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A B S T R A C T   

Background: Autoantibodies against the potassium voltage-gated channel subfamily A member 2 (KCNA2) have 
been described in a few cases of neuropsychiatric disorders, but their diagnostic and pathophysiological role is 
currently unknown, imposing challenges to medical practice. 
Design / Methods.: We retrospectively collected comprehensive clinical and paraclinical data of 35 patients with 
KCNA2 IgG autoantibodies detected in cell-based and tissue-based assays. Patients’ sera and cerebrospinal fluid 
(CSF) were used for characterization of the antigen, clinical-serological correlations, and determination of IgG 
subclasses. 
Results: KCNA2 autoantibody-positive patients (n = 35, median age at disease onset of 65 years, range of 16–83 
years, 74 % male) mostly presented with cognitive impairment and/or epileptic seizures but also ataxia, gait 
disorder and personality changes. Serum autoantibodies belonged to IgG3 and IgG1 subclasses and titers ranged 
from 1:32 to 1:10,000. KCNA2 IgG was found in the CSF of 8/21 (38 %) patients and in the serum of 4/96 (4.2 %) 
healthy blood donors. KCNA2 autoantibodies bound to characteristic anatomical areas in the cerebellum and 
hippocampus of mammalian brain and juxtaparanodal regions of peripheral nerves but reacted exclusively with 
intracellular epitopes. A subset of four KCNA2 autoantibody-positive patients responded markedly to immuno
therapy alongside with conversion to seronegativity, in particular those presenting an autoimmune encephalitis 
phenotype and receiving early immunotherapy. An available brain biopsy showed strong immune cell invasion. 
KCNA2 autoantibodies occurred in less than 10 % in association with an underlying tumor. 
Conclusion: Our data suggest that KCNA2 autoimmunity is clinically heterogeneous. Future studies should 
determine whether KCNA2 autoantibodies are directly pathogenic or develop secondarily. Early immunotherapy 
should be considered, in particular if autoantibodies occur in CSF or if clinical or diagnostic findings suggest 
ongoing inflammation. Suspicious clinical phenotypes include autoimmune encephalitis, atypical dementia, new- 
onset epilepsy and unexplained epileptic seizures.   

1. Introduction 

Autoantibodies against voltage-gated potassium channel (VGKC) 
complexes have been considered for a long time in patients with distinct 
autoimmune diseases of the central and the peripheral nervous system 
(CNS, PNS) such as limbic encephalitis, late-onset epilepsy, and neuro
myotonia (Barber et al., 2000; Buckley et al., 2001; Ik et al., 1997; 
Shillito et al., 1995; Vincent et al., 2004). However, diagnostic re
finements have shown that the majority of patients with VGKC complex 
antibodies actually had specific autoantibodies against the associated 
extracellular proteins LGI1 (leucine-rich glioma inactivated 1) and 
CASPR2 (contactin-associated protein-like 2) (Irani et al., 2010; Lai 
et al., 2010; Quek et al., 2012). Some patients with VGKC complex an
tibodies are seronegative for both, LGI1 and CASPR2 antibodies. These 
autoantibodies were shown to often bind to a cytosolic epitope of 
various potassium voltage-gated channel subfamily A (KCNA) family 
member subunits, and the small number of reported patients had a 
limited immunotherapy response (Lang et al., 2017; van Sonderen et al., 
2016). 

Only recently, a few patients have been described with autoanti
bodies exclusively targeting Kv1.2 channels (for brevity, KCNA2 is used 
in this paper as descriptor of both, the gene and the encoded protein 
Kv1.2), mainly in the context of autoimmune dementia and cryptogenic 
epilepsy (Kirschstein et al., 2020; Lang et al., 2017; Scharf et al., 2018; 
Timäus et al., 2021). KCNA channels are crucial for neuronal and syn
aptic functioning (Guan et al., 2013, 2007; Johnston et al., 2010; Yellen, 
2002). The α subunits of the KCNA family form homo- and hetero
tetrameric protein complexes, thereby producing tissue- and cell type- 
specific potassium channels with distinct structural and functional 
properties (Jan and Jan, 2012). In analogy to epileptic, ataxic and 
neurodevelopmental disorders resulting from mutations in KCNA2 
(Corbett et al., 2016; Döring et al., 2021; Manole et al., 2017; Masnada 
et al., 2017), relevant pathogenic potential of KCNA2 antibodies for 
neuropsychiatric diseases appears plausible. However, the functional 
role of KCNA2 IgGs and the association with distinct clinical phenotypes 
is currently unknown, thus imposing diagnostic and therapeutic chal
lenges for clinical routine. We therefore aimed to describe the clinical 

phenotypes, paraclinical findings, and response to immunotherapy in 
the so far largest cohort of patients with KCNA2 autoimmunity. We 
further used serum and cerebrospinal fluid (CSF) samples for charac
terization of the underlying epitopes, determination of autoantibody 
titers and IgG subclasses, and IgG reactivity to distinct anatomical areas 
in the mammalian CNS and PNS. 

2. Materials and methods 

2.1. Study approval 

All human samples and clinical investigations were done according 
to the Declaration of Helsinki principles. All study participants or their 
representatives gave written informed consent prior to inclusion into the 
study. All analyses were approved by the Charité Universitätsmedizin 
Berlin Ethics Board (#EA1/258/18). 

2.2. Collection of human specimens and antibody screening 

This study included patients with KCNA2 IgGs detected in their 
serum at a reference laboratory. These patients were either referred to 
Charité Universitätsmedizin Berlin or recruited through external re
ferrals. Retrospectively, the participating centers collected clinical and 
paraclinical data, as well as serum and CSF samples, from 35 KCNA2 
IgG-seropositive patients. Most patients (n = 30) were identified in 
clinical routine when treating physicians initiated autoantibody testing 
based on atypical presentation or features of neuroinflammation (e.g. 
atypical dementia, new epileptic seizures of unexplained etiology, CSF 
inflammation, MRI lesions, or rapidly progressing neurological deteri
oration of unexplained cause). Additional cases (n = 5, patients #30–34) 
were recruited through systematic autoantibody testing in the pro
spective multicenter DZNE – mechanisms of Dementia after Stroke 
(DEMDAS) trial (clinical trials.gov: NCT01334749). Two patient cases 
(patient #20 and patient #21) have been previously published (Timäus 
et al., 2021). KCNA2 IgG detection was conducted using a biochip array 
with acetone-fixed recombinant human embryonic kidney 293 
(HEK293) cells separately expressing brain antigens Hu, Yo, Ri, CV2, 

F.A. Arlt et al.                                                                                                                                                                                                                                   



Brain Behavior and Immunity 117 (2024) 399–411

401

PNMA2, ITPR1, Homer 3, CARP VIII, ARHGAP26, ZIC4, DNER/Tr, 
GAD65, recoverin, GABAB receptor, glycine receptor, DPPX, IgLON5, 
glutamate receptors (types NMDA, AMPA, mGluR1, mGluR5, GLURD2), 
LGI1, CASPR2, AQP4, MOG, ATP1A3, NCDN, Flotillin 1/2, KCNA2, 
AP3B2, Sez6L2, CNTN1, NF155, NF186 or empty vector-transfected 
HEK293 cells as controls. Anonymized sera of 96 healthy blood donors 
were used as controls. All samples were aliquoted and stored at − 80 ◦C 
or − 20 ◦C until first experimental use. Hereafter, samples were stored at 
+ 4 ◦C for additional experiments thereby avoiding repeated freeze/ 
thaw cycles. 

2.3. Recombinant expression of KCNA2, KCNA1, and KCNA6 in 
HEK293 cells 

KCNA2, KCNA1, and KCNA6 were transiently expressed in HEK293 
cells as previously described (Miske et al., 2023). Briefly, human 
genomic DNA was extracted from HEK293 cells and used as a template 
for amplification of the coding sequence of KCNA1, KCNA2 and KCNA6 
by polymerase chain reaction (PCR). Respective DNA oligonucleotides 
were used introducing the given enzyme restriction sites (see Table 1). 
The amplified PCR fragments were digested with the indicated enzymes 
and separately ligated with NcoI/XhoI-linearized pTriEx-1 (Merck). 
KCNA1, KCNA2, and KCNA6 proteins were transiently expressed 
following PEI-mediated transfection (PEI 25KTM), according to manu
facturer’s instructions (Polysciences Europe). For indirect immunoflu
orescence assays, cells were grown on coverslips and fixed with acetone 
or methanol two days after transfection or used for live cell immuno
fluorescence assays as described in section 2.9. 

2.4. Animals 

All animal procedures were approved by the Landesamt für 
Gesundheit und Soziales (LaGeSo) Berlin, Germany (approval numbers 
T-CH 0009/22, G0078/19), and performed in compliance with German 
and international guidelines for care and humane use of animals. Male 
C57BL/6 mice were used at an age of 10–12 weeks. For primary disso
ciated cell cultures, male and female Wild-type (WT) Wistar rat pups or 
NexCre;Ai9xVGAT Venus mice were humanely sacrificed at postnatal 
days (P0–P2). All animals were housed in temperature- and humidity- 
controlled conditions on a 12 h dark and light cycle and always pro
vided with food and water ad libitum. 

2.5. Primary dissociated cell cultures 

Primary dissociated cell cultures were prepared from either WT 
Wistar rat pups or NexCre;Ai9xVGAT Venus mice as previously 
described (Turko et al., 2019a, 2019b). In brief, neocortical tissue was 
excised and then papain-dissociated (1.5 mg/mL; Merck) for 30 min at 
37 ◦C, before trituration in bovine serum albumin (10 mg/ml; Merck). 
Cells were then counted before resuspension in Neurobasal A medium 
(supplemented with 1 × B27, 1 × Glutamax, and 100 U/ml Penicillin- 

Streptomycin; Thermofisher Scientific). Dissociated cells were grown 
on 12-mm glass coverslips (Roth) previously coated for 1 h with poly-L- 
lysine hydrobromide (20 μg/ml; Merck), in 24-well cell culture plates 
(BD Falcon). Cells were typically plated in 20 µl droplets at a density of 
2000 cells / µl (total: 4 x 104 cells per coverslip). Cultures were grown in 
humidified conditions at 37 ◦C and 5 % CO2 until harvesting at DIV 
20–22. WT rat neurons, without fluorescent labeling, were fixed and 
permeabilized in 100 % methanol for 3 min at − 20 ◦C and stored in 
phosphate-buffered saline (PBS) at 4 ◦C until further processing. 
GABAergic neurons expressing enhanced yellow fluorescent protein 
(Venus) and glutamatergic neurons expressing tdTomato were used for 
live cell staining as explained in section 2.9. 

2.6. IgG purification from serum 

IgG purification was adapted from a previously established antibody 
purification protocol (Kreye et al., 2016). In brief, 200 µl of serum and 
200 µl of Protein G Sepharose Beads 4FastFlow Cytiva® (Merck) were 
incubated in 50 ml PBS overnight at 4 ◦C. Samples were centrifuged at 
4,000 g, supernatant was removed, and the beads were transferred to 
Bio-Spin® chromatography columns (Bio-Rad), which were previously 
equilibrated and washed with PBS. IgGs were eluted from the columns 
using 500 µl elution buffer (0.1 M sodium citrate, pH 2.7, Thermofisher 
Scientific), and pH-neutralized with 50 µl 1.5 M Tris (pH 8.8). Buffer 
exchange to PBS was performed using PD-10 columns (SephadexTM G-25 
medium, Sigma-Aldrich). IgGs were sterile filtered, and final concen
trations were determined using NanoDrop (Thermofisher Scientific). 
KCNA2 IgG reactivity was confirmed by cell- and tissue-based immu
nofluorescence assays on KCNA2-transfected HEK293 cells and murine 
cerebellum, following the procedures described in section 2.9. 

2.7. Intrathecal osmotic pump infusion 

100 µg of purified IgGs from patient #3 and from a control serum 
were infused into the right ventricle of two WT mice using osmotic 
pumps (model 1002, Alzet) over a 14-day period. The pumps were filled 
24 h before the surgical implantation, during which the mice were 
placed in a stereotaxic frame, and a cannula was inserted into the right 
ventricle at specific coordinates (0.2 mm posterior and ± 1.00 mm 
lateral from bregma, depth 2.2 mm). The cannula was then connected to 
a subcutaneously implanted pump. Throughout the 14-day experiment, 
daily monitoring of the mice was conducted to assess symptoms and 
weight fluctuations. On day 14, the mice were euthanized, and their 
brains were dissected, fixed in 4 % paraformaldehyde (PFA) overnight, 
and then cryoprotected in 30 % sucrose for 2 days prior to freezing and 
cryosectioning, following the procedures described in section 2.8. 

2.8. Animal brain and sciatic nerve processing 

Unfixed brains and PFA-fixed IgG-infused brains were dissected and 
frozen in 2-methylbutan. Cryostat-cut 20 µm sections were mounted on 

Table 1 
DNA oligonucleotide sequences for PCR amplification of cDNA fragments of KCNA1, KCNA2 and KCNA6. F: forward primer, R: reverse 
primer.  

Protein Restriction sites DNA oligonucleotide sequence (5‘-3‘)  

KCNA1 Eco31I (BsaI) XhoI F: ATTAGGTCTCACATGACGGTGATGTCTGGGGAGAACGTGGA 
R: TATCTCGAGTTAAACATCGGTCAGTAGCTTGCTCTTATTAACG  

KCNA2 NcoI XhoI F: ATTCCATGGCAGTGGCCACCGGAGACCCAGCAGACGAG 
R: TATCTCGAGTCAGACATCAGTTAACATTTTGGTAATATTCAC  

KCNA6 PagI (BspHI) XhoI F: ATATCATGAGATCGGAGAAATCCCTTACGCTGGCG 
R: TATCTCGAGTCAGACCTCCGTGAGCATTCTTTTCTCTG  
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glass slides and stored up to seven days prior to tissue-based immuno
fluorescence. Murine sciatic nerves were dissected and directly fixed in 
4 % PFA for 20 min on ice. After washing with PBS, the epineurium was 
removed using a stereo microscope (Leica EZ4W). The nerves were 
teased on glass slides, air-dried overnight, and stored at − 20 ◦C up to 
four weeks until further usage. Prior to staining, teased fibers were post- 
fixed and permeabilized with 100 % methanol for 2 min at − 20 ◦C and 
washed with PBS. 

2.9. Cell- and tissue-based immunofluorescence assays and IgG subclass 
determination 

Indirect immunofluorescence assays were performed as described 
previously (Kreye et al., 2016; Miske et al., 2023; Prüss, 2021). Assays 
were conducted using brain tissue cryosections (hippocampus of rat, 
cerebellum of rat and monkey, and mouse whole brain), mouse sciatic 
nerve teased fibers, primary neuronal cultures or acetone-fixed recom
binant HEK293 cells separately expressing KCNA1, 2, or 6, using empty 
vector-transfected HEK293 cells as controls. Slides were incubated with 
PBS-diluted sample at room temperature (RT) for 30 min, washed with 
PBS-Tween and immersed in PBS-Tween for 5 min. Alternatively, fixed 
and permeabilized cells or slides with brain or nerve tissue were rinsed 
with PBS prior to incubation with blocking solution (10 % normal goat 
serum, 2.5 % bovine serum albumin and 0.1 % Triton-X) for 1 h at RT 
followed by overnight incubation of serum, CSF and commercial anti- 
KCNA2 antibody (Neuromab K14/16 final dilution of 1:200) at 4 ◦C in 
blocking solution. Further primary antibodies used as controls were 
anti-KCNA2 antibody (Sigma-Aldrich, SAB1100129-200UL, final dilu
tion 1:1,000), anti-KCNA1 antibody (Chemicon, AB9782, final dilution 
1:1,000), and anti-KCNA6 antibody (Sigma-Aldrich, HPA014418- 
100UL, final dilution 1:200). In the second step, either Alexa488- 
labelled goat anti-human IgG (Dianova, 109–545-003, final dilution 
1:1,000), fluorescein isothiocyanate (FITC)-labelled goat anti-human 
IgG (EUROIMMUN Medizinische Labordiagnostika AG, undiluted), IgG 
subclass specific FITC-labelled mouse anti-human IgG (Sigma-Aldrich 
F0767, F4516, F4641, F9890, final dilution 1:200), Alexa594-labelled 
goat anti-mouse IgG (Jackson Research 115–585-03, final dilution 
1:500), or Cy3-labeled goat anti-rabbit IgG (Dianova, 111–165-045, 
final dilution 1:400) were incubated at RT for 30 min. After washing 
with PBS, cell nuclei were visualized by DNA staining with TO-PRO-3 
iodide (Thermofisher Scientific, final dilution of 1:2,000) or DAPI 
(Sigma-Aldrich, final concentration of 0.067 µg/ml). Endpoint titers 
refer to the last dilution showing visible fluorescence. IgG-infused and 
PFA-fixed brain cryosections were blocked with blocking solution, 
stained with Alexa488-labelled goat anti-human IgG (Dianova, 
109–545-003, final dilution 1:1,000), and after washing, subsequently 
stained with commercial anti-KCNA2 antibody (Neuromab K14/16 final 
dilution 1:200) and secondary Alexa594-labelled goat anti-mouse IgG 
(Jackson Research 115–585-03, final dilution 1:500). 

Live cell assays were performed in KCNA2-overexpressing HEK293 
cells and primary hippocampal neuronal cultures. 48 h after transfection 
(HEK293) and on day 20–22 (neurons) the cells were incubated with 
sera (dilution 1:300) and CSF (dilution 1:2) for 1 h in cell culture media 
at 37 ◦C. After rinsing with PBS, cells were fixed in 4 % PFA for 10 min at 
room temperature and washed with PBS. Cells were blocked with 
blocking solution without Triton-X and secondary antibodies against 
human pan-IgG (Dianova, 109–545-003, final dilution 1:1,000 or 
Thermofisher Scientific a21445, final dilution 1:500) were applied 
overnight at 4 ◦C. Imaging was conducted within 48 h after staining 
using widefield and confocal microscopes. Images were processed using 
NIH Image J software Version 2.9.0 (Bethesda, MD). 

For neutralization assays, selected sera (final dilution 1:400) were 
incubated with KCNA2-HEK293 cell extracts (final dilution 1:10) in PBS- 
Tween using empty-vector-transfected HEK293 (final dilution 1:10) as 
controls. Sections and cells were sequentially stained with commercial 
KCNA2 antibodies (Neuromab K14/16). 

2.10. Western blotting 

Western blotting using patients’ sera was performed as previously 
described (Miske et al., 2021). In brief, HEK293 cell extracts containing 
the overexpressed KCNA2 or empty vector transfected HEK293 control 
extracts were incubated with NuPage LDS sample buffer (Thermofisher 
Scientific) followed by SDS-PAGE (NuPAGE, Thermofisher Scientific). 
Separated proteins were electrotransferred onto a nitrocellulose mem
brane by tank blotting with transfer buffer (Thermofisher Scientific) 
according to the manufacturer’s instructions. The membranes were 
blocked with 1:5 diluted sample buffer (EUROIMMUN) for 15 min and 
incubated with the patient sera (dilution of 1:200). After washing with 
Universal Blot Buffer (EUROIMMUN), the membranes were incubated 
with anti-human-IgG-AP (EUROIMMUN, final dilution 1:10) for 30 min, 
washed, and stained with NBT/BCIP substrate (EUROIMMUN). 

2.11. Histopathological analyses 

PFA-fixed and paraffin embedded tissue of patient #25 was cut in 
3–4 µm sections. Routine histological staining (H&E, Luxol fast blue) 
was performed according to standard procedures. Immunohistochem
ical staining was performed on Ventana Benchmark Ultra (Roche Di
agnostics, Switzerland) or Dako Omnis autostainer (Agilent, USA) with 
standard antigen retrieval methods. The following primary antibodies 
were used against GFAP (DAKO – M0761, clone 6F2, final dilution 
1:250), Ki67 (DAKO – M7240, clone MIB1, 1:200), CD3 (Leica – NCL-L- 
CD3-565, clone LN10, 1:100), CD4 (Cell Marque – 104R-15, clone SP35, 
1:50), CD8 (DAKO – M7103, clone C8/114B, 1:300), CD20 (DAKO – 
M075501, clone L26, 1:400), CD68 (DAKO – M087601, clone PG-M1, 
1:50), and CD163 (Cell Marque / 163 M− 16, clone MRQ-26, 1:40). 
Briefly, primary antibodies were applied and developed using the Ven
tana OptiView (Roche Diagnostics, Switzerland) or Dako EnVision FLEX 
(Agilent). Sections were counterstained with hematoxylin, dehydrated 
in a graded alcohol and xylene series, mounted and coverslipped. 
Immunohistochemistry sections were evaluated by at least one board- 
certified neuropathologist. To biologically validate all immunohisto
chemistry stainings, control tissues harboring or lacking the expected 
antigens were used on the slides. Sections were scanned with an Aperio 
GT 450 (Leica Biosystems, Germany) and images of regions of interest 
were taken Aperio Image Scope (Leica). All images are uploaded on 
zenodo (https://doi.org/10.5281/zenodo.8272855). 

2.12. Statistical analysis and data visualization 

All statistical analyses were performed using SPSS Statistics Version 
28.0.0 (IBM, Armonk, NY). Two-sided Fisher’s exact tests were used for 
comparisons of categorial variables. Crude logistic regression analysis 
was used to test for associations of KCNA2 IgG titers with main di
agnoses and symptoms as well as diagnostic findings. Statistical signif
icance was set at p < 0.05. Data visualization was conducted in Prism 
Version 9.4.1 (GraphPad Software, San Diego, CA) and Inkscape Version 
1.2.1 (Inkscape Project. 2020, available at https://inkscape.org). 

3. Results 

3.1. KCNA2 IgG autoantibodies in patients and healthy controls 

Between April 2016 and April 2022, we retrospectively collected 
clinical and paraclinical data of 35 consecutive patients seropositive for 
KCNA2 IgG autoantibodies. Patients’ median age at disease onset was 
65 years (IQR 55–72), and 74.3 % were male. KCNA2 IgG was detected 
in cell-based assays (CBAs) and titers ranged from 1:32 to 1:10,000 in 
serum (median 1:1,000) (Fig. 1A). CSF was collected from 29 patients 
(82.9 %) of the cohort. Of these, 21 CSF samples (60 %) were submitted 
for KCNA2 IgG testing at the discretion of the treating physicians, and 
among those, 8 tested positive (Fig. 1A). In a control population of 96 
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Fig. 1. Clinical and paraclinical features of KCNA2 IgG seropositive patients A) KCNA2 antibody titers in serum (black, n = 35) and CSF (positive = blue [n =
8], negative = grey [n = 13]), paired samples per patient are connected with a line. B) The clinical spectrum of KNCA2 IgG-associated disease was heterogeneous 
with dementia / MCI, epilepsy / seizure, and ischemic stroke being the leading diagnoses. C) Main symptoms at disease onset of patients with KCNA2 IgGs in serum. 
D) In patients with KCNA2 IgGs also in CSF (n = 8), cognitive impairment was more frequent than in CSF-negative patients (n = 13), while other main symptoms 
were not significantly different. E) Immunotherapy was applied in 14/35 patients, showing a strong response (red) in n = 4, no/low response (dark grey) in n = 8 and 
unknown response (grey) in n = 2. F) Early immunotherapy (starting within 6 months of symptom onset) showed higher response rates compared to delayed 
treatment (≥6 months). G) Response to immunotherapy in correlation with administered medication (available for n = 12 patients). All correlations were calculated 
using Fisher’s exact test, asterisks indicate statistical significance with p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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healthy blood donors, KCNA2 IgG was detected in 4 serum samples (4.2 
%). Autoantibody titers were similar to patients (median 1:1,000). 
Considering the autoantibodies tested here, only two patients had 
additional autoantibodies: Patient #19 had anti-AP3B2 (titer 1:32) and 
patient #30 anti-NMDAR IgM (1:1,000) autoantibodies in serum. 

3.2. Serum KCNA2 IgGs are detected in patients with heterogeneous 
clinical phenotypes 

The most common clinical diagnoses in patients with KCNA2 IgG 
were dementia or mild cognitive impairment (MCI) (n = 10), and epi
lepsy or first epileptic seizure (n = 7), together accounting for 47.6 % of 
the cohort (Fig. 1B). In line with the primary diagnoses, main symptoms 
at disease onset were cognitive impairment (n = 20) and epileptic sei
zures (n = 12) followed by gait disorder (n = 9) and ataxia (n = 9) 
(Fig. 1C). Serum KCNA2 IgGs were further identified in patients with 
acute ischemic stroke (n = 5), of whom 80 % had cognitive impairment 
in the acute stroke phase, as assessed with pathological MoCA (Montreal 
Cognitive Assessment) testing. 2/3 available follow-up MoCA tests 
remained pathological six months after stroke. 

Further diagnoses included definite (n = 4) or possible (n = 2) 
autoimmune encephalitis (AIE) showing subacute or acute onset of 
status epilepticus (patient #23), headache with dizziness and epileptic 
seizures (patient #25), cognitive decline and change of mood and 
behavior (patient #21), and brainstem syndrome with epileptic seizures 
(patient #12). Two patients with clinical features of possible AIE 
showed hippocampal swelling on brain MRI (patient #10) or epileptic 
seizures with verbal memory deficits and pleocytosis (patient #35). In 
these 6 cases (17.1 %) with the clinical diagnosis of AIE, no other known 
anti-neuronal antibodies beyond KCNA2 were initially detected, only 2 
showed KCNA2 IgG in CSF, assessed by CBA. A subset of patients com
plained mainly of sensory impairment and neuropathic pain, and 2 pa
tients had infectious CNS disease (Fig. 1B). Paresis was evident in 7 
cases, and 7 patients displayed personality changes, mainly in the 
context of MCI or dementia (Fig. 1C). No association of predominant 
clinical manifestation with KCNA2 autoantibody titers in serum or CSF 
was seen (data not shown). 

3.3. KCNA2 IgG positivity in CSF is associated with cognitive impairment 

Next, we analyzed whether the presence of KCNA2 IgGs in CSF, 
resulting from intrathecal synthesis and/or blood–brain barrier 
impairment, may be associated with distinct clinical phenotypes 
(Fig. 1D). Indeed, all 8/8 CSF-positive patients had cognitive impair
ment compared to only 7/13 patients with KCNA2 IgG detected in serum 
only (p = 0.046, two-sided Fisher’s exact test). No difference was 
observed in other clinical symptoms between CSF-positive and CSF- 
negative patients (Fig. 1D). In addition, the presence of KCNA2 IgGs 
in CSF did not correlate with other pathological abnormalities in MRI, 
CSF and EEG (see Table 2) in our cohort (data not shown). 

3.4. Early immunotherapy may be beneficial 

The majority of patients (21/35) did not receive immunotherapy, 
likely related to the previously uncharacterized potential role of KCNA2 
autoantibodies. Of the remaining 14 patients who received immuno
therapy, information on outcomes was available for 12 patients. A 
strong treatment response with complete or nearly complete remission 
of symptoms following immunotherapy was observed in 4/12 patients 
(Fig. 1E), 3 of whom were diagnosed with AIE. All 3 patients who 
received early immunotherapy within six months of symptom onset 
showed extensive clinical remission (Fig. 1F) and lost KCNA2 IgG 
seropositivity in follow-up sera (data not shown). In contrast, patients 
with long-lasting disease did not show a clear benefit from immuno
therapy (Fig. 1F) even if escalated to plasmapheresis or B cell depletion 
(Fig. 1G). Among the non-responders (5/5), KCNA2 autoantibodies 

remained detectable at follow-up (data not shown), and these patients 
exhibited global brain atrophy on MRI (Fig. 2G-I). For detailed clinical 
and paraclinical data on each patient refer to Supplementary Table 1. 

3.5. Structural brain changes and signs of inflammation 

Brain MRI was performed in 97.1 % of patients (n = 33) and showed 
pathological changes in almost all of them (n = 31) (Table 2). In line 
with the frequent cognitive deficits, the most predominant finding was 
generalized cerebral atrophy in 13/33 patients and localized atrophy in 
8/33 patients (Table 1, Supplementary Table 1, Fig. 2G-I). 10/33 pa
tients showed hippocampal or temporal lesions and/or atrophy (Table 2, 
Fig. 2A-B). Bi-temporal T2 hyperintensities and hippocampal swelling 
supported the diagnosis of definite or possible AIE in 2 patients (Fig. 2A- 
B). Additional MRI findings were irregular appearance of right pre
central gyrus, acute, subacute, or chronic stroke lesions as potential 
correlates of epileptic seizures, as well as white matter lesions, and 
multiple sclerosis-like inflammatory lesions (Table 2, Fig. 2C-F). FDG- 
PET-CT scans displayed hippocampal hypermetabolism in a case of 
AIE (patient #25) and local hypometabolism in dementia patients (pa
tients #1 and #6) (Fig. 2J-L). 

CSF investigation was conducted in 29/35 patients (82.9 %) and 
revealed inflammatory pathological changes in 16/29 cases (55 %). 
These changes included pleocytosis in 7/29 patients, blood–brain bar
rier impairment in 8/29 patients, and intrathecal antibody synthesis 
measured through autoantibody index and oligoclonal bands in 9/29 
cases (Table 2). 9/18 patients showed pathological changes in EEGs, 5 
had interictal epileptiform signals or irregular slowing and 5 showed 
diffuse brain dysfunction or encephalopathy (Table 2). One patient 
received a temporal lobe biopsy to rule out a malignant disease. Here, a 
lymphoplasmacellular infiltration with perivascular cuffing in the white 
matter was visible with highly activated microglia (CD68 + ) (Fig. 2M- 
Q). The lymphocytes in the parenchyma were diffusely infiltrating CD3 
+ T cells and small clusters of CD20 + B cells (Fig. 2P-T, https://doi. 

Table 2 
Summarized diagnostic findings of KCNA2 IgG seropositive patients. * 
Including temporal / hippocampal atrophy and T2 hyperintensities. MRI: 
magnetic resonance imaging; CSF: cerebrospinal fluid; EEG: electroencepha
logram, PET-CT: positron emission tomography and computed tomography. n 
(%) total numbers and percentage of total (n = 35).  

MRI, n (%) 33 (94.2) 

MRI normal 2 
Pathological MRI 31 
Global atrophy 13 
Specific atrophy 8 
Hippocampal / temporal anomalies* 10 
White matter lesions 11 
Stroke (acute, subacute, chronic) 7 
Any inflammatory lesion 4 

CSF, n (%) 29 (82.9) 

CSF normal 13 
Pathological CSF 16 
Pleocytosis 7 
Intrathecal antibody synthesis 9 
Blood-brain-barrier impairment 8 

EEG, n (%) 18 (51.4) 

EEG normal 9 
Pathological EEG 9 
Diffuse brain dysfunction / encephalopathy 5 
Epileptic signals / irregular slowing 5 

PET-CT, n (%) 4 (11.4) 

PET-CT normal 0 
Pathological PET-CT 4 
cerebral hypometabolism 3 
cerebral hypermetabolism 1  
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3.6. KCNA2 IgGs bind to differentially located epitopes in the CNS and 
PNS 

To determine the epitope locations of KCNA2 IgGs and to test for 
reactivity in tissue-based assays, available sera and CSF were screened 
on mammalian brain sections, sciatic nerve teased fibers, and rat pri
mary hippocampal neurons. The KCNA2 tissue expression is highest at 
the axon initial segment (AIS) of Purkinje cells, in the molecular layer of 
the hippocampus, and in the juxtaparanodal areas of peripheral nerves, 
a pattern confirmed with antigen neutralization assays and co-labeling 
with a commercial KCNA2 positive control antibody, which targets an 
intracellular part of the protein (Fig. 3E-H,J-L,M− N,red inserts in 
overlays). Of the human samples, 18/34 sera and 2/8 CSF showed the 
typical KCNA2 AIS binding pattern of Purkinje neurons in mouse 
(Fig. 3A), rat (Fig. 3B), or monkey (Fig. 3C) cerebellum. Staining of the 
hippocampal molecular layer was present in 12/34 sera and 3/8 CSF 
samples (Fig. 3D). Both patterns disappeared upon HEK293 KCNA2 
adsorption (Fig. 3E-H). None of the KCNA2 IgG-positive sera from 
healthy blood donors showed reactivity in tissue-based brain assays but 
2/4 bound to primary hippocampal neurons. 

Following the characteristic KCNA2 expression pattern in the PNS, 
7/28 sera and 3/8 CSF bound to the juxtaparanodal region of sciatic 
nerve teased fibers (Fig. 3I-K), thus showing less frequent binding to PNS 
structures compared to hippocampus and cerebellum. Binding to 
methanol-fixed primary hippocampal neurons was particularly strong 
along the main axon and less intense at the dendrites in 21/28 sera and 
3/7 CSFs (Fig. 3L-N). No statistically significant associations of tissue or 
neuron reactivity with main clinical symptoms were evident (data not 
shown). Cross-reactivity to the closely related potassium channel family 
members KCNA1 and KCNA6 with similar tissue-reactivity patterns was 
tested in CBAs. One patient (#12) with immunotherapy-responsive en
cephalitis showed additional IgG antibodies against KCNA1, while all 
other tested samples were non-reactive (Fig. 3O). A summary of serum 
and CSF reactivities in cell- and tissue-based assays is given in Table 3. 

3.7. In vivo intracellular KCNA2 IgG binding with linear and 
conformational epitopes 

Autoantibody-positive patient samples lacked binding to primary 
hippocampal neurons (Fig. 3P) and KCNA2-overexpressing HEK cells in 
live cell assays (Fig. 3Q). This suggests that the human KCNA2 auto
antibodies do not recognize neuronal surfaces but instead target an 
intracellular epitope. Indeed, only after fixation and permeabilization of 
neurons and KCNA2-transfected HEK293 cells, human samples showed 
strong binding similar to the KCNA2 commercial antibody (as shown in 
Fig. 3F and 3G). Binding of 3/4 patients’ IgGs to the AIS of Purkinje cells 
was however visible after intrathecal application into a WT mouse, 
indicating that the KCNA2 IgGs do reach their targets in vivo (Fig. 3R). 
However, no reactivity was visible in the hippocampal molecular layer 
after intrathecal application, and no obvious phenotype was evident in 
the infused animals after 14 days. 3/3 control IgG preparation from sera 
without KCNA2 antibodies did not show reactivity after intrathecal 
infusion (Fig. 3S). In a first attempt to better characterize the intracel
lular epitope, human samples were probed on KCNA2-overexpressing 

HEK293 cell lysates in Western blots (Fig. 3T). Binding to linearized 
protein epitopes was detected with 15/29 sera. In contrast, 14/29 sera 
were non-reactive suggesting that they require a conformational epitope 
for KCNA2 autoantibody binding. Classifying patient samples as binding 
to linear versus conformational epitopes did not correlate with main 
symptoms or diagnoses (data not shown). For detailed data on each 
patient’s serum and CSF reactivity in indirect immunofluorescence as
says, Western blots, and KCNA1/KCNA6 CBAs refer to Supplementary 
Table 2. 

3.8. KCNA2 IgGs are mainly of IgG1 and IgG3 subclasses 

To better estimate the potential IgG subclass-dependent contribution 
to pathology, we next determined the IgG subclasses of available sera 
(Fig. 4A-B). IgG3 and IgG1 were the dominant subclasses, either isolated 
(IgG1 only 8/22, IgG3 only 9/22) or combined (IgG1&IgG3 4/22, 
IgG1&IgG2&IgG3 1/22) (Fig. 4A-B), both being potent complement 
activators. None of the examined sera displayed IgG4 reactivity (Fig. 4A- 
B). We did not detect a correlation of IgG subclasses with clinical pre
sentations (data not shown). Patients with an AIE-related phenotype 
displayed IgG1 and IgG3 subclasses, similar to the KCNA2 autoantibody- 
positive healthy blood donors (data not shown). Interestingly, in the 
majority of patients where KCNA2 autoantibodies were identified in 
both serum and CSF, the serum autoantibodies belonged to the IgG1 
subclass. Conversely, patients who tested negative for CSF autoanti
bodies primarily exhibited IgG3 autoantibodies in their serum (p = 0.04, 
Fig. 4C). 

4. Discussion 

In this study, we characterized the clinical spectrum and paraclinical 
findings of a large cohort of patients with KCNA2 IgG autoantibodies. 
Most patients presented with cognitive impairment and/or epileptic 
seizures, but also ataxia and gait disorder occurred frequently. KCNA2 
autoantibodies bound to the characteristic anatomical areas in the 
mammalian brain, such as Purkinje cells, hippocampal neurons, and 
peripheral nerves but reacted exclusively with intracellular epitopes. 
Intrathecal IgG infusion into a WT mouse, however, revealed intracel
lular autoantibody binding in vivo. Several KCNA2 autoantibody- 
positive patients markedly responded to immunotherapy, and one 
available brain biopsy demonstrated strong immune cell invasion. 
KCNA2 autoantibodies occurred in less than 10 % as a potentially par
aneoplastic disease associated with an underlying tumor. 

The clinical phenotype observed in our study is in line with the few 
previous descriptions of KCNA2 autoimmunity (Timäues et al 2021, 
Kirschstein et al., 2020) and very similar to clinical manifestations of 
KCNA2-related genetic diseases (Döring et al., 2021, Masnada et al., 
2017). A subset of patients presented with sensory impairment and 
chronic neuropathic pain as previously described for VGKC-seropositive 
patients (Klein et al 2012). 

The lack of functional experiments using patient-derived polyclonal 
or recombinant monoclonal KCNA2 autoantibodies currently prevents 
the demonstration of the antibody pathogenicity. On the one hand, the 
intracellular epitope in all patients does not suggest easy access to the 
antigen and, in the traditional view, no primary pathogenicity of KCNA2 
antibodies. On the other hand, KCNA2 autoantibodies did reach their 

Fig. 2. MRI and PET-CT imaging and brain histopathology. A) T2 FLAIR coronal image of patient #25 showing bitemporal T2 hyperintensities. B) T2 axial image 
of patient #10 showing left hippocampal swelling (asterisk). C) T2 axial image of patient #9 showing irregular appearance of right precentral gyrus (arrow). D) 
Diffusion-weighted image of patient #34 showing ischemic infarction. E) T2 axial image of patient #24 showing T2 hyperintensities (arrowheads). F) T2 coronal 
image of patient #36 showing T2 periventricular hyperintensity (arrowhead). G-I) Examples of global atrophy seen in G) T2 FLAIR axial image of patient #4, H) T2 
TIRM dark fluid coronal image of patient #5, and I) T2 FLAIR sagittal image of patient #1. J) Cerebral PET-CT axial image of patient #25 showing left hippocampal 
hypermetabolism (circle). K) Cerebral PET-CT axial images of patient #1 and L) patient #6 show local hypometabolism (circles). M− Q) Histopathological images of 
right temporal brain biopsy of patient #25 taken 3 months after symptom onset: H&E staining (M− O) showing perivascular (N) and interstitial (O) infiltrations of 
lymphocytes and plasma cells in the white matter (N and O zoom ins are marked with black box in M). Immunohistochemistry showing clusters of CD20+ B cells (P) 
in the parenchyma with highly activated microglia (CD68) (Q) and astrogliosis (GFAP) (R). 
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Fig. 3. KCNA2 IgG immunofluorescence and western blot studies using serum and CSF. A-S) Representative images of indirect immunofluorescence demon
strating sera staining on mammalian tissues including neutralization assays with HEK293 control extracts and HEK293 KCNA2 extracts, on HEK293 cell-based assays, 
and after intrathecal IgG infusion (human IgGs in green, commercial KCNA2 antibody in red). Serum showing the characteristic KCNA2 Pinceau pattern on axon 
initial segments (AIS) of Purkinje cells (arrowhead) on (A) mouse cerebellum, (B) rat cerebellum, and (C) monkey cerebellum (asterisks indicate Purkinje cell soma). 
D) Serum showing the typical linear KCNA2 binding on molecular layer of mouse hippocampus (arrows). E-H) Sequential staining of serum and a commercial KCNA2 
antibody showing signal overlay after preincubation with HEK293 control extract (E&G), while the serum signal is fully neutralized after preincubation with KCNA2 
HEK293 extract (F&H). I-K) Likewise, serum showing typical KCNA2 juxtaparanodal binding on murine sciatic nerve teased fiber, which was not neutralized with 
control (J) but with KCNA2 protein extract (K). L-N) Serum showing typical KCNA2 staining of main axon and less intense of dendrites in primary hippocampal 
neurons, not neutralized with control (M) but with KCNA2 protein extract (N). O) Serum shows strong reactivity against KCNA2- and no reactivity against KCNA1- 
and KCNA6-transfected HEK293 cells (KCNA2 positive control shown in red). P) Live primary hippocampal neuron staining shows no reactivity of tested serum 
(absence of green fluorescence). Q) Live KCNA2-transfected HEK293 cell staining shows no reactivity of tested sera or CSF. R-S) After intrathecal infusion, patient’s 
#3 purified IgGs (R) but not purified control IgGs (S) strongly bound with the typical KCNA2 Pinceau pattern on AIS of Purkinje cell (arrowheads, asterisk indicates 
Purkinje cell soma). T) Western blot of sera on HEK293 cell lysate transfected with full length KCNA2 (+) and untransfected control HEK293 cell lysate (-) (Ponceau S 
staining [top] and western blot [bottom]). Representative image of patient #3 showing KCNA2 band at 57 kDa, while patient #9 shows no binding. GL: granular 
layer, ML: molecular layer, PL: Purkinje cell layer. Scale bar in A-K: 20 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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intracellular target also in vivo after intrathecal IgG administration. In 
addition, KCNA2 seropositivity was observed in six patients with 
otherwise autoantibody-negative definite or suspected AIE and associ
ated with immune cell infiltrates in one available brain biopsy. In 
addition, clear clinical improvement was observed in 4/35 cases, mainly 
where immunotherapy was not delayed. 

A clear benefit of immunotherapy is difficult to measure in primary 
neurodegenerative processes because slower progression or stabilization 
are usually not considered as responsiveness. It seems likely that 
immunotherapy-responsiveness could be even higher in this and previ
ous cohorts if more patients had received treatment early, in particular 
before signs of neurodegeneration developed in MRI or CSF. Previous 
work showed that anti-neuronal antibodies are relatively frequent in 
patients with neurodegenerative disorders, in particular in atypical 
cases (Giannoccaro et al., 2021). This further supports the notion that 
autoantibodies are not only bystanders of neurodegeneration, but may 
themselves induce or reinforce neurodegenerative cascades such as seen 
in patients with IgLON5 disease (Gelpi et al., 2016; Landa et al., 2020). 

Better outcome with early immunotherapy has become a common 
principle in autoantibody-associated diseases of the brain (Flanagan 
et al., 2010; Grüter et al., 2023; Titulaer et al., 2013). Moreover, there is 
– in addition to our in vivo findings for KCNA2 autoantibodies – 
increasing evidence that autoantibodies against intracellular epitopes 
may reach their target, for example via Fc receptor-mediated internali
zation (Bünger et al., 2023; Rocchi et al., 2019), and thus cause low-level 
‘smoldering’ autoimmunity (Prüss, 2021). 

The here observed KCNA2 autoreactivity shares many features with 
autoantibodies against the intracellular antigen glial fibrillary acidic 
protein (GFAP). In fact, GFAP autoantibodies are not only associated 
with a relatively common form of an immunotherapy-responsive auto
immune encephalomyelitis (Dubey et al., 2018; Fang et al., 2016; Fla
nagan et al., 2017), but were also frequently detected in patients with 
cognitive decline and dementia (Barthel et al., 2023; Long et al., 2018). 
Although both, GFAP and KCNA2 along with many other autoantibodies 
were detected in ~ 1 % of more than 2000 healthy controls (Daguano 
Gastaldi et al., 2023), it is well accepted that GFAP autoimmunity, in 
particular CSF positivity, is a useful biomarker in the appropriate clin
ical context to select patients that can benefit from immunotherapy. 
Likewise, 17 % of KCNA2 IgG-seropositive patients in this study pre
sented with AIE that was not explained otherwise. The predominance of 
IgG3 and IgG1 subclasses as potent complement activating autoanti
bodies further suggest a potential role for KCNA2 autoreactivity. 
Whether KCNA2 autoantibodies can be equally useful biomarkers in 

Table 3 
Indirect immunofluorescence assays and full-length western blots in KCNA2 IgG 
seropositive patients. AIS: axon initial segment, HEK: human embryonic kidney 
cells, KCNA2: voltage-gated potassium channel subfamily A member 2, KCNA1: 
voltage-gated potassium channel subfamily A member 1, KCNA6: voltage-gated 
potassium channel subfamily A member 6 CBA: cell-based assay.  

Indirect immunofluorescence with serum positive / tested 

AIS pattern on Purkinje cells on brain 18 / 34 

Molecular layer of hippocampus on brain 12 / 34 

Juxtaparanodal pattern on sciatic nerve 7 / 28 

Primary hippocampal neurons 21 / 28 

Live cell hippocampal neurons 0 / 28 

Live cell HEK293 KCNA2 0 / 28 

HEK293 KCNA1 CBA 1 / 29 

HEK293 KCNA6 CBA 0 / 29 

Indirect immunofluorescence with CSF positive / tested 

AIS on Purkinje cells on brain 2 / 8 

Molecular layer of hippocampus on brain 3 / 8 

Juxtaparanodal pattern on sciatic nerve 3 / 8 

Primary hippocampal neurons 3 / 7 

Live cell hippocampal neurons 0 / 7 

Live cell HEK293 KCNA2 0 / 8 

HEK293 KCNA1 CBA 0 / 7 

HEK293 KCNA6 CBA 0 / 7 

Full-length western blot in serum 15 / 29  

Fig. 4. IgG subclass determination of KCNA2 IgG-positive sera. A) IgG subclass determination via indirect immunofluorescence of KCNA2-transfected HEK293 
cells. Representative pictures displaying reactivity against IgG1 only (patient #10), IgG3 only (#3), IgG1 and IgG3 (#8) and IgG1, IgG2 and IgG3 (#17). No sample 
reacted against IgG4. Scale bar: 50 µm. B) Distribution of IgG subclasses for all serum samples. C) The absence of KCNA2 IgGs in CSF (-) is associated with pre
dominant serum IgG3, while the presence of KCNA2 IgGs in CSF (+) is associated with serum IgG1 (p = 0.04). 
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clinical routine for earlier disease detection and treatment decisions, 
will require analyses of further cases in the future. 

The value of autoantibody detection for disease specificity is often 
higher when assessing CSF autoantibody levels (Kunchok et al., 2019; 
McKeon et al., 2020; Prüss, 2021). In the present study, CSF KCNA2 
autoantibodies were associated with cognitive impairment, and de
mentia was the leading diagnosis in many patients. Notably, only one 
patient’s CSF with a particularly high CSF titer of 1:100 tested positive in 
all applied assays consistently suggesting a broader polyclonal reper
toire with high-affine or more abundant antibodies. Interestingly, this 
patient #23 presented with status epilepticus, cognitive impairment, 
pleocytosis and intrathecal antibody production, similar to the patient 
published by Kirschstein et al. (2020). The patient was diagnosed with 
AIE and responded well to several cycles of methylprednisolone therapy. 
KCNA2 autoantibodies were of IgG1 subclass and tested negative on 
follow-up, in line with clinical remission. Experimental work in rats 
demonstrated that human KCNA2 IgG could alter long-term potentiation 
and synaptic transmission in Schaffer-Collteral-CA1 synapses (Kirsch
stein et al., 2020). Future studies will clarify whether KCNA2 autoan
tibodies are directly involved in this process and may thus define – or at 
least aggravate – a novel subtype of autoimmune dementia. 

5. Limitations 

One limitation of our study is the retrospective acquisition of clinical 
data and lack of standardized diagnostic tests across participating cen
ters, for example for seizure frequency monitoring or neuropsychologi
cal assessments. Frequently, only cross-sectional data were available. 
Due to the limited amounts of patients’ biomaterial, in particular CSF, 
no functional assays could be performed investigating the direct path
ophysiological relevance of KCNA2 IgG. Patient-derived recombinant 
monoclonal KCNA2 autoantibodies, which would markedly facilitate 
such functional investigations, are currently not available. Although the 
number of patients in our cohort far exceeds previous reports on KCNA2 
autoimmunity, prospective analysis of many further patients is needed 
for robust clinical-pathological correlations and treatment 
recommendations. 

Conclusion 

Regardless of future studies investigating the possible causal or 
secondary role of KCNA2 autoantibodies in humans, we suggest that – 
already now – immunotherapy should be considered in patients with 
KCNA2 autoantibodies, especially if the autoantibodies occur in CSF and 
if the clinical phenotype consists of autoimmune encephalitis, atypical 
dementia, new-onset epilepsy and unexplained epileptic seizures. 
Treatment should be administered as early as possible if diagnostic 
findings suggest ongoing inflammation and may include steroids, 
plasma exchange, IVIG, therapeutic apheresis, and B cell depletion. 
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