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Abstract
Objective

To identify the autoantigen in 2 individuals with possible seronegative paraneoplastic
neuropathy.

Methods

Serum and CSF were screened by tissue-based assay and panned for candidate autoantibodies
by phage display immunoprecipitation sequencing (PhIP-Seq). The candidate antigen was
validated by immunostaining knockout tissue and HEK 293T cell-based assay.

Results

Case 1 presented with gait instability, distal lower extremity numbness, and paresthesias after a
recent diagnosis of serous uterine and fallopian carcinoma. Case 2 had a remote history of breast
adenocarcinoma and presented with gait instability, distal lower extremity numbness, and
paresthesias that progressed to generalized weakness. CSF and serum from both patients
immunostained the axon initial segment (AIS) and node of Ranvier (NoR) of mice and
enriched PIV-spectrin by PhIP-Seq. Patient CSF and serum failed to immunostain NoRs in
dorsal root sensory neurons from PI/PIV-deficient mice. PIV-spectrin autoantibodies were
confirmed by overexpression of AIS and nodal pIV-spectrin isoforms 31 and 26 by a cell-based
assay. PIV-spectrin was not enriched in a combined 4,815 PhIP-Seq screens of healthy and
other neurologic disease patients.

Discussion
Therefore, PIV-spectrin autoantibodies may be a marker of paraneoplastic neuropathy.

Classification of Evidence
This study provides Class IV evidence that pIV-spectrin antibodies are specific autoantibody
biomarkers for paraneoplastic neuropathy.
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Figure 1 Patient Antibodies Localize to the AIS and NoR
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(A) Mouse brain sections were immunostained with case 1 serum (1:1,000
dilution), case 1 CSF (1:100 dilution), and case 2 CSF (1:25 dilution). In all
cases, patient IgG (green) immunostained structures consistent with the
AIS (arrows). Images were captured at 20x on an epifluorescent micro-
scope. (B-D) Anatomic coimmunostaining of case 1 and 2 CSF IgG (green)
with the AIS and nodal marker AnkG (magenta) in the (B) cortex, (C) optic
tract, and (D) cerebellum. In D, the dotted line indicates the boundary
between the cerebellar WM and GCL. Arrows indicate axon initial seg-
ments while arrowheads indicate nodes of Ranvier which are demarcated
by CASPRin red. All scale bars = 10 pm. Images were captured by confocal
microscopy at 60 or 100x. AIS = axon initial segment; AnkG = ankyrin G;
GCL = granule cell layer; 1gG = immunoglobulin G; NoR = node of Ranvier;
WM = white matter.

PIV-spectrin autoantibodies have been reported in a patient
with single breast cancer who developed motor neuropa-
thy.! However, whether BIV-spectrin antibodies are a di-
agnostic marker of paraneoplastic neuropathy is unknown.
During a study of anti-TRIM46 neurologic syndromes,2 we
identified 2 TRIM46-negative cases whose antibodies pu-
tatively localized to the axon initial segment (AIS) in the
cortex (Figure 1A) and node of Ranvier (NoR) in cere-
bellar white matter and optic tract (not shown). Case 1, a
woman in her 70s, developed gait instability, distal lower
extremity numbness, and paresthesias 6 months after being
diagnosed with high-grade uterine and fallopian serous
carcinoma. Case 2, a woman in her 80s, was diagnosed with
breast adenocarcinoma 10 years before presenting with
dizziness and diplopia that rapidly progressed to dysarthria,
dysphagia, and generalized weakness—a deterioration
similar to the previous report of BIV-spectrin antibodies."
Both cases tested negative for classified paraneoplastic
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autoantibodies (eAppendix 1 and eTable 1, links.Iww.com/
NXI/A722).

We confirmed AIS and NoR (AIS‘NoR) immunoreactivity
by costaining with commercial antibodies to ankyrin G
(AnkG, an AIS and NoR marker) and CASPR (a paranodal
marker). In the cortex, optic tract, and cerebellar white
matter, CSF immunoglobulin G (IgG) from both cases
colocalized with, but was not identical to, AnkG (Figure 1,
B-D). Case 1 serum IgG also colocalized with AnkG in the
cortex, optic tract, and cerebellum (not shown). Case 2 se-
rum was not available.

We next panned patient CSF and sera for autoantibodies by
phage immunoprecipitation sequencing (PhIP-Seq) and re-
stricted our initial analysis to proteins expressed in both AIS
and NoR, as annotated by EMBL-EBI (eMethods, links.Iww.
com/NXI/A722). AnkG and BIV-spectrin were enriched by

Neurology.org/NN


http://links.lww.com/NXI/A722
http://links.lww.com/NXI/A722
http://links.lww.com/NXI/A722
http://links.lww.com/NXI/A722
http://neurology.org/nn

Figure 2 Identification and Validation of Anti-BIV-Spectrin Antibodies
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(A) Heatmap of PhIP-Seq enrichments of proteins expressed in the both AlS and NoR. Enrichments are represented as length-normalized rpK (total rpK for the
given protein/number of peptides that map to that protein, see supplemental methods). BIV-spectrin was detected in case 1 CSF with a length-normalized
rpK=4.8. All dark and unmarked cells had a length-normalized rpK <1. (B) Graphical representation of the approximate and relative locations of actin-binding
domain (ABD, blue), spectrin repeats (SR, red, * = partial SR), specific domain (SD), and pleckstrin homology domain (PH, green) relative to PhIP-Seq peptide
enrichments in the heatmap below spanning the full length of BIV-spectrin (amino acids 1-2564, overlapping peptides are laid end-to-end). Heatmap of BIV-
spectrin peptide enrichments regarding AIS and nodal BIV-spectrin isoforms Z1 and Z6. Each peptide corresponds to a single peptide. N and C refer to the
amino and carboxy termini of BIV-spectrin. (C) Left, case 1 CSFimmunostaining of Advillin®"®"* DR-AnkG™" and DR-AnkG ™~ shows nodal staining in the absence
of AnkG, suggesting that AnkG is not the autoantigen. Right, case 2 CSF immunostaining of Chat®* VR-AnkG™f and VR-AnkG ™" tissue indicates that case 2
does not harbor AnkG antibodies. (D) Case 1 and 2 CSF immunostaining of Advillin®¥’* DR-BI/BIV?" and DR-BI/BIV~ shows the disappearance of nodal
staining in the absence of BI/V-spectrin, suggesting that BIV-spectrin is the autoantigen in both cases. For C and D, CSF was immunostained at 1:4 dilution. All
scale bars = 5 ym. AIS = axon initial segment; AnkG = ankyrin G; IgG = immunoglobulin G; NoR = node of Ranvier; PhIP-Seq = phage display immunopre-
Cipitation sequencing.

case 1 serum. However, case 1 CSF enriched BIV-spectrin
threefold more than AnkG. Case 2 CSF strongly enriched
BIV-spectrin alone (Figure 2A). Epitope mapping revealed
that all 3 biospecimens enriched peptides that mapped to the
major AIS and NoR pIV-spectrin isoforms, X1 and X6
(Figure 2B).3’4
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Consistent with the patients’ negative paraneoplastic testing,
classified paraneoplastic autoantigens were not enriched by
PhIP-Seq. Notably, CSF and serum from case 1 enriched
peptides to SAP2S, a candidate autoantigen previously ob-
served in anti-Yo paraneoplastic syndromes (eFigure 1, links.
Iww.com/NXI/A722).°
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Figure 3 Direct Validation of Anti-BIV Antibodies by HEK 293T Overexpression Cell-Based Assay

A. BIV spectrin HEK 293T CBA
CSF (1:100) Myc

Case 1

|

Isoform X1

Case 2

Isoform 26
Case 1 CSF

Case 2 CSF

B. Ankyrin G HEK 293T CBA

Ankyrin G Merge

Case 1

(A) HEK 293T cells were transfected with Myc-BIV-spectrin £1 and
>6, fixed, permeabilized, and immunostained with case 1 or case
2 CSF at 1:100 dilution. In each case, CSF IgG (green) substantially
overlapped with Myc immunostaining (red). (B) HEK 293T cells
were transfected with rat RFP-AnkG, fixed, permeabilized and
immunostained with case 1 (1:100) or serum (1:1,000). In both
instances, case 1 1gG (green) failed to immunostain or colocalize
with commercial AnkG immunostaining (red). AnkG = ankyrin G;
1gG = immunoglobulin G.

We next immunostained peripheral nerves of conditional Cre
knockout mice to determine whether patient antibodies targeted
AnkG or [31V—spectrin.6’7 Owing to the availability of tissue, case 1
was screened against dorsal root (DR) sensory neurons and case 2
against ventral root (VR) motor neurons. Unexpectedly, case 1 CSF
and sera immunostained both AnkG-expressing (DR—AnkGﬂ/ D)
and AnkG-deficient (DR-AnkG ") NoR despite enriching AnkG
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by PhIP-Seq (Figure 2C, serum not shown). Consistent with the
PhIP-Seq data, case 2 CSF also immunostained both VR-AnkG™"
and VR-AnkG™~ NoR (Figure 2C).

Next, we used pI/PIV-spectrin double conditional mice to test
for IV autoantibodies because BI-spectrin is a paralog of pIV-
spectrin that localizes to PIV-deficient NoR and therefore
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could confound the interpretation of immunostaining due to
c1ross-1reactivi‘cy.6 Case 1 serum (data not shown) and case 1 and
2 CSF immunostained DR-I/BIV""™, but not DR-BI/BIV /"
(Figure 2D). Moreover, case 1 serum failed to immunostain
DR-BI/BIV /" NoR that still expressed AnkG indicating that
the nodal staining was solely due to anti-spectrin antibodies
(eFigure 2, links.lww.com/NXI/A722).

Together, these data suggested that both patients harbored a
polyclonal IgG response to PIV-spectrin, but not other clas-
sified paraneoplastic antigens. Therefore, we tested for direct
binding of patient autoantibodies to PIV-spectrin by HEK
293T overexpression cell-based assay. As predicted by PhIP-
Seq (Figure 2B), both cases immunostained Myc-pIV-21 and
Myc-PIV-Z6 overexpressing cells, but not untransfected cells
in the same well (Figure 3A). Consistent with AnkG knockout
tissue staining, case 1 CSF and serum failed to bind to AnkG-
mCherry in a cell-based assay (Figure 3B).

In our experience, AIS-NoR-restricted CSF immunostaining is
uncommon, suggesting that fIV-spectrin antibodies are rare. We
found that by PhIP-Seq, case 1 and 2 biospecimens enriched pIV-
spectrin moreso than 3,408 control samples (comprised beads
only and healthy CSF, serum, and plasma, including technical
replicates) and 1,407 samples from other neurologic disorders
(comprised CSF, serum, and plasma samples, including techni-
cal replicates, from patients with other neurologic or neuro-
inflammatory syndromes including 15 patients with breast or
ovarian cancer pathology and 3 with prominent peripheral neu-
ropathy) (eFigure 3, linkslww.com/NXI/A722). Furthermore,
PBIV-spectrin was not enriched in publicly available PhIP-Seq data
from 36 anti-Yo paraneoplastic patients (eMethods).

Although this study is limited by small case numbers, our evaluation
of hundreds of biospecimens by tissue-based assay and thousands
of biospecimens by PhIP-Seq indicate that anti—[BIV-spectrin an-
tibodies are rare and preferentially occur in patients with cancer and
peripheral neuropathy with or without additional neurologic
symptoms. This supports consideration of PIV-spectrin antibodies
as class IV biomarkers of cancer-associated peripheral neuropathy
according to Neurology’s Criteria for Rating Diagnostic Accuracy
Studies (eMethods, links.Iww.com/NXI/A722).
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