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SUMMARY

A 37-year-old man with a history of seminoma presented with vertigo, ataxia, and diplopia. An
autoantibody specific for kelch-like protein 11 (KLHL11) was identified with the use of
programmable phage display. Immunoassays were used to identify KLHL11 IgG in 12 other men
with similar neurologic features and testicular disease. Immunostaining of the patient’s 1gG on
mouse brain tissue showed sparse but distinctive points of staining in multiple brain regions, with
enrichment in perivascular and perimeningeal tissues. The onset of the neurologic syndrome
preceded the diagnosis of seminoma in 9 of the 13 patients. An age-adjusted estimate of the
prevalence of autoimmune KLHL11 encephalitis in Olmsted County, Minnesota, was 2.79 cases
per 100,000 men.

Patients with autoimmune encephalitis may have specific serum autoantibodies and
corresponding neurologic syndromes, associated neoplasms, and, in some cases,
responsiveness to immunotherapies. Taken together, these features constitute recognizable
syndromes.12 Autoantibodies to Maz2, also known as anti-Ta, are a known marker for
paraneoplastic brain-stem or limbic encephalitis associated with germ-cell tumors of the
testis.3~5 Patients have been described who have seminoma-associated paraneoplastic
encephalitis but do not have 1gG autoantibodies to Ma2 or to any other antigen and do not
have specific immunofluorescence staining patterns on central nervous system tissue
obtained from mice.5-8
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We describe a 37-year-old man (Patient 11) who underwent surgery to remove a testicular
seminoma and received chemotherapy 3 years before the onset of progressive brain-stem and
cerebellar encephalitis, or rhombencephalitis. Conventional paraneoplastic autoantibodies,
including Ma2 IgG, were not detected. Using a customized phage display system,® we
identified antibodies to the human protein kelch-like protein 11 (KLHL11) in this patient’s
cerebrospinal fluid. KLHL11 is a member of the E3 ubiquitin-protein ligase complex
involved in protein ubiquitination.1? The same antibody was detected in 12 other patients.

CASE REPORT

A left testicular seminoma (tumor—-node—metastasis stage T2NOMO) was diagnosed in the
patient at 32 years of age; he was treated with orchiectomy and a single cycle of carboplatin,
and he was in remission for 45 months. Over a 9-month period, vertigo and truncal and
appendicular ataxia developed; these conditions were complicated by diplopia 5 months
before presentation. Examination 54 months after orchiectomy showed horizontal and
vertical nystagmus with a rotatory component, intention tremor of the right arm with
dysdiadochokinesia, dysmetria on finger—nose—finger testing on the right side, and a wide-
based, cautious gait with impaired tandem gait. Magnetic resonance imaging (MRI) of the
brain showed a nonenhancing hyperintense area adjacent to parts of the fourth ventricle on
To-weighted images (Fig. S1A in the Supplementary Appendix, available with the full text
of this article at NEJM.org). The cerebrospinal fluid contained 32 leukocytes per cubic
millimeter, with a red-cell count of 11 per cubic millimeter, a protein concentration of 59 mg
per deciliter, and a glucose concentration of 56 mg per deciliter (3.1 mmol per liter).

The patient’s neurologic symptoms worsened, and he received intravenous
methylprednisolone at a dose of 1 g daily for 5 days, followed by tapering doses of oral
prednisone. Three weeks later, the truncal ataxia had improved and the eye-movement
abnormalities, intention tremor, and dysmetria had resolved. He subsequently received
intravenous immune globulin at a dose of 0.4 g per kilogram of body weight daily for 5 days
and then monthly for 3 months. He received glatiramer acetate for a presumptive diagnosis
of multiple sclerosis and had increasing ataxia over the next 8 months.

An MRI showed an enlarged and hyperintense left inferior olive on T,-weighted images that
did not enhance with the administration of gadolinium and was tentatively interpreted as a
brainstem glioma (Fig. S1B in the Supplementary Appendix). The cerebrospinal fluid at that
time contained 0 leukocytes per cubic millimeter, a red-cell count of 1 per cubic millimeter,
protein concentration of 35 mg per deciliter, glucose concentration of 64 mg per deciliter
(3.6 mmol per liter), and 14 oligoclonal bands that were not present in the serum (normal
range, <2 oligoclonal bands). The reinitiation of high-dose glucocorticoid therapy led to
resolution of the positional vertigo, and he received maintenance therapy with monthly
intravenous immune globulin and rituximab.

At his initial evaluation, the patient was enrolled in a research study for detection of
pathogens and autoantibodies. This study included antigen discovery by programmable
phage display.? After identification of a candidate autoantigen, samples of the patient’s
serum and cerebrospinal fluid were evaluated to characterize the immunofluorescence
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staining pattern. The immunofluorescence signal was sparse and punctate but was observed
in several regions, including the hippocampus and brain stem, with enrichment in the
perivascular tissue, perimeningeal tissue, and white-matter tracts (Fig. S2 in the
Supplementary Appendix).

The phage display was a modified human programmable display system (https://github.com/
derisilab-ucsf/PhIP-PND-2018) engineered to screen for novel antigens.? Human
cerebrospinal fluid or serum samples were incubated with 1010 plaque-forming units (PFU)
per milliliter of a phage-display library, and antibody-bound phage particles were isolated by
protein A and protein G immunoprecipitation. Antibody-bound phage particles were eluted,
and DNA was sequenced to identify putative human antigen or antigens (Table S1 in the
Supplementary Appendix). Putative novel antigens were validated with a human embryonic
kidney (HEK) 293T—cell overexpression system, immunoprecipitation and Western blotting,
mouse brain immunohistochemical analysis, or all of these methods.

The specificity of the IgG immunostaining pattern in the index patient and the additional
patients described below was assessed qualitatively through comparison of the pattern
yielded by 1gG from 317 serum samples obtained from healthy controls, patients with cancer
but no neurologic disease, and patients with other neurologic diseases, including
paraneoplastic rhombencephalitis (in 42 patients). Of these 42 patients, 28 had anti—-neuronal
nuclear antibody type 2 (ANNA-2, or anti-Ri) lgG-associated brainstem encephalitis, 8 had
Ma2 brain-stem encephalitis, and 6 had Purkinje cytoplasmic antibody type 1 (PCA-1, or
anti-Yo)—associated paraneoplastic cerebellar degeneration (Table S2 in the Supplementary
Appendix).

Full details of patient recruitment, methods pertaining to data collection, epidemiologic
analysis, phage immunoprecipitation sequencing analysis, immunofluorescence assays on
mouse brain tissue, and HEK 293T—cell overexpression assays are provided in the Methods
section of the Supplementary Appendix.

ADDITIONAL PATIENTS

In assays conducted on mouse brain tissue, the immunofluorescence immunostaining pattern
of samples obtained from the index patient was identical to that in 12 other patients who had
been tested between 2001 and 2018 and whose information was retained in an archival
series. All the patients had an encephalitic syndrome with brain-stem and cerebellar
symptoms, and 10 had seminoma. All 13 patients with anti-KLHL11 encephalitis were men
(Table 1). The median age at the onset of neurologic symptoms was 41 years (range, 27 to
68). The median titers of KLHL11 IgG antibodies in serum were 1:15,360 (range, 1:960 to
1:244,800; normal range, <1:120), and the median titers of KLHL11 IgG in cerebrospinal
fluid were more than 1:712 (normal range, <1:2).

Eleven of the 13 patients presented with rhombencephalitis, in which ataxia was the most
common initial symptom. One patient presented with cognitive decline, a mood disorder,
hearing loss that was found by testing to be sensorineural, and trigeminal neuralgia. Other
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neurologic symptoms included vertigo (in 8 of the 13 patients), hearing loss that was found
by testing to be sensorineural (in 7), diplopia (in 6), and dysarthria (in 4). The cerebrospinal
fluid samples in all patients had an elevated protein concentration, pleocytosis, oligoclonal
bands, or an elevated IgG index. The median cerebrospinal fluid protein concentration was
69 mg per deci-liter (range, 30 to 93), and the median leukocyte count was 9 per cubic
millimeter (range, 1 to 71, lymphocyte predominant). Initial MRI findings were mild
cerebellar atrophy (in 6 patients), mid-brain hyperintensity on T,-weighted images (in 1),
cerebellar nuclei hyperintensity on To-weighted images (in 1), leptomeningeal enhancement
(in 1), bilateral mesial temporal-lobe abnormalities (in 2), and normal (in 2).

Seminoma was identified in 11 patients (testicular in 8 and extratesticular in 3). The
paraneoplastic neurologic syndrome led to testing that revealed the diagnosis of the tumor in
8 of the 11 patients. Two patients without seminoma had both testicular microlithiasis and
fibrosis, putative premalignant conditions.12-14 The median interval between the onset of
neurologic symptoms and tumor diagnosis was 6 months (range, —42 to 158). Orchiectomy
was performed in 10 patients, including the 2 patients with microlithiasis. Radiation therapy
and chemotherapy (both in 5 of 11 patients) were also used to manage seminoma. All
patients received immunotherapy to treat the neurologic syndrome (Table 1). One patient
had sustained clinical improvement with the ability to walk independently, resolution of
diplopia, and return to work, 8 patients had stabilization of the neurologic syndrome, and 4
had worsening of the neurologic syndrome after management of the underlying cancer or
surgical removal of the microlithiasis and immunotherapy (Table 1).

Results of testing for KLHL11 antibodies in each patient (by means of phage display,
immuno-precipitation, cell-based assay, and mouse brain immunohistochemical analysis) are
listed in Table S1 in the Supplementary Appendix. The phage-display system identified
KLHL11 as a putative autoantigen in the index patient (Patient 11), and this was confirmed
in samples obtained from 7 additional patients from the immunofluorescence archival series
(Fig. 1A). In this assay, antibodies from the cerebrospinal fluid or serum samples obtained
from these patients, but not from healthy controls or patients with IgG auto-antibodies to
Maz2, showed specific enrichment of KLHL11 protein—derived peptides (Fig. 1A). There was
enrichment of a common peptide fragment within KLHL11 in the serum and cerebrospinal
fluid of all the patients (Fig. S3 in the Supplementary Appendix).

The main findings were validated in vitro through immunoprecipitation of heterologously
expressed full-length human KLHL11 from cerebrospinal fluid or serum samples from the
patients (Fig. 1B). The other Ma2-negative patients (5 of 13 patients who were not tested by
phage display) were identified as having anti-KLHL11 autoantibodies through cell-based
assays and mouse brain immunohistochemical analysis. Figure 1C shows positive results on
KLHL11 cell-based assays, and Figure 1D and 1E shows positive results on KLHL11 mouse
brain immunohistochemical analysis.

We estimated the age- and sex-adjusted prevalence of paraneoplastic anti-KLHL11

encephalitis in Olmsted County, Minnesota, on the basis of the Rochester Epidemiology
Project database from the Mayo Clinic, which contains the medical records of more than
95% of persons who lived in Olmsted County from January 1, 1966, to January 1, 2014.

N Engl J Med. Author manuscript; available in PMC 2020 January 04.
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This analysis resulted in an estimate of 1.4 cases per 100,000 population (95% confidence
interval [CI], O to 3.3 per 100,000). The estimated age-adjusted prevalence among men was
2.79 cases per 100,000 population (95% Cl, 0 to 6.65 per 100,000). The estimated incidence
among men between January 1, 1995, and December 31, 2015, was 0.21 cases per 100,000
person-years (95% Cl, 0 to 6.65 per 100,000).

DISCUSSION

We used comprehensive phage display to screen for novel autoantigens in an anti-Ma2—
seronegative patient, and we detected a novel autoantigen, KLHL11.° We found this
autoantigen in a cohort of clinically characterized patients who did not have anti-Ma2
autoantibodies and were identified retrospectively on the basis of a characteristic
immunofluorescence pattern on mouse brain tissue, which was due to binding of patient
antibodies to KLHL11. It is possible that the sparse immunofluorescence staining pattern we
observed in anti-KLHL 11 paraneoplastic encephalitis may have been overlooked in similar
cases for which no immunofluorescence staining was identified.6-8

Most of the patients in this series presented with a syndrome of vertigo, tinnitus, hearing
loss, and ataxia, and 11 of 13 had an underlying seminoma; 2 had testicular microlithiasis.
The neurologic syndrome preceded the detection of cancer or a premalignant condition in 8
of 13 patients. In Olmsted County, KLHL11 IgG (estimated prevalence, 1.4 cases per
100,000 population) was rare, but the prevalence was higher than that of the other typical
paraneoplastic antibodies associated with autoimmune encephalitis (e.g., ANNA2 IgG, 0.6
per 100,000 population; and collapsin response mediator protein 5 1gG, 0.7 per 100,000).15

Although rhombencephalitis has been reported among men with Ma2 1gG and testicular
cancer, many Ma2 IgG—positive patients have clinical or imaging features that implicate the
limbic system or diencephalon.® Other paraneoplastic brain-stem syndromes include those
associated with ANNA-2, which differ from KLHL11 encephalitis in that they have different
associated tumors, mainly carcinoma of the lung and breast, and clinical features including
opsoclonus—myoclonus, laryngospasm, and jaw-opening dystonia that were not observed in
the patients with KLH11 encephalitis.1® Women with PCA-1 (anti-Yo)-associated
paraneoplastic cerebellar degeneration can also present with a syndrome similar to KLHL11
encephalitis, but PCA-1 usually occurs with gynecologic and breast cancers.’

KLHLZ11 is one of 42 evolutionarily conserved proteins within the KLHL family that have in
common a BACK (BTB and C-terminal kelch) domain, implicating a role in ubiquitination.®
The epitope shared by all patients with KLHL11 in this study maps to the BACK domain
within KLHL11 (Fig. S3 in the Supplementary Appendix). Autoantibodies specific for
KLHL7 and KLHL12 have been reported in Sjogren’s syndrome as well as in some cancers.
18-20 The intra-cellular localization of KLHL11 protein probably precludes a direct role of
KLHLZ11 IgG in neuronal cell death and injury. In a similar manner to PCA-1 (anti-Y0)
antibodies in paraneoplastic cerebellar degeneration, KLHL11 IgG may serve as a surrogate
marker of a cytotoxic T-cell-mediated injury directed through T-cell receptors recognizing
KLHL11 peptides.}” Such a KLHL11-specific T-cell response may be stimulated by the
lineage of KLHL11 IgG-producing B cells.11

N Engl J Med. Author manuscript; available in PMC 2020 January 04.
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In conclusion, we found that KLHL11 auto-antibodies were associated with paraneoplastic
encephalitis in men with testicular cancer. Phage display was used to identify this novel
paraneoplastic autoantibody.®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Discovery and Orthogonal Validation of Anti-KLHL 11 Antibodiesin Serum Samples
Obtained from Men with Paraneoplastic Rhombencephalitis.

Panel A shows immunoprecipitation from a human phage display (1010 plaque-forming
units [PFU] per milliliter) in cerebrospinal fluid (CSF) or serum samples (asterisks) obtained
from the patients and healthy controls. Ma2 protein antigen (PNMAZ2) was identified in
patients with encephalitis and autoantibodies to Ma2, and kelch-like protein 11 (KLHL11)
antigen was identified in patients with novel, anti-Ma2-negative, seminoma-associated
paraneoplastic encephalitis. Panels B through E show orthogonal validation of KLHL11
autoantibodies. Panel B shows detection of immunoprecipitated KLHL11 by Western
blotting with an anti-FLAG antibody. KLHL11-MYC-FLAG was successfully immuno-
precipitated by the serum or CSF IgG obtained from patients with autoimmune KLHL11
encephalitis (Patients 3, 5, 6, 7, 9, 10, and 11) and by a commercial antibody to KLHL11
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1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mandel-Brehm et al.

Page 9

(+), but not by the IgG of patients with anti-Ma2-associated encephalitis (Patients A and B)
or protein A/G-negative controls (). M denotes the protein marker. Panel C shows
colocalization of the immunofluorescence signal from the 1gG of Patient 11 (left) and anti-
FLAG antibody (middle) in a cell-based assay with KLHL11-MYC-FLAG overexpression.
The scale bar corresponds to 10 gm. Panels D and E show colocalization of the
immunofluorescence signal from the KLHL1 IgG of Patient 11 (Panel D) and Patient 3
(Panel E) with a commercial antibody to KLHL11 on mouse brain tissue. The insets in
Panels D and E show the degree of red and green channel overlap, or “yellow” signal at a
higher magnification. (Areas represented in the insets are shown with dashed lines.) The
scale bars correspond to 50 xm. Validation experiments in Panels B and C were completed
with the use of the HEK293T cell overexpression system. For microscopy in Panels C
through E, cell nuclei were identified with the use of DAPI (4”,6-diamidino-2-phenylindole)
stain.
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