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ABSTRACT

Background: Macrophages and fibroblasts are two major cell types involved in healing after
myocardial infarction (MI), contributing to myocardial remodeling and fibrosis. Mbst-

fibrosis progression is characterized by a decrease in cardiac macrophage content.
Objectives: This study explores the potential of macrophages to express fibroblast genes and
the direct role of these cells in post-MI cardiac fibrosis.

Methods: Prolongedn vitro culture of human macrophages was used to evaluate the
capacity to express fibroblast markers. Infiltrating cardiac macrophages was traciked

after experimental MI of LysM(Cf“é;ROSAZG(EYFlﬁ) transgenic mice. The expression of
Yellow Fluorescent Protein (YFP) in these animals is restricted to myeloid lineage allowing
the identification of macrophage-derived fibroblasts. The expression in YFP-positive cells of
fibroblast markers was determined in myocardial tissue sections of hearts from these mice
after Ml.

Results: Expression of the fibroblast markers type | collagen, prolyl-4-hydroxylase,

fibroblast specific protein-1 and fibroblast activation protein was evidenced in YFP-positive
cells in the heart after MI. The presence of fibroblasts after Ml was evaluated in the hearts of
animals after depletion of macrophages with clodronate liposomes. This macrophage
depletion significantly reduced the number of M&@1A1" cells in the heart after MI.
Conclusions: The data provide botim vitro andin vivo evidence for the ability of

macrophages to transition and adopt a fibroblast-like phenotype. Therapeutic manipulation of
this macrophage-fibroblast transition may hold promise for favorably modulating the fibrotic
response after Ml and after other cardiovascular pathologic processes.

CONDENSED ABSTRACT

This study evaluates the ability of cardiac macrophages after myocardial infarction, to

express genes and proteins associated to the fibroblast phenotype, focused in the progression
of adverse cardiac fibrosis. Using transgenic mice in which the myeloid lineage can be
tracked through the expression of the green/yellow fluorescent protein EYFP we showed the
presence of fibroblast-like cells of monocytic origin. This transition was characterized by the
co-expression of EYFP and the fibroblast proteins type | collagen, prolyl-4-hydroxylase,
fibroblast specific protein-and a-smooth muscle actin. Additionally, cardiac cells

expressing macrophage markers and fibroblast genes were identified.

Keywords. macrophage/fibroblast-like transition; infiltration; cardiac fibroblast; myocardial
infarction; myeloid tracers; fibroblast markers.

Abbreviations:
LVEF: left ventricular ejection fraction
MI: myocardial infarction



INTRODUCTION

Myocardial healing after myocardial infarction (Ml) is accomplished by replacement
fibrosis in the damaged region, and interstitial fibrosis takes place in the remote areas towards
adverse ventricular remodeling. The collagen is produced by myofibroblasts, with infiltrating
macrophages further facilitating this process (1,2). Macrophages infiltrate in large number at
the site of injury after MI in human and in experimental animal models (3seTh
macrophages aid in the process of myocardial healing and assume multiple roles at different
stages, depending on their origin whether infiltrabngesident (3,4). This involves removal
of dead necrotic and apoptotic cells, regulation of fibroblast/myofibroblast function and
ultimately wound resolution. Macrophages and fibroblasts are 2 major cell types involved in
myocardium healing, and often lead to adverse myocardial remodeling and fibrosis (1,2,5).

It is well established that differentiated cells in various circumstances change their
phenotype and transition into other cell typeadult tissues. For example, endothelial cells
differentiate into beating cardiomyocytes when co-cultured with neonatal rat cardiomyocytes
or injected into the post-ischemic adult mouse heart (6). Studies have demonstrated the trans-
differentiation of macrophages into endothelial cells (7,8) and conversion of preadipocytes
into macrophages (9)n fibrosis of many tissues, the presence of fibroblasts derive from
epithelial cells (10). Macrophages are versatile cells and respondcaihiyenvironmental
cues of the site of their localization (3,4,11-13). We hypothesized that dynamic
microenvironment changes during myocardial healing which are conducive for fibrosis can
induce fibroblast-like phenotype in macrophages present at the site of infarct. This
macrophage to fibroblast-like treiion might augment cardiac fibrosis by collagen
deposition.

In this studywe have explored the potential of macrophagesonvert into collagen

producing fibroblast-like cellsn the absence of any other accessory cells. Since components



of the renirangiotensinaldosterone system exert a significant influemiceardiac, renal
and hepatic fibrosis (14yve also evaluated the effect of aldosterone, angiotéhsind
hypoxia on macrophage fibroblast-like transitionn vitro. Moreover we looked for a
similar macrophagto fibroblast differentiationn a mouse model d¥l. Fibroblast classic
markers, including type | collagen (COL1A1), prolyl-4-hydroxylase (P4H), fibroblast
specific protein-1 (FSP1/S100A4), fibroblast activation prote&P) and a-smooth muscle
actin (a-SMA) were sought to evaluate this macrophage to fibroblast-like transition (15-17).
EXPERIMENTAL PROCEDURES (Supplementary Appendix)
Peripheral blood derived CD14" monocytes.

Monocytes were obtained from human peripheral blood buffy coats (each from 50
ml of blood from healthy donors) by Ficoll-Paque centrifugation. Subsequently,"CD14
monocytes were isolated using EasySep Human CD14 Positive Selection Kit, according to
the mamfacturer’s instructions. These cells were grown in RPMI 1640 medium
(Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine. Cells were incubated at 1
2x1@ cells per well in 12 well tissue culture plates for 24 hours at 37°C and 5% CO
Finally, CD14 monocytes were treated with 10 ng/ml of PMA to differentiate monocytes
into macrophages. The individual monocyte-derived cultures used in these experiments
were obtained from separate donors at different times.
Preparation of cell extracts.

Whole-cell lysates were prepared by lysing cells in lysis buffer (10 mM Tris; pH 7.5,
150 mM NacCl, 1% NP-40, 200 pg/ml leupeptin, 10 pg/ml aprotinin, 1 mM
phenylmethylsulfonyl fluoride, 10 mM NaF, 1 mM N&D,4, 1 mM dithiothreitol). Protein
concentration was measured using a Bio-Rad DC protein assay kit (Bio-Rad Laboratories,

Hercules, CA). Equal amounts of each protein samples for each assay (10-50 micrograms)



were separated by 10% SDS-polyacrylamide gels and electroblotted to nitrocellulose
membrane by Tran-Blot SD, Semi-Dry Transfer Cell (Bio-Rad). Membranes were then either
incubated with rabbit polyclonal COL1A1 antibody, anti-P@house monoclonal antibody,
anti-tenascin-C antibody, aaftransgelin antibody, anti-vimentin antibody and, after washing,
with horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit secondary antibodies.
Immunoreactive bands were detected with ECL solution (GE Healthcare Life Sci.).

Mice.

LysM(Cre*);ROSA26(EYFP) mice were used to track the fate of macrophages in
an Ml and heart failure model. LysM((f*r)eROSA26(EYFIi’L) mice were generated by
crossing the LysM-Cre mouse line (Jackson Laboratory, Bar Harbor, ME; strain 004781)
with the R26R-EYFP line (Jackson Laboratory; strain 006148). LysM-Cre mice express
Cre in myeloid cells due to a targeted insertion in their endogenous M lysozyme locus.
The R26R-EYFP mouse is a Cre-dependent YFP reporter strain (R26R) produced by
targeted insertion of EYFP preceded by a loxP flanked (floxed) transcriptional termination
sequence (tpA) into the ROSA26 locus. The R26R allele terminates transcription
prematurely, but when crossed with LysMCre mice, the Cre-mediated excision of the
floxed termination sequence in myeloid cells leads to YFP expression. Lysii(Cre
ROSA26(EYFP) mice are useful for myeloid cell tracking in vivo and exhibit specific
and efficient expression of YFP protein in-88% mature macrophages and 100%
granulocytes (18). In addition to the LysM(EylROSA26(EYFF) mouse strain, two-
month-old male wild type mice (C57BL6/J mice; Jackson Laboratory; strain 000664) were
used for Ml in the same way. When animals were depleted of resident macrophages,
clodronate liposomes were administered 2 days prior to Ml following the protocol
provided by the supplier (Sigma-Aldrich). When animals were treated with inhibitors of

glycolysis (3PO) and glutaminase (C968), the drugs were dissolved in dimethylacetamide



(DMA) and administered i.p. at 50 mg/kg body weight at day -1, and for 3 consecutive
days after MI. Controls received equivalent amounts of DMA. All animal studies were
performed in accordance with the NIH Guidelines for the Use of Laboratory Animals and
were approved by the institutional and national boards for laboratory animal research.
Experimental M| and heart failurein mice.

After anesthesia with intramuscular ketamine (80 mg/kg) and xylazine (15 mg/kg),
mice were anesthetized with inhalation of 5% isoflurane and maintained with inhalation of
1-3% isoflurane. Mice were intubated and ventilation was maintained with a Harvard
rodent positive-pressure respirator at a respiratory rate of 130/min. Mice were
immobilized on a heating pad and subjected to left-sided thoracotomy between the third
and fourth intercostal space. Ml was induced by permanent ligation of the left anterior
descending coronary artery (19). After opening the pericardium, ligation of LAD was
made 1 mm under the left atrial appendage using a silk 7/0 suture. Ml was confirmed by
changes of the affected area from bright red to pale. The left thorax incision was closed
with 6.0 monocryl suture. The small pectoral muscle was moved back to its original place
and the skin was closed with 6.0 silk sutures. Sham operated mice underwent a similar
surgical procedure except without ligation of the LAD (20). Functional parameters were
determined by echocardiography/electrocardiography (Vevo 2100 System, VisualSonics,
Toronto, Canada). One week to 8 weeks post-MI hearts were harvested for analysis. The
heart rate, the PR and QRS intervals (in milliseconds), the E/A ratio of peak velocity of
blood flow from gravity in early diastole (the E-wave) to peak velocity flow in late
diastole caused by atrial contraction (the A-wave) and the left ventricular ejection fraction
(LVEF) were determined.

I mmunohistochemical analysis of myocardial tissue sections.



At designated time points, hearts were harvested for histology. At each study, time
point hearts were excised and washed with PBS. Hearts were fixed in 4%
paraformaldehyde in PBS followed by 30% sucrose and embedded in Tissue-Tek OCT
compound. Myocardial serial tissue cryosections (5-7 pm) were prepared for
immunofluorescence analysis. For immunostaining, tissue sections were rinsed in PBS,
unspecific binding sites were blocked with 1% BSA in PBS for 60 min at room
temperature, and primary antibodies (1:100 prediluted in blocking solution) were applied
for 1 h at room temperature. For double labeling experiments, sections were washed three
times with PBS and the second primary antibody was applied for 1 h at room temperature.
Antigen-antibody complexes were visualized using fluorochrome (Alexa 484 and 594)-
conjugated secondary antibodies (Invitrogen; prediluted in blocking solution).
Photomicrographs were taken using a Leica DMIREZ2 fluorescence microscope and
Compix digital imaging software.
Satistical analysis

Results are presented as mean £ SEM. Statistical significance was estimated with
Student's t test. Grubbs test was used to determine and discard outliers. Differences with
values 0fp<0.05 were considered statistically significant.
RESULTS
In vitro expression of fibroblast markersin activated human macr ophages.
a. Morphological changes during the transition of macrophages to fibroblast-like cells.

Purified CD14 monocytes from peripheral blood were maintained in complete RPMI
1640 medium (Fig.A,a-b). CD14 cells were treated with 10nM PMA to achieve
differentiation into macrophages. After overnight treatment with PMA, CDé&Hs attached
to the culture plate, increased in size and acquired a macrophage-like morphology (Fig.

1A,c). No changes were observed in CDdells with identical PMA treatment (data not



shown). PMA-treated CD14ells were maintained in culture for up to 14 weeks without any
further addition of PMA or growth factors; this was the endpoint of our experiment. During
this period, activated macrophages assumed an elongated and spindle shaped morphology,
and tended to orient erid-end or parallel to each other (FigA,dl). Similar results were
obtained in PMA differentiated CD14ells that were maintained in the presence of
aldosterone or angiotensin Il (FigAB-).
b. Expression of fibroblast markers during the transition of macrophages to fibroblast-like
cells.

We evaluated the expression of known fibroblast markers FSP1/S100A4, a-SMA,
P4H and collagen | in activated macrophages by immunofluorescence stainirid® Fig.
shows the expression of FSP1 in macrophages 1-12 weeks after activation; FSP1 was not
detectable after one-week culture (Fig. 1B,a-b) but was gradually expressed. Most PMA-
activated cells were FSPafter 8-12 weeks (Fig. 1B}e- The expression profile of a-SMA
was similar to that of FSP1. No a-SMA protein was detected in early macrophages (Fig.
1C,a-b), but this gradually increased after 8-12 weeks in culture (Fig. 1C,e-h)aP4H (
collagen modifying enzyme) was detected as early as one-week after activation and this
expression increased moderately after that for up to twelve weeks (Fig. 1D,a-h). Immunoblot
analysis showed a low level of P4H protein in untreated Chiohocytes. COL1A%cells
expression followed the FSP1 and a-SMA pattern (Fig. 1E,a-b). COL1A1 expression
increased gradually and 8-12 weeks after activation a large number of COL1A1-positive cells
were detected in the culture (Fig. 1E,e-h). Collagen quantification assay also detected
secreted collagen in the culture medium (Supplementary Fig. S1). In parallel to increase in
the number of COL1A%cells, the amount of secreted collagen also gradually increased in

the culture medium over a period of 12 weeks.



c. Effect of aldosterone, angiotensin |1 and hypoxic stress on macrophage to fibroblast-like
cell transition.

Aldosterone, angiotensin Il and hypoxic stress have been reported to enhance fibrosis
in vivo but had no effect on the transition of activated macrophages to fibroblast-I&im cell
culture. Macrophages treated with aldosterone, angiotensin Il (Supplementary Fig. S2) or
subjected to hypoxia alone or in combination had no effect on COL1A1 protein expression in
cells nor in COL1A1 secreted into the culture medium (Supplementary Fig. S3).

Transition of macrophagesto fibraoblast-like cellsin healing mouse heart after
myocardial infarction.

a. Cdll lineage tracking for transition of macrophages to fibroblast-like cellsin
LysM(Cre"); ROSA26(EYFP™) transgenic mice.

To circumvent the overlapping of cell markers present in both macrophages and
fibroblastsin vivo we used LysM(Cl&);ROSA26(EYFP) transgenic mice (18). In these
animals, identification and tracking of cells derived from macrophages after Ml is possible
due to the permanent expression of the YFP reporter protein in macrophages or different cell
types derived from these macrophages. We analyzed serial heart sections obtained after Ml
by immunofluorescence staining for the presence of cells expressing both YFP and fibroblast
markers (FSP1, FAP, COL1A1 and a-SMA). Interestingly, COL1A1 and YFP co-positive
cells were present in myocardial sections obtained from 1-week post-MI hearts (Fig. 2A,a-c).
Although the COL1A1 staining was less intense than YFP, the number of positive cells was
higher. In tissue sections from 6 weeks post-Ml, clusters of YFP and intense COL1A1l
stained co-positive cells were present (Fig. 2A,d-f). Cells expressing both FSP1 and YFP
were also present in 1 and 8 weeks post-MI heart samples (Fig. 2B). Expression of FSP1
progressively increased over a period of time after Ml and fitted the reported trajectory of

cardiac fibrosis. FAP was expressed in YFP-positive cells in the heart at 6 and 8 weeks post-



MI (Fig. 20). A large number of cells were positive for a-SMA in 1 and 6 week post-Ml
heart samples; however, YFP and a-SMA co-positive cells were not observed in the
myocardial sections analyzed (F&D). This is in contrast tm vitro results where a-SMA
was expressed in macrophages after 4, 8 and 12 weeks of activation.

b. Macrophage depletion reduced the number of Mac3"COL 1A1"-cellsin healing mouse
heart after MI.

Cardiac macrophages were evaluated for fibroblast-like cell transition after MI.
Experimental groups of animals treated with clodronate liposomes (for resident macrophage
depletion), C968 (glutaminase inhibitor to represses the growth and invasiveness of
fibroblasts) and 3PO (PFKFB3 inhibitor targeting the glycolytic flux of proinflammatory
macrophages) were compared. Hearts were processed one week after Ml for immunostaining.
Myocardial transverse sections (5um) were stained withMant3 (CD107b) and anti-
collagen type | antibodies and nuclei with DAPI. Cells showing co-localization of both
markers were counted and presented as percentage of the total number of cells per field (Fig.
3A). The number of Mac&OL1A1"-cells wassignificantly reduced (4.6+0.7%) after
clodronate treatmens. the untreated control group (8.4£1.6%). Inhibition of inflammatory
macrophages with 3PO significantly reduced the number of NZRBLAL cells
(4.0£0.7%) in treated groups while in mice administered C968 (8.3+0.7) the number of
Mac3"COL1A1"-cells remain unchanged (Fig. 3A). The effect of#teeatments on
functional cardiac parameters was determined in these animals (Fig. 3B-E), The PR interval
(ms) exhibited minimal, but statistically significant values in animals depleted of
macrophages after clodronate administration or treated with 3PO, suggesting a minor
difference in electrical conduction was observed. Indeed, cardiac macrophages contribute to

physiological atrioventricular nodal conduction (21). No differences were observed in the

10



QRS value (Fig. 3B). The ratio of peak velocity blood flow (E/A ratio), the heart rate and the
LVEF were similar regardless the treatment of the animals, following Ml (Fide)3C-

c. Appearance of CD90"F4/80" macrophage/fibroblast-like cellsin the healing mouse

heart after MI.

Cells isolated from the mouse heart after Ml and sham operated groups were analyzed
by flow cytometry for the presence of macrophage/fibroblast-like cells. Isolated cells were
stained with cardiomyocyte (MHY, macrophage (F4/8pand fibroblast (CD90) selective
antibodies for flow cytometric analysis and quantification (Fig. 4A,a-b). Infarcted hearts
showed an increased number of macrophages and fibroblasts, as well A6428®ells
vs. the sham group. The number of F4/8@lls in heart increased from 5.4+1.7% in sham
operated to 14.9+3.4% after MI, while the number of CD&#lls increased from
0.48+0.41% to 3.4+1.5%. Cells with both macrophage and fibroblast markers “(280)
were increased from 0.17+0.15% to 3.5+£1.5% (Fig. 4A,b).

d. Expression of macrophage and fibroblast genesin CD90"F4/80" cells.

Dual positive CD9UF4/80 -cells were isolated by cell sorting from digested hearts
from mice submitted to sham or after Ml (Fig. 4BRNA isolated from these cells was
analyzed by quantitative Real-Time PCR for the expression of macrophage and fibroblast
genes (Fig. 4B,b). CD9B4/80 -cells were positive for macrophagedl63, Cd68, Ly6C,

Csfr1) and fibroblastTagln, Vim, Ddr2 andPdgfrb) transcripts. Macrophage transcripts for
Cd163, Ly6C weresignificantly upregulated and the level@dfr1 was also higher in isolated
CD90'F4/80-cells pstMI vs. controls (sham). The levels of CD163, vinculin, transgelin
and tenascin-C RNAJd163, Vcl, Tagln and Tnsc) and protein levels were also significantly
upregulated in CDI®4/80-cells from the post-MI heart (Fig. 4B,b-c). These proteins have
been associated to post-MI fibroblast-induced fibrosis (22,23). However, the lelel20of

(with very low expression in these cells) dPdbfrb transcripts were significantly reduced in
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CD90'F4/80-cells postMI vs. control heart. Kriippel-like factor-4 (KLF4), which plays a
key role in regulating phenotypic transitions of SM@sivo during development and after
carotid ligation injury (24,25), was upregulated in CLR©80-cells from the post-MI heart,
suggesting a phenotypic transition of macrophages to fibroblast-like cells.
DISCUSSION

Transition of monocytes/macrophages into fibroblast-like cells has been reported in
different pathologic circumstances (i.e. renal fibrosis (13)), probably due to the plasticity of
the myeloid lineage (5,26,27). In addition to this, fibroblastifferent organs during
pathological remodeling show considerable phenotypic heterogeneity (28-31). This
heterogeneity may be due to their different sources of origin: local tissue resident fibroblasts,
progenitor cells, fibrocytes, pericytes and EMT transition of epithelial cells (10). Therefore,
the different sources of fibroblasts may dictate the outcome of wound healing and shape the
degree of tissue scarrinGéntral Illustration). During cardiac remodeling after Ml, the
highly profibrotic microenvironment might induedibroblast-like phenotype infiltrating
macrophages, present in large numbers and contributing to healing. These fibroblast-like cells
should help accomplish the ongoing process of myocardial replacement fibrosis (2,32).
Several shared markers of macrophages and fibroblasts have been |yegmursed (33).
Mouton et al. identified a fibroblast-like macrophage population from the infarct region at
day 7 post-MI (34). Similar to our findings, this macrophage population had an upregulation
of ECM genes includin@ollal, Vic, Tnc, Tagln andPostn. This supports the possibility that
cells expressing common macrophage and fibroblast markers represent a specific cell
population. To address this possible origin of fibroblaste tested the ability of a human
macrophaget assume a fibroblast-like phenotyipevitro. In this proof of principle study,
we identifiedan emergence of fibroblast-like cells from purified CDiman monocytes

differentiated into macrophages. Previous studies have suggested a crosstalk between
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macrophages and fibroblasts that may represent an additional possibility of differentiation
(19,35). The notion of macrophagefibroblast-like transition was further supported by our
resultsin atransgenic mouse model where YFP-expressing macrophages were tracked and
observed to acquire a fibroblast-like phenotypkealing MI.

Macrophages play a crucial role in cardiac fibrosis (1). First, by modulating the
number and function of the fibroblasts recruited at the site of infarction, and second, more
directly by converting into fibroblast-like cells and depositing collagen and extracellular
matrix. The newly converted fibroblasts did not express many fibroblast markers of a
conventional fibroblast and may represent a group of pathogenic fibroblasts similar to those
identified by other groups (13,15,28,29,32,36). Transcription fadtédkras beeshown to
facilitate phenotypic transition, and its upregulation during the healing phase of mouse
myocardium in CD90F4/80"-cells indicates an ongoing macrophage to fibroblast transition
(3,24,25). The newly converted pathogenic fibroblasts perhaps lack the control, competence
and finesse of a conventional fibroblast in maintaining collagen homeostasis and may engage
in uncontrolled deposition of collagen and extracellular matrix. However, the possibility
exists that resident macrophages in the heart can also be differentiated into fibroblast-like
cells contributing to the known requirement of macrophages to improve cardiac regeneration
after Ml (1,3).

STUDY LIMITATIONS

The present study is intended to validate the proof-of-concept that macrophages in the
heart can express characteristic fibroblast markers after Ml, including the capacity to
contribute to adverse fibrosis. However, the specific role of resident versus infiltrating
macrophages has not been evaluated in terms of the ability to differentiate into fibroblast-like
cells. Also, the balance between the beneficial fibrosis folloMh@nd the adverse

fibrogenic effects in the course of helaealing, require further in-depth analysis to determine
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the exact pathological contribution of the cell-transition described in this work. Finally, the
extent of the differentiation process requires quantification in terms of the percentages of

cells present in the injured tissue.
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CLINICAL PERSPECTIVES
Competency in Medical Knowledge: In survivors of myocardial infarction, transition of
macrophages to fibroblasts influences the evolution of myocardial fibrosis and development

of heart failure.

Tranglational Outlook: Specific targeting of pathogenic macrophage transformation to inhibit
fibrosis in ways that do not interfere with normal fibroblast function may have therapeutic

potential for survivors of myocardial infarction.
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FIGURESLEGENDS

Central Illustration. Transition of macrophagesto fibroblast-like cells after

experimental myocardial infarction. (A) Heart infiltrating myeloid cells from
LysM(Cre");ROSA26(EYFP) after myocardial infarction acquire a fibroblast-like phenotype
that can be tracked with specific cell markéBy. Macrophage depletion after clodronate
liposomes administration reduces the percentage of Mac3/COL1A1 double positive cells in

the heart following myocardial infarction.

Figure 1. (A) Differentiation of human CD14" peripheral blood monocytesinto

macrophages. (a) Freshly isolated monocytes. (b) Untreated one-day cultured monocytes. (c)
One-day PMA treated monocytes. (d) PMA activated monocytes after 12-weeks. (e) PMA
activated and aldosterone-treated monocytes after 12 weeks. (f) PMA activated and
angiotensin ll-treated monocytes after 12 weeks. Cells were visualized by phase-contrast
microscopy Expression of FSP1, a-SMA, P4H-p and typel collagen (COL1A1) in

macr ophages differ entiated from human CD14" peripheral blood monocytes after PMA
treatment. Immunofluorescence staining witBYMts1 (FSP1/S100A4) mouse monoclonal
antibody followed by Alexa Fluor® 594 goat anti-mouse secondary antibody @d)y8-
conjugatedi-SMA antibody (yellow)(D) P4H{ antibody followed by Alexa Fluor® 594

goat anti-mouse secondary antibody (rél);FITC-conjugated anti-human COL1A1l
antibody (green) of PMA-treated cells. Nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI, blue). (a-b) One-week; (c-d) four-weeks; (e-f) eight-weeks and (g-h)
twelve-weeks after PMA activation. Cells were visualized in a Leica DMIRE2 fluorescence
microscope. (a,c,e,g). Brightfield phase-contrast images merged with fluorescence images
(red/yellow/green) and nuclei stained with DAPI (blue). Magnification: X200.

Figure 2. COL1A1, FSP, FAP and a-SM A expression in YFP macrophages after

myocardial infarction in LysM (Crée*); ROSA26(EY FP™*) mouse model. Mouse
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myocardial tissue sections were stained \{&thanti-COL1A1 antibody followed by Alexa

Fluor 594 Goat secondary antibody (rg@) anti-FSP1 antibody followed by Alexa Fluor

594 goat secondary antibody (re(}) anti-FAP antibody followed by Alexa Fluor 594 goat
secondary antibody (red); macrophages were stained with FITC conjugated anti-GFP
antibody (green); (D) anti-SMA antibody followed by Alexa Fluor 594 goat secondary
antibody (red). Macrophages were stained with FITC conjugated anti-GFP antibody (green);
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, blue). (a-c) One-week post-
MI; (d-f) Six-weeks post-MlI. Tissue sections were visualized under Leica DMIRE2
fluorescence microscope after staining. (a,d) Brightfield phase-contrast images merged with
fluorescence images: COL1A, FSP1, FAR«BMA (red), macrophages (green) and nuclei
(blue); (b,e) merged images (red plus green; arrows point to co-positive cells red+green); (c,f)
fluorescent image of the indicated probe (red). Magnification: X200.

Fig 3. Macrophage depletion and inhibition of glutaminase and PFKFB3 to evaluate

therole of theresident and infiltrating macr ophages after myocardial infarction. Sham

mice (n=2) were treated with DMA (dimethylacetamide; vehicle used to dissolve C968 and
3PO0) for 3 consecutive day# )(Animals were treated with clodronate liposomes to remove
resident macrophages (n=4; administered 1 day prior to Ml); treated with the selective
inhibitor of glutaminase C968 (n=4, treated with C968 for 3 consecutive days after Ml);
treated with the selective inhibitor of PFKFB3 3PO that attenuates glycolysis in pro-
inflammatory macrophages (n=4; treated for 3 consecutive days after Ml). Hearts were
processed 1-week post-MI for immunostaining. 5-um transverse sections were stained with
anti-Mac3/CD107b and anti-collagen type | secondary antibodies were Alexa Fluor 488-
conjugated goat anti-rat and Alexa Fluor 546-conjugated goat anti-rabbit. Nuclei were stained
with DAPI. Images were acquired with an inverted confocal microscope (Metazeiss LSM

710, Plan-Apochromat 40x/1.30il dic m27) and analyzed using Imd&). functional
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cardiac parameters at one week after Mie PR interval (ms) exhibited minimal, but
statistically significant higher values in animals depleted of macrophages or treated with
3PO. No differences among animal treatments after Ml were observed in the QRS value, in
the heart rate, in the ratio of peak velocity of blood flow (E/A ratio) and in the left ventricular
ejection fraction (LVEF). p<0.05vs. DMA

Figure4. (A) Heart-derived cell populations analysis by flow cytometry. Sham (n=8) and
infarcted (n=9) mice were sacrificed and, after digestion of the heart, isolated cells were
labeled for CD90, F4/80 and MHC antigers. Representative scatter plots) The overdl

cell percentage for each cell population is shown. A restrictive Side Scatter Pulse Height
threshold was applied in order to appreciate the minority cell populat@)nExpression of

macr ophage/fibroblast cell markersin CD90'F4/80" cells. Cells were labeled as

previously indicated and the CD$®/80 populations were sorted and aliquot).
Representative plots of sortingp) Quantitative PCR analysis Kff4, Cd163, Cd68, Ly6c,

Csfr1, Myhii, Vcl, Tagln, Vim, Tnc, Ddr2 andPdgfrb mRNA expression from sham and
infarcted mice (n=8 and 9, respectivelg). Representative immunoblots of the protein

levels of CD163, vinculin, transgelin and tenasCiof the sorted cells. mMRNA amounts were
normalized to rB6b4 expression (means + SEM). Pooled samples of protein from sham of
MI sorted cells were analyzed by immunoblots (2-3 samples in each lane). Blots were
normalized for GAPDH contenBars indicate mean + SEM. Student’s t-test, 1<0.05,

** n<0.005, ***p<0.001.
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Graphical Abstract

A. Heart infiltrating myeloid cells from

LysM(Cre™);ROSA26 after myocardial infarction
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Transition of Macrophagesinto Fibroblast-like Cellsin Healing Myocardial I nfarction

Supplemental text:

EXPERIMENTAL PROCEDURES

Antibodies and chemicals. For monocyte isolation Ficoll-Paque PREMIUM (density: 1.077
g/ml) from GE Healthcare Bio-Sciences, Piscataway, NJ was used.” @hécytes were
isolated by EasySep Human CD14 Positive Selection Kit from STEMCELL Technologies,
Vancouver, Canada. Aldosterone was purchased from Wako Chemicals, Osaka, Japan.
Human angiotensin Il, phorbol-12-myristate 13-acetate (PI4A3;pyridinyl)-4-pyridinyl-2-
propen-1-one (3POR-Br-4-(dimethylaminophenyl)-2,2-dimethyl-2,3,5,6-
tetrahydrobenzophenanthridin-4-one (C968), liposome-encapsulated clodronate and
4,6-diamidino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich, St. Louis, MO.
Sircol Collagen Assay Kit was from Biocolor, Newtownabhbégl{, Enhanced
chemiluminescence detection kit was purchased from GE Healthcare Bio-Sciences. Primary
antibodies, fluorescein (FITC) conjugated mouse anti-human type | collagen, clone 4F6
antibody (Southern Biotech, Birmingham, Alabbit polyclonal COL1A1 (H-197) and

mouse anti-human Mts1 (X9-7) (FSP1/S100A4) (Santa Cruz Biotech,, Santa Cruz, CA); anti-
P4H{ (clone 6-9H6) mouse monoclonal antibody (Acris Antibodies, San Diego, CA);
monoclonal antk-SMA clone 1A4 Cy3 conjugate and anti-tenascin-C, clone 3B4 (Sigma-
Aldrich); anti-GFP antibody (FITC), anéi-FAP and antbDR2 (Abcam, Cambridge, MA)
monoclonal anti-transgelin clone C-11 and monoclonahantulin clone H10 (Santa Cruz
Biotech) were used. Secondary antibodies, Alexa Fluor® 594 goat anti-mouse SFX Kit, Alexa
Fluor® 488 goat anti-rabbit SFX Kit (Invitrogen, Carlsbad, CA); horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit antibodies (Jackson ImmunoResearch Laboratories,

West Grove, PA); anti-GAPDH (Sigma-Aldrich) were used.



Peripheral blood derived CD14" monocytes. Monocytes were obtained from human
peripheral blood buffy coats (each from 50 ml of blood from healthy donors) by Ficoll-Paque
centrifugation. Subsequently, CDldhonocytes were isolated using EasySep Human CD14
Positive Selection Kjtaccording to the manufacturer’s instructions. These cells were grown

in RPMI 1640 medium (Mediatech, Manassas, VA) supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, 200 pg/ml streptomycin, and 2 mM L-glutamine. Cells were
incubated at-42x1( cells per well in 12 well tissue culture plates for 24 hours at 37°C and
5% CQ. Finally, CD14 monocytes were treated with 10 ng/ml of PMA to differentiate
monocytes into macrophages. The individual monocyte-derived cultures used in these
experiments were obtained from separate donors at different times.

PMA, aldosterone and angiotensin |1 treatment. Freshly isolated CDI4nonocytes
maintained in RPMI 1640 for 24 hours at 37°C (5%)0&ere treated with 10 ng/ml of PMA
to generate macrophages. After 24 h of PMA activation, CDéls were treated with either
aldosterone 5 ng/ml, angiotensin Il 100 nM or bedimdicated.

Cdll culture and hypoxia. For hypoxic stress, PMA-treated monocytes with or without
aldosterone and angiotensin Il were placed in a modular airtight hypoxic chamber (Billups-
Rothenberg, Del Mar, CA) with inflow and outflow valves. A preanalyzed air mixture (1%
02, 5% CQ, 94% N; AIRGAS, Santa Ana, MA) was infused into the chamber to achieve
hypoxia. The p@was measured withn oxygen analyzer (Vascular Technology, Nashua,
NH) to ensure hypoxia during the entire duration of stress. Cells were maintained in a
humidified atmosphere at 37°C for 48 hours.

Immunofluorescence analyses. Cells were fixed with 4% (w/v) paraformaldehyde in
phosphate buffered saline (PBS) containing 0.01% Triton x100 for 30 minutes at room
temperature (222 °C), and washed three times with PBS. Cells were then incubated in

blocking buffer [2% (w/v) BSA in PBS] for 60 minutes at room temperature. Fixed and



permeabilized cells were first incubated with FITC-conjugated mouse anti-human type |
collagen monoclonal anti-SMA,; anti-P4H$; mouse anti-human Mts1 diluted 1:100 in
blocking buffer for 60 minutes at room temperature and washed with PBS to remove unbound
antibodies. Cells were incubated with 5 pg/ml of Alexa Fluor® 594-conjugated goat anti-
mouse IgG (Invitrogen) for 60 minutes at room temperature following antifPaihtt anti-

human Mts1 staining. Nuclei were also stained with DAPI (1 pg/ml) for 15 minutes at room
temperature. Cells were washed and stored with PBS until visualized. Photomicrographs
were obtained with a Leica DMIRE2 fluorescence microscope (x40 objective lens and %10
eyepiece lens; total magnification, x400), Hamamatsu C4742-95 digital camera (Tokyo,
Japan), and acquisition software Simple PCI Version 5.3.1 (Compix Imaging Systems,
Cranberry Township PA).

Preparation of cell extracts. Whole-cell lysates were prepared by lysing cells in lysis buffer
(20 mM Tris; pH 7.5, 150 mM NacCl, 1% NP-40, 200 pg/ml leupeptin, 10 pg/ml aprotinin, 1
mM phenylmethylsulfonyl fluoride, 10 mM NaF, 1 mM N&,, 1 mM dithiothreitol).

Protein concentration was measured using a Bio-Rad DC protein assay kit (Bio-Rad
Laboratories, Hercules, CA). Equal amounts of each protein samples for each assay (10-50
micrograms) were separated by 10% SDS-polyacrylamide gels and electroblotted to
nitrocellulose membrane by Tran-Blot SD, Semi-Dry Transfer Cell (Bio-Rad). Membranes
were then either incubated with rabbit polyclonal COL1A1 antibody, anti{Pdiduse
monoclonal antibody, anti-tenascin-C antibody, anti-transgelin antibody, anti-vimentin
antibody and, after washing, with horseradish peroxidase-conjugated goat anti-mouse or anti-
rabbit secondary antibodies. Immunoreactive bands were detected with ECL solution (GE
Healthcare Life Sci.) as described (1).

Culture medium of PMA treated CD14" monocytes. Culture medium of CDI4monocytes

was removed at various time points after activation with PMA and treating with aldosterone,



angiotensin Il or both. Five microliters of culture medium of each sample were incubated in
loading buffer (125 mM TrigdCl; pH 6.8, 109§3-mercaptoethanol, 4.6% SDS, 20% glycerol,
and 0.003% bromophenol blue), separated by SDS-PAGE, and electroblotted to nitrocellulose
membrane. After blocking nonspecific binding sites by overnight incubation in 5% nonfat

milk in TBS-Tween (0.05 M Tris-base, 0.9% NacCl, pH 7.6; 0.1% Tweg¢ma®mbranes

were incubated with the rabbit polyclonal COL1A1 antibody and immunoreactive bands were
detected as previously described.

Collagen assay in the culture medium of PMA treated CD14" monocytes. Culture medium

of CD14" monocytes were removed at various time points after treatment with PMA and
assayed for soluble collagen using the Sircol collagen assay, according to the manufacturer's
protocol (Biocolor). This assay uses Sirius Red, an anionic dye with sulfonic acid side chain
groups, which reacts with the basic amino acids present in collagen. Briefly, Sircol reagent
was added to the medium and gently agitated for 30 minutes to allow the cetlpgen

complex to form. Collagerlye complex precipitate was collected by centrifugation at 12,000
r.p.m. for 10 minutes and resolubilized in 0.5 mM NaOH. Absorbance of dye concentration
was read at 540 nm by spectrophotometry.

Mice. LysM(Cré");:ROSA26(EYFF) mice were used to track the fate of macrophages in an

MI and heart failure model. LysM(Cf&ROSA26(EYFP) mice were generated by crossing

the LysM-Cre mouse line (Jackson Laboratory, Bar Harbor, ME; strain 004781) with the
R26R-EYFP line (Jackson Laboratory; strain 006148). LysM-Cre mice express Cre in
myeloid cells due to a targeted insertion in their endogenous M lysozyme locus. The R26R-
EYFP mouse is a Cre-dependent YFP reporter strain (R26R) produced by targeted insertion of
EYFP preceded by a loxP flanked (floxed) transcriptional termination sequence (tpA) into the
ROSAZ26 locus. The R26R allele terminates transcription prematurely, but when crossed with

LysMCre mice, the Cre-mediated excision of the floxed termination sequence in myeloid cells



leads to YFP expression. LysM(C)e ROSA26(EYFP) mice are useful for myeloid cell

tracking in vivo and exhibit specific and efficient expression of YFP protein-H8833

mature macrophages and 100% granulocytes (2). In addition to the
LysM(Cre*"):ROSA26(EYFP) mouse strain, two-month-old male wild type mice (C57BL6/J
mice; Jackson Laboratory; strain 000664) were used for Ml in the same way. When animals
were depleted of resident macrophages, clodronate liposomes were administered 2-days prior
to Ml following the protocol provided by the supplier (Sigma-Aldrich). When animals were
treated with inhibitors of glycolysis (3PO) and glutaminase (C968), the drugs were dissolved
in dimethylacetamide (DMA) and administered i.p. at 50 mg/kg body weight at day -1, and

for 3 consecutive days after MI. Controls received equivalent amounts of DMA. All animal
studies were performed in accordance with the NIH Guidelines for the Use of Laboratory
Animals and were approved by the institutional and national boards for laboratory animal
research.

Experimental M1 and heart failurein mice. After anesthesia with intramuscular ketamine

(80 mg/kg) and xylazine (15 mg/kg), miaere anesthetized with inhalation of 5% isoflurane

and maintained with inhalation of 1-3% isoflurane. Mice were intubated and ventilation was
maintained with a Harvard rodent positive-pressure respirator at a respiratory rate of 130/min.
Mice were immobilized on a heating pad and subjected to left-sided thoracotomy between the
third and fourth intercostal space. Ml was induced by permanent ligation of the left anterior
descending coronary artery (3). After opening the pericardium, ligation of LAD was made 1
mm under the left atrial appendage using a silk 7/0 suMirevas confirmed by changes of

the affected area from bright red to pale. The left thorax incision was closed with 6.0
monocryl suture. The small pectoral muscle was moved batkdoginal place and the skin

was closed with 6.0 silk sutures. Sham operated mice undemsenilar surgical procedure

except without ligation of the LAD (4). Functional parameters were determined by



echocardiography/electrocardiography (Vevo 2100 System, VisualSonics, Toronto, Canada).
One week to eight weeks pdgt- hearts were harvested for analysis. The heart rate, the PR
and QRS intervals (in milliseconds), the E/A ratio of peak velocity of blood flow from gravity
in early diastole (the E-wave) to peak velocity flow in late diastole caused by atrial
contraction (the A-wave) and the left ventricular ejection fraction(LVEF) were determined.
Immunohistochemical analysis of myocardial tissue sections. At designated time points,

hearts were harvested for histology. At each study, time point hearts were excised and washed
with PBS. Hearts were fixed in 4 % paraformaldehyde in PBS followed by 30% sucrose and
embedded in Tissue-Tek® OCT compound. Myocardial serial tissue cryosections (5-7 pm)
were prepared for immunofluorescence analysis. For immunostaining, tissue sections were
rinsed in PBS, unspecific binding sites were blocked with 1 % BSA in PBS for 60 min at
room temperature, and primary antibodies (1:100 prediluted in blocking solution) were
applied for 1 h at room temperature. For double labeling experiments, sections were washed
three times with PBS and the second primary antibody was applied for 1 h at room
temperature. Antigen-antibody complexes were visualized using fluorochrome (Alexa 484
and 594)-conjugated secondary antibodies (Invitrogen; prediluted in blocking solution).
Photomicrographs were taken using a Leica DMIRE2 fluorescence microscope and Compix
digital imaging software.

Morphometric analysis. After immunostaining with different fibroblast antibodies
(FSP18100A4, a-SMA, FAP, COL1A1), ten high power optical fields (x200) were randomly
selected, and the number of positive cells was counted for each channel (green, red) as well as
the merged channels (yellow) for each animal.

Cardiac cell isolation. 7 days posMI, ventricular cardiomyocytes were isolated using

standard enzymatic digesti@h5). Briefly, mice were heparinized (4 U/g i.p.), injected with

buprenorphine (0.01 mg/kg), and were anaesthetized 30 min later with sodium pentobarbital



(50 mg/kg). The hearts were excised and suspended on a Langendorff perfusion system, the
ascending aorta was cannulated, and retrograde perfusion was initiated. Hearts were perfused
for 2-3 min at 3637°C with a standard calcium-free Tyrode’s solution containing 0.2 mM

EGTA, and then for-3t min with the same Tyrode’s solution containing collagenase type II
(Worthington) and 0.1 mM CaglHearts were removed from the Langendorff system, and

the ventricles were chopped into small pieces and gently stirred for 3 min in standard
Tyrode’s solution containing 0.1 mM CaCl,. Cell suspensions were filtered through a 250 mm
nylon mesh, pelleted by centrifugation for 3 min a,2d suspended in Tyrode’s solution
containing 0.5 mM CaGl Sngle cdl suspensions wee prepared by sng the resulting

solution through a 70 um kestrainer. After 409 centrifugation for 5 min at 4°C, the cell

pelle was suspended in a storage solution containing 1 mM,CBbde’s solution

contained (in mM): 140 NacCl, 4 KCl, 1.1 MgCLO HEPES (pH7.4), 10 glucose and
supplemented with 0.5% fatty-acid free BSA (1,5).

Flow-cytometry. Single cell suspensions were stained for 30 minutes at 4°C with the indicated
antibodies. Cells were the analyzedadPACSCanto Il (BD Biosciencg@sand leukocyte

subsets we ddined using FlowJo software (Tre&aS Ashland, OR, USA). Monocytes were
identified as APC-F4/80(1:10, Bio-Rad), fibroblasts as FITC-CD90(2:100, Biolegend)

and cardiomyocytes as APCH(C" (1:10, Miltenyi Biotech). Focdl counting, absolute

counting leads wee used (CountBrigFﬁM, Invitrogen,). Cells expressing both CD90.2 and
F4/80, were sorted in a FACSVantage SE sorter (BD Biosciences), aliquoted and stored at -
80°C.

Real-time PCR. Total cell RNA was isolated by homogenization in QIAZOL® and eluted in

a volume of 15 pl using MinElute® columns. 250 ng of RNA were retro-transcribedausing
High Capacity CDNA Reverse Transcription Kit (Life Technologies). Real-time PCR was

conducted with SYBR Green in a Fast-Real Time PCR System (Life Technologies). The



Real-time PCR assay was performed with 5ng per well of cODNA and the thermocycling
conditions were 95°C for 10 min and 40 cycles of 95°C for 15 s followed by 60°C for 1 min.
Calculations were made from measurement of triplicates of each sample. The relative amount
of MRNA was calculated with the comparativé*? method. Gene expression was

normalized td36b4. Primer sequences are available on request.

Statistical analysis. Results are presented as mean + SEM. Statistical significance was
estimated with Student's t test. Grubbs test was used to determine and discard outliers.

Differences with values qi<0.05 were considered statistically significant.
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OnlineFigure 1l

Time-cour se of collagen accumulation in the culture medium of PM A-treated

macr ophages. Cells were maintained in culture and at the indicated times collagen accumulation
was determined in the culture medium using the Sircol collagen assay and by immunoblot.

Results show a representative blot or the mean + SEM of three experiments.
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OnlineFigure2

Expression of type 1 collagen (COL 1A 1) in macr ophages differentiated from human CD14"
peripheral blood monocytes after PMA, aldosterone and angiotensin |1 treatment.
Immunofluorescence staining with FITC-conjugated anti-human type | collagen antibody (green)
of cells treated with PMA for 48 hours followed by aldosterone or angiotensin Il or both for 10
days. (a,b) PMA; (c,d) PMA and aldosterone; (e,f) PMA and angiotensin Il and (g,h) PMA,
aldosterone and angiotensin Il. Cells were visualized with a Leica DMIRE2 fluorescence

microscope. (a,c,e,g) Brightfield phase-contrast images merged with fluorescence images

(green). Magnification: 400X.
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OnlineFigure 3

Expression of typel collagen (COL 1A1) in macr ophages differentiated from human CD14"
peripheral blood monocytes after PM A aldoster one and angiotensin |1 treatment followed

by hypoxic stress. Immunofluorescence cell staining with FITC-conjugated anti-human type |
collagen antibody (green); nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, blue).
CD14 cells were treated with PMA for 48 hours followed by aldosterone or angiotensin Il or
both for 10 days. Finally these cells were subjected to hypoxic stress for 48 hours (a,b) PMA,;
(c,d) PMA and aldosterone; (e,f) PMA and angiotensin Il and (g,h) PMA, aldosterone and
angiotensin Il. Cells were visualized in a Leica DMIREZ2 fluorescence microscope. (a,c,e,g)
Brightfield phase-contrast images merged with fluorescence images (green) and nuclei stained

with DAPI (blue). Magnification: 400X.
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