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IMPORTANCE Recognizing the presenting and immunopathological features of Kelch-like

protein-11 immunoglobulin G seropositive (KLHL11 IgG+) patients may aid in early diagnosis

andmanagement.

OBJECTIVE To describe expanding neurologic phenotype, cancer associations, outcomes, and

immunopathologic features of KLHL11 encephalitis.

DESIGN, SETTING, AND PARTICIPANTS This retrospective tertiary care center study, conducted

fromOctober 15, 1998, to November 1, 2019, prospectively identified 31 KLHL11 IgG+ cases in

the neuroimmunology laboratory. Eight were identified by retrospective testing of patients

with rhomboencephalitis (confirmed by tissue-based-immunofluorescence and

transfected-cell-based assays).

MAIN OUTCOMES ANDMEASURES Outcome variables includedmodified Rankin score and gait

aid use.

RESULTS All 39KLHL11 IgG+ patientsweremen (median age, 46 years; range, 28-73 years). Initial

clinical presentationswere ataxia (n = 32; 82%), diplopia (n = 22; 56%), vertigo (n = 21; 54%),

hearing loss (n = 15; 39%), tinnitus (n = 14; 36%), dysarthria (n = 11; 28%), and seizures (n = 9;

23%). Atypical neurologic presentations included neuropsychiatric dysfunction,

myeloneuropathy, and cervical amyotrophy. Hearing loss or tinnitus preceded other neurologic

deficits by 1 to 8months in 10 patients (26%). Among patients screened formalignancy (n = 36),

testicular germ-cell tumors (n = 23; 64%) or testicularmicrolithiasis and fibrosis concerning for

regressed germ cell tumor (n = 7; 19%)were found in 83%of the patients (n = 30). In 2 patients,

lymphnode biopsy diagnosedmetastatic lung adenocarcinoma in one and chronic lymphocytic

leukemia in the other. Initial brainmagnetic resonance imaging revealed T2 hyperintensities in

the temporal lobe (n = 12), cerebellum (n = 9), brainstem (n = 3), or diencephalon (n = 3). Among

KLHL11 IgG+ patientswho underwentHLA class I and class II genotyping (n = 10),mostwere

found to haveHLA-DQB1*02:01 (n = 7; 70%) andHLA-DRB1*03:01 (n = 6; 60%) associations.

A biopsied gadolinium-enhancing temporal lobe lesion demonstrated T cell–predominant

inflammation and nonnecrotizing granulomas. Cerebellar biopsy (patientwith chronic ataxia)

and 2 autopsied brains demonstrated Purkinje neuronal loss andBergmann gliosis, supporting

early active inflammation and later extensive neuronal loss. Comparedwith nonautoimmune

control peripheral bloodmononuclear cells, cluster of differentiation (CD) 8+ andCD4+T cells

were significantly activatedwhen patient peripheral bloodmononuclear cells were culturedwith

KLHL11 protein.Most patients (58%)benefitted from immunotherapy and/or cancer treatment

(neurological disability stabilized [n = 10]or improved [n = 9]). Kaplan-Meier curvedemonstrated

significantly higher probability ofwheelchair dependence amongpatientswithoutdetectable

testicular cancer. Long-termoutcomes inKLHL11-IgG+patientswere similar toMa2encephalitis.

CONCLUSIONS AND RELEVANCE Kelch-like protein-11 IgG is a biomarker of testicular germ-cell

tumor and paraneoplastic neurologic syndrome, often refractory to treatment. Described

expanded neurologic phenotype and paraclinical findings may aid in its early diagnosis and

treatment.
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N
umerous neural autoantibody biomarkers of para-

neoplastic encephalitis have been defined in the

past decade, and new autoantibodies continue to

be discovered.1,2Many serve as biomarkers for specific cancer

types.3 In 2019,4 we described the index case of a new para-

neoplasticautoimmuneKelch-likeprotein-11 (KLHL11)encepha-

litis associated with seminoma and summarized clinical find-

ings for 12 additional cases.

The 26 additional patients we report here provide amore

comprehensive overview of the clinical phenotype, its initial

presentation, neurologic findings, oncologic associations,

and disability outcomes. We also investigated human leuko-

cyte antigen (HLA) haplotype associations and KLHL11-

specific T-cell responses and performed immunopathologic

analyses of autopsied and biopsied central nervous system

(CNS) tissues.

Methods

Identification of Patients

This is a retrospective, clinical-serological cohort study ap-

proved by the institutional review board ofMayo Clinic, with

a waiver of consent for clinical data obtained as part of sero-

logic test validation (study 08-00647). All Mayo Clinic pa-

tients whosemedical records were analyzed providedwritten

consent for medical research.

TheMayoClinicNeuroimmunologyLaboratory tested se-

rumand cerebrospinal fluid (CSF) specimens submitted from

patientsbeingevaluatedonaservicebasis forasuspectedpara-

neoplastic neurological or autoimmune encephalitic illness.

Between January 1, 1998, and November 1, 2019, the mouse

tissue–based immunofluorescence assay (IFA) component of

the laboratory’s standard serologic testing algorithmprospec-

tively identified31 casesexhibiting the“Sparkles” IFApattern4

characteristic of KLHL11-IgG reactivity. Eight additional cases

with characteristic Sparkles IFApatternwere identified retro-

spectively by testing stored serum or CSF samples from 89

Mayo Clinic patients presenting with ataxia or rhomboen-

cephalitis who were previously formally reported sero-

negative. Here we confirmed that all 39 sera were KLHL11-

immunoglobulin G–positive using a HEK293 KLHL11

overexpression cell-based assay (CBA) (eAppendix in the

Supplement) and additionally tested them forMa2-IgGby en-

zyme-linked immunosorbent assay.

Comparative Group

As a control group, we used archival specimens from 22Ma2-

IgG-seropositive patients identified in the Mayo Neuroimmu-

nology laboratory database; 3 were included in previous

studies.5-7 The Ma2-IgG–positive cases were all negative for

KLHL11-IgG by IFA. Full details of methods pertaining to IFAs

on rodent brain tissue, HEK 293T–cell overexpression assays,

Ma2 enzyme-linked immunosorbent assay, dendritic cell/T-

cell assay,mass cytometry,HLA typing, and statistical analysis

are provided in the eMethods in the Supplement. Fisher exact

testandMann-WhitneyU testwereusedtoanalyzenominaland

continuousvariables, respectively (SPSS,version25; IBM).The

P value was 2-sided, and values of less than .05 were consid-

ered significant.

Results

Kelch-like protein-11 IgGwas detected in serumand/or CSFof

39 patients, initially by tissue-based IFA (eFigure 1A and B in

the Supplement), and specificity was subsequently con-

firmedby transfectedcell-basedassay (eFigure2AandB in the

Supplement). All patients (including 13 previously reported4)

were male, and their median age was 46 years (range, 28-73

years). Median serum and CSF titers by IFA were 1:30 720 (1:

960 to 1:245 760) and greater than 1:640, respectively. All

KLHL11-IgG–positive specimens were negative for Ma2-IgG.

Clinical Presentation

In 28 of 39 cases, the predominant clinical presentation was

paraneoplastic rhomboencephalitis (brainstem encephalitis

and/or cerebellitis); 5 presented with a combination of para-

neoplastic rhombencephalitis and limbic encephalitis; and 6

presented with only limbic encephalitis. Most patients pre-

sentedwith gait instability (n = 32; 82%) anddiplopia (n = 22;

56%). It is noteworthy that vertigo (n = 21; 54%), hearing loss

(n = 15; 39%), and tinnitus (n = 14; 36%) were a common and

distinctive clinical symptom among patients with autoim-

muneKLHL11 encephalitis. In26%of cases,hearing lossor tin-

nitus preceded other neurologic deficits (by a median of 2.5

months; range, 1-8months).Seizuresandencephalopathywere

a component of the presenting manifestations in 9 patients

(23%), 4 ofwhomhad coexisting brainstemor cerebellar dys-

function.

On examination, the most common neurologic deficits

weregait ataxia (n = 32;82%;Video1),dysmetria (n = 24;62%),

nystagmus (n = 21; 54%;Video2), nuclearor supranucleargaze

palsy (n = 13; 33%),dysarthria (n = 11; 28%,Video3), and trem-

ors (n = 12; 31%). Almost one-third of patients had brisk deep

tendon reflexes (n = 13; 33%).

Rare Presentations Encountered in 4 Patients

Neuropsychiatric presentationswere prominent in 2 patients

and included anxiety and panic attacks. As the disease pro-

Key Points

Question What are the clinical, radiologic, immunopathologic,

and human leukocyte antigen features of Kelch-like-protein-11

(KLHL11) encephalitis?

Findings In this case series, the common presenting feature of

KLHL11 encephalitis is a rhombencephalitis phenotype with ataxia,

diplopia, dysarthria, vertigo, hearing loss, and tinnitus. A strong

oncologic association, KLHL11-specific T-cell response, human

leukocyte antigen associations, and brain histopathology supports

an immunopathologic basis.

Meaning Recognizing presenting features of KLHL11 encephalitis

may aid in early diagnosis of this paraneoplastic syndrome and

immunopathologic findings may guide immunotherapeutic

management.
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gressed, ataxia, sensorineural hearing loss, and right-sided tri-

geminal neuropathy developed in 1 of those patients; severe

refractory facial pain andparaesthesias evolved over a period

of 2 years. In the second patient with early neuropsychiatric

manifestations, the evolution of diffuse fasciculations, pro-

gressive cognitivedecline, and ataxia over thenext 3 years led

to initialmisdiagnosesof frontotemporal dementia andamyo-

trophic lateral sclerosis. In thenext 2 years, supranuclear gaze

palsy, ataxia, dysarthria, anddysphagiadeveloped.A thirdpa-

tient presented with subacute flaccid paraparesis and mag-

netic resonance imaging (MRI)demonstratedan ill-definedT2/

fluid-attenuated inversion recovery (FLAIR)hyperintensity in

the thoracic cord, and enhancement of lumbar roots. Electro-

diagnostic testing confirmed that he had polyradiculoneu-

ropathy.Nystagmus, supranuclear gazepalsy, dysarthria, and

ataxiadevelopedwithin2yearsof initialpresentation.A fourth

patient had asymmetric cervical amyotrophy with profound

upper limb weakness in addition to features of rhomboen-

cephalitis (nystagmus, vertigo, and ataxia). A testicular semi-

noma was detected in all 4 cases.

Cerebrospinal Fluid Analysis

ResultsofCSFanalysiswereavailablefor34cases.Findingswere

inflammatory in 85% (n = 29): protein 50mg/dL or greater (to

convert to grams per liter, multiply by 10); leukocyte counts

exceeding5cells/μL(toconvert to×109per liter,multiplyby10);

or both. The median leukocyte count was 10 cells/μL (range:

0-86 cells/μL), and median total protein was 65 mg/dL

(23-200 mg/dL). Supernumerary oligoclonal bands were de-

tected in 18 of 22 evaluated patients’ specimens (82%; me-

dian, 6; range, 0-14).

Neuroimaging

Among 37 patients with an available brain MRI at time of di-

agnosis, 7 had no detected abnormality (Figure 1). Twenty-

eight patients (76%) had T2/FLAIR hyperintensity (temporal

Figure 1. Examples ofMagnetic Resonance Image (MRI) Abnormalities Found in the Central Nervous System, Cranial Nerves, and Spinal Nerve Roots

of PatientsWith Autoimmune Kelch-like Protein-11 (KLHL11) Encephalitis

T2 hyperintensity involving
the left medullary olive

A FLAIR hyperintensity involving
the pons

B

T2 hyperintensity involving
the right medial temporal lobe
and atrophy of the left medial
temporal lobe

E Bilateral medial temporal
hyperintensities

F

 FLAIR hyperintensity involving
the midbrain

C

Gadolinium enhancement
of the left trigeminal nerve

G

Leptomeningeal enhancement
around the vermis

D

Gadolinium enhancement
of the lumbosacral roots

H

T2 hyperintensity involving the left medullary olive (arrowhead;

A). Fluid-attenuated inversion recovery (FLAIR) hyperintensity involving the

pons (B). FLAIR hyperintensity involving themidbrain (arrowhead, C).

Leptomeningeal enhancement (arrowhead) around the vermis on T1

postgadolinium images (D). T2 hyperintensity involving the right medial

temporal lobe and atrophy of the left medial temporal lobe (E). Bilateral medial

temporal hyperintensities (right greater than left; F). Gadolinium enhancement

of the left trigeminal nerve (arrowhead) on axial and coronal sections (G).

Gadolinium enhancement of the lumbosacral roots (arrowhead; H).
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lobe, n = 12; cerebellum, n = 9; brainstem, n = 3; and dien-

cephalon, n = 3; Figure 2). One patient had midbrain T2 hy-

perintensity onbrainMRI alongwithbilaterally symmetric T2

signal abnormality involving central gray structures extend-

ing to theupper thoracic spinal cord. Threepatientshadgado-

linium enhancement on MRI (temporal lobe, n = 2; and mid-

brain and lumbosacral roots, n = 1; Figure 2). In 2 patients

lackingevidenceofbrainparenchymalT2hyperintensity,gado-

Figure 2. Kelch-like Protein-11 (KLHL11)–Specific T-cell Response

Schematic of PBMC-derived dendritic-cell/T-cell coculture assayA

Flow cytometry at 72 h posttreatmentB

Mass cytometry immunophenotypingC
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Schematic of peripheral blood

mononuclear cell–derived DC-T cell

coculture assay (A). Flow cytometry

at 72 hours following treatment

demonstrated that (compared with

vehicle treated cells) KLHL11

antigen–treated cells exhibited an

increased frequency of CD69

expressing CD8+ and CD4+ T cells in

KLHL11 immunoglobulin G

seropositive (KLHL11+) patients but

not healthy control (HC) individuals

(B). Representative flow plots shown

on left. Cytometry by time of flight

immunophenotyping demonstrated

an increased frequency of CD25

expressing CD4+ and CD8+ T cells

following antigen treatment (C). Heat

map shows expression of the

indicatedmarkers for each cluster.

Rphenograph scatterplots show

clusters generated by T-distributed

stochastic neighbor embedding plots

for all conditions (right) and for each

condition (bottom panels).

a P < .001.
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linium enhancement was noted in leptomeninges (n = 1) and

trigeminal nerve (n = 1).Of 12patientswith follow-up imaging

more than 2 years after the initial MRI brain, 6 had cerebellar

atrophy, 2 had medial temporal lobe atrophy, and 1 had dif-

fuse cerebral atrophy. Three patients had hypertrophic oli-

vary degeneration.

Audiology

Sensorineural hearing loss was demonstrated in all 7 tested

patients (eFigure 3 in the Supplement).

Alternative Diagnosis

Before a paraneoplastic etiology was considered, 21 patients

(54%)wereassignedvariedalternativediagnosis, including in-

fectious encephalitis (n = 6; Whipple disease in 4), brain tu-

mor (n = 3), alcoholic cerebellar generation (n = 2), multiple

sclerosis (n = 2),medication toxicity (n = 1),Wernickeencepha-

lopathy (n = 1),neurosarcoidosis (n = 1), ischemicstroke (n = 1),

Alzheimer disease (n = 1), frontotemporal degeneration/

amyotrophic lateral sclerosis (n = 1), benignparoxysmal posi-

tional vertigo (n = 1), and functional neurological disorder

(n = 1). Testicular cancerwas diagnosed inmost patientswho

had follow-up information (n = 13 of 20; 65%) after their phy-

sicians were informed about the high frequency of testicular

cancer association in patients whose serumwas scored posi-

tive for the Sparkles immunostaining pattern.

Human Leukocyte Antigen Association

AmongKLHL11-IgGseropositivepatientswhounderwentHLA

class I and class II genotyping (n = 10), most had DQB1*02:01

(n = 7; 70%)andDRB1*03:01 (n = 6;60%)associations.Acom-

mon major histocompatibility complex class II HLA haplo-

type,DRB1*03:01-DQB1*02:01 (DR17 [3] toDQ2),was found in

6of 10evaluatedpatientswith autoimmuneKLHL11 encepha-

litis. Other haplotypes detected were DQ6-DR13 (n = 3;

DRB1*1302-DQB1*06:04 [n = 1] and DRB1*1301-DQB1*06:03

[n = 2]) and DR7-DQ2 (n = 1; DRB1*0701-DQB1*02:01). These

latter 4 patients did not obviously differ in clinical presenta-

tion, cancerassociation,or clinicaloutcomefromtheDRB1*03:

01-DQB1*02:01 haplotype-positive patients. Among 6 pa-

tientswitha commonhaplotype, 3hadseminoma (2 testicular

and 1 extratesticular [mediastinal]), 1 had a lung adenocarci-

noma, and 2 had testicular microlithiasis and fibrosis. The 4

patients with alternate haplotypes had seminoma.

KLHL11-Specific T Cells

Peripheral blood mononuclear cell (PBMC)–derived dendritic

cell/T cell cocultures were treated with full length KLHL11 or

vehicle only for 72 hours (Figure 2A), and surface expression

of the activation marker cluster of differentiation 69 (CD69)

was measured on CD4+ and CD8+ T cell subsets by flow

cytometry. Compared with vehicle, the change in percentage

of CD4+ and CD8+ T cells expressing CD69 was determined

for 5 KLHL11+ patients and 12 healthy control individuals. As

shown in Figure 2B, we observed a marked increase in CD69-

expressing T cells among both CD4+ and CD8+ T-cell subsets

in patients compared with healthy control individuals. The

KLHL11 seropositive patients’ PBMC-derived T cell cocultures

did not exhibit increased frequency of CD69-expressing

CD8+ or CD4+ T cells in response to treatment with full-

length paraneoplastic antigen Ma2 protein (eFigure 4 in the

Supplement). In 1 patient, we also performed cytometry by

time of flight using a 31-analyte T-cell panel to more fully

characterize the profile of T-cell subsets following KLHL11

treatment. As shown (Figure 2C), we observed marked

expansion of T-effector memory subsets as well as

CD25+CD28+CD8+effector and CD25+CD28+CD4+effector

subsets.

Neuropathology

Brain tissue was available from 4 patients (2 biopsies and 2

autopsies). A gadolinium-enhancing right temporal lobe

lesion from a patient presenting with headache and cogni-

tive decline exhibited chronic lymphocytic (T-cell predomi-

nant) inflammation with nonnecrotizing granulomas

(Figure 3A-F). A cerebellar biopsy from another patient pre-

senting with chronic ataxia and nystagmus whose brain MRI

showed cerebellar atrophy demonstrated Bergmann gliosis

and Purkinje neuronal loss, with a small collection of inflam-

matory cells (case not shown). Findings in this patient were

consistent with the histopathology found in the 2 autopsied

brains (1 patient presenting with gait ataxia and the other

presenting with neuropsychiatric manifestations and diplo-

pia). The cerebellum in both cases demonstrated moderate

to severe loss of Purkinje neurons accompanied by Berg-

mann gliosis (eFigure 5 in the Supplement). One patient had

gliotic changes in the left thalamus (eFigure 5 in the Supple-

ment) localized to the region of thalamic FLAIR/T2 hyperin-

tensity. The other patient had severe degeneration of the

inferior olivary and cerebellar dentate nuclei and severe neu-

ronal loss and gliosis in the hippocampal CA1 layer. The neu-

ropathologic findings suggest a disease continuum with

early-stage active inflammation and severe neuronal loss in

the chronic stage.

Oncologic Associations

A neoplasm was detected in 25 of 36 patients who were

screened for cancer (computed tomography chest/abdomen/

pelvis and testicular ultrasonography). Testicular cancer was

found in 23 cases (seminoma in 21). Four of the seminomas

were found inanextratesticular locationsbywhole-bodyposi-

tron emission tomography (2 mediastinal and 2 retroperito-

neal). The neoplasm in the 2 other testicular cancer patients

were mixed germ cell tumors (1 seminoma and embryonal

carcinoma; 1 embryonal carcinoma).Onepatient had lung ad-

enocarcinoma and another had chronic lymphocytic leuke-

mia. Scrotal ultrasonography revealed testicular microlithia-

sis in 7 patients. Orchiectomy in those patients demonstrated

a fibrotic mass with scattered lymphocytes and calcification

consistent with an immunologically eliminated (regressed or

burned-out) testicular germ cell tumor.8-11

The seminoma tissue immunohistopathology from a pa-

tientwith autoimmuneKLHL11 encephalitis demonstratedT-

cell predominant lymphocytic infiltration (Figure 3G and H).

Furthermore, KLHL11 immunoreactivity was detected in the

tumorcell cytoplasm(Figure3I).WealsodemonstratedKLHL11
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immunoreactivity in the lymphnodebiopsyof thepatientwith

metastatic lung adenocarcinoma (eFigure 6A and B in the

Supplement).

Clinical Outcomes

Nearly all patients with clinical follow-up duration of at least

6 months (n = 32 of 33; median period, 30 months [range,

6-216 months]) received 1 or more of the following as initial

immunotherapy: intravenous methylprednisolone (IVMP;

n = 27), intravenous immune globulin (IVIg; n = 15), plasma-

pheresis (n = 10), or oral prednisone for more than 2 weeks

(n = 6). A subset of 17 patients received second-line immuno-

suppressive therapy with 1 or more of the following agents:

cyclophosphamide (n = 13), rituximab (n = 5), mycopheno-

Figure 3. Immunohistochemical Staining of Brain Biopsy (A-F) and Testicular Seminoma (G-I)

Temporal lobe biopsyA Immunophenotyping showing
CD68+ macrophages

B Immunophenotyping showing few
CD20+ B cells

C

Immunophenotyping showing
numerous CD3+ T lymphocytes

D Immunophenotyping
of CD4+ T lymphocytes

E Immunophenotyping
of CD8+ T lymphocytes

F

Hematoxylin-eosin staining
of a testicular seminoma

G CD3 staining of a testicular
seminoma

H CD3 staining showing KLHL11-IgG
binding to cytoplasm of
seminomatous cells

I
Temporal lobe biopsy demonstrates

nonnecrotizing granulomas,

prominent lymphocytic infiltrates,

and neuronal loss (A).

Immunophenotyping demonstrated

CD68-positive macrophages (B),

fewer CD20-positive B cells (C)

compared with numerous CD3+ T

lymphocytes (D). Lymphocytes are

both CD4+ (E) and CD8+ T cells (F).

Hematoxylin-eosin (G) and CD3 (H)

staining of a testicular seminoma

from a patient with autoimmune

Kelch-like protein 11 encephalitis

demonstrates collection of

inflammatory cells in the seminoma.

Kelch-like protein 11 IgG binds to the

cytoplasm of the seminomatous cells

(I). Magnification 10× for panels A

through F and 20× for G through I.
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late mofetil (n = 2), azathioprine (n = 1), tacrolimus (n = 1), or

natalizumab (1). Twenty-four patients received surgery, che-

motherapy, or radiation therapy for management of a diag-

nosed cancer. Nineteen patients (58%) stabilized neurologi-

cally (n = 10) or improved (n = 9). At last follow-up, 21

patients (57%) needed a gait aid (wheelchair, n = 16; roller

walker, n = 5).

ThemedianmRSat last assessmentwas4 (range, 2-6). Sig-

nificantly fewer patients with testicular cancer required a

wheelchair at last follow-up (44% [n = 7] vs 90% [n = 9]with-

outcancerdetection;OR,0.09;95%CI,0.01-0.85;P = .02), sug-

gesting less neurologic morbidity among cases with con-

firmed (and treated) testicular cancer. Consistent with this

conclusion was the observation that there was a trend to-

ward neurologic deficits stabilizing or improving more fre-

quently in patients treated for testicular cancer than in pa-

tients without a detectable testicular cancer. However, the

trend was not statistically significant (68% [n = 16] vs

36% [n = 4]; P = .08). Kaplan-Meier curve analysis demon-

strated significantly higher probability of wheelchair depen-

dence among patients without detectable testicular cancer

(Figure 4A). Eight deathswere reported, with amedian inter-

val of 55months fromsymptomonset to death (range, 10-109

months).

ComparisonWithMa2-IgG Seropositive Cases

The frequency of autoimmune rhombencephalitis diagnosis

among KLHL11-IgG seropositive patients was significantly

higher than among a comparison cohort of patients seroposi-

tive for Ma2-IgG, another neural autoantibody recognized as

a marker of paraneoplastic rhomboencephalitis associated

with testicular cancer (82% [n = 32] vs 40% [n = 8]; OR, 3.2;

95% CI, 1.6-6.4; P = .003; Table). Furthermore, symptoms of

ataxia (82% [n = 32] vs 30% [n = 6]; P < .001), vertigo (54%

[n = 21] vs 15% [n = 3]; P = .005), hearing loss (39% [n = 15]

vs 0; P = .001), and tinnitus (36% [n = 14] vs 0; P = .001)

were significantly more common among patients with auto-

immune KLHL11 encephalitis, and histopathologic diagnosis

of seminoma was significantly more frequent among

KLHL11-IgG encephalitis cases (58% [n = 21] vs 11% [n = 2];

OR, 5.9; 95%, CI 1.5-23.3; P = .001). Kaplan-Meier curve

demonstrated similar probability of wheelchair dependence

among KLHL11-IgG and Ma2-IgG seropositive patients

(Figure 4B).

Figure 4. Clinical Outcomes Assesed Based onWheelchair Dependence
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Discussion

The autoantibody thatwehavedefined as a new serologic bio-

marker of paraneoplastic encephalitis in men is KLHL11-

specific IgG that is highly associated with testicular germ cell

tumors. The typical clinical presentation is rhomboencephali-

tis, with predominant ataxia, diplopia, dysarthria, hearing

loss, tinnitus, and vertigo. Hearing loss and tinnitus appear to

be relatively unique manifestations of paraneoplastic KLHL11

encephalitis. In some cases, these symptoms preceded other

neurologic symptoms and signs byweeks ormonths. A subset

ofpatientshadlimbicencephalitisatpresentation.Althoughini-

tially normal in a considerableminority of patients, brainMRI

oftendemonstratedT2/FLAIRabnormalities involvingthebrain-

stemor limbic system. SomebrainMRIs resembledprominent

mass lesions, leading to an initial misdiagnosis of CNS malig-

nancyormetastasis. Theprominenceof supernumeraryoligo-

clonal bands inCSFofmostpatientswithautoimmuneKLHL11

encephalitis (evidence of intrathecal IgG synthesis) is consis-

tent with paraneoplastic neurologic autoimmunity being the

outcome of reactivation of T and B lymphocytes by neural cell

antigensonentering theCNS,whichwere initially activatedby

tumor antigens in the periphery.

Histopathologic evaluationof 1patientwithagadolinium-

enhancing temporal lobe lesion showed large inflammatory

collectionsandnonnecrotizinggranulomas.Ontheotherhand,

neuropathologic evaluation of 3 patients with chronic rhom-

boencephalitis (2 autopsies and 1 brain biopsy) demonstrated

Purkinje cell loss and Bergmann gliosis, with limited inflam-

mation.This suggests adisease continuumwithactive inflam-

mation early and severe neuronal loss in the chronic stage. A

T cell–predominant infiltrate found within the seminoma

(Figure3GandH)of 1patient supports thehypothesis thatneu-

rologic autoimmunity is initiated as an autoreactive T-cell re-

sponse by an onconeural antigen expressed in a patient’s tu-

mor. In linewith this, we observed an increased frequency of

KLHL11 antigen-specific T cell among patient PBMCs com-

paredwith those from healthy control individuals, and these

T cells exhibited predominantly effector or effector memory

phenotypes on antigen stimulation. Itwill be important to as-

certain whether these peripheral T cells are clonally associ-

atedwithbrain-infiltratingTcellsorCSFTcells inpatientswith

KLHL11 encephalitis. CD8 T-cell infiltration on brain histopa-

thology (Figure 3F) and autoantigen-specific CD8+ T cell ac-

tivations, suggest that cytotoxicT-cellmediateddiseasepatho-

genesis ofKLHL11 encephalitis seems to resembleother classic

paraneoplastic neurologic syndromes.12

Despite their commononcologic associationwith testicu-

lar germ cell tumors, paraneoplastic autoimmune Ma213 and

KLHL11 encephalitides appear to be immunologically dis-

tinct syndromes.Symptomsofataxia,vertigo,hearing loss, and

tinnitusaremorecommonwithKLHL11encephalitis thanwith

Ma2 encephalitis, and KLHL11 encephalitis associates more

strongly with seminoma than does Ma2 encephalitis. How-

ever, as reported forMa2 encephalitis,13patientswithKLHL11

encephalitis in whom a testicular germ cell tumor is found

appear to have a more favorable prognosis.

Only 25% of cases were noted to improve neurologically

followingcancer treatmentand/or immunotherapy.Ataxia, eye

Table. Comparison of Clinical and Radiological Findings in Patients

With Autoimmune KLHL11 orMa2 Encephalitis

Characteristic

No. (%)

P valueKLHL11-IgG+ (N = 39)a Ma2-IgG+ (N = 22)

Male 39 (100) 16 (80) .01

Age, median (range), y 46 (28-73) 43 (23-75) .27

Cancer diagnosedb 25/36 (69) 9/18 (50) .23

Seminoma 21/36 (58) 2/18 (11) .001

Nonseminomatous germ cell tumor 2/36 (6) 6/18 (33) .01

Rhomboencephalitis 32 (82) 8 (40) .003

Ataxia 32 (82) 6 (30) <.001

Vertigo 21 (54) 3 (15) .005

Sensorineural hearing loss 15 (39) 0 .001

Tinnitus 14 (36) 0 .001

Limbic encephalitis 7 (19) 8 (40) .11

Seizures 9 (23) 10 (50) .04

Altered metal status 16 (41) 15 (75) .03

Narcolepsy 0 3 (15) .04

Neuropathy 7 (18) 0 .08

Outcome measures

Gait aid at last follow-up 21/34 (62) 7/13 (54) .92

Clinical improvement/stabilization 20 (56) 8 (57) .92

mRS at last follow-up, median (range) 4 (2-6) 4 (2-6) .68

Change in mRS, median (range) 0 (−3 to 2) 0 (−4 to 2) .86

Follow-up period, median (range), mo 30 (2-216) 19 (4-70) .19

Abbreviations: KLHL11, Klech-like

protein 11; mRS, modified Rankin

Score.

a Thirteen patients previously

reported.

bPatients who had diagnostic

evaluation for occult malignancy, at

least computed tomography of

chest abdomen/pelvis, and

testicular ultrasonography.
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movement abnormalities, and hearing loss were all refractory

to treatment. The refractorynature ofKLHL11 rhombencepha-

litis is similar to other classic paraneoplastic syndromes such

as antineuronal nuclear antibody type 1 (aka anti-Hu) IgG

associated limbic encephalitis,14 Purkinje cell antibody type 1

(aka anti-Yo) IgG-associated paraneoplastic cerebellar

degeneration,15,16 and Ma2 encephalitis.13 Kelch-like pro-

tein-11 IgG is unlikely to be directly pathogenic given the intra-

cellular localizationof theKLHL11 autoantigen. Thepresumed

presentation of testicular tumor–derived KLHL11 peptides

(Figure 3C) by activated antigen-presenting dendritic cells is

thought to initially prime antigen-specific CD4+ helper T

cells, and this hypothesis is supported by the strongHLA class

II association we documented in this study. CD4 T cell activa-

tion in turn activates CD8+ effector cells and autoantibody-

producing B cells.17 The resulting potent cytotoxic T cell re-

sponse would have potential to attack both tumor cells and

neuronsexpressing surfaceupregulatedKLHL11peptides. The

T-cell predominant infiltrates observed in both brain and tu-

mor tissues obtained from these patients support this mecha-

nismofdiseasepathogenesis (Figure3).Because testicular can-

cer is incriminated as the source of autoantigen-driving

autoimmuneKLHL11 encephalitis, cancer surveillanceandap-

propriate management are indicated. The fact that patients in

whomtesticular cancerwasdiagnosed and treatedhad amore

favorable clinical outcome supports this hypothesis. Further-

more, inhibitionofantigenpresentationbyblockadeofKLHL11-

specific HLA alleles or haplotype on antigen-presenting cells

with peptide ligands may also be explored as a therapeutic

strategy for this refractory neurologic disorder.18,19

Limitations

It is impossible to estimate howmany cases of this type of au-

toimmune encephalitis may have been missed by tissue-

based serologic screening, given the sparse immunofluores-

cence staining pattern.4 Therefore, we analyzed the clinical

specificity of a high throughput method of cell-based assay

screening with subsequent tissue-based IFA confirmation

(eTable and eFigure 2 in the Supplement). Prior studies have

highlighted the importance of combining both CBA and brain

immunohistochemistry for definingN-methyl-D-aspartate re-

ceptor IgG,20 Glial fibrillary acidic protein-IgG21 and neuro-

filament-light chain-IgG positivity.22 The use of CBA meth-

ods alone to identify and confirm autoantibody biomarkers

targeting linear intracellular epitopes is not commonpractice

in clinical service laboratories and may result in false-

positive results. In this study, we detected 3 control cases

(eTable in theSupplement) that testedpositiveonKLHL11CBA

butnegativeon tissue IFAandphage immunoprecipitation se-

quencing (eTable in theSupplement).All patientswithKLHL11

encephalitis we report here had a positive and highly stereo-

typed Sparkles tissue-based IFA pattern (eFigure 1 in the

Supplement). This IFA pattern colocalizes with a commercial

antibodytoKLHL11.4 It is important tonote that ina2020study

analyzing KLHL11 antibodies,23 only 22% of the patients had

positive rat brain immunohistochemistry. Also, the IFA pat-

tern represented in this article did not resemble the Sparkles

pattern described here(eFigure 1 in the Supplement), making

itunclearwhether thesepatients’ antibodieswere targeting the

highly conservedepitope targetedby theautoantibodies inpa-

tients with KLHL11. It is not uncommon for a broader neuro-

logic phenotype to emerge once testing for a novel paraneo-

plastic antibody is incorporated into standard paraneoplastic

serologic testing,24,25butwe suggest confirmationof all cases

by tissue-based assays to optimize clinical specificity.

Retrospective study design, varying treatment strate-

gies, and follow-updurationsareother limitationsofour study.

CommonHLA allele and haplotype associations are based on

a limited number of cases, and larger future studies are re-

quired to confirm these associations.

Conclusions

Kelch-like protein-11 IgG is a new paraneoplastic autoanti-

bodybiomarker associatedwith testicular germcell tumorand

an incapacitating rhomboencephalitis that is often refractory

to treatment. Our study describes the various clinical presen-

tationsand immunopathologic findings thatmayaid in itsearly

diagnosis and appropriate treatment.
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