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Suppress Fibroblast Proliferation and Promote
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Inflammation plays an important role in cardiac injuries. Here, miRNAs, mRNAs, proteins, or even organelles derived from donor
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we examined the role of miRNA in regulating inflammation
and cardiac injury during myocardial infarction. We showed
that mir-155 expression was increased in the mouse heart after
myocardial infarction. Upregulated mir-155 was primarily pre-
sented in macrophages and cardiac fibroblasts of injured hearts,
while pri-mir-155 was only expressed in macrophages. mir-155
was also presented in exosomes derived from macrophages, and
it can be transferred into cardiac fibroblasts by macrophage-
derived exosomes. A mir-155 mimic or mir-155 containing exo-
somes inhibited cardiac fibroblast proliferation by downregulat-
ing Son of Sevenless 1 expression and promoted inflammation by
decreasing Suppressor of Cytokine Signaling 1 expression. These
effects were reversed by the addition of a mir-155 inhibitor.
In vivo, mir-155-deficient mice showed a significant reduction
of the incidence of cardiac rupture andan improved cardiac func-
tion compared with wild-type mice. Moreover, transfusion of
wild-typemacrophage exosomes tomir-155�/�mice exacerbated
cardiac rupture. Finally, the mir-155-deficient mice exhibited
elevated fibroblast proliferation and collagen production, along
with reduced cardiac inflammation in injured heart. Taken
together, our results demonstrate that activated macrophages
secrete mir-155-enriched exosomes and identify macrophage-
derived mir-155 as a paracrine regulator for fibroblast prolifera-
tion and inflammation; thus, a mir-155 inhibitor (i.e., mir-155
antagomir) has the potential to be a therapeutic agent for
reducing acute myocardial-infarction-related adverse events.

INTRODUCTION
MicroRNAs (miRNAs), a novel class of small non-coding RNAs, are
implicated in the pathogenesis of various cardiovascular diseases
and regarded as an intriguing target for therapeutic intervention.1

miRNAs downregulate the expression of messenger RNA targets hav-
ing related functions, which consequently govern intricate biological
processes.2 Recently, several studies have shown that miRNAs are
packaged into exosomes. As a kind of paracrine messenger, exosomes
mediate the cell-cell communication.3,4 Exosomes are membranous
vesicles with a diameter <100 nM.5,6 They are mainly formed
from the inward budding of multi-vesicular bodies and are shed
from both healthy and diseased cells.7 Exosomes contain abundant
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cells that are transferred into specific target cells.8,9 Some miRNAs
can be packaged into monocyte- and macrophage-derived exosomes
and to regulate the function of recipient cells.10 For example, secreted
monocytic mir-150 enhances targeted endothelial cell migration,11

while macrophage-derived mir-223-containing exosomes induce
macrophage differentiation,12 suggesting that macrophages release
miRNA-containing exosomes to regulate the function of target cells.
As such, exosomes are becoming seen as a new therapeutic target and
biomarker for various disorders, including cardiac disease.13,14

Macrophages play a dual role as a key inflammatory component
of cardiac injury and a central regulator in injury and repair.15,16

Previous studies by us and other groups revealed that the cross-talks
between macrophages and cardiac fibroblasts promote cardiac re-
modeling.17,18 Infiltrated macrophages affect the function of fibro-
blasts through the paracrine activity of various cytokines. Thus,
macrophages secrete transforming growth factor-b (TGF-b) and
interleukin-6 (IL-6) to regulate the proliferation and activation of
fibroblasts.15,19 Macrophages can also transfer beta-glucuronidase
into fibroblasts to improve the fibroblast enzymatic activity.20 How-
ever, it remains unknown whether exosomes can mediate cross-talk
between macrophages and fibroblasts.

In this study, we showed that mir-155 expression was increased in
exosomes of activated macrophages. mir-155-enriched exosomes
suppressed fibroblast proliferation and promoted fibroblast inflam-
mation. mir-155 deficiency significantly decreased the incidence of
cardiac rupture and improved cardiac function after acute myocardial
infarction (AMI), while the transfusion of macrophage exosomes to
mir-155�/� mice increased cardiac rupture.
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Figure 1. The mir-155 Expression Is Increased in Heart after AMI

(A) Shown is qRT-PCR analysis of mir-155 relative folds to U6 expression in the

infarcted heart 7 days after myocardial infarction (MI) (n = 3 per group). Data are

mean ± SEM. Paired t test was used. **p < 0.01 versus Sham operation. (B) qRT-

PCR shows the mir-155 relative folds to U6 expression in cardiomyocytes (CM),

cardiac fibroblasts (CF), and macrophages (M4) isolated from the sham-operated

and infarcted hearts (n = 3 per group). Data are mean ± SEM. Paired t test was

used.*p < 0.05 versus Sham. $p < 0.05 versus Sham operation. (C) Shown is the pri-

mir-155 relative folds to GAPDH in cardiomyocytes (CM), cardiac fibroblasts (CF),

and macrophages (M4) isolated from the sham-operated and infarcted hearts (n = 3

per group). Data are mean ± SEM. Paired t test was used. **p < 0.01 versus Sham

operation.
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RESULTS
mir-155 Expression Is Increased in the Mouse Heart after AMI

It is known that mir-155 regulates inflammation during cardiac re-
modeling.21 We examined its expression and found that mir-155
expression was significantly increased in the mouse heart 7 days after
AMI (Figure 1A). To determine the source of mir-155 expression in
infarcted hearts, cardiomyocytes, cardiac fibroblasts, endothelial cells,
and macrophages were isolated from sham and infarcted hearts. The
level of mir-155 was the highest in macrophages, moderate in fibro-
blasts and endothelial cells, and low in cardiomyocyte after myocar-
dial infarction. Mir-155 expression was increased in both infiltrated
macrophages and cardiac fibroblasts, but the expression of pri-mir-
155 was only upregulated in macrophages, suggesting that mir-155
is produced in infiltrated macrophages and is transferred into cardiac
fibroblasts (Figures 1B, 1C, and S1C).

Macrophage-Derived Exosomes Transfer mir-155 into Cardiac

Fibroblasts

To show the purity of isolated exosomes, electron microscopy and
western blotting were performed on the exosomes from the same
amount of macrophages treated with PBS, lipopolysaccharide
(LPS), or AngII (Figure 2A). Electron microscopy showed the isolated
exosomes which appeared as vesicles of 40–100 nm in diameter
(Figure 2B). Macrophages expressed macrophage marker CD68 and
organelle proteins, and exosome expressed CD68 and exosome
marker Alix, but not the organelle proteins by western blot (Fig-
ure 2C). Macrophages activated by LPS or AngII secreted more
exosomes than non-activated macrophages (Figure 2C). Exosomes
of the same protein content were used for RNA extraction. The treat-
ment of macrophages by LPS or AngII increased the RNA content in
the same amount of exosomes (Figure 2D). To demonstrate the fibro-
blast uptake of exosomes, cardiac fibroblasts were cultured with exo-
somes from DilC163-labeled macrophages. As shown in Figure 2E,
DilC163-labeled exosomes were efficiently transferred into cardiac
fibroblasts. Taken together, these results show that activated macro-
phages secrete more exosomes than non-activated macrophages,
which can be taken up by cardiac fibroblasts.

Next, we found that mir-155 expression was increased in activated
macrophages, which was consistent with previous studies22,23 (Fig-
ure 3A). When cardiac fibroblasts were co-cultured with exosomes
derived from activated macrophages, the mir-155 mRNA level was
markedly increased in fibroblasts (Figure 3B). To examine dose-
dependent effect of exosomes on fibroblasts, dose-response curve ex-
periments were performed. With the increase doses of exosome, the
mir-155 expression in fibroblasts was increased (Figure S2B). How-
ever, pri-mir-155 level was unchanged, indicating that the increase
of mir-155 in cardiac fibroblasts was not caused by the fibroblasts
themselves (Figure 3C).

To further demonstrate that transfer of mir-155 from macrophages
into cardiac fibroblasts is mediated by exosomes, we co-cultured fi-
broblasts with supernatant of cultured macrophages. We observed a
significant increase inmir-155 levels in cardiac fibroblasts co-cultured
with the supernatant from Ang-II-activated wild-type (WT) macro-
phages (Figure 3D), while mir-155 expression was unchanged in
Ang-II-treated fibroblasts. Cardiac fibroblasts were then separately
co-cultured with macrophage supernatant or exosome-depleted
macrophage supernatant. The level of mir-155 was low when exo-
somes were removed from the supernatant (Figure 3E), indicating
that the mir-155 elevation was caused by the presence of the exo-
somes. We subsequently confirmed this observation using mir-
155�/� cardiac fibroblasts co-cultured with exosomes isolated from
WT or mir-155�/� macrophages stimulated by PBS or AngII. qRT-
PCR showed that mir-155 expression increased inmir-155�/� cardiac
fibroblasts after the addition of exosomes secreted from AngII-stim-
ulated WT macrophages (Figure 3F). These results demonstrate that
the fibroblasts themselves do not express mir-155, and that macro-
phage-derived exosomes transfer mir-155 into cardiac fibroblasts.

mir-155-Containing Macrophage Exosomes Suppress Cardiac

Fibroblast Proliferation by Inhibiting Son of Sevenless

Expression

To evaluate the role of exosome-contained mir-155 after transfer into
cardiac fibroblasts, the TargetScan (v.7.1) was used to predict the
target genes of mir-155, and 427 genes from mouse and 674 genes
from human were founded. 349 common genes for both human
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Figure 2. Activated Macrophages Secrete Exosomes that Are Taken up by Cardiac Fibroblasts

(A) Flow chart depicts the differential centrifugation protocol. Macrophages were first stimulated by lipopolysaccharide (LPS) or Ang II for 24 hr. Exosomes were then collected

by differential centrifugation. (B) Shown are the representative Electron microscopy pictures for exosomes isolated frommacrophage stimulated by PBS, LPS, or AngII. Scale

bar, 1 nm. (C) Representative western blotting shows the exosome marker Alix, macrophage marker CD68, Endoplasmic reticulum (ER) marker Grp94 and calnexin, Golgi

marker GM130, Mitochondria marker cytochrome c (CYC1), Nucleus marker histones (HIST*H*), and Argonaute/RISC complex marker AGO on macrophages and exo-

somes isolated from macrophage stimulated by PBS, LPS, or AngII. (D) RNA content of the same protein amount of exosomes derived from macrophage stimulated with

PBS, LPS, or AngII (n = 3 per group). *p < 0.05 versus exosome derived fromPBS-treated macrophage. (E) Shown are confocal images of macrophages stained with DilC163,

a phospholipid membrane dye (top), and cardiac fibroblasts after incubation with exosomes from stained macrophage for 48 hr (bottom). Scale bar, 10 mm.
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and mouse were selected and used them for gene ontology pathway
analysis. As shown in Figure 4A, the main effect of mir-155 include
roles in cancer pathways, B- and T cell receptor signaling, the neuro-
trophin signaling, the MAPK signaling, and the cell-cycle signaling.
We focused on the cell cycle as fibroblast proliferation is a key event
that occurs during cardiac injury and repair. We first assessed the
proliferation capacity of cardiac fibroblasts in response to mir-155.
Bromodeoxyuridine (BrdU) staining showed that a mir-155 mimic
suppressed the Ang-II-induced proliferation of cardiac fibroblasts
(Figure 4B). Importantly, in contrast to exosomes from PBS-stimu-
lated macrophages, exosomes from AngII-stimulated WT macro-
phages, but not AngII-stimulated mir-155�/�macrophages, inhibited
the proliferation of fibroblasts (Figure 4C). Dose-response curve
experiment also showed a dose-dependent inhibition of the fibro-
blasts proliferation (Figure S4A). To further confirm the role of
mir-155 in fibroblast proliferation, WT fibroblasts were incubated
with WT exosomes in the presence of a mir-155 inhibitor. BrdU
staining showed that the mir-155 inhibitor rescued the reduced pro-
liferation of fibroblasts induced by WT exosomes (Figure 4D).
Together, these results show that mir-155-containing macrophage
exosomes suppress cardiac fibroblast proliferation.

To ascertain the mechanism by which mir-155 affects cardiac fibro-
blasts, we analyzed the predicted target genes of mir-155 involved in
cell proliferation. The Son of Sevenless gene (Sos1) contains two pre-
dicted mir-155 target sequences in its 30 UTR (Figure 4E). Sos1 is the
main mediator of Ras activation and is critical to cell proliferation
through its activation of the Ras-GTP state and ERK phosphoryla-
194 Molecular Therapy Vol. 25 No 1 January 2017
tion.24,25 Luciferase reporter assays showed that the mir-155 mimic
reduced the activity of the reporter plasmid containing a 30-UTR
sequence of Sos1. We searched two mir-155 binding sites on Sos1 by
TargetScan. The plasmids with the mutation on each binding site and
on both binding sites were constructed to carry out the luciferase re-
porter assay. The results showed that the decrease in Sos1 expression
was abolishedwhen Sos1 binding sitesweremutated (Figure 4F).More-
over, western blotting revealed that themir-155mimic suppressed Sos1
protein expression in cardiac fibroblasts (Figure 4G). Sos1 expression
was shown by qRT-PCR to be increased in cardiac fibroblasts after
Ang II stimulation (Figure 4H), while Sos1 small inhibiting small inter-
fering RNA (siRNA) decreased Sos1 expression by 57% (Figure 4I).
Finally, Sos1 knockdown in cardiac fibroblasts significantly reduced
their cellular proliferation, as revealed by BrdU staining (Figure 4J).
To further demonstrate that mir-155 inhibits fibroblast proliferation
by decreasing Sos1 expression, mir-155�/�

fibroblasts were co-
cultured with exosomes from AngII-treated wild-type macrophages
(exoAngII-WT M4) for 48 hr and examined for BrdU incorporation.
exoAngII-WT M4 inhibited Sos1 expression and fibroblasts proliferation,
and treatmentmir-155�/�

fibroblastswith Sos1 siRNAdecreasedfibro-
blast proliferation (Figures S3B and S3C). Together, these results
demonstrate thatmir-155-containing exosomes suppress cardiac fibro-
blast proliferation by downregulating Sos1 expression.

mir-155-Containing Macrophage Exosomes Promote

Inflammation in Cardiac Fibroblasts

Because mir-155 has a known inflammatory function, we evaluated
the role of mir-155-containing exosomes on the inflammation of



Figure 3. Macrophage-Secreted mir-155 Can Be

Transferred into Cardiac Fibroblasts

(A) qRT-PCR shows the relative folds of mir-155 to U6

expression in macrophage and macrophage-secreted

exosomes stimulated with LPS or Ang II (n = 3 per group).

Data are mean ± SEM. Paired t test was used. *p < 0.05

versus PBS. $p < 0.05 versus exosome isolated from

PBS-treated macrophages. (B) The mir-155 relative folds

to U6 expression in 1 � 105 cardiac fibroblasts co-

cultured with exosomes (40 mg/ml) isolated from PBS or

Ang-II-stimulated macrophages (n = 3 per group). Data

are mean ± SEM. Paired t test was used. *p < 0.05 versus

CF+exoPBS-M4. (C) The relative folds of pri-mir-155

expression to GAPDH in cardiac fibroblasts co-cultured

with exosomes isolated from PBS or Ang-II-stimulated

macrophages (n = 3 per group). Data are mean ± SEM.

Paired t test was used. *p < 0.05 versus CF+exoPBS-M4.

(D) mir-155 relative folds to U6 expression are detected by

qRT-PCR in WT cardiac fibroblasts co-cultured with the

supernatant of AngII-stimulated WT macrophages and

the supernatant of AngII-stimulated mir-155 deficiency

(mir-155�/�) macrophages that were stimulated by Ang II

for 48 hr (n = 3 per group). Data are mean ± SEM. Paired

t test was used. **p < 0.01 versus Ang II. (E) qRT-PCR

shows the mir-155 relative folds to U6 expression in WT

cardiac fibroblasts co-cultured with the supernatant ofWT

macrophage stimulated by Ang II for 24 hr or exosome-

depleted macrophage supernatant (n = 3 per group). Data

are mean ± SEM. Paired t test was used. *p < 0.05 versus

basal medium. $p < 0.05 versus M4 supernatant. (F) qRT-

PCR analysis of mir-155 relative folds to U6 expression

in mir-155�/� cardiac fibroblasts after respectively incu-

bation with exosomes from PBS or Ang-II-stimulated

WT macrophages or exosomes from Ang-II-stimulated

mir-155�/� macrophages (n = 3 per group). Data are

mean ± SEM. Paired t test was used. *p < 0.05 versus

exoPBS-WT M4. $p < 0.05 versus exoAng II-WT M4.
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cardiac fibroblasts. Using qRT-PCR and the cytometric bead array,
we found that inflammatory cytokines IL-1b, IL-6, tumor necrosis
factor alpha (TNF-a), and chemokine (C-C motif) ligand (CCL)-2
were significantly increased in fibroblasts transfected with the mir-
155 mimic compared with those transfected with the control mimic
(Figures 5A and 5B). The anti-inflammatory gene Suppressor of
Cytokine Signaling 1 (Socs1) has previously been reported to be a
target of mir-155.26 We found that the mir-155 mimic decreased
Socs1 protein expression in cardiac fibroblasts, which was associated
with increased Stat3 phosphorylation (Figure 5C). To further
confirm whether exosome-containing mir-155 has the same effect
on fibroblast inflammation, we incubated cardiac fibroblasts with
WT exosomes upon exposure to a mir-155 inhibitor. Similarly,
macrophage-derived exosomes increased the expression of inflamma-
tory cytokines IL-1b, IL-6, TNF-a, and CCL-2 at both the mRNA
and protein level. Importantly, the mir-155 inhibitor blocked the
pro-inflammatory response induced by macrophage-derived exo-
somes (Figures 5D and 5E). The pro-inflammatory role of exosomes
showed a dose-dependence that is the fibroblasts inflammation was
increased with the increase of exosome (Figure S4A). In order to
demonstrate that mir-155 increases fibroblast inflammation by
decreasing Socs1 expression, mir-155�/�

fibroblasts were cocultured
with exoAngII-WT M4 for 48 hr, and the mRNA level of inflammatory
cytokines was examined. exoAngII-WT M4 inhibited Socs1 expression
and enhanced inflammation, and knockdown of Socs1 in mir-
155�/�

fibroblasts increased the fibroblast inflammation (Figures
S4B and S4C). Together, these data suggest that macrophages pro-
mote an inflammatory response in cardiac fibroblasts by transferring
mir-155-containing exosomes.

mir-155 Deficiency Reduces the Incidence of Cardiac Rupture

after AMI

Fibroblast proliferation and inflammation play an important role in
cardiac repair after AMI.27 We next evaluated the effect of mir-155
on AMI in vivo. We observed a significantly higher survival rate
%7 days after AMI in mir-155�/� compared with WT mice (68%
versus 50% in the respective genotypes; Figure 6A). Cardiac rupture
was also more prevalent in WT mice than mir-155�/� mice (Fig-
ure 6B). Moreover, immunohistochemical staining and Masson tri-
chrome staining showed that mir-155�/� mice possessed a higher
Molecular Therapy Vol. 25 No 1 January 2017 195
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Figure 4. mir-155-Containing Macrophage Exosomes Suppress the Proliferation of Recipient Cardiac Fibroblasts by Downregulating Sos1 Protein

(A) Go and Pathway analysis were performed onmir-155 target genes predicted by TargetScan base. (B) Shown is the BrdU staining and quantification of BrdU positive cells of

cardiac fibroblasts treated with mir-155mimic or control mimic RNAs for 48 hr (n = 3 per group). *p < 0.05 versus control mimic. Scale bar, 100 nm. (C) Shown is quantification

of BrdU staining of cardiac fibroblasts treated with exosomes isolated from PBS or Ang-II-stimulated WT macrophages or exosomes from Ang-II-stimulated mir-155�/�

macrophages (n = 3 per group). *p < 0.05 versus exoPBS-WT M4. $p < 0.05 versus exoAng II-M4. (D) Shown is BrdU staining of WT exosomes-treated cardiac fibroblasts

transfected with control inhibitor or mir-155 inhibitor (n = 3 per group). *p < 0.05 versus PBS. $p < 0.05 versus fibroblast treated with exoAng II-M4 and control inhibitor. (E) The

predictedmir-155 seed sequence in the Sos1 30-UTR region is shown. (F) The graph shows the effect of mir-155 onwild-type andmutated Sos1 luciferase reporter assay (n = 3

per group). *p < 0.05 versus control mimic. (G) Western blotting analysis and quantification of Sos1 protein level in lysates of cardiac fibroblasts transfected with mir-155mimic

or controlmimic RNAs (n = 3 per group). *p < 0.05 versus control mimic. (H) qRT-PCRanalysis of Sos1 relative folds toGAPDH in cardiac fibroblasts stimulatedwith PBSor Ang

II is shown (n = 3 per group). Data aremean± SEM. Paired t test was used. *p < 0.05 versus PBS. (I) Western blotting analysis and quantification of Sos1 protein level of cardiac

fibroblasts transfected with si-control or si-Sos1 (n = 3 per group). *p < 0.05 versus si-control. (J) Representative images of BrdU positive cells of cardiac fibroblasts transfected

with si-control or si-Sos1 (right panel). Bar graph shows quantification of BrdU positive cells (left panel) (n = 3 per group). *p < 0.05 versus si-control. Scale bar, 100 nm.
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Figure 5. mir-155-Containing Macrophage Exosome Aggravates Fibroblasts Inflammation by Regulation of Socs1/Stat3 Signaling

(A and B) Respectively showed the mRNA (A) and protein (B) level of IL-1b, IL-6, TNF-a, and CCL2 expression in cardiac fibroblasts transfected with control mimic or mir-155

mimic (n = 3 per group). Data are mean ± SEM. Paired t test was used. *p < 0.05 versus control mimic. (C) Representative western blotting images and quantification of

Socs1, phosphorylated Stat3 (p-Stat3), and total Stat3 (t-Stat3) in cardiac fibroblasts transfected with control mimic or mir-155 mimic (n = 3 per group). *p < 0.05 versus

control mimic. (D and E) Shown are the mRNA and protein level of IL-1b, IL-6, TNF-a, and CCL2 in WT exosomes-treated cardiac fibroblasts with or without mir-155 inhibitor

(n = 3 per group). Data are mean ± SEM. Paired t test was used. *p < 0.05 versus PBS. $p < 0.05 versus fibroblast treated with exoAng II-M4 and control inhibitor.
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number of collagen I-positive and a-smooth muscle actin (SMA)-
positive cells and a higher degree of collagen disposition in the
infarcted area of the heart compared with WT mice 7 days after
AMI (Figures 6C and 6D). Similarly, qRT-PCR also revealed the
increased mRNA expression of a-smooth muscle actin, collagen I,
and collagen III in the infarcted area of mir-155�/� mice (Figure 6E).

The measurement of cardiac function by echocardiography revealed
an alleviated cardiac dilatation and an ameliorative LV function in
mir-155�/� mice compared with WT mice (Figure 6F). To further
clarify the effect of mir-155-containing macrophage exosomes on car-
diac repair, we carried out a transfusion of AngII-stimulated WT
macrophage-secreted exosomes into mir-155�/�mice. The two doses
of exosomes (100 or 200 mg) were first injected 30 min before the
operation, three injections were performed at days 2, 4, or 6 after
myocardial infarction, and the effect of exosome on the prognosis
of myocardial infarction was examined (Figure 6G). The results
showed that the mir-155 expression was increased in heart, the mor-
tality rate was higher, and the collagen deposition in the infarct border
area was decreased when the dose of exosome increased. Moreover,
injection of exosomes from AngII-stimulated WT macrophages ex-
hibited an increased expression of mir-155, increased cardiac rupture
rate, and a decreased collagen deposition in heart compared to injec-
tion of exosomes from AngII-stimulated mir-155�/� macrophages to
miR-155�/� recipients (Figures 6H–6J). Taken together, these data
indicate that the mir-155 deficiency suppressed the cardiac rupture
Molecular Therapy Vol. 25 No 1 January 2017 197
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Figure 6.mir-155 andmir-155-Containing Exosomes

Led to Cardiac Rupture and Adverse Prognosis of

Myocardial Infarction

(A) Survival curves of WT mice and mir-155�/� mice

after AMI (n = 60 for WT mice and n = 48 for mir-155�/�

mice) *p < 0.05 versus WT. (B) Prevalence of death

caused by cardiac rupture after AMI (n = 60 for WT mice

and n = 48 for mir-155�/� mice). (C) Representative

Masson trichrome staining and immunohistochemical

staining of Collagen I and a-SMA on infarcted area of

WT and mir-155�/� heart tissue 7 days after AMI (n = 9

per group). Scale bar, 100 nm. (D) Quantification of

fibrosis, the ratio of a-SMA positive staining and

Collagen I positive staining to total myocardial tissue

(n = 9 per group). *p < 0.05 versus WT mice after MI. (E)

qRT-PCR showed the relative folds of a-SMA, Collagen

I, and Collagen III to GAPDH on infarcted heart of WT

and mir-155�/� mice (n = 9 for WT mice and n = 11 for

mir-155�/� mice). Data are mean ± SEM. Paired t test

was used. *p < 0.05 versus WT Sham. $p < 0.05 versus

WT mice after MI. (F) Shown are LVEF, LVFS, LVEDD,

and LVESD of WT and mir-155�/� mice 7 days after

AMI by echocardiography analysis. *p < 0.05 versus WT

mice after MI. (G) Flow chart depicting the transfusion

experiment design. (H) Shown is the mir-155 relative

folds to U6 expression in the heart of mir-155�/� mice

transfused with saline, mir-155�/� M4-secreted exo-

somes (200 mg) and WT M4-secreted exosomes (100

or 200 mg) (n = 3 for mir-155�/� mice transfected with

saline or exoKO M4-200 mg, n = 4 for mir-155�/�

transfected with exoWT M4). *p < 0.05 versus mir-

155�/� mice transfected with exoKO M4-200 mg. (I)

Prevalence of death because of cardiac rupture after

acute myocardial infarction in mir-155�/� mice trans-

fused with saline, mir-155�/� M4-secreted exosomes

(200 mg), or WT M4-secreted exosomes (100 or

200 mg). (J) Shown is Masson trichrome staining

and quantification of fibrosis on infarcted area of saline,

mir-155�/� M4-secreted exosomes (200 mg) or WT

M4-secreted exosomes (100 or 200 mg) transfused

heart tissue 7 days after AMI (n = 3 for mir-155�/� mice

transfected with saline or exoKO M4-200 mg, n = 4 for

mir-155�/� transfected with exoWT M4). Data are

mean ± SEM. Paired t test was used. *p < 0.05 versus

mir-155�/� mice transfected with exoKO M4-200 mg.

Scale bar, 100 nm.
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and dysfunction of myocardial infarction, and that this cardiac pro-
tection could be abolished in mir-155�/� mice transfused by macro-
phage-derived exosome.

mir-155 Deficiency Accelerated Cardiac Fibroblast Proliferation

and Alleviated Inflammation after AMI

We evaluated the role of mir-155 in cardiac fibroblast proliferation
and inflammation in vivo. mir-155 deficiency increased Sos1 expres-
198 Molecular Therapy Vol. 25 No 1 January 2017
sion (western blotting) and fibroblast proliferation (BrdU staining) in
infarcted hearts (Figures 7A and 7B). Socs1 (another target gene of
mi-155) expression was also increased (Figure 7C). H&E staining
showed a decreased inflammation and a reduced infiltration of mac-
rophages in the infarcted area of the mir-155�/� heart (Figure 7D).
We also found significant reductions in the mRNA levels of IL-1b,
IL-6, TNF-a, and CCL2 in mir-155�/� mouse hearts compared
with those of WTmice 7 days after myocardial infarction (Figure 7E).



Figure 7. mir-155 Deficiency Increases Fibroblasts Proliferation and Decreases Inflammation

(A) Western blotting analysis and quantification of Sos1 expression in the heart of infarcted WT and mir-155�/� mice (n = 9 per group). *p < 0.05 versus WT mice after MI. (B)

Shown is BrdU staining and quantification of BrdU positive cells of proliferative cells in infarcted heart (n = 3 per group). *p < 0.05 versus WTmice after MI. Scale bar, 100 nm.

(C) Western blotting analysis and quantification of Socs1 expression in the heart of infarcted WT and mir-155�/� mice (n = 9 per group). *p < 0.05 versus WT mice after MI.

(D) Shown are H&E staining on the infarcted area of WT andmir-155�/� heart tissue 7 days after AMI (n = 9 per group). Scale bar, 100 nm. (E) Real-time PCR analysis of IL-1b,

IL-6, TNF-a, and CCL-2 mRNA levels in WT and mir-155�/� mouse hearts (n = 9 for WT mice and n = 11 for mir-155�/� mice). Data are mean ± SEM. Paired t test was

used. *p < 0.05 versus WT mice after MI. (F) Western blotting analysis and quantification of Sos1 and Socs1 expression in the heart of mir-155�/� mice transfused with

AngII-stimulated mir-155�/� M4-secreted exosomes (exoAngII-KO M4) or AngII-stimulated WT M4-secreted exosomes (exoAngII-WT M4). n = 3 per group. *p < 0.05 versus

exoAngII-KO M4. (G) Shown is the IL-1b, IL-6, TNF-a, and CCL2 relative folds to GAPDH expression in the heart of mir-155�/�mice transfusedwith AngII-stimulatedmir-155�/�

M4-secreted exosomes (exoAngII-KO M4) or AngII-stimulated WT M4-secreted exosomes (exoAngII-WT M4) (n = 3 per group). Data are mean ± SEM. Paired t test was used.

*p < 0.05 versus exoAngII-KO M4.
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Figure 8. Summarize the Role of mir-155-Containing M4 Exosomes on

Cardiac Fibroblasts Proliferation and Inflammation

During cardiac injury, activated macrophages secrete mir-155-enriched exosomes

that are transported into cardiac fibroblasts. Macrophage-derived mir-155 sup-

presses proliferation and promotes inflammation of fibroblast, which leads to

cardiac rupture after AMI.
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We examined the expression of Sos1 and Socs1 and inflammation
in mir-155�/� mice transfused with exosomes from AngII-stimu-
lated WT macrophages (exoAngII-WT M4) or exosomes from AngII-
stimulated mir-155�/� macrophages (exoAngII-KO M4). The results
showed that mir-155�/� mice transfused with exoAngII-WT M4 had
an increased inflammation and a decreased Sos1 and Socs1 expres-
sion in heart (Figures 7F and 7G). Taken together, these results
show that mir-155�/� increases cardiac fibroblast proliferation and
decreases inflammation.
DISCUSSION
In this study, we demonstrated that activated macrophages secrete
mir-155-containing exosomes, and that these exosomes can be taken
up by cardiac fibroblasts. The mir-155 mimic or mir-155-containing
macrophage exosomes suppressed fibroblast proliferation by downre-
gulating Sos1 protein expression and increasing fibroblast inflamma-
tion by decreasing Socs1 expression. The mir-155 deficiency amelio-
rated cardiac rupture and eventually improved cardiac function in
response to myocardial infarction. Moreover, the transfusion of
macrophage exosomes into mir-155�/� mice exacerbated cardiac
rupture. These results demonstrate that mir-155-containing exo-
somes play an important role in the crosstalk between fibroblasts
and macrophages, as well as in cardiac repair after AMI (summarized
in Figure 8).

Macrophages contain abundant mir-155,28 and its level was markedly
upregulated in LPS- and Ang-II-treated macrophages (Figure 3).
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Previously, miRNAs were reported to be selectively packaged into
exosomes in response to different stimuli.11 This selective packaging
is partly caused by the elevation of specific miRNA expression in
donor cells. Along with these observations, we found that mir-155
expression was significantly elevated in response to Ang II, which
possibly leads to the active packaging of mir-155 into exosomes.

We found that macrophage-secreted exosomes were taken up by
cardiac fibroblasts and mediated macrophage-fibroblast crosstalk.
In vitro, exosomes or conditioned medium from activated macro-
phages, but not exosome-deleted conditioned medium, upregulated
the mir-155 expression in cardiac fibroblasts. However, there was
no change to mir-155 expression in cardiac fibroblasts under stimu-
lation. A recent in vivo study showed that AMI significantly upregu-
lated the expression of mir-155 in cardiac fibroblasts.29 In the present
study, we showed that the expression of pri-mir-155 was unchanged
in cardiac fibroblasts after AMI (Figure 1), demonstrating that the
increase of mir-155 in fibroblasts occurs as a result of macrophage-
secreted exosome delivery.

The biological role of exosomes on target cells is dependent on the
selectively packaged miRNA content. Although the mir-155 is well
studied in macrophages for its function in inflammation and macro-
phage differentiation,30 its role in cardiac fibroblasts is largely un-
known. In this study, we found that mir-155-containing exosomes
have an important effect on cardiac fibroblasts, based on the following
results: (1) the mir-155 mimic directly suppressed proliferation and
promoted inflammation in cardiac fibroblasts; (2) macrophage-
derived exosomes play a similar role in fibroblasts; and (3) exo-
some-mediated anti-proliferation and proinflammation in cardiac
fibroblasts was blocked by the addition of a mir-155 inhibitor.

We report that Sos1, as a new target gene of mir-155, is involved in
mir155-containing exosome-mediated anti-proliferation in cardiac
fibroblasts. Sos1 is a dual guanine nucleotide exchange factor that
binds to Ras, which is important in regulating cell growth.31 Sos1 pro-
motes cell proliferation by enhancing ERK activity through increasing
the Grb2-Sos1 complex formation.25 We showed that mir-155 down-
regulated Sos1 protein levels in cardiac fibroblasts, that Sos1 expres-
sion was increased in proliferative cardiac fibroblasts, and that knock-
down of Sos1 significantly inhibited cardiac fibroblast proliferation
(Figure 4). It is known that AT-1R is also a target of mir155,32 thus
our new finding that Sos1, an intracellular target of mir-155, added
new molecules in regulating fibroblast function. Socs1 has previously
been shown to be a target of mir-155 involved in the regulation of
inflammation.21 It is an inflammation suppressor that normally func-
tions as a negative feedback regulator of Janus activated kinase or
signal transducer and activator of transcription signaling.33 There
are several reports that cardiac fibroblasts could be an inflammatory
“factories,”34,35 we also showed that cardiac fibroblasts secrete TNF-a,
IL-1b, and CCL2 under inflammatory stimulation.36 Our results
show that miR-155 overexpression in cardiac fibroblasts promoted
the inflammatory response by repressing Socs1 expression. It has
been shown that mir-155 inhibits the production of MMP-1 and
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MMP3.37 Thus, our finding that mir-155 regulates the phenotype of
cardiac fibroblasts could be potentially mediated by regulatingMMP1
andMMP3 in myocardial infarction. This possibility should be deter-
mined in the future study.

During myocardial infarction, cardiac fibroblasts mainly proliferate,
deposit collagen, and secrete cytokines. In the early phase of myo-
cardial infarction, cardiac fibroblast proliferation prevents cardiac
rupture, improves the survival rate, and promotes cardiac repair.38,39

Growing evidence shows that expansion of the inflammatory
response results in cardiomyocyte death, deterioration in remodeling,
and dysfunction after myocardial infarction through the release of
reactive oxygen species, matrix metalloproteinase, and pro-inflam-
matory cytokines,40 In this study, we demonstrate that a mir-155 defi-
ciency increased fibroblast proliferation and collagen synthesis and
reduced the inflammatory response, which would likely decrease
the incidence of cardiac rupture in the early stage of myocardial
infarction and improve cardiac function. Importantly, the transfusion
of macrophage-derived exosomes to mir-155�/� mice recovered mir-
155 expression in the heart and increased the incidence of cardiac
rupture (Figure 6). Thus, macrophage-derived exosomes appear to
impair cardiac repair after AMI at least partially through the role of
mir-155.

In conclusion, we demonstrate a novel function of mir-155 in non-
inflammatory cells. We showed that mir-155-containing exosomes
mediate macrophage-fibroblast cross-talk. Moreover, mir-155 sup-
pressed fibroblast proliferation and increased fibroblast inflamma-
tion, which led to an impaired cardiac repair after myocardial
infarction.

MATERIALS AND METHODS
Reagents and Antibodies

Macrophage colony-stimulating factor was purchased from Pepro
Tech. The following antibodies were used: anti-Alix, anti-CD68 and
anti-a-smooth muscle actin (a-SMA) (Abcam), anti-Grp94, anti-cal-
nexin, anti-GM130, anti-CYC1, anti-HIST*H*, anti-AGO2, anti-Sos1
(Cell Signaling Technology) and anti-Socs1 (Cell Signaling Techno-
logy). Anti-BrdU, anti-CD45, anti-CD11b, anti-PDGFR1, and anti-
CD31 antibodies were all bought from BD (BD Biosciences).
microON mir-155 mimic, microON mir-155 inhibitor and control
RNAs were from GUANGZHOU RIBOBIO. si-control and si-Sos1
were purchased from Santa Cruz Biotechnology. DilC163 was from
Life Technologies. Collagenase II and dispase II were obtained from
Sigma-Aldrich.

Cell Culture and Reagents

Bone-marrow-derived macrophages were isolated from the femurs
and tibias of adult mice as described previously.41 Macrophages
were cultured in DMEM complete medium (10% FBS and 1% peni-
cillin and streptomycin) supplemented with murine macrophage col-
ony-stimulating factor (50 ng/mL) at 37�C for 5 days. For cardiac
fibroblasts separation, the enzymatic digestion was used as described
previously.37 Fibroblasts were cultured in DMEM complete medium
at 37�C. All fibroblasts were cultured with FBS-free DMEM medium
for 24 hr before experiment.

Exosome Isolation

Exosomes were isolated from conditioned medium of macrophages
cultured in basal medium with or without LPS (100 ng/ml) and
Ang II (1 mM) stimulation for 24 hr. Exosomes were collected by dif-
ferential centrifugation. Briefly, the supernatant was centrifuged as
follows: 300 � g for 10 min, 10,000 � g for 30 min, and 100,000 �
g for 70 min (all the steps were performed at 4�C). For exosomes pu-
rification, MV pellets were followed by an additional washing step
with PBS at 160,000 � g for 1 hr. Exosomes were re-suspended in
basal medium.

Exosomes Labeling and Confocal Microscopy

Macrophages were labeled with a phospholipid membrane dye, lipo-
philic carbocyanine DilC163 (D384, 1.25 mM) at 37�C for 20 min.12

DilC16 is a lipophilic carbocyanine dye that can be inserted into the
membrane to give off the red light. Then the cells were washed and
cultured in basal medium stimulated with Ang II (100 ng/ml) for
24 hr. Supernatants were collected and centrifuged to get exosomes.
Exosomes were re-suspended in basal medium and added to culture
cardiac fibroblasts. After incubation for 48 hr, cardiac fibroblasts were
fixed, washed, and viewed with a confocal laser scanning microscope
(TCS 4D; Leica).

Transfections

Cardiac fibroblasts were transfected with microON mir-155 mimic
(100 nM), microON mir-155 inhibitor (100 nM) and control RNAs
using Lipofectamine 2000 according to the manufacturer’s instruc-
tions. Cells were harvested 48 hr after transfection. Sos1 and control
siRNA (100 nM) were performed following the manufacture’s guide-
lines. The efficiency and function assay were confirmed 72 hr after
siRNA transfection.

BrdU Staining

Proliferation was measured by BrdU staining as described.42 Briefly,
cardiac fibroblasts were incubated with BrdU (100 nM) for 4 hr and
fixed with 4% paraformaldehyde for 10min at room temperature. Cells
were then incubated as follows: 10 min for 0.3% Triton X-100, 1 hr for
2 M hydrochloric acid, and 10 min for antipyonin. After being blocked
with serum-free protein block buffer (Dako) for 30min, cells were incu-
bated with antibodies against BrdU (1:200) at 4�C overnight and then
with secondary antibodies (Jackson ImmunoResearch Laboratories) at
a 1:500dilution for 1hr at roomtemperature. Imageswere captured and
analyzed by ImageXpress Micro XLS (Molecular Devices).

Plasmid Construction and Luciferase Assay

As it was described previously,43 the entire mouse Sos1 30-UTR
segment was amplified by PCR using genomic DNA as a template.
The PCR product was subcloned into psiCHECK-2 vector following
themanufacturer’s protocol (Promega). Plasmid DNAwas sequenced
to ensure its authenticity. 293T cells were cultured in a 96-well plate,
and eachwell was transfectedwith 0.2mg luciferase reporter constructs
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described above at the same time with microON mir-155 mimic
(100 nM) or control RNAs using Lipofectamine 2000 (Invitrogen).
After 48 hr, cells were assayed using luciferase assay kits (Promega).

Cytometric Beads Array Assays by Fluorescence Activating Cell

Sorting

Cytokine levels were detected by commercially available Cytometric
Beads Array kit (CBA, Pharmingen) to quantify mouse IL-1b, IL-6,
TNF-a, and MCP-1 (CCL2). The CBA immunoassay was carried
out in supernatants of fibroblasts co-cultured with mir-155 mimic
and exosomes according to the manufacturer’s instruction.25

RNA Isolation and Real-Time qPCR

Total RNA was extracted using Trizol reagent method (Invitrogen).
Total RNA of 2 mg was reversed to first-strand cDNA with moloney
murine leukemia virus reverse transcriptase (Promega). Real-time
PCR was performed using 2 ml of reaction mixture with 10 ml SYBR
Green PCR Master Mix (Takara) and 1 mmol/L primers. We use a
2-ddCT method to calculate the relative folds of mRNA expression
after normalization of the transcript amount to the endogenous con-
trol.44 The housekeeping gene GAPDH and U6 were used as control:
expression of mRNA was expressed as a ratio to that of GAPDH and
expression of miRNA was expressed as a ratio to that of U6. Melting
curve analysis was performed at the end of PCR reaction. The
following are the primer sequences: mir-155: reverse transcription
(RT) 50-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGC
ACTGGATACGACACCCCT-30, forward 50-GGGGGTTAATGCTA
ATTGTGAT-30 and reverse 50-AGTGCGTGTCGTGG-30; U6: RT 50-
CGCTTCACGAATTTGCGTGTCAT-30, forward 50-GCTTCGGCA
GCACATATACTAAAAT-30 and reverse 50-CGCTTCACGAATTT
GCGTGTCAT-30; a-SMA: forward GCCATCTTTCATTGGGAT
GGA and Reverse CCCCTGACAGGACGTTGTTA; Col1a: forward
CGATGGATTCCCGTTCGAGT and Reverse GAGGCCTCGGTG
GACATTAG; Col3a: forward TCCTGGTGGTCCTGGTACTG and
reverse AGGAGAACCACTGTTGCCTG; Sos1: forward 50-GCAG
CAGCTGCCTTACGAG-30 and reverse 50-TCCTCCACATCTGAA
GCACTC-30; GAPDH: forward 50-CATGGCCTTCCGTGTTCC
TA-30 reverse 50-GCGGCACGTCAGATCCA-30.

Western Blotting Analysis

Western blotting analysis was performed as described.36 In brief, pro-
teins were extracted from cultured cells or exosomes isolated from
macrophages stimulated by PBS, LPS, or AngII with lysis buffer. Pro-
tein lysates of 50 mg were separated by 8% SDS-PAGE before transfer
to nitrocellulose membranes (Millipore), which were incubated with
the primary antibodies anti-Sos1 (1:1,000, Santa Cruz), anti-Socs1
(1:1,000, CST), anti-Alix (1:500), anti-CD68 (1:500), anti-Grp94
(1:1,000), anti-calnexin (1:1000), anti-GM130 (1:1,000), anti-CYC1
(1:1,000), anti-HIST*H* (1:1,000), anti-AGO2 (1:1,000), and anti-
GAPDH (1:1,000, Santa Cruz) at 4�C overnight and then with
infrared dye-conjugated secondary antibodies (1:10,000; Rockland
Immunochemical) for 1 hr at room temperature. The images were
quantified by the use of the Odyssey infrared imaging system (LI-
COR Biosciences).
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Animals and Model of Myocardial Infarction

mir-155�/� mice and littermate WT mice in C57BL/6 background
were purchased from The Jackson Laboratory. Mice were given a
standard diet and maintained in a pathogen-free animal facility.
The Animal Care and Use Committee of Capital Medical University
approved all the housing and surgical procedures.

In model of myocardial infarction, 10-week-old male mice were sub-
jected to ligation of left coronary artery (LCA) as described.45 Mice
were sacrificed at the seventh day after post-operation, and heart tis-
sues were harvested. Mice each group were randomly divided for
further use.

Histopathology

Immunohistochemical staining was performed as described.46 Heart
tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned (5 mm). Heart sections were incubated with antibodies
against BrdU, collagen I (1:500), and a-SMA (1:200) at 4�C overnight,
then with secondary antibodies at room temperature for 30 min and
detected with 3,30-diaminobenzidine for immunohistochemistry.
Images were captured by Nikon Eclipse TE2000-S microscope
(Nikon) and analyzed by Image Pro Plus 3.1 (Nikon). H&E staining
and Masson trichrome staining were carried out as described.42

Cell Isolation by Flow Sorting

Macrophages were sorted by CD45+CD11b+; T cells were by CD45+

CD11b–; endothelial cells were by CD45–CD31+; cardiac fibroblasts
were by CD45–CD31–PDGFR+; cardiomyocytes were sorted by
CD45–CD31–PDGFR–. All the cells were sorted from the heart of
myocardial infarction and sham operation by FACSAria II (BD).

Exosome Transfusion Experiment

Starting on the day the acute myocardial infarction was performed
as described,47 saline or exosomes derived from AngII-stimulated
WT macrophages (100 or 200 mg) were injected intravenously
into mir-155�/� mice every other day for a total four injections.
The exosomes were first injected at 30 min before operation, and
three followed injections were performed at the day 2, 4, or 6 after
myocardial infarction. The mice were sacrificed after 7 days, and
the heart were removed, fixed in 4% paraformaldehyde, embedded
in paraffin, sectioned, and then stained with Masson trichrome
staining.

Statistical Analysis

All values are presented as the mean ± SEM of n independent exper-
iments. Statistical analysis involved one-way ANOVA followed by
Bonferroni test for selected pairs with use of GraphPad Prism 5 sta-
tistical software. p < 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION
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Figure S1. The expression of mir-155 in fibroblasts and endothelial cells 

 

(a) qRT-PCR shows the mir-155 relative folds to U6 expression in fibroblasts of liver, skin, lung and heart. (n=3 per group). Data are mean±SEM. 

Paired t-test was used. 

(b) The pri-mir-155 relative folds to GAPDH in fibroblasts of liver, skin, lung and heart. (n=3 per group). Data are mean±SEM. Paired t-test was 

used. 

(c) shown is the mir-155 relative folds to U6 expression in endothelial cells (ECs) from the sham-operated and infarcted hearts. (n=3 per group). 

Data are mean±SEM. Paired t-test was used. *P<0.05 vs Sham operation. 



 

 
 

 
 
Figure S2. The increase of mir-155 expression in cardiac fibroblasts by exosomes was dose-dependent. 

 

(a) qRT-PCR shows the mir-155 relative folds to U6 expression in serum free DMEM and DMEM containing 10% FBS. (n=3 per group). Data are 

mean±SEM. Paired t-test was used. 

(b) shown is the mir-155 relative folds to U6 expression in cardiac fibroblasts co-cultured with 0, 10, 20, 40 ug/ml exosomes. (n=3 per group). 

Data are mean±SEM. Paired t-test was used. *P<0.05 vs 0ug/ml exosomes. 



 
 
 
 
Figure S3. mir-155-containing exosomes suppress cardiac fibroblast proliferation by down-regulating Sos1 expression. 

 

(a) Shown is the BrdU staining and quantification of BrdU positive cells of cardiac fibroblasts treated with 0, 10, 20, 40 ug/ml exosomes for 48 

hours. (n=3 per group). *P<0.05 vs 0ug/ml exosomes. 

(b) Western blotting analysis and quantification of Sos1 protein level in WT exosomes-treated mir-155-/- cardiac fibroblasts transfected with si- 

control or si-Sos1. (n=3 per group). *P<0.05 vs PBS. $P<0.05 vs si-control. 

(c) Shown is the BrdU staining and quantification of BrdU positive cells of WT exosomes-treated mir-155-/- cardiac fibroblasts transfected with 

si-control or si-Sos1. (n=3 per group). *P<0.05 vs PBS. $P<0.05 vs si-control. 



 
 

 
 
Figure S4. mir-155-containing exosomes promote cardiac fibroblast inflammation by down-regulating Socs1 expression. 
(a) Shown is the IL-1β, IL-6, TNF-α and CCL2 relative folds to GAPDH expression in cardiac fibroblasts co-cultured with 0, 10, 20, 40 ug/ml 

exosomes. (n=3 per group). Data are mean±SEM. Paired t-test was used. *P<0.05 vs 0ug/ml exosomes. 

(b) Western blotting analysis and quantification of Socs1 protein level in WT exosomes-treated mir-155-/- cardiac fibroblasts transfected with si- 

control or si-Socs1. (n=3 per group). *P<0.05 vs PBS. $P<0.05 vs si-control. 

(c) Shown is the IL-1β, IL-6, TNF-α and CCL2 relative folds to GAPDH expression in WT exosomes-treated mir-155-/- cardiac fibroblasts 
 

transfected with si-control or si-Socs1. (n=3 per group). *P<0.05 vs PBS. $P<0.05 vs si-control. 
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