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and reduces adverse left ventricular remodelling
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Aims The Toll-like receptor 7 (TLR7) is an intracellular innate immune receptor activated by nucleic acids shed from dy-
ing cells leading to activation of the innate immune system. Since innate immune system activation is involved in the
response to myocardial infarction (MI), this study aims to identify if TLR7 is involved in post-MI ischaemic injury
and adverse remodelling after MI.

....................................................................................................................................................................................................
Methods
and results

TLR7 involvement in MI was investigated in human tissue from patients with ischaemic heart failure, as well as in a
mouse model of permanent left anterior descending artery occlusion in C57BL/6J wild type and TLR7 deficient
(TLR7-/-) mice. TLR7 expression was up-regulated in human and mouse ischaemic myocardium after MI. Compared
to wild type mice, TLR7-/- mice had less acute cardiac rupture associated with blunted activation of matrix metallo-
proteinase 2, increased expression of tissue inhibitor of metalloproteinase 1, recruitment of more myofibroblasts, and
the formation of a myocardial scar with higher collagen fibre density. Furthermore, inflammatory cell influx and inflam-
matory cytokine expression post-MI were reduced in the TLR7-/- heart. During a 28-day follow-up after MI, TLR7 defi-
ciency resulted in less chronic adverse left ventricular remodelling and better cardiac function. Bone marrow (BM)
transplantation experiments showed that TLR7 deficiency in BM-derived cells preserved cardiac function after MI.

....................................................................................................................................................................................................
Conclusions In acute MI, TLR7 mediates the response to acute cardiac injury and chronic remodelling probably via modulation

of post-MI scar formation and BM-derived inflammatory infiltration of the myocardium.
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1. Introduction

Myocardial infarction (MI) activates the innate immune system that is
needed to recruit leucocytes to clear necrotic cells and initiate myocar-
dial repair. Inflammation, however, often also causes detrimental

effects to the heart such as cardiac rupture and adverse ventricular
remodelling.1–3

Cardiac rupture, a fatal complication that often occurs in the early
phase after MI, is the main cause of death in murine MI models,4,5 and
accounts for more than 10% of mortality in post-MI patients.6
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In preclinical studies following MI, degradation of extracellular matrix
(ECM) by activated matrix metalloproteinases (MMPs) following MI
reduces tissue tension and eventually makes the infarcted heart vulnera-
ble to haemodynamic stress and prone to rupture.4 This is counterbal-
anced by proliferation and differentiation of cardiac fibroblasts into
myofibroblasts that produce fibrogenic contents including collagens, fi-
bronectin, and periostin to form a provisional ECM replacing granular tis-
sue.7,8 The balance between ECM degradation and cardiac wound
healing dictates cardiac rupture events.

Left ventricular (LV) remodelling after MI is a chronic process includ-
ing infarct expansion, progressive wall thinning, chamber dilation, and
eventually congestive heart failure.3,9 Given the advanced reperfusion
strategies along with modern pharmacological treatments such as b-
blockers and angiotensin converting enzyme (ACE) inhibitors, survival af-
ter acute MI has been largely improved in last three decades. However,
the incidence of congestive heart failure due to adverse LV remodelling
in the patients after MI remains high.10

Toll-like receptors (TLRs) are innate pathogen recognition receptors
that recognize exogenous microorganisms including bacteria and viruses
via Pathogen Associated Molecular Patterns (PAMPs) thereby protecting
the host from infection.1–3 They also detect endogenous proteins, DNA
and RNA released from dying cells, termed Danger Associated
Molecular Patterns (DAMPs).11 Activation of TLRs results in an inflam-
matory response leading to the release of cytokines and chemokines and
an influx of inflammatory cells.1–3,11 Following MI, activation of TLR2 and
TLR4 in the heart has been shown to exaggerate myocardial injury by
recruiting inflammatory cells and increased expression of cytokines and
chemokines.1,12,13 The ECM protein fibronectin-EDA (EIIIA; EDA) is up-
regulated after MI and thought to be an endogenous ligand of TLR2 and
TLR4.14 Ablation of EDA prevents cardiac rupture and attenuates car-
diac dysfunction in a murine MI model.14 Distinct from TLR2 and TLR4
that locate on the cell membrane, TLR3, TLR7, and TLR9 are expressed
in intracellular compartments such as endosomes and are activated by
exogenous (viral or bacterial) or endogenous nuclear acids.15 Activation
of TLR3 by dsRNA released from injured cardiac cells promotes autoph-
agy and exacerbates LV remodelling after MI.16 In contrast, activation of
TLR9, a receptor for DNA rich in CpG motifs, prevents cardiac rupture
by promoting myofibroblast proliferation and activation.17 Whether
TLR7 plays a role in the response of the heart to MI is unknown.

TLR7 detection of endogenous ssRNA mediates autoimmune
responses in the autoimmune disease systemic lupus erythematosus
(SLE).18,19 Given the opposing inflammatory roles of TLR7 and TLR9 in
murine models of SLE,20,21 the cardiac protective effect of TLR9 in MI,17

and the observation of elevated levels of circulating extracellular RNAs
after acute MI in human and preclinical animal models22–24 which can ac-
tivate the TLR7-MyD88 pathway,25 we hypothesized that TLR7 may be
activated after MI resulting in detrimental activation of the innate im-
mune system.

We therefore aimed to investigate whether TLR7 is involved in the
cardiac response to acute ischaemic injury and the extent to which it
contributes to ventricular repair and adverse remodelling following MI.

2. Methods

2.1 Ethics approval
Human tissue was obtained from the Papworth Hospital (Cambridge)
Tissue Bank with an approval by the Cambridgeshire Research Ethics
Committee (UK), and from the UK Human Tissue Bank (de Montfort

University, UK) with written informed consent obtained for all tissue
samples.26 The study was approved by the Institutional Review Board of
National University of Singapore and in compliance with the Declaration
of Helsinki.

All mice (10–12 weeks old; 20–25 g) used for this study were of
C57BL/6J background. Animals were maintained under a 12/12-h light–
dark cycle (lights on at 7 AM, lights off at 7 PM) at the Comparative
Medicine Animal Vivarium at National University of Singapore. Mice
were maintained in the individually ventilated cages (IVC) with filter tops
and received standard diet and water ad libitum. Mice were anaesthetized
by one i.p. injection of a mixture of 0.5 mg/kg medetomidine, 5.0 mg/kg
Dormicum, and 0.05 mg/kg fentanyl. After surgery, animals were recov-
ered by a subcutaneous injection of 0.5 mg/kg atipamezole and 5 mg/kg
flumazenil, and received 0.1 mg/kg buprenorphine subcutaneously bid
for 3 days. Animals were euthanized with overdose ketamine (225 mg/
kg) and medetomidine (3 mg/kg) followed by heart extraction. Murine
MI model, echocardiography, and bone marrow (BM) transplantation
procedures were described previously.27–29 All experimental proce-
dures were performed with prior approval and in accordance with the
protocols and guidelines of the Institutional Animal Care and Use
Committee (IACUC), National University of Singapore; and conform to
the Guidelines on the Care and Use of Animals for Scientific purposes
(NACLAR, Singapore, 2004) and the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health
(NIH Publication, 8th Edition, 2011).

2.2 Statistical analysis
Data were analysed with SPSS software (IBMVR SPSSVR Statistics version
22.0, Armonk, New York, USA). Values are reported as mean ± SEM.
Gaussian distribution was assessed and the appropriate Student’s t-test
or Mann–Whitney U test was used to compare two groups, with one-
way ANOVA followed by Bonferroni post hoc test to compare more
than two groups. Two-way repeated measures ANOVA was used for
comparisons between groups over time. Sample sizes were described in
the figure legends. P-values <_0.05 were considered statistically significant.

Detailed methods are provided in the Supplementary material online.
All the data and materials (including primers for qPCR in Supplementary
material online, Table S1) supporting the findings of this study are pro-
vided within the manuscript and its Supplementary material online, or
otherwise available upon reasonable request from the corresponding
author.

3. Results

3.1 TLR7 is up-regulated in MI
TLR7 mRNA expression in murine myocardial tissue was detected at a
very low level (Figure 1A) at baseline (before MI). Immunohistochemical
staining of mouse heart tissue showed no detectable TLR7 protein in
SHAM-operated hearts (Figure 1B). Following MI, myocardial TLR7
mRNA expression was markedly up-regulated at 3 days and increased
further at 7 days post-MI (Figure 1C). TLR7 positive cells were detected
by immunohistochemistry in the remote zone of MI hearts
(Supplementary material online, Figure S1). Abundant TLR7 positive infil-
trates were observed in the infarct and border zones of wild type (WT)
hearts at 3 and 7 days post-MI (Figure 1D and Supplementary material on-
line, Figure S1). As expected, TLR7 was not detected either by qPCR
(Figure 1A) or by immunohistochemistry (Supplementary material online,
Figure S1) in TLR7 deficient (TLR7-/-) hearts.
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..To evaluate the pathophysiology and clinical relevance in human
ischaemic heart disease, we analysed TLR7 expression in human heart bi-
opsies (clinical characteristics of studied subjects summarized in
Supplementary material online, Table S2). TLR7 mRNA expression was
only detectable in the heart from patients with heart failure secondary to
ischaemic heart disease but not in normal hearts (Figure 1E). TLR7 pro-
tein expression in the ischaemic human heart was further confirmed by
immunohistochemical staining (Figure 1F–H). In addition to TLR7-
positive infiltrates as observed in the mouse heart within the first week
post-MI, TLR7-positive cardiomyocytes were present in the ischaemic
human heart (Figure 1H). Since all ischaemic human heart tissue was
obtained at the end stage of heart failure (long time after the initial MI),26

we examined TLR7 expression in the ischaemic mouse heart at 28 days
post-MI. At this timepoint, TLR7 expression was shown in both cardiac
infiltrates and some cardiomyocytes (Supplementary material online,
Figure S2), similar to the findings observed in the ischaemic human heart
tissue.

3.2 TLR7 deficiency prevents ventricular
rupture, attenuates ventricular
remodelling, and preserves cardiac
function after MI
To investigate a possible causal role of TLR7 in the response of the heart
to MI, MI was induced in WT mice or TLR7-/- mice. Infarct size was simi-
lar in WT and TLR7-/- mice (infarct area/LV, 37.9 ± 4.8% for WT vs.
38.7± 4.6%, P = 1.000; Supplementary material online, Figure S3).

3.2.1 Ventricular rupture
TLR7-/- mice had a significantly better survival than their WT coun-
terparts during 28 days follow-up after MI (Figure 2A). Postmortem
analysis showed that mortality in WT mice (12 out of 34 mice;
35.3%) was caused by ventricular rupture, as evidenced by the mas-
sive accumulation of blood in the chest and a slit in the ventricular
wall between 3 and 6 days post-MI (Figure 2B and C). In contrast,
only four TLR7-/- mice died after MI with two mice due to ventricu-
lar rupture at Days 6 and 9 post-MI while the other two mice suf-
fered sudden death in the fourth week post-MI without ventricular

rupture. Taken together this demonstrates that TLR7-/- mice are
protected from post-MI ventricular rupture.

3.2.2 Ventricular remodelling
After a large MI, mice suffer from chronic adverse LV remodelling that
includes alteration in LV geometry and loss of cardiac function.3,9 These
were assessed using echocardiography. At baseline, there was no differ-
ence between WT and TLR7-/- mice in heart rate, cardiac chamber
dimensions and volumes, and cardiac function (Table 1). Following MI,
WT mice displayed a progressive increase in LV chamber dimensions
and LV systolic and diastolic volumes, and a decrease in LV function
(LVEF, FS, and CO) during the 28 days follow-up, indicating the incidence
of LV dilation and cardiac dysfunction. LV dilation and cardiac dysfunc-
tion were attenuated in post-MI TLR7-/- mice compared to WT mice
(Figure 2D–F and Table 1).

3.3 TLR7 deficiency inhibits ECM
degradation and promotes post-MI cardiac
repair and scar maturation
Having found that ventricular rupture was reduced in TLR7 deficient
mice, we investigated myocardial ECM turnover, which has been closely
associated with cardiac rupture events and LV remodelling.3–5,7

3.3.1 ECM degradation
A larger area of remaining acellular matrix was shown in the infarct zone
of the heart from TLR7-/- mice at 3 days post-MI compared to WT mice
(Figure 3A–C), indicating that cardiac ECM degradation following MI was
slowed down by TLR7 deficiency.

To understand if the reduced ECM degradation in TLR7-/- mice is at-
tributed to lower activities of MMPs, we performed zymography (Figure
3D and E). Three days post-MI, abundant activated MMP9 and marginal
activated MMP2 were shown in the infarcted myocardium but at similar
levels between WT and TLR7-/- mice. Seven days post-MI, levels of acti-
vated MMP9 decreased while levels of activated MMP2 increased in both
WT and TLR7-/- hearts. Compared to WT hearts, levels of activated
MMP2 were significantly lower in TLR7-/- hearts at 7 days post-MI.
Expression of tissue inhibitor of metalloproteinase 1 (TIMP-1), the

....................................................................................... .........................................................................................

..............................................................................................................................................................................................................................

Table 1 Echocardiography characterization of WTand TLR7�/�mice

WT TLR72/2

Baseline 7 days MI 28 days MI Baseline 7 days MI 28 days MI

HR (b.p.m.) 398 ± 8 442 ± 11** 426 ± 13* 420 ± 10 468 ± 10*** 435 ± 13

ESV (lL) 31.4 ± 2.1 92.3 ± 10.1*** 112.2 ± 11.4*** 33.2 ± 1.8 64.7 ± 3.1*** 80.5 ± 5.6***]

EDV (lL) 66.5 ± 3.0 120.0 ± 9.9*** 142.7 ± 11.0*** 73.0 ± 2.9 98.7 ± 4.3*** 119.8 ± 6.6***

EF (%) 53.6 ± 1.8 26.2 ± 2.6*** 23.7 ± 2.2*** 54.6 ± 1.7 34.6 ± 0.8***] 33.9 ± 1.5***¶

FS (%) 27.4 ± 1.3 10.9 ± 1.2*** 10.0 ± 1.1*** 30.1 ± 1.4 17.5 ± 0.9***§ 16.7 ± 0.9***§

CO (mL/min) 14.08 ± 0.71 12.19 ± 0.97* 12.97 ± 1.09 16.61 ± 0.84 15.83 ± 0.71¶ 16.98 ± 0.88¶

LVIDs (mm) 2.98 ± 0.09 4.60 ± 0.21*** 5.04 ± 0.21*** 2.93 ± 0.08 3.99 ± 0.11***] 4.35 ± 0.14***

LVIDd (mm) 4.08 ± 0.07 5.13 ± 0.17*** 5.57 ± 0.17*** 4.17 ± 0.06 4.82 ± 0.10*** 5.20 ± 0.13***

Echocardiography was performed on the mice at baseline (before MI) and at the indicated time after MI. Paired t-test compared to respective baseline, * P < 0.05, ** P < 0.01,
***P < 0.001; Mann–Whitney U test compared to WT: ]P < 0.05, ¶P < 0.01, §P < 0.001.
CO, cardiac output; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; FS, fractional shortening; HR, heart rate (beat per minute); LVIDd, left ventricular
internal diameter end diastole; LVIDs, left ventricular internal diameter end systole.
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..endogenous inhibitor of MMP2 and 9,30 was higher in TLR7-/- hearts
compared to WT hearts at both 3 and 7 days post-MI (Figure 3F).
Furthermore, the expression of urokinase type plasminogen activator
(uPA)31 that could activate MMPs via plasminogen32 was higher in WT
hearts at 3 days post-MI (Supplementary material online, Figure S4A). In
contrast, the expression of plasminogen activator inhibitor-1 (PAI-1)

was higher in TLR7-/- hearts (Supplementary material online, Figure S4B).
These results point to a blunted ECM degradation in TLR7-/- mice.

3.3.2 ECM synthesis
Under MI conditions, ECM synthesis additionally occurs to repair the in-
farcted heart. The key players for post-MI ECM synthesis including

Figure 1 TLR7 expression is up-regulated in ischaemic myocardium in both mice and human. (A) Relative expression of TLR7 mRNA in the mouse heart
at baseline. Gene expression is normalized to GAPDH. N = 5–7 per genotype. (B) Immunohistochemical staining of TLR7 in the SHAM heart. No TLR7
staining (indicated in brown) is visible. (C) Relative expression of TLR7 mRNA in remote and infarcted heart tissue post-MI. Gene expression is normalized
to GAPDH and presented relative to SHAM-operated mice. N = 5 per timepoint; Mann–Whitney U test, *P < 0.05, **P < 0.01 compared with WT mice. (D)
Immunohistochemical staining of TLR7 in a mouse heart at 3 days post-MI. TLR7 staining is indicated in brown. (E) Relative expression of TLR7 mRNA in
the heart from control subjects (n = 5) and heart failure patients (n = 5). TLR7 expression is not detectable in control samples. ICM, ischaemic cardiomyopa-
thy. Mann–Whitney U test, **P < 0.01. (F) Representative immunohistochemical staining of TLR7 in a normal heart. No obvious TLR7 staining is observed.
(G, H) Representative immunohistochemical staining of TLR7 in a failing human heart secondary to ischaemic heart disease. Arrows indicate TLR7 positive
cardiomyocytes; arrowheads indicate TLR7 positive infiltrates. Scale bars represent 100 lm.
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Table 2 Echocardiography characterization of BM transplanted mice

Baseline Post-MI

WT/WT

BM

WT/TLR72/2

BM

TLR72/2/

TLR72/2 BM

TLR72/2/WT

BM

WT/WT

BM

WT/TLR72/2

BM

TLR72/2/

TLR72/2 BM

TLR72/2/WT

BM

HR (b.p.m.) 423 ± 10 403 ± 14 434 ± 14 415 ± 16 430 ± 9 413 ± 15 451 ± 27 442 ± 15

ESV (lL) 36.5 ± 1.0 35.6 ± 0.6 36.0 ± 1.5 34.4 ± 0/9 91.1 ± 9.5 54.8 ± 4.5** 58.1 ± 2.6* 72.5 ± 3.6

EDV (lL) 69.7 ± 1.7 69.7 ± 1.5 67.6 ± 2.5 66.7 ± 1.3 114.9 ± 9.3 78.9 ± 5.2** 84.2 ± 4.0 96.2 ± 3.9

EF (%) 47.7 ± 0.4 48.8 ± 0.5 46.8 ± 1.0 48.0 ± 0.3 22.3 ± 1.5 31.3 ± 1.5*** 30.9 ± 0.5** 24.8 ± 1.0

FS (%) 24.2 ± 0.5 26.0 ± 0.8 25.5 ± 1.1 26.6 ± 1.1 8.0 ± 0.6 14.7 ± 0.9*** 14.1 ± 0.4*** 10.3 ± 1.2

CO (mL/min) 14.06 ± 0.50 13.76 ± 0.69 13.80 ± 0.86 13.37 ± 0.50 10.22 ± 0.39 10.01 ± 0.63 11.76 ± 1.10 10.38 ± 0.62

LVIDs (mm) 3.11 ± 0.04 2.99 ± 0.05 3.10 ± 0.09 2.95 ± 0.07 4.94 ± 0.22 3.84 ± 0.12*** 4.14 ± 0.08* 4.39 ± 0.15

LVIDd (mm) 4.10 ± 0.04 4.04 ± 0.04 4.15 ± 0.07 4.02 ± 0.05 5.36 ± 0.21 4.50 ± 0.11** 4.82 ± 0.07 4.88 ± 0.12

Echocardiography was performed on the mice at baseline (before MI) and 28 days after MI. One-way ANOVA with Bonferroni post hoc tests compared to WT/WT BM mice;
*P < 0.05; ** P < 0.01; *** P < 0.001.
CO, cardiac output; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; FS, fractional shortening; HR, heart rate (beat per minute); LVIDd, left ventricular
internal diameter end diastole; LVIDs, left ventricular internal diameter end systole.

Figure 2 TLR7 deficiency prevents cardiac rupture and ventricular remodelling following MI. (A) The Kaplan–Meier survival curves. Log-rank test,
P = 0.024; n = 34 for WT mice subjected to MI, n = 31 for TLR7-/- mice subjected to MI, n = 10 for WT SHAM group and n = 14 for TLR7-/- SHAM group. (B,
C) Representative images of a ruptured heart from a WT mouse died at Day 4 after MI. Scale bars represent 1 cm. Note the blood clots covering the rup-
tured heart (B). After removal of blood clots, the ligation site (indicated by arrow) and a slit (indicated by arrowheads) on the free wall are visible (C). (D–F)
LV chamber dimensions, systolic volumes, and ejection fraction determined by echocardiography. Data were analysed with two-way repeated measures
ANOVA. P < 0.01 for genotype� time interaction: F(2, 94) = 6.107 for LVIDs; F(2, 94) = 7.945 for ESV; and F(2, 94) = 5.292 for LVEF. N = 22 for WT mice
and n = 27 for TLR7-/- mice subjected to MI, n = 10 for WT and n = 14 for TLR7-/- SHAM groups. LVIDs, left ventricular internal diameter at end of systole;
ESV, end-systolic volume; LVEF, left ventricular ejection fraction.
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collagen production are alpha-smooth muscle actin (a-SMA) expressing
myofibroblasts.7,33

We first examined the recruitment of myofibroblasts to the infarcted
heart. Cardiac mRNA levels of a-SMA were up-regulated after MI in
both WT and TLR7-/- mice at 3 and 7 days (Figure 4A and B), suggesting
an increase in myofibroblasts following MI. Compared to WT mice, ex-
pression of a-SMA mRNA in the infarcted myocardium was significantly
higher in TLR7-/- mice at 3 days post-MI (Figure 4A) followed by more a-
SMA positive cells in the infarct zone of TLR7-/- heart at 7 days post-MI
(Figure 4B).

During cardiac repair, matricellular proteins are pivotal for myofibro-
blast activation and subsequent infarct healing.7 We examined the
mRNA expression of five matricellular proteins in the infarcted myocar-
dium and found all of them were upregulated in both WT and TLR7-/-

mice after MI (Figure 4C and Supplementary material online, Figure S5).
Compared to WT hearts, the expression of periostin was remarkably
higher in TLR7-/- hearts at 3 days post-MI (Figure 4C), and the expression
of thrombospondin 1 and osteopontin were significantly higher at 7 days
post-MI (Supplementary material online, Figure S5). The expression of
osteoglycin and secreted protein acidic and rich in cysteine (SPARC)
tended to be higher in TLR7-/- hearts at 7 days post-MI but was not statis-
tically significant (Supplementary material online, Figure S5). Given that all
those matricellular proteins have been reported to protect post-MI car-
diac rupture in mice,7 the association of higher mRNA levels of those
matricellular proteins in TLR7-/- hearts with lesser cardiac rupture sug-
gests that the ‘remaining area’ observed in Figure 3 is a bioactive ‘acellular
matrix’.

TGF-b1, a multifunctional growth factor that is involved in collagen
turn-over, also showed higher levels in the infarcted myocardium of
TLR7-/- mice at 3 days post-MI (Figure 4D). Collagens produced by

myofibroblasts are essential to form an organized collagen-based scar in
cardiac repair.7 After MI, expression of alpha-1 type I collagen (Col1a1)
was markedly up-regulated in the infarcted myocardium (Figure 4E).
Compared to WT, higher mRNA levels of Col1a1 were observed in the
infarcted myocardium of TLR7-/- mice. Expression of alpha-1 type III col-
lagen (Col3a1) was also increased following MI but showed no difference
between WT and TLR7-/- mice (Figure 4F). This higher production of col-
lagen 1a1 (Figure 4E) together with the lower gelatin degradation
(Figure 3D–F) in the infarct zone of TLR7-/- heart and denser collagen
fibres (Figure 4G) in TLR7-/- mice at 28 days post-MI, as shown by
Picrosirius Red staining (Figure 4H and I), shows that collagen turn-over
has shifted towards collagen fibre formation.

3.4 TLR7 deficiency reduces cardiac
inflammation following MI
Influx of leucocytes into the infarct area is an important inflammatory re-
sponse to cardiac injury.1,3 Neutrophil infiltration in the infarct area was
high at Day 3 (Figure 5A) but no difference was found between TLR7-/-

and WT mice. Influx of CD3þ T-cells (Figure 5B) was lower in the infarct
area in TLR7-/- mice at 3 days post-MI in comparison to WT mice.
Macrophage influx was lower in TLR7-/- hearts compared to WT hearts
in the infarct and border zones at 3 and 7 days as well as in the remote
zone at 7 days post-MI (Figure 5C–F).

Since influx of inflammatory cells was reduced in TLR7-/- mice, we fur-
ther investigated if expression of inflammatory cytokines and chemo-
kines was blunted by TLR7 deficiency. As determined by a multiplex
assay, protein levels of a broad spectrum of cytokines and chemokines
were lower in both remote and infarcted myocardium of TLR7-/- mice
(Figure 6). At 3 days post-MI, myocardial levels of IL1a, IL2, IL6, IL17,

Figure 3 TLR7 deficiency slows down cardiac matrix degradation. (A) Area of remaining acellular matrix in the infarct zone during MI development.
N = 6–8 per timepoint per genotype; Mann–Whitney U test, *P < 0.05 compared with WT mice; ns, not significant. (B, C) Representative H&E staining show-
ing acellular matrix in the post-MI hearts. Red dashed lines demarcate acellular matrix. Scale bars represent 100 lm. (D) Representative images of zymogra-
phy showing expression of MMP2 and MMP9 in the infarcted heart tissue. (E) MMP activities quantified by peak areas as described in the Methods section.
(F) Relative expression of TIMP-1 mRNA in the heart after MI. Gene expression is presented relative to WT SHAM-operated mice. N = 6–8 per timepoint
per genotype; Mann–Whitney U test, **P < 0.01 compared with WT mice.
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RANTES, and TNFa were lower in TLR7-/- mice compared to WT mice,
whereas protein level of the anti-inflammatory cytokine MIP1b34

was higher in TLR7-/- mice (Figure 6A and B). At 7 days post-MI, GM-CSF,
MCP1, MIP1a, and MIP1b were all lower in TLR7-/- mice (Figure 6C
and D).

3.5 TLR7 on BM-derived inflammatory
cells mediates MI-induced ventricular
adverse remodelling
To investigate whether expression of TLR7 in the heart or in the infil-
trating leucocytes determines ventricular remodelling, we generated
chimeric mice by BM transplantation: WT/WT BM, TLR7-/-/TLR7-/-

BM, WT/TLR7-/- BM, and TLR7-/-/WT BM (Figure 7A). The BM chimera
was confirmed by FACS analysis of TLR7 expression in circulating im-
mune cells after a 6-week BM reconstitution (Supplementary material
online, Figure S6A). The post-MI survival rates were similar among all

the groups with only 1 WT/WT BM mouse died of post-MI cardiac
rupture during the 28-day follow-up (Supplementary material online,
Figure S6B). The infarct size, estimated by echocardiography at 28 days
post-MI, did not differ among the four chimeric groups
(Supplementary material online, Figure S6C and D). At baseline, there
was no difference in echocardiographic parameters among the four
chimeric groups (Table 2). At 28 days after MI, similar to the complete
TLR7-/- and complete WT mice without BM transplantation (Figure 2),
LV chamber dilation, and LVEF decrease were less severe in TLR7-/-/
TLR7-/- BM mice compared to WT/WT BM mice (Table 2 and Figure
7B and C). WT mice receiving TLR7-/- BM had a better preservation
of LV geometry (LV volumes and chamber dimensions) and cardiac
function (LVEF and LVFS) compared to those receiving WT BM com-
parable to TLR7-/- mice receiving TLR7-/- BM. These results show that
BM-derived TLR7 determines post-MI LV remodelling.

To further elucidate the cellular source of TLR7, we analysed TLR7
expression and its activation in isolated cardiomyocytes, cardiac

Figure 4 TLR7 deficiency promotes cardiac repair and scar formation. (A) Relative expression of a-SMA mRNA in the heart tissue post-MI. Gene expres-
sion is presented relative to WT SHAM-operated mice. N = 6–8 per timepoint per genotype; Mann–Whitney U test, **P < 0.01 compared with WT mice.
(B) Representative staining of a-SMA (in brown) in the infarct zone at 7 days post-MI. Scale bars represent 500 lm. (C) Relative expression of periostin
mRNA in the infarcted heart tissue post-MI. Gene expression is presented relative to SHAM-operated mice. N = 5 per timepoint per genotype; Mann–
Whitney U test, **P < 0.01 compared with WT mice. (D) TGFb1 protein levels in the heart tissue. N = 8–10 per timepoint per genotype; Mann–Whitney U
test, ***P < 0.001 compared with WT mice. (E, F) Relative mRNA expression of Col1a1 and Col3a1 in the heart tissue post-MI. Gene expression is pre-
sented relative to WT SHAM-operated mice. N = 6–8 per timepoint per genotype; Mann–Whitney U test, *P < 0.05 compared with WT mice. (G)
Quantification of collagen content in the scar 28 days post-MI. N = 20 for WT mice and n = 19 for TLR7-/- mice, Mann–Whitney U test, *P < 0.05 compared
with WT mice; #P < 0.05 compared with remote zone. (H, I) Representative infarct sections of WT and TLR7-/- hearts, 28 days post-MI, stained by
Picrosirius Red and shown under white light or polarized light (10�magnification). Scale bars represent 100 lm.
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.
fibroblasts, and BM-derived macrophages from adult mice. As shown in
Supplementary material online, Figure S7, TLR7 was highly expressed in
macrophages but not detectable in cardiomyocytes or cardiac fibro-
blasts. In contrast to TLR7-/- macrophages, WT macrophages were acti-
vated (loss of CD115 expression) and obtained a proinflammatory
phenotype (increased expression of CD38, IL1b, and TNFa) upon expo-
sure to a TLR7 agonist, R848 (Supplementary material online, Figure S8).
Furthermore, a wide range of cytokines and chemokines were secreted
from those macrophages in response to R848 stimulation
(Supplementary material online, Table S3). No response to R848 was ob-
served in cardiomyocytes or fibroblasts.

4. Discussion

Inflammation is a key mechanism driving cardiac repair and remodelling
after MI. In this study, we found that TLR7 expression levels in cardiac tis-
sue were increased in both the murine MI model and patients with
ischaemic heart failure. Genetically deficient TLR7 mice showed less

frequent post-MI cardiac rupture and less adverse LV remodelling, prob-
ably due to enhanced cardiac repair and scar formation, as well as attenu-
ated myocardial inflammation. We also showed that TLR7 in the BM-
derived leucocytes is a key component in driving the inflammatory
events following MI. These findings unveiled a causal pathophysiological
role of TLR7 in the setting of MI, as illustrated in Figure 8.

Several lines of evidence point to a direct involvement of TLR7 in
cardiovascular disease. Previous data have shown that TLR7 can mediate
autoimmune responses via detection of endogenous ssRNA immune-
complexes in SLE. These patients have between 5 and 10 times higher
risk of acute MI at a young age than their peers within the general popula-
tion.18,19,35,36 This may reflect in such patients a generally activated in-
flammatory state that constitutes a risk factor for cardiovascular disease.
In line with this, TLR7-positive macrophages were observed in the hearts
of patients with congenital heart block but not in the hearts of healthy
donors.37,38 TLR7 exaggerates atherosclerosis in ApoE deficient mice
fed with high fat diet.39,40 Furthermore, TLR7 mediates inflammation in
experimental autoimmune myocarditis and virus-induced myocarditis in
mice.41 We now show for the first time that TLR7 is causally involved in

Figure 5 Influx of inflammatory cells into myocardium. (A–E) Infiltrated neutrophils, T cells, and macrophages were quantified in the MI hearts. N = 6–8
per timepoint per genotype; Mann–Whitney U test, *P < 0.05, **P < 0.01 compared with WT mice. ns, not significant; F, representative infarct sections
stained for neutrophils, T cells, and macrophages (10�magnification). Scale bars represent 100 lm.
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..cardiac injury and plays a detrimental role in cardiac repair and LV
remodelling following MI.

Cardiac rupture, a catastrophic complication following MI, typically
leads to 30–50% mortality for C57BL/6 mice within 7 days after MI.4

Consistent with prior reports, a moderate infarct size (38% of LV)
resulted in 35% of rupture frequency in WT mice in our study. Strikingly,
TLR7 deficiency delayed and reduced cardiac rupture events from 35.3%
(WT mice) to 6.5% (TLR7-/- mice) during the 28-day follow-up after MI.
Since our experimental animals were gender and age matched, and the
infarct size and heart rates between WT and TLR7-/- mice were similar,
we conclude that the differential rupture frequency was attributed to
TLR7. Similar rupture-preventive effects have been reported for ablation
of TLR3, EDA (an endogenous ligand of TLR2 and TLR4), and a newly
identified nuclear-sensor cyclic GMP-AMP synthase (cGAS) among
others.7,14,31,42–44

Mechanistically, cardiac rupture is associated with ECM turnover and
inflammation severity.3,4,7,44 We examined the activities of MMP2 and
MMP9, two gelatin degrading enzymes that have been closely associated
with cardiac rupture after MI.31,43,44 Although MMP9 activity after MI in-
creased as previously reported44 but was not different between WT and
TLR7-/- mice, we found that MMP2 activity in the infarcted myocardium
was significantly lower in TLR7-/- mice. In addition, the mRNA levels of
TIMP-1 in infarcted WT hearts (Figure 3F) and in TLR7 activated WT
macrophages (Supplementary material online, Figure S9A) were
lower compared to TLR7-/- hearts and macrophages, respectively.
These lower MMP2 levels together with the high expression of
TIMP-1 in TLR7-/- mice strongly suggest reduced collagen break-
down. Indeed, inhibition of MMP2 activity has been shown to prevent
post-MI cardiac rupture.43

The plasminogen activation system that can activate MMPs has been
implicated in post-MI cardiac rupture by showing that ablation of uPA31

or plasminogen32 prevented cardiac rupture in MI. In this study, we
found lower expression of uPA but higher expression of PAI-1 in the in-
farcted myocardium in TLR7-/- mice compared to that in WT mice, sug-
gesting a lower activation of plasminogen system in TLR7-/- hearts.
Paradoxically, TLR7 activation by its agonist R848 inhibited expression of
uPA without affecting PAI-1 in macrophages in vitro (Supplementary ma-
terial online, Figure S9B and C). The higher expression of uPA in WT
hearts after MI is probably due to a higher number of recruited macro-
phages and other inflammatory cells into WT hearts, whereas the higher
expression of PAI-1 in TLR7-/- hearts is likely due to the higher number
of myofibroblasts which express much more PAI-1 than macrophages
(Supplementary material online, Figure S9D). Our results are consistent
with Heymans et al.31 in showing that lower uPA in the heart was associ-
ated with protection from post-MI cardiac rupture.

We now show a role for TLR7 in regulation of this process, mediated
by bone-marrow derived cells. Cardiac rupture is usually associated with
higher inflammation in the infarcted myocardium.3–5,7,14,31,32,42–44 This is
in accordance with the lower levels of inflammation (recruitment of in-
flammatory cells and production of cytokines and chemokines) in the
TLR7-/- hearts with a lower cardiac rupture incidence.

In the response to injury, inflammatory cells are also recruited to clear
up dying cardiomyocytes and cell debris and secrete cytokines including
IL1b and TNFa that can activate MMPs while inhibit TIMP-1 expression,
and subsequently degrade cardiac ECM.2–9,45,46 This is a delicate balance
that with a too high inflammatory response may result in cardiac rupture
but on the other hand too little inflammation will result in no or delayed
wound healing. TLR7 deficiency partly inhibits the post-MI inflammatory

Figure 6 Production of cytokines and chemokines. Protein concentrations of cytokines and chemokines in tissue lysates were quantified by multiplex
assays at different timepoints post-MI. N = 8–10 per timepoint per genotype; Mann–Whitney U test, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with
WT mice.
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..response by reducing the influx of TLR7-expressing macrophages. This
partial inhibition of inflammatory response slowed down or delayed, as
indicated by ‘acellular matrix’, the clearance of dead cardiomyocytes and
degradation of ECM in TLR7-/- mice but did not completely block the
processes as seen in the uPA and plasminogen deficient mice.31,32 This
may explain that LV function is protected in TLR7-/- mice. In addition,
the increased expression of matricellular proteins such as periostin in
TLR7-/- hearts may also contribute to the lesser cardiac rupture and pro-
mote the infarct healing by recruiting and activating myofibroblasts.7 This
is in line with the expression of a-SMA suggesting that TLR7 deficiency
stimulates recruitment and activation of myofibroblasts following MI.
Enrichment of myofibroblasts in TLR7-/- mice increased production of
TGFb and procollagen 1 thereby promoting scar formation in the in-
farcted heart. Omiya et al.17 recently reported that activation of TLR9
could prevent cardiac rupture by promoting activation of myofibroblasts
in the heart after MI. Given the opposing roles of TLR9 and TLR7 in mu-
rine SLE20,21 and atherosclerosis,40,47 and now also in post-MI cardiac re-
pair, this suggests that TLR7 and TLR9 may share some signalling
pathways but counterbalance each other’s activation downstream of the
signalling pathways.

In humans, the incidence of cardiac rupture has remarkably decreased
due to timely reperfusion, whereas the prevalence heart failure has in-
creased in MI survivors due to chronic LV remodelling.9,10 Nonetheless,
cardiac rupture is the penultimate expression of myocardial scar

expansion, which is a key determinant of LV ventricular remodelling after
MI. A conceptual framework of equilibrium in cardiac fibrosis after se-
vere myocardial injury like ST-segment elevation MI (STEMI) is that fibro-
sis is sufficiently localized to prevent myocardial scar expansion but yet
does not expand beyond the infarct region. LV remodelling following MI
is mediated by cardiac inflammation.2,3,9 Following ischaemic injury, an in-
flux of inflammatory cells into infarcted myocardium results in a robust
production of inflammatory cytokines/chemokines and activation of elas-
tase and MMPs, which in turn destroy cardiac ECM leading to cardiac in-
jury and LV remodelling.2,3,7 In TLR7-/- hearts, post-MI, the influx of
inflammatory cells (T cells and macrophages), and the production of
proinflammatory cytokines and chemokines were lower compared to
WT hearts. However, anti-inflammatory cytokines and chemokines in-
cluding TGFb and MIP1b were higher in TLR7-/- hearts.48 LV remodelling
was attenuated as evidenced by preservation of LV volumes and chamber
dimensions. In TLR7-/- mice, despite a more mature scar containing more
collagen fibres, we did not see an increase in fibrosis in the remote heart
tissue, which is consistent with the observed better overall LV function.

TLR7 mRNA has been detected in a variety of cell types including car-
diomyocytes and inflammatory cells.15,25,49 To understand the cellular
source of TLR7 that plays a major role in the setting of MI, we generated
chimeric mice by BM transplantation. Similar to TLR2 and TLR4,12,13,29

TLR7 expressed in BM-derived cells rather than resident cardiac cells
predominantly mediates post-MI LV remodelling and cardiac

Figure 7 TLR7 expressed in BM-derived cells mediates cardiac dysfunction after MI. (A) A schematic diagram illustrating generation of four chimeric
groups of mice: WT/WT BM indicates WT mice with WT BM (n = 17); TLR7-/-/TLR7-/- BM, TLR7-/- mice with TLR7-/- BM (n = 7); WT/TLR7-/- BM, WT
mice with TLR7-/-BM (n = 11); TLR7-/-/WT BM, TLR7-/- mice with WT BM (n = 10). LV systolic chamber dimension (B) and ejection fraction (C) were deter-
mined by echocardiography. One-way ANOVA with Bonferroni post hoc tests, *P < 0.05, **P < 0.01.
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.
dysfunction. This is further confirmed by the high expression of TLR7 in
BM derived macrophages vs. absence of TLR7 in isolated resident cardiac
cells (cardiomyocytes and fibroblasts) as well as their differential re-
sponse to the TLR7 agonist R848 in vitro. In contrast to our isolated adult
cardiomyocytes, expression of TLR7 was reported in an immortalized
murine cardiomyocyte cell line (HL-1)49 and rat neonatal cardiomyo-
cytes.25 This suggests that cardiomyocytes are able to express TLR7
under certain circumstance. In fact, we did find expression of TLR7 in
both cardiomyocytes and cardiac infiltrates in human and mice with
chronic cardiac ischaemia suggesting that TLR7 also in cardiomyo-
cytes may play a role.25

The endogenous ligands of TLR7 in MI, however, remain unclear. We
assume that dying cardiac cells will release a large spectrum of ‘danger
signals’, termed as DAMPs, which activate the innate immune system and
trigger inflammatory responses for cardiac repair and remodelling.1–3,11

Cytosolic DNA and RNA released from dying cardiac cells were re-
cently reported to aggravate cardiac injury via activation of ‘nuclear sen-
sors’ including cyclic GMP-AMP synthase (cGAS), TLR9 and TLR3.16,17,42

For TLR7, we postulate that extracellular RNAs are released into circu-
lation following MI and modulate cardiac inflammation in mice;23,24 fur-
thermore the released RNAs may be carried by extracellular vesicles50

to protect them from RNase degradation. Our postulations arise from
the following evidences: first, in vitro, extracellular RNAs trigger inflam-
matory cytokine production partly via TLR7 signalling pathway,25 and
R848 could activate WT macrophages to produce inflammatory cyto-
kines/chemokines but not TLR7-/- macrophages; second, in humans, a
major shift in circulating microRNA profile is detectable shortly after
acute MI;22 third, microRNAs carried by extracellular vesicles activate

TLR7 and promote prometastatic inflammatory response;50 fourth,
ssRNA circulates in the form of immune-complex and activates TLR7 in
SLE.19 In the setting of MI, the target cells are likely the infiltrated macro-
phages as the dynamics of TLR7 expression is similar to macrophage infil-
tration and is in line with our bone-marrow transplantation experiments.
This hypothesis is further supported by a recent discovery that cardiac
extracellular vesicles are released upon ischaemia injury and taken up by
infiltrated monocytes/macrophages thereby regulating cardiac inflamma-
tion following MI.51–53

To summarize, TLR7 deficient mice showed less cardiac rupture and
adverse LV remodelling after MI, probably via improved scar formation
and attenuated inflammation. TLR7 expressed in bone-marrow derived
cells mediates cardiac inflammation, cardiac repair, and adverse LV
remodelling following MI. Our findings identify TLR7 as a potential thera-
peutic target for post-MI adverse LV remodelling.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Figure 8 An illustrative summary. Following MI, TLR7 deficiency blunts the cardiac inflammatory responses (cell infiltration and cytokine expression), pro-
motes cardiac repair (lower MMP2 activity, higher TIMP1 expression, and more abundant myofibroblasts), attenuates LV chamber dilation and preserves
cardiac function (higher LVEF at 28 days post-MI; Mann–Whitney U test).
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