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Abstract: Inmunohistochemical evaluation of estrogen receptor, progesterone receptor, and human
epidermal growth factor receptor-2 status stratify the different subtypes of breast cancer and define
the treatment course. Triple-negative breast cancer (TNBC), which does not register receptor overex-
pression, is often associated with worse patient prognosis. Mass spectrometry imaging transcribes
the molecular content of tissue specimens without requiring additional tags or preliminary analysis
of the samples, being therefore an excellent methodology for an unbiased determination of tissue
constituents, in particular tumor markers. In this study, the proteomic content of 1191 human breast
cancer samples was characterized by mass spectrometry imaging and the epithelial regions were
employed to train and test machine-learning models to characterize the individual receptor status and
to classify TNBC. The classification models presented yielded high accuracies for estrogen and proges-
terone receptors and over 95% accuracy for classification of TNBC. Analysis of the molecular features
revealed that vimentin overexpression is associated with TNBC, supported by immunohistochemistry
validation, revealing a new potential target for diagnosis and treatment.

Keywords: mass spectrometry imaging; breast cancer; proteomics; tissue typing; histopathology

1. Introduction

Breast cancer, the most common cancer worldwide [1], is commonly characterized
based on its (hormone) receptor status. This subtyping drives the diagnosis and subse-
quent choice of treatment. By evaluating the expression of estrogen receptor (ER), pro-
gesterone receptor (PR), and human epidermal growth factor (EGF) receptor-2 (HER2),
pathologists can better predict the patient’s response to hormonal treatment or chemother-
apy [2]. The majority of hormone receptor-positive breast cancer fall into the luminal
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A (ER+/PR+/HER2-/Ki67 low) and B (HER2-negative: ER+/PR-/HER2-/Ki-67 high;
HER2-positive: ER+/PR any/HER2+/Ki67 any) subtypes [3,4].

Due to the lack of receptor response, triple-negative breast cancers (TNBC; PR-/ER-/
HER?2-) are often associated with worse clinical outcomes since they are not responsive to
hormonal treatment. In those cases, patients are usually treated with neoadjuvant therapy;
depending on the clinical tumor subtype, therapeutic backbones include endocrine therapy,
immunotherapy, and chemotherapy [5]. Despite these efforts, patients frequently relapse
within the first five years, leading to poor survival outcomes [6]. Tumor receptor status is
routinely assessed by microscopic evaluation and quantification of immunohistochemistry
(IHC) results, sometimes with additional in situ hybridization (ISH) assays, to clarify HER2
status [7]. These can be subject to variability due to different staining methods, antibodies
used, and interpretation [8-10].

The limited treatment options for TNBC reflect the poorly known treatment targets
for this subtype of breast cancer, which in turn explains the need to further comprehend
the subclassification of TNBC and investigate new treatment opportunities [11].

Currently, tumor resection is one of the principal treatment modalities, with axillary
lymph node (LN) metastasis being the most important prognostic factor for overall survival
and tumor reoccurrence [12-14]. Therefore, accurate assessment of axillary LN is essential
for breast cancer staging and choosing the appropriate therapeutic strategy [12,15]. Breast
cancer diagnosis and prognosis have been improved by imaging methodologies that
facilitate early detection of primary or metastatic lesions, discrimination of benign from
malignant lesions, and guidance of intraoperative specimen evaluation [16]. Additionally,
recent advances in omics technologies have led to an improved understanding of breast
cancer pathobiology, molecular subtyping, and shed light on the tumor microenvironment
and intra-tumoral heterogeneity [17-19].

Mass spectrometry imaging (MSI) has been applied in the field of oncologic pathology
to map the distribution of analytes directly within intact tissue sections and to provide
further insight into the nature and progress of tumor entities [20,21]. This methodology
generates a mass spectrum for each measurement region within the tissue section, enabling
the direct correlation with histological features without the requirement for external molec-
ular targets such as antibodies. MSI studies on breast cancer, despite the low number
of patient-derived samples, have yielded promising results [6,22-26]. Utilizing matrix-
assisted laser desorption/ionization (MALDI) MSI combined with in situ tryptic digestion,
we recorded proteomic data from 1191 patient samples which, in turn, were utilized to
train and test machine-learning algorithms. Here, we present the results from classification
models built for the characterization of the individual receptor status as a fast, inexpensive,
and quantitative complementary approach to assist in the characterization of breast cancer.
In addition, we have identified molecular features (vimentin and collagen) that, as result of
their post-translational modifications, play an important role in the disease development,
and which are therefore are potential treatment targets.

2. Results
2.1. Statistical Analysis and Classification

The obtained spectra data were subjected to a qualitative analysis of the peptide
peaks concerning their signal-to-noise ratio and their distribution in the tissue prior to
pre-processing. Based on the average spectra for the cohort, a feature list of the 376 most
intense peptide features was created and employed for further analysis. The clinical
and histological information regarding the epithelial regions were co-registered with the
samples. Measurements and molecular pathology information regarding the receptor status
were introduced in the attributes table for each patient. A separate attribute was added
for all the cores that showed lower than normal activity for all three receptors, defined as
TNBC. From an initial analysis of the average spectra of the different classes (Figure 1),
some differences can be readily seen; with exception of HER2, where the differences are
not recognizable solely by observation of the spectra.
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Figure 1. Comparison between the average spectra of the different classes used in the classification
models: (A) ER-positive versus ER-negative; (B) PR-positive versus PR-negative; (C) HER2-positive
versus HER2-negative; and (D) TNBC versus luminal. ER—estrogen receptor; PR—progesterone
receptor; HER2—human epidermal growth factor receptor-2.

To further evaluate the data, the proteomic signatures were randomly divided into test,
validation, and classification subsets. The outcome of the classification on the validation
set of different applied algorithms is summarized in Table 1. More detailed information
about the classification results is provided in the Supplemental Materials (Table S1). The
applied classification algorithms achieved a good performance when classifying the spectra,
indicated by the high accuracy of the models.
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Table 1. Classification outcome. LDA—Linear discriminant analysis; RE—Random Forest; KNN—k-
nearest neighbors; SVM—Support vector machine.

Classification Results (%)

Model ER PR HER2 TNBC
LDA 90.6 81.2 77.7 95.9
RF 95.5 92.2 934 97.9
KNN 97.3 95.2 95.2 98.7
SVM 95.56 90.81 88.81 98.79

Analysis of the receiver operating characteristic—area under the curve (ROC-AUC)
highlights the features that best differentiate each class. Here, we show the five leading
features (m/z values) per class (Table 2). Forward feature extraction, which selects the
features per class based on their contribution to the classification was also determined and
is shown in the Supplemental Materials (Table S2).

Table 2. Receiver operating characteristic—area under the curve (ROC-AUC) feature comparison.

ER PR HER2 TNBC
mlz Accuracy mlz Accuracy mlz Accuracy mlz Accuracy
1198.73 0.816 1198.73 0.704 606.12 0.616 1198.73 0.849
1199.71 0.780 1199.71 0.691 668.00 0.602 1428.74 0.812
772.39 0.775 674.35 0.673 630.08 0.601 772.39 0.810
674.35 0.768 772.39 0.671 645.07 0.598 1199.71 0.806
805.43 0.766 1200.68 0.669 628.08 0.595 1495.79 0.800

The distribution of the molecular features was analyzed to assure correlation with the
histological annotations (Figure 2) before advancing with the fragmentation of the peptides
for protein identification.

1428.7 m/z
+49mDa

1495.7 m/z
+49mDa

Figure 2. Example of the on-tissue distribution of a few molecular features obtained by ROC-AUC
calculation. Histological annotation of the tumor regions (TNBC in green, non-TNBC in orange)
could be correlated with the distribution intensity of the peptide fragments selected for TNBC.
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2.2. Protein Identification

The m/z values resulting from the ROC-AUC analysis were subjected to a litera-
ture search to identify the protein of origin. Features not present in the literature were
also subjected to on-tissue fragmentation, which was carried out on whole-mount sec-
tions from the original patient blocks that had previously been used to build the tissue
microarrays (TMAs).

Peptides with m/z 1198.7 corresponded to a fragment from actin (possible underlying
isoforms: ACTA1 or ACTA2, ACTAB, ACTG1, ACTG2, POTEI, POTEKP, POTEF or PO-
TEE) [27].The m/z 772.4 molecular feature has been identified as a fragment of the Unc-79
homolog, NALCN channel complex subunit from direct fragmentation of the peptide in
the tissue samples. This peak might also result from Collagen alpha-2(I) chain (COL1A2), as
a cumulative effect with the second ionization peak at m/z 771.4. Furthermore, from direct
on-tissue fragmentation of the peptides m/z 1428.7 and 1495.7, it was possible to conclude,
after searching the MASCOT database, that both fragments are from vimentin. The results
of the peptide identification are summarized in Table 3.

Table 3. Summary of the tentative peptide identification by in situ MS/MS analysis.

mlz Mr (Expt) Tentative ID Sequence MASCOT
Score

1198.7 1198.71 Actin * AVFPSIVGRPR 47
805.4 805.46 Collagen alpha-3 (VI) chain ALEFVAR #
7714 771.42 UNC79 GPVESKR 40
771.4 771.41 Collagen alpha-2 (I) chain GASGPAGVR

1428.7 1427.7083 Vimentin SLYASSPGGVYATR 81
1495.7 Vimentin TYSLGSALRPSTSR 41

* Possible underlying isoforms: ACTA1 or ACTA2, ACTAB, ACTG1, ACTAG2, POTEI, POTEKP, POTEF or POTEE.
# Tentative identification based on literature search. * from literature search [28,29].

2.3. Immunohistochemical Validation

The overexpression of vimentin in TNBC samples was confirmed with IHC (Figure 3)
utilizing an independent sample set consisting of two TMAs with TNBC (n = 51) and
non-TNBC (n = 25) samples from the Institute of Pathology, Technical University of Mu-
nich, Germany. All non-TNBC samples showed no vimentin staining within the tumor
cells, whereas 78% (n = 40) of all TNBC samples exhibited a positive vimentin staining
within the tumor cells (17 (33%) strong positive; 15 (29%) medium positive; 8 (16%) weak
positive) and 11 (22%) were negative. Of all TNBC cases, 36 were of no special type (NST),
whereas the remaining TNBC cases were medullary (n = 8), lobular (1 = 2), ductulolobular
(n = 2), metaplastic (n = 1), apocrine (n = 1), and papillary (n = 1) (details can be found
in Supplemental Materials Table S4). Since androgen receptor positivity characterizes a
molecular subtype of triple-negative breast cancer [30], we also performed staining for the
androgen receptor. A total of 38 out of the 51 TNBC cases (75%) exhibited no androgen
receptor positivity within the tumor cells, whereas 5 cases (10%) showed a strong androgen
receptor positivity in almost all tumor cells, 6 cases an intermediate positivity in >1% of
the tumor cells (12%), and 2 samples could not be evaluated due to missing cores. Of
the 11 androgen receptor-positive cases, 7 did not exhibit any vimentin staining and 4
presented a medium or weak positive vimentin staining.
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Figure 3. Exemplary images of vimentin IHC and corresponding H&E: (A,D) TNBC with strong
positivity within the tumor cells as well as the tumor stroma; (B,E) TNBC with intermediate positivity
within the tumor cells and strong positivity within the tumor stroma; (C,F) non-TNBC with no
vimentin staining within the tumor cells and strong positivity within the tumor stroma. Scale
bar—200 um.

3. Discussion

Current methodologies to stratify the (hormone) receptor status in breast cancer
samples rely on the evaluation of IHC staining as well as ISH in equivocal HER2 IHC
results. IHC can quickly become very expensive when thorough molecular characterization
is required to better define the tumor. Aside from being a significant financial burden,
it is a qualitative and subjective approach, where evaluation depends on the laboratory
procedure and pathologist’s expertise. These hindrances can be overcome by employing
strategies that are able to perform unbiased relative quantification of tumor receptors.
To develop a strategy that could aid with this predicament, we employed MSI, which
enables the objective measurement of molecules directly in tissue sections. By training
machine-learning algorithms with the collected data, we can assess the viability of the
methodology to correctly evaluate (hormone) receptor status used for the clinical diagnosis
and treatment stratification of breast cancer patients.

Our sample cohort consisted of samples collected from patients treated at different Ger-
man healthcare institutions. However, to increase objectivity (by eliminating inter-observer
bias), all samples used for statistical analysis were re-evaluated by two pathologists (A.N.
and C.B.) who agreed on the attributed hormone receptor status. This step was necessary
to generate more robust models because if we had utilized the assessment from different
pathologists, we would have been perpetuating inter-observer bias and utilizing an imper-
fect sample set. This can, however, be recognized as a limiting factor of our approach, as
the same pathologists cannot be continuously evaluating samples to expand the cohort.

The classification models were built using the average intensity of over 400,000 indi-
vidual spectra to select the 376 most intense mass features from 1191 individual patient
samples, which, to our knowledge, is the largest breast cancer cohort characterized by MSI
to date. It should be further added that all samples were thoroughly annotated by two
pathologists (C.B. and K.S.) so that solely the epithelial regions were considered for the
classification. These were co-registered with the measurement regions and the respective
relevant clinical information [31].

The classification models yielded accuracies of over 90% for ER and TNBC. However,
for PR and HER?2, the overall accuracy was lower in all classification models, indicating the
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lack of specific molecular features that can discriminate these receptors. The classification
of TNBC had recognizably higher accuracy (>95%), being more accurate than the individual
hormone receptor and HER? status. This indicates that TNBC presents a more specific
proteomic composition than the sum of its individual receptors. These findings suggest
that further proteins/peptides, aside from the ones currently being employed for diagnosis,
might have a central role in this malignancy and could therefore be used to better define
tumor sub-types, and eventually be utilized for future therapeutic approaches. In our study,
from the ROC-AUC analysis, it was possible to correlate the overexpression of vimentin
(m/z 1428.7 and m/z 1495.79) with TNBC. This correlation has also been independently
reported by works employing different analytical tools [18-20].

Despite the generally promising outcome from the ER, PR, and HER?2 classification,
the number of features extracted from the HER2-positive cases are rather scanty and
mostly in the low m/z range. Additionally, these spectral features seem to contribute only
marginally to the classification models, given their low accuracy. This contrasts with the
results of a study by Rauser et al. wherein the HER?2 status of breast cancer tissues could
be determined by MSI utilizing fresh frozen tissue samples (n = 48) [22]. By employing
support vector machine (SVM) and artificial neuronal network (ANN) as classification
algorithms, 89% of the samples could be accurately classified as HER2-positive and HER2-
negative, respectively. In particular, seven peptide ions showed clearly distinct intensities
in the mass range of m/z 4740 to 8570. They were able to identify one of those m/z-values,
namely m/z 8404, as cysteine-rich intestinal protein 1 (CRIP1). Due to the high molecular
weight of the HER2 oncoprotein (185 kDa) and the covered mass range of 2.4-25 kDa,
the authors did not succeed in the direct detection of HER2, but only indirectly via these
protein profiles as surrogate markers. Since we employed in situ tryptic digestion to
analyze FFPE (formalin-fixed paraffin embedded) tissue samples, the mass range of our
analysis of tryptic peptides only extends to m/z 3200. Thus, we could not detect the same
peptide ions proposed by Rauser et al. [22]. Since we performed trypsin digestion prior
to measurement, the analysis rendered a higher number of peptides accessible to MALDI
imaging in the lower mass range. A major limitation in this approach is, however, the fact
that HER?2 is a transmembrane protein. The amino acids lysine and arginine are found in a
lower density in the proteins of the cell membrane [32]. As these amino acids represent
the cleavage sites for trypsin, it is possible that HER2 was insufficiently digested and the
only generated peptide fragments were too large to be captured by our measurements. In
spite of all efforts to correctly classify HER2 on a proteomic level, one must consider that
HER?2-positive breast cancers can be highly heterogeneous [33]. HER? is a receptor protein
that displays a certain degree of plasticity, causing receptor activation and downstream
signaling without gene amplification and protein overexpression [34]. These mechanisms
of receptor activation include mutational alterations affecting the kinase or extracellular
domain, and insufficiency of receptor dephosphorylation. Neither of these modifications
can be detected by immunohistochemistry or in situ hybridization. Thus, these methods
might not reveal the whole truth about the actual HER?2 status, yet they are considered the
gold standard and form the basis for critical assessment of new analytical methods such as
mass spectrometry. Mass spectrometry, however, offers the possibility of identifying such
protein modifications.

Other studies utilizing desorption electrospray ionization (DESI) MSI to analyze lipid
profiles in order to determine hormone receptor as well as HER?2 status in breast cancer
tissue samples also could not achieve accurate classification results for HER2 status, while
obtaining accurate results for ER and PR classification [35-37].

Moreover, as far as our cohort is concerned, features gained by the HER2-positive
subgroup only had little influence on the classification algorithm. A similar pattern can be
seen in the study by Brozkova et al. [38]. Hierarchical cluster analysis of invasive breast
cancer of different types clearly outlined five subclasses. Several tumor characteristics such
as nuclear grade, estrogen receptor alpha, progesterone receptor, triple-negative phenotype,
Cyclin D1 immunohistochemistry, and Mucin 1 differed significantly between the created
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groups. HER?2 status also differed between the groups but did not achieve statistical
significance after Bonferroni correction for multiple testing. These findings imply that
HER2 undoubtedly plays an important role in the diagnosis of breast cancer; yet, it is just
one piece of the convoluted puzzle of diagnostic workup.

Further features could also be correlated with the different receptors. Overexpression
of actin was correlated with ER and PR, as well as TNBC. The peptide corresponding
to m/z 674.3 was overexpressed in ER- and PR-positive cases, while m/z 771.4 (Unc-79
homolog, NALCN channel complex subunit/Collagen alpha-2(I) chain) could also be
associated with ER-positive cases and TNBC. Likewise, as specified earlier, vimentin
overexpression was observed in epithelial cells of TNBC. Vimentin is highly expressed in
epithelial tumors (prostate cancer, gastric cancer, malignant melanoma, and lung cancer);
however, in breast cancer, aberrant expression of vimentin is restricted to TNBC [39].
Vimentin, an intermediate filament protein, regulates the epithelial mesenchymal transition,
and highly impacts the cellular proliferation and the invasiveness of the disease [40,41].
These findings were corroborated by the IHC analysis, performed in an external cohort
collected at the Technical University of Munich, which identified vimentin in the epithelial
tumor region of TNBC, while in the luminal and HER2+ subtypes, vimentin was solely
present in the stroma. Despite the high levels of vimentin in the tumor cells of TNBC, a
commentary should be added with regard to its consistency. In the validation dataset, we
observed that the expression of vimentin is not always strongly detected by IHC, which
can be related to tumor biology. With respect to these findings, a systematic evaluation
of the expression of this protein in TNBC should be considered to grant a more robust
interpretation of its activity and potential diagnostic and prognostic capabilities. Similarly,
additional investigation about the role of collagen in different subtypes of breast cancer
should be carried out by employing specific proteomic digestion utilizing collagenase,
which could better delineate the specificities between different breast cancer subtypes.

Molecular classification of breast cancer has been refined more and more in recent
years to reliably predict the outcome and response to therapy. Nevertheless, there remains
a varying degree of heterogeneity within molecular subtypes. This is particularly true
for TNBC, and is underscored by the fact that there are several established subgroups for
this breast cancer subtype alone. As we can see on the classifications, TNBC was more
accurately (95.9% LDA, 97.9% RE, and 98.7% KNN) identified than the individual receptors
independently. These findings, in such a large cohort, indicate a strong possibility that
other peptides/proteins can be targeted for the identification and evaluation of TNBC
subtypes, similar to molecular subtypes in TNBC identified by genomic sequencing [42].
In addition, a more comprehensive molecular classification of hormone receptor-negative
tumors could expose new treatment targets and, consequently, new tumor subtypes. In a
proof of concept study by Holzlechner et al. [43], MALDI MSI was successfully applied to
colon tissue to detect and examine tissue-resident immune cells. On the basis of a set of
m/z teatures, the distribution of T-lymphocytes within nodular lymphoid aggregates and
macrophages as dispersed single cells within the lamina propria was vividly displayed and
correlated well with the immunohistochemical stains for CD3 and CD206. Thus, it seems
obvious that MALDI MSI can serve as a promising tool to also investigate tumor infiltrating
lymphocytes (TILs) that largely contain lymphocytes and macrophages. Due to the size
of this cohort and, thus, its large range of morphological immune response patterns, we
intend to also focus on the characterization of TILs in the next steps. Similarly, additional
investigation about the role of collagen in the different subtypes of breast cancer should be
carried out by employing collagenase in order to better delineate the specificities between
different breast cancer subtypes.

4. Materials and Methods
4.1. Patients and Data Collection

The 1191 patient samples measured were part of the German Adjuvant Intergroup
Node-Positive (GAIN) 1 study. The GAIN-1 study (ClinicalTrials.gov NCT00196872) was



Int. J. Mol. Sci. 2023, 24, 2860

9o0f 16

a prospective multicenter phase III trial to compare two dose-dense (dd) regimens: in-
tensified dd epirubicin, paclitaxel, and cyclophosphamide (EPC) versus dd epirubicin,
cyclophosphamide, paclitaxel, capecitabine (EC-PwX), and ibandronate versus observation
in patients with high-risk, node-positive primary breast cancer (BC). In addition, radio-
therapy, endocrine treatment, and adjuvant trastuzumab (starting 05/2006) were given
according to recommendations of the national ‘Arbeitsgemeinschaft fiir Gynikologische Onkolo-
gie (Association for Gynecological Oncology, AGO)’ guideline. Patients with histologically
confirmed, unilateral, or bilateral primary node-positive BC were enrolled after providing
written informed consent for clinical trial participation and use of biomaterials. Patients
needed to have received adequate surgical treatment with histological complete resection
(RO) of the primary tumor and 10 resected axillary nodes as per the standard of care at the
time of conducting the study. Overall, the trial recruited 3023 patients between 2004 and
2008, and 2994 patients were assigned for initial treatment. Clinicopathological data were
extracted from the clinical study database. Ethical committee approval from all centers
participating in the clinical study and from the Institutional Review Board of Charité Uni-
versity Hospital Berlin (Germany) was obtained. Institutional Ethical committee approval
from the University Hospital Marburg was obtained (approval 121/20 from 5 October 2020).
This study was conducted adhering to the REMARK (Reporting Recommendations for
Tumor Marker Prognostic Studies) criteria [44]. GAIN-1 and study cohort local pathology
reports are summarized in Table S3.

The samples herein analyzed were collected at different clinical institutions across
Germany and assembled in tissue microarrays (TMAs). One core from the resected archival
sample of each patient was added to the TMAs. The patient samples were distributed
across a total of 13 TMAs.

The IHC validation cohort is comprised of duplicate samples from 51 patients with
TNBC and 25 patients with non-TNBC (16 luminal, 9 HER2+) collected between 2000-2020,
randomly distributed across two different TMAs.

4.2. Assessment of Hormone Receptor and HER2 Status

The evaluation of the hormone receptors (ER, PR) was performed semi-quantitatively,
using the WHO (World Health Organization)-recommended agonists for the respective re-
ceptors according to the following scheme, where the percentage represents the proportion
of positive tumor cells in the tissue sample:

0=0%,1=1%,2=2-5%,3 =6-10%, 4 = 11-50%, 5 = 51-80%, 6 > 81%

Scoring of HER2 was performed according to the American Society of Clinical Oncol-
ogy/College of American Pathologists guideline recommendations for HER2 (Wollff et al.,
2018). The evaluation was primarily based on immunohistochemistry followed by in-situ
hybridization (ISH) in equivocal cases. Positive HER2 cases are defined as those with
>10% of tumor cells showing homogeneous, dark circumferential (chicken wire) staining
patterns (score 3+). Negative HER2 cases are regarded as those with no staining (score 0) or
membranous staining that is incomplete, faint/barely perceptible, and in cases < 10% of
tumor cells (score 1+). Weak to moderate complete membrane staining in > 10% of tumor
cells is regarded as an ambiguous result (score 2+) that needs further clarification by in situ
hybridization techniques; in our case, dual-probe chromogenic in situ hybridization. The
evaluation is performed according to the following criteria: HER2/CEP17 ratio > 2 and
average HER2 copy number > > 4.0 signals/cell: ISH positive; HER2 /CEP17 ratio > 2 and
average HER2 copy number < < 4.0 signals/cell: ISH negative; HER2 /CEP17 ratio < 2 and
average HER2 copy number > > 6.0 signals/cell: ISH positive; HER2/CEP17 ratio < 2 and
average HER2 copy number > > 4.0 and < < 6.0 signals/cell: ISH negative; HER2 /CEP17
ratio < < 2 and average HER2 copy number < < 4.0 signals/cell: ISH negative.
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4.3. Proteomic Characterization by Matrix Assisted Laser Desorption/lonization Mass
Spectrometry Imaging

For this study the cohort consisted of formalin-fixed paraffin embedded (FFPE) spec-
imens from patients (n = 1191), of which 106 samples were excluded from the statistical
analysis due to low tumor content or poor tissue fixation. The samples were collected from
blocks of patients diagnosed as luminal A (1 = 596) luminal B (n = 121), HER2+ (n = 200),
and TNBC (n = 105). A total of 6% of the samples had an inconclusive outcome for at
least one receptor status but not for others; thus, these were included in the analysis of
the individual receptor (hormone receptors and HER?2 internal pathology assessments are
summarized in Table 53). Diagnosis was made according to the 4th Edition WHO classifi-
cation of breast cancer (2012), and the local diagnosis information has been summarized
in Table S3. More recent WHO guidelines are currently in place for the classification of
tumors of the breast [45]. Nonetheless, for the presented study, solely the evaluation of ER,
PR, and HER?, as described in the previous section, has been used to group the samples,
and no investigations with regard to the histological subtype of the tumor were performed.
The samples were assembled in tissue microarrays (TMAs), from which a slice of 4 pm
was adhered to an indium-tin oxide (ITO) slide (Bruker Daltonics, Bremen, Germany),
Figure 4(1). Sample preparation has been previously reported [46,47]. Briefly, as depicted
in Figure 4, after heating the slides at 95 °C for 10 min, samples were dewaxed with xylene
(Carl Roth GmbH, Karlsruhe, Germany), rehydrated through graded ethanol washes (Carl
Roth GmbH), and subjected to heat-induced antigen retrieval in MilliQ water at 95 °C for
20 min. For on-tissue digestion, a trypsin (Promega, Mannheim, Germany) solution was
prepared to a final concentration of 0.1 pug/pL. The enzyme solution was sprayed on with
an automatic sprayer (TM sprayer, HTX Technologies, Chapel Hill, NC, USA) in 25 cycles
with a fixed spraying flow of 150 uL/min. Sections were subsequently incubated in a
humidity chamber at 37 °C for 2 h. Following digestion, the samples were again laid in the
spraying chamber and sprayed with 10 mg/mL of «-cyano-4-hydroxycinnamic acid matrix
(Sigma-Aldrich, Chemie GmbH, Munich, Germany) in 70% acetonitrile aqueous solution
with 1% trifluoracetic acid (Carl Roth GmbH) at a set flow of 120 puL./min.

MSI was performed using a Rapiflex™ MALDI-time-of-flight (TOF) mass spectrometer
(Bruker Daltonics). A peptide calibration standard mix including bradykinin, angiotensin II,
angiotensin I, substance P, bombesin, ACTH clip 1-17, ACTH clip 18-39, and somatostatin
28 (Bruker Daltonics) was used for external calibration. Each spectrum was automatically
generated at a spatial resolution of 50 um using flexControl (Bruker Daltonics) in the mass
range of m/z 600-3200. A total of 1000 laser shots were acquired for each spectrum at
1 kHz laser frequency. The measurement regions were defined using fleximaging (Bruker
Daltonics). Following MSI measurements, the matrix was removed by two washes in
99.99% methanol (Carl Roth GmbH) for 3 min each, followed by two washings in 99.99%
ethanol (Carl Roth GmbH) for 10 s.

4.4. Tumor Annotation, Data Processing, and Extraction

Tissue sections analyzed by MSI were stained with H&E (hematoxylin and eosin)
and digitalized with a slide scanner (Aperio CS2, Leica Biosystems, Wetzlar, Germany).
The H&E scans were uploaded and the epithelial tumor regions were thoroughly anno-
tated (B.C. and K.S.) using SCiLS Cloud (discontinued service from Bruker Daltonics; a
recommended alternative is the use of QuPath and its integration with SCiLS Lab, from
Bruker Daltonics). MSI data was processed using SCiLS Lab MVS (Version 2023a Premium
3D, Bruker Daltonics) for mass spectrometry and image visualization. Annotations were
imported into SCiLS Lab MVS software (Version 2023a Premium 3D). Spectra baseline was
corrected to the total ion count (TIC). Afterward, spectra were pre-processed for intensity
profile normalization, re-sampling, spatial de-noising, and calculation of a second normal-
ization profile [48,49]. Subsequently, automated peak-picking (376 most intense peaks) in
the range of 600-3000 Da range was performed, and the spectra for the individual spots
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were exported to .csv- format and imported to R statistical software (version 3.6.3) and
RStudio 1.2.5033 [50].

(5) Data analysis
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Figure 4. Sample processing for matrix-assisted laser desorption/ionization mass spectrometry
imaging: (1) The resected specimen is fixed in formalin and embedded into paraffin as per standard
sample treatment for histopathological evaluation and clinical diagnosis. From the blocks, a section
is cut and adhered to an indium-tin-oxide (ITO) slide. (2) The sample is then subjected to enzymatic
digestion, followed by matrix application with a solution sprayer. (3) The samples are measured
using a MALDI-TOF system. (4) The acquired data is subjected to pre-processing where the spectra
are normalized and re-sampled. (5) The sample is stained with hematoxylin and eosin to facilitate his-
tological annotation of the regions of interest, followed by co-registration with the mass spectrometry
measurements. The data is then subjected to statistical analyses.

4.5. MS/MS Measurements

Tentative identification of the m/z features was carried out by MS/MS measurement
on whole-mount breast cancer tissue sections. The measurements were performed in situ
using a Rapiflex in LIFT mode (m/z 772.4 and 1198.7) and a timsTOFflex (m/z 1428.7
and 1495.7) mass spectrometer (Bruker Daltonics). Laser power for fragmentation was
set at 70-80% in positive ionization mode, 2000 shots at a laser frequency of 5 kHz, and a
beam scan of 25 um?. For the identification, the MS/MS spectra (Figures S1 and S2) were
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submitted to MASCOT MS/MS Ion Search, where the SwissProt database was searched to
match tryptic peptide sequences to the respective intact proteins, defining homo sapiens as
the taxonomic class. The MS/MS spectrum search parameters included a mass tolerance
of 1 Da, MS/MS tolerance of £1 Da, up to two missed cleavages, methionine oxidation,
protein N-terminal acetylation, and proline oxidation as variable modifications.

4.6. Statistical Analyses
Supervised Classifications

Linear Discriminant Analysis (LDA) classification was performed using the “caret”
package for R. The dataset was split into training (80%) and test (20%) sets. The data
was fitted using the method “lda”. The method control was set to 5-fold cross-validation.
Random Forest (RF) classifiers were built using the “caret” package for R. The dataset
was split into training (80%) and test (20%) sets. The data was fitted using the method
“ranger”, with 25 trees. The method control was set to 5-fold cross-validation. K-nearest
neighbors (KNN) classifiers were built using the “caret” package for R. The dataset was
split into training (80%) and test (20%) sets. The data was fitted using the method “knn”.
The method control was set to 5-fold cross-validation.

Similarly, for the Support Vector Machine (§VM) classification, the dataset was split
into training (80%) and test (20%) sets. The data was fitted using the method “svmRadial”.
The method control was set to 5-fold cross-validation. The tune length was set to 5 values
of automatic grid search. Using the “caret” package, the fitted model was tested on test
subset and the accuracy was calculated based on the results of the confusion matrix. SVM
was tuned to the best ¢ factor (c = 16 for ER and PR and ¢ = 32 for HER2 and TNBC).

All fitted models were utilized to classify the test subset data. The accuracy of each
model was calculated based on the results of the confusion matrix.

4.7. Immunohistochemical Analysis

For validation, immunohistochemical staining was performed utilizing a different
patient cohort. Two TMAs containing human breast cancer samples were constructed from
archived breast 1lonal mouse antibody, clone V9, dilution 1:300, Agilent Dako, Agilent
Technologies, Santa Clara, CA, USA) and androgen receptor (monoclonal rabbit antibody;,
clone SP107, dilution 1:10, Cell Marque, Merck KGaA, Darmstadt, Germany) staining
was carried out on a Ventana Benchmark XT autostainer (Roche Diagnostics, Rotkreuz,
Switzerland). All stained slides (vimentin, androgen receptor, and H&E) were digitalized
utilizing a slide scanner (Aperio AT?2 slides scanner, Leica Biosystems). Staining results
were evaluated by a board-certified pathologist (K.S.) and qualitatively classified in a four-
tiered grading system for vimentin (negative, weak positive, medium positive, and strong
positive) to enable comparability (Table S4).

5. Conclusions

Breast cancer continues to be one of the most diagnosed types of cancer among women
worldwide. Receptor-negative breast tumors lack treatment options due to unknown
viable treatment targets. In this study, we showed that MSI is an advantageous technique
to support sub-typing of breast cancer and an important tool for the discovery of novel
tissue markers. Vimentin could be identified as a protein overexpressed in tumor cells of
triple-negative breast cancer, unlike their receptor-positive counterparts. We foresee that
further investigations into the role of vimentin will disclose new pathways of this disease
development and novel treatment targets.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms24032860/s1.

Author Contributions: Conceptualization, ] PL.G., C.B.,, PJ., S.L., C.D., WW. and K.S.; methodology,
J.PL.G., C.B. and Al].; software, J.PL.G., C.B. and K.S.; validation, ].P.L.G., C.B. and K.S.; formal
analysis, ].P.L.G., C.B. and K.S,; investigation, ] PL.G., C.B. and K.S.; resources, ].P.L.G., C.B., AN,,


https://www.mdpi.com/article/10.3390/ijms24032860/s1
https://www.mdpi.com/article/10.3390/ijms24032860/s1

Int. J. Mol. Sci. 2023, 24, 2860

13 of 16

AlJ,PJ,SL., VN, PAE, TK, EM, VM., CS., B.VS,, ES.,, M.vM., WD.S., C.D., WW. and K.S.; data
curation, JPL.G,, C.B,, AN,, AJ,PJ,SL., C.D., WW. and K.S.; writing—original draft preparation,
J.PL.G., C.B. and K.S.; writing—review and editing, ] PL.G., C.B.,, AN, A], PJ,,SL., VN, PAF,
TK., EM, VM., CS., B.VS,, ES, M.vM., WD.S., C.D., WW. and K.S.; visualization, J.P.L.G., C.B.,
AN, AJ,PJ],SL.,CD.,WW.and K.S; supervision, K.S.; project administration, ] PL.G., C.B., PJ.,
S.L., C.D.,, WW. and K.S,; funding acquisition, C.D., WW. and K.S. All authors have read and agreed
to the published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support of the Deustche Krebshilfe
(German Cancer Aid) for the INTEGRATE-TN project (grant number: 70113450).

Institutional Review Board Statement: Ethical committee approval from all centers participating in
the clinical study (ClinicalTrials.gov NCT00196872), from the Institutional Review Board of Charité
University Hospital Berlin (Germany; Ethikvotum EA1/139/05), and from the Institutional Review
Board of University Hospital Marburg (UKGM), Marburg, Germany (approval number 121/20 from
05.10.20) was obtained. Written consent was obtained from each participant or their proxy. This
study was conducted adhering to the REMARK (Reporting Recommendations for Tumor Marker
Prognostic Studies) criteria.

Informed Consent Statement: Written consent was obtained from each participant or their proxy.
This study was conducted adhering to the REMARK (Reporting Recommendations for Tumor Marker
Prognostic Studies) criteria.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to acknowledge the core facility for Comparative Experi-
mental Pathology (CEP) from the Institute of Pathology of the Technical University of Munich for the
technical assistance.

Conflicts of Interest: The RapifleX MALDI Tissuetyper TOF mass spectrometer was provided by
Bruker Daltonics GmbH as part of a collaboration agreement between Bruker Daltonics GmbH
and the Technical University of Munich. PJ. reports stock ownership in Myriad Genetics, Inc. S.L.
has received funding from Abbvie, Amgen, Astra Zeneca, Celgene, Novartis, Pfizer, Roche, Seattle
Genetics, PriME/Medscape, Teva, Daiichi-Sankyo, Vifor, Samsung, Lilly, Eirgenix, BMS, Puma, MSD,
and Immunomedics, and personal fees from Chugai; in addition, S.L. has a patent EP14153692.0
pending. V.N. declares to be GBG Forschungs GmbH employee. GBG Forschungs GmbH received
funding for research grants from Abbvie, AstraZeneca, BMS, Daiichi-Sankyo, Gilead, Novartis, Pfizer
and Roche (paid to the institution); other (non-financial /medical writing) assistance was received
from Daiichi-Sankyo, Gilead, Novartis, Pfizer, Roche and Seagen (paid to the institution). GBG
Forschungs GmbH has the following royalties/patents: EP14153692.0, EP21152186.9, EP15702464.7,
EP19808852.8 and VM Scope GmbH; P.F. reports personal fees from Novartis, Daiichi-Sankyo, Astra
Zeneca, Eisai, Merck Sharp & Dohme, Lilly, Pierre Fabre, SeaGen, Roche, Agendia, Sanofi Aventis,
and Gilead, grants from BioNtech, and Cepheid, and grants and personal fees from Pfizer. EM. has
attended Advisory Boards and/or served as speaker for AstraZeneca, Clovis, Daiichi Sankyo, EISAI,
GenomicHealth, Gilead /immunomedics, GSK, GSK/Tesaro, Immunicom, Lilly, MSD, Myriad, Novar-
tis, Pfizer, PharmaMar, Roche, and Seagen. EM. also declares institutional activities without financial
interest in AGO Research GmbH, AstraZeneca, Aisai, German Breast Group, Gilead /Immunomedics,
GSK, Lilly, MSD, Novartis, Roche, Seagen, and Vaccibody. C.D. reports grants from European Com-
mission H2020, German Cancer Aid Translational Oncology, German Breast Group; personal fees
from Novartis, Roche, MSD Oncology, Daiichi Sankyo, AstraZeneca, Molecular Health, Merck, grants
from Myriad to his institution, other from Sividon diagnostics (cofounder and former shareholder
until 2016); in addition, C.D. has a patent VMScope digital pathology software with royalties paid, a
patent WO2020109570A1 (cancer immunotherapy; pending), and a patent WO2015114146A1 and
WO2010076322A1 (therapy response issued). W.W. has attended Advisory Boards and served as
speaker for Roche, MSD, BMS, AstraZeneca, Pfizer, Merck, Lilly, Boehringer, Novartis, Takeda, Bayer,
Amgen, Astellas, Eisai, [llumina, Siemens, Agilent, ADC, GSK and Molecular Health. W.W. receives
research funding from Roche, MSD, BMS and AstraZeneca. K.S. has attended Advisory Boards and
served as speaker for Roche, BMS, MSD and Merck. All other authors declare that no conflicts of
interests exist.



Int. . Mol. Sci. 2023, 24, 2860 14 of 16

References

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Loibl, S.; Poortmans, P.; Morrow, M.; Denkert, C.; Curigliano, G. Breast cancer. Lancet 2021, 397, 1750-1769. [CrossRef] [PubMed]
Allison, K.H. Molecular Pathology of Breast CancerWhat a Pathologist Needs to Know. Am. J. Clin. Pathol. 2012, 138, 770-780.
[CrossRef]

Yeo, S.K.; Guan, ].L. Breast Cancer: Multiple Subtypes within a Tumor? Trends Cancer 2017, 3, 753-760. [CrossRef] [PubMed]
Erber, R.; Hartmann, A. Histology of Luminal Breast Cancer. Breast Care 2020, 15, 327-336. [CrossRef] [PubMed]

Harbeck, N.; Gnant, M. Breast cancer. Lancet 2017, 389, 1134-1150. [CrossRef] [PubMed]

Phillips, L.; Gill, A.].; Baxter, R.C. Novel prognostic markers in triple-negative breast cancer discovered by MALDI-mass
spectrometry imaging. Front. Oncol. 2019, 9, 379. [CrossRef]

Grassini, D.; Cascardi, E.; Sarotto, I.; Annaratone, L.; Sapino, A.; Berrino, E.; Marchio, C. Unusual Patterns of HER2 Expression in
Breast Cancer: Insights and Perspectives. Pathobiology 2022, 89, 278-296. [CrossRef]

Press, ML.E,; Sauter, G.; Bernstein, L.; Villalobos, L.E.; Mirlacher, M.; Zhou, J.Y.; Warden, R.; Li, Y.T.; Guzman, R.; Ma, Y.; et al.
Diagnostic Evaluation of HER-2 as a Molecular Target: An Assessment of Accuracy and Reproducibility of Laboratory Testing in
Large, Prospective, Randomized Clinical Trials. Clin. Cancer Res. 2005, 11, 6598-6607. [CrossRef]

Casterd, C.; Bernet, L. HER2 immunohistochemistry inter-observer reproducibility in 205 cases of invasive breast carcinoma
additionally tested by ISH. Ann. Diagn. Pathol. 2020, 45, 151451. [CrossRef]

Cserni, B.; Bori, R.; Csorg6, E.; Olah-Németh, O.; Pancsa, T.; Sejben, A.; Sejben, 1.; Voros, A.; Zombori, T.; Nyari, T.; et al. The
additional value of ONEST (Observers Needed to Evaluate Subjective Tests) in assessing reproducibility of oestrogen receptor,
progesterone receptor, and Ki67 classification in breast cancer. Virchows Arch. 2021, 479, 1101-1109. [CrossRef]

Manjunath, M.; Choudhary, B. Triple-negative breast cancer: A run-through of features, classification and current therapies.
Oncol. Lett. 2021, 22, 512. [CrossRef] [PubMed]

Chang, ].M.; Leung, ] W.T.; Moy, L.; Ha, S.M.; Moon, W.K. Axillary nodal evaluation in breast cancer: State of the art. Radiology
2020, 295, 500-515. [CrossRef]

Chen, K.M.; Beeraka, N.; Zhang, J.; Reshetov, I.V.; Nikolenko, V.N.; Sinelnikov, M.Y.; Mikhaleva, L.M. Efficacy of da Vinci
robot-assisted lymph node surgery than conventional axillary lymph node dissection in breast cancer-A comparative study. Int. J.
Med. Robot. Comput. Assist. Surg. 2021, 17, €2307. [CrossRef] [PubMed]

Chen, K.; Beeraka, N.M.; Sinelnikov, M.Y.; Zhang, J.; Song, D.; Gu, Y,; L, ].; Reshetov, 1.V.; Startseva, O.L; Liu, J.; et al. Patient
Management Strategies in Perioperative, Intraoperative, and Postoperative Period in Breast Reconstruction With DIEP-Flap:
Clinical Recommendations. Front. Surg. 2022, 9, 85. [CrossRef] [PubMed]

Chen, K.; Zhang, J.; Beeraka, N.M.; Sinelnikov, M.Y.; Zhang, X.; Cao, Y.; Lu, P. Robot-Assisted Minimally Invasive Breast Surgery:
Recent Evidence with Comparative Clinical Outcomes. J. Clin. Med. 2022, 11, 1827. [CrossRef]

De Abreu, EB.; Wells, W.A.; Tsongalis, G.J. The emerging role of the molecular diagnostics laboratory in breast cancer personalized
medicine. Am. . Pathol. 2013, 183, 1075-1083. [CrossRef]

Rakha, E.A.; Pareja, F.G. New Advances in Molecular Breast Cancer Pathology. Semin. Cancer Biol. 2021, 72, 102-113. [CrossRef]
Turner, KM.; Yeo, S.K.; Holm, T.M.; Shaughnessy, E.; Guan, ].L. Heterogeneity within molecular subtypes of breast cancer. Am. J.
Physiol.-Cell Physiol. 2021, 321, C343-C354. [CrossRef]

Annaratone, L.; Cascardi, E.; Vissio, E.; Sarotto, I.; Chmielik, E.; Sapino, A.; Berrino, E.; Marchio, C. The Multifaceted Nature of
Tumor Microenvironment in Breast Carcinomas. Pathobiology 2020, 87, 125-142. [CrossRef]

Gongalves, J.P.L.; Bollwein, C.; Weichert, W.; Schwamborn, K. Implementation of Mass Spectrometry Imaging in Pathology:
Advances and Challenges. Clin. Lab. Med. 2021, 41, 173-184. [CrossRef]

Berghmans, E.; Boonen, K.; Maes, E.; Mertens, I.; Pauwels, P.; Baggerman, G. Implementation of MALDI Mass Spectrometry
Imaging in Cancer Proteomics Research: Applications and Challenges. J. Pers. Med. 2020, 10, 54. [CrossRef] [PubMed]

Rauser, S.; Marquardt, C.; Balluff, B.; Deininger, S.O.; Albers, C.; Belau, E.; Hartmer, R.; Suckau, D.; Specht, K.; Ebert, M.P,; et al.
Classification of HER2 receptor status in breast cancer tissues by MALDI imaging mass spectrometry. J. Proteome Res. 2010,
9, 1854-1863. [CrossRef] [PubMed]

Gawin, M.; Kurczyk, A.; Niemiec, J.; Stanek-Widera, A.; Grela-Wojewoda, A.; Adamczyk, A.; Biskup-Fruzyriska, M.; Polariska, J.;
Widtak, P. Intra-Tumor Heterogeneity Revealed by Mass Spectrometry Imaging Is Associated with the Prognosis of Breast Cancer.
Cancers 2021, 13, 4349. [CrossRef] [PubMed]

Dekker, T.J.A ; Balluff, B.D.; Jones, E.A.; Schone, C.D.; Schmitt, M.; Aubele, M.; Kroep, J.R.; Smit, V.T.H.B.M.; Tollenaar, R A.EM,;
Mesker, W.E.; et al. Multicenter matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI MSI) identifies
proteomic differences in breast-cancer-associated stroma. J. Proteome Res. 2014, 13, 4730-4738. [CrossRef]

Mao, X.; He, J.; Li, T.; Lu, Z; Sun, J.; Meng, Y.; Abliz, Z.; Chen, J. Application of imaging mass spectrometry for the molecular
diagnosis of human breast tumors. Sci. Rep. 2016, 6, 21043. [CrossRef]

Angel, PM.; Schwamborn, K.; Comte-Walters, S.; Clift, C.L.; Ball, L.E.; Mehta, A.S.; Drake, R.R. Extracellular Matrix Imaging of
Breast Tissue Pathologies by MALDI-Imaging Mass Spectrometry. Proteom.-Clin. Appl. 2019, 13, 1700152. [CrossRef]

Bollwein, C.; Gongalves, ].P.L.; Utpatel, K.; Weichert, W.; Schwamborn, K. MALDI Mass Spectrometry Imaging for the Distinction
of Adenocarcinomas of the Pancreas and Biliary Tree. Molecules 2022, 27, 3464. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(20)32381-3
http://www.ncbi.nlm.nih.gov/pubmed/33812473
http://doi.org/10.1309/AJCPIV9IQ1MRQMOO
http://doi.org/10.1016/j.trecan.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29120751
http://doi.org/10.1159/000509025
http://www.ncbi.nlm.nih.gov/pubmed/32982642
http://doi.org/10.1016/S0140-6736(16)31891-8
http://www.ncbi.nlm.nih.gov/pubmed/27865536
http://doi.org/10.3389/fonc.2019.00379
http://doi.org/10.1159/000524227
http://doi.org/10.1158/1078-0432.CCR-05-0636
http://doi.org/10.1016/j.anndiagpath.2019.151451
http://doi.org/10.1007/s00428-021-03172-9
http://doi.org/10.3892/ol.2021.12773
http://www.ncbi.nlm.nih.gov/pubmed/33986872
http://doi.org/10.1148/radiol.2020192534
http://doi.org/10.1002/rcs.2307
http://www.ncbi.nlm.nih.gov/pubmed/34270843
http://doi.org/10.3389/fsurg.2022.729181
http://www.ncbi.nlm.nih.gov/pubmed/35242802
http://doi.org/10.3390/jcm11071827
http://doi.org/10.1016/j.ajpath.2013.07.002
http://doi.org/10.1016/j.semcancer.2020.03.014
http://doi.org/10.1152/ajpcell.00109.2021
http://doi.org/10.1159/000507055
http://doi.org/10.1016/j.cll.2021.03.001
http://doi.org/10.3390/jpm10020054
http://www.ncbi.nlm.nih.gov/pubmed/32580362
http://doi.org/10.1021/pr901008d
http://www.ncbi.nlm.nih.gov/pubmed/20170166
http://doi.org/10.3390/cancers13174349
http://www.ncbi.nlm.nih.gov/pubmed/34503159
http://doi.org/10.1021/pr500253j
http://doi.org/10.1038/srep21043
http://doi.org/10.1002/prca.201700152
http://doi.org/10.3390/molecules27113464
http://www.ncbi.nlm.nih.gov/pubmed/35684402

Int. . Mol. Sci. 2023, 24, 2860 150f 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Loch, EN.; Klein, O.; Beyer, K.; Klauschen, E; Schineis, C.; Lauscher, J.C.; Margonis, G.A.; Degro, C.E.; Rayya, W,;
Kamphues, C.; et al. Peptide Signatures for Prognostic Markers of Pancreatic Cancer by MALDI Mass Spectrometry Imaging.
Biology 2021, 10, 1033. [CrossRef]

Gongalves, J.PL.; Bollwein, C.; Schlitter, A.M.; Kriegsmann, M.; Jacob, A.; Weichert, W.; Schwamborn, K. MALDI-MSI: A Powerful
Approach to Understand Primary Pancreatic Ductal Adenocarcinoma and Metastases. Molecules 2022, 27, 4811. [CrossRef]
Astvatsaturyan, K.; Yue, Y.; Walts, A.E.; Bose, S. Androgen receptor positive triple negative breast cancer: Clinicopathologic,
prognostic, and predictive features. PLoS ONE 2018, 13, e0197827. [CrossRef]

Gongalves, J.P.L.; Bollwein, C.; Schlitter, A.M.; Martin, B.; Méarkl, B.; Utpatel, K.; Weichert, W.; Schwamborn, K. The Impact
of Histological Annotations for Accurate Tissue Classification Using Mass Spectrometry Imaging. Metabolites 2021, 11, 752.
[CrossRef] [PubMed]

Fischer, F.; Poetsch, A. Protein cleavage strategies for an improved analysis of the membrane proteome. Proteome Sci. 2006, 4, 2.
[CrossRef] [PubMed]

Marchio, C.; Annaratone, L.; Marques, A.; Casorzo, L.; Berrino, E.; Sapino, A. Evolving concepts in HER2 evaluation in breast
cancer: Heterogeneity, HER2-low carcinomas and beyond. Semin. Cancer Biol. 2021, 72, 123-135. [CrossRef]

Ocafia, A.; Vera-Badillo, F,; Seruga, B.; Templeton, A.; Pandiella, A.; Amir, E. HER3 Overexpression and Survival in Solid Tumors:
A Meta-analysis. [NCI J. Natl. Cancer Inst. 2013, 105, 266-273. [CrossRef] [PubMed]

Porcari, A.M.; Zhang, J.; Garza, K.Y; Rodrigues-Peres, R.M.; Lin, ].Q.; Young, J.H.; Tibshirani, R.; Nagi, C.; Paiva, G.R.; Carter,
S.A.; et al. Multicenter Study Using Desorption-Electrospray-lonization-Mass-Spectrometry Imaging for Breast-Cancer Diagnosis.
Anal. Chem. 2018, 90, 11324-11332. [CrossRef]

Calligaris, D.; Caragacianu, D.; Liu, X.; Norton, I.; Thompson, C.J.; Richardson, A.L.; Golshan, M.; Easterling, M.L.; Santagata, S.;
Dillon, D.A.; et al. Application of desorption electrospray ionization mass spectrometry imaging in breast cancer margin analysis.
Proc. Natl. Acad. Sci. USA 2014, 111, 15184-15189. [CrossRef]

Guenther, S.; Muirhead, L.J.; Speller, A.V.M.; Golf, O.; Strittmatter, N.; Ramakrishnan, R.; Goldin, R.D.; Jones, E.; Veselkov,
K.; Nicholson, J.; et al. Spatially resolved metabolic phenotyping of breast cancer by desorption electrospray ionization mass
spectrometry. Cancer Res. 2015, 75, 1828-1837. [CrossRef]

Brozkova, K.; Budinska, E.; Bouchal, P.; Hernychova, L.; Knoflickova, D.; Valik, D.; Vyzula, R.; Vojtesek, B.; Nenutil, R. Surface-
enhanced laser desorption/ionization time-of-flight proteomic profiling of breast carcinomas identifies clinicopathologically
relevant groups of patients similar to previously defined clusters from cDNA expression. Breast Cancer Res. 2008, 10, R48.
[CrossRef]

Pang, K,; Park, J.; Ahn, S.G,; Lee, J.; Park, Y.; Ooshima, A.; Mizuno, S.; Yamashita, S.; Park, K.S.; Lee, S.Y.; et al. RNF208, an
estrogen-inducible E3 ligase, targets soluble Vimentin to suppress metastasis in triple-negative breast cancers. Nat. Commun.
2019, 10, 5805. [CrossRef]

Winter, M.; Meignan, S.; Volkel, P.; Angrand, P.O.; Chopin, V,; Bidan, N.; Toillon, R.A.; Adriaenssens, E.; Lagadec, C.; Le Bourhis,
X. Vimentin Promotes the Aggressiveness of Triple Negative Breast Cancer Cells Surviving Chemotherapeutic Treatment. Cells
2021, 10, 1504. [CrossRef]

Grasset, EM.; Dunworth, M.; Sharma, G.; Loth, M.; Tandurella, J.; Cimino-Mathews, A.; Gentz, M.; Bracht, S.; Haynes, M.; Fertig,
E.J.; et al. Triple-negative breast cancer metastasis involves complex epithelial-mesenchymal transition dynamics and requires
vimentin. Sci. Transl. Med. 2022, 14, eabn7571. [CrossRef] [PubMed]

Sukumar, J.; Gast, K.; Quiroga, D.; Lustberg, M.; Williams, N. Triple-negative breast cancer: Promising prognostic biomarkers
currently in development. Expert Rev. Anticancer. Ther. 2021, 21, 135-148. [CrossRef] [PubMed]

Holzlechner, M.; Strasser, K.; Zareva, E.; Steinhduser, L.; Birnleitner, H.; Beer, A.; Bergmann, M.; Oehler, R.; Marchetti-Deschmann,
M. In Situ Characterization of Tissue-Resident Immune Cells by MALDI Mass Spectrometry Imaging. |. Proteome Res. 2017,
16, 65-76. [CrossRef]

Noske, A.; Mébus, V.; Weber, K.; Schmatloch, S.; Weichert, W.; Kéhne, C.H.; Solbach, C.; Ingold Heppner, B.; Steiger, K,;
Miiller, V.; et al. Relevance of tumour-infiltrating lymphocytes, PD-1 and PD-L1 in patients with high-risk, nodal-metastasised
breast cancer of the German Adjuvant Intergroup Node-positive study. Eur. J. Cancer 2019, 114, 76-88. [CrossRef]

Tan, PH.; Ellis, I.; Allison, K.; Brogi, E.; Fox, S.B.; Lakhani, S.; Lazar, A.].; Morris, E.A.; Sahin, A.; Salgado, R.; et al. The 2019 World
Health Organization classification of tumours of the breast. Histopathology 2020, 77, 181-185. [CrossRef]

Ly, A.; Longuespée, R.; Casadonte, R.; Wandernoth, P.; Schwamborn, K.; Bollwein, C.; Marsching, C.; Kriegsmann, K.; Hopf,
C.; Weichert, W,; et al. Site-to-Site Reproducibility and Spatial Resolution in MALDI-MSI of Peptides from Formalin-Fixed
Paraffin-Embedded Samples. Proteom.-Clin. Appl. 2019, 13, 1800029. [CrossRef] [PubMed]

Deininger, S.-O.; Bollwein, C.; Casadonte, R.; Wandernoth, P.; Gongalves, ].P.L.; Kriegsmann, K.; Kriegsmann, M.; Boskamp, T.;
Kriegsmann, J.; Weichert, W.; et al. Multicenter Evaluation of Tissue Classification by Matrix-Assisted Laser Desorption/Ionization
Mass Spectrometry Imaging. Anal. Chem. 2022, 94, 8194-8201. [CrossRef] [PubMed]

Boskamp, T.; Lachmund, D.; Casadonte, R.; Hauberg-Lotte, L.; Kobarg, ].H.; Kriegsmann, J.; Maass, P. Using the Chemical Noise
Background in MALDI Mass Spectrometry Imaging for Mass Alignment and Calibration. Anal. Chem. 2019, 92, 1301-1308.
[CrossRef] [PubMed]


http://doi.org/10.3390/biology10101033
http://doi.org/10.3390/molecules27154811
http://doi.org/10.1371/journal.pone.0197827
http://doi.org/10.3390/metabo11110752
http://www.ncbi.nlm.nih.gov/pubmed/34822410
http://doi.org/10.1186/1477-5956-4-2
http://www.ncbi.nlm.nih.gov/pubmed/16512920
http://doi.org/10.1016/j.semcancer.2020.02.016
http://doi.org/10.1093/jnci/djs501
http://www.ncbi.nlm.nih.gov/pubmed/23221996
http://doi.org/10.1021/acs.analchem.8b01961
http://doi.org/10.1073/pnas.1408129111
http://doi.org/10.1158/0008-5472.CAN-14-2258
http://doi.org/10.1186/bcr2101
http://doi.org/10.1038/s41467-019-13852-5
http://doi.org/10.3390/cells10061504
http://doi.org/10.1126/scitranslmed.abn7571
http://www.ncbi.nlm.nih.gov/pubmed/35921474
http://doi.org/10.1080/14737140.2021.1840984
http://www.ncbi.nlm.nih.gov/pubmed/33198517
http://doi.org/10.1021/acs.jproteome.6b00610
http://doi.org/10.1016/j.ejca.2019.04.010
http://doi.org/10.1111/his.14091
http://doi.org/10.1002/prca.201800029
http://www.ncbi.nlm.nih.gov/pubmed/30408343
http://doi.org/10.1021/acs.analchem.2c00097
http://www.ncbi.nlm.nih.gov/pubmed/35658398
http://doi.org/10.1021/acs.analchem.9b04473
http://www.ncbi.nlm.nih.gov/pubmed/31793765

Int. . Mol. Sci. 2023, 24, 2860 16 of 16

49. Boskamp, T.; Casadonte, R.; Hauberg-Lotte, L.; Deininger, S.; Kriegsmann, J.; Maass, P. Cross-Normalization of MALDI Mass
Spectrometry Imaging Data Improves Site-to-Site Reproducibility. Anal. Chem. 2021, 93, 10584-10592. [CrossRef]
50. R:The R Project for Statistical Computing. Available online: https://www.r-project.org/ (accessed on 9 December 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/acs.analchem.1c01792
https://www.r-project.org/

	Introduction 
	Results 
	Statistical Analysis and Classification 
	Protein Identification 
	Immunohistochemical Validation 

	Discussion 
	Materials and Methods 
	Patients and Data Collection 
	Assessment of Hormone Receptor and HER2 Status 
	Proteomic Characterization by Matrix Assisted Laser Desorption/Ionization Mass Spectrometry Imaging 
	Tumor Annotation, Data Processing, and Extraction 
	MS/MS Measurements 
	Statistical Analyses 
	Immunohistochemical Analysis 

	Conclusions 
	References

