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Cell-Surface Central Nervous System
Autoantibodies: Clinical Relevance and

Emerging Paradigms

Sarosh R. Irani, DPhil,1,2 Jeffrey M. Gelfand, MD,2 Adam Al-Diwani, MD,1 and

Angela Vincent, FRCPath1

The recent discovery of several potentially pathogenic autoantibodies has helped identify patients with clinically dis-
tinctive central nervous system diseases that appear to benefit from immunotherapy. The associated autoantibodies
are directed against the extracellular domains of cell-surface–expressed neuronal or glial proteins such as LGI1, N-
methyl-D-aspartate receptor, and aquaporin-4. The original descriptions of the associated clinical syndromes were
phenotypically well circumscribed. However, as availability of antibody testing has increased, the range of associated
patient phenotypes and demographics has expanded. This in turn has led to the recognition of more
immunotherapy-responsive syndromes in patients presenting with cognitive and behavioral problems, seizures, move-
ment disorders, psychiatric features, and demyelinating disease. Although antibody detection remains diagnostically
important, clinical recognition of these distinctive syndromes should ensure early and appropriate immunotherapy
administration. We review the emerging paradigm of cell-surface–directed antibody–mediated neurological diseases,
describe how the associated disease spectrums have broadened since the original descriptions, discuss some of the
methodological issues regarding techniques for antibody detection and emphasize considerations surrounding immu-
notherapy administration. As these disorders continue to reach mainstream neurology and even psychiatry, more
cell-surface–directed antibodies will be discovered, and their possible relevance to other more common disease pre-
sentations should become more clearly defined.
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Autoantibody-associated diseases of the central nerv-

ous system (CNS) are among the most rapidly

expanding fields in clinical neurology. The first such anti-

bodies were detected by binding to brain tissue sections

and targeted intracellular proteins (Hu, Yo, Ri, Tr, CV2/

CRMP5); they were termed paraneoplastic, given their

frequent association with an underlying malignancy.1–4

However, antibodies directed against these intracellular

antigens are unlikely to access their target in vivo and are

not, in general, considered to be pathogenic.2,3 Rather, it

is thought that T-cell–mediated inflammatory responses

are the primary mechanism of neuronal destruction, and

these disorders will not be considered further here.5

By contrast, antibodies that target the extracellular

domains of cell-surface antigens, usually integral membrane

proteins, can modulate the number or function of the target

protein and are potentially pathogenic (Table 1).3,6,7 These

neuronal- or glial-surface–directed antibodies8 are detected

by demonstration of antibody binding to the surface of

human embryonic kidney cells that have been made to

express the specific target (Fig 1A–C), to the surface of cul-

tured live neurons (Fig 1D), and to fixed brain sections (see

Fig 1E; these techniques have different merits and will be

discussed later).3,7,9 The clinical syndromes associated with

neuroglial surface-directed antibodies (NGSAbs) frequently

show a rapid onset, response to immunotherapies, good

correlations between symptom course and antibody levels,

and are less frequently associated with malignancies.2,7,10,11

Since 2001, a number of NGSAbs have been iden-

tified (see Table 1). The most common are antibodies to

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.24200

Received Sep 25, 2014, and in revised form Jun 13, 2014. Accepted for publication Jun 13, 2014.

Address correspondence to Dr Irani, Nuffield Department of Clinical Neurosciences, West Wing, Level 6, John Radcliffe Hospital, Oxford, OX3 9DU,

United Kingdom. E-mail: sarosh.irani@ndcn.ox.ac.uk

From the 1Nuffield Department of Clinical Neurosciences, John Radcliffe Hospital, Oxford, United Kingdom; 2Multiple Sclerosis and Neuroinflammation

Center, Department of Neurology, University of California, San Francisco, San Francisco, CA.

168

VC 2014 The Authors. Annals of Neurology published by Wiley Periodicals, Inc. on behalf of American Neurological Association. This is an open
access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.



T
A

B
L
E

1
.

C
li
n
ic

a
l

A
ss

o
ci

a
ti

o
n
s

o
f

th
e

M
o

st
C

o
m

m
o

n
C

e
n
tr

a
l

N
e
rv

o
u
s

S
y
st

e
m

C
e
ll
-S

u
rf

a
ce

–D
ir

e
ct

e
d

A
n
ti

b
o

d
ie

s

N
M

D
A

R
L

G
I1

C
A

S
P

R
2

A
M

P
A

R
G

ly
R

G
A

B
A

B
A

Q
P

4
M

O
G

F
re

qu
en

t
cl

in
ic

al
as

so
ci

at
io

n
s

D
if

fu
se

en
ce

p
h

al
it

is
w

it
h

p
sy

ch
ia

tr
ic

fe
at

u
re

s,
co

gn
it

iv
e

im
p

ai
rm

en
t,

se
iz

u
re

s,
m

ov
em

en
t

d
is

or
d

er
,

d
ys

au
to

n
om

ia
,

an
d

re
d

u
ct

io
n

in
co

n
sc

io
u

sn
es

s

L
E

w
it

h
fa

ci
ob

ra
ch

ia
l

d
ys

to
n

ic
se

iz
u

re
s

an
d

se
ru

m
h

yp
on

at
re

m
ia

M
or

va
n

sy
n

d
ro

m
e

w
it

h
p

sy
ch

ia
tr

ic
fe

at
u

re
s,

in
so

m
n

ia
,

d
ys

au
to

n
om

ia
,

an
d

n
eu

ro
m

yo
to

n
ia

(o
ft

en
w

it
h

L
G

I1
an

ti
bo

d
ie

s)
;

le
ss

fr
eq

u
en

tl
y

L
E

L
E

P
E

R
M

bu
t

al
so

so
m

e
SP

S
an

d
re

la
te

d
sy

n
d

ro
m

es

L
E

N
M

O
SD

N
M

O
SD

T
u

m
or

/
in

fe
ct

io
u

s
as

so
ci

at
io

n
s

O
va

ri
an

te
ra

to
m

a
in

ab
ou

t
30

%
4
5
,4

6
;

R
el

ap
se

s
p

os
t-

H
SV

en
ce

p
h

al
it

is
w

it
h

N
M

D
A

R
an

ti
bo

d
ie

s7
5
–
7
8

<
10

%
(v

ar
io

u
s

tu
m

or
s

d
es

cr
ib

ed
)2

9
,3

0
,6

8
,6

9

T
h

ym
om

a
(�

30
%

)2
0
,1

5
7

L
u

n
g,

br
ea

st
,

th
ym

om
a

(�
50

%
)4

1
,5

5

T
h

ym
om

a
ra

re
ly

(<
10

%
)1

8
,8

9
,1

5
8

L
u

n
g

(�
50

%
)4

2
R

ar
e1

5
9
;

re
la

p
se

s
of

te
n

p
re

ci
p

it
at

ed
by

va
ri

ou
s

in
fe

ct
io

n
s1

3
1

N
on

e
ye

t
kn

ow
n

E
xp

an
d

in
g

p
h

en
ot

yp
ic

sp
ec

tr
u

m

F
ew

ca
se

s
w

it
h

p
u

re
ly

p
sy

ch
ot

ic
fe

at
u

re
s4

8
,5

3
,1

6
0
;

p
re

d
om

in
an

t
m

ov
em

en
t

d
is

or
d

er
1
6
1
;

fe
w

w
it

h
p

re
d

om
in

an
t

cr
yp

to
ge

n
ic

ep
il

ep
sy

sy
n

d
ro

m
e1

6
2

C
ry

p
to

ge
n

ic
ep

il
ep

si
es

6
0
,6

2
C

ry
p

to
ge

n
ic

ep
il

ep
si

es
6
0
,6

2
;

G
u

il
la

in
-B

ar
re

–l
ik

e
sy

n
d

ro
m

e1
6
3

A
ty

p
ic

al
p

sy
ch

os
is

5
5

L
E

,
br

ai
n

st
em

en
ce

p
h

al
it

is
1
2
4
;

cr
yp

to
ge

n
ic

ep
il

ep
si

es
6
0
,1

6
4

E
n

ce
p

h
al

op
at

h
y1

6
5

E
n

ce
p

h
al

op
at

h
y,

in
cl

u
d

in
g

p
ed

ia
tr

ic
A

D
E

M
1
6
6



T
A

B
L
E

1
:

C
o

n
ti

n
u
e
d

N
M

D
A

R
L

G
I1

C
A

S
P

R
2

A
M

P
A

R
G

ly
R

G
A

B
A

B
A

Q
P

4
M

O
G

A
p

p
ro

xi
m

at
e

n
u

m
be

r
of

re
p

or
te

d
ca

se
s

si
n

ce
fi

rs
t

d
es

cr
ip

ti
on

>
70

0
in

6
ye

ar
s

�
25

0
in

3
ye

ar
s

�
30

in
3

ye
ar

s
�

25
in

4
ye

ar
s

�
60

in
5

ye
ar

s
�

30
in

3
ye

ar
s

>
2,

00
0

in
8

ye
ar

s
�

30
in

1
ye

ar

P
re

va
le

n
ce

in
cl

in
ic

al
ly

d
ef

in
ed

te
st

ed
co

h
or

ts

9/
48

(1
9%

)
w

it
h

u
n

kn
ow

n
en

ce
p

h
al

it
is

2
5

6/
62

(1
0%

)
w

it
h

u
n

kn
ow

n
en

ce
p

h
al

it
is

2
5

24
/2

7
(8

9%
)

w
it

h
M

or
va

n
sy

n
d

ro
m

e2
0

15
/4

10
(4

%
)

w
it

h
su

sp
ec

te
d

au
to

im
m

u
n

e
en

ce
p

h
al

it
is

4
1

M
ai

n
ly

se
en

in
P

E
R

M
2
1
,8

9
,9

1
,1

5
8
;

10
/8

1
(1

2%
)

w
it

h
SP

S1
8
;

1/
48

(2
%

)
p

ed
ia

tr
ic

en
ce

p
h

al
op

at
h

ie
s3

7

10
/7

0
(1

4%
)

of
L

E
ca

se
s4

2
70

–8
0%

of
p

at
ie

n
ts

w
it

h
N

M
O

SD
1
0
0
,1

1
0

16
/2

15
(7

%
)

N
M

O
SD

1
1
0

P
re

va
le

n
ce

(%
)

in
h

ea
lt

h
y/

d
is

ea
se

co
h

or
ts

1
3
6

a

0–
1.

2/
0–

1.
3

0–
0.

06
/

0–
0.

04
3
2
,3

3
0–

0.
29

/0
–0

.3
2

0–
0.

23
/0

–0
.0

4
4
1

0.
06

–1
.2

/0
.1

21
8

0/
0–

0.
04

4
2

0/
0–

0.
04

1
0
0

0–
0.

06
/0

.0
8–

2
1
1
2

P
ri

m
ar

y
ce

ll
ty

p
e/

an
ti

ge
n

ic
ta

rg
et

N
eu

ro
n

/N
R

1
su

bu
n

it
N

eu
ro

n
N

eu
ro

n
N

eu
ro

n
/G

lu
R

1/
2

N
eu

ro
n

/a
1

re
ce

p
to

r
N

eu
ro

n
/B

1
su

bu
n

it
A

st
ro

cy
te

/M
23

ar
ra

ys
O

li
go

d
en

d
ro

cy
te

F
or

n
eu

ro
n

al
-

or
gl

ia
l-

su
rf

ac
e–

d
ir

ec
te

d
an

ti
bo

d
ie

s
re

p
or

te
d

in
>

20
ca

se
s

an
d

in
>

1
p

u
bl

ic
at

io
n

.
L

E
p

ro
d

u
ce

s
am

n
es

ia
,

co
n

fu
si

on
,

an
d

se
iz

u
re

s
(a

d
d

it
io

n
al

fe
at

u
re

s
n

ot
ed

ab
ov

e
w

it
h

in
ea

ch
an

ti
bo

d
y

sp
ec

if
ic

it
y)

.
a D

at
a

ar
e

fr
om

D
ah

m
et

al
,1

3
6

p
lu

s
ot

h
er

p
ap

er
s

as
re

fe
re

n
ce

d
w

it
h

in
th

e
ta

bl
e.

A
D

E
M

5
ac

u
te

d
is

se
m

in
at

ed
en

ce
p

h
al

om
ye

li
ti

s;
A

M
P

A
R

5
a-

am
in

o-
3-

h
yd

ro
xy

-5
-m

et
h

yl
is

ox
az

ol
e-

4-
p

ro
p

io
n

ic
ac

id
re

ce
p

to
r;

A
Q

P
4

5
aq

u
ap

or
in

-4
;

C
A

SP
R

2
5

co
n

ta
ct

in
-a

ss
oc

ia
te

d
p

ro
te

in
2;

G
A

B
A

B
5

c-
am

in
ob

u
ty

ri
c

ac
id

B
;

G
ly

R
5

gl
yc

in
e

re
ce

p
to

r;
H

SV
5

h
er

p
es

si
m

p
le

x
vi

ru
s;

L
E

5
li

m
bi

c
en

ce
p

h
al

it
is

;
L

G
I1

5
le

u
ci

n
e-

ri
ch

gl
io

m
a-

in
ac

ti
va

te
d

1;
M

O
G

5
m

ye
li

n
ol

ig
od

en
d

ro
cy

te
gl

yc
op

ro
te

in
;

N
M

D
A

R
5

N
-m

et
h

yl
-D

-a
sp

ar
ta

te
re

ce
p

to
r;

N
M

O
SD

5
n

eu
ro

m
ye

li
ti

s
op

ti
ca

sp
ec

tr
u

m
d

is
or

de
r;

P
E

R
M

5
p

ro
gr

es
si

ve
en

ce
p

h
al

om
ye

li
ti

s
w

it
h

ri
gi

d
it

y
an

d
m

yo
cl

on
u

s;
SP

S
5

st
if

f-
p

er
so

n
sy

n
d

ro
m

e.



the N-methyl-D-aspartate receptor (NMDAR) and com-

ponents of the voltage-gated potassium channel (VGKC)

complex (see Figs 1F and 2A), which includes leucine-

rich glioma-inactivated 1 (LGI1), contactin-associated

protein 2 (CASPR2), and contactin-2. In the United

Kingdom, NMDAR, aquaporin-4 (AQP4) and LGI1

antibodies occur at a rate of approximately 2 new cases

per million persons per year.12,13

Glutamic acid decarboxylase (GAD) antibodies lie

in a hinterland between classical paraneoplastic and

FIGURE 1: (A) Transfected cells or tissue (neuronal cultures or brain sections) may be labeled with patient antibody and then a
secondary, dye/enzyme-conjugated antibody to allow visualization. Graphic courtesy of Dr T. Moloney. (B, C) Cell-based assay.
Enhanced green fluorescent protein (EGFP)-tagged antigen (in this case contactin-associated protein 2 [CASPR2]; B; green) is
bound by patient immunoglobulin (Ig) G (C; red). (D) Hippocampal neuronal cultures labeled with leucine-rich glioma-inacti-
vated 1 (LGI1)-IgG (green) and intracellularly stained with microtubule-associated protein 2, a neuronal marker (red; image
courtesy of Dr L. Zuliani). (E) Sagittal rat brain section showing hippocampal staining with patient serum N-methyl-D-aspartate
receptor–IgG (image from Irani et al46). (F) Depiction of the voltage-gated potassium channel (VGKC) complex labeled with
radioiodinated dendrotoxin (DTX). Antibodies bind the extracellular domains of LGI1 (in patients with limbic encephalitis, facio-
brachial dystonic seizures [FBDS], and, less so, Morvan syndrome [MoS]) and CASPR2 (in patients with MoS more frequently
than in neuromyotonia (NMT) or LE). Contactin-2 antibodies are rare. Some antibodies may bind the intracellular domains of
some molecules within the VGKC complex (blue antibody): these antibodies may precipitate the VGKC-complex but only those
directed against extracellular epitopes are likely to be pathogenic. HEK 5 human embryonic kidney.
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FIGURE 2: (A) The phenotype spread of voltage-gated potassium channel (VGKC) complex, leucine-rich glioma-inactivated 1
(LGI1), and contactin-associated protein 2 (CASPR2) antibodies. The relative proportions of patients with LGI1 and CASPR2
antibodies and those who remain without a known cell-surface antigenic target (Neuroglial cell-surface antibody [NGSAb]
unknown) are depicted in the gradient bars. Movement disorders include ataxia, chorea, and parkinsonism.44,93,94 A number of
patients, especially those with cramp fasciculation syndrome–neuromyotonia (CFS-NMT; high frequency discharges shown) and
epilepsy (excluding faciobrachial dystonic seizures [FBDS]) currently have no defined antigenic target (NGSAb unknown),
although their sera precipitate VGKC complexes in the radioimmunoassay. (B) High levels of glutamic acid decarboxylase
(GAD) antibodies are associated with a variety of syndromes, including cerebellar ataxia, stiff-person syndrome (SPS), variant
SPS (vSPS), progressive encephalomyelitis with rigidity and myoclonus (PERM), limbic encephalitis (LE), and epilepsy. Glycine-
alpha1 receptor antibodies have been reported in patients with PERM, vSPS, and SPS in order of decreasing frequency; dipep-
tidyl peptidase IV–related protein (DPPX) antibodies in some patients with vSPS/PERM; and antibodies against c-aminobutyric
acidB receptor (GABABR) and a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) in some patients with
GAD antibodies and LE but not to date in cases with epilepsy alone. Their relative frequencies, and those of the NGSAb
unknown patients, are depicted in the gradient bars, where a darker color implies a higher chance of finding that antibody.

ANNALS of Neurology
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NGSAbs (see Fig 2B). GAD is an intracellular enzyme,

GAD-antibody titers do not usually correlate with clini-

cal outcomes, and yet GAD-antibody–associated syn-

dromes (see Fig 2B) are infrequently seen with

tumors.14,15 Furthermore, despite GAD’s intracellular

localization, some articles do highlight the pathogenic

potential of GAD antibodies.16 Interestingly, there are

recent reports of NGSAbs coexisting with GAD antibod-

ies,17–19 and the coexistence of >1 potentially relevant

NGSAb, or 1 NGSAb and 1 intracellularly directed anti-

body, is increasingly recognized.20–22

Many previous reviews2,3,7,10,23 have used the auto-

antibody specificity to categorize associated syndromes

(see Table 1). Here, we also outline the clinical features

that should alert neurologists to the possibility of a

NGSAb (Table 2) and may assist in treating the patient

before antibody results are available. One consequence of

the increasing availability and commercial accessibility of

NGSAb testing is the recognition of patients with

“positive” antibodies that do not fit established disease

phenotypes or are discovered in nonclassical clinical sce-

narios. Therefore, we also discuss the relative merits of

antibody-detection methods and the diversification of

recognized phenotypes or “phenotype spread” in

NGSAb-associated syndromes (examples in Fig 2).

Finally, we review the rationale and evidence for immu-

nosuppressive therapy in these conditions.

Red Flags to the Presence of a Cell-Surface
CNS-Directed Autoantibody When Seeing
Patients With. . .

Cognitive Impairment: Encephalitis,
Encephalopathy, and Dementia
The onset of amnesia, disorientation, and personality

change over days or a few weeks should prompt consider-

ation of a rapidly progressive dementia (see Table 2).24

Antibody-associated conditions should be considered

high within this differential diagnosis, particularly

VGKC-complex antibodies in middle-aged and elderly

patients (see Table 1).25–28

VGKC-complex antibody–associated encephalop-

athy/limbic encephalitis (LE) was first described in 2

patients in 200129 and in 2 series in 2004.30,31 It subse-

quently became clear that these antibodies, measured by

radioimmunoprecipitation from solubilized mammalian

brain membranes, were directed against the extracellular

domains of neuronal proteins that are tightly complexed

with VGKCs in situ (see Fig 1F).32 In patients with LE,

the commonest target is LGI1 (in 80–90%),32,33 in 5 to

10% of cases the target is CASPR2, very few have

contactin-2 antibodies, and some patients have no

defined target.32 Seizures are present in the majority of

LGI1-antibody–positive cases, and serum hyponatremia

is seen in about 60%.30–33 These 2 features—seizures

and hyponatremia—coupled with a subacute onset, pro-

vide a strong indicator of an immunotherapy-responsive

disease, distinct from other rapidly progressive dementias

such as Creutzfeldt–Jakob disease (CJD).34 However,

routine cerebrospinal fluid (CSF) analysis and brain mag-

netic resonance imaging (MRI) are normal in around

75% and 50% of cases with VGKC-complex antibodies

respectively,30–33 so the key to confirming this diagnosis

is antibody testing. Various epilepsies, movement disor-

ders (discussed below), and neuromyotonia are also rec-

ognized in patients with VGKC-complex antibodies.

Over time, the spread in the demographic associated

with VGKC-complex antibodies has meant females are

now recognized as often as males, and the associated

tumor frequency appears to be decreasing (Fig 3A).

Some recent reports have noted children with cognitive

impairment, seizures, and VGKC-complex antibodies,

although they lack the distinctive LGI1 or CASPR2 anti-

bodies, hyponatremia, or faciobrachial dystonic seizures

(FBDS; see below) often seen in adults (see Fig 3C).35–39

Other NGSAbs have been identified in a small

number of patients with typical limbic encephalopathies

(see Table 1); c-aminobutyric acidB receptor (GABABR)

and a-amino-3-hydroxy-5-methylisoxazole-4-propionic

acid receptor (AMPAR) antibodies have been described

mostly in association with tumors,40–42 including small-

cell lung, thymoma, and breast. Importantly, even in

these patients with NGSAbs and paraneoplastic disease,

the syndromes appear to be treatment-responsive, empha-

sizing the pathogenic importance of NGSAbs.

Psychiatric Features
Patients with VGKC-complex and GAD antibodies may

present with psychiatric features, including delusions, hal-

lucinations, depression, mania, and prominent emotion-

ality, but usually these are overwhelmed by amnesia,

disorientation, and executive dysfunction.15,32,43,44 By

contrast, patients with NMDAR antibodies typically

show a diffuse encephalitis with prominent and early psy-

chiatric features,45,46 which may be the first and only

recognized feature of the disease.47,48

NMDAR antibodies were first described in young

women with ovarian teratomas, who typically developed

encephalitis with CSF pleocytosis and abnormal magnetic

resonance brain imaging.49 Since this description, the

phenotype spread of NMDAR antibodies has evolved so

that NMDAR-antibody encephalitis is now predomi-

nantly a disease of children and young adults without a

tumor (see Fig 3B), usually with a normal brain

MRI.46,50,51 After a brief prodrome, with fever and
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headache, the disease often evolves in 2 major stages: an

early stage involving seizures and cognitive/psychiatric

features, followed 10 to 20 days later by a movement dis-

order, dysautonomia, and a reduction in consciousness.46

Phenotype spread of NMDAR antibodies has led

to the recognition of isolated psychiatric presenta-

tions.47,48,52,53 This has fueled renewed interest in the

possibility of an autoimmune basis for some forms of

schizophrenia. Prominent psychotic features are found in

patients with many other NGSAbs including Morvan

syndrome (see Fig 2A; see below),20 and basal ganglia

encephalitis.54 Furthermore, atypical psychosis has been

reported in patients with AMPAR antibodies.55 Patients

with these illnesses often show sleep disturbances and

movement disorders in conjunction with psychiatric fea-

tures.20,54 Further studies are now required to understand

the relevance of NGSAbs to the assessment and treat-

ment of new onset psychosis.

Given that antigenic targets other than LGI1 and

NMDAR are detected relatively infrequently in cognitive

FIGURE 3: (A) The epidemiology of patients with voltage-gated potassium channel (VGKC) complex antibodies in published
series that reported >3 cases since the first publication in 2001 and 2013. There have been trends toward fewer males
(p 5 0.068) and tumors (p 5 0.397). (B) The epidemiology of patients with N-methyl-D-aspartate (NMDA)-receptor antibodies in
series that reported >3 cases since the first publication in 2007 and 2013. There have been significant reductions in tumors
over time (p 5 0.044) and a trend toward an increasing number of males, whereas the frequency of affected children has not
altered. (C) Differences in the features of adults and children with VGKC-complex antibodies. Significant differences were seen
in percentage of males (**p 5 0.006) and presence of leucine-rich glioma-inactivated 1 (LGI1)/contactin-associated protein 2
(CASPR2) antibodies (Ab; *p 5 0.036); there were nonsignificant differences for serum hyponatremia (#Na1; p 5 0.21) and
tumors (p 5 0.51; Mann–Whitney U tests). (D) Modified Rankin score in 64 patients with nonparaneoplastic LGI1-antibody–
associated encephalopathy at peak of illness (pink) and latest follow-up (black). Data were modified from Irani et al.32 Patients
were treated with corticosteroids (ST), with or without intravenous immunoglobulins (IVIG) and/or plasma exchange (PLEX).
One patient died in the ST 1 IVIG 1 PLEX group. Median follow-up was for 48 months (range 5 19–95) with no differences
between groups (p 5 0.77, Kruskal–Wallis test).
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or psychiatric presentations (see Tables 1 and 2),17,41 it

may be that these 2 most common antibody targets rep-

resent the base, rather than the tip, of the rapidly pro-

gressive dementia iceberg.

Epilepsy
Many patients with adult onset focal epilepsies prove to

be a diagnostic and therapeutic challenge. Around 40%

do not show responsible imaging abnormalities ("crypto-

genic"), and 25% are antiepileptic drug (AED)-refrac-

tory.56 Several studies have confirmed the presence of

VGKC-complex antibodies (mainly low levels, <400pM,

usually without LGI1 or CASPR2 reactivity) and GAD

antibodies (often high levels) in around 10% of adults

with longstanding epilepsies.57–59

More importantly, a small percentage of patients

with cryptogenic epilepsies, often with frequent seizures

and subtle neuropsychiatric features, have LGI1 (and occa-

sionally CASPR2) antibodies at the onset of their disease,

and exhibit a favorable response to immunotherapies (see

Table 2).60–62 NGSAbs may also be relevant to the etiol-

ogy of other forms of epilepsy; for example, LE may pre-

cede adult onset temporal lobe epilepsy with mesial

temporal sclerosis by several years in up to 25% of

patients.63,64 Therefore, NGSAbs appear to have patho-

genic potential in some forms of adult onset epilepsies.65

Another example of phenotype spread is the recent

observation of a newly described epilepsy termed FBDS.66–

69 FBDS are the clearest example of a clinically distinctive

seizure semiology that appears almost pathognomonic for

the presence of the cell-surface–directed LGI1 antibodies.

FBDS are adult onset, brief (often <2 seconds), frequent

(median 50 per day) events usually involving dystonic pos-

turing of the arm and ipsilateral face grimacing. With

increased recognition, this phenotype has spread to include

examples of simultaneously bilateral posturing, events of up

to 30 seconds in duration, some superimposed clonic move-

ments, and an age range from 28 to 92 years.69

Importantly, FBDS occur before the onset of cogni-

tive impairment in around 70% of cases, and they often

show a striking preferential response to corticosteroids

over AEDs.66–71 Their recognition gains further signifi-

cance given that cognitive impairment might be pre-

vented if FBDS are effectively treated early in the disease

course.66–69 Similarly, ictal bradycardia preceding cogni-

tive impairment in patients with VGKC-complex/LGI1

antibodies may be a conserved phenotype that permits

earlier diagnosis and immunosuppressive treatment.72

Movement Disorders
Anti–basal ganglia antibodies (ABGAs) have been

described in association with poststreptococcal neurologi-

cal illnesses, but they show limited syndrome specificity,

levels correlate poorly with disease course, and they do

not appear to target the extracellular domain of neuronal

proteins.73,74 However, patients with ABGAs can harbor

other antibodies with pathogenic potential. In particular,

NMDAR antibodies have been found in the serum and

CSF of 50% of patients with a diagnosis of “encephalitis

lethargica,”75 and dopamine-2–receptor antibodies have

been reported in some patients with basal ganglia

encephalitis, Sydenham chorea, and Tourette syndrome.54

In many of these patients, the movement disorder is the

prominent feature, but there may be coexistent psychiat-

ric symptoms, including obsessive–compulsive disorder,

depression, and anxiety.

The movement disorder in patients with NMDAR

antibodies frequently shows prominent orofacial involve-

ment with additional complex bilateral movements of the

limbs.46,50,76 However, the hyperkinetic movement phe-

nomenology is heterogeneous and can include myoclo-

nus, dystonia, chorea, and athetosis.77

Interestingly, in the past 2 years several studies have

identified NMDAR antibodies in patients with proven

herpes simplex virus encephalitis (HSVE).22 The strong-

est association appears to be in children developing chor-

eoathetosis and cognitive impairment weeks to months

after proven HSVE, suggesting that NGSAbs can arise as

a result of virally induced neuronal damage.78–81 Given

the marked similarity of this presentation to many typical

patients with NMDAR antibodies, and the observed

response to immunotherapy, these NMDAR antibodies

are likely to be pathogenic.78,82

The spectrum of stiff-person–related disorders retain

commonality in their subacute onset of otherwise unex-

plained spasms and stiffness and frequent association with

high-titer GAD antibodies.83,84 The phenotypes can extend

from axial-dominant stiff-person syndrome (SPS), or vari-

ant SPS with single limb involvement, to the progressive

encephalomyelitis with rigidity and myoclonus (PERM)

subtype with prominent encephalopathy and brainstem fea-

tures. Some studies suggest that the variable degree of auto-

nomic involvement, seizures, cerebellar ataxia, and

cognitive impairment allows subcategorization of these dis-

orders (see Fig 2B).83–86 In addition to these SPSs, the

phenotype spread of GAD-antibody–associated syndromes

now includes LE and some epilepsies (Fig 2B).15,17

Antibodies to GABAAR-associated protein and

gephyrin, both intracellular proteins, in some SPS

patients are unlikely to represent in vivo targets of patho-

genic antibodies.87,88 By contrast, the recent discovery of

glycine-alpha1–receptor antibodies in PERM and a few

cases with SPS,89–91 the association of dipeptidyl pepti-

dase IV–related protein antibodies in 3 patients with a

ANNALS of Neurology
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distinctive form of SPS,92 and the recognition that some

patients with GABABR-antibody and AMPAR-antibody

LE also harbor GAD antibodies, suggest that potentially

pathogenic NGSAbs may also be present in GAD-

antibody–positive patients.17–19 Moreover, although clas-

sical SPS often responds adequately to benzodiazepines,

antibodies to surface epitopes of glycine receptors are

now found in a range of PERM and related syndromes,91

with excellent and preferential responses to immuno-

therapies. It is possible that NGSAbs against other pro-

teins involved in inhibitory neurotransmission are

awaiting discovery in several patients with GAD-

antibody–associated disorders.19

Finally, movement disorders (see Fig 2A) are also

now recognized within the phenotypes of VGKC-

complex antibody–associated disorders with reports of

ataxia,32,93 parkinsonism,44 and chorea,44,94 and often

coexist with cognitive impairment and seizures.32,44

Demyelinating Disease
Neuromyelitis optica (NMO) is a disorder characterized

by attacks of longitudinally extensive transverse myelitis

(LETM) and optic neuritis. NMO was formerly classified

as an aggressive variant of multiple sclerosis (MS), but is

now known to fall within the spectrum of NGSAb-

associated CNS disorders95,96 and may respond adversely

to medications commonly used for treatment of MS.97,98

Unlike antibody disorders targeting neuronal cell-surface

antigens, the pathogenic antibody in about 80% of

NMO patients targets the AQP4 water channel on

astrocytes.95,99,100 Here again, the recognition of the

AQP4 antibody has led to identification of different

presentations, such as early intractable vomiting,96,101

fulminant parenchymal cerebral lesions,102 white matter

lesions on brain MRI that can look similar to those seen

in MS,103 and non–longitudinally extensive

myelitis.104,105 By extension, the identification of the

AQP4 antibody has led to the related syndrome being

labeled under the umbrella term of NMO spectrum
disorder (NMOSD), which encompasses all associated

phenotypes, including isolated LETM or optic neuritis,

and has enabled earlier diagnosis and treatment after the

first NMO attack.104–106

Importantly, pain is an increasingly recognized, dis-

abling, and treatment-refractory feature of NMO.

Neuropathic-type pain has also been associated with

VGKC-complex antibodies, either in isolation107 or as

part of neuromyotonia or Morvan syndrome.20 It is often

immunotherapy-responsive, and there is an association

with CASPR2 antibodies.20,107

As in all the diseases discussed here, some patients

with typical symptoms of NMO do not have the recog-

nized antibody. Although this may be due to technical lim-

itations, the existence of other antibodies is likely in some

of these currently seronegative patients. In NMOSD, for

instance, a significant number of AQP4-antibody–negative

patients have antibodies against myelin oligodendrocyte

glycoprotein (MOG), which may herald a less aggressive

prognosis.108–112 Most recently, patients with NMDAR

antibodies have been described with marked demyelinating

changes on imaging113 and clinical features overlapping

with NMO and MS.114–116 Like AQP4 and MOG,

NMDARs are also expressed on glia.117

Current and Novel Assays Using Serum-
and CSF-Based Diagnostics and Related
Insights into Disease Biology

Antibody Testing: Native, Fixed, and
Solubilized Antigens
Classical paraneoplastic antibodies bind intracellular anti-

gens that are exposed on paraformaldehyde-fixed rodent

brain sections (see Fig 1E) and also after denaturation on

Western blots. By contrast, although NGSAbs can often

be detected on brain sections, they do not usually bind

well to denatured antigens. The technique most likely to

detect potentially pathogenic antibodies is the binding of

serum or CSF immunoglobulin (Ig) G to live cells that

express the native antigen on their surface (Cell-based

assays (CBAs); see Fig 1A–C).3,8 Absence of binding to

cells that express another antigen helps to demonstrate

antibody specificity.3,32,46

CBAs employing live mammalian cells have the

advantage of exposing the patients’ antibodies only to the

extracellular domains of native antigens.17,32,46,99 Fixed

or permeabilized CBAs, however, may detect nonpatho-

genic antibodies to intracellular and fixation-exposed epi-

topes. Some groups prefer a combination of these CBA

techniques, but only partly based on the antigen specific-

ity (for example compare Boronat et al17 to Lancaster

et al42), whereas others adhere to a single method for all

antigens.32,46,100 In our view, the ideal would be for local

diagnostic laboratories to have live neuronal cultures for

fast detection of a range of potential NGSAbs and/or live

CBAs for identifying the targets; but these live cell assays

are time-consuming and costly. Currently, therefore,

most diagnostic laboratories use commercial kits that

provide fixed brain tissue and fixed antigen-expressing

cells with the possible limitations discussed above.

The clinical relevance of NGSAbs against LGI1

and CASPR2 is widely accepted. Contactin-2 antibodies

are less common and often coexist with LGI1 or CASPR2

antibodies (see Fig 1F).32 Antibodies that immunoprecipi-

tate the VGKC complex from solubilized mammalian brain

membranes, but do not show LGI1/CASPR2/contactin-2
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reactivity or bind to the surface of hippocampal neurons,

may be directed against epitopes that are intracellular in

vivo (eg, Fig 1F) and therefore not be pathogenic. This is

consistent with their appearance in patients with chronic

epilepsies60 and a variety of conditions that are not

immunotherapy-responsive, such as sporadic CJD, tran-

sient global amnesia, and MS.118–120 It is similarly of inter-

est that VGKC-complex antibodies from children rarely

show LGI1/CASPR2/contactin-2 reactivity.37–39 However,

sera from some patients with VGKC-complex antibodies

without LGI1/CASPR2/contactin-2 reactivity do bind hip-

pocampal neurons and associate with immunotherapy-

responsive syndromes (A. Vincent, unpublished observa-

tions); the identity of these target proteins is not yet known.

CSF and Serum Antibody Levels at Onset and
after Treatment: Relationships to Intrathecal
Synthesis
There has been some confusion regarding the relative

roles of CSF and serum antibodies in these diseases. In

all known NGSAb syndromes, absolute concentrations of

NGSAbs in the serum are consistently higher than in

CSF at diagnosis.30,31,41,42,46,75 These high serum levels

of NGSAbs are especially unsurprising in patients with

systemic tumors, including ovarian teratomas and small-

cell lung cancers, which express the antigenic target and

are highly likely to trigger the peripheral antibody pro-

duction.45,121 But they are also consistently seen in non-

paraneoplastic patients. In the minority of patients

reported with NGSAbs in CSF and not in serum at dis-

ease onset,122 the apparent absence of peripheral anti-

body would necessitate invoking a strikingly different

mechanism of autoimmunization and may be a conse-

quence of the assay methodology (see below).

Absolute serum IgG levels are usually around 4003

higher than those in CSF.3 With a normal blood–brain

barrier (BBB), therefore, the CSF to serum ratios of any

circulating antibody would be 1:400, indicating that the

specific antibody within the CSF is not being produced

intrathecally. However, for NMDAR antibodies, the ratio

is often much higher, from only 1:4 to 1:3,204 (median

� 1:15),46,75,123 and similar ratios of 1:10 to 1:200 and

1:14 to 1:320 are reported for VGKC-complex antibod-

ies30,31 and AMPAR antibodies, respectively.41 This indi-

cates that there is more antigen-specific antibody in the

CSF than expected by natural diffusion.

A comparison of the antigen-specific antibody to the

amount of total IgG in the 2 compartments ([(CSF

NGSAb)/(CSF total IgG)]/[(serum NGSAb)/(serum total

IgG)]) indicates the “intrathecal synthesis” of the particu-

lar antibody. In the normal situation, it would be 1. Val-

ues >1 imply that clonal B cells producing antigen-

specific IgG have traversed the BBB and expanded intra-

thecally to secrete the specific antibodies. Intrathecal syn-

thesis is seen with most NGSAbs,45,46,75,123 but its extent

varies considerably between different diseases. Whereas it

is frequently high in patients with NMDAR,46,50

AMPAR,41 GABABR,42 and glycine-receptor antibod-

ies,124 it is often lower in patients with VGKC-complex/

LGI1 antibodies.30,31 Conversely, when NGSAbs are

detected in serum but not in CSF, which can be the case

at the onset of disease (A. Vincent, unpublished observa-

tions), it may be that the NGSAbs have traversed the

BBB and have bound directly to their target within the

brain parenchyma,125 and that intrathecal synthesis will

follow as the disease progresses. Alternatively, their absence

in the CSF may imply a low chance of pathogenicity.

Some of the confusion regarding serum versus CSF

antibody levels, however, arises from different ways of pre-

senting the data; in some studies the absolute levels of

serum and CSF NGSAbs have first been normalized to

total IgG levels in serum or CSF (eg, Dalmau et al45),

whereas in others absolute concentrations are presented

(eg, Irani et al,46 Suh-Lailam et al123). In addition, other

interstudy differences include the dilutions used to test

serum and CSF (compare Lancaster et al42 to Boronat

et al17), and differences between live and fixed CBAs (dis-

cussed above).121 In Oxford, use of relatively concentrated

serum (usually 1:20) and 1:1 diluted CSF, and exposure

to purely extracellular targets (live CBA) has not identified

any positive CSFs with negative paired sera. Nevertheless,

there may be rare situations where the antibody generation

occurs purely within the CNS, and for this reason clini-

cians should consider sending both serum and CSF for

diagnosis of NGSAb-related disorders when possible.

These considerations are of relevance to treatments.

Serum antibodies are often vulnerable to standard acute

immunosuppressive therapies, such as corticosteroids,

intravenous immunoglobulins (IVIG), and particularly

plasma exchange (PLEX). Access to CNS antibodies and

plasma cells, however, may be difficult with many che-

motherapeutic agents.126 Therefore, it is unsurprising

that we and others have observed cases where CSF anti-

bodies postimmunotherapy appear more closely to track

the disease course (Irani, Gelfand, and Geschwind,

unpublished).122 However, there are examples where

serum antibodies best correlate with the clinical course

(A. Vincent, unpublished observations). So, as with test-

ing at diagnosis, it may be that both serum and CSF

provide complementary paraclinical information to guide

ongoing immunotherapy and, in some cases, assessing for

relapse activity. Given intrathecal synthesis of NGSAbs in

most of these conditions, it may be that CNS-directed

B-cell or plasma-cell depletion will be most effective.
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Nevertheless, the repeated observations that PLEX is clin-

ically useful and tumor removal hastens recovery45,46,127–

130 suggest that removal of a plasma factor—such as anti-

bodies—and reduction in ongoing peripheral autoimmu-

nization ameliorate the CNS disease.

"False-Negative" Autoantibodies, "False-
Positive" Autoantibodies, and
Autoantibodies with Unproven Clinical
Relevance

As the antibody specificity is often the defining feature

of a reported cohort, a major difficulty with interpreta-

tion of the results lies in the absence of an independent

gold standard for any of these conditions. This is espe-

cially evident for NMOSD.131

Given several recent independent reports of serum

and/or CSF NMDAR antibodies in asymptomatic indi-

viduals132 and patients with nonrelapsing HSVE,22 par-

oxysmal exercise-induced dyskinesias,133 CJD,134

myelitis,135 and Klebsiella pneumoniae meningitis (A.

Tebo, personal communication),123 and the detection of

serum NMDAR or VGKC-complex antibodies in a few

patients with CJD and other nonimmune disorders (M.

Rossi et al, submitted),118,119 the specificity and clinical

relevance of some neuronal antibodies is in question.

When the assay methodologies include specificity

controls, such as absent binding of antigen-specific sera to

other antigens, results in healthy or disease controls do not

necessarily represent false positives. Rather, these observa-

tion suggest that low levels of autoantibodies can exist in

patients without recognized antibody-associated syndromes

(see Tables 1 and 2), and may represent secondary immu-

nization after neuronal damage and either have no effect,

or could alter the course of the disease. A recent study sug-

gested a high, age-related rate of NGSAbs especially against

NMDAR (10%) in disease and healthy controls. Also,

around 1% of healthy controls had CASPR2 and MOG

NGSAbs.136 Although these figures include IgA and IgM

subclasses, and some titers are low, they do emphasize the

need to exercise caution in the interpretation of the clinical

relevance of a positive result.

At present, despite ongoing phenotype spread, diagno-

sis and treatment decisions for NGSAb-associated disorders

must continue to be based on the relevance of such antibod-

ies to the clinical syndrome, and clinicians need to strike a

balance between appropriate early, aggressive treatment and

exposing patients to unnecessary immunotherapies.

Treatments: Concepts and Syndrome-
Specific Approaches

There are no published randomized–controlled clinical

trials in NGSAb-associated CNS diseases. Available treat-

ment evidence comes from case and cohort studies,

which suggest that early and more aggressive immuno-

therapy improves outcomes.30,46,50,68,69,137 Therapeutic

aims in NGSAb-associated conditions include sympto-

matic control of the acute episode, reduction of existing

antibody levels, suppression of future antibody produc-

tion, and timely withdrawal of potentially toxic medica-

tions. In addition, tumor removal should always be

considered when relevant. Important questions to ask

prior to planning treatment regimens include when and

how disability is accrued, and what the natural history of

the condition is. In addition, when addressing the ques-

tion of worsening, relapsing, or persistent symptoms in a

patient with an established NGSAb-related diagnosis, it

is important to assess whether such symptomatology

reflects ongoing CNS disease activity or is the conse-

quence of prior antibody-induced injury. It is also impor-

tant to provide symptomatic treatment for comorbid

psychiatric symptoms, seizures, fatigue, sleep disturban-

ces, and pain syndromes that can accompany these syn-

dromes or the postencephalitic aftermath.

In conjunction with symptomatic management, the

acute phase is usually managed with variable combina-

tions of high-dose corticosteroids, IVIG, and PLEX.

There is evidence for a more rapid return of function

after early corticosteroids in VGKC-complex antibody–

associated LE30 and FBDS.69 The efficacy of IVIG and

PLEX in NGSAb-associated encephalitis is unproven, but

supportive reports do exist, especially for PLEX.128–130

However, our open-label observational analysis suggests

that the addition of IVIG, PLEX, or both to corticoste-

roids in 64 patients with VGKC-complex/LGI1 anti-

body–associated LE did not appear to alter outcomes at

a median of 4 years of follow-up (see Fig 3D; data modi-

fied from Irani et al32). More robust data for PLEX are

available for the treatment of NMO.104,106,138,139 Never-

theless, despite limited evidence IVIG and PLEX con-

tinue to be popular options because they have a rapid

onset of action and are relatively accessible, and there

remains an intuitive belief that their mechanisms of

action and their efficacy in similar diseases should trans-

late to clinical benefit. As IgGs are replaced with a half-

life of 21 days,140 PLEX typically only serves as a bridge

while more definitive immunotherapies are commenced

to reduce antibody production. The use of high doses

and long durations of corticosteroids in many of these

conditions make steroid-sparing options important espe-

cially in diseases whose natural histories show the poten-

tial for a chronic or relapsing–remitting course, such as

NMO and NMDAR-antibody encephalitis.

Observational studies have shown that NMO relap-

ses are significantly reduced by chronic immunotherapy
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with glucocorticoids,141 azathioprine,142 methotrexate,143

mycophenolate mofetil (MMF),144 rituximab,145–147

mitoxantrone,148,149 toculizimab,150 and eculizimab.151

No head-to-head or placebo trial has been performed,

but in single-arm analyses azathioprine does appear to

associate with a higher annualized relapse rate than

MMF or rituximab,152 and was also associated with a rel-

atively high rate of lymphoma.142 In NMDAR-antibody

encephalitis, there is some evidence that patients with

limited or no improvement after first-line immunothera-

pies may show longer-term benefit from more aggressive

regimens including addition of rituximab and/or cyclo-

phosphamide.46,137 This is very different from the experi-

ence with VGKC-complex/LGI1–antibody encephalitis

(see Fig 3D), where there has been little published use of

second-line immunotherapy, as this is usually a mono-

phasic illness that has traditionally been treated with ste-

roids with or without addition of PLEX/IVIG.30,153,154

However, the toxicity of prolonged steroid regimes in the

elderly, unanswered questions about relative efficacy of

steroids versus other immunosuppressive options, and a

significant minority of patients with poor cognitive and

functional outcomes despite acute immunosuppression155

mean more aggressive or targeted immunotherapies such

as rituximab156 merit future study.

Conclusions

Over the past decade, there has been a marked increase

in the number of NGSAb targets identified that associate

with CNS diseases, and a rapid expansion in the clinical

features and demographics seen in conjunction with each

antibody. This phenotype spread has highlighted the rele-

vance of NGSAbs to neurologists with an interest in epi-

lepsy, cognition and behavior, movement disorders, and

demyelinating disease. This antibody awareness has also

highlighted the increasing requirement to exercise clinical

judgment in the context of an incongruent clinical–sero-

logical picture and has emphasized the importance of

understanding assay methodologies and appreciating con-

cepts surrounding rational immunotherapy administra-

tion. Vigilance for an underlying tumor is required in all

these syndromes to varying degrees, but the distinction

between cell-surface and intracellular antigenic targets

may be more important than the presence of an underly-

ing tumor in guiding prognosis of paraneoplastic

syndromes.

Future studies will need to address the pathogenic-

ity of the antibodies, which patients with serum/CSF

antibodies develop disease, whether B cells or NGSAbs

or both enter the CNS to initiate the disease, and

whether antibody titers help guide immunotherapy esca-

lation and withdrawal. Research should aim to identify

the clinical epidemiology of positive test results in deter-

mining the best guidelines for screening NGSAbs and its

cost-effectiveness in the neurology clinic, and to offer

efficient methods for worldwide diagnosis.
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