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The development of autoimmune antibody panels has improved the diagnosis of
paraneoplastic neurological disorders (PNDs) of the brain and spinal cord. Here, we
present a case of a woman with a history of breast cancer who presented with a subacute
sensory ataxia that progressed over 18 months. Her examination and diagnostic studies
were consistent with a myelopathy. Metabolic, infectious, and autoimmune testing were
non-diagnostic. However, she responded to empirical immunosuppression, prompting
further workup for an autoimmune etiology. An unbiased autoantibody screen utilizing
phage display immunoprecipitation sequencing (PhIP-Seq) identified antibodies to the
anti-Yo antigens cerebellar degeneration related protein 2 like (CDR2L) and CDR2,
which were subsequently validated by immunoblot and cell-based overexpression
assays. Furthermore, CDR2L protein expression was restricted to HER2 expressing
tumor cells in the patient’s breast tissue. Recent evidence suggests that CDR2L is
likely the primary antigen in anti-Yo paraneoplastic cerebellar degeneration, but anti-Yo
myelopathy is poorly characterized. By immunostaining, we detected neuronal CDR2L
protein expression in the murine and human spinal cord. This case demonstrates
the diagnostic utility of unbiased assays in patients with suspected PNDs, supports
prior observations that anti-Yo PND can be associated with isolated myelopathy, and
implicates CDR2L as a potential antigen in the spinal cord.

Keywords: paraneoplastic neurologic disease, myelopathy, anti-Yo antibodies, phage display, breast cancer,
CDR2L

INTRODUCTION

The initial evaluation of subacute or chronic progressive myelopathy includes investigations
into structural, metabolic, inflammatory, and vascular causes. Inflammatory etiologies include
infections due to organisms such as Treponema pallidum, varicella zoster virus, HIV-1, and Borrelia
burgdorferi as well as autoimmune diseases like multiple sclerosis, neuromyelitis optica spectrum
disorders, and paraneoplastic neurological disorders (PNDs). The diagnosis of a PND is supported
by the detection of a recent or new malignancy and can be confirmed by the identification of
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autoantibodies associated with a specific PND in the blood
and/or cerebrospinal fluid (CSF) (1). Moreover, identification
of a specific PND autoantibody can guide a targeted search for
unidentified neoplasms.

As the number of diagnostic paraneoplastic autoantibodies
has grown, panels have been developed that simultaneously
test for multiple antibodies to facilitate clinical diagnosis and
management. Testing is often performed in two stages, with
initial screening by indirect immunofluorescence assay (IFA)
and/or cell-based assays (CBAs) followed by confirmatory
reflex testing (CBAs or immunoblotting) if the initial screen
suggests the presence of a paraneoplastic antibody. Although
PND panels are sensitive and specific, they test for a limited
number of autoantibodies, and cases with a high degree of
clinical concern for PND are often seronegative. To expand
the ability to detect autoantibody targets in human disease,
phage immunoprecipitation sequencing (PhIP-Seq) with a
programmable peptide library representing the whole human
peptidome was developed (2-5). PhIP-Seq has led to the
identification of novel autoantibodies in undiagnosed PNDs, and
high-resolution epitope mapping by deep mutational scanning
with phage in previously characterized PNDs (2, 6, 7).

Here, we present a patient with sensory ataxia secondary to
a myelopathy for whom clinical PND autoantibody screening
was negative and therefore did not undergo reflex testing.
Unexpectedly, research-based PhIP-Seq identified antibodies in
the CSF against anti-Yo antigens cerebellar degeneration related
protein 2 like (CDR2L) and cerebellar degeneration related
protein 2 (CDR2) that were subsequently orthogonally validated.

CASE DESCRIPTION

A 36-year-old woman with a history of breast cancer presented
to our neurology clinic. She was previously diagnosed with
infiltrating carcinoma of the left breast. Pathology had
demonstrated an aggressive neoplasm with high nuclear
grade and extensive perineoplastic lymphocytic infiltration
[Figure 1A, WHO 2019 (8) classification “Invasive carcinoma of
no special type,” T2NO, human epidermal growth factor receptor
(HER2) positive, estrogen receptor, and progesterone receptor
negative]. She was treated with pertuzumab, trastuzumab, and
docetaxel for four cycles. Two months after her diagnosis and
initiation of chemotherapy, she developed difficulty with her gait
and sensory loss in her feet. Five months after her diagnosis,
she underwent bilateral mastectomy, demonstrating no residual
disease (Figure 1B). She subsequently completed a year of
monthly trastuzumab.

Upon presentation to our clinic, 17 months after her diagnosis
(15 months after the onset of her neurological symptoms), she
noted difficulty maintaining balance when her eyes were closed
and found it increasingly challenging to walk in a straight line.
Her symptoms had progressed to the extent that she was now
ambulating with the assistance of a cane. She endorsed mild
sensory loss below her knees and denied any involvement of
her upper extremities. She denied any vision changes, dysarthria,
dysphagia, weakness, pain or bowel or bladder dysfunction.

Her general examination was unremarkable, and her
neurological examination revealed no abnormalities with her
mental status, cranial nerves, or strength. Sensory examination
was notable for distal large fiber sensory loss, with reduced
vibration below the knees with absent vibration in the feet and
ankles and mild (10-20%) loss of light touch below her knees.
Reflexes were present in the biceps and triceps but absent at her
knees and ankles. The Romberg sign was present, and she had a
wide-based, unsteady gait.

CLINICAL COURSE AND DIAGNOSTIC
ASSESSMENT

Evaluations prior to her presentation to our clinic were notable
for normal contrast-enhanced magnetic resonance imaging
(MRI) of her brain, and normal electromyography and nerve
conduction studies (EMG/NCS). She had repeat EMG/NCS
studies at our institution that were also unremarkable and
unremarkable serological studies including a vitamin B12 level
of 694 ng/L (Supplementary Table 1). She had normal median
nerve somatosensory evoked potentials (SSEPs) from Erb’s point,
C5 spine and the cortex but abnormal tibial nerve SSEPs.
With stimulation of the left posterior tibial nerve, a normal
popliteal fossa response and P37 response could be seen (normal
amplitude, latency, and inter-peak latency). However, the lumbar
potential was poorly formed. With stimulation of the right
posterior tibial nerve, a popliteal fossa, lumbar potential, and
P37 response could be seen, but the latency to peak of the P37
component as well as the inter-peak latency between the popliteal
fossa, lumbar potential and the P37 were delayed.

Given her exam and electrodiagnostic study results, a
localization to the lumbosacral sensory nerve roots was initially
favored. To further investigate, she had a lumbar puncture and
a contrast enhanced MRI of the lumbar spine. CSF studies
were without evidence of inflammation or malignant cells
(Supplementary Table 1), and imaging did not identify any
abnormalities in the lumbar spine or nerve root enhancement as
is typically seen in chronic immune sensory polyradiculopathy
(CISP). Her chemotherapy exposure was also considered as
a potential cause. However, pertuzumab does not have any
established neurotoxic effects. Trastuzumab and docetaxel are
known to cause a polyneuropathy, but there was no evidence for
a polyneuropathy on exam or EMG/NCS (9).

Three months after her initial visit, she reported worsening
symptoms. On exam, her loss of sensation to light touch had
worsened below her knees (50-60% loss) and now extended to
mild involvement of her thighs. Vibration was absent up to her
hip, and her gait instability was more prominent. Given her
worsening symptoms and history of malignancy, inflammatory
conditions affecting the spinal cord and/or nerve roots were
still part of the differential diagnosis despite a negative work-
up thus far. She was started empirically on monthly intravenous
immunoglobulin (IVIg, total dose of 2 g/kg divided over 3
days). After three doses of IVIg, she reported stabilization in
her sensory loss and felt her gait had improved. On monthly
IVIg, she reported improvement in sensation above her knees.
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A Histopathology of Breast Carcinoma
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FIGURE 1 | Histopathology, timeline, and radiologic findings. (A) Hematoxylin and eosin staining (left panel) followed by molecular characterization of patient breast
carcinoma (MIB2, mindbomb E3 ubiquitin protein ligase 2; ER, estrogen receptor; PR, progesterone receptor; HER2, Erb-b2 receptor tyrosine kinase 2). The
carcinoma was rated as E-cadherein and MIB2 expressing, ER/PR negative, and HER2 positive. (B) Timeline of diagnosis, symptoms, imaging, electrodiagnostic
studies, and treatment. Imaging corresponding to 27 weeks is indicated in the first subpanel one of (C). (C) MRI of the spine without gadolinium at 27 months showed
a dorsally predominant T2 hyperintense signal spanning T5-T10. At 33 months there was some improvement with the T2 hyperintense signal now spanning T7-T10
which was not contrast enhancing (additional views and brain MRI in Supplementary Figure 1). All times are relative to the initial diagnosis of cancer, neurological
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When treatment frequency was reduced to every 3 months, her
symptoms worsened, prompting return to the monthly IVIg
(Figure 1B).

A serum autoimmune encephalopathy panel was sent prior to
IVIg administration, including for PNDs associated with sensory
neuropathies and neuronopathies (such as anti-CRMP5 and anti-
ANNALI), and was unremarkable (Mayo Clinic, Rochester, MN,
test ID: ENS2) (10). An antibody panel for autoimmune etiologies
of neuromuscular syndromes was sent after two doses of IVIg
and revealed low titers of IgG antibodies to beta-tubulin, high
titers of IgM antibodies to tri-sulfated heparin disaccharide (TS-
HDS), and low titers of IgG antibodies to fibroblast growth factor
receptor 3 (FGFR3) (Washington University, St. Louis, MO)
(Supplementary Table 1). This pattern of abnormalities has been
associated with sensory axonal neuropathies, but it is not specific
(11, 12).

Repeat imaging of the brain, and first-time MRI of the
cervical and thoracic spine without gadolinium were performed
27 months after her cancer diagnosis (25 months after onset
of neurological symptoms), revealing a longitudinally extensive,
dorsally predominant T2 hyperintensity from T5 to TI0
(Figure 1C, Supplementary Figure 1). Repeat imaging of the
thoracic spine with contrast 33 months after her cancer diagnosis
and after receiving IVIg for about 1 year demonstrated less
conspicuous and less extensive T2 signal from T7 to T10 with
no contrast enhancement.

Two additional CSF exams showed no pleocytosis, no
oligoclonal bands, no malignant cells, and a normal IgG index.
Testing for anti-AQP4 and anti-MOG antibodies in the serum
was negative (Supplementary Table 1). CSF was sent for an
autoimmune encephalopathy panel and was negative (Mayo
Clinic, test ID ENC2).

IDENTIFICATION OF CANDIDATE ANTI-YO
ANTIBODIES BY PHAGE
IMMUNOPRECIPITATION SEQUENCING

Given the patient’s apparent response to IVIg, history of breast
cancer, and negative clinical autoantibody testing, we screened
her CSF for novel candidate autoantibodies using PhIP-Seq. Our
phage display library is comprised of 49 amino acid peptides
with a 25 amino acid overlap that together encode all known
and predicted human proteins and their isoforms (7). To pan
for candidate autoantibodies by PhIP-Seq, CSF is incubated with
the PhIP-Seq library, IgG binds to target peptides displayed
by individual T7 bacteriophage, IgG is isolated using protein
A/G magnetic beads, and IgG-bound phage are sequenced to
determine which human peptide they encoded. Unexpectedly,
the N-terminal peptide for CDR2L, the major antigen in anti-
Yo paraneopalstic syndrome, was the most enriched peptide
by PhIP-Seq in both technical replicates (Figure 2A) (13). Two
additional CDR2L peptides were also detected but less enriched,
as was the N-terminal peptide of CDR2 (Figure 2B). Peptides
to other known paraneoplastic autoantigens were not enriched
(Figure 2A and Supplementary Table 2).

SCREENING FOR ANTI-YO ANTIBODIES
BY TISSUE-BASED ASSAY

Routine clinical testing for anti-Yo antibodies is often performed
by indirect immunofluorescent immunostaining of non-human
primate cerebellar tissue. If the immunofluorescence assay (IFA)
is positive, reflex immunoblotting of recombinant CDR2 is
performed. Because CDR2L and CDR2 peptides were enriched
by PhIP-Seq, we screened this patient’s CSF for Purkinje cell
immunoreactivity by sagittal mouse brain tissue-based assay.
As a positive control, we used CSF from a previously reported
case of clinically diagnosed anti-Yo paraneoplastic cerebellar
degeneration (PCD CSF) that enriched multiple CDR2L peptides
by PhIP-Seq [patient 03, (7)] (Figure 2B). At a 1:25 dilution,
control PCD CSF robustly immunostained cerebellar Purkinje
cells as well as sparse cerebral and hippocampal neurons
(Figure 2C and Supplementary Figure 2).

In contrast, CSF from our patient with paraneoplastic
myelopathy (PNM CSF) did not immunostain Purkinje cells
when performed in technical triplicate and assessed by
epifluorescence microscopy at a 1:4 dilution, consistent with
the negative clinical testing (Figure 2C). Likewise, PNM CSF
did not immunostain murine Purkinje cells even after antigen
retrieval (Figure 2C). However, in one replicate PNM CSF did
immunostain hippocampal neurons in a pattern similar to PCD
CSF, albeit more sparsely (Figure 2C). We further characterized
immunopositive replicates by confocal microscopy and found
that immunostained hippocampal neurons were morphologically
similar to those immunostained by PCD CSE and that previously
undetectable Purkinje cells were also faintly immunostained
(Figure 2C).

We next performed coimmunostaining with antibodies
that have been validated as specific to CDR2L and CDR2.
In the cerebellum, the control PCD CSF colocalized with
CDR2L and CDR2 staining in Purkinje cells. However, only
anti-CDR2L staining co-localized with the control PCD CSF
immunostaining of neurons in the molecular layer of the
cerebellum. Likewise, PCD CSF and the anti-CDR2L antibody
colocalized with hippocampal immunostaining. In contrast,
hippocampal CDR2 expression was limited to arteriolar smooth
muscle cells, consistent with CDR2 expression as annotated in
the Human Protein Atlas (Supplementary Figure 2; http://www.
proteinatlas.org) (14).

Mouse and human CDR2L are 93% similar by amino acid
sequence, however some of the sequence differences are within
the peptide that was most enriched by PNM CSF by PhIP-
Seq (Figure 2B). To ensure the absence of immunostaining was
not due to species differences, we co-immunostained human
cerebellar tissue with PNM CSF or PCD CSF and anti-CDR2L or
anti-CDR2 antibodies. As with mouse, PNM CSF at a 1:4 dilution
did not appreciably immunostain human Purkinje cells while
PCD CSF was strongly reactive at a 1:25 dilution and colocalized
with CDR2L but not CDR2 (Figure 2D).

Taken together, these data suggest that some anti-
Yo antibodies are not readily detected by Purkinje cell
immunostaining—the standard initial screen for anti-Yo
antibodies. Moreover, extracerebellar immunostaining may

Frontiers in Neurology | www.frontiersin.org

October 2021 | Volume 12 | Article 728700


http://www.proteinatlas.org
http://www.proteinatlas.org
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Bartley et al.

False Negative Anti-Yo Paraneoplastic Myelopathy

A Enriched PhIP-Seq Peptides CDR2L and CDR2 Epitopes
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FIGURE 2 | Identification of anti-CDR2L and anti-CDR2 antibodies and PNM CSF tissue-based assay. (A) Dot plot of individual PhIP-seg-identified peptides that were
enriched in both technical replicates at least 10-fold above reference samples (R1 and R2, replicates 1 and 2, respectively). The most enriched peptide in each
replicate mapped to CDR2L (blue points). A CDR2 peptide (yellow) was also identified. PhIP-Seq data for all other enriched peptides (black) are available in
Supplementary Table 2. (B) CDR2L and CDR2 proteins and relevant epitopes. The intensity of red shading is proportional to the enrichment of that peptide by PNM
(Continued)
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FIGURE 2 | CSF and the rpK are in red above each of the 3 detected CDR2L peptides and the single enriched CDR2 peptide. The dotted regions (3 rightmost)
indicate the peptides that were enriched by PCD CSF whereby density of the dots represents the degree of enrichment. The immunogens for CDR2L and CDR2
commercial antibodies used for immunostaining are indicated by horizontal lines. A sequence alignment for the first 49 amino acids for CDR2L and CDR2 is shown
[green, identical amino acids (AA); yellow, chemically similar AA; orange, minimally similar AA; and red, dissimilar AA]. The sequence alignment for the first 49 amino
acids of human, monkey, and murine CDR2L are shown. Red rectangles indicate AA that differ from human. (C) Epifluorescent and confocal imaging of murine brain
tissue immunostained with PNM CSF at 1:4 or PCD CSF at 1:25. cb, cerebellum; CA3, cornu Ammonis 3 of the hippocampus. Scale bars = 1,000 um for whole brain
sagittal images, 50 um for epifluorescent hippocampal and cerebellar images, and 10 um for confocal images. (D) Epifluorescent images immunostaining of human
cerebellum by PNM and PCD CSF at 1:4 and 1:25, respectively. Arrows indicate Purkinje cells (PCs). In the upper left set of images, PNM CSF failed to immunostain
CDR2L immunostained PCs (unfilled arrows). On the lower right, anti-CDR2 failed to immunostain PCs immunostained by PCD CSF (unfilled arrows). The asterisk

indicates a blood vessel immunostained by anti-CDR2. Scale bars = 50 pm.

indicate the presence of anti-Yo antibodies, even in the absence
of Purkinje cell immunoreactivity.

VALIDATION OF ANTI-YO ANTIBODIES IN
PATIENT CSF

Because PNM CSF was not immunoreactive to Purkinje cells,
we tested for anti-Yo antibodies by western blot. HEK 293T
cells were either untransfected or transfected with C-terminal
flag-tagged CDR2L (CDR2L-FLAG), CDR2 (CDR2-FLAG), or
FIP1L1 (FIP1L-FLAG) as a non-target negative control. HEK
293T cell lysates were separated by SDS-PAGE and probed with
PNM CSF at a 1:250 dilution and a commercial anti-FLAG
antibody. PNM CSF IgG bound CDR2L and CDR2, but not
untransfected HEK293T cell lysate or FILILP1-FLAG (end point
dilution of 1:1,000 for PNM CSF not shown) (Figure 3A).

To further wvalidate anti-CDR2L and anti-CDR2
autoantibodies, we tested PNM CSF for anti-Yo antibodies
by HEK 293T overexpression CBA. HEK 293T cells were mock
transfected, transfected with CDR2L-FLAG, or transfected with
CDR2-FLAG, and immunostained with either PNM CSF (1:10)
or PCD CSF as a positive control (1:50). Consistent with our
immunoblot results, both PNM and PCD CSF immunostained
CDR2L and CDR2-overexpressing HEK 293T CBAs (end point
dilution of 1:100 for PNM CSF not shown) (Figures 3B,C).

Therefore, despite nearly undetectable immunostaining of
Purkinje cells, western blot and CBA demonstrated the presence
of anti-CDR2L and anti-CDR2 autoantibodies in PNM CSF.

CDR2L EXPRESSION IS RESTRICTED TO
HER2+ CELLS IN PATIENT BREAST
CARCINOMA TISSUE

HER?2 is overexpressed in up to 96% of breast cancers from
anti-Yo PCD patients compared to 15-20% of all breast
cancers (15, 16). Additionally, CDR2L is expressed in up to
100% of ovarian carcinomas from patients with anti-Yo PCD
and is overexpressed relative to control ovarian carcinoma
tissue (17). Consistent with these molecular associations, we
found that CDR2L and HER2 were expressed in the same
anatomic regions when comparing serial sections of the patient’s
breast carcinoma tissue (Figure3D). To determine whether
CDR2L expression in our patients tissue was restricted to
HER2-expressing cells, we optimized CDR2L and HER2 for
dual chromophore immunohistochemistry on control human

cerebellum and control HER2+ breast carcinoma tissue from a
patient not known to have anti-Yo PCD. We found that CDR2L
expression in our patient’s breast carcinoma colocalized with, and
was restricted to, HER2+ carcinoma cells (Figure 3E).

CDR2L AND CDR2 PROTEIN EXPRESSION
IN MURINE AND HUMAN SPINAL CORD

Given that our patient presented with a myelopathy, we next
asked whether PNM CSF anti-Yo antibodies bind to spinal cord
tissue. We first immunostained mouse spinal cord sections with
PCD CSE PNM CSF, and anti-CDR2L and anti-CDR2 antibodies.
As with cerebellar tissue, PNM CSF did not immunostain murine
spinal cord above background fluorescence. In contrast, PCD
CSF immunostained large cells along the longitudinal axis of the
murine spinal cord (Figure 4A).

According to the Human Protein Atlas, CDR2L gene
expression is higher than CDR2 in the human spinal cord;
however, to our knowledge, CDR2L and CDR2 proteins have
not been characterized in the murine or human spinal cord.
In the murine spinal cord, PCD CSF immunostaining was
restricted to the cytoplasm of large cells. In contrast, CDR2L
immunostaining was both cytoplasmic and nuclear; however,
all PCD CSF-immunostained cells were co-stained with CDR2L
and vice versa (Figure 4B). In contrast, the anti-CDR2 antibody
was poorly immunoreactive to neural cells but again strongly
stained arteriolar smooth muscle cells (Figure 4B). In the human
spinal cord, PCD CSF immunostaining also colocalized with
anti-CDR2L more so than with anti-CDR2 immunostaining
(Figure 4C). As with other tissue-based assays, PNM CSF failed
to immunostain human spinal cord (data not shown).

FOLLOW-UP AND OUTCOMES

Symptomatically and radiologically, the patient responded to
IVIg treatment initially, but she had worsening symptoms 17
months later. Given the newly found thoracic myelopathy, which
was suspected to be inflammatory in origin, she was switched
to monthly pulsed dose steroids with subsequent stabilization.
Small studies evaluating plasma exchange, IVIg, high dose
corticosteroids, cyclophosphamide, and rituximab have been
conducted in anti-Yo PCD, and no single agent has shown
consistent efficacy (18). Furthermore, a case series of isolated
paraneoplastic myelopathy associated with autoantibodies other
than anti-Yo responded poorly to immunotherapy resulting
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FIGURE 3 | Validation of anti-Yo antibodies in PNM CSF. (A) HEK293T cells were transfected with FIP1L1-FLAG, CDR2L-FLAG, or CDR2-FLAG. Lysates were
separated by SDS-PAGE and resulting immunoblots were probed with PNM CSF (green, 1:250) and counterstained with an anti-Human IgG 800CW secondary
antibody (green). The membrane was the probed with anti-FLAG and anti-rabbit 680RD secondary antibody (red). PNM CSF IgG recognized recombinant CDR2L and
CDR2 but not FIP1L1. (B) HEK293T cells were transfected with CDR2-FLAG and immunostained with PNM CSF at 1:10, PCD CSF at 1:50 (both green) and an
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bars = 100 um.

FIGURE 3 | anti-FLAG antibody (red). Scale bars are 10 um. (C) HEK293T cells were transfected with CDR2L-FLAG and immunostained with PNM CSF at 1:10, PCD
CSF at 1:50 (both green) and an anti-FLAG antibody (red). Scale bars are 10 um. (D) 3,3'-Diaminobenzidine (DAB) immunohistochemistry of serial sections of the
patient’s breast carcinoma tissue for CDR2L (left) and HER2 (right). Black arrowheads highlight a corresponding area of DAB staining on serial sections. Scale bars =
200 pm. (E) Dual chromophore immunohistochemistry for CDR2L (purple HRP, horse radish peroxidase) and HER (yellow AP, alkaline phosphatase) on control
cerebellum (top), control HER2 breast tissue (middle), and the patient’s breast carcinoma (bottom). The purple arrowhead indicates a CDR2L+/HER2- Purkinje cell in
the top panel. The yellow arrowheads indicate CDR2L-/HER2+- cells in control breast carcinoma (middle) and the patient’s breast carcinoma (bottom). The brick red
arrow indicates CDR2L+/HER2+ cells in the patient’s breast carcinoma (bottom). Red results from the co-localization of the yellow and purple chromogens. Scale

in significant disability (19). Therefore, her mild improvement
with immunotherapy was atypical for isolated paraneoplastic
myelopathy. Her improvement also coincided with the remission
of her breast cancer. Given that our patient had completed
anti-tumor therapy and demonstrated a potential response to
IVIg and corticosteroids, we transitioned her to rituximab as a
steroid-sparing agent.

DISCUSSION

Here we presented a woman with a history of breast cancer
and antibodies against anti-Yo antigens CDR2L and CDR2
despite negative clinical testing. Nearly 40% of PCD cases
test negative for previously classified autoantibodies, and
seronegative paraneoplastic myeloneuropathy has been reported
in breast cancer (20). Serum and CSF that screen positive for anti-
Yo antibodies by tissue-based immunostaining but only have
anti-CDR2L antibodies (not anti-CDR2) are at risk for a false
negative result because only CDR2 is included in confirmatory
reflex assays (13, 21, 22). In this instance, initial screening of our
patient’s CSF for PND autoantibodies by IFA was negative, so
presumably no confirmatory reflex assays looking for antibodies
to either CDR2 or CDR2L were performed. Moreover, in contrast
to many clinically diagnosed anti-Yo syndromes, our patient’s
CSF lacked oligoclonal bands and had a normal cell count,
protein level, and IgG index (23). By maintaining a high
suspicion for an inflammatory condition and applying unbiased
high-resolution whole human proteome PhIP-Seq, we identified
CDR2L and CDR2 antibodies in the CSF that we subsequently
confirmed by immunoblot and CBA.

These data suggest that anti-Yo antibody detection depends
on whether and how the target epitopes are represented
in the diagnostic assays. In our patient’s case, PhIP-Seq,
immunoblot, and CBA were more sensitive than rodent brain
immunohistochemistry. These findings may suggest that some
CDR2 and CDR2L epitopes are inaccessible in situ because they
are buried within a folded protein or shielded by protein-protein
interactions. Indeed, other research studies have identified anti-
Yo PND cases whose CSF screened negative for CDR2L/CDR2
antibodies by IFA (24, 25). Although we were able to detect anti-
Yo antibodies in our patient’s CSF at a 1:100 and 1:1,000 dilution
by overexpression CBA and immunoblot, respectively, we cannot
rule out that the antibody titer was below the limit of detection
for tissue-based IFA (<1:240 for serum or <1:2 for CSF based
on clinical testing parameters) where the effective concentration
of CDR2L and CDR2 may be lower. In either case, our patient

highlights the potential for false negatives when using tissue
staining as a threshold assay.

Most cases of PNM are associated with antibodies against
amphiphysin, Hu, or CV2/CRMP5, while anti-Yo antibodies
are typically associated with PCD (19). Anti-Yo PCD with
superimposed myelopathy is uncommon (24, 26-28) and isolated
anti-Yo myelopathy [(24), case 7] or myeloneuropathy rarer still
(10). It is unknown why some anti-Yo patients lack obvious
cerebellar findings on exam though this does not preclude
subclinical cerebellar dysfunction. This is certainly possible in
the patient reported here though the structural imaging of
the cerebellum was normal, and it was felt that the extensive
dorsal column lesion in the thoracic cord accounted for her
neurologic deficits.

In anti-Yo PCD, malignant expression of CDR2L and CDR2
elicits an immunologic response as evidenced by B and T cell
inflammatory tumor infiltrates and CDR2L protein deposits in
tumor-associated tertiary lymphoid structures (17). Endogenous
Purkinje cell expression of CDR2L and CDR2 provides a
direct pathogenic link, as inflammatory lymphocytes have been
documented in post-mortem cerebellar tissue from patients with
anti-Yo PCD (29). Demyelination and vacuolization of spinal
cord tissue has been reported in a patient with anti-Yo PCD
(29), but to our knowledge CDR2L and CDR?2 protein expression
in the human spinal cord and the myelopathology of anti-Yo
PNM have not been further characterized. We detected CDR2L
protein expression in the murine and human spinal cord that
colocalized with anti-Yo antibodies from a patient with PCD. In
contrast, CDR2 expression was primarily limited to arterioles and
was poorly colocalized with anti-Yo antibodies. This finding is
concordant with the growing literature suggesting that CDR2L
is likely the pathogenic antigen in anti-Yo PNDs generally (7,
13, 24). Thus, the pathogenic mechanism of anti-Yo PNM is
likely similar to anti-Yo PCD. Indeed, consistent with tumors
from patients with anti-Yo PCD, CDR2L was highly expressed
in our patients HER2+ breast carcinoma tissue. The degree of
dysfunction in different tissues in individual patients may reflect
variation in MHC peptide presentation in different anatomic
regions (30).

Standard clinical autoantibody testing fails to identify a
diagnostic antibody in up to one third of patients with PNDs,
some of whom may harbor undetected classified autoantibodies
(25). Few laboratories use multiple modalities upon initial
screening for paraneoplastic autoantibodies, and single modality
screening is known to risk false positive and negatives for some
antibodies including anti-Yo (31). We previously showed that
PhIP-Seq significantly enriched CDR2L and/or CDR2 peptides in
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FIGURE 4 | PNM CSF, PCDF CSF, CDR2L and CDR2 immunostaining of spinal cord. (A) Cervical (cerv), thoracolumbar (thor/lum), sacrococcygeal (sac/cocc) murine
spinal cord was immunostained with PNM CSF (1:4) or PCD CSF (1:25). The rostral () and caudal (c) ends are on the right and left of each image, respectively. PNM
CSF did not immunostain murine spinal tissue above background (asterisk = tissue artifact also seen in the negative control). PCD CSF immunostained cells along the
longitudinal axis of the spinal cord (filled arrows). The red rectangle indicates the approximate region of images shown in (B). Scale bars = 2,000 um. (B)
Coimmunostaining of murine spinal cord with PCD CSF (1:25) and anti-CDR2L or anti-CDR2. PCD CSF and anti-CDR2L immunostained the cytoplasm of large cells
and colocalized with cytoplasmic anti=CDR2L immunostaining (white arrowheads). However, anti-CDR2L also immunostained nuclei (filled red arrows) but PCD CSF
did not (unfilled red arrowheads). Scale bars = 200 um. (C) Coimmunostaining of human spinal cord with PCD CSF. PNM CSF failed to immunostain human spinal
cord (not shown). PCD CSF immunostained sparse cells that were also CDR2L positive (top row, white arrowheads). In the lower row, PCD CSF cells are costained by
anti-CDR2L (white arrowheads). In the lower row, only some cells immunostained by PCD CSF were also immunostained by anti-CDR2 (filled arrow heads, co-stained
cells; unfilled, PCD CSF exclusive cells). Scale bars = 20 um.
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all 36 screened cases of clinically diagnosed anti-Yo PCD (51 of
53 biospecimens) with no difference in sensitivity between serum
and CSF (7). This study extends those data to show that PhIP-Seq
may identify paraneoplastic cases for which tissue-based assays
are insufficiently sensitive. Together with prior literature, our
data suggests a need for complementary autoantibody testing
to account for differential target epitope availability among
diagnostic tests.

PATIENT PERSPECTIVE

Our patient noted that having undiagnosed progressive
symptoms increased her general sense of anxiety. She was
relieved when immunosuppression provided some relief and was
grateful for the opportunity to participate in research that helped
clarify the likely cause of her disease.
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