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Abstract: In recent years, tumor-infiltrating inflammatory cells within the tumor microenvi-
ronment have been extensively studied. However, much less is known about inflammatory
cells in the normal tissue surrounding tumors. In this study, we assess the prognostic signif-
icance of tumor-associated macrophages (TAMs) in relation to disease-free survival (DFS)
in patients with early-stage breast cancer. Our cohorts included patients from the APBI and
BBCC trials, with eligible tumors being small in size and showing no signs of metastasis. We
analyzed eight distinct inflammatory cell types in the normal tissue surrounding tumors,
with a particular focus on the various macrophage subsets. There were clear differences
in the frequencies of the different inflammatory cells, with a higher abundance of cells
being found in the intraepithelial compartment compared to the stromal compartment.
Notably, we found that M2-type macrophages located in the stromal compartment of tumor
distant normal tissue exhibited a positive prognostic impact, in contrast to the M2-type
macrophages found within the tumor itself. In the normal tissue surrounding tumors, there
are surprisingly clear prognostic predictions for DFS. Normal tissue surrounding breast
cancer tumors is clearly influenced by the tumor and could also influence the tumor in
terms of growth and metastasis. Tumor-influenced inflammatory cells in the surrounding
normal tissue could prevent the immune system from acting against the tumor and promote
tumor growth through inflammation.

Keywords: early-stage breast cancer; normal tissue; M1; M2; macrophages; tumor-
infiltrating inflammatory cells; microenvironment; radiotherapy; partial breast irradiation

1. Introduction

Breast cancer is the most diagnosed malignancy worldwide, with approximately
2.3 million new cases reported, making up for about 11.8% of all cancers diagnosed in
2022 [1]. Breast cancer remains the second leading cause of cancer-related death in women,
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despite advances in early detection and treatment that have helped reduce overall mortal-
ity [2,3]. Metastatic disease can complicate treatment and reduce the likelihood of cure by
spreading to distant organs such as the bones, liver, lungs, and brain [4]. Consequently,
metastatic breast cancer patients typically have a poor prognosis [5]. However, early-stage
breast cancer is potentially curable, and treatment strategies have improved over time [6].
The focus has shifted to optimizing the intensity of therapy to avoid overtreatment [7].

There are several strategies for treating early-stage breast cancer. Locoregional treat-
ment generally involves surgery and radiation therapy at the site of the tumor [8]. Systemic
therapy is designed to target the specific characteristics of cancer cells. These include
the presence of steroid hormone receptors (HRs) and human epidermal growth factor
receptor 2 (HER2). Breast cancer cells can be classified based on the receptors they express.
Tumor cells that express estrogen receptors (ERs), progesterone receptors (PRs), or both are
classified as ER-positive (ER+), PR-positive (PR+), or ER/PR-positive (ER+/PR+) breast
cancer [9]. New therapeutic approaches focused on harnessing the potential of the immune
system have emerged in recent years [10].

Tumor-infiltrating inflammatory cells, particularly tumor-infiltrating lymphocytes
(TILs), have been shown to be significant predictors of response to neoadjuvant chemother-
apy [11]. Thus, targeted therapies, such as immunotherapy, are becoming an increasingly
valuable tool in the treatment of breast cancer [12]. In particular, the tumor microen-
vironment (TME) and its stromal cells have attracted attention due to their molecular
alterations and aberrant signaling pathways [13]. A critical component of the TME are
tumor-associated macrophages (TAMs), which can polarize into two major subtypes: M1-
type and M2-type macrophages [14]. Macrophages of the M1-type have a pro-inflammatory
cytotoxic phenotype, whereas macrophages of the M2-type have an immunosuppressive
phenotype and are involved in tissue remodeling and angiogenesis [14].

Our understanding of tumors has changed dramatically in recent years. In the past, it
was assumed that there was a mass of tumor cells that needed to be treated. Over time, it has
been understood that the connective tissue within the tumor and its components have an
important function [15]. Even more important is the role of tumor-infiltrating inflammatory
cells and tumor-associated connective tissue [16]. However, what is still poorly understood
is the exact spatial extent of the TME, whether normal tissue surrounding the tumor is
affected by it, and whether it may also have an influence on the tumor and its growth
and metastasis. This led us to analyze the normal tissue surrounding the tumor in two
different cohorts of early-stage breast cancer patients with the goal of identifying the types
of inflammatory cells present, particularly macrophages, and investigating their prognostic
significance in the context of early-stage breast cancer.

2. Materials and Methods
2.1. Clinical Characteristics of the APBI Study

Patients were recruited between 2000 and 2005 as part of the German-Austrian Accel-
erated Partial Breast Irradiation (APBI) Phase II trial at the Universitdtsklinikum Erlangen.
A total of 146 patients with early-stage breast cancer were enrolled in the subgroup of
the study analyzed in this research. Inclusion criteria required participants to be at least
35 years of age with a histopathological confirmed diagnosis of invasive breast carcinoma
of any subtype. The mean age of the patients was 59.1 years. Eligible tumors had to be
unifocal, unicentric, and no larger than 3 cm in diameter. Resection margins had to be
tumor-free with a minimum clearance of 2 mm in all directions [17].

All cancers were hormone receptor-positive, either for estrogen (ER+/PR—), proges-
terone (ER—/PR+), or both (ER+/PR+). Molecular subtyping identified 97 cases as Luminal
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A and 44 cases as Luminal B. None of the patients had lymphatic or vascular invasion,
distant metastases, or axillary lymph node involvement [17].

All patients underwent breast-conserving surgery followed by either interstitial multi-
catheter pulsed-dose-rate (PDR) or high-dose-rate (HDR) brachytherapy. Hormone therapy
was administered to 131 (89.7%) patients, while 10 (6.8%) patients received chemotherapy.
The DFS rate for this subgroup of the APBI trial was 85% over 12 years, while breast
cancer-specific survival was 99% (Table 1) [17].

Table 1. Clinical characteristics of the patients included in the APBI and BBCC study.

Variables APBI Cohort (n = 129) BBCC Cohort (n = 501)
Age (years) 59.1; <50: 25 (19.4%); >50: 104 (80.6%);  58.1; <50: 136 (27.1%); >50: 365 (72.9%);
I category pTlmic: 6 (4.7%); pTla: 8 (6.2%); pT1b: prl:Tf ‘;’8(5(22;; gﬁf §§9(6(361/7)”
31 (24%); pT1lc: 75 (58.1%); pT2: 9 (7%); s 38 (7.6%)
. - ™ pNO: 360 (71.9%); pN1: 117 (23.4%);
N category NO: 126 (97.7%); N1: 3 (2.3%); na: 24 (4.8%);
M category MO: 129 (100%); M1: 0 (0%); MO: 479 (95.6%); M1: 22 (4.4%);
Histolowical tvpin ductal: 91 (70.5%); lobular: 19 (14.7%);  ductal: 266 (53.1%); lobular: 72 (14.4%);
1stologrcal typing other: 19 (14.7%); other: 92 (18.4%); n.a.: 71 (14.2%);

Molecular class

TNBC: 36 (7.2%); luminal A: 113
(22.6%); luminal B: 109 (21.8%); HER2:
66 (13.2%); n.a. (35.3%);

luminal A: 85 (65.9%); luminal B: 33
(25.6%); Her2: 6 (4.7%); n.a.: 5 (3.9%);

Histological grading

G1: 34 (26.4%); G2: 90 (69.8%); G3: 3 G1: 47 (9.4%); G2: 325 (64.9%); G3: 119

(2.3%); n.a.: 2 (1.6%); (23.8%); n.a.: 10 (2%);
positive: 125 (96.9%); negative: 1 positive: 53 (10.6%); negative:1: 200
Estrogen receptor status (0.8%); n.a.: 3 (2.3%); (39.9%); n.a.: 248 (49.5%);
positive: 118 (91.5%); negative: 9 (7%); positive: 71 (14.2%); negative:1: 181
Progesterone receptor status na.: 2 (1.6%); (36.1%); n.a.: 249 (49.7%);
positive: 7 (5.4%); negative: 119 positive: 209 (41.7%); negative: 94
Her2 status (92.2%); n.a.: 3 (2.3%); (18.8%); n.a.: 198 (39.5%);
iy <20%: 102 (79.1%); >20%: 24 (18.6%); <20%: 166 (33.1%); >20%:1: 152
! n.a.: 3 (2.3%); (30.3%); 2: 183 (36.5%);

n.a. = not available.

Prior to participation in the trial, written informed consent was obtained from all
patients for tissue sampling and clinical data collection. The Ethics Committee of the
Friedrich-Alexander-Universitdt Erlangen-Niirnberg (FAU) approved the use of formalin-
fixed paraffin-embedded samples from the Institute of Pathology’s archive and waived the
requirement for additional consent for accessing the archived material [17]. Samples of
129 patients out of the 146 patients initially recruited were used in this study, since some
TMA samples were left out due to losses during the staining process or bad quality of
single TMA spots.

2.2. Clinical Characteristics of the BBCC Study

From 2002 to 2007, a total of 1538 patients were enrolled in the Bavarian Breast
Cancer Cases and Controls (BBCC) study [18]. Tissue microarrays were constructed for
880 of those patients. Data on disease-free survival (DFS), metastasis, and recurrence were
collected for 10 years after the start of data collection. For our study, we excluded patients
with a previous breast cancer diagnosis, as well as patients with metastases at diagnosis.
Patients with incomplete datasets or damaged TMAs were also excluded, leaving a total
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of 501 patients in our study (Table 1). All patients provided written informed consent for
tissue sampling and clinical data collection prior to participating in the trial. The Ethics
Committee of Friedrich-Alexander University Erlangen-Ntiirnberg (FAU) approved the use
of formalin-fixed paraffin-embedded samples from the Institute of Pathology’s archive and
waived the need for additional consent to access the archived material.

2.3. Tissue Microarray (TMA) Construction

Formalin-fixed paraffin-embedded tumor specimens were used to construct tissue
microarrays. In the APBI study, normal tissue very close to the tumor within five millimeters
of the tumor was classified as tumor-near, and more distant normal tissue was classified as
tumor-distant, which was generally no more than ten millimeters away from the tumor. In
the BBCC study, tissue located between 3 mm and 10 mm outside the tumor was classified
as normal tissue [19]. The normal tissues were identified and marked by a pathologist on
a Hematoxylin and Eosin (HE)-stained section of the whole tissue block. This slide was
then scanned, and the marked area was digitally transferred to an image of the paraffin
block. This transfer was reviewed by a pathologist and then the spots were automatically
punched out and inserted into a paraffin recipient block. The normal tissue spots were
two millimeters in diameter.

2.4. Tissue Staining

Tissue two-color immunohistochemistry staining was performed. Sections were de-
paraffinized and rehydrated, and antigen retrieval was performed in a steam cooker for
5 min. The antibodies used were as follows:

O  CD68-specific monoclonal mouse antibody (1:1500. PG-M1, Dako GA613, Agilent
Technologies, Santa Clara, CA, USA);

O  CD206-specific monoclonal mouse antibody (1:100, Novus biologicals NBP2-52927,
Abingdon, UK);

O  MPO-specific polyclonal rabbit antibody (1:200, Abcam ab9535, Cambridge, UK);

O  CD163-specific monoclonal mouse antibody (1:3000, clone 10D6, Novocastra NCL-L-
CD163, Leica, Nussloch, Germany);

O  FoxP3-specific monoclonal mouse antibody (1:100, clone 236A/E7, Abcam ab20034,
Cambridge, UK);

O  CDB8-specific monoclonal mouse antibody (1:50, clone C8/144B, Agilent M7103, Santa
Clara, CA, USA) [20];

O  Monoclonal mouse anti-human CD45RO antibody (DAKO Denmark A/S,
Glostrup, Denmark);

O  CD1la mouse monoclonal, (clone CD1a007, Abcam ab708, Cambridge, UK);

O CD20 (1:2000, mouse monoclonal, clone L26, Dako M0755, Agilent Technologies, Santa
Clara, CA, USA);

O  Clonal mouse anti-human CD45RO antibody (DAKO Agilent Technologies, Santa
Clara, CA, USA);

O  CD4 (Clone C8/144B, Leica NCL-CD4-1F6, Nussloch, Germany) [17].

For double-staining, the first antibody was applied overnight and detected using a
Polymer-Kit (Fa. Zytomed POLAP-100, Zytomed, Langenzersdorf, Austria) and Fast Red
chromogen. Then, the second antibody was added for 60 min, and detection was performed
with the Polymer-Kit and Fast Blue chromogen. We previously published the methodology
of staining and the cell density results of CD1a+ dendritic cells, CD20+ B cells, CD45RO
memory T cells, and CD4 helper T cells in the APBI cohort [17]. No isotype controls were
carried out. Stained samples were scanned using a whole-slide scanner (ZEISS Axio Imager
2, Zeiss, Oberkochen, Germany) at 0.11 um/pixel.
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Four-color immunofluorescence staining was performed with four antibodies that
were directly fluorescently labeled. B cells were stained with AlexaFluor 488-labeled anti-
CD21 (Abcam, Cambridge, UK, rabbit monoclonal, clone [EP3093] (ab75985)); activated
cells were stained with AlexaFluor 555-labeled anti-CD27 (Abcam, rabbit monoclonal, clone
EPR8569 (ab282112)); B cells were stained with AlexaFluor 647-labeled CD19 (Abcam, rabbit
monoclonal, clone EPR5906 (ab196515)); and memory B cells were stained with AlexaFluor
750-labeled CD20 (Dako, mouse monoclonal, clone L.26, M0755). Cell nuclei were stained
with 4/,6-diamidino-2-phenylindole (DAPI), and the tissue was embedded in Vectashield
Plus (Vector Laboratories, CA, USA). TMAs were scanned using a high-throughput slide
scanner (Axioscan 7, Zeiss, Oberkochen, Germany).

2.5. Quantification of Inflammatory Cells in the APBI and BBCC Study Using Two-Color
Immunohistochemistry Staining

Cell density was quantified using image-processing software (Biomas, Version 4.1
07/2018, Erlangen, Germany). The stromal compartment and the intraepithelial compart-
ment were marked, and the corresponding areas were registered. A total tissue area of
2.7 mm? (£0.88) in the APBI study and 1.1 mm? (0.46) in the BBCC study was analyzed
for the infiltrating macrophages per patient. The evaluation was always blinded, and the
individual spots were coded and only assigned to the corresponding patients at the end.
The size, morphology, and color of the stained macrophages were used as inclusion criteria.
The stromal and intraepithelial cell densities were calculated separately. The quantification
of inflammatory cell densities was performed semi-automatically using image-processing
software (Biomas, Erlangen, Germany). Analysis was performed using image-analysis
software COUNT (Biomas Software, version 3.3; MSAB, Erlangen, Germany). The cutoff
values were determined using X-tile software (version 3.6.1, Yale University, New Haven,
CT, USA), where favorable and unfavorable forecasts were separated automatically.

2.6. Quantification of Inflammatory Cells in the APBI Study Using Four-Color
Fluorescence Staining

First, the images were processed using the microscopy software Zen Blue Edition
(V2.0 de/07-2017, Carl Zeiss Microscopy, Zeiss, Jena, Germany). The image settings,
including color adjustments and background correction, were optimized, and any artifacts
were removed. Four images were then processed, each corresponding to one of the four
stains used to highlight specific markers: CD68, CD163, CD206, or MPO on the cells.
The cells were identified using DAPI staining, which binds to DNA and highlights the
cell’s nuclei. Tumor-infiltrating inflammatory cells (TIICs) and their density were also
calculated using semiautomated image processing with the software Biomas (Biomas,
Erlangen, Germany), as previously described. The first step of the analysis involved image
batching, which combined two of the four previously processed images. Image 1 included
CD68+ (green) and CD206+ (red) staining, while Image 2 contained MPO+ (green) and
CD163+ (red) staining, with both images also showing DAPI staining. This image-batching
process enabled the calculation and evaluation of TIICs. Using the image-processing
software (Biomas, Erlangen, Germany), the tissue samples were then segmented into
stromal and intraepithelial compartments, and the cell density was separately calculated
for each compartment.

2.7. Missing Cell Densities from Patients

However, cell density data could sometimes only be captured in one compartment.
This resulted in fewer available datasets than the total number of patients for certain
markers. Most of these discrepancies can be explained by samples consisting only of
stromal or epithelial tissue. Loss of material during the staining process was another factor
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contributing to this discrepancy. TMAs from normal breast tissue sometimes contained
very little tissue or mostly fat, resulting in fewer datasets, especially intraepithelial. Spots
lost during the staining or processing stages were not accounted for and were missing from
the evaluation.

2.8. M1/M2 Shift Analysis

An M1 shift indicates that in stromal or epithelial tissue, M1 levels (CD68+CD163—) are
high while M2 levels (CD68+CD163+) are low, whereas an M2 shift signifies the opposite—
M1 is low and M2 is high. The remaining two combinations are classified as “non-shifted”.

2.9. Epithelial-Stromal Match Analysis

To our knowledge, this was the first time that an epithelial-stromal match analysis had
been used in this way. In this epithelial-stromal match analysis, 16 possible groups were
created by combining all possible low or high levels of M1 and M2 macrophages within the
epithelial and stromal compartments. The cut-off values categorize the variables into low (0)
and high (1), and each were determined with X-Tile (version 3.6.1, Yale University, New
Haven, CT, USA). For example, the coding system “1010” represents a specific combination:
high M1 macrophages in the epithelium, low M2 macrophages in the epithelium, high
M1 macrophages in the stroma, and low M2 macrophages in the stroma. The individual
risks associated with these 16 groups were then consolidated into three or four distinct risk
categories. These were then grouped into low-, medium-, and high-risk categories. In the
BBCC group, they were also categorized as early-risk.

2.10. Statistical Analysis

Kaplan-Meier plots and the log-rank test were used for the description and comparison
of DFS rates between groups. Receiver operating characteristic curve analysis and X-tile
software (version 3.6.1, Yale University, New Haven, CT, USA) were used to determine
optimized cut-off values for prognostic groups. To compare the means of two or more
groups, Student’s ¢-test and one-way analysis of variance (ANOVA) were used. Chi-squared
test and Fisher’s exact test were used to compare the frequency distributions of categorical
variables in contingency tables. Statistical analysis was performed using SPSS (Version26,
IBM, Chicago, IL, USA) and Microsoft Excel (Version16, Microsoft, Redmond, Washington,
DC, USA).

3. Results
3.1. Two Early-Stage Breast Cancer Cohorts

Two cohorts of 129 and 501 patients with mainly early-stage breast cancer for whom
tumor-related normal tissue was available were studied. The APBI cohort, which predomi-
nantly consisted of T1 tumors (95.6%) was treated with surgery followed by partial breast
irradiation with interstitial brachytherapy. Median follow-up was 11 years, 10-year overall
survival was 97.8%, metastasis-free survival was 95.0%, and disease-free survival (DFS)
was 86.6% (Figure 1A). For the BBCC study, follow-up was 11.5 years, 10-year overall
survival was 73.3%, metastasis-free survival was 80.1%, and DFS was 67.4% (Figure 1B).
In the APBI cohort, we studied TIICs in tumor-near and tumor-distant normal tissues,
whereas in the BBCC cohort, we studied normal tissues between 3 and 10 mm distant to
the tumor (Figure 1C).
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Figure 1. (A) Overall survival, metastasis-free survival, and disease-free survival of the (A) Acceler-
ated Partial Breast Irradiation Study cohort and (B) BBCC cohort analyzed using the Kaplan-Meier
method and log-rank test. (C) A scheme for the distance between the punched holes in the tumor
near and distant normal tissue of the APBI study and the BBCC study. (D) Examples of inflammatory
cells studied, each as double-staining (D) CD20+ B cells and CD1a+ dendritic cells, (E) CD4+ T
helper cells and CD45RO+ memory T cells, (F) CD8+ cytotoxic T cells and FoxP3+ regulatory T cells,
and (G) CD68+CD163— M1 macrophages and CD68+CD163+ M2 macrophages. (H) Example of
relatively equal abundant CD68+CD163— (blue) and CD68+CD163+ (purple) macrophages. (I) This
is an example of an extremely high frequency of CD68+CD163— (blue) and CD68+CD163+ (purple)
macrophages in the stromal compartment, as well as the exclusion of macrophages in the epithelial
compartment. (J) Stromal and intraepithelial cell density distributions of the different inflammatory
cells in the tumor near and distant tissue are shown in box plots. Each subpopulation of inflammatory
cells has its own color, and the stromal compartment is additionally marked with diagonal stripes.
The central line represents the median values, while the box indicates the interquartile range (IQR).
Whiskers represent 1.5 IQR or minimum/maximum. Outliers are indicated by points. Student’s ¢-test
was used to compare the groups. (K) Epithelial-stromal ratio of the rates of the different inflamma-
tory cells in the tumor near and distant tissues. N = tumor near, D = tumor distant, Str = stromal
compartment, Epi = epithelial compartment; (D-G) scale bars indicate 20 pm.

3.2. TIIC Densities in Normal Tissue Samples

Tissue samples from the patients were available as tissue microarrays (Supplementary
Figure S1). In the APBI study, four double-stains were used to identify B cells and dendritic
cells with the markers CD20 and CD1a (Figure 1D), helper T cells and memory T cells
with CD4 and CD45RO (Figure 1E), cytotoxic T cells and regulatory T cells with CD8 and
FoxP3 (Figure 1F), and macrophages with a double-stain for CD68 and CD163 (Figure 1G).
Macrophages stained for CD68 alone were interpreted as having a more M1 phenotype, and
macrophages stained for CD68 and CD163 were interpreted as having a M2-like phenotype.
There were extreme differences in the frequency of stromal and epithelial inflammatory cells
in normal tissues. The most common cells in the stromal compartment were CD68+CD163+
double-positive cells and CD4+ and CD8+ T cells (Figure 1H). CD4+ and CD8+ T cells
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were most abundant in the epithelial compartment, followed by CD68+CD163+ double-
positive macrophages. Memory T cells and regulatory T cells were less frequent, and the
lowest infiltrations were by CD68+CD163— TAMSs, dendritic cells, and B cells. Among
all inflammatory cells, intraepithelial cell densities were higher than those in the stromal
compartment. The ratio of intraepithelial frequencies of inflammatory cells to stromal
cells was quite similar in tumor-near and -distant tissues (Figure 1I). There were greater
differences only in the inflammatory cells with very low densities.

3.3. M1 and M2 Macrophages in the APBI Study

We investigated the prognostic significance of measured cell densities regarding DFS
in Kaplan-Meier plots with a special focus on TAMs. In normal tissues near and distant
from the tumor, there were mostly weak associations between densities of measured TIICs
and DFS (Figure 2 and Supplementary Figure S2). However, in both of the localizations
studied, there was some tendency for CD68+CD163— TAMs in the stromal compartment of
the tumors near normal tissue to be a favorable prognostic factor and in other compartments
to be unfavorable. Few CD68+ CD163+ in the epithelium and many in the stroma tended
to be favorable (Figure 2A,B). There were no relevant correlations with prognosis for CD4+,
CD45R0O+, CD1a+, and CD20+ TIIC densities (Supplementary Figure S2). High stromal
CD8+ (p = 0.009) and low FoxP3+ (p = 0.005) cells in the tumors near normal tissue were as-
sociated with a significantly improved DFS (Figure 2A). Within the epithelial compartment,
these inflammatory cells had hardly any prognostic significance (Figure 2A,B).
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Figure 2. Kaplan—-Meier plots of disease-free survival calculated with immune-infiltrating inflam-
matory cells in the stromal and intraepithelial compartments of (A) a tumor near normal tissue
and (B) a tumor distant from normal tissue from tumor samples from the APBI early breast cancer
tissue study. CD68+ and CD163— are considered cytotoxic M1 macrophages, CD68+ and CD163+
are considered immunosuppressive M2 macrophages, CD8+ are cytotoxic T cells, and FoxP3+ are
considered immunosuppressive regulatory T cells.
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As TAMs had a certain prognostic importance and can be studied within the context
of the two polarization groups of the M1 or M2 shift, we carried out further analyses
for these subgroups. While only very few samples expressed an M1 shift, it was very
prognostically favorable in both tumor-near and -distant normal tissue and in the stromal
and epithelial compartments. In contrast, DFS was significantly worse in patients whose
normal tissue was classified as M2-shifted or non-shifted (Figure 3A-D). It is important to
mention that non-shifted cells could reflect a certain state; a study by Xue et al. suggests
that macrophages show transitional stages, which depend on environmental factors [21].
We also studied the ratio of many or few macrophages of the two polarization groups in
the stromal and intraepithelial compartments. We called this an epithelial-stromal match
analysis. All individual combinations of low or high densities of CD68+CD163— and
CD68+CD163+ macrophages in the epithelial and stromal compartments were tested for
their risk and then were summarized into three groups (Supplementary Figure S3). We
were able to identify the groups that had extremely good DFS without any events and
groups that had extremely poor survival with very early events. The largest groups were
patients with an intermediate risk (Figure 3E,F).
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Figure 3. Risk analysis by M1/M2 macrophage shift and epithelial-stromal match analysis in the
APBI early breast cancer cohort. (A-D) Disease-free survival calculated with Kaplan-Meier plots of
specific cell densities of macrophage shifts in either the (A,B) stromal or (C,D) epithelial compartment
of (A,C) a tumor near normal tissue and (B,D) a tumor distant from normal tissue and their impact
on DFS. M1 shift is defined as CD68+CD163— M1 rates are high, and CD68+CD163+ M2 rates are low.
M2 shift is reversed accordingly. The remaining two combinations are classified as “non-shifted”.
(EF) Epithelial-stromal match analysis with risk assessment and its impact on the DFS of tumor
samples from (E) a tumor near normal tissue and (F) a tumor distant from normal tissue. In this
epithelial-stromal match analysis, 16 possible groups were created by combining all possible low (0)
or high (1) levels of M1 and M2 macrophages within the epithelial and stromal compartments and
then were summarized into three risk groups. The individual groups are shown in Supplementary
Figure S3, and Table 2 lists the groups summarized as low risk, intermediate risk, and high risk.
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Table 2. Comparison of epithelial-stromal match analysis in APBI and BBCC. DFS risk assessment of
macrophages in the epithelial and stromal compartments based on high (1) or low (0) levels of M1 or
M2 and matches between the APBI cohort and the BBCC cohort. The four digits mean the following:
first position: epithelial CD68+CD163— (M1); second position: epithelial CD68+CD163+ (M2); third
position: stromal CD68+CD163— (M1); fourth position: stromal CD68+CD163+ (M2). The risk is
categorized as low risk, intermediary risk, high risk, and additionally in the BBCC study as early risk.

ABPI
- - BBCC
Risk Near Distant
1000
1001 1001
1101 1101
1110
low risk 1100
0010
0110 0110
0111
0101
0000 0000
1100 1100
0100 0100
1111 1111
intermediary risk 0101 0101
1110
1010
0010
0011
0000
0001 0001 0001
0111
. . 0100
high risk 1000
1001
1101
1111
early risk 1110

3.4. M1 and M2 Macrophages in the BBCC Study

Similarly to the APBI cohort, in the BBCC cohort, CD68+CD163— macrophages were also rare
and were significantly less abundant in the stromal compartment than in the epithelial compart-
ment of normal tissue samples (p < 0.001; Figure 4A). This was true for the molecular subgroups
TNBC, luminal A and B, and HER?neu (p < 0.001; Figure 4B-E). CD68+CD163+ macrophages
were significantly more frequent than CD68+ CD163— macrophages (p < 0.001; Figure 4A),
and there were significantly more macrophages in the epithelial compartment than in the
stromal compartment (p < 0.001; Figure 4B-E). Contrary to our results from the tumor
samples, a low density of stromal CD68+CD163— macrophages in normal tissue samples
was prognostically favorable (p = 0.050; Figure 5A), while the opposite was true for CD68+
CD163+ (p = 0.004; Figure 4C), where a high density was favorable. In the epithelial
compartment, neither macrophage type had prognostic significance (Figure 5B,D). After
grouping by molecular subtypes, high CD68+CD163— and CD68+CD163+ TAM densities
were positively associated with a favorable DFS only in the luminal B group (Figure 6L).
There were no clear differences between the high and low groups for TNBC (Figure 6A-D),
luminal A (Figure 6E-H), luminal B (Figure 61-K), and HER?2 (Figure 6M-P). The M2 shift
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in the stromal compartment and the M1 shift in the epithelial compartment were associated
with a favorable DFS. In the BBCC cohort, we also studied different risk groups according
to M1 and M2 occurrence in the epithelial and stromal compartments (Figure 7A-D). In
this analysis, we were also able to identify distinct risk groups, including a subset of pa-
tients characterized by extremely early recurrence or metastasis and poor DFS (p = 0.012;
Figure 7C). We compared the two tumor near normal and tumor distant normal cohorts
of the APBI group with the BBCC cohort. There was a high correlation between the two
APBI groups. Out of the three tumors near low-risk signatures, two were also in the distant
group, and, out of the five intermediate signatures, four were also in the distant group. The
association of the APBI groups with BBCC was much weaker (Table 2).
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Figure 4. M1 and M2 rates in the BBCC cohort. Box plots of stromal and intraepithelial cell density
distributions of peri-tumoral normal tissue of CD68+CD163— and CD68+CD163+ macrophages in
(A) the total cohort, (B) the triple-negative, (C) Luminal A, (D) Luminal B, and (E) HER2neu molecular
subgroups of tissue samples from the BBCC study. The central line within the box represents the
median value; the box itself extends from the 25th to the 75th percentile. Whiskers are drawn from
the 10th percentile to the 90th percentile. Values above and below are indicated by individual points.
The value “n” indicates the total amount of values for each location. Student’s t-test was used to
compare the groups.
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Figure 5. Kaplan—Meier plots of disease-free survival of specific macrophage cell densities in the (A,C)
stromal and (B,D) intraepithelial compartments of peri-tumoral normal tissue from the BBCC study.
CD68+ and CD163— are considered cytotoxic M1 macrophages, CD68+ and CD163+ are considered
immunosuppressive M2 macrophages, CD8+ are cytotoxic T cells, and FoxP3+ are considered
immunosuppressive regulatory T cells.
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Figure 6. (A-P) Kaplan-Meier plots of disease-free survival of specific macrophage cell densities
in the stromal and intraepithelial compartment of peri-tumoral normal tissue from the BBCC study
in (A-D) TNBC, (E-H) Luminal A, (I-L) Luminal B, and (M-P) HER2 subtypes of breast cancer.
CD68+ and CD163— are considered cytotoxic M1 macrophages, CD68+ and CD163+ are considered
immunosuppressive M2 macrophages, CD8+ are cytotoxic T cells, and FoxP3+ are considered
immunosuppressive regulatory T cells.
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Figure 7. Risk analysis by M1/M2 macrophage shift and epithelial-stromal match analysis in the
BBCC early breast cancer cohort. (A-D) Kaplan—-Meier plots of disease-free survival, (A,B) specific
cell densities of macrophage shifts in either the (A) stromal or (B) epithelial compartment and their
impact on DFS. M1 shift is defined as follows: CD68+CD163— M1 rates are high and CD68+CD163+
M2 rates are low. M2 shift is reversed accordingly. The remaining two combinations are classified
as “non-shifted”. (C,D) Epithelial-stromal match analysis with risk assessment and their impact on
DFS of tumor samples from the BBCC study. In total, 16 possible groups were created by combining
all possible low (0) or high (1) levels of M1 and M2 macrophages within the epithelial and stromal
compartments and then were summarized into three risk groups. The four digits mean the following;:
first position: epithelial CD68+CD163— (M1); second position: epithelial CD68+CD163+ (M2); third
position: stromal CD68+CD163— (M1); fourth position: stromal CD68+CD163+ (M2); 1 = valid;
0 = invalid. (C) The resulting groups by combining all possible low or high concentrations of
M1 and M2 macrophages in the epithelial and stromal compartments. (D) The risk groups from
(C) summarized in four risk groups.

3.5. Four Color Immunostaining of CD68, CD163, MPO and CD206 in the APBI Study

To further characterize the spectrum of cytotoxic and immunosuppressive cells, the
tissue sections from the APBI study were subjected to fourfold staining. In addition
to anti-CD68 and anti-CD163, anti-MPO and anti-CD206 were stained using four-color
fluorescence staining (Figure 8a—g). The number of macrophages per area was very sim-
ilar in the tumors near and tumors distant to normal tissues. The proportion of M1-like
CD68+CD163— was low, with mean values in the tumors near normal tissue in the stromal
compartment of 3.0 cells/mm? (SD: 5.2 cells/mm?), 2.7 cells/mm? (SD: 2.3 cells/mm?)
in the epithelial compartment, and similar numbers in the stromal compartment. The
proportion of CD68+MPO+-expressing macrophages was significantly higher, with mean
values in the tumors near normal tissue of the stromal compartment showed mean values
of 98 cells/mm? (SD: 223.0 cells/mm?) and 126.0 cells/mm? (SD: 183.0 cells/mm?) in the
epithelial compartment, and the tumors distant from normal tissue showed mean values of
97.0 cells/mm? (SD: 176.0 cells/mm?) in the stromal compartment and 122.0 cells/ mm?
(SD: 399.0 cells/mm?) in the epithelial compartment. The combination of CD68+ and the im-
munosuppressive marker CD206+ was also frequent, with mean values of 225.0 cells/mm?
(SD: 491.0 cells/mm?) in the stromal compartment of the tumors near normal tissue and
96.0 cells/m? (SD: 123.0 cells/mm?) in the stromal compartment of the tumors distant from
normal tissue. Suppressive CD68+CD163+ macrophages in the tumor near normal tissue
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were relatively abundant. These cells, combined with MPO, were very rare, and, again,
were frequent when combined with CD206+ (Figure 9).

CD163+
CD163+

CD163MPO+ -

.

Figure 8. Four-color fluorescent images of breast cancer tissue microarray samples from the APBI
study. (a—g) Cell nuclei are stained blue (DAPI); (a) in the initial image, created CD68+ cells are
stained green, CD206+ cells are stained orange, CD163+ are colored in red, and MPO+ cells are
colored in pink. Since cells were counted in a two-step automated process, image (a) was broken
down into two images (b,c). (b,f) contains only CD68+ cells, stained in green, and CD206+ cells,
stained in red. (c,e) consists of only CD163+ cells, colored in red, and MPO+ cells, colored in green.
Scale bars in (a—c) are 100 um; scale bars in (d—-g) are 25 um.
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Figure 9. (A-F) Box plots of stromal and intraepithelial cell density distributions of tumors near
normal tissue and tumors distant from normal tissue counted by the four-color fluorescence-stained
tissues of the APBI study. Each subpopulation of inflammatory cells has its own color, and the stromal
compartment is additionally marked with diagonal stripes. The central line within the box represents
the median value; the box itself extends from the 25th to the 75th percentile. Whiskers are drawn
from the 10th percentile to the 90th percentile. Values above and below are indicated by individual

points. The value “n” indicates the total amount of values for each location. Student’s t-test was used
to compare the groups; no differences were found.
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3.6. Prognostic Value of Macrophages in Tumor near and Distant Tissues

High rates of CD68+CD163— (p = 0.044), CD68+CD163+, and CD68+CD206+
macrophages (p < 0.001) were significantly favorable for 10-year DFS only in the stro-
mal compartment of tumor-distant normal tissue (Figure 10). In the tumor near normal
tissue, no significant results were found (Supplementary Figure 54).
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Figure 10. Kaplan—-Meier plots of DFS of tumor distant normal tissue counted by the four-color
fluorescence-stained tissues of the APBI study. CD68+ are all macrophages, CD68+ and CD163+
are considered immunosuppressive M2 macrophages, CD68+ and MPO+ are considered cytotoxic,
CD68+ and CD206+ are considered more immunosuppressive cells, CD68+, CD163+, and MPO+ are
not clear which cell type they are, and CD68+, CD163+, and CD206+ are immunosuppressive cells.
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3.7. Uni- and Multivariate Analysws of Four-Color Macrophage Staining

Using univariate and multivariate analyses, we tested three significant combinations of
the four-color staining of macrophages in Kaplan-Meier graphs to determine independence.
High CD68+CD206+ expression was significantly associated with reduced disease-free sur-
vival (DFS) (hazard ratio [HR]: 0.137, 95% confidence interval [CI]: 0.044-0.426, p < 0.001).
This effect remained statistically robust after adjusting for chemotherapy, which was also
independently associated with an increased risk (HR = 12.15, p < 0.001) (see Table 3). For
CD68+/CD163+, infiltration was associated with improved outcomes (HR = 0.26, 95%
CI: 0.087-0.754, p = 0.013), indicating a reduction in recurrence risk compared to patients
with low expression. Chemotherapy remained an independent predictor of increased
risk (HR = 8.21, 95% CI: 2.10-32.14, p = 0.003). Tumor grade tended toward significance
(HR =4.17, p = 0.174), but the confidence interval was wide. In the final Cox regression
model incorporating CD68+, CD163—, and chemotherapy, CD68+CD163— was indepen-
dently associated with a reduced risk of recurrence (HR = 0.272, 95% CI: 0.088-0.838,
p =0.023).

Table 3. Univariate and multivariate analysis of according to Cox’s proportional hazards model.

BREAST CANCER Univariate Analysis Multivariate Analysis
95% 95%
Variable Haze}rd Confidence  p-Value Haze?rd Confidence  p-Value
Ratio Ratio
Interval Interval
Grade G1 [n =23] v. G2/3 [n = 64] 2.985 0.368-24.193 0.306 3.333 0.424-26.179 0.252
Chemotherapy yes [n = 83] v. no 1.193-
[n = 4] 11.374 108.472 0.035 12.153 2.937-50.294 0.001
Ki67 <20% [n = 67] v. >20 [n = 20] 1.983 0.58-6.779 0.275 1.930 0.583-6.394 0.282
Stromal CD68+CD206+ < 17
[n=24] v 0.121 0.034-0.428 0.001 0.137 0.044-0.426 0.001
>17 cells/mm? [n = 63]
Age < 49y [n=15]v. >49y 1.469 0.24-8992  0.678
[n=72]
Lobular histology [n = 74] v. other 1018 0.189-5.477 0.983 . . .
[n=13]
Hormone therapy: yes [n = 5] v 0.337 0.039-2912 0323 0.322 0.038-2.708  0.297

no [n = 82]

Stromal CD68+CD206+ represents macrophages in stromal tumor distant normal tissue.

4. Discussion

Over the previous decades, the importance of tumor microenvironments, with their
inhomogeneous composition of tumor cells, connective tissue, blood vessels, extracellular
matrix, and inflammatory cells of various types, has been recognized [22]. This study
complements our understanding of the tumor microenvironment in breast cancer in that
we found that the surrounding normal tissue is also influenced by the tumor beyond
the classical tumor boundaries and vice versa. This analysis reveals the relevance of
inflammatory cell infiltration in peri-tumoral normal tissue on DFS of breast cancer patients.
This distinguishes our study from previous research, which primarily focused on immune
cell infiltration of the tumor itself. We found that cytotoxic T cells (CD8+), regulatory T
cells (FoxP3+) and macrophages have some prognostic relevance in the tumor near normal
tissue and focused further on the presence of macrophages. Prior studies have shown that
CD68+CD163+ macrophage infiltration, as well as CD68+CD163— macrophage presence in
the TME, are associated with reduced overall survival in breast cancer patients [23].



Cells 2025, 14, 828

17 of 23

Previous studies on breast cancer use the anti-CD68 pan-macrophage marker, which
has been shown to be mostly associated with unfavorable tumor stages and prognosis.
This may be explained by the predominance of CD68-labeled macrophages being of the
M2 subtype, which are typically associated with unfavorable characteristics [23]. Similar
results were observed with the CD163+ marker, which also identifies M2-type macrophages
and is commonly linked to advanced tumor stage and poor prognosis [23].

Therefore, the cytotoxic or immunosuppressive properties of TAMs cannot be de-
termined using only individual markers for macrophages. As mentioned above, overall
survival and DFS also depend on the phenotype of the macrophages present in the tumor
itself. For example, Dai et al. found that there is a difference in tumor progression in
breast cancer depending on the abundance of M1-type and M2-type macrophages [24].
CD68+CD163+ cells are classified as M2-type macrophages, which are known to promote
tissue repair, angiogenesis, and reduce inflammation [25]. Other studies have also found
that M2-type macrophages in the tumor environment itself are more likely to be associated
with poor overall survival, as suggested by Liu et al. [26]. Furthermore, a meta-analysis by
Ni et al. showed that CD68+CD163+ macrophages in the tumor microenvironment itself
were associated with poor outcomes [25]. However, these studies only examined the TME,
not the adjacent normal tissue. This motivated us to further distinguish between different
macrophage phenotypes. For this reason, we performed two-color antigen staining using
anti-CD68 and anti-CD163 antibodies, as well as four-color (4C) staining using anti-CD68,
anti-CD163, anti-CD206, and anti-MPO antibodies.

As expected, the overall number of CD68+CD163— M1-type macrophages were rather
low, with 0.9 cells/mm? tumor near and 1.4 cells/mm? tumor distant in the stromal com-
partment and 8.1 cells/mm? and 6.0 cells/mm? in the epithelial compartment of samples
of the APBI studies. In a previous study of these macrophages in central tumor tissue,
higher rates were registered in the stromal compartment with 21.6 cells/mm? (p < 0.022),
albeit with quite similar amounts in the epithelial compartment with 10.8 cells/mm?
(p>0.303) [27]. The M2-type CD68+CD163+ macrophages overall were much more frequent
both in the stromal compartment of normal tissue with 98.6 cells/ mm? and 81.3 cells/mm?
and in the epithelial compartment with 106.7 cells/mm? and 102.6 cells/mm?. M2-type
macrophages in the stroma of the tumor were much higher (209.4 cells/ mm?) (p <0.016)
than in the epithelium (164.6 cells/ mm?) (p < 0.019). One could conclude that the epithe-
lium is particularly affected by the tumor. However, it is noteworthy that the stromal
compartment, with its composition of inflammatory cells, may be particularly influenced
by the tumor. So far, the normal tissue around the tumor has been studied very little. In the
ABPI study, the distances were relatively close to the tumor: 5 mm for near and 10 mm for
far. In the BBCC study, distances were similar between 3 mm and 10 mm. In both studies,
no tumor cells were found in normal tissue. However, inflammatory processes in the
sense of field cancerization or occult ductal carcinoma in situ (DCIS) cannot be ruled out as
having an influence on the tissue. A study by Reddy et al. investigating CD68+ macrophage
infiltration in normal tissue surrounding inflammatory breast cancer (IBC), collected > 5 cm
from the primary tumor, and found an enrichment of CD68+ macrophage infiltration in
normal tissue of IBC patients [28]. However, this study is limited by a relatively small
sample size of initially 8 IBC patients and 60 non-IBC patients [28]. For CD68+CD163—
macrophages, we could not find consistent results, as the APBI 4C cohort suggests that a
high infiltration of CD68+CD163— macrophages in the stromal compartment of tumor dis-
tant normal tissues improves 10-year DFS (p = 0.044), whereas the BBCC study suggests that
a rather low prevalence of CD68+CD163— cells correlates with a better prognosis (p = 0.05).
There are probably different reasons why immunosuppressive M2 macrophages can also
lead to a favorable prognosis. M2-like macrophages within the tumor itself can take up



Cells 2025, 14, 828

18 of 23

different roles. They are known to promote immune proliferation, angiogenesis, metastasis,
immune invasion, and tissue remodeling, and show anti-inflammatory traits [29]. However,
M1- and M2-like differentiation may not be entirely accurate, as macrophages are a hetero-
geneous group [29]. M2-like macrophages, for example, may be further divided into M2a,
M2b, M2c, as suggested by Mantovani et al. [30]. M2a and M2b macrophages may play
an immunomodulatory role, whereas M2c macrophages promote tissue remodeling [30].
Certain subsets of macrophages in peri-tumoral stroma may still perform tissue remodeling,
but also limit inflammation or function as a barrier for tumor invasion. Another possible
explanation is cytokine-driven functional specialization. Within the tumor for example, M2-
like macrophages may be presented with certain cytokines, such as hypoxia-induced factor,
which may promote angiogenesis within the tumor and promote tumor progression [31].
These specific cytokines may be absent in the peri-tumoral normal tissue, and M2-like
macrophages may, therefore, exhibit distinctive features. Another example of the different
effects of immunosuppressive cells are regulatory T-cells (Tregs). We observed FoxP3+
Tregs to be either favorable or unfavorable prognostic markers. In an inflammatory tumor
milieu, Tregs were prognostic favorable, possibly due to the suppression of inflammation
and the subsequent suppression of the pro-tumoral growth stimulation of inflammation. In
cancers with low infiltration of inflammatory cells, Tregs are unfavorable, probably due
to the suppression of anti-tumoral activity of cytotoxic inflammatory cells. Thus, M2-like
macrophages may exhibit dual activity depending on inflammation or the presence of other
inflammatory cells [32].

In the 4C analysis, we found that high infiltration of CD68+CD163+ macrophages
correlated with improved DFS, particularly in the stromal compartment of tumor distant
normal tissue. These findings were consistent across both the APBI and the BBCC study.
This also undermines the positive prognostic relevance of CD68+CD163+ macrophages in
the stromal compartment of normal tissue surrounding the tumor. This finding is especially
remarkable since M2-like TAMs are traditionally considered a negative prognostic factor
due to their immunosuppressive properties. In our investigation of the central tumor and
invasive front, samples of the same APBI cohort M2-like TAMs were also clearly associated
with reduced DFS [24].

To further substantiate M1-type macrophages and their cytotoxicity, we used
CD68+MPO+ macrophages. In the current literature, limited data exist regarding
CD68+MPO+ macrophages. Macrophages characterized by MPO expression are typi-
cally a pro-inflammatory macrophage subset with microbicidal activity [33]. A study by
Ambrosone et al. indicates that MPO, released by macrophages and neutrophiles, may
play a role when treating breast cancer, as MPO may contribute to treatment efficacy [34].
Our findings suggest that CD68+MPO+ cells in the stromal compartment of peri-tumoral
normal tissue may affect DFS (Figure 9 C; p = 0.132). However, due to the lack of extensive
studies on CD68+MPO+ macrophages, further research should be performed in the future.

Additionally, we aimed to analyze macrophages beyond the conventional M1/M2-
type dichotomy by looking at the range of macrophage subtypes in between. While we
detected CD68+CD163+MPO+ cells, they were very rare in both compartments, and only
limited conclusions can be drawn from their detection. However, we found statistical
relevance for DFS for CD68+CD163+MPO+ cells in the epithelial compartment of tumor
distant normal tissue. If these cells exist, it is not clear whether they belong to the M1 or
M2-type of TAMs. It can be speculated that they rather belong to the M2 spectrum.

To identify M2 macrophages even more reliably, we investigated both CD68+CD206+
and CD68+CD163+CD206+ macrophages. Cells expressing these markers are generally
considered to be M2-type macrophages [35]. Bobrie et al. classified CD68+CD206+
macrophages as a subtype of M2 type macrophages [36]. They found these types of
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macrophages to improve prognosis in patients with triple-negative breast cancer (TNBC);
moreover, CD206+ expression in macrophages was associated with smaller tumor size and
higher TILs levels [36]. Bobrie et al. also used four markers (CD68, CD163, CD206, and IRF
8) to study the importance of macrophage infiltration in TNBC, making the study design
comparable to ours [36]. Favorable prognosis of CD206+ TAM infiltration was also found
in other studies [23]. Thus, it suggests that, despite their M2-like polarization, CD206+
TAMs can be associated with a favorable prognosis. We have also observed this in our
results. We found that CD68+CD206+ infiltration was common and CD68+CD163+CD206+
macrophage infiltration in the stromal, as well as in the epithelial compartment was rather
rare. Our results indicate that CD68+CD206+ macrophages have a significant impact on
10-year DFS. Our findings on CD68+CD163+CD206+ M2-type macrophages suggest a
potential relevance of these macrophages in the stromal compartment of tumor distant
normal tissue (Figure 9F; p = 0.171).

To better assess the importance of M1 and M2 macrophages, we performed two additional
analyses. The M1/M2 shift analysis considers whether there are many or few M1-type or
M2-type cells in the stromal or epithelial compartment of each patient (Figure 7A,C). Although
the M1/M2 shift analysis previously identified the M2 shift group as having an extremely
unfavorable DFS [24], it did not satisfactorily stratify patients by peri-tumoral normal
tissue. Risk groups could be identified much better with epithelial stromal match analysis.
Although the tumor-near and -distant normal tissues of the APBI study were evaluated
completely independently, there was a high degree of agreement between the different
risk groups. And even the BBCC group still had some agreement with the APBI cohort.
However, within a risk group, it is not clear how the individual subgroups are related.

In addition to macrophages, CD8+ cytotoxic T cells and their counterparts, FoxP3+
regulatory T cells, are another very interesting group of inflammatory cells that expressed
an unexpected prognostic relevance in the normal tissue surrounding the tumor. These
cells and the macrophages clearly show that an environment determined by the tumor
is present in the normal tissue surrounding the tumor. Since the inflammatory effect
of tumor-infiltrating lymphocytes and their immunosuppressive effect in the tumor can
significantly influence the prognosis, it is also possible that such mechanisms originate
from the normal tissue surrounding the tumor. For example, inflammatory, and thus
proliferative, stimuli could be triggered by inflammatory cells in the normal tissue. Similarly,
an immunosuppressive environment could prevent the immune system from acting against
the tumor. These mechanisms could also promote tumor ingrowth into normal tissue,
or the opposite of all these mechanisms. The normal tissue surrounding the tumor is a
structure that has not been sufficiently studied, and should be considered.

Limitations

One clear limitation of this study is that some patients were lost during the various
staining procedures because no evaluations were available from them. Evaluations using
large TMAs mean that if individual spots are lost or damaged during staining, they cannot
be replaced, so the data for those spots are unavailable. Patients for whom spots were
unavailable were not included in the evaluation, resulting in different numbers of patients
being evaluated. CD68 is known as a pan-macrophage marker, which serves as a marker
for both M1-like and M2-like macrophages [37,38]. CD163 is known as a scavenger receptor,
which is highly specific for M2-like macrophages [37]. Therefore, we used CD68+CD163— as
a M1-like marker and CD68+CD163+ as a marker specific to M2-like macrophages, as they have
served as reliable markers in previous studies, using the M1/M2 dichotomy [37-40]. Several
studies have used either one or the combination of both markers to distinguish between M1-like
and M2-like macrophages [37,38,40]. One clear advantage of this study is that we always
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used both markers for double-staining. Therefore, we can clearly distinguish between
CD68+CD163— and CD68+CD163+ cells. To distinguish them even further, CD206 can
be used as a macrophage marker in combination with CD68 and CD163 [39]. However,
we acknowledge that limitations have to be made to the model of M1/M2 dichotomy of
macrophages, especially for MPO, since it is rather known as a marker in neutrophiles [41];
however, a study by Gurski et al. suggests some relevance for MPO in some cases of
macrophage subsets [33]. However, since the prerequisite for all counted subgroups of
macrophages was that cells had to be CD68+, we can assume with relative certainty that
we are only studying macrophages. For further studies to be made, we suggest adding
iNOS [42]. For further differentiation, some studies used CD204 as a M2-like macrophage
marker [43,44]. In addition to the markers used in our panel, this could further specify
between M1-like and M2-like macrophages.

5. Conclusions

Normal tissue surrounding hormone-receptor positive breast cancer tumors is clearly
influenced by the tumor and could also influence the tumor in terms of growth and metas-
tasis. Tumor-influenced inflammatory cells in the surrounding normal tissue could prevent
the immune system from acting against the tumor and promote tumor growth through
inflammation. As their prognostic relevance in normal tissue is completely opposite to what
was observed in tumor samples, the role and mechanisms of action of tumor-associated
macrophages in normal tissue around breast cancer tumors should be studied more closely.
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TLA Three letter acronym

LD Linear dichroism

HRs Hormone receptors

HER-2 Human Epidermal Growth Factor Receptor 2
PR Progesterone Receptor

TILs Tumor-Infiltrating lymphocytes

TME Tumor Microenvironment

TAMs Tumor associated macrophages

APBI Accelerated Partial Breast Irradiation

PDR Pulse-dose-rate

HDR High-dose-rate

DFS Disease-free survival

BBCC Bavarian Breast Cancer Cases and Controls
TMA Tissue Microarray

MPO Myeloperoxidase
DAPI 4'6-diamidino-2-phenylindole

TIICs Tumor-infiltrating inflammatory cells

ANOVA  One-way analysis of variance

IOR Interquartile Range

Str Stromal compartment

Epi Epithelial compartment

4C Four-color

IBC Inflammatory Breast cancer

TNBC Triple-Negative Breast Cancer

HE Hematoxylin and Eosin
References
1. Benitez Fuentes, ].D.; Morgan, E.; de Luna Aguilar, A.; Mafra, A.; Shah, R.; Giusti, F; Vignat, J.; Znaor, A.; Musetti, C.; Yip, C.H,;

10.

et al. Global Stage Distribution of Breast Cancer at Diagnosis: A Systematic Review and Meta-Analysis. JAMA Oncol. 2024, 10,
71-78. [CrossRef] [PubMed]

Giaquinto, A.N.; Sung, H.; Newman, L.A.; Freedman, R.A.; Smith, R.A ; Star, J.; Jemal, A.; Siegel, R.L. Breast cancer statistics 2024.
CA Cancer J. Clin. 2024, 74, 477-495. [CrossRef] [PubMed]

Mogadami, A.; Ghafari, S.; Khalaj-Kondori, M. Non-coding RN As modulation in breast cancer radioresponse: Mechanisms and
therapeutic implications. Strahlenther. Onkol. 2024. [CrossRef] [PubMed]

Sun, Y.S,; Zhao, Z.; Yang, Z.N.; Xu, F; Lu, H.].; Zhu, Z.Y; Shi, W.; Jiang, ].; Yao, P.P; Zhu, H.P. Risk Factors and Preventions of
Breast Cancer. Int. J. Biol. Sci. 2017, 13, 1387-1397. [CrossRef]

Barzaman, K.; Karami, J.; Zarei, Z.; Hosseinzadeh, A.; Kazemi, M.H.; Moradi-Kalbolandi, S.; Safari, E.; Farahmand, L. Breast
cancer: Biology, biomarkers, and treatments. Int. Immunopharmacol. 2020, 84, 106535. [CrossRef]

Van der Vorst, A.; Lambrecht, M.; Van Aelst, L.; Verhoeven, J.; Jacobs, J.; Baten, A.; Weltens, C. Radiation-induced heart disease in
breast cancer patients: A narrative review of epidemiology, risk factors, radiotherapy parameters, and prevention. Strahlenther.
Onkol. 2025, 201, 368-382. [CrossRef]

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

Smolarz, B.; Nowak, A.Z.; Romanowicz, H. Breast Cancer-Epidemiology, Classification, Pathogenesis and Treatment (Review of
Literature). Cancers 2022, 14, 2569. [CrossRef]

Ye, F.; Dewanjee, S.; Li, Y.; Jha, N.K,; Chen, Z.S.; Kumar, A.; Vishakha; Behl, T.; Jha, S.K.; Tang, H. Advancements in clinical aspects
of targeted therapy and immunotherapy in breast cancer. Mol. Cancer 2023, 22, 105. [CrossRef]

Barzaman, K.; Moradi-Kalbolandi, S.; Hosseinzadeh, A.; Kazemi, M.H.; Khorramdelazad, H.; Safari, E.; Farahmand, L. Breast
cancer immunotherapy: Current and novel approaches. Int. Immunopharmacol. 2021, 98, 107886. [CrossRef]


https://doi.org/10.1001/jamaoncol.2023.4837
https://www.ncbi.nlm.nih.gov/pubmed/37943547
https://doi.org/10.3322/caac.21863
https://www.ncbi.nlm.nih.gov/pubmed/39352042
https://doi.org/10.1007/s00066-024-02317-4
https://www.ncbi.nlm.nih.gov/pubmed/39545960
https://doi.org/10.7150/ijbs.21635
https://doi.org/10.1016/j.intimp.2020.106535
https://doi.org/10.1007/s00066-024-02362-z
https://doi.org/10.1016/S0140-6736(16)31891-8
https://doi.org/10.3390/cancers14102569
https://doi.org/10.1186/s12943-023-01805-y
https://doi.org/10.1016/j.intimp.2021.107886

Cells 2025, 14, 828 22 0f 23

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Denkert, C.; von Minckwitz, G.; Darb-Esfahani, S.; Lederer, B.; Heppner, B.I; Weber, K.E.; Budczies, J.; Huober, J.; Klauschen, E;
Furlanetto, J.; et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes of breast cancer: A pooled analysis of
3771 patients treated with neoadjuvant therapy. Lancet Oncol. 2018, 19, 40-50. [CrossRef] [PubMed]

Meattini, I.; Becherini, C.; Caini, S.; Coles, C.E.; Cortes, J.; Curigliano, G.; de Azambuja, E.; Isacke, C.M.; Harbeck, N.; Kaidar-
Person, O; et al. International multidisciplinary consensus on the integration of radiotherapy with new systemic treatments for
breast cancer: European Society for Radiotherapy and Oncology (ESTRO)-endorsed recommendations. Lancet Oncol. 2024, 25,
e73-e83. [CrossRef]

Soysal, S.D.; Tzankov, A.; Muenst, S.E. Role of the Tumor Microenvironment in Breast Cancer. Pathobiology 2015, 82, 142-152.
[CrossRef]

Medrek, C.; Pontén, E; Jirstrom, K.; Leandersson, K. The presence of tumor associated macrophages in tumor stroma as a
prognostic marker for breast cancer patients. BMC Cancer 2012, 12, 306. [CrossRef]

Mao, Y.; Keller, E.T.; Garfield, D.H.; Shen, K.; Wang, J. Stromal cells in tumor microenvironment and breast cancer. Cancer
Metastasis Rev. 2013, 32, 303-315. [CrossRef] [PubMed]

Danforth, D.N. The Role of Chronic Inflammation in the Development of Breast Cancer. Cancers 2021, 13, 3918. [CrossRef]
Schnellhardt, S.; Erber, R.; Biittner-Herold, M.; Rosahl, M.C.; Ott, O.J.; Strnad, V.; Beckmann, M.W.; King, L.; Hartmann, A.;
Fietkau, R.; et al. Tumour-Infiltrating Inflammatory Cells in Early Breast Cancer: An Underrated Prognostic and Predictive
Factor? Int. ]. Mol. Sci. 2020, 21, 8238. [CrossRef] [PubMed]

Fasching, P.A.; Weihbrecht, S.; Haeberle, L.; Gasparyan, A.; Villalobos, L.E.; Ma, Y.; Ekici, A.B.; Wachter, D.L.; Hartmann, A;
Beckmann, M.W.; et al. HER2 and TOP2A amplification in a hospital-based cohort of breast cancer patients: Associations with
patient and tumor characteristics. Breast Cancer Res. Treat. 2014, 145, 193-203. [CrossRef]

Teschendorff, A.E.; Gao, Y.; Jones, A.; Ruebner, M.; Beckmann, M.W.; Wachter, D.L.; Fasching, P.A.; Widschwendter, M. DNA
methylation outliers in normal breast tissue identify field defects that are enriched in cancer. Nat. Commun. 2016, 7, 10478.
[CrossRef]

Schnellhardt, S.; Hirneth, J.; Biittner-Herold, M.; Daniel, C.; Haderlein, M.; Hartmann, A.; Fietkau, R.; Distel, L. The Prognostic
Value of FoxP3+ Tumour-Infiltrating Lymphocytes in Rectal Cancer Depends on Immune Phenotypes Defined by CD8+ Cytotoxic
T Cell Density. Front. Immunol. 2022, 13, 781222. [CrossRef]

Xue, J.; Schmidt, S.V.; Sander, J.; Draffehn, A.; Krebs, W.; Quester, 1.; De Nardo, D.; Gohel, T.D.; Emde, M.; Schmidleithner, L.;
et al. Transcriptome-Based Network Analysis Reveals a Spectrum Model of Human Macrophage Activation. Immunity 2014, 40,
274-288. [CrossRef] [PubMed]

Anderson, N.M.; Simon, M.C. The tumor microenvironment. Curr. Biol. 2020, 30, R921-R925. [CrossRef]

Stavrou, M.; Constantinidou, A. Tumor associated macrophages in breast cancer progression: Implications and clinical relevance.
Front. Immunol. 2024, 15, 1441820. [CrossRef]

Dai, Q.; Wu, W.; Amei, A; Yan, X,; Lu, L.; Wang, Z. Regulation and characterization of tumor-infiltrating immune cells in breast
cancer. Int. Immunopharmacol. 2021, 90, 107167. [CrossRef]

Ni, C; Yang, L.; Xu, Q.; Yuan, H.; Wang, W.; Xia, W.; Gong, D.; Zhang, W.; Yu, K. CD68- and CD163-positive tumor infiltrating
macrophages in non-metastatic breast cancer: A retrospective study and meta-analysis. J. Cancer 2019, 10, 4463—4472. [CrossRef]
Liu, Z,; Gao, Z,; Li, B,; Li, J.; Ou, Y;; Yu, X,; Zhang, Z.; Liu, S.; Fu, X,; Jin, H.; et al. Lipid-associated macrophages in the
tumor-adipose microenvironment facilitate breast cancer progression. Oncoimmunology 2022, 11, 2085432. [CrossRef]
Schnellhardt, S.; Erber, R.; Biittner-Herold, M.; Rosahl, M.C.; Ott, O.J.; Strnad, V.; Beckmann, M.W.; King, L.; Hartmann, A;
Fietkau, R.; et al. Accelerated Partial Breast Irradiation: Macrophage Polarisation Shift Classification Identifies High-Risk Tumours
in Early Hormone Receptor-Positive Breast Cancer. Cancers 2020, 12, 446. [CrossRef] [PubMed]

Reddy, J.P,; Atkinson, R.L.; Larson, R.; Burks, ].K.; Smith, D.; Debeb, B.G.; Ruffell, B.; Creighton, C.]J.; Bambhroliya, A.; Reuben,
J.M.; et al. Mammary stem cell and macrophage markers are enriched in normal tissue adjacent to inflammatory breast cancer.
Breast Cancer Res. Treat. 2018, 171, 283-293. [CrossRef]

Gao, J.; Liang, Y.; Wang, L. Shaping Polarization Of Tumor-Associated Macrophages In Cancer Immunotherapy. Front. Immunol.
2022, 13, 888713. [CrossRef]

Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse forms of macrophage
activation and polarization. Trends Immunol. 2004, 25, 677—-686. [CrossRef]

Wang, S.; Wang, J.; Chen, Z.; Luo, J.; Guo, W.; Sun, L.; Lin, L. Targeting M2-like tumor-associated macrophages is a potential
therapeutic approach to overcome antitumor drug resistance. npj Precis. Oncol. 2024, 8, 31. [CrossRef] [PubMed]

Echarti, A.; Hecht, M.; Biittner-Herold, M.; Haderlein, M.; Hartmann, A.; Fietkau, R.; Distel, L. CD8+ and Regulatory T cells
Differentiate Tumor Immune Phenotypes and Predict Survival in Locally Advanced Head and Neck Cancer. Cancers 2019, 11, 1398.
[CrossRef] [PubMed]

Gurski, C.J.; Dittel, B.N. Myeloperoxidase as a Marker to Differentiate Mouse Monocyte/Macrophage Subsets. Int. |. Mol. Sci.
2022, 23, 8246. [CrossRef]


https://doi.org/10.1016/S1470-2045(17)30904-X
https://www.ncbi.nlm.nih.gov/pubmed/29233559
https://doi.org/10.1016/S1470-2045(23)00534-X
https://doi.org/10.1159/000430499
https://doi.org/10.1186/1471-2407-12-306
https://doi.org/10.1007/s10555-012-9415-3
https://www.ncbi.nlm.nih.gov/pubmed/23114846
https://doi.org/10.3390/cancers13153918
https://doi.org/10.3390/ijms21218238
https://www.ncbi.nlm.nih.gov/pubmed/33153211
https://doi.org/10.1007/s10549-014-2922-x
https://doi.org/10.1038/ncomms10478
https://doi.org/10.3389/fimmu.2022.781222
https://doi.org/10.1016/j.immuni.2014.01.006
https://www.ncbi.nlm.nih.gov/pubmed/24530056
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.3389/fimmu.2024.1441820
https://doi.org/10.1016/j.intimp.2020.107167
https://doi.org/10.7150/jca.33914
https://doi.org/10.1080/2162402X.2022.2085432
https://doi.org/10.3390/cancers12020446
https://www.ncbi.nlm.nih.gov/pubmed/32075091
https://doi.org/10.1007/s10549-018-4835-6
https://doi.org/10.3389/fimmu.2022.888713
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1038/s41698-024-00522-z
https://www.ncbi.nlm.nih.gov/pubmed/38341519
https://doi.org/10.3390/cancers11091398
https://www.ncbi.nlm.nih.gov/pubmed/31546872
https://doi.org/10.3390/ijms23158246

Cells 2025, 14, 828 23 0f 23

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Ambrosone, C.B.; Barlow, W.E.; Reynolds, W.; Livingston, R.B.; Yeh, L.T.; Choi, ].Y.; Davis, W.; Rae, ] M.; Tang, L.; Hutchins, L.R,;
et al. Myeloperoxidase genotypes and enhanced efficacy of chemotherapy for early-stage breast cancer in SWOG-8897. |. Clin.
Oncol. 2009, 27, 4973-4979. [CrossRef]

Raggi, F; Pelassa, S.; Pierobon, D.; Penco, F.; Gattorno, M.; Novelli, E; Eva, A.; Varesio, L.; Giovarelli, M.; Bosco, M.C. Regulation
of Human Macrophage M1-M2 Polarization Balance by Hypoxia and the Triggering Receptor Expressed on Myeloid Cells-1.
Front. Immunol. 2017, 8, 1097. [CrossRef]

Bobrie, A.; Massol, O.; Ramos, ].; Mollevi, C.; Lopez-Crapez, E.; Bonnefoy, N.; Boissiere-Michot, F.; Jacot, W. Association of CD206
Protein Expression with Immune Infiltration and Prognosis in Patients with Triple-Negative Breast Cancer. Cancers 2022, 14, 4829.
[CrossRef]

Jeong, H.; Hwang, I.; Kang, S.H.; Shin, H.C.; Kwon, S.Y. Tumor-Associated Macrophages as Potential Prognostic Biomarkers of
Invasive Breast Cancer. J. Breast Cancer 2019, 22, 38-51. [CrossRef] [PubMed]

Allison, E.; Edirimanne, S.; Matthews, J.; Fuller, S.]. Breast Cancer Survival Outcomes and Tumor-Associated Macrophage
Markers: A Systematic Review and Meta-Analysis. Oncol. Ther. 2023, 11, 27-48. [CrossRef]

Kovaleva, O.V.; Samoilova, D.V,; Shitova, M.S.; Gratchev, A. Tumor Associated Macrophages in Kidney Cancer. Anal. Cell. Pathol.
2016, 2016, 9307549. [CrossRef]

Chohan, M.H.; Perry, M.; Laurance-Young, P,; Salih, VM.; Foey, A.D. Prognostic Role of CD68* and CD163* Tumour-Associated
Macrophages and PD-L1 Expression in Oral Squamous Cell Carcinoma: A Meta-Analysis. Br. |. Biomed. Sci. 2023, 80, 11065.
[CrossRef]

Masuda, S.; Nakazawa, D.; Shida, H.; Miyoshi, A.; Kusunoki, Y.; Tomaru, U.; Ishizu, A. NETosis markers: Quest for specific,
objective, and quantitative markers. Clin. Chim. Acta 2016, 459, 89-93. [CrossRef] [PubMed]

Bisheshar, S.K.; van der Kamp, M.E,; de Ruiter, E.J.; Ruiter, L.N.; van der Vegt, B.; Breimer, G.E.; Willems, S.M. The prognostic role
of tumor associated macrophages in squamous cell carcinoma of the head and neck: A systematic review and meta-analysis. Oral.
Oncol. 2022, 135, 106227. [CrossRef] [PubMed]

Sun, Y.; Xu, S. Tumor-Associated CD204-Positive Macrophage Is a Prognostic Marker in Clinical Stage I Lung Adenocarcinoma.
Biomed. Res. Int. 2018, 2018, 8459193. [CrossRef] [PubMed]

Yanai, Y.; Kosaka, T.; Mikami, S.; Hongo, H.; Yasumizu, Y.; Takeda, T.; Matsumoto, K.; Miyauchi, ].; Kitano, S.; Oya, M. CD8-
positive T cells and CD204-positive M2-like macrophages predict postoperative prognosis of very high-risk prostate cancer. Sci.
Rep. 2021, 11, 22495. [CrossRef]

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.


https://doi.org/10.1200/JCO.2009.21.8669
https://doi.org/10.3389/fimmu.2017.01097
https://doi.org/10.3390/cancers14194829
https://doi.org/10.4048/jbc.2019.22.e5
https://www.ncbi.nlm.nih.gov/pubmed/30941232
https://doi.org/10.1007/s40487-022-00214-3
https://doi.org/10.1155/2016/9307549
https://doi.org/10.3389/bjbs.2023.11065
https://doi.org/10.1016/j.cca.2016.05.029
https://www.ncbi.nlm.nih.gov/pubmed/27259468
https://doi.org/10.1016/j.oraloncology.2022.106227
https://www.ncbi.nlm.nih.gov/pubmed/36335818
https://doi.org/10.1155/2018/8459193
https://www.ncbi.nlm.nih.gov/pubmed/29850577
https://doi.org/10.1038/s41598-021-01900-4

	Introduction 
	Materials and Methods 
	Clinical Characteristics of the APBI Study 
	Clinical Characteristics of the BBCC Study 
	Tissue Microarray (TMA) Construction 
	Tissue Staining 
	Quantification of Inflammatory Cells in the APBI and BBCC Study Using Two-Color Immunohistochemistry Staining 
	Quantification of Inflammatory Cells in the APBI Study Using Four-Color Fluorescence Staining 
	Missing Cell Densities from Patients 
	M1/M2 Shift Analysis 
	Epithelial–Stromal Match Analysis 
	Statistical Analysis 

	Results 
	Two Early-Stage Breast Cancer Cohorts 
	TIIC Densities in Normal Tissue Samples 
	M1 and M2 Macrophages in the APBI Study 
	M1 and M2 Macrophages in the BBCC Study 
	Four Color Immunostaining of CD68, CD163, MPO and CD206 in the APBI Study 
	Prognostic Value of Macrophages in Tumor near and Distant Tissues 
	Uni- and Multivariate Analysws of Four-Color Macrophage Staining 

	Discussion 
	Conclusions 
	References

