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N o G ke W

Simple Summary: Breast cancer treatment has improved substantially over the last decade. Still,
the failure of treatment and therapy resistance are urgent problems. Here, we assessed cellular
signaling within primary cancer tissue to evaluate the possibility of developing strategies that lead to
better patient stratification and the development of personalized treatment options. By employing
DigiWest technology, the expression and activation of the regulators of key signaling pathways in
breast cancer tissue were monitored. A positive correlation between immune cell infiltration and
event-free survival was detected. PPARY activation showed a negative correlation with immune cell
infiltration, suggesting a novel immune evasion mechanism.

Abstract: In cancer, the complex interplay between tumor cells and the tumor microenvironment
results in the modulation of signaling processes. By assessing the expression of a multitude of proteins
and protein variants in cancer tissue, wide-ranging information on signaling pathway activation and
the status of the immunological landscape is obtainable and may provide viable information on the
treatment response. Archived breast cancer tissues from a cohort of 84 patients (no adjuvant therapy)
were analyzed by high-throughput Western blotting, and the expression of 150 proteins covering
central cancer pathways and immune cell markers was examined. By assessing CD8«, CD11c, CD16
and CD68 expression, immune cell infiltration was determined and revealed a strong correlation
between event-free patient survival and the infiltration of immune cells. The presence of tumor-
infiltrating lymphocytes was linked to the pronounced activation of the Jak/Stat signaling pathway
and apoptotic processes. The elevated phosphorylation of PPARy (pS112) in non-immune-infiltrated
tumors suggests a novel immune evasion mechanism in breast cancer characterized by increased
PPARY phosphorylation. Multiplexed immune cell marker assessment and the protein profiling of
tumor tissue provide functional signaling data facilitating breast cancer patient stratification.

Keywords: DigiWest; breast cancer; cellular signaling; PPARy; immune cell infiltration; patient stratification

Cancers 2022, 14, 4542. https:/ /doi.org/10.3390/ cancers14184542

https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers14184542
https://doi.org/10.3390/cancers14184542
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-7389-5744
https://orcid.org/0000-0003-1146-0523
https://orcid.org/0000-0002-4360-9778
https://orcid.org/0000-0003-3502-382X
https://orcid.org/0000-0001-5162-1542
https://orcid.org/0000-0003-4883-2642
https://orcid.org/0000-0002-6569-6489
https://doi.org/10.3390/cancers14184542
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14184542?type=check_update&version=2

Cancers 2022, 14, 4542

20f18

1. Introduction

Breast cancer is the fifth most common cause of cancer-related deaths worldwide,
with 2.2 million new cases and around 685,000 deaths in 2020 [1]. A variety of therapeutic
options, including surgery, chemo-, hormone, and biological therapies, are available, and
survival rates have increased substantially over the years [2]. Nevertheless, current cancer
therapies lack a more personalized approach, and long-term therapy resistance has become
a focus of current research [3,4]. Novel insights into the establishment, interaction and
control of the tumor immune microenvironment (TIME) have drawn a more comprehensive
picture of factors that might account for treatment failure or severe side effects [3,5]. The
detection of tumor-infiltrating lymphocytes (TIL) is seen as a major prognostic factor in
different carcinomas and has been suggested as a routine pathological evaluation [6,7]. In
general, infiltrating immune cells can be categorized as either (i) pro-tumoral or (ii) anti-
tumoral [6]. Some leukocytes, such as type 2 macrophages and regulatory T-cells (Tregs),
are associated with pro-tumoral effects [8,9], whereas type 1 macrophages, effector T-cells,
natural killer (NK) cells and dendritic cells (DC) are linked to anti-tumoral effects [10,11].
However, the complex interplay among different simultaneous immune responses and the
way that cancer cells can modulate them are not yet fully understood. Large investiga-
tions on the bulk gene expression of infiltrating immune cells have been performed that
associated different immune cell types with the risk of relapse [12,13]. Higher infiltration
of immune cells has been linked to patient outcomes and treatment responses in several
studies [8,14-16]. For example, the presence of cytotoxic T-cells (CD8+) has been associated
with better survival in estrogen receptor (ER)-negative and ER-positive/human epidermal
growth factor receptor 2 (Her2)-positive breast cancer subtypes [14]. Additionally, the cate-
gorization of tumors into immunological inflamed (hot) and non-inflamed (cold) cancers
has been advocated for certain tumor entities [17,18]. Most studies focus on the evaluation
of single immune cell markers or solely investigate the degree of TIL infiltration, most
commonly using imaging methods (H&E/IHC/IF staining) for immune cell assessment
and subsequent scoring [19,20]. Yet, recent studies have shown that classification based
on one marker may be an oversimplification and does not entirely represent the complex
nature of the immune response against cancer [21,22]. In the present study, we established
the multiplexed assessment of several immune cell markers by DigiWest [23], a multiplexed
bead-based Western blot, in fresh-frozen tissue samples.

The semi-quantitative protein expression analysis of primary breast cancer tissue
allowed for the detection of infiltrating immune cells and the concomitant monitoring of
the activation state of central signaling pathways. The activation of immune cell signaling
and the induction of apoptotic processes were observed in highly immune-cell-infiltrated
tumor tissue, whereas the activation of PPAR gamma signaling was found in tumors with
low-level immune cell infiltration.

2. Materials and Methods
2.1. Patient Cohort

A retrospective cohort of primary unilateral invasive mamma carcinomas from patients
who underwent a primary resection was utilized (snap-frozen, n = 159, tumor bank University
Hospital Tuebingen). Inclusion criteria were hormone-receptor- and/or human epidermal
growth factor receptor (Her2)-negative or -positive carcinomas, determined by immunohis-
tochemistry at the Institute of Pathology, University of Tuebingen, Germany, at the time of
surgery. Samples were further classified by the occurrence of distant metastases or local relapse
within 10 years (poor responder) versus no occurrence of distant metastases, or a local relapse
within 10 years or contralateral carcinoma within 5 years of the primary diagnosis (good
responder). In general, the exclusion criteria were the occurrence of contralateral mamma
carcinomas before the occurrence of distant metastases in the poor-responder subgroup and
within 5 years in the good-responder subgroup, as well as the presence of bilateral mamma
carcinomas or other malignancies (Figure S1). All patients enrolled neither received any
neo-adjuvant treatment nor had any known metastases before surgery.
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2.2. Sample Preparation and Assessment of Tumor Content

Layered cuts of each fresh-frozen sample were prepared, and Hematoxylin—Eosin
(H&E) staining was performed according to standard protocols for the first and second
layers. Between layers, 100 um of tissue was trimmed, collected and stored at —80 °C.
Prior to protein expression analysis, the prepared layered cuts were H&E-stained (see
also Figure 1A), and sections 100 um apart were re-assessed by a pathologist (A.S). The
evaluation of these sections revealed that 2.5% (n = 4) of the samples were normal tissue,
5.0% (n = 8) were ductal carcinoma in situ (DCIS), and 1.9% (1 = 3) mostly contained
necrotic tissue. In addition, 90.6% (n = 144) were classified as invasive ductal carcinoma
(IDC) (see also Figure 1B). Yet, 2.5% (n = 4) showed a tumor content of app. 5-10%, and
27.7% (n = 44) showed a tumor content in between 15% and 45%. Of all samples, 60.4%
(n = 96) showed a tumor content of 50% or higher (up to 95%) (see also Figure 1B). Samples
with >50% tumor content were selected for further analysis (n = 84), and intermediate
sections from the generated layered cuts were used for protein preparation. In addition,
n =10 samples classified as normal tissue or with low tumor content (>10%) were assigned
to the baseline control group. Samples were lysed by incubating the collected tissue at
95 °C for 10 min in lysis buffer (4% LDS, 50 mM DTT) (Figure S2).
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Figure 1. Pathological examination and quality assessment of selected samples. (A) Representative
images of H&E-stained breast carcinomas. (Left) App. 20% tumor content. (Right) App. 90% tumor
content. Scale bar, 200 pm. Black arrows, tumor area. (B) Pathological classification of entire sample
set (1 circle = 1%). n = 159. (C) Heatmap showing ER, PR and Her2 protein expression in ER/PR—
Her2— (n = 18), ER/PR+ Her2— (n = 45), ER/PR+/— Her2+ (n = 20) and baseline (n = 10) subgroup;
data are median-centered and log2-transformed. Yellow indicates higher expression; blue indicates
lower protein expression. (D) Violin plots of ER, PR and Her2 expression in ER/PR— Her2—, ER/PR+
Her2— and ER/PR+/— Her2+ subgroups.

To confirm the tumor content of the enrolled sample set, the abundances of the
proliferation marker Ki-67 and general carcinoma markers Cytokeratin 8/18, Cytokeratin 8
(pS23) and Cytokeratin 6 were assessed by DigiWest analysis (see below). The expression
of these markers was found to be significantly different between the tumor sample set and
baseline sample sets, revealing a high tumor content in the analysis of the former sample
set (Figure S3A).
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2.3. Compliance of Receptor Status

To review the compliance of the prepared samples with the pathological evaluation,
the expression levels of the hormone receptors estrogen receptor (ER) and progesterone
receptor (PR) and human Her2 were analyzed, and the resulting signals were compared to
the pathological receptor status. A significant difference (p < 0.05, Mann—-Whitney U test)
in the signal was found between samples pathologically classified as receptor-positive and
receptor-negative or the baseline group. Samples were categorized into three groups by
referencing the pathological receptor status. In ER/PR— Her2— samples (n = 18), low or
no expression of ER/PR or Her2 was observed. The analysis of ER/PR+ Her2— samples
(n = 45) showed the increased expression of ER and a slight increase in expression in PR but
not in Her2, whereas ER/PR+/— Her2+ samples (n = 20) displayed a significant increase
in Her2 expression compared to the other groups (see also Figure 1C,D; p < 0.05, Mann—
Whitney U test). We concluded that the DigiWest measurement of hormone receptors and
Her?2 expression is comparable to the classical pathological assessment of receptor status in
the present cohort.

2.4. Immunohistochemical Staining

Immunohistochemical staining was performed on 5 um formalin-fixed paraffin-embedded
sections. After de-paraffinization, epitope retrieval was performed at 95 °C for 20 min in the
appropriate antigen retrieval buffer. BLOXXALL-Blocking solution (Vector Laboratories,
Burlingame, CA, USA) was added for 10 min. After washing in PBS, the sections were
incubated with blocking buffer (PBS, 0.25% Triton-X-100, 10% goat serum, 4 drops/mL
streptavidin (Vector Laboratories)). Primary antibody diluted in dilution buffer (PBS,
1%BSA, Biotin (Vector Laboratories)) was added and incubated in a humidified chamber.
Rabbit (rb) anti-CD8o (#85336, clone D8ASY, Cell Signaling Technology (CST), Leiden,
Netherlands, 1:100 dilution), rb anti-CD11c (#45581, clone D3V1E, CST, 1:400 dilution),
rb anti-CD68 (#76437, MultiMab, CST, 1:200 dilution) and rb anti-CD16 (ab24622, clone
EPR14336, Abcam, 1:400 dilution) antibodies were used for staining. The appropriate
biotin-conjugated secondary antibody (Jackson Immuno Research, Cambridge, UK) diluted
in PBS/1%BSA was added for 30 min. After subsequent washing in PBST, slides were incu-
bated with streptavidin-labeled horseradish peroxidase. Peroxidase activity was developed
with Novolink 3,3’-Diaminobenzidine (Leicabiosystems, Nufiloch, Germany). Slides were
counterstained with Hematoxylin QS (Vector Laboratories).

Staining for PR, PPARYy and PPARy-pS112 was performed using a DAKO Autostainer
Link 48 (Dako, Jena, Germany), and antigen retrieval was performed using a DAKO PT
Link (Dako) according to the manufacturer’s recommendations. For staining with mouse
anti-PR antibody (IR06861, clone PgR636, Dako), slides were incubated in FLEX TRS HIGH
pH buffer (K8004, Dako) at 85 °C for 20 min, followed by primary antibody incubation for
20 min and incubation with a mouse linker for 30 min. Subsequently, slides were incubated
with a universal secondary antibody (EnVision FLEX/HRP, K8000, Dako) for 15 min. For
staining with rb anti-PPARYy (#2435, clone C26H12, CST, dilution 1:100) and rb anti-PPARy-
pS112 (orb5574, Biorbyt, dilution 1:400), slides were incubated in FLEX TRS LOW pH buffer
(K8005, Dako) at 85 °C for 20 min, followed by primary antibody incubation for 30 min and
universal secondary antibody incubation for 20 min. For detection, the EnVision detection
system (K500711-2, Dako) was used.

Whole-slide images were taken utilizing an Axio Scan Z.1 (Zeiss, Oberkochen, Germany).
For the evaluation of staining intensity, five representative sections of each slide were used,
and the mean intensity of DAB staining in positive pixel® was calculated utilizing ZenBlue
software 3.1 (Zeiss).

2.5. Multiplex Protein Profiling Via DigiWest

DigiWest was performed as described previously [23]. Briefly, the NuPAGE sys-
tem (Life Technologies, Carlsbad, CA, USA) with a 4-12% Bis-Tris gel was used for gel
electrophoresis and Western blotting onto PVDF membranes. After washing with PBST,
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proteins were biotinylated by adding 50 uM NHS-PEG12-Biotin in PBST for 1 h to the
membrane. After washing in PBST, membranes were dried overnight. Each Western blot
lane was cut into 96 strips of 0.5 mm each. Strips of one Western blot lane were sorted into
a 96-well plate (Greiner Bio-One, Frickenhausen, Germany) according to their molecular
weights. Protein elution was performed using 10 uL of elution buffer (8 M Urea and 1%
Triton-X100 in 100 mM Tris-HCI pH 9.5). Neutravidin-coated MagPlex beads (Luminex,
Austin, TX, USA) of a distinct color ID were added to the proteins of a distinct molecu-
lar weight fraction, and coupling was performed overnight. Leftover binding sites were
blocked by adding 500 M deactivated NHS-PEG12-Biotin for 1 h. To reconstruct the
original Western blot lane, the beads were pooled, for which the color IDs represent the
molecular weight fraction of the proteins.

For antibody incubation, 5 uL of the DigiWest Bead mixes were added to 50 uL of
assay buffer (Blocking Reagent for ELISA (Roche, Rotkreuz, Switzerland) supplemented
with 0.2% milk powder, 0.05% Tween-20 and 0.02% sodium azide) in a 96-well plate. Assay
buffer was discarded, and 30 puL of primary antibody diluted in assay buffer was added per
well. Primary antibodies were incubated overnight at 15 °C on a shaker. Subsequently, they
were washed twice with PBST. After washing, 30 uL of species-specific secondary antibody
diluted in assay buffer labeled with phycoerythrin was added, and incubation took place
for 1 h at 23 °C. Before the readout on a Luminex FlexMAP 3D instrument, the beads were
washed twice with PBST.

Analyses and peak integration were performed by utilizing the novel DigiWest-
Analyzer software package [24].

2.6. Statistical Analysis

Statistical comparison was performed by using the Mann-Whitney U test (GraphPad
Prism version 9.2.0, GraphPad Software, San Diego, CA, USA). A Spearman correlation
analysis, hierarchical cluster analysis, Chi-square test, Kaplan-Meier plot and log-rank test
were carried out utilizing the DigiWest-Evaluator software package [24]. p values of <0.05
were considered statistically significant if not stated differently.

2.7. Pathway Enrichment Analysis

Testing for significantly enriched pathways was performed with an over-representation
analysis using Fisher’s exact test with subsequent calculation of Storey’s Q-values for multi-
ple testing correction. The subsets of analytes that were used for this analysis were defined
by applying the Mann-Whitney U test to identify differentially expressed analytes between
the good-responder and poor-responder groups. The pathway enrichment pipeline was
carried out utilizing the DigiWest-Evaluator software package [24].

3. Results
3.1. Sample Quality Control and DigiWest Protein Expression Analysis

After the initial sample assessment (n = 159, Figure 1A,B), samples with a tumor
content >50% and a sulfficient protein amount (1 = 84), as well as control samples with 10%
or less tumor content (1 = 10), were selected for extensive protein expression analysis. To
identify markers relevant for the differentiation of good and poor responders, we measured
150 proteins and protein variants using DigiWest, mainly focusing on functional signal
transduction, i.e., protein phosphorylation (covering 41 phospho-variants). This extensive
expression analysis encompassed cell-cycle-control, apoptosis, Jak/Stat, MAPK, Pi3K/Akt,
Wnt and autophagic signaling pathways, as well as general tumor and immune cell markers.
The DigiWest evaluation of hormone receptor and Her2 receptor expression complied with
the pathologically assessed receptor status, confirming the high quality of the selected
tumor samples (Figure 1C,D).

To examine the connection between cellular signaling and the responder status, PAN-
THER pathway enrichment analysis was conducted for all proteins differentially expressed
between good- and poor-responder samples [25,26]. The highest -log2 Q-value was found
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for the Jak/Stat signaling pathway (Figure 2A). Additionally, members of Jak /Stat signaling
and several immune cell markers displayed significant differences when comparing the pro-
tein expression of good- and poor-responder samples (Mann-Whitney U test, FDR limit 0.1,
Figure 2B). Taken together, these results indicate a connection between immune-cell-related
signaling pathway activity and patient treatment response.
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Figure 2. Responder status depended on differences in signal transduction. (A) —-Log2 Q-Values of
PANTHER pathway analysis as bar graphs. (B) Protein expression of selected analytes displaying
significant differences in expression between responder groups. Data shown as box-whisker plots
for good-responder (1 = 58), poor-responder (1 = 21) and baseline (n = 10) subgroups. *** p < 0.001,
** p < 0.01. Mann-Whitney U test.

3.2. Patient Stratification Based on Immune Cell Infiltration Analysis by DigiWest

The degree and type of tumor infiltration by immune cells have become a novel and
promising stratification factor for evaluating patient outcomes. Therefore, we evaluated the
subset of measured immune cell markers in more detail. A correlation analysis of CD8«,
CD4, CD68, CD11c, CD16, CD56, CD25 and CD163 protein expression was performed.
CD8«, CD68, CD11c and CD16 displayed the highest correlation (Spearman’s r < 0.55,
Figure 3A, Table S1), suggesting the co-occurrence of represented immune cells.

Unsupervised hierarchical cluster linkage analysis of CD8« (a common marker for
cytotoxic T-cells), CD16 (a common marker for cytotoxic natural killer (NK) cells), CD11c
(a marker for dendritic cells) and CD68 (a general marker for macrophages) revealed
two distinct sample groups with different levels of immune marker expression (Euclidean
distance, complete linkage, Figure 3B,C). The group with higher immune cell marker
expression (n = 27) is referred to as “hot tumors”, whereas the group with lower immune
cell marker expression (1 = 57) is referred to as “cold tumors”.

Subsequently, CD8¢, CD68, CD11c and CD16 were immunohistochemically stained
on matched FFPE sections, when available (Figures 3D and 54). Concomitantly, a significant
difference in mean pixel intensity between hot and cold tumor samples categorized by
DigiWest was detected (Figure 3E; Mann-Whitney U test, p < 0.05).

When comparing various clinical variables, such as the type of surgery, age and, most
notably, the receptor status (ER, PR or Her2), we did not observe any difference between
hot and cold breast carcinomas. Importantly, the responder status was the only clinical
variable significantly enriched within the hot tumor group (Figure 3F; Table 1; p < 0.05,
chi-square test).
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Figure 3. Sample stratification based on immune marker assessment. (A) Correlation plot (Spear-
man’s correlation) of immune cell marker expression in the analysis sample set. The highest cor-
relation was found for CD8«, CD11c, CD68 and CD16 (r > 0.55). n = 84. (B) Heatmap showing
protein expression levels of CD8w, CD11c, CD68 and CD16. Hierarchical clustering of analytes and
samples with Euclidean distance and complete linkage. Data are normalized to total protein, centered
on median of all samples and log2-transformed. (C) Representative Western blot mimics of CD8«,
CD11c, CD68 and CD16 (grayscale maps generated from DigiWest data). For graphical representation,
background-subtracted raw data from representative hot and cold samples were used. n = 3. The
uncropped blots are shown in Supplementary File S1. (D) Representative images of CD11c, CDS,
CD68 and CD16 immunohistochemical staining in hot and cold samples. Scale bar, 50 um. (E) Mean
positive pixel values of 5 representative 10x sections per available FFPE sample for hot and cold
carcinomas classified by DigiWest. CD8o: cold 1 = 8, hot n = 17; CD68: cold nn =7, hot n = 13; CD16:
cold =9, hot n = 14; CD11c: cold n = 10, hot n = 17. Mann-Whitney U test, ** p < 0.01; * p < 0.05.
(F) Distributions of responder, ER, PR and Her2 statuses as percentages, stratified by infiltration
status. Chi-square-test, * p < 0.05; ns indicates no significant difference. (G) Kaplan-Meier analyses of
event-free survival in patients stratified by infiltration status. p = 0.0298, log-rank test.
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Table 1. Patient and tumor characteristics of all samples included in the analysis sample set, stratified by responder and immune infiltration status, as indicated by
DigiWest. p: Chi-Square or Wilcoxon rank-sum test between the two groups.

L. Overall (n = 84) Poor Responder (n = 21) Good Responder (1 = 58) Cold (n =57) Hot (n = 27)
Characteristic
No. of Patients % No. of Patients % No. of Patients % P No. of Patients % No. of Patients % P
Follow-up, years 0.49 0.7
Medjian (range) 6.1(0.2-9.9) 6.3 (0.2-9.9) 6.2 (0.3-9.6) 6.3 (0.2-9.9) 6.2 (0.9-9.4)
Age at surgery, years 0.13 0.4
Median (range) 61 (30-85) 66 (41-85) 58 (84-30) 60 (31-85) 62 (30-84)
Tumor size (cm) 0.15 0.3
<2 23 27.4 4 19.0 17 293 14 24.6 8 29.6
2-5 55 65.5 13 61.9 39 67.2 37 64.9 19 70.4
>5 6 7.1 4 19.0 2 3.4 6 10.5 0 0
Nodal status 0.4 0.3
Negative 47 56.0 10 47.6 35 60.34 29 50.9 18 66.7
Positive 36 429 11 52.4 22 37.93 27 47.4 9 33.3
Unknown 1 1.2 0 0.0 1 1.72 1 1.8 0 0
Hormone receptor status
ER-positive 24 28.6 15 714 42 724 0.84 44 772 16 59.3 0.2
ER-negative 60 71.4 6 28.6 16 27.6 13 22.8 11 40.7
PR-positive 38 45.2 12 57.1 33 56.9 0.81 34 59.6 12 444 0.3
PR-negative 46 54.8 9 429 25 43.1 23 40.4 15 55.6
HER?2 status 0.83 0.5
Positive 20 23.8 4 19.0 14 24.1 11 19.3 8 29.6
Negative 63 75.0 17 81.0 43 74.1 45 789 18 66.7
Unknown 1 1.2 0 0.0 1 1.7 1 1.8 1 3.7
Type of surgery 0.27 04
BCS 47 56.0 12 57.1 34 58.6 34 59.6 13 48.1
SSM 1 1.2 1 4.8 0 0.0 1 1.8 0 0
Ablatio 16 19.0 3 14.3 10 17.2 5 8.8 5 18.5
Mastectomy 10 11.9 5 23.8 5 8.6 2 3.5 0 0
Quadrantectomy 2 2.4 0 0.0 1 1.7 10 17.5 5 18.5
Segmental resection 1 1.2 0 0.0 1 1.7 0 0 1 3.7
Mastopexy 5 6.0 0 0.0 5 8.6 3 53 2 7.4
NSM 1 1.2 0 0.0 1 1.7 1 1.8 0 0
Unknown 1 1.2 0 0.0 1 1.7 1 1.8 0 0
Responder status 0.02
Poor responder 21 25.0 - - - - 19 33.3 2 7
Good responder 58 69.0 - - - - 34 59.6 24 89

Unknown 5 6.0 4 7.0 1 4
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Tumor infiltration with immune cells is generally associated with patient outcomes and
event-free survival (EFS, time from definitive surgery until disease recurrence/metastases
or death from any cause). Therefore, we reviewed the difference in clinical outcomes after
primary surgery in the present cohort. The group classified as “hot tumors” indeed had a
significantly better outcome when evaluating 10-year EFS (Figure 3G; p = 0.03, log-rank
test). By comparing EFS between hot and cold tumor samples in subgroups categorized
through pathological hormone and Her2 receptor statuses, a significant difference was
found in ER+ and PR+ samples; yet, more strongly infiltrated samples displayed a tendency
toward better EFS (Figure S5). Univariate Cox regression confirmed that the immune cell
infiltration status was a prognostic factor of the clinical outcome (p = 0.04).

3.3. Focused Protein Expression Analysis of Hot and Cold Breast Carcinomas

Next, we performed a detailed analysis to identify differential protein expression in
breast carcinomas classified as hot or cold tumors. We allocated the samples to the hot or
cold tumor group by assessing immune cell markers as described above and comparing
protein expression levels. n = 30 analytes displayed a significant difference in expression
(Mann-Whitney U test; Benjamini-Hochberg FDR; corrected p < 0.05) and a log2 fold
change of at least +2/3 or —2/3 (Figure 4A,B,D; see Table 2 for all significantly differentially
expressed proteins; Figure S6).

Table 2. Protein analytes displaying significantly different expression between hot and cold breast
tumor samples (Mann-Whitney U test; Benjamini-Hochberg FDR; corrected p < 0.05).

Analyte Uncorrected p Value Corrected p Value log2 Fold
PR 0.002 0.007 -1.8
SRC-3—pT24 <0.001 0.001 -1
FoxP3 0.001 0.005 -1
E2F-4 0.003 0.011 -0.9
PPAR gamma—pS112 0.009 0.025 -0.9
VE-cadherin 0.005 0.015 -0.8
Cytokeratin 8/18 0.016 0.040 —0.6
SYHEE;?E;% o1l 0.014 0.036 —0.6
PTEN 0.001 0.003 —0.6
PDK1 0.001 0.003 —0.6
PTEN—pS380 0.017 0.041 —0.6
mTOR 0.016 0.040 -0.5
Dvli2 0.016 0.040 —0.4
MAD2L1 0.001 0.005 0.3
E2F-1 0.006 0.018 0.3
p70 S6 kinase—pT389 0.008 0.024 0.3
Erk1/2 0.011 0.030 0.3
IKK alpha 0.013 0.035 0.3
p38 MAPK—pT180/Y182 0.008 0.023 0.4
PD-L1 0.002 0.007 0.4
A-Raf 0.002 0.007 0.4
TSG101 0.007 0.020 0.4
NF-kB p65—pS468 0.002 0.006 0.4

PD-L1 <0.001 0.001 0.5
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Table 2. Cont.

Analyte Uncorrected p Value Corrected p Value log2 Fold
NF-kB p105/p50 [50 kDa] 0.001 0.003 0.5
CD25 0.001 0.003 0.5
c-Raf—pS259 0.002 0.006 0.5
PI3-kinase p85 0.003 0.009 0.5
CD56 <0.001 0.001 0.5
p38 MAPK 0.001 0.003 0.5
GSK3 beta 0.001 0.003 0.5
RUNX2 <0.001 0.000 0.5
p53—pS37 0.001 0.003 0.5
STAT 5 alpha <0.001 0.002 0.5
MEK2 <0.001 0.001 0.6
Caspase 3 <0.001 0.001 0.6
Src—pY527 0.008 0.024 0.6
Caspase 9 [47 kDa] <0.001 <0.001 0.6
Histone H3 <0.001 <0.001 0.6
CDK2 0.002 0.007 0.6
Mcl-1 <0.001 0.001 0.7
CD163 0.001 0.005 0.7
Bax <0.001 <0.001 0.7
CDK1 <0.001 0.001 0.7
FoxC1 <0.001 <0.001 0.8
Src <0.001 0.001 0.8
c-Met <0.001 0.002 0.8
CD1l1c <0.001 <0.001 0.8
Caspase 9 [35 kDa] <0.001 <0.001 0.9
MOB1—pT35 0.001 0.003 0.9
Cyeclin Bl <0.001 <0.001 0.9
FLOWER (C9or{7) 0.009 0.025 0.9
PD1 <0.001 <0.001 1
IDH1 <0.001 0.001 1
p53—pS20 <0.001 <0.001 12
CD68 <0.001 <0.001 1.2
STAT 1—pT701 <0.001 <0.001 1.4
STAT 4 <0.001 <0.001 1.6
Jak 2 <0.001 <0.001 1.6
CD16 <0.001 <0.001 1.6
STAT 1 <0.001 <0.001 1.7
Histone H3—pS10 0.001 0.004 1.7
Caspase 6 [15 kDa] <0.001 <0.001 1.9

CD8a <0.001 <0.001 25
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Figure 4. Immune-cell-infiltration-dependent changes in protein expression. (A) Volcano plot
(—logl0-corrected p-value versus log2 fold change) depicting differences in protein expression
between hot (n = 27) and cold (1 = 57) samples. Data from 150 proteins and protein variants were
analyzed. Wilcoxon rank-sum test with Benjamini-Hochberg multiple testing correction; the hori-
zontal dashed line indicates a p-value of 0.05; the vertical dashed line indicates a log2 fold change
of at least 2/3. Blue and red dots indicate analytes with at least a 2/3-fold difference in median
expression and a p-value below 0.05. (B) Bar graphs of log2-transformed ratios calculated from the
mean protein expression in samples with high and low infiltration. Analytes are sorted from the
largest positive change to the largest negative change. (C) Western blot mimics of selected analytes
from two representative patients (grayscale maps generated from DigiWest data). For graphical
representation, background-subtracted raw data were used. The uncropped blots are shown in
Supplementary File S1. (D) Heatmap of analytes with significantly different expression between hot
and cold samples displaying a fold change greater than 2/3. Hierarchical clustering of analytes using
Euclidean distance and complete linkage.

This data analysis revealed an increase in the expression levels of members of the
Jak/Stat pathway in the hot tumor subgroup. STAT4, a known mediator of the IL-12
response [27], as well as STAT1, known to be essential for interferon-« (IFN-«) and IFN-y
responses, and its active phospho-variant (Tyr701) [28] were significantly elevated in hot
tumors (Figure 4C), indicating the activation of this pathway. Furthermore, Janus tyrosine
kinase 2 (Jak2), an important cytokine receptor [29], displayed 3.0-fold elevated expression
(log2 fold change of 1.6) in hot tumors. The programmed cell death 1 protein (PD-1), which
is known to be an important regulator of immune cell activity [30], was also enriched in this
group. Thus, higher immunosurveillance in the hot carcinoma group is characterized by
increased expression levels of additional immune cell markers and important members for
immune-relevant signaling pathways, supporting the previously established tumor groups.
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The expression of CD56, used for the identification of NK cells [31], and IL-2Ra/CD25,
characteristic of regulatory T-cells (Tregs) [32], was also increased in this subgroup. In-
terestingly, the transcription factor Foxp3, which is a common marker for Tregs broadly
linked to immunosuppression and tumor protection [33,34], showed significantly increased
expression in the cold tumor subgroup (Figure 4C). Looking in detail, our data also showed
that CD163, a marker for M2-type tumor-associated macrophages (TAMs), displayed mod-
erately elevated expression levels (0.7-fold log2 increase) in the hot tumor group. While the
presence of M2-type macrophages has been linked to tumor progression [35], we interpret
this detectable increase as a general indication of higher immune cell activity in this group.

3.4. Hot Tumor Samples Show Increased Proliferative Activity and a More Competitive Phenotype

The expression levels of the proto-oncogene tyrosine kinase Src and the calcium chan-
nel flower homolog (FLOWER) were found to be increased in hot tumor samples. Src plays
a critical role in multiple cellular processes, including proliferation and invasion, and can
be a driver of uncontrolled cell growth [36]. The expression of FLOWER, a cellular fitness
sensor, has been associated with a competitive growth advantage of cancer cells [37,38].
In addition, the hepatocyte growth factor receptor (c-Met), which is instrumental in in-
creased cell growth and associated with aggressive cancer phenotypes [39,40], was highly
expressed in samples with higher immune cell infiltration. Additionally, the transcription
factor forkhead box C1 (FoxC1), which is linked to breast cancer invasiveness [41,42], was
highly expressed in samples assigned to the hot tumor subgroup. The expression of vas-
cular endothelial cadherin (VE-cadherin), which is important for the adhesion of cancer
cells to the endothelium [43], was decreased as compared to the cold tumor group. An
increase in vascular permeability by reducing the amount of VE-cadherin via endocytosis
has been observed in response to inflammatory activity; this mechanism facilitates immune
cell infiltration [44]. Thus, decreased levels of VE-cadherin may be indicative of generally
higher immune cell infiltration. Taken together, these results indicate a more competitive
phenotype in hot tumor samples.

Additionally, significant promotion of the cell cycle was found in the hot tumor
subgroup, as indicated by the higher expression of the important regulatory proteins Cyclin
B1 and cyclin-dependent kinase 1 (CDK1), responsible for G2/M-phase progression [45].
This was accompanied by an increase in the phosphorylation of the mitosis marker Histone
H3 at Serine 10 [46], as well as a significant decrease in the expression of the cell growth
repressor E2F-4 [47].

In conclusion, it is conceivable that the higher expression of proliferative and com-
petitive signaling proteins facilitates the immune recognition of breast cancer cells and
therefore leads to higher rates of immune cell infiltration.

3.5. Elevated Immune Cell Infiltration Induces Expression of Tumor-Suppressive Markers and
Apoptotic Activity

Our data also indicate that hot tumor samples show a significant increase in the
expression of several tumor suppressors. The phosphorylation of the tumor suppressor p53
at Serine 20, which enhances p53 activity, leading to cell-cycle arrest or apoptosis [48], was
detected, and a 1.2-fold increase in phosphorylation was observed. In addition, increased
expression of isocitrate-dehydrogenase 1 (IDH1), another suppressor of tumorigenesis [49],
and of phosphorylated and activated MOBL1 (pT35), a member of the Hippo pathway [50],
was observed in hot tumor samples.

Consequently, this subgroup displayed an increase in apoptotic activity, indicated
by the enriched expression of several pro-apoptotic proteins. These include the initiator
cysteine aspartic acid protease 9 (caspase 9), serving as an amplifier of the apoptotic re-
sponse [51], and caspase 6 (one of the major executioner caspases). Both promote apoptosis
in its cleaved and active forms [52]. Crucially, we observed the upregulation of the cleaved
caspase 9 fragment at 35 kDa as well as the cleaved caspase 6 fragment at 15 kDa (Figure 4C),
but not of the full-length proteins in the hot tumor subgroup. Similarly, the expression of



Cancers 2022, 14, 4542

13 of 18

the pro-apoptotic factor Bax [53] was significantly enriched in samples with higher immune
infiltration. Interestingly, the anti-apoptotic Bcl-2 family member Mcl-1, which antagonizes
pro-apoptotic Bcl-2 proteins [54], showed a similar trend. These results suggest that higher
immune cell infiltration leads to more apoptotic and tumor-suppressive signaling.

3.6. Cold Breast Tumors Show Increased Expression of Immunosuppressive Factors

Our data revealed that the luminal tumor co-marker progesterone receptor (PR), which
is linked to an immunosuppressive tumor microenvironment [55,56], displayed a decrease
in expression at the highest significance as compared to the cold subgroup (Figure 4B,C).
Another contemplated immunomodulation factor is the PPARy/RXRa pathway, which
regulates cell proliferation and inflammation [57]. It has been implied that the expression
of peroxisome proliferator-activated receptor y (PPARYy), a key modulator of this pathway,
correlates with suppressed immunosurveillance [58-60]. Interestingly, a positive correlation
was found between phosphorylated PPARy (pS112) and PR (Figure 5B, Pearson’s r = 0.45,
p < 0.0001), indicating the co-expression of both factors by cold carcinomas.
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Figure 5. PPARy phosphorylation correlates with PR expression and may impair immune infiltration.
(A) Representative images of CD8, PR, PPARy-pS112 and PPARYy immunohistochemical staining
in hot and cold carcinomas. Scale bar, 20 um. (B) Scatter plot of log2-transformed DigiWest signal
for PPARy-pS112 and PR. Pearson correlation, r = 0.45, p < 0.0001. (C) Box plots showing protein
expression for CD8«, PR, PPARy-pS112 and PPARY in cold (1 = 57), hot (1 = 27) and baseline (1 = 10)
samples. Mann-Whitney U test, ** p < 0.01, **** p < 0.0001; ns indicates no significant difference.
(D) Distribution of hot and cold statuses in carcinoma samples with PPARy—pS112 expression higher
or lower than median expression. n = 42. Q0.5 = 7004 AFI. Fisher’s exact test, p = 0.0046.

Additionally, our results show that the expression of the phosphorylated variant of
PPARy (pS112), but not the total protein variant, was significantly upregulated in cold
tumor samples, whereas CD8 expression displayed the opposite trend (Figures 4C and 5C).
Immunohistochemical staining of representative samples verified the predominant ex-
pression of PPARY (pS112) and PR by cancer cells in cold tumor samples (Figure 5A).
Concomitantly, the percentage of samples classified as cold tumors was found to be sig-
nificantly enriched in samples with an elevated (greater than the median) PPARy-pS112
signal (Figure 5D, Fisher’s exact test, p = 0.0046). Hence, our data suggest that PPARy
phosphorylation might be involved in a mechanism governing immune cell repulsion in
breast cancer.
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4. Discussion

Mutational changes in cellular signaling that trigger cell growth are key events in the
transformation process that lead to the formation of tumor cells. The targeted analysis of
central signaling pathways helps to track the effects of such mutations and can be used
to functionally classify tumors by subtype. The DigiWest methodology employed here is
capable of achieving this on a much broader scale compared to classical immunohistological
approaches, and the knowledge generated by characterizing the activity of central signaling
pathways can be utilized to identify novel targets for therapeutic intervention [61].

Here, we used a well-characterized collection of 160 archived breast cancer tissues for
targeted protein profiling and aimed to concomitantly detect (i) signaling proteins and their
activated variants and (ii) immune cell markers that define the tumor microenvironment.
As a result, we were able to screen for aberrations in intra- and extracellular communication
and to assign an immune status to each individual tumor tissue. This cohort was chosen
since patient-specific follow-up data for all samples were available and could be integrated
into the analysis of the correlation between protein expression levels, immune status and
tumor reoccurrence. Yet, a detailed analysis of the prepared tissue sections revealed that
the tumor content in a significant fraction of the archived tissues was lower than 50%
(75/159, corresponding to 47%). Since only samples with more than 50% tumor content
were analyzed, the number of patient samples was reduced to 84. Therefore, some care has
to be taken when interpreting the obtained results.

Immune cell infiltration of breast cancer tissue and stroma is linked to a better prog-
nosis [6]. On the contrary, non-immune-infiltrated tumors show no or a low response to
current immune therapy [17]. To survey for the presence of infiltrating immune cells in
cancer tissue, we measured central immune cell markers (CD8a, CD11c, CD16 and CD68)
simultaneously and categorized the present cohort into highly infiltrated (“hot”) tumor and
lowly infiltrated (“cold”) tumor samples. The assessment of patient outcome data revealed
a significant difference in event-free survival in favor of the highly immune-cell-infiltrated
group. Significantly, higher amounts of PD-1 and additional immune cell markers were
detected in these samples, indicating higher immunosurveillance. Conversely, the specific
Treg cell marker FoxP3, necessary for immune-suppressive activity and immunological
tolerance [62-64], was found to be enriched in cold breast tumors. This indicates that in this
cohort, higher expression of FoxP3+ cells leads to the retention of immune cell infiltration
within the tumor tissue and, consequently, poorer patient outcomes.

At the same time, we show that highly immune-cell-infiltrated tumor samples dis-
play elevated immunological signaling activity, as was indicated by the upregulation of
regulatory proteins Jak2, STAT4 and STAT], including its activating phosphorylation at
Tyrosine 701. These crucial members of the Jak/Stat pathway are important for the cytokine
response and constitute key regulators of the immune system [65,66].

In a recent study, high apoptotic activity in breast cancer tissue was shown to be
associated with the high infiltration of immune cells. Based on mRNA expression data, the
authors hypothesized that increased apoptosis is associated with immune cell killing [67].
Here, we report that in hot breast cancer tissue, central apoptotic marker proteins such as
the cleaved version of the initiator caspase 9, the cleaved effector caspase 6 and Bax were up-
regulated. Increased levels of p53 phosphorylated at Ser20 and Histone H3 phosphorylated
at Ser10 in these tumors indicate the likely involvement of DNA damage [48].

Phosphorylated PPARy (pS112) was present in higher amounts in samples with
lower immune cell infiltration. Besides its common function in adipogenesis and lipid
metabolism [68], PPARv has been linked to worse outcomes in breast cancer patients [69,70],
as well as the evasion of immunosurveillance and the impairment of CD8 T-cell infiltration
in muscle-invasive bladder cancer [71]. Our data suggest that higher PPARy phospho-
rylation impairs immune cell infiltration in breast cancer, ultimately worsening patient
outcomes. Therefore, we hypothesize that PPARy phosphorylation may be involved in an
immunosurveillance evasion mechanism employed by breast cancer cells. Hence, PPARy
and its phosphorylated form (pS112) may serve as potential markers for patient stratifica-
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tion or as a target for therapeutic intervention. However, additional research is required to
elucidate this question further.

The application of DigiWest technology enabled us to review the receptor status,
immune cell infiltration and protein expression of approx. 150 proteins and protein variants
in parallel from minimal amounts of fresh-frozen breast cancer biopsies, demonstrating the
unique potential held by this approach.

5. Conclusions

In the present study, we investigated cellular signaling and immune cell infiltration in
a cohort of 84 breast patients not under a neoadjuvant treatment scheme. Tumor resections
were analyzed for the expression of cellular signaling molecules and immune cell markers
by semi-quantitatively measuring more than 150 proteins employing DigiWest technology.
Based on the obtained expression profiles, the primary tumor tissues were categorized
into immunological cold or hot tissues (presence of CD8x, CD11c, CD16 and CD68); the
impact of immune cell infiltration on event-free survival was established. This differential
expression analysis showed that hot tumor samples displayed higher levels of immuno-
logical signaling as well as high apoptotic activity. Elevated immunological signaling was
indicated by the activation of Jak/STAT signaling, which was seen at different points of the
signaling cascade. Notably, the phosphorylation of PPARY at Serine 112 was found to be
predominant in immunologically cold tumors, indicating its involvement in an immune
surveillance evasion mechanism in breast cancer.

These distinct differences in the tumor microenvironment and in intracellular signaling
in the tumor cells point to the modulation of intracellular signaling only in tumors that
do not show invasion by immune cells. Further knowledge on the underlying mechanism
will be useful for identifying patients that show a high probability of relapse, ultimately
improving diagnosis, treatment and patient outcomes.
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versus tumor samples; Figure S4: Overview of IHC staining of immune cells; Figure S5: Influence
of infiltrating immune cells on event-free survival in hormone-receptor- and Her2-positive/negative
tumors; Figure S6: Differences in protein expression between hot and cold tumors; Table S1: Correlation
values for all measured immune cell markers; Supplementary File S1: Full pictures of the Western blots.

Author Contributions: Conceptualization, ER., A.K. and M.ET,; methodology, ER. and M.ET.; formal
analysis ER., N.K. and M.ET.; establishment of original pathological diagnosis and receptor profile
and review of the adequacy of tumor cell content, A.S. (Annette Staebler); investigation, ER., S.J. and
N.A,; data curation FR., N.K. and M.ET.; writing—original draft preparation ER., A.S. (Aaron Stahl),
N.K. and M.ET,; writing—review and editing, C.S., A.H., M.H. and K.S.-L.; material support, A.K.;
supervision, M.ET., S.Y.B. and K.S.-L.; project administration, C.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This work received financial support from the State Ministry of Baden-Wuerttemberg for
Economic Affairs, Labour and Tourism (PRIMO project number: 3-4332.62-HSG/84).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Medical Faculty of Tuebingen University
(788/2018B0O2, 15 November 2018).

Informed Consent Statement: The use of retrospective human samples was ethically approved
(788/2018B0O2) by the ethics commission at the Medical Faculty of Tuebingen University.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/cancers14184542/s1
https://www.mdpi.com/article/10.3390/cancers14184542/s1

Cancers 2022, 14, 4542 16 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: Globocan
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Smolarz, B.; Nowak, A.Z.; Romanowicz, H. Breast cancer-epidemiology, classification, pathogenesis and treatment (review of
literature). Cancers 2022, 14, 2569. [CrossRef] [PubMed]

Binnewies, M.; Roberts, EW.; Kersten, K.; Chan, V,; Fearon, D.F; Merad, M.; Coussens, L.M.; Gabrilovich, D.I; Ostrand-Rosenberg, S.;
Hedrick, C.C.; et al. Understanding the tumor immune microenvironment (time) for effective therapy. Nat. Med. 2018, 24, 541-550.
[CrossRef] [PubMed]

Hewitt, K.; Son, J.; Glencer, A.; Borowsky, A.D.; Cooperberg, M.R.; Esserman, L.]. The evolution of our understanding of the
biology of cancer is the key to avoiding overdiagnosis and overtreatment. Cancer Epidemiol. Biomark. Prev. 2020, 29, 2463-2474.
[CrossRef]

Mair, F; Erickson, ].R.; Frutoso, M.; Konecny, A ].; Greene, E.; Voillet, V.; Maurice, N.J.; Rongvaux, A.; Dixon, D.; Barber, B.; et al.
Extricating human tumour immune alterations from tissue inflammation. Nature 2022, 605, 728-735. [CrossRef]

Salgado, R.; Denkert, C.; Demaria, S.; Sirtaine, N.; Klauschen, F.; Pruneri, G.; Wienert, S.; Van den Eynden, G.; Baehner, F.L.;
Penault-Llorca, F; et al. The evaluation of tumor-infiltrating lymphocytes (tils) in breast cancer: Recommendations by an
international tils working group 2014. Ann. Oncol. 2015, 26, 259-271. [CrossRef]

Ingold Heppner, B.; Loibl, S.; Denkert, C. Tumor-infiltrating lymphocytes: A promising biomarker in breast cancer. Breast Care
2016, 11, 96-100. [CrossRef]

Darvishian, F; Wu, Y.; Ozerdem, U.; Chun, J.; Adams, S.; Guth, A.; Axelrod, D.; Shapiro, R.; Troxel, A.B.; Schnabel, E.; et al.
Macrophage density is an adverse prognosticator for ipsilateral recurrence in ductal carcinoma in situ. Breast 2022, 64, 35-40.
[CrossRef]

Shitara, K.; Nishikawa, H. Regulatory t cells: A potential target in cancer immunotherapy. Ann. N. Y. Acad. Sci. 2018, 1417,
104-115. [CrossRef]

Vitale, I.; Shema, E.; Loi, S.; Galluzzi, L. Intratumoral heterogeneity in cancer progression and response to immunotherapy.
Nat. Med. 2021, 27,212-224. [CrossRef]

Fridman, W.H.; Pages, F; Sautes-Fridman, C.; Galon, J. The immune contexture in human tumours: Impact on clinical outcome.
Nat. Rev. Cancer 2012, 12, 298-306. [CrossRef] [PubMed]

Ali, HR.; Chlon, L.; Pharoah, P.D.; Markowetz, F.; Caldas, C. Patterns of immune infiltration in breast cancer and their clinical
implications: A gene-expression-based retrospective study. PLoS Med. 2016, 13, €1002194. [CrossRef] [PubMed]

Aran, D.; Hu, Z.; Butte, A.]J. Xcell: Digitally portraying the tissue cellular heterogeneity landscape. Genome Biol. 2017, 18, 220.
[CrossRef]

Ali, H.R,; Provenzano, E.; Dawson, S.J.; Blows, EM.; Liu, B.; Shah, M.; Earl, H.M.; Poole, C.J.; Hiller, L.; Dunn, J.A.; et al.
Association between CD8+ t-cell infiltration and breast cancer survival in 12,439 patients. Ann. Oncol. 2014, 25, 1536-1543.
[CrossRef] [PubMed]

Nelson, M.A.; Ngamcherdtrakul, W.; Luoh, S.W.; Yantasee, W. Prognostic and therapeutic role of tumor-infiltrating lymphocyte
subtypes in breast cancer. Cancer Metastasis Rev. 2021, 40, 519-536. [CrossRef]

Szeitz, B.; Pipek, O.; Kulka, J.; Szundi, C.; Rusz, O.; Tokes, T.; Szasz, A.M.; Kovacs, K.A_; Pesti, A.; Ben Arie, T.B.; et al. Investigating
the prognostic relevance of tumor immune microenvironment and immune gene assembly in breast carcinoma subtypes. Cancers
2022, 14,1942, [CrossRef]

Galon, J.; Bruni, D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat. Rev.
Drug Discov 2019, 18, 197-218. [CrossRef]

Chen, D.S.; Mellman, I. Elements of cancer immunity and the cancer-immune set point. Nature 2017, 541, 321-330. [CrossRef]
Hendry, S.; Salgado, R.; Gevaert, T.; Russell, PA.; John, T.; Thapa, B.; Christie, M.; van de Vijver, K.; Estrada, M.V,;
Gonzalez-Ericsson, P.I; et al. Assessing tumor-infiltrating lymphocytes in solid tumors: A practical review for pathologists and
proposal for a standardized method from the international immunooncology biomarkers working group: Part 1: Assessing the
host immune response, tils in invasive breast carcinoma and ductal carcinoma in situ, metastatic tumor deposits and areas for
further research. Adv. Anat. Pathol. 2017, 24, 235-251. [CrossRef]

Locy, H.; Verhulst, S.; Cools, W.; Waelput, W.; Brock, S.; Cras, L.; Schiettecatte, A.; Jonckheere, J.; van Grunsven, L.A.; Vanhoeij, M., et al.
Assessing tumor-infiltrating lymphocytes in breast cancer: A proposal for combining immunohistochemistry and gene expression
analysis to refine scoring. Front. Immunol. 2022, 13, 794175. [CrossRef]

Backman, M.; La Fleur, L.; Kurppa, P.; Djureinovic, D.; Elfving, H.; Brunnstrom, H.; Mattsson, ].5.M.; Lindberg, A.; Ponten, V.;
Eltahir, M.; et al. Infiltration of nk and plasma cells is associated with a distinct immune subset in non-small cell lung cancer.
J. Pathol. 2021, 255, 243-256. [CrossRef] [PubMed]

Li, J.; Byrne, K.T,; Yan, E; Yamazoe, T.; Chen, Z.; Baslan, T.; Richman, L.P; Lin, ].H.; Sun, Y.H.; Rech, A.].; et al. Tumor cell-intrinsic
factors underlie heterogeneity of immune cell infiltration and response to immunotherapy. Immunity 2018, 49, 178-193.e177.
[CrossRef] [PubMed]

Treindl, F.; Ruprecht, B.; Beiter, Y.; Schultz, S.; Dottinger, A.; Staebler, A.; Joos, T.O.; Kling, S.; Poetz, O.; Fehm, T.; et al. A
bead-based western for high-throughput cellular signal transduction analyses. Nat. Commun. 2016, 7, 12852. [CrossRef] [PubMed]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3390/cancers14102569
http://www.ncbi.nlm.nih.gov/pubmed/35626173
http://doi.org/10.1038/s41591-018-0014-x
http://www.ncbi.nlm.nih.gov/pubmed/29686425
http://doi.org/10.1158/1055-9965.EPI-20-0110
http://doi.org/10.1038/s41586-022-04718-w
http://doi.org/10.1093/annonc/mdu450
http://doi.org/10.1159/000444357
http://doi.org/10.1016/j.breast.2022.04.004
http://doi.org/10.1111/nyas.13625
http://doi.org/10.1038/s41591-021-01233-9
http://doi.org/10.1038/nrc3245
http://www.ncbi.nlm.nih.gov/pubmed/22419253
http://doi.org/10.1371/journal.pmed.1002194
http://www.ncbi.nlm.nih.gov/pubmed/27959923
http://doi.org/10.1186/s13059-017-1349-1
http://doi.org/10.1093/annonc/mdu191
http://www.ncbi.nlm.nih.gov/pubmed/24915873
http://doi.org/10.1007/s10555-021-09968-0
http://doi.org/10.3390/cancers14081942
http://doi.org/10.1038/s41573-018-0007-y
http://doi.org/10.1038/nature21349
http://doi.org/10.1097/PAP.0000000000000162
http://doi.org/10.3389/fimmu.2022.794175
http://doi.org/10.1002/path.5772
http://www.ncbi.nlm.nih.gov/pubmed/34339045
http://doi.org/10.1016/j.immuni.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/29958801
http://doi.org/10.1038/ncomms12852
http://www.ncbi.nlm.nih.gov/pubmed/27659302

Cancers 2022, 14, 4542 17 of 18

24.

25.

26.

27.

28.

29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kersten, N. A software pipeline for fast and interpretable evaluation of high-content protein profile analyses. In Intelligent Systems and
Production Engineering (ISPE); FZI Research Center for Information Technology: Karlsruhe, Germany, 2022; unpublished manuscript.
Mi, H.; Ebert, D.; Muruganujan, A.; Mills, C.; Albou, L.P.; Mushayamaha, T.; Thomas, P.D. Panther version 16: A revised family
classification, tree-based classification tool, enhancer regions and extensive api. Nucleic Acids Res. 2021, 49, D394-D403. [CrossRef]
[PubMed]

Mi, H.; Thomas, P. Panther pathway: An ontology-based pathway database coupled with data analysis tools. Methods Mol. Biol.
2009, 563, 123-140. [CrossRef]

Thierfelder, W.E.; van Deursen, ].M.; Yamamoto, K.; Tripp, R.A.; Sarawar, S.R.; Carson, R.T.; Sangster, M.Y.; Vignali, D.A_;
Doherty, P.C.; Grosveld, G.C.; et al. Requirement for stat4 in interleukin-12-mediated responses of natural killer and t cells. Nature
1996, 382, 171-174. [CrossRef]

Ihle, J.N.; Witthuhn, B.A.; Quelle, EW.; Yamamoto, K.; Thierfelder, W.E.; Kreider, B.; Silvennoinen, O. Signaling by the cytokine
receptor superfamily: Jaks and stats. Trends Biochem. Sci. 1994, 19, 222-227. [CrossRef]

Leonard, W.J.; O’Shea, J.J. Jaks and stats: Biological implications. Ann. Rev. Immunol. 1998, 16, 293-322. [CrossRef]

Nishimura, H.; Nose, M.; Hiai, H.; Minato, N.; Honjo, T. Development of lupus-like autoimmune diseases by disruption of the
pd-1 gene encoding an itim motif-carrying immunoreceptor. Immunity 1999, 11, 141-151. [CrossRef]

Robertson, M.].; Ritz, J. Biology and clinical relevance of human natural killer cells. Blood 1990, 76, 2421-2438. [CrossRef]
Fehervari, Z.; Yamaguchi, T.; Sakaguchi, S. The dichotomous role of il-2: Tolerance versus immunity. Trends Immunol. 2006, 27,
109-111. [CrossRef]

Ochs, H.D.; Gambineri, E.; Torgerson, T.R. Ipex, foxp3 and regulatory t-cells: A model for autoimmunity. Immunol. Res. 2007, 38,
112-121. [CrossRef] [PubMed]

Merecer, F.; Unutmaz, D. The biology of foxp3: A key player in immune suppression during infections, autoimmune diseases and
cancer. Adv. Exp. Med. Biol. 2009, 665, 47-59. [CrossRef] [PubMed]

Komohara, Y.; Jinushi, M.; Takeya, M. Clinical significance of macrophage heterogeneity in human malignant tumors. Cancer Sci.
2014, 105, 1-8. [CrossRef] [PubMed]

Thomas, S.M.; Brugge, J.S. Cellular functions regulated by src family kinases. Ann. Rev. Cell Dev. Biol. 1997, 13, 513-609.
[CrossRef]

Madan, E.; Pelham, CJ.; Nagane, M.; Parker, TM.; Canas-Marques, R.; Fazio, K,; Shaik, K.; Yuan, Y.; Henriques, V.; Galzerano, A.; et al.
Flower isoforms promote competitive growth in cancer. Nature 2019, 572, 260-264. [CrossRef]

Madan, E.; Gogna, R.; Moreno, E. Cell competition in development: Information from flies and vertebrates. Curr. Opin. Cell Biol.
2018, 55, 150-157. [CrossRef]

Sattler, M.; Salgia, R. The met axis as a therapeutic target. Update Cancer Ther. 2009, 3, 109-118. [CrossRef] [PubMed]

Eder, ].P; Vande Woude, G.E; Boerner, S.A.; LoRusso, PM. Novel therapeutic inhibitors of the c-met signaling pathway in cancer.
Clin. Cancer Res. 2009, 15, 2207-2214. [CrossRef]

Benayoun, B.A.; Caburet, S.; Veitia, R.A. Forkhead transcription factors: Key players in health and disease. Trends Genet. 2011, 27,
224-232. [CrossRef]

Dejeux, E.; Ronneberg, J.A.; Solvang, H.; Bukholm, I; Geisler, S.; Aas, T.; Gut, 1.G.; Borresen-Dale, A.L.; Lonning, P.E,;
Kristensen, V.N,; et al. DNA methylation profiling in doxorubicin treated primary locally advanced breast tumours identi-
fies novel genes associated with survival and treatment response. Mol. Cancer 2010, 9, 68. [CrossRef] [PubMed]

Brock, T.; Boudriot, E.; Klawitter, A.; Grosser, M.; Nguyen, T.T.P; Giebe, S.; Klapproth, E.; Temme, A.; El-Armouche, A.; Breier, G.
The influence of ve-cadherin on adhesion and incorporation of breast cancer cells into vascular endothelium. Int. ]. Mol. Sci. 2021,
22,6049. [CrossRef] [PubMed]

Welsh, M. Perspectives on vascular regulation of mechanisms controlling selective immune cell function in the tumor immune
response. Int. J. Mol. Sci. 2022, 23, 2313. [CrossRef] [PubMed]

Wang, Z.; Fan, M.; Candas, D.; Zhang, T.Q.; Qin, L.; Eldridge, A.; Wachsmann-Hogiu, S.; Ahmed, K.M.; Chromy, B.A,;
Nantajit, D.; et al. Cyclin bl/cdkl coordinates mitochondrial respiration for cell-cycle g2/m progression. Dev. Cell 2014, 29,
217-232. [CrossRef] [PubMed]

Hans, F; Dimitrov, S. Histone h3 phosphorylation and cell division. Oncogene 2001, 20, 3021-3027. [CrossRef] [PubMed]

Hsu, J.; Sage, J. Novel functions for the transcription factor e2f4 in development and disease. Cell Cycle 2016, 15, 3183-3190.
[CrossRef]

Hirao, A.; Kong, Y.Y,; Matsuoka, S.; Wakeham, A.; Ruland, J.; Yoshida, H.; Liu, D.; Elledge, S.J.; Mak, TW. DNA damage-induced
activation of p53 by the checkpoint kinase chk2. Science 2000, 287, 1824-1827. [CrossRef]

Zhao, S.; Lin, Y,; Xu, W,; Jiang, W.; Zha, Z.; Wang, P.; Yu, W.; Li, Z.; Gong, L.; Peng, Y.; et al. Glioma-derived mutations in idh1
dominantly inhibit idh1 catalytic activity and induce hif-1alpha. Science 2009, 324, 261-265. [CrossRef]

Zeng, Q.; Hong, W. The emerging role of the hippo pathway in cell contact inhibition, organ size control, and cancer development
in mammals. Cancer Cell 2008, 13, 188-192. [CrossRef]

Zou, H,; Li, Y,; Liu, X.; Wang, X. An apaf-1.Cytochrome ¢ multimeric complex is a functional apoptosome that activates
procaspase-9. J. Biol. Chem. 1999, 274, 11549-11556. [CrossRef]


http://doi.org/10.1093/nar/gkaa1106
http://www.ncbi.nlm.nih.gov/pubmed/33290554
http://doi.org/10.1007/978-1-60761-175-2_7
http://doi.org/10.1038/382171a0
http://doi.org/10.1016/0968-0004(94)90026-4
http://doi.org/10.1146/annurev.immunol.16.1.293
http://doi.org/10.1016/S1074-7613(00)80089-8
http://doi.org/10.1182/blood.V76.12.2421.2421
http://doi.org/10.1016/j.it.2006.01.005
http://doi.org/10.1007/s12026-007-0022-2
http://www.ncbi.nlm.nih.gov/pubmed/17917016
http://doi.org/10.1007/978-1-4419-1599-3_4
http://www.ncbi.nlm.nih.gov/pubmed/20429415
http://doi.org/10.1111/cas.12314
http://www.ncbi.nlm.nih.gov/pubmed/24168081
http://doi.org/10.1146/annurev.cellbio.13.1.513
http://doi.org/10.1038/s41586-019-1429-3
http://doi.org/10.1016/j.ceb.2018.08.002
http://doi.org/10.1016/j.uct.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20368753
http://doi.org/10.1158/1078-0432.CCR-08-1306
http://doi.org/10.1016/j.tig.2011.03.003
http://doi.org/10.1186/1476-4598-9-68
http://www.ncbi.nlm.nih.gov/pubmed/20338046
http://doi.org/10.3390/ijms22116049
http://www.ncbi.nlm.nih.gov/pubmed/34205118
http://doi.org/10.3390/ijms23042313
http://www.ncbi.nlm.nih.gov/pubmed/35216427
http://doi.org/10.1016/j.devcel.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24746669
http://doi.org/10.1038/sj.onc.1204326
http://www.ncbi.nlm.nih.gov/pubmed/11420717
http://doi.org/10.1080/15384101.2016.1234551
http://doi.org/10.1126/science.287.5459.1824
http://doi.org/10.1126/science.1170944
http://doi.org/10.1016/j.ccr.2008.02.011
http://doi.org/10.1074/jbc.274.17.11549

Cancers 2022, 14, 4542 18 of 18

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Slee, E.A.; Harte, M.T.; Kluck, R.M.; Wolf, B.B.; Casiano, C.A.; Newmeyer, D.D.; Wang, H.G.; Reed, ].C.; Nicholson, D.W,;
Alnemri, E.S; et al. Ordering the cytochrome c-initiated caspase cascade: Hierarchical activation of caspases-2, -3, -6, -7, -8, and
-10 in a caspase-9-dependent manner. |. Cell Biol. 1999, 144, 281-292. [CrossRef] [PubMed]

Wei, M.C.; Zong, W.X.; Cheng, E.H.; Lindsten, T.; Panoutsakopoulou, V.; Ross, A.].; Roth, K.A.; MacGregor, G.R.; Thompson, C.B,;
Korsmeyer, S.J. Proapoptotic bax and bak: A requisite gateway to mitochondrial dysfunction and death. Science 2001, 292, 727-730.
[CrossRef] [PubMed]

Sato, T.; Hanada, M.; Bodrug, S.; Irie, S.; Iwama, N.; Boise, L.H.; Thompson, C.B.; Golemis, E.; Fong, L.; Wang, H.G.; et al.
Interactions among members of the bcl-2 protein family analyzed with a yeast two-hybrid system. Proc. Nat. Acad. Sci. USA 1994,
91, 9238-9242. [CrossRef] [PubMed]

Walter, K.R.; Balko, ].M.; Hagan, C.R. Progesterone receptor promotes degradation of stat2 to inhibit the interferon response in
breast cancer. Oncoimmunology 2020, 9, 1758547. [CrossRef] [PubMed]

Anurag, M.; Zhu, M.; Huang, C.; Vasaikar, S.; Wang, J.; Hoog, J.; Burugu, S.; Gao, D.; Suman, V.; Zhang, X.H.; et al. Immune
checkpoint profiles in luminal b breast cancer (alliance). J. Natl. Cancer Inst. 2020, 112, 737-746. [CrossRef]

Murphy, G.J.; Holder, J.C. Ppar-gamma agonists: Therapeutic role in diabetes, inflammation and cancer. Trends Pharmacol. Sci.
2000, 21, 469—-474. [CrossRef]

Sweis, R.F.; Spranger, S.; Bao, R.; Paner, G.P.; Stadler, W.M.; Steinberg, G.; Gajewski, T.F. Molecular drivers of the non-t-cell-
inflamed tumor microenvironment in urothelial bladder cancer. Cancer Immunol. Res. 2016, 4, 563-568. [CrossRef]

Kardos, J.; Chai, S.; Mose, L.E.; Selitsky, S.R.; Krishnan, B.; Saito, R.; Iglesia, M.D.; Milowsky, M.L; Parker, ].S.; Kim, W.Y,; et al.
Claudin-low bladder tumors are immune infiltrated and actively immune suppressed. JCI Insight 2016, 1, e85902. [CrossRef]
Glass, C.K; Saijo, K. Nuclear receptor transrepression pathways that regulate inflammation in macrophages and t cells. Nat. Rev.
Immunol. 2010, 10, 365-376. [CrossRef]

Kissel, M.; Berndt, S.; Fiebig, L.; Kling, S.; Ji, Q.; Gu, Q.; Lang, T.; Hafner, ET.; Teufel, M.; Zopf, D. Antitumor effects of regorafenib
and sorafenib in preclinical models of hepatocellular carcinoma. Oncotarget 2017, 8, 107096-107108. [CrossRef]

Fontenot, ].D.; Gavin, M.A.; Rudensky, A.Y. Foxp3 programs the development and function of cd4+cd25+ regulatory t cells.
Nat. Immunol. 2003, 4, 330-336. [CrossRef] [PubMed]

Brunkow, MLE,; Jeffery, EW.,; Hjerrild, K.A.; Paeper, B.; Clark, L.B.; Yasayko, S.A.; Wilkinson, J.E.; Galas, D.; Ziegler, S.F; Ramsdell, F.
Disruption of a new forkhead /winged-helix protein, scurfin, results in the fatal lymphoproliferative disorder of the scurfy mouse.
Nat. Genet. 2001, 27, 68-73. [CrossRef] [PubMed]

Khattri, R.; Cox, T.; Yasayko, S.A.; Ramsdell, F. An essential role for scurfin in cd4+cd25+ t regulatory cells. Nat. Immunol. 2003, 4,
337-342. [CrossRef] [PubMed]

Seif, F.; Khoshmirsafa, M.; Aazami, H.; Mohsenzadegan, M.; Sedighi, G.; Bahar, M. The role of jak-stat signaling pathway and its
regulators in the fate of t helper cells. Cell Commun. Signal 2017, 15, 23. [CrossRef]

Liongue, C.; O’Sullivan, L.A.; Trengove, M.C.; Ward, A.C. Evolution of jak-stat pathway components: Mechanisms and role in
immune system development. PLoS ONE 2012, 7, €32777. [CrossRef]

Murthy, V.; Oshi, M.; Tokumaru, Y.; Endo, I.; Takabe, K. Increased apoptosis is associated with robust immune cell infiltration and
cytolytic activity in breast cancer. Am. |. Cancer Res. 2021, 11, 3674-3687.

Rosen, E.D.; Hsu, C.H.; Wang, X; Sakai, S.; Freeman, M.W.; Gonzalez, FJ.; Spiegelman, B.M. C/ebpalpha induces adipogenesis
through ppargamma: A unified pathway. Genes Dev. 2002, 16, 22-26. [CrossRef]

Shao, W.; Kopke, M.B.; Vilsmaier, T.; Zati Zehni, A.; Kessler, M.; Sixou, S.; Schneider, M.; Ditsch, N.; Cavailles, V.; Jeschke, U.
Cytoplasmic colocalization of rxralpha and ppargamma as an independent negative prognosticator for breast cancer patients.
Cells 2022, 11, 1244. [CrossRef]

Shao, W.; Kuhn, C.; Mayr, D.; Ditsch, N.; Kailuwait, M.; Wolf, V.; Harbeck, N.; Mahner, S.; Jeschke, U.; Cavailles, V.; et al.
Cytoplasmic ppargamma is a marker of poor prognosis in patients with cox-1 negative primary breast cancers. J. Transl. Med.
2020, 18, 94. [CrossRef]

Korpal, M,; Puyang, X.; Jeremy Wu, Z.; Seiler, R.; Furman, C.; Oo, H.Z,; Seiler, M.; Irwin, S.; Subramanian, V.; Julie Joshi, J.; et al.
Evasion of immunosurveillance by genomic alterations of ppargamma/rxralpha in bladder cancer. Nat. Commun. 2017, 8, 103.
[CrossRef]


http://doi.org/10.1083/jcb.144.2.281
http://www.ncbi.nlm.nih.gov/pubmed/9922454
http://doi.org/10.1126/science.1059108
http://www.ncbi.nlm.nih.gov/pubmed/11326099
http://doi.org/10.1073/pnas.91.20.9238
http://www.ncbi.nlm.nih.gov/pubmed/7937747
http://doi.org/10.1080/2162402X.2020.1758547
http://www.ncbi.nlm.nih.gov/pubmed/32391191
http://doi.org/10.1093/jnci/djz213
http://doi.org/10.1016/S0165-6147(00)01559-5
http://doi.org/10.1158/2326-6066.CIR-15-0274
http://doi.org/10.1172/jci.insight.85902
http://doi.org/10.1038/nri2748
http://doi.org/10.18632/oncotarget.22334
http://doi.org/10.1038/ni904
http://www.ncbi.nlm.nih.gov/pubmed/12612578
http://doi.org/10.1038/83784
http://www.ncbi.nlm.nih.gov/pubmed/11138001
http://doi.org/10.1038/ni909
http://www.ncbi.nlm.nih.gov/pubmed/12612581
http://doi.org/10.1186/s12964-017-0177-y
http://doi.org/10.1371/journal.pone.0032777
http://doi.org/10.1101/gad.948702
http://doi.org/10.3390/cells11071244
http://doi.org/10.1186/s12967-020-02271-6
http://doi.org/10.1038/s41467-017-00147-w

	Introduction 
	Materials and Methods 
	Patient Cohort 
	Sample Preparation and Assessment of Tumor Content 
	Compliance of Receptor Status 
	Immunohistochemical Staining 
	Multiplex Protein Profiling Via DigiWest 
	Statistical Analysis 
	Pathway Enrichment Analysis 

	Results 
	Sample Quality Control and DigiWest Protein Expression Analysis 
	Patient Stratification Based on Immune Cell Infiltration Analysis by DigiWest 
	Focused Protein Expression Analysis of Hot and Cold Breast Carcinomas 
	Hot Tumor Samples Show Increased Proliferative Activity and a More Competitive Phenotype 
	Elevated Immune Cell Infiltration Induces Expression of Tumor-Suppressive Markers and Apoptotic Activity 
	Cold Breast Tumors Show Increased Expression of Immunosuppressive Factors 

	Discussion 
	Conclusions 
	References

