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Introduction

Abstract

Objective: Anti-AMPAR encephalitis is a recently discovered disorder character-
ized by the presence of antibodies in serum or cerebrospinal fluid against the
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor. Here,
we examine the antigenic specificity of anti-AMPAR antibodies, screen for new
patients, and evaluate functional effects of antibody treatment of neurons.
Methods: We developed a fusion protein (FP)-based western blotting test for
anti-AMPAR encephalitis antibodies. Antibody specificity was also evaluated
using immunocytochemistry of HEK293 cells expressing deletion mutants of
AMPAR subunits. Purified patient immunoglobulin G (IgG) or AMPAR anti-
body-depleted IgG was applied to live neuronal cultures; amplitude and frequency
of miniature excitatory postsynaptic currents (mEPSCs) were measured to evalu-
ate functional effects of antibodies. Results: Using both immunocytochemistry
and FP western blots, we defined an antigenic region of the receptor in the bottom
lobe of the amino terminal domain. Additionally, we used FPs to screen 70 indi-
viduals with neurologic symptoms of unknown cause and 44 patients with no
neurologic symptoms or symptoms of known neuroimmunological origin for
anti-AMPAR antibodies. Fifteen of the 70 individuals had anti-AMPAR antibod-
ies, with broader antigenic reactivity patterns. Using purified IgG from an individ-
ual of the original cohort of anti-AMPAR encephalitis patients and a newly
discovered patient, we found that application of IgG from either patient cohort
caused an AMPAR antibody-dependent decrease in the amplitude and frequency
of mEPSCs in cultured neurons. Interpretation: These results indicate that anti-
AMPAR antibodies are widespread and functionally relevant; given the robust
response of patients to immunomodulation, this represents a significant treatable
patient population.

immune encephalitis.'” Currently anti-AMPAR encephali-
tis has only been described in 16 patients over four case

Anti-AMPAR  (a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptor) encephalitis is one of several
newly described autoimmune diseases that target synaptic
surface proteins and cause psychiatric and neurologic
symptoms.”> While most of these diseases were originally
described in only a few individuals,”® the most promi-
nent of them, anti-NMDAR (N-methyl-D-aspartate recep-
tor) encephalitis, has since been diagnosed in hundreds of
patients,” and is one of the most common forms of

series,”!""13 but even in those few cases certain trends,
challenges, and ambiguities have emerged. Fifteen patients
reported were women over the age of 30; 14 were diag-
nosed with limbic encephalitis; 13 had acute or subacute
memory loss; eight had tumors; and six had seizures.
These findings led to the broad characterization of anti-
AMPAR encephalitis as a paraneoplastic disorder with sei-
zures and memory deficits that primarily affects adult
women. Antibodies from one anti-AMPAR encephalitis
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patient caused a decrease in surface and overall AMPAR
levels®; given the well-established role of AMPARs in
learning and memory'*'® and seizures,'”* the symp-
toms of anti-AMPAR encephalitis could logically be med-
iated by decreases in AMPAR levels. Both anti-NMDAR
and anti-AMPAR encephalitis resolve substantially with
immunomodulation’; thus, these diseases represent treat-
able forms of neurologic and psychiatric impairment.

AMPARs are heterotetrameric receptors comprised of
varying combinations of four subunits, GluA1-4. To date,
anti-AMPAR encephalitis has been diagnosed using
immunocytochemistry on HEK293 cells transfected with
GluAl and/or GluA2 subunits. The original patient
cohort contained patients whose antibodies reacted with
GluAl, GluA2, or both. Antibodies bind to an extracellu-
lar site on the receptor.* AMPARs contain two extracellu-
lar domains: an amino-terminal domain (ATD) of
roughly 400 amino acids (aa), and a ligand-binding
domain made up of two sections of 120-150 aa, S1 and
S2; three transmembrane domains (TM I, III, IV), and a
transmembrane loop (TM II), and a C-terminal cytoplas-
mic tail that interacts with scaffolding proteins and
signaling cascades.**

Here, we have used bacterial fusion proteins (FPs)
composed of the ATD and ligand-binding domain of
GluAl and GluA2 to test for anti-AMPAR antibodies in
patient serum or cerebrospinal fluid (CSF). This has also
allowed us to investigate the antigenic location and differ-
ences in CSF and serum reactivity, explore anti-AMPAR
reactivity in additional patients, and examine the physio-
logical effects of anti-AMPAR antibodies from both
cohorts of patients.

Materials and Methods

Patient material

CSF and serum were collected in accordance with the
University of Pennsylvania Institutional Review Board
guidelines and stored at —80°C. In immunocytochemistry
experiments, patient CSF was used at a dilution of 1:10-
1:100; control CSF was used at 1:10-1:20. For FP western
blots, serum was used at 1:250-1:1000 and was precleared
with uninduced bacteria. CSF was used at 1:100-1:1000; if
1:100 concentrations gave high levels of background, CSF
was precleared with uninduced bacteria.

HEK293 transfection

HEK293 cells were cultured and transiently transfected as
previously described.”® Briefly, cells were plated on
poly-L-lysine-coated dishes in minimum essential med-
ium containing 7.5% fetal bovine serum, 2.5% horse
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serum, 1% penicillin/streptomycin, and 1% L-glutamine,
maintained at 37°C/5% CO,. Cells were transfected 1 day
later using calcium phosphate. Transfection solution con-
tained 2 ug of total DNA per mL of media.

Preparation of primary neuronal cultures

Neuronal cultures were prepared as previously
described.”® Briefly, cortices of E17-19 rats were gently
dissociated with trypsin and mechanical disruption,
washed (1x Hank’s Buffered Saline Solution), and seeded
at variable densities on poly-D-lysine-coated plates. Cul-
tures were maintained at 37°C/5% CO, and fed with neu-
robasal medium supplemented with B27. All procedures
were approved by the University of Pennsylvania and
Children’s Hospital of Philadelphia Institutional Animal
Care and Use Committees.

IgG purification

A volume of 500 uL serum was incubated with 300 uL
protein A/G agarose beads (3060 min). Unbound mate-
rial was collected and the beads were washed 3x phos-
phate buffered saline (PBS) + 0.1% Igepal and 3x PBS.
Immunoglobulin G (IgG) was eluted (0.1 mol/L sodium
citrate buffer, pH 2.7) directly into tubes containing
1.5 mol/L Tris pH 8.8 (10% of eluate). IgG was applied
to neuronal cultures at 100 ug/mL for 24-36 h.

Mutant receptor and FP construction,
solubilization, and preclearing/depletion

Receptors containing large deletions were made as previ-
ously described.”® FPs were constructed in a thioredoxin-
His patch vector (Invitrogen, K102-01, Grand Island, NY)
and expressed in BL21 or pLysS-BL21 Escherichia coli.
External domain (ext dom) FPs and the GluA3-ATD were
prone to protease degradation during production; there-
fore, the pLysS strain was used to minimize degradation.
The GluA3-external domain and ATD continued to show
high levels of breakdown and were excluded from further
use. Bacteria were centrifuged (5000¢, 4°C, 20 min) and
stored in —20°C until solubilization.

FP bacterial pellets were solubilized (50 mmol/L potas-
sium phosphate, 400 mmol/L NaCl, 100 mmol/L KCI,
10% glycerol, 0.5% TritonX-100, 10 mmol/L imidazole,
1:500 Calbiochem protease inhibitor cocktail III), soni-
cated, and centrifuged (15,000g, 4°C, 10 min). Superna-
tants were discarded; pellets, containing FP inclusion
bodies, were resuspended in 1x sample buffer, boiled
(10 min), and stored at —20°C until use.

Aliquots of uninduced bacteria for serum/CSF preclear-
ing were solubilized by the same procedure, omitting
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TritonX-100. Inclusion body pellets were incubated in Tris-
buffered saline with Tween (TBST) with patient serum or
CSE (1 h, 4°C). Samples were centrifuged (13.2 K*g,
10 min, 4°C) to repellet inclusion bodies; TBST-serum/CSF
supernatants were collected for use in western blotting. For
depletion experiments, uninduced bacteria or bacteria
expressing GluA2-ext dom or GluA2-S1 FPs were solubilized
and incubated with patient or control IgG (4°C, 1-2 h or
overnight; six rounds of incubation, three GluA2-ext dom
and three GluA2-S1). Depletion was verified using treated
IgG in western blotting of solubilized FPs, using an horse-
radish peroxidase (HRP)-linked protein standard as an
internal exposure control (MagicMark; Invitrogen).
Depleted IgG was applied to neuronal cultures at a volume
equal to preabsorption 100 pug/mL.

Western blotting

Solubilized FPs were electrophoresed and transferred to
nitrocellulose membranes. Blots were incubated with
precleared serum or CSF, HRP-linked anti-human second-
ary antibody (1:3000-1:10,000) and developed. All FPs
included an N-terminal thioredoxin tag; therefore, FP
expression was assessed with anti-thioredoxin (Trx) anti-
body (1:5000; Invitrogen).

Immunocytochemistry

Immunocytochemistry was performed as described.”’
Cells were incubated in commercial AMPAR or NMDAR
antibody (GluA2: 07-598, 1:1000, Millipore, Billerica, MA;
GluAl: AB1504, 1:500, Millipore; GluN1: 556308, 1:1000,
BD Biosciences, San Jose, CA) and CSF (range 1:10—
1:100) in 1% bovine serum albumin in PBS overnight,
4°C. Each experiment included CSF from at least one
individual without anti-AMPAR encephalitis; none
showed CSF staining of AMPARs. Staining intensity was
quantified using Image] software (National Institutes of
Health, Bethesda, MD) as previously described.””

mEPSC recordings

Primary rat cerebrocortical neurons (1-4 x 10> cells per
35 mm dish) were voltage-clamped at —60 mV as previ-
ously described®® using borosilicate glass pipettes (World
Precision Instruments, Sarasota, FL), with resistances of
5-10 MS). Intrapipette solution contained 150 mmol/L
potassium gluconate, 10 mmol/L HEPES, 10 mmol/L ethy-
lene glycol tetraacetic acid, 2 mmol/L MgCI?, 1.4 mmol/L
CaCl?, and 2 mmol/L Mg-ATP, pH 7.35, 310-315 mOsm.
Miniature excitatory postsynaptic current (mEPSCs) were
recorded at room temperature in extracellular solution
(155 mmol/L NaCl, 3 mmol/L KCl, 3 mmol/L CaCl%
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10 mmol/L HEPES, 10 umol/L bicuculline methiodide,
500 nmol/L tetrodotoxin, pH 7.35, 310-320 mOsm).
Recording signals were amplified using an Axopatch-1D
amplifier (Molecular Devices, Sunnyvale, CA), acquired at
10 kHz, filtered at 2 kHz, and saved using pClamp 10 for
off-line analysis. A minimum of 1 min of traces were
filtered at 1 kHz Bessel and quantified using Clampfit
template match (Axon Instruments, Sunnyvale, CA).

Statistical analysis

Quantifications of immunocytochemistry images and
electrophysiological expressed  as
mean =+ standard error of the mean (SEM). Statistical com-
parisons were made using one-way analysis of variance
(ANOVA) plus Tukey’s or Dunnett’s post hoc testing, as
indicated in figure legends. All statistical analyses were per-
formed with GraphPad Prism (GraphPad Software, La Jolla,
CA), and values of P < 0.05 were considered significant.

measurements are

Results

Anti-AMPAR patient antibodies bind the
bottom lobe of the ATD

Using serum and/or CSF from patients previously diagnosed
with anti-AMPAR encephalitis, we found that anti-AMPAR
patient antibodies react robustly with FPs containing the
external domains of GluAl or GluA2 (Fig. 1), indicating
that antigenicity is preserved in denatured FPs. Similar
results were found with all previously diagnosed anti-
AMPAR encephalitis patients tested (16 total). Further, FP
reactivity reflects both major and minor reactivity patterns:
in a patient with primary reactivity to GluA2 and secondary
reactivity to GluAl in transfected HEK293 cells, the same
pattern was observed in FP western blots (Fig. 1A, lanes C
and C'; 1C). These results suggest that this approach is sensi-
tive and sufficiently linear to be used in the delineation of
multiple antibody species within one sample.

Therefore, we constructed additional FPs comprised of
the individual external domains (ATD) or subdomains
(top and bottom lobes of the ATD, S1, and S2) of GluAl
and GluA2, as well as the ATD of GluN1 and GluA3. The
GluA3 ATD was almost entirely degraded by proteolytic
cleavage and excluded from further analysis. We also
assessed GluAl and GluA2 subunits with immunocyto-
chemistry of complementary deletions (mutants lacking
the entire ATD, the top or bottom lobe of the ATD, SI,
or S2) expressed in HEK293 cells using immunocyto-
chemistry. Using CSF, both approaches suggest that the
bottom lobe of the ATD is the main antigenic region of
the receptor, independent of whether the primary reactiv-
ity is to GluAl or GluA2. Deletion of the entire ATD or
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Figure 1. Patient CSF recognition of external domain fusion proteins is similar to staining of cells transfected with full subunits. (A) Patient CSF
(blots B and C) recognizes a band of the correct size in transfected samples, indicating that native conformation may not be necessary for patient
antibody recognition of AMPARs. GIuA1, GIuA2, and GIuN1 all expressed well, with minimal proteolytic cleavage of the desired fusion protein
when grown in pLyS BL21 Escherichia coli, as evidenced by blotting for the thioredoxin tag (Trx); even in this cell line, which minimizes protease
activity, the GIuA3 external domain fusion protein was almost entirely degraded during growth (data not shown). Two representative examples of
patient reactivity are shown, as well as a darker exposure of the second patient to demonstrate minor GIuA1 reactivity; all previously diagnosed
anti-AMPAR encephalitis patients showed reactivity with fusion proteins. (B and C) CSF from two previously diagnosed anti-AMPAR encephalitis
patients recognize GIuA1 and/or GluA2-transfected HEK293 cells by immunocytochemistry in patterns that correspond to their observed GIuA1/
GIuA2 external domain fusion protein reactivity (CSF from the same patient was used for (B) or (C)-labeled lanes in western blot in (A) and
immunocytochemistry). (C) Example of one patient with primary GIuA2 reactivity but minor GIuA1 reactivity in transfected cells who showed the

same differential reactivity with fusion proteins (A, bands C and C’; C, CSF panels). Comm, commercial antibody staining.

the bottom lobe in transfected HEK293 cells prevents
antibody staining, while both the ATD and the bottom
lobe FPs stain robustly on western blot (Fig. 2A-C;
Table 1, original cohort). This reactivity matches the loca-
tion of structural determinants for antigenicity in anti-
NMDAR encephalitis,”” suggesting that the bottom lobe
of the ATD in ionotropic glutamate receptors is particu-
larly antigenic.

While FPs and deletion mutants of the bottom lobe
both suggest that the bottom lobe of the ATD is crucial
for antibody binding, the role of the S1 domain is more
ambiguous. Deletion of S1 reduces but does not abolish
antibody staining in four patients (Fig. 2B), while by wes-
tern blot, the majority of patients have little to no reactiv-
ity to the S1 domain FP (Fig. 2C; Table 1). This may
reflect the physical proximity of the S1 domain to the
bottom lobe of the receptor: they are adjacent in primary
structure, making it possible that deletion of the S1
domain alters the bottom lobe enough to reduce but not
destroy antibody staining.

FP reactivity differs between serum and CSF
and identifies additional patients with anti-
AMPAR antibodies

Matched serum and CSF samples from 12 patients with
anti-AMPAR encephalitis were tested on GluAl or GluA2

subdomain FPs by western blot; two patients showed
responses with serum but not CSF. While the primary
response of CSF is to the bottom lobe of the ATD with
lesser but considerable reactivity to the SI domain and
the ATD, serum reactivity is considerably more diverse,
showing extensive reactivity to the top lobe as well as the
S2 domains (Fig. 3B and C, Table 1). Interestingly, sev-
eral patients showed some level of reactivity with GluN1
as well.

Serum and/or CSF from 70 patients with neurologic
symptoms including seizures and/or memory problems
were tested on western blots with external domain FPs, as
well as 15 control individuals with no known neurologic
symptoms, 20 patients with anti-NMDAR encephalitis,
and nine patients with Rasmussen’s encephalitis. No con-
trol sample showed reactivity; three NMDAR encephalitis
patients showed reactivity with the GluN1 external
domain FP, and three Rasmussen’s encephalitis patients
showed GluA reactivity. Twenty-seven patients with neu-
rologic symptoms showed potentially positive results. Six-
teen of these patients were further analyzed with western
blots of subdomain FPs, chosen for predominance of
response as well as an even mix of GluAl and GluA2
reactivity. One patient proved negative in this further
analysis; eight showed primary reactivity with GluAl and
seven with GluA2; six patients had other evidence of
immune system involvement (Table 2). The majority of
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Table 1. Antigenic reactivity of CSF and serum from the original cohort of anti-AMPAR encephalitis patients as well as newly identified patients

with anti-AMPAR antibodies.

Original cohort CSF

Original cohort serum

New cohort CSF New cohort serum

Main antigenic reactivity

ATD A1:2/3 A1: 0/3
A2: 6/9 A2:7/10
Top lobe A1: 0/3 A1:2/3
A2:1/9 A2: 4/10
Bottom lobe A1:3/3 A1:2/3
A2:7/9 A2: 5/10
S1 A1:1/3 A1:1/3
A2:1/9 A2:3/10
S2 A1:1/3 A1:3/3
A2: 0/9 A2: 3/10
GIuN1-ATD A1:0/3 A1: 0/3
A2: 0/9 A2:1/10
Secondary antigenic reactivity
ATD A1:0/3 A1:2/3
A2:1/9 A2:2/10
Top lobe A1:0/3 A1:1/3
A2: 4/9 A2: 3/10
Bottom lobe A1: 0/3 A1:1/3
A2:2/9 A2: 3/10
S1 A1 1/3 A1 1/3
A2: 3/9 A2: 5/10
S2 A1:2/3 A1:0/3
A2: 6/9 A2: 5/10
GIuN1-ATD A1:1/3 A1:1/3
A2:1/9 A2: 4/10

A1: 01 Al:1/7
A2: 11 A2: 5/7
A1: 01 Al: 2/7
A2: 11 A2: 477
A1: 01 A1: 0/7
A2: 11 A2:1/7
A1: 01 A1: 0/7
A2: 11 A2:1/7
Al 11 A1l: 6/7
A2: 11 A2: 177
A1: 01 A1:0/7
A2: 01 A2: 0/7
A1: 01 A1: 0/7
A2: 01 A2: 0/7
A1: 01 A1: 0/7
A2: 01 A2: 0/7
A1: 01 Al:1/7
A2: 0/1 A2: 2/7
A1: 01 Al1:1/7
A2: 0/1 A2: 2/7
A1: 01 A1 177
A2: 0/1 A2:2/7
A1: 01 A1: 0/7
A2: 11 A2: 0/7

ATD, amino terminal domain; CSF, cerebrospinal fluid; A1, GIUA1; A2,

these patients were screened with serum only due to lack
of CSF availability; one GluAl patient was screened with
both serum and CSF, and one GluA2 patient was
screened with CSF only. Both CSF samples failed to rec-
ognize GluAl or GluA2 in transfected HEK293 cells (data
not shown). Overall, these 15 patients showed consider-
able diversity in their subdomain reactivity, with the larg-
est population of responses showing a primary response
to the ATD or S2 domains with additional reactivity
toward ATD subdomains as well as the S1 domain
(Fig. 3E and F; Table 1, new cohort). All newly identified
positive patients showed symptoms compatible with
decreased AMPAR activity, namely seizures and/or mem-
ory deficits (Table 2). Men and women were virtually
equally represented in this group, unlike the original, pre-
dominantly female cohort.

Similar electrophysiological effects of IgG
isolated from original cohort anti-AMPAR
patient and newly identified patient

While patient antibody reactivity differed between the ori-
ginal patient cohort and newly identified patients, both
groups have symptoms

neurologic consistent  with

GIuA2.

decreased AMPAR activity4 (Table 2). Therefore, we
explored the effect of patient antibody application on
mEPSCs in cultured neurons, using purified IgG from
one patient previously diagnosed with anti-AMPAR
encephalitis with predominant GluA2-bottom lobe
antibodies (original cohort) and one patient with newly
determined anti-AMPAR antibodies to the GluA2-S1
domain (new cohort; patient 5, Fig. 3E, Table 2).
Twenty-four to 36 h application of antibody from either
patient group increased the interevent interval and
decreased the peak amplitude (Fig. 4B and C) of mEPSCs
compared to neurons treated with IgG from an individual
without anti-AMPAR antibodies. The overall decrease in
peak amplitude likely reflects a decrease in the number of
large events, as is evidenced by the relatively greater pro-
portion of smaller events in the cumulative frequency
probability of patient antibody-treated cultures versus
control antibody. To verify that these effects reflected the
actions of anti-AMPAR antibodies, IgG from the new
cohort patient or a control patient were incubated with
solubilized uninduced bacteria (“uninduced”) or bacte-
ria expressing GluA2-ext dom and GluA2-S1 FPs
(“depleted”). FP lysates successfully depleted the anti-
AMPAR antibodies from patient IgG as measured by
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Figure 2. Antibodies from patients with anti-AMPAR encephalitis primarily recognize the bottom lobe of the ATD of GIuAT or GIuA2. (A)
Staining pattern of CSF from a typical anti-AMPAR encephalitis patient on HEK293 cells transfected with GIuA2 deletion mutants shows a loss of
reactivity with deletion of the bottom lobe of the ATD. (B) Quantification of deletion mutant CSF staining over four patients, three with primary
GIUA2 reactivity and one with primary GIuA1 reactivity, using GIuA2 or GIuAT mutants, respectively. (C) Reactivity with receptor domains on
western blot. Left, fusion protein expression measured by anti-Thioredoxin antibody (Trx). Right, patient CSF reacts primarily with the ATD and
the bottom lobe of the ATD. S1 deletion also decreases antibody binding, but does not appear to bind on western blot, possibly due to the
proximity of the ST domain to the bottom lobe of the ATD. *P < 0.05, ***P < 0.001, one-way ANOVA plus Dunnett’s post hoc testing.

western blot immunoreactivity. Uninduced patient IgG
caused a similar decrease in mEPSC amplitude; depletion
of anti-AMPAR antibodies abrogated this effect (Fig. 4E—
G).

Discussion

Here, we present evidence that bacterial FPs of GluAl/2
can be used to test for anti-AMPAR antibodies in patient
serum or CSF. We find that anti-AMPAR encephalitis
antibodies recognize selected AMPAR domains and sub-
domains. This recognition is subunit-specific and largely
matches the antibody staining in transfected cells. The
main component of the CSF antibody response appears
to be to the bottom lobe of the ATD in GluAl or GluA2,
although minor components may also be present. FPs
also reveal differences in antibody populations between
the serum and CSF of individual patients, and can be
used to monitor changes in the antibody population over
the course of disease progression. FPs were also used to
test for the presence of AMPAR antibodies in serum or

CSF of 70 additional individuals with neurologic symp-
toms, many with presumed immune involvement.
Twenty-seven of these patients showed clear FP reactivity,
15 of which were verified with subdomain western blots.
Application of IgG isolated from one of these patients as
well as one patient from the original cohort showed simi-
lar effects on mEPSCs in cultured neurons, which was
dependent on the presence of anti-AMPAR antibodies.
Together, these results present a new tool to use in both
the diagnosis and study of anti-AMPAR encephalitis, sug-
gest that this disorder is more prevalent than currently
appreciated, and provide the first evidence that patient
antibodies have functional electrophysiological effects,
reaffirming the crucial importance of carefully calibrated
ionotropic glutamate receptor activity and protein level in
proper nervous system function.

Even in the small anti-AMPAR encephalitis patient
population diagnosed to date, there is considerable sym-
ptomologic heterogeneity, spanning memory loss, sei-
zures, and acute psychosis.*'> This presents significant
practical difficulties: with such variability, it remains
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Original patient: CSF

Original patient: serum

E New patient: serum (#5) F New patient: serum (#7)

37

25 25

Figure 3. Fusion protein reactivity reveals differences in CSF and serum antibody responses and additional patients with anti-AMPAR antibodies
in serum. (A and D) Fusion proteins of GIuA1 (A) and GluA2 (D) subdomains (anti-Thioredoxin antibody). (B and C) While patient CSF binds the
bottom lobe of the GIUA1-ATD as well as the ATD and S1 domains, serum from the same patient shows broader reactivity. (E and F) Fusion
protein reactivity of two individuals not previously diagnosed with anti-AMPAR encephalitis reveals reactivity with the GluA2-S1 domain (E) and
the GluA2-ATD and top lobe (F).

Table 2. Clinical features of newly discovered patients with anti-AMPAR antibodies, screened with AMPAR subdomain fusion proteins on western
blot.

Sex/age Evidence of immune

Case no. (year) Symptom presentation involvement? Main GIuA subdomain reactivity

1 F/42 Six month history of altered Anti-thyroid antibodies GluA2-all domains (CSF)
mental status (memory,
behavior, verbal fluency)

2 M/77 Convulsions, memory loss, None GluA1-S2 (CSF); GluA1- ATD,
amnesia, limbic encephalitis top lobe (serum)

3 M/62 Convulsions, memory loss, amnesia, None GIuA1-S2 (serum)
auditory hallucinations,
limbic encephalitis

4 M/30 Convulsions, memory loss, None GIuA1-S2 (serum)
amnesia, abnormal behavior

5 M/43 Mental status change Improved with GluA2-S1 (serum)

immunotherapy

6 Limbic encephalitis None GIluA1-S2 (serum)

7 F/60 Seizures, short-term memory loss, None GIluA2-ATD, top lobe (serum)
limbic encephalitis

8 F/23 Schizophrenia, seizures None GIluA1-S2, top lobe (serum)

9 F/55 Schizophrenia, seizures None GIuA1-S2 (serum)

10 F/r7 Memory loss, limbic encephalitis CSF: 57 WBCs GluA2-top lobe (serum)

1M F/78 Encephalitis with increasing None GIluA2-ATD, top lobe (serum)
memory loss

12 F/37 Altered mental status, encephalitis Herpes encephalitis GIuA2-ATD, top, bottom,

S2 (serum)

13 M/8 Seizures, status epilepticus None GluA2-ATD (serum)

14 M/28 Dizziness, ataxia, hyperthermia CSF: 8 WBCs GIuA1-S2 (serum)

15 M/27 Chorea, facial dyskinesia CSF: 12 WBCs, onset with GIluA2-ATD (serum)

flu-like symptoms

IgG isolated from serum of patient 5 was used in electrophysiological experiments.
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Figure 4. mEPSCs differ in cultured neurons treated with IgG from an individual with no anti-AMPAR reactivity (control IgG), an individual from
the original cohort of anti-AMPAR encephalitis with GIuA2 bottom lobe ATD reactivity (original patient 1gG), and an individual with newly
discovered anti-AMPAR antibodies in serum directed against the S1 domain (new patient IgG). (A) Example traces of mEPSCs from neurons
treated with IgG from different patients. (B and C) Decreased average peak amplitude of mEPSCs in patient-treated neurons (B) is reflected in a
decreased frequency of larger amplitude responses in the cumulative frequency histogram (C). (D) Increased interevent interval in neurons treated
with patient material indicates a decrease in event frequency, which is more pronounced with original patient IgG treatment. (E) Incubation of
patient 1gG with GIuA2 fusion proteins specifically depletes anti-AMPAR antibodies (Patient IgG, depleted), while incubation with uninduced
bacteria does not (Patient IgG, uninduced; bands in GluA2-ext dom and GIuA2-S1 lanes; compare to Fig. 3E). Anti-Trx, Thioredoxin loading
control. Standard, MagicMark internal exposure standard. (F and G) Patient IgG effect on mEPSC amplitude is dependent on the presence of anti-
AMPAR antibodies: preincubation with uninduced bacteria (unind) maintains the patient-specific decrease in mEPSC amplitude (F) and decreased
percentage of large events (G), while these effects are lost after AMPAR-specific IgG depletion (depl). n = 6-9 cells, P < 0.0001, one-way ANOVA
plus Tukey’s post hoc testing.

unclear what diagnostic guidelines merit testing for
anti-AMPAR encephalitis, almost certainly resulting in
underdiagnosis. For example, the initial descriptions of
anti-AMPAR encephalitis as
women may be inaccurate; because autoimmune diseases
tend to afflict more women than men,*’

predominantly affecting

this may reflect
ascertainment bias; however, given the small sample size,
it may also be coincidental. In order to construct an
accurate picture of anti-AMPAR encephalitis and develop

guidelines for testing, it is important to screen a large
database of patients with neurologic symptoms, particu-
larly those with presumed immune involvement. This
makes the development of a fast, robust test crucial.
Because bacterial FPs express in large quantities and pre-
clearing reduces background, FP western blots provide a
simpler and more sensitive testing method for anti-
AMPAR encephalitis than staining transfected cells.
Additionally, antigenic diversity may explain some of the
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symptomologic differences observed. Several patients
showed some degree of reactivity with the NMDAR ATD
as well. The significance of this reactivity is not clear,
although it is relatively common for autoimmune patients
to develop a response to more than one target’’; these
additional antigenic populations may result in phenotypic
differences.

In electrophysiological experiments, we found that
patient IgG application decreased peak mEPSC amplitude
and increased interevent interval. These results are com-
patible with immunocytochemistry results showing a
decrease in the number, rather than intensity, of synaptic
AMPAR clusters after patient antibody treatment.* Both
results suggest that patient antibody leads to a near-total
loss of AMPARs from certain synapses, rather than a
partial loss of AMPARs from all synapses. The increased
interevent interval of mEPSCs may reflect a loss of
AMPAR-containing synapses and a subsequent increase in
so-called silent synapses, where quantal release of gluta-
mate would not result in a measurable mEPSC. This
would also result in fewer large-amplitude events, evi-
denced by the decrease in overall mEPSC amplitude and
the increased percentage of small events in patient
antibody-treated cultures. Why certain synapses are more
susceptible to antibody-mediated AMPAR loss remains
unclear, although EphrinB2 receptors can protect
NMDARs from anti-NMDAR encephalitis antibodies®; a
similar mechanism may exist in anti-AMPAR encephalitis.

While considerable work remains in the full mechanis-
tic characterization of the effects of anti-AMPAR enceph-
alitis antibodies, the first goal of anti-AMPAR encephalitis
research is a more complete understanding of the clinical
presentation of the disorder. The FP-based strategy pre-
sented here represents a fast, robust approach to achiev-
ing this goal, and provides valuable information as to the
prevalence, antigenic variability, and electrophysiological
mechanisms underlying this treatable neurologic disorder.
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