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Abstract

The glycosphingolipid disialoganglioside GD?2 is a cell-surface associated antigen expressed on
tumors of neuroectodermal origin that serves as a target of immunotherapy in select cancer types.
Information about the expression of GD2 in breast cancer is limited. In the present study we
investigate the utility of GD2 as a potential biomarker for targeted treatment. The study cohort
consists of 386 breast carcinomas of several histologic types. GD2 expression was assessed

in both whole tumor sections and tissue microarrays with anti-GD2 3F8 monoclonal antibody
immunohistochemistry and correlated with clinicopathologic features and survival outcomes. A
total of 134 (35%) breast carcinomas were positive for GD2, with a median H-score of 100. 3F8
staining displayed granular and predominantly cytoplasmic or perinuclear patterns, which was
confined to the neoplastic tissue in nearly all cases. GD2 positivity was significantly associated
with tumor histologic type (P = 0.0015), low grade (£ <0.0001), ER-positivity (£ <0.0001), low
stage (P = 0.0014), and multifocality (P = 0.022). Event-free and overall survival of patients
with GD2-positive and GD2-negative tumors were not significantly different. Our results support
further assessment of GD2 using the 3F8 antibody as a predictive and prognostic biomarker in
breast cancer.
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INTRODUCTION

Gangliosides are glycosphingolipids comprised of sialic acids linked to a sugar chain (1).
Their surface localization in the cell membrane makes them accessible to antibody-based
targeted therapies. Different gangliosides can be distinguished based on the number of sialic
acids. The glycosphingolipid disialoganglioside GD2 is synthesized in the endoplasmic
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reticulum and Golgi apparatus from its precursor GD3 via the activity of GD2 synthase (2).
It is primarily expressed on the cell membrane where it plays a role in cell-cell adhesion
and signal transduction (3). The antigen is highly expressed in the nervous system and skin
melanocytes as well as in tumors of neuroectodermal origin, such as neuroblastomas, and
melanomas (4-7). Few studies have also identified GD2 in breast carcinomas.

The anti-GD2 monoclonal antibodies dinutuximab (chimeric 14.18) and naxitamab
(humanized 3F8) were FDA approved for the treatment of high-risk neuroblastomas in
pediatric patients. Recently there has been interest in exploring the potential applications

of this biomarker and therapeutic antibodies in other tumor types. At present, little is

known about the in-situ presence of GD2 in carcinomas. Prior immunohistochemistry
(IHC) studies looking at ganglioside expression tested a small number of cases because

of the difficulty encountered using paraffin sections; the requirement for frozen sections has
severely limited any large scale efforts. Although preclinical studies in breast cancer models
have shown promise for GD2 as a biomarker or therapeutic target (8-10), few have assessed
GD2 expression by IHC on paraffin sections in a large cohort of clinical breast cancer
specimens. Analysis on a limited number of clinical samples have demonstrated associations
with advanced and triple-negative breast cancer in older patients (11,12). The utility of
GD2 as a prognostic and/or predictive marker in breast carcinoma using standardized IHC
methodology remains largely unexplored.

In the present study, we analyzed a cohort of 386 breast carcinomas consisting of
both whole tumor sections and tissue microarrays (TMAS) for the presence of GD2
by immunohistochemistry (IHC) on paraffin sections. We correlated expression with
clinicopathologic features and survival outcomes of the study cohort.

MATERIALS AND METHODS

Case Selection and Clinicopathologic Data Collection

This study was conducted under institutional review board approval. All tissues were
retrieved from the archives of the Department of Pathology at MSKCC. Representative
tumor blocks as well as TMAs were employed for the study. The TMAs included a

total of 359 breast carcinomas (96 consecutive cases from 2004, 69 ER-positive cases

from 2009, and 194 triple-negative cases from 2002-2007). The TMAs were constructed
from paraffin blocks with triplicate 7 mm tumor cores. The whole section tumor blocks
included 27 primary invasive breast carcinomas collected between 2004 and 2019. The
tumor histologic subtype, grade (Nottingham combined histologic grade), size, multifocality
and receptor status were extracted from the pathology reports. Immunohistochemistry (IHC)
for Estrogen Receptor (ER) and Progesterone Receptor (PR) and IHC and/or fluorescence
in situ hybridization (FISH) for Human Epidermal Growth Factor Receptor 2 (HER2) were
performed at the time of diagnosis and reported according to the ASCO/CAP guideline
recommendations (13,14). Relevant clinical information, including patient demographics,
date of diagnosis, stage, and clinical outcomes were obtained from the electronic medical
records. Event-free survival (EFS) was defined as the time from date of diagnosis until
detection of recurrence, metastasis, or death.
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Immunohistochemistry

Clone 3F8 was used for the immunohistochemical detection of GD2 in formalin-fixed
paraffin embedded (FFPE) tissues (15). Clone 3F8 is the murine version of the therapeutic
reagent naxitamab, which we optimized for use in IHC on FFPE tissues. All assays were
performed on a Leica Bond-I1l (Leica, Buffalo Grove, IL) automated staining platform. An
IHC protocol employing monoclonal antibody (mAb) 3F8 was previously developed. 3F8
worked best at a concentration of 1.25ug/ml employing a heat-based antigen high pH buffer
(ER2, Leica) for 30 minutes (99°C); primary incubation time was 30 minutes. A polymeric
secondary kit was used for the detection of the primary antibody (Refine, Leica). DAB was
used as a chromogen.

Staining was evaluated in both tumor and normal cells. The intensity of cell staining

was classified into four categories: 0 (negative), 1 (weak), 2 (moderate), 3 (strong). The
histochemical score (H-score) was calculated by the sum of products of the percentage

of cells staining with each intensity level multiplied by the intensity level. A tumor was
considered GD2-positive when the H-score was greater than or equal to the median positive
H-score for the cohort (H-score = 20). Scoring was performed by two pathologists (EZ,
DSR).

Statistical Analysis

Statistical analysis was performed in R for Windows, version 4.0.3. Association between
categorical variables was assessed using Chi-square or Fisher’s exact test. Association
between continuous variables was assessed using Spearman’s correlation. Survival curves
were generated using the Kaplan-Meier method and comparisons between groups were
performed using a log-rank test. P-values less than 0.05 were considered significant.

RESULTS

Clinicopathologic Features

The study cohort consists of 386 cases from 378 patients (Table 1). All patients were female,
with a median age of 54 years at diagnosis (range 29-90 years) and median tumor size

of 2.0 cm (range 0.6-12.7 cm). The carcinoma histologic subtypes include: 318 invasive
ductal carcinomas of no special type (IDC NST), 31 invasive lobular carcinomas (ILC), 11
mammary carcinomas with mixed ductal and lobular features, 19 metaplastic carcinomas,
and 7 others (including carcinomas of other special types such as adenoid cystic, mucinous,
and small cell carcinoma) (Figure 1). The ILC consisted of 20 classic type, including

6 with solid and alveolar growth patterns, 6 pleomorphic type, and 5 with pleomorphic
features. Among the metaplastic carcinomas, there were 7 matrix-producing, 7 squamous,
and 5 spindle cell type. A total of 145 (38%) were ER/PR-positive and HER2-negative,

22 (6%) were triple-positive, and 218 (57%) were triple-negative. No patient received
neoadjuvant chemotherapy. Follow-up was available for all patients. In a median follow-up
of 132 months, 3 patients (0.8%) experienced local recurrence, 38 (10%) developed distant
metastases, and 112 (29%) died.
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GD2 Immunohistochemistry: Staining patterns

The 3F8 antibody staining displayed granular and predominantly cytoplasmic or perinuclear
patterns (Figure 2). In the whole section tumors, the majority of cases displayed staining
confined to the neoplastic tissue. However, isolated cases exhibited off-target staining
outside of invasive carcinoma: rare benign stromal cells, one case of tumor infiltrating
lymphocytes (diffuse, nuclear), one case of atypical lobular hyperplasia (perinuclear), and
one case in benign lobules (membranous) (Figure 3).

GD2 Immunohistochemistry: Staining in breast carcinoma

A total of 134 (35%) carcinomas were positive for GD2. The median H-score among
positive cases was 100. Ductal carcinoma in situ frequently stained similarly to the
accompanying invasive carcinoma. GD2 positivity was significantly associated with tumor
histologic subtype (£=0.0015), grade 1 or 2 (£ <0.0001), ER-positive status (#<0.0001),
low stage (P = 0.0014), and multifocality (P=0.022). The histologic subtype with the
highest proportion of GD2-positivity was ILC, of which 65% (20/31) were positive. 34%
(108/318) of IDC NST were GD2-positive, as were 16% (3/19) of metaplastic carcinomas.
54% of ER-positive/HER2-negative and 73% of triple-positive tumors were GD2-positive,
while only 18% of triple-negative carcinomas were positive. The clinical stages with the
highest rate of GD2-positivity were stage | (42%) and 1V (37%). Multifocal tumors had a
somewhat higher positive rate than unifocal tumors (47% vs 32%). There was no association
between GD2 expression and patient age at diagnosis, tumor size, lymph node involvement,
presence of distant metastasis, or presence of lymphovascular invasion. There was no
difference between GD2-positive and GD2-negative cases in EFS or overall survival (P

= 0.76 and 0.64, respectively), including when subgrouped by hormone receptor status.

DISCUSSION

Few prior studies have investigated the expression of GD2 in breast cancer, and variable
antibodies and scoring systems were used. Battula et al. analyzed a total of 12 primary breast
tumor dissociated samples by IHC with monoclonal anti-GD2 clone 14G2a (2Q549, Abcam,
Cambridge, MA) and found expression in all of them albeit in a variable degree ranging
from 0.5% to 36%, with half of the cases displaying GD2 expression in less than 5% of

the tumor (8). They employed an operational cutoff of 5% of cells which was close to their
median of 4.35%. The investigators went on to stain 89 frozen samples of triple-negative
breast carcinomas and observed detectable levels of GD2 staining in 67%, which ranged

in extent from 0% to 45% of tumor cells. Low GD2 expression (below 10.378%) was
associated with superior overall survival in this study (16). Orsi et al., using an anti-GD2
rabbit polyclonal antibody (Matreya LLC, Pleasant Gap, PA) studied 63 breast cancer cases.
The authors considered any staining of any intensity to be positive. GD2 expression was
detected in 59% of tumors, including 79% (11/14) of spindle cell metaplastic carcinomas.

In their study, univariate logistic regression (but not multivariate or categorical analysis)
demonstrated correlations between GD2 and triple-negative phenotype and age >78 years

at diagnosis (11). Mansoori et al. stained 168 breast carcinomas also with monoclonal
anti-GD2 clone 14G2a (sc-53,831, Santa Cruz Biotechnology Inc., Dallas, TX) using TMAs
and observed higher GD2 expression in tumors of high grade, larger size (>4 cm), lymph
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node metastasis, and older age (>47 years). One of 2 metaplastic carcinomas showed high
expression (12). They selected the mean (98) as the cutoff. Hormone receptor and HER2
status was not available for these samples. We employed a similar scoring strategy as
Mansoori et al., although our cutoff was lower, likely due to case selection. As others have
articulated, the optimal and most clinically relevant method of scoring GD2 IHC has not
been standardized in a large cohort and it still warrants further investigation.

The present study constitutes the largest analysis of GD2 IHC in breast tumors to date,
using whole tumor sections and TMAs. It is the first published analysis of 3F8 IHC

on FFPE breast tissue. We observed associations between GD2 and histologic subtype
(with highest prevalence in ILC), low grade, hormone receptor positivity, prognostic
stage, and multifocality. A minority of metaplastic carcinomas were GD2-positive. These
findings suggest that carcinomas of more favorable prognosis are more likely to express
GD2, with some exceptions, suggesting potential treatment options for patients with
recurrent or metastatic disease progressing on standard therapies. Our results contrast with
the aforementioned published findings of higher GD2 expression in triple-negative and
otherwise more aggressive subsets of breast carcinoma (11,12,16). This is likely attributable
to differences in scoring, antibodies, and case selection in these relatively small cohorts.

The humanized version of the murine antibody used in our study, 3F8, is now available for
the treatment of metastatic neuroblastoma (7). The IHC protocol set up for analysis at our
institution was based on analysis of neuroblastomas and paired samples of frozen and FFPE
samples. Chimeric 14.18 is the human-mouse chimera of the mouse antibody 14.18, from
which the class switch variant 14G2a was derived (17,18). Previous IHC studies for GD2

in human neuroblastoma or sarcomas have relied on frozen sections and IHC on paraffin
sections has been difficult and not well standardized. Since gangliosides are lipid anchored
oligosaccharides, deparaffinization processes could affect their content and distribution, and
if not standardized could make comparison or validation substantially more difficult.

There have been multiple studies linking GD2 expression in tumors with epithelial-
mesenchymal transition (EMT). It is thought that GD2 and related gangliosides play a

role in the immune evasion and EMT critical for tumor metastasis (19,20). EMT-inducing
factors such as ZEB1 upregulate GD3 in glioblastoma (21). Induction of EMT in breast
epithelial cell lines using Snail or Twist resulted in mesenchymal morphology and increased
expression of GD2 (8). Inhibition of GD3 synthase was also shown to prevent metastasis,
inhibit EMT, and reduce mesenchymal characteristics in breast cancer models (8,9,22). It
is interesting, therefore, that we observed GD2 expression in a relatively low proportion

of the 18 metaplastic carcinomas included in this study, a tumor type associated with

EMT (23-25). Notably, only 2 of the 18 metaplastic carcinomas were assessed on whole
tumor sections, and the limited sample in TMAs may contribute to underestimation of GD2
expression. A higher rate of positivity was observed in ILC, an entity whose discohesive
growth pattern, canonical loss of E-cadherin expression, and high Twist expression had
been suggested to indicate EMT (26-29). However meta-analysis has not supported a
defining role for EMT in ILC (21,30,31). Metastatic breast carcinomas are known to show
transcriptomic evidence of EMT (32). Comparison of GD2 expression in metastatic breast
carcinomas with their paired primary tumors would be an interesting area of future study.
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While this is the largest study of GD2 IHC in breast carcinoma yet published, it remains

a limited sample, and due to the exploratory nature of the analysis it was not powered for
many subgroup comparisons. As alluded to above, the reliance on TMA samples, a feature
also of previous studies on the subject, may lead to underestimation of GD2 expression,

as most tumors were not diffusely positive. The heterogeneous staining is consistent with
evidence that GD2 is a marker and functional regulator of breast cancer stem cells, which
comprise a minor subset of tumors (9). Subsequent IHC analysis should prioritize whole
tumor sections. Finally, although GD2 is known to be a primarily membrane-bound antigen,
staining was mostly observed in the cytoplasm and perinuclear region, a finding also
reported by Orsi et al. (11). Of note, this is in contrast to the strong, diffuse, and typically
membranous staining reported in other cancer types (33-35). This may represent reactivity
with GD2 precursors in the endoplasmic reticulum and Golgi apparatus, tumor specific
variation in localization, or it could possibly represent an artifact introduced by tissue
processing

In conclusion, we demonstrate the presence of GD2 in approximately one third of breast
cancers in our cohort. This finding suggests that at least a proportion of this tumor type
may be susceptible to therapeutic targeted interventions based on already available agents
including anti-GD2 antibody-based therapies and GD2-GD3 vaccines (36,37). Further
studies are necessary to analyze the presence of GD2 in various breast cancer types and
its biological processes.

This research was funded in part through the NIH/NCI Cancer Center Support Grant P30 CA008748
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Breast Tumors Analyzed by GD2 IHC
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Figure 1.
Breast tumors analyzed by GD2 immunohistochemistry.

IHC, Immunohistochemistry; IDC, Invasive ductal carcinoma; ILC, Invasive lobular
carcinoma; IMC, Invasive mammary carcinoma with mixed ductal and lobular features.
TOther category encompasses cases of invasive carcinoma with special histologic features,
including mucinous, apocrine, and papillary, small cell carcinoma, adenoid cystic
carcinoma, and mammary carcinoma with skin adnexal and adenosquamous features.
*Other category encompasses a poorly differentiated invasive carcinoma
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Invasive lobular carcinoma with pleomorphic features.
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Figure 3.

target staining outside of invasive carcinoma with anti-GD2 3F8

Rare off

immunohistochemistry. A) Nuclear staining in tumor infiltrating lymphocytes. B)

Perinuclear staining in atypical lobular hyperplasia. C) Predominantly membranous staining

in a normal lobule.
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Table 1.

Clinicopathological features of breast carcinomas and association with GD2.

Clinical-pathological parameters  Total number (%) GD2 positive(%) GD2 negative (%) P value
Total 386 134 (35) 252 (65)
Patient age 0.73
<54 195 (50) 70 (36) 125 (64)
>54 191 (50) 64 (34) 127 (66)
Tumor types 0.0015
IDC 318 (82) 108 (34) 210 (66)
ILC 31(8) 20 (65) 11 (35)
Mixed IDC + ILC 11 (3) 2 (18) 9 (82)
Metaplastic 19 (5) 3(16) 16 (84)
Other 70 1(14) 6 (86)
Histological grade <0.0001
GlorG2 123 (45) 68 (55) 55 (45)
G3 251 (55) 61 (24) 190 (76)
Tumor size (cm) 0.83
<2.0 195 (50) 69 (35) 126 (65)
>2.0 191 (50) 65 (34) 126 (66)
Receptor status <0.0001
ER/PR + HER2 - 145 (38) 78 (54) 67 (46)
ER/PR +, HER2 + 22 (6) 16 (73) 6 (27)
ER/PR -, HER2 - 218 (57) 39 (18) 179 (82)
Lymph node involvement 0.052
NO 205 (54) 59 (29) 146 (71)
N1 111 (30) 47 (42) 64 (58)
N2 40 (11) 18 (45) 22 (55)
N3 20 (5) 7(35) 13 (65)
Stage 0.0014
I 201 (53) 85 (42) 116 (58)
Il 77 (20) 19 (25) 58 (75)
1 63 (17) 12 (19) 51 (81)
v 38 (10) 14 (37) 24 (63)
Distant metastasis 0.95
Yes 38 (10) 14 (37) 24 (63)
No 328 (90) 114 (35) 214 (65)
Multifocal 0.022
Yes 75 (19) 35 (47) 40 (53)
No 311 (81) 99 (32) 212 (68)
Lymphovascular invasion 0.29
Yes 162 (42) 51 (31) 111 (69)
No 224 (58) 83 (37) 141 (63)
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Clinical-pathological parameters  Total number (%) GD2 positive(%) GD2 negative (%) P value

Overall survival 0.56
Alive 274 (71) 98 (36) 176 (64)
Dead 112 (29) 36 (32) 76 (68)
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