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Graphical Abstract

∙ Transcriptome analysis of CD206+ and CD206- macrophages reveals differen-
tial phenotype.

∙ CD06+macrophages coexpressing either MORC4 or SERPINH1 show a posi-
tive correlation with patient survival.

∙ CD206- macrophages expressing MHCII are correlated with negative patient
survival.
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Abstract
Background: Breast cancer is the leading cause of cancer-related deaths in
women, demanding new treatment options. With the advent of immune check-
point blockade, immunotherapy emerged as a treatment option. In addition
to lymphocytes, tumor-associated macrophages exert a significant, albeit con-
troversial, impact on tumor development. Pro-inflammatory macrophages are
thought to hinder, whereas anti-inflammatory macrophages promote tumor
growth. However, molecular markers to identify prognostic macrophage popu-
lations remain elusive.
Methods:We isolated two macrophage subsets, from 48 primary human breast
tumors, distinguished by the expression of CD206. Their transcriptomes were
analyzed via RNA-Seq, and potential prognostic macrophage markers were vali-
dated by PhenOptics in tissuemicroarrays of patients with invasive breast cancer.
Results: Normal human breast tissue contained mainly CD206+ macrophages,
while increased relative amounts of CD206− macrophages were observed in
tumors. The presence of CD206+ macrophages correlated with a pronounced
lymphocyte infiltrate and subsets of CD206+ macrophages, expressing SER-
PINH1 and collagen 1, or MORC4, were unexpectedly associated with improved
survival of breast cancer patients. In contrast, MHCIIhi CD206− macrophages
were linked with a poor survival prognosis.
Conclusion: Our data highlight the heterogeneity of tumor-infiltrating
macrophages and suggest the use of multiple phenotypic markers to predict the
impact of macrophage subpopulations on cancer prognosis. We identified novel
macrophage markers that correlate with the survival of patients with invasive
mammary carcinoma.
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1 BACKGROUND

According to the World Health Organization, breast can-
cer is the leading cause of cancer-related deaths among
women. Current treatment options include surgery, antag-
onizing estrogen receptor (ER), progesterone receptor
(PR), or human epidermal growth receptor 2 (HER2) sig-
naling, as well as radio- and chemotherapy. Although over-
all response rates to breast cancer therapy are encouraging,
there are still certain breast cancer subtypes, such as triple-
negative breast cancer (TNBC), that require new therapy
options.1
The tumor microenvironment primarily consists of a

large extent of stromal cells, including immune cells,
which are now recognized as critical modulators of tumor
development. According to the theory of cancer immu-
noediting, immune cells are capable of killing tumor
cells, particularly in the early stages of tumor develop-
ment, thereby reducing tumor incidence. In this process
immunomodulatory factors such as interleukin (IL)-10,
transforming growth factor β, and immune checkpoint
molecules are induced. These factors reprogram recruited
immune cells to a tumor-supportive phenotype.2,3 Novel
antibody therapies targeting immune checkpoints, such as
activation of programmed cell death protein (PD-1) on lym-
phoid cells, have shown remarkable results in reactivat-
ing antitumor immunity. Unfortunately, only a minority
of patients are currently benefiting from this approach.4
In addition to lymphocytes, macrophages have also been
highlighted as possible targets in tumor immunotherapy
since multiple studies have revealed their negative corre-
lation with patient survival.5–7
Macrophages are highly heterogeneous cells and can

be divided into subpopulations based on their functional
phenotype.8 Pro-inflammatory macrophages mediate host
defense against microbes and are believed to confer anti-
tumor immunity via release of cytokines, such as IL-12
or tumor necrosis factor α (TNFα). Anti-inflammatory
macrophages are considered tumor-promoting cells that
help to suppress and regulate type 1 inflammatory
responses and promote wound healing.9–11 These sub-
types can be distinguished in cancer tissues according to
their expression of different markers, including the man-
nose receptor c-type 1 (CD206) and the scavenger recep-
tor CD163 for anti-inflammatorymacrophages,12 and nitric
oxide synthase 2 for inflammatory macrophages.13 Cur-
rent approaches to target tumor-associated macrophages
are centered around macrophage depletion or blocking
monocyte recruitment into tumors.14 For instance, tar-
geting colony-stimulating factor 1 (CSF1) receptor with
monoclonal antibodies,15 or targeting its receptor CSF1R
with the FDA-approved tyrosine kinase inhibitor pexidar-
tinib, which also targets proto-oncogene receptor tyrosine

kinase (KIT) and FMS-like tyrosine kinase 3 (FTL3),16 is
utilized to deplete tumor-associated macrophages in clini-
cal trials. However, specifically targeting tumor-promoting
macrophages, while preserving tumor-restraining subsets
may be a more desirable strategy.
Reliable druggable targets to individually exploit the

pro- and antitumoral properties of macrophages are
still largely elusive. This study aimed to identify novel
prognostic macrophage markers in mammary cancer by
analyzing the transcriptome of CD206+ versus CD206−
macrophages, based on the hypothesis that specific sub-
sets within these two macrophage populations are asso-
ciated with clinical parameters in breast cancer. Poten-
tial new subset markers were then validated by multiplex
quantitative immunofluorescence, using breast cancer tis-
sue microarrays (TMAs).

2 MATERIALS ANDMETHODS

2.1 Reagents

Lipopolysaccharide (LPS) and 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate hydrate (CHAPS)
was purchased from Merck (Darmstadt), IL-4, TNFα, and
interferon γ (IFNγ) were from Peprotech (Hamburg), and
cyclohexamide (CHX) was obtained from Roth (Karl-
sruhe).

2.2 Sample collection and study
approval

The University Cancer Center (UCT) Frankfurt provided
the human breast cancer samples and normal tissue sam-
ples used in this study (cohort overview in Table S1).
Patients with breast cancer were included in the study
(ICD10-Code: C50.9). No exclusion criteria were applied.
Sample collection started in January 2017 and ended in
March 2019. Normal breast tissue was taken from tissue
in proximity to the primary cancer site and was visu-
ally checked for absence of tumor cells by a pathologist.
Both fresh and formalin fixed paraffin embedded (FFPE)
samples were obtained from the same patient simultane-
ously. To ensure epitope stability for fluorescence-activated
cell sorting (FACS) analysis, the fresh tissue samples were
stored at 4◦C in RPMI 1640 medium (Thermo Fisher Sci-
entific, Waltham, MA) containing 10 μg/mL CHX for a
maximum of 2 hours prior to analysis (Figure S1). Writ-
ten informed consent was obtained from all patients, and
the study was approved by the Institutional Review Boards
of the UCT Frankfurt and the Ethics Committee at Uni-
versity Hospital Frankfurt (approval numbers: SGO-01-
2014 and SGO-01-2016). All investigations were performed
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according to the guidelines of the World Medical Associa-
tion’s Declaration of Helsinki.

2.3 FACS analysis and sorting of
macrophages from human breast cancer
samples

Tumors were dissociated using human Tumor Dissocia-
tion Kit and the gentleMACS Dissociator (both Miltenyi
Biotec, Bergisch Gladbach) following a standard protocol
with slight modifications. Briefly, tissue was cut into 2-
4 mm pieces, and processed with the gentleMACS Dis-
sociator using program h_tumor_01. Samples were then
incubated for 15 minutes with enzyme mix provided in
the human Tumor Dissociation Kit at 37◦C, followed by
another application of the h_tumor_01 program. Reduced
digestion times compared to the standard protocol were
required to maintain cell surface epitope integrity (Figure
S1). Cell suspensions were then filtered through 70 μm cell
strainers to remove aggregates. For FACS sorting of pri-
mary macrophages, single cell suspensions were stained
with a FACSpanel to distinguishmyeloid cell subsets (anti-
bodies listed in Table S2, gating strategy shown in Fig-
ure S2). If sample size exceeded 0.5 g, one-third of the
single cell suspension was stained with a FACS panel
with lymphoid markers (antibodies listed in Table S2, gat-
ing strategy shown in Figure S3). Cell suspensions were
filtered through 30 μm cell strainers and diluted with
PBS before cell sorting or analysis, respectively. Up to
1000 cells were sorted into PBS containing 3 mM EDTA,
25 mM HEPES, and 2% w/v FCS. Cell sorting and anal-
ysis was performed on a BD FACS Aria III Sorter. Sam-
ples were analyzed with FlowJo software (Tree Star, Ash-
land, Wilmington, DE, RRID:SCR_008520). All antibodies
and secondary reagents were titrated to determine optimal
concentrations. Comp-Beads (BDBiosciences,Heidelberg)
were used for single-color compensation to create mul-
ticolor compensation matrices. Fluorescence minus one
controls were used for gating. The instrument calibration
was controlled daily using Cytometer Setup and Tracking
beads (BD Biosciences, Heidelberg).

2.4 RNA Sequencing (RNA-Seq) of
primary humanmacrophages

mRNA-isolation and cDNA transcription were performed
immediately after sorting using SMART-Seq v4 Ultra Low
Input RNA Kit for Sequencing (Takara, Saint-Germain-
en-Laye, France) according to the manufacturer’s instruc-
tions. cDNA was amplified via 16 PCR cycles, and sam-
ples were purified after cDNA and library synthesis with
AMPure XP beads for PCR Purification (Beckman Coulter,

Brea, CA). For the determination of cDNA content, a Qubit
3.0 Fluorometer in combination with Qubit 1x dsDNA HS
Assay Kit (both Thermo Fisher Scientific, Waltham, MA)
was used. Fragment sizes were determined using High
Sensitivity DNA Kit with 2100 Bioanalyzer (both Agilent,
Santa Clara, CA). The Covaris M220 system was used for
controlled cDNA shearing (2 minutes at 20◦C, peak power
75W, 20% duty factor, burst cycle set at 200). Library prepa-
ration was performed with SMARTer ThruPLEXDNA-Seq
Kit and DNAHT Dual Index Kit – 96N Set A (both Takara,
Saint-Germain-en-Laye, France). Four samples at a time
were subjected to an indexed single-read sequencing run
with 1 × 75 cycles on an Illumina NextSeq 500 system.

2.5 RNA-Seq quantification, quality
control, and differential expression

Transcript-level expression was quantified using Kallisto
software version 0.43.1 or 0.46.1 (RRID:SCR_016582)17
against the Ensembl (RRID:SCR_002344) human tran-
script sequences from release 91. Transcript expressionwas
summed to produce gene-level expression using custom
Python code (RRID:SCR_001658) using the gene symbols
included in the Ensembl transcripts FASTA file. Based
on prior experience with low input samples from small
numbers of cells, sequencing output that captured only a
few highly expressed genes was excluded; such samples
were typically characterized, then compared to success-
ful samples by high counts at a small number of genes
and very low counts at a larger number of genes. Thus,
we implemented quality control checking using R soft-
ware version 3.4.1 or higher that looked at the distribution
of read counts across samples. More specifically, we plot-
ted the 90th percentile, 80th percentile, 70th percentile,
and 60th percentile read count and then looked for sam-
ples, which had a very high 90th percentile count but low
counts at the others. Again, based on prior experience, we
removed samples which appeared to inadequately cover
genes at the 80th percentile or below compared to the
remainder of the dataset. Differential expression testing
was performed usingDESeq2 version 1.22 or higher18 using
a full project dataset (the twomacrophage populations plus
additional populations not presented here) to estimate dis-
persions and then comparing the two macrophage popu-
lations. The RNA-Seq data set has been submitted to the
NCBI Sequence Read Archive (PRJNA668813).

2.6 Heatmap generation

MORPHEUS matrix visualization and analysis software
(https://software.broadinstitute.org/morpheus/) was used

https://software.broadinstitute.org/morpheus/
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for heatmap generation. One minus Pearson’s correlation
was used for hierarchical clustering of rows.

2.7 Gene set enrichment analysis

Gene set enrichment analysis (GSEA) (RRID:SCR_003199)
was performed with all genes expressed by both
macrophage subsets (10.076) after setting a threshold to
remove T and NK cell-related genes using GSEA software
version 4.0.0.

2.8 Multiplex immunohistochemistry
and immunofluorescence analysis

FFPE tissue sections were provided by the University
Cancer Center Frankfurt. Cancer Diagnosis Program
(CDP) Breast Cancer Progression Tissue Microarrays
were obtained from the Cooperative Human Tissue
Network and the Cancer Diagnosis Program, which
are funded by the National Cancer Institute (USA). All
data concerning the CDP TMA can be found at https://
chtn.sites.virginia.edu/cdp-progression-info. Other TMAs
were obtained from Tristar (TriStar Technology Group
LLC, Washington, D.C.). Specifically, a Triple Nega-
tive Breast Cancer Tissue Microarray (catalog number:
69572273), a TMA of tumors from patients with Her-
ceptin Eligible Breast Cancer (catalog number: 69571139),
and a TMA of tumors from patients with Relapsed
ER+ Breast Cancers (catalog number: 69572075-1621).
All tumor sections were stained with Opal 7-Color
Automation IHC Kits (Akoya Biosciences, Menlo
Park, CA) in the BOND-RX Multiplex IHC Stainer
(Leica, Wetzlar). The following primary antibodies were
used: anti-CD163 (abcam, Cambridge, UK, ab182422,
RRID:AB_2753196), anti-CD68 (Agilent, Santa Clara, CA,
M0876, RRID:AB_2074844), anti-CD206 (Cell Signaling,
Danvers, MA, 91992S, RRID:AB_2800175), anti-PLAC8
(Atlas Antibodies, Bromma, Sweden, HPA040465,
RRID:AB_10794875), anti-SERPINH1 (Novus Biologicals,
Centennial, CO, NBP1-97491, RRID:AB_11189509), anti-
MORC4 (Atlas Antibodies, Bromma, Sweden, HPA000395,
RRID:AB_1079405), anti-MHCII (Cell Signaling, Danvers,
MA, 68258S), anti-pan-cytokeratin (abcam, Cambridge,
UK, ab7753, RRID:AB_306047), anti-collagen I (abcam,
Cambridge, UK, ab6308, RRID:AB_305411), anti-αSMA
(Sigma, Darmstadt, F3777, RRID:AB_476977), and anti-
Ki67 (abcam, Cambridge, UK, ab16667, RRID:AB_302459).
Nuclei were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) and mounted with Fluoromount-G
(SouthernBiotech, Birmingham, AL). To test epitope
stability of all targets, tissue sections were repeatedly sub-

jected to heat-induced antigen retrieval, and changes in
antigen-dependent signal after staining were monitored.19
The order of antibody staining was selected based on this
validation process (Figure S1). A Vectra3 imaging system
was used to image the slides at 4x and 20x magnifica-
tion, and inForm 2.4.9 software (both Akoya Biosciences,
Menlo Park, CA) was used for subsequent analysis. Briefly,
after cell segmentation, individual markers were scored
based on thresholds defined by median expression or by
using the phenotyping algorithm provided in the inForm
software. Mean values were used whenever samples were
present in duplicates.

2.9 Cell culture

Human macrophages were cultured in RPMI 1640
medium containing 5% AB-positive human serum (DRK-
Blutspendedienst Baden-Württemberg-Hessen, Frank-
furt, Germany), 100 U/mL penicillin, and 100 μg/mL
streptomycin. MCF-7 (RRID:CVCL_0031) and T47D
(RRID:CVCL_0553) cells were cultured in 175 cm2 culture
flasks in RPMI 1640 with stable L-glutamine medium,
100 U/mL penicillin, 100 μg/mL streptomycin, 10% FCS,
1% sodium pyruvate solution, and 1% non-essential amino
acids. MDA-MB-231 (RRID:CVCL_0062) and EVSA-T
(RRID:CVCL_1207) cells were cultured in 175 cm2 cul-
ture flasks in DMEM, 100 U/mL penicillin, 100 μg/mL
streptomycin, 10% FCS, and 2 mM L-glutamine. EFM-
192A cells (RRID:CVCL_1812) were cultured in 175 cm2

culture flasks in RPMI 1640 with stable L-glutamine
medium, 100 U/mL penicillin, 100 μg/mL streptomycin,
and 20% FCS (all supplements and media by Thermo
Fisher Scientific, Waltham, MA). Cells were main-
tained in a humidified atmosphere of 5% CO2/95% air
at 37◦C.

2.10 Generation of humanmacrophages
from Buffy Coats

Human monocytes were differentiated from peripheral
blood mononuclear cells (PBMCs) isolated from Buffy
Coats provided by DRK-Blutspendedienst using Ficoll
density gradient centrifugation. PBMCs were cultured
for 1 hour in RPMI 1640 medium containing 100 U/mL
penicillin and 100 μg/mL streptomycin. Afterwards, non-
attached cells were washed off, and the attached mono-
cytes were cultured in RPMI 1640 medium with 5%
human serum for 7 days. Fully differentiatedmacrophages
were stimulated with IL-4 (5 ng/mL) for 48 hours, IFNγ
(100 pg/mL) for 24 hours, or LPS (10 ng/mL) for 24 hours
to induce macrophage polarization.

https://chtn.sites.virginia.edu/cdp-progression-info
https://chtn.sites.virginia.edu/cdp-progression-info
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2.11 RNA isolation and quantitative
reverse transcription-polymerase chain
reaction (RT-PCR)

RNA from macrophages was isolated using the PeqGold
protocol (Peqlab Biotechnologie). RNA was transcribed
into cDNA using the Maxima First Strand cDNA Syn-
thesis Fermentas Kit (Thermo Fisher Scientific, Waltham,
MA). Quantitative RT-PCRwas performed using PowerUp
SYBR Green Master Mix on a QuantStudio 5 Real-Time-
PCR-System (ThermoFisher Scientific,Waltham,MA).All
primers were commercial QuantiTect primer assays from
Qiagen (Hilden).

2.12 Gene silencing in primary human
macrophages

Fully differentiated macrophages were transfected with
either ON-TARGETplus Human MORC4 siRNA or
siGENOME Non-Targeting siRNA Control Pools (both
Horizon) using HiPerFect Transfection Reagent (Qiagen,
Hilden) according to the manufacturer’s instructions.
Twenty-four hours after transfection macrophages were
used for downstream assays.

2.13 In-vitro co-culture assay

For a co-culture of macrophages with various breast can-
cer cell lines, tumor cells were harvested with trypsin-
EDTA, washed with phosphate-buffered saline (PBS),
and suspended in macrophage media. Tumor cells and
macrophages were cultured in a 1:1 ratio for up to 96 hours,
in which the majority of tumor cells were killed and
phagocytosed.20 Afterwards, remaining tumor cells were
removed by trypsinization, and macrophage gene expres-
sion was analyzed by quantitative RT-PCR.

2.14 Caspase 3 activity assay

Apoptosis in primary humanmacrophageswas induced by
the addition of CHX (10 μg/mL) and TNFα (10 ng/mL) for
6 hours at 37◦C. Cells were washed once with PBS, har-
vested by scraping, and pelleted via centrifugation (5 min-
utes, 1000 g, 4◦C). Supernatant was removed, and cells
were suspended in 200 μl caspase buffer (100 mMHEPES,
10% sucrose, 0.1%CHAPS, 1mMEDTA, 10mMDTT). Sam-
ples were sonicated for 10 seconds on ice and afterwards
centrifuged for 10 minutes at 13 000 g, 4◦C. Protein con-
centration of supernatant was determined using DC pro-
tein assay (BioRad, CA). Fifty μg proteins were loaded in

duplicates onto a 96-well plate, followed by the addition of
10 μl CHAPS (10mM). Ninety-six-well-plate wasmeasured
every 5 minutes for 1 hour using Tecan Infinite 200 PRO
plate reader with extinction set to 360 nm and emission at
460 nm at 31◦C.

2.15 Statistical analysis

GraphPad Prism software version 8.4.0 (Graphpad Soft-
ware Inc, San Diego, CA, RRID:SCR_002798) was used
for data analysis. The P-values were calculated using RM
one-way ANOVAwith Geisser-Greenhouse correction and
Tukey’s multiple comparisons test or Dunnetts’s multi-
ple comparisons test as indicated in the figure legends.
Patient survival curves were compared using Mantel-Cox
test and Gehan-Breslow-Wilcoxon test. Correlation matrix
was computed using Pearson correlation. Tests to pre-
determine sample size were not used. Analysis of TMAs
was done in a blinded manner, while all other analyses in
an unblinded manner.

3 RESULTS

3.1 CD206+ and CD206− macrophages in
mammary tumors show distinct functional
phenotypes

We and others previously observed two distinct
macrophage populations in primarymurine breast tumors,
which can be distinguished based on the expression of
CD11b, CD11c, and CD206.21–24 CD206+ macrophages
resembled the resident macrophage population in murine
breast tissue, whereas CD206− macrophages increased
in abundance during tumor growth in the polyoma
middle T oncogene (PyMT) mammary carcinoma model,
with both tumor-infiltrating macrophage populations
showing distinct functional properties.22,23 Furthermore,
in humans we mainly observed CD206+ macrophages in
untransformed mammary tissue by flow cytometry, while
CD206− cells relatively increased in mammary tumors
(Figure 1B). Based on these data, we wondered what the
phenotypes of these two populations and their impact
on mammary tumor prognosis might be. Therefore, we
isolated CD206+ and CD206− macrophages from 48
patients with mammary carcinoma and explored their
phenotype by whole transcriptome RNA-Seq. First, we
used FACS to analyze the myeloid and lymphoid cell
composition in these tumors (Figure S4; Figures S2 and
S3 for gating strategy). Molecular profiling was done by
a trained pathologist. However, we also stained analyzed
tumors for common tumor markers (Figure S5). Most
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F IGURE 1 Differentmacrophage subpopulations inmammary cancer tissue. A,Workflow ofmammary tumor tissue analysis. Forty-eight
obtained patient sampleswere used for FACS sorting andFACS analysis ofmacrophages and othermyeloid cells, while only samples of sufficient
size (n= 14)were also used for analyzing lymphoid cell composition. B, tSNEplots of cumulative FACSdata from three normalmammary tissues
and corresponding breast cancer tissues depicting major cell subsets within all single cells (grey), neutrophils (green), monocytes (violet),
CD206+ MΦ (macrophages, blue), CD206− MΦ (yellow), epithelial cells (red), and T cells (orange). C, Correlation matrix of FACS-analyzed
myeloid cells and lymphoid cells. Positive correlation is indicated in red and negative correlation in blue. Numbers indicate Pearson r-value

samples were from patients diagnosed with Luminal B
breast cancer, which is characterized by a poor progno-
sis, low sensitivity to endocrine therapy and is mostly
chemoresistant. Luminal A breast cancer cells have a
lower proliferation potential and patients with Luminal A

breast cancer generally have a better survival prognosis.25
A limited number of samples (n = 6) were obtained from
patients with TNBC, whose tumors lack expression of ER,
PR, and HER2. When comparing myeloid and lymphoid
cell composition with molecular subtypes, we did not
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observe major alterations in the immune cell composition
among molecular breast cancer subtypes in our patient
cohort (Figure S4). For the evaluation of macrophage
subpopulation-specific relationships to other immune
cells, a FACS data-based correlationmatrix was composed.
To generate the matrix, we combined the data from Figure
S4. Due to limited sample material only 12 samples had
matchedmyeloid and lymphoid datasets, in the remaining
18 samples only myeloid cells were analyzed. The presence
of CD206+ macrophages correlated with a pronounced
lymphocyte infiltrate, particularly with a high amount of
CD8+ T cells, which was markedly weaker for CD206−
macrophages (Figure 1C). Apparently, the presence of
CD206+ macrophages correlated with that of potentially
tumoricidal lymphocytes.
Next, transcriptomes of the two macrophage subtypes

were analyzed by RNA-Seq using the SMART-Seq v4
method.26 Of the 48 analyzed patient samples, 27 CD206+
and 33 CD206− macrophage samples were successfully
FACS-sorted and sequenced, of which 20 CD206+ and
27 CD206− macrophage samples passed quality criteria
after sequencing (Figure S6 for detailed sample collec-
tion). Fifteen of those samples (46.9%) were matched sam-
ples from the same patient. Despite an expected high het-
erogeneity of all samples (Figure S7), DESeq2 analysis
resulted in the identification of 453 differentially expressed
genes (DEGs) between CD206+ and CD206− subpop-
ulations (Figure 2A,B). The cell surface proteins lym-
phatic endothelium hyaluronan receptor 1 (LYVE1) and
CD209 were highly significantly upregulated in CD206+
macrophages. In contrast, the expression of major histo-
compatibility complex (MHC) class II encoding geneHLA-
DRB5, chemokine receptor 2 (CCR2), and C-X3-C motif
chemokine receptor 1 (CX3CR1) were induced in CD206−
macrophages. These markers correspond to two function-
ally distinct macrophage subsets recently identified in a
number of tissues,27 further indicating the validity of our
approach.
To identify distinct genetic programs defining the two

macrophage subsets, we performed GSEA of all DEGs
between CD206+ and CD206− macrophages (Table S3 and
S4). Due to the high sample heterogeneity, there were
no significantly (false-discovery rate <.25) enriched path-
ways found in CD206− macrophages. However, CD206+
macrophages showed enriched genes involved in mitotic
spindle formation, G2/M checkpoint control, programmed
cell death (anoikis), and scavenger receptor activity (Fig-
ure 2C), the former three of those indicating a differ-
ent turn-over of CD206+ versus CD206− macrophages in
humanmammary cancer tissue. These findings reveal that
CD206+ and CD206− macrophages have two distinct phe-
notypes that correlate with the presence of prognostically
relevant lymphocytes, CD8+ T cells, in breast cancer.

3.2 Macrophage markers MORC4,
SERPINH1, andMHCII correlate with
survival in breast cancer

Next, we asked if prognostic macrophage markers are
contained within our RNA-Seq dataset. To narrow down
the DEGs identified by RNA-Seq to potentially prog-
nostic markers in CD206+ and CD206− macrophages, a
filtering strategy using public databases was employed
(Figure S6B). We assumed that targets with a robust
expression in macrophages (using our RNA-Seq data),
stromal localization (histology data in the Human Protein
Atlas28), expression in macrophages coexpressing CD206
or not (BioGPS29), and predicted clinical significance
(PRECOG database30) independently of macrophages,
would be of particular promise. Since we aimed at
validating relevant markers at protein level by multi-
plex histology, the availability of high-quality antibodies
served as another criterion. After several rounds of test-
ing, the markers MORC4 (MORC family CW-type zinc
finger 4), SERPINH1 (heat shock protein 47) (upregu-
lated in CD206+ macrophages), as well as PLAC8 (pla-
centa associated 8), and MHCII (upregulated in CD206−
macrophages) followed our selection criteria. Since tumor
derived macrophages were not available due to lim-
ited numbers of macrophages (typically <1000 cells), the
expression of these markers in macrophages was validated
by immunofluorescence staining of human monocyte-
derived macrophages (Figure S8). To link patient sur-
vival with the presence or absence of these selected mark-
ers, TMAs of patients with invasive breast cancer (∼
one-third of those with distant metastasis) provided by
the Cooperative Human Tissue Network and the Can-
cer Diagnosis Program were analyzed by PhenOptics
multiplex histology. Two staining protocols were estab-
lished. Both included a combination of CD163 and CD68
(labeled with the same fluorochrome) for an unbiased
identification of all macrophages (Figure S9), and CD206
to differentiate CD206+ from CD206− subpopulations.
MORC4, SERPINH1, and PLAC8 were included in the
first protocol, while MHCII was included in the sec-
ond (Figure 3A-C). Of the total 340 tissue cores con-
tained in the TMA, 154 tissue cores passed the quality
criteria for analysis (tissue integrity after staining pro-
cess, staining quality, autofluorescence) in the first panel,
and 94 cores passed in the second panel. Besides inva-
sive mammary carcinoma, the TMAs included tissue sam-
ples from normal breast and ductal carcinoma in situ
(DCIS), which is a benign form of the mammary carci-
noma with intact basement membrane. First, we observed
that the number of total macrophages did not dramati-
cally differ between those tissues (Figure 4A), while there
was an enrichment of CD206− macrophages in invasive
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F IGURE 2 Transcriptome analysis of CD206+ andCD206−macrophages. A, Heat-map representation of all genes after setting a threshold
to eliminate lymphocyte-related genes (10 076 remaining genes) in CD206− MΦ (n = 27) and CD206+ MΦ (n = 19). Clustering of rows was
performed using one minus Pearson correlation. B, Volcano plot of the relative difference in expression level of all genes (n = 10,076). DEGs
(453) between CD206− and CD206+ MΦ are marked in blue. Genes of interest for defining macrophage subpopulations are highlighted in red.
C, Representative GSEA plots of enriched pathways in CD206+ MΦ when compared to CD206− MΦ. The normalized enrichment score (NES)
and false discovery rate (FDR) q-value are indicated

carcinoma compared with DCIS or normal breast tissue
(Figure 4B,C), again suggesting CD206+ macrophages as
the residentmammarymacrophage subset. Themere pres-
ence of macrophages was not linked to increased sur-
vival of the patients in our dataset (Figure 4D), which is
in contrast to previous studies.5,31–33 Also the presence of
either CD206+ or CD206− macrophages per se did not
indicate an association with patient survival (Figure 4E,F).

However, macrophages expressing either MORC4 or
SERPINH1 together with CD206 were positively corre-
lated with patient survival (Figure 4G,H), although their
numbers did not significantly change in invasive carci-
noma compared with DCIS or normal breast tissue (Fig-
ure 4I,J). In contrast, MORC4 and SERPINH1 expression
in CD206− macrophages were not correlated with patient
survival (Figures S9A and B). Interestingly, expression
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F IGURE 3 Validation of prognostic macrophage markers. A-C, Representative immunofluorescence staining of breast cancer TMAs
with MΦ markers CD163/CD68 (green) and CD206 (yellow), together with PLAC8 (magenta), SERPINH1 (blue), MORC4 (red) (A, B), or
MHCII (red) (C). Nuclei were counterstained with DAPI (white). Magnifications serve to illustrate the presence of CD206+ MORC4+ (A,
upper panels), CD206+ SERPINH1+ (B), and CD206− MHCII+ macrophages (C). Furthermore, SERPINH1+ PLAC8+ fibroblasts are displayed
(A, lower panels)



10 of 17 STRACK et al.

F IGURE 4 Quantitative analysis of immunofluorescence staining. A-C, I, J and M, Analysis of TMA staining for the abundance of all
macrophages (A) and the CD206+ (B) and CD206− (C) subsets in normal tissue (n = 5), DCIS (n = 16) and invasive breast cancer (n = 154).
Abundance of CD206+MORC4+ (I), CD206+ SERPINH1+ (J), and CD206- MHCII+ (M) macrophages was also analyzed in the same tissues.
P-valueswere calculated using one-wayANOVAwithDunn’smultiple comparison test. *P< .05. D-H, K, and L, Kaplan-Meier estimates analyze
the association of indicated cell populations with patient survival. Q1 marks the lowest quartile of indicated cell subtype abundance in tissues
and Q4 the highest quartile (n = 38 in each quartile for D-G, H, and K; n = 24 for L). Hazard ratios were calculated between Q1 and Q4

of SERPINH1 in fibroblasts, which were spatially related
to SERPINH1-expressing macrophages, and which also
expressed PLAC8 (Figure 3A), correlated negatively with
patient survival (Figure 4K). PLAC8, which was upregu-
lated in CD206− macrophages on RNA level, showed no

correlation with patient survival (data not shown). How-
ever, CD206−macrophages expressingMHCII were signif-
icantly associated with poor patient survival (Figure 4L),
while their abundance did not differ between invasive car-
cinoma, DCIS, or normal breast tissue (Figure 4M).
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F IGURE 5 SERPINH1 expression in primary human macrophages and tumor tissue. A, mRNA expression of SERPINH1 in untreated
MΦ (ctrl), MΦ treated with IL-4, IFNγ or LPS (from three to five independent donors). B, mRNA expression of SERPINH1 in untreated MΦ
(ctrl) and MΦ after co-culture with breast cancer cell lines for 96 hours (from four independent donors). C, mRNA expression of cumulative
collagen I A1 and A2 expression in untreatedMΦ (ctrl) andMΦ after a co-culture with MCF-7 cells for 96 hours (from six independent donors).
D, Representative immunofluorescence staining of primary breast cancer tissue. Fibroblasts were stainedwith αSMA (orange), tumor cells with
pan-cytokeratin (red), MΦ with CD163/CD68 (green) and CD206 (yellow). Collagen I expressing cells are shown in magenta, and SERPINH1 is
shown in blue. Nuclei were counterstained with DAPI (white). E, Quantitative analysis of collagen I expression in fibroblasts andmacrophages
with or without the expression of SERPINH1 (n = 9). The P-values were calculated using either one-sample t-test for normalized data or
unpaired two-tailed t-test *P < .05

To validate our findings, we used other commercially
available TMAs of patients with relapsed ER+ breast
cancer (80 patients, cores of 54 patients passed qual-
ity criteria), HER2+ breast cancer (40 patients, cores
of 38 patients passed quality criteria), and TNBC (50
patients, cores of 26 patients passed quality criteria) (Fig-
ure S11; Table S5), and performed PhenOptics multiplex
histology with our selected markers. In all three TMAs,
neither the presence of macrophages per se nor the expres-
sion of CD206 was correlated with survival. However,
macrophages expressing MORC4 or SERPINH1 together
with CD206 were again positively correlated with patient
survival, whileMHCII expression correlatedwith poor sur-
vival (Figure S11). This correlation appeared to bemost pro-
nounced for TNBC (Figure S11C), but the limited sample
size precludes premature conclusions of a prominent role
of these macrophage subsets in TNBC. Taken together, our
data indicate that expression of MORC4, SERPINH1, and
MHCII at protein level in combination with CD206 may
serve as macrophage markers for survival in mammary
carcinoma.

3.3 SERPINH1 expression in CD206+
macrophages marks collagen-expressing
macrophages

SERPINH1 is the chaperone for the production of colla-
gen I. To analyze which signals might induce its expres-
sion in macrophages, we stimulated primary human
macrophages derived from Buffy Coats with classical
pro- and anti-inflammatory mediators and analyzed SER-
PINH1 mRNA expression (Figure 5A). SERPINH1 expres-
sion was not induced by IL-4, IFNγ, or LPS stimulation.
To test if SERPINH1 expression is regulated by tumor-
specific factors, we performed co-culture experiments.
Indeed, we detected an induction of SERPINH1 after a
96-hour co-culture with a number of breast cancer cell
lines, which was statistically significant for MCF-7 and
T47D cells (Figure 5B). This was accompanied by higher
expression of collagen I, which was calculated by sum-
ming up normalized expression values of the isoforms A1
or A2 (Figure 5C), indicating that SERPINH1 expression
may mark collagen-producing macrophages. For further
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differentiation, we stained FFPE tissue sections from
primary human breast tumors of our patient cohort
with pan-cytokeratin for tumor cells, αSMA to iden-
tify fibroblasts, and CD163, CD68, and CD206 to mark
macrophages (Figure 5D). We then analyzed cells express-
ing SERPINH1 and collagen I. We were able to sep-
arate SERPINH1+ and SERPINH1− macrophages, and
observed a significant reduction of collagen I expres-
sion in SERPINH1− macrophages. Furthermore, collagen
I expression in macrophages expressing SERPINH1 was
comparable to collagen I expression in fibroblasts (Fig-
ure 5E). These results indicate that SERPINH1 expression
is regulated by tumor cell-derived factors and correlates
with strong collagen I expression in macrophages.

3.4 MORC4 protects macrophages from
cell death

MORC4 belongs to a family of proteins associated
with DNA damage response, chromatin remodeling,
and survival.34,35 GSEA indicated altered turn-over of
CD206+ and CD206− macrophages in breast tumors.
Therefore, we wondered if MORC4 expression affected
macrophage proliferation or death. To analyze prolifera-
tion of macrophages, we stained primary human breast
cancer sections of our cohort using immunofluorescence
for co-localization of Ki67 and MORC4. However, since
proliferating macrophages were generally rare, detect-
ing a significant difference in Ki67 expression between
MORC4+ and MORC4− macrophages was not feasible
(data not shown). Next, we explored the involvement of
MORC4 in cell survival. Interestingly, MORC4 expression
was selectively induced by IL-4, whereas it was not affected
by IFNγ, LPS, or a co-culture with different breast can-
cer cell lines (Figure 6A,B). These results are in line with
GSEA data from CD206+ macrophages, which appeared
to share features of macrophages after IL-4 stimulation
(Table S4).
Next, we used siRNA to knockdown MORC4 expres-

sion in macrophages after IL-4 stimulation (Figure 6C).
MORC4 expression was significantly reduced both at base-
line and after IL-4 stimulation upon transfection with
specific siRNA when compared to control siRNA. Next,
we exposed the MORC4 knockdown and control cells
to an apoptosis assay with caspase 3 activity serving as
the read-out to assess the role of MORC4 in apopto-
sis (Figure 6D-F). Apoptosis was induced by incubating
macrophages with CHX and TNFα for 6 hours, followed
by the measurement of caspase 3 activity for 1 hour. Cas-
pase 3 activity in IL-4 treated macrophages was signifi-
cantly reducedwhen compared to untreatedmacrophages,
indicating a protective effect of IL-4 (Figure 6D). Further-

more, there was significantly more apoptosis in MORC4
knockdownmacrophages compared to control cells, which
was still apparent after the addition of IL-4 (Figure 6E,F).
These results indicate a protective role of MORC4 in
macrophages, which can be even further enhanced by IL-
4. Taken together, MORC4 appeared to affect the survival
of macrophages and may further affect their proliferation.

4 DISCUSSION

Composition of the tumor-associated immune system is of
predictive value, and reactivation of immunity has become
a promising tool for treating certain types of cancer. So far
a major focus has been on the antitumor activity of lym-
phocytes, but also innate immune cells determine ther-
apy success.30 In this study we identified novel markers
for macrophage subtypes, which correlate with survival of
breast cancer patients.
In mice, breast tumors are infiltrated with two major

macrophage subsets, which, among other markers, can
be distinguished by CD206 expression. Our data sug-
gest that human tumors also contain CD206− and
CD206+ macrophages with distinct properties. Again,
as in mice,36–38 CD206+ macrophages are present in
the untransformed mammary gland, while an increased
CD206− macrophage infiltrate is observed during tumor
development, with highest abundance of these cells in
invasive tumors. In mouse tumors both macrophage sub-
sets are at least partially derived from blood monocytes,23
while CD206+ macrophages appear to stem from embry-
onic sources in the untransformed mammary gland.36
Tissue resident CD206+ macrophages in the mouse are
principally able to self-renew by in-situ proliferation.36–38
Therefore, the increase in CD206− macrophages may be
either related to an increased influx of monocytes, or
indicative of altered microenvironmental niches induc-
ing CD206− macrophage differentiation in invasive as
compared to noninvasive tumors. CD206− macrophages
showed higher levels of both CCR2 and CX3CR1, which
are highly expressed by monocytes as compared to mature
macrophages.36 A third explanation therefore would be
that differential CD206 expression levels may reflect dis-
tinct differentiation stages, with CD206− having recently
differentiated from monocytes and potentially serving as
precursors of CD206+ macrophages. However, investiga-
tions to unravel if human breast CD206− and CD206+
macrophages are generated from distinct sources, due to
differentiation under different microenvironmental condi-
tions, or if one subset is the precursor of the other, are
elusive. In favor of the first explanation, a recent study
defined two different monocyte-derived resident tissue
macrophage populations inmouse lungs and other tissues,
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F IGURE 6 Functional relevance ofMORC4 expression inmacrophages (A-C)mRNA expression ofMORC4 inMΦ after different stimuli.
Data are mean ± SEM. A, MΦ were treated with IL-4 for 48 hours, LPS or IFNγ for 24 hours (from three to five independent donors). MORC4
mRNA expression was normalized to untreated MΦ (ctrl= 1). B, MΦ were co-cultured with different breast cancer cell lines for 96 hours (from
four independent donors). MORC4 mRNA expression was normalized to untreated MΦ (ctrl = 1). C, MΦ were transfected with ctrl siRNA or
MORC4 siRNA for 24 hours followed by IL-4 stimulation for 48 hours (from eight independent donors). D-F, Caspase 3 activity assay with
MΦ transfected with ctrl siRNA or MORC4 siRNA for 24 hours followed by 48 hours stimulation with IL-4. To induce apoptosis, cells were
incubated with CHX and TNFα for 6 hours. Caspase 3 activity was normalized to either untreated (ctrl) (D) or ctrl siRNA (E and F) transfected
MΦ. Time point of analysis was 15minutes after addition of caspase 3 substrate. Data aremean± SEM from seven independent donors. P-values
were calculated using either one-sample t-test for normalized data or one-way ANOVA with Tukey’s multiple comparison test *P < .05

derived from monocytes and developing independently
of each other. Nerve-associated Lyve-1lo MHCIIhi resident
tissue macrophages expressed higher levels of CX3CR1
and were involved in antigen presentation, whereas
blood vessel-associated Lyve-1hi MHC-IIlo resident tissue
macrophages expressed CD206 as well as CD209 and reg-
ulated wound healing and tissue repair.27 These distinct
macrophage populations were also found in a number of
other tissues such as heart, adipose tissue, and skin in both,
mice and humans.27,39,40 Moreover, CD206+ macrophages
were found in close proximity to the vasculature, particu-
larly lymphatic vessels, in the PyMTmammary carcinoma
mouse model.22
Our data indicate that both, CD206− and CD206+

macrophages subpopulations are also apparent in breast
cancer. Chakarov et al discussed the role of Lyve-1hi

MHCIIlo CD206+ macrophages in protecting tissues from
fibrosis.27 We found aCD206+macrophage subset express-
ing SERPINH1 as well as collagen I, suggesting a role
in fibrotic processes. While these macrophages shared a
niche with fibroblasts, they were associated with posi-
tive patient prognosis. It remains to be determined, if
collagen-expressing macrophages directly interact with
fibroblasts, which were associated with poor progno-
sis, thereby suppressing their tumor-promoting role. A
role of activated fibroblasts in cancer progression is now
well established. They influence cancer cell metabolism,
recruit immune cells and regulate tumor immunity,
and modulate the extracellular matrix to limit and/or
promote tumor cell invasion.41,42 However, the role of
collagen-producing macrophages has not been studied
thoroughly yet, although it is known thatmacrophages can
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produce a whole repertoire of different collagen species.43
SERPINH1, or heat shock protein 47, is required for the cor-
rect folding of various types of collagen and has already
been connected to cancer progression.44,45 One explana-
tion for an opposite effect of SERPINH1 and collagen
I production in macrophages and fibroblasts might be
that the final assembly of macrophage-derived collagen
is impaired resulting in ER stress, with consequences for
macrophage activation.46 Interestingly, monocyte-derived
cells with fibrogenic properties, so-called fibrocytes, have
been described before.47 While their role in tumor devel-
opment is unclear, metastatic human breast cancer cells
can limitmonocyte-to-fibrocyte differentiation.47 Thismay
suggest a tumor-suppressive role of fibrocytes in breast
cancer as opposed to fibroblasts. Future studies may
be warranted to explore the role of collagen-producing
CD206+ macrophages, and their relationship to fibrocytes
and fibroblasts, in restricting tumor development.
Our findings that CD206+macrophage subsets are asso-

ciated with good prognosis in breast cancer patients, while
MHCII-expressing CD206− macrophages are associated
with a negative prognosis, are controversial based on
existing literature for a number of reasons. First, there
are multiple studies illustrating the negative influence of
CD68+ macrophages on overall survival of breast cancer
patients.32,33,48 In contrast, we did not observe such a cor-
relation in our cohort. Yet, previous studies did not inves-
tigate whole tumor sections, but looked at defined areas
only. Leek et al used a Chalkley point-counting method
to assess hot spots of high CD68+ macrophage infiltra-
tion, where patients with tumors showing 12 hot spots or
more, had a worse survival probability.33 In line with our
results, Lee et al aimed at using a similar countingmethod,
but did not observe hot spots. They rather observed a
diffuse pattern of CD68+ macrophages, which correlated
with high tumor grade, tumor necrosis, and large tumor
size.32 Thus, the method of determining macrophage infil-
trates appears to be crucial. We employed a non-biased
approach, which may be more reproducible than defining
hot spots. Second, we used a combination of CD68 and
CD163 to define macrophages. CD163 is often referred to
as a marker of alternatively activated and therefore pre-
sumably tumor-promoting macrophages, which, based on
the M1/M2 paradigm, would be expected to also express
CD206.8,10,11 In pilot experiments, we detected a strong
overlap of CD68 and CD163 staining (Figure S9) and did
not find a preferential expression of CD206 in either CD68-
or CD163-positive macrophages. Indeed, CD163 should be
considered a pan-macrophage marker in humans, which
can be induced under M2 conditions, but is still detectable
at protein level in othermacrophages. This notion has been
confirmed by previous studies.13,49 Nevertheless, Medrek
et al compared the prognostic value of CD68 and CD163 in

breast cancer. The authors looked at the localization of the
macrophages in the tumor nest compared to stroma, since
overall macrophage infiltration was not correlated with
patient survival. In their study dense infiltration of CD163+
macrophages into the tumor stroma correlated with tumor
grade, tumor size, subtypes, and receptor status.5 CD68+
macrophages were also only present in the tumor stroma
and correlatedwith age of the patient and tumor size.23 We
did not observe such correlations, which might be due to
the fact that we did not separate our specimens in stroma
versus tumor and therefore "diluted" the prognostic effect
of each macrophage marker. However, since the men-
tioned studies themselves produced conflicting results, the
macrophage content alone may not be a reliable parame-
ter for predicting overall survival in breast cancer. Besides
total macrophage infiltration, it has been reported before
that anti-inflammatory (orM2 polarized)macrophages are
associated with tumor progression and poor prognosis.50,51
Nevertheless, such studies are generally based on sin-
gle markers defining inflammatory (or M1) versus anti-
inflammatory M2 macrophages, including CD206, which
may not be the most valid strategy as suggested by experts
in the field.52 In our hands, specific macrophage sub-
sets co-expressing CD206 and SERPINH1 or MORC4 were
connected with positive patient prognosis, contradicting
the previously mentioned assumption that CD206+ M2
macrophages are strictly tumor-promoting cells. In accor-
dance with our data, Franklin et al reported that in the
PyMT mammary tumor model the number of MHCIIhi
CD11chi tumor-associated macrophages increased during
the course of tumor progression, while levels of CD11bhi
mammary tissue resident-like macrophages decreased.23
CD206 expression was higher in macrophages resembling
resident macrophages,23 which we also observed in the
PyMT model.21 Franklin et al also stated that CD206−
macrophages promote tumor immune tolerance by modu-
lating the CD8+ T cell response.23 This observation is also
represented in our data. We report a positive correlation of
CD206+ macrophages, but not of CD206− macrophages,
with a number of lymphocyte subsets, including CD8+
T cells. Furthermore, CD206− macrophages expressing
high levels of MHCII correlated with an unfavorable over-
all survival prognosis. It is conceivable that macrophages
expressing high levels of MHCII interact more frequently
with T cells, and therefore may inactivate them, as sug-
gested before in PyMT breast tumors in mice.24 MHCII is
a well- established histological marker. However, a combi-
nation of CD206 and a macrophage marker was required
to reveal an unexpected negative correlation of MHCII
with breast cancer patient survival, since CD206+MHCII+
macrophages were not correlated with survival.
Franklin et al also observed a higher turn-over rate of

CD206− macrophages in PyMT tumors,23 which does not
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align with our data in breast cancer patients. GSEA rather
indicated a higher proliferation rate and provided first
hints for potential protection from cell death in CD206+
macrophages (increased expression B-cell lymphoma 2
[BCL-2] and induced myeloid leukemia cell differentia-
tion protein [MCL-1] in the anoikis data set). This might
be linked to the expression of MORC4, which was over-
expressed in a subset of CD206+ macrophages. So far
MORC4 expression has been described in breast cancer
cells, where it is associated with poor survival. Down-
regulation of MORC4 suppresses tumor growth by the
induction of apoptosis.35 The knockdown of MORC4 in
humanmonocyte-derived macrophages resulted in higher
caspase 3 activity, suggesting that MORC4 also regu-
lates the survival of macrophages. Unfortunately, factors
such as IL-4 and CSF1 that induce murine macrophage
proliferation did not trigger human monocyte-derived
macrophage proliferation in vitro in our hands.53,54 There-
fore, we were unable to assess a role for MORC4 in human
macrophage proliferation in vitro. An important caveat
that may underlie this issue was that we used PBMC-
derived macrophages for our study rather than primary
tumor-associated macrophages (TAMs). The underlying
reason was limited availability of material to generate suf-
ficient number of primary TAMs for these studies.
The functional roles of SERPINH1 and especially

MORC4 in macrophages require further study, partic-
ularly since literature on the function of those proteins
in macrophages is not available. Besides limited data
on the role of our identified targets in tumor-associated
macrophage biology, our study has other important
limitations. First, pre-selecting CD206+ and CD206−
macrophages for comparison may have limited the discov-
ery of other prognostic macrophage subsets as compared
to other approaches such as single cell RNA-sequencing.
Moreover, only ∼ 50% of our sequenced CD206+ and
CD206− macrophages were patient-matched, which
probably increased variance in the data set and may have
limited the number of identified DEGs. Furthermore,
longitudinal studies would have been of interest to ana-
lyze to transition in macrophage phenotypes over time.
Furthermore, normal tissue used for our analyses was
taken from cancer patients. We are aware, that this may
have influenced macrophage CD206 expression compared
to tissue from healthy individuals. Finally, the breast
cancer TMAs we used for validation of markers identified
by RNA-Seq had also considerable limitations. While the
datasets included varying degrees of detail concerning a
number of clinical parameters, they do not yield longitu-
dinal information concerning differences in macrophage
infiltrates over time.
In summary, subpopulations of macrophages that cor-

relate with patient survival reside in breast tumors. To

identify these macrophage populations, a frequently used
marker, CD206, was in itself not sufficient. In depth anal-
yses of the functional role of the identified macrophage
populations and an understanding of how they are gen-
erated may improve the development of new therapeutic
approaches in breast cancer.

ACKNOWLEDGMENTS
The authors thank Praveen Mathoor and Margarete Mija-
tovic for excellent technical assistance. This work was
supported by Deutsche Krebshilfe (70114051), Deutsche
Forschungsgemeinschaft (FOR 2438, TP8; SFB 1039, TP
B04 and B06, GRK 2336, TP1 and 6), Wilhelm-Sander
Foundation (2019.082.01), the LOEWE Center Frankfurt
Cancer Institute (FCI) funded by the Hessen State Min-
istry for Higher Education, Research and the Arts (III L 5
- 519/03/03.001 - [0015]), and the German Cancer Consor-
tium (DKTK).

DATA ACCESS IB IL ITY STATEMENT
The RNA-Seq data set has been submitted to the NCBI
Sequence Read Archive (PRJNA668813). Other data that
support the findings of this study are available from the
corresponding author upon reasonable request.

CONFL ICT OF INTEREST
The authors declare that there is no conflict of interest that
could be perceived as prejudicing the impartiality of the
research reported.

AUTH OR CONTRIBUT IONS
Elisabeth Strack, Weixiao Sha, Leon Pradel, Bernhard
Brüne, and Andreas Weigert conceptualized and designed
research; Elisabeth Strack, P. Alexander Rolfe, Tobias
Schmid, and Andreas Weigert developed methodology.
Elisabeth Strack, Annika F. Fink, and Andreas Weigert
performed experiments and acquired data; Elisabeth
Strack, P. Alexander Rolfe, Sylvia Hartmann, and Andreas
Weigert analyzed and interpreted results; Katrin Bankov,
Christine Solbach, and Rajkumar Savai provided techni-
cal and material support; Andreas Weigert and Bernhard
Brüne supervised research, and all authors participated in
writing the manuscript.

ORCID
RajkumarSavai https://orcid.org/0000-0003-1538-2091
AndreasWeigert https://orcid.org/0000-0002-7529-1952

REFERENCES
1. Vagia E, Mahalingam D, Cristofanilli M. The landscape of tar-

geted therapies in TNBC. Cancers. 2020;12(4):916.
2. Noy R, Pollard JW. Tumor-associatedmacrophages: frommech-

anisms to therapy. Immunity. 2014;41(1):49-61.

https://orcid.org/0000-0003-1538-2091
https://orcid.org/0000-0003-1538-2091
https://orcid.org/0000-0002-7529-1952
https://orcid.org/0000-0002-7529-1952


16 of 17 STRACK et al.

3. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: inte-
grating immunity’s roles in cancer suppression and promotion.
Science. 2011;331(6024):1565-1570.

4. Loi S, Giobbie-Hurder A, Gombos A, et al. Pembrolizumab
plus trastuzumab in trastuzumab-resistant, advanced, HER2-
positive breast cancer (PANACEA): a single-arm, multicentre,
phase 1b-2 trial. Lancet Oncol. 2019;20(3):371-382.

5. MedrekC, Ponten F, JirstromK, LeanderssonK. The presence of
tumor associated macrophages in tumor stroma as a prognostic
marker for breast cancer patients. BMC Cancer. 2012;12:306.

6. Bingle L, Brown NJ, Lewis CE. The role of tumour-associated
macrophages in tumour progression: implications for new anti-
cancer therapies. J Pathol. 2002;196(3):254-265.

7. Zhao X, Qu J, Sun Y, et al. Prognostic significance of tumor-
associated macrophages in breast cancer: a meta-analysis of the
literature. Oncotarget. 2017;8(18):30576-30586.

8. Murray PJ. Macrophage polarization. Annu Rev Physiol.
2017;79:541-566.

9. Mehla K, Singh PK. Metabolic regulation of macrophage polar-
ization in cancer. Trends Cancer. 2019;5(12):822-834.

10. Shapouri-Moghaddam A, Mohammadian S, Vazini H, et al.
Macrophage plasticity, polarization, and function in health and
disease. J Cell Physiol. 2018;233(9):6425-6440.

11. Ley K. M1 means kill; M2 means heal. J Immunol.
2017;199(7):2191-2193.

12. Rae F, Woods K, Sasmono T, et al. Characterisation and
trophic functions of murine embryonic macrophages based
upon the use of a Csf1r-EGFP transgene reporter. Dev Biol.
2007;308(1):232-246.

13. Barros MH, Hauck F, Dreyer JH, Kempkes B, Niedobitek
G. Macrophage polarisation: an immunohistochemical
approach for identifying M1 and M2 macrophages. PLoS
One. 2013;8(11):e80908.

14. Nywening TM, Wang-Gillam A, Sanford DE, et al. Target-
ing tumour-associated macrophages with CCR2 inhibition in
combination with FOLFIRINOX in patients with borderline
resectable and locally advanced pancreatic cancer: a single-
centre, open-label, dose-finding, non-randomised, phase 1b
trial. Lancet Oncol. 2016;17(5):651-662.

15. Ries CH, Cannarile MA, Hoves S, et al. Targeting tumor-
associated macrophages with anti-CSF-1R antibody reveals a
strategy for cancer therapy. Cancer Cell. 2014;25(6):846-859.

16. Gelderblom H, de Sande MV. Pexidartinib: first approved sys-
temic therapy for patients with tenosynovial giant cell tumor.
Future Oncol. 2020;16(29):2345-2356.

17. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal prob-
abilistic RNA-seq quantification. Nat Biotechnol. 2016;34(5):525-
527.

18. Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014;15(12):550.

19. Viratham Pulsawatdi A, Craig SG, Bingham V, et al. A robust
multiplex immunofluorescence and digital pathology workflow
for the characterisation of the tumour immune microenviron-
ment.Mol Oncol. 2020;14(10):2384-2402.

20. Weigert A, Tzieply N, von Knethen A, et al. Tumor cell apopto-
sis polarizes macrophages role of sphingosine-1-phosphate.Mol
Biol Cell. 2007;18(10):3810-3819.

21. Olesch C, Sha W, Angioni C, et al. MPGES-1-derived PGE2
suppresses CD80 expression on tumor-associated phagocytes to
inhibit anti-tumor immune responses in breast cancer.Oncotar-
get. 2015;6(12):10284-10296.

22. Weichand B, Popp R, Dziumbla S, et al. S1PR1 on tumor-
associated macrophages promotes lymphangiogenesis and
metastasis via NLRP3/IL-1beta. J Exp Med. 2017;214(9):2695-
2713.

23. Franklin RA, Liao W, Sarkar A, et al. The cellular and
molecular origin of tumor-associated macrophages. Science.
2014;344(6186):921-925.

24. Broz ML, Binnewies M, Boldajipour B, et al. Dissecting the
tumor myeloid compartment reveals rare activating antigen-
presenting cells critical for T cell immunity. Cancer Cell.
2014;26(5):638-652.

25. Perou CM, Sorlie T, Eisen MB, et al. Molecular portraits of
human breast tumours. Nature. 2000;406(6797):747-752.

26. Song Y, Milon B, Ott S, et al. A comparative analysis of library
prep approaches for sequencing low input translatome samples.
BMC Genomics. 2018;19(1):696.

27. Chakarov S, Lim HY, Tan L, et al. Two distinct interstitial
macrophage populations coexist across tissues in specific sub-
tissular niches. Science. 2019;363(6432):eaau0964.

28. Ponten F, Jirstrom K, Uhlen M. The human protein atlas–a tool
for pathology. J Pathol. 2008;216(4):387-393.

29. Wu C, Orozco C, Boyer J, et al. BioGPS: an extensible and cus-
tomizable portal for querying and organizing gene annotation
resources. Genome Biol. 2009;10(11):R130.

30. Gentles AJ, Newman AM, Liu CL, et al. The prognostic land-
scape of genes and infiltrating immune cells across human can-
cers. Nat Med. 2015;21(8):938-945.

31. Shabo I, Stal O, Olsson H, Dore S, Svanvik J. Breast cancer
expression of CD163, amacrophage scavenger receptor, is related
to early distant recurrence and reduced patient survival. Int J
Cancer. 2008;123(4):780-786.

32. Lee AH, Happerfield LC, Bobrow LG, Millis RR. Angiogenesis
and inflammation in invasive carcinoma of the breast. J Clin
Pathol. 1997;50(8):669-673.

33. Leek RD, Lewis CE, Whitehouse R, et al. Association of
macrophage infiltration with angiogenesis and prognosis
in invasive breast carcinoma. Cancer Res. 1996;56(20):4625-
4629.

34. Hong G, Qiu H,Wang C, et al. The emerging role of MORC fam-
ily proteins in cancer development and bone homeostasis. J Cell
Physiol. 2017;232(5):928-934.

35. Yang Z, Zhuang QL, Hu GF, Geng SK. MORC4 is a novel breast
cancer oncogene regulated by miR-193b-3p. J Cell Biochem.
2019;120(3):4634-4643.

36. Jappinen N, Felix I, Lokka E, et al. Fetal-derived macrophages
dominate in adult mammary glands. Nat Commun.
2019;10(1):281.

37. Dawson CA, Pal B, Vaillant F, et al. Tissue-resident ductal
macrophages survey themammary epithelium and facilitate tis-
sue remodelling. Nat Cell Biol. 2020;22(5):546-558.

38. Wang Y, Chaffee TS, LaRue RS, et al. Tissue-resident
macrophages promote extracellular matrix homeostasis
in the mammary gland stroma of nulliparous mice. Elife.
2020;9:e57438.



STRACK et al. 17 of 17

39. HulsmansM, Clauss S, Xiao L, et al.Macrophages facilitate elec-
trical conduction in the heart. Cell. 2017;169(3):510-522.

40. Wolf Y, Boura-Halfon S, Cortese N, et al. Brown-adipose-tissue
macrophages control tissue innervation and homeostatic energy
expenditure. Nat Immunol. 2017;18(6):665-674.

41. Elwakeel E, Bruggemann M, Fink AF, et al. Phenotypic plastic-
ity of fibroblasts during mammary carcinoma development. Int
J Mol Sci. 2019;20(18):4438.

42. Kalluri R. The biology and function of fibroblasts in cancer. Nat
Rev Cancer. 2016;16(9):582-598.

43. Schnoor M, Cullen P, Lorkowski J, et al. Production of
type VI collagen by human macrophages: a new dimen-
sion in macrophage functional heterogeneity. J Immunol.
2008;180(8):5707-5719.

44. Natsume T, Koide T, Yokota S, Hirayoshi K, Nagata K. Inter-
actions between collagen-binding stress protein HSP47 and col-
lagen. Analysis of kinetic parameters by surface plasmon reso-
nance biosensor. J Biol Chem. 1994;269(49):31224-31228.

45. Duarte BDP, Bonatto D. The heat shock protein 47 as a potential
biomarker and a therapeutic agent in cancer research. J Cancer
Res Clin Oncol. 2018;144(12):2319-2328.

46. Ma Y, Hendershot LM. ER chaperone functions during normal
and stress conditions. J Chem Neuroanat. 2004;28(1-2):51-65.

47. White MJ, Roife D, Gomer RH. Galectin-3 binding protein
secreted by breast cancer cells inhibits monocyte-derived fibro-
cyte differentiation. J Immunol. 2015;195(4):1858-1867.

48. Volodko N, Reiner A, Rudas M, Jakesz R. Tumour-associated
macrophages in breast cancer and their prognostic correlations.
Breast. 1998;7(2):99-105.

49. Barros MHM, Hassan R, Niedobitek G. Tumor-associated
macrophages in pediatric classical hodgkin lymphoma: associa-
tionwith epstein-barr virus, lymphocyte subsets, and prognostic
impact. Clin Cancer Res. 2012;18(14):3762-3771.

50. Laoui D,Movahedi K, VanOvermeire E, et al. Tumor-associated
macrophages in breast cancer: distinct subsets, distinct func-
tions. Int J Dev Biol. 2011;55(7-9):861-867.

51. Fridman WH, Zitvogel L, Sautes-Fridman C, Kroemer G. The
immune contexture in cancer prognosis and treatment. Nat Rev
Clin Oncol. 2017;14(12):717-734.

52. Murray PJ, Allen JE, Biswas SK, et al. Macrophage activation
and polarization: nomenclature and experimental guidelines.
Immunity. 2014;41(1):14-20.

53. Jenkins SJ, Ruckerl D, Thomas GD, et al. IL-4 directly sig-
nals tissue-resident macrophages to proliferate beyond homeo-
static levels controlled by CSF-1. J Exp Med. 2013;210(11):2477-
2491.

54. Arpa L, Valledor AF, Lloberas J, Celada A. IL-4 blocks M-CSF-
dependent macrophage proliferation by inducing p21Waf1 in a
STAT6-dependent way. Eur J Immunol. 2009;39(2):514-526.

SUPPORT ING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: Strack E, Rolfe PA, Fink
AF, et al. Identification of tumor-associated
macrophage subsets that are associated with breast
cancer prognosis. Clin Transl Med. 2020;10:e239.
https://doi.org/10.1002/ctm2.239

https://doi.org/10.1002/ctm2.239

	Identification of tumor-associated macrophage subsets that are associated with breast cancer prognosis
	Abstract
	1 | BACKGROUND
	2 | MATERIALS AND METHODS
	2.1 | Reagents
	2.2 | Sample collection and study approval
	2.3 | FACS analysis and sorting of macrophages from human breast cancer samples
	2.4 | RNA Sequencing (RNA-Seq) of primary human macrophages
	2.5 | RNA-Seq quantification, quality control, and differential expression
	2.6 | Heatmap generation
	2.7 | Gene set enrichment analysis
	2.8 | Multiplex immunohistochemistry and immunofluorescence analysis
	2.9 | Cell culture
	2.10 | Generation of human macrophages from Buffy Coats
	2.11 | RNA isolation and quantitative reverse transcription-polymerase chain reaction (RT-PCR)
	2.12 | Gene silencing in primary human macrophages
	2.13 | In-vitro co-culture assay
	2.14 | Caspase 3 activity assay
	2.15 | Statistical analysis

	3 | RESULTS
	3.1 | CD206+ and CD206 macrophages in mammary tumors show distinct functional phenotypes
	3.2 | Macrophage markers MORC4, SERPINH1, and MHCII correlate with survival in breast cancer
	3.3 | SERPINH1 expression in CD206+ macrophages marks collagen-expressing macrophages
	3.4 | MORC4 protects macrophages from cell death

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	DATA ACCESSIBILITY STATEMENT

	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


