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Abstract

Percutaneous coronary intervention (PCI) treats focal coronary obstruction by compress-
ing plaque, injuring the vessel wall, and placing a metallic or bioresorbable scaffold.
Most treated segments heal, but a small minority enter a prolonged, excessive, or unsta-
ble repair state that contributes to in-stent restenosis (ISR), in-stent neoatherosclerosis,
and stent thrombosis (ST). Human evidence is strongest for delayed healing, uncovered
struts, macrophage-rich neoatherosclerosis, and hypersensitivity-associated late thrombo-
sis, whereas routine immune biomarker-guided care remains unsupported. The practical
question addressed here is therefore not whether inflammation participates, which is
established, but which immune signals, read together with intravascular imaging, could re-
alistically change post-PCI management. The narrowed lumen is only the visible endpoint;
beneath it sits vascular repair shaped by device-material exposure, local haemodynamics,
and host immunity. Endothelial denudation and platelet activation initiate fibrin deposition,
complement signalling, and release of damage-associated molecular patterns (DAMPs).
Neutrophils, monocytes, and macrophages dominate early, followed by lymphocytes and
vascular smooth muscle cells that remodel the repair compartment. Drug-eluting stents
(DES) have markedly reduced early neointimal hyperplasia, yet selected late failures still
involve delayed endothelial recovery, chronic peristrut inflammation, hypersensitivity, and
neoatherosclerotic transformation. Immune biology is useful at the bedside only when in-
terpreted with procedural context, device design, and patient phenotype. Imaging-defined
endpoints and paired immune phenotyping are therefore needed to guide treatment by
mechanism instead of angiography or isolated biomarkers.
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1. Introduction
Coronary stents have changed interventional cardiology, but they have not removed

the vascular cost of percutaneous coronary intervention (PCI). Contemporary drug-eluting
stents (DES) have reduced the restenosis rates seen after balloon angioplasty and bare-metal
stents (BMS). Target-lesion failure still matters, however, because it presents as recurrent
angina, acute coronary syndrome or sudden thrombotic occlusion [1–4]. PCI does not
simply restore lumen diameter, but it delivers a controlled injury to a diseased arterial
segment that may contain lipid, calcium and necrotic core, with inflammatory cells and
disturbed flow adding further complexity.

In routine practice, stent failure is usually divided into in-stent restenosis (ISR), in-stent
neoatherosclerosis and stent thrombosis (ST). The classification is useful at the bedside,
but it can hide common repair pathways. ISR is often described as excessive neointimal
growth, neoatherosclerosis as accelerated atherosclerosis within the neointima, and ST as
thrombus formation within or adjacent to the stented segment. These phenotypes overlap
through endothelial disruption, platelet–leukocyte interaction, innate immune activation
and smooth muscle-cell phenotypic switching. Extracellular matrix remodelling, delayed
re-endothelialisation and persistent hypersensitivity to device components add further
shared mechanisms [5–8].

Immunity does not explain every failure after stenting. Technical factors such as
underexpansion, malapposition, edge dissection and fracture are decisive in many cases,
but mechanical and immunological mechanisms often interact. Poor deployment amplifies
injury and disturbs flow, while persistent inflammation slows endothelial recovery and
leaves the segment more prone to neoatherosclerosis or thrombosis. The stented coronary
artery is a useful human setting in which sterile injury, foreign-body exposure, and failed
tissue repair intersect with immunothrombosis.

The novelty of this review lies not in the catalogue of immune cells and mediators
involved in stent failure, most of which are individually established, but in the argument
that these mechanisms become clinically useful only when read against an imaging-defined
failure phenotype in a defined host. The aims are therefore threefold: to organise PCI-
induced injury, in-stent restenosis, neoatherosclerosis and stent thrombosis as a single
repair continuum rather than three isolated diagnoses; to state explicitly, for each candidate
cell type and biomarker, what a clinician could and could not do with it today; and to pro-
pose a prospective immune–mechanical registry that pairs intravascular imaging-defined
failure with blood immune phenotyping, so that biomarkers are interpreted alongside
the implanted scaffold rather than in isolation. The intended contribution is translational
framing and study design, not a restatement of established mechanism.

The discussion traces the path from PCI injury to failed repair, giving greatest weight
to human pathology, intravascular imaging and interventional consensus. Reproducible
biomarker associations are treated as intermediate evidence, whereas preclinical data, small
pathway studies and indirect extrapolation from systemic anti-inflammatory cardiovascular
trials are exploratory. To keep the discussion accessible outside interventional cardiology,
malapposition denotes incomplete contact between stent struts and the vessel wall, and
geographic miss denotes incomplete coverage of the diseased or injured segment. The two
intravascular imaging methods referred to throughout are intravascular ultrasound (IVUS)
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and optical coherence tomography (OCT); OCT offers the higher axial resolution and is
used to assess strut coverage, thrombus, tissue pattern and neoatherosclerosis.

The proposed immune–vascular pathway from PCI-induced injury to stent failure is
summarised in Figure 1.

 

Figure 1. Immune–vascular pathways linking PCI-induced injury to coronary stent failure. PCI
produces endothelial denudation, plaque fracture, strut implantation, altered shear stress and foreign-
material exposure. Mechanical factors, including underexpansion, malapposition, edge dissection,
plaque protrusion, necrotic core and calcific constraint, amplify local injury and delay healing. The
resulting sterile response involves platelet activation, fibrin deposition, complement activation,
release of DAMPs, leukocyte recruitment, VSMC activation and fibroblast activation. Failed repair
may progress to ISR, neoatherosclerosis or ST. Abbreviations: DAMPs, damage-associated molecular
patterns; ECM, extracellular matrix; ISR, in-stent restenosis; NETs, neutrophil extracellular traps; PCI,
percutaneous coronary intervention; SMC, smooth muscle cell; ST, stent thrombosis; TCFA, thin-cap
fibroatheroma; VSMC, vascular smooth muscle cell.

2. PCI-Induced Vascular Injury as Sterile Immune Activation
PCI begins by fracturing plaque and stripping endothelium, with stretch injury im-

posed on the vessel wall. Balloon inflation and stent expansion expose the subendothelial
matrix, including collagen and tissue factor, creating a thrombogenic surface. Platelets
then adhere and release adenosine diphosphate, thromboxane, and serotonin alongside
chemokines and growth factors. Fibrin deposition and complement activation reinforce
leukocyte recruitment as part of vascular repair after iatrogenic injury, not as an aberrant
response [5,6].

Complement sits early in the sterile-injury response. Local activation generates C3a
and C5a (the complement-derived anaphylatoxins, small peptides cleaved from comple-
ment proteins C3 and C5 that recruit and activate leukocytes and prime endothelium and
platelets), increases endothelial and leukocyte activation, amplifies monocyte recruitment,
and supports platelet–leukocyte crosstalk. In most patients, the response resolves, but
around uncovered struts, polymer residues, or necrotic plaque, persistent complement
activity amplifies delayed healing and thrombotic susceptibility. Direct stent-specific clin-
ical evidence is still limited, so complement is not a proven standalone cause of stent
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failure [9,10]. Practically, these fragments are of interest less as a stent-specific blood test
than as a candidate readout of excessive local complement activity; measuring complement
activation fragments alongside imaged healing is proposed here as a research step, not a
current bedside assay.

Failed repair develops when the local repair response is excessive, poorly organised
or persistent around stent struts. Struts projecting into the lumen alter shear stress and
create areas of platelet activation and delayed endothelial coverage. Deep penetration into
necrotic core, severe calcification, long treated segments and overlapping stents increase the
volume of injured tissue and foreign material. The local immune response is shaped partly
by PCI geometry and by the quality of the final result. Stent implantation also directly
triggers leukocyte integrin Mac-1 upregulation on circulating neutrophils and monocytes,
an effect linked to subsequent neointimal thickening in human studies [11].

Sterile vascular injury also releases damage-associated molecular patterns (DAMPs:
endogenous molecules such as high-mobility group box 1, heat-shock proteins, extracellular
ATP and mitochondrial DNA that are normally concealed within living cells and, once
released by injury or cell death, are sensed by pattern-recognition receptors and trigger
sterile inflammation in the absence of infection) from damaged endothelial cells, smooth
muscle cells and plaque components, thereby activating pattern-recognition pathways in
neutrophils and monocyte–macrophage lineages. Neutrophils contribute early through
protease release, oxidative burst and, in some contexts, neutrophil extracellular trap forma-
tion. Monocytes enter later and differentiate into macrophages that clear debris, release
cytokines and influence smooth muscle-cell behaviour. A resolved reaction produces a
stable neointima and endothelial layer, whereas persistence of the same biology drives ISR,
neoatherosclerosis or thrombosis.

3. In-Stent Restenosis: Exaggerated Immune-Repair Responses
At its simplest, ISR reflects excessive repair within a fixed scaffold. After BMS, early

restenosis was driven mainly by neointimal hyperplasia: smooth muscle-cell migration and
proliferation, extracellular matrix deposition, and progressive lumen loss. DES reduced
this response through antiproliferative drug delivery, although the injury-repair biology
remained [2,3].

Inflammation is not evenly weighted across lesions and devices. Platelet-derived
growth factor, transforming growth factor-beta, interleukin signalling, monocyte chemoat-
tractant pathways and matrix metalloproteinase activity influence smooth muscle-cell
migration and matrix remodelling [5,6]. Smooth muscle cells do not behave as passive
contractile cells that simply proliferate. In the broader vascular smooth muscle plastic-
ity literature, synthetic, osteogenic, macrophage-like and pro-inflammatory states have
been described [12,13]. In stented arteries, these transitions shape restenosis and calcific
neoatherosclerosis when endothelial recovery is incomplete, or inflammation persists
around the scaffold. Among the cytokine mediators implicated, elevated plasma monocyte
chemoattractant protein-1 (MCP-1, also termed CCL2, the principal chemokine driving
monocyte recruitment into the vessel wall) has been documented in patients with angio-
graphic restenosis after coronary intervention, including in early post-angioplasty cohorts,
and OCT-phenotyped restenotic tissue also links macrophage-rich signal with local inflam-
matory biomarker elevation [14,15]. This association is long-standing rather than novel; the
intention here is not to advance MCP-1 as a standalone clinical test, since it is non-specific
and not used in routine practice, but to illustrate the pairing this review argues for, in which
a soluble mediator is interpreted together with an imaging-defined tissue phenotype rather
than in isolation.
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Adaptive immunity is less directly characterised than innate-cell responses (innate
responses—chiefly neutrophils, monocytes and macrophages—act rapidly and without
antigen specificity, whereas adaptive responses, mediated by T and B lymphocytes, are
slower, antigen-specific and capable of immunological memory) in stented coronary tissue,
but it remains relevant to ISR. Human restenotic tissues after DES implantation show
CD45-positive T-lymphocyte accumulation with macrophage-rich inflammation, support-
ing lymphocyte participation in at least some restenotic phenotypes, not simply background
atherosclerosis [16,17]. T-helper (Th) cells are CD4-positive T-lymphocyte subsets defined
by the cytokines they produce. Th1-skewed responses sustain macrophage activation
through interferon-gamma signalling, while Th17-related pathways are linked to neu-
trophil recruitment, endothelial activation and vascular inflammation [18,19]. Evidence
for a protective regulatory T-cell (Treg) signal in PCI populations is lacking, and the in-
ference rests on broader vascular-immunology data in which regulatory T cells restrain
excessive cytokine signalling and support resolution [18]. B cells (the antibody-producing
lymphocytes of the adaptive immune system) and antibody-mediated responses are less
consistently studied in ISR, but are relevant to polymer or metal hypersensitivity, immune-
complex biology and chronic foreign-body reactions. ISR is, therefore, better framed as a
combined innate–adaptive repair disorder than as macrophage and smooth-muscle biology
alone [20–22]. At present, these lymphocyte subsets are research markers rather than treat-
ment targets after PCI. Their potential clinical value lies in flagging the minority of patients
whose recurrent, well-expanded restenosis is lymphocyte- or hypersensitivity-driven, and
who might in future be enriched into trials of targeted anti-inflammatory therapy or altered
device selection, rather than managed as ordinary proliferative restenosis.

This heterogeneity matters clinically as underexpansion-related ISR, proliferative
neointimal ISR and neoatherosclerotic ISR have different dominant causes. Treating all
angiographic ISR as one endpoint weakens clinical trials and translational immunology.
Imaging-guided practice is better served by classification according to cause than by
percentage diameter stenosis alone. A focal restenotic lesion caused by underexpansion is
not a failure of immune regulation. Conversely, recurrent diffuse ISR in a well-expanded
stent suggests a stronger host-shaped phenotype, especially in the presence of diabetes,
chronic kidney disease, smoking, autoimmune disease, hypersensitivity, or persistent
systemic inflammation [1–4].

4. Drug-Eluting Stents, Delayed Healing and Hypersensitivity
DES were designed to suppress neointimal proliferation, but this therapeutic success

carries a trade-off: the same antiproliferative effect delays endothelial restoration in some
settings and alters immune-cell behaviour. Human autopsy studies of first-generation
DES described persistent fibrin, incomplete endothelial coverage, local inflammation
and late thrombotic risk, particularly in complex lesions and acute myocardial infarction
settings [23–26].

Second-generation DES improved safety through thinner struts, better polymers,
refined drug kinetics and greater deliverability, but they did not abolish vascular failure.
Late events often reflect residual mechanical problems together with impaired endothelial
function, chronic low-grade inflammation, neoatherosclerosis or systemic patient risk. A
simple mechanical-versus-immune division is too crude for contemporary DES failure
because many cases contain both elements.

Suppressing smooth muscle-cell proliferation reduces early restenosis, while excessive
suppression of repair prolongs exposure of thrombogenic struts. A successful device is
judged not only by late lumen loss but by durable patency, functional endothelial recovery,
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and low chronic inflammatory activity, and the antiproliferative trade-off does not change
that standard.

Hypersensitivity to stent components is still relevant, although it is one of the easiest
mechanisms to overstate. First-generation DES raised concern because autopsy and adverse-
event analyses reported eosinophilic and giant-cell-rich inflammation, aneurysmal change,
and late thrombotic events in some patients [27,28]. Metal alloys, durable polymers,
antiproliferative drugs, and antiplatelet medications have all been implicated, but proving
causality in an individual coronary event is difficult.

The best evidence for hypersensitivity comes from selected pathology, thrombus-
aspiration and case-based material, not large prospective screening studies. This distinction
matters because nickel allergy, for example, is common, whereas proven coronary stent
failure caused by metal allergy is uncommon and hard to establish. Patch testing also does
not reproduce the coronary environment, where metal, polymer and drug exposure interact
with blood flow, endothelial injury and plaque biology.

Hypersensitivity is documented in selected late or recurrent failures but is not a uni-
versal explanation for DES failure. The broader issue is foreign-body immune persistence,
in which a stent becomes a chronic inflammatory scaffold when endothelial coverage is
incomplete, polymer degradation is abnormal, strut apposition is poor, or the adjacent
plaque stays active [28,29].

5. Neoatherosclerosis: Accelerated In-Stent Atherosclerosis
Neoatherosclerosis represents an atherosclerotic transformation within the neointimal

tissue, distinct from simple neointimal thickening, with foamy macrophages, lipid pools,
necrotic core formation, and calcification. In some lesions, thin-cap fibroatheroma-like
morphology develops. Human pathology shows that neoatherosclerosis occurs after both
BMS and DES, although it tends to appear earlier after DES [30,31].

The sequence starts with endothelial leak, lipid entry, and leukocyte accumulation.
A dysfunctional or incomplete endothelial layer permits lipoprotein entry and leukocyte
trafficking, after which macrophages take up modified lipids and become foam cells.
Oxidative stress, inflammatory cytokines, and defective efferocytosis then favour necrotic
core formation. Over time, the treated segment resembles accelerated atherosclerosis,
although the process develops within a constrained neointimal compartment around
metallic struts. Defective efferocytosis sustains this inflammatory environment in native
atherosclerosis, where impaired apoptotic cell clearance drives necrotic core expansion
and plaque instability, and analogous mechanisms fit the constrained neoatherosclerotic
compartment [32,33].

For patients, neoatherosclerosis matters because it links restenosis and thrombosis. A
lipid-rich neointima narrows the lumen gradually and causes recurrent ischaemia, while
rupture or erosion of neoatherosclerotic tissue may also trigger late or very late ST. OCT has
made this process visible in vivo, although OCT is not histology. Macrophage-rich signal,
lipid-laden neointima, calcification and thrombus support a lesion-level interpretation that
still requires clinical and procedural context [31,34–36]. Published OCT reproducibility data
are reassuring at the cohort level, but individual restenotic specimens still show enough
heterogeneity that a single label often feels more precise than the tissue deserves.

Table 1 summarises the practical distinction between neointimal hyperplasia and
neoatherosclerosis, while recognising that both processes may coexist within the same
stented segment.
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Table 1. Distinguishing neointimal hyperplasia, neoatherosclerosis and stent thrombosis after coro-
nary stenting. The Table contrasts the dominant biology, key cellular features, imaging appearance,
clinical consequence and therapeutic implication of three major stent-failure phenotypes.

Feature Neointimal Hyperplasia Neoatherosclerosis Stent Thrombosis
(Immunothrombosis)

Dominant biology Repair/proliferation after
injury.

Atherosclerotic
transformation within

neointima.

Thrombotic occlusion on a
thrombogenic surface;
immunothrombosis with
platelet, neutrophil (NET) and
complement activation.

Key cells Smooth muscle cells and
extracellular matrix.

Macrophage foam cells,
smooth muscle cells and

inflammatory cells.

Platelets, neutrophils (NETs),
monocytes and fibrin, with
tissue factor.

Typical imaging clue Homogeneous or layered
neointima.

Lipidic neointima,
calcification, thin-cap-like
features or thrombus on

OCT.

Uncovered or malapposed
struts, red or white thrombus,
or ruptured neoatherosclerotic
tissue on OCT.

Consequence
Recurrent angina or

target-lesion
revascularisation.

Late ISR, acute coronary
syndrome or very late ST.

Acute coronary syndrome,
myocardial infarction or
sudden death; acute to very
late ST.

Therapeutic
implication

Optimise expansion and
consider DES or

drug-coated balloon
strategies according to

driver.

Aggressive secondary
prevention, lipid lowering,

imaging-guided
assessment and careful

antithrombotic decisions.

Optimise apposition and strut
coverage, ensure adequate and
uninterrupted antiplatelet
therapy, and treat the
underlying mechanical or
neoatherosclerotic substrate.

Both processes coexist in the same stented segment. Macrophage-rich lesions suggest
higher late instability, while OCT serves as a useful but imperfect substitute for pathology.
No validated neoatherosclerosis-specific immune therapy exists yet.

6. Stent Thrombosis and Immunothrombosis
ST is usually classified as acute, subacute, late, or very late, but timing alone does not

explain the underlying cause. Acute and subacute ST often reflect deployment problems,
inadequate antiplatelet effect, residual dissection, tissue protrusion, thrombus burden, or
early interruption of therapy. Late and very late ST more often involve delayed healing,
uncovered struts, malapposition, neoatherosclerosis, persistent fibrin and, in selected cases,
hypersensitivity [1,4,23–26].

In this setting, immunothrombosis describes a process well beyond platelet aggrega-
tion, as neutrophils, monocytes, tissue factor, complement, endothelial cells and extracellu-
lar traps all influence thrombus composition and stability. Neutrophil extracellular traps
(NETs) provide a physical and biochemical scaffold made of decondensed chromatin and
histones, with neutrophil elastase, myeloperoxidase and other granule proteins adding
biochemical activity. This scaffold traps platelets and red cells, concentrates tissue factor,
activates factor XII, impairs endogenous fibrinolysis and intensifies endothelial injury. The
pathobiological case is reasonable, though causality in individual stent thrombosis events
is unproven [37–39].

In the stented segment, NET formation is most likely when several triggers coexist,
including uncovered or malapposed struts, residual thrombus, high local shear disturbance,
necrotic plaque protrusion, infection or systemic inflammatory priming. NETs interact
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with complement and platelet activation, creating a feed-forward loop in which neutrophil
activation promotes thrombin generation, and thrombin further recruits inflammatory cells.
NETs warrant study as part of a defined thrombotic process rather than as a universal
explanation for ST, with thrombus aspiration, OCT-defined lesion context and circulating
markers of NETosis belonging in the same future stent-failure cohorts [37,38]. In practice,
the loop becomes tangible when a late thrombotic occlusion occurs in a previously treated
segment, and OCT shows uncovered or malapposed struts, residual thrombus and inflamed-
looking neoatherosclerotic tissue despite apparently adequate systemic antiplatelet therapy.

A stent thrombosis event warrants cause-based investigation rather than management
as a single uniform diagnosis. The relevant question is whether the dominant process
is mechanical, pharmacological, inflammatory or mixed. Immunothrombosis framing
adds value when tied to an imaged lesion, not when it replaces the conventional timing
taxonomy. OCT or IVUS identifies underexpansion, malapposition, edge dissection and
tissue prolapse, while uncovered struts and neoatherosclerosis identify the healing context.
Without imaging, events are easily labelled as antiplatelet failure or non-adherence when
the underlying cause is mechanical or inflammatory.

7. Patient-Level Immune Phenotypes and Emerging Biomarkers
Stent healing varies between patients, and diabetes, chronic kidney disease and acute

coronary syndrome presentation influence endothelial repair, macrophage polarisation,
smooth muscle-cell switching and thrombosis risk. Autoimmune disease, persistent high-
sensitivity C-reactive protein and haematological inflammatory traits add further host-level
signals. Targeted DES-ISR data also show that diabetes and chronic kidney disease shape
restenotic presentation and post-ISR outcomes, supporting attention to host biology in
addition to device mechanics [40]. These systemic states do not cause poor implantation,
but they make an apparently acceptable PCI result vulnerable to failed healing.

Composite blood inflammatory indices, including the systemic immune-inflammation
index (SII, derived from routine full-blood-count values as platelet count × neutrophil
count ÷ lymphocyte count) and the systemic inflammation response index (SIRI, derived
as neutrophil count × monocyte count ÷ lymphocyte count), have been associated with
DES-ISR and related post-stent failure phenotypes in recent observational studies [41,42].
The signal is interesting but not ready for routine decision-making. These indices are
non-specific, affected by infection, malignancy and renal disease, further confounded by
physiological stress and medication exposure, and reported with thresholds that differ
across populations. Their appeal is that both are cheap and calculable from a standard
blood count; their intended purpose here is exploratory risk stratification and enrichment of
high-risk patients for prospective study, not diagnosis of a specific stent-failure mechanism.

Clonal haematopoiesis of indeterminate potential (CHIP) links immunology and
cardiovascular disease through clonal myeloid biology. CHIP mutations, particularly
involving TET2 and DNMT3A, skew monocyte–macrophage biology toward a more inflam-
matory phenotype and have been associated with atherosclerotic cardiovascular risk. No
robust evidence shows that CHIP should change PCI technique or stent choice. It may help
explain exaggerated vascular inflammation in some older patients despite similar angio-
graphic results, and it merits inclusion in future studies linking blood immune phenotypes
with OCT-defined restenosis, neoatherosclerosis and thrombosis [43–47].

Single-marker studies alone are unlikely to move the field and, therefore, the next step
is to pair OCT/IVUS-defined stent-failure mechanisms with blood immune-cell profiles,
proteomics and lipid metrics. Medication exposure and procedural data belong in the same
analysis, and without that integration, biomarkers may remain statistically significant but
weak at the bedside.
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8. Imaging and Biomarker Assessment
Angiography identifies lumen compromise, but it explains little about why a stent has

failed. This limitation matters in immune-mediated stent-failure research. A 70% restenosis
caused by underexpansion is not equivalent to a 70% restenosis caused by macrophage-rich
neoatherosclerosis, although both are often coded simply as ISR in registries and trials.

Intravascular imaging provides the necessary separation. IVUS is useful for assess-
ing expansion, vessel size, plaque burden and calcific constraint. OCT has higher axial
resolution and is particularly useful for strut coverage, malapposition, thrombus, neoin-
timal pattern and neoatherosclerotic features. Dedicated OCT consensus standards and
stent-failure imaging reviews provide the methodological basis for using OCT to separate
underexpansion, uncovered struts, thrombus and neoatherosclerosis instead of treating
ISR or ST as purely angiographic labels [1,48,49]. A DES-era intravascular imaging review
further supports the role of IVUS and OCT in lesion preparation, stent optimisation and
mechanism-based evaluation of failure [50]. European Society of Cardiology guidelines
for both chronic and acute coronary syndromes endorse intravascular imaging to guide
management of stent failure [51,52].

Blood biomarkers sit at an earlier translational stage. High-sensitivity C-reactive
protein, interleukin-6 and neutrophil-to-lymphocyte ratio reflect systemic inflammatory
risk. Eosinophil count, platelet reactivity and composite immune indices provide additional
but non-specific signals. Since none distinguish underexpansion from neoatherosclerosis or
hypersensitivity, their strongest role at present is research stratification rather than routine
clinical decision-making.

Table 2 summarises how angiography, intravascular imaging, circulating biomarkers
and tissue-based assessment contribute differently to mechanism-based evaluation of
stent failure.

Table 2. Diagnostic tools for immune-mediated coronary stent failure. The Table outlines the main
role, limitation, and research value of commonly used diagnostic approaches, from angiography and
intravascular imaging to blood biomarkers and tissue-level analysis.

Tool Best Use Limitation & Research Role

Angiography Detects restenosis, occlusion, and
gross thrombus.

Limitation: Does not define tissue biology or
immune driver.
Research role: Endpoint screening and
procedural overview.

IVUS
Expansion, apposition, vessel size,

calcific constraint and plaque
burden.

Limitation: Limited for fine strut coverage or
macrophage-rich neointima.
Research role: Mechanical-tissue separation in
ISR studies.

OCT
Strut coverage, thrombus,

malapposition, tissue pattern and
neoatherosclerosis features.

Limitation: Does not replace histology, and
artefacts and thrombus obscure interpretation.
Research role: Phenotyping ISR and ST by
tissue context.

Blood inflammatory markers Systemic inflammatory tone and
exploratory risk stratification.

Limitation: Does not localise inflammation to
the stented segment.
Research role: Enrichment of high-risk patients
for prospective studies.

Histopathology/thrombus
analysis

Direct cellular and material-level
evidence.

Limitation: Available only in selected fatal or
aspiration cases.
Research role: Validation of imaging and
biomarker signatures.
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9. Therapeutic Implications
Preventable stent failure is reduced most reliably by excellent PCI technique. Ade-

quate lesion preparation, calcium modification where needed, correct sizing and complete
expansion reduce avoidable injury and disturbed flow. Avoidance of geographic miss,
minimisation of overlapping metal layers and imaging-guided optimisation reinforce
the same principle because immune modulation does not compensate for preventable
mechanical problems.

Device design remains central. Thinner struts, biocompatible or biodegradable poly-
mers, polymer-free platforms, improved drug-release kinetics and better endothelial com-
patibility all respond to the foreign-body and delayed-healing problem. Each design choice
involves trade-offs between radial strength, deliverability and antiproliferative efficacy,
while endothelial recovery and thrombogenicity create further constraints. An optimal
device is not judged by the smallest neointimal area at six months alone. Durable patency,
a functional endothelial surface, and low chronic inflammatory activity are the correct
endpoints. Bioresorbable scaffolds test this principle directly, yet longer-term follow-up
data show that scaffold resorption does not guarantee full vascular restoration of the
treated segment, with residual concerns about endothelial function and late thrombotic
risk persisting beyond the resorption phase [53,54].

Drug-coated balloons (DCB) are attractive in ISR because they deliver antiproliferative
therapy without adding another permanent metal layer, which is especially relevant in
recurrent ISR, small vessels and multilayer stents. Their immunological appeal lies in
leaving no permanent scaffold behind, although DCB efficacy still depends on lesion
preparation, drug transfer, tissue retention, and the biology of the restenotic neointima.
DES and DCB are best chosen by the cause of failure, not by habit, and pooled individual
patient data show comparable outcomes between DCB and repeat DES across both BMS-ISR
and DES-ISR, with lesion preparation and restenotic biology among the key determinants
of response [55,56].

Systemic anti-inflammatory therapy is harder to place. Canakinumab and established
colchicine trials support the broader inflammatory hypothesis in atherosclerotic cardiovas-
cular disease [57–59]. The recent neutral acute myocardial infarction colchicine data are still
relevant because they caution against assuming that systemic anti-inflammatory benefit in
atherosclerosis will automatically translate into better PCI-healing outcomes [60]. A smaller
trial in diabetic patients with BMS suggested that colchicine could reduce restenosis [61].
These data do not prove that routine anti-inflammatory treatment prevents modern DES fail-
ure in all PCI patients. Translation is likely to require high-inflammatory-risk phenotypes,
careful timing and duration, and imaging-defined endpoints instead of angiography alone.

10. Immune and Systemic Complications of Peri-Procedural
Pharmacotherapy

Beyond the vessel-wall and immune mechanisms discussed above, the pharmaco-
logical agents used during and after PCI carry their own immune and systemic complica-
tions. These reactions may arise locally at the treated segment or systemically, and they
can confound the clinical and imaging assessment of stent failure. A brief overview is
therefore warranted.

Iodinated contrast media can provoke hypersensitivity reactions that are broadly
divided into immediate and non-immediate types. Immediate reactions occur within an
hour of exposure and are largely anaphylactoid, reflecting direct mast-cell and basophil
activation, although true immunoglobulin-E-mediated anaphylaxis is occasionally impli-
cated; non-immediate reactions appear after several hours to days and are predominantly
T-cell-mediated. In a large multicentre cohort, the overall rate of hypersensitivity was low
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but not negligible, with a prior reaction being the principal risk factor [62]. Contrast expo-
sure has also been linked to post-contrast acute kidney injury; contemporary controlled
analyses suggest that its incidence has historically been overestimated, yet a clinically
meaningful risk persists in patients with chronic kidney disease or diabetes [63]. Because
impaired renal function is itself associated with adverse vascular healing, contrast-related
renal injury is relevant to the host substrate for stent failure.

Heparin, used routinely for peri-procedural anticoagulation, can trigger heparin-
induced thrombocytopenia (HIT), an immune reaction driven by antibodies against platelet
factor 4–heparin complexes that activate platelets and monocytes through Fc-gamma-
receptor-IIA signalling. The result is thrombocytopenia together with a paradoxical, and
often severe, prothrombotic state [64]. Because this immune thrombosis can present as an
acute coronary event, it must be distinguished from device-related stent thrombosis: the
two share a final thrombotic pathway but demand very different management.

The P2Y12-receptor inhibitors, the cornerstone of antiplatelet therapy after stent-
ing, differ in their adverse-effect profiles. Clopidogrel shows variable and genetically
influenced responsiveness and can rarely cause hypersensitivity, whereas ticagrelor is
associated with dyspnoea—attributed to adenosine accumulation through inhibition of its
cellular reuptake—as well as bradyarrhythmia and, rarely, thrombotic thrombocytopenic
purpura [65]. Prasugrel provides more potent and consistent platelet inhibition than clopi-
dogrel, but its clinical use is limited by bleeding risk in selected patients, particularly those
with prior stroke or transient ischaemic attack, advanced age or low body weight [66].
There is also growing evidence that P2Y12 inhibition exerts thrombo-inflammatory and
vascular-healing effects beyond platelet aggregation, which may be relevant to the immune
biology of stent failure [67]. Recognising these drug-related syndromes matters both for
patient safety and for the correct attribution of events that might otherwise be ascribed
solely to the stent.

Taken together, these considerations reinforce the central argument of this review:
that failure after stenting should be assessed mechanistically, with drug-related immune
and systemic reactions weighed alongside device- and vessel-related processes rather than
in isolation.

11. Evidence Strength, Limitations and Future Directions
Overall, failure after stenting is better understood as a problem of repair and interpre-

tation than as a purely angiographic event. PCI causes vascular injury and inflammation,
and delayed endothelial healing and uncovered struts are important causes of late throm-
botic risk. Neoatherosclerosis is established within stents and contributes to both late ISR
and ST in selected lesions. Intravascular imaging improves interpretation compared with
angiography alone [34,35,48–50].

The next generation of studies should analyse mechanical and inflammatory fail-
ure together. A useful classification would distinguish underexpansion-dominant,
hyperplasia-dominant and neoatherosclerosis-dominant phenotypes while still accom-
modating hypersensitivity-dominant, thrombosis-dominant and mixed patterns. Prospec-
tive cohorts are strongest when they pair OCT/IVUS-defined mechanisms with blood
immune-cell profiles, including T-cell subsets, B-cell or antibody signatures, complement
activation fragments and NETosis markers. CHIP status, lipid metrics, platelet function,
medication adherence and procedural data belong in the same dataset. A prospective
immune–mechanical registry is the next necessary step because it forces biomarkers to
be interpreted alongside the implanted scaffold. Such a registry would address immune–
vascular mechanisms more rigorously than studies reporting angiographic ISR against a
single blood count-derived index.
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Therapeutic translation is the least settled part of the field. Anti-inflammatory drugs or
immune-compatible coatings are attractive only if they improve patient outcomes without
increasing infection, bleeding, delayed healing or other off-target effects. Future trials
warrant stratification by OCT/IVUS findings, systemic inflammatory phenotype and device
type, with comparable attention to time from implantation and antithrombotic context.
Otherwise, a precise immune-targeted therapy may look ineffective simply because it was
tested in a mixed population. When angiographic ISR is used as the primary endpoint
across several stent generations and lesion complexities, the published result loses the
distinction between a poorly expanded scaffold, a drug-resistant proliferative lesion, and
late neoatherosclerotic failure.

Device studies need healing-quality endpoints, not only late lumen loss. Func-
tional endothelialisation, strut coverage, macrophage-rich neointima, thrombus signal and
neoatherosclerosis belong in reporting at the level of healing biology. Anti-inflammatory
interventions are best tested in enriched groups such as recurrent diffuse ISR, imaging-
confirmed neoatherosclerosis, high residual inflammatory risk or suspected hypersensitiv-
ity, not as blanket therapy after uncomplicated PCI.

12. Conclusions
The most actionable implication is that recurrent ISR, late neoatherosclerosis, and ST

require cause-based assessment instead of angiographic labelling alone. This is especially
true when intravascular imaging shows delayed healing, macrophage-rich neoatheroscle-
rosis, uncovered struts or thrombotic material in a host with persistent inflammatory
risk. Prevention rests on precise PCI technique, device selection, aggressive secondary
prevention and selective immune phenotyping.

A prospective immune–mechanical registry linking OCT/IVUS phenotype with
immune-cell profiling, CHIP status, platelet function and patient outcomes is the study
design most likely to move the field beyond generic inflammation. The practical goal is
to identify the patient whose stent fails not because the lumen was treated, but because
vascular repair never became stable.
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Abbreviations
The following abbreviations are used in this manuscript:

ACS Acute coronary syndrome
BMS Bare-metal stent
CHIP Clonal haematopoiesis of indeterminate potential
DAMPs Damage-associated molecular patterns
DCB Drug-coated balloon
DES Drug-eluting stent
ECM Extracellular matrix
HIT Heparin-induced thrombocytopenia
ISR In-stent restenosis
IVUS Intravascular ultrasound
MCP-1 Monocyte chemoattractant protein-1
NETs Neutrophil extracellular traps
OCT Optical coherence tomography
PCI Percutaneous coronary intervention
P2Y12 Purinergic receptor P2Y12
SII Systemic immune-inflammation index
SIRI Systemic inflammation response index
SMC Smooth muscle cell
ST Stent thrombosis
TCFA Thin-cap fibroatheroma-like change
Treg Regulatory T cell
Th1 T-helper type 1 cell
Th17 T-helper type 17 cell
VSMC Vascular smooth muscle cell
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