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Abstract

A rapidly expanding repertoire of neural antibody biomarkers exists for autoimmune central
nervous system (CNS) disorders. Following clinical recognition of an autoimmune CNS disorder,
the detection of a neural antibody facilitates diagnosis and informs prognosis and management.
This review considers the phenotypes, diagnostic assay methodologies, and clinical utility of
neural antibodies in autoimmune CNS disorders. Autoimmune CNS disorders may present with
a diverse range of clinical features. Clinical phenotype should inform the neural antibodies
selected for testing via the use of phenotype-specific panels. Both serum and cerebrospinal

fluid (CSF) are preferred in the vast majority of cases but for some analytes either CSF (e.g. N-
methyl-p-aspartate receptor [NMDA-R] IgG) or serum (e.g. aquaporin-4 [AQP4] 1gG) specimens
may be preferred. Screening using 2 methods is recommended for most analytes, particularly
paraneoplastic antibodies. We utilize murine tissue-based indirect immunofluorescence assay
(TIFA) with subsequent confirmatory protein-specific testing. The cellular location of the target
antigen informs choice of confirmatory diagnostic assay (e.g. blot for intracellular antigens such
as Hu; cell-based assay for cell surface targets such as leucine-rich glioma inactivated 1 [LGI1]).
Titers of positive results have limited diagnostic utility with the exception of glutamic acid
decarboxylase (GAD) 65 1gG autoimmunity, which is associated with neurological disease at
higher values. While novel antibodies are typically discovered using established techniques such
as TIFA and immunoprecipitation-mass spectrometry, more recent high-throughput molecular
technologies (such as protein microarray and phage-display immuno-precipitation sequencing)
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may expedite the process of antibody discovery. Individual neural antibodies inform the clinician
regarding the clinical associations, oncological risk stratification and tumor histology, the likely
prognosis, and immunotherapy choice. In the era of neural antibody biomarkers for autoimmune
CNS disorders, access to appropriate laboratory assays for neural antibodies is of critical
importance in the diagnosis and management of these disorders.

Keywords

Autoimmune neurology; Neural antibody testing; Autoimmune central nervous system disorders;
Antibody panels

1. Introduction

An expanding repertoire of disease-specific 1gG biomarkers for autoimmune neurologic
disorders has led to the emergence of autoimmune neurology as a clinical subspeciality

[1]. Autoimmune neurological disorders may be paraneoplastic, where an immune

response developed against an underlying cancer against the host nervous system, or
non-paraneoplastic where the etiology is often unknown [2]. Sometimes a trigger for
non-paraneoplastic neurologic autoimmunity is identified, including infections (particularly
herpes viruses), immunization and, in some instances, immune-checkpoint inhibitor therapy
[3-5]. Neurologic autoimmunity may affect any anatomic portion of the neuraxis. In this
review we consider only autoimmune disorders affecting the central nervous system (CNS),
though the principles are generalizable to autoimmune neurologic disorders which affect
the peripheral nervous system. The number of clinically validated antibody biomarkers
continues to expand at a rapid rate and will likely increase further in the future due

to the availability of molecular diagnostic tools that can be deployed to unmask the

antigen specificity of novel antibodies [6,7]. It is likely that increased availability of

neural antibody biomarkers has led to improved recognition of autoimmune neurologic
disorders over the past two decades [8]. Access to accurate and reliable diagnostic laboratory
assays is therefore a critical component in the diagnosis and management of patients with
autoimmune CNS disorders. In this review we will consider the clinical presentations,
diagnostic assays, and clinical utility of neural antibodies for autoimmune CNS disorders.

2. Clinical phenotypes

Autoimmune central nervous system disorders may affect any anatomic region of the CNS
from cerebrum to anterior horn cell. They may be unifocal, when symptoms localize to
one anatomic region, or multifocal when more than one anatomic site is affected. The
onset of autoimmune CNS disorders is usually subacute (<3 months by the time of clinical
presentation), although chronic clinical courses have also been occasionally described
which can mimic phenotypically atypical neurodegenerative disorders [9]. The clinical
presentations of individual autoimmune neurologic disorders are considered below.

Clin Biochem. Author manuscript; available in PMC 2024 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gilligan et al.

Page 3

2.1. Encephalitis

2.1.1. Limbic—Autoimmune encephalitis presents typically with altered mental status
and symptoms localizing to the cerebral cortex. Limbic encephalitis is an anatomically-
defined subcategory of autoimmune encephalitis which presents with subacute-onset
personality change, short-term memory deficits, seizures and psychosis[10]. Diagnostic
criteria require the presence of characteristic MRI signal change affecting the mesial
temporal lobes bilaterally, in addition to either elevation in cerebrospinal fluid (CSF)
white cell count (pleocytosis) or electroencephalogram (EEG) abnormalities involving
the temporal lobes[11]. Examples include antineuronal nuclear antibody (ANNA)-1 and
gamma-aminobutyric acid-B receptor (GABAg-R) autoimmunity, both of which may
present as a paraneoplastic limbic encephalitis often in association with small cell

lung cancer (SCLC) [12,13]. Leucine-rich glioma inactivated 1 (LGI1) encephalitis may
present with an autoimmune limbic encephalitis; a distinctive seizure semiology termed
faciobrachial dystonic seizures (FBDS) frequently occurs and underlying tumors are rare
(usually thymoma) [14,15]. Formes frustes of autoimmune encephalitis (limbic or extra-
limbic) may also occur and are usually designated with phenotypically descriptive terms
such as autoimmune dementia, autoimmune epilepsy or autoimmune movement disorders
[16-18].

2.1.2. Extralimbic—In patients with clinical or paraclinical findings localizing to
extra-temporal and non-limbic structures the term extra-limbic encephalitis is sometimes
employed [19]. Examples of this phenotype include anti-GABAA-R extralimbic encephalitis
which can present with seizures and multifocal cerebral cortical, subcortical or juxtacortical
lesions on magnetic resonance imaging (MRI) [20]. Glial Fibrillary Acidic Protein (GFAP)
astrocytopathy is a steroid-responsive encephalitis (often with co-existing myelopathy) that
most frequently affects deep, periventricular white matter with characteristic perivascular
radial MRI lesions. In addition to encephalopathy, patients may display diverse CNS
findings including meningism, parkinsonism, ataxia and eye-movement abnormalities
[21,22]. ANNA-1 encephalitis may rarely present with an extralimbic encephalitis and this
subphenotype of ANNA-1 autoimmunity is most frequently associated with focal motor
seizures localizing to the peri-Rolandic cortex [23]. Certain neural antibodies are associated
with well-recognized biomarker-defined clinical syndromes and may be suspected on
clinical grounds. Examples include N-methyl-p-aspartate receptor (NMDA-R) encephalitis,
which presents with prodromal psychiatric symptoms, followed by psychosis, seizures,
abnormal movements, sleep disorders and autonomic instability [24].

2.2. Rapidly progressive cerebellar ataxia

Autoimmune cerebellar ataxia usually consists of a pancerebellar syndrome (such as gait
disorder, dysarthria and limb ataxia), though the initial presentation may be with a more
isolated syndrome with diplopia, vertigo and unsteadiness. Onset is usually rapid (<3
months to clinical presentation) in contrast with genetic or degenerative ataxias. Gait
ataxia may be more prominent than limb ataxia due to the preferential involvement of

the vermis in autoimmune cerebellar ataxias [25]. The most frequent antibodies associated
with autoimmune cerebellar ataxia are Purkinje cytoplasmic antibody type 1 (PCA-1, also
known as anti-Yo) and glutamic acid decarboxylase (GAD) 65 IgG. Overall, stabilization

Clin Biochem. Author manuscript; available in PMC 2024 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gilligan et al.

Page 4

or modest improvements may occur with immune therapies. Outcomes tend to be worse

for patients who harbor antibodies to intracellular antigens with the exception of GAD65
cerebellar ataxia which sometimes demonstrates a robust immunotherapy response [26].
Certain clinical features may help differentiate between autoimmune ataxia syndromes

such as eye-movement abnormalities in Septin-5 ataxia, co-existing stiff person spectrum
disorder in GADG5 autoimmunity, or altered taste sensation in metatropic glutamate receptor
(mGIuR)-1 ataxia [26—28].

2.3. Brainstem encephalitis

Autoimmune brainstem encephalitis presents with oculomotor abnormalities,
vestibulocochlear or bulbar dysfunction, often in addition to cerebellar findings [29]. Onset
is subacute in the majority of cases. Notable exceptions exist such as IgLON5 autoimmunity
which typically displays a more progressive course[30]. Antibodies frequently associated
with brainstem encephalitis include kelch-like protein 11 (KLHL-11), antineuronal nuclear
antibody (ANNA)-2 (anti-Ri) and IgLONS5 IgG [31]. Bickerstaff’s Brainstem Encephalitis
may present with multiple cranial nerve abnormalities in association with ganglioside

Q1B (GQ1B) IgG autoimmunity [32]. Certain clinical features are evocative of particular
antibody specificities such as jaw dystonia with ANNA-2 brainstem encephalitis or
vestibulocochlear dysfunction with KLHL-11 [33,34] autoimmunity. Sleep disorders
(insomnia, rapid-eye-movement [REM] sleep behavior disorder, sleep disordered breathing)
are commonly encountered with IgLON5 autoimmunity but may occur in all forms of
brainstem encephalitis presumably through involvement of brainstem arousal pathways [35].
In severe cases of brainstem encephalitis, life-threatening cardiorespiratory dysfunction may
occur either directly as a result of medullary involvement or indirectly due to laryngospasm
[36-38].

2.4. Myelopathy

Autoimmune myelopathy presents with ascending sensorimotor deficits in one or more
limbs. Urinary retention/incontinence or sexual dysfunction may coexist. A sensory level

in the trunk in conjunction with upper motor neuron signs (spasticity or hyperreflexia)

is characteristic, although early in the disease course upper motor neuron signs may

not yet be present [39]. L’hermitte phenomenon (sensory symptoms provoked by neck
flexion) or Uhtoff phenomenon (worsening of neurologic symptoms due to heat) suggest a
demyelinating etiology [40]. Autoimmune myelopathies frequently associate with myelin
oligodendrocyte glycoprotein (MOG) or aquaporin-4 (AQP4) antibodies. Optic neuritis
(unilateral or bilateral) may also occur with or without evidence of cerebral demyelination.
Although both disorders have overlapping features (and were historically included under the
term neuromyelitis optica spectrum disorder [NMOSD]), MOG antibody disease (MOGAD)
is now considered a separate entity [41]. In both disorders, spinal cord lesions are

typically longitudinally extensive (affecting 3 or more vertebral segments), usually affecting
the central grey matter [42,43]. Autoimmune paraneoplastic myelopathies, such as those
encountered with amphiphysin and collapsin-responsive mediator protein (CRMP)-5 IgG,
may demonstrate tract-specific lesions (for example lesions selective for the dorsal columns)
[44]. Certain clinical and radiographic features can point towards a particular diagnosis,
such as conus involvement in MOG antibody disease (MOGAD) or longitudinally-extensive
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spinal cord lesions often with central canal enhancement in GFAP IgG astrocytopathy
[21,45].

2.5. Encephalomyelitis

Autoimmune encephalomyelitis is a multifocal disorder where patients have symptoms
localizing to cerebrum and spinal cord, which may also extend to the peripheral nervous
system[46]. This phenotype is considered high-risk for an underlying paraneoplastic
etiology (for example, in the case of ANNA-2 autoimmunity and SCLC)[12].
Encephalomyelitis may be autoimmune non-paraneoplastic as in autoimmune GFAP
astrocytopathy or MOGAD. Both of these disorders are typically preceded by a flu-

like prodrome, but meningeal symptoms (neck stiffness, photophobia and vomiting) are
frequently encountered in GFAP astrocytopathy. MOGAD may present with large enhancing
fluffy or tumefactive lesions in the brain or cerebellum along with co-existing myelitis or
optic neuritis. Acute disseminated encephalomyelitis (ADEM) is a monophasic autoimmune
disorder with encephalopathy and other multifocal neurologic deficits, usually affecting
pediatric patients. Onset classically occurs following infection or immunization, and can
occur in association with MOG or (less commonly) AQP4 antibodies [47,48].

2.6. Opsoclonus-myoclonus syndrome

Opsoclonus-myoclonus syndrome (OMS) is a disorder characterized by the onset of
arrhythmic multidirectional conjugate saccadic eye movements (opsoclonus) and myoclonic
jerks. Ataxia, cognitive and behavioral changes may also feature [49]. The disorder is more
frequently seen in children where there is a strong association with neuroblastoma [50]. In
adults, seropositive OMS occurs most commonly in association with ANNA-2 1gG [49].
Less commonly, NMDA-R, GABAg, GADG5 and dipeptidyl-peptidase-like protein (DPPX)
antibodies have been described [51].

2.7. Stiff person syndrome

Stiff person syndrome (SPS) is a disorder characterized by progressive muscle rigidity
(usually axial), spasms and abnormal posturing. Symptoms may be exacerbated with
heightened emotion or startle [52]. It associates with GADG5 1gG in the majority of cases.
SPS is rarely paraneoplastic but in such cases amphiphysin is the most frequently antibody
encountered (usually in women with breast cancer) [53]. The term stiff person spectrum
disorder (SPSD) has been defined to include variants of SPS. Variants include a limb
restricted phenotype (“stiff limb syndrome’) which usually affects a single lower extremity
[52]. On the other end of the clinical spectrum, a severe phenotype termed Progressive
Encephalomyelitis with Rigidity and Myoclonus (PERM) may occur usually in association
with glycine receptor 1gG [54]. This presents with features of both SPS and a disseminated
encephalomyelitis [55].

3. Diagnostic testing

3.1. Clinical and paraclinical evaluation

Autoimmune CNS disorders are almost always subacute in onset. Clinical assessment
typically localizes the disorder within the central nervous system and may identify pertinent
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individual risk factors for an autoimmune etiology (a strong family or personal history

of autoimmunity, history of malignancy, smoking status or immune check-point inhibitor
exposure). Where present, an inflammatory CSF profile (pleocytosis, elevated 1gG index,
CSF-exclusive oligoclonal bands [OCBs] or elevated CSF kappa free light chains) increases
the level of suspicion for an autoimmune etiology. MRI findings vary depending on

the clinical phenotype, but characteristic radiographic features have been identified in
autoimmune limbic encephalitis, GFAP, neuromyelitis optica spectrum disorder (NMOSD),
and MOGAD which may direct the clinician towards a specific diagnosis [21,39,45]. EEG
may be pursued to document encephalopathy and seizures, including subclinical events.

3.2. Importance of antibody biomarkers

A syndrome-based diagnostic algorithm for autoimmune encephalitis was proposed in 2016
and includes clinical criteria for definite, probable and possible autoimmune encephalitis.
The criteria for ’definite’ autoimmune encephalitis can also be satisfied by meeting
‘possible’ clinical criteria in the presence of neural antibody positivity[11]. Separate
disease-specific clinical criteria also exist for individual autoimmune disorders such as
NMDA-R encephalitis, Bickerstaff’s brainstem encephalitis and Stiff Person Syndrome
[11,56]. Syndrome-based autoimmune encephalitis criteria (possible, probable and definite)
are less sensitive for patients with limited or atypical presentations (such as isolated
seizures, dementia, or brainstem presentations) who harbor antibodies that are highly
specific for neurologic autoimmunity [31,57]. With the exception of OMS associated with
neuroblastoma or SCLC, more recent diagnostic criteria for closely related paraneoplastic
neurologic disorders from 2021 require antibody seropositivity to reach a definite diagnosis
[58]. Therefore, comprehensive laboratory testing for neural antibody biomarkers of
autoimmune CNS disorders remains of vital clinical importance in reaching a confident
diagnosis.

3.3. Antibody profiles are preferred over single-antibody testing

Individual neurologic phenotypes are associated with a diverse range of neural antibodies
and therefore isolated analyte testing is not recommended [59]. The use of comprehensive
antibody evaluations is recommended in patients with a suspected autoimmune CNS
disorder, especially considering the rapidly expanding repertoire of antibody biomarkers
discovered in the past two decades [58]. Isolated testing may lead to the failure to detect

a diagnostically informative antibody and sequential testing of individual antibodies can
lead to diagnostic delay [60]. Phenotype specific panels serve the purpose of testing for

all antibodies known to associate with a specific clinical presentation and therefore provide
assurance to the requesting physician [59]. The number of analytes may vary extensively
depending on the neurological phenotype: for example, optic neuritis may be evaluated

by testing a limited number of antibodies (such as AQP4 or MOG IgG) whereas over

20 antibodies are included in the movement disorder evaluation (Table 3). In children,
neural antibody profiles associated with neurologic phenotypes differs from that observed in
adults and therefore we recommend a separate pediatric-specific evaluation in children with
suspected autoimmune CNS disorders [61]. Antibody evaluations associated with specific
autoimmune CNS disorder phenotypes are listed in Table 3.
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3.4. Send both Serum and CSF where possible

The testing of both serum and CSF is recommended in the evaluation of patients

with autoimmune CNS disorders [58,59]. For patients with suspected autoimmune CNS
disorders, lumbar puncture is indicated for the markers of inflammation (e.g white cell
count) and a phenotype-specific 1gG profile. Testing serum only can pose difficulties for the
interpretation of TIFA due to an increased likelihood of interference from non-organ-specific
antibodies [62]. Some antibodies detected in the CSF are of greater clinical importance than
when they are found in serum only: notable examples include NMDA-R 1gG and GFAP

1gG where isolated serum positivity is less likely to be clinically significant [63]. NMDA-R
IgG in the serum alone is of uncertain clinical significance as it has been found in healthy
patients and patients with other neurological disorders [64,65]. GFAP IgG in the serum
alone is accompanied by clinical features of GFAP astrocytopathy in only 10 % of cases
whereas this increases to 95 % in the presence of GFAP CSF antibodies [66]. In contrast,

for other analytes such as LGI1-1gG and AQP4-IgG sensitivity is higher in the serum than
the CSF [15,67]. MOG-IgG, similarly, is more readily detected in serum than CSF but recent
evidence has demonstrated that a subgroup of MOGAD patients may harbor CSF-exclusive
antibodies [68]. The presence of CSF antibodies may have clinical implications in MOGAD
and LGI1 encephalitis where it appears to be associated with more severe disease [69,70]. A
list of appropriate specimens to test for each neural antibody is provided in Tables 1 and 2.

3.5. Antibody titers

Overall, the usefulness of antibody values (such as those derived from titration to

endpoint) is uncertain in the diagnosis and management of autoimmune CNS disorders.
Exceptions include the interpretation of GAD65 IgG positivity, where only serum levels
above 20 nmol/L using RIPA and any positive CSF value are associated with neurologic
manifestations [71]. Similarly, in contactin-associated protein like (CASPR)-2 IgG cell-
based assay, titers of 1:100 have higher positive predictive values than values of 1:10. [72].
Other clinical laboratories have chosen different clinical cut-offs for CASPR2-1gG positivity
[73]. In general, serial titer measurement in autoimmune CNS disorders is not useful,
especially when the neural antibody is not considered pathogenic [59]. However, it has
been shown that in NMDA-R encephalitis, elevated serum or CSF titers associate with poor
outcome (modified Rankin Score [mRS] > 2) and higher likelihood of an underlying tumor.
On serial measurements, an increase in CSF titers (but not serum) in NMDA-R encephalitis
may confer a higher risk of disease relapse [63]. In many autoimmune neurologic disorders,
patients may remain seropositive for many years after diagnosis, though in remission,
without any prognostic relevance. However, in MOGAD, persistent seropositivity, and high
MOG-IgG titers, appear to be associated with an increased likelihood of disease relapse
when compared to transient seropositivity and therefore repeated testing can influence
immunotherapeutic clinical decision making[48,74]. In clinical practice, low MOG-1gG
titers detected by live cell fluorescence-activated cell sorting (FACS) assay have been
reported to have a lower positive predictive value for MOGAD [75].
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4. Diagnostic testing modalities

4.1. General principles

Tissue-based immunofluorescence assays (or peroxidase-baed immunohistochemistry) in
combination with a confirmatory protein-specific assay is our recommended approach

for lab-based testing of antibodies associated with CNS autoimmunity [58]. Tissue-

based indirect immunofluorescence assay (TIFA) operates as an excellent screening

tool for antibodies targeting both intracellular and extracellular antigens, but significant
interpretative expertise is required [76] For confirmatory, protein-specific assays, the cellular
location of the target protein is reflected in the choice of immunoassay. In general,
antibodies which target intracellular antigens can be detected using western blots or line
blots which use linear, denatured proteins. For antibodies which target extracellular, or
cell-membrane proteins, assays which retain native protein structure such as cell-based
assays are preferred [77]. For some neural antibodies (eg; antibodies targeting extracellular
proteins), testing by one established modality (eg; CBA) may be sufficient, whereas it is not
recommended to use commercial line blots in isolation due to the potential for false positive
results [58,78]. Diagnostic assays for detecting individual analytes are considered below.

4.2. Tissue-based assays

Tissue-based immunofluorescence assays (TIFA) are performed using cryosections of adult
murine tissue immobilized on glass slides. Sections of neural tissue (cerebral cortex,
hippocampus cerebellum, midbrain) in addition to non-neural tissue (kidney, smooth muscle
and gut) are fixed and permeabilized. The presence of non-neural tissue acts as an intra-
assay control allowing the reader to discern whether antibody binding is neural-specific.
However, in some instances non-neural tissue such as the glomerular podocytes may
demonstrate characteristic staining patterns (eg; IgLON-5 or ANNA-3 IgG) which can

aid in neural antibody identification. A blocking step is performed prevent non-specific
binding. Patient serum or CSF specimens are incubated with murine tissue cryosections
and patient antibody-binding to neural tissue is detected by probing with an anti-human
secondary antibody conjugated with fluorescent dye (or an enzymatic conjugate such as
horseradish peroxidase in tissue-based immunohistochemistry). Results are interpreted by
visualization of the stained tissue section using an indirect fluorescence microscope. The
tissue staining characteristics associated with specific neural antibodies can reliably detect
classified neural antibodies when interpreted by an experienced reader [77]. Examples of
common TIFA patterns for classified neural antibodies are shown in Fig. 1. Advantages of
TIFA for the detection of neural antibodies include the ability to screen for a wide range
of neural antibodies (both those targeting intracellular and extracellular antigens) within

a single assay [76]. In contrast to protein-specific assays (where the result is a binary
positive or negative for a single analyte) TIFA interpretation can detect rare antibodies or
antibodies not requested by the ordering physician, and sometimes coexisting antibodies
(e.g. ANNA-1 and amphiphysin-1gG in a patient with paraneoplastic encephalomyelitis).
One study demonstrated that positive TIFA results changed management in 48 % of
patients who had negative commercial cell-based assay and line-blot testing performed for
a limited number of analytes. TIFA successfully detected rare, classified antibodies (such
as KLHL-11, mGIuR1) which were subsequently confirmed by protein-specific assays.
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Furthermore, TIFA can detect the presence of multiple antibodies in a single patient, such
as the co-occurrence of NMDA-R antibody with GFAP 1gG [21]. Due to its unbiased

nature, TIFA can detect unclassified antibodies for which the antigenic target is unknown
and no commercially available diagnostic test exists. Although such results are not formally
reportable, in the authors’ experience the communication of this finding to the requesting
physician can change patient management in the correct clinical context. Disadvantages of
TIFA include the degree of reader experience required for proficient interpretation of a wide
range of antibody staining patterns. Furthermore, the presence of additional antibodies (such
as antinuclear antibody [ANA]), particularly in serum, may obscure the immunofluorescent
staining pattern and impact visual interpretation [79].

4.3. Western blot

Antibodies that bind linear, denatured epitopes can be detected by protein-specific

western blot. The substrate for western blot is typically denatured recombinant protein
electrophoresed onto a polyacrylamide gel. The proteins are then transferred onto a
nitrocellulose of polyvinylidene difluoride (PVDF) membrane, and following overnight
blocking, probed with patient specimen. After washing away unbound antibody, secondary
anti-human antibody conjugated with an enzyme (typically horseradish peroxidase) is added
to detect for the presence of bound patient antibody. In the presence of the enzyme substrate,
bound patient IgG results in a chemiluminescent color change which is detected either

on X-ray film or digitally. Line blots are a related technique without electrophoretic step,
more efficient and less labor intensive, which allow for multiple highly purified proteins to
be coated on a single nitrocellulose strip [77]. However, line blots should not be used in
isolation because the false positivity rate has been reported to be high in clinical practice,
reflecting their suboptimal specificity [80]. Our preference (and that of others) is to use

a commercially available line blot to confirm antibody positivity detected by TIFA [19].
Sensitivity and specificity of western blot or line blot diagnostic assays depends on the
accurate characterization of the target antigen(s). For example, the pattern of TIFA staining
for PCA-2 (Fig. 1) was first described in 2001 but the target antigen was not identified

until 2017, which enabled the development of a confirmatory line blot assay [81]. Similarly,
the commercial line blot for PCA-1 IgG detects binding to the cerebellar degeneration
related protein 2 (CDR2) antigen. However, the use of another major antigen in PCA-1
autoimmunity, CDR2-Like, has demonstrated additional specificity for serum samples when
tested alongside CDR2 [82].

4.4. Radioimmunoprecipitation assay

Radioimmunoprecipitation assays (RIPA) are a sensitive quantitative method for rapidly
assessing for presence and positive values of antigen-specific antibodies. As such, they

are particularly useful for detection of antibodies where quantitative nanomolar values are
clinically informative, as in the case of GAD65 autoimmunity [71]. A radioactive ligand
may be conjugated to recombinant human protein and incubated with patient specimen (eg;
125_|abelled recombinant GADG5 protein). Alternatively, a source of the antigen of interest
(eg; porcine cerebral cortical membranes when testing for P/Q-type voltage gated calcium
channel [P/Q-VGCC] IgG, or proteins solubilized from human limb muscle when testing
for acetylcholine receptor [AChR] IgG) may be complexed with a radiolabeled toxin that
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binds specifically to the protein of interest (12%I-labelled omega-conopeptide-MVIIC in the
case of P/Q-VGCC; 125|-a-bungarotoxin in the case of AChR IgG) and then incubated with
patient specimen. Goat anti-human 1gG is then added to form an immune complex which

is precipitated by centrifugation. Unbound radiolabeled protein remains in the supernatant
and is discarded. The radioactivity of the precipitate is measured using a gamma counter. In
negative patients, only background levels of radioactivity will be observed. When a sample
is positive, the results can be extrapolated to nanomoles per liter by reference to a standard
curve, and serial dilutions and can be performed in order to determine accurate titers [83].
RIPA has the advantage of detecting even low concentrations of antibody which is useful

in the detection of GADG5 in the CSF, where very low concentrations (greater than 0.02
nmol/l) carry clinical significance. TIFA testing only demonstrates staining of GAD65 1gG
at values which are significantly higher than the upper limit of normal and therefore does
not represent a sensitive test for GAD65 1gG [84]. Disadvantages of RIPA include the use
of radioactive reagents which have a short half-life and require technical expertise and safety
training, and the potential for false positives owing to nonspecific 1gG binding to proteins
complexed with the antigen of interest [85-87].

Enzyme-linked immunosorbent assay (ELISA) are commonly used in laboratory medicine
generally and will not be described in detail herein. For autoimmune CNS disorders, ELISA
is commonly used for detecting GADG5 antibody. The cut-off values may differ between
laboratories depending on the kit used, but a positive value of > 10,000 international
units(IU)/ml in serum and > 100 1U/ml in CSF have been proposed for GAD-65 IgG-
associated neurological disorders [86]. Difficulties encountered with commercial ELISA Kits
include the potential for false positive results, particularly in the low positive range[77]. For
antibodies which bind extracellular epitopes, such as AQP4 and MOG, ELISA is not our
preferred diagnostic test. A comparison of ELISA and CBA for AQP4-1gG found a higher
rate of false positivity in ELISA compared with CBA [88]. Similarly, ELISA is known to be
inferior to CBA for detection of MOG-IgG [89].

4.6. Cell-based assay

Cell-based assays (CBAs) are now in common use. These are usually commercially
available fixed CBAs which can be transported and stored easily. Eukaryotic cell lines
(typically human-embryonic-kidney [HEK]-293 cells) are transfected with plasmids which
encode for the protein of interest. Patient sample is incubated with cells (either live or
fixed) which express the target protein and anti-human secondary antibody conjugated
with a fluorophore is introduced. Transfection methods are either transient or stable with
higher levels of the protein of interest expressed following transient transfections [77]. An
additional well containing cells not expressing the protein of interest can also be used as

a negative control. For neural antibodies which target extracellular antigens, CBA often
provides higher sensitivity with retained specificity when compared to both TIFA and
other protein-specific assays[90-93]. For some neural antibodies, live CBAs (where patient
antibody is incubated with live cells at 4 degrees) appear to be more sensitive than fixed
CBAs. However, live CBAs are more labor intensive, have a shorter time window for use,
and are usually performed only in specialized research centers [90,94]. In a comparison of
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the detection methods for MOG IgG, live cell-based assays have been reported as offering
increased positive-predictive value (PPV) when compared to fixed cell-based assay [89].
Live cell-based assays may also allow for insights into the pathophysiological function of
antibodies which target cell-surface proteins, such as the observation that glycine receptor
IgG from patient samples leads to heat-dependent receptor endocytosis [95]. This led to
the development of a glycine receptor modulating antibody assay using live HEK-293
cells expressing the aZ subunit of the glycine receptor. Demonstration of glycine receptor
internalization on live-cell based assay offers superior specificity for SPS than glycine
receptor binding without receptor modulation [55].

4.7. Live-cell based flow cytometry

This technique has proven especially useful for the detection of aquaporin 4 and MOG
1gG. HEK-293 cells are transfected with plasmid encoding both GFP and the protein-of-
interest. A mixed population of cells (eg; AQP4, GFP-transfected and non-transfected) are
harvested, trypsinized and brought into solution. Cells are incubated with patient specimen,
and goat anti-human secondary antibody with a fluorescent conjugate (usually Alexafluor
647) is added. Cells are washed, fixed in 4 % PFA and analyzed by flow cytometry. Two
populations are gated based upon GFP expression: positive (high AQP4 expression) and
negative (low or no AQP4 expression). The median fluorescence intensity (MFI) of the
bound anti-human secondary antibody for each cell population is resulted. MFI for the
GFP-positive population indicates the relative abundance of patient 1gG bound to AQP4
whereas the MFI for the GFP-negative population indicates non-specific IgG binding. The
ratio of average MFI for each cell population (MFI GFP positive/MFI GFP negative) is
calculated to determine the 1gG binding index [96]. This method has proven to have a
greater clinical sensitivity to other assays for AQP4 1gG, and also offers a specificity of 100
% [93].This technique has greater sensitivity when compared to fixed cell-based assay for
the detection of MOG IgG, but has comparable sensitivity to live direct-visualization CBA
[89].

4.8. Research-based novel antibody discovery tools

Novel molecular technologies such as Phage-display immunoprecipitation sequencing
(PhIP-Seq) and protein microarrays have shown the potential to detect of novel

antibodies in autoimmune CNS disorders [6,34,97] PhIP-Seq technology utilizes a
phage-library which collectively express over 600,000 human peptides. Patient sample

is incubated with the phage-library and bound-phage is immunoprecipitated using
magnetic beads. DNA of the precipitated phage is sequenced to identify (in rank

order) immunoreactive antigens. PhIP-Seq has been employed to identify KLHL-11 1gG
(associated with paraneoplastic rhombencephalitis) and, more recently, Sloan-Kettering-
Virus-Family-Transcriptional-Corepressor (SKOR)-2 autoimmunity (associated with a
paraneoplastic encephalopathy) [34,97]. Protein microarrays have also demonstrated utility
in identifying rare, classified antibodies which are typically not tested for outside of
specialized centers, such as seizure related 6 homolog like 2 (SEZ6L2) and Neurexin3a
[7]. Full-length GST-tagged recombinant human proteins are pre-printed in duplicate on
nitrocellulose-coated glass slides. Patient sample is incubated with the slide, and anti-human
secondary antibody is used to detect bound patient antibody, with the results expressed as
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a ranked list of gene names for proteins. Currently, both protein microarray and PhIP-Seq
technology appear to perform better in detecting antibodies to linear epitopes of intracellular
antigens and are less effective at identifying antibodies to cell-surface confirmational
epitopes [6,7,34]. However, it is possible that future iterations of protein microarray

or phage-display technology will overcome these limitations, enabling high-throughput
screening patient samples for immunoreactivity against thousands of CNS auto-antigens

in real time.

5. Utility of neural antibody testing

Neural antibodies for autoimmune CNS disorders communicate important clinical,
prognostic and therapeutic information to the ordering physician. The detection of an
antibody biomarker in an appropriate clinical context may provide additional diagnostic
certainty. The detection of 1gG biomarkers or positive TIFA assays informs management and
may lead to changes in treatment [76].

5.1. Cancer screening

In cases where a high-risk neural antibody is detected, this may prompt a search for an
underlying associated cancer (Tables 1 and 2). Given that the neurologic disorder typically
precedes cancer diagnosis, the presence of a high-risk antibody justifies repeat surveillance
for the emergence of an associated malignancy to facilitate early detection and treatment
[98]. The most recent guidelines recommend screening for cancer every 4-6 month for 2
years in a patient with a high-risk neural antibody and a compatible clinical syndrome[58].
For example, a physician may screen a patient with rhombencephalitis and KLHL-11 IgG
positivity every six months for two years, whereas in a patient with rhombencephalitis and
MOG-IgG positivity (low risk) such surveillance would not be indicated [58]. Where a
neural antibody is not detected (either due to lack of testing availability or in seronegative
autoimmune encephalopathies), there is no possibility of oncologic risk stratification, further
emphasizing the utility of neural antibody biomarkers in clinical practice.

5.2. Management of autoimmune CNS disorders

5.2.1. Treatment—The treatment of autoimmune CNS disorders centers on early
initiation of immune therapy which is known to associate with better outcomes [14,99].
Therefore, it is not recommended to await antibody results before initiating immunotherapy
in a patient with a suspected autoimmune CNS disorder. Prior to treatment initiation,
baseline neurological assessments should be recorded in order to ascertain subsequent
treatment response. Ideally serum and CSF samples for neural antibody testing should

be obtained prior to treatment initiation as administration of intravenous immunoglobulin
(IVIG) can cause both false positive and false negative results [100]. Similarly, B-cell
depleting therapies (such as Rituximab) are known to affect neural antibody titers which
may affect the sensitivity of diagnostic neural antibody assays [101,102].

First-line immunotherapy regimens typically consist of IV methylprednisolone 1 g and/or
intravenous immunoglobulin (0.4 g/kg) once daily for 5 days. This may be followed
by once-weekly doses for a period of 3 months or a slow steroid taper. Second-line
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therapies (eg; rituximab, cyclophosphamide) are often employed in instances of treatment
resistance or may be used early in severe cases[99,103]. Plasmapheresis may be trialed as

a first-line therapy or used as a second-line therapy in cases of treatment resistance. In
relapsing disease, maintenance immunotherapy (eg; mycophenolate mofetil, azathioprine)
may be warranted. There are no established guidelines for the duration of maintenance
immunotherapy. For paraneoplastic disorders, oncologic management should occur in
parallel to immunotherapy, and cancer treatment decisions guided by expert oncology input.

5.2.2. Prognosis—In general, patients who harbor antibodies against extracellular
epitopes fare better than patients with antibodies targeting intracellular antigens where
neurologic stabilization rather than reversal of symptoms is often the goal of care [2]. Neural
antibodies may therefore guide physicians on the likelihood of neurological improvement
following initiation of immunotherapy. Prognostication and treatment rationale may vary
depending on the natural history of the underlying biomarker-defined disorder. For example,
ataxia associated with PCA-1 IgG (antibody against intracellular target) is almost universally
associated with poor neurologic outcome, whereas treatment responses can be robust in
patients with ataxia associated with mGIuR1 IgG (which targets an extracellular epitope)
[26,28]. Similarly, in NMDA-R encephalitis, it is well established that recovery may take as
long as 18 months, and that use of second-line agents is associated with better outcome in
patients who do not respond to first-line immunotherapy [99].

5.2.3. Targeted therapies—Some neural antibodies exert a directly pathogenic effect
on neurons (usually antibodies against extracellular antigens) and the pathomechanisms of
these antibody-mediated disorders continue to be defined [13,104-106]. The most successful
example of tailored treatment for a biomarker-defined autoimmune CNS disorder is the case
of AQP4-1gG positive NMOSD. The observation that AQP4 antibodies mediate neuronal
damage through complement activation led to the hypothesis that complement inhibition
may represent an effective therapeutic strategy [104,107]. Eculizumab (a terminal C5a
inhibitor) was shown in a recent randomized controlled trial to significantly reduce relapse
risk compared to placebo in patients taking concomitant standard immune therapies [108].
Clinical trials are currently ongoing for other IgG biomarker-defined autoimmune CNS
disorders, and in the future neural-antibody testing may inform the use of tailored disease-
specific immune therapy regimens.

6. Conclusion

Neural antibody testing in the correct clinical context facilitates the diagnosis of 1gG
biomarker-defined autoimmune CNS disorders. Comprehensive antibody evaluations differ
according to neurologic phenotype and the appropriate diagnostic assay is antibody
dependent. For most analytes, we recommend initial screening by TIFA followed by
confirmation with protein-specific assays. Exceptions exist such and some analytes (eg;
AQP4 IgG) are not sensitively detected by TIFA. Use of a commercial line blots in isolation
is not recommended due to the potential for false positive results. Neural antibody detection
provides useful diagnostic and therapeutic associations to aid in the management of
patients with autoimmune CNS disorders, including cancer risk-stratification and likelihood
of immunotherapy response. In the future, improved understanding of pathomechanisms
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for pathogenic neural antibodies may inform the development of targeted therapies for
autoimmune CNS disorders.
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Fig. 1.

Tigs]sue-based indirect immunofluorescence assay staining features of selected neural
antibodies. Synaptic staining of the hippocampus and thalamus (image A, shown) alongside
staining of the molecular layer of the cerebellum is characteristic of GABA-B receptor

IgG. Neuronal intermediate filament (NIF) IgG demonstrates a classic ‘arborization’ pattern
in the granular layer of the cerebellum with a dark molecular layer (image B, shown).
NMDA-R IgG stains the hippocampus and the granular layer of the cerebellum (image C). A
striking characteristic of AMPA-R IgG is the intense staining of the hippocampus compared
to the adjacent thalamus (image D). ANNA-1 1gG demonstrates a nuclear staining pattern
with staining of the nucleus and cytoplasm, with sparing of the nucleolus. The nerves of

the myenteric plexus also stain which is its sole differing staining feature from ANNA-2

IgG (image E). GAD-65 IgG is visible on TIFA at high titers with punctate staining of the
granular layer of the cerebellum (shown), with prominent globus pallida pars interna staining
(not shown). It frequently co-exists with gastric parietal cell (GPC) IgG which stains

the gastrointestinal mucosa (shown, image F) Thal: thalamus; Hippo: hippocampus; ML.:
molecular layer; GL: granular layer; Muc: mucosa; MP: myenteric plexus; PC: Purkinje
cells.

Clin Biochem. Author manuscript; available in PMC 2024 April 14.



Page 21

Gilligan et al.

OT0SN uBIH eIxey vao'v4IL 4So/wnias [zz] L9/6 WidL

0710S ubIH eixele ‘spij9Awoleydsous vao ‘Il 4So/wniss [t2] o¥ WidL

ewoydwAT ubiH eIxely 1019 8UIT ‘V4IL 45o/wnias [oz]lssou

onrealoued ‘euas ‘bun ybiH ealoyd ‘Ayredojeydasug V40 ‘v4IL 4SD/WwnJes [61] voT3Qd

3UlI90PUB0INBN ubIH AyyedojaAw ‘Ayredoreydaous ‘erxery vd0 ‘v4IL 4S0/Wnias [81]1-aN
Axa|dereo/Asdajoateu

ewiouILwIab Jenansal ubiH  ‘snifeydedous wajsurelq ‘sieydaous J1qui Va0 'VSIT3 «VHIL 4So/wnias [21] Zen

euiouldiedouspe

1sealq ‘(01SON ® 0710S) BunT ubiH ‘sifaAwoleydsous ‘eixery 10[q 8UIT ‘'V4IL 4So/wnIss [91] (2-v2d) atdvIN

BWOUIDIBIOUIPE JSEI] 7 UBLIBAQ ybiH eIxey 1019 8UIT ‘V4IL 4So/wnias [sT] (0A) T-vOd
swoydwAs Jea|yd020|Ng1ISan

eLwoeI} ‘(eWOUIWSS) JeInonsa L ubiH ‘siifeydaous wieslsurelq ‘eixery va0 ‘vdil 4So/wnIss [FTl TT-1HTM

o1bojolewsey ‘Bun| ‘)sealg  aleIpawLIBU| ‘eIxele ‘siifeydasus wajsurelg veaD ‘vHIL 4SD/WnIes [eT] T™dLI
SIBPIOSIP JUBWSAOW

UOI1BID0SSE J9dURd ON B/U ‘1apJosip daajs ‘siijeydeous walsulelg vaD ‘v4IL 4SD/wnies [z1] 5-NOT161
’WOWAY) eubIeW rIXRIR

'3U1I90PUB0IN3U J3Y10 ‘DT1DS Mo ‘awoipuhs uosiad-yiis ‘sfeydaoua diqui VSIN3 'VdId ‘xV4IL 4S0/Wnias [t7]l s9-avo

sewlouldeaouspe

SNOLIEA ‘eW0)eld) UelleAQ MO snifeydaousobuluain vd0 ‘vHIL 450 [0T] dv49

ewowAy ‘0710S ubIH ‘eIxere ‘siijaAworeydsous VSIT13 10|19 WIBIss\ ‘v4IL 4So/wniss [6] (zAD) SdINYD

BLIOUIDIBIOUSPR UBLIBAQ  3leIpawiiaiu] eixele ‘spijeydaous walsureig va0 ‘vdil 4So/wniss [8] (14vy9D) 9zdvOHYY

207108 uBIH eIxey Va0 ‘4L 4So/wnias [2] (tHOVQ) €-YNNV
wisiuosupyjred pue

27106 ‘ouspe isealg ubiH e1u0IsAp ‘snuojooALu snuojaosdo ‘erxery 1019 8UIT ‘V4IL 4So/wnias [o] (1d) 2-wNNV
BWolse|qoinau SNUOJ20AW

‘3U1120pUR0INBU ‘BWoOWAY} ‘0T10S ubIH snuojoosdo ‘stifeydaous dlquil| ‘elxery 10[q 8UIT 'V4IL 4So/wniss [s] ("H) T-VYNNV
BWO.IPUAS Je|1agalad ‘AyredojaAw

BWIOUIDIRI0USPR 1SBaI] ‘DTDS ybiH ‘sifeydaous ‘awolpuAs uosiad Yns 1019 8uIT ‘w4IL 4SD/WwnJes [7] wisAydiydwy

UOI}eId0SSE Jadued ON e/u siifeydsoug vao ‘Il 45o/wnids  [€] (G-Mv) G-aseury srejAuspy

07108 ubiH siifeydaous ‘eIxery 1010 3UIT ‘xV4IL 4So/wniss [c] (1x0S) T-vNov

rwoydwA| 199 g ‘ewoulded [eusy MO eIXelR AI0SUSS ‘BIXElY V40 ‘v4IL 4SD/wnies [1] zgg uim04d J0rdepy

fessy adAL
adA1 wse|dosu parenossy sy Jeoue)d adAlouayd SND ueulwops id ol1soubeiq papuswwodsny usw109ds pal P id (Bureu anireu i) Apoqnuy

‘Aoueubiew

palRIo0SSe pue sl Jaaued ‘adA1ouayd Jealun)d ‘Aesse ansoubelp papuswiwiodal ‘adAl uswidads pailagaid :suabiue Jejnjjaaenul Bunsbie) ssipognuy

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Clin Biochem. Author manuscript; available in PMC 2024 April 14.



Page 22

Gilligan et al.

‘RIARISUBS paonpal Yum Ing Buiusalos -] L Aq paoslap aq ueds uialold Bulureiuod-ynow syedu (N 1YL V0T 8selaisaipoydsoyd

V0TI Ad “uale|iy 1eIPaLLIBIUI [eUOINaU :T-4N 180ued Bun| 1120 Jfews-uou :DOSN ‘gT ulaloid pajeroosse-ajngniodiw :gTdVvIN Apognue 120 afuijing :wDd ‘TT utaload ax1j-yojay TT-THTM ‘T 101da0ai

ajeydsoydin-G'y'T jousoul ‘THd LI ‘aseAxoquedap pide dlweln|b :yo ‘utslosd a1pioe AejjLiql [e1]b :dw49 ‘Aesse Juaglosounwiwll paxulj-swAzus :\S|T3 ‘uisiold Jojeipaw saisuodsal-uisde||od :(dNYD
‘T 9Seuly] UoISaYpY [B904 YNM Paleldossy Jorenbay ased 1o T4vHO ‘uisioid Buneanse-ssed 19 oyy :92dvOHYY ‘T Bojowoy-punysyoeq :THOVA ‘Apogiiue Jesjonu jeuonaunue :\yNNY ‘4soued Bun|
1199 [jews QDS ‘T J010e) UondIasuRL} X0g-AYS TXOS ‘Apognue 1esjonu [eljf-1nue yNOV ‘eIxXele Je||agalad = eixely ‘Aesse paseq-][3d ;gD ‘Aesse a0Uadsalonjjounwuilul 19841pul paseq-anssi] 4|1

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Clin Biochem. Author manuscript; available in PMC 2024 April 14.



Page 23

Gilligan et al.

oidoogelsw :¥njOW T uislold pajeandeur ewolf you-auiong| (7197 H1o1dadal g-pioe auAingouiwe-ewweh :y8vgvo $101dadal -pioe auAIngoulwe-ewweb (Viygyo ‘snuojooAw pue Apibiu yium
snijAworeydasus anissaifoid (NH3d ‘utsiold axij-asepndad-1Apndadip :Xdda ‘z a1|-u1sioid pale1dosse-uiloeIu0d :zddsSy Japiosip wnaoads eando snijgAwolnau :gSOINN ‘Aesse BuilIos-|jad pareAnde
-90U32sa10N|} ;SO 19oued Bun| 1189 [jews :D1DS ‘Aesse paseq-][30 (gD ‘Aesse 80uadsalon|younwiwi 19811pul ansst] 4| L ‘101dagal pioe ojuoidoldajozexosi-y-|Ay1awW-G-AX0IpAY-E-oulWwe-D 2YVdINY

swoldwAs ouye1yoAsd

THN ‘ewouldledouspe isealg MO ‘AyredojaAw ‘Ayredofeydasug Va0 ‘V4IL 4SD/wniss [¥2] 2 undas
UOIJBID0SSE J9dUED ON /U eIxely vE0 ‘vHIL 4So/uwnIes [e] g undes
0710S ‘BWIOUIDIED 1SeaIq JBINGO| BAISBAU] Mo eIxelry Va0 ‘vHIL 4S0o/wnies [zz-02] 219Z3s
07108 ajelpaunaul eIxely vdid wines [6T]1 209/ O/d
ewoydwA| unyBpoH uybiH eIxely vE0 ‘vHIL 4So/uwnIes [87] (43INQ) 4L-¥Od
(ueLIeAO-R1IXS JO UBLIBAO) BWIOIRID] aeIpaWLIAI| siueydsous YvAINN va0 ‘v4IL Ee) [21'9T] ¥vanN
BWOUIDIBI0USPE BULIBIN MO BIXElY Va0 ‘v4IL 4SD/wniss [gT] upuoyd0InaN
UOIIRII0SSE 190U’d ON ’/U snifeydasug Va0 ‘v4IL 4SD/wniss [¥T] peuIxainaN
(saourlsul

BWOJeIS)} UBLIBAQ Mo avoon Vg2 'SOVAH (199 8AIT alel Ul 4SD) wnJes [eT'2cT] 90N
0710S ‘ewoydwA| uybpoH aleIpawIau| awoupuAs erjaydo ‘snieydsoug vaD ‘V4IL 4SD/wnies [TT] syniow
ewodresoAwopgeys *010S ub1H eIxely va0 ‘w4l 4So/wnIss [ot] zanow

ewoydwA]
1182 1 snoaueind ‘ewoydwA| unifpoH Mo eIxely ve0 'v4IL 4SD/wniss [6] Taniow
3UIIO0PUB0INAU ‘BWOWAY) JuRUBI R Mo snifeydaous aiqui a0 ‘v4IL wnies [v]l 1191
ewowAy) ueubijew “ewoydwA| uribpoH MO NY3d ‘siijeydasous o1quin] vg0 an] 4SD/wnias [8] ¥-au1dA|9
27108 alelpauLalul stufeydaoua d1quir ve0 ‘vHIL 4SO/wnIes [2]8vavo
euwowAy L ajeIpawWIaIU| smfeydaoul Va0 ‘vHIL 450 [o] Yvavo

NY3d ‘AnpigenoxatedAy
swse|doau |j29-9 Mo SND ‘stjeydsoug Va0 'v4IL 4SD/wniss [s] Xdda
(% 0S YS11 199URd) BWOIPUAS

ewowAy) ueubifelN  sleIpawlIBuI-MoT] uenJON ‘siufeydadus o1quilT Va0 ‘v4IL wniss [¥] z4dsvD
euwiouldeIouspy Mo dSONN Ve 'SOVAH (199 8AIT wniss [e'2] ¥ unodenby

BUIOUIDIRI0USPE URLIBAD
‘Jseauq ‘ewowAy) Jueubiew ‘0710 djelpawiaiu] smfeydaous dqui Va0 ‘'v4IL 4SD/wnies [1] 4-vdinv

shessy adAL

Aoueubiew pareloossy 1Y oue)d adAouayd SND 1ueuiwops id o1soufeiq pepuswwossy uawioads pallpld  (Bweuaaireusdlfe) Apogiuy

‘Aoueubiew

paleIo0sse pue Xsi Jaaued ‘adA1ouayd Jearullo ‘Aesse ansoubelp papuswiwodal ‘adAl uswidads pailagaid :suabijue Jejnjjadeiixe Bunasbiey saipognuy

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Clin Biochem. Author manuscript; available in PMC 2024 April 14.



Page 24

Gilligan et al.

‘ewoydwA| ubpoH
-UON :THN ‘]auueyd wniopea pajeb-abeljon adA) O/d :DDDA ‘Apogiue |99 alujing :wOd ‘101dadal ayenedse-a-jAuisw-N :dVAWN :u18101dodA|6 a14201puspobijo uljpAw 90 ‘101dadal ayeweln|b

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Clin Biochem. Author manuscript; available in PMC 2024 April 14.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Gilligan et al.

Page 25

Table 3

Phenotype-specific neural antibody evaluations.

CNS Phenotype

Pertinent neural antibodies

Encephalitis [1-23]

Ataxia and other movement disorders [1,3-7,9-11,13—
16,18-33]

Brainstem Encephalitis [3,4,7,13,15,18-20,26,28,34-37]
Myelopathy [6,16,18,20,21,23,25,26,38,39]
Stiff-person syndrome-spectrum (including PERM) [40-

43]

CNS demyelinating disease evaluation (optic neuritis,
transverse myelitis, ADEM, UCE) [44,45]

Paraneoplastic Retinopathy [46,47]
Pediatric CNS evaluation [8,10,48-56]

AMPA-R, AK-5, Amphiphysin, AGNA-1, ANNA-1-3, CASPR2, CRMP-5, DPPX,
GABA-A, GABA-B, GAD65, GFAP, IgLON5, LGI1, mGIuR1, Neurexin 3a,
Neurochondrin, NF-L, NMDA-R, PCA1,2 and Tr, Septin-7

AMPA-R, Amphiphysin, AGNA-1, ANNA-1-3, AP3B2, CASPR2, CRMP-5,
DPPX, GABA-A, GABA-B, GAD65, GFAP, GRAF-1, IgLONS5, ITPR-1,
KLHL-11, LGI1, mGIluR1, Neurochondrin, NF-L, NMDA-R, PCA1, 2 and Tr,
PDE10A; RGS8, SEZ6L 2, Septin-5, Septin-7

ANNA-1, ANNA-2, Amphiphysin, AQP4, AGNA-1, GAD65, GFAP, IgLONS5,
ITPR1, KLHL-11, Neurochondrin, NF-L, NMDA-R, MOG, PCA-1

Amphiphysin, AQP4, AGNA-1, ANNA-1-3, AP3B2, CRMP-5, DPPX, GAD65,
GFAP, mGIuR1, MOG, Neurochondrin, NF-L, PCA1, PCA2, Septin 7

Amphiphysin, DPPX, GABA-A, GAD65, Glycine
AQP4, MOG
Recoverin, CRMP5

ANNA-1, AQP4, CASPR2, DPPX, GABA-B, GAD65, GFAP, LGI1, mGIuR1,
MOG, Neurochondrin, NMDA-R, PCA-1

AMPAR: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AK: adenylate kinase; AGNA: anti-glial nuclear antibody; ANNA:
antineuronal nuclear antibody; CASPR2: contactin-associated protein-like 2;; CRMP: collapsin-responsive mediator protein; DPPX: dipeptidyl-
peptidase-like protein; GABAA: gamma-aminobutyric acid-A receptor; GABABR: gamma-aminobutyric acid-B receptor; GFAP: glial fibrillary
acidic protein; GAD: glutamic acid decarboxylase; LGI1: leucine-rich glioma inactivated protein 1; mGIuR: metabotropic glutamate receptor;;
NF-L: neuronal intermediate filament; NMDA-R: N-methyl-D-aspartate receptor; PCA: Purkinje cell antibody; GRAF1: GTPase Regulator
Associated with Focal Adhesion Kinase 1;; ITPR1, inositol 1,4,5-triphosphate receptor 1; KLHL-11: Kelch-like protein 11; AP3B2: adaptor protein
3B2; RGSS8: regulator of G-protein signaling 8; SEZ6L2: seizure-like related 6 homolog like 2 antibodies; AQP4: aquaporin 4; MOG: myelin
oligodendrocyte glycoprotein; PERM: progressive encephalomyelitis with rigidity and myoclonus.
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