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Abstract [ MOREONUINE

Background and Objectives @ class of Evidence

Autoantibodies against a3-subunit-containing nicotinic acetylcholine receptors (a3-nAChRs), Criteria for rating

usually measured by radioimmunoprecipitation assay (RIPA), are detected in patients with
autoimmune autonomic ganglionopathy (AAG). However, low a3-nAChR antibody levels are
frequently detected in other neurologic diseases with questionable significance. Our objective was
to develop a method for the selective detection of the potentially pathogenic a3-nAChR anti-
bodies, seemingly present only in patients with AAG.

therapeutic and diagnostic
studies

NPub.org/coe

Methods

The study involved sera from 55 patients from Greece, suspected for autonomic failure, and 13
patients from Italy diagnosed with autonomic failure, positive for a3-nAChR antibodies by
RIPA. In addition, sera from 52 patients with Ca** channel or Hu antibodies and from 2,628
controls with various neuroimmune diseases were included. A sensitive live cell-based assay
(CBA) with a3-nAChR-transfected cells was developed to detect antibodies against the cell-
exposed a3-nAChR domain.

Results

Twenty-five patients were found a3-nAChR antibody positive by RIPA. Fifteen of 25 patients
were also CBA positive. Of interest, all 15 CBA-positive patients had AAG, whereas all 10 CBA-
negative patients had other neurologic diseases. RIPA antibody levels of the CBA-negative sera
were low, although our CBA could detect dilutions of AAG sera corresponding to equally low
RIPA antibody levels. No serum bound to control-transfected cells, and none of the 2,628
controls was a3-CBA positive.

Discussion

This study showed that in contrast to the established RIPA for a3-nAChR antibodies, which at
low levels is of moderate disease specificity, our CBA seems AAG specific, while at least equally
sensitive with the RIPA. This study provides Class II evidence that a3-nAChR CBA is a specific
assay for AAG.

*These authors contributed equally to the study (co-first authors).
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Glossary

AAG = autoimmune autonomic ganglionopathy; AQP4 = aquaporin-4; CBA = cell-based assay; DMEM = Dulbecco’s modified

Eagle’s medium; HEPES =

0.46% w/v N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid); LIPS = luciferase

immunoprecipitation system; mAb = monoclonal antibody; nAChR = nicotinic acetylcholine receptor; POTS = postural
orthostatic tachycardia syndrome; RIPA = radioimmunoprecipitation assay; RT = room temperature; VGCC = voltage-gated
Ca++ channels P/Q-type; a3-nAChR = a3-subunit—containing nAChR.

Classification of Evidence

This study provides Class II evidence that an a3-nAChR cell-based assay is a more specific assay for AAG than the standard

RIPA.

Neuronal nicotinic acetylcholine receptors (nAChRs) are a group
of pentameric ligand-gated cationic channels formed by 5 sub-
units, selected among 12 different subunits (a2-a10, p2-4)."
Neuronal nAChRs are ubiquitously expressed in the CNS and
peripheral nervous system™> modulating neurotransmitter release
or mediating postsynaptic neurotransmission. nAChR dysfunc-
tion has been described in several neurologic diseases, including
Parkinson disease, Alzheimer disease, autism, and schizophrenia.4
In the peripheral nervous system, nAChRs are linked to auto-
immunity, specifically autoimmune autonomic ganglionopathy
(AAG), with antibodies against a3-subunit-containing nAChRs
(a3-nAChRs).>”

Several studies indicate that a3-nAChR antibodies may have
pathogenic properties resulting in deterioration of synaptic
transmission at the sympathetic, parasympathetic, and enteric
ganglia.**® Such antibodies have been found in patients with
AAG characterized by autonomic failure, with main clinical
features: orthostatic hypotension, xerostomia, impaired pupil
responses, urinary retention, anhidrosis, and gastrointestinal
dysmotility.S However, low levels of a3-nAChR antibodies
have been detected in various neurologic diseases®'*"'* of
unknown clinical and therapeutic implications.

The currently established diagnostic method for a3-nAChRs
antibodies is a radioimmunoprecipitation assay (RIPA) with
'**Lepibatidine-labeled a3-nAChR. Although this method
is widely used for AAG diagnosis, low antibody levels have
low specificity for AAG (~50%), frequently identified in
postural orthostatic tachycardia syndrome (POTS), en-
cephalopathy, or other neurologic syndromes, where the
role of these antibodies has not been justified."""** There-
fore, there is a need for the development of an assay that
detects only disease-specific a3-nAChR antibodies and yet
with high sensitivity. Cell-based assay (CBA) is the gold
standard method for the detection of potentially pathogenic
antibodies against neuronal and glial antigens, usually with

high disease specificity'*¢

Expression of neuronal nAChRs by transfected cells is usually
low, prohibiting the required high sensitivity of the corresponding
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CBAs. The chaperons RIC3 and NACHO and the ligand nico-
tine increase expression of some nAChR subtypes.”_19 Here, we
optimized a3-nAChR expression and therefore the assay’s sen-
sitivity by the combined use of the 2 chaperons and nicotine.
With this CBA, we studied sera of patients from a broad spectrum
of neurologic diseases. Of interest, we found that, contrary to
RIPA, our CBA was totally AAG specific, without compromising
the high RIPA sensitivity.

In this study, we aimed to overcome the low disease speci-
ficity of the current diagnostic assays for a3-nAChR anti-
bodies at the low titer range. To do this, we developed an
assay (a CBA), which detects only antibodies to cell-exposed
epitopes of the antigen (i.e., the potentially pathogenic
antibodies).

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the IRBs of the Attikon Uni-
versity Hospital and the Fondazione IRCCS Istituto Neuro-
logico Carlo Besta. Patients signed informed consents,
approved by the ethics committees.

Patients, Sera, and mAbs

We screened sera from 2 patient groups: (1) patients with
neuroimmune diseases referred to Tzartos NeuroDiagnostics
(Athens) between January 2017 and August 2020; of them, 55
were referred for a3-nAChR antibody testing, 52 were posi-
tive for antibodies to voltage-gated Ca®* channels P/Q-type
(VGCC) or Hu antigen, and 2,628 patients were referred for
antibodies relevant to autoimmune encephalitis, paraneo-
plastic syndromes, neuromyelitis optica, autoimmune pe-
ripheral neuropathies, and myasthenia gravis; and (2) 13
RIPA-positive patients with autonomic failure, identified in
the Neurology Department, Carlo Besta Institute, Milan, and
the Syncope and Orthostatic Disorders Unit Clinica Medica,
Humanitas Research Hospital, Rozzano, Italy. Subunit-
specific mAb-29S (anti-B2) and mAb-299 (anti-a4) were
provided by J. Lindstrom.>
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Population Sample and Clinical Features of
Patients With AAG

We studied 1S5 patients with AAG with a typical hemodynamic
profile characterized by remarkable orthostatic hypotension
without any reflex increases in heart rate. The amount of
orthostatic hypotension spanned between —30 and —60 mm
Hg, depending on the magnitude of the supine hypertension.
Additional autonomic symptoms were present, including
impaired pupil response to light, early satiety and significant
constipation, sweat loss, dry mouth and eyes, and bladder and
erectile dysfunctions in the patients with AAG. Notably,
erectile dysfunction was the earliest presenting symptom in
almost all male patients, and most patients had at least 1
syncope episode on standing up during the 12 months pre-
ceding the study enrollment. Most patients also complained
for interrupted, troubled, and unrestful sleep; however, no
EEG recordings were performed.

Diabetes, autoimmune diseases, and other causes potentially
causing dysautonomia were excluded on the basis of clinical
examination, appropriate blood test, electrophysiologic test-
ing, and brain MRI. Amyloidosis was excluded with biopsy of
periumbilical fat in 3 patients.

In terms of response to immunosuppressive therapies, we
obtained clinical data from 9 patients. Specifically, these pa-
tients were treated with plasma exchange (S patients), IV
immunoglobulins (2 patients), azathioprine followed by
mycophenolate mofetil (1 patient), and/or corticosteroids (S
patients). As previously reported for patients with AAG,*?
response to immunotherapies for these 9 patients significantly
improved autonomic function, with most prominent the
achievement of orthostatic tolerance.

Radioimmunoprecipitation Assay

RIPA was performed with '**I-epibatidine-labeled extracts
of HEK293 cells transfected with a3f4-nAChR. Cells were
solubilized with 0.5% Triton/PBS for 30 minutes at 4 C. Cell
supernatant was incubated with '**I-epibatidine for 1 hour at
room temperature (RT). Indirectly '**I-labeled a3-nAChR
(~10,000 cpm/reaction) was incubated with the patient’s
serum for 2 hours at RT and subsequently overnight at 4°C.
Then, goat anti-human IgG (H + L) (RSR Ltd, Cardiff;
product number RBA/ IglOO) was added and incubated for
1.5 hours at 4°C. One milliliter buffer was added, centri-
fuged, pellets washed and their radioactivity was counted in a
v-counter. The cutoff for positivity was 0.05 nM (average of
the values of 20 healthy controls + 4 SD). All sera tested by
RIPA were previously tested either in Euro Diagnostica,
Sweden (Athens sera) or in Carlo Besta (Milan sera) with
'**_epibatidine-labeled IMR32 extracts. All positive sera by
the later systems were also positive by the recombinant
a3p4-nAChR, with occasional differences in antibody levels.
These differences may be due to differences in the specific
activity of 125I-epibatidine used, the amount of antigen in the
reaction, and/or to nAChR heterogeneity in the IMR32 cell
extracts.
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Cell Culture and Transfection

HEK293 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum and 1%
penicillin-streptomycin at 37°C in 5% CO,. Various parameters
were tested in preliminary experiments to identify the best con-
ditions. The final selected conditions were as follows: cells were
seeded on culture dishes and transiently transfected with a mixture
of plasmids pPCMV6-X14-CHRNA3 or pCMV6-XL5-CHRNA4,
pCMV6-XLS-CHRNB4 or pCMV6-XLS-CHRNB2, pCMV6-
XLS-TMEM3S (NACHO), and pCMV6-XLS-RIC3 (OriGene,
Herford, Germany); 3.7 pg/plasmid for a3p4 or a3f2 and 2.5 pg
for a4$2 per 100 mm culture dish; or control vector, using jet-
PRIME kit transfection reagent (Polyplus jetPRIME, France).
Cells were treated with 1 mM nicotine (N3876, Sigma), 24 hours
before analysis. Cells were washed to remove nicotine before
incubation with the test sera.

Development of a Novel Cell-Based Assay

All sera were screened using the live CBA with HEK293 cells
expressing the a3p4- or a32-nAChR. Forty-eight hours post-
transfection, cells were washed with DMEM/0.46% w/v N-(2-
hydroxyethyl)-piperazine-N’-(2-ethanesulfonic acid) (HEPES)
buffer (DMEM-HEPES) in principle as described.****

CBA involved incubation of serum (1/10 dilution in 1% bovine
serum albumin in DMEM-HEPES buffer) with transfected cells.
After 1 hour, cells were washed 3 times with DMEM-HEPES
buffer and fixed immediately with 4% paraformaldehyde for 10
minutes. Fixed cells incubated with rabbit anti-human IgG
(Invitrogen) at 1/750 dilution for 1 hour, followed by incubation
with Alexa Fluor-568 goat anti-rabbit IgG (H + L) (Invitrogen),
as the third antibody, at 1/750 dilution for 1 hour (all at RT).
The use of the third antibody increased signal, without increasing
background, and therefore, it increased sensitivity. Microscopy
was performed under blinded conditions by 2 or 3 independent
observers. The Olympus microscope CKX-41 was used, and
images were analyzed using Infinity Analyze-6.5 Lumenera
software. As negative controls, AQP4-transfected HEK293 cells
were used. Positive sera were subsequently tested at serial dilu-
tions to determine their titer, expressed as the highest positive
dilution. All positive sera were also tested with HEK293 cells
transfected with a4p2- and a7-nAChRs.

Colocalization of serum a3-nAChR antibody with the rat anti-
(2 mAb29S was tested by their coincubation with a3p2-
nAChR-expressing cells, fixation as above, followed by in-
cubation with rabbit anti-human IgG (Invitrogen) at 1/750
dilution for 1 hour, followed by simultaneous incubation with
Alexa Fluor-488 goat anti-rat IgG (Invitrogen) (1/200 di-
lution), and Alexa Fluor-568 goat anti-rabbit IgG (Invitrogen)
(1/750 dilution). Cell incubation with only mAb or serum,
followed by incubation with only the antiantibodies to IgG of
the heterologous species, showed no background binding.

The fluorescent signal of a CBA-positive serum antibodies was
also counterstained with Hoechst 33258 (40044 Biotium) for
cell nucleus staining: Hoechst dye at 1/40000 dilution was
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Table 1 RIPA and CBA a3-Subunit-Containing Nicotinic Acetylcholine Receptor Antibody Titers of All RIPA-Positive

Patients and Summary of Clinical Characterization®

Months with RIPA
autonomic level (nM)
Patient Age at dysautonomia RIPA antibody  CBAtiter CBAtiter CBA ratio needed for
number Country F:M onset symptoms Disease level (nM) (a3p4) (a3p2) a3p4/a3p2 a3p4 CBA+
1 IT F 67 180 AAG 3.35 1,000 250 4 0.034
2 IT M 56 48 AAG 3.22 1,000 600 1.7 0.032
3 IT M 77 108 AAG 2.73 1,000 250 4 0.027
4 IT M 65 192 AAG 2.20 1,250 250 5 0.018
5 IT F 64 3 AAG 1.94 250 250 1 0.078
6 GR F 70 24 AAG 1.40 1,000 1,000 1 0.014
7 IT F 59 180 AAG 1.25 250 100 2.5 0.050
8 GR F 67 4 AAG 1.17 300 300 1 0.039
9 IT F 71 30 AAG 0.98 200 100 2 0.049
10 IT M 65 18 AAG 0.94 200 200 1 0.047
" IT M 53 96 AAG 0.92 200 250 0.8 0.046
12 IT F 66 132 AAG 0.90 200 200 1 0.045
13 GR M 54 2 AAG 0.83 1,000 1,000 1 0.008
14 IT M 49 180 AAG 0.53 200 100 2 0.027
15 IT M 24 18 POTS 0.13 Negative Negative
16 GR M 35 48 POTS 0.11 Negative Negative
17 GR M 47 n.a. IMG 0.06 Negative Negative
18 IT M 60 12 AAG 0.05 10 Ambiguous >1 0.050
19 GR F 44 12 ASG 0.05 Negative Negative
Average 1.9 0.038 + 0.018
Patients with antibodies to Hu or VGCC
Antigen

20 GR F Hu* 0.1 Negative ~ Negative

21 GR M VGCC* 0.10 Negative Negative

22 GR F Hu* 0.08 Negative ~ Negative

23 GR F VGCC* 0.07 Negative ~ NT

24 GR F VGCC* 0.07 Negative Negative

25 GR M VGCC* 0.06 Negative ~ Negative

Abbreviations: AAG = autoimmune autonomic ganglionopathy; ASG = autoimmune sensory ganglionopathy; CBA = cell-based-assay; IMG = inflammatory
myenteric ganglionopathy; n.a. = not applicable; POTS = postural orthostatic tachycardia syndrome; RIPA = radioimmunoprecipitation assay; VGCC = voltage-

gated Ca2+ channels P/Q-type.
@ Patients are presented in decreasing order of their RIPA antibody level.

simultaneously incubated with the third antibody for the hu-
man serum (Alexa Fluor-568 goat anti-rabbit IgG [H + L]).

Statistical Analysis
We tested both RIPA and CBA variables for normality, and
given the small data set, we used the Shapiro-Wilk test. To
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explore possible associations, we used the Pearson correlation
. . . . 2
coeflicient and the coefficient of determination R”.

Data Availability
Reasonable requests from any qualified investigator for ano-
nymized data will be satisfied.
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Results

Identification of Sera Positive for a3-nAChR
Antibodies by RIPA

Two patient cohorts were tested by RIPA for a3pf4-nAChR
serum antibodies: (1) SS patients suspected for AAG referred
from Greek clinics to Tzartos NeuroDiagnostics and (2) 13
RIPA-positive patients already found positive in Carlo Besta,
Milan, by RIPA with '**I-labeled IMR32 nAChR extracts and
with verified final clinical diagnosis.

In total, 6/55 patients of the Greek cohort were positive, 3
with high (1.2-1.5 nM) and 3 with low (0.05-0.11 nM)
antibody levels (Table 1). In addition, all 13 patients of the
Milan cohort were also found positive by the a3f4-nAChR
RIPA: 11 of them with medium-to-high antibody concen-
trations (0.53-3.35 nM) and 2 with low concentrations
(0.05 and 0.13 nM) (Table 1). We also tested 31 sera from
patients with VGCC antibodies and 21 from patients with
antibodies to the paraneoplastic antigen Hu; 6 sera were
found a3-nAChR RIPA positive, all with low antibody levels,
0.06-0.11 nM (Table 1); i.e., overall, 25 sera were identified
as RIPA positive.

Development of a Sensitive CBA for a3-nAChR

Antibodies. Optimization of Conditions

Myc-flag and GFP tags reduced nAChR expression; therefore,
we used untagged subunits in the following experiments,
detecting their expression with RIPA-positive sera, and anti-
2 mADb-295, to determine the optimal conditions for a very
sensitive CBA.

The expression of a3p4- and a3B2-nAChRs was compared at
4 conditions: (1) with only chaperon RIC3, (2) with RIC3
and NACHO, (3) with RIC3 and culture with 1 mM nicotine
24 hours after transfection, or (4) with RIC3, NACHO, and
nicotine. Figure 1 and eTable 1, linksIlww.com/NXI/A707,
show that the combined use of both chaperons and nicotine
resulted in the strongest staining for both a3-nAChRs.
Therefore, we used all 3 factors in all subsequent experiments.
Similarly, the use of these factors was also beneficial for a4f2-
nAChR expression (not shown). None of the Greek or Italian
cohorts suspected for autonomic failure had antibodies to

a4B2-nAChR.

Coincubation of a3f2-nAChR HEK293 cells with positive
sera (no. 2 and 13) and the anti-f2 mAb-295 revealed ex-
cellent colocalization, confirming that serum antibodies in-
deed bound to nAChRs (Figure 1B). Moreover, Figure 1C
shows that serum antibody bound on viable cells; antibody-
labeler cells were ~1/5 of the total cells.

Binding of Patients’ Sera to Cell-Exposed a3-
nAChR by CBA and Comparison With Their
Binding to Solubilized nAChR by RIPA

Using the live CBAs with a3B4- and a3p2-nAChRs, with
optimized conditions, we screened all 25 RIPA-positive sera

Neurology.org/NN
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and sera from the 49 patients referred for a3-nAChR anti-
bodies but found RIPA negative. As controls we screened the
remaining control 2,674 sera.

Fifteen RIPA-positive patients were a3-nAChR CBA positive
(Table 1). Figure 2 shows binding of selected sera to a3f4-
and a3B2-nAChRs but not to the control-transfected cells.
Figure 3 shows that correlation between RIPA and CBA
values exists; however, it is rather weak (R* = 0.502), while a
stronger association was observed for the log-log trans-
formation of RIPA and CBA values (R* = 0.77).

Importantly, all sera from the 2,674 controls and all RIPA-
negative sera from the 49 patients referred for a3-nAChR
antibodies were CBA negative, further confirming the speci-
ficity of the assay (9 sera showed nonspecific weak staining,
similar to the control-transfected cells).

Although half of the CBA-positive sera had similar CBA titers
for a3p4- and a3p2-nAChRs, the other half had higher titers
with the a3f4-nAChR. On the average, a3f4-nAChR CBA
resulted in nearly 2 times higher titers than a332-nAChR CBA
but varying from 0.8 to 5.0 times higher (Table 1). Yet, almost
all sera positive for a3f4-nAChR were also positive for a3p2-
nAChR, suggesting that all sera contain anti-a3 antibodies,
with or without anti-f2/p4 antibodies.

Although most CBA-positive sera had high RIPA levels, and all
CBA negative had low RIPA levels, apparently antibody con-
centration was not the limiting factor for CBA positivity be-
cause CBA could efficiently detect low antibody concentrations
in patients with AAG. Table 1 (last column) presents the cal-
culated minimum RIPA levels, which would be needed for
positive CBA (at the adopted 1/10 dilution). These minimum
RIPA levels for CBA positivity are derived from the ratio:
[RIPA]/[CBA] multiplied by 10 (because the adopted test
serum dilution is 1/10). It is shown that an average 0.038 +
0.018 nM RIPA values would be sufficient for CBA positivity.
Taking into account that the RIPA cutoff is 0.05 nM, we
conclude that CBA is at least as sensitive as the RIPA.

Clinical Characterization of Patients Whose
Sera Were Positive for a3-nAChR Antibodies by
RIPA and/or CBA Shows Superiority of the CBA,
With High Specificity for AAG

Clinical characterization of the 19 RIPA-positive AAG-
suspected patients showed that 15 had AAG (with auto-
nomic symptoms including orthostatic hypotension, impaired
pupil response to light, erectile dysfunction, constipation,
bladder symptoms, loss of sweating, lightheadedness, and dry
mouth and/or dry eyes, without any additional symptoms
from the peripheral nervous system or CNS), whereas the
remaining 4 patients had other neurologic diseases (Table 2
and eTable 2, links.lww.com/NXI/A707). However, in terms
of RIPA concentration, all 14 patients with medium to high
a3-nAChR antibody concentration had AAG, whereas only 1
of the 5 low RIPA patients had AAG. Among the remaining 4
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Figure 1 Optimization of the a3-nAChR Cell-Based-Assay

A

With RIC3

With RIC3/NACHO

Control a3p2 a3p4
transfection nAChR nAChR

a4p2
nAChR

With RIC3/ B
NACHO/nicotine

Anti-B2 mAb

v

(A) Treatment of a3-nAChR-transfected HEK293 cells, with RIC3, NACHO, and nicotine increases significantly the expression of these receptors. Cells
expressing a3B4-, a3p2-nAChRs, or control molecules AQP4 and a42-nAChR were cotransfected with 1 (RIC3) or 2 (RIC3 and NACHO) chaperons and cultured
inthe presence or absence of 1 nM nicotine. Cells were then incubated with the serum of a patient with autoimmune autonomic ganglionopathy with positive
RIPA titer for a3-nAChR. Scale bar: 20 pm. (B) Colocalization of patient 2 serum with the rat anti-B2 mAb. (C) Colocalization of a3-nAChR antibody binding and
cell nucleus/DNA staining. The fluorescent signal of patient 13 antibodies was counterstained with Hoechst (for cell nucleus staining). a3-nAChR = a3-

subunit-containing nicotinic acetylcholine receptor; RIPA = radioimmunoprecipitation assay.

low RIPA patients, 2 had POTS, 1 had autoimmune sensory
ganglionopathy with Sjogren disease, and 1 had inflammatory
myenteric ganglionopathy.

Of interest, the CBA, opposed to RIPA, detected a3-AChR
antibodies selectively in all 15 patients with AAG, in-
dependently of the RIPA level, but in none of the 4 patients
without AAG, despite their RIPA positivity (i.e,, 100% spec-
ificity for AAG). Patient 18, with low RIPA level and marginal
CBA positivity, had a limited form of AAG (loss of sweating,
dry eyes and mouth, and lightheadedness with only a transient
episode of hypotension). In addition, none of the 6 RIPA-
positive patients with VGCC or Hu antibodies was CBA
positive; it should be noted that none of these patients had
mentioned any features of dysautonomia.

Ig Class and Subclass of the a3-nAChR
Antibodies Determined by CBA

Finally, we determined the Ig class/subclass of the a3-nAChR
antibodies by CBA because this characteristic may be related
to their pathogenicity. eTable 3, links.lww.com/NXI/A707,
shows that all tested CBA-positive sera contain a3-nAChR
antibodies of the complement-binding IgG1 subclass. In ad-
dition, 4 sera also contained IgG2 and/or IgG3 or IgM
antibodies.

Neurology: Neuroimmunology & Neuroinflammation
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Discussion

In this study, we introduce a novel assay (a sensitive live CBA)
for the detection of a3-nAChR antibodies, at least as sensitive
as the currently established RIPA, but, importantly, appar-
ently AAG specific. Detection of autoantibodies against
nAChRs containing the a3-subunit (a3-nAChR/ganglionic
nAChR) for the serologic diagnosis of AAG has been usually
performed by a RIPA developed by Vernino et al.” who have
discovered the presence of a3-nAChR antibodies in AAG
using solubilized a3-AChR (from of a3-
nAChR-bearing cells) preincubated wit I-epibatidine.
This assay has revolutionized diagnosis and therefore the
proper treatment of AAG.>® In addition, another group'®
developed a luciferase immunoprecipitation system (LIPS)
for the detection of antibodies to individually expressed a3
or 4 nAChR subunits.'® Recently, a FACS assay has been
described™ with IMR32 cells, detecting potentially patho-
genic a3-nAChR antibodies in high RIPA samples, in
agreement with an earlier study on the immunomodulating
capacity of the a3-nAChR antibodies.*® This assay may
prove an attractive diagnostic assay, especially if it can sub-
stitute the IMR32 cells with a3-nAChR-transfected and
control-untransfected cells and confirm a high specificity and
sensitivity.

extracts
125
h
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Figure 2 The Novel CBA With a3B4-nAChR-Transfected HEK293 Cells Detects Antibodies in Sera With High or Low RIPA

Antibody Levels Specifically in Patients With AAG

Positive signal Low positive signal

a3p4
nAChR

Positive signal Ambiguous signal

a3p2
nAChR

Negative signal

Negative signal

Control
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HEK293 cells expressing a3p4, a3p2-nAChRs, or
control AQP4 molecule were incubated with sera
from patients with AAG (of high or low RIPA anti-
body levels) or from a patient with POTS and
stained with anti-human IgG (red). It is shown that
both patients with AAG showed positive staining,
independently of the RIPA antibody level, whereas
the patient with POTS gave no staining. The AAG
RIPA-high, AAG RIPA-low, and POTS RIPA-low
patients are patients no. 6 (RIPA 1.4 nM, CBA
1/1,000), 18 (RIPA 0.05 nM, CBA 1/10), and 16 (RIPA
0.13 nM, CBA negative) of Table 1, respectively.
Scale bar: 20 pm. AAG = autoimmune autonomic
ganglionopathy; CBA = cell-based-assay; POTS =
postural orthostatic tachycardia syndrome; RIPA =
radioimmunoprecipitation assay.
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Although the RIPA and secondarily the LIPS have been in-
valuable for AAG diagnosis, they are not without caveats.
Important limitations are as follows: (1) about 50% of the low
antibody concentration seem nonspecific, present in various
1127 (2) both assays, using detergent-
solubilized nAChR or subunits, cannot discriminate between
antibodies to cell-exposed nAChR (i.e., the potentially path-

ogenic) and antibodies to in vivo inaccessible nAChR sites;

neurologic disease

(3) RIPA can be performed only in laboratories eligible to use
radioactivity; and (4) LIPS uses individual nAChR subunits,
which probably lack several intact epitopes.

Over the last decade, it has been shown that CBAs are superior
for detecting autoantibodies of clinical signiﬁcance.lé’B’24 In
live CBAs, the detected antibodies bind to extracellular epi-
topes of the antigens in native conformation, that is, they

are potentially pathogenic. By excluding the detection of

nonpathogenic antibodies, CBA is generally more disease
specific than other assays. In addition, live CBA preserves the
intact conformation of the epitopes, contrary to fixed-cell CBAs
and other assays, improving the specificity of the assay. Thus,
live CBAs are now the gold standard assays for the detection of
several autoantibodies to cell surface antigens involved in

. . 14,15
neuroimmune diseases.

Until recently, the development of sensitive and reliable CBAs
for antibodies to neuronal nAChRs was too difficult because
of their low surface expression.'”?® However, the chaperons
RIC3 and NACHO and nicotine have shown to increase ex-
pression of some nAChR sub'cypes.w’lg’28 Herein, we tested
the effect of these 3 factors on a3-nAChR expression by the
transfected HEK293 cells. In addition, nAChR subunits were
untagged because the use of myc-flag or GFP tags reduced
nAChR expression. We found that the combined use of

Figure 3 Correlation of a3 nAChR Antibody Levels by RIPA vs CBA Titers for the 15 Patients With Autoimmune Autonomic

Ganglionopathy
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Table 2 Summary of Clinical Characteristics of the a3-
Subunit-Containing Nicotinic Acetylcholine
Receptor Antibody-Positive Patients

RIPA+/CBA+ RIPA+/CBA—
F/M 7/8 2/2
Age at onset (y) 62.9+7.6 37.5+10.3
Months with autonomic 84.2+75.1 26.0+19.3
dysautonomia symptoms
Autonomic manifestations
Orthostatic hypotension without 15/15 (100%) 0/4 (0%)
heart rate changes
Severe constipation 13/15 (87%) 1/4 (25%)
Bladder retention 5/15 (33%) 0/4 (0%)
Loss of sweating 9/15 (60%) 1/3 (33%)
Lightheadedness 11715 (73%) 2/4 (50%)
Dry mouth and/or dry eyes 14/15 (93%) 0/4 (0%)
Extra-autonomic manifestations
Any specific CNS findings (memory 0/15 (0%) 1/4 (25%)
deficits, altered level of
consciousness, lethargy,
personality change, psychosis or
epilepsy, ataxia, and
parkinsonism)
Any specific PNS symptoms (i.e., 0/15 (0%) 0/4 (0%)
peripheral neuropathy)
Any specific brain symptoms or 0/15 (0%) 1/4 (25%)
imaging findings
Presence of any specific cancer? 0/15 (0%) 0/4 (0%)
Other autoimmune diseases? 3/15 (20%) 1/4 (25%)

Abbreviations: CBA = cell-based assay; RIPA = radioimmunoprecipitation
assay.

chaperons, nicotine, and untagged subunits resulted in the
most sensitive live CBA.

The major advantage of our a3-nAChR CBA is on its disease
specificity. As described above, with the currently used as-
says, about 50% of the patients with low a3-nAChR anti-
body levels present a variety of disorders other than AAG,
including POTS,"* small- and large-fiber neuropathy, en-
cephalitis, LEMS, and Hu-related paraneoplastic disorders,
of unknown clinical signiﬁcance.s’7’11 Therefore, the signifi-
cance of a low RIPA antibody level is questionable. Of interest,
we observed that our CBA is AAG specific. Specifically, all 15
patients with AAG were both RIPA and CBA positive
(Table 1). Although the majority of these patients had medium
to high RIPA levels (ie., considered AAG specific), 1 patient
had a borderline RIPA (0.05 nM) and yet was also CBA pos-
itive. Of interest, this patient had a limited form of AAG,
probably due to the very low a3-nAChR antibody titers (by
RIPA and CBA) in agreement with Vernino et al.*' conclusions
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for limited forms of AAG in patients with intermediate anti-
body levels. Further studies should define how marginal a3-
CBA titers should be evaluated. In contrast, all 4 patients
without AAG, with low RIPA levels (0.05-0.13 nM), were
CBA negative. The predominant IgG subclass of the a3-
nAChR antibodies of the CBA-positive patients was IgG1, very
efficient in inducing effector mechanisms and therefore dam-
aging the a3-nAChR-bearing cells. IgM antibodies were a
minority, detected in only 1 patient. Similarly, preliminary
RIPA experiments with high-titer sera and anti-Fc-IgG for
precipitation suggested that the majority of the RIPA-detected
a3-nAChR antibodies are IgG.

Importantly, none of the 2,680 control sera from patients
verified or suspected for various neuroimmune diseases was
found a3-CBA positive. These included the 52 patients with
anti-VGCC or anti-Hu antibodies, 6 of which were found a3-
nAChR RIPA positive but CBA negative.

All sera of Table 1 were tested with CBA with both ganglionic
nAChR subtypes, a3p4 and a332. All CBA-positive sera bound
to both nAChRs, strongly suggesting that all had antibodies to
the a3 subunit. This is further supported by the fact that none
of these sera bound to the a4P2- nAChR; therefore, any
binding to a3B2-nAChR should be due to binding to the a3
subunit. However, there was very considerable variation in the
titer ratio between a3p4- and a3p2-nAChRs among the dif-
ferent sera, from 0.8 to S (average 1.9). The high a3p4/a3p2
CBA ratios in several sera (6/15 sera with ratio >2) could be
attributed to several possible reasons: (1) some sera may also
contain anti-{ antibodies, especially anti-B4; (2) several mostly
a3-subunit antibodies may bind to epitopes on the different
a3p2/a3B4 subunit interphases; (3) the 2 different p-subunits
may impose different conformational changes on the a3 epi-
topes; or (4) the likely higher expression of a3f4 than a3p2"
could have affected the CBA titers. Although anti-p4 anti-
bodies may exist,'">*” Nakane et al.'® showed that anti-p4
antibodies are generally much fewer than the anti-a3 anti-
bodies, which cannot justify the large heterogeneity in a3p4/
a3p2 CBAs. Any difference in expression efficiency between
the 2 nAChRs would be expected to have similar effect on the
binding of all sera. Therefore, we suggest that differences in
subunit interphases and/or conformational differences on the
a3 subunits between the 2 nAChRs are the most likely reasons
for the different CBA titers between the 2 nAChRs.

In conclusion, our findings suggest that the novel CBA for a3-
nAChR antibodies is at least equally sensitive with the currently
established RIPA, and, importantly, contrary to RIPA, it is highly
AAG specific. Furthermore, in contrast to RIPA, which can be
performed only in laboratories eligible to use radioactivity, this
CBA, following our suggested conditions for high a3-nAChR
expression, can be performed by many laboratories worldwide.
Because of the limited number of patients with AAG of the
current investigation, further studies on larger patient cohorts are
needed to evaluate the exact specificity and sensitivity of this
assay and to better determine AAG as a clinical entity.
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