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Graphical Abstract 

Intrapericardial lncRNA-TARID therapy mitigates myocardial fibrosis. The figure was designed by using BioRender.com.
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Acute myocardial infarction (MI) is one of the leading causes of death in 
the world.1 With advances in interventional therapies, post-MI mortal-
ity has decreased over the past decades. However, many MI survivors 
have massive losses of cardiomyocytes that elicit a series of intertwined 

cellular events, including immune cell infiltration, epicardial cell expan-
sion, and myofibroblast transdifferentiation, collectively resulting in 
the formation of a collagen-rich scar.2 Although this fibrous scar can 
preserve myocardial integrity in the short term, it also drives 
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pathological remodelling and heart failure (HF) in the long term. Due to 
the lack of drugs that can effectively target cardiac fibrosis, post-MI pa-
tients may continue to suffer from repeated HF hospitalizations and 
premature death.3

Because adult mammalian hearts have negligible regenerative cap-
acity, researchers have proposed the regeneration of damaged heart 
tissue by various types of stem cells. Among them, mesenchymal 
stem cells (MSCs) show promise because of their enriched secretory 
profile.4 Thus far, however, adult cardiac stem cell clinical trials have 
only shown neutral or marginal benefits, perhaps due to short-lived 
paracrine release instead of providing new cardiac myocytes.4

Similarly, the systemic application of MSC-derived extracellular vehicles 
(MSC-EVs) in a pre-clinical study promoted cardiac repair to a moder-
ate extent, probably due to their poor homing efficiency.5 In this regard, 
a recent study involving intrapericardial delivery of MSC-EVs found aug-
mented effects in the heart after MI, reinforcing the therapeutic benefits 
of MSC-EVs.6 Therefore, defining the role of specific EV cargo(s) may 
be a promising therapeutic approach.

In this issue of the European Heart Journal, Zhu et al. further optimized 
intrapericardial EV therapy by conjugating it with hyaluronic acid (HA) 
to prolong cardiac retention.7 Using a mouse model of MI, the investi-
gators observed that intrapericardial injection of HA-coupled MSC-EVs 
led to superior collagen fibre alignment, smaller scar size, and better 
heart function compared with MSC-EVs alone. This suggests that 
HA-based modification further boosted the beneficial effect of EV 
treatment on cardiac remodelling. Mechanistically, they illustrated 
that EVs within the perivascular cavity were taken up by epicardium- 
derived cells (EPDCs) and thereafter altered EPDC lineage differenti-
ation. EPDCs are a subset of epicardial cells that delaminate from the 
epicardial sheet and migrate to the subepicardial space during develop-
ment.8,9 EPDCs are known to serve as a regeneration hub during heart 
development and repair due to their differentiation potency to mesen-
chymal lineages, including smooth muscle cells, cardiac fibroblasts, and 
pericytes, through epithelial to mesenchymal transition (EMT).8 Zhu 
and colleagues observed an increased population of EPDCs undergoing 
EMT after MI, as indicated by reduced epithelial marker expression 
(pan-Cadherin and pan-Cytokeratin), while generating increased num-
bers of Vimentin+ mesenchymal cells and α-SMA+ myofibroblasts. 
Remarkably, they further showed that these changes were reversed 
after EV injection, supporting the hypothesis that EV treatment im-
peded EPDCs from differentiating towards myofibroblasts. Of note, re-
cent lineage tracing studies identified pre-existing resident fibroblasts as 
the main cell population contributing to the myofibroblast pool in the 
adult injured heart.10,11 Although this does not necessarily argue against 
the results from this study, it does raise the question as to whether the 
injected EVs are able to penetrate the epicardial layer and act on inter-
stitial fibroblasts to attenuate fibroblast to myofibroblast transition.

To understand how EVs could orchestrate differentiation fates of 
EPDCs, Zhu et al. performed RNA-seq analysis of isolated EPDCs 
and found up-regulated expression of various transcription factors.7

Among them, transcription factor 21 (TCF21) gained special attention, 
as TCF21 has been shown to be associated with the specification of 
EPDCs to cardiac fibroblasts during embryogenesis.12 Indeed, the 
authors were able to manipulate EPDC differentiation by modulating 
TCF21 expression via gain- and loss-of-function approaches in both cul-
tured EPDCs and an in vivo implantation model. The negative correl-
ation between TCF21 and myofibroblast transdifferentiation was 
strengthened by the antagonizing role of TCF21 on transforming 
growth factor β (TGFβ)/Smad3 signalling, which has been widely ac-
cepted as a hallmark of myofibroblast activation and fibrosis 

progression. Taken together, Zhu et al. showed TCF21 as the key regu-
lator of EPDC phenotype and identified it as an appealing target for 
anti-fibrotic therapy.

A previous report showed that the transcriptional regulation of 
TCF21 is associated with the expression profile of antisense 
RNA-inducing demethylation (lncRNA-TARID), a multi-transcript 
long non-coding RNA (lncRNA) with nuclear localization.13 In particu-
lar, one specific transcriptional isoform was shown to demethylate the 
TCF21 promoter, thereby activating its expression.13 Intriguingly, Zhu 
et al. found that lncRNA-TARID was substantially enriched in MSCs as 
well as in MSC-EVs. LncRNA-TARID silencing by small interfering RNA 
(siRNA) indeed robustly resulted in TCF21 down-regulation in MSCs. 
Of importance, lncRNA-TARID-loaded lipid nanoparticles (LNPs) sig-
nificantly induced TCF21 expression and abolished the TGFβ pathway 
(Smad3, Acta2, and Myocd expression) in EPDCs. Conversely, 
TARID-depleted EVs were no longer able to inhibit myofibroblast dif-
ferentiation. Altogether, these observations elegantly confirmed the 
regulatory function of the TARID–TCF21 axes during EPDC– 
myofibroblast differentiation that underpinned the therapeutic poten-
tial in targeting cardiac remodelling. In fact, although many functional 
lncRNAs have been described, only a modest number of them have 
been successfully modulated in vivo. This is probably due to challenges 
associated with the length and the number of lncRNA transcripts, as 
well as their cell-specific expression nature.

Recent successful and worldwide applications of LNPs for 
mRNA-based COVID-19 vaccines have ignited enthusiasm for lncRNA 
therapies. By harnessing the advantages of LNPs and HA hydrogel, Zhu 
and colleagues intrapericardially applied lncRNA-TARID in a mouse 
model of acute MI. Similar to the MSC-EV treatment, the administration 
of LNP-TARID increased TCF21 expression, attenuated cardiac dilata-
tion, decreased scar size, and improved cardiac function. More interest-
ingly from a translational perspective, intrapericardial LNP-TARID 
therapy also exhibited promising protective effects in infarct repair and 
fibrosis resolution in a porcine model of myocardial ischaemia–reperfu-
sion. Collectively, LNP-TARID therapy appears to be a promising antifi-
brotic therapy that acts by targeting EPDC–myofibroblast differentiation.

Zhu and colleagues also underscored limitations in their work, such 
as missing evidence of EV-containing soluble proteins and the relatively 
small sample size of their pig study (n = 3–4). Beyond those factors, sev-
eral questions remain for further elucidation. First, EPDCs reportedly 
contributed to cardiac repair by secreting a spectrum of angiocrine fac-
tors.10 Thus, further investigation is needed to explore whether EV 
treatment alters the EPDC secretome, and whether this may affect 
the angiogenic role played by EPDCs. Meanwhile, EPDCs are made 
of multiple transcriptionally heterogeneous subgroups.14 Identifying 
specific EPDC subpopulations responsive to EVs will be equally import-
ant for future drug development. Furthermore, LNPs are able to diffuse 
to the myocardium following hydrogel degradation after implant-
ation.15 Assessing the effect of LNP-TARID in myocardial cells will 
help define the specificity of this approach for future therapeutic trans-
lation. Lastly, considering the cell-specific function of lncRNAs, it will be 
useful to further study the effect of LNP-TARID uptake from other 
pericardial cell types.

In summary, Zhu and colleagues identified TCF21 as the underlying 
key regulator of MSC-EV treatment, helping to create a foundation for 
a novel potential non-coding lncRNA-TARID therapy to mitigate cardiac 
remodelling following MI (Graphical Abstract).7 While more work is re-
quired to elucidate LNP-TARID therapy targets, this study has enhanced 
our understanding of the translational role of lncRNAs during cardiac fi-
brosis and provides a novel therapeutic angle for cardiac repair.
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