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Autoimmune Glial Fibrillary Acidic Protein Astrocytopathy

A Novel Meningoencephalomyelitis

Boyan Fang, MD, PhD; AndrewMcKeon, MD; Shannon R. Hinson, PhD; Thomas J. Kryzer, AA; Sean J. Pittock, MD;

Allen J. Aksamit, MD; Vanda A. Lennon, MD, PhD

IMPORTANCE A novel astrocytic autoantibody has been identified as a biomarker of a

relapsing autoimmunemeningoencephalomyelitis that is immunotherapy responsive.

Seropositivity distinguishes autoimmune glial fibrillary acidic protein (GFAP)

meningoencephalomyelitis from disorders commonly considered in the differential diagnosis.

OBJECTIVE To describe a novel IgG autoantibody found in serum or cerebrospinal fluid that

is specific for a cytosolic intermediate filament protein of astrocytes.

DESIGN, SETTING, AND PARTICIPANTS Retrospective review of themedical records of

seropositive patients identified in theMayo Clinic Neuroimmunology Laboratory from

October 15, 1998, to April 1, 2016, in blinded comprehensive serologic evaluation for

autoantibody profiles to aid the diagnosis of neurologic autoimmunity (and predict

cancer likelihood).

MAIN OUTCOMES ANDMEASURES Frequency and definition of novel autoantibody, the

autoantigen’s immunochemical identification, clinical andmagnetic resonance imaging

correlations of the autoantibody, and immunotherapy responsiveness.

RESULTS Of 103 patients whosemedical records were available for review, the 16 initial

patients identified as seropositive were the subject of this study. Median age at neurologic

symptom onset was 42 years (range, 21-73 years); there was no sex predominance. The novel

neural autoantibody, which we discovered to be GFAP-specific, is disease spectrum restricted

but not rare (frequency equivalent to Purkinje cell antibody type 1 [anti-Yo]). Its filamentous

pial, subventricular, and perivascular immunostaining pattern onmouse tissue resembles the

characteristic magnetic resonance imaging findings of linear perivascular enhancement in

patients. Prominent clinical manifestations are headache, subacute encephalopathy, optic

papillitis, inflammatory myelitis, postural tremor, and cerebellar ataxia. Cerebrospinal fluid

was inflammatory in 13 of 14 patients (93%) with data available. Neoplasia was diagnosed

within 3 years of neurologic onset in 6 of 16 patients (38%): prostate and gastroesophageal

adenocarcinomas, myeloma, melanoma, colonic carcinoid, parotid pleomorphic adenoma,

and teratoma. Neurologic improvement followed treatment with high-dose corticosteroids,

with a tendency of patients to relapse without long-term immunosuppression.

CONCLUSIONS ANDRELEVANCE Glial fibrillary acidic protein–specific IgG identifies a distinctive,

corticosteroid-responsive, sometimes paraneoplastic autoimmunemeningoencephalomyelitis.

It has a lethal canine equivalent: necrotizing meningoencephalitis. Expression of GFAP has

been reported in some of the tumor types identified in paraneoplastic cases. Glial fibrillary

acidic protein peptide–specific cytotoxic CD8+ T cells are implicated as effectors in a

transgenic mousemodel of autoimmune GFAPmeningoencephalitis.
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N
eural antigen–specific autoimmune disorders are im-

munotherapy responsive and affect all nervous sys-

tem levels.1-3 Subacute or insidious symptom onset

raises suspicion for an infectious, degenerative, demyelinat-

ing, neoplastic or vascular disorder. Detection in serumor ce-

rebrospinal fluid (CSF) of neuronal, glial, or skeletal muscle–

specific IgGaidsdiagnosis andguides appropriate therapeutic

options. Paraneoplastic cases reflect immune responses in-

cited by onconeural antigens in an occult systemic cancer.

Informative autoantibody profiles predict high cancer

probability4,5andyield immunopathogenic insights.TheMayo

Clinic Neuroimmunology Laboratory’s algorithm for neural-

specific IgG detection incorporates a mouse tissue–based

indirect immunofluorescence assay that, in 2% of evaluated

cases, reveals clinically pertinent autoantibodies, some mo-

lecularly uncharacterized. We describe a novel autoantibody

that yielded an astrocyte-restricted staining pattern.

Methods

Study Population

Serumspecimensused to characterize thenovel autoantibody

wererepresentativeofseropositivecases (134todate) identified

inablindedservice laboratoryevaluationofmore than100000

patients suspected clinically of having an autoimmuneneuro-

logicdisorder.Controlspecimensincluded455serumspecimens

(mouse tissue–based immunofluorescence assay: 173 healthy

OlmstedCountyMinnesota residents; glial fibrillaryacidicpro-

tein [GFAP]–specific cell-basedassays: 135healthyMayoClinic

Biobankparticipants [100adults; 35children], 20patientswith

multiplesclerosis,57patientswithaquaporin4[AQP4]–specific

IgG–seropositiveneuromyelitisopticaspectrumdisorder,35pa-

tientswithsystemic lupuserythematosusorSjögrensyndrome,

and 35 patients with hypergammaglobulinemia) and 49 CSF

specimens(GFAP-specificcell-basedassays:26normal-pressure

hydrocephalus [adults] and 23 miscellaneous disorders [chil-

dren]). This report describes the autoantibody characteristics,

antigen identity, andclinical synopsisofneurologic, oncologic,

andradiologic findings, companionautoantibodies, and immu-

notherapy responses for thepatients initially identifiedas sero-

positive.ThestudywasperformedfromOctober15,1998,toApril

1,2016.TheMayoClinicInstitutionalReviewBoardapprovedthe

study. Patientswere identified in theMayoClinicNeuroimmu-

nologyLaboratorydatabase.Records indicatedresearchconsent

(MayoClinicpatients)orphysicianshadobtainedverbalconsent

(non–MayoClinicpatients).Datawerenotdeidentifiedbutwere

storedinapassword-protecteddatabaseby2ofus(B.F.andA.M.).

Immunohistochemical Assays

Screeningused4-μmcryosectionsof adultmousecerebellum-

midbrain-cerebral-cortex-hippocampus,kidney,andstomach.6

Research analyses used juvenile rat spinal cord sections. After

permeabilization (1%3-[(3-cholamidopropyl)dimethylammo-

nio]-1-propanesulfonate, 4 minutes), fixation (10% formalin,

4minutes), and blocking (normal goat or swine serum, 10% in

phosphate-buffered saline, 1 hour), we applied patient serum

(preabsorbed with bovine liver powder, 1:120 dilution), CSF

(nonabsorbed, 50% dilution), or commercial polyclonal IgG

antibodies: rabbit pan-GFAP (1:5000, Z 0334; Dako), GFAP-δ

(1:500, PA1-06702; Pierce Biotechnology), or GFAP-ε (1:100,

ab28926, ab93251; Abcam) or goat GFAP-α–specific (C-19)

(1:100, sc-6170; Santa Cruz Biotechnology Inc). After 40min-

utes and phosphate-buffered saline wash, we applied a sec-

ondaryantibody (species-specific anti-IgG, fluorescein isothio-

cyanate, or tetramethylrhodamine conjugated, 35 minutes;

SouthernBiotechnologyAssociates Inc) andglass coverslips to

washed sections using ProLong Gold antifade mounting me-

dium (containing 4′,6-diamidino-2-phenylindole; Molecular

Probes). Fluorescence images were captured using Axiovi-

sion software (Carl Zeiss Inc). Specimens that yielded positive

resultswere titrated (doubling dilutions) to determine the au-

toantibody detection end point. For dual staining, we applied

patient serum and rabbit monoclonal intermediate filament–

specific IgG (eg, 1:200, vimentin [ab92547; Abcam] or desmin

[ab32362; Abcam]) and secondary antibodies (1:100, tetra-

methylrhodamine-conjugated goat anti–rabbit IgG and don-

key anti–human IgG; Jackson ImmunoResearch Laborato-

ries). Confocal imageswere capturedusing amicroscope (63 ×

or 40 × water immersion lens, LSM710; Carl Zeiss Inc).

Cultured Cells

HEK293 cell lines stably transfected with plasmids encoding

GFAPhomo sapiens transcript variant 1 (RG 204548, pCMV6–

AC–GFAP-α–GFP) andvariant2 (RG225707,pCMV6–AC–GFAP-

δ/ε-GFP, OriGene Inc)were selected in G418 (0.8 g/mL; Gibco

BRL). Human glioblastoma multiforme (GBM) cells (serially

xenografted in athymic nude mice) were provided by Jann

Sarkaria, MD (Mayo Clinic).7

Cell-Based Immunofluorescence Assays

Cells fixed (4% paraformaldehyde, 15 minutes) and permea-

bilized (0.2% Triton X-100, 10 minutes) were held overnight

at 4°Cwithpatient serum (1:10dilution), CSF (undiluted), rab-

bit pan-GFAP–specific IgG (1:5000), rabbitGFAP-ε–specific IgG

(1:100), or goat GFAP-α–specific IgG (C-19, 1:20). After phos-

phate-bufferedsalinewashand incubationwith secondaryan-

tibodies (1:200), we captured images by confocalmicroscopy

(63 × or 40 × water immersion lens, LSM710; Carl Zeiss Inc).

Key Points

Question Can a serologic biomarker aid the diagnosis of

autoimmunemeningoencephalomyelitis?

Findings A novel astrocyte-specific IgG autoantibody discovered

in the cerebrospinal fluid and serum of 103 patients undergoing

testing for potential autoimmune neurologic disorders in a

high-volume service laboratory was found in review of medical

records to be associated with a disabling and relapsing

corticosteroid-responsive meningoencephalitis, with or without

myelitis. Glial fibrillary acidic protein (GFAP) was identified as the

antigen, and one-third of cases were paraneoplastic.

Meaning As a disease biomarker, GFAP-specific IgG unifies a

spectrum of treatable autoimmunemeningoencephalomyelitis,

a new class of autoimmune astrocytopathy that is presumably

mediated by GFAP peptide–specific cytotoxic CD8+ T cells.
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Antigen Identification

Adult rat spinal cord and GBM cells were extracted in 150-

mmol/L sodiumchloride, 10-mmol/L sodiumphosphate, and

2-mmol/LEDTA (pH7.2), containing 1%TritonX-100,0.1%so-

diumdodecylsulfate,andprotease inhibitors (Complete;Roche

Pharmaceuticals). Lysate clarified by centrifugation (400g, 10

minutes)was sequentially centrifuged for 30minutes (4000g,

8000g, 100000g, and300000g). Reducedanddenatured su-

pernatesandpelletsofeach fractionwereseparatedbygelelec-

trophoresis (10% polyacrylamide), transferred to nitrocellu-

lose, andprobedwithpatient serumorCSF (molecularweight

standards, 161-0374; Bio-Rad Laboratories Inc). To deter-

minemolecular identity,we solubilized themost informative

fraction in second-dimension electrophoresis sample buffer,

loaded it onto 13-cm immobilized pH gradient (Immobiline

DryStrip,GEHealthcare;pH4-7), andapplied3500V(finalvolt-

age) for 20hours. Second-dimensionelectrophoresiswasper-

formedon 10%polyacrylamidegel. After nitrocellulosemem-

brane transfer (0.45 μm; Bio-Rad Laboratories), separated

proteins were visualized by silver staining and autoradiogra-

phy (Westernblot). Peptideswere identified (Mascot searchal-

gorithm) in excised immunoreactive spots analyzed by in-gel

digest and tandemmass spectrometry.

Western Blot

Stably transfected and nontransfected HEK293 cell lysates

(in a solution of 50-mmol/L Tris hydrochloride, pH 7.5, 150-

mmol/L sodium chloride, and 2% Triton X-100) were clari-

fied by centrifugation (1000g, 5minutes), electrophoresed in

10% polyacrylamide gel, transferred electrophoretically to

nitrocellulose membrane, blocked in buffer (in a solution of

20-mmol/L Tris, pH 7.6, 137-mmol/L sodium chloride, 0.1%

Tween-20) that contained 10% powdered milk, then probed

1 hour with IgG specific for GFAP-α (1:50), GFAP-ε/δ (1:100),

pan-GFAP (1:10000), actin (1:2000), patient serum (1:100),

patientCSF(1:10),orhealthycontrol serumandCSF.After three

5-minute washes (20-mmol/L Tris, pH 7.6, 137-mmol/L so-

dium chloride, 0.1% Tween-20), blots were incubated for

30 minutes with horseradish peroxidase–conjugated goat

anti–rabbit IgG, swine anti–goat IgG, or goat anti–human IgG

(1:2000). After washing, bound IgG was detected autoradio-

graphically by enhanced chemiluminescence (SuperSignal

West Pico Luminol/Enhancer; Thermo Fisher Scientific).

Results

Astrocytic Autoantibody Characterization

The 16patients initially identifiedwith this autoantibodyhad

a unifying diagnosis of meningoencephalomyelitis that re-

sembled earlier describednonvasculitic autoimmune inflam-

matorymeningoencephalitis.8,9These 16patients are the sub-

jectof this study.Medianageatneurologic symptomonsetwas

42 years (range, 21-73 years); therewasno sexpredominance.

IgG in all 16 patients intensely stained cytoplasmic fila-

ments inhistologically restricted astrocytepopulations.None

of 173 Olmsted County healthy control serum specimens

yielded this pattern. Apart from 87 subsequently identified

seropositive patients (eFigure 1 in the Supplement), this pat-

tern was not yielded by any serum or CSF specimen among

more than100000patientswithmiscellaneousneurologicdis-

orders testedby service tissue–based immunofluorescenceas-

say. Immunostaining inmousebrainwas confined topia, sub-

pia, and midbrain foci (Figure 1A); periventricular region

(Figure 1B); and rostral migratory stream (eFigure 2 in the

Supplement). Enteric ganglia and nerves with mucosa-

penetrating filaments were prominent immunoreactive ele-

ments in theperiphery (Figure 1C); renal nerve elementswere

nonimmunoreactive. In spinal cord, immunoreactive fila-

ments were prominent around the central canal and in gray

matter, radiating to pia (Figure 1D).

Neurologic Correlations

The Table summarizes the 16 patients’ clinical and laboratory

findings.Evaluationswerenotconducteduniformly, andnoal-

ternativediagnoseswereestablished(infectious,granulomatous,

inflammatorydemyelinating, lymphomatous, carcinomatous,

or vasculitic). The most common clinical presentation was

disablingcorticosteroid-responsivemeningoencephalitisoren-

cephalitis,withorwithoutmyelitis.Fourteenpatientshadmen-

ingeal and encephalitic symptoms; seven additionally had

myelitic symptoms, 8 had vision changes, and 2 had isolated

meningeal or encephalitic symptoms. Subacute headachewas

themostcommonsymptom(13patients).Prominentclinicalfind-

ingswereopticdiscedemawithout increased intracranialpres-

sure (optic papillitis in 7 patients),myelopathy, tremor, ataxia,

progressive cognitive impairment, autonomic instability, and

psychiatric disturbance. No patient had seizures. Continuing

retrospectivehistory reviewfor subsequentGFAP-specific IgG–

seropositive patients confirms the association with central

nervous system (CNS) inflammation (to date 92%of 103 cases)

(eFigure 1 in the Supplement); detailed clinical, radiologic, se-

rologic,andCSFfindings;responsestotreatments;andoutcomes

will be the subject of a future article. Eight of 103 patients (8%)

had aperipheral nervous systemdisorder (neuropathy, dysau-

tonomia, ormyasthenia gravis).

Cranial or spinalmagnetic resonance imaging (MRI) (avail-

able for 12of 16patients [75%]) revealeddiffuseT2abnormali-

ties in periventricular white matter (9 of 12 [75%]) (Table);

6 patients (50%) had prominent linear perivascular enhance-

ment oriented radially to the ventricles, and 4 (33%) had lep-

tomeningeal enhancement. Spinal MRI revealed longitudi-

nally extensive T2 hyperintensity (5 of 7 patients [71%] with

myelopathy) or produced normal results (myelitic symptoms

in 2 of 7 patients [29%]). Figure 1E-I shows, for 2 patients, re-

semblances of MRI enhancement patterns (cranial and spi-

nal, respectively) to the immunohistochemical staining pat-

terns of patient IgG onmeningeal and parenchymal elements

in rodent brain and spinal cord (Figures 1B and D and eFigure

3 in the Supplement). The CSF was inflammatory in 13 of 14

patients with available data: leukocytes, 4 to 500/μL (me-

dian, 121/μL; reference range,≤5/μL [to convert to×109/L,mul-

tiply by 0.001]; lymphocytes, >80%); and protein, 0.06 to

0.20 g/dL (median, 0.11 g/dL; reference range, ≤0.04 g/dL [to

convert togramsper liter,multiplyby 10]). Supernumeraryoli-

goclonalbandswere found in5patientsandelevated IgG index
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in 3patients. TheCSFopeningpressurewas elevated (29.8 cm

H2O) in 1 of 8 recorded cases (13%). Available clinical, radio-

logic, and CSF findings classified the 16 patients as follows:

meningoencephalitis, 6; meningoencephalomyelitis, 5; en-

cephalomyelitis, 2; encephalitis, 2; and meningitis, 1 (Table).

Coexisting Disorders

Sevenpatientshad1ormoreautoimmunefindings (Table): glu-

tamic acid decarboxylase 65-kDa isoform antibody in 3 pa-

tients (43%) (1 had type 1 diabetes), thyroperoxidase-specific

IgG in3patients (43%) (1hadGraves thyroiditis), P/Q-typevolt-

age-gated calciumchannel antibody in 2patients (29%) (1 had

interstitial pneumonitis and myositis and 1 had prostate ad-

enocarcinoma), N-methyl-D-aspartate receptor (NMDAR)–

specific IgG in theCSF in2patients (29%) (1pairedserumspeci-

menwasalsopositive;bothpatientshadmeningoencephalitis,

1 had teratoma, and neither had classic autoimmuneNMDAR

encephalitis), andantinuclear antibody in 1patient (14%).Mis-

cellaneous immunopathies included polyclonal hypergam-

maglobulinemia and IgA deficiency.

Sixpatientshaddocumentedcancer,pastorcurrent (7neo-

plasms, 5 after neurologic symptomonset and2before): 2 ad-

enocarcinomas(prostate,gastroesophagealcoexistingwithmy-

eloma), metastatic melanoma, colonic carcinoid, parotid

pleomorphic adenoma (mixed tumor), and teratoma.Theme-

dian interval from neurologic symptom onset to cancer diag-

nosis was 3 months (range, −24 to +36 months).

Eleven patients of 13 with treatment information (85%)

received immunotherapy; all responded favorably to initial

intravenous high-dose corticosteroid treatment, but 7 (64%)

relapsed during dose tapering. No relapse occurred in 6 pa-

tients (55%) who received long-term immunosuppression

(mycophenolate, 5; azathioprine, 1).

Autoantigen Identification

Immunohistochemical Analysis

We investigated intermediate filament antigens. Desmin im-

munoreactivity colocalized with patient IgG in pia and sub-

pia (eFigure 4 in the Supplement); divergence in gut smooth

muscle (patient IgG nonreactive) lessened the likelihood of

Figure 1. Immunofluorescence Pattern of Patient IgG Bound to Rodent Central Nervous System Tissues in Part

Resembles Brain and Spinal CordMagnetic Resonance Imaging Patterns of PatientsWith Autoimmune Glial

Fibrillary Acidic ProteinMeningoencephalomyelitis

Immunofluorescence images Patient 7

A

B

C

D

E

F

G H I

J

CC

GM

WM

Patient 10

A, Distribution of patient IgG (green)

in mouse pia or subpia andmidbrain

parenchyma is consistent with

astrocytes (original magnification

×20). B, Periventricular region

(original magnification ×20).

C, Gastric smoothmuscle contains

immunoreactive ganglia (yellow

arrowheads) and nerve bundles and

segments, some (white arrowheads)

penetrating themucosa (original

magnification ×40). D, Filamentous

staining of rat hemispinal cord is

prominent around the central canal

(CC) (arrowhead) (original

magnification ×20). E and F, Brain

image of patient 7 reveals a

prominent radial pattern of

periventricular postgadolinium

enhancement (T1, sagittal). G-J, Spinal

cord of patient 10. T2 signal

abnormalities are hazy (sagittal, G;

axial, I and J), longitudinally extensive

(G), andmost prominent centrally (I).

Gadolinium enhancement of the

central spinal cord is prominent and

longitudinally extensive in the sagittal

(T1) image (H, arrowheads).

GM indicates ventral gray matter;

WM, white matter.
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desmin being antigen. Patient IgG colocalized partially with

CNSvimentin immunoreactivity, but divergent cellular stain-

ing reduced the likelihood of vimentin being antigen.

Patient IgG partially colocalized with the GFAP interme-

diate filament α-isoform in pial, subpial (Figure 2A), and sub-

ventricular astrocytes but not in GFAP-α–positive ependyma

(eFigure 5 in the Supplement). Processes inmyenteric plexus

presumptive gliawere prominently dual reactive (Figure 2C).

Bergmann radial glial processes bound GFAP-α–specific IgG

more intensely than patient IgG (Figure 2B). GFAP-δ/ε–

specific IgG colocalizedwith patient IgG in all examined neu-

ral tissues: pia and subpia (Figure 2D), subventricular zones,

cerebellar cortex (Figure2E), andmyentericplexus (Figure2F).

Like patient IgG, GFAP-δ/ε–specific IgG bound to Bergmann

glial filaments far less intensely thanGFAP-α–specific IgG.Thus,

patient IgG binding was relatively restricted to GFAP-δ/ε–

expressing astrocytes.

Immunochemical Characterization of Autoantigen

Westernblotprobingof rat spinal cordproteinswith4patients’

IgGs revealedacommonimmunoreactiveband(approximately

50 kDa); control human IgGs were nonreactive (Figure 3A).

Figure 2. Dual Immunostaining ofMouse TissuesWith Commercial IgGs Specific for Glial Fibrillary Acidic

Protein (GFAP) Intermediate Filament Isoforms and Patient IgG

GFAP-α Patient IgG Merge

GFAP-ε Patient IgG Merge

P
ia

 a
n

d
 S

u
b

p
ia

C
e

re
b

e
ll

u
m

M
y

e
n

te
ri

c 
P

le
x

u
s

P
ia

 a
n

d
 S

u
b

p
ia

C
e

re
b

e
ll

u
m

M
y

e
n

te
ri

c 
P

le
x

u
s

A

B

C

D

E

F

A, GFAP-α and patient IgGs largely

colocalize in astrocytes of pia and

subpia (original magnification ×20).

B, Unlike GFAP-α–specific IgG, patient

IgG is largely nonreactive with radial

processes of cerebellar cortical

Bergmann glia (original magnification

×20). C, Both IgGs completely

colocalize in myenteric plexus glia

(original magnification ×20).

D-F, GFAP-δ–specific IgG and patient

IgG colocalize extensively in the pia

and subpia (D), cerebellum (E) (note

that neither GFAP-δ–specific IgG nor

patient IgG binds to Bergmann glial

processes), andmyenteric plexus (F).

Colocalized IgGs appear yellow in

merged panels, and DNA is blue

(4′,6-diamidino-2-phenylindole

staining) (D). ε is human GFAP

isoform nomenclature; δ is rodent

GFAP nomenclature.
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Antigenicitywas furtherdemonstrated inthe50-kDaproteinby

reapplying to tissue sectionspatient IgGacideluted fromarep-

licate band (ie, not subjected toWestern probing) (Figure 3B).

A GBM xenograft tumor cell line was identified as en-

riched in the human glial antigen by immunofluorescence

screening of candidate glial lineswith patient IgG (Figure 3C).

Commercial pan-GFAP–reactive IgG, GFAP-δ/ε–specific IgG,

and patient IgG, but not control human IgG, yielded filamen-

tous cytoplasmic staining. ByWesternblotting, patient IgG re-

vealed antigenicity in a GBM cytoskeletal protein (8000g in-

soluble fraction) (Figure 3D). Mass spectrometry analysis of

common immunoreactive spots to which 2 individual pa-

tients’ IgGs bound (Figure 3E) yieldedpartial sequences com-

mon to theN-terminal and rod domains of all GFAP isoforms.

Consistent with previously reported 2-dimensional electro-

phoretic analysis of human brain GFAP,10 patient IgGs bound

to multiple polypeptides (interpreted to be different modifi-

cation and degradation products of GFAP).

ReactivityWith Isolated GFAP Isoforms

Todeterminewhetherpatient IgGboundselectively toGFAP-δ/

ε,GFAP-α,or isoform-commonepitopes,wetransfectedHEK293

cellswithexpressionplasmidsencodingindividualhumanGFAP

isoformstaggedwithgreenfluorescentprotein. IgGbindingana-

lyzedonpermeabilizedcells (immunofluorescence)and lysates

(Western blot) yielded concordant results. Commercial pan-

GFAP–reactiveIgGboundtobothGFAP-αandGFAP-ε(Figure4A);

commercialGFAP-α–specific IgGorGFAP-δ/ε–specific IgGbound

exclusively to thecorresponding isoform(Figure4BandC). IgG

in only 5 of 282 control human serum specimens tested (1.8%)

bound to GFAP isoform–transfected cells (Figure 4D): 3 of 135

healthycontrol specimens (2%), 1of 70specimenswithmiscel-

laneous immunopathies (1%), 1of57neuromyelitisoptica spec-

trum disorder specimens (2%), and 0 of 20 multiple sclerosis

specimens. Importantly,noneof those5boundtomouse tissue

sections. SerumorCSFsampleswereavailable from15of 16pa-

tients (94%) for isoformtesting. IgGboundtoGFAP-αcells (8of

11 serum samples [73%] and 9 of 9 CSF samples [100%])

(Figure4EandF).SerumIgGwasdual reactive(5of11specimens

[45%]), solelyGFAP-αreactive (3of 11 specimens[27%]),ornon-

reactive(3of11specimens[27%]). IgGinall9CSFspecimenswas

dual reactive (Figure4F).NoserumorCSFsampleswereGFAP-ε

monoreactive. No IgG bound to nontransfected cells. None of

49 control CSF specimens reactedwith isolatedGFAP.

Discussion

We identified a glial-restricted IgG autoantibody as a biomark-

erof anautoimmunemeningoencephalomyelitis that is immu-

notherapyresponsive.One-thirdofcaseshaveserologicevidence

ofautoimmuneendocrinopathy(someclinicallyevident);more

than one-third are paraneoplastic. The clinical presentation is

generallysubacute.Headacheisprominent.Commonsymptoms

andsignsareencephaliticandpapillitiswithout increased intra-

cranial pressure, andmyelopathic. The astrocytic cytoplasmic

Figure 3. Autoantigen Identification
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from 4 individual patients and

2 healthy controls. Patient IgG binds

to an approximately 50-kDa band.

B, Immunostaining of mouse

periventricular region with IgG in

original patient serum andwith

neutralized IgG acid eluted from a

nonstained replica of transblotted

immunoreactive band. C, Cytoplasm

of glioblastomamultiforme (GBM)

xenograft cells binds patient IgG,

commercial glial fibrillary acidic

protein (GFAP)–specific IgGs,

pan-reactive, and ε-isoform–specific

(green) but not control human IgG.

DNA is stained blue with

4′,6-diamidino-2-phenylindole. Scale

bar indicates 50 μm. D, Western blot

of GBM tumor xenograft lysate

(8000g insoluble fraction) probed

with commercial GFAP-specific IgGs

and healthy control or 2 patient IgGs.

E, GBM lysate proteins separated by

2-dimensional (2-D) electrophoresis

and probed with IgG from 2 patients.

Red outline defines the protein

identified as GFAP bymass

spectrometry analysis. ε is human

GFAP isoform nomenclature; δ is

rodent GFAP nomenclature.
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intermediatefilamentproteinGFAPistheautoantigen.Although

rarelyfoundinhealthyindividualsorcontrolswithdisease,GFAP-

specific IgG is a common autoantibody in neurologic practice.

Tissue-basedimmunofluorescenceisthemostsensitiveandspe-

cificscreeningassay;confirmationbyaGFAP-α–transfectedcell–

basedassay is recommended.TheMayoClinicNeuroimmunol-

ogyLaboratory’s currentdetection rate forGFAP-specific IgG, 1

in1000serviceserologicevaluations(0.10%),equalsthePurkinje

cell antibody type 1 (anti-Yo) detection rate and is one-third of

thedetectionrateforantineuronalnuclearantibody1 (anti-Hu).5

Glial fibrillaryacidicprotein–specific IgGis likelymadebyperiph-

eralandCNS-infiltratinglymphoidcells.Continuingserologicob-

servations and the frequently elevated IgG index in this initial

patientcohortsuggestthatGFAP-specificIgGstatusisascertained

moresensitively inCSFthaninserum.Furthermore,CSFyielded

nofalse-positiveresultsonGFAP-transfectedcells.Accruingclini-

cal correlative information for subsequently identified GFAP-

specific IgG–seropositivepatientssupports thediseasespectrum

encountered inour 16 initially identifiedpatients.Therelatively

homogeneousneurologic spectrumascertained inblindedser-

vicescreeningofmorethan100000neurologicpatientspredicts

that GFAP-specific IgG seropositivity will distinguish autoim-

mune GFAP meningoencephalomyelitis from disorders com-

monlyconsideredinthedifferentialdiagnosis,suchasinfectious,

granulomatous, and inflammatory demyelinating disorders,

lymphoma, carcinomatosis, and vasculitis.

Clinical, radiologic, andCSF findings inautoimmuneGFAP

meningoencephalitis are reminiscent of cases reported in 1991

to1999aschronicorsubacutecorticosteroid-responsivenonvas-

culiticautoimmuneinflammatorymeningoencephalitis.8,11,12 In

thosecases,CSFhad lymphocyticpleocytosis andelevated IgG

indexes;brainbiopsiesrevealedperivascularlymphocyticinflam-

mation in leptomeningeal and parenchymal vessels, without

vessel wall involvement.11,12 Veterinary investigators in Japan

identifiedGFAP-specific IgGasaconsistentCSFmarkerofan in-

flammatory canine encephalopathy.13-17Despite amore severe

clinical course and neuropathologic findings, canine necrotiz-

ing meningoencephalitis is undoubtedly the equivalent of

human autoimmune GFAP meningoencephalomyelitis. The

caninepresentationofseveredepressionandataxiaiscommonly

accompaniedbygeneralizedseizures,withdeathensuingwithin

months of onset.16 Lymphocytic inflammation and cerebral

corticalnecrosis areprominent.18Magnetic resonance imaging

revealed leptomeningealenhancement in9of 18caninecases.19

Thevaryingpatternsof canine IgG reactivitywithbovineGFAP

fragments indicatedmultiple epitope specificities.15

Asnoted for classic autoimmuneneurologicdiseases,1,20,21

patients with autoimmune GFAP meningoencephalomyelitis

Figure 4. IgG Binding to HEK293 Cells TransfectedWith Expression Plasmids Encoding Green Fluorescent

Protein–Tagged Human Glial Fibrillary Acidic Protein α or ε Isoform
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havemultiple autoimmunedisorders andautoantibodies.His-

torically, failuretoappreciatethatnonneuralautoantibodiesand

autoimmunedisorders frequently coexistwithneural-specific

autoimmunedisorders20has led to inappropriatenamingofau-

toimmune neurologic disorders, for example, Hashimoto en-

cephalopathy.Determinationof the frequencyandspectrumof

neural autoantibodies accompanyingGFAP-specific IgGawaits

serologic investigationofa largerGFAP-specific IgG–positivepa-

tient cohort. It is noteworthy that serum specimens from con-

trol patients with other autoimmune disorders were mostly

GFAP-specific IgGnegative, except for thosewithautoimmune

AQP4neuromyelitis optica spectrumdisorders (GFAP-specific

IgGpositive in2%of cases).AssociationofNMDARautoimmu-

nity and AQP4 autoimmunity has been previously reported.22

WedetectedNMDAR-specific IgG in theCSFof2GFAP-specific

IgG–positivepatientswithencephalopathicfeatures;neitherhad

classicNMDARencephalitis.OnepresentationresembledHANDL

syndrome (transientheadacheandneurologicdeficitswith ce-

rebrospinal fluid lymphocytosis). A recently described patient

withNMDAR-specific IgG–positiveCSFandHANDL-likeclinical

presentation23hadsustainedNMDAR-specific IgGseronegativ-

ity after immunotherapyandno relapse. In that report,23 12 ar-

chivalcontrolserumspecimensfromclinicallydiagnosedHANDL

testednegative forNMDAR-specific IgG andother customarily

tested neuronal IgG markers of autoimmune encephalitis (α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionicacidreceptor,

γ-aminobutyricacidBreceptor, leucine-richglioma inactivated

1,contactin-associatedprotein–like2,and65-kDaisoformofglu-

tamicaciddecarboxylase).Futureserologicinvestigationsshould

ascertainwhetherHANDLsyndrome represents amild clinical

manifestationof autoimmuneGFAPmeningoencephalopathy.

It is conceivable that GFAP, AQP4, and NMDAR are coim-

munogens in certain occult neoplasms and drive immune re-

sponses against all 3 antigens. The restricted binding of GFAP-

specific IgGtoanastroneuronalprogenitorpopulation inmouse

tissue suggests the autoimmune response’s initiator is a primi-

tiveneural-type cell. The38%frequencyof systemicneoplasia

in GFAP-specific IgG–positive patients (continuing in prospec-

tive experience) is consistent with a paraneoplastic origin for

some cases of GFAP autoimmunity. In comparison, the cancer

rate for serologically negativeneurologic patients evaluated in

the Mayo Clinic Neuroimmunology Laboratory is 18%.24 Glial

fibrillary acidic protein immunoreactivity has been reported

in some neoplasm types identified in this study: teratoma,25

carcinoid (admixed with teratoma),26 salivary pleomorphic

adenoma,27 prostate carcinoma,28 and melanoma.29 Cancer

screening appropriate for age, sex, and risk factors is recom-

mended forGFAP-specific IgG–positivepatients.Detectionof a

coexistingantibody(eg,NMDAR-specificIgG)mayrefinethecan-

cer search. Finding ovarian teratoma in 1 of 2 GFAP-specific

IgG–positive cases who had NMDAR-specific IgG is consistent

with themultiplicity ofneural antigens inmature teratomas.25

Astrocyte lineageheterogeneity iswell recognized.30With

maturation, ratios of GFAP isoforms to other intermediate fila-

ment proteins change.31,32 Human brain GFAP has 7 recog-

nized splice variants (ε in humannomenclature is δ in rodent).

InhumanandmouseGFAPsequences, theC-terminusofαand

δ/ε isoforms diverge completely, but GFAP-α proteins are 91%

identical in both species, andGFAP-δ/ε proteins are 89% iden-

tical. In the adult mouse brain, GFAP-δ is restricted to neuro-

genic astrocytes in subventricular areas, rostral migratory

stream, and olfactory bulb,32 locations that coincide with the

distributionofpatient IgG immunoreactivity.30Patient IgGs re-

activewithisolatedGFAPisoformswereallGFAP-αreactive;only

some bound to GFAP-ε. Immunoreactivity discrepancies ob-

served between recombinant GFAP proteins andmouse tissue

may reflect posttranslational modification of GFAP-α antige-

nicity inmature astrocytes or obscuring of a dominantGFAP-α

epitope in tissue by 3-dimensional in situ interaction between

GFAP isoforms and other intermediate filament proteins.

Conclusions

IgGsspecific for intracellularautoantigens lackpathogenicity for

live target cells invivo.Theirdetectionaidsneurologic autoim-

munitydiagnosis1andprovides surrogatemarkersof activated

CD8+ cytotoxic T cells specific for peptides derived from the

autoantibody-definedproteins.33Glial fibrillaryacidicprotein–

derived peptides in surfacemajor histocompatibility complex

class1moleculesupregulatedoninflamedmeningealastrocytes

byambient interferonγareplausible targets for cytotoxicT-cell

attack in autoimmune GFAPmeningoencephalomyelitis. Glial

fibrillary acidic protein peptide–specific CD8+ T lymphocytes

cause CNS inflammation in a T-cell receptor transgenicmouse

model of autoimmunity.34 Furthermore, severe meningoen-

cephalitisdevelopedinwild-typemicethatharboredsmallnum-

bersofGFAP-specificCD8+Tlymphocytes(otherwisenonpatho-

genic) on systemic challenge with recombinant vaccinia virus

expressing theproteinGFAP (otherwisenonpathogenic). Infil-

trating lymphocytes localizedhistopathologically tomeninges

and vascular or perivascular space more than parenchyma.

The paraneoplastic encephalomyelitis for which antineuronal

nuclear antibody2 (anti-Ri) is abiomarker is aprecedent for the

therapeuticbenefit of corticosteroid inaCD8+ cytotoxicT-cell–

mediated disorder.35,36An alternative explanation for impres-

sivecorticosteroidresponsivenessofpatientswithautoimmune

GFAPmeningoencephalomyelitis is thatGFAP-specific IgGmay

beaccompaniedbyanasyetunidentifiedpathogenic autoanti-

body targeting the astrocytic plasma membrane. Pathophysi-

ologic insights into thisnewlyrecognizedautoimmuneastrocy-

topathy are anticipated from future investigations of patient

neural tissue immunopathology, T-cell antigen specificities,

genetic factors, and animalmodels.
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