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Abstract

Macrophage plasticity, cellular origin, and phenotypic heterogeneity are perpetual challenges for studies
addressing the biology of this pivotal immune cell in development, homeostasis, and tissue remodeling/repair.
Consequently, a myriad of macrophage subtypes has been described in these contexts. To facilitate the
identification of functional macrophage subtypes in vivo, here we used a flow cytometry-based assay that
allows for detailed phenotyping of macrophages engaged in extracellular matrix (ECM) degradation. Of the
five macrophage subtypes identified in the remodeling dermis by using this assay, collagen degradation was
primarily executed by Ly6C−CCR2+ and Ly6C−CCR2 low macrophages via mannose receptor-dependent
collagen endocytosis, while Ly6C+CCR2+ macrophages were the dominant fibrin-endocytosing cells.
Unexpectedly, the CCL2/MCP1-CCR2 signaling axis was critical for both collagen and fibrin degradation,
while collagen degradation was independent of IL-4Ra signaling. Furthermore, the cytokine GM-CSF
selectively enhanced collagen degradation by Ly6C+CCR2+ macrophages. This study reveals distinct
subsets of macrophages engaged in ECM turnover and identifies novel wound healing-associated functions
for CCL2 and GM-CSF inflammatory cytokines.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Postnatal tissue remodeling and tissue regener-
ation require the orchestrated deposition and
removal of extracellular matrix (ECM) proteins
lsevier B.V. This is an open access article
g/licenses/by-nc-nd/4.0/).
within the pericellular environment. Perturbations
in ECM homeostasis, due to inadequate or exces-
sive synthesis or degradation of specific ECM
components, may cause delayed or aberrant tissue
regeneration and, importantly, is linked to the
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2 Macrophage heterogeneity in ECM degradation
genesis or progression of a wide variety of common
degenerative and inflammatory diseases [1–4].
Two key ECM constituents in this regard are the
interstitial collagens, which are deposited by
fibroblasts [5,6], and the provisional ECM protein,
fibrin, which is formed by the local polymerization
and crosslinking of the soluble precursor, fibrino-
gen [7].
Using intravital microscopy, we have previously

developed an assay that allows for the direct
visualization of the degradation of fluorescence-
labeled ECM components introduced to the mouse
dermis [8,9]. Using this assay, we identified a critical
role of macrophages in the turnover of both
interstitial collagen and fibrin. Furthermore, we
found that macrophages execute this catabolic
function in a two-step process that involves the
initial fragmentation of the ECM by pericellular/
extracellular proteases, which is followed by the
endocytosis and complete degradation of the frag-
mented ECM by lysosomal cathepsins. These
studies also identified the mannose receptor (MR)
and the urokinase plasminogen activator receptor-
associated protein (uPARAP) as principal macro-
phage endocytosis receptors.
The use of intravital microscopy allowed for the

identification of specific cell types involved in ECM
turnover when combined with in situ immunostaining
or by using mice with genetically-encoded cell type-
specific fluorescent proteins [8,9]. However, this type
of assay has restrictions in terms of cellular
resolution and throughput, owing to the limited
number of cell type-specific markers that can be
assessed simultaneously and to the time-consuming
nature of quantitative three-dimensional image
analysis.
Here we report the development of a flow

cytometry-based assay that allows for the detailed
phenotyping of macrophage subpopulations en-
gaged in dermal ECM turnover. By using this
assay, we show that at least five distinct subpopu-
lations of macrophages are present in the mouse
dermis during ECM remodeling. Within these, the
dominant macrophage subpopulations engaged in
collagen turnover are Ly6C-negative and C-C
chemokine receptor type 2 (CCR2) high-expressing
cells, and Ly6C-negative CCR2 low-expressing
cells, while Ly6C-positive and CCR2-positive mac-
rophages account for the large majority of fibrin-
degrading cells. Surprisingly, not only fibrin degra-
dation, but also collagen degradation was depen-
dent on the integrity of the chemokine (C-C motif)
ligand 2 (CCL2)/monocyte chemoattractant protein 1
(MCP1)-CCR2 axis. Moreover, macrophage-medi-
ated endocytic collagen degradation was stimulated
by Granulocyte Macrophage-Colony Stimulating
Factor (GM-CSF), and Interleukin (IL)-13, while
IL4-Ra-dependent signaling was dispensable for
this process.
Results

Identification of matrix-degrading macrophage
subtypes by flow cytometry

To set up a flow cytometry-based assay designed
to phenotype dermal macrophages engaged in ECM
degradation, type-1 collagen was first labeled ex
vivo with an Alexa Fluor (AF) 647 fluorophore and
introduced into mouse dermis by subcutaneous
injection as described previously [9]. This procedure
leads to the direct association of the injected
collagen with preexisting collagen fibers [9]. 24 h
after injection of the exogenous fluorescent collagen,
the skin surrounding the injection site was resected
and placed in a collagenase-containing enzyme
mixture to dissociate the dermis and to remove any
cell surface-associated fluorescent collagen. The
cellular composition of the dermis and the compo-
sition of cells associated with the remaining fluores-
cent collagen, now predominantly in an intracellular
form, were then analyzed by flow cytometry. We first
tested that our assay could detect macrophages as a
dominant cell type in collagen endocytosis and
degradation by quantifying the number of macro-
phages (CD45+F4/80+ cells), other leukocytes
(CD45+F4/80− cells) and non-leukocytes (CD45−

cells) associated with the fluorescent collagen (Fig.
1A; Fluorescence minus one controls (FMOs) for the
fluorescent collagen are shown in Fig. S1A). This
analysis demonstrated that macrophages, other
leukocytes, and non-leukocytes constituted 52%,
5%, and 43% of all the detected collagen-endocy-
tosing cells, respectively (Fig. 1B).
We next proceeded to investigate the overall

composition of macrophages present in the dermis
after injection and to determine whether these were
mainly resident macrophages or macrophages
recruited as a result of the injection procedure. To
do this, all macrophages (CD45+F4/80+ cells)
acquired from dermis with or without injection of
exogenous collagen were separated into subpopu-
lations based on no, low or high expression of Ly6C
to distinguish resident dermal macrophages (no or
low Ly6C expression, designated Ly6C−) and freshly
recruited macrophages derived from classical circu-
lating monocytes (high Ly6C expression, designated
Ly6C+) [10–12] (Fig. 1C; FMO control for Ly6C is
shown in Fig. S1B). Whereas the number of Ly6C−

macrophages did not change upon collagen injec-
tion (Fig. 1D), an approximately 8-fold increase in the
number of Ly6C+ macrophages was recorded after
injection (Fig. 1E), suggesting a substantial recruit-
ment of monocyte-derived macrophages to the
injection site. However, even after injection, Ly6C−

resident macrophages remained the most abundant
group of macrophages (48% of all cells vs. 8% for
Ly6C+ macrophages, compare Fig. 1D and E). To



Fig. 1. Identification of matrix-endocytosing cells and dermal macrophage subpopulations. (A) Identification of dermal
cells engaged in endocytosis and intracellular degradation of AF647-conjugated collagen injected into the dermis. (A, top
panel) Separation of dermal cells into macrophages (CD45+F4/80+ cells), other leukocytes (CD45+F4/80− cells) and non-
leukocytes (CD45− cells) by using flow cytometry. (A, bottom panels) Analysis of collagen endocytosis by macrophages,
other leukocytes, and non-leukocytes. (B) Pie chart showing the distribution of cells engaged in collagen degradation. (C)
Separation of all macrophages (CD45+F4/80+ cells), acquired from dermis of mice without (left panel) or with (right panel)
injection of fluorescent collagen, into a Ly6C-expressing (Ly6C+), recruited subpopulation and a Ly6C non-expressing
(Ly6C−), resident subpopulation. (D and E) Quantification of Ly6C− (D) and Ly6C+ (E) macrophage populations shown in
(C), n = 7 (A–E). A two-tailed Student's t-test was used to determine significance (D and E). (F) Separation of Ly6C− (left
panel) and Ly6C+ (right panel) macrophages from dermis of mice with injection of fluorescent collagen on the basis of
CCR2 expression. Ly6C− macrophages separated into three distinct populations: Ly6C−CCR2−, Ly6C−CCR2low, and
Ly6C−CCR2+. Ly6C+ macrophages separated into two distinct populations: Ly6C+CCR2− and Ly6C+CCR2+. (G) Pie
chart showing distribution of dermal macrophages shown in (F), n = 5 (F and G).
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4 Macrophage heterogeneity in ECM degradation
further investigate the identity of the dermal macro-
phages, we utilized a knock-in mouse line in which
the red fluorescent protein (RFP) gene was inserted
into the coding regions of the C-C chemokine
Receptor-2 (Ccr2) gene, a chemokine receptor
expressed by inflammatory macrophages [13].
Analyzing RFP expression in dermal cells from
heterozygous mice of this mouse line (carrying one
functional allele of the Ccr2 gene and one allele with
RFP expressed under the Ccr2 promoter, in place of
the Ccr2 gene), allowed for the distinction of CCR2+,
inflammatory macrophages, and non-inflammatory
macrophages within both the Ly6C−, resident and
the Ly6C+, monocyte-derived macrophages (Fig.
1F). Using this approach, five distinct macrophage
subtypes were identified, demonstrating the high-
resolution potential of this assay, while at the same
time illustrating the complexity associated with
characterizing subpopulations of macrophages in
tissues (Fig. 1F and G, FMO control for RFP is
shown in Fig. S1C). Ly6C−CCR2+ inflammatory
macrophages were the most abundant population
(constituting 55% of all macrophages) followed by
Ly6C−CCR2 low (29%), Ly6C+CCR2+ (7%) and
Ly6C−CCR2− (7%) macrophages. Ly6C+CCR2−

macrophages made up only 2% of the total pool of
macrophages and this fraction size was close to the
assay's detection limit.
We next quantified the contribution of the five

macrophage subtypes identified above to collagen
endocytosis and degradation. To do this, all macro-
phages with a positive association with fluorescent
collagen (Fig. 1A, CD45+F4/80+Collagen+) were
separated on the basis of Ly6C and CCR2 expres-
sion (Fig. 2A). This analysis revealed that Ly6C-
−CCR2 +, Ly6C −CCR2 low, and Ly6C +CCR2 +

macrophages all contributed to collagen endocyto-
sis, making up 53%, 30%, and 14% of collagen-
endocytosing macrophages (CEMS), respectively
(Fig. 2B). The remaining two subtypes of macro-
phages identified in the dermis made up only a
combined 3% of CEMS (Fig. 2B, other macro-
phages) and were not analyzed further. We also
analyzed the amount of endocytosed collagen and
found that Ly6C−CCR2+ macrophages dominated
with approximately two and four times more collagen
endocytosed, when compared to Ly6C−CCR2 low

and Ly6C+CCR2+ macrophages, respectively (Fig.
2C).
To further characterize the CEMS with respect to

surface marker expression, we investigated the
expression of CD11b and determined the relative
level of F4/80 expression by Ly6C−CCR2+, Ly6C-
−CCR2 low, and Ly6C+CCR2+ macrophages. This
analysis revealed that the two Ly6C− macrophage
populations expressed the most CD11b, but gener-
ally that all of the tested macrophages expressed
high levels of this myeloid marker (Fig. S1D). For F4/
80, this analysis revealed that the Ly6C−CCR2 low
macrophages expressed twice the level of this
surface marker, when compared to the two other
macrophage populations and, resultantly, could be
classified as F4/80High (Fig. S1E).
Due to the surprisingly large contribution of CCR2-

positive inflammatory macrophages to collagen
degradation (a combined 67% of all CEMS
expressed CCR2, Fig. 2B), a process otherwise
reported to be dominated by macrophages with a
non-inflammatory, wound-healing phenotype [14],
we investigated the role of the CCL2/MCP1-CCR2
signaling axis in the macrophage-mediated endocy-
tosis of collagen. To do this, we compared the
macrophage presence after injection of fluorescent
collagen into the dermis of CCR2.RFP heterozygous
(Ccr2 +/−) and CCR2.RFP homozygous (Ccr2 −/−)
mice. This investigation revealed a modest reduction
(29%) in the total number of macrophages, due to
the loss of CCR2 (Fig. 2D), but a much larger
reduction (50%) in the number of CEMS (Fig. 2E).
This reduction was the result of a loss of CEMS
belonging to both the resident Ly6C− (Fig. 2F) and
the recruited Ly6C+ (Fig. 2G) populations. Conse-
quently, macrophage-associated collagen endocy-
tosis is highly dependent on CCR2-mediated
signaling, both with respect to the recruitment of
inflammatory Ly6C+ macrophages, and with respect
to Ly6C− inflammatory macrophages already in
place in the dermis before tissue insult.
An overview of the properties ascribed to each

subpopulation of CEMS thus far, including surface
marker expression and status as recruited or resident
macrophage type, is summarized in Table 1.

Dextran uptake distinguishes inflammatory and
wound healing resident macrophages engaged
in collagen degradation in dermis

To further explore the identities and phenotypes of
collagen-degrading inflammatory (Ly6C+CCR2+

and Ly6C−CCR2+) and non-inflammatory macro-
phages (Ly6C−CCR2 low), we combined collagen
injection with the injection of 10 kDa fluorescent
dextran, a compound preferentially taken up by
macrophages with a wound-healing, M2-like pheno-
type [9,15,16]. When analyzing the dextran uptake
by Ly6C− CEMS, we were able to separate these
into populations with a low and high uptake of
dextran (Fig. 3A, top left panel). In contrast, the
Ly6C+ CEMS all had a low dextran uptake (Fig. 3A,
top right panel), consistent with nearly all of these
being inflammatory CCR2+ macrophages (Fig. 2A,
right panel). We then separated the Ly6C− CEMS
with a low and high dextran uptake on the basis of
CCR2 expression (Fig. 3A, lower panels), and found
that nearly all Ly6C−Dex low CEMS belonged to the
CCR2+ population (Fig. 3B) and the large majority of
Ly6C−Dexhigh CEMS belonged to the CCR2 low

population (Fig. 3C). In a control experiment, we



Fig. 2. Deletion of CCR2 attenuates macrophage-mediated collagen degradation in mouse dermis. (A–C) Inflammatory
macrophages dominate collagen degradation. (A) Separation of macrophages positive for endocytosis of fluorescent
collagen (CD45+F4/80+Collagen+ cells) into subpopulations on the basis of Ly6C expression (left panel). Separation of
Ly6C− and Ly6C+ populations on the basis of CCR2 expression (center and right panels, respectively). This analysis
revealed three principal subpopulations of CEMS: Ly6C−CCR2+, Ly6C−CCR2low, and Ly6C+CCR2+ cells. (B) Pie chart
showing the distribution of CEMS shown in (A). (C) Quantification of collagen uptake level in subpopulations of CEMS
shown in (A), n = 5 (A–C). (D–G) CCR2 is critical for macrophage-associated collagen degradation. Quantification of all
macrophages (D), all CEMS (E), Ly6C− CEMS (F), and Ly6C+ CEMS (G) in dermis of CCR2-deficient mice (Ccr2 −/−) and
CCR2-expressing littermates (Ccr2 +/−) with injection of fluorescent collagen, n = 6–8 (D and E), n = 3 (F and G). A two-
tailed Student's t-test was used to determine significance.

5Macrophage heterogeneity in ECM degradation
also performed separation of the macrophage
subpopulations in the reverse order, i.e., we first
separated CEMS into Ly6C−CCR2+, Ly6C−CCR2-
low, and Ly6C+CCR2+ subpopulations and then
quantified the dextran uptake by each of these (Fig.
3D). This experiment confirmed the very high
dextran uptake by Ly6C−CCR2 low CEMS, consis-
tent with a wound healing, M2-like phenotype, and
low dextran uptake by both Ly6C−CCR2+ and
Ly6C+CCR2+ CEMS, consistent with an inflamma-
tory, M1-like phenotype. We also examined the role
of the CCL2/MCP1-CCR2 signaling axis in collagen
endocytosis by subpopulations of macrophages
separated on the basis of dextran uptake capability



Table 1. Properties of matrix-endocytosing macrophage subtypes. Overview of surface marker expression, status as
recruited or resident macrophage type, ECM uptake potential, dextran uptake potential, and endocytic collagen receptor
employed for collagen uptake for each of the three principal matrix-degrading macrophage subpopulations described in
this study.

Macrophage
subtype

Surface marker
expression

ECM uptake potential Recruited or resident Dextran
uptake

Collagen endocytosis
mechanism

Inflammatory,
M1

F4/80+CD11b+

Ly6C+CCR2+MRlow
Collagen: intermediate

Fibrin: high
CCR2-dependent recruitment to

injured dermis
Low uPARAP-dependent

Inflammatory,
M1

F4/80+CD11b+

Ly6C−CCR2+MRint
Collagen: high

Fibrin: intermediate
CCR2-dependent recruitment to

normal dermis
Low MR-dependent

W o u n d -
healing, M2

F4/80+CD11b+

Ly6C−CCR2lowMRHigh
Collagen: high
Fibrin: low

Resident dermal macrophage High MR-dependent

6 Macrophage heterogeneity in ECM degradation
(Fig. 3E and F). In accordance with the high
expression of CCR2 by the dex low macrophages,
this analysis revealed that the number of Dex low

CEMS (including both Ly6C+Dex low and Ly6C−Dex
low macrophages, see Fig. 3A) was reduced by
Fig. 3. A high capacity for dextran uptake distinguish
macrophages from collagen-degrading Ly6C−CCR2+ inflamm
panel) and Ly6C+ (right panel) CEMS (CD45+F4/80+Collage
conjugated fluorescent dextran injected into the dermis togethe
Separation of Ly6C−Dexlow (left panel) and Ly6C−Dexhigh (righ
Quantification of Ly6C−CCR2+ and Ly6C−CCR2 low CEMS
populations. (D) Quantification of dextran uptake level in Ly
n = 5 (B–D). (E and F) Quantification of Dexlow (E) and Dexhigh

CCR2-expressing littermates (Ccr2 +/−) with injection of fluore
n = 6–8. Two-tailed Student's t-test (B, C, E and F) or one-wa
nearly 75% in the Ccr2 −/− mice (Fig. 3E).
In contrast, the Dexhigh CEMS were unaffected by
the loss of CCR2 (Fig. 3F), which was in accordance
with the low expression of CCR2 by these cells.
Altogether, these experiments demonstrate that
es collagen-degrading Ly6C−CCR2 low wound-healing
atory macrophages. (A, top) Separation of Ly6C− (left
n+) on the basis of their capacity for uptake of AF488-
r with fluorescent collagen (AF647-conjugated). (A, bottom)
t panel) CEMS on the basis of CCR2 expression. (B and C)
within the Ly6C−Dexlow (B) and Ly6C−Dexhigh (C)

6C+CCR2+, Ly6C−CCR2+, and Ly6C−CCR2low CEMS,
(F) CEMS in dermis of CCR2-deficient mice (Ccr2 −/−) and
scent collagen (AF647) and fluorescent dextran (AF488),
y ANOVA (D) was used to test for significance.
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the combination of dextran uptake potential and
Ly6C expression are sufficient parameters to distin-
guish between Ly6C−CCR2+Dex low, Ly6C−CCR2-
lowDex high, and Ly6C +CCR2 +Dex low CEMS
(Dextran uptake potential for each subpopulation is
also listed in Table 1).

Ly6C− resident dermal macrophages and Ly6C+

recruited macrophages utilize distinct pathways
for collagen internalization dependent on either
the mannose receptor or uPARAP

The endocytic receptor known as the mannose
receptor (MR, CD206) binds and internalizes colla-
gens, and it enables intracellular collagen degradation
by macrophages in various in vitro and in vivo assays
[9,17–19]. However, these previously employed
assays did not allow for evaluation of the contribution
of MR to collagen endocytosis by individual macro-
phage subtypes in vivo. We therefore utilized our flow
cytometry-based assay to evaluate the importance of
MR in collagen-endocytosis by distinct macrophage
subpopulations. We initially analyzed each identified
subpopulation of CEMS for the expression of MR (Fig.
4A and B). This analysis revealed a large difference in
the level of MR expression, with a very high
expression recorded in the Ly6C−CCR2 lowDexhigh

population, an intermediate expression in the Ly6C-
−CCR2+Dex low population, and a low expression in
the Ly6C+CCR2+Dex low population. A separate
control experiment in which the fluorescent signal
recorded from all F4/80+ dermal macrophages
isolated from wild type (Mrc1 +/+) or MR-deficient
(Mrc1 −/−) mice stained with the anti-MR antibody
confirmed that theMRstainwas specific (Fig. 4C).We
then investigated collagen-endocytosis in the dermal
macrophages isolated from MR-deficient mice and
littermate wild type controls. CEMS were again
separated into Ly6C− and Ly6C+ populations, but
when attempting to separate Ly6C− CEMS based on
fluorescent dextran uptake as described in Fig. 3, it
became apparent that a profound contribution of MR to
the uptake of this bacterial polysaccharide entity (Fig.
S2), a function of MR also reported to enable dextran
uptake by dendritic cells [20], prohibited the further
separation of Ly6C− CEMS into Ly6C−CCR2+Dex low

and Ly6C−CCR2 lowDexhigh in these mice. As a result,
we investigated the role of MR in collagen endocytosis
in resident (both Ly6C−CCR2+ and Ly6C−CCR2 low)
and recruited (Ly6C+CCR2+) macrophages separat-
ed on the basis of Ly6C expression only (Fig. 4D). In
this experiment, a large reduction in collagen endo-
cytosis was noted for the MR-deficient Ly6C−

macrophages (Fig. 4E, left panel). In contrast,
collagen endocytosis by Ly6C+ macrophages was
not affected by the loss of MR (Fig. 4F, left panel). To
explore other possible mechanisms involved in
collagen endocytosis by Ly6C+ macrophages, we
then focused on uPARAP (Endo180, CD280), anMR-
related endocytic receptor known to facilitate
collagen uptake mainly by cells of mesenchymal
origin, but also with additional minor contributions in
macrophages [9,21–23]. When examining macro-
phages from uPARAP-deficient mice (Mrc2 −/−) and
littermate controls (Mrc2 +/+), a small, non-significant
difference in collagen endocytosis was recorded for
the Ly6C− macrophage population (Fig. 4E, right
panel), suggesting that these macrophages depend
mainly onMR in this process. However, a reduction in
collagen endocytosis by the Ly6C+macrophageswas
indeed observed in the uPARAP-deficient mice
(Fig. 4F, right panel). The endocytic collagen receptor
utilized for collagen uptake by each macrophage
subpopulation is also listed in Table 1.
To further pursue the differential dependence on

MR or uPARAP for collagen endocytosis by sub-
types of macrophages, we performed in vitro
differentiation of mouse bone marrow cells into
macrophages using different combinations of stim-
ulatory cytokines (M-CSF, GM-CSF, IL-4 and IL-13).
We first analyzed the expression of MR and
uPARAP by the bone marrow-derived macrophages
usingWestern blotting (Fig. 4G). MR expression was
generally high in M-CSF macrophages and was
further increased by both IL-4 and IL-13. M-CSF
macrophages also expressed uPARAP, but this
was, in contrast to MR, reduced by the addition of
IL-4. GM-CSF-stimulated bone marrow cells
expressed very low levels of the two receptors
under the tested conditions. The specificity of the
signal obtained when using primary anti-MR and
anti-uPARAP antibodies in the Western blot analysis
was verified by including M-CSF- and IL-13-stimu-
lated macrophages from MR-deficient and uPARAP-
deficient mice (Fig. 4H). We also performed a
functional test of the contribution of MR and uPARAP
to collagen endocytosis by bone marrow-derived
macrophages differentiated using M-CSF. In all
macrophages tested, the endocytosis of fluorescent
collagen added in solution was almost completely
abrogated in macrophages from MR-deficient mice
(Fig. 4I), in line with the high MR expression by these
cells. Loss of uPARAP, however, only produced a
marginal reduction in collagen endocytosis by the
macrophages with the highest uPARAP expression
(M-CSF alone or M-CSF + IL-13, Fig. 4J). Altogeth-
er, the in vitro experiment demonstrated that
macrophages can be stimulated to express both
MR and uPARAP, but that collagen endocytosis
mainly depends on MR in highly differentiated bone
marrow-derived macrophages.

GM-CSF and IL-13 promote collagen degrada-
tion by Ly6C+CCR2+ macrophages

Spurred by the dominant role of inflammatory
macrophages in the endocytosis and degradation of
collagen, we wanted to investigate how a variety of
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macrophage-stimulatory cytokines effected the ac-
tivity of different macrophages in vivo. Therefore, the
pleiotropic GM-CSF [24–26] or each of the wound
healing-associated cytokines M-CSF, IL-4 and IL-13
[27–32] was included in the fluorescent collagen
before subcutaneous injection. 24 h after injection,
each subtype of CEMS (Fig. 5A) were quantified and
compared to controls in which no cytokine had been
included. Ly6C+CCR2+ recruited macrophages
responded vigorously to both GM-CSF and IL-13,
with a, respectively, 3.6-fold and 2.9-fold increase in
the number of CEMS of this subtype (Fig. 5B, left
panel). In contrast, the cytokines had little or no
effect on the Ly6C− macrophage subtypes, with only
IL-4 inducing a statistically significant response (1.5-
fold increase in the number of Ly6C−CCR2+Dex low)
(Fig. 5B, center and right panel). We also quantified
the amount of collagen endocytosed and the
expression of MR by the macrophage subtypes
after cytokine injection. However, only marginal
effects on these parameters were observed, with
the most pronounced positive effect being a 1.7-fold
increase in collagen uptake and MR expression by
Ly6C+CCR2+ macrophages induced by IL-4 (Fig.
S3A and B). To deduce the mechanism behind the
effects of GM-CSF and IL-13, we quantified the total
number of Ly6C+ and Ly6C− macrophages in the
dermis after cytokine stimulation. This analysis
revealed that both cytokines specifically increased
the total number of Ly6C+CCR2+ macrophages (2.2
and 1.7-fold increase, respectively) (Fig. 5C, right
panel), although the increase caused by IL-13 just
failed to reach statistical significance, suggesting a
stimulatory effect of the cytokines on recruitment or
proliferation of these cells. To test these possibilities
further, we examined the effect of GM-CSF on the
proliferation of cultured bone marrow cells. In this
experiment, GM-CSF caused a large increase in
Fig. 4. Ly6C− and Ly6C+ macrophages employ distinct rece
dermal CEMS. (A) Histogram showing an example of M
Ly6C−CCR2+ macrophages analyzed by flow cytometry. (B)
populations shown in A, n = 5. One-way ANOVA was used to
specificity of anti-MR antibody used in flow analysis for MR exp
from macrophages isolated from Mrc1 −/− mice stained with
acquired from unstainedMrc1 +/+ macrophages. (D-F) Separat
after s.c. injection of fluorescent collagen into the dermis an
collagen endocytosis by each population. (E–F) Quantification
MR-deficient (Mrc1 −/−, left panels), uPARAP-deficient (Mrc2 −
controls (Mrc1 +/+ andMrc2 +/+, respectively), n = 7 (E–F, left
t-test was used to test for significance. (G–J) Expression of
endocytosis by macrophages differentiated from bone marrow
deficient (Mrc2 −/−) mice and corresponding wild type littermat
panel) and uPARAP (center panel) by wild type bone-marrow
CSF alone or in combinations with IL-4 and/or IL-13. The expe
Verification of anti-MR (top panel) and anti-uPARAP (center pa
receptor expression by M-CSF/IL-13 stimulated bone marrow-d
included as loading controls (G and H, bottom panel). (I an
marrow-derived macrophages differentiated using M-CSF alon
total cell number after 4 days of culture when
compared to M-CSF stimulated or unstimulated
cells (Fig. 5D). Finally, we also examined the
expression of receptors for GM-CSF (GM-CSFR,
CD116) and IL-4/IL-13 (IL4Ra, CD124) by the
macrophage subtypes in vivo using flow cytometry.
This analysis revealed that GM-CSFR and IL4Ra
were expressed by not only Ly6C+CCR2+ macro-
phages, but also by the majority of macrophages
from the Ly6C− subtypes (Fig. S4). Taken together,
these observations suggest that GM-CSF and IL-13
induce proliferation of Ly6C+CCR2+ macrophages
through a direct binding to their receptors on the
surface of these cells. However, they offer no
explanation as to why these cytokines do not induce
pro l i f e ra t ion o f the Ly6C − macrophage
subpopulations.
In the light of the IL-4 stimulation of MR expression

and collagen degradation observed in our experi-
ment with cultured bone marrow macrophages (Fig.
4) and the linkage of IL-4 to a wound-healing
macrophage phenotype [32–36], the small effects
of this cytokine observed in our in vivo collagen
degradation model were surprising. This could
perhaps be explained by the short time of exposure
of cells to the cytokine (24 h) or by the fact that IL-4
already exerted its functions to differentiate resident
macrophages, which prohibited further stimulation
by exogenous IL-4. To test the latter possibility, we
examined the overall role of IL-4 signaling in
collagen degradation by injecting fluorescent colla-
gen into the dermis of IL4Ra-deficient mice, in which
IL-4- and canonical IL-13-mediated signaling is
abolished [37]. However, when comparing IL4Ra-
deficient mice to littermate wild type controls, no
difference in the number of CEMS of each subtype
(Fig. 6A–C, left panels) or the amount of collagen
internalized by these cells (Fig. 6A–C, center panels)
ptors for collagen endocytosis. (A–C) Expression of MR by
R expression by Ly6C+CCR2+, Ly6C−CCR2 low, and
Quantification of the MR expression level by macrophage
test for significance. (C) Control experiment demonstrating
ression shown in A and B. Note that the fluorescent signal
the anti-MR antibody is identical to the fluorescent signal
ion of dermal CEMS into Ly6C− and Ly6C+ subpopulations
d evaluation of the contribution of collagen receptors to
of collagen uptake in Ly6C− (E) and Ly6C+ (F) CEMS from
/−, right panels) and the corresponding littermate wild type
panels), n = 3–5 (E–F, right panels). A two-tailed Student's
endocytic collagen receptors and evaluation of collagen
cells acquired from MR-deficient (Mrc1 −/−) and uPARAP-
es. (G) Western blot analysis for the expression of MR (top
derived macrophages differentiated using M-CSF or GM-
riment was performed three times with similar results. (H)
nel) primary antibody specificity in Western blot analysis for
erived macrophages. Coomassie brilliant blue stains were
d J) Endocytosis of AF647-conjugated collagen by bone
e or together with IL-4 or IL-13, n = 2–3.



Fig. 5. Effect of inflammatory and wound healing-associated cytokines on macrophage-mediated endocytic collagen
degradation in dermis. (A and B) Effect of M-CSF, IL-4, IL-13 and GM-CSF on collagen endocytosis by Ly6C+CCR2+

(blue), Ly6C− CCR2+ Dexlow (red), and Ly6C−CCR2lowDexHigh (green) macrophage subpopulations after s.c. injection of
fluorescent collagen mixed with each cytokine. The effect of each cytokine is presented as a relative comparison of the
number of CEMS to the number obtained using control mice in which cytokine injection was omitted (B). (C) Quantification
of the total number of Ly6C− (left panel) and Ly6C+ (right panel) macrophages following GM-CSF and IL-13 injection into
mouse dermis relative to control mice with no cytokine injected, n = 6–8 (B and C). (D) Proliferation of bone marrow-
derived macrophages differentiated using M-CSF or GM-CSF. Total cell counts were determined after 4 days of culture in
the presence of M-CSF or GM-CSF, or in the absence of cytokine. 5 × 106 bone marrow cells were seeded for each
condition, n = 3–5. A one-way ANOVA was used to test for significance (B–D).
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was observed, and only Ly6C−CCR2 lowDexHigh

macrophages displayed a marginal reduction in
MR expression (Fig. 6A–C, right panels).
Consequently, IL-4 signaling is dispensable for the
recruitment and phenotypes of Ly6C+macrophages
as well as resident Ly6C− macrophages with
respect to endocytic collagen degradation activity
in vivo.



Fig. 6. Effect of IL4Ra-signaling on macrophage-mediated endocytic collagen degradation in dermis. (A–C) Evaluation
of collagen endocytosis and MR expression by macrophages after injection of fluorescent collagen into dermis of IL4Ra-
deficient mice (Il4ra −/−) and wild type littermate controls (Il4ra +/+). The number of collagen-endocytosing cells (left
panels), the amount of collagen endocytosed (center panels) and the expression of MR (right panels) were determined for
Ly6C+CCR2+ (A, blue), Ly6C−CCR2+Dexlow CCR2+ (B, red), and Ly6C−CCR2lowDexHigh (C, green) macrophage
subpopulations, n = 6. A two-tailed Student's t-test was used to test for significance.
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CCL2/MCP-1-elicited Ly6C+CCR2+ inflammatory
macrophages dominate fibrin endocytosis and
degradation in vivo

Using intravital microscopy, we recently identified
a novel endocytic pathway for the degradation of
extravascular fibrin in lysosomes, undertaken by a
population of CCR2+ inflammatory macrophages in
a plasminogen-dependent process [8]. To take
advantage of the flow cytometry-based assay's
improved resolution and quantitative potential, as
demonstrated in the collagen endocytosis assay
above, we also investigated the role of macrophage
subtypes involved in fibrin endocytosis and degra-
dation using this approach. Fibrin gels formed ex
vivowith 1% AF647-labeled fibrin incorporated, were
placed in the subcutaneous extravascular space and
24 h later, the dermis covering the implanted fibrin
gels was resected and subjected to enzymatic
dissociation to generate a single cell suspension.
The association of macrophages (CD45+F4/80+

cells) with the fluorescent fibrin was then analyzed
by flow cytometry (Fig. 7A). We first analyzed fibrin
uptake in macrophages from the dermis of plasmin-
ogen-deficient (Plg −/−) mice and wild type litter-
mates (Plg +/+) and found that the loss of
plasminogen completely abrogated the uptake of
fibrin by macrophages (Fig. 7B), effectively recapit-
ulating the results from the intravital microscopy
study [8]. We then utilized CCR2.RFP heterozygous



Fig. 7. Recruitment of fibrin-degrading inflammatory macrophages depends on CCR2-signaling. (A) Analysis of fibrin-
endocytosing macrophages (CD45+F4/80+Fibrin+ cells) detected by using flow cytometry following implantation of fibrin
gels containing fluorescent AF647-conjugated fibrin into the subcutaneous space. (B) Macrophage-mediated fibrin
endocytosis depends on plasminogen. The endocytosis of fibrin by macrophages was evaluated following implantation of
fluorescent fibrin gels in plasminogen-deficient mice (Plg −/−) and wild type littermates (Plg +/+), n = 6–7. (C–D)
Ly6C+CCR2+ inflammatory macrophages are the principal fibrin-endocytosing cells. (C) Separation of FEMS (Fibrin+) on
the basis of Ly6C expression (left panel) followed by the separation of Ly6C− (center panel) and Ly6C+ (right panel)
macrophages on the basis of CCR2 expression. Four separate subpopulations of FEMS were identified: Ly6C−CCR2low

(green), Ly6C−CCR2+ (red), Ly6C+CCR2− (purple) and Ly6C+CCR2+ (blue). (D) Pie chart showing the distribution of
FEMS shown in (C), n = 5. (E–F) CCR2 is critical for macrophage-associated fibrin endocytosis. Quantification of all
FEMS (E), Ly6C+ FEMS (F), and Ly6C− FEMS (G) in dermis of CCR2-deficient mice (Ccr2 −/−) and CCR2-expressing
littermates (Ccr2 +/−) with implantation of fluorescent fibrin, n = 4–6. A two-tailed Student's t-test was used to test for
significance (B and E–G).
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knock-in mice in order to separate fibrin-endocytos-
ing macrophages (FEMS) based on CCR2 expres-
sion as well as Ly6C expression, to distinguish
recruited and dermal macrophages (Fig. 7C). Using
these markers, four separate subtypes of FEMS
were identified (Fig. 7C). By far the majority
belonged to the Ly6C+CCR2+ inflammatory sub-
type, followed by the Ly6C−CCR2+ subtype (69%
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and 22% of fibrin-positive macrophages, respectively,
Fig. 7D). Because of the dominance of CCR2+
inflammatory macrophages in this process (a com-
bined 91% of FEMS), we also assessed the role of
CCR2-signaling in the recruitment of macrophages to
the fibrin implantation site using Ccr2 +/− and Ccr2 −/−
mice. In this experiment, we recorded a very large
reduction in the number of FEMS in the CCR2-
deficient mice (Fig. 7E), caused by a complete loss of
Ly6C+ macrophages (Fig. 7F), with little or no
contribution from Ly6C− macrophages (Fig. 7G). In
conclusion, Ly6C+CCR2+ inflammatory macro-
phages, recruited to the site of tissue injury in a
CCR2-dependent process, constituted themain fibrin-
endocytosing and -degrading cell type. Fibrin-endo-
cytosis potential for each macrophage subpopulation
is also listed in Table 1.
Discussion

Macrophage-mediated ECM turnover is an integral
part of tissue remodeling and tissue repair [38].
Using a novel flow cytometry-based assay, we here
were able to provide high-resolution phenotyping of
macrophage subtypes involved in endocytic matrix
turnover in the dermis (Table 1 and Fig. 8). The
assay allowed us to define specific properties and
functional mechanisms for each subset of macro-
Fig. 8. Macrophage-mediated turnover of collagen and fi
mediated by the three collagen- and fibrin-degrading macropha
subtype, the illustration summarizes: 1) Classification as inflam
Status as resident or recruited macrophage. 3) Expression of co
and Ly6C. 5) Proposed mechanism of ECM turnover stimulati
phages, including surface marker expression, mech-
anism of ECM endocytosis, status as recruited or
resident macrophages, and cytokine signaling path-
ways regulating ECM-endocytic activity. Data ob-
tained here were generally consistent with data
obtained from previous microscopy-based studies,
i.e., we were able to solidify that macrophages are
the most abundant collagen- and fibrin-endocytosing
cells, that M2-like macrophages with a potent
dextran-uptake potential contribute to the endocyto-
sis of collagen in a MR-dependent process, and that
CCR2-positive macrophages are the principal fibrin-
endocytosing cells. However, several unexpected
findings also emerged. Perhaps most surprising was
the significant contribution of “inflammatory” macro-
phages (as defined by high CCR2 expression) not
only to endocytic fibrin degradation, but also to
endocytic collagen degradation, and the high de-
pendence of collagen degradation on the integrity of
the CCL2/MCP1-CCR2 signaling axis, which is
typically associated with skewing macrophages
towards an inflammatory rather than a wound
healing phenotype. Thus, 67% of CEMS were
CCR2-positive, and 79% of these could be classified
as “resident inflammatory” macrophages (based on
the absence of Ly6C expression), with the remaining
21% being classical Ly6C-positive and CCR2-
positive “recruited inflammatory macrophages”. The
shared expression of surface markers clearly
brin in dermis. ECM turnover in the remodeling dermis
ge subtypes identified in this study. For each macrophage
matory, M1-like or wound healing, M2-like macrophage. 2)
llagen receptors MR and uPARAP. 4) Expression of CCR2
on induced by the cytokines GM-CSF and IL-13.



Table 2. Primers used for genotyping mouse strains.

Mouse strain Primer names Primer sequences Annealing

C57BL6/Mrc1tm1Mnz/J MRmut_F 5′-CAAGATCCGCCACAACATCG-3′ 55 °C
MRcommon_R 5′-AGCCCTGATCTGTTCCTACG-3′

MRwt_F 5′-ATGAGGCTTCTCCTGCTTCT-3′ 55 °C
MRcommon_R 5′-AGCCCTGATCTGTTCCTACG-3′

C57BL6/Mrc2tm1Bug uPARAPmut_F 5′-TCCTACAAATACACGCTGGCGATA-3′ 60 °C
uPARAPmut_R 5′-GCAGTTCCCTTTTAAATGCAAATCA-3′
uPARAPwt_F 5′-TCTACACCATCCAGGGAAACTCAC-3′
uPARAPwt_R 5′-TTAAACTGGTAACAGCTGTCAGTC-3′

BALB/c-Il4ratm1Sz/J IL4Ramut_F 5′-CCAGACTGCCTTGGGAAAAG-3′ 65 °C
IL4Rawt_F 5′-TGTGGGCTCAGAGTGACCAT-3′

IL4Racommon_R 5′-CAGGGAACAGCCCAGAAAAG-3′
C57BL6/Plgtm1Jld/J Plgcommon_F 5′-TGTGGGCTCTAAAGATGGAACTCC-3′ 65 °C

Plgmut_R 5′-GTGCGAGGCCAGAGGCCACTTGTGTAGCG-3′
Plgwt_R 5′-GACAAGGGGACTCGCTGGATGGCTA-3′

B6.129(Cg)-Ccr2tm2.1Ifc/J CCR2mut_R 5′-CTTGATGACGTCCTCGGAG-3′ 65 °C
CCR2wt_R 5′-GGAGTAGAGTGGAGGCAGGA-3′

CCR2common_F 5′-TAAACCTGGTCACCACATGC-3′
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suggests that Ly6C-positive, CCR2-positive CEMS
derive from classical, circulating inflammatory mac-
rophages [10]. The origin of the Ly6C-negative,
CCR2-positive macrophages is less obvious. Based
on our experiments demonstrating that genetic
ablation of CCR2 substantially reduced the number
of both Ly6C-negative and Ly6C-positive inflamma-
tory macrophages endocytosing collagen, we spec-
u late that these “ res ident in f lammatory ”
macrophages are derived from Ly6C-positive and
CCR2-positive monocytes that lose Ly6C expres-
sion subsequent to dermal residency. Indeed, local
reprogramming-induced Ly6C loss has been previ-
ously reported for macrophages recruited to fibrotic
lesions of the liver and was found to be associated
with increased expression of ECM-degrading prote-
ases [39]. The majority of the remaining CEMS were
Ly6C-negative, expressed low levels of CCR2 and
high levels of F4/80 and MR, and potently endocy-
tosed dextran, all consistent with these cells being
resident M2-like macrophages derived from a bone-
marrow-independent myeloid cell population [35,40].
We previously found that MR is the dominant

collagen endocytosis receptor utilized by macro-
phages, but we also reported a small contribution of
uPARAP to macrophage-mediated collagen uptake
[9]. The current study was able to resolve the
utilization of the two receptors in terms of macro-
phage subtype, revealing a strong dependence of
Ly6C-negative macrophages on MR for collagen
uptake, and a relative independence of Ly6C-
positive macrophages on MR for collagen uptake,
with some contribution of uPARAP. It remains to be
established whether MR-dependent, uPARAP-de-
pendent, and MR- and uPARAP-independent colla-
gen uptake is associated with differential
macrophage functions or is involved in shaping
macrophage phenotypes. In this regard, it should be
noted that both receptors bind and endocytose other
ligands besides collagen, including foreign and self-
antigens for antigen presentation and collectins, and
that collagen engagement may modulate these
functions [41–49].
The CCR2/MCP1-CCL2 signaling axis is essential

for appropriate tissue repair in models of skin wound
healing and lung regeneration by promoting angio-
genesis and proliferation of epithelial cells [50,51].
The current study suggests that this chemokine axis
also promotes tissue repair through ECM remodel-
ing. Likewise, the cytokine, GM-CSF, potently
stimulated collagen endocytosis by specifically
increasing the number of Ly6C-positive and CCR2-
positive collagen-uptaking cells. This increase likely
could be attributed to the local induction of prolifer-
ation of these dermal macrophages, as judged by
the ability of GM-CSF to stimulate the proliferation of
cultured macrophages reported here, and the ability
to stimulate the proliferation of keratinocytes report-
ed by others [52]. This recording of a pro-wound
healing activity of GM-CSF may offer mechanistic
insights related to the impaired wound healing
observed in mice with abolished GM-CSF activity
and the promising potential of GM-CSF as a reagent
for promoting wound healing in patients with chronic
wounds [26,53,54]. M-CSF is crucial for the initial
differentiation and survival of macrophages [55], but
our findings here indicate that this cytokine has
limited potential for further modulation of macro-
phage phenotype in the context of ECM turnover.
More surprising was the relative independence of
endocytic collagen degradation on the IL-4/IL4Ra
signaling axis. IL-4 is well-established as a key
promotor of wound healing-associated processes
and has a documented role of stimulating MR
expression [30]. Nevertheless, IL-4 augmentation,
through direct dermal administration of the recombi-
nant cytokine, or elimination of IL-4 signaling,
through genetic ablation of the principal IL-4 recep-
tor, had only modest effects on collagen endocytosis
and MR expression by any of the macrophage
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subsets analyzed in this study. It is likely that IL-4/IL-
4Ra signaling regulates other wound healing-related
processes, such as collagen fibril assembly [56]. In
contrast, the related cytokine, IL-13, markedly
promoted endocytic collagen degradation, specifi-
cally through a large increase in the number of
collagen-endocytosing Ly6C-positive and CCR2-
positive recruited inflammatory macrophages. The
latter observation is unexpected in light of the, at
least partially shared, receptor subsets of IL-4 and
IL-13 [57,58], and highlights the functional differ-
ences of the two wound healing-associated cyto-
kines. It is also noteworthy that IL-13 stimulates
collagen synthesis while at the same time stimulat-
ing macrophage-mediated collagen turnover [59,60].
In summary, we have shown that specific cytokine

signaling pathways instruct phenotypically diverse
subsets of macrophages to engage in endocytic
ECM turnover in the context of dermal tissue
remodeling. Future studies will reveal the degree to
which the ECM-catabolic pathways identified here
contribute to ECM remodeling in different physiolog-
ical and pathological contexts.
Methods

Reagents and cells

The following reagents were purchased from
commercial sources: Collagen type I from rat tail
(BD Biosciences, Franklin Lakes, NJ), Tissue-Tek®
Biopsy Cryomold® (10 mm × 10 mm × 5 mm,
Sakura Finetek USA, Inc.), plasminogen-depleted,
FXIII-containing fibrinogen from human plasma and
citrate-free thrombin from human plasma (Merck
Millipore, Darmstadt, Germany), AF647 labeling kit,
AF488-conjugated 10 kDa dextran and AF647-
conjugated human fibrinogen (Life Technologies,
Grand Island, NY), Collagenase Type I, DNase Type
I, and Neutral Protease (Worthington Biochemical,
Lakewood, NJ), Rat-anti-Mouse MR/CD206 mono-
clonal antibody (clone MR5D3, Bio-Rad, Hercules,
CA), Rabbit-anti-Rat secondary HRP-conjugated
antibody (Dako, Glostrup, Denmark). Recombinant
IL-4, IL-13, M-CSF, and GM-CSF (R&D systems,
Minneapolis, MN). Monoclonal mouse anti-uPARAP
antibody 2h9 was described previously [61]. Re-
agents and antibodies used for flow cytometry are
described in the flow cytometry section below.

Animal experiments, breeding and genotyping

Mice homozygous for a targeted mutation in the
Mrc1 gene (encoding MR) (C57BL6/Mrc1tm1Mnz/J,
RRID:MGI:3723178) [43], the Mrc2 gene (encoding
uPARAP ) (C57BL6 /M r c 2 t m 1 B u g , RR ID :
MGI:2677820) [21], the IL4Ra gene (encoding
IL4Ra) [37] (RRID:MGI:3844327), and the Plg gene
(encoding plasminogen) (C57BL6/Plgtm1Jld/J, RRID:
IMSR_JAX:002830) [62] and corresponding wild
type littermate controls were generated by inter-
breeding mice heterozygous for each gene. Litter-
mate mice heterozygous or homozygous for a
targeted mutation in the Ccr2 gene and knock-in of
the RFP reporter gene (B6.129(Cg)-Ccr2tm2.1Ifc/J,
RRID:IMSR_JAX:017586) [13] were generated by
interbreeding heterozygous (CCR2 +/−) mice or by
breeding heterozygous mice with homozygous mice.
Genotyping of offspring was performed using PCR
with the primers and annealing temperatures listed in
Table 2. Female mice with an age of 7–9 weeks
were used in all experiments, except for the Plg
strain for which males of the same age were also
included. The total number of animals included in
this study was 144, distributed as follows: collagen
injection, 110; fibrin implantation, 22; harvest of bone
marrow cells for generation of macrophages 12. All
experiments involving mice were performed in an
Association for Assessment and Accreditation of
Laboratory Animals Care International–accredited
vivarium following institutional guidelines and stan-
dard operating procedures under approved animal
study proposals.

Fluorescent labeling of collagen

Fluorescent labeling of collagen type I was
performed as described previously [9]. Acid-extract-
ed rat tail collagen (BD Biosciences) in 13 mM HCl
was neutralized and brought to a final concentration
of 0.5 mg/mL collagen in a volume of 5 mL using
phosphate-buffered saline (PBS). The collagen was
then allowed to polymerize into a gel by incubation at
37 °C for 2 h. The resultant gel was washed in sterile
water and subsequently incubated with 100 μg
amino-reactive AF647 succinimidyl ester (Life Tech-
nologies) in a 0.1 M NaHCO3 buffer for 2 h. After the
labeling reaction, the AF647 collagen gels were
washed extensively in sterile PBS for 2–3 days at
room temperature to remove excess dye and
collagen incapable of forming fibrils while in a
labeled state. The labeled collagen was then re-
solubilized using 13 mM HCl and stored at 4 °C.
Non-solubilized collagen was removed by centrifu-
gation for 60 min at 45,000g.

In vivo assay for collagen uptake in dermis

Mice were anesthetized using isoflurane and
shaved on the back and both flanks. AF647-labeled
collagen was mixed with AF488-labeled 10 kDa
dextran and neutralized with PBS containing
50 mM HEPES. Final concentrations in the neutral-
ized solution were 200 μg/mL AF647-collagen and
40 μg/mL AF488-dextran. Immediately after neutral-
ization, the mixture was injected subcutaneously at

mgi:3723178
mgi:2677820
mgi:3844327
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three separates sites on the back and flanks of each
mouse (60 μL per injection site). 24 h later, an
approximate 2.5 × 2.5 cm piece of skin covering all
three injections sites was removed and dermal cells
isolated for flow cytometry as described below. In
experiments in which the effect of cytokines on
collagen internalization and degradation were ex-
amined, 1 μg of recombinant mouse M-CSF, GM-
CSF, IL-4 or IL-13 was included in each 60 μL
injection of collagen and dextran.

Formation and implantation of fluorescent fibrin
gels

The formation of fluorescent polymerized fibrin gels
from human fibrinogen was performed according to a
previously developed procedure [8]. In brief, plasmin-
ogen-depleted, Factor XIII-containing fibrinogen from
human plasma was dissolved in Dulbecco Modified
Eagle Medium (DMEM) to a concentration of 10 mg/
mL at 37 °C. To 245 μL of unlabeled fibrinogen, 5 μL
of 5 mg/mL AF647-conjugated human fibrinogen was
then added to yield a fibrinogen mixture containing
approximately 1% fluorescent fibrinogen. To form a
polymerized fluorescent fibrin gel, 250 μL of the
fibrinogen solution was then mixed quickly with
250 μL DMEM containing 6 U/mL of thrombin in a
10 mm × 10 mm × 5 mm Tissue-Tek® Biopsy Cryo-
mold® (Sakura Finetek), whichwas then sealedwith a
cover glass. The polymerization reaction was then
performed at 37 °C for 3–4 h. The resulting fibrin gels
were washed twice in 25 mL of sterile PBS for 15 min
and then once overnight. All incubations and washes
were performed in the dark to minimize exposure of
fluorescent fibrin to light. To implant the fibrin gels,
mice were anesthetized using isoflurane and shaved
on the back and both flanks. Using aseptic tech-
niques, a 1 cm dorsal incision was made on the left
side of the spine and the fibrin gels placed into a
subcutaneous pocket made on the right side of the
spine. The incision was then closed using wound
clips. 24 h later, an approximate 2.5 × 2.5 cmpieceof
skin covering the implanted fibrin, but not including the
site of the incision, was removed and dermal cells
isolated for flow cytometry as described below.

Flow cytometry

Skin tissue excised for flow cytometry was
immediately placed on ice and washed once with
1 mL of ice cold DMEM. Next, fine scissors were
used to cut the skin samples into small pieces, which
were then placed in a digestion mixture consisting of
DMEM supplemented with 2.1 mg/mL Collagenase
Type I, 75 μg/mL Deoxyribonuclease Type I,
0.125 mg/mL Neutral Protease (Worthington Bio-
chemical) and 5 mM CaCl2 and incubated with
gentle shaking at 4 °C overnight followed by 1 h at
37 °C. 10 mL of ice cold DMEM was then added to
the digested skin, followed by filtering through a
70 μm mesh to remove remaining tissue fragments
from liberated cells in suspension. Filtered cell
suspensions were then centrifuged at 300g for
5 min, washed once in PBS, and stained at room
temperature for 15 min with a 1:200 dilution of
Zombie Violet Live/Dead stain in PBS (Biolegend,
San Diego, California). Cells were washed in ice cold
staining buffer (PBS supplemented with 1% BSA)
and kept on ice for the remainder of the procedure.
Before antibody staining, FC-receptors were blocked
for at least 15 min using a 1:10 dilution of mouse FC-
blocking reagent (Miltenyi Biotec, Auburn, Califor-
nia). Cells were then stained with one of the following
sets of antibodies. Set 1 (used for staining cells from
CCR2.RFP transgenic mice): Anti-CD45 (Clone 30-
F11, AF700, Biolegend, 1:100 dilution), anti-F4/80
(Clone BM8, BV785, Biolegend, 1:100), anti-Ly6C
(Clone HK1.4, PE-Cy7, Biolegend, 1:2500), anti-MR
(Clone C068C2, BV605, Biolegend, 1:50); set 2:
Anti-CD45 (Clone 30-F11, BV605, Biolegend, 1:100
dilution), anti-F4/80 (Clone BM8, BV785, Biolegend,
1:100), anti-Ly6C (Clone HK1.4, PE-Cy7, Biolegend,
1:2500), and either anti-CD11b (Clone M1/70, PE,
Biolegend, 1:200), anti-IL4Ra (Clone mIL4R-M1,
PE, BD Biosciences, 1:50) or anti-GM-CSFR
(clone 698423, PE, R&D systems, 1:50). Antibody
stains were performed in staining buffer for 1 h.
Stained cells were washed twice in staining buffer
and filtered through a 40 μmmesh. Flow analysis for
surface marker expression, RFP expression, Zom-
bie Violet Live/Dead stain, uptake of AF647-labeled
collagen, AF488-labeled 10 kDa dextran or AF647-
labeled fibrin was performed using a Fortessa II
instrument (BD Biosciences). Positive and negative
gates for each surface marker or for cells positive for
fluorescent ligand uptake was set using fluores-
cence minus one (FMO) controls, in which each
fluorophore in turn was excluded.

Generation of primary macrophages from bone
marrow cells

Pelvis, femur, and tibia were excised fromMR- and
uPARAP-deficient mice and their corresponding wild
type littermates immediately after euthanasia. The
excised bones were placed on wet ice in a PBS
buffer containing 3% fetal calf serum (FCS) after
removal of soft tissue using scissors and paper
towels. The bones from each mouse were crushed
using mortars and rinsed extensively in Roswell Park
Memorial Institute (RPMI)-1640 medium containing
10% FCS and 1% penicillin/streptomycin in order to
liberate the marrow cells and bring them into
suspension. Bone marrow cell suspensions were
then filtered through a 40 μm mesh to remove
remaining pieces of tissue. Red blood cells were
removed next using a Red Blood Cell lysis buffer
according to the manufacturer's instructions
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(Biolegend). Bone marrow cells were seeded at a
density of 1–1.25 × 106 cells/mL in RPMI-1640 con-
taining 10% FCS, 1% penicillin/streptomycin (growth
medium) and either 20 ng/mL M-CSF or GM-CSF or
with no cytokines added. For the assessment of cell
proliferation, a total of 5 × 106 cells were seeded in
culture flasks. The total number of cells in suspension
and adhering to the surface was then recorded after
4 days. ForWestern blot analysis of collagen receptor
expression, 5 × 106 cells were seeded in culture
flasks in growth medium containing 20 ng/mL M-CSF
or GM-CSF. After 4 days, the medium was removed
and fresh growth medium containing 20 ng/mL M-
CSF or GM-CSF alone or in combination with 20 ng/
mL IL-4, 10 ng/mL IL-13 or both, was added. At day 6,
cells were harvested, washed 3 times in PBS and
lysed using a 1% Triton X-100 lysis buffer containing
Protease Inhibitor Cocktail III (1:200, Sigma).Western
blotting for MR and uPARAP was performed as
described below. To assay for the internalization of
fluorescent collagen, 1.5 × 106 cells were seeded in
12-well culture plates in growth medium containing
20 ng/mL M-CSF. At day 4, fresh growth medium
containing 20 ng/mL M-CSF alone or in combination
with 20 ng/mL IL-4 or 10 ng/mL IL-13 was added. At
day 6, AF647-labeled collagen was added to each
well in a final concentration of 13 μg/mL. The
internalization experiment was terminated by remov-
ing the medium and washing the cells 3 times in ice
cold PBS. Cells were then incubated in an ice-cold
trypsin/EDTA solution for 10 min and removed from
the surface of the culture plates using cell scrapers.
Trypsin/EDTA was removed by centrifugation of cells
at 300g for 5 min and washing in 1 mL of PBS
containing 3% fetal calf serum. Collagen internaliza-
tion was then quantified by analyzing the cells using a
LSR-II flow cytometer (BD Biosciences).

Western blotting

Protein concentrations in cell lysates from bone
marrow-derived macrophages were first determined
using a BCA protein concentration kit (Bio-Rad). For
the analysis of uPARAP and MR expression, 12 μg
of protein from each lysate was separated by SDS-
PAGE and blotted onto a PVDF membrane. 2% BSA
solution was used for blocking. Primary mouse anti-
uPARAP mAb 2h9 (0.5 μg/mL) [61] or rat anti-MR
(1 μg/mL, clone MR5D3, Bio-Rad) diluted in a 0.1%
Tween20 PBS solution were applied overnight at
4 °C. Secondary Rabbit-anti-mouse or Rabbit-anti-
Rat HRP conjugated antibodies (Dako) were applied
at a 1:3000 dilution in 0.1% Tween20 PBS solution.
ECL western blotting detection reagents and High
Performance Chemiluminescence films (GE Health-
care) were used for development. For loading
controls, 10 μg of protein from each lysate was
separated by SDS-PAGE and stained with Coomas-
sie brilliant blue to visualize proteins in each lysate.
Statistics

All statistical analyses were performed using
GraphPad Prism version 7 for Mac software. A
two-tailed Student's t-test was used to test for
significance when comparing two experimental
groups. For comparisons including more than two
experimental groups, a one-way ANOVA was used.
A p-value of less than 0.05 was considered
significant for all statistical tests.
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.mbplus.2019.03.
002.
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