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Supplementary Materials

Tumor grading
Grading was determined using pre-treatment formalin-fixed, paraffin-embedded (FFPE)

breast cancer core biopsies in accordance with the Elston and Ellis criteria [49].

Immunohistochemical staining of ER, PR, HER2, and Ki-67

Immunohistochemistry (IHC) was conducted on FFPE tissue from preoperative core biopsies
in accordance with the routine standards in our institute and the manufacturer’s instructions,
using an automated staining module (BenchMark Ultra IHC/ISH staining module; Ventana
Medical Systems, Tucson, Arizona, USA). For assessment of estrogen receptor (ER),
progesterone receptor (PR), and Ki-67 IHC status, monoclonal mouse antibodies against ER-
alpha (clone 1D5, 1 : 200 dilution; Dako, Glostrup, Denmark), monoclonal mouse antibody
against the progesterone receptor (clone pgR636, 1 : 200 dilution; Dako), and monoclonal
antibody against Ki-67 (clone MIB-1, 1 : 200 dilution; Dako) were used. The continuous
percentage of positively stained tumor cells was stated in the pathology reports; positive
staining for ER and PR was time-dependently defined as > 10% and > 1%, respectively [50-53].
The cut-off for proliferation marker Ki-67 was defined as 14% [54].

For HER2 IHC, a polyclonal antibody against HER2 (1 : 200 dilution; Dako) was used, and
the HER2 IHC score was documented in the pathology reports as 0, 1+, 2+, or 3+ in accordance
with the published guidelines [55]. Tumors with a score of 0 or 1+ were considered as HER2-
negative and those with a score of 3+ were defined as HER2-positive. Breast cancer samples
with a 2+ staining were analyzed for gene copy numbers of HER2 using chromogenic in situ
hybridization (CISH). The HER2 gene copy numbers (GCN) and the centromere GCN of the
corresponding chromosome 17 were visualized using a kit with two probes of different colors
(ZytoDot, 2C SPEC HER2/CEN17; ZytoVision Ltd., Bremerhaven, Germany). A case was

regarded as HER2-amplified if the HER2/CEN17 ratio was > 2.2 [56]. Before 2002, patients were
retrospectively identified as being HER2-positive or -negative.

The definitions of the subtypes have been reported previously [57]. If the tumor had a HER2
IHC score of 3+ or showed amplification of the HER2 gene, HER2 status was considered
positive (HER2-positive/HER2+ breast cancer) [58]. Patients with negative ER, PR, and HER2
status were defined as having triple-negative breast cancer (TNBC). HER2-negative breast
cancers with expression of either ER or PR were further separated into luminal A (-like) tumors
(grading of 1 or 2) and luminal B (-like) tumors (grading of 3) [59].

Construction of tissue microarrays

The breast core biopsies were FFPE tissue. Areas containing invasive carcinoma of the breast
were marked on a slide stained with hematoxylin—eosin (H&E) by an experienced pathologist.
Tissue microarrays (TMAs) were constructed by reembedding cylindric central breast cancer
tissue core biopsies (1.0 mm per dot) from several sample donor blocks into a single microarray
block at defined coordinates. TMAs with non-neoplastic breast parenchyma from this cohort

were created in the same way.
GD2 flow cytometry

Flow cytometry was carried out to investigate possible membranous expression of GD2. Four

hormone receptor—positive, HER2-negative breast cancer tissue samples were freshly isolated
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and immediately dissociated into single-cell suspension using the gentleMACS tissue
dissociator and Tumor Dissociation Kit (both Miltenyi Biotec, Bergisch-Gladbach, Germany) in
accordance with the manufacturer’s protocol. Cells were filtered twice, washed in phosphate-
buffered saline (PBS), and stained with 7-amino-actinomycin D (7-AAD) and antihuman anti-
CD45 APC-HY7 (clone 2D1), anti-EpCAM FITC (clone EBA-1, all BD Biosciences) and anti-GD2
PE (clone 14G2a, Biolegend) monoclonal antibodies. Cells were determined by FSC-A/SSC-A,
doublets were excluded by FSC-H/FSC-A, dead cells were excluded by 7-AAD, and tumor cells
were gated by CD45- and EpCAM+. Flow cytometry data were acquired on an FACS
LSRFortessa flow cytometer (BD Biosciences, Heidelberg, Germany) and tumor cells were
analyzed for GD2 expression using FlowJo software (BD Biosciences). The gating strategy is

illustrated in Supplementary Fig. S1.

Controls for GD2 immunohistochemistry

To validate the usability of the GD2 antibody used for FFPE tissue, we compared GD2
immunohistochemistry with flow cytometry results. We a) compared the flow cytometry
results of four breast cancer samples (all positive for GD2; see above) with our in-house GD2
IHC protocol. Three samples showed strong GD2 staining in 10%, 40%, and 65-70% of cancer
cells, respectively. One sample, however, showed GD2 staining only in the non-neoplastic
epithelium close to/intermingled with cancer cells. Furthermore, we b) compared GD2
expression in breast cancer cell lines analyzed by flow cytometry and immunohistochemistry
of corresponding cell line FFPE blocks. The breast cancer cell lines MCF7 and HTB-133, which
showed both ++ GD2 positivity by flow cytometry, presented with strong staining in 8%, and
40-50%, respectively, using GD2 IHC (Supplementary Fig. S7 1) and 2)). The remaining cell
lines showed no or negligible GD2 IHC staining matching with the flow cytometry results (see

Supplementary Table S1 and Supplementary Fig. S7 3) and 4)).
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Supplement Tables

Table S1. Comparison of GD2 expression in breast cancer cell lines analyzed by flow cytometry
and GD2 immunohistochemistry of corresponding cell line FFPE blocks. The breast cancer cell
lines MCF7 and HTB-133, respectively, presented with matching flow cytometry and IHC
results (both positive). The remaining cell lines showed no or negligible GD2 IHC staining,
which fitted the flow cytometry results predominantly.

Breast cancer cell line GD2 flow cytometry GD2IHC

MCF7 ++ Strong intensity in 8% of
tumor cells

HTB-20 - Intermediate intensity in
<1% of tumor cells

HTB-26 - No staining

HTB-30 +/- Weak intensity in <0.1% of
tumor cells

HTB-132 - Weak to intermediate
intensity in <0.1% of tumor
cells

HTB-133 ++ Strong intensity in 40-50% of
tumor cells
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Supplement Figure Legends

Figure S1. The gating strategy in flow cytometry. Cells were determined using FSC-A/SSC-A,
doublets were excluded by FSC-H/FSC-A, dead cells were excluded by 7-AAD, and tumor
cells were gated by CD45- and EpCAM+.

Figure S2. GD2 is expressed on the surface of tumor cells. Single-cell suspensions of freshly
prepared tumor tissues were stained with 7-AAD and anti-CD45, anti-GD2, and anti-EpCAM
antibodies. Tumor cells were gated as viable (7-AAD-), CD45-, EpCAM+, and analyzed for
GD2 expression (filled histogram) or isotype control (solid line). The histograms show GD2

surface expression on tumor cells from four patients with primary breast cancer.

Figure S3a. Proportions of GD2-positive tumors among breast cancer subtypes using

immunohistochemistry (Kruskal-Wallis test, p < 0.0001).

Figure S3b. Proportions of GD2-positive tumors among breast cancer subtypes using

immunofluorescence (Kruskal-Wallis test, p <0.0001).

Figure S4. Kaplan-Meier curves for GD2 immunohistochemistry (binary) for disease-free
survival (DFS) for (a) triple-negative breast cancer patients, (b) luminal A breast cancer

patients, (c) luminal B breast cancer patients, and (d) HER2-positive breast cancer patients.

Figure S5. Kaplan-Meier curves comparing overall survival (OS) between patients with GD2-
positive and GD2-negative tumors among (a) triple-negative breast cancer patients, (b)
luminal A breast cancer patients, (c) luminal B breast cancer patients, and (d) HER2-positive

breast cancer patients.

Figure S6. GD2 immunohistochemistry (IHC) in non-neoplastic breast epithelium (original
magnification x 200 in 1 and x 400 in 2). The moderate to strong GD2 positivity in a few

noncancerous breast epithelial cells should be noted.

Figure S7. GD2 immunohistochemistry (IHC) of varying breast cancer cell lines. 1) and 2)
shows breast cancer cell lines with GD2 positivity: 1) MCF7, and 2) HTB-133 (insets show
higher magnification). 3) HTB-132 presented with only weak to intermediate GD2 staining
intensity in <0.1% of tumor cells (arrow). 4) HTB-26 did not show any GD2 positivity (original

magnification each x 400, insets each x 1500).
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Supplement Figures

Figure S1. The gating strategy in flow cytometry. Cells were determined using FSC-A/SSC-A,
doublets were excluded by FSC-H/FSC-A, dead cells were excluded by 7-AAD, and tumor
cells were gated by CD45- and EpCAM-+.
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Figure S2. GD2 is expressed on the surface of tumor cells. Single-cell suspensions of freshly
prepared tumor tissues were stained with 7-AAD and anti-CD45, anti-GD2, and anti-EpCAM
antibodies. Tumor cells were gated as viable (7-AAD-), CD45-, EpCAM+ and analyzed for
GD2 expression (filled histogram) or isotype control (solid line). The histograms show GD2

surface expression on tumor cells from four patients with primary breast cancer.
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Figure S3a. Proportions of GD2-positive tumors among breast cancer subtypes using
immunohistochemistry (Kruskal-Wallis test, p < 0.0001).
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Figure S3b. Proportions of GD2-positive tumors among breast cancer subtypes using

immunofluorescence (Kruskal-Wallis test, p < 0.0001).
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Figure S4. Kaplan—Meier curves for GD2 immunohistochemistry (binary) for disease-free

survival (DFS) for (a) triple-negative breast cancer patients, (b) luminal A breast cancer

patients, (c) luminal B breast cancer patients, and (d) HER2-positive breast cancer patients.
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Figure S5. Kaplan—Meier curves comparing overall survival (OS) between patients with GD2-
positive and GD2-negative tumors among (a) triple-negative breast cancer patients, (b)
luminal A breast cancer patients, (c) luminal B breast cancer patients, and (d) HER2-positive

breast cancer patients.
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Figure S6. GD2 immunohistochemistry (IHC) in non-neoplastic breast epithelium (original
magnification x 200 in 1 and x 400 in 2). The moderate to strong GD2 positivity in a few

noncancerous breast epithelial cells should be noted.
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Figure S7. GD2 immunohistochemistry (IHC) of varying breast cancer cell lines. 1) and 2)
shows breast cancer cell lines with GD2 positivity: 1) MCF7, and 2) HTB-133 (insets show
higher magnification). 3) HTB-132 presented with only weak to intermediate GD2 staining
intensity in <0.1% of tumor cells (arrow). 4) HTB-26 did not show any GD2 positivity (original

magnification each x 400, insets each x 1500).
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