis indicating direct autoantibody-mediated ef-
fects.14 Further research confirmed pathogenicity, for example, by 
intrathecal injection of AQP4 IgG into animals which could recapitu-
late key disease features with perivascular astrocyte depletion, my-
elin loss and complement deposition.15 Interestingly, the discovery 
of the underlying autoantibody allowed recognition of an extended 
clinical spectrum and involvement of further brain areas such as the 
brainstem, resulting in the concept of neuromyelitis optica spectrum 
disease (NMOSD).16

In the following years, immunological findings in NMOSD pio-
neered research in the entire group of well-defined neurological au-
toantibodies. AQP4 IgG is class-switched and hypermutated,17 and 
antibodies reverted to their germline configuration lost detectable 
binding.18 Ex  vivo stimulated AQP4 IgG-secreting B cells included 
naive B cells,19 suggesting impaired early B cell tolerance. Most au-
toantibodies recognize native conformational epitopes, which are 
best detected in live cell-based assays (CBA).16,20,21 Like MG, exper-
imental evidence guided treatment development and led to the FDA 
approval of effective drugs such as eculizumab, inebilizumab and sa-
tralizumab, which target complement, CD19-positive B cells, and the 
interleukin (IL)-6 pathway, respectively.22,23

F I G U R E  1  Three-level classification of 
anti-neuronal autoantibodies (established, 
emerging, explorative) according to 
the degree of experimentally proven 
pathogenicity and strength of clinical 
association. Created with BioRender.com.

 1600065x, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

r.13405 by D
eutsches Z

entrum
 Für N

eurodeg, W
iley O

nline L
ibrary on [08/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://BioRender.com


    |  285LI et al.

2.2.2  |  MOG autoantibodies in MOGAD

Roughly 10%–20% of patients with an NMOSD phenotype are se-
ronegative for AQP4 autoantibodies, but instead harbor autoanti-
bodies against myelin oligodendrocyte glycoprotein (MOG).24–26 In 
addition to optic neuritis or transverse myelitis, MOG-associated 
disease (MOGAD) comprises acute disseminated encephalomyelitis, 
in particular in children.27 The detection of specific conformation-
sensitive autoantibodies paved the way for identifying MOGAD as 
a separate disorder.28–30 MOG IgGs facilitate complement deposi-
tion, antibody-dependent cell-mediated cytotoxicity, and antibody-
dependent cellular phagocytosis.31 B cell-depleting therapies reduce 
the relapse risk in MOGAD patients.32–34 Also, IL-6 inhibition with 
tocilizumab35,36 or satralizumab,37 neonatal Fc receptor (FcRn) inhi-
bition38 or CD19 CAR (chimeric antigen receptor) T cells39 are cur-
rently explored in MOGAD cases.

2.3  |  Neuronal surface antibodies in autoimmune 
encephalitis

The discovery of autoantibodies against neuronal surface antigens has 
significantly advanced the clinical understanding of autoimmune neu-
rological diseases (Figure 2) and now defines the growing group of AIE. 
Antibodies target ion channels and neuronal surface receptors, such 
as NMDAR, y-aminobutyric-acid A-receptor (GABAAR), or leucine-rich 
glioma inactivated 1 (LGI1). Patients can have a broad spectrum of neu-
rological symptoms including seizures, altered consciousness, but also 
cognitive impairment, psychiatric symptoms, and sleep dysfunction.40

2.3.1  |  NMDAR autoantibodies in NMDAR 
encephalitis

Anti-NMDAR encephalitis, first described in 2007, is associated 
with pathogenic autoantibodies targeting the GluN1 subunit of the 
NMDAR on neuronal surfaces41,42 which turned out to be the most 

common form of AIE in the Western world. Clinically, it manifests 
as a complex neuropsychiatric syndrome that typically begins with 
a flu-like prodromal phase, followed by psychiatric symptoms such 
as behavioral changes, delusions, or affective disturbances.43,44 
Cerebrospinal fluid (CSF)-derived autoantibodies strongly bind to 
brain sections, in particular in the hippocampus (Figure 3). The path-
ogenic role of these antibodies has been demonstrated in animal 
studies, where both CSF and recombinant NMDAR mAbs can induce 
encephalitis symptoms.45,46 NMDAR autoantibodies reduce the sur-
face expression of NMDARs by promoting cross-linked receptor 
internalization, thereby leading to decreased synaptic excitatory 
neurotransmission.47,48 Refined studies using single molecule-based 
imaging of membrane proteins demonstrated the unexpected find-
ing that extrasynaptic NMDARs are the primary autoantibody tar-
get, pointing to the enormous (and largely unexplored) complexity of 
how autoantibodies can lead to neurological dysfunction.49

Given the lack of controlled studies in AIE that directly compare 
the efficacy of first-line therapies, pragmatic treatment in NMDAR 
encephalitis builds on findings from retrospective case series,42,50,51 
meta-analyses52 and on lessons learned from MG and NMOSD. One 
of the most widely accepted therapeutic approaches is the use of 
plasma exchange or immunoadsorption, which relates to the direct 
pathogenicity of NMDAR autoantibodies. Generally, immunother-
apy must be initiated early, which emphasizes the need for prompt 
diagnosis and treatment to improve patient prognosis. In the fre-
quent cases of NMDAR encephalitis patients harboring an underly-
ing ovarian teratoma, tumor removal is critical for a good outcome. 
Second-line therapies include the use of rituximab, and increasingly 
also other B cell-depleting antibodies, proteasome inhibitors53 or 
daratumumab.54

2.3.2  |  LGI1 autoantibodies in LGI1 encephalitis

LGI1 encephalitis occurs in older patients, usually men, and pre-
sents with altered consciousness, fever, focal neurological defi-
cits, seizures, cognitive impairment, and confusion. A clinical key 

F I G U R E  2  The ongoing discovery of 
neurological autoantibodies suggests an 
ever-increasing number of associated 
phenotypes and treatable clinical 
constellations. Created with BioRender.
com.
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characteristic of LGI1 encephalitis are frequent, brief, stereotyped 
seizures predominantly affecting one arm and the ipsilateral face 
that are now known as faciobrachial dystonic seizures.55 The diag-
nosis is supported by the typical magnetic resonance imaging (MRI) 
finding of mesiotemporal T2/ fluid-attenuated inversion recovery 
(FLAIR) hyperintensities.56,57 LGI1 is a neuronal secreted protein 
which links ADAM22 and ADAM23 across the synaptic cleft58 to 
connect presynaptic Kv1.1 potassium channels with postsynaptic 
AMPA receptors.59–61 The disease-underlying LGI1 autoantibodies 
can target both the N-terminal leucine-rich repeat (LRR) domain and 
the C-terminal epitempin (EPTP)-repeat domain.60,62 They induce 
neuronal dysfunction by interrupting the trans-synaptic binding of 
LGI1 to ADAM22/ADAM23.63 Infusion of monoclonal LGI1 autoan-
tibodies into the brain of rodents mimicked the hyperexcitability 
phenotype seen in human patients.59,64 In line with this molecular 
concept of humoral autoimmunity, LGI1 encephalitis patients often 
show poor responses to anti-seizure medication, but generally re-
spond well to immunotherapy. However, faciobrachial dystonic 
seizures, focal onset seizures, and sleep structure disruptions can 
persist for several months.

2.4  |  GABAAR encephalitis – proof of pathogenicity 
from the clinical to the atomic level

GABAAR encephalitis is caused by autoantibodies targeting the 
GABAAR, a pentameric ligand-gated chloride channel that modulates 
inhibitory synaptic transmission and dampens neuronal excitability. 
We here retrace the “GABAAR autoantibody story” (Figure 4), that 
is, providing a shining autoantibody example within the established 
group of antibody-mediated neurological diseases. For GABAAR 

autoantibodies, direct pathogenicity has been proven at multiple 
levels, and the experimental and clinical approach may serve as a 
paradigm for future research.

Patients with GABAAR encephalitis experience rapidly progres-
sive symptoms including refractory seizures and status epilepticus, 
cognitive impairment, altered levels of consciousness, behavioral 
changes and movement disorders.65,66 Already the first investiga-
tions with polyclonal autoantibodies using CSF and serum of patients 
could demonstrate receptor internalization in cultured neurons and 
determined the α1, β3 and γ2 subunits as main epitopes.67,68

2.4.1  |  Monoclonal patient-derived autoantibodies

GABAAR encephalitis patients frequently harbor not only 
GABAAR autoantibodies, but also antibodies against NMDAR, 
LGI1 or contactin-associated protein receptor 2 (CASPR2) in 
their polyclonal repertoire.67 To understand the effects exclu-
sively related to GABAAR autoantibodies, mAbs were gener-
ated from patients by single-cell immunoglobulin cloning using 
CSF B cells and antibody-producing cells.69,70 The staining pat-
tern of the generated mAbs resembled the known pattern of 
CSF (Figure 4) with prominent neuropil binding in hippocampus 
and cerebellum.69 Four of five GABAAR-reactive mAbs bound to 
α1β3 or α1β3γ2, whereas one mAb required the α1β3γ2 configu-
ration.69 Interestingly, while some mAbs competed for binding, 
one GABAAR-reactive autoantibody resulted in enhanced bind-
ing of another GABAAR mAb. This surprising finding suggests an 
additional level of complexity, that is, that binding-induced con-
formational changes may be required for effects of further au-
toantibodies or receptor ligands.

F I G U R E  3  Tissue-based assays using unfixed murine brain sections. (A) CSF of a patient with AIE shows neuronal and astrocytic staining 
in the hippocampus. Monoclonal antibodies (mAbs) generated from this patient reveal that the pattern is an overlap of (B) mAb binding 
against neuropil NMDARs and (C) against GFAP on astrocytes. (D) Protein kinase-C (PKC) γ antibodies in a patient with paraneoplastic 
cerebellar degeneration strongly bind to Purkinje cells in the cerebellum. (E) Immunofluorescence staining of the dentate gyrus targeting 
a not-yet-identified antigen from a patient with autoimmune dementia. (F) Staining of fine fibers around blood vessels in the brain with 
CSF from a patient with autoimmune psychosis, most likely targeting nervi vasorum. (G) CSF autoantibodies targeting cortical axon initial 
segments from a patient with encephalitis following severe COVID-19 infection. (H) Strong staining of cerebellar Purkinje cells with a mAb 
cloned from the CSF of an encephalitis patient, the underlying antigenic target still awaits identification.
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2.4.2  |  Recapitulation of the human disease in 
animal models

The human GABAAR mAbs were further evaluated in electro-
physiological studies including autaptic neurons, where one 
mAb directly inhibited GABA-activated currents, thereby reduc-
ing postsynaptic inhibitory signaling.69 Changes in currents were 
not accompanied by receptor internalization as protein levels 
remained unaltered after mAb incubation. Intrathecal adminis-
tration of one GABAAR mAb or its respective fragment antigen 
binding (Fab) induced severe encephalitis with seizures, catatonia 
and status epilepticus, consistent with impaired GABAergic inhibi-
tion and similar to the human disease. Infusion into the brains of 
EEG-monitored rats led to a significant increase in EEG coastline 
length and the recording of ictal events. The high excitability of 
hippocampal neurons persisted in ex vivo brain slices of GABAAR 
mAb-infused animals.

2.4.3  |  Cryo-electron microscopy reveals antibody 
mechanisms at atomic resolution

Analyses of GABAAR autoantibody structures using cryo-electron 
microscopy (cryo-EM) demonstrated autoantibody-receptor bind-
ing at 3.0°Å resolution.71 GABAAR proteins were reconstituted into 
lipid nanodiscs. Binding of one GABAAR mAb relied on a specific se-
quence of four key residues, the CD3 region of this mAb penetrated 
the neurotransmitter binding pocket in a conserved area important 
for agonist binding. The respective Fab mimicked aspects of GABA 
chemistry and thereby sterically blocked the ligand-binding site 
through direct antagonism. Somatic hypermutations contributed to 

the affinity of this mAb. Knowledge from autoantibody structure 
and function not only helps to understand pathogenicity, but also 
to develop novel targeted immunotherapies aiming for antibody-
selective B cell removal (Figure 4).

3  |  CL A SSIFIC ATION OF ANTIBODY 
PATHOPHYSIOLOGY

3.1  |  Complement-dependent cytotoxicity 
(CDC) and antibody-dependent cellular cytotoxicity 
(ADCC)

Most of the directly pathogenic autoantibodies against neuronal 
surface proteins belong to the IgG1 subclass, less frequently to IgG4. 
An important function of IgG1 is the activation of the complement 
system. This process is initiated when the C1q component binds to 
the Fc region of autoantibodies that have engaged their specific an-
tigen, resulting in the lysis of neurons by complement-dependent 
cytotoxicity (CDC).72 The Fc region of the antibody also binds to 
Fcγ receptors on natural killer (NK) cells, resulting in antibody-
dependent cellular cytotoxicity (ADCC) directed against neurons. 
Both mechanisms have been demonstrated in  vivo using human 
AQP4 mAbs (Figure  5), where CDC and ADCC contributed to the 
reproduction of disease-specific lesions in rodent models.15,73,74 For 
MOG antibodies previous studies using purified patient IgG in vitro 
and evidence from patient autopsy studies have suggested MOG 
antibodies to induce CDC and ADCC.75–77 A recent study has high-
lighted the impact of MOG antibodies in triggering CDC and ADCC 
and provided evidence for antibody-dependent cellular phagocy-
tosis (ADCP) in vitro.31 Notably, the magnitude of CDC and ADCP 

F I G U R E  4  GABAAR autoantibodies 
serve as a paradigm for the group of 
established neurological autoantibodies. 
Patient-derived mAbs bind to brain tissue 
with the characteristic GABAAR pattern 
and recapitulate the clinical phenotypes 
in rodent models. Direct pathogenicity 
has been proven at multiple levels, 
including electrophysiology and structural 
resolution at the atomic level using 
cryo-electron microscopy. The detailed 
understanding of antibody pathogenicity 
paves the way for personalized and highly 
selective therapies, such as chimeric 
autoantibody receptor (CAAR) T cells. 
Created with BioRender.com.

 1600065x, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

r.13405 by D
eutsches Z

entrum
 Für N

eurodeg, W
iley O

nline L
ibrary on [08/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://BioRender.com


288  |    LI et al.

increased at time points closer to relapse,31 adding an interesting 
aspect of disease activity-related pathogenicity.

3.2  |  Cross-linking and receptor internalization

IgG1 consists of two identical arms each binding the same epitope.78 
Thereby IgG1 antibodies can cross-link target antigens and induce 
internalization. Cross-linking and receptor internalization are typi-
cal mechanisms for antibodies targeting ionotropic receptors in-
cluding the NMDAR (Figure  5)47,79 AMPAR,80 or mGluR5.81 In 
studies using human recombinant mAbs from NMDAR encephali-
tis, mAbs alone were sufficient to promote receptor internalization 
after cerebroventricular infusion.45 Furthermore, mAbs induced 
concentration-dependent reduction of NMDAR-mediated currents 
in neurons.82 For other forms of AIE, validation with mAbs is pend-
ing. Studies showed that CSF containing AMPAR antibodies led to a 
reduction in GluR2-containing AMPA receptor clusters in cultured 
neurons.83 Also in cultured neurons, incubation with mGluR5 anti-
bodies led to decreased surface density of synaptic and extrasyn-
aptic mGluR5.81

3.3  |  Inhibition of protein–protein interaction

In LGI1 encephalitis, autoantibodies interfere with synaptic func-
tion by inhibiting protein–protein interactions (Figure  5).84 LGI1 
mAbs comprise at least two populations binding to either the LRR 
or EPTP domain.62 An individual patient's serum can typically harbor 
both specificities.60,84 LGI1 mAbs targeting the EPTP domain dis-
rupted the interaction between LGI1 and its pre- and postsynaptic 
receptors, ADAM23 and ADAM22, respectively. In contrast, mAbs 
directed against the LRR domain facilitated the internalization of the 
LGI1 complex bound to ADAM22/23.62,84

3.4  |  Autoantibody valency-dependent receptor 
stimulation and inhibition

Another pathomechanism of neurological autoantibodies is seen in 
MG patients with muscle-specific kinase (MuSK) antibodies, a rare 
subgroup of MG in whom AChR autoantibodies are absent.85,86 
MuSK autoantibodies are predominantly of the IgG4 subclass. MuSK 
mAbs demonstrated two opposing mechanisms depending on the 
valency. The bivalent mAb facilitated cross-linking of MuSK recep-
tors, leading to increased phosphorylation, whereas the functionally 
monovalent mAb disrupted the interaction between MuSK and the 
agrin-LRP4 complex, thereby blocking MuSK phosphorylation.87,88 
Both pathways ultimately inhibit AChR clustering.

3.5  |  Synergistic effect of antibodies

Recent findings using mAbs against AChR identified synergistic 
pathogenic effects requiring more than one autoantibody in MG. 
Only the combination of AChR mAbs induced strong complement 
activation in  vitro, and recapitulated key clinical features in  vivo, 
associated with destruction of the neuromuscular junction and 
complement activation.5 Individual AChR mAbs alone did not show 
pathogenicity despite clear binding.

4  |  EMERGING (GROUP I I ) :  ANTIBODIES 
CONTRIBUTING TO THE DISE A SE

For many novel autoantibodies it is not yet clear whether they are di-
rectly pathogenic or just immunological bystanders. Although clini-
cal improvement after immunotherapy may suggest a contribution 
to disease, thorough experimental evaluation is needed to under-
stand autoantibody properties and functions. The group of emerging 

F I G U R E  5  Established neurological autoantibodies confer pathology via numerous (often combined) mechanisms, including complement-
dependent cytotoxicity, cross-linking and receptor internalization, receptor antagonism, or inhibition of protein–protein interaction. Created 
with BioRender.com.
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neurological autoantibodies is particularly exciting, as proof of path-
ogenicity will open novel treatment options to various patients, for 
example, with suspected autoimmune dementia, autoimmune psy-
chosis or post-viral neurological autoimmunity.

4.1  |  Autoimmune dementia

This new field of emerging autoantibodies is often fueled by obser-
vations in individual patients. There is growing evidence that au-
toantibodies may not only cause subacute neurological symptoms 
but can also contribute to slowly progressing diseases including 
suspected neurodegenerative dementias. For example, a patient 
was diagnosed with Alzheimer's disease but turned out later to 
have LGI1 encephalitis.89 Also, patients with IgA/IgM NMDAR au-
toantibodies and progressive cognitive impairment can have the 
working diagnosis of Alzheimer's or frontotemporal lobe degen-
eration.90 In a retrospective study analyzing 286 CSF and serum 
samples of patients with different dementia forms, 16% of the 
serum samples had NMDAR IgA, IgM or IgG antibodies compared 
to 4.3% in a healthy control group.91 Further studies linked neu-
rodegenerative dementias to the same or additional anti-neuronal 
autoantibodies, such as IgLON5, LGI1, DPPX, or NMDAR.92 
Although these autoantibodies have been repeatedly suggested 
to correlate with cognitive decline,93–95 their exact pathogenic role 
remains to be determined.

In the spectrum of autoimmune neurodegeneration, IgLON5 
syndrome stands out for its complex relationship with neurodegen-
eration. First described in 2014, this syndrome is characterized by 
sleep disorders, bulbar dysfunction, and cognitive impairment.96,97 
Some patients with IgLON5 disease develop neurodegeneration, 
marked by tau protein deposition in the tegmentum and hippocam-
pus and disruption of the neuronal cytoskeleton.98,99 Recent re-
search demonstrated binding of IgLON5 antibodies to areas prone 
to tau pathology, suggesting that they may precede pathology and 
that neurodegeneration is potentially secondary to an autoimmune 
response.100 Early diagnosis of IgLON5 disease is crucial, as these 
patients could benefit from prompt initiation of immunotherapy be-
fore neurodegeneration sets in.101

Understanding the role of emerging autoantibodies in dementia 
has immediate clinical significance, as it raises the possibility that 
some forms of dementia may benefit from immunotherapy. These 
findings advocate for the expansion of diagnostic criteria and 
treatment approaches in autoimmune dementia, emphasizing the 
potential of immunotherapy in cases where traditional dementia 
treatments fall short. Along these lines, we recently completed an 
unblinded prospective observational trial (TIP-COG) using immu-
noadsorption in 20 patients with a variety of high-titer anti-neuronal 
autoantibodies in the context of cognitive decline (Rössling et al., in 
prep.). Approximately half of the patients had a previous diagnosis of 
neurodegenerative dementia. Cognitive performance, as measured 
with the Mini-Mental State Examination (MMSE), showed a slight 
mean improvement, paralleled by autoantibody level reduction in 

most cases and partially restored functional brain MRI connectivity. 
The findings suggest that autoantibody removal may be a promising 
treatment option for selected patients and encouraged us to initiate 
a larger placebo-controlled interventional trial in patients with sus-
pected autoimmune dementia.

4.2  |  Autoimmune psychosis

Likewise in psychiatric disorders, there is recent awareness in cases of 
schizophreniform or polymorphic psychotic disorders in which clini-
cal features are potentially related to underlying immune-mediated 
mechanisms. Patients can show improvement with immunotherapy 
and should be identified according to emerging guidelines.102–104 
Evidence of immune system dysregulation in a wide range of psychi-
atric disorders also comes from large-scale genetic, gene expression, 
and proteomic studies.105–107 Autoimmunity and psychiatric diseases 
are mutually reinforcing, with each condition increasing the risk of 
developing the other.108,109 A large-scale cross-sectional study in-
vestigating the IgG repertoire in patients with established psychotic 
disorder diagnoses found six autoantibodies associated with specific 
psychopathological symptoms, among them AP3B2 antibodies asso-
ciated with persecutory delusions and TDO2 antibodies which were 
detected in patients with hallucinations.110

Several emerging autoantibodies detected in primary psy-
chotic presentations already belong to the group of established 
autoantibodies in AIE, such as NMDAR, LGI1, and CASPR2 autoan-
tibodies.111–113 Psychiatric symptoms are a well-known part of the 
symptomatic onset in AIE114,115 and can frequently culminate into 
cognitive dysfunction at later disease stages.116 In animal studies, 
NMDAR autoantibodies induced and modulated psychiatric behav-
iors.117 Using single nanoparticle tracking, a recent study demon-
strated altered NMDAR distribution in cultured neurons exposed to 
CSF from patients with schizophrenia, further supporting NMDAR 
autoantibody-induced dysfunction in psychotic disorders.118 Such 
detailed experimental analyses are required to support the role of 
anti-neuronal autoantibodies in autoimmune psychosis, as correla-
tions can rarely be drawn from clinical cohorts alone. In fact, most 
studies on NMDAR autoantibodies and psychiatric disease have 
been conducted using serum samples and have varied significantly 
in terms of disease duration, age distribution, and testing methods, 
which complicates precise prevalence estimates and pathophysio-
logical links.119,120

4.3  |  Post-viral humoral autoimmunity

Viral encephalitides have long been considered as important dif-
ferential diagnoses of AIE; however, increasing evidence indicates 
that clinical symptomatology, disease mechanisms and triggers 
of both entities can broadly overlap in a single patient. The best-
characterized example is post-herpes simplex virus type 1 (HSV-1) 
encephalitis, where approximately 30% of patients develop NMDAR 
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autoantibodies within 3 months after HSV-1 encephalitis, leading to 
the full clinical picture of immunotherapy-responsive NMDAR en-
cephalitis.121–123 Patients with NMDAR encephalitis are nearly 2.5 
times more likely to harbor HSV-1 antibodies compared with healthy 
controls, indicating a strong link between past HSV-1 infection and 
NMDAR encephalitis.124

With increased recognition of post-viral autoimmunity, other 
infections have been linked to the development of NMDAR an-
tibodies, such as varicella zoster virus,125–127 Japanese encepha-
litis virus,128–130 Epstein Barr virus, human herpesvirus (HHV) 6 
and HHV-7, Chikungunya virus,131 human immunodeficiency virus 
(HIV),132 influenza A virus,133 tick-borne encephalitis virus,134 and 
also bacterial infections like mycobacterium tuberculosis and rarely 
parasites (angiostrongylus cantonensis).135 Moreover, other auto-
antibodies such as GABAAR after HSV-1 and HHV-6 infection66 or 
dopamine-2 receptor (D2R) antibodies after HSV-1 infection have 
been reported.136

Besides these established disease-associated antibodies, viral 
disease seems to also trigger autoimmunity against yet unknown, 
emerging targets. For example, in the SARS-CoV-2 pandemic, crit-
ically ill patients had numerous unidentified anti-neuronal autoan-
tibodies in their serum and CSF detected on unfixed murine brain 
sections.137 A subset of monoclonal patient-derived SARS-CoV-2-
neutralizing antibodies showed strong binding to mammalian epi-
topes expressed in brain, lung, heart, kidney, or gut (Figure 3G).138 
Interestingly, the presence of anti-neuronal autoantibodies in post-
COVID-19 syndrome was associated with cognitive decline,139 and 
passive transfer of human IgG into mice mirrored symptoms re-
ported by patients suffering from long COVID.140

It is well established that immune reactions to foreign antigens 
can trigger the production of antibodies against self-antigens.141 
With each infection, the immune system must strike a balance be-
tween combating the pathogen and preventing autoimmunity. If 
self-tolerance mechanisms fail, central nervous system infections 
can precipitate an autoimmune response. The ongoing challenge lies 
in understanding how slight shifts in an individual's immune toler-
ance, particularly in response to ever-evolving pathogens, predis-
pose them to post-viral autoimmunity. Some pathogens have been 
selected to exploit this fine-tuned balance, for example, by closely 
mimicking human proteins, allowing them to evade the immune 
response (i.e. gp41 of HIV).142 In order to detect these pathogens, 
~20% of circulating human naive B cells remain autoreactive.143 
Ideally, as a tolerance mechanism called “clonal redemption”, these B 
cells would in germinal centers acquire somatic hypermutations and 
lose autoreactivity but retain specificity towards the pathogen.144 
Interestingly, some autoantibodies in NMDAR encephalitis did not 
exhibit somatic hypermutations,48 and a longitudinal analysis of 
SARS-CoV-2 antibodies showed only a moderate increase.145 This 
indicates that clonal redemption can be incomplete in the setting of 
autoimmunity and infections and is one example of how tolerance 
mechanisms can be overcome. In the case of post-HSV-1 enceph-
alitis, molecular mimicry, but also neo-antigen presentation in the 
draining lymph nodes after neuronal damage, with costimulatory 

signals stemming from necrotic tissue or from the virus directly, 
have been suggested. In addition, viral infections might alter protein 
expression, for example by interfering with the unfolded protein re-
sponse and thereby rendering the NMDAR immunogenic.146

Future research around post-viral autoimmunity should focus on 
the potential consequences of newly generated autoantibodies for 
acute but also chronic neurological diseases, such as neurodegener-
ative dementias. Better characterization of post-viral autoimmune 
responses could lead to the identification of biomarkers, new can-
didates for immunotherapy and the development of more specific 
therapeutic interventions.

5  |  TOOLBOX FOR ANTIBODY 
RECL A SSIFIC ATION FROM EM ERG ING  TO 
E S TAB LISH ED

It is an obvious approach to generate as much clinical and experi-
mental data as possible to support the pathogenic role of a given 
anti-neuronal autoantibody. Once pathogenicity has been deter-
mined, autoantibodies can be classified as established, which has 
immediate implications for routine diagnostics and administration 
of immunotherapy. The following two technologies are very help-
ful in attributing the relevance of novel autoantibodies to clinical 
symptoms.

5.1  |  Generation of patient-derived monoclonal 
autoantibodies

Early discoveries were made using patient serum, CSF, or purified 
IgG containing a polyclonal mixture of many different antibod-
ies. Analyzing the contribution of individual autoantibodies to pa-
thology requires mAbs, which can be recombinantly produced in 
theoretically unlimited amounts.48 For this, patient blood or CSF is 
collected and sorted by fluorescent-activated cell sorting (FACS) to 
select memory B cells (MBCs) and antibody-secreting cells (ASCs) 
for single-cell lysis. Single-cell mRNA is then transcribed into cDNA. 
A nested polymerase chain reaction (PCR) protocol amplifies the 
genes of the Ig heavy chain (IgH) and both Ig light (IgL) chains (kappa 
and lambda) resulting in PCR products that are sequenced.147 The 
productive rearrangements of the IgH and IgL variable regions are 
specifically amplified and prepared for subcloning into IgG expres-
sion vectors. The plasmids are amplified in bacteria to check for 
complete overlap with the source sequence. Then, matching IgH and 
IgL chains of the respective original antibodies are co-transfected 
into HEK293 cells. The secreted mAbs are harvested from the su-
pernatant and purified.

Resulting recombinant human mAbs are essential for elucidating 
the pathogenicity of autoantibodies, the structural resolution, epi-
tope binding, affinity, clonal relationships, the origin of pathogenic B 
cells, and the functional contributions of individual autoantibodies. 
For example, the application of human NMDAR mAbs could confirm 
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that they are directly pathogenic. They caused downregulation of 
neuronal surface receptors and subsequent impairment of NMDAR-
mediated currents.48 Furthermore, when mAbs were intrathecally 
administered via an osmotic pump, they induced epileptic seizures 
in vivo. Other than expected, the reduction of synaptic excitatory 
neurotransmission, rather than inhibitory neurotransmission, was 
shown to underlie the ictal events through alterations in the dynamic 
behavior of microcircuits in brain tissue.82 Recent investigations 
using CASPR2 mAbs revealed that they interfere with the binding 
between CASPR2 and contactin-2 in an affinity- and concentration-
dependent manner, and that mAb affinity correlated with the num-
ber of somatic hypermutations, an analysis which has only become 
possible with the mAb technology.148,149 Lastly, achieving a de-
tailed understanding of individual binding sites of antibodies to the 
GABAAR was only possible through the use of mAbs in cryo-EM in-
vestigations, something that could not have been accomplished with 
polyclonal material.71

5.2  |  Target identification

Established AIE are defined and characterized through their respec-
tive target protein. Routine laboratory assessments for the detec-
tion of autoantibodies in patients with a suspected autoimmune 
neurological disease involve panels of known antigens that can be 
screened with line blots or cell-based assays. For the screening 
of novel autoantibodies, tissue-based assays are helpful includ-
ing staining on unfixed murine brain tissue.103,137 As described 
above, growing evidence suggests that selected patients with 
immunotherapy-responsive autoimmune dementia and autoimmune 
psychosis harbor disease-driving autoantibodies, in particular when 
the immunostainings on unfixed brain tissue suggest a conforma-
tional surface epitope (Figure 3).

To identify the underlying antigens of such novel autoantibodies, 
various methods are available, including phage immunoprecipitation 
sequencing (PhIP-seq) and printed proteome arrays.150 Our approach 
focuses on immunoprecipitation combined with mass spectrometry 
(IP/MS). For this, mAbs or autoreactive IgG in patient serum or CSF 
are bound to protein-G-coupled beads. Antibody-bead complexes 
are then exposed to nervous system tissue lysates containing the 
antigenic epitopes and are allowed to bind their respective target 
antigen. Proteins digested from the antibody-bead complexes can 
then be separated by liquid chromatography and analyzed via MS. 
The subsequent comparison to negative controls reveals highly 
abundant target candidates. IP/MS can identify complex targets, for 
example in patients with neurological post-COVID-19-vaccination 
syndrome.151 The next step is the broad expansion of emerging au-
toantibodies found in autoimmune dementia, autoimmune psycho-
sis, stroke, cancer, and neurodegenerative disorders. The strength 
of the IP/MS approach is the use of nervous tissue lysates where an-
tigens are in their native conformation, closely mirroring the in vivo 
situation. This seems to be required, as anti-neuronal autoantibodies 
can bind to highly complex epitopes,71 which are lost when using 

arrays of linearized proteins. Identified targets have to be validated 
in cell-based assays, where HEK cells overexpress the respective 
protein. Novel autoantibodies can then be screened in clinical co-
horts to understand their frequencies and expanding phenotypes.

6  |  E XPLOR ATORY (GROUP I I I ) :  UNCLE AR 
ROLES OF ANTIBODIES IN DISE A SES

With broader availability of diagnostic testing, anti-neuronal au-
toantibodies are increasingly found also in clinical constellations 
not previously thought to be autoimmune-mediated. It is therefore 
important to focus on the identification of the underlying antigens, 
the generation of patient-derived mAbs for determining pathogenic-
ity, and the confirmation in clinical cohorts to understand which 
of these explorative autoantibodies can affect brain function. This 
approach contains enormous therapeutic potential in many neu-
rological diseases, ranging from stroke and neurodegeneration to 
cancer-associated cognitive impairment, nervous system develop-
ment, and normal brain aging.

6.1  |  Autoantibodies in stroke

Emerging evidence suggests that NMDAR autoantibodies, especially 
of the IgA and IgM isotype, are present in a significant subset of 
stroke patients, with prevalence rates varying between 11% and 
22%.152,153 Interestingly, the prevalence is comparable to healthy 
controls,91,154–156 raising questions about their clinical relevance. 
It may be possible, however, that they exert a pathogenic role only 
in a certain disease context, for example related to stroke-induced 
blood–brain barrier breakdown. While one study found no significant 
association between these autoantibodies and stroke outcomes,152 
other research suggested that high antibody titers or the presence 
of a leaky blood–brain barrier (e.g., in ApoE4 carriers) correlate with 
worse functional outcomes, larger MRI diffusion weighted imaging 
lesion volumes, and increased vascular risk 3 years post-stroke.157,158 
Furthermore, neuropsychiatric symptoms were more common in 
seropositive patients one to 3 years after stroke.159 Thus, whether 
removal of autoantibodies can be protective in selected stroke pa-
tients warrants further investigation.

6.2  |  Neuronal autoantibodies and cognitive 
impairment in cancer

Autoantibodies targeting intracellular antigens are commonly as-
sociated with paraneoplastic neurological syndromes, however, 
autoantibodies against neuronal cell surface proteins are increas-
ingly recognized in cancer patients. Earlier work reported the high 
prevalence of anti-neuronal autoantibodies, predominantly NMDAR 
autoantibodies of the IgA and IgM isotype, in multiple patients 
with cancer.160 The patients exhibited significantly higher rates of 
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cognitive deficits compared to those without autoantibodies. In fur-
ther support of these initial findings, another study of 157 patients 
with malignant melanoma found that 22.3% had anti-neuronal au-
toantibodies, again most frequently IgA/IgM NMDAR autoantibod-
ies. In this cohort, autoantibodies were an independent risk factor 
for cognitive impairment, which also correlated with the NMDAR 
antibody titer arguing for a dose–response relationship.161 A follow-
up study specifically investigated the association between neuronal 
autoantibodies and cognitive deficits in 167 patients with small 
cell lung cancer (SCLC) or non–small cell lung cancer (NSCLC).162 
Remarkably, this study found that SCLC patients with any type of 
neuronal autoantibodies had an 11-fold increased risk of cognitive 
impairment compared to seronegative patients, and patients with 
NSCLC and NMDAR IgA autoantibodies even a 20-fold increased 
risk. Importantly, also the presence of antibodies against yet un-
known antigens—which belong to the explorative group of neuro-
logical autoantibodies—was associated with cognitive decline. It is 
tempting to speculate whether antibody-depleting immunotherapy 
could be a therapeutic option if cognitive impairment occurs in can-
cer patients, and whether it may account for some forms of “brain 
fog”, which is traditionally attributed to chemotherapy. It will there-
fore be worthwhile to analyze the role of unknown autoantibodies, 
including the generation of mAbs and the identification of the un-
derlying antigens.

6.3  |  Autoantibodies during neurodevelopment

Maternal health influences the fetal brain development through 
many different factors, one of them could be anti-neuronal autoan-
tibodies. During normal pregnancy, antibodies, including poten-
tially pathogenic autoantibodies, are continuously transferred from 
the maternal circulation into the fetal bloodstream.163 Due to the 
incomplete development of the fetal blood–brain barrier, these au-
toantibodies can accumulate in the fetus and potentially enter the 
brain, posing risks to fetal neurological development.164 The concept 
of materno-fetal autoantibody transfer is known, for example, from 
in utero exposure to maternal autoantibodies targeting the fetal 
acetylcholine receptor (fAChR) isoform, which can result in fAChR 
antibody-related disorders (FARAD)165 including arthrogryposis 
multiplex congenita (AMC), a condition characterized by severe con-
genital joint contractures.166 Notably, some mothers have no clinical 
signs of MG themselves,167 thus a link to fetal abnormalities can be 
difficult to establish.

Similarly, mothers can also harbor antibodies against brain an-
tigens. Exposure to several maternal brain-reactive antibodies was 
associated with increased risk of having a child with autism spectrum 
disorder (ASD).168–170 Studies involving the administration of serum 
or purified IgG from mothers of children with ASD to dams have 
shown anxiety and deficits in social behavior.171 Likewise, when ASD-
IgG was administered to non-human primates atypical social behavior 
was observed.172 A recent study using active immunization to induce 
the production of ASD-associated antibodies, including antibodies 

against LDHA, LDHB, CRMP1, and STIP1, reported alterations in be-
havior and brain structure, reminiscent of ASD.173 The precise mech-
anisms underlying the pathological effects of these autoantibodies 
await clarification and are likely influenced by various factors, such 
as antibody isotype and affinity, the sex of the offspring,174 and post-
translational modifications like antigen glycosylation.175

Further examples include autoantibodies against CASPR2, syn-
apsin and NMDAR. In utero exposure to CASPR2 antibodies in-
duced by active immunization led to ASD-like behavioral changes 
in rodents.176 Antibodies against synapsin-1, a neuronal protein 
crucial for synaptic vesicle release, were detected in ~10% of moth-
ers having children with neurologic abnormalities.177 A subsequent 
confirmation cohort of pregnant women detected synapsin-1 au-
toantibodies with similar frequency and found a correlation of se-
ropositivity with multiple abnormalities of fetal development.178 A 
materno-fetal transfer model using human recombinant NMDAR 
mAbs resulted in NMDAR reduction and decreased amplitudes of 
spontaneous excitatory postsynaptic currents in the offspring.179 
Since NMDAR IgG autoantibodies are found in ~1% of the healthy 
population,180,181 a large number of asymptomatic mothers may di-
aplacentally transfer low-level pathogenic autoantibodies and inad-
vertently affect neonatal development.

6.4  |  A role of autoantibodies in brain 
homeostasis and normal aging?

The rapidly increasing number of novel pathogenic autoantibod-
ies in neurological diseases together with their detection also in a 
certain percentage of healthy controls suggests that anti-neuronal 
autoantibodies are not always a diagnostic “yes or no” finding. In 
AIE patients, established autoantibodies can prove the diagnosis and 
explain disease symptoms. However, can the same autoantibodies 
also contribute to brain function if they occur in healthy subjects?

We hypothesize that the detailed experimental proof of pathoge-
nicity, involving patient-derived mAbs and their use in animal models, 
electrophysiology and structural analyses (for example, as discussed 
for GABAAR autoantibodies), (Figure 4), categorizes autoantibodies 
as “relevant”, irrespective of a person's clinical constellation. Not 
having full-blown AIE may then be related to lower autoantibody 
levels, compartmentalization of the immune response, autoantibody 
affinity, epitope specificity, and duration of the autoantibody expo-
sure, among other factors. Autoantibodies may rather play an im-
portant additive, modulating role on brain function, a concept which 
we recently termed “smoldering humoral autoimmunity”.40

This concept may be particularly relevant for neurodegenera-
tive diseases by linking them to triggers of humoral autoimmunity. 
As described above, the generation of anti-neuronal autoantibod-
ies following viral disease is largely accidental and unpredictable. 
Depending on the properties of such autoantibodies, they may 
continuously interfere with brain targets, cause chronic neuroin-
flammation and predispose individuals to cognitive impairment after 
stroke and cancer, but also to neurodegenerative diseases such as 
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Alzheimer's disease. Indeed, a large body of evidence suggests that 
infections, especially with HSV-1 are associated with and accelerate 
the pathogenesis of Alzheimer's dementia.182,183 In turn, prevention 
of viral infection using vaccination with recombinant shingles vaccine 
was able to reduce the risk of developing dementia.184 It is tempting 
to speculate whether the viral effects on neurodegeneration are me-
diated in part via down-stream anti-neuronal autoantibodies.

Bringing these different lines of evidence together, anti-neuronal 
autoantibodies may collectively constitute the “brain antibody-ome” 
and thus represent an additional, not previously acknowledged 
“super-system” for brain health and disease. For example, in neuro-
degenerative dementias such as Alzheimer's disease, the composition 
of many thousands of autoantibodies could modulate the disease risk, 
similar to other “super-systems” such as genetics, metabolism, life-
style, vascular or environmental factors, among others (Figures 6).

Confirmation of the concept of smoldering humoral autoimmu-
nity will require extensive research. We envision remarkable simi-
larities to the identification of polygenic disease risks over the last 
three decades, where function and significance were analyzed gene 
by gene. Likewise, the community will have to identify autoantibody 
by autoantibody, experimentally confirm their pathogenicity and 
classify them from pathogenic to uncertain significance to benefi-
cial. Such autoantibody profiling has massive potential to uncover 
novel biomarkers, enhance our understanding of underlying mecha-
nisms, and identify novel therapeutic targets.

7  |  SELEC TIVE THER APIES

The ongoing discovery of pathogenic neurological autoantibodies 
paved the way for personalized and increasingly selective thera-
pies. For example, in MG, unselective immunosuppression has been 
used for decades, but now switches more and more to targeted ap-
proaches. This includes cellular therapies against B cells from pro-B 

cells to plasma blasts (i.e., CD19 CAR T cells) or against plasma cells 
(i.e., BCMA CAR T cells), even in combination in a patient with MG.185 
Cell therapies now rapidly expand to other neurological disorders, 
such as MOGAD and NMOSD.39,186

Aside from CAR T cells, most recent developments in cell therapy 
focus on highly selected depletion of only autoantibody-producing 
B cells. One such innovative approach involves the use of chime-
ric autoantibody receptor (CAAR) T cells. It leverages the fact that 
autoantibody-producing B cells express the specific antibody they 
produce on their surface as the B cell receptor (BCR). In this approach, 
T cells are extracted from the patient and genetically engineered to ex-
press the autoantigen (such as the NMDAR) on their surface together 
with intracellular activating domains from the T cell receptor.187 Once 
reintroduced into the patient, these CAAR T cells circulate through-
out the body. When they encounter B cells that express the NMDAR 
antibody on their surface, they selectively destroy these pathogenic 
B cells. Crucially, other B cells are ignored, such as those producing 
protective antibodies following an infection or vaccination.

In preclinical mouse models, this approach has demonstrated both 
efficacy and specificity in autoantibody induced neurological diseases 
for NMDAR encephalitis187 and MG.188 If these findings are replicated 
in clinical trials, there is a well-founded hope that pathogenic autoan-
tibodies could be depleted highly selectively without the extensive 
side effects commonly associated with immunotherapies. This could 
accelerate clinical remission, improve prognosis and potentially lead 
to cure. Moreover, this technology may not only be useful for NMDAR 
encephalitis, but could also be applied to other encephalitides, MG, 
and autoantibody-mediated diseases beyond neurology.

8  |  CONCLUSIONS

The massive advancement in the understanding of diseases caused 
by well-established anti-neuronal autoantibodies has expanded the 

F I G U R E  6  Thousands (or millions) of 
autoantibodies may collectively constitute 
the “brain antibody-ome” and represent 
a novel “super-system” for modulating 
nervous system function in health and 
disease. In case of Alzheimer's disease, 
it may act in concert with established 
super-systems including genetics (e.g., 
ApoE4 carrier status), metabolism (e.g., 
diabetes, hypertension), lifestyle (e.g., 
smoking), vascular (e.g., atherosclerosis) 
or environmental factors (e.g., infections). 
Created with BioRender.com.

 1600065x, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

r.13405 by D
eutsches Z

entrum
 Für N

eurodeg, W
iley O

nline L
ibrary on [08/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://BioRender.com


294  |    LI et al.

attention also to clinical constellations where a contribution of au-
toantibodies has not been assumed previously. Based on recent data 
reviewed here, we envision that humoral autoimmunity represents 
an additional “super-system” for brain health and disease, together 
with genetics, metabolism, lifestyle or environmental factors, among 
others. Future concepts will likely shift the focus from individual au-
toantibodies to the “brain antibody-ome”, where the composition of 
thousands of anti-neuronal autoantibodies shapes neuronal func-
tion and homeostasis, neurodegeneration, but also healthy aging. To 
fully understand the contribution of this humoral “super-system”, we 
first need to recognize its pieces, that is, thousands of individual au-
toantibodies and their functions from the atomic to the clinical level.
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