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Drug-eluting stents have emerged as potent weapons in the treatment of patients with symptomatic coronary artery
disease by reducing restenosis rates; however, a significant clinical consequence of these stents is delayed
reendothelialization, which may increase the risk of late stent thrombosis. In this issue of the JCI, Santulli and colleagues
generated an adenovirus that expresses the cyclin-dependent kinase inhibitor p27Kip1 (p27) and bears four tandem
copies of target sequences for the endothelial cell–enriched microRNA (miRNA) miR-126-3p (Ad-p27-126TS) in an
attempt to specifically reduce proliferation of vascular smooth muscle cells, but not endothelial cells. Indeed, delivery of
Ad-p27-126TS to balloon-injured arteries in rats not only induced faster and more complete reendothelialization, but also
effectively improved neointimal hyperplasia, hypercoagulability, and vasoreactivity. Collectively, these findings provide a
cogent foundation for the potential therapeutic use of miRNA-facilitated gene delivery strategies to heal vessel wall injury.
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Vascular endothelium and 
injury from percutaneous 
coronary intervention
Over the past 37 years, percutaneous coro-
nary intervention (PCI) has revolutionized 
patient revascularization care for symp-
tomatic ischemic coronary artery disease 
by improving myocardial perfusion and 
clinical outcomes. However, PCI has been 
considered a double-edged sword due to 
the endothelial injury and denudation that 
occurs from a combination of high-pressure 
balloon inflations and relatively noncom-
pliant stent struts. The vascular response 
to mechanical endothelial cell (EC) and 
smooth muscle cell (SMC) injury represents 
a complex series of molecular and cellu-
lar events that involve the orchestration 
between resident and recruited vascular 
cells, leukocytes, and progenitor cells that 
regulate the ensuing neointimal hyperpla-
sia, vascular remodeling, and reendotheli-
alization (1). A range of innovative therapies 

and mechanical coronary device strategies 
have evolved to improve the outcomes and 
response to injury induced as a consequence 
of these procedures for patients with symp-
tomatic coronary lesions. By 1993, bare-
metal stents (BMS) were FDA approved 
in the US. Compared with balloon angio-
plasty alone, BMS dramatically improved 
vessel remodeling with reduced restenosis 
rates and fewer subsequent reinterventions 
required. The improvements seen with BMS 
are thought to be primarily due to a reduc-
tion in late lumen loss, a process known as 
negative remodeling (2); however, clinical 
restenosis rates still occurred in approxi-
mately 20% to 30% of patients receiving 
BMS, in part, due to persistent neointimal 
hyperplasia (3, 4). A decade later, drug-elut-
ing stents (DES), which release antimitotic 
drugs, such as sirolimus, paclitaxel, zotar-
olimus, or everolimus, were developed 
and potently inhibit SMC proliferation and 
extracellular matrix generation, resulting in 

markedly reduced neointimal hyperplasia 
and an approximately 70% reduction of cor-
onary restenosis compared with BMS (5, 6).

Because DES-dependent drug deliv-
ery does not discriminate between prolif-
erating vascular SMCs (VSMCs) and ECs, 
delayed reendothelialization has been 
considered a major limiting factor for 
optimal vascular repair and may predis-
pose patients to late thrombotic events (7, 
8). Indeed, preclinical studies and patho-
logic evaluation at the time of human 
autopsy have confirmed a delayed reendo-
thelialization associated with DES (9, 10). 
Considerable attention has been focused 
on the possibility of late (30 days to 1 
year) and very late (after 1 year) throm-
bosis associated with DES and whether 
extended dual antiplatelet therapy (DAPT)  
reduces this potential thrombotic risk 
(11–13). DAPT itself may also carry higher 
bleeding risks over this extended period. 
Every year, nearly 500,000 patients in 
the US undergo PCI for symptomatic 
coronary artery disease, and DES are 
deployed in at least 75% of these cases 
(14). As such, identification of novel strat-
egies to restore rapid reendothelialization 
may allow for improved clinical outcomes 
and simultaneously minimize the need for  
prolonged DAPT.

Preclinical and clinical 
reendothelialization strategies
An intact vascular endothelium serves not 
only as a functional barrier between blood 
and all tissues, but also dictates the vaso-
reactive, thrombogenic, inflammatory, and 
adhesive properties that are important for 
the vessel response to injury. Reendothe-
lialization after PCI is thought to occur, in 
part, from residual islands of noninjured 
ECs within the stented region, flanking 
ECs outside of the stented region, and 
circulating or resident progenitor cells (7).  
While BMS and DES have addressed arte-
rial remodeling and neointimal hyper-
plasia, the incomplete endothelialization 
associated with these stents remains an 
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Drug-eluting stents have emerged as potent weapons in the treatment of 
patients with symptomatic coronary artery disease by reducing restenosis 
rates; however, a significant clinical consequence of these stents is delayed 
reendothelialization, which may increase the risk of late stent thrombosis. 
In this issue of the JCI, Santulli and colleagues generated an adenovirus 
that expresses the cyclin-dependent kinase inhibitor p27Kip1 (p27) and bears 
four tandem copies of target sequences for the endothelial cell–enriched 
microRNA (miRNA) miR-126-3p (Ad-p27-126TS) in an attempt to specifically 
reduce proliferation of vascular smooth muscle cells, but not endothelial 
cells. Indeed, delivery of Ad-p27-126TS to balloon-injured arteries in rats 
not only induced faster and more complete reendothelialization, but also 
effectively improved neointimal hyperplasia, hypercoagulability, and 
vasoreactivity. Collectively, these findings provide a cogent foundation for 
the potential therapeutic use of miRNA-facilitated gene delivery strategies 
to heal vessel wall injury.
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Viral-based gene strategies have been 
used to transduce the vessel wall with a 
range of cell-cycle regulators and have 
provided scientific insights and therapeu-
tic opportunities for regulating neointi-
mal hyperplasia (19, 20); however, lack 
of cell specificity also adversely affects 
the growth of the neoendothelium. In this 
issue of JCI, Santulli, et al. (21) created 
a unique adenovirus that expresses the 
cyclin-dependent kinase inhibitor p27Kip1 
(p27) under a strong CMV promoter 
and bears four tandem copies of target 
sequences for the EC-enriched microRNA 
(miRNA) miR-126-3p (Ad-p27-126TS) in 

kinetics, stent alloy, architecture, polymer 
coating composition, or abluminal release 
of antimitotic drugs, among others (6, 15, 
16). For example, the Genous (OrbusNeich) 
stent, designed to capture so-called CD34+ 
endothelial progenitor cells, which include 
both endothelial and nonendothelial pro-
genitor subsets, demonstrated promis-
ing reendothelialization properties and 
reduced neointimal hyperplasia in preclin-
ical studies (17). Unfortunately, compared 
with the Taxus (Boston Scientific) DES, the 
Genous stent showed no major differences 
in clinical events or target vessel revascu-
larization out to two years (18).

active area of investigation with renewed 
scientific interest, given the potential for 
late thrombotic risk. Additional factors, 
such as delayed hypersensitivity reac-
tions to the DES polymer or technical and 
mechanical factors (6), also likely contrib-
ute to stent thrombosis independently of 
reendothelialization. Nevertheless, a range 
of preclinical and clinical strategies have 
emerged in an attempt to address both 
reendothelialization and antithrombotic 
risk. These strategies include recruitment 
of circulating progenitor cells, delivery of 
proangiogenic factors, and alteration of 
DES properties, such as drug dose/release 

Figure 1. miRNA-facilitated gene delivery of p27 to the injured vessel wall reduces neointimal hyperplasia and improves reendothelialization. Carotid 
artery injury, such as occurs following balloon inflation, results in neointimal hyperplasia, increased extracellular matrix deposition, and loss of vessel 
endothelium, all of which increase thrombotic risk. Treatment with adenovirus control (Ad-GFP) does not alter injury-induced vessel damage. Following 
carotid artery injury, adenoviral delivery of an adenovirus for p27 (Ad-27) inhibits neointimal hyperplasia, but does not improve reendothelialization.  
Santulli and colleagues (21) have demonstrated that local delivery of an adenovirus bearing four tandem copies of target sequences for miR-126-3p 
(Ad-p27-126TS) reduces VSMC proliferation, but not EC proliferation. Because of the markedly higher expression levels of endogenous miR-126-3p in ECs 
compared with levels in VSMCs, adenoviral p27 overexpression is suppressed in ECs via miR-126-3p–mediated binding of complementary target sequences 
in the Ad-p27-126TS vector. Consequently, neointimal hyperplasia is reduced and endothelial growth and coverage are increased, leading to improved 
thrombotic risk and vasoreactivity.
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Fourth, the effect of Ad-p27-126TS on 
other resident cell types, such as adven-
titial fibroblasts and leukocyte subsets, 
should be further explored. Fifth, inves-
tigation of Ad-p27-126TS efficacy in the 
presence of BMS would be informa-
tive, as reendothelialization will also be 
affected by other stent-associated fea-
tures such as local hemodynamic shear 
forces. Sixth, recent findings suggest 
that miR-126 may be secreted from ECs 
and transmitted to SMCs under specific 
shear stress conditions in vitro and there-
fore may attenuate cell-specific effects 
in vivo (28). Seventh, while mechanistic 
studies have demonstrated that sirolimus 
treatment can induce p27 in cells (29), 
viral-mediated overexpression of p27 (or 
other cell-cycle regulators) may not reca-
pitulate the same growth inhibitory prop-
erties. Finally, there are concerns about 
the chronic effects of Ad-p27-126TS due 
to its potential to function as a “sponge” 
and deplete endogenous miR-126-3p in 
ECs. Santulli et al. (21) addressed the 
potential of Ad-p27-126TS to regulate 
endogenous miR-126-3p and found only 
a modest reduction of endogenous miR-
126-3p expression in ECs and no signifi-
cant effect on the miR-126-3p target gene 
PIK3R2 or the related miR-126-5p, which 
has been shown to facilitate EC recov-
ery after injury (30). These findings are 
consistent with the specificity of other 
miRNA “sponges” that have been used 
to regulate gene and miRNA expression 
in other cellular systems (31, 32). Future 
studies to address some of these issues 
regarding Ad-p27-126TS will provide 
important insights and define whether 
miRNA-facilitated gene delivery will pro-
mote reendothelialization, particularly in 
larger animals, and be transformative for 
healing the injured vessel wall with PCI or 
for other related vascular disease states.
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improved hypercoagulability, reflected by 
circulating levels of plasma D-dimer and 
phenylephrine-induced vascular reactiv-
ity, to the same extent exhibited by unin-
jured vessels after two weeks.

Conclusions and future 
directions
Taken together, the work by Santulli et al.  
(21) provides compelling evidence for 
further exploration into the incorpora-
tion of miRNA target sites to facilitate 
gene delivery in a cell-specific manner 
for improving reendothelialization after 
vessel wall injury. Because endothelial 
repair may be a limiting factor in a range 
of vascular disease states, these findings 
may provide therapeutic opportunities for 
related conditions, such as vascular graft 
failure, which may develop in patients 
requiring arteriovenous fistulae for hemo-
dialysis, vascular conduits for peripheral 
artery disease, or saphenous vein grafts 
for coronary artery bypass graft surgery, 
among others. Nevertheless, several 
important questions and issues remain 
before this innovative technology is ready 
to translate to human studies. First, vas-
cular carotid injury in rats does not neces-
sarily recapitulate human coronary injury 
due to anatomical considerations. For 
example, rats exhibit lower medial wall 
elastin, a smaller subintimal layer, and a 
more continuous internal elastic lamina 
(26); therefore, better insights into vessel 
injury could be provided by larger animals 
such as pigs, which more closely resemble 
the human response to coronary artery 
injury (27). Second, it is unclear whether 
Ad-p27-126TS will function as effectively 
under harsher environmental conditions 
such as hypercholesterolemia, diabe-
tes, or native atherosclerosis, conditions 
that may alter endogenous miR-126-3p 
expression in the vascular endothelium, 
thereby allowing for some p27 overex-
pression in ECs and potentially abrogat-
ing reendothelialization. Third, in this 
study, local adenoviral-mediated arte-
rial delivery required cessation of blood 
flow for 20 minutes; therefore, alterna-
tive therapeutically compatible types of  
delivery approaches will need to be con-
sidered for PCI, though this type of local 
delivery may be feasible for more acces-
sible surgical vascular grafts, delivered 
either endoluminally or periadventitially. 

an attempt to specifically reduce prolifer-
ation of VSMCs, but not ECs (Figure 1).  
miRNAs are evolutionarily conserved, 
single-stranded, noncoding RNAs that 
suppress protein expression by binding 
to target complementary sequences in 
the 3′-UTRs of mRNAs, an event that is 
directed by the “seed region” nucleotides 
2–7 at the 5′ end of the mature miRNA (22). 
Therapeutic manipulation of miRNAs has 
recently garnered scientific interest for 
their contribution to a number of vascu-
lar disease states (23, 24). The concept of 
miRNA-facilitated viral delivery used by 
Santulli et al. (21) takes advantage of the 
well-established observation that miR-
126-3p expression is robustly enriched 
in the vascular endothelium and nearly 
absent in VSMCs under normal homeo-
static conditions (25). As such, endoge-
nous miR-126-3p binding to the Ad-p27-
126TS would diminish the ability of p27 to 
be overexpressed in ECs, while being per-
missive to p27 overexpression in SMCs, 
thereby inducing growth arrest in VSMCs, 
but not in ECs, and blocking VSMC-medi-
ated neointimal proliferation. Indeed, 
using both in vitro and in vivo studies, 
Santulli and colleagues found that Ad-p27-
126TS transduction in VSMCs blocks cell 
proliferation and migration, while pro-
tecting EC functional properties (21). In a 
balloon-injured rat carotid injury model, 
local delivery of Ad-p27-126TS (injected 
into the common carotid artery and 
allowed to incubate for 20 minutes in the 
absence of flow) potently reduced neointi-
mal hyperplasia to the same extent as that 
of Ad-p27 without the miR-126-3p target 
sequences. Importantly, after two weeks, 
injured vessels transduced with Ad-p27-
126TS exhibited nearly 80% reendothe-
lial coverage (88% by 4 weeks) compared 
with that observed in uninjured vessels, 
whereas the Ad-p27–transduced vessels 
showed only 26% EC coverage (29% by 
4 weeks) (Figure 1). These findings were 
verified using a combination of immuno-
histochemistry for VE-cadherin on en face 
and cross-sectional preparations, tri- and 
bidimensional confocal microscopy, and 
scanning electron microscopy. Consis-
tent with an intact functional EC barrier, 
Ad-p27-126TS reduced accumulation of 
CD45+ leukocytes and arterial structure 
for collagen and elastin fibers. Finally, 
Ad-p27-126TS delivery also significantly 
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