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in vitro. CD163 expression and IL-10 production served as mark-
ers of M2 differentiation, as previously described.(11,12) Exposure
to TCSs of all RCC cell lines significantly upregulated macro-
phage CD163 expression and IL-10 production after LPS expo-
sure (Fig. 3A,B). Direct cell–cell contact with MAMIYA cells by
mixed coculture induced significantly elevated expression of
CD163 in macrophages (Fig. 3C). Interleukin-10 secretion from
macrophages were also strongly increased by direct cell–cell con-
tact with MAMIYA cells (Fig. 3D). Because IL-10 concentra-
tions in TCSs from RCC cell lines were 12.8 ± 1.0 pg ⁄ mL
(MAMIYA), 18.4 ± 2.2 pg ⁄ mL (Caki-1), 17.4 ± 4.7 pg ⁄ mL
(ACHN), and 15.0 ± 2.8 pg ⁄ mL (786-O), macrophages were

suggested as the main source of IL-10 in the supernatant. These
findings indicated that not only cancer-derived soluble factors
but also cell–cell contact with cancer cells induced macrophage
differentiation into the M2 phenotype.

Direct cell-cell interaction with macrophages induced
significantly increased activation of signal transducers and
activators of transcription-3 (Stat3) in cancer cells. Cell–cell
interactions between macrophages and cancer cells are well
known to cause cancer cell activation.(8,22,26) We therefore inves-
tigated the effect of interactions between macrophages and RCC
cells by means of the in vitro coculture system, which reflects the
in vivo direct contact of TAMs and RCC cells. Stat3 activation
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Fig. 1. Macrophage markers in clear cell renal cell
carcinoma (ccRCC) tissues and cancer cell lines. (A)
Immunohistochemical analysis of CD68+, CD163+,
and CD204+ cells in ccRCC tissues. Scale
bars = 50 lm. (B) The expression of macrophage
markers in RCC cell lines were examined by
immunostaining. The 786-O and MAMIYA cells
were weakly stained by anti-CD68 antibody. Scale
bars = 50 lm. (C) The expression of macrophage
markers in RCC cell lines were examined by
Western blot analysis. No signals of CD68, CD163,
or CD204 were detected any cell line. (D) The
correlation of the number of CD68+, CD163+, and
CD204+ cells was evaluated by Spearman’s rank
correlation coefficient analysis, and positive
correlations were established. (E) Double-
immunostaining analysis of the expression of CD68,
CD163, and CD204. Both CD163 and CD204 stained
positively in CD68+ macrophages.
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or clinical prognosis (data not shown). Flow cytometry analysis
detected mM-CSF on cell surfaces in all RCC cell lines; data for
MAMIYA cells are shown in Figure 5(B). Studies also showed
that siRNA silenced the M-CSFR of macrophages (Fig. 5C).
Coculture was then started. Downregulation of M-CSFR in mac-
rophages significantly suppressed IL-10 production by direct
cell–cell contact with MAMIYA cells (Fig. 5D). The M-CSFR
inhibitor GW2580 (Fig. 5E) and neutralizing antibody against
M-CSF (Fig. 5F) also inhibited IL-10 production. Activation of
Stat3 in cancer cells was inhibited by silencing of M-CSFR in
macrophages (Fig. 5G) and GW2580 (Fig. 5H). These results
indicated that mM-CSF on cancer cells plays an important role
in cell–cell interaction by inducing strong macrophage activa-
tion through binding of mM-CSF with M-CSFR.

Discussion

In this study, we investigated three macrophage-specific anti-
gens, CD68, CD163, and CD204, in ccRCC tissues. All popula-
tions of macrophages express CD68, which many studies use as
a pan-macrophage marker.(12) Certain populations of human

macrophages express CD163 and CD204, which are considered
markers for the M2 phenotype.(4,12) However, some differences
do exist between CD163+ and CD204+ cells. Almost all infil-
trated macrophages in ccRCC express CD204 as well as CD68,
which indicates that CD204 is suitable as a pan-macrophage
marker rather than as a marker for the M2 phenotype in ccRCC.
Although some studies using CD68 as a marker of TAM have
been published,(17–19) our observation that not only macrophages
but also cancer cells expressed CD68 indicates that CD68 is not
a good marker of macrophages in ccRCC. Although CD68 is
known to be expressed in epithelial cells and involved in
macropinocytosis,(26,28) the function of CD68 in cancer cells has
been unclear. In the present study, the number of CD163+ cells
was significantly associated with poor clinical prognosis,
whereas the number of CD204+ macrophages was not signifi-
cantly related to poor clinical prognosis. These findings indicate
that CD163 antigen might be a better marker of the M2 anti-
inflammatory phenotype in ccRCC tissues.

Cancer-derived factors including IL-6, IL-10, transforming
growth factor-b (TGF-b), and M-CSF are believed to induce
macrophages to polarize toward an M2 phenotype,(29) and we
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a b s t r a c t

Fibrin is a major component of the provisional extracellular matrix formed during tissue repair following
injury, and enables cell infiltration and anchoring at the wound site. Macrophages are dynamic regulators
of this process, advancing and resolving inflammation in response to cues in their microenvironment.
Although much is known about how soluble factors such as cytokines and chemokines regulate
macrophage polarization, less is understood about how insoluble and adhesive cues, specifically the
blood coagulation matrix fibrin, influence macrophage behavior. In this study, we observed that fibrin
and its precursor fibrinogen elicit distinct macrophage functions. Culturing macrophages on fibrin gels
fabricated by combining fibrinogen with thrombin stimulated secretion of the anti-inflammatory
cytokine, interleukin-10 (IL-10). In contrast, exposure of macrophages to soluble fibrinogen stimulated
high levels of inflammatory cytokine tumor necrosis factor alpha (TNF-a). Macrophages maintained
their anti-inflammatory behavior when cultured on fibrin gels in the presence of soluble fibrinogen. In
addition, adhesion to fibrin matrices inhibited TNF-a production in response to stimulation with LPS
and IFN-c, cytokines known to promote inflammatory macrophage polarization. Our data demonstrate
that fibrin exerts a protective effect on macrophages, preventing inflammatory activation by stimuli
including fibrinogen, LPS, and IFN-c. Together, our study suggests that the presentation of fibrin(ogen)
may be a key switch in regulating macrophage phenotype behavior, and this feature may provide a
valuable immunomodulatory strategy for tissue healing and regeneration.

Statement of Significance

Fibrin is a fibrous protein resulting from blood clotting and provides a provisional matrix into which cells
migrate and to which they adhere during wound healing. Macrophages play an important role in this
process, and are needed for both advancing and resolving inflammation. We demonstrate that culture
of macrophages on fibrin matrices exerts an anti-inflammatory effect, whereas the soluble precursor
fibrinogen stimulates inflammatory activation. Moreover, culture on fibrin completely abrogates inflam-
matory signaling caused by fibrinogen or known inflammatory stimuli including LPS and IFN-c. Together,
these studies show that the presentation of fibrin(ogen) is important for regulating a switch between
macrophage pro- and anti-inflammatory behavior.

! 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Fibrin is a fibrous protein involved in blood clotting and is a
major component of the provisional extracellular matrix formed
after tissue injury. The fibrin network is generated by polymeriza-

tion of the soluble precursor fibrinogen after its enzymatic cleav-
age by thrombin, which is activated during tissue damage. The
fibrin clot is not only important for homeostasis, but also acts as
a scaffold into which platelets, leukocytes and fibroblasts infiltrate
and adhere to fill the wound site [1,2]. The provisional matrix is
eventually replaced by collagen, fibronectin, and other extracellu-
lar matrix (ECM) components to form new tissue [3,4]. Given its
natural role in wound healing and the ease of purifying natural fib-
rinogen from blood, fibrin has been developed and successfully

http://dx.doi.org/10.1016/j.actbio.2016.09.024
1742-7061/! 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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