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Abstract

Obstructive arterial disease is a major cause of morbidity and mortality in the developed world. Venous bypass graft surgery is
one of the most frequently used revascularization strategies despite its considerable short and long time failure rate. Due to vessel
wall remodeling, inflammation, intimal hyperplasia, and accelerated atherosclerosis, vein grafts may (ultimately) fail to
revascularize tissues downstream to occlusive atherosclerotic lesions. In the past decades, little has changed in the prevention
of vein graft failure (VGF) although new insights in the role of innate and adaptive immunity in VGF have emerged. In this
review, we discuss the pathophysiological mechanisms underlying the development of VGF, emphasizing the role of immune
response and associated factors related to VG remodeling and failure. Moreover, we discuss potential therapeutic options that can
improve patency based on data from both preclinical studies and the latest clinical trials. This review contributes to the insights in
the role of immunomodulation in vein graft failure in humans. We describe the effects of immune cells and related factors in early
(thrombosis), intermediate (inward remodeling and intimal hyperplasia), and late (intimal hyperplasia and accelerated athero-
sclerosis) failure based on both preclinical (mouse) models and clinical data.

Keywords Cardiovascular diseases - Bypass graft - Vein graft failure - Innate and adaptive immunity - Vascular remodeling -
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Introduction

The first saphenous vein graft (VG) implantation in humans
was performed by Garrett et al. in 1967, and together with the
pioneering work of Favaloro et al., VG surgery became part of
the standard revascularization strategies for patients with cor-
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onary and peripheral artery diseases [1, 2]. This major ad-
vance markedly improved survival and symptoms in selected
patients, but vein graft failure (VGF) may occur and this has
been associated with poor outcomes, and improvements have
been limited over the past decades [3, 4].

Adaptation of VGs to their new arterial environment is
characterized by structural vessel wall remodeling. Moderate
intimal hyperplasia (IH) and adequate outward remodeling are
necessary for proper arterialization and long-term graft paten-
cy. It is well known that inflammatory processes are involved
in all these phases [5]. Despite the fact that some grafts stop
remodeling after arterialization, other grafts progress to a clin-
ical stenosis and may develop advanced atherosclerosis le-
sions. The rate of vein graft failure is highest in the first
months after graft placement. Although activation of pro-
thrombotic pathways is involved, technical/anatomic issues
probably dominate these failure events. This results in de-
creased patency rates of 10% due to acute thrombosis within
the first month after surgery. Next to these early technical
problems, the rate of graft failure is highest in the 3—18-month
timeframe, after which the hyperplastic response and/or in-
ward remodeling seems to become less active. After 1 year,
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approximately 15% of VG are occluded. After several years,
there seems to be a divergence in the pathobiology of coronary
versus lower extremity vein graft failure. While coronary vein
graft atherosclerosis is described as the likely failure mecha-
nism in several large series [5], the importance of atheroscle-
rosis in lower extremity vein graft failure is not well
established. By 10 years after surgery, only 60% of VG are
still patent and only 50% of patent VG are free of significant
stenosis, pointing out that VGF is a serious clinical problem
[6-8]. Therefore, VGF limits the clinical success of coronary
bypass grafting in terms of symptoms and mortality.

In this review, we discuss the pathophysiological mecha-
nisms underlying the development of VGF, emphasizing the
role of immune response and associated factors related to VG
remodeling and failure. Moreover, we discuss potential ther-
apeutic options that can improve patency based on data from
both preclinical studies and the latest clinical trials.

Mechanisms of Vein Graft Failure

VGF results from complex pathophysiological processes that
lead to a partial or complete occlusion of the graft. The pro-
gression of the VGF over time involves several distinct phases
and vessel wall remodeling and inflammation are central pro-
cesses throughout all of them.

Early Vascular Damage

Pre-existing quality of the venous conduit (i.e., medial hyper-
trophy and IH), surgical handling during harvesting, and
grafting of the venous segment are all factors involved in the
first stages of vessel wall remodeling [9].

Harvesting of the venous segment damages the vasa
vasorum and adventitia, compromises blood supply, and thus
promotes ischemia and hypoxia in the vessel wall [10]. This
hypoxic state can lead to the formation of reactive oxygen
radicals that damage endothelial cells (ECs) and vascular
smooth muscle cells (VSMCs) [11, 12].

Usually, a high-pressure technique is used to check for
leakage of ligated side-branches and reverse spams, leading
to distension of the vessel and further damage of the endothe-
lium [12, 13]. Grafting of the venous segment into an arterial
environment immediately exposes the vein to an intense arte-
rial stretch force, which further enhances the distension injury
and decreases wall shear stress [14, 15]. This change in shear
stress declines the production of growth inhibitors that protect
the vascular wall from vasoactive substances derived from
platelets—promoting thrombosis [16]. Moreover, reduced
shear stress increases the production of different mitogens that
promote VSMC proliferation—Ileading to IH [17]. Distension
of the graft upregulates the expression of endothelial adhesion
molecules (ICAM-1, VCAM-1, PECAM, P-Selectin) and

inflammatory markers (interleukin (IL)-1, MCP-1, and
TNF« via the activation of the NF-kB pathway), triggering
the influx of immune cells—ultimately promoting atheroscle-
rosis [18, 19].

Thrombosis

Early VGF, usually defined as within hours to 1 month after
grafting, is mostly due to acute thrombosis, secondary to en-
dothelial injury and activation during VG surgery [20].
Damage of the endothelium exposes the subendothelial matrix
and decreases the production of growth-inhibiting factors such
as NO, heparan sulfate, and prostacyclin, creating an attractive
environment for the adherence and aggregation of platelets
[21]. Activated platelets secrete several pro-thrombotic sub-
stances such as tissue factor, platelet-derived growth factor
(PDGF), thrombin, and plasminogen activator inhibitor-1,
which initiate the coagulation cascade and fibrin deposition
[22]. These processes are tightly regulated by the
thrombogenic and fibrinolytic pathways, which also have im-
portant roles in the onset of IH [23]. Moreover, platelets also
secrete pro-inflammatory cytokines such as MCP-1, IL-1, and
IL-6, promoting leukocyte adhesion and vascular wall infiltra-
tion [24]. These interactions between activated endothelial
cells and circulating platelets and leukocytes initiate an in-
flammatory and thrombotic cascade that can ultimately lead
to thrombus formation and acute graft thrombosis [25].

Intimal Hyperplasia

Intermediate VGF, usually defined as the period from 1 to
12 months post-surgery, is mainly caused by inward remod-
eling and IH [26].

Distension under arterial pressure increases the vein diam-
eter, compensating for the pathological lumen loss (Fig. 1).
However, instead of outward remodeling, pathological IH and
lumen loss can lead to inward remodeling [27].

IH starts as an adaptive response to the local arterial blood
pressure and results from migration and proliferation of
VSMCs from the media into the intima layer. Distension of
the venous segment and endothelium damage promote an en-
vironment rich in growth factors such as TGF-3, VEGF,
BFGF, and PDGF that not only activate proteases (MMPs,
plasmin, cathepsins) that degrade the ECM but also stimulate
uncontrolled proliferation and migration of VSMCs [28-30].
As VSMCs migrate from the media to the intima, they change
their phenotype from a quiescent contractile to a proliferative
synthetic state [26]. Also, adventitial fibroblasts can contribute
to IH formation [31]. Veins do not contain substantial elastic
laminae, and consequently, these highly proliferative fibro-
blasts can easily migrate to the intima. MMPs degrade com-
ponents of the ECM (such as collagen) and their inhibition is
associated with decreased intimal thickening [32, 33].
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Fig. 1 Vascular remodeling over
time. Ultrasound visualization
and 3D reconstruction of vein
grafts (VG) in mice were obtained
at7, 14, 21, and 28 days after en-
graftment (A). The lumen shown
in green and the VG wall in gray.
An increase in VG wall volume in
mm? was observed (B) while the
lumen volume remained compa-
rable over time (C)

Volume (mma)

Overexpression of tissue inhibitor of MMPs (TIMP) inhibits
MMP activity, thereby reducing VSMC migration and prolif-
eration [34-36]. Abrogation of TGFf3 signaling, which is
known to enhance ECM deposition, was shown to decrease
IH and increase MMP expression [37]. Plasmin, which is
formed from plasminogen by plasminogen activators, can also
cleave components of the ECM like laminin and fibronectin,
further enhancing VSMC migration, matrix remodeling, and
fibrinolysis [38]. In fact, hybrid proteins containing the
amino-terminal fragment of urokinase plasminogen activator
linked to a trypsin inhibitor (potent inhibitor of MMP and
plasmin activity) and/or linked to TIMP decrease IH in human
saphenous vein cultures and decrease IH in murine VG
[39—41]. Moreover, ECM degradation products can act as
endogenous ligands for TLRs, which trigger the NF-kB path-
way inducing both innate and adaptive immune responses,
accelerating intimal thickening and VGF [42, 43]. Vein graft
remodeling is a multifactorial process in which different fac-
tors are involved. Especially microRNAs can play an interest-
ing role in this process. MicroRNAs (miRNAs) target a mul-
titude of genes including those that regulate gene expression
in EC and VSMCs involving cell growth, differentiation, and
metabolism. ECs that were mechanically stretched displayed
an increase in miR-551b-5p expression [44]. The inhibition of
miRNA-551b-5p reduced proliferation via inhibiting early
growth response-1 (EGR-1) mRNA [45]. Mice deficient in
EGR-1 showed an increased VG lumen diameter with a re-
duced expression of ICAM-1 [44]. miRNA-21 is upregulated
in the vascular wall after injury and is able to regulate VSMC
proliferation and phenotype transformation [46]. Adenovirus-
mediated miR-21 sponge gene therapy not only reduced vein
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graft IH and suppressed VSMC proliferation but also reduced
systemic effects in rats [47, 48].

In patients, miRNAs present in exosomes increased in the
plasma early after coronary bypass grafting, These cardiac-
derived miRNA laden exosomes could act as reporters of the
myocardial injury after CABG because these miRNAs corre-
late with cardiac troponin-I [49].

Extensive regulation of miRNAs is observed in the vascu-
lature as well as vein graft remodeling but needs further de-
tailed investigation on their mechanism on VGF [50].

Atherosclerosis and Plaque Rupture

Accelerated atherosclerosis and subsequent plaque rupture
are the main causes of late VGF, and atheromatous
plaques can be seen as early as 1 year after surgery
[51]. The formation of atheromatous lesions is promoted
by atherosclerosis predisposing factors (such as age,
smoking, hypercholesterolemia, hypertension, and hyper-
glycemia), by vessel damage and remodeling. Pro-
inflammatory cytokines contribute to vessel remodeling
by stimulating VSMC proliferation and by mediating
monocyte recruitment to the intima (increasing macro-
phage content in the VG wall) [52]. Excessive uptake of
LDL induces foam cell formation and increases cholester-
ol deposition and necrotic core formation [53]. These ac-
celerated atherosclerotic lesions represent an end stage in
VGF and are frequently observed from 2 years onwards
VG surgery [53].

VG aged more than 5 years often show necrotic core
expansion through hemorrhagic events that arise from



J. of Cardiovasc. Trans. Res. (2021) 14:100-109

103

Fig. 2 Contribution of different
cells to VGF. Murine vein graft
lesion (Masson’s trichrome) and
(A) macrophages, MAC3 (green);
(B) VSMCs, aSMA (white); (C)
T cells, CD3 (pink); (D) endothe-
lium, CD31 (yellow); (E)
intraplaque angiogenesis/
neovessels, CD31 (yellow); (F)
intraplaque hemorrhage/erythro-
cytes, Terl19 (red)

leaky neoangiogenic vessels, as shown in Fig. 2 [7, 53].
Due to the growth of the intimal layer and to the increased
amount of metabolically active inflammatory cells in ad-
vance lesions, oxygen is consumed at a very high rate. ECs
proliferate and migrate from the adventitia into the lesion
to form neovessel-like structures and overcome the oxygen
demand in the plaque. However, these neovessels are fre-
quently immature and highly susceptible to leakage, con-
stituting the main entrance for inflammatory cells, erythro-
cytes, and plasma lipids [54]. This invasion leads to a re-
active, inflammatory, and apoptotic environment that pro-
foundly affects the stability of the lesions. Neutrophils and
mast cells release their granular content digesting elastin,
collagen, laminin, and fibronectin, and this high proteolyt-
ic activity ultimately ends in weakening of the VG lesions
including plaque erosion [55]. Furthermore, the influx and
the lysis of erythrocytes drive a higher request of macro-
phage activity [56]. Macrophages also show a defective
ability for efferocytosis. This malfunctioning increases
the inflammation state and reduces cholesterol efflux con-
tributing to necrotic core expansion and, ultimately, to
plaque rupture [56].

Macrophages

Immune Cells and Regulating Factors
Toll-like Receptors and Downstream Signaling

Toll-like receptors (TLRs) are important signaling receptors
within the innate as well as the adaptive immune system and
are part of the primary detection system. Damaged EC as well
as activated VSMC releases danger-associated molecular pat-
terns (DAMPs) such as heat shock proteins [57]. These
DAMPS are capable of activating TLRs expressed on EC,
VSMC, and macrophages, although with a different pattern
[43]. Upon TLR4 ligation, a downstream NF-kB-mediated
pro-inflammatory response is triggered. Local application of
the TLR4 ligand LPS on the VG resulted in a strong inflam-
matory response and an increased IH [58]. Targeting TLR4 in
the murine VG model by either genetic deletion or gene si-
lencing reduced outward remodeling and IH [57].
Interestingly, TLR2 deficiency did not result in changes in
VGs [43]. Deficiency of TLR3 in the murine VG model re-
sulted in an increase in IH, suggesting a protective role of
TLR3 in VGF. Not only was the number of macrophages
increased in the VG TLR3-deficient mice but also type-1
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interferon expression was increased [43]. Deficiency of the
TLR3 downstream factors interferon regulatory factors 3
(IRF3) or interferon regulatory factors 7 (IRF7) resulted in
increased macrophage content, as well as increased IH [42].
This highlights that type-1 interferons have protective func-
tions in VGD.

Complement System

Beside TLR signaling, the complement system is also part of
the early inflammation response/detection system in VGD.
The complement system consists of a cascade of rapidly acti-
vated proteins targeting the cellular membrane in order to
clear damaged cells and promote inflammation.
Complement factors (C) are prominent in the human circula-
tion and therefore present during VG surgery [59]. Inhibition
of'the classical complement pathway, which is initiated by C1,
resulted in a reduced EC apoptosis and subsequently VG IH
[60]. Exposure of the vein to the arterial pressure resulted in a
transient upregulation in the C4-binding protein (C4bp) by
ECs [61]. C4bp acts as a binding protein for C3a and apoptotic
cells after injury, in order to reduce vascular inflammation.
Also, inhibition of C3 cleavage resulted in a reduction in che-
motaxis and IH in murine VGs [59]. C5a is a potent chemo-
taxis inducer of mast cells and monocytes. Local application
of C5a on the VG resulted in an increase in mast cell presence
and IH, but also and more importantly, lesion destabilization
[62, 63]. Strategies in order to modulate the VG remodeling
response via complement may have therapeutic benefits since
mortality in CABG patients was reduced after targeting C5 by
pexelizumab [64].

Granulocytes

The VG in early remodeling is targeted by an acute inflam-
matory response involving granular cells such as mast cells
and neutrophils. Mast cells release their histamine- and
tryptase-containing granules upon activation by C5a, TNF«,
IL-1, or IgE [63]. VG in mice deficient in mast cells not only
showed a reduction in IH but also a general reduction in vas-
cular inflammation [63, 65]. Neutrophils are short-lived cells
and are considered early-responding cells. Neutrophils are re-
cruited to the site of injury following signals such as C5a, IL-
8, and leukotrienes. Early EC activation and damage, e.g.,
after the distention of the vein during graft handling and sur-
gery, resulted in an increase in L-selectin expression and ad-
hesion of neutrophils to ECs [66]. The involvement of neutro-
phils in the inflammatory response during early VG remodel-
ing is highlighted by reduced neutrophil transmigration and
reduced IH in VG in mice that received a protein-restricted
diet [67].
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Monocytes

Beside granulocytes, monocytes are one of the first cells that
arrive at sites of vascular injury and attach to the VG endothe-
lium [68, 69]. Variability in the local inflammatory state could
be a critical modulating factor determining the patency of
VGs. Transcriptome analysis of circulating monocytes isolat-
ed from 48 patients that underwent infrainguinal venous by-
pass grafting resulted in three differentially expressed gene
clusters. The expression of STAT3 or MYDSS predicted a clin-
ically significant stenosis or thrombosis of the VG within the
following year [70]. In these clusters of genes, DICER1 (a
regulator gene of RNA silencing via miRNAs) was also iden-
tified [70]. Regulation of miRNAs is observed in remodeling
and VGF, but needs further detailed investigation [50].
Macrophages represent a vast majority of vascular in-
flammatory cells contributing to VGF [71]. The expres-
sion of NOTCH delta-like ligand-4 (DII4) was abundant
in failed human saphenous VGs, while control veins
contained little expression of DII4 [72]. Activation of
NOTCH signaling in macrophages present in IH by DII4
contributed to the development of VGF via IL-13, TNF«,
PDGF, and impediment of immunosuppressive macro-
phage differentiation [73, 74]. Targeting macrophages
via blockade of NOTCH and DIl4 interaction or siRNA-
NOTCH present in nanoparticles resulted in reduced TH
and macrophage presence [75]. Delivery of siRNA via
lipid nanoparticles to target NOTCH signaling in macro-
phages could become an approach to reduce VG lesion
development via reducing the NOTCH signaling pathway.

T Cells

Part of the adaptive immune system are lymphocytes such
as CD4" and CD8" T cells. CD8" T cells mediate cytotoxic
effects while CD4" T cells modulate the immune response
[76]. CD4" and CD8" T cells are both present and activated
in VGs. Interestingly, an increased amount of CD8™ T cells
compared with CD4™ T cells was observed [71, 77]. An
increase in occlusions of VGs was observed when CD8* T
cells were depleted in vivo [71]. This highlights the pro-
tective role of CD8" T cells against VGF. However, T cells
are diverse and differ in effector functions that are dictated
by the T cell surrounding tissue [76]. Both anti-atherogenic
and pro-atherogenic effects have been demonstrated due to
the diversity in effector functions within different T cell
subsets. The anti-atherogenic CD8" T cells were found in
close proximity to caspase-3 positive cells, suggesting a
cytotoxic role to control VSMC presence and function
[77]. Not only T cells were involved in VG remodeling
but also B cells, NK cells, and NKT cells were identified
in the vascular wall of VG [71, 78].
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Antigen-Presenting Cells

Antigen-presenting cells bridge between the innate and adap-
tive immune system. Dendritic cells (DCs) are key antigen-
presenting cells and have been shown to locate in the vessel
wall. Saphenous VG contained more DCs compared with
control saphenous veins [79]. These DC sense cellular debris
modified metabolites and microbial infections via TLRs. The
costimulatory molecule CD28 is predominantly expressed by
naive T cells and engages with CD80/86 presented by DC.
This costimulatory interaction lowers the threshold for activa-
tion while the co-inhibitory molecule CTLA-4 increases the
threshold for T cell activation in vascular remodeling [80]. VG
from mice deficient in the costimulatory molecule CD70,
CD80/86, or both showed comparable VG lumen sizes com-
pared with control mice VG [71]. This indicated that the pro-
tective effect of CD8* T cells is independent of the
costimulatory molecule expression. Beside DC, ECs and
VSMC are also able to activate CD4" T cells and CD8* T
cells [81].

Cytokines

Vascular damage during the early phase after grafting induces
the release of cytokines (including chemokines, interleukins)
that propagate the inflammatory response. Treatment of vein-
grafted mice with the glucocorticoid dexamethasone resulted
in reduced VG lesion area, as a result of reduced TNF«x and,
MCP-1 expression [82]. Interestingly short-term exposure to
dexamethasone resulted in comparable effects as observed in
long-term exposure [82].

Activation of NF-kB-mediated genes in the damaged ves-
sel wall results in increased expression of pro-inflammatory
cytokines, i.e., IL-1, MCP-1, TNFe, and TGF-f3. IL-1 is in-
volved in the initiation of adhesion molecule expression,
growth factor, and cytokine release by EC and VSMC, which
alters vascular function in VG remodeling [83].

In vitro, TNF«x stimulates VSMC migration, prolifera-
tion, and the upregulation of adhesion molecules by EC.
The response to TNF« is mediated through two receptors,
P55 and P75. Both receptors are co-expressed but are
differentially regulated [84, 85]. Targeting TNF«x to re-
duce VGF showed opposing effects involving IH, wall
remodeling, and influx of immune cells depending on
the activated TNF« receptor.

MCP-1 (CCL2) release mediates the influx of immune
cells in the VG, especially monocytes. MCP-1 recruits mono-
cytes, memory T cells, and DC to the vascular wall via bind-
ing to the MCP-1 receptor CCR2 [86]. In vitro, gene transfer
blockade of CCR2 resulted in a reduced proliferation of
VSMC, and subsequently a reduction of IH in vivo without
affecting cellular composition of the lesions [87, 88].

Treatment and Therapeutic Approaches
in VGF

Treatment strategies for VGF consists of thrombectomy, re-
peated bypass graft surgery, balloon angioplasty with or with-
out stenting, and/or pharmacological therapies [89, 90]. The
most appropriate treatment depends on the severity of symp-
toms, the presence and extent of ischemia, and the relative
benefits and risks involved (patient’s general condition and
presence of patent arterial grafts).

Antiplatelet therapy is recommended by the current guide-
lines, either pre- or pro-operatively, for patients undergoing
VG surgery, directly aiming to address early VGF owing to
acute thrombosis. A study with 25,728 patients undergoing
CABG surgery showed a significant reduction in (early) VG
occlusion with the use of dual antiplatelet therapy [91].
Additionally, in the DACAB trial, patients who received dual
antiplatelet therapy showed a significant higher VG patency
compared with patients who received mono antiplatelet ther-
apy [92]. However, the observed higher incidence of major
bleeding episodes indicates a need for risk—benefit assessment
before prescription.

Statins are another mainstay as a lipid-lowering therapy in
VGD patients [93]. Elevated levels of LDL are associated with
IH and atherosclerotic plaque formation. High-intensity statin
therapy is recommended to be administered to all patients
undergoing VG surgery both before and early after surgery
[93]. Non-lipid-related “pleiotropic” properties of statins
might contribute to their beneficial effects that include im-
proving EC function, increasing eNOS, and antioxidant activ-
ity [93].

Although numerous experimental studies have study gene
therapy in the development of VGF, so far, only edifoligide
has been assessed in the context of CABG surgery in the
PREVENT series of randomized clinical trials [94].
Edifoligide is an oligonucleotide decoy that binds to and in-
hibits E2F transcription factors and, therefore, might prevent
IH and VGF. In the PREVENT I, edifoligide treatment not
only was shown to be safe and feasible but also functional
[95]. Despite these initial promising results, the phase III
PREVENT I and IV studies showed no differences in VGF
prevention after CABG surgery between placebo and
edifoligide group [96, 97]. Another promising gene therapy
is the adenoviral (Ad) delivery of TIMP-1, TIMP-2, or TIMP-
3 prior to grafting. Initial studies showed that ex vivo admin-
istration of Ad-TIMP-1 or Ad-TIMP-2 or Ad-TIMP-3 to hu-
man saphenous veins results in a significant inhibition of IH
[34, 35]. Moreover, in short- and long-term studies, Ad-
TIMP-3 delivery showed to induce VSMC apoptosis and at-
tenuate intimal thickening in pig saphenous VGs, underlining
a promise as a therapeutic approach [34, 35]. Currently, a
phase-I clinical trial using an Ad-TIMP-3 ex vivo is planned
at Glasgow Cardiovascular Research Center [98].
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Pexelizumab, an antibody against the C5 complement, has
been tested in patients undergoing VG surgery in the PRIMO-
CABG trials [64]. While the PRIMO-CABG I-trial showed a
reduction in death 30 days after surgery, the PRIMO-CABG
[I-trial was not that promising [99]. However, combined anal-
ysis of the PRIMO-CABG I and II trials showed a significant-
ly reduction (by 2.4%) in mortality. Moreover, this observa-
tion persisted throughout the 180-day follow-up period (3.3%)
[64].

A new target to prevent VG failure is phosphorylcholine
(PC). PC is one of the main epitopes of oxLDL and plays a
central role on its atherogenic and pro-inflammatory effects.
PC epitopes can be cleared by natural IgM antibodies pro-
duced by B cells, controlling oxidative stress and inflamma-
tion. In a large human cohort, low levels of these natural
antibodies were associated with a significantly increased risk
of stroke, myocardial infarction, and VGF [100]. Passive im-
munization with anti-PC antibodies has shown to prevent VG
atherosclerosis in a hypercholesterolemic murine model
[101].

Alternatives for Vein Grafting: Tissue-Engineered
Grafts

Bypass surgery can be performed with different vessels, both
of arterial and venous origin [5], in which the saphenous vein
is most commonly used as conduit. Alternatively, grafts from
prosthetic materials such as PTFE or Dacron can be used for
engraftment. Despite the fact that the prosthetic engraftment
of large vessels proves to be effective, the use of smaller
diameter vessels is complicated by thrombotic occlusions
[102]. An interesting new alternative could be the use of
tissue-engineered blood vessels (TEBV) as grafts. Several
variants of TEBV are described, usually based on the use of
a scaffold to which vascular (precursor) cells are attracted to or
seeded on [103—105].

Nanofiber vascular grafts have the potential for functional
remodeling and long-term patency favoring pediatric patients.
The nanofiber scaffold degrades over time allowing the induc-
tion of vascular neotissue to form vascular tissue with growing
potential to form functional vessels [105]. The degradation
rate orchestrates the cell infiltration and subsequently remod-
eling. This delicate balance between nanofiber degradation
and neovessel tissue is different between species and requires
optimization for the enhancement of translational capacity
[103]. An alternative can be the in situ TEBV, where fibro-
blast and progenitor vascular cells form a vascular-like tube
around a solid scaffold that can be used as a conduit for
(arterio) venous grafting [104]. Together, this highlights that
TEBVs may serve as arterial bypass grafts and represent a
potential solution for future vascular surgery but still require
optimization before large-scale clinical application is to be
expected.

@ Springer

Limitations

One essential limitation of the current review is that most of
the pathophysiological studies are based on experimental data
obtained from mouse VD studies. VGD in patients develops
over years whereas the timeframe of murine VGD develop-
ment is weeks. The morphological and pathological composi-
tions of human and murine VG show similarities in the pres-
ence of calcifications, neovessels, and foam cells followed by
necrotic core development. Especially the angiogenic
neovessels, intraplaque hemorrhage, and necrotic cores are
linked to late-phase human VGD. However, the sheer size
differences between murine and human grafts may have some
impact on the pathophysiology. When working with hyper-
cholesterolemic mice, the situation observed in patient with
hypercholesterolemia can be mimicked.

But the major limitation of a review on the pathophysiolo-
gy of vein graft failure and the role of immunomodulation in
this process is that, although not yet described, the quality of
the surgical intervention is of eminent importance and can
vary a lot, with all the consequences on long-term vein graft
patency.

Conclusions and Perspectives

Preclinical studies have demonstrated the role of the immune
system in VG remodeling and IH and in unstable atheroscle-
rotic lesions in V@G, the main causes of VGF. Therefore, ther-
apeutic modulation of the immune system may represent a
step forward in the prevention of VGF but further research is
needed.

Funding Information This work was supported by a grant from the
European Union, MSCA joint doctoral project Moglynet (675527), and
Leiden Medical University Center (PhD grant AdJ).

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Ethical Approval This article does not contain any studies with human
participants performed by any of the authors. All applicable international,
national, and/or institutional guidelines for the care and use of animals
were followed.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain



J. of Cardiovasc. Trans. Res. (2021) 14:100-109

107

permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

Garrett, H. E., Dennis, E. W., & DeBakey, M. E. (1973).
Aortocoronary bypass with saphenous vein graft: seven-year fol-
low-up. JAMA, 223(7), 792-794.

Favaloro, R. G. (1969). Saphenous vein graft in the surgical treat-
ment of coronary artery disease. Operative technique. The Journal
of Thoracic and Cardiovascular Surgery, 58(2), 178—185.
Yusuf, S., et al. (1994). Effect of coronary artery bypass graft
surgery on survival: overview of 10-year results from randomised
trials by the Coronary Artery Bypass Graft Surgery Trialists
Collaboration. Lancet, 344(8922), 563-570.

Davis, K. B., et al. (1995). Comparison of 15-year survival for
men and women after initial medical or surgical treatment for
coronary artery disease: a CASS registry study. Coronary artery
surgery study. Journal of the American College of Cardiology,
25(5), 1000-1009.

de Vries, M. R,, et al. (2016). Vein graft failure: from pathophys-
iology to clinical outcomes. Nature Reviews. Cardiology, 13(8),
451-470.

Owens, C. D. (2010). Adaptive changes in autogenous vein grafts
for arterial reconstruction: clinical implications. Journal of
Vascular Surgery, 51(3), 736-746.

Walts, A. E., Fishbein, M. C., & Matloff, J. M. (1987).
Thrombosed, ruptured atheromatous plaques in saphenous vein
coronary artery bypass grafts: ten years’ experience. American
Heart Journal, 114(4 Pt 1), 718-723.

Campeau, L., et al. (1984). The relation of risk factors to the
development of atherosclerosis in saphenous-vein bypass grafts
and the progression of disease in the native circulation. A study
10 years after aortocoronary bypass surgery. The New England
Journal of Medicine, 311(21), 1329-1332.

Kon, Z. N., et al. (2007). The role of preexisting pathology in the
development of neointimal hyperplasia in coronary artery bypass
grafts. The Journal of Surgical Research, 142(2), 351-356.
Dashwood, M.R., et al. (2004). Hypothesis: a potential role for the
vasa vasorum in the maintenance of vein graft patency. Angiology,
55(4), 385-395.

Verma, S., et al. (2013). Pedicled no-touch saphenous vein graft
harvest limits vascular smooth muscle cell activation: the
PATENT saphenous vein graft studyt. European Journal of
Cardio-Thoracic Surgery, 45(4), 717-725.

Osgood, M. J., et al. (2014). Surgical vein graft preparation pro-
motes cellular dysfunction, oxidative stress, and intimal hyperpla-
sia in human saphenous vein. Journal of Vascular Surgery, 60(1),
202-211.

Stigler, R., et al. (2012). The impact of distension pressure on
acute endothelial cell loss and neointimal proliferation in saphe-
nous vein grafts. European Journal of Cardio-Thoracic Surgery,
42(4), e74-e79.

Owens, C. D., etal. (2006). Early biomechanical changes in lower
extremity vein grafts—distinct temporal phases of remodeling and
wall stiftness. Journal of Vascular Surgery, 44(4), 740-746.
Dobrin, P. B., Littooy, F. N., & Endean, E. D. (1989). Mechanical
factors predisposing to intimal hyperplasia and medial thickening
in autogenous vein grafts. Surgery, 105(3), 393—400.

Weaver, H., et al. (2012). Oxidative stress and vein graft failure: a
focus on NADH oxidase, nitric oxide and eicosanoids. Current
Opinion in Pharmacology, 12(2), 160—165.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

Gooch, K. J., et al. (2018). Biomechanics and mechanobiology of
saphenous vein grafts. Journal of Biomechanical Engineering,
140(2), 804-816.

Khaleel, M. S., et al. (2012). High-pressure distention of the sa-
phenous vein during preparation results in increased markers of
inflammation: a potential mechanism for graft failure. 7he Annals
of Thoracic Surgery, 93(2), 552-558.

Chello, M., etal. (2003). Pressure distension stimulates the expres-
sion of endothelial adhesion molecules in the human saphenous
vein graft. The Annals of Thoracic Surgery, 76(2), 453—458.
Manchio, J. V., et al. (2005). Disruption of graft endothelium
correlates with early failure after off-pump coronary artery bypass
surgery. The Annals of Thoracic Surgery, 79(6), 1991-1998.
Weiss, D. R., et al. (2009). Extensive deendothelialization and
thrombogenicity in routinely prepared vein grafts for coronary
bypass operations: facts and remedy. International Journal of
Clinical and Experimental Medicine, 2(2), 95-113.

Mackman, N., Tilley, R. E., & Key, N. S. (2007). Role of the
extrinsic pathway of blood coagulation in hemostasis and throm-
bosis. Arteriosclerosis, Thrombosis, and Vascular Biology, 27(8),
1687-1693.

Yukizane, T., etal. (1991). Isotopic study of the effects of platelets
on development of intimal thickening in autologous vein grafts in
dogs. The British Journal of Surgery, 78(3), 297-302.

Cha, J. K., et al. (2000). Activated platelets induce secretion of
interleukin-1beta, monocyte chemotactic protein-1, and macro-
phage inflammatory protein-lalpha and surface expression of in-
tercellular adhesion molecule-1 on cultured endothelial cells.
Journal of Korean Medical Science, 15(3), 273-278.

Yahagi, K., et al. (2016). Pathophysiology of native coronary, vein
graft, and in-stent atherosclerosis. Nature Reviews. Cardiology,
13(2), 79-98.

Kalra, M., & Miller, V. M. (2000). Early remodeling of saphenous
vein grafts: proliferation, migration and apoptosis of adventitial
and medial cells occur simultaneously with changes in graft diam-
eter and blood flow. Journal of Vascular Research, 37(6), 576—
584.

Berceli, S. A., et al. (2009). Hemodynamically driven vein graft
remodeling: a systems biology approach. Vascular, 17(Suppl 1),
S2-89.

Woodside, K. J., et al. (2003). Altered expression of vascular
endothelial growth factor and its receptors in normal saphenous
vein and in arterialized and stenotic vein grafts. American Journal
of Surgery, 186(5), 561-568.

Friedl, R., et al. (2004). Intimal hyperplasia and expression of
transforming growth factor-betal in saphenous veins and internal
mammary arteries before coronary artery surgery. The Annals of
Thoracic Surgery, 78(4), 1312-1318.

You, W. J,, Xiao, M. D., & Yuan, Z. X. (2004). Significance of
changes in transforming growth factor-beta mRNA levels in au-
togenous vein grafts. Chinese Medical Journal, 117(7), 1060—
1065.

Kenagy, R. D., et al. (2009). Proliferative capacity of vein graft
smooth muscle cells and fibroblasts in vitro correlates with graft
stenosis. Journal of Vascular Surgery, 49(5), 1282-1288.
Lardenoye, J. H., et al. (2005). Inhibition of intimal hyperplasia by
the tetracycline derived mmp inhibitor doxycycline in vein graft
disease in vitro and in vivo. Eurolntervention, 1(2), 236-243.
Turner, N. A., et al. (2007). Selective gene silencing of either
MMP-2 or MMP-9 inhibits invasion of human saphenous vein
smooth muscle cells. Atherosclerosis, 193(1), 36-43.

George, S. J., et al. (2011). Sustained reduction of vein graft neo-
intima formation by ex vivo TIMP-3 gene therapy. Circulation,
124(11 Suppl), S135-S142.

George, S. J., et al. (2000). Inhibition of late vein graft neointima
formation in human and porcine models by adenovirus-mediated

@ Springer


http://creativecommons.org/licenses/by/4.0/

108

J. of Cardiovasc. Trans. Res. (2021) 14:100-109

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

overexpression of tissue inhibitor of metalloproteinase-3.
Circulation, 101(3), 296-304.

de Vries, M. R., et al. (2012). Plaque rupture complications in
murine atherosclerotic vein grafts can be prevented by TIMP-1
overexpression. PLoS One, 7(10), e47134.

Sun, D. X., et al. (2012). Nanoparticle-mediated local delivery of
an antisense TGF-betal construct inhibits intimal hyperplasia in
autogenous vein grafts in rats. PLoS One, 7(7), ¢41857.

Fay, W. P, Garg, N., & Sunkar, M. (2007). Vascular functions of
the plasminogen activation system. Arteriosclerosis, Thrombosis,
and Vascular Biology, 27(6), 1231-1237.

Eefting, D., et al. (2010). In vivo suppression of vein graft disease
by nonviral, electroporation-mediated, gene transfer of tissue in-
hibitor of metalloproteinase-1 linked to the amino terminal frag-
ment of urokinase (TIMP-1.ATF), a cell-surface directed matrix
metalloproteinase inhibitor. Journal of Vascular Surgery, 51(2),
429-437.

Eefting, D., et al. (2010). A novel urokinase receptor-targeted
inhibitor for plasmin and matrix metalloproteinases suppresses
vein graft disease. Cardiovascular Research, 88(2), 367-375.
Quax, P. H., et al. (2001). Adenoviral expression of a urokinase
receptor-targeted protease inhibitor inhibits neointima formation
in murine and human blood vessels. Circulation, 103(4), 562—
569.

Simons, K. H., et al. (2017). A protective role of IRF3 and IRF7
signalling downstream TLRs in the development of vein graft
disease via type I interferons. Journal of Internal Medicine,
282(6), 522-536.

Simons, K. H., et al. (2018). The protective role of Toll-like re-
ceptor 3 and type-I interferons in the pathophysiology of vein graft
disease. Journal of Molecular and Cellular Cardiology, 121, 16—
24.

Dong, R., et al. (2017). MiR-551b-5p contributes to pathogenesis
of vein graft failure via upregulating early growth response-1 ex-
pression. Chinese Medical Journal, 130(13), 1578-1585.

Harja, E., et al. (2004). Early growth response-1 promotes athero-
genesis: mice deficient in early growth response-1 and apolipo-
protein E display decreased atherosclerosis and vascular inflam-
mation. Circulation Research, 94(3), 333-339.

McDonald, R. A., et al. (2013). miRNA-21 is dysregulated in
response to vein grafting in multiple models and genetic ablation
in mice attenuates neointima formation. European Heart Journal,
34(22), 1636-1643.

Wang, X. W, etal. (2016). MicroRNA-221 sponge therapy atten-
uates neointimal hyperplasia and improves blood flows in vein
grafts. International Journal of Cardiology, 208, 79-86.

Wang, X. W., etal. (2017). Adenovirus-mediated gene transfer of
microRNA-21 sponge inhibits neointimal hyperplasia in rat vein
grafts. International Journal of Biological Sciences, 13(10),
1309-1319.

Emanueli, C., et al. (2016). Coronary artery-bypass-graft surgery
increases the plasma concentration of exosomes carrying a cargo
of cardiac microRNAs: an example of exosome trafficking out of
the human heart with potential for cardiac biomarker discovery.
PLoS One, 11(4), e0154274.

Goossens, E. A. C,, et al. (2019). miRMap: profiling 14q32
microRNA expression and DNA methylation throughout the hu-
man vasculature. Frontiers in Cardiovascular Medicine, 113(6),
1-22.

Butany, J. W., David, T. E., & Ojha, M. (1998). Histological and
morphometric analyses of early and late aortocoronary vein grafts
and distal anastomoses. The Canadian Journal of Cardiology,
14(5), 671-677.

Moreno, K., et al. (2011). Circulating inflammatory cells are as-
sociated with vein graft stenosis. Journal of Vascular Surgery,
54(4), 1124-1130.

@ Springer

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Yazdani, S. K., et al. (2012). Pathology of drug-cluting versus
bare-metal stents in saphenous vein bypass graft lesions. JACC.
Cardiovascular Interventions, 5(6), 666—674.

de Vries, M. R., et al. (2019). Blockade of vascular endothelial
growth factor receptor 2 inhibits intraplaque haemorrhage by nor-
malization of plaque neovessels. Journal of Internal Medicine,
285(1), 59-74.

Dorweiler, B., et al. (2008). Subendothelial infiltration of neutro-
phil granulocytes and liberation of matrix-destabilizing enzymes
in an experimental model of human neo-intima. Thrombosis and
Haemostasis, 99(2), 373-381.

Kolodgie, F. D., et al. (2003). Intraplaque hemorrhage and pro-
gression of coronary atheroma. The New England Journal of
Medicine, 349(24), 2316-2325.

Karper, J. C., et al. (2011). Toll-like receptor 4 is involved in
human and mouse vein graft remodeling, and local gene silencing
reduces vein graft disease in hypercholesterolemic
APOE*3Leiden mice. Arteriosclerosis, Thrombosis, and
Vascular Biology, 31(5), 1033—1040.

Nguyen, B. T., et al. (2013). Perivascular innate immune events
modulate early murine vein graft adaptations. Journal of Vascular
Surgery, 57(2), 486492 e2.

Schepers, A., et al. (2006). Inhibition of complement component
C3 reduces vein graft atherosclerosis in apolipoprotein E3—Leiden
transgenic mice. Circulation, 114(25), 2831-2838.

Krijnen, P. A., et al. (2012). Cl-esterase inhibitor protects against
early vein graft remodeling under arterial blood pressure.
Atherosclerosis, 220(1), 86-92.

Kupreishvili, K., et al. (2017). Arterial blood pressure induces
transient C4b-binding protein in human saphenous vein grafts.
Annals of Vascular Surgery, 41, 259-264.

Wezel, A., et al. (2014). Complement factor C5a induces athero-
sclerotic plaque disruptions. Journal of Cellular and Molecular
Medicine, 18(10), 2020-2030.

de Vries, M. R,, et al. (2013). Complement factor C5a as mast cell
activator mediates vascular remodelling in vein graft disease.
Cardiovascular Research, 97(2), 311-320.

Smith, P. K., et al. (2011). Effects of C5 complement inhibitor
pexelizumab on outcome in high-risk coronary artery bypass
grafting: combined results from the PRIMO-CABG I and II trials.
The Journal of Thoracic and Cardiovascular Surgery, 142(1), 89—
98.

Wu, J., et al. (2015). Perivascular mast cells regulate vein graft
neointimal formation and remodeling. PeerJ, 3, e1192.

Schlitt, A., et al. (2006). Neutrophil adherence to activated saphe-
nous vein and mammary endothelium after graft preparation. The
Annals of Thoracic Surgery, 81(4), 1262—1268.

Trocha, K. M., et al. (2019). Short-term preoperative protein re-
striction attenuates vein graft disease via induction of cystathio-
nine upsilon-lyase. Cardiovascular Research, 116(2), 416-428.
Esposito, C. J., etal. (2003). Increased leukocyte-platelet adhesion
in patients with graft occlusion after peripheral vascular surgery.
Thrombosis and Haemostasis, 90(6), 1128-1134.

Eslami, M. H., et al. (2001). Monocyte adhesion to human vein
grafts: a marker for occult intraoperative injury? Journal of
Vascular Surgery, 34(5), 923-929.

Rehfuss, J. P., et al. (2018). Hyperacute monocyte gene response
patterns are associated with lower extremity vein bypass graft
failure. Circulation: Genomic and Precision Medicine, 11(3),
€001970.

Simons, K. H., et al. (2019). CD8+ T cells protect during vein
graft disease development. Frontiers in Cardiovascular
Medicine, 6, 77.

Fung, E., et al. (2007). Delta-like 4 induces notch signaling in
macrophages: implications for inflammation. Circulation,
115(23), 2948-2956.



J. of Cardiovasc. Trans. Res. (2021) 14:100-109

109

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Koga, J., et al. (2015). Macrophage notch ligand delta-like 4 pro-
motes vein graft lesion development: implications for the treat-
ment of vein graft failure. Arteriosclerosis, Thrombosis, and
Vascular Biology, 35(11), 10.

Pagie, S., Gerard, N., & Charreau, B. (2018). Notch signaling
triggered via the ligand DLL4 impedes M2 macrophage differen-
tiation and promotes their apoptosis. Cell Communication and
Signaling: CCS, 16(1), 4.

Nakano, T., et al. (2016). Delta-like ligand 4-notch signaling in
macrophage activation. Arteriosclerosis, Thrombosis, and
Vascular Biology, 36(10), 2038-2047.

Simons, K. H., et al. (2019). T cell co-stimulation and co-
inhibition in cardiovascular disease: a double-edged sword.
Nature Reviews. Cardiology, 16(6), 325-343.

Dimayuga, P. C., et al. (2011). Enhanced neointima formation
following arterial injury in immune deficient Rag-1-/- mice is
attenuated by adoptive transfer of CD8 T cells. PLoS One, 6(5),
€20214.

de Vries, M. R, et al. (2013). C57BL/6 NK cell gene complex is
crucially involved in vascular remodeling. Journal of Molecular
and Cellular Cardiology, 64, 51-58.

Cherian, S. M., et al. (2001). Immunohistochemical and ultrastruc-
tural evidence that dendritic cells infiltrate stenotic aortocoronary
saphenous vein bypass grafts. Cardiovascular Surgery, 9, 6.
Ewing, M. M., et al. (2013). T-cell co-stimulation by CD28-
CD80/86 and its negative regulator CTLA-4 strongly influence
accelerated atherosclerosis development. International Journal
of Cardiology, 168(3), 1965-1974.

Rothermel, A. L., et al. (2004). Endothelial cells present antigens
in vivo. BMC Immunology, 16(5).

Schepers, A., et al. (2006). Short-term dexamethasone treatment
inhibits vein graft thickening in hypercholesterolemic
ApoE3Leiden transgenic mice. Journal of Vascular Surgery,
43(4), 809-815.

Wang, X., et al. (1995). Interleukin-1 beta induces expression of
adhesion molecules in human vascular smooth muscle cells and
enhances adhesion of leukocytes to smooth muscle cells.
Atherosclerosis, 115(1), 89-98.

Zhang, L., et al. (2004). Vein graft neointimal hyperplasia is ex-
acerbated by tumor necrosis factor receptor-1 signaling in graft-
intrinsic cells. Arteriosclerosis, Thrombosis, and Vascular
Biology, 24(12), 2277-2283.

Zhang, L., et al. (2008). Tumor necrosis factor receptor-2 signal-
ing attenuates vein graft neointima formation by promoting endo-
thelial recovery. Arteriosclerosis, Thrombosis, and Vascular
Biology, 28(2), 284-289.

Wang, T., et al. (2008). The role for monocyte chemoattractant
protein-1 in the generation and function of memory CD8+ T cells.
Journal of Immunology, 180(5), 2886-2893.

Schepers, A., et al. (2006). Anti-MCP-1 gene therapy inhibits
vascular smooth muscle cells proliferation and attenuates vein
graft thickening both in vitro and in vivo. Arteriosclerosis,
Thrombosis, and Vascular Biology, 26(9), 2063-20609.
Tatewaki, H., etal. (2007). Blockade of monocyte chemoattractant
protein-1 by adenoviral gene transfer inhibits experimental vein
graft neointimal formation. Journal of Vascular Surgery, 45(6),
1236-1243.

Berceli, S. A., et al. (2007). Surgical and endovascular revision of
infrainguinal vein bypass grafts: analysis of midterm outcomes
from the PREVENT III trial. Journal of Vascular Surgery,
46(6), 1173-1179.

Windecker, S., et al. (2014). 2014 ESC/EACTS guidelines on
myocardial revascularization: the Task Force on Myocardial
Revascularization of the European Society of Cardiology (ESC)
and the European Association for Cardio-Thoracic Surgery
(EACTS) developed with the special contribution of the

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

European Association of Percutaneous Cardiovascular
Interventions (EAPCI). European Heart Journal, 35(37), 2541—
2619.

Deo, S. V., et al. (2013). Dual anti-platelet therapy after coronary
artery bypass grafting: is there any benefit? A systematic review
and meta-analysis. Journal of Cardiac Surgery, 28(2), 109-116.
Zhao, Q., et al. (2018). Effect of ticagrelor plus aspirin, ticagrelor
alone, or aspirin alone on saphenous vein graft patency 1 year after
coronary artery bypass grafting: a randomized clinical trial. Jama,
319(16), 1677-1686.

Kulik, A., etal. (2015). Secondary prevention after coronary artery
bypass graft surgery: a scientific statement from the American
Heart Association. Circulation, 131(10), 927-964.

Ehsan, A., et al. (2001). Long-term stabilization of vein graft wall
architecture and prolonged resistance to experimental atheroscle-
rosis after E2F decoy oligonucleotide gene therapy. The Journal of
Thoracic and Cardiovascular Surgery, 121(4), 714-722.

Mann, M. J., et al. (1999). Ex-vivo gene therapy of human vascu-
lar bypass grafts with E2F decoy: the PREVENT single-centre,
randomised, controlled trial. Lancet, 354(9189), 1493—1498.
Conte, M. S., et al. (2005). Design and rationale of the PREVENT
III clinical trial: edifoligide for the prevention of infrainguinal vein
graft failure. Vascular and Endovascular Surgery, 39(1), 15-23.
Conte, M. S, et al. (2006). Results of PREVENT III: a multicen-
ter, randomized trial of edifoligide for the prevention of vein graft
failure in lower extremity bypass surgery. Journal of Vascular
Surgery, 43(4), 742751 discussion 751.

Bradshaw, A. C., & Baker, A. H. (2013). Gene therapy for car-
diovascular disease: perspectives and potential. Vascular
Pharmacology, 58(3), 174—181.

Lin, G. M. (2011). Pexelizumab, an anti-C5 complement antibody
for primary coronary revascularization: a new insight from old
versions. Cardiovascular & Hematological Disorders Drug
Targets, 11(2), 97-101.

Sobel, M., et al. (2013). Low levels of a natural IgM antibody are
associated with vein graft stenosis and failure. Journal of Vascular
Surgery, 58(4), 997-1005.e10052.

Faria-Neto, J. R., et al. (2006). Passive immunization with mono-
clonal IgM antibodies against phosphorylcholine reduces acceler-
ated vein graft atherosclerosis in apolipoprotein E-null mice.
Atherosclerosis, 189(1), 83-90.

Carrabba, M., & Madeddu, P. (2018). Current strategies for the
manufacture of small size tissue engineering vascular grafts.
Frontiers in Bioengineering and Biotechnology, 6, 41.
Fukunishi, T., et al. (2020). Different degradation rates of nanofi-
ber vascular grafts in small and large animal models. Journal of
Tissue Engineering and Regenerative Medicine, 14(2), 203-214.
Geelhoed, W. J., et al. (2020). A novel method for engineering
autologous non-thrombogenic in situ tissue-engineered blood ves-
sels for arteriovenous grafting. Biomaterials, 229, 119577.
Brennan, M. P., et al. (2008). Tissue-engineered vascular grafts
demonstrate evidence of growth and development when implanted
in a juvenile animal model. Annals of Surgery, 248(3), 7.

Clinical Relevance

This review contributes to the insights in the role of
immunomodulation in vein graft failure in humans. We describe the
effects of immune cells and related factors in early (thrombosis),
intermediate (inward remodeling and intimal hyperplasia), and late
(intimal hyperplasia and accelerated atherosclerosis) failure based on
both preclinical (mouse) models and clinical data.
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