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BACKGROUND: Cardiac macrophages (cMPs) are increasingly recognized 
as important regulators of myocardial homeostasis and disease, yet 
the role of noncoding RNA in these cells is largely unknown. Small 
RNA sequencing of the entire miRNomes of the major cardiac cell 
fractions revealed microRNA-21 (miR-21) as the single highest expressed 
microRNA in cMPs, both in health and disease (25% and 43% of all 
microRNA reads, respectively). MiR-21 has been previously reported as 
a key microRNA driving tissue fibrosis. Here, we aimed to determine the 
function of macrophage miR-21 on myocardial homeostasis and disease-
associated remodeling.

METHODS: Macrophage-specific ablation of miR-21 in mice driven by 
Cx3cr1-Cre was used to determine the function of miR-21 in this cell 
type. As a disease model, mice were subjected to pressure overload for 6 
and 28 days. Cardiac function was assessed in vivo by echocardiography, 
followed by histological analyses and single-cell sequencing. Cocultures of 
macrophages and cardiac fibroblasts were used to study macrophage-to-
fibroblast signaling.

RESULTS: Mice with macrophage-specific genetic deletion of miR-21 
were protected from interstitial fibrosis and cardiac dysfunction when 
subjected to pressure overload of the left ventricle. Single-cell sequencing 
of pressure-overloaded hearts from these mice revealed that miR-21 
in macrophages is essential for their polarization toward a M1-like 
phenotype. Systematic quantification of intercellular communication 
mediated by ligand-receptor interactions across all cell types revealed 
that miR-21 primarily determined macrophage-fibroblast communication, 
promoting the transition from quiescent fibroblasts to myofibroblasts. 
Polarization of isolated macrophages in vitro toward a proinflammatory 
(M1-like) phenotype activated myofibroblast transdifferentiation of cardiac 
fibroblasts in a paracrine manner and was dependent on miR-21 in cMPs.

CONCLUSIONS: Our data indicate a critical role of cMPs in pressure 
overload–induced cardiac fibrosis and dysfunction and reveal macrophage 
miR-21 as a key molecule for the profibrotic role of cMPs.

MicroRNA-21–Dependent Macrophage-
to-Fibroblast Signaling Determines the 
Cardiac Response to Pressure Overload
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Heart failure constitutes a major global disease 
burden and remains the leading cause of death 
in industrialized and in developing countries.1 

Despite considerable progress within the past 2 de-
cades, the mortality rate of established heart failure 
remains high, despite optimized treatment regimens.2 
Established therapies of heart failure such as β-blocking 
agents, angiotensin-converting enzyme inhibitors, and 
aldosterone antagonists largely focus on the inhibition 
of neurohumoral activation, an effective, but also limit-
ing principle of therapy.

More recently, evidence has accumulated that in-
flammation within the myocardium is not only a key 
element of acute cardiac injury, such as during myocar-
dial infarction, but is also observed in chronic cardiac 
pathologies such as in chronic heart failure.3 Conse-
quently, the modulation of cardiac inflammation has 
also been put forward as a potential therapeutic strat-
egy for the treatment of chronic HF.3

A key observation justifying this approach was that 
the mammalian heart exhibits a surprisingly large frac-
tion of immune cells that reside in the myocardium, 
replicate locally, and respond to inflammatory stim-
uli.4 Among the different immune cells in the heart, 
macrophages are the most abundant cell fraction in 
healthy myocardium. In contrast to conditions involv-
ing acute cardiac injury with major influx of immune 
cells, tissue-resident macrophages are believed to be 

the dominating immune cell fraction during cardiac re-
modeling in chronic heart failure.5

Although the key stimuli, receptors and signaling 
pathways underlying the activation, plasticity, and rep-
lication of macrophages continue to be elucidated,6 
the role of noncoding RNAs in these cells has remained 
largely unknown until now. MicroRNAs (miR) are a 
class of small noncoding RNAs that have emerged as 
powerful regulators of gene expression and that have 
been implicated in many diseases, including cardiovas-
cular disease.7

One of the most intensely studied microRNAs in 
this context is miR-21, which is upregulated during 
myocardial disease and the genetic and pharmaco-
logical inhibition of which has been found to pre-
vent the progression of myocardial fibrosis and heart 
failure.8–11 Since its implication in cardiac fibrosis, the 
profibrotic role of miR-21 has been corroborated in 
the fibrosis of various other organs and tissues, in-
cluding liver, kidney, lung, skin, and skeletal muscle.12 
Because miR-21 shows relatively high levels of ex-
pression in fibroblasts, and because the genetic dele-
tion of miR-21 in mesenchymal cells (which include 
fibroblasts) likewise prevents fibrosis,10 it is generally 
assumed that miR-21 exerts its profibrotic action pri-
marily in fibroblasts.

Here, we report that, within the myocardium, miR-
21 has its strongest expression in cardiac macrophages, 
where it is also the single strongest expressed microR-
NA among all microRNAs. Targeted genetic deletion of 
miR-21 in macrophages of mice prevented their pro-
inflammatory polarization and subsequently pressure 
overload–induced cardiac fibrosis and dysfunction. 
Analysis of intercellular communication, using single-
cell sequencing, identified the cardiac fibroblast as the 
primary recipient cell of intercellular signals that ema-
nate from activated cardiac macrophages and that are 
controlled by miR-21.

METHODS
The authors declare that all data that support the findings 
of this study are available within the article and its Data 
Supplement. Materials will be shared on reasonable request. 
A detailed description of all materials (Table I in the Data 
Supplement) and methods including RNA sequencing library 
preparation and accessibility of publicly deposited RNA 
sequencing data are provided in the Data Supplement.

Experimental Animals and Study Design 
All animal studies were performed in accordance with relevant 
guidelines and regulations of the responsible authorities and 
approval was obtained from the institutional review board at 
the Regierung von Oberbayern (ROB-55.2Vet-2532.Vet_02-
17-70). Animals were randomly assigned to the experimental 
groups, and the person performing the surgery and echocar-
diography was blinded for the genotype.

Clinical Perspective

What Is New?
• MicroRNA-21 (MiR-21), an important microRNA in 

cardiac biology and disease, has its highest expres-
sion in cardiac macrophages, where it is the single 
strongest expressed microRNA.

• Genetic deletion of miR-21 specifically in macro-
phages prevented myocardial remodeling and dys-
function induced by pressure overload in mice.

• On a mechanistic basis, miR-21 promotes a pro-
inflammatory phenotype in cardiac macrophages 
that signal to and activate cardiac fibroblasts 
through a set of paracrine mediators.

What Are the Clinical Implications?
• Interference with the activation of cardiac macro-

phages represents a promising therapeutic strategy 
in myocardial remodeling and dysfunction.

• Synthetic oligonucleotide inhibitors against miR-
21, which are currently undergoing clinical testing 
against fibrotic disease, may also (or even primarily) 
work through their effect in macrophages.

• Future RNA therapies against miR-21 may be tar-
geted toward macrophages to further increase effi-
cacy and limit potential side effects.
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Transverse Aortic Constriction Murine 
Model of Heart Failure 
Cx3cr1-CreTg/0 and miR-21–floxed mice have been 
described previously. All mice were bred in C57BL/6 genetic 
background.13,14

Transverse aortic constriction (TAC) procedure was per-
formed on 8- to 10-week-old male mice as described previ-
ously.10 For pre- and postoperative analgesia, the mice were 
injected intraperitoneally with buprenorphine (0.08 mg/kg) 
and metamizole (200 mg/kg). Mice were anesthetized in 
an induction chamber with 4% isoflurane mixed with 0.5 L/
min of 100% O2. During the surgical procedure, anesthesia 
was maintained at 1.5% to 2% isoflurane with 0.5 L/min 
O2. Partial thoracotomy was performed and a small piece of 
6.0 silk suture was ligated between the innominate and left 
carotid arteries around a 27.5-gauge needle placed parallel 
to the transverse aorta. In sham surgery, only the chest was 
opened, but no ligation of the aorta was performed. Cardiac 
dimensions and function were analyzed by pulse-wave 
Doppler echocardiography before TAC/sham surgery and, at 
the end of the experiment, before euthanizing the animals.

Echocardiography 
Transthoracic echocardiography was performed on mice to 
assess cardiac function. Ultrasound gel was applied to the 
chest of isoflurane-anesthetized mice, and echocardiographic 
monitoring was performed by using an ultrasound system 
with a linear transducer with 32 to 55 MHz frequency (Visual 
Sonics) combined with Vevo 770 software (Visual Sonics). 
M-mode tracings were recorded, and the dimensions of myo-
cardium at systole and diastole were measured. For speckle-
tracking analysis, Vevostrain software (Visual Sonics) was used.

Statistical Analysis 
Data denote mean and individual values. Statistical analysis 
was performed using Graphpad Prism software package (ver-
sion 8). Data distribution was assessed by the Shapiro-Wilk 
test for normality. The Bartlett test was performed to test the 
homogeneity of variance, and the Spearman rank correla-
tion test was performed to test heteroscedasticity. For data 
sets that did not pass the heteroscedasticity test, values were 
log-transformed before statistical testing. Differences among 
multiple means were assessed either by 1-way or 2-way 
ANOVA followed by the Sidak test. A P value of <0.05 was 
considered significant.

For detailed methods, see the Expanded Methods in the 
Data Supplement .

RESULTS
miR-21 Is Highly Expressed in Cardiac 
Macrophages and Increases in Heart 
Failure
We initially sought to obtain an inventory of the entire 
small RNA transcriptomes of the major cell fractions of 
the mouse heart (Figure 1). To this end, we devised a cell 
isolation strategy, starting with retrograde perfusion of 

the isolated heart (Langendorff preparation), followed by 
fractionation into myocytes, endothelial cells, fibroblasts, 
and macrophages by using magnetic- and fluorescence-
activated cell sorting (see scheme in Figure 1A and Figure 
I in the Data Supplement). According to these criteria, 
we detected 307 unique and individual transcripts that 
were confidently annotated as microRNAs (Figure 1B). In 
agreement with small RNA transcriptomes obtained in 
different cell types and tissues,15,16 we likewise observed 
a 1-sided distribution of the absolute abundance of the 
individual microRNA molecules, with very few microRNA 
molecule species constituting the majority of the entire 
miRNome (Figure  1B). Several of those microRNAs at 
the upper end of the expression spectrum also exhibited 
very pronounced cell-type specificity in comparison with 
the other myocardial cell types (Figure  1C). We found 
miR-21 to be the highest-expressed microRNA in cardiac 
macrophages (cMPs), constituting about one-quarter of 
all microRNA molecules in this cell type (Figure 1B). This 
is far higher than in other cardiac cell fractions, includ-
ing fibroblasts (Figure 1B and 1C), a known cell type in 
which the function of miR-21 is well characterized.

To investigate whether macrophage-based miR-21 
also played a role in the development of cardiac dis-
ease, we tested it in a disease model for left ventricular 
pressure overload induced by TAC. Expression of miR-
21 in cMPs further increased in a progressive manner 
6 and 21 days after the initiation of pressure overload 
(Figure 1D and 1E). Effective target mRNA regulation 
through a microRNA requires that its concentration in 
each cell type matches that of its target sites (ie, the 
entire targetome in a cell).17,18 We therefore determined 
the absolute abundance of all mRNAs that contain ca-
nonical target sites for the top 40 expressed microRNAs 
and set it in relation to the absolute copy numbers of 
the respective microRNA (Figure 1F). Only few microR-
NAs matched their targetome in cMPs, and miR-21 
also exerted the highest microRNA:target ratio among 
all macrophage microRNAs, both under sham and dis-
ease conditions, suggesting a strong regulatory effect 
of this miR-21 in cMPs (Figure 1F). To further examine 
the role of miR-21 in cMPs in vivo, we generated mac-
rophage-specific miR-21–deficient mice (miR-21 cKO) 
by crossing miR-21–floxed mice with a mouse line that 
expresses Cre recombinase under the control of the 
Cx3cr1 promotor. This promotor is specifically active in 
macrophages.13 Cx3cr1-Cretg/0; miR-21flox/flox mice (miR-
21 cKO) exhibited >90% decreased levels of miR-21 in 
cMPs, with preserved miR-21 levels in other cardiac cell 
types, myeloid and lymphoid cells (Figure 1G and Figure 
II in the Data Supplement). MiR-21 cKO mice developed 
normally and exhibited normal cardiac function, as de-
termined by echocardiography, compared with wild-
type (WT) littermate controls (data not shown). Thus, 
we conclude that miR-21 cKO mice are a well-suited 
model to study the function of miR-21 in cMPs.
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Figure 1. miR-21 is the most abundant and enriched microRNA in cardiac macrophages.
A, Scheme for cell isolation. B, MiRNA expression profiles in different myocardial cell types. Pie graph representation of miRNAs in cardiac macrophages and other 
myocardial cell types (myocytes, fibroblasts, and endothelial cells) isolated from hearts of WT mice. miR-21a-5p is indicated in red. n=3. C, Expression of miR-21a-
5p in different myocardial cell types. D, Pie graph representation of miRNAs in cardiac macrophages isolated from hearts of WT mice 6 days after pressure overload 
(TAC). n=5. E, Relative expression of miR-21a-5p, as determined by SYBR green-based quantitative real-time polymerase chain reaction (qPCR) in cardiac macro-
phages isolated from hearts 6 or 21 days after pressure overload. Sham n=6; 6 days after TAC n=5; and 21 days after TAC n=3. F, Measured reads of miRNA (bars) 
and corresponding 3′-untranslated region target pools (black line) in total reads per million (TPM) for the top-expressed miRNAs in cardiac macrophages, isolated 
from WT mice after sham or TAC surgery. MiR-21 is denoted in red. The y axis is log scale. n=3 per group. G, Macrophage-specific miR-21–deficient mice (miR-21 
cKO) were generated by crossing miR-21–floxed mice with a mouse line that expresses Cre recombinase under control of the Cx3cr1 promotor. Diagram shows the 
expression of miR-21a-5p as determined in macrophages isolated from WT and miR-21 cKO mice. WT n=3; miR-21 cKO n=5. Data denote mean and individual 
values and were analyzed using 1-way ANOVA (E) or the Student t test (G). *P<0.05, **P<0.01, and ***P<0.001. MACS indicates magnetic-activated cell sorting; 
miR-21, microRNA-21; miR-21 cKO, macrophage-specific miR-21–deficient mice; miRNA, microRNA; TAC, transverse aortic constriction; and WT, wild type. 
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Genetic Deletion of miR-21 Specifically in 
MPs Improves Heart Function After TAC
To investigate the contribution of macrophage miR-21 
to pathological cardiac remodeling and dysfunction, we 
subjected WT and miR-21 cKO mice to TAC and deter-
mined the extent of fibrosis and cardiac hypertrophy (Fig-
ure 2A). Staining of extracellular matrix proteins in myo-
cardial cross sections indicated that fibrosis in the miR-21 
cKO group had been significantly prevented, compared 
with TAC-treated WT mice (Figure 2B). MiR-21 cKO mice 
were also protected from TAC-induced cardiac hypertro-
phy at both organ and cellular levels (Figure IIIA in the 
Data Supplement and Figure 2C). Consistent with these 
findings, the expression of hypertrophy-related genes 
(Acta1, Myh7, Nppa) and fibrosis-related genes (Col1a1, 
Col1a2) was significantly reduced in TAC-treated miR-21 
cKO mice, compared with WT littermates (Figure  2D). 
Immunofluorescent staining indicated a significantly re-
duced number of macrophages in TAC-treated miR-21 
cKO mice compared with TAC-treated WT mice (Figure 
IIIB in the Data Supplement). However, the number of 
peripheral blood mononuclear cells remained unchanged 
(Figure IIIC in the Data Supplement).

Echocardiography performed before surgery and at 
days 14 and 28 after sham or TAC surgery was used to 
assess cardiac function. Both WT and miR-21 cKO mice in 
the sham groups were healthy and unremarkable, in con-
trast to the typical impairment of cardiac function that 
was evident in TAC-treated WT mice (Figure 2E and 2F). 
TAC-treated miR-21 cKO mice displayed significantly bet-
ter left ventricular ejection fraction, compared with WT 
mice (Figure 2E). This was also reflected by other echo-
cardiography parameters such as left ventricular anterior 
wall thickness in TAC-treated miR-21 cKO mice compared 
with WT littermates (Table). In addition, we measured left 
ventricular function by assessing left ventricular strain us-
ing speckle-tracking analysis of 2-dimensional echocar-
diography (Figure 2F). Also, this analysis indicated signifi-
cantly better left ventricular function with higher levels of 
radial strain in miR-21 cKO mice, almost reaching levels 
typically observed in the sham-treated mice (Figure 2G).

Together, these findings suggest a crucial role for 
macrophage miR-21 in cardiac remodeling and dys-
function.

Single-Cell Sequencing Analysis Revealed 
That miR-21 Depletion in Macrophages 
Favors M2 polarization
To better understand the mechanism through which 
miR-21 exerts its function in cMPs and how this then 
determines responses in other myocardial cell fractions, 
we performed single-cell sequencing by using the non-
myocyte cell population isolated from either WT or miR-
21 cKO mice 6 days after pressure overload (Figure 3A). 

Transcriptional profiles of single cells were obtained us-
ing the 10X Chromium platform. We analyzed 10 159 
WT Sham, 6230 WT, and 8473 miR-21–deficient cells 
from TAC hearts that passed quality control and for 
which an average of ≈2000 median genes per cell were 
detected (in total, 19 751 genes were detected across 
cell types; Figure 3B).

Analysis of the single-cell RNA sequencing data set 
(including cells from both WT and miR-21 cKO mice, 
pooled together and analyzed by the Seurat package) 
showed 2 clusters of macrophages (1 and 4), 3 clus-
ters of fibroblasts (2, 3, and 5), 3 clusters of endothelial 
cells (0, 8, and 13), pericytes (7), lymphatic endothelial 
cells (9), and other immune cells (10 and 6; Figure 3B 
and Figure IV in the Data Supplement). Using known 
genetic markers, subset analysis of macrophages fur-
ther classified this cell type into 2 different cell popu-
lations: M2-like macrophages and M1-like proinflam-
matory macrophages19–23 (Figure  3C). Comparative 
sequencing analysis revealed a relative increase in the 
fraction of M2-like macrophages on deletion of miR-21 
in macrophages compared with those isolated from a 
WT background (Figure  3D). In accordance with this, 
cell cycle–related genes in M2-polarized macrophages 
were highly upregulated in miR-21 cKO mice, indicat-
ing proliferation of this subpopulation (Figure 3E). To in-
dependently assess macrophage subsets and cell cycle 
activation, we performed pulse labeling with 5′-bromo-
2′-deoxyuridine followed by immunostaining. We chose 
day 3 after TAC where macrophage proliferation has 
been reported to peak after TAC.24 Consistent with the 
single-cell sequencing analyses, we found decreased 
total macrophage numbers, a relative increase in the 
M2-like fraction and its cell cycle activity in left ven-
tricular myocardium from miR-21 cKO mice compared 
with controls (Figure 3F). Gene ontology analysis of the 
macrophage clusters indicates that inflammation-asso-
ciated genes that had been upregulated in WT mice 
after pressure overload were largely repressed in miR-
21–deficient mice (Figure 3G and Table II in the Data 
Supplement). These findings were corroborated with 
corresponding analyses performed separately on indi-
vidual macrophage subclusters. They confirmed a re-
pression of disease-associated, proinflammatory path-
ways in M1-like macrophages (cluster 4) on deletion 
of miR-21 (Figure VA, Upper and Table II in the Data 
Supplement). Likewise, M2-like macrophages (cluster 
1) showed a pronounced reversal of the pressure over-
load–associated changes on deletion of miR-21 (Figure 
VA, Lower and Table II in the Data Supplement).

We then aimed to corroborate these findings in a 
more defined setting in vitro. We assessed the extent 
of proinflammatory signaling in cultured bone marrow–
derived macrophages that had been transfected either 
with LNA (locked nucleic acid)-anti-miR-control or LNA-
anti–miR-21 after stimulation with lipopolysaccharide, 
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Figure 2. Macrophage-specific deletion of miR-21 prevents pressure overload–induced myocardial remodeling in mice.
A, Experimental strategy. Eight-week-old wild-type and miR-21 cKO mice were subjected to either TAC or sham surgery and their hearts were harvested 4 weeks 
later. Cardiac function was monitored by echocardiography (Echo). B, Sirius red/fast green staining of representative myocardial sections and quantification of 
extracellular matrix. C, Representative myocardial sections stained with wheat germ agglutinin (WGA) and quantification of cardiac myocyte area. D, Quantitative 
polymerase chain reaction assessment of mRNA levels of collagens Col1a1 and Col1a2, Acta2, Myh7, and Nppa. E, Echocardiographic determination of cardiac 
function, as assessed by left ventricular ejection fraction. F, Representative speckle tracings to assess cardiac strain, measured using Vevo strain software at systole 
and diastole. G, Quantification of peak radial strain (%), peak longitudinal strain (%), and peak circumferential strain (%). WT sham n=6; miR-21 cKO sham n=7; 
WT TAC n=10; miR-21 cKO TAC n=7. Scale bars in B and C represent 100 µm. Data denote mean and individual values and were analyzed by using 2-way ANOVA 
with the Sidak posttest (B–E, G). *P<0.05, **P<0.01, and ***P<0.001. miR-21 indicates microRNA-21; miR-21 cKO, macrophage-specific miR-21–deficient mice; 
TAC, transverse aortic constriction; and WT, wild type.
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a potent proinflammatory stimulus. Consistent with the 
repression of proinflammatory pathways in the single-
cell data obtained from miR-21 cKO mice, the expres-
sion of proinflammatory-related genes (Il6, Nos2, Tnf) 
was significantly reduced in LNA-anti–miR-21–treated 
compared with LNA-anti–miR-control–treated, bone 
marrow–derived macrophages  (Figure 3H and Figure 
VI in the Data Supplement).

Altogether, our data suggest that miR-21 is a key 
molecule necessary for the proinflammatory activation 
of macrophages in the mammalian heart.

Ligand-Receptor–Pairing Analysis 
Identifies the cMP as Primary Paracrine 
Inducer of Fibroblast Activation
Our phenotypic characterization of miR-21 cKO mice 
(Figure 2) had revealed a prominent effect of macro-
phage miR-21 on myocardial remodeling during pres-
sure overload, including a significant prevention of 
myocardial fibrosis (Figure  2B). We therefore asked 
whether the cMP, on disease induction, would directly 
signal to cardiac fibroblasts. Recent advances in bio-
informatic analysis of single-cell transcriptomic data 
sets from complex multicellular tissues allow system-
atic mapping of paracrine intercellular communication 
based on ligand-receptor pairing.25

We thereby analyzed ≈2500 validated ligand-recep-
tor interaction pairs within and between cell types and 
created a cellular interaction map, first for homeostatic 
conditions (Figure VB in the Data Supplement). Next, 
we sought to identify changes of cellular interaction 
that occur under TAC conditions, examining all poten-
tial ligand-receptor interaction pairs (Figure  4A). On 
induction of pressure overload, the dominant changes 
in interaction were observed between M1-like mac-
rophages and activated fibroblasts of the Postn+ sub-
type (Figure 4A and Figure IV in the Data Supplement). 

Among the paracrine interactions from M1-like MPs, 
signaling to Postn+ fibroblasts was most significantly 
repressed in TAC-treated miR-21–deficient versus TAC-
treated WT mice (Figure 4A, Right).

The remarkable extent of these perturbations made 
us hypothesize that it is the activated macrophage that 
mediates profibrotic activation of the cardiac fibroblast 
during pressure overload–induced remodeling. We then 
examined in more detail which ligand-receptor pairs 
directly promote the fibrotic response in a miR-21–de-
pendent manner (Figure 4B). In TAC-treated WT mice, 
the most upregulated candidate ligands with predicted 
receptor signaling to activated fibroblasts were ligands 
with documented profibrotic activity.26–30 These fibro-
blast-activating signaling pathways were found to be 
downregulated in cMPs of TAC-treated miR-21–deficient 
mice (5 of 8 passed the threshold of regulation applied 
in Figure 4B; see also Table III in the Data Supplement). 
Quantitative real-time polymerase chain reaction of RNA 
isolated from left ventricular myocardium of miR-21 cKO 
mice and WT littermates subjected to TAC confirmed the 
reduced expression of the identified ligand genes (Figure 
VII in the Data Supplement).

We also found 1 signaling pathway to be activated 
in the latter group, namely Lrp1-dependent signaling 
(Figure 4B). Lrp1, a member of the low-density lipopro-
tein receptor family of proteins, has been reported as 
a potent integrator of diverse antifibrotic signals such 
as ApoE (apolipoprotein E) and C1qb.31 Together, these 
data indicate that, on pressure overload of the heart, 
the cMP sends a powerful array of profibrotic mediators 
to the cardiac fibroblast.

To study the effects of these signals in the cardiac 
fibroblast, we assessed the dynamic transcriptional 
response of this cell population on pressure overload 
and the relevance of miR-21 therein (Figure  4C–4E). 
Quantitative analysis of the transcriptomes of the 3 
major fibroblast subclusters32 (Figure IV in the Data 

Table. Physiological Parameters in Pressure Overload–Induced Mice After Macrophage-Targeted Deletion of MicroRNA-21

Physiological parameters

Wild type
Macrophage-specific microRNA-
21–deficient mice

Sham TAC Sham TAC

Number 6 10 7 7

Heart rate, bpm 390.5±22.5 441.6±8.6 413.6±13 442.4±18.6

Fractional shortening, % 26.7±1.6 11.8±1.0* 27±0.5 20.8±1.2†

Stroke volume, µL 32.3±2.9 14.9±1.1* 33.9±0.8 24.1±1.5‡

Cardiac output, mL/min 14.5±0.4 7.1±0.6* 13.5±0.8 13.2±0.9†

Left ventricular anterior wall thickness, mm 0.9±0.04 1.6±0.1* 1±0.04 1.3±0.04†

Left ventricular posterior wall thickness, mm 0.9±0.03 1.3±0.02* 0.9±0.05 1.3±0.05

Left ventricular mass, mg 97.8±4.5 167.8±5.9* 93.2±4.3 130.9±2.5†

Left ventricular mass corrected, mg 81.2±5.1 135.4±4.3* 75.3±2.9 111.6±3.8‡

Data are mean±SEM. TAC indicates transverse aortic constriction.
*P<0.001 (wild-type TAC vs wild-type sham).
†P<0.001 and ‡P<0.01 (macrophage-specific microRNA-21–deficient mice TAC vs wild-type TAC).
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Figure 3. Single-cell sequencing reveals accumulation of M2-like macrophages in the heart after specific deletion of miR-21 in cardiac macrophages.
A, Experimental workflow of single-cell sequencing of noncardiomyocyte cells isolated from the hearts of wild-type and miR-21 cKO mice 6 days after TAC. 
Barcoded cDNA libraries were generated using the 10X Chromium Single Cell 3′-Library kit, sequencing was performed using HiSeq4000 and analyzed 
using Cell Ranger and Seurat packages. B, Uniform manifold approximation and projection (UMAP) plots for dimensionality reduction of the distribution of 
wild-type and miR-21 cKO single-cell transcriptomes. C, Violin plots showing expression of marker genes for macrophages, M2-like and M1-like macro-
phages. D, Pie graphs depicting the proportions of different macrophage clusters. E, Dot plot showing expression of exemplary cell cycle genes. F, Prolif-
eration of cardiac macrophages as assessed by BrdU pulse labeling in wild-type and miR-21 cKO mice 3 days after pressure overload. Top, Representative 
immunofluorescence staining for MRC1 as a marker for M2-like macrophages and BrdU. Bottom, Quantification of macrophages (left), the relative fraction 
of M2-like macrophages (middle), and BrdU incorporation into M2-like macrophages (right). n=3 mice per group with >2000 cells assessed per animal. 
Scale bar, 25 µm. G, Gene ontology enrichment analysis of top 200 deregulated genes on biological processes in cardiac macrophages. Chord diagrams 
show genes associated with top overrepresented gene ontology terms. H, Expression of proinflammatory genes (Tnf, Il6, Nos2) in bone marrow–derived 
macrophages, transfected with LNA-anti–miR-21 or LNA-anti–miR control, and incubated with and without lipopolysaccharide (LPS). n=5 independent 
experiments, with 3 replicates each. Data denote mean and individual values and were analyzed by using Student t test (F) or 2-way ANOVA with Sidak 
posttest (H). *P<0.5 and ***P<0.001. BM indicates bone marrow; BrdU, 5′-bromo-2′-deoxyuridine; CM, cardiomyocyte; LEC, lymphatic endothelial cell; 
LNA, locked nucleic acid; miR-21 indicates microRNA-21; miR-21 cKO, macrophage-specific miR-21–deficient mice; MP, macrophage; NK/T, natural killer/T 
cell; TAC, transverse aortic constriction; and WT, wild type.
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Supplement) indicated that deletion of macrophage 
miR-21 specifically repressed myofibroblast transforma-
tion (Figure 4C and 4D). RNA velocity analysis of the 
single-cell sequencing data showed that the fraction of 

activated fibroblasts (denoted by Postn) was directed 
toward myofibroblasts (denoted by Acta2 and Tcf21 
abundance) on pressure overload (Figure 4E). This tran-
scriptional response toward a prospective myofibroblast 

Figure 4. Analysis of ligand-receptor pairing in single-cell transcriptomics data sets identifies the cardiac macrophage as primary paracrine inducer 
of fibroblast activation.
A, Network plot depicting significantly upregulated paracrine and autocrine interactions among different cardiac cell fractions in WT and miR-21 cKO mice. 
Arrows indicate that the direction of communication, line thickness, and color saturation are proportional to the number of intercellular ligand-receptor pairs; 
autocrine signaling is depicted in black. Ligands and receptors are considered to be expressed when detected in at least 20% of a cell population. B, Detailed view 
of paracrine interactions from M1-like macrophages toward activated fibroblast (Postn+) cells depicting the individual ligand-receptor pairs. C, Dot plot showing 
expression of fibroblast-related genes. D, Pie graphs depicting the proportions of different fibroblast clusters. E, RNA velocity analysis of fibroblast clusters detected 
by single-cell sequencing. Underlying feature plots label cells that express Tcf21 (gray), Postn (green), Acta2 (red), or both Postn and Acta2 (yellow). F, Experimental 
strategy for coculture of adult mouse cardiac fibroblasts (AMCF) and bone marrow–derived macrophages. Macrophages were transfected with either LNA-anti–
miR-21 or LNA-anti–miR-control, stimulated with LPS, washed and seeded around freshly isolated AMCFs for 48 hours. Monocultures of AMCF served as negative 
controls. Immunofluorescence staining of AMCFs was performed using antibodies against vimentin (marker for fibroblasts) and α-smooth muscle actin (ACTA2; 
marker for myofibroblasts). G, Percentage of α-smooth muscle actin–positive cells as a measure of myofibroblast formation. Scale bar, 25 µm. n=4 to 6 indepen-
dent experiments performed in triplicates. Data are mean and individual values and were analyzed by using 2-way ANOVA with the Sidak posttest. ***P<0.001. 
LNA indicates locked nucleic acid; LPS, lipopolysaccharide; LR, ligand-receptor; miR-21 indicates microRNA-21; miR-21 cKO, macrophage-specific miR-21–deficient 
mice; TAC, transverse aortic constriction; UMAP, uniform manifold approximation and projection; and WT, wild type.
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phenotype was largely abolished in miR-21 cKO mice 
(Figure 4E). In good agreement with this, miR-21 de-
ficiency in macrophages leads to fewer myofibroblasts 
than in  the WT background (Figure 4D).

To obtain further proof that macrophage miR-21 is 
a driver of myofibroblast differentiation, we analyzed 
this process in a defined coculture setting of activated 
macrophages and cardiac fibroblasts (Figure 4F). Bone 
marrow–derived macrophage progenitor cells were dif-
ferentiated to mature macrophages, transfected with 
either LNA-anti–miR-21 or LNA-anti–miR-control for 24 
hours and stimulated with lipopolysaccharide. The ma-
ture macrophages were then added to the surround-
ing 8 wells of 9-well coculture slides, such that a ra-
tio of fibroblast to macrophages of 3:1 was achieved, 
closely mimicking cell ratios in myocardium in vivo.10,33 
Automated, high-content image acquisition of Acta2-
stained cells (Metamorph) was then used as a parameter 
for myofibroblast formation (Figure 4G). Unstimulated, 
quiescent macrophages did not induce myofibroblast 
transformation in this assay, and the inhibition of miR-
21 had no detectable effect under these conditions 
(Figure  4G). In contrast, proinflammatory polarization 
of cultured macrophages with lipopolysaccharide con-
ditioned their secretome to promote strong myofibro-
blast transformation. Consistent with the data obtained 
from the miR-21 cKO mice, macrophage-dependent 
myofibroblast transformation was significantly reduced 
on pretreatment of the macrophages with LNA-anti–
miR-21(Figure  4G). This finding further corroborates 
the dependency of cMPs on miR-21 to exert paracrine, 
profibrotic signaling to cardiac fibroblasts.

DISCUSSION
This study reports on a key regulatory role for miR-21 in 
cMPs, where it controls paracrine, profibrotic signaling 
toward cardiac fibroblasts, and thus determines cardiac 
remodeling and overall cardiac function.

MiR-21 has a well-documented role in tissue fibrosis 
of the heart,8,10,11 and other organs, as well,34–36 and its 
therapeutic inhibition showed efficacy in a broad panel 
of preclinical models of tissue fibrosis. Consequently, a 
synthetic oligonucleotide inhibitor of miR-21 (RG-012) 
has been developed that passed phase I clinical test-
ing37 and is currently tested in a phase II clinical study 
in kidney fibrosis.38 Until recently, the regulatory role of 
miR-21 in fibroblasts has been regarded as the primary 
cause underlying the pathological role of miR-21 in tis-
sue fibrosis and disease and, hence, the therapeutic ef-
fects of anti–miR-21. Our results of quantitative small 
RNA sequencing from purified myocardial cell fractions 
revealed an enormous concentration of miR-21 in the 
cMP, where it is the single highest expressed microRNA. 
Also, this cell type displays the highest miR-21 expres-
sion among all myocardial cell types. This key finding 

was the starting point of the present study and prompt-
ed us to delineate the contribution of cMP miR-21 to 
tissue fibrosis and cardiac function.

The effects we report to be mediated by macro-
phage miR-21 are profound and go far beyond pri-
mary immune functions. Four major findings of our 
study support the central role of cMP miR-21 in the 
myocardium: (1) Starting from a very high cellular con-
centration, miR-21 was further rapidly upregulated in 
cMPs in early stages of disease. (2) Genetic deletion 
of miR-21 in cMPs inhibited polarization of cMPs to-
ward a proinflammatory (M1-like) phenotype and 
promoted cell cycle activity of M2-like macrophages. 
(3) Loss of miR-21 in cMPs prevented myofibroblast 
transformation, myocardial fibrosis, and eventually 
cardiac dysfunction in a murine disease model. (4) 
Mechanistically, miR-21 controls paracrine, profibrotic 
macrophage-to-fibroblast signaling.

cMP as a Therapeutic Target
Our data provide further evidence that the previously 
underappreciated cMP exerts a critical role in myocardial 
disease. Bone marrow, that is, monocyte-derived macro-
phages and their massive tissue infiltration in conditions 
such as acute ischemia are a comparably well-studied 
cell population.39 In contrast, much less is known about 
the so-called tissue resident macrophage that has come 
into focus in the past few years.40 Recent studies have 
suggested that this cell population appears to play a 
key role in the immunologic response to nonischemic 
cardiac dysfunction.24 Instrumental to the investigation 
of these cells were Cre-transgenic mouse lines that per-
mitted lineage tracing during development, but also 
highly specific targeting of tissue resident macrophages 
including those in the heart.41,42 In the present study, 
we used a Cx3cr1-Cre line and achieved a nearly 90% 
reduction of miR-21 in the cMPs. Such strong inhibition 
of miR-21 prevented proinflammatory polarization of 
cMPs during cardiac disease. In agreement with other 
studies,43 our study suggests therapeutic modulation of 
cMP polarization as a promising strategy in conditions 
such as cardiac remodeling observed during the pro-
gression of heart failure.44

Remarkably, miR-21 deficiency in cMPs had a strong 
impact on the activation and myofibroblast transforma-
tion of the cardiac fibroblast. Our data suggest that the 
proinflammatory state of the cMP and its fibroblast-
activating secretome are necessary for the activation of 
cardiac fibroblasts to promote myocardial fibrosis. This 
notion is supported by several studies that have likewise 
suggested a critical role for cardiac immune cells for 
tissue fibrosis.6 One such study has investigated miR-21 
and suggested that the macrophage determines fibro-
blast activation through the secretion of miR-21–con-
taining exosomes.45 To become functionally relevant in 
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the recipient cell, intercellular transfer of a microRNA 
necessitates a quantitative increase of the microRNA to 
this cell type. Our model of macrophage-specific genet-
ic deletion allows us to test for this hypothesis by quan-
titative determination of the concentrations of miR-21 
in the fibroblast population on macrophage-specific de-
letion of miR-21. Under basal conditions, we found the 
fibroblast concentrations of miR-21 to be preserved, 
arguing against a major role of exosome-based transfer 
of miR-21 in this setting. Follow-up studies appear war-
ranted to determine whether this also applies to dis-
ease states where exosome transfer may be altered or 
whether this mechanism is specific to certain organs, 
such as the fibroblasts in tendon tissue studied by Cui 
et al.45 In any case, our quantitative miRNome data on 
miR-21 concentrations in fibroblasts predict that very 
high numbers of exosome-associated miR-21 molecules 
need to be received by and operative in recipient fibro-
blasts to further augment the high endogenous miR-21 
concentrations to a functionally relevant extent.

Another study reported on the release of transform-
ing growth factor β1 by platelets and its control by miR-
21,46 suggesting that intravenous anti–miR-21 may also 
act antifibrotic through its action in platelets rather than 
in myocardial cells. Our study design does not allow us 
to specifically determine the potential contribution of 
miR-21 in platelets (where it has rather moderate levels 
compared with many other cell types), nor did it study 
conditions of platelet activation such as thrombus for-
mation or include systemic manipulation of miR-21 by 
anti–miR-21 oligonucleotides as in the study by Barwari 
et al.46 Nevertheless, our study provides genetic proof 
that miR-21 in cMPs and its control of polarization is 
essential for disease-associated fibrosis to occur.

What Are the Consequences of These 
Findings for the Application and Further 
Development of Anti–miR-21 Molecules 
for Therapeutic Purposes? 
Our data suggest that, provided sufficient delivery to 
this cell type can be achieved, the cMP may provide 
for a superior target cell to aim for cell type–specific 
delivery. This notion seems particularly relevant in the 
context of previous studies that indicated a protective 
effect of miR-21 on cardiac myocytes in addition to its 
pathological role in cardiac nonmyocyte cell types.10,47 
Such delivery to macrophages does not necessarily 
need to be confined to the myocardium. Rather, our 
Cx3cr1-Cre–based approach and the mild phenotypic 
effects of global genetic deletion of miR-21 predict 
few systemic effects apart from those in the diseased 
tissue. Furthermore, concomitant inhibition of miR-21 
in macrophages and fibroblasts may warrant further 
investigation. In fibroblasts, miR-21 likewise has high 

concentrations, and we and others have delineated a 
pathological role in myofibroblast transformation there-
in.8,10,48 We are tempted to speculate that such a bi-
specific approach may further enhance the antifibrotic 
effect of anti–miR-21.

The use of a cell type–specific, transgenic Cre line 
requires the interpretation of the pertinent data regard-
ing the entirety of the targeted organs and cells therein. 
Here, we made use of the Cx3cr1-Cre strain,13 which 
has become a standard in the field to target tissue mac-
rophages. This model has been shown to target both 
MHCIIlow and MHCIIhigh macrophages (representing M1- 
and M2-like macrophages) by Molawi et al.49 However, 
some activity has also been reported in mast cells and 
classical dendritic cells,50 both of which are (very) rare 
cells in the murine myocardium and have not been fol-
lowed up in this study. Likewise, we cannot formally 
exclude the involvement of tissue macrophages in oth-
er organs besides the heart, yet 2 observations argue 
against this: first, the transcriptional response of the 
cMPs occurs early and in the absence of heart failure 
and overt systemic disease, arguing for a local, intra-
myocardial activation of the myocardial macrophage. 
Second, the TAC model does not show fibrosis of major 
extracardiac organs and we were able to reconstitute 
macrophage-mediated fibroblast activation with iso-
lated primary cells in vitro, a system that, per design, is 
devoid of external signals and triggers.

The pivotal finding that miR-21 in cMPs is essential to 
activate and transform cardiac fibroblasts gives rise to 
new questions that warrant further studies. As for most 
heart failure–related cellular pathologies, it remains 
to be determined what triggers the activation of the 
cMP in this model of pressure overload–induced car-
diac remodeling and failure. Signaling of pathological 
mechanical strain is an obvious candidate as are danger 
signals (eg, damage-associated molecular patterns).

Conclusions 
In summary, our data demonstrate an important role of 
macrophage miR-21 for promoting the proinflammatory 
polarization of this cell type in disease and, subsequent-
ly, in cardiac fibrosis and dysfunction. This study also 
provides the first, definitive evidence that macrophage 
miR-21 controls myocardial fibrosis through intercellular 
communication with fibroblasts, the primary recipient of 
intercellular communications emanating from activated 
macrophages in the heart. Our data suggest that inhibi-
tion of miR-21 in macrophages holds therapeutic prom-
ise toward the treatment of fibrotic myocardial disease.
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