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ABSTRACT
Macrophages are a major immune cell type in the tumor microenvironment, where they display
a tumor-supporting phenotype. Factor H (FH) is a complement inhibitor that also plays a role in several
cellular functions. To date, the phenotype of monocytes stimulated with FH has been unexplored. We
discovered that FH is a survival factor for CD14+ primary human monocytes, promoting their differentia-
tion into macrophages in serum-free medium. This activity was localized to the C-terminal domains of
FH and it was inhibited in plasma, indicating that the phenomenon may be most relevant in tissues. FH-
induced macrophages display characteristics of immunosuppressive cells including expression of CD163
and CD206, release of the anti-inflammatory cytokine IL-10 and changes in metabolism. Furthermore,
FH-induced macrophages express low levels of HLA-DR but high levels of co-inhibitory molecule
programmed death-ligand 1 (PD-L1), and accordingly, a reduced capacity for T-cell activation. Finally,
we show that FH is expressed by human breast cancer cells and that this correlates with the presence of
immunosuppressive macrophages, breast cancer recurrence and severity of the disease. We propose
that the expression of FH by tumor cells and the promotion of an immunosuppressive cancer micro-
environment by this protein should be taken into account when considering the effectiveness of
immunotherapies against breast cancer.
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Introduction

Breast cancer is one of the most common health burdens world-
wide claiming over 400,000 deaths every year. Progression of this
malignancy is a complicated process regulated by tumor-
immune cell interactions via cellular and molecular factors,
systemically and in the tumor microenvironment.

Monocytes are a heterogeneous population of myeloid cells
expressing high levels of CD14 (classical), CD16 (non-classical) or
both markers (intermediate). Classical monocytes circulate in the
blood where they undergo conversion into patrolling monocytes,
become apoptotic1 or transmigrate through endothelial tissues.2,3

In tissues, monocytes can retain most of their transcriptional
profile, gain antigen-presenting function and differentiate into
macrophages, dendritic cells or monocytic myeloid-derived sup-
pressor cells. Macrophages are often classified asM1macrophages
supporting inflammation4,5 and M2 macrophages suppressing
ongoing inflammation, facilitating remodeling and wound
healing.6,7 However, such binary classification does not adequately
represent the observed heterogeneity of these cells and can be seen
as two extremes of many intermediate phenotypes.6,8

Tumor-infiltrating myeloid cells, especially tumor-
associated macrophages (TAMs), have a negative effect on
breast cancer patients’ survival9 due to their ability to acquire

immunosuppressive functions, promoting angiogenesis and
invasion.10-12 The presence and type of TAMs have been
linked with severity, prognosis and patient survival.13 The
development of new therapies targeting the cancer microen-
vironment is therefore of increasing interest.

Complement inhibitor factor H (FH) is mainly expressed in
the liver, but also extrahepatically by various cell types, including
ovarian14 and lung15 cancer cell lines. FH has been shown to affect
myeloid cell functions not related to complement, including che-
motactic effects on monocytes,16 stimulation of prostaglandin
E from perinatal macrophages17 and restraining mononuclear
phagocytes at the site of inflammation.18 Previously, we revealed
that opsonization with FH increased the clearance of apoptotic
cell remnants and skewed the resultant cytokine production by
phagocytes to an anti-inflammatory profile.19

Herein we establish that FH influences monocyte viability,
differentiation and polarization, which for the first time defines
FH as an inducer of primary human monocyte differentiation
into immunosuppressive macrophages. Additionally, we pro-
pose that this new phenomenon is of importance in breast
cancer, as we show that breast cancer FH expression positively
correlates with the presence of immunosuppressive (CD163+)
macrophages in human tumors.
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Materials and methods

Cells

Peripheral blood was collected from healthy volunteers with
ethical approval (Dnr.2013/846, Dnr.2017/582). Cells were
purified by density gradient centrifugation over LymphoPrep
(#07811; Axis-Shield) followed by positive selection with
CD14/CD16 microbeads for monocytes (#130-050-201,
#130-045-701; Milteny Biotech) or CD4 for T-cells (#130-
096-533; Milteny Biotech). Purity was assessed to >95%.
Unless otherwise stated CD14+ monocytes were used in the
study. Monocytes were cultured in RPMI 1640 (#SH30027.01;
GE Healthcare Life Sciences) for 48 h, and Macrophage-SFM
medium (#11500426; Gibco) for 7 days, at density 1x106/ml.
Cells were stimulated with 150 μg/ml FH and α1-AT. For FH
dose-dependence, monocytes were incubated for 96 h with 10,
20, 100 and 250 μg/ml of FH and cell length was assessed with
ImageJ. Monocytes were also treated with 100 ng/ml of LPS
(#L6386; Sigma-Aldrich) with or without 150 μg/ml of FH for
48 h. Macrophages were differentiated with FH, 25 ng/ml
GM-CSF or 25 ng/ml M-CSF (#11343123, #11343113;
ImmunoTools) for 7 days. Fully polarized proinflammatory
and immunosuppressive macrophages we obtained by stimu-
lation for 7 days with 25 ng/ml GM-CSF and 100 ng/ml of
LPS for the last 4 h or by stimulation for 7 days with 25 ng/ml
M-CSF and 20 ng/ml IL-4 and IL-13 (#11340047, #11340133;
ImmunoTools) for the last 3 days, respectively. All the incu-
bations were done in 37°C and 5% CO2. Human Jurkat T-cells
were rendered apoptotic using 1 μM staurosporine (#37,095;
Sigma-Aldrich). Mouse bone marrow cells were isolated from
femur bone of four sacrificed C57BL/6 mice and incubated
with 150 μg/ml FH for 6 days (ethical approval #M123-15).
All the bright light images were taken with an EVOS inverted
microscope (Thermo Fisher Scientific).

Proteins and nucleosomes

FH20 and α1-AT21 were purified from human plasma (at least
95% pure). LPS contamination was tested using a Limulus
amebocyte lysate Endochrome-K assay (#R1708K; Charles
River) and levels have been determined to <0.01–0.03 EU/ml
in working concentration for FH and <0.04 for α1-AT. FH
was incubated for 30 min at 96°C to obtain D-FH.22 FH
CCP1-7 and CCP19-20 were produced in Pichia pastoris.23

Nucleosomes were isolated with Nucleosome preparation kit
(#53504; Active Motif) and labeled in parallel with Jurkat
T-cells with pHrodo ester (#P35369; Invitrogen).

Cytokine profiling

Monocytes were incubated for 48 h or 7 days in medium with
or without FH or α1-AT, macrophages were obtained as
above. LPS was added to indicated samples for the last 15
h. Supernatants were analyzed using the Bio-Plex Pro human
cytokine 27-plex assay and IL-10 ELISA (#M500KCAF0Y,
#HS100C; R&D systems). For statistical calculations in
Figure 5e, the data below detection limit were replaced with
10% of the lowest point on the standard curve.

Phagocytosis assay

pHrodo green-labeled nucleosomes, apoptotic cells, pHrodo
green-labeled Staphylococcus aureus particles, and zymosan
(#P35367, #P35365; Invitrogen) were fed for 1 h to monocytes
pre-incubated for 48 h with FH or α1-AT; or to macrophages
obtained as above. Live cells were visualized with Calcein
Violet AM (#C34858; Invitrogen) and fluorescence intensity
was measured in Cytation-5 multi-mode reader (BioTek).

Real-time quantitative PCR (RT-PCR)

TaqMan gene expression assays (Applied Biosystems) were per-
formed according to the manufacturer’s instruction. Gene expres-
sion was calculated using the ΔCt method.24 Primers used for
qPCR: TREM2 (#Hs00219132_m1), MSR1 (#Hs00234007_m1),
MMP7 (#Hs01042796_m1), IL1R2 (#Hs00174759_m1), PPIA
(#Hs99999904_m1) and HPRT1 (#Hs99999909_m1).

Affymetrix array

RNA from monocytes of six donors incubated for 48 h with
or without FH had an RNA quality indicator of at least 8.3
(Experion RNA chip; Bio-Rad). RNA was hybridized with the
Affymetrix Clariom D chip. Data were normalized using the
Robust MultiChip Averaging algorithm.25 All arrays were
quality controlled by the visual inspection of MDS- and MA-
plots. To identify differentially expressed genes, a linear model
was fitted, using donor as a blocking factor and treatment as
the main outcome. To adjust for multiple testing the
Benjamini and Hochberg method was applied26 and q-values
<0.05 were considered significant with no cutoff for fold
change. For gene-set analysis, we applied the Generally
Applicable Gene-set Enrichment methodology.27 All micro-
array data and metadata are available under accession number
GSE129670 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE129670).

Confocal microscopy

Monocytes attached to Ibidi 8-well chamber slide (#80,841;
Ibidi) were incubated with FH for 5, 15 or 30 min, fixed with
4% paraformaldehyde (#100,496; Merck) and permeabilized
with 0.5% Triton X-100 (#T8787; Sigma-Aldrich). Cells were
blocked with 5% normal donkey serum and donkey anti-goat
Alexa Fluor 647, donkey anti-rat Alexa Fluor 488, donkey
anti-rabbit Alexa Fluor 594 (#017-000-121, #705-606-147,
#712-546-153, #711-585-152; Jackson ImmunoResearch),
goat anti-human FH antiserum (#A312; Quidel), rabbit anti-
human EEA1 and rat anti-human CD44 (#PA1-063A,
#MA4400; Invitrogen), normal rabbit or goat IgG control
sera (#AB-105-C, #AB-108; R&D Systems), were applied.
Nuclei were visualized with DAPI mounting medium
(#P36971; Molecular probes). All samples were analyzed in
an LSM 510 Meta confocal microscope using 63x objective
and Zen 2009 software (Zeiss). The degree of co-localization
was estimated using CoLocalizer Express.
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Cell fractionation

Monocytes were incubated for 30 min in PBS with or without
biotinylated FH. Cells were lysed with NP-40 lysis buffer sup-
plemented with Pierce protease inhibitor mini tablets (#88666;
Thermo Scientific) and Halt phosphatase inhibitor cocktail
(#78420; Thermo Scientific). Cell fractionation was performed
using Mem-PER Plus protein extraction kit (#89842; Thermo
Scientific). FH was detected with Streptavidin-HRP (#DY998;
R&D Systems) and endosomes with rabbit anti-human EEA1
antibody (#PA1-063A; Invitrogen). For fractionation controls,
mouse anti-human β-actin (#ab8226; Abcam) and mouse anti-
human E-cadherin (#610182; BD) were used.

Arginase activity

Monocytes were incubated for 7 days in medium.
Macrophages were obtained as above. Arginase activity assay
(#ab180877; Abcam) was performed according to the manu-
facturer’s instructions.

Viability

Monocytes were incubated with or without FH or α1-AT for
a total of 8 days, followed by the addition of Sytox green
(#S7020; Thermo Fisher Scientific). Alternatively, monocytes
were incubated with or without 150 μg/ml FH, α1-AT and HI-
FH for 4 days followed by 2 h incubation with Alamar blue
(#DAL1100; Invitrogen). Fluorescence intensity was measured
in Cytation-5 multi-mode reader (BioTek). For determination
of cell viability by SEM, monocytes were incubated with or
without 150 μg/ml FH for 2 and 6 days.

Flow cytometry

For analysis of surface markers and cell size and granularity,
monocytes were incubated for 7 days in medium or α1-AT,
macrophages were differentiated as above, and dendritic cells
were differentiated with 5 ng/ml GM-CSF and 20 ng/ml IL-4.
Surface markers were determined with mouse anti-human
CD68-PE, mouse anti-human CD163-APC, mouse anti-human
CD206-APC, mouse anti-human CD86-PE (#IC20401P,
#FAB1607A, #FAB25342A; R&D Systems), mouse anti-human
CD11c-APC, mouse anti-human PD-L1-APC, mouse anti-
human CD1a-PE (#559877, #563741, #555807; BD), mouse anti-
human HLA-DR-PE, mouse anti-human CD80-AF647,
(#FAB4869P, #MCA2071A647; Bio-Rad) and mouse anti-
human DC-Sign-AF647 (#32,501; Serotec) antibodies. Before
staining with anti-CD68, cells were permeabilized with
Cytofix/Cytoperm (#554722; BD). For measurement of T-cell
proliferation, cells were stimulated with 10 or 100 ng/ml of
staphylococcal enterotoxin A and toxic shock syndrome toxin-
1 (#S9399-.1MG, #T5662-1MG; Merc). Autologous carboxy-
fluorescein succinimidyl ester (#21888; Sigma-Aldrich) labeled
CD4+ T-cells were added for 96 h. Signal was measured in a
Cytoflex flow cytometer (Beckman Coulter) and analyzed with
FlowJo software (Tree Star). Pictures of cells were taken and sizes
of the clusters were measured with ImageJ.

Immunohistochemical staining

HEK 293 cells were transfected with FH full-length cDNA
cloned in pcDNA3. Wild-type (WT) and FH-transfected 293
cell pellets were embedded in paraffin and sectioned. Tissue
microarrays included biopsies from breast cancer patients (144
women) with ethical permission (ref. no. 445/2007). Tissue
microarrays and controls were pre-treated using the PT-link
system (Dako) with antigen retrieval at pH 6 and stained with
goat anti-human FH antiserum (#A312; Quidel), mouse anti-
human L20/3 (#sc-47686; Santa Cruz Biotechnology) andMRC-
OX24 (ECACC Hybridoma Collection) for 30 min. The inten-
sity of the staining in tumor cells was scored from 0 (negative)
to 3 (high) by three researchers in a blinded manner. HER2
expression, hormone receptor status and Ki-67 were predeter-
mined for the cohort.28-30

Statistical analyses

Statistical analyses were performed in Prism (GraphPad) or
SPSS Statistics (IBM). Data are presented as mean ± SD and
analyzed with one-way ANOVA, two-way ANOVA or
Kruskal–Wallis with Tukey´s multiple comparison test,
Bonferroni multiple comparison test, Dunn´s multiple com-
parison test or Friedman test. Survival was assessed using
Kaplan–Meier analyses with Breslow test. Correlations of FH
expression and clinical parameters were calculated with
Mann–Whitney U-test or two-tailed Spearman rank-order
correlation test. P-values <0.05 denoted statistical significance
and are displayed as *P < 0.05, **P < 0.01, ***P < 0.001.

Results

FH induces changes in monocyte morphology and
viability

Primary human CD14+ monocytes were cultured for 48 h in
serum-free RPMI medium, supplemented with purified FH,
alpha-1 antitrypsin (α1-AT) as negative control or heat-
denatured FH (D-FH). FH-treated monocytes displayed mark-
edly different morphologies than cells incubated inmedium only
or α1-AT. FH-treated cells were elongated, larger and more
strongly attached. This effect was dose dependent (Figure
S1A&B) and denaturation of FH abolished the morphological
changes (Figure 1a). Endotoxin contamination of FH was neg-
ligible (<0.03 EU/ml) and monocytes stimulated with LPS alone
did not undergo similar morphological changes as observed for
FH-treated cells (Figure S1C) confirming that the FH effect is
not related to potential LPS contamination.

Higher cell viability was detected for monocytes treated
with FH than for cells cultured in α1-AT or medium only
(Figure 1b). Increased viability of FH-treated cells after 48
h incubation was confirmed with alamar blue assay and scan-
ning electron microscopy (SEM) (Figure S1D&E). Mouse
bone marrow-derived progenitor cells treated for 6 days
with FH also showed cell elongations and increased attach-
ment suggesting higher viability (Figure 1c) indicating that
the phenomenon is not limited to man.

SEM analyses confirmed higher circularity (Figure 1d,j),
fewer elongations (Figure 1d,k) and smaller cell areas
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(Figure 1l) in human monocytes incubated for 48 h with the
medium than in FH-treated cells (Figure 1g,j–l). Cells without
FH exhibited only small membrane extrusions (Figure 1e,m)
and their membranes were mostly smooth (Figure 1f,n), while
FH-treated cells exhibited long, thin elongations responsible
for cell-cell contacts (Figure 1h,n). An increased number of
membrane-associated vesicles indicated a high level of meta-
bolic activity (Figure 1i,m).

FH-stimulated monocytes express macrophage-specific
surface markers

Colony-stimulating factor (M-CSF) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) are widely
used to differentiate monocytes into macrophages.6 M-CSF dif-
ferentiated cells are referred to as immunosuppressive and GM-
CSF differentiated cells as proinflammatory macrophages.31

M-CSF macrophages additionally activated with interleukin

Figure 1. FH changes the morphology and prolongs the viability of monocytes.
(a) Morphological changes in human peripheral blood CD14+ monocytes upon incubation for 48 h with RPMI 1640 medium, 150 μg/ml FH, α1-AT or heat-denatured
FH. (b) Cell death assessed by Sytox green inclusion of monocytes incubated with medium, 150 μg/ml FH or α1-AT for 8 days. (c) Morphology of mouse bone marrow
progenitor cells incubated with medium or 150 μg/ml FH for 6 days. (d–i) Scanning electron microscopy of monocytes incubated with medium (d–f) or 150 μg/ml FH
(G-I) for 6 days. (j–n) Quantification of cell circularity (j), elongation (k), cell area (l), cellular vesicles (m) and cell-cell contact (n) of CD14+ monocytes cultured for 2
and 6 days in medium, 150 μg/ml FH or α1-AT. Data are means ± SD of n=500 cells.
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4 (IL-4) and IL-13 are denoted M2 and GM-CSF macrophages
activated with LPS as M1.

The morphology of FH-stimulated cells more closely
resembled immunosuppressive than proinflammatory macro-
phages (Figure 2a). The size (FSC) and granularity (SSC) of
FH-treated monocytes exhibited high similarity to macro-
phages, but not to medium (Figure 2b) or α1-AT (Figure
S1F) incubated monocytes.

Monocytes were differentiated for 7 days with FH and
compared to immunosuppressive and proinflammatory
macrophages as well as to monocytes cultured without sti-
muli. FH-induced macrophages displayed a similar expression
level of CD163, CD11c, CD206 and CD68 (Figure 2c–f) as
well as of CD80, CD86 and CD16 (Figure S2A) as immuno-
suppressive and proinflammatory macrophages, whereas cells
cultured in medium only expressed lower levels of all markers.
The possibility that FH induces differentiation of monocytes
into dendritic cells (DC) was excluded by the absence of the
characteristic DC markers CD1a and DC-Sign (Figure S2B).

The phagocytic capacity of FH-induced macrophages
showed a higher resemblance to immunosuppressive than
to proinflammatory macrophages regarding uptake of apop-
totic cells (Figure 2g) and nucleosomes (Figure 2h).
Monocytes stimulated with FH for 48 h displayed an
increased ability to phagocytize apoptotic cells (Figure 2j),
nucleosomes (Figure 2k) and zymosan (Figure 2i,l) in com-
parison to medium only and α1-AT incubated monocytes,
while the clearance of bacterial particles was not affected
(Figure S2E).

FH binds to the surface of primary monocytes and
becomes internalized

Confocal microscopy showed that after 5 min incubation, FH
was bound to the cell surface of primary monocytes and colo-
calized with the membrane marker CD44 (Figure 3a). Since
apoptotic cells internalize surface-bound FH,19 we investigated
whether this also occurs in viable monocytes. After 30 min
incubation, a significant proportion of FH was detected intracel-
lularly as displayed by the confocal XY image with an orthogonal
view of the YZ dimension (Figure 3b). Internalization occurs via
endocytosis, which was shown by colocalization of internalized
FH with early endosome antigen 1 (EEA1) (Figure 3c). The
Mander’s overlap co-efficient for the FH/EEA1 staining was
0.55 indicating a large degree of colocalization.32 Specificity of
FH and EEA1 stainings was verified with normal IgG control
sera (Figure S2C, D). Internalization was confirmed by detection
of FH in the cytoplasmic fraction of the monocytes, which also
contains endocytic vesicles as EEA1 was present in the same
fraction (Figure 3d).

This suggests that FH itself might bind a cell surface
receptor yet to be identified and induce intracellular signaling
that results in monocyte differentiation.

Only CD14+ monocytes are differentiated upon
stimulation with FH

To study the susceptibility of different monocyte subtypes to
FH stimulation, CD14+ (used throughout the article) and

CD16+ monocytes were stimulated with FH. Only CD14+

monocytes, which include the classical (CD14+/CD16−) and
intermediate (CD14+/CD16+) subsets, showed changes in
morphology upon FH treatment. CD16+ monocytes retained
the typical round morphology of un-stimulated monocytes
with only a few elongations (Figure 3e).

FH CCP19-20 but not CCP1-7 domains are responsible for
FH-mediated changes in monocyte morphology

To assess which domains of FH are responsible for the
changes in monocyte morphology, recombinant FH fragments
consisting of the seven N-terminal complement control pro-
tein domains (CCPs), or the two C-terminal CCPs, were
incubated with monocytes. CCP1-7 contains the domains
responsible for the complement inhibitory properties of FH,
while C-terminal CCP19-20 enables attachment of FH to host
cell surfaces and interactions with sialic acid.33,34 While
CCP1-7 had no effect, the C-terminal fragment altered mono-
cytes comparably to full-length FH (Figure 3f).

Autologous plasma inhibits FH-mediated changes in
monocyte morphology

To study why the FH-induced morphological changes of
monocytes do not occur in blood, where FH is most abun-
dant, monocytes were incubated with FH and increasing
concentrations of autologous plasma were added. Plasma
inhibited the FH effect in a dose-dependent manner and at
high plasma concentrations, the cells remained round and
weakly attached (Figure 3g). This indicates that other plasma
components inhibit or mask FH in the blood and that the
differentiating phenomenon likely occurs only in tissues.

FH alters the gene expression profile of monocytes at
early differentiation stages

To understand the early mechanisms underlying the effect of
FH, we analyzed global mRNA expression changes using
Affymetrix mRNA array. cDNA of monocytes from six
donors incubated for 48 h with or without FH, was hybridized
with Clariom D arrays. After adjustment for multiple testing,
ten genes were identified with a false discovery rate (FDR)-
corrected p-value <0.05, and 70 genes had a nominal p-value
<0.0001 (Table S1). The most significantly regulated genes
were visualized in a volcano plot (Figure 4a). Genes that
were most upregulated by FH include interleukin 1 receptor
2 (IL1R2), matrix metalloproteinase 7 (MMP7) and N-myc
downstream-regulated gene 2 (NDRG2), whereas macrophage
scavenger receptor-1 (MSR1) and triggering receptor
expressed on myeloid cells 2 (TREM2) were the most down-
regulated genes upon FH stimulation (Figure 4a). Gene
expression changes were validated in independent samples
by real-time PCR, confirming FH-induced down- (MSR1
and TREM2) and upregulation (IL1R2 and MMP7)
(Figure 4b). A heat map illustrates that FH-stimulated cells
express higher levels of M2-related genes (Figure 4c).
Interestingly, we found that FH affects many genes that are
related to macrophage function in cancer (Figure 4d).
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Pathways regulated by FH treatment were identified
using parametric analysis of gene-set enrichment.
Canonical pathways from the KEGG and reactome data-
bases were used as gene sets. Pathways that were most
upregulated included those associated with monocyte dif-
ferentiation and monocyte/macrophage function, such as

cytokine-cytokine receptor interactions, signaling pathway
and ABC transporters. The type of upregulated pathways
(IL-10 signaling; tryptophan, galactose and retinol metabo-
lism as well as downregulation of IFN signaling and IFN-
alpha response) strongly strengthens the hypothesis
that FH-differentiation induces an immunosuppressive

Figure 2. FH differentiates monocytes into macrophages.
Primary human CD14+ monocytes were cultured for 7 days (a–h) or 48 h (i–l) with 150 μg/ml FH, 150 μg/ml α1-AT, 25 ng/ml GM-CSF or 25 ng/ml M-CSF. (a)
Morphology of seven-day cultured macrophages. (b–f) Flow cytometric determination of size and granularity (b) as well as surface expression of macrophage-specific
markers CD163 (c), CD11c (d), CD206 (e), and CD68 (f). Representative histograms of n=4 independent experiments are displayed. (g–l) Phagocytosis was determined
as fluorescent intensity of pHrodo-labeled apoptotic cells (g, j), nucleosomes (h, k) and zymosan (l) in relation to calcein violet intensity (live cells). (i) For visualization,
a representative fluorescent image of monocyte phagocytosis of pHrodo-zymosan is displayed. Data are means ± SD of n=6 individual donors.
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phenotype. Additional identified pathways included the
activation of matrix metalloproteinases and collagen degra-
dation, which are both engaged in ECM modification in
cancer (Figure 4e).

FH alters cytokine profile

The cytokine profile of monocytes upon 48 h stimulation with
FH was compared to that of cells cultured without FH. At this

Figure 3. The morphological changes upon FH stimulation in CD14+ monocytes are induced by CCP19-20 and are inhibited by plasma.
(a, b) Localization of FH was analyzed using confocal microscopy. Primary human CD14+ monocytes were permeabilized after 5 min (a) or 30 min (b) incubation with
150 μg/ml FH. The membrane was visualized with anti-CD44 Ab (green) and FH was detected with antiserum (red). The nuclei were counterstained with DAPI (blue).
The confocal XY image with orthogonal YZ view. (c) FH at early stages of internalization is co-localized with endosomes. Primary human CD14+ monocytes were
permeabilized after 15 min incubation with 150 μg/ml FH. The endosomes were detected with EEA1 Ab (green) and FH was detected with antiserum (red). Nuclei
were counterstained with DAPI. (d) Internalization of FH was confirmed by fractionation of monocyte lysates incubated prior for 30 min with or without 150 μg/ml
biotinylated FH. Endosomes were detected in the same fraction with EEA1 antibody (e–g). Morphology of 48h cultured monocytes. CD14+ and CD16+ monocytes
were purified with specific microbeads and incubated with 150 μg/ml FH (e). CD14+ monocytes were additionally incubated with the same molar concentration of FH
CCP1-7 and CCP19-20 (f). Plasma effects were studied on monocytes stimulated with 150 μg/ml full-length FH and supplemented with 1% and 20% autologous
plasma (g). Mo – monocytes, Mo+FH – monocytes incubated with FH.
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time point, RPMI-incubated monocytes remained viable
(Figure 1b). IL-6 release was significantly increased by FH
and a trend for elevated secretion of tumor necrosis factor-
alpha (TNF-α) and macrophage inflammatory protein 1-alpha
(MIP-1α) was detected (Figure 5a). The release of other cyto-
kines was unaltered. When LPS was added to the cultured

monocytes, it had a negligible effect on FH-treated cells, but
significantly increased cytokine release in the RPMI control
(Figure 5b). The release of pro-inflammatory IL-1β was sig-
nificantly decreased in FH-treated cells upon additional LPS
stimulation (Figure 5c). Remarkably, FH significantly
increased the release of anti-inflammatory IL-10 after 48

Figure 4. Transcriptome analysis of FH-stimulated monocytes.
Affymetrix GeneChip expression profiling assay on primary human CD14+ monocytes of six individual donors incubated for 48 h with RPMI medium or 150 μg/ml FH.
(a) Volcano plot of microarray data highlighting 70 genes with a nominal p-value <0.0001. Genes of interest that display both large magnitude fold-changes (x-axis)
and high statistical significance (-log10 of p-value, y-axis) are marked in red. (b) mRNA expression levels of four most regulated genes in six independent donors
normalized to housekeeping gene. (c–d) Heat maps representing the most regulated genes involved in M2 polarization and cancer-associated macrophage function.
(e) Highly regulated pathways involved in monocyte and macrophage function, differentiation, polarization and involvement in cancer pathology (e). Data of n=6
individual donors.
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h stimulation. The experiment included six donors out of
which two were considered to be non-responders, based on
lack of significant up-regulation upon M2 stimulation (data
not shown). These donors were excluded from the graph
(Figure 5d).

Cytokine changes upon seven-day stimulation were also
investigated. Only M1 macrophages strongly secreted the
proinflammatory cytokines IL-6, IL-12, TNF-α and interferon
gamma-induced protein 10 (IP-10), whereas FH-induced
macrophages produced negligible amounts, similar to M2
macrophages (Figure 5e). Consistent with Affymetrix data,
FH-induced macrophages produced very low levels of IFN-

α. Noticeably, FH treatment increased the release of IL-8,
a potentially tumor-promoting mediator and prognostic can-
cer biomarker (Figure 5e).35

FH-induced macrophages are polarized into an
immunosuppressive phenotype

To investigate further the role of FH in differentiation of
monocytes into immunosuppressive macrophages, we com-
pared the T-cell stimulating ability of seven-day cultured
FH-induced macrophages with M-CSF and GM-CSF macro-
phages and medium-incubated monocytes. T-cell activation

Figure 5. FH induces an anti-inflammatory cytokine release profile.
(a–d) CD14+ monocytes were cultured for 48 h with medium, 150 μg/ml FH or 150 μg/ml α1-AT and further stimulated with 100 ng/ml LPS for the last 15 h (b and c).
(e) Macrophages were differentiated for 7 days with 150 μg/ml FH, 25 ng/ml M-CSF or 25 ng/ml GM-CSF. M1 and M2 macrophages were generated by additional
incubation for 4 h with 100 ng/ml LPS or 20 ng/ml IL-4 and IL-13. (a–e) FH-rendered changes in cytokine release with (b, c) and without (a, d, e) LPS co-stimulation.
Levels were determined with Bio-Plex Pro human cytokine 27-plex assay (a, b, e) or ELISA (c, d). Data are means ± SD of n=4 (a, b), n=5 (d, e), and n=3 (c) individual
donors. Significances (b–e) are calculated in comparison to FH.

ONCOIMMUNOLOGY e1731135-9



was measured by assessing activation-induced clustering and
proliferation after stimulation with bacterial superantigens,
which mimic antigen presentation by nonspecifically cross-
linking MHC class II proteins with the T-cell receptor. FH-
induced macrophages supported a significantly lower level of
T-cell proliferation than immunosuppressive and pro-
inflammatory macrophages, in both tested concentrations of
superantigens (Figure 6a). This was confirmed by significant
differences in the size of T-cell clusters formed during co-
culture (Figure 6b). To understand the mechanism responsi-
ble for the poor ability of FH-induced macrophages to activate
T-cells, we tested the expression of the co-inhibitory molecule
programmed death-ligand 1 (PD-L1). The receptor for PD-L1,
PD-1, is expressed on activated T-cells and downregulates
activation.36 FH-induced macrophages expressed significantly
higher levels of PD-L1 than immunosuppressive and proin-
flammatory macrophages (Figure 6c), as well as medium-
incubated cells (Figure S2F). Additionally, the MHC class II
cell surface receptor HLA-DR expression was markedly
reduced on FH-induced macrophages in comparison to
other macrophages (Figure 6d). The expression of CD80 and
CD86, which are ligands for T-cell co-stimulatory receptors,
was also relatively low on FH-induced and

immunosuppressive macrophages in comparison to proin-
flammatory macrophages (Figure S2A).

Arginase metabolizes L-arginine and depletes it from the
environment, which makes it relevant for the immunosuppres-
sive function of macrophages. Differentiation of macrophages
with FH also resulted in high arginase activity, which was sur-
passed only in fully polarized M2 macrophages (Figure 6e,f).

FH expression in breast cancer cells correlates with
disease severity and M2 macrophage presence

FH expression was investigated in a breast cancer patient
cohort using immunochemistry. Specificity of anti-FH anti-
bodies was verified using paraffin-embedded cell pellets of
wild-type (WT) and FH-transfected HEK 293 cells (Figure
7a, Figure S3A, B). In patient tissues FH was expressed at
varying levels by epithelial cancer cells, which is consistent
with the previously detected expression of FH on mRNA level
i n b r e a s t c ance r t i s sue (www.pro t e i na t l a s . o r g /
ENSG00000000971-CFH/pathology/breast+cancer#cbox) and
various breast cancer cell lines.37 The FH antiserum used in
this study recognizes FH and FH splice variant FH-like pro-
tein (FHL1), due to the shared homology between FHL-1 and

Figure 6. FH-induced macrophages exhibit a suppressive phenotype.
(a–f) Macrophages were differentiated for 7 days with 150 μg/ml FH, 25 ng/ml MCSF or 25 ng/ml GM-CSF. (e, f) M1 and M2 macrophages were generated by
additional incubation for 4 h with 100 ng/ml LPS or 20 ng/ml IL-4 and IL-13. (a) Proliferation and (b) clusters size of autologous CFSE-labeled CD4+ T-cells incubated
for 3 days with macrophages stimulated with 10 or 100 ng of superantigens. (c–d) Flow cytometric determination of PD-L1 (c) and HLA-DR (d) surface expression.
Representative histograms of n=4 independent experiments are displayed. (e) Kinetic and (f) endpoint measurement (45 min) of arginase activity were assessed by
arginase activity assay kit. Data are means ± SD of n=5 (a, b) n=4 individual donors (e, f). Significances (a, b, f) were calculated in comparison to FH.
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the seven N-terminal domains of FH. The antiserum also
recognizes some of the FH-related proteins (FHRs), due to
their homology with the C-terminal region of FH (Figure 7b).
However, FHRs were not found in the breast tumors at the
mRNA level.38 To further confirm the specificity of our stain-
ing for FH, we stained selected breast cancer tissues with

MRC-OX24 antibody, which recognizes FH and FHL1 but
not FHRs (Figure 7c) and L20/3, which recognizes FH and
FHRs but not FHL1 (Figure 7d). Both of these antibodies
yielded positive staining, which together with the data on
mRNA expression strongly indicates that the protein detected
in the tissue was indeed FH and not FHL1 or FHR.

Figure 7. FH produced in breast tumors correlates with recurrence, disease severity and occurrence of M2 macrophages.
(a) Specificity of FH staining was determined in HEK 293 cells, transfected with FH or mock transfected. (b, c, d) Staining of FH in tissue microarrays (TMAs) from breast
cancer patient cohort with antibodies recognizing different regions of the protein. (e, f, g, h) Scoring of FH levels in TMAs from breast cancer patient cohort.
Representative pictures for each score at 40x magnification are presented. (i, j) Cancer-specific survival and recurrence-free survival associate with FH expression.
Scores 1–3 were grouped as FH positive, score 0 was denoted as FH negative. (k) Analysis of correlation between FH expression and infiltration of CD163+

macrophages in 1006 patient samples from the OncoLnc. (l) Confirmation of correlation between survival and FH expression using the TCGA database and SurvExpress
search engine, based on the low or high risk for a poor outcome.
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In currently evaluated patient tissues, the staining intensity
for FH in epithelial cancer cells was scored from 0 to 3
(Figure 7e–h). To create dichotomous variables, scores 1, 2
and 3 were denoted as FH positive and score 0 as FH negative.
FH expression in tumors was modestly correlated with
decreased overall survival (Figure 7i) and significantly with
recurrence-free survival (Figure 7j). Judging each score sepa-
rately, a clear dose–response was detected the higher FH
expression, the poorer survival and more recurrence (Figure
S3C, D). The intensity of FH expression in tumor cells was
significantly associated with age at diagnosis, tumor size,
Nottingham histological grade (NHG), proliferation (deter-
mined by KI-67 expression) and presence of M2 (CD163+)
macrophages. No correlation was observed with nodal status,
triple negative (Table 1), luminal A, luminal B, or basal sub-
type (data not shown). All clinical parameters were previously
assessed for the same tissues.39 Correlation of FH expression
with infiltration of CD163+ macrophages and correlation of
FH expression with decreased survival were confirmed using
OncoLnc database (http://www.oncolnc.org, Figure 7k) and
TCGA database (breast invasive carcinoma project −
July 2016) with SurvExpress (http://bioinformatica.mty.
itesm.mx:8080/Biomatec/SurvivaX.jsp,40 Figure 7l).

Discussion

TAMs are important tumor-promoting cells in the breast tumor
microenvironment and exert their action by, among others,
inhibition of T-cell function, degradation of ECM, and stimula-
tion of angiogenesis. Here, we show that FH is expressed by
breast cancer cells and positively correlates with the presence of
immunosuppressive macrophages. We further demonstrate that
FH directly promotes differentiation of blood-derived mono-
cytes into immunosuppressive macrophages.

While previously studying the effect of FH on nucleosome
and apoptotic cell removal,19 we unexpectedly observed chan-
ged morphology of monocytes in the presence of FH using
serum-free medium. This prompted our current investigation,
in which we explored the effect of FH on monocyte survival
and differentiation. The mRNA expression profile of mono-
cytes at early differentiation stages was altered significantly by
FH and many strongly regulated genes define the role of
macrophages in cancer and/or are associated with the ECM,
which is an integral feature of tumors, contributing to tumor
development. Noticeably, MMP7 was among the most regu-
lated genes and consistently, MMPs and collagen degradation,
which are both engaged in ECM modifications in the tumor

Table 1. Association between FH and clinical parameters.

FH intensity

Factor n 0 1 2 3 p-value

All n (%) 132 20 44 50 18
Age at diagnosis 0.017

Median
(min, max)

59
(35, 81)

63
(34, 91)

70
(40, 97)

70
(51, 88)

Size (tumor diameter, mm) <0.0001
Median
(range)

19
(11,30)

19
(8, 145)

23
(11, 80)

28
(17, 140)

NHG
I (%) 19 6 8 5 0 0.002
II (%) 60 7 25 20 8
III (%) 53 7 11 25 10

Nodal status
0 (%) 68 11 21 29 7 0.172
1-3 (%) 34 6 12 12 4
4 (%) 19 1 5 6 7
Missing 11

ER status
Negative (%) 18 1 4 10 3 0.082
Positive (%) 114 19 40 40 15

PR status
Negative (%) 41 4 12 19 6 0.167
Positive (%) 91 16 32 31 12

HER2
Weak (%) 123 20 41 46 16 0.117
Strong (%) 8 0 2 4 2
Missing 1

KI-67
0 5 1 4 0 0 0.022
1 51 8 18 21 4
2 60 9 13 26 12
Missing 16

Macrophages(CD68+)
0 21 4 8 6 3 0.119
1 50 7 19 19 5
2 25 4 8 10 3
3 7 0 0 5 2
Missing 29

M2 Macrophages
(CD163+)

0 29 4 15 7 3 0.005
1 44 7 19 12 6
2 21 3 4 12 2
3 9 0 0 6 3
Missing 29

Abbreviations: FH, factor H; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; NGH, Nottingham histological grade; PR, progesterone receptor.
Spearman correlation, two-tailed P-value. The bold indicates P-values <0.05.
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microenvironment, were among the most upregulated path-
ways. The fact that the expression of matrix modulating
proteins such as collagen cross-linkers and MMPs is predic-
tive of poor prognosis in breast cancer patients41 suggests that
FH-derived macrophages influence breast cancer severity and
prognosis by modulating the ECM.

Manyother altered genes are associatedwithmacrophage activation
and polarization.42-46 Among these, numerous M2-related genes were
upregulated. Changes in tryptophan and arginine metabolism also
suggest that FH promotes an immunosuppressive phenotype.
Upregulation of tryptophan metabolism impairs T-cell proliferation.
Consequently, the ability of T-cells to kill pathogens and cancer cells is
inhibited.47ArgininedepletionalsoaffectsT-cells inasimilarway,which
iswelldocumented in invivo studies.48 Inman,manyreportsdocument
arginase activity in monocytes and macrophages, while others do not.
One of the reasons for this controversy might be the usage of different
models and detection methods, with measurement of arginase activity
being much more sensitive than direct detection of arginase
expression.49 In our experimental setup, human macrophages stimu-
latedwithM2 stimuli aswell aswithFHshowed relatively high arginase
activity.

At later differentiation stages, FH-induced macrophages
expressed much higher levels of PD-L1 than other tested
macrophages. PD-L1 and its receptor PD-1 that is expressed
on activated T-cells act together as co-inhibitory factors,
which can limit T-cell responses to ensure that the immune
system is only activated when appropriate. Noticeably, immu-
nosuppressive macrophages have emerged as important mod-
ulators of PD-1 activity and PD-1/PD-L1 immune checkpoint
inhibitors have good therapeutic effect in breast cancer
patients.50 Thus, one can hypothesize that FH-expressing
breast tumors may better respond to PD-1/PD-L1 inhibitors.
Although there is not much known about the role of PD-1/
PD-L1 in superantigen presentation, one study showed that
blocking PD-1 promotes T-cell responses in staphylococcal
enterotoxin B-stimulated PBMCs.51 The high expression of
PD-L1 as well as the low expression of HLA-DR might there-
fore explain the T-cell suppressing effects observed in FH-
induced macrophages upon stimulation with superantigens.
Based on the low expression of HLA-DR, CD80 and CD86,
one can hypothesize that FH might have similar inhibitory
effects in the scenario of classical antigen presentation.

FH increased anti-inflammatory IL-10 and decreasedmost pro-
inflammatory cytokines, most notably IFN-γ and GM-CSF, creat-
ing an anti-inflammatory environment, while inhibitingM1 differ-
entiation. Surprisingly IL-8, which is associated with metastatic
dissemination, worse prognosis and attraction of immunosuppres-
sive cells to cancer microenvironment was upregulated.52,53 Our
data are supported by the results of another study showing similar
changes in the cytokine release profile and resistance to LPS by
dendritic cells stimulated with FH.22 This suggests changes in
CD14 receptor signaling, either by direct binding of FH or indirect
modifications, especially since the observed effects of FH are only
pronounced in CD14+ monocytes.

Further, the morphology and surface marker expression of
FH-induced macrophages were similar to immunosuppressive
macrophages. CD206 is expressed by several types of tissue
resident macrophages and TAMs54-57 and it is highly ampli-
fied by GM-CSF and TGF-β.58 CD206 may play a role in the

resolution of inflammation, since the lack of its expression is
concurrent with elevated levels of inflammatory proteins in
serum.59 CD163 is commonly used as marker of an immuno-
suppressive phenotype in the macrophage polarization
continuum.8 CD163 is upregulated by M-CSF and highly
expressed by TAMs. In breast cancer, CD163 has been corre-
lated with early recurrence and reduced patient survival.13,60

FH-induced macrophages co-express CD163 and CD206,
indicating an immunosuppressive and regulatory phenotype
similar to classically defined M2 and TAMs. Additionally, our
data also support previous findings that CD206+/CD163+

macrophages exhibit an increased capability for early apopto-
tic cell clearance.61 We and others have reported previously
that the FH-opsonization of targets facilitates their
removal.19,62,63 However, the role of FH as a stimulant for
phagocytes is controversial. One study showed that pre-
incubation of monocytes with FH inhibits C1q-enhanced
uptake of apoptotic cells, while no effect of FH alone was
detected.64 Another report revealed a significant decrease in
phagocytosis of apoptotic cells when incubated with FH from
lupus nephritis patients with single amino acid substitution
polymorphisms in FH, in comparison to FH from healthy
donors.65 Both studies employed short (2 h) incubations of
the phagocytes with FH. In contrast, in our experiments,
where we detected increased phagocytosis of apoptotic cells,
phagocytes were stimulated much longer (2 and 7 days),
allowing differentiation, which may explain the discrepancy.

In summary, we demonstrate that FH plays a role in the
modulation of the tumor microenvironment in breast cancer.
We propose that FH produced by tumor cells induces differ-
entiation of macrophages into an immunosuppressive subtype
that suppresses the immune system via several mechanisms,
including changes in cytokine release and metabolism, as well
as inhibition of T-cell responses. Immunosuppressive changes
in the microenvironment, mediated by FH, should be taken
into consideration to increase the effectiveness of immu-
notherapies against breast cancer.
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