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SUMMARY

Cardiovascular disease (CVD) after transplantation remains a major con-
cern. Little is known about what drives the increased cardiovascular risk in
transplant recipients apart from traditional risk factors. The immune sys-
tem is involved in the pathogenesis of hypertension, atherosclerosis, and
coronary artery disease in the general population. Recently, inhibition of
interleukin 1 � b by canakinumab versus placebo decreased the incidence
of cardiovascular events. Emerging evidence points to a role of adaptive
cellular immunity in the development of CVD. Especially, expansion of
pro-inflammatory and antiapoptotic cytotoxic CD4+CD28null T cells is clo-
sely associated with incident CVD in various study populations including
transplant recipients. The association of cytomegalovirus exposure with
increased cardiovascular mortality might be explained by its capacity to
upregulate these cytotoxic cells. Also, humoral immunity seems to be rele-
vant for cardiovascular outcome in transplant recipients. Panel-reactive
antibodies at baseline and donor-specific antibodies are independently
associated with poor cardiovascular outcome after kidney transplantation.
Cardiovascular effects of immunosuppressive drugs and statins do not only
imply indirect positive or negative effects on traditional cardiovascular risk
factors but also intrinsic immunological effects. How immunosuppressive
drugs modify atherosclerosis largely remains elusive.

Transplant International 2018; 31: 689–699

Key words
atherosclerosis, cardiovascular, immunosuppressive, mortality, transplantation, Treg

Received: 23 December 2017; Revision requested: 12 February 2018; Accepted: 22 March 2018;

Published online: 30 April 2018

Introduction

Both innate and adaptive immunity are important in

the pathophysiology of cardiovascular disease (CVD)

[1]. Compelling evidence, mainly derived from animal

models or autoimmune diseases, supports the notion that

immunological alterations directly promote atherosclerosis

[1]. Immunological disturbances may also indirectly con-

tribute to CVD by causing or amplifying traditional risk

factors such as hypertension and diabetes [2]. Considering

the high cardiovascular burden after transplantation, the

role of immunodeficiency and the variable effects of

immunosuppressive drugs on particularly the T-cell

repertoire deserve further attention [3].

The simplified concept of atherosclerosis as a process

of lipid deposition with macrophage infiltration and

formation of foam cells has been reformulated. We

should acknowledge that these models most likely but

not certainly are valid for transplant recipients. Briefly,

dyslipidemia still plays a central role as trapped oxidized

low-density lipoprotein (ox-LDL) cholesterol particles
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in the subendothelium trigger an immune response by

recruiting monocyte-derived macrophages and lympho-

cytes (Fig. 1) [1]. Macrophages in the plaque fuel the

production of pro-inflammatory cytokines such as

interleukin (IL)-6 via the formation of foam cells and

the activation of vascular smooth muscle cells (VSMC)

[1]. Dendritic cells (DC) guide the differentiation of T

cells toward maturation, anergy, death, or a regulatory

(Treg) phenotype [4]. The response and distribution of

T cells are not only anchored to the innate immune

response but also to the local cytokine environment [1].

Inflammation will favor differentiation of T cells into

pro-inflammatory TH1 cells with increased expression

of tumor necrosis factor (TNF)-a and interferon (IFN)-

ɣ rather than into antiatherogenic TH2 or Tregs [1]. In

the peripheral blood of patients with CVD, the propor-

tion of reactive effector memory T cells is consistently

increased [4]. T cells in atherosclerotic lesions of

patients with coronary artery disease (CAD) are charac-

terized by ongoing antigen-driven immune response

with ox-LDL, apolipoprotein B100-derived, and other

unraveled antigens acting as neoepitopes promoting the

development of high-affinity antibodies, resulting in

local inflammation [1,4]. Adaptive immunity is pivotal

not only in plaque formation, with a role of especially

CD4+ rather than less abundant activated CD8+ T cells

but also in plaque instability and rupture [5]. CD4+ T

lymphocytes, especially CD4+CD28null T cells, accumu-

late in unstable plaque and endothelial erosions, poten-

tially triggering coronary events [1,4]. In patients with

acute coronary syndrome (ACS), effector T cells have

molecular fingerprinting of recent IFN-ɣ signaling [6].

Atherosclerosis shares features with inflammatory and

autoimmune diseases, while both infection and autoim-

munity promote vascular inflammation and endothelial

dysfunction [4].

It seems likely that the same mechanisms are at play

in solid organ transplant (SOT) recipients. Genotypes

associated with increased or decreased local or systemic

production of, respectively, TNF-a and IL-10, the most

potent downregulator of pro-inflammatory cytokines,

were associated with more CVD in kidney transplant

recipients (KTR) after adjustment for confounders

including C-reactive protein (CRP) [3]. Genetic suscep-

tibility to CAD has been associated with variable

immunological responses of vascular cells to cytokines

such as IFN-ɣ [7,8]. CRP sensitizes endothelial cells to

T-cell-mediated cytotoxicity in vitro and pretransplant

CRP values are associated with cardiac events in KTR

[9]. In this review, we will discuss emerging immuno-

logical concepts in the pathophysiology of

atherosclerotic disease. We aim at integrating recent

clinical findings in SOT into experimental models and

will compare studies among various SOT recipients.

The role of the costimulatory pathway in
atherosclerosis

Crucial in the immune response is the costimulatory sig-

nal by the contact between antigen-presenting cell (APC)

CD80/86 ligands with T-cell adhesion molecules (particu-

larly CD28). Of interest here is angiotensin II-mediated

overexpression of CD80/CD86 on DC, promoting

inflammation and atherosclerosis [2]. Inhibition of these

triggered DC decreases the accumulation of macrophages

and activated T lymphocytes into the plaques decreasing

secretion of IFN-ɣ, an important mediator of plaque

destabilization. Cytotoxic lymphocyte antigen-4 (CTLA-

4), a CD28 homolog albeit with functional dichotomy,

and the CTLA-4/IgG1 fusion protein abatacept both

attenuate the inflammatory response and the acceler-

ated formation of atherosclerosis in mice by high-affi-

nity binding to and downregulation of the CD80/86

ligands [10,11]. This seems relevant for SOT as belata-

cept blocks the costimulatory pathway due to the

interaction between CD28 and CD80/86 ligands. Tregs

suppress the immune response partially by CTLA-4-

dependent downregulation of these ligands [12].

Apolipoprotein E knockout (ApoE-/) mice typically

overexpress CTLA-4 and develop less atherosclerosis

than control breeds [13]. Also, infusion of CTLA-4/

IgG improves angiotensin II-induced hypertension in

rats [2]. CTLA-4 bears potential as a relevant target in

the therapeutic approach of atherosclerosis while

CTLA-4 blockade by checkpoint inhibitors such as

ipilimumab seem cardiotoxic [14].

The role of adaptive T-cell immunity

CD4+CD28null cells

Emerging data point to a causal role of these terminally

differentiated effector T cells in the pathophysiology of

atherosclerosis and ACS, of which half of the patients

have an abnormal T-cell distribution [15]. In healthy

humans, the concentration of CD4+CD28null cells, a

subset of TH1 cells and the main biological indicator of

immunological aging, is very low [16]. Permanent loss

of CD28 expression on CD4+ cells is antigen-driven or

occurs through aging [17]. Inflammatory conditions

such as diabetes, rheumatological disorders, and chronic

kidney disease (CKD) share, often in conjunction with a
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lower fraction of Tregs, an expansion of these car-

diotoxic cells which are independently associated with

all-cause, cardiovascular mortality, and/or cardiovascu-

lar events in various populations including patients with

heart failure, unstable angina, and recurrent coronary

events [18–20]. These plaque-destabilizing cells which

catalyze inflammation are numerous in rupture-prone

atherosclerotic plaques [18]. They share cytotoxic char-

acteristics with CD8+ T cells and natural killer (NK)

cells as they produce cytolytic enzymes such as perforin

and granzyme B and express the activating cytotoxicity

receptor NKG2D, enabling them to kill endothelial cells

and VSMC [21]. Also contributing to plaque destabi-

lization they, unlike CD4+CD28+ T helper cells, express

markers of endothelial homing such as the fractalkine

receptor CX3C chemokine receptor 1 (CX3CR1) [21].

They are less resistant to pro-apoptotic effects of Tregs

[15,16]. TNF-a, whose plasma concentration is associ-

ated with mortality in heart failure, downregulates

CD28 expression on CD4+ T lymphocytes and expands

these cells, perpetuating a positive loop [22]. Traditional

cardiovascular risk factors amplify CD4+CD28null cells

by inducing low-grade inflammation. In end-stage kid-

ney disease (ESKD), their expansion was associated with

preclinical atherosclerosis and increased arterial stiffness

and cardiovascular mortality, while in patients with

CKD stage 4 and 5, plasma CD4+CD28null cells inde-

pendently correlated with intima-media thickness (IMT)

[23–25]. These cardiotoxic cells are of potential interest

after transplantation. In KTR and especially those with

pre-existing atherosclerotic disease, high levels of

CD4+CD28null cells at the time of transplantation pre-

dispose to atherosclerotic events the first year after

transplantation, suggesting a role in plaque destabiliza-

tion [26]. CD4+CD28null cells tend to rise after kidney

transplantation especially in conjunction with episodes

of inflammation and in patients with delayed graft func-

tion and poorer kidney function or in patients with

chronic rejection [21]. These cells are however not

alloreactive in the absence of IL-15 explaining the

absence of an association with acute rejection in KTR

[27,28]. Also, CD4+CD28null cells are higher in patients

Figure 1 The role of adaptive immunity in cardiovascular disease after transplantation. Depicted is the imbalance between cardiotoxic

CD4+CD28null T cells which are dominant compared to cardioprotective Tregs both contributing to atherosclerosis and cardiovascular dis-

ease after transplantation. Subendothelial accumulation of LDL leads to recruitment of monocytes which transmigrate into the subendothe-

lial space and differentiate into macrophages and foam cells which produce pro-inflammatory cytokines. SMC undergoes phenotypic

changes during atherogenesis, proliferate, and migrate to atherosclerotic plaques. Macrophages and apoptotic VMSC produce IL-1b which

activates endothelial cells. A central role for terminally differentiated CD4+CD28null cells is likely as these cells are expanded in conditions

as aging, diabetes, kidney dysfunction, and hyperlipemia which are prevalent in transplant recipients and are involved in atherosclerosis

development and plaque destabilization. CMV infection and chronic rejection also contribute to the increase in these cells expressing

endothelial homing receptors (CX3CR1) with endothelial tropism and pro-inflammatory characteristics perpetuating a positive loop. Hyper-

lipemia and inflammation have a bidirectional relationship, and antibodies against oxidized LDL (ox-LDL) are pathogenic. Ox-LDL and other

antigens stimulate TH1 cells to secrete IFN-c. Inflammation and hyperlipemia downregulate the anti-inflammatory regulatory T cells (Tregs)

which counteract the effects of effector T cells. Statins induce expansion of Tregs and apoptosis of CD4+CD28null cells but also indirectly

affect both types of cells by their anti-inflammatory properties; CKD, chronic kidney disease; CMV, cytomegalovirus; CTLA-4, cytotoxic lym-

phocyte antigen-4; IFN-c, interferon gamma; IL-1b, interleukin-1 beta; ox-LDL, oxidized low-density lipoprotein; SMC, smooth muscle cell;

TNF-a, tumor necrosis factor alpha.
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with previous cytomegalovirus (CMV) exposure across

different study populations [21,28,29], potentially

explaining the exaggerated risk of CVD in CMV-seropo-

sitive transplant recipients [30]. Not unexpectedly

CD28null effector T cells are not affected by the CD28

costimulation blocker belatacept. Also, tacrolimus and

everolimus fail to suppress these cells in vitro, whereas

mycophenolate mofetil (MMF) or corticosteroids

decrease their proliferation [31]. Costimulatory block-

ade with abatacept decreased their concentration in

patients with rheumatoid arthritis, most likely through

its anti-inflammatory properties [32]. Other potentially

cardioprotective drugs associated with lower counts of

CD4+CD28null cells are metformin and TNF-a blockers

[16]. It remains uncertain whether the latter might

modify CVD in patients with rheumatic disorders or

inflammatory bowel disease [32]. In a nonrandomized

controlled trial, patients with psoriasis treated with

TNF-a blockers had a slower progression of coronary

artery calcification [33]. At present, however, random-

ized controlled trials (RCTs) evaluating the effect of

these drugs on CD4+CD28null cells or Tregs and the

ensuing association with cardiovascular events are lack-

ing. By suppressing inflammation and the generation of

cardiotoxic CD4+CD28null, anti-inflammatory drugs

could decrease cardiovascular morbidity and mortality.

In patients with previous myocardial infarction, inhibi-

tion of IL-1b by canakinumab versus placebo decreased

recurrent cardiovascular events in line with a decrement

of CRP albeit at the expense of more fatal infections

[34].

Statins, which have pleiotropic immunomodulatory

and anti-inflammatory effects, may reduce cardiovascu-

lar events in KTR [35]. Next to significant lipid lower-

ing, they induce expansion of Tregs and apoptosis of

CD4+CD28null cells [16,36–38]. The latter might explain

a significantly lower percentage of these cardiotoxic cells

in patients with ACS with versus without statins [39].

In apparently healthy people without hyperlipemia but

with elevated CRP, rosuvastatin decreased major cardio-

vascular events [40].

Regulatory T cells (CD4 CD25+Foxp3+) cells (Tregs)

These atheroprotective cells suppress several immune

cells involved in atherosclerosis such as B cells, mono-

cytes, and DC [4,12]. In patients with CAD and espe-

cially ACS, they are less common and dysfunctional

[12]. Tregs are a major source of the antiatherogenic

cytokines IL-10 and TGF-b contributing to powerful

suppression of atherosclerosis in murine models [4,12].

Tregs influence cholesterol metabolism while oxidized

LDL depletes Tregs in vitro [12]. Hyperlipidemic

atherosclerosis-prone mice systematically harbor less

Tregs than wild-type mice. Depletion of forkhead box

P3 (FOXP3)+ Tregs in murine models promotes

atherosclerosis by modulating lipoprotein metabolism

illustrating the bidirectionality between lipid metabo-

lism and inflammation [41]. Also, engagement of

CTL4-A on Tregs contributes to its anti-inflammatory

profile [13]. In humans, their role in the development

of CVD is less outlined. Their concentration and sup-

pressive capacities are consistently lower in patients

with ACS [15]. Considering the inhibitory role of Tregs

not only in initiation of atherosclerosis but also in sta-

bilization of established lesions, Tregs are currently

being considered as treatment for atherosclerosis in the

general population [12]. So far, data coupling kinetics

of Tregs and cardiovascular outcome in SOT recipients

are lacking. Individual effects of immunosuppressive

drugs on Treg proliferation might be clinically relevant

and especially considering future trials will engage the

infusion of Tregs alongside concurrent immunosuppres-

sive drugs. Tacrolimus, mycophenolate mofetil (MMF),

and corticosteroids but not sirolimus reduce viability

and proliferative capacity of in vitro expanded human

Tregs [42]. Although the in vivo effects of these drugs

on Tregs are not always consistent, mammalian target

of rapamycin (mTOR) inhibitors mostly has beneficial

effects, while CNI impairs their proliferation and func-

tion [43,44]. Effects of MMF and corticosteroids on

Tregs are inconsistent and generally show less or

absence of inhibition of Tregs, while corticosteroids

even increase Tregs in autoimmune disease [45]. Con-

version from CNI to MMF monotherapy in liver trans-

plant recipients overturned the inhibitory effects of CNI

on circulating Tregs [46]. Belatacept was associated

with lower amounts of functionally impaired Tregs in

KTR [47,48].

Studies on circulating T-cell subpopulations have

methodological caveats, and so variable concentrations

should be interpreted cautiously. It is uncertain whether

findings in rodents are generalizable to humans [4].

Another limitation particularly in transplant recipients

is confounding by kidney dysfunction. In patients with

kidney allograft dysfunction, serum concentrations of

pro-inflammatory cytokines such as IL-2, IL-17, and

IFN-ɣ were higher than in subjects with stable kidney

function in whom there was a higher expression of IL-

4, IL-10, and Tregs [49]. Therefore, negative outcome

in hyperproducers of pro-inflammatory cytokines can

be confounded by graft outcome. Instead, chronic
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inflammation due to rejection can contribute to

atherosclerosis.

The role of humoral immunity

B2 cells aggravate atherogenesis through antibody-

independent mechanisms that augment the action of

pro-inflammatory cytokines [4]. Emerging data

demonstrate that antibodies play an active role. A

pathophysiological role for IgE in the development of

atherosclerosis was suggested by both clinical and

experimental data [50]. Antibodies against oxidized

LDL enhance uptake of cholesterol and promote

atherosclerosis [1]. Transcripts of endothelial stress dis-

close the endothelium as target for cellular immunity

after transplantation, and non-HLA antibodies also dis-

rupt endothelial homeostasis [51]. The role of humoral

auto- and alloimmunity in the pathophysiology of

CVD until recently was not well outlined [1]. In epi-

demiological studies, multiparity, and especially with

different fathers, is associated with increased cardiovas-

cular mortality, while blood transfusion from women

with a history of pregnancy was associated with an

increased mortality in male acceptors, providing indi-

rect evidence for a role of alloimmunity [52,53]. Allo-

genic hematopoietic stem cell transplant recipients

with versus without pretransplant HLA antibodies had

more vascular complications [54]. Following KTR reg-

istry data, panel-reactive antibodies (PRA) at the time

of transplantation were dose-dependently associated

with cardiovascular mortality [55]. The analysis could

support the causal paradigm that anti-HLA antibodies

induce both a local and general pro-inflammatory state

leading to endothelial injury. HLA class II antibodies

alter the endothelial expression of the anti-inflamma-

tory and antithrombotic glycoprotein thrombomodulin

and lower its serum concentration in KTR [56]. Stud-

ies indirectly suggest a pro-atherogenic potential of

HLA antibodies. Loupy and coworkers demonstrated

that DSA in KTR were dose-dependently associated

with increased cardiovascular mortality and cardiac

events [57]. Endothelial damage by HLA antibodies or

ischemia may lead to a pro-inflammatory phenotype

and de novo expression of endothelial neoantigens con-

tributing to immune activation and vascular remodel-

ing [58]. In systemic lupus erythematosus,

autoantibodies promote atherosclerosis and cardiac

events. However, the presence of HLA and non-HLA

antibodies rather than being causative may also reflect

activation of adaptive immunity.

Nonrenal solid organ transplant recipients

Heart

Cardiac allograft vasculopathy (CAV) is mediated by

both immune-mediated and nonimmune mechanisms.

It is distinct of CAD and primarily affects the epicardial

and intramural arteries presenting with concentric inti-

mal layer thickening. Apart from cellular mechanisms

[59], HLA antibodies recently were demonstrated to

correlate with the later development of CAV but also

with increased endothelial activation and IFN-ɣ tran-

scripts on microarray analysis [60,61]. These alterations

mimic the changes in developing CAD. Additionally,

antibodies against cardiac myosin and vimentin are rele-

vant for the development of rejection and vasculopathy

[62]. Next to traditional cardiovascular risk factors,

CAV is also associated with elevated CRP as proxy of

increased inflammation and previous CMV infection

[62,63]. In HTR, statins are the standard of care treat-

ment to prevent the progression of CAV and decrease

mortality [63–66]. Statins have immunomodulatory

effects next to lipid lowering and decrease cytotoxicity

of NK cells, and IFN-ɣ induction of MHC class mole-

cules, possibly contributing to a lower rejection rate

[63,64]. They inhibit the costimulatory pathway and

chemotaxis of lymphocytes and macrophages, while

inducing apoptosis of CD4+CD28null cells [16,36–38].
Data on cardiotoxic CD4+CD28null cells as far as we

know are however lacking in HTR. In murine models,

expansion of Tregs was demonstrated to improve car-

diac graft survival [67].

Liver

The potential role of CD4+CD28null cells or Tregs in the

pathophysiology of CVD in liver transplant recipients

largely remains elusive. Non-HLA autoantibody, pre-

formed and especially high MFI, IgG3, or C1q-positive

HLA DSA are associated with an increased mortality

risk after liver transplantation [68–71]. It remains

unclear whether the increased mortality is largely attri-

butable to a higher rejection risk. Liver transplant recip-

ients have a pro-atherogenic lipoprotein profile with

higher IFN-ɣ and vascular cell adhesion molecules and

lower protective serum IL-10 concentrations than con-

trols the first year after transplantation [72,73]. A higher

pretransplant and 12-month CRP concentration are

associated with more cardiovascular events after trans-

plantation [74].
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Lung

Class I and class II post-transplant DSA are both associ-

ated with mortality after lung transplantation although

cardiovascular death was unspecified or neglectable [75–
77]. Pretransplant DSA are variably associated with

overall mortality [78,79]. Of potential interest, bronchi-

olitis obliterans syndrome (BOS) is associated with

increased peripheral blood NK, pro-inflammatory TH1

cells, and CD4+CD28null cells with increased expression

of TNF-a and IFN-ɣ [80,81], mediators of atherosclero-

sis. Statins inhibited T-cell alloimmune activation and

decreased the production of pro-inflammatory cytokines

inhibiting the development of BOS in rats [82]. The

role of especially cellular immunity in the pathophysiol-

ogy of CVD after lung transplantation remains yet

unexplored.

Cytomegalovirus

Prior CMV infection is associated with an increased risk

of cardiovascular death in transplant recipients, patients

with ESKD, rheumatic disorders, and in healthy elderly

people [23,30,83,84]. CMV infection in KTR is associ-

ated with a higher risk of arrhythmia, heart failure, and

coronary stenosis [85], while it increases the risk of

CAV in HTR [86,87]. KTR with post-transplant CMV

replication developed more atherosclerotic events [88].

In patients with HIV, CMV IgG titers correlated with

subclinical atherosclerosis [89].

Cytomegalovirus infection and its pro-inflammatory

effects potentially modify atherosclerosis [84]. CMV

replication upregulates production of MHC II antigens

and pro-inflammatory cytokines causing endothelial

damage [90]. CMV-specific CD4+ T cells have enhanced

dual expression of TNF-a and IFN-ɣ together with

CX3CR1 directing them to activated endothelium [91].

Cytomegalovirus leaves a footprint of an aging T-cell

repertoire as more CD4+ and CD8+ memory T cells in

people with CMV infection have senescent-like charac-

teristics [83]. CMV infection increases the fraction of

cytotoxic CD4+CD28null cells among different study

populations [32]. Episodes of inflammation accrue the

expansion of these cells. Endothelium is the key site of

CMV latency and reactivation. Transplant recipients,

especially those treated with ATG, seem more prone to

these negative indirect effects of CMV with negative

effects on atherosclerosis progression and cardiovascular

outcome [92].

Cytomegalovirus prophylaxis was associated with a

lower risk of cardiovascular death in KTR [93]. HTR

receiving ganciclovir versus placebo had a lower inci-

dence of CAV [94], while HTR receiving pre-emptive

treatment versus prophylaxis had a faster progression

[95]. In KTR, it remains yet unestablished whether

CMV prophylaxis compared to the pre-emptive

approach translates into a lower incidence of CVD [93].

Immunosuppressive drugs

The majority of the immunosuppressive drugs worsen

traditional cardiovascular risk conditions including

weight gain (corticosteroids), hyperlipemia (CNI, corti-

costeroids and mTOR inhibitors), glycemic control

(CNI, corticosteroids and mTOR inhibitors), and hyper-

tension (corticosteroids and CNI) [96]. The combina-

tion of different drugs of variable exposure hampers the

interpretation of cardiovascular effects. Withdrawal of

pro-atherogenic corticosteroids is not associated with

lower mortality in KTR [97]. The interpretation can be

flawed by a higher incidence of rejection necessitating

boluses of corticosteroids and/or higher exposure to

CNI. In the general population, corticosteroid use is

associated with CVD [98,99] although the association

with incident CAD seems modest and with cerebrovas-

cular disease paradoxically negative [99].

Pro-atherogenic drug effects possibly are attenuated

by beneficial effects on vascular inflammation.

Abatacept and belatacept

In animal models, modulation of costimulatory and

coinhibitory signals has beneficial cardiovascular effects.

Abatacept decreases CD4+CD28null cells in patients with

rheumatoid arthritis [32]. In a murine model of heart

failure, this beneficial effect on cardiac dysfunction

depended upon induction of the anti-inflammatory IL-

10 [100]. In humans, it was associated with a decreased

risk of myocardial infarction [33]. In KTR, belatacept

was associated with a lower incidence of DSA versus

cyclosporine, which coincided with a lower incidence of

cardiac events and overall mortality [101].

Rituximab

Adding up to theoretical benefits of corticosteroid

avoidance, this drug improved endothelial dysfunction

and IMT in patients with rheumatoid arthritis [102].

Paradoxically, it was associated with acute coronary

events early after administration attributed to an

increase in cytokines including TNF-a in a subset of

these patients and increased cardiovascular mortality the
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first 3 years after kidney transplantation [103,104]. This

could mirror previous findings demonstrating an exces-

sive increase in cellular rejection early after kidney

transplantation in accordance with a rise of cytokines

[105]. Moreover, rituximab accelerated CAV without a

higher incidence of treated rejection in a recent pla-

cebo-controlled RCT in unsensitized HTR [106]. Ritux-

imab can possibly increase autoimmunity by decreasing

immunoregulatory B cells. Rituximab-specific IgE anti-

bodies and TH2 suggestive of type 1 hypersensitivity

have been demonstrated [107]. Other monoclonal anti-

bodies such as bevacizumab and trastuzumab were also

associated with cardiac events possibly due to autoim-

munity [107]. This conundrum highlights that the role

of B cells in allo- and autoimmunity is complex, not

always unambiguous and sometimes modified by unrec-

ognized conditions.

Polyclonal induction

B-cell-depleting antibodies and neutralization of B-cell-

activating factor (BAFF) were atheroprotective in mice

[4,108]. The situation seems more complex for antithy-

mocyte globulin (ATG), which was associated with pro-

apoptotic effects and a longitudinal decrease in

CD4+CD28null cells in KTR [109], opposing studies

demonstrating an increase in parallel with a rise of

cardiovascular mortality [92,110]. ATG accelerates

immunosenescence, especially in patients with CMV

infection [92,110]. ATG also at least temporarily

expands peripheral Tregs [111]. Induction with ATG

versus basiliximab was associated with a lower incidence

of DSA in SOT [112]. Prolonged CD4 lymphopenia,

possibly following ATG treatment, has been associated

with atherosclerosis progression and cardiovascular

death in other populations [109]. In HTR, ATG attenu-

ated plaque progression the first year after transplanta-

tion [113].

Calcineurin inhibitors

Calcineurin inhibitors (CNI) have pro-atherogenic

properties primarily because of effects on traditional

cardiovascular risk factors [96]. They promote vascular

inflammation in murine models by increasing cytokine

production through upregulation of TLR4 signaling

[114]. CNI impairs Treg proliferation and function after

liver and kidney transplantation [43,44]. Treatment with

tacrolimus versus cyclosporine is associated with less

DSA formation [112]. In a RCT, withdrawal of CNI in

KTR did not improve carotid IMT despite better blood

pressure control [115]. CNI withdrawal in KTR was not

associated with decreased mortality [116].

Mycophenolate

In analogy with belatacept, MMF has no effect on tradi-

tional cardiovascular risk factors. In a RCT in patients

with symptomatic carotid stenosis, a short course of

MMF attenuated plaque inflammation, decreased pro-

inflammatory gene expression, and increased circulating

Tregs [117]. MMF was associated with lower CRP con-

centrations in KTR [118]. In liver transplant recipients,

use of MMF was associated with a lower cardiovascular

mortality [119]. HTR randomized to MMF versus aza-

thioprine has slower 1-year progression of intimal thick-

ening [120].

mTOR inhibitors

Despite unfavorable metabolic effects, mTOR inhibitors

have antiproliferative and cardioprotective properties.

HTR allocated to everolimus versus MMF had beneficial

effects on intima proliferation at months twelve [121].

CNI avoidance strategies demonstrated beneficial effects

on CAV progression, likely due to inhibitory effects on

endothelial cells and fibroblasts or by reduction in

CMV infection [122]. Also, in parallel with less CAV

progression, there was a greater decline of soluble

TNFR-1, in HTR allocated to everolimus versus CNI

[123].

In KTR, data are less convincing despite beneficial

effects of mTOR inhibitors on cardiac hypertrophy

[124]. Cardiovascular outcome or mortality is not

lower compared to CNI [116]. Mostly short-term tri-

als focusing on renal endpoints are not powered to

detect differences in cardiovascular outcome. Registry

data even demonstrated an increased overall mortality

in KTR with an mTOR inhibitor-based regimen [125].

In a meta-analysis of individual patient data, KTR on

mTOR inhibitors had a higher incidence of CVD

although death-censored graft survival was not differ-

ent [126]. Interestingly, conversion of KTR from

tacrolimus to sirolimus not only increased Tregs but

also paradoxically increased indirect donor T-cell reac-

tivity activating pro-inflammatory genes, in line with

in vivo and in vitro studies in mice [127,128]. It is

unclear to what extent drug-induced hyperlipidemia

can counteract cardioprotective properties. Early

(<12 months) conversion from CNI to mTOR inhibi-

tors was associated with a higher incidence of DSA

[129].
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Conclusion and future prospects

Mounting evidence points to a crucial role of cellular

and humoral immunity in the pathogenesis of CVD and

mortality in the general population. This is supported

by interventional studies demonstrating beneficial effects

of anti-inflammatory drugs on both surrogate outcomes

and cardiovascular events. In SOT, the situation is more

complex as potentially protective effects of immunosup-

pressive drugs are being offset by pro-atherogenic drug

effects. Potentially, relevant biomarkers are longitudinal

measurement of circulating cardiotoxic CD4+CD28null T

cells and atheroprotective Tregs which participate in

plaque formation and destabilization and whose respec-

tively increased and decreased concentration is

associated with active inflammation in atherosclerosis.

Also, the causal role of alloantibodies (including DSA),

autoantibodies, and of genetic traits in donor and

acceptor should be further explored. Possibly, integra-

tion of these and other markers can further contribute

to the individualization of immunosuppression after

transplantation in the era of personalized medicine.
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