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ABSTRACT
Autoantibodies to leucine-rich glioma-inactivated 1
(LGI1) and contactin-associated protein like-2
(CASPR2) are associated with clinically distinctive
syndromes that are highly immunotherapy
responsive, such as limbic encephalitis, faciobrachial
dystonic seizures, Morvan’s syndrome and
neuromyotonia. These autoantibodies target
surface-exposed domains of LGI1 or CASPR2, and
appear to be directly pathogenic. In contrast,
voltage-gatedpotassiumchannel (VGKC) antibodies
that lack LGI1 or CASPR2 reactivities (‘double-
negative’) are common in healthy controls and have
no consistent associations with distinct syndromes.
These antibodies target intracellular epitopes and
lack pathogenic potential. Moreover, the clinically
important LGI1 and CASPR2 antibodies comprise
only ~15% of VGKC-positive results, meaning that
most VGKC-antibody positive results mislead rather
than help. Further, initial VGKC testing misses some
cases that have LGI1 and CASPR2 antibodies. These
collective observations confirm that laboratories
should stop testing for VGKC antibodies and
instead, test only for LGI1 and CASPR2 antibodies.
This change in practicewill lead to significant patient
benefit.

VGKC ANTIBODIES: ORIGINS OF
A DIAGNOSTIC TEST
The initial clinical insights describing an
autoimmune basis for acquired neuro-
myotonia (Isaacs’ syndrome), a form of
peripheral nerve hyperexcitability,
emerged in Oxford around 30 years ago.
A patient with severe disease, refractory to
sodium channel blocking medications,
showed almost complete symptom resolu-
tion after plasma exchange.1 Moreover,
this patient’s purified IgG induced muscle
hyperexcitability in phrenic nerve–dia-
phragm preparations. These findings sug-
gested an underlying autoantibody-driven
mechanism for neuromyotonia, with vol-
tage-gated potassium channels (VGKCs)
considered a likely antigenic target.

This prediction was directly tested with
alpha-dendrotoxin (α-DTX), a neurotoxin
derived from greenmamba snake venom. α-
DTX labels Kv1.1, 1.2 and 1.6 potassium
channels and was radioiodinated to label
soluble mammalian brain extracts upon
establishment of the VGKC antibody radio-
immunoassay. This radioimmunoassay
detected serum or cerebrospinal fluid auto-
antibodies that precipitated iodinated α-
DTX.Hence, these autoantibodieswere ori-
ginally thought to bindVGKCs,2 3 and some
reports even showed IgG from patients
binding directly to oocyte or HEK293T-
cell-expressed VGKCs.2–4 During this series
of molecular observations, VGKC antibo-
dies were also identified in patients with
Morvan’s syndrome (neuromyotonia with
characteristic central nervous system
manifestations)4 and limbic encephalitis.5–7

Importantly, patients with these syndromes
improvedmarkedly following immunother-
apy. Overall, these serological discoveries
helped to describe and classify a potentially
reversible set of autoimmune neurological
conditions.
Subsequently, these findings were rapidly

disseminated through the neurology com-
munity. To avoid missing a potentially
immunotherapy-responsive condition,
VGKCantibodieswere requested in patients
with a wider spectrum of clinical features.
This led to a large number of positiveVGKC
antibody results, in broad-ranging pheno-
types. Many of these syndromes were not
immunotherapy-responsive or intuitively
immune-mediated. This non-distinctive set
of syndromes led us to question how anti-
bodies to a single protein family could cause
such a variety of diseases (Figure 1).

SPLITTING THE COMPLEX:
IDENTIFICATIONOF LGI1 AND CASPR2,
AND CLINICAL ASSOCIATIONS
Biochemical interrogation of proteins
complexed to VGKCs identified that leu-
cine-rich glioma-inactivated 1 (LGI1)
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and contactin-associated protein like-2 (CASPR2) were
the actual targets of patient autoantibodies in the
immunotherapy-responsive syndromes: limbic encepha-
litis, Morvan’s syndrome and neuromyotonia.8 9 Also,
a few patients had contactin-2 antibodies.8 Crucially, the
extracellular-exposed domains of these proteins were the
direct antigenic epitopes. Table 1 describes the character-
istics of these molecules, plus the LGI1 receptors
ADAM22 and 23.
LGI1 is a secreted neuronal protein, known to link pre-

and post-synaptic terminals, akin to a molecular
scaffold.19 Patients with LGI1 antibodies are typically
aged over 60, with a 2:1 male to female predominance.
LGI1 antibodies are prominent in patients with limbic
encephalitis, found in many with Morvan’s syndrome,
and in a few with neuromyotonia.8 9 23 In addition,
around 50% of patients with LGI1-antibodies show
a highly specific seizure semiology—termed faciobrachial
dystonic seizures.24 Faciobrachial dystonic seizures typi-
cally begin before the onset of the cognitive impairment
that characterises limbic encephalitis and are largely

resistant to antiseizure medications but respond well to
immunotherapies, often within a few days. They provide
an excellent example of a distinctive phenotype with
a robust response to immunotherapies whose character-
istics translate to the other frequent focal seizure semiol-
ogies in patients with LGI1-antibodies.24 25

CASPR2 is a neurexin family protein with a large
extracellular domain. Patients with CASPR2 autoanti-
bodies are very often elderly males (Table 2). CASPR2
antibody–positive patients often have neuromyotonia
or Morvan’s syndrome, and some have forms of
limbic encephalitis as well as neuropathic pain syn-
dromes. All typically respond to immunotherapy.
Also, in patients with neuromyotonia and, especially,
Morvan’s syndrome there is an association with
tumours, typically thymomas.8 9 23 Importantly,
LGI1 or CASPR2 specificities are rare outside of
these syndromes. Taken together, LGI1 and CASPR2
antibodies have strong and specific clinical associa-
tions, and unequivocal clinical value in accurately
detecting treatable syndromes.

Figure 1 LGI1 and CASPR2—but not double-negative VGKC—autoantibodies predict characteristic, immunotherapy-responsive syn-
dromes. Pathogenic antibodies (shown in purple) bind to the surface-exposed domains of LGI1 and CASPR2. Also, some autoantibodies
against LGI1 bind to the domain which docks with its receptors, a disintegrin and metalloproteases (especially ADAM22/23).
Autoantibodies that bind extracellular protein domains are pathogenic, manifesting with characteristic clinical syndromes including
faciobrachial dystonic seizures, limbic encephalitis and neuromyotonia. Both LGI1- and CASPR2-antibody mediated syndromes classically
affect elderly men in their sixth decade, who improvemarkedly with immunotherapies. HLA-DRB1*07:01 is strongly linked to patients with
LGI1 antibodies, and HLA-DRB1*11:01 to patients with CASPR2 antibodies. The non-pathogenic antibodies (shown in red) have been
shown to bind the intracellular domain of VGKCs, and some bind the I125-α-dendrotoxin (α-DTX) used in the original VGKC radio-
immunoassays. The targets of other double-negative antibodies are unknown, but likely to be other intracellular epitopes. Double-negative
VGKC antibodies are found in a wide array of clinical syndromes, including epilepsies, dementias and primary psychiatric conditions, which
span wide age ranges and lack either a clear immunotherapy response or a specific HLA association.
CASPR2, contactin-associated protein like-2; HLA, human leukocyte antigen; LGI1, leucine-rich glioma-inactivated 1; VGKC, voltage-
gated potassium channel.
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FEATURES ASSOCIATED WITH DOUBLE-NEGATIVE
VGKC ANTIBODIES
More recently, data from several groups have clarified
the clinical relevance of double-negative VGKC anti-
bodies, that is, VGKC antibodies without LGI1 or
CASPR2 reactivities.26–28

Frequency and highly heterogeneous clinical features
In the largest such series, testing of ~100 000 samples
yielded 3910 (~4%) samples with VGKC antibodies.
Only 256 of these 3910 (6.5%) showed concomitant
LGI1 or CASPR2 reactivities.29 Other studies report
comparable rates of LGI1/CASPR2 antibodies amongst
VGKC-antibody positive results: ~20% in adults30 and,
in children, <5%:31 both observations are consistent
with our unpublished experience. Hence, double-
negative VGKC antibodies appear to account for ~85%
of routine VGKC antibody requests. Is there any clinical
utility in detecting these common antibodies? The data
suggest not. First, double-negative VGKC-complex auto-
antibodies occur in ~5% of healthy controls, complicat-
ing their interpretation especially with widespread
testing.2 6 26 28 Second, and in marked contrast to the
well-defined clinical phenotypes associated with LGI1
and CASPR2 autoantibodies (Figure 1, Table 2), double-
negative VGKC antibodies associate with a constellation
of syndromes without age or gender predilection.
These range from epilepsies, non-neuropathic pain,
Alzheimer’s disease, peripheral neuropathy and head-
ache, to primary psychiatric syndromes and leptomenin-
geal metastasis.26–28 32 Hence, it appears that double-
negative VGKC antibodies have limited clinical specifi-
city. Third, the VGKC antibody titre is not a clinically

reliable measure: double-negative VGKC antibodies can
occur at very high titres (eg 400–3000 pM). Therefore,
the titre itself does not help in identifying LGI1 or
CASPR2 specificity.26 27 29 30 33 Indeed, in clinical prac-
tice the concept of a ‘clinically relevant’ VGKC antibody
titre has created many misdiagnoses, often where finding
the antibody has overruled the clinical diagnosis.33–36

Immunotherapy response
Patients with LGI1 and CASPR2 autoantibodies
respond strikingly to immunotherapy, with improve-
ments in 96%–100% of patients with LGI1 antibodies
and 86%–100% with CASPR2 antibodies.24–26 29

Hence, detecting LGI1 and CASPR2 antibodies has
clear therapeutic importance. In marked contrast,
patients with double-negative VGKC antibodies
respond poorly to immunotherapy, with response
rates equal to those of placebo studies, or to rates
observed from patients with negative VGKC test
results.26 28 44

Serological observations: intracellular binding and
non-pathogenicity
As our clinical suspicions increasingly indicated that
double-negative antibodies had little clinical relevance,
we predicted that studying their antigenic targets
would offer clinically-relevant insights.28 First, we
observed that the double-negative serum IgGs did not
bind to any surface determinants expressed on live
hippocampal neurons. Second, no double-negative
IgGs bound to the extracellular domain of HEK293T
cell surface expressed VGKCs. However, in this pre-
paration, around one-third bound to intracellular

Table 1 Molecular characteristics of LGI1, CASPR2, and associated proteins

Molecular evidence LGI1 CASPR2 ADAM22/23 Contactin-2

Genetic mutations Autosomal dominant partial
epilepsy with auditory features10

Homozygous mutations
cause epilepsy,
intellectual disability and
autism11

Heterozygous mutations cause
early infantile epileptic
encephalopathy with cortical
atrophy12

Homozygous
mutations cause
autosomal recessive
familial cortical
myoclonic tremor and
epilepsy13

Neural expression Central nervous system (CNS):
strongly expressed within mossy
fibre CA3 layer of hippocampus
and cerebellum;
Peripheral nervous system (PNS):
more weakly expressed8

CNS: stratum radiatum of
CA3 layer of
hippocampus and
cerebellum;
PNS: juxtaparanodes of
myelinated axons8

CNS: ADAM22 predominantly
within the cerebellum,
hippocampus, amygdala, and
cerebral cortex; ADAM 23
hypothalamus and thalamus.14

Both are also expressed in the PNS

CNS: cerebellum, CA1
and CA3 hippocampal
pyramidal cells,
olfactory bulb, white
matter tracts;15

PNS: juxtaparanodes
of myelinated axons16

Interacting proteins Binds to pre-synaptic ADAM23
and post-synaptic ADAM22,17

with some evidence for
ADAM11;18

Associates closely with Kv1.1
channels pre-synaptically and
AMPARs post-synaptically19–21

Contactin-2,8 16 via EGF2
and laminin G4 domains
of CASPR222

LGI1,17 and closely related LGI1
family molecules

CASPR28 16 via Ig and
fibronectin domains of
contactin-222

ADAM, a disintegrin and metalloprotease; AMPARs, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors; CASPR2, contactin-associated protein
like-2; EGF2, epidermal growth factor-2; LGI1, leucine-rich glioma-inactivated 1.
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aspects of the Kv1.1/1.2/1.6 subunits.8 28 Finally,
a small proportion of the double-negative VGKC anti-
body sera directly bound the non-mammalian α-DTX
employed in the radioimmunoassay. Taken together,
these findings established that double-negative VGKC
antibodies often bind targets that, in vivo in humans,
are inaccessible or unavailable, thus mitigating their
pathogenic potential.
By contrast, LGI1 or CASPR2 antibodies typically

show robust cell-surface reactivity to the native,
mammalian target (Figure 2) and strong data sup-
port their in vitro and in vivo functionality. For
example, LGI1 antibodies can disrupt interactions
between LGI1 and its receptors ADAM22/23, inter-
nalise the LGI1–ADAM complex and trigger neuro-
nal hyperexcitability and memory deficits in vivo
passive transfer models.20 21 25 42 There is also
clear evidence supporting the pathogenicity of
CASPR2 antibodies with rodent passive transfer
reproducing human pain manifestations, and

evidence that the antibodies can disrupt CASPR2
interactions with contactin-2.22 43

Genetic associations
Recently, a very strong immunogenetic basis was estab-
lished for the diseases associated with LGI1 and
CASPR2 antibodies.32 40 41 45 HLA-DRB1*07:01 and
HLA-DRB1*11:01 were found to be over-represented
in patients with LGI1 autoantibodies (~95% vs ~25%
in healthy controls) and in those with CASPR2 autoan-
tibodies (~50% vs ~10% in healthy controls), respec-
tively. Extended haplotype associations were also
observed.32 Moreover, the few patients with both
LGI1 and CASPR2 antibodies carried yet another set
of distinct HLA alleles.32 By contrast, there were no
distinct HLA associations in patients with intracellular
VGKC antibodies.32 Our recent clinical observations
suggest the HLA analyses may form a useful adjunct to
complement clinico-serological diagnoses (Irani and
Waters, unpublished, 2020).

Table 2 Comparisons of autoantibodies against LGI1, CASPR2, and the double-negative VGKC antibodies

Evidence

Autoantibody

LGI1 CASPR2 Double-negative VGKC

Clinical
features

Well-delineated
clinical syndromes?

Yes24 25:
Faciobrachial dystonic seizures;
Limbic encephalitis (other frequent
focal seizure semiologies,
encephalopathy, sleep disorder,
amnesia, anxiety, emotionality
dysautonomia);
Hyponatraemia in ~65%
More rarely, neuromyotonia and
Morvan’s syndrome

Yes8 9 23:
CNS: limbic encephalitis—
seizures, confusion,
hallucinations, insomnia
PNS: neuromyotonia (neuropathic
pain, spasms, cramps)
Morvan’s syndrome: above
including insomnia and
dysautonomia, often with weight
loss

No: 5% rate in healthy controls
and detected in heterogeneous,
often non-immune, syndromes
including varied epilepsies;
widespread, non-neuropathic
pain; Parkinson’s disease;
headache; primary psychiatric
conditions26–28 32

Demographics:
gender ratio and
median age of onset

M (2:1)
60–70 years25

M (8:1)
50–60 years

No known predilection
(M:F 1:1; 18–85 years with no
peak onset age26 28 32)

Immunotherapy-
responsive (%)

Highly:
100%26

96%24

97%25 29

78%9

Highly:
100%37

86%26

Limited, and likely accounted for
by referral bias and/or placebo
effect:
27%28

46%26

Serological Epitope Extracellular (both receptor docking
and non-docking domains of this
secreted protein;8 21 28)

Extracellular domain8 9 28 Intracellular aspects (including
Kv1 channels), and non-
mammalian targets28

Rate in healthy
controls

<1%38 <1%38 ~5%,2 6 28 39

Other associations/
markers

Rarely thymoma <5% Thymoma 20-50%, especially
those with Morvan’s syndrome
and neuromyotonia

Possibly malignancies33–36

Genetic HLA associations HLA-DRB1*07:01 (~95%)26 32 40 41 HLA-DRB1*11:01 (~50%)32 Nil32

Evidence of
pathogenicity

In vitro and in vivo Functional blocking of LGI1-
ADAM22 interactions21 42

Internalisation21 25

LGI1 IgGs and monoclonal
antibodies induce memory deficits
in vivo20 21

Internalisation noted in some
studies; pain reproduced in
experimental animals43

Nil

ADAM, a disintegrin and metalloprotease; CASPR2, contactin-associated protein like-2; CNS, central nervous system; F, female; HLA, human leukocyte
antigen; LGI1, leucine-rich glioma-inactivated 1; M, male; PNS, peripheral nervous system; VGKC, voltage-gated potassium channel.
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THE TEST MATTERS: LIVE CELL-BASED ASSAYS
AND THE LIMITED SENSITIVITY OF VGKC
ANTIBODY TESTING
Our understanding of test systems for detecting
pathogenic antibodies has evolved. As only antibodies
that can ‘see’ their targets in vivo have clear patho-
genic potential, we prefer to use ‘live’ cell-based assays
that present only extracellular domains of antibody
targets. These avoid the detection of non-pathogenic
species and the potential for contamination by fixa-
tive, which can alter target epitopes and permeabilise
cells.46 Many diagnostic centres use fixed cell-based
assays, largely for convenience. However, live testing
remains biologically intuitive; it has a higher sensitiv-
ity and specificity, and can resolve samples that rou-
tine commercial kit testing assess as
indeterminate.46–49 Such target-specific cell-based
assays, where individual proteins are selectively
expressed on the surface of live cells without deter-
gent or fixative, are possible across the range of sur-
face-directed autoantibodies, including LGI1 and
CASPR2 (Figure 2A).8 These live cell-based assays
have identified up to 15% of samples from patients
with immunotherapy-responsive illnesses that have
detectable LGI1 or CASPR2 antibodies but no VGKC-
complex antibodies.50 51 Hence, direct LGI1 and
CASPR2 antibody testing should be performed as
first-line testing, not as a second-line reflexive test
after a positive VGKC antibody result.

SO, IS THERE ANY VALUE IN VGKC ANTIBODY
TESTING?
The above evidence strongly argues against VGKC anti-
body testing in routine clinical practice. Yet, these antibo-
dies may have some limited value in the research setting.
First, cohorts with positive VGKC antibodies may have
high rates of malignancy (12%–47%), suggesting VGKC
antibody as an onconeural marker.33–36 However, such
findings probably reflect an inherent clinical referral
bias. Indeed, other reports suggest comparable tumour
rates among patients with double-negative VGKC anti-
bodies andmatchedVGKC-negative controls.26 Second,
swine abattoir workers frequently have detectable, typi-
cally double negative, VGKC antibodies.39 While this is
only rarely a vocational issue, it suggests that inhaled
aerosolised brain tissue may be a model to study human
autoimmunisation, although with resultant non-
pathogenic reactivities. Interestingly, this observation
suggests an inherent liability to a loss of immune toler-
ance against VGKC-complexed proteins may account
for the high rates of VGKC antibodies occurring as
secondary effects of multiple disparate disease
processes.28 52 53 Finally, some observations suggest
double-negative VGKC antibodies may co-exist with
cell-surface autoantibodies.23 30 54 In this clinical context,
the surface-directed antibody is likely to be directly
pathogenic. Indeed, the high reported rates of VGKC
antibodies in some diseases, such as neuromyotonia,
may provide a lead for identification of samples with
co-existent pathogenic reactivities.

Figure 2 Cell surface-reactive autoantibodiesmeasured by live cell-based assays or live hippocampal neuron binding. A. LGI1 antibody
live cell-based assay. Serum from a patient with LGI1 antibodies binds to the surface of live LGI1-expressing cells (top row) but healthy
control sera (bottom row) do not bind these cells. LGI1 tagged to enhanced green fluorescent protein (LGI1-EGFP, green) is expressed on
the surface of live HEK293T cells; detected with anti-human IgG secondary autoantibodies (red); DAPI nuclear staining (blue). Images
taken at ×40magnification. B. Live hippocampal neuron assay. Human IgG autoantibodies (green) from a CASPR2 autoantibody-positive
patient stain the surface of live hippocampal neurons (red, stained with an antibody against MAP2, microtubule-associated protein 2).
Punctate green staining is observed along the dendrites and neuronal cell body. There is no neuronal reactivity when live hippocampal
neurons are stained with healthy control serum (right). DAPI nuclear staining (blue). Images taken at ×63 magnification. In cases with
seronegative syndromes, where the clinical picture is characteristic but the patient has negative results for the standard panel of known
autoantibodies (LGI1, CASPR2, NMDA-R, GABAA/B-R, etc), live neuronal testing is an available diagnostic test which can be requested at
our specialist laboratory. In this assay, any neuronal reactivity demonstrated by the serum/CSF, as above, strongly suggests the presence
of a novel neuronal surface antibody and allows identification of novel antigenic targets.
CASPR2, contactin-associated protein like-2; CSF, cerebrospinal fluid; DAPI, 4′,6-diamidino-2-phenylindole; GABAA/BR, gamma-amino
butyric acid A/B receptor; LGI1, leucine-rich glioma-inactivated 1; NMDA-R, N-methyl-D-aspartate receptor.
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CONCLUSIONS: A CALL TO CHANGE CLINICAL
PRACTICE
In summary, double-negative VGKC antibodies usually
target intracellular epitopes and lack pathogenic poten-
tial. They form the majority of the results in routine
VGKC antibody testing. Importantly, and in stark con-
trast to finding antibodies directed against LGI1 and
CASPR2, they do not predict a response to immunother-
apy. Their detection in heterogeneous, often non-
immune, clinical disorders at similar rates to healthy
controls casts doubt on their detection in classic auto-
immune scenarios. For example, this background rate is
likely to the explain the common query that “my patient
with Guillain–Barré syndrome / limbic encephalitis /
Lambert–Eaton myasthenic syndrome has a double-
negative VGKC of 1312 pM”. Further, the VGKC anti-
body radioimmunoassay is not an effective screening test
for the key pathogenic autoantibody species as it misses
~15% of LGI1 or CASPR2 antibodies.
Taken together, the evidence from multiple interna-

tional groups suggests there are no longer clinical reasons
to test for VGKCantibodies. Stopping this test will reduce
clinically irrelevant results, improve diagnostic accuracy
and limit the use of unnecessary, potentially toxic, immu-
notherapies in patients. Most ‘non-immune’ syndromes
referred to our specialist centre are associated with ‘dou-
ble-negative’ VGKC antibody results. Yet, several labora-
tories continue to offer VGKC antibody testing,
sometimes as a screening test to prompt LGI1 and
CASPR2 antibody testing. Presenting local laboratories
with the data and conclusions herein should encourage a
change in testing regimens, towards patient benefit.
While this may be one of the final articles regarding

VGKC antibody testing, work on LGI1 and CASPR2
antibodies will probably continue for several years, as
the underlying immunology, autoantibody biology, and
the molecular effector pathways still require clarification.
These outputs could all impact on patient care by offering
opportunities towards highly focussed examples of preci-
sion medicine. Nevertheless, for now, the evidence pre-
sented above should offer a marked improvement to the
routine care of many patients each year.
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Key points

► Patients with pathogenic LGI1 or CASPR2
autoantibodies show distinct clinical syndromes and
excellent responses to immunotherapy.
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