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INTRODUCTION over decades and is marked by proliferation of intimal
smooth-muscle cells (SMC) and infiltration of monocytes

Atherosclerosis is a chronic process caused by en-  and foam cells supporting chronic inflammation and lip-
dothelial injury that occurs in native blood vessels d retention within the arterial wall [1,2]. Percutaneous
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coronary intervention (PCI) today is the well-established
standard for the treatment of significant and symptomatic
coronary lesions due to coronary artery disease (CAD)
while more severe multivessel CAD cases accompanied
with heavily impaired left-ventricular function are still
managed by coronary artery bypass grafting (CABQG)
[3]. The first PCI by plain old balloon angioplasty and
transluminal dilatation of coronary artery stenosis was
performed by Andreas R. Griintzig in 1977 while Ulrich
Sigwart and colleagues introduced the first restoration of
coronary lumen by self-expandable stainless-steel stent
in 1987 [4,5]. The lumen diameter reduction post-PCI is
termed “restenosis” and can occur because of remodel-
ing/recoil of the vessel due to mechanical stress caused
by balloon dilatation or in a case of stent implantation, to
the neointimal SMC proliferation with intense formation
of new atherosclerotic plaque within the stent struts, in-
stent restenosis (ISR) [6]. Stent deployment after balloon
dilatation causes denudation of endothelial cells within
the stented segment resulting in the healing arterial ul-
cers promoting ISR and thrombosis by interfering with
local endothelial repair processes and by perturbation of
local vessel flow hemodynamics [7-9]. In the mid-1990s,
the era of bare-metal stent (BMS) implantation began
and was in later decades surpassed by drug-eluting stents
(DES) that had significantly more success in reducing
the rates of ISR and risk of reinterventions, especially
in short-to-medium term period, however, were more
frequently associated with late and/or very late in-stent
thrombotic events and neoatherosclerosis [10-14].
Neoatherosclerosis, on the other hand, is the accel-
erated form of atherosclerosis of multifactorial etiology
that presents a real concern in the contemporary use of
DES implants (Figure 1) [15]. It is characterized by the
neointimal SMC proliferation with a presence of lipids or
calcifications in the stented segment of the coronary ves-
sel, usually late (> 12 months) or very late (> 36 months)
post-DES implantation leading to late stent failure
[13,16,17]. Mechanistically, it is hypothesized that an-
ti-proliferative and immunosuppressive actions of drugs
delivered by the DES prevent restenosis but cause leaky
endothelial coverage that gives a rise to accelerated trans-
migration of low-density lipoproteins, foam cells and
inflammatory cells within the stent creating a neoathero-
sclerotic lesion [15]. Factors such as the delayed endothe-
lialization, peristrut microhemorrhages, polymer coating
type, chronic inflammation, localized hypersensitivity
reaction, and endothelial dysfunction all have putative
roles in the pathogenesis of neoatherosclerosis and in-
stent thrombosis [15,18-21]. Neoatherosclerosis is usual-
ly confirmed by the advanced imaging methods including
intracoronary optical coherence tomography (OCT) and
intravascular ultrasound (IVUS) while the analyses of
lesion specimens obtained through biopsy provide histo-
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pathological characterization [22,23]. The increased risk
of ISR after DES implantation advocated for the longer
use of dual anti-platelet therapy (DAPT) in patients with
DES compared to those with BMS [24]. Similarly, the de-
gree of endothelialization within stented segment of the
vessel has a significant impact on the duration of DAPT
usage while DAPT discontinuation is associated with an
increased rate of acute thrombotic events late after DES
implantation [10,11,25]. Clinically, neoatherosclerosis is
an important therapeutic challenge since late/very late
ISR of neoatherosclerotic etiology bears a high risk for
development of acute coronary syndromes (ACS) and
is generally associated with poor survival prognosis and
major adverse cardiac events (MACE) in these patients
[23,26,27].

Therefore, the aim of this review is to provide an-
swers on how can the latest advancements in interven-
tional cardiology such as bioresorbable vascular scaffolds
(BVS), molecular-based therapies, systemic therapies
and dual-therapy stents affect patient care and clinical
outcomes, and how can studying animal models and com-
parative medicine approach facilitate our understanding
and therapeutic and/or preventive approaches towards
neoatherosclerosis.

THE ROLE OF PRE-CLINICAL MODELS
OF IN-STENT RESTENOSIS AND ITS
TRANSLATIONAL VALUE

In the last fifteen years, we have observed a signifi-
cant rise in the allocation of National Institutes of Health
(NIH) funding for animal-based research (72.7 percent
rise) aimed towards modeling of human diseases in ex-
perimental animals [28]. One of the key issues in trans-
lational and comparative medicine is how and to what
degree can we translate findings obtained from pre-clini-
cal models of the disease to human biology? The value of
animal models remains questionable since a substantial
number of promising experiments performed in animals
fail to translate with similar efficacy in human-based clin-
ical trials [29,30]. Hackam and colleagues concluded that
approximately one-third of highly cited animal research
is successfully translated at the level of randomized con-
trolled trials (RCTs) in humans [29]. Moreover, a recent
study showed that publication bias in reports on animal
stroke models accounted for the 30 percent overstate-
ments of efficacy in interventions that were performed
on animals [31]. Thereupon, some authors suggest that
systematic review and meta-analysis of animal studies
might be useful in selecting those intervention strategies
that are most promising for translation to human RCTs
[30]. Furthermore, an early translation from pre-clinical
studies to phase I/II human trials should be carried out in
the form of large-scale multicenter RCTs that are pow-
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Figure 1. Overview of neoatherosclerosis that occurs late after drug-eluting stent implantation. Constructed by
the authors using illustration elements that were kindly provided by the Servier. Servier Medical Art is licensed under

a Creative Commons Attribution 3.0 Unported License.

ered for long-term “hard” end-points [32].

In terms of experimental animal model use in cor-
onary intervention, it should be noted that most of the
information on coronary ISR and DES usage have been
obtained from porcine models [33-35]. Comparatively,
porcine coronary models of ISR, nowadays, provide the
highest correlation with human cardiovascular anatomy,
hemodynamic and coagulation physiology, vasa vaso-
rum development, and collateral arterial supply [36]. The
fundamental principle of an animal model of ISR con-
sists of experimental induction of atherosclerotic lesion
within the coronary segment through vascular injury,
consequently eliciting localized healing responses and
neointimal proliferation that mimic ISR [37]. In 1992,
Schwartz and colleagues demonstrated that the degree of
vessel injury after PCI strongly correlated with neointi-
mal proliferation and percent diameter stenosis in a por-
cine model of purposely overexpanded stent implantation
[38]. Also, an adventitial contraction known as remodel-
ing along with persistent inflammation, intimal and me-
dial dissections post-PCI, and elastic recoil upon balloon
dilatation all contribute to restenosis [39,40]. While the
efficacy of interventional coronary treatments in humans
might not closely follow those obtained in swine mod-
els, it should be highlighted that animal models are useful
in testing critical hypotheses and providing mechanistic
insights into fundamental biological processes and re-
sponses to pathology that occur within a coronary vessel
[41]. Expert recommendations regarding the pre-clinical

evaluation of DES suggest that the iliac arteries in rabbits
and coronary arteries in domestic swine models are ap-
propriate for the testing of novel DES solutions and show
a substantial degree of correlation with clinical applica-
tions of such devices in humans [42]. The standardization
of histopathological analyses after DES implantation in
animal models should include: determination of injury
and inflammation score, stent strut positioning, degree
of endothelialization and condition of adjacent tissues,
stent design (drug used, polymer coating type), vascular
response and healing, potential overlapping of the stent,
stent fractures and histopathologic sampling of in-stent
tissue samples at multiple time points [41]. The latter is
of a particular concern in late in-stent thrombosis and
neoatherosclerosis while data show that the endothelial
healing process post-DES implantation is comparatively
different between animal models and humans [41,43-45].
Therefore, Nakazawa and colleagues emphasized that
due to the multifactorial nature of arterial healing, next
generation of DESs should undergo extensive pre-clinical
testing that will assess the degree of endothelialization,
inflammation, drug release kinetics and neointimal reduc-
tion to determine the safety level of these devices before
they are introduced to respective RCTs in humans [43].

USE OF BVS AND BIODEGRADABLE
POLYMERS TO ATTENUATE AND PREVENT
NEOATHEROSCLEROSIS
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Bioresorbable vascular scaffolds (BVS) or biore-
sorbable stents (BRS) are the new tool in the PCI arma-
mentarium, aimed to acutely prevent vessel closure and to
deliver anti-proliferative drugs into the stented segments
that inhibit neointimal hyperplasia, followed by their
complete biological resorption and long-term integration
with the vessel wall [46,47]. In this way, bioresorbable
devices support the transient nature of vascular scaffold-
ing and offer more optimized vessel healing while avoid-
ing permanent vessel caging and thus decrease the risk
for later ISR and thrombotic occlusion [48,49]. Although
these devices are conceptually an attractive design, their
efficacy, safety, and cost-effectiveness in the long-term
period and comparatively with third-generation DES and
BMS still need to be confirmed and validated in carefully
designed RCTs [50]. Due to this, translational and com-
parative studies exploring polymer chemistry, biotech-
nical solutions, as well as in-vitro and in-vivo testing in
animal models with relevant histopathologic characteri-
zation are necessary [S1]. A recent study by Nakazawa
et al. performed on rabbit iliac artery model showed that
biodegradable polymer-coated thin-strut DES signifi-
cantly diminished foamy macrophage infiltration within
neointima (neoatherosclerosis) and showed faster stent
strut neointimal coverage in comparison to durable poly-
mer-based stent [52]. Transitioning to clinical practice,
the bioresorbable polymer-coated sirolimus-eluting stent
was associated with low and stable in-stent late lumen
loss (LLL), complete strut coverage and no in-stent
thrombosis at 18-month follow-up after implantation
showing that DES with absorbable polymer is a safe and
efficacious in lowering long-term risks of inflammation,
delayed healing, and adverse effects in humans [53]. Sim-
ilarly, Wang et al. demonstrated that biodegradable poly-
mer sirolimus-eluting stents were associated with rapid
endothelialization and low LLL rates at 4 and 12 months
follow-up [54]. Finally, the wide spectrum of available
technology and stent types will enable selection of a stent
device and therapeutic tailoring towards each individual
patient, affirming the postulates of precision medicine in
which “ome size fits all” approach no longer has justifi-
cation.

NEOATHEROSCLEROSIS AND SYSTEMIC
PHARMACOTHERAPY

An in-stent neoatherosclerosis is a local inflamma-
tory process that interferes with vascular biology and
endothelialization of the coronary vessel [55]. In that
respect, a recent pre-clinical study showed that systemic
intravenous (IV) use of methotrexate (MTX) combined
with DES in a rabbit model decreased in-stent neoath-
erosclerosis as assessed by in-vivo OCT imaging and
histological analyses [56]. MTX-treated animals showed
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decreased rates of lipid-rich intima and reduced neointi-
mal thickness along with larger fibrous cap thickness and
smaller lumen areas in comparison to neoatheroslerotic
animals that received placebo. Furthermore, there was a
marked reduction in the serum levels of pro-inflamma-
tory cytokines (IL-6, IL-12, MCP-1, TNF-a), adhesion
molecules (ICAM-1 and VCAM-1), and nuclear fac-
tor-kB p65 with an increase of IL-10 in animals receiv-
ing systemic MTX along with DES implantation. MTX
exerts the anti-inflammatory effect by blocking NF-«xB
signaling and this, in turn, decreases expression and se-
cretion of pro-inflammatory cytokines [57,58]. Results of
the study by Zhang and colleagues clearly suggested that
there is an intimate relationship between inflammatory
cells, pro-inflammatory cytokines, and vascular healing
responses within stented segments of coronary vessels,
as previously suggested [59-61]. In conclusion, pharma-
cologic targeting of pro-inflammatory pathways might be
a feasible therapeutic strategy to prevent ISR and reduce
long-term risk for late thrombotic events.

MOLECULAR THERAPY FOR
ACCELERATED ENDOTHELIAL RECOVERY
OF THE VESSEL POST-PCI

Rapid and complete endothelialization of the coro-
nary artery after an injury caused by DES implantation
should theoretically prevent short to long-term compli-
cations such as restenosis, thrombosis, and neotheroscle-
rosis [62]. Magnetically targeted delivery of therapeutic
agents to injured blood vessels is a novel approach in
the prevention of in-stent restenosis that might enable
site-specific delivery of small-molecule proteins, drugs,
gene vectors and cells to the lesion of interest [63]. In
this respect, Adamo and colleagues performed an exper-
iment in stented rat carotid arteries in which endotheli-
al cells (ECs) were magnetically guided and delivered
along with polylactide-based biodegradable magnetic
nanoparticles (MNP) that served as carrier vehicle to the
site of the lesion [64]. Results showed that accelerated
re-endothelialization of the stented segment of the artery
was achieved, with marked enhancement of endothelial
growth and cellular propagation of MNP-functionalized
ECs. Similar results were observed in rat carotid artery
stent angioplasty model where localization of ECs exhib-
ited significant protection from stenosis at the distal part
of the stent in the cell therapy group compared to both the
proximal part of the stent in the cell therapy group and the
control [65]. Namely, there was a 1.7-fold less reduction
in lumen diameter, 2.3-fold less reduction in the ratios of
peak systolic velocities and 2.1-fold attenuation of ste-
nosis as assessed by end-point histomorphometric anal-
yses in a group treated with cell therapy. Furthermore,
a site-specific vascular gene delivery to stented arteries
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by using magnetically guided nanoparticles loaded with
adenoviral vectors showed that transduction of cultured
endothelial and smooth muscle cells under magnetic con-
ditions was achieved and injured arteries showed a signif-
icant increase in localized vascular gene expression [66].
A previous study showed that vascular stent in porcine
coronary arteries was an appropriate platform for highly
localized and efficient viral vector delivery system with-
out systematic spreading of the vector to other organs or
in the downstream segments of the stented arteries [67].
These therapies might provide accelerated endothelial
cell repopulation within stented segments of blood ves-
sels following PCI in humans, however, a translational
value of such strategies is yet to be confirmed in further
pre-clinical studies in other animal models to allow for
comparative analyses of designated end-points. Of con-
cern are the further improvements in MNP design and cell
treatment protocols that would provide suitable magnetic
properties without excessive compromise in cell viability
and function [68].

DUAL-THERAPY ENDOTHELIAL
PROGENITOR CELL-CAPTURING DES

“Pro-healing” approach towards the stented coro-
nary lesion has been recently exemplified in a clinical
trial (The EGO-Combo Study) examining the effects of
dual-therapy with endothelial progenitor cell-capturing
technology combined with sirolimus-eluting stent (Com-
bo stent) showing that this device provided unique late
neointimal regression (9 to 24 month follow-up) that was
not observed with any other commercially available stent
and these results were even extended to 36 months dis-
playing minimal restenosis and no late stent thrombosis
in humans [69]. This technology is based on reducing the
neointimal hyperplasia through an abluminal bioresorb-
able polymer eluting sirolimus while luminally immo-
bilized anti-CD34+ antibodies are simultaneously cap-
turing circulating endothelial progenitor cells, therefore,
countering delayed arterial healing, hypersensitivity, late
stent thrombosis and neoatherosclerosis [70,71]. Favor-
able effects of this innovative stent design have been
first observed and obtained from experiments performed
in pigs, once more showing that biotechnical solutions
accomplished in comparative animal models are crucial
for a successful translation of these designs in humans
[72-74]. Finally, in an important REMEDEE clinical tri-
al, Combo stent showed noninferiority in primary angio-
graphic end-point in comparison to Xience-V stent and
was safe with no stent thrombosis up to 12 months [75].
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CONCLUSIONS AND OUTLOOK

Pre-clinical studies performed on animals and com-
parative medicine approach are crucial for the successful
translation of novel pharmacologic and device solutions
that are targeted against in-stent neoatherosclerosis and
thrombosis in humans with CAD requiring PCI. Porcine
and rabbit animal models comparatively remain the gold
standard in this area of research with the highest degree of
similarity with human coronary and cardiovascular anat-
omy/physiology and best translational value from bench
to bedside. It is expected that the wide array of approved
novel devices and drugs on the market will offer highly
individualized precision medicine treatment for patients
with CAD requiring PCI. Future treatment modalities
will encompass BVS, dual-therapy bioresorbable stents,
systemic anti-inflammatory chemotherapeutics, cell-
based and gene vector-based therapies that will promote
uninterrupted arterial healing, suppression of inflamma-
tion, and prevention of restenosis and thrombotic events.
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