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Abstract

Background and Objectives

Breast cancers (BCs) of patients with paraneoplastic neurologic syndromes and anti-Yo anti-
bodies (Yo-PNS) overexpress human epidermal growth factor receptor 2 (HER2) and display
genetic alterations and overexpression of the Yo-onconeural antigens. They are infiltrated by an
unusual proportion of B cells. We investigated whether these features were also observed in
patients with PNS and anti-Ri antibodies (Ri-PNS).

Methods

Using clinicopathologic data, DNA sequencing, and whole-transcriptome analysis, 28 BCs
associated with Ri-PNS were characterized regarding oncological characteristics. Genetic al-
teration of the onconeural antigens and differential gene expression profiles were analyzed in
the 12 available tumor samples and compared with those of 5§ Yo-PNS tumors.

Results

Ri-PNS BCs were mainly luminal B invasive carcinomas that did not overexpress HER2 and
were a subtype of BCs different from the ones observed in Yo-PNS BCs. They had a low
expression of wild-type TP53 and deletions of 1p chromosome. Neither overexpression nor
genetic alteration of the Ri onconeural antigens was found in Ri-PNS BCs. Conversely, the
nature of the antitumor immune reaction in Ri-PNS BCs was similar to the one found in Yo-
PNS BCs. Ri-BCs also had a high propension for early nodal regional metastasis.

Discussion

BCs associated with Ri-PNS are uncommon and the tumor subtype and their molecular and
oncological characteristics are different from those of Yo-PNS and controls. Overexpression or
sequence variation in the gene of the onconeural antigen is not mandatory. Conversely, Ri-
PNS-associated and Yo-PNS-associated BCs display the same atypical B-cell-mediated
intratumoral immune response, and tumor escape in the lymph nodes is frequent.

Introduction

Paraneoplastic neurologic syndromes (PNSs) are cancer-related autoimmune disorders mainly
associated with certain type of cancers, namely lung and testicular cancers, lymphomas, thy-
momas, and gynecologic malignancies. These rare diseases are thus associated with very fre-
quent cancer subtypes, which early raised the hypothesis that particularities of the tumors were
needed to trigger a PNS. The selective association of each syndrome with one or few different
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Glossary

BC = breast cancer; CNV = copy number variation; ER = estrogen; FFPE = formalin-fixed paraffin-embedded; GO = Gene
Ontology; HER2 = human epidermal growth factor receptor 2; HR = hormone receptor; IHC = immunohistochemistry; LN =
lymph node; MCP-counter = Microenvironment Cell Populations—counter; NST = no special type; PR = progesterone; Ri-
PNS = PNS and anti-Ri antibodies; Yo-PNS = PNS and anti-Yo antibodies.

cancer subtypes suggests a specificity of the couple tumor-PNS.
One could hypothesize that for each subtype of cancer, there is
1 histomolecular subtype favoring the apparition of paraneo-
plastic autoimmunity. In PNS-associated breast cancers (BCs),
it has been shown that most of the BCs associated with PNS
and anti-Yo antibodies (Yo-PNS) overexpress human epider-
mal growth factor receptor 2 (HER2) and do not express the
hormone receptors (HRs)" and it could thus be expected that
other PNS-associated BCs share this specificity.”® Another
central characteristic of Yo-PNS is the presence of genetic
alterations (sequence variation and copy number variation
[CNV]) and overexpression of the onconeural antigens in the
associated tumors,"* which was found in no other PNSs so far.®
Whether these antigens’ alterations are specific to PNSs asso-
ciated with BCs remains to be determined. The antitumor
immune reaction is another important feature of PNS-
associated cancers and has been described to be strikingly
B-cell mediated in Yo-PNS BCs. Whether this B-cell reaction is
typical of PNS-associated BCs also remains in question. Hence,
to clarify whether this histomolecular subtype, the antigen
alterations, and the particular immune environment are com-
mon features of BC triggering PNS, we conducted a study on
a series of PNS and anti-Ri antibodies (Ri-PNS) BCs. Indeed,
anti-Ri autoantibodies, which are directed against the NOVALI
protein and its paralog NOVA2,° are the second most frequent
autoantibodies associated with BCs.> The main aim of this
study was to assess the tumor oncological characteristics (his-
tomolecular subtype, cytogenetic profile, and oncogenic
mutations), to identify putative alterations of the antigens, and
to analyze the intratumor immune reaction in Ri-PNS BCs
combining clinical, histologic, and transcriptomic analyzes.

Methods

Patients

Patients with Ri-PNS and a BC diagnosed between October
2001 and March 2023 were identified retrospectively by the
French Reference Center for PNS and autoimmune en-
cephalitis (Lyon, France). Patients were included if they had
(1) a PNS diagnosis according to the international guide-
lines”; (2) the presence of Ri antibodies in serum and/or CSF
detected using both immunohistochemistry (IHC) on rat
brain sections and dot blot using commercial tests (RAVO
diagnostika and Euroimmun); and (3) a histologically proven
BC. Tumor and PNS synchronism was defined by a delay
of <12 months between the diagnosis of the cancer and that of
the PNS. Tumors occurring in a delay >12 months before or
after PNS diagnosis were labeled as asynchronous. Data
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concerning clinical features and oncological history were re-
trieved retrospectively from patients’ medical files. Complete
clinical description of this cohort has been published
elsewhere.’

Control Specimens

Ten BCs without Ri-PNS from the biopathology department of
the Centre Léon Bérard (BB-0033-00050, CRB Centre Léon Bérard,
Lyon, France) were selected to match the Ri-PNS BCs regarding
histopathologic type, HER2 and HR expression (namely estrogen
[ER] and progesterone [PR] receptors), and the Nottingham
grade.® Of note, all control tumors were primary BC.

Clinical data were compared with those from a literature-
drawn cohort.”

Yo-PNS Samples

Another cohort of 5 primary BC samples with Yo-PNS pre-
viously described" was used for comparison with primary Ri-
PNS BCs.

Tumor Pathology Study

Formalin-fixed paraffin-embedded (FFPE) tissue sections of
4-ym thick were stained with hematoxylin-phloxine-saffron
(HPS). A referent pathologist (IT) assessed the subtype of BC
according to the 2019 World Health Organization classification.'®

Immunohistochemistry

Detailed chromogen IHC protocols and antibodies are de-
scribed in eMethods. Classical diagnostic markers, including
ER and PR receptors, were obtained using a routine automated
protocol. HER2 expression was assessed using prediluted
monoclonal anti-HER2 antibody 4BS (Roche Diagnostics,
Basel, Switzerland). Expressions of NOVALI antibody PAS-
18895 (ThermoFisher Scientific, Waltham, MA) and NOVA2
antibody PAS-83784 (ThermoPFisher Scientific) were assessed
using an automated IHC protocol. A staining intensity value
from 0 (no staining) to 3 (high staining) was given by manual
quantification conducted by 2 evaluators (IT and VD) blinded
to the provenance (patient or control) of the sample.

RNA Sequencing

Sequencing was performed (paired end, 2 x 75 cycles) using
the NextSeq 500/550 High Output V2 kit on a NextSeq 500
machine (Illumina, San Diego, CA). The mean number of
reads per sample was around 80 million. Alignment and
quantification were conducted using grape, a Nextflow pipe-
line'' using STAR'® 2.4.0j and RSEM 1.2.21."* The GRCh38
version of the human reference genome and GENCODE 41
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Table 1 Clinicopathologic Description of Ri-
Paraneoplastic Neurologic Syndrome Breast

Table 1 Clinicopathologic Description of Ri-Paraneoplastic
Neurologic Syndrome Breast Cancer (BC) Cohort

Cancer (BC) Cohort (continued)
28 BCs, n (%) 28 BCs, n (%)
Pathology Extracerebellar features 13 (46.4)
Invasive carcinoma NST 24(85.7) Opsoclonus 1
Lobular carcinoma 1(3.6) Myoclonus 11
Papillary carcinoma 1(3.6) Dystonia 6
NA 2(7.1) Hypertonia 12
Nottingham grade® Oculomotor palsy 12
mn 7(25.0) Tremor 5
] 11(39.2) Limbic encephalitis 2
I 1(3.6) mRS score at onset
NA 9(32.1) >2 11
Tumor subtype <2 11
NA 6 NA 6
HER2- hormone receptor + 18(81.8) mRS score at last follow-up
HER2+ hormone receptor + 3(13.6) >2 18
HER2+ hormone receptor - 0(0.0) <2 8
TNBC 1(4.5) NA 2
Receptor expression Abbreviations: ER = estrogen receptor; HER2 = cErbB2 protein; mRS =
NA 4 modified Rankin Scale; N+ = cancer cells in at least one lymph node; NO = no
cancer cell in any lymph node; NA = not available; NST = of no special type;
PR = progesterone receptor; TO = no detectable tumor; T1 = tumor is <2 cm
ER 23(95.8) across; T2 = tumor is >2 ¢cm but <5 ¢cm across; T3 = tumor is >5 cm across;
Tis = in situ tumor; TNBC = triple-negative breast carcinoma; TNM = tumor
PR 13(54.1) node metastasis staging.
@ Nottingham grade is a composite pathological prognostic score taking into
HER2 3(12.5) account differentiation, atypia, and mitotic activity ranging from grade |
(best prognosis) to lll (worse prognosis).
Tumor size
T0 6 (21.4)
were used. Three samples with a number of unique reads less
Tis 13.6) than 10 million (S million paired-reads) were discarded from
™ 14 (50.0) the analysis.
” 4(142) Comparative Genomic Hybridization Array
T3 0(0.0) The fragmentation, labeling, and cohybridization on 4 x
- 180 K Agilent SurePrint G3 Human whole-genome oligo-
Lymph node metastasis ] . ] ‘
nucleotide arrays (Agilent Technologies), as well as scanning
NO 7125.0) and analysis, are fully described in eMethods. The accession
N+ 18 (64.2) number in National Center for Biotechnology Information’s
Gene Expression Omnibus is GSE96039.
NA 3(10.7)
Tumor-PNS delay DNA Sequencing
NOVAI and NOVA2 sequences were assessed along with
Synchronous 21 (75.0) i
a panel of breast oncogenesis genes (namely NOTCHI,
Asynchronous 7(25.0) NOTCH2, ATM, TP53, ESR1, PIK3CA, BRCAI, and BRCA2)
Neurologic features using the Miseq next-generation sequencing platform (Illu-
mina) according to the manufacturer’s instructions. The se-
Cerebellar syndrome 15(36) quence data generated were aligned using Next-GENe
Continued  (Softgenetics, State College, PA) on human reference
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sequence GRCh38. The Catalogue of Somatic Mutations in
Cancer database'* was used as control data.

Statistical and Bioinformatics Analyses

Statistical analyses were performed using R 4.0.3."> Com-
parisons were made using the x” test, Fisher exact test or
Wilcoxon rank-sum test according to the preanalytical con-

ditions. The p values were adjusted using the Benjamini and
Hochberg method.

Bioinformatics analyses are detailed in eMethods. In brief, dif-
ferential gene expression analysis was performed using the
DESeq2 1.32.0" R package by comparing gene expression be-
tween Ri-PNS and control samples. Hierarchical clustering was
performed with the pheatmap 1.0.12 R package using the Eu-
clidean distance and the Ward clustering method. Gene Ontol-
ogy (GO) enrichment was performed using the clusterProfiler
4.10.1"7 R package on overexpressed and underexpressed Ri-
PNS genes separately. Immune cell populations were analyzed
using the Microenvironment Cell Populations—counter (MCP-
counter) method'® with the MCPCounter 1.1 R package.

Ethical Considerations

This study is part of the project Gene PNS (NCT03963700)
and was approved by the ethics and scientific committee of
the Hospices Civils de Lyon. Tumors and other biological
samples were collected after patients gave informed and
written consent.

Data Availability
Anonymized data used for this study are available on request.

Results

Clinical and Pathologic Cohorts

Among the 47 patients with anti-Ri PNSs diagnosed in the
French Reference Center between November 2001 and
October 2022, we identified 28 patients with an associated
BC and collected their histopathologic data (Table 1).
Twelve patients had available FFPE tissue samples: 3 axillary
lymph nodes (LNs) and 9 primary BCs. Histologic data on
each available tumor sample are provided for each patient in
Table 2, and the study flowchart summarizing the methods
and analyses applied to characterize Ri-PNS BCs compared
with controls and Yo-PNS BCs is presented in Figure 1.
Regarding clinical presentations, 15 patients (53.6%) had
a cerebellar syndrome at onset while 13 (46.4%) presented
only with extracerebellar features. None of the patients had
both cerebellar and extracerebellar impairment in this co-
hort. Tumor and PNS were synchronous in 75.0% of the
cases (Table 1). Clinical characteristics were not signifi-
cantly different between the synchronous and asynchronous
groups.

Ri-PNS BCs Are Luminal B BCs but With an
Uncommon Genetic Background

Twenty-four of the 28 Ri-PNS BCs (85.7%) were invasive
carcinomas of no special type (NST). The Nottingham
grade® was available for 19 samples: 18 BCs were grade 2
or 3 (94.8%) while only 1 was grade 1 (5.2%). IHC found
that HER2 was overexpressed in only 3 Ri-PNS BCs
(12.5%). Concerning HR, ER was positive in 23 of
24 (95.8%) and PR in 13 of 24 (54.1%) Ri-PNS BCs.

Table 2 Histologic and Molecular Characteristics of Ri-PNS BCs

Patient Sample Nottingham HER2 IHC ::Ir:or- Neurologic Genetic alteration on NOVA 1 NOVA 2
number  type grade expression ER PR delay?, mo features NOVA1or NOVA2gene  CNV CNV
1 PBT 1l - + - 4.5 Extracerebellar p.A155P (NOVA2) None None
2 PBT Il - + + -0.2 Cerebellar None None None
3 MLN 1] - + + -3.7 Cerebellar None None None
4 PBT Il - + - -19.8 Extracerebellar None None None
5 PBT Il - + + 13.9 Cerebellar None None None
6 PBT Il - + - -8.5 Cerebellar None Gain Gain
7 PBT n +++ + - 7.6 Cerebellar None NA NA

8 PBT 1l +++ + + 0 Cerebellar None NA NA

9 PBT Il +++ + + 13 Extracerebellar NA NA NA
10 MLN NA - + - 0.4 Cerebellar NA NA NA
11 MLN NA - + - 0.2 Extracerebellar NA NA NA
12 PBT Il - + + -12.8 Extracerebellar ~ NA NA NA

Abbreviations: BC = breast cancer; CNV = copy number variation; ER = estrogen receptor; HER2 = cErbB2 protein; IHC = immunohistochemistry; MLN =

metastatic lymph node; NA = not available; PBT = primary breast tumor; PNS =

paraneoplastic neurologic syndrome; PR = progesterone receptor.

2The delay between the tumor and the PNS was calculated using tumor diagnosis as Day 0; negative interval thus corresponds to a patient for whom PNS was

diagnosed before the tumor.
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Figure 1 Flowchart of the Study
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Control cohorts are either from (1) in-house control luminal B BCs for the RNA-seq and IHC analyses, (2) the COSMIC database™ for the DNA sequencing of
NOVAT and NOVA2, or (3) a literature-drawn cohort® for the clinicopathologic comparison. BC = breast cancer; CGHa = Comparative Genomic Hybridization
array; HER2- = no overexpression of human epidermal growth factor receptor 2; COSMIC = Catalogue of Somatic Mutations in Cancer; HR+ = overexpression
of hormone receptor; IHC = immunohistochemistry; PNS = paraneoplastic neurologic syndrome; TNM = tumor node metastasis staging.

Overall, most of the Ri-PNS BCs (81.8%) were HR-
positive/HER2-negative high-grade invasive carcinomas
NST, also called luminal B BCs (Table 1). Amongst the 12
samples of our pathologic cohort, 2 presented with limited
comedonecrosis, 2 displayed intravascular tumor emboli,
and none showed signs of neurotropism. DNA-seq anal-
ysis focused on breast tumor oncogenes (NOTCHI,
NOTCH2, ATM, TP53, ESRI, PIK3CA, BRCAI, BRCA2)
found none of the mutations expected in regular luminal B
BCs; especially, all tumors had a wild-type TPS3 profile.
Comparative genomic hybridization analysis found few
significant differences between genomic profiles of Ri-
PNS BCs and control luminal B BCs (eFigure 1): when
altered, the chromosome 1p was more frequently lost in
Ri-PNS BCs (3/6, 50%) while gained in control luminal B
BCs (3/10, 30%) while the chromosome 12p was fre-
quently gained only in control luminal B BCs (4/10,
40%). None of these alterations were found in Yo-PNS
BCs." There was no significant link between the onco-
logical characteristics of the Ri-PNS BC (subtype, grade,
and oncogenic background) and clinical features (cere-
bellar and extracerebellar).

Neurology.org/NN
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Ri-PNS BCs Metastasize Early in Regional LNs
The study of the oncological characteristics of the patients
showed that 21 of 28 Ri-PNS BCs (75.0%) were T1 or lower
(in situ or no primary tumor) and 18 of 28 BCs (64.2%) had
ipsilateral axillary LN metastasis at diagnosis (Table 1). Six of
the 28 BCs (21.4%) had a definitive pathologic diagnosis after
LN biopsy but no detectable primary breast tumor after ap-
propriate radiologic and clinical assessment (including ad hoc
nuclear imaging), also called occult BC with axillary LN me-
tastasis. No patient had distant metastasis. No significant
differences in the tumor size, LN, or distant metastasis were
found when comparing patients with cerebellar impairment
with those with extracerebellar features.

Onconeural Antigens Are Neither Mutated nor
Overexpressed in Ri-PNS BCs

DNA-seq analysis of NOVAI and NOVA2 sequences was
performed on 9 Ri-PNS BCs. No sequence variation was
found in Ri-PNS BCs nor in controls. Information on NOVAI
and NOVA2 CNV was available for 6 samples and 9 controls
(eFigure 1). Only one Ri-PNS patient (patient no. 6) dis-
played a significant but moderate gain in copy numbers on
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both onconeural gene loci (4 copies of NOVAI and S copies of
NOVA2). Overall, we found no genetic alteration of the 2
onconeural antigens.

Concerning expression levels, bulk RNA-seq analysis on Ri-
PNS BCs (n = 9) compared with control luminal B BCs
without PNS (n = 9) found no differential expression of
NOVAI or NOVA2 mRNA (Figure 2, A and C). It is im-
portant to note that NOVAI expression was significantly
higher in all luminal B BCs (Ri-PNS and matched controls)
compared with the expression level in the other histologic
subtypes of BCs (HER2-driven and triple-negative BCs,
eFigure 2). IHC analysis on Ri-PNS BCs (n = 12) compared
with controls (n = 10) confirmed the absence of significant
difference in the expression of NOVAI and NOVA2 proteins
between Ri-PNS BCs and controls (Figure 2, B and D).

Ri-PNS BCs Are Characterized by a Strong
Antitumor Immune Reaction

RNA-seq analysis found 81 differentially expressed genes (36
downregulated and 45 upregulated) in Ri-PNS luminal B BCs
(n =9) compared with luminal B BCs without PNS (n = 9;
Figure 3). The exhaustive list of differentially expressed genes
is presented in eTable 1. None of the significantly

differentially expressed genes in Ri-PNS was held by the
chromosome 1p concerned by the loss of heterozygosity. The
hierarchical clustering based on differentially expressed RNA
clearly separated Ri-PNS from their controls. Enrichment
analysis on the genes overexpressed in Ri-PNS was mainly
related to immune activation. Detailed GO enrichment
analysis is provided in eTables 2 and 3.

Deconvolution using the MCP-counter method found a sig-
nificant enrichment in B lineage, cytotoxic lymphocytes, and
NK cells in Ri-PNS BCs compared with control luminal B
BCs (Figure 4A, complete MCP results in eFigure 3). Con-
versely, no statistically significant difference was found be-
tween the 2 clinical groups (cerebellar vs extracerebellar
features). Comparison of Ri-PNS BCs and Yo-PNS BCs
showed similar quantity and repartition of immune cells be-
tween the 2 groups, besides an overrepresentation of neu-
trophils in Yo-PNS tumors (Figure 4B, complete MCP results
in eFigure 4).

Discussion

This study shows that Ri-PNS BCs are luminal B BCs that
overexpress HR and do not express HER2, contrary to Yo-

Figure 2 Expression of the Onconeural Antigens in Ri-PNS BCs Compared With Controls
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Figure 3 Heatmap of Differentially Expressed Genes Between Control and Ri-PNS Breast Cancers
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Heatmap of differentially expressed genes (in rows) between Ri-PNS BC (green) and control luminal B BC (light blue) samples (in columns). Tumor sites are
separated in primary BCs (PBT, purple) and metastatic lymph nodes (LN, pink). Clinical features of Ri-PNS are categorized into cerebellar (gray) or extrac-
erebellar (yellow). TPM expression values were first transformed into logo(TPM + 0.01) and then transformed into a Z-score per gene. BC = breast cancer;
PBT = primary breast tumor; PNS = paraneoplastic neurologic syndrome; TPM = transcripts per million.

PNS BCs that are HER2-driven tumors (HER2+ HR-),
a rare subtype of BCs." However, Ri-PNS BCs are not
classical luminal B BCs. They have an uncommon genetic
background singularizing them from regular luminal B BCs,
the most frequent molecular subtype, representing around
15% of all BCs"’: they all have a wild-type TP53 (0% of TPS3
mutation in Ri-PNS BC samples while such mutations are
found in 41% of luminal B BCs)'**® and significant loss of
1p chromosomal arms, for which the signification remains
unknown. These types of tumor specificities are likewise
found in other PNS-associated tumors: loss of chromosome
10 in Hu-PNS small cell lung cancer associated with loss of
tumor suppressor genes, gain or amplification of 17q chro-
mosome holding ERBB2, and the Yo antigen CDR2L in Yo-
PNS BCs and ovarian tumors. These kinds of genetic
alterations seem recurrent in PNS-associated tumors and
probably participate in PNS pathophysiology. This overall
suggests that, for each PNS, there is 1 specific type of tumor
with its oncogenic drivers, mutations, and genetic alterations
that lay ground for each specific syndrome. On a clinical
perspective, refining the profiling of tumors associated with
each PNS could allow us to better predict the risk of auto-
immunity associated with each patient’s tumor and thus to
improve the personalized decision-making strategies in the
field of cancer immune therapy.

Neurology.org/NN
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Concerning the antigens, we found no genetic abnormali-
ties nor overexpression of the onconeural antigens NOVAI
and NOVA2, contrary to what was described for the Yo-
PNS antigens. These antigen alterations are thus not
a hallmark of PNS BCs but maybe rather a particularity of
Yo-PNS. Nevertheless, a high expression of NOVAI and
NOVA2 was found in Ri-PNS, but at the same level than in
other luminal B BCs,*" which mirrors what is known of the
expression of the antigen ELAVL4 in anti-Hu lung can-
cers.” Hence, antigen expression by the tumor may well be
a sine qua non condition for paraneoplastic autoimmunity,
whereas overexpression seems to be restricted to certain
PNSs only."*** A link between antigen overexpression and
cytogenetic abnormalities has been shown in Yo-PNS (gain
or amplification in 17q locus and overexpression of
CDR2L) and in GabaBR-PNS (gain of Sq and over-
expression of KCTD16, one of the main intracellular
interactors of GabaBR; KCTD16 autoantibodies are ob-
served only in paraneoplastic GabaBR PNS****). In these
latter PNSs, the trigger of this specific autoimmunity seems
well correlated with tumor abnormalities. The absence of
overexpression and cytogenetic alterations of the NOVA
protein in Ri-PNS questions 2 possibilities: alternative
antigenic targets that could present the same antigenic
alterations, as in Yo-PNS with CDR2 and CDR2L, or
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Figure 4 Comparative MCP-Counter Deconvolution Between Ri-PNS, Yo-PNS, and Control BCs
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another original mechanism of immune tolerance break-
down that is still to fathom.

This study highlights the fact that the oncological factors
implicated in the paraneoplastic immunogenesis are not
ubiquitous, even in the same type of cancer. Nevertheless, it is
noteworthy that although these 2 PNSs have proven them-
selves to be very different, they also share commonalities.
First, Ri-PNS BCs seem to display the same potential for LN
metastasis, as described with Yo-PNS BCs.' Indeed, we ob-
served a high proportion of LN metastasis, at the time of
diagnosis, in our cohort (64.2%, higher than the expected rate
of 36%-43.8% in luminal B BCs).”*>*¢ PNS-associated can-
cer propensity for metastasis, already hinted by case reports
and radiologic studies,”’ ° is confirmed in PNS-associated
BCs, whatever the associated syndrome and underlying sub-
type of BC. This could indicate a particular aggressiveness of
PNS-associated BCs, irrespective of the nature of the associ-
ated syndrome and the tumor histomolecular subtype. The
extremely high proportion of occult BCs in Ri-PNS (21.4%)
and Yo-PNS (20.5%)" compared with the general population
of BCs (0.1%)>" is also a striking similarity. These data add
credit to the already current practice of promptly proposing
PET-FDG scanners to patients with Ri-PNS and Yo-PNS
without detectable tumor after the first screening following
ENFS recommendations (mammogram and MRI).*> On
a pathophysiologic perspective, this suggests discrepancies in
antitumor immunity effectiveness between the primary and
secondary sites in both PNSs. At the primary tumor site, we
describe an unusually intense immune infiltration of the
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tumors by B cells that explains the major part of the differ-
entially expressed genes between Ri-PNS BCs and their
controls. Again, this resembles what was described in Yo-
PNS"*: a surprisingly important implication of humoral
immunity at the tumor site. The intensity of the antitumor
immune response, comparable between Yo-PNS BCs and Ri-
PNS BCs, is significantly higher than in controls. The only
difference between Yo-PNS BCs and Ri-PNS BCs is the
overrepresentation of neutrophils in Yo-PNS BCs, which is
probably reflecting the difference of the predominant tumor
subtype between the 2 cohorts. Indeed, tumor-associated
neutrophils have been associated with the negativity of HR in
BCs,>® which is the case of nearly all samples in the Yo-PNS
cohort and virtually none in Ri-PNS. Overall, there are similar
B-cell-mediated immune responses in both PNSs, which
seem to contain tumor growth in situ but fail to prevent LN
metastasis. The determinants for this remote tumor immune
escape in PNS are still to be understood.

This study is naturally limited by the small size of the cohort
because of the rarity of this syndrome. Moreover, the ex-
tended timespan required to conduct the collection of these
rare samples probably led to tumor tissue alterations, ren-
dering RNA extraction difficult in some of the oldest samples
and further reducing the number of samples available for
analysis. Further studies, ideally on larger cohorts, would be
needed to confirm the present conclusions and deepen the
molecular and mechanistic analyses to understand the link
between the salient genetic and cytogenetic characteristics,
the histomolecular subtype, the antigenic targets, and the
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autoimmunity. Eventually, this could help physicians and
patients in decision making when confronted with the ques-
tion of whether to start an immunotherapy, given the risk of
neurologic side effect. Personalizing the strategy based on the
study of patient’s tumor would be a substantial step forward in
this challenging field.

This work allows us to conclude that BCs associated with
Ri-PNS are uncommon. Their molecular and oncological
particularities are different between Yo-PNS and Ri-PNS,
and the autoimmunity is thus not determined only by the
nature of the target. Rather, BC-associated PNSs need the
combination of the tumoral expression of the onconeural
target and the proper type of underlying BC to occur. This
suggests a strong link between oncogenesis and autoim-
munity that remains to be explored. However, what stands
as a commonality between all PNS-associated BCs is the
atypical B-mediated intratumoral immune response that
seems to fail in fully controlling the cancer. Indeed, as in
Yo-PNS BCs, the rate of LN metastasis at the time of di-
agnosis is unexpectedly high in Ri-PNS BCs, the reason of
which is still unfathomed.

Acknowledgments

The authors thank L. Odeyer, A. Colombe Vermorel, and
E. Malandain for expert technical assistance in IHC
staining. The authors gratefully acknowledge Véréna
Landel (Direction de la Recherche en Santé, Hospices
Civils de Lyon) for help in manuscript preparation.
The authors thank David Meyronet for providing
cerebellum samples and expertise for IHC staining and
the Centre de Ressource Biologique (Tissu-Tumor-
othéque Est, CRB-HCL, Hospices Civils de Lyon BB-
0033-00046) for banking tumor samples. The authors
express their thanks to Dr. Eric Anger (Alencon), Dr. Anne
Guilbert (Alengon), Dr. Christophe Prat (Angouléme),
Dr. Denis Roblet (Angouléme), Dr. Dominique Gayraud
(Aix-En-provence), Dr. Laurence Tabary-Martin (Aix-En-
provence), Dr. Eric Josien (Béthune), Dr. Cécile Dulau
(Bordeaux), Dr. Irina Taifas (Clamart), Dr. Lilia Seddik
(Créteil), Dr. Jean-Laurent Totobenazara (Créteil),
Dr. Maxime Lugosi (Grenoble), Dr. Eleni Nika (Greno-
ble), Dr. Alain Legout (Le Mans), Dr. Norbert Padilla (Le
Mans), Dr. Dominique Cathelineau (Lille), Dr. Caroline
Moreau (Lille), Dr. Agnés Wacrenier (Lille), Dr. Daniela
Irimescu (Lorient), Dr. Yves Denoyer (Lorient), Dr. Luc
Saint Genis (Lyon), Dr. Jean Claude Getenet (Montbri-
son), Dr. Tiphaine Rouaud (Nantes), Dr. Véronique
Bourg (Nice), Dr. Frangoise Memeteau (Niort), Dr.
Marie-Pierre Rosier (Niort), Dr. Bruno Barroso (Pau),
Dr. Antoine Borocco (Pau), Dr. Raluca Marasescu (Pau),
Dr. Ghislaine Escourrou (Toulouse), Dr. Angélique
Gerdelat (Toulouse), Dr. Fleur Lerebours (Toulouse),
Dr. Anne-Marie Bergemer-Fouquet (Tours), Dr. Julien
Biberon (Tours), Dr. Julien Praline (Tours), and Dr.
Soléne Ronsin (Villefranche sur Saéne), who sent clinical
data and biological samples for the study.

Neurology.org/NN

Neurology: Neuroimmunology & Neuroinflammation |

Author Contributions

E. Peter: drafting/revision of the manuscript for content, in-
cluding medical writing for content; major role in the acqui-
sition of data; analysis or interpretation of data. I. Treilleux:
major role in the acquisition of data; analysis or interpretation
of data. V. Wucher: drafting/revision of the manuscript for
content, including medical writing for content; analysis or
interpretation of data. M. Villagrdn-Garcia: drafting/revision
of the manuscript for content, including medical writing for
content. P. Dumez: drafting/revision of the manuscript for
content, including medical writing for content. D. Pissaloux:
major role in the acquisition of data; analysis or interpretation
of data. S. Paindavoine: major role in the acquisition of data.
V. Attignon: major role in the acquisition of data; analysis or
interpretation of data. G. Picard: major role in the acquisi-
tion of data. V. Rogemond: major role in the acquisition of
data. M. Villard: major role in the acquisition of data. L.
Tonon: major role in the acquisition of data; analysis or
interpretation of data. A. Ferrari: major role in the acquisi-
tion of data; analysis or interpretation of data. A. Viari:
analysis or interpretation of data. B. Dubois: drafting/
revision of the manuscript for content, including medical
writing for content; study concept or design; analysis or
interpretation of data. J. Honnorat: drafting/revision of the
manuscript for content, including medical writing for con-
tent; study concept or design; analysis or interpretation of
data. V. Desestret: drafting/revision of the manuscript for
content, including medical writing for content; study con-
cept or design; analysis or interpretation of data.

Study Funding

This project has been developed within the BETPSY project,
which is supported by a public grant overseen by the French
national research agency (Agence Nationale de la Recherche,
ANR), as part of the second “Investissements d’Avenir”
program (reference ANR-18-RHUS-0012), by the Ligue
Contre le Cancer (Rhéne) and by the Institut National du
Cancer (reference INCA_16723). E. Peter received a grant
from the Société Nationale Francaise de Médecine Interne.
M. Villagrdn-Garcia is supported by a research grant from
Fundacién Alfonso Martin Escudero (Spain).

Disclosure
The authors report no relevant disclosures. Go to
Neurology.org/NN for full disclosures.

Publication History

Received by Neurology: Neuroimmunology ¢ Neuroinflammation
September 6, 2024. Accepted in final form November 26, 2024.
Submitted and externally peer reviewed. The handling editor was Editor
Josep O. Dalmau, MD, PhD, FAAN.

References

1. Peter E, Treilleux I, Wucher V, et al. Inmune and genetic signatures of breast carcinomas
triggering anti-Yo-associated paraneoplastic cerebellar degeneration. Neurol Neuro-
immunol Neuroinflamm. 2022;9(5):e200015. doi:10.1212/NXI1.0000000000200015

2. Rojas-Marcos I, Picard G, Chinchon D, et al. Human epidermal growth factor re-
ceptor 2 overexpression in breast cancer of patients with anti-Yo-associated para-
neoplastic cerebellar degeneration. Neuro-Oncol. 2012;14(4):506-510. doi:10.1093/
neuonc/nos006

Volume 12, Number 2 | March 2025

€200367(9)


https://n.neurology.org/lookup/10.1212/NXI.0000000000200367
http://neurology.org/nn

10.

11.

12.

13.

14.
1S.

16.

17.

Neurology: Neuroimmunology & Neuroinflammation

Simard C, Vogrig A, Joubert B, et al. Clinical spectrum and diagnostic pitfalls of
neurologic syndromes with Ri antibodies. Neurol Neuroimmunol Neuroinflamm. 2020;
7(3):e699. doi:10.1212/NX1.0000000000000699

Small M, Treilleux I, Couillault C, et al. Genetic alterations and tumor immune attack
in Yo paraneoplastic cerebellar degeneration. Acta Neuropathol. 2018;135(4):
569-579. doi:10.1007/s00401-017-1802-y

Vogrig A, Pegat A, Villagran-Garcia M, et al. Different genetic signatures of small-cell
lung cancer characterize anti-GABABR and anti-Hu paraneoplastic neurological
syndromes. Ann Neurol. 2023;94(6):1102-1118. doi:10.1002/ana.26784
Buckanovich R], Posner JB, Darnell RB. Nova, the paraneoplastic Ri antigen, is
homologous to an RNA-binding protein and is specifically expressed in the de-
veloping motor system. Neuron. 1993;11(4):657-672. doi:10.1016/0896-6273(93)
90077-S

Graus F, Vogrig A, Muiiz-Castrillo S, et al. Updated diagnostic criteria for para-
neoplastic neurologic syndromes. Neurol Neuroimmunol Neuroinflamm. 2021;8(4):
€1014. doi:10.1212/NXI1.0000000000001014

Galea MH, Blamey RW, Elston CE, Ellis IO. The Nottingham Prognostic Index in
primary breast cancer. Breast Cancer Res Treat. 1992;22(3):207-219. doi:10.1007/
BF01840834

Dihge L, Vallon-Christersson J, Hegardt C, et al. Prediction of lymph node metastasis
in breast cancer by gene expression and clinicopathological models: development and
validation within a population-based cohort. Clin Cancer Res. 2019;25(21):
6368-6381. doi:10.1158/1078-0432.CCR-19-0075

WHO Classification of Tumours. Editorial Board. Breast Tumours. WHO Classifi-
cation of Tumours Series Sth Ed; (Vol 2). IARC; 2019.

Di Tommaso P, Chatzou M, Floden EW, Barja PP, Palumbo E, Notredame C.
Nextflow enables reproducible computational workflows. Nat Biotechnol. 2017;35(4):
316-319. doi:10.1038/nbt.3820

Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15-21. doi:10.1093 /bioinformatics/bts635

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with
or without a reference genome. BMC Bioinformatics. 2011;12:323-416. doi:10.1186/
1471-2105-12-323

Tate JG, Bamford S, Jubb HC, et al. COSMIC: the catalogue of somatic mutations in
cancer. Nucleic Acids Res. 2019;47(D1):D941-D947. doi:10.1093/nar/gky101S

R Development Core Team. R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing; 2020. R-project.org

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550-621. doi:10.1186/
513059-014-0550-8

Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing bi-
ological themes among gene clusters. OMICS. 2012;16(5):284-287. doi:10.1089/
omi.2011.0118

19.

20.
21
22.

23.

24.

28.
26.

27.

28.

29.

30.

3L

32.

33.

| Volume 12, Number 2 |
€200367(10)

Becht E, Giraldo NA, Lacroix L, et al. Estimating the population abundance of tissue-
infiltrating immune and stromal cell populations using gene expression. Genome Biol.
2016;17(1):218-220. doi:10.1186/513059-016-1070-5

van Dooijeweert C, Deckers IA, Baas 10, van der Wall E, van Diest PJ. Hormone-and
HER2-receptor assessment in 33,046 breast cancer patients: a nationwide comparison
of positivity rates between pathology laboratories in the Netherlands. Breast Cancer
Res Treat. 2019;175(2):487-497. doi:10.1007/510549-019-05180-S

Dumay A, Feugeas J, Wittmer E, et al. Distinct tumor protein p33 mutants in breast
cancer subgroups. Int ] Cancer. 2013;132(5):1227-1231. doi:10.1002/ijc.27767
Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast
tumours. Nature. 2012;490(7418):61-70. doi:10.1038/nature11412

Hoxha E, Wiech T, Stahl PR, et al. A mechanism for cancer-associated membranous
nephropathy. N Engl ] Med. 2016;374(20):1995-1996. doi:10.1056/NEJMc1511702
van Coevorden-Hameete MH, de Bruijn MA, de Graaff E, et al. The expanded clinical
spectrum of anti-GABABR encephalitis and added value of KCTD16 autoantibodies.
Brain. 2019;142(6):1631-1643. doi:10.1093/brain/awz094

Lamblin F, Kerstens J, Muniz-Castrillo S, et al. Comparative study of paraneoplastic and
nonparaneoplastic autoimmune encephalitis with GABABR antibodies. Neurol Neuro-
immunol Neuroinflamm. 2024;11(3):€200229. doi:10.1212/NXI1.0000000000200229
Si C, Jin Y, Wang H, Zou Q. Association between molecular subtypes and lymph node
status in invasive breast cancer. Int | Clin Exp Pathol. 2014;7(10):6800-6806.

Yang ZJ, Yu Y, Hou XW, et al. The prognostic value of node status in different breast
cancer subtypes. Oncotarget. 2017;8(3):4563-4571. doi:10.18632/oncotarget.13943
Younes-Mhenni S, Janier MF, Cinotti L, et al. FDG-PET improves tumour detection
in patients with paraneoplastic neurological syndromes. Brain. 2004;127(pt 10):
2331-2338. doi:10.1093 /brain/awh247

Peterson K, Rosenblum M, Kotanides H, Posner J. Paraneoplastic cerebellar de-
generation. IA clinical analysis of 55 anti-Yo antibody-positive patients. Neurology.
1992;42(10):1931-1937. doi:10.1212/wnl.42.10.1931

Frings M, Antoch G, Knorn P, et al. Strategies in detection of the primary tumour in
anti-Yo associated paraneoplastic cerebellar degeneration. ] Neurol. 2005;252(2):
197-201. doi:10.1007/500415-005-0635-0

Dalmau J, Rosenfeld MR. Paraneoplastic syndromes of the CNS. Lancet Neurol. 2008;
7(4):327-340. doi:10.1016/S1474-4422(08)70060-7

Walker GV, Smith GL, Perkins GH, et al. Population-based analysis of occult primary
breast cancer with axillary lymph node metastasis. Cancer. 2010;116(17):4000-4006.
do0i:10.1002/cncr.25197

Titulaer MJ, Soffietti R, Dalmau J, et al. Screening for tumours in paraneoplastic
syndromes: report of an EFNS task force. Eur ] Neurol. 2011;18(1):19-e3. doi:
10.1111/j.1468-1331.2010.03220.x

Soto-Perez-de-Celis E, Chavarri-Guerra Y, Leon-Rodriguez E, Gamboa-Dominguez
A. Tumor-associated neutrophils in breast cancer subtypes. Asian Pac ] Cancer Prev.
2017;18(10):2689-2693. doi:10.22034/APJCP.2017.18.10.2689

March 2025 Neurology.org/NN


http://R-project.org
http://neurology.org/nn

