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A B S T R A C T

Autoantibodies against CASPR2 (contactin-associated protein-like 2) have been linked to autoimmune limbic
encephalitis that manifests with memory disorders and temporal lobe seizures. According to the growing number
of data supporting a role for CASPR2 in neuronal excitability, CASPR2 forms a molecular complex with transient
axonal glycoprotein-1 (TAG-1) and shaker-type voltage-gated potassium channels (Kv1.1 and Kv1.2) in com-
partments critical for neuronal activity and is required for Kv1 proper positioning. Whereas the perturbation of
these functions could explain the symptoms observed in patients, the pathogenic role of anti-CASPR2 antibodies
has been poorly studied. In the present study, we find that patient autoantibodies alter Caspr2 distribution at the
cell membrane promoting cluster formation. We confirm in a HEK cellular model that the anti-CASPR2 anti-
bodies impede CASPR2/TAG-1 interaction and we identify the domains of CASPR2 and TAG-1 taking part in this
interaction. Moreover, introduction of CASPR2 into HEK cells induces a marked increase of the level of Kv1.2
surface expression and in cultures of hippocampal neurons Caspr2-positive inhibitory neurons appear to spe-
cifically express high levels of Kv1.2. Importantly, in both cellular models, anti-CASPR2 patient autoAb increase
Kv1.2 expression. These results provide new insights into the pathogenic role of autoAb in the disease.

1. Introduction

Contactin-associated protein-like 2 (CASPR2) is a neuronal cell ad-
hesion protein of the neurexin family expressed in the central and
peripheral nervous system [1]. Autoantibodies (autoAb) against
CASPR2 have been linked to acquired neuromyotonia (NMT) a per-
ipheral nerve hyperexcitability syndrome [2], Morvan's syndrome
(MoS), which combines NMT and encephalopathy [3] and autoimmune
encephalitis (AE), a CNS-specific syndrome [4,5]. The presence of anti-
CASPR2 Ab not only in serum but also in cerebrospinal fluid of AE
patients was associated with rather homogeneous clinical features.
They are men around 60 years of age with prevalent symptoms of
limbic dysfunction, including memory disorders, temporal lobe sei-
zures, and frontal lobe impairment [6,7]. CASPR2 autoAb were initially

identified as Ab recognizing voltage-gated potassium channel (VGKC)
[2]. However, it has become apparent that they principally target LGI1
or CASPR2. All these proteins belong to a complex referred as VGKC
complex [8,9].

CASPR2 is a rather compact transmembrane protein with a C-
terminal intracellular region that contains a 4.1B-binding motif and a
type II PDZ-binding motif allowing, respectively, its interaction with
cytoskeleton-associated proteins and scaffolding proteins. The extra-
cellular part is composed of an N-terminal discoidin-like domain, four
laminin G-like domains, two epidermal growth factor-like domains and
a fibrinogen-like domain [10]. Anti-CASPR2 autoAb recognize multiple
domains of the protein. Interestingly, all patients present autoAb di-
rected against the discoidin and laminin G1 N-terminal domains and
some, recognize only those two domains [6,7,11,12], suggesting that
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autoAb binding to the discoidin and laminin G1 domains is involved in
the development of the disease. Besides, anti-CASPR2 autoAb are
mainly IgG4 [6,7], a subclass that binds weakly to Fc-γ receptors and do
not activate complement. IgG4 could be considered as blocking Ab (i.e.
Ab binding to its antigenic target disrupts its function).

CASPR2 forms a molecular complex with shaker-type voltage-gated
potassium channels (Kv1.1 and Kv1.2) and transient axonal glycopro-
tein-1 (TAG-1), a glycosyl-phosphatidylinositol (GPI)-anchored adhe-
sion molecule of the Ig superfamily also referred as Axonin-1 or
Contactin-2 [13–16]. Proteins forming this complex were found co-
enriched in compartments critical for neuronal activity including the
axon initial segment (AIS) [17] and the juxtaparanodal region (JXP) of
node of Ranvier (NOR) on myelinated axons [13,15]. Importantly, in
CASPR2 KO mice, Kv1 and TAG-1 were no longer enriched at the JXP
[13,18] and in the same way, in TAG-1 KO mice, Kv1 and CASPR2 were
both mislocalized [15]. These data put into light the co-requirement of
CASPR2 and TAG-1 for Kv1 proper positioning. In line with these
findings and with the key function of Kv1 in controlling action potential
propagation, CASPR2 has been involved in the regulation of intrinsic
neuronal excitability [18,19]. In regards with anti-CASPR2 autoAb,
some data support these findings. For instance, anti-CASPR2 autoAb
impede CASPR2/TAG-1 interaction in a solid-phase binding assay [20].
Furthermore, CASPR2 autoAb enhance the excitability of DRG (dorsal
root ganglion) neurons in a cell-autonomous fashion through regulation
of Kv1 channel expression [19]. In the present study, experiments were
conducted to bring further evidence of a pathogenic role of anti-
CASPR2 autoAb in the disease.

2. Materials and methods

2.1. Patient sera and IgG purification

Sera from four patients with AE were obtained from the Centre
National de Référence pour les Syndromes Neurologiques
Paranéoplasiques in Lyon, France. All patients displayed temporal lobe
seizures and memory disorders and were tested positive for anti-
CASPR2 autoAb [6,21]. Informed consent was obtained for every pa-
tient and the present study was granted by the institutional review
board of the Hospices Civils de Lyon (Comité de Protection des Per-
sonnes SUD-EST IV). We also used three control sera collected from
healthy blood donors at Etablissement Français du Sang. The titer of
anti-CASPR2 autoAb in the sera used in this study was previously de-
termined using an HEK cell-based assay [6,21]. Importantly, serum
antibody titers (last dilution of serum giving a positive signal) were
high around 1:10.000 and equivalent among patients. To purify IgG,
sera were incubated with protein-A Sepharose 4 Fast Flow™ beads
(SIGMA) 2h at room temperature (RT) on rotation, transferred to

columns and washed 3 times with PBS. IgG were eluted in glycine
buffer pH2.8, neutralized in Tris buffer pH8.8 and dialyzed overnight at
4 °C in PBS (Slide-A-lyser G2 Dialysis Cassettes 0.5–3ml ThermoFisher).
IgG concentration was then measured using micro BCA protein assay kit
(ThermoFisher). Purified IgG were sterilized on 0.22 μm filters and kept
at −80 °C. Patient (Pat) and control (Ctl) IgG were either used sepa-
rately or as a pool (pPat: equimolar concentration of Pat 2, Pat 3 and
Pat 4 purified IgG; pCtl: equimolar concentration of Ctl 1, Ctl 2 and Ctl
3 purified IgG).

2.2. Constructs

The CASPR2-GFP plasmid, the CASPR2-HA (Hemagglutinin tag) and
derived deleted constructs, CASPR2 Δ1, CASPR2 Δ2, CASPR2 Δ3, and
CASPR2 Δ4, kindly provided by C. Faivre-Sarrailh, as well as CASPR2-
Discoidin (D) and CASPR2-LamininG1 (L1) constructs were previously
described [12]. The CASPR2-EGF2-LaminineG4 (E2L4) construct was
obtained using reverse PCR on full-length CASPR2-HA plasmid and In-
Fusion kit (Clontech). PCR amplified products were verified by se-
quencing (Eurofins). The TAG-1-GFP plasmid, TAG-1-GFP ΔFn and
TAG-1-GFP ΔIg constructs, kindly provided by D. Karagogeos, were
previously described [22]. The TAG-1-GFP ΔIg5 construct was obtained
using reverse PCR on TAG-1-GFP full-length plasmid and In-Fusion kit
(Clontech). The surface expression of proteins derived from all the
plasmids used in this study has been validated in HEK cells (Fig. S1).

2.3. Antibodies

The primary and secondary antibodies used in this study are de-
scribed in Table 1.

2.4. Cell lines and transfection

HEK 293 T cells were purchased from ATCC and cells referred in this
paper as HEK-Kv were kindly provided by A. Morielli. HEK-Kv are HEK
293 cells stably expressing m1 mAChR, Kv1.2 and its Kvβ2 subunit
[23]. Cells were grown in DMEM (ThermoFisher) SVF 10%, P/S 1% and
transfected using the lipofectamine LTX kit (Invitrogen).

2.5. Immunoprecipitation and Western Blot

For immunoprecipitation (IP) and Western Blot analysis, 24 h after
transfection HEK cells were lysed 10min at 4 °C in lysis buffer pH7.5
containing NaCl 150mM, HEPES 50mM, Triton 1%, octyl-β-glucoside
60mM (ThermoFisher), protease (Roche) and phosphatase (0.1 mM
NaF, 0.1 mM Na3VO4, 1mM PMSF, 1mM benzamidine) inhibitors.
Lysates were centrifuged at 4 °C, 10min 12000g, supernatant was

Table 1
Primary and secondary antibodies. IF: Immunofluorescence; WB: Western blot; IP: Immunoprecipitation.

Antibodies Species Reference Dilution

Anti-TAG-1 intra rabbit Millipore ABN1379 1/5000 (WB)
Anti-CASPR2 intra rabbit Abcam ab33994 1/5000 (WB)
Anti-CASPR2 intra rabbit Genscript A01426 1 μg (IP)
Anti-GFP rabbit ThermoFisher A-11122 1/5000 (WB), 1/1000 (IF)
Anti-HA mouse Sigma-Aldrich H3663 1/5000 (WB) 1/1000 (IF)
Anti-myc mouse Abcam ab9106 1 μg (IP)
Anti-Kv1.2 intra mouse NeuroMab K14/16 1/5000 (WB), 1/100 (IF)
Anti-Kv1.2 extra rabbit Alomone APC 162 1/100 (IF)
Anti-GAD65 mouse Milipore MAB351 1/400 (IF)
Alexa 647 anti-rabbit goat Molecular Probes A21244 1/2000 (IF)
Alexa 405 anti-mouse goat Abcam ab175660 1/2000 (IF)
Alexa 555 anti-mouse IgG2b goat Molecular Probes A21147 1/1000 (IF)
Alexa 647 anti-mouse IgG2a goat Molecular Probes A21241 1/1000 (IF)
Alexa 488 anti-human goat Molecular Probes A11013 1/1000 (IF)
Alexa 488 anti-rabbit goat Molecular Probes A11034 1/1000 (IF)
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collected and protein concentration was evaluated using the micro BCA
protein assay kit (ThermoFisher). Immunoprecipitation was performed
using 150 μg of protein lysate and 1 μg of indicated Ab. Tubes were
placed at 4 °C with rotation overnight and then protein G agarose fast
flow beads (Millipore) were added for 2h. Supernatant was discarded
and beads were washed three times in 500 μl lysis buffer.
Immunoprecipitated proteins were then eluted in Laemmli DTT buffer,
5 min at 95 °C. Proteins were separated onto Criterion XT Bis-Tris pre-
cast 10% gels (Bio-Rad) and transferred onto nitrocellulose membrane
(GE Healthcare). Membranes were blotted with the indicated Abs and
revealed using Substrat HRP Immobilon Western (Millipore). Reactive
proteins were visualized using the Chemidoc MP Imaging System (Bio-
Rad). Band intensities were quantified using ImageJ and the ratio of
protein co-immunoprecipitated/protein immunoprecipitated was cal-
culated. In order to normalize for inter-experiment variations, ratios
obtained for each condition were summed and results were expressed as
a fraction of the summed ratios.

For surface immunoprecipitation transfected HEK cells were in-
cubated with control or patient purified IgG (5 μg/mL) for 24 h at 37 °C.
After one wash in PBS, cells were incubated with an anti-HA Ab or
control anti-myc Ab (2 μg/mL) for 1h at room temperature, washed
twice in PBS and lysed. Protein lysates were then processed as described
above.

For the Biotinylation experiments hippocampal neurons (21 DIV)
were treated for 24 h with pooled patient or control IgG and cell surface
proteins were biotinylated using the Pierce Cell Surface Protein
Isolation Kit (ThermoFisher) following manufacturer's instructions. The
obtained total and surface fractions were denaturated for 5min at 95 °C
in Laemmli DTT and separated onto 4–15% Criterion TGX Stain-Free
Precast Gels (Bio-Rad). Loaded proteins were quantified after transfer to
nitrocellulose membrane using the Chemidoc MP Imaging System.
Membranes were blotted with anti-CASPR2 Ab (ab33994). Reactive
proteins were visualized with SuperSignal West Pico Chemiluminiscent
Substrate (ThermoFisher, 34580) using the Chemidoc MP Imaging
System. Band intensities were measured using Image Lab (version 5.2.1,
Bio-Rad) and for each sample the ratio of Caspr2 to total loaded protein
was calculated.

2.6. Flow cytometry

HEK-Kv cells were used for flow cytometry analysis. Cells were in-
cubated with either patient or healthy control purified IgG at a con-
centration of 16 μg/mL for 24 h at 37 °C. HEK cells were washed with
PBS one time and incubated with 154mM sodium azide for 10min at
37 °C, to limit endocytosis as previously described [24]. Cells were then
washed with PBS and primary antibody was incubated for 1h at 4 °C in
PBS 2% BSA. Cells were washed three times in PBS and secondary
antibody was incubated for 30min at 4 °C in PBS 2% BSA. After three
washes in PBS, cells were then processed in the cytometer (three-laser
FACS Canto II) and median of fluorescence intensity was measured for
each parameter. In these experiments, Kv1.2 was labeled with anti-
Kv1.2 Ab (APC 162) and Alexa647-conjugated secondary Ab; CASPR2
was labeled with anti-HA Ab and Alexa405-conjugated secondary Ab;
TAG-1-GFP expression was directly measured. In order to normalize for
inter-experiment variations, medians of fluorescence intensity obtained
for each condition were summed and results were expressed as a frac-
tion of the summed medians.

2.7. Primary hippocampal neuronal culture

Primary hippocampal neuron cultures were prepared from E18
Wistar rat embryos (Janvier Labs). Pregnant rats were deeply an-
esthetized by isoflurane (Ceva) inhalation and embryos were taken out
by Caesarean section. Hippocampi were isolated in Hank's buffered salt
solution (HBSS) (Gibco) and transferred for dissociation in HBSS sup-
plemented with 10% (v/v) trypsin (Gibco) for 10min at 37 °C.

Hippocampi were then washed with 4% (w/v) bovine serum albumin
(BSA) and triturated. Cells were plated onto poly-L-lysine (0.5mg/mL)
coated coverslips in Neurobasal medium (Gibco) supplemented with
2% (v/v) B27 (Gibco), 0.3% (v/v) L-glutamine (Invitrogen) and 1% (v/
v) penicillin-streptomycin (invitrogen). Cells were cultured for 14 or 21
days at 37 °C in a humidified atmosphere containing 5% CO2. Animal
care and procedures were conducted according to the European
Community Council Directive 2010/63/UE and the French Ethical
Committee.

2.8. Immunocytofluorescence

For surface Caspr2 and total Kv1.2/GAD65 staining hippocampal
neurons were treated at 20 DIV (days in vitro) with patient or control
purified IgG at 16 μg/mL, for 24 h at 37 °C. At 21 DIV neurons were
washed in Neurobasal and surface Caspr2 was stained using the pool of
patient IgG (pPat) as primary Ab at 5 μg/mL, for 30min at 37 °C.
Neurons were then washed in Neurobasal, fixed in 4% (v/v) PFA for
10min, blocked with 3% (w/v) BSA in PBS for 30min and incubated for
30min at RT with secondary Ab. After washing in PBS neurons were
permeabilized for 30min at RT with 3% (w/v) BSA in PBS 0.3% (v/v)
Triton X-100 (PBS-T) and incubated for 1h at RT with anti-Kv1.2 (K14/
16) and anti-GAD65 primary Ab. Neurons were then washed in PBS-T
and incubated for 1h at RT with secondary Ab. After washing in PBS,
nuclei were stained using 0.1 μg/mL Hoechst (ThermoFisher) for
5min at RT.

For surface and total CASPR2-GFP staining, neurons were trans-
fected at 18 DIV with CASPR2-GFP plasmid using the Lipofectamine
LTX kit (Invitrogen) and treated at 20 DIV with pooled patient or
control IgG at 16 μg/mL for 24 h at 37 °C. Neurons were washed in
Neurobasal and surface CASPR2-GFP was stained with anti-GFP pri-
mary Ab for 30min at 37 °C. Neurons were then washed in Neurobasal,
fixed in 4% (v/v) PFA for 10min, blocked with 3% (w/v) BSA in PBS for
30min and incubated for 30min at RT with alexa555 secondary Ab.
After washing in PBS neurons were permeabilized for 30min at RT with
3% (w/v) BSA in PBS-T and incubated for 1h at RT with anti-GFP
primary Ab. Neurons were then washed in PBS-T and incubated for 1h
with alexa488 secondary Ab. After washing in PBS, nuclei were stained
using 0.1 μg/mL Hoechst (ThermoFisher) for 5min at RT.

For all experiments coverslips were mounted in FluorPreserve
Reagent (Calbiochem) and stored at 4 °C until image acquisition.

2.9. Image acquisition and analysis

Images were acquired using Zeiss Axio Imager Z.I ApoTome mi-
croscope and for the quantitative analysis a fixed exposition time was
applied to the different experimental conditions. To quantify surface
Caspr2 signal intensities, images were analyzed using ICY Spotdetector
Plugin (version 1.9.10.0, BioImage Analysis Unit Institut Pasteur). The
mean intensity of the clusters/spots detected was multiplied by cluster
area to get total signal intensity per cluster. Values were summed and
divided by total surface occupied by clusters. Results were expressed as
mean Caspr2 signal intensity.

To analyze surface CASPR2-GFP expression, a ROI corresponding to
transfected neuron was defined based on the surface occupied by green
signal (total CASPR2-GFP). Red signals (surface CASPR2-GFP) included
in the ROI were then quantified using ICY Spotdetector and results
depicted as cluster size, cluster intensity and cluster number per μm2 of
neuron.

To analyze Kv1.2 expression, ROIs with the same surface across
different experimental conditions were defined along neurites based on
the red signal (surface Caspr2). Green signal intensities (total Kv1.2)
included in the ROI were then quantified using ICY and results depicted
as intensity arbitrary units.
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2.10. Statistical analysis

GraphPad Prism software was used for all statistical tests.
Depending on the experimental setting, data were compared using a
Mann-Whitney, a Kruskal-Wallis or a Wilcoxon signed-rank test. Data
were represented as mean ± SD and significance was set for a p
value≤0.05.

3. Results

3.1. Patient anti-CASPR2 autoAb impede CASPR2/TAG-1 interaction

Using an acellular solid phase binding assay, it has been shown that
CASPR2 and TAG-1 directly interact through their extracellular do-
mains and that anti-CASPR2 patient sera inhibited this interaction [20].
Here, in a first set of experiments, we asked whether anti-CASPR2 au-
toAb from AE patients were able to perturb CASPR2/TAG-1 interaction
in a cellular model. HEK cells co-transfected with CASPR2-HA and TAG-
1-GFP were incubated for 24 h with healthy donor (Ctl) or patient (Pat)
IgG purified from serum to avoid any side effects due to other serum
proteins. Cells were then further incubated with an anti-HA Ab before
lysis to specifically immunoprecipitate the fraction of CASPR2 present
at the cell surface. The ratio of TAG-1 co-immunoprecipitated (co-IP)
over CASPR2 immunoprecipitated (IP) was assessed. As shown in
Fig. 1A, co-IP TAG-1 was observed in surface CASPR2 im-
munoprecipitates obtained from cells treated with Ctl or Pat IgG, but
not in the control immunoprecipitates (Ctl IP) for which co-transfected

HEK cells were incubated 24 h with PBS and incubated with an irrele-
vant control Ab before lysis. Compared with Ctl IgG the level of co-IP
TAG-1 was diminished in Pat IgG treated cells (Ctl: 0.55 ± 0.09; Pat:
0.44 ± 0.09 p < 0.01). Notably, a 20% and 19% decrease of TAG1-
binding was observed using patient 2 and patient 3 IgG respectively
whereas decreased binding was rather low on cells incubated with
patient 1 IgG (7% decrease) and not observed with patient 4 IgG
(Fig. 1B).

3.2. The EGF2 and laminin G4 domains of CASPR2 are critical for TAG-1
interaction

To get a better understanding of the decreased CASPR2/TAG-1
binding observed in the presence of patient autoAb, we conducted ex-
periments to determine which domain(s) of either protein was re-
sponsible for their interaction. Notably, both CASPR2/TAG-1 cis- and
trans-interactions have been reported [13,15,25] and in CASPR2 and
TAG-1 co-transfected HEK cells, both types of interactions are possible.
We therefore first evaluated the contribution of CASPR2/TAG-1 trans-
interactions in our model. To this end, HEK cells were either, co-
transfected with plasmids coding for CASPR2-HA and TAG-1-GFP pro-
teins (C2T1) allowing cis and trans associations or, cells were separately
transfected with either one plasmids and subsequently put together
(C2+T1) allowing CASPR2/TAG-1 trans-associations only (Fig. 2A left
panel). Cells were lysed and CASPR2 was immunoprecipitated using a
commercial antibody directed against its intracellular domain
(ab33994). As shown in Fig. 2A right panel, the level of TAG-1 co-IP

Fig. 1. Patient autoAb impede CASPR2/TAG-1 interaction A) HEK cells co-transfected with CASPR2-HA and TAG-1-GFP were incubated for 24 h with serum-
purified control IgG (Ctl) or patient IgG (Pat). CASPR2 present at the cell surface was IP (surface IP) and the level of CASPR2 IP or TAG-1 co-IP, was analyzed by
Western Blot. As control, co-transfected HEK cells were incubated with PBS and IP with a control Ab. The ratios of TAG-1 co-IP over CASPR2 IP signal intensities are
depicted. Each color represents a different patient. n = 12 obtained from 3 independent cultures, **p < 0.01 Mann-Whitney test. B) Ratios of TAG-1 Co-IP over
CASPR2 IP are represented separately for each patient.
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was much higher in co-transfected cells (C2T1) than in cells separately
transfected (C2+T1) for which TAG-1 was barely detectable even at
long exposure times. These data indicate that the majority of the TAG-1
co-IP with CASPR2 in co-transfected cells comes from cis-interaction
between the two proteins.

Anti-CASPR2 autoAb from AE patients all recognize the N-terminal
discoidin (D) and laminin G1 (L1) domains of CASPR2 and more im-
portantly, 45% of patient autoAb recognize only these two domains [6],
suggesting that they could be critical for CASPR2/TAG-1 interaction. To
test this hypothesis, TAG-1 co-IP were repeated as described above in
cells expressing the full-length (C2) or only the discoidin (D) or laminin
G1 (L1) domains of CASPR2. No TAG-1 co-IP was detected in cells
expressing the discoidin domain of CASPR2 (Fig. 2B). In contrast, the

laminin G1 domain of CASPR2 was sufficient to co-IP TAG-1 (Fig. 2B).
To further characterize the domains of CASPR2 involved in TAG-1 in-
teraction, the same experiment was performed using deletion constructs
covering the entire CASPR2 protein. CASPR2 was IP and co-IP TAG-1
was quantified (Fig. 2C). As previously shown [26], compared with
CASPR2 full-length (C2), deletion of the laminin G2 and EGF1 domains
of CASPR2 (Δ2) increased the quantity of TAG-1 co-IP (C2:
0.19 ± 0.06; Δ2: 0.38 ± 0.04 p < 0.01) (Fig. 2C). Although this re-
sult did not tell much about the TAG-1-binding propensity of the la-
minin G2 and EGF1 domains of CASPR2, it suggested that CASPR2/
TAG-1 interaction is constrained by conformational hindrances. Equal
levels of TAG-1 were co-IP in cells transfected with the CASPR2 con-
struct lacking the discoidin and laminin G1 domains (Δ1) or the

Fig. 2. The EGF2 and laminin G4 do-
mains of CASPR2 are critical for TAG-1
interaction. A) HEK cells were co-trans-
fected with CASPR2-HA and TAG-1-GFP
(C2T1) or separately transfected with either
one and subsequently put together
(C2+T1). CASPR2 was IP and the level of
CASPR2 IP or TAG-1 co-IP was analyzed by
Western Blot. n = 3. B-D) HEK cells were
co-transfected with TAG-1-GFP and
CASPR2-HA full-length (C2) or the in-
dicated mutants. CASPR2 was IP and the
level of CASPR2 IP and TAG-1 co-IP was
analyzed by Western Blot. (B) CASPR2 dis-
coidin (D) and laminin G1 (L1) mutants.
n= 3. (C) CASPR2 Δ1 to Δ4 deletion mu-
tants. The ratios of TAG-1 co-IP over
CASPR2 IP signal intensities are depicted in
a dot plot. n = 6, *p < 0.05, **p < 0.01
Mann-Whitney test. (D) CASPR2 EGF2-la-
minin G4 mutant (E2L4). n= 3. D: dis-
coidin-like domain, L: laminin G-like do-
main, E: EGF-like domain, F: fibrinogen-like
domain, 4.1B: 4.1B-binding motif, PDZ:
PDZ-binding motifs.
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fibrinogen and laminin G3 domains (Δ3) (C2: 0.19 ± 0.06; Δ1:
0.24 ± 0.06; Δ3: 0.15 ± 0.06, p > 0.05) indicating that these do-
mains are dispensable for CASPR2/TAG-1 interaction (Fig. 2C). In
contrast, the Δ4 construct lacking the EGF2 and laminin G4 domains of
CASPR2 led to a drastic decrease of CASPR2/TAG1 interaction (C2:
0.19 ± 0.06; Δ4: 0.05 ± 0.07 p < 0.05) (Fig. 2C) indicating that
they are major domains of interaction. According to this, the construct
expressing only the EGF2 and laminin G4 domains of CASPR2 (E2L4)
was sufficient to co-IP TAG-1 (Fig. 2D).

To recapitulate, of the two discoidin and laminin G1 domains, only
the laminin G1 domain is involved in CASPR2/TAG-1 interaction and
the removal of these domains does not significantly hamper CASPR2/
TAG-1 binding. On the contrary, the EGF2 and laminin G4 domains are
critical for CASPR2/TAG-1 interaction.

3.3. Both the Ig and Fn domains of TAG-1 are involved in CASPR2/TAG-1
interaction

TAG-1 consists of 6 immunoglobulin (Ig) domains followed by 4
fibronectin domains (Fn) tethered to the cell surface by a GPI anchor
(Fig. 3A). The fact that the EGF2-laminin G4 domains of CASPR2, the
main interaction domains involved in CASPR2/TAG-1 interaction, are
located near the membrane was difficult to conciliate with previous
findings showing that CASPR2 interacts in cis with the Ig but not the Fn
domains of TAG-1 [22]. Therefore, the ability of CASPR2 to interact
with the Ig and Fn domains of TAG-1 was re-considered. Deletion of
neither TAG-1 Fn1-4 domains (ΔFn) nor Ig1-6 domains (ΔIg) prevented
CASPR2 binding to TAG-1 indicating that both are involved in CASPR2/

TAG-1 interaction. Moreover, the removal of TAG-1 Ig domains in-
creased CASPR2 binding suggesting that Ig domains placed constraints
on CASPR2 accessibility to TAG-1 Fn domains (Fig. 3B). It has been
proposed that TAG-1 could adopt various shapes ranging from a
horseshoe-shape or closed conformation to an extended shape or
opened conformation (Fig. 3A) [27]. One can therefore postulate that in
the closed conformation the Fn domains could be masked by the Ig
domains thus limiting their binding to CASPR2. Inversely, in the opened
conformation accessibility of Fn domains to CASPR2 could be pro-
moted. To test this hypothesis, we used the TAG-1 ΔIg5 mutant pre-
viously described to shift the conformation of the protein toward an
extended shape favoring Fn domains exposure [28]. As shown in
Fig. 3C, the level of TAG-1 co-IP was higher in cells transfected with
TAG-1 ΔIg5 than the full-length construct.

Together, these results indicate that although both the Fn and Ig
domains of TAG-1 are involved in CASPR2/TAG-1 interaction, in the
TAG-1 back-folded conformation Ig domains could limit TAG-1 binding
to CASPR2.

3.4. Patient autoAb do not alter CASPR2 surface expression but increase
Kv1.2 surface expression

Based on findings suggesting that CASPR2 and TAG-1 affect intrinsic
neuronal excitability by impacting Kv1 expression/distribution at the
membrane [18,19,29], we wanted to test the hypothesis that patient
anti-CASPR2 autoAb could alter Kv1.2 surface expression. As a pre-
liminary experiment, we wished to determine whether CASPR2 or TAG-
1 expression could impact Kv1.2 surface expression. To this end, we

Fig. 3. Both the Ig and Fn domains of TAG-1 are involved in CASPR2/TAG-1 interaction. A) Models of CASPR2 and TAG-1 domain assignment in three
dimensions. B–C) HEK cells were co-transfected with CASPR2-HA and TAG-1-GFP full-length (T1) or deletion mutants. (B) TAG-1 ΔFn and TAG-1 ΔIg. (C) TAG-1
ΔIg5. CASPR2 was IP and the level of CASPR2 IP and TAG-1 co-IP was analyzed by Western Blot. The ratios of TAG-1 co-IP over CASPR2 IP signal intensities are
depicted in a dot plot. n= 3.
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Fig. 4. Patient autoAb do not alter CASPR2 surface expression but increase Kv1.2 surface expression. HEK cells stably expressing Kv1.2 (HEK-Kv) were either
non-transfected (NT) or transfected with CASPR2-HA or TAG-1-GFP. The level of Kv1.2 surface expression was quantified by flow cytometry. A) Dot plot re-
presentation of TAG-1 and CASPR2 fluorescence intensity in the whole population of cells. Non-transfected, TAG-1-positive and CASPR2-positive gated populations
are shown in color boxes. B) Histogram representation of surface Kv1.2 fluorescence intensity measured in the gated populations shown in A). Results are depicted in
a dot plot as mean Kv1.2 fluorescence intensity ratio. n=5, p < 0.0001 Mann-Whitney test. C) HEK-Kv cells co-transfected with CASPR2-HA and TAG-1-GFP were
incubated for 24 h with pooled control (pCtl) or Patient (Pats) IgG. CASPR2 and Kv1.2 surface fluorescence intensity was measured. Results are depicted as a fraction
of the summed median fluorescence intensities. Each color represents a different patient. n = 11 obtained from 3 independent experiments, ****p < 0.0001 Mann-
Whitney test. D) Surface Kv1.2 fluorescence intensity for each patient.
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used HEK cells stably expressing Kv1.2 and its Kvβ2 subunit (HEK-Kv)
[23]. HEK-Kv cells were transfected with CASPR2-HA or TAG-1-GFP
and the level of Kv1.2 surface expression was quantified by flow cyto-
metry (Fig. 4A). As depicted in Fig. 4B, the level of Kv1.2 in TAG-1-
positive gated cells was not different from the control non-transfected
cells (NT) (0.23 ± 0.03 versus 0.20 ± 0.05, p > 0.05). In contrast,
Kv1.2 expression was markedly increased following CASPR2 transfec-
tion (CASPR2: 0.57 ± 0.07 versus NT: 0.20 ± 0.05, p < 0.0001).

Next, HEK-Kv co-transfected with CASPR2-HA and TAG-1-GFP were
incubated for 24 h in the presence of Ctl lgG or Pat IgG and the level of
CASPR2 and Kv1.2 surface expression was assessed (Fig. 4C). Whereas
CASPR2 surface expression was not affected, (Ctl: 0.52 ± 0.02; Pat:
0.48 ± 0.02, p > 0.05), the level of Kv1.2 surface expression was
significantly increased by patient IgG (Ctl: 0.44 ± 0.03; Pat:
0.56 ± 0.03, p < 0.0001). Patient 2, 3 and 4 increased Kv1.2 surface
expression to a similar extent, 15.22%, 16.71%, and 16.52% respec-
tively while Patient 1 only induced a 3.15% increase (Fig. 4D).

3.5. Patient autoAb alter CASPR2 surface distribution in hippocampal
neurons

To study the impact of anti-CASPR2 autoAb in a more relevant
cellular model, cultures of primary hippocampal neurons were treated
at 20 DIV with patient IgG (Pat 2, Pat 3, Pat 4) or control IgG (Ctl 1, Ctl
2). Since no commercial Ab targeting the extracellular part of Caspr2
was available at that time, surface Caspr2 labeling was performed using
a pool of patient IgG (pPat). In agreement with previous data [12],
Caspr2 staining appeared as clusters of various sizes and intensities.
Only a subpopulation representing approximately 20% of neurons ex-
pressed Caspr2. Moreover, Caspr2 was essentially localized along axons
(Fig. 5A and data not shown).

Compared with Ctl IgG, a two-fold increase of Caspr2 surface in-
tensity was observed upon incubation with the three patient IgG tested
(Fig. 5A). To gain confidence in these results, the experiment was re-
peated using pooled patient (pPat) or control (pCtl) IgG and surface
Caspr2 was assessed using a cell surface biotinylation assay (Fig. 5B).
Notably, the level of Caspr2 in the biotinylated fraction of the proteins
as well as the level of total Caspr2 was not different between the two
conditions. Finally, to get a better idea of the impact of patient IgG on
Caspr2 level of expression and distribution at the cell surface, hippo-
campal neurons were transfected with a plasmid coding for CASPR2-
GFP and then treated with pooled patient IgG (pPat) or control IgG
(pCtl). To analyze the fraction of CASPR2 present at the cell surface,
live cells were labeled with an anti-GFP primary Ab and an anti-rabbit
Alexa555-conjugated secondary Ab, therefore avoiding any inter-
ference between patient Ab used during the 24h incubation and Ab used
for CASPR2 surface labeling. CASPR2 mean surface intensity per um2 of
neuron was higher in cells incubated with Pat IgG than Ctl IgG (pPat:
11.62 ± 6.86; pCtl: 1.02 ± 0.81 p < 0.0001, data not shown). The
size, intensity and number of CASPR2 clusters were then quantified for
each condition and compared (Fig. 5C). Whereas patient IgG induced a
two-fold increase in cluster intensity (pCtl: 16.43 ± 4.32; pPat:
32.60 ± 10.39 p < 0.0001), a slight increase in cluster size was ob-
served (pCtl: 0.20 ± 0.02; pPat: 0.25 ± 0.05 p < 0.0001). In con-
trast, CASPR2 cluster number at the cell surface was markedly aug-
mented (pCtl: 0.06 ± 0.04; pPat: 0.32 ± 0.09 p < 0.0001).

Taken together, these results showed that patient IgG did not induce
Caspr2 internalization but altered its distribution at the cell membrane
promoting Caspr2 cluster formation.

3.6. Patient autoAb increase Kv1.2 expression in hippocampal neurons

In line with the results we obtained on HEK cells, the impact of anti-
CASPR2 patient autoAb on Kv1.2 expression was assessed in hippo-
campal neurons (21 DIV). Firstly, cells were stained for Kv1.2 surface
expression but we were not able to observe any signal. Therefore,

Caspr2 expression was assessed on live cells (surface) using the pool of
patient IgG and Kv1.2 expression was assessed on permeabilized cells
(total). As illustrated in Fig. 6A, fibers expressing high level of Kv1.2
could be clearly distinguished and strikingly an obvious co-labeling was
observed with axons highly positive for Caspr2. Since in cultured hip-
pocampal neurons Caspr2 is essentially expressed in inhibitory neurons
[12], cells were stained for GAD65, a typical marker of inhibitory
neurons (Fig. 6A). As expected the population of axons highly positive
for Caspr2 was essentially GAD65-positive (98%) moreover, 90% of the
Caspr2/GAD65-double positive axons also expressed high level of
Kv1.2. Therefore, it appeared that Caspr2-positive inhibitory neurons
also express high level of Kv1.2. Secondly, to determine whether anti-
CASPR2 patient Ab modulate Kv1.2 expression, primary hippocampal
neurons were treated at 20 DIV with the pool of patient or control IgG
and stained for surface Caspr2 and total Kv1.2 (Fig. 6B). Compared with
control IgG, treatment with patient IgG significantly increased Kv1.2
signal intensity (Ctl: 409.8 ± 83.2 versus Pat: 568.9 ± 193.6,
p < 0.01).

4. Discussion

4.1. Anti-CASPR2 patient autoAb alter CASPR2 surface distribution

We show in this study that patient autoAb do not induce CASPR2
internalization using two cellular models, HEK cells and more im-
portantly cultured primary hippocampal neurons. When tested on en-
dogenous Caspr2, the level of Caspr2 at the cell surface remained es-
sentially unchanged upon patient autoAb addition. However, in
CASPR2 transfected neurons, patient IgG increased CASPR2 surface
expression. Moreover, CASPR2 membrane distribution was altered with
the formation of an elevated number of CASPR2 clusters. In view of
these observations, it appears that the pathogenic effect of autoAb rely
on CASPR2 redistribution at the cell membrane rather than inter-
nalization. These results are consistent with the fact that anti-CASPR2
patient autoAb are often IgG4 [6,7,12], a subclass presenting several
unique biophysical properties. In particular, IgG4 can undergo half-
molecule exchange rendering them bispecific and thereby functionally
monovalent. This implies that IgG4 are unable to crosslink their targets
which is often a prerequisite for the process of internalization [30].

4.2. Anti-CASPR2 patient autoAb impede CASPR2/TAG-1 interaction

It was suggested that patient autoAb could directly perturb CASPR2
function by preventing CASPR2/TAG-1 interaction. For instance, using
an acellular solid phase binding assay, Patterson et al. [20] showed that
patient Ab decrease CASPR2/TAG-1 binding by 30%–90% depending
on the patient serum tested. In this paper, using purified serum IgG, we
find that the decrease of CASPR2/TAG-1 binding upon anti-CASPR2
autoAb addition still occurs in a cellular environment, although to a
lower extent (under 20% of decrease). Moreover, we identified regions
taking part in CASPR2/TAG-1 cis-interactions, the Ig1-6 and Fn1-4
domains on TAG-1 side as well as the laminin G1 and the EGF2-laminin
G4 domains on CASPR2 side. However, the removal of the laminin G1
domain of CASPR2 did not significantly hamper CASPR2/TAG-1 in-
teraction, whereas removal of the EGF2-laminin G4 domains drastically
impeded CASPR2/TAG-1 interaction, pointing the EGF2-laminin G4
domains as key domains of interaction. EGF-like domains consist of
molecular hinges (small linear solenoid domain) permitting the lobes of
the protein to flex with respect to each other [31,32]. In contrast, la-
minin G-like domains are large globular domains involved in interac-
tions with other proteins (neuroligin, cerebellin, GABAa receptor)
[33,34]. It is therefore likely that the laminin G4 domain of CASPR2,
rather than the EGF2 domain, mediates CASPR2/TAG-1 interactions.
Considering the molecular shape and dimension of these two molecules
a model can be proposed for which the laminin G4 domain of CASPR2
interacts with the fibronectin domains of TAG-1 and the laminin G1
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domain of CASPR2 interacts with the immunoglobulin domains of TAG-
1 (Fig. 7A). Essentially obtained with deletion mutants, this model has
nevertheless to be taken with caution since we find here that as de-
picted by others [32], CASPR2/TAG-1 interactions are constrained by
conformational hindrances.

Regarding the impact of anti-CASPR2 autoAb on this model of in-
teraction, we know that patient Ab are polyclonal and mostly target the
N-terminal half of CASPR2 ectodomain (D-L1-L2-E1), all recognizing at
least the discoidin and laminin G1 domains [6,11,12]. Moreover,

patient Ab rarely target the C-terminal half of the protein (F-L3-E2-L4),
where the main interaction domain of CASPR2, the laminin G4 domain,
is located [11]. Thus, anti-CASPR2 autoAb would mainly perturb
CASPR2/TAG-1 interaction trough the laminin G1 domain, which may
explain their low propensity to impede CASPR2/TAG-1 interaction
(Fig. 7B). In addition, in our cellular model, CASPR2/TAG-1 interac-
tions are mainly occurring in cis with high constraints due to a complex
environment, whereas in the solid phase binding assay, CASPR2 and
TAG-1 can freely adopt several orientations. Such differences may

Fig. 5. Patient autoAb changed CASPR2 surface distribution in hippocampal neurons. A) hippocampal neurons (21 DIV) treated for 24h with control (Ctl) or
patient (Pat) IgG were stained for surface Caspr2 and signal intensities were quantified. n = 17–24 image fields per condition, ****p < 0.0001 Kruskal-Wallis test.
B) Hippocampal neurons (21 DIV) treated with pooled patient (pPat) or control (pCtl) IgG were subjected to cell surface biotinylation or left non-biotinylated as
control (NB). Caspr2 surface and Caspr2 total proteins were quantified by Western-Blot and results expressed as ratios over total protein loaded. Each color represents
a different experiment. n= 3, Wilcoxon signed-rank test. C) Hippocampal neurons (21 DIV) transfected with CASPR2-GFP were treated with pooled patient (pPat) or
control (pCtl) IgG. The size, intensity and number of surface CASPR2-GFP clusters was analyzed on live cells using anti-GFP primary Ab/Alexa555 secondary Ab.
Results are depicted as a dot plot. n = 21 neurons per condition obtained from 3 independent experiments, ****p < 0.0001 Mann-Whitney test. Scale bar 10 μm.
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explain the higher blocking propensity of patient Ab in the solid phase
binding assay [20].

Besides, as for the solid phase binding assay, the extent of inhibition

varied between patients although the 4 sera tested in this study pre-
sented similar anti-CASPR2 Ab titers. Differences in the localization of
targeted epitopes or the Ab affinity/avidity for their targets as well as
the Ab titer for each subclass of IgG (IgG1 or IgG4) may account for the
variations in the degree of inhibition. Additional studies with higher
number of patients are needed to determine factors responsible for the
difference observed between patients.

4.3. CASPR2 and Kv1 expression are linked

We showed herein that the introduction of CASPR2 into HEK cells
induces a marked increase of the level of Kv1.2 surface expression.
Moreover, it appears that Caspr2-positive inhibitory neurons also ex-
press high level of Kv1.2. These results are in line with previous find-
ings showing a decreased membrane expression of Kv1.2 in Cntnap2 KO
DRG neurons in culture. Notably, in these cells the KO of Caspr2 re-
sulted in enhanced excitability with a large reduction in the DTX-sen-
sitive outward current, indicating a reduction in the function of Kv1
channels [19]. Moreover, in wild-type DRG neurons cultured in vitro for
5 days, a spontaneous reduction in Kv1 (membrane) and Caspr2
(mRNA) expression coincided with hyperexcitabilty. Importantly, en-
hanced excitability was reversed by Caspr2-forced expression in a Kv1
channel-dependent manner [19]. Therefore, one can speculate that
CASPR2, by interfering with surface expression of Kv1 channels is an
important modulator of neuronal excitability.

Fig. 6. Patient autoAb increase Kv1.2 expression in hippocampal neurons. A) hippocampal neurons (21 DIV) stained on live cells for surface Caspr2 and on
permeabilized cells for Kv1.2 and GAD65. B) hippocampal neurons (21 DIV) treated for 24h with pooled patient (pPat) or control (pCtl) IgG were stained as in A) and
Kv1.2 fluorescence signal intensities were quantified. n = 26 neurons per condition obtained from 3 independent experiments, **p < 0.01 Mann-Whitney test. Scale
bar 10 μm.

Fig. 7. Model of CASPR2/TAG-1 interaction and impact of anti-CASPR2
autoAb. A) Based on the molecular shape and dimension of these two mole-
cules we propose a model for which laminin G4 (L4), the main interaction
domain of CASPR2, interacts with the fibronectin (Fn) domains of TAG-1 and
the laminin G1 (L1) domain of CASPR2 interacts with the immunoglobulin (Ig)
domains of TAG-1. B) Since patient Ab rarely target the laminin G4 domain of
the protein, anti-CASPR2 autoAb would mainly perturb CASPR2/TAG-1 inter-
action trough the laminin G1 domain.
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4.4. Anti-CASPR2 patient autoAb increase Kv1.2 expression

In HEK cells, patient autoAb increase Kv1.2 surface expression.
Importantly, such an increase is also observed in hippocampal neurons
although we could not determine if this occurs at the cells surface.
These results are in contrast with a previous study showing that in
cultured DRG neurons treated with anti-CASPR2 patient Ab the number
of cells expressing Kv1.2 at the surface was decreased [19]. Since Kv1
expression may vary with CASPR2 expression levels, it would be in-
teresting to assess the impact of anti-CASPR2 autoAb on the level of
CASPR2 surface expression in these neurons. Nevertheless, diverse
mechanisms might regulate Kv1 surface expression depending on the
cell type, in the same way as different mechanisms are responsible for
Kv1 enrichment at the AIS and JXP. Of particular interest, a decrease of
CASPR2 and Kv1.1 expression was observed at JXP following systemic
injection of anti-CASPR2 patient Ab despite the fact that no patient Ab
binding was detected in this region. On the other hand, a clear patient
Ab binding was observed on DRG cell soma [19]. It is therefore
tempting to speculate that decreased JXP expression of CASPR2 and
Kv1.1 might be due to patient Ab-induced retention of these molecules
at the soma, thereby impairing their axonal membrane lateral diffusion.

Since CASPR2 interacts with Kv1 channels indirectly through their
intracellular cytoplasmic domains [1], the mechanism by which
CASPR2 promotes Kv1.2 surface expression likely relies on intracellular
motifs. Both proteins present a cytoskeleton-binding motif as well as a
PDZ-binding motif, which could lead to restricted diffusion and co-
clustering of CASPR2 and Kv1.2 at the membrane. For instance, the
4.1B-cytoskeleton-binding motif of CASPR2 was depicted as required
for the enrichment of Kv1 channels at the NOR [35]. Kv1.2 surface
expression relies on tyrosine residues present in its intracellular do-
main. Their phosphorylation leads to Kv1.2 reduced binding to the
cytoskeleton and endocytosis [36,37]. Of particular interest, TAG-1-
induced clustering of Kv1.2 along axons was shown to depend on Kv1.2
phosphorylation [29]. Whether CASPR2 could modulate Kv1 surface
expression by impinging Kv1 phosphorylation directly or indirectly, by
altering TAG-1 membrane distribution [15,29], remains to be estab-
lished. Regarding the possible mechanism(s) by which anti-CASPR2
autoAb may lead to increased Kv1.2 expression, patient Ab binding may
restrict CASPR2 diffusion thereby promoting cluster formation. This
may in turn retain Kv1.2 at the membrane possibly by stabilizing
CASPR2/Kv1.2 interactions, thus limiting Kv1 endocytosis.

Kv1 channels play a major role in membrane repolarization fol-
lowing action potential. A decrease in Kv1 expression leads to higher
neuronal excitability characterized by an increase of action potential
frequency and repolarization latency [38]. This results in increased
neurotransmitter release at the synapse [39]. On the contrary, an in-
crease of Kv1 expression could lead to a decrease of action potential
frequency and neurotransmitter release [40]. Since CASPR2 is mainly
expressed in inhibitory neurons, anti-CASPR2 autoAb, by increasing
Kv1 expression, could specifically result in decreased inhibition, a de-
fect consistent with the seizure disorders observed in patients.

In conclusion, we bring further evidences of two potential patho-
genic mechanisms of anti-CASPR2 autoAb in patients with AE namely
disturbing CASPR2/TAG-1 interaction and Kv1.2 expression. By im-
pacting on neuronal excitability, these pathogenic mechanisms could
contribute to the clinical features of patients with AE. Furthermore, our
data provide new insights into the interaction constraints between
CASPR2 and TAG-1, which might prove useful to study the relevance of
this interaction in the formation and localization of the CASPR2/TAG-
1/Kv1 complex.
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