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Transplant coronary artery disease (TCAD) is one of the main causes of graft dysfunction and graft loss. Early 
diagnosis and treatment of cardiac allograft vasculopathy (CAV) can increase graft survival and improve the pro-
gnosis for heart transplant recipients. This review presents current data on the problem of CAV, its pathogenesis 
and the main factors influencing the course of this disease.
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About 6000 heart transplants are performed annually 
worldwide. In Russia, 308 heart transplants were per-
formed in 2022, including 10 pediatric transplants [1]. 
Survival after heart transplantation is about 12.5 years [2 
4]. Transplant coronary artery disease (TCAD) is a com-
plex accelerated immune-inflammatory fibroproliferative 
disease of the transplant coronary bed. It is characterized 
by diffuse intimal hyperplasia in the early stages, which 
is followed by negative vascular remodeling. Ten percent 
of heart transplant recipients die within three years of 
receiving their transplant, with TCAD being the primary 
cause of death in these cases [3]. Recipients who expe-
rience rapidly progressive TCAD within the first year 
after transplantation have a significantly increased risk 
of death and/or retransplantation within 5 years.

The reasoning behind the prophylactic use of statins, 
immunosuppressants, and vigorous infection prevention 
against TCAD is based on current understanding of the 
pathophysiology of the disease [4].

TcaD riSK facTOrS
Immunological factors associated with TCAD are 

the initial link in the pathologic process. The interaction 
of “foreign” human leukocyte antigen (HLA) of allograft 
endothelial cells with the recipient’s T lymphocytes initi-
ates endothelial cell activation and inflammatory cell ac-
cumulation. This leads to production of cytokines (inter-
leukins 2, 4, 5, and 6; interferon-gamma; tumor necrosis 
factor-alpha), proliferation, and activation of endothelial 
adhesion molecules. Activated macrophages accumula-
te in the intima and produce cytokines (interleukins 1 
and 6, TNF-alpha) and growth factors. As a result, this 
causes smooth muscle cell migration into the intima, 
proliferation and deposition of the extracellular matrix. 
HLA class I antibodies promote endothelial and smooth 
muscle cell proliferation through activation of the mTOR 
pathway and induction of intracellular fibroblast growth 

factor receptor expression [5]. Even in the absence of 
pathogens, a variety of intracellular particles, including 
cytoplasm, mitochondria, and cell nuclei, which are also 
present in the extracellular matrix in transplanted organs, 
cause inflammatory processes [65]. Lin et al. showed the 
importance of this phenomenon by demonstrating that 
extracellular mitochondria are abundant in the blood of 
dead donor organs and that their abundance corresponds 
to rapid graft rejection [7]. Endothelial injury and activa-
tion induce the production of pro-inflammatory cytoki-
nes, chemokines and expression of adhesion molecules, 
which promotes immune cell recruitment and immune 
cell transmigration into the intima [8, 9].

Both innate and acquired immunity play an important 
role in both atherosclerosis and TCAD. Although the 
triggers of endothelial injury and endothelial dysfunction 
may differ in TCAD and atherosclerosis, once endothe-
lial activation occurs, pathologic processes involved are 
similar in the two diseases.

Nonimmune factors associated with the risk of 
TCAD include advanced age (donors and recipients), 
male gender, infections, dyslipidemia, obesity, diabe-
tes, coronary heart disease, cause of brain death in the 
donor, organ preservation and transportation conditions, 
surgical injury, and ischemia-reperfusion injury (IRI). 
Hyperlipidemia and insulin resistance are the most si-
gnificant non-immune factors, occurring in 50–80% of 
heart transplant patients [10, 11].

An increased risk of TCAD has been linked to cy-
tomegalovirus (CMV) infection [12]. By increasing the 
synthesis of nitric oxide synthase inhibitor, asymmetric 
dimethylarginine, CMV causes endothelial dysregulation 
and affects nitric oxide synthesis. The chemical similarity 
between CMV and endothelial cell surface may lead 
to cross-reactivity [7, 8]. However, recent studies have 
found no association between maximum intima-media 
thickening during the first year, assessed by intravascular 
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ultrasound (IVUS), and CMV infection [13]. The cause 
of brain death in the donor is relevant to the success of 
transplantation. Brain death causes severe cardiac injury 
due to increased catecholamine production, endocrine 
and hemodynamic disorders leading to organ hypoperfu-
sion and subsequent IRI after transplantation. In addition, 
the mechanism of donor brain death has a significant 
impact on heart transplant outcomes, with traumatic 
brain death being associated with decreased mortality, 
rejection, allograft vasculopathy, and transmissible athe-
rosclerosis [14]. Based on observations at Shumakov 
National Medical Research Center of Transplantology 
and Artificial Organs, donor brain death was associated 
with higher probability of transmitting coronary athero-
sclerosis from older donors and donors with stroke [15]. 
IRI caused by surgical injury leads to production of large 
amounts of reactive oxygen species (ROS), which direct-
ly cause vascular injury and endothelial activation [16].

It should be noted that, in terms of pathological anato-
my, TCAD has a variety of morphologic manifestations. 
Wei-hui Lu et al. published a study [17] that evaluated 
the pathologic anatomic findings in the explanted heart 
of patients who underwent retransplantation for graft 
dysfunction. The study reviewed archival records and 
microscopic sections of hearts surgically explanted from 
64 patients: 54 adults (18 to 70 years old) and 10 child-
ren (3 to 15 years old). 54 adults (18 to 70 years) and 
10 children (3 to 15 years). Vascular lesions were cate-
gorized as showing intimal fibromuscular hyperplasia, 
atherosclerosis and/or inflammation. A total of 75% of 
hearts had signs of acute cellular rejection, predomi-
nantly mild. Intramyocardial arteries showed primarily 
intimal fibromuscular hyperplasia and inflammation with 
no atheroma present. Lesions in the epicardial coronary 
arteries presented as intimal fibromuscular hyperpla-
sia, atherosclerosis, and/or inflammation affecting one 
or more vascular layers (intima, media and adventitia). 
Severe TCAD with >75% luminal narrowing was seen 
in at least one vessel in all hearts. Two hearts had severe 
narrowing of the left main coronary artery. Nineteen 
arteries had luminal thrombus. All hearts had narrowing 
of smaller epicardial coronary arteries that were often 

severe. Atheromas were present in arteries of adults and 
children; thus, not all atheromas could be considered pre-
existing prior to transplantation. Both arteries and veins 
showed intimal hyperplasia and inflammation.

Thus, TCAD is a pathologically multifaceted disorder 
that affects large and small epicardial coronary arteries 
of adults and children, with different types of lesions: 
intimal fibromuscular hyperplasia; atherosclerosis; and/
or inflammation (vasculitis).

According to pathoanatomical studies conducted at 
Shumakov National Medical Research Center of Trans-
plantology and Artificial Organs, cardiac allograft vas-
culopathy (CAV) in the proximal coronary arteries was 
a combination of accelerated atherosclerosis and chronic 
rejection [18–23].

But despite the many manifestations of TCAD, the 
current classification used is the one developed by the 
International Society for Heart and Lung Transplantation 
(ISHLT), which is based mainly on angiographic criteria 
(Table 1) [24].

TCAD and coronary atherosclerosis of native arteries 
have both common and different features. Moreover, the 
presence of different risk factors leads to different types 
of vascular lesions in cardiac allografts. For example, 
hyperlipidemia, diabetes, and smoking are risk factors 
common to atherosclerotic disease and TCAD. With 
these risk factors, graft vessels develop atherosclerotic-
like lesions. On the other hand, alloantigen-dependent 
risk factors (number of anti-HLA antibodies, number of 
rejection episodes) and CMV infection are more likely 
to be associated with changes such as endotheliitis and 
arteritis [17].

Although some of the risk factors (donor organ IRI, 
donor age, organ quality, recipient age, donor brain 
death, major histocompatibility mismatch) are unique 
to TCAD, many are in addition to the others (hyperlipi-
demia, diabetes, oxidative stress, hypertension, cytokine 
modulation, inflammation, C-reactive protein [CRP], 
infections and other environmental factors, smoking) [8, 
25, 26]. Comparative characteristics of these diseases are 
presented in Table 2.

Table 1
Classification system for angiographic features of TCAD

Severity Angiographic criteria
ISHLT CAV0 (Not significant) No detectable angiographic lesion.

ISHLT CAV1 (Mild) Angiographic left main (LM) <50%, or primary vessel with maximum lesion of <70%, or 
any branch stenosis <70% (including diffuse narrowing) without allograft dysfunction.

ISHLT CAV2 (Moderate) Angiographic LM <50%; a single primary vessel ≥70%, or isolated branch stenosis ≥70% 
in branches of 2 systems, without allograft dysfunction.

ISHLT CAV3 (Severe)
Angiographic LM ≥50%, or two or more primary vessels ≥70% stenosis, or isolated bran-
ch stenosis ≥70% in all 3 systems; or ISHLT CAV1 or CAV2 with allograft dysfunction 
(defined as LVEF ≤45% usually in the presence of regional wall motion abnormalities) or 
evidence of significant restrictive physiology.
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Other factors influencing the course of vasculopa-
thy: Increased platelet aggregation is a well-recognized 
risk factor for sudden cardiac death and myocardial in-
farction in heart transplant patients [1]. A study of over 
200 heart transplant recipients found that early aspirin 
therapy was associated with a significant (68%) reduc-
tion in the risk of cardiovascular events [27].

Statins are well-known hypolipidemic and anti-in-
flammatory drugs [28]. A recent meta-analysis confirmed 
the beneficial effects of statins in reducing graft rejection 
and increasing survival in heart transplant recipients [28]. 
Fang et al. studied antioxidant therapy with vitamins C 
and E to prevent endothelial dysfunction in TCAD. The 
authors found that antioxidant therapy delayed TCAD 
[29]. Calcineurin inhibitors (cyclosporine, tacrolimus) 
have historically been the therapy of choice for main-
tenance immunosuppression [30]. The development of 
agents such as everolimus and sirolimus has expanded 
therapeutic options for TCAD. Everolimus has been 
shown to significantly reduce TCAD progression when 
combined with immunosuppressants (cyclosporine, tac-
rolimus) at year 1 after transplantation compared to when 
combined with mycophenolate and azathioprine. On the 
other hand, later initiation of everolimus therapy does not 
increase vasculopathy incidence. Sirolimus therapy re-
sulted in decreased incidence of acute graft rejection and 
vasculopathy compared to calcineurin inhibitors. There 
is evidence that sirolimus can inhibit TCAD, even when 
initiated after disease onset [31]. These drugs, however, 
need further evaluation when combined with newer im-

munosuppressants such as tacrolimus [4, 17]. It should be 
noted that their use may be limited in some patients due 
to the high incidence of side effects, such as infections, 
pericardial effusion and delayed wound healing [31].

Unfortunately, these measures have had little impact 
on the 5- and 10-year incidence of TCAD over the last 
20 years of follow-up (32–30% and 52–49%, respec-
tively) [16]. Furthermore, for recipients who develop 
TCAD within 3 years after transplantation, the 5-year 
survival rate remains virtually the same as 20 years ago 
(28–22%) [16]. These statistics highlight how the need 
for more sensitive techniques for early TCAD detection 
severely limits therapy options for heart transplant reci-
pients at this stage. This is because effective treatment 
to prevent or delay TCAD must be initiated as soon as 
feasible.

There have been recent studies to identify potential 
targets for immunologic treatment, mainly using mo-
noclonal antibodies, to eventually replace existing the-
rapeutic immunosuppressants [32]. The main goal of 
immunomodulation in the context of TCAD has been to 
inhibit or suppress predominantly T-cell activity against 
the allograft [4].

cOncluSiOn
Transplant coronary artery disease is one of the main 

factors limiting graft survival. Due to its intricate origins 
and multifaceted nature, this condition requires further 
study on both immune contribution to the pathogenesis 
of vasculopathy and the classical factors of atherogene-

Table 2
Comparative characteristics of TCAD and atherosclerosis

Sign TCAD Atherosclerosis

Vascular 
involvement

Epicardial and intramural coronary arteries are affected. Large epicardial coronary arteries are affected.

Diffuse and very extensive vascular lesions in combinati-
on with epicardial localization.

Proximal epicardial coronary arteries are largely 
affected. Intramyocardial vessels and arteries 
under muscle bridges are usually intact.

Veins may also be involved. Veins are never involved.
The media may be either unaffected or almost completely 
replaced by fibrous tissue. As intimal lesion progresses, 
fibrosis of the media and adventitia also increases.

All the vascular wall layers are involved.

Nature 
of lesion

Diffuse, concentric intimal thickening. Focal, eccentric proliferative and degenerative 
intimal lesions in the proximal coronary vessels.

Varies from concentric, diffuse intimal lesions to wides-
pread fibrofatty plaques with degeneration.

Predominantly fibrofatty plaques with necrotic 
depressions and progressively thinned fibrous 
cap.

Onset and 
progression 
of the disease

Initially manifested by smooth muscle cell proliferation 
into the intima and extracellular lipid accumulation. Initially manifested by fatty streaks.

Accelerated progression of intimal proliferation and 
luminal stenosis at the early stage of the disease with the 
development of foam cells.

Slow progression of the lesion (decades) is 
characteristic.

Superficial endothelial erosion is uncommon but may be 
a rare finding. Endothelial erosion is characteristic.

Fibrous capsule thinning and plaque rupture are rare. Thin fibrous capsule and plaque rupture are 
often observed in moderate to severe lesions.
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sis. Infectious agents (CMV) deserve special attention 
as early detection and influence on them can improve 
the prognosis for this patient cohort. Even though CAV 
manifests 3–5 years after heart transplantation, the first 
signs may appear in the first year, which in turn is an 
unfavorable predictor. This necessitates prompt modi-
fications to immunosuppressive medication and closer 
observation of the disease’s progression. Even though 
modern immunosuppressive medications, such as eve-
rolimus, cannot be used in every patient, incorporating 
them more frequently into treatment plans could help 
cardiac recipients have better outcomes. Correcting the 
classical atherosclerosis factors is another crucial aspect 
of treatment for heart transplant patients.

The authors declare no conflict of interest.
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