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Prologue 

Chronic kidney disease (CKD) has become a major global health issue, affecting 

millions of people worldwide and with a high socioeconomic impact. The prevalence of CKD 

is continually rising, driven by an aging population as well as an increasing incidence of 

diabetes, hypertension, and cardiovascular diseases (CVD). Cardiovascular disease and CKD 

are closely linked. The burden of CVD in chronic kidney disease is significant and 

multifaceted, leading to increased cardiovascular morbidity and mortality in this patient 

population, particularly as kidney function progressively exacerbates. Cardiac remodeling is 

a hallmark of chronic kidney disease (CKD) manifesting as myocardial fibrosis, left 

ventricular hypertrophy (LVH), impaired myocardial strain and eventually left ventricular 

diastolic and systolic dysfunction. Kidney transplantation is associated with significant 

improvements in left ventricular size and function as well as regression of LVH otherwise 

known as reverse remodeling. Nevertheless, subclinical abnormalities of myocardial 

function may be observed in kidney transplant recipients (KTRs) and remarkably, heart 

failure following kidney transplantation remains responsible for the majority of adverse 

cardiovascular events in KTRs. During the last two decades, the term cardiorenal syndrome 

(CRS) has been introduced and established to mark the tight interaction between the heart 

and the kidneys. The pathophysiology of uremic cardiomyopathy, in general, involves 

complex intertwining pathways, including hemodynamic changes, neurohumoral activation, 

oxidative stress amplification, and chronic inflammation as well as the participation of 

immune system components, including cytokines, toll-like receptors, and innate and 

adaptive immune system cells. 

Maladaptive activation of the immune system plays an essential role in the pathogenesis of 

CKD and CVD. A significant body of data from animal and human research indicates that 

inflammation and immunological pathways are implicated in all aspects of CVD phenotypes 

and have been well-established until now in atherogenesis, viral myocarditis, and 

inflammatory cardiomyopathy. Chronic kidney disease progression itself is associated with 

complex alterations in innate and acquired immunity and disruption of immune regulatory 

processes. The chronic inflammatory state of CKD is mediated and perpetuated by an 

intricate interaction of multiple immune mediators as well as cellular components of the 

innate and adaptive immune systems. Inflammatory and immune pathways appear to 

participate in the pathogenesis of the entire spectrum of CVD in CKD, including accelerated 

atherosclerosis, left ventricular hypertrophy, and heart failure. The chronic inflammatory 

state and immune system activation are considered as significant mediators in the 

pathogenesis of myocardial dysfunction in CKD. Yet, the role of immune system components 

in the development of myocardial remodeling in CKD and kidney transplantation remains an 

open question. In specific, there is scarce clinical evidence available regarding the 

implication of immune cell subsets in the development of CKD associated cardiomyopathy. 

Accordingly, in this study we investigated the expression of a selected panel of 

immune cell subpopulations in the peripheral circulation of CKD patients and KTRs without 
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established CVD and examined their relation to subclinical indices of myocardial 

dysfunction. Furthermore, we focused on the alterations of specific immune cell subsets in 

the setting of cardiorenal syndrome type 2 that is CKD in the setting of heart failure. 

By elaborating on the current knowledge of immunological pathways mediating the 

crosstalk of the damaged kidney with the heart, the aims of our study were to create a 

background to support future endeavors, including the elucidation of the pathophysiological 

implication of immune cell subpopulations in the development of CKD related CVD, their 

role as potential prognostic biomarkers and the development of targeted interventions. 
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General part 

1. Chronic kidney disease and kidney transplantation – an overview. 

Chronic kidney disease (CKD) is a progressive disease with no specific cure which 
carries a high morbidity and mortality burden, commonly affecting the general adult 
population (1). CKD remains a major, global public health problem, involving nearly 10% of 
the global population, with the burden of CKD in terms of prevalence, morbidity, mortality 
and expenditures continually increasing (1-3). It is estimated that by 2040, CKD will emerge 
as the fifth leading cause of death in the world (3).  CKD comprises a heterogeneous group 
of disease pathways which are characterized by disorders in kidney structure and function, 
and which display various manifestations according to the underlying etiology and the 
degree of severity of disease (1). Risk factors for CKD include genetic or epigenetic 
determinants, or the presence of diseases which can trigger and promote kidney damage, 
such as obesity, diabetes, and hypertension (1). The diagnosis of CKD is based on 
establishing a chronic reduction in kidney function and structural kidney damage (4). The 
definition and classification of CKD have changed and evolved during the last two decades 
with current international guidelines defining CKD as decreased kidney function shown by 
GFR of less than 60 mL/min per 1.73 m², or markers of kidney damage, or both, present for 
at least 3 months duration, regardless of underlying cause (3, 4). Kidney damage refers to 
pathologic abnormalities, which are identified either by kidney biopsy or imaging studies or 
otherwise detected in the setting of abnormal markers such as urinary sediment 
abnormalities or elevated urinary albumin excretion rates (1-4). With regard to decreased 
kidney function, it refers to a decreased glomerular filtration rate (GFR), which remains the 
best available indicator of overall kidney function, equaling the volume of fluid filtered 
through all of the functioning nephrons per unit of time (1-4). GFR is usually estimated 
(eGFR) using serum creatinine and or serum cystatin and the recommended method for 
estimating GFR in adults from the National Kidney Foundation, is the 2021 CKD-EPI equation 
(3). CKD is classified based on the cause, GFR category (G1–G5) (table 1A) and albuminuria 
category (A1–A3) (Table 1B) (3, 4). Kidney failure is defined as severely reduced kidney 
function and implies eGFR decline to less than 15 mL/min per 1.73m² (category G5, table 1), 
signifying that a person has reached end stage kidney disease at which point kidney function 
is no longer able to fulfill the metabolic and is thus incompatible with life in the long term 
(2). Management options for patients with ESKD include kidney replacement therapy (KRT) 
in the form of dialysis or kidney transplantation (1, 2). The purpose of CKD staging is to 
guide therapeutic strategies, including stratification of risk for CKD progression and for 
development of CKD related complications (3).  All three components of the CKD 
classification system bear a critical significance for the evaluation of patients with CKD and 
further guide the ascertainment of CKD severity and associated risk. Based upon the CKD 
staging system, a "heat map" has been generated that classifies patients with CKD into three 
broad risk categories, that is moderate, high, and very high risk, depending on the 
probability of developing future kidney and cardiovascular complications (Figure 1) (4). 
Accordingly, patients with CKD are five to ten times more likely to die prematurely than they 
are to progress to kidney failure. Thus, the increased risk of death augments exponentially 
with CKD progression and is mainly ascribed to death due to cardiovascular causes (1-3). 
Other commonly recognized CKD related complications include hormonal and metabolic 
one, such as anemia and hyperparathyroidism, increased risks for systemic drug toxicity, 
infections, cognitive impairment, and impaired physical function (1, 2). 



7 
 

   
 

Kidney transplantation is the treatment of choice for kidney failure as it significantly 
reduces the mortality risk as well as improves the quality of life for most patients when 
compared with dialysis (1, 2). Recent advances, including novel immunosuppressants, 
improved organ allocation policies, and better medical care of transplant recipients, have 
led to an increased number of transplants with improved overall outcomes (2). Although 
great progress in the development of the currently established immunosuppressive 
regimens has been associated with a significant reduction in episodes of early acute 
rejection episodes together with excellent 1-year allograft survival exceeding 95%, this has 
not translated into improved long-term graft prognosis (2). Decreased long-term patient and 
graft survival have been attributed at large to the increased medical complexity that 
characterizes these patients, including the presence of multiple comorbidities in the setting 
of or as a cause of kidney failure as well as to the complex immunosuppressive regimens 
that increase their susceptibility to infections, mаligոаոсy, and cardiovascular complications 
(2). Accordingly, these patients require close follow-up after transplantation. Apart from the 
lack of improvement in long term transplant outcomes, reduced organ availability and the 
long-term morbidity of transplant candidates with CKD, remain major obstacles to be 
tackled. Overall, after successful transplantation, establishing an equilibrium between the 
chronic adverse effects of immunosuppression with chronic immune damage remains a 
major clinical challenge for transplant physicians today (2). 
 
Table 1. Classification of CKD, according to international guidelines. A. Classification of 
CKD according to eGFR and classification of CKD according to albuminuria levels. 
A. 

 GFR descriptors and range Range (ml/min/1.73 m2) 

G1 Normal or high ≥90 

G2 Mildly decreased 60-89 

G3a Mildly to moderately decreased 45-59 

G3b Moderately to severely decreased 30-44 

G4 Severely decreased 15-29 

G5 Kidney failure <15 

 
B. 

Persistent albuminuria categories, descriptors and ACR range 

Normal to mildly Increased 
(<30 mg/g) 
 

Moderately increased 
(30–300mg/g) 

Severely increased 
(>300 mg/g) 

CKD, chronic kidney disease; GFR, glomerular filtration rate; ACR, albumin creatinine ratio. 
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Figure 1. Prognosis of CKD by eGFR and albuminuria categories. 
Green: low risk (if no other markers of kidney disease, no CKD); Yellow: moderately 
increased risk; Orange: high risk; Red: very high risk. GFR, glomerular filtration rate. Adapted 
from the KDIGO 2012 Clinical practice guideline for the evaluation and management of 
chronic kidney disease. 
 
 

1.1 The burden of cardiovascular disease in chronic kidney disease 

 

Cardiovascular disease (CVD) remains by far the principal cause of morbidity and 

mortality in patients with CKD (7). Thus, even though the risk of various adverse outcomes is 

significantly increased in CKD patients, CVD is responsible for up to half of deaths in patients 

with CKD before they reach kidney failure, as compared to only 26% in people with normal 

kidney function (7-11).  Even though the cardiovascular risk in patients with severe CKD is 

lower compared to patients undergoing kidney replacement therapy, it is still significantly 

higher than in the general population (8). CVD in CKD manifests with various adverse 

outcomes, including CHD, arrhythmias, heart failure (HF) as well as stroke and peripheral 

artery disease (7, 9). The strong association of CKD with CVD is attributed to the 

involvement of complex pathophysiological mechanisms which lead to vascular damage, to 

shared traditional risk factors including diabetes mellitus (DM) and arterial hypertension, as 

well as to several non-classical risk factors including among others anemia, CKD mineral 

bone disease (CKD-MBD), fluid overload, oxidative stress, chronic inflammation and uremic 

toxins (7). 
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Many studies in various populations have reported that low eGFR and raised 

albuminuria are associated with cardiovascular disease (10-17). Accordingly, data from the 

CKD prognosis consortium that included 629 746 patients, indicate that cardiovascular 

mortality increases during the early stages of CKD, when the eGFR decreases below 60 to 75 

mL/min per 1.73 m2 with the risk tripling with CKD stage 3b. Strikingly, increases in the urine 

albumin-creatinine ratio (UACR) are associated with augmented cardiovascular mortality, 

which dramatically escalates with UACR levels above 300 mg/g (12). 

In line with the above a large meta-analysis, including more than 100 000 individuals 

with UACR measurements and 1·1 million participants with dipstick albumin measurements 

from 21 general population cohorts from 14 countries and 4 continents, showed an 

independent correlation of eGFR and albuminuria with all-cause mortality and 

cardiovascular mortality independently of each other and of traditional cardiovascular risk 

factors (10). Notably, an exponential increase in mortality risk was observed at low levels of 

eGFR (10). Thus, the risk became evident at eGFR levels of 60 mL/min/1·73 m² and doubled 

at eGFR levels of 30–45 mL/min/1·73 m² as compared to eGFR levels between 90–104 

mL/min/1·73 m². The association of eGFR to excess mortality risk was independent of 

albuminuria or other potential confounding factors. With regard to albuminuria, its 

association with mortality was linear on the log-log scale, with a two times higher risk within 

the UACR of moderately increased albuminuria when compared with the optimum UACR 

level, independently of eGFR and other conventional risk factors. In addition, the excess 

mortality risk conferred by increased UACR was more than two-fold within all ranges of 

eGFR, except for the lowest eGFR category, suggesting that albuminuria provides additional 

prognostic information apart from eGFR alone (10). Thus, the association of albuminuria 

with cardiovascular risk does not display a threshold effect, even after adjustment for 

traditional cardiovascular risk factors and eGFR, indicating that the presence of albuminuria 

even at the upper limits of the normal range (threshold 30 mg/g) carries cardiovascular risk. 

Likewise, results from a subsequent meta-analysis showed that eGFR and albuminuria 

independently improved the prediction of incident cardiovascular events beyond traditional 

risk factors (11). The additional prognostic value provided was greater with UACR than with 

eGFR or dipstick proteinuria and was more evident for cardiovascular mortality and HF than 

for CHD and stroke. It should be noted that UACR was superior to most of the traditional 

cardiovascular risk factors for predicting cardiovascular mortality, HF, and stroke in the 

general populations. The prediction improvement shown by markers of kidney disease was 

more pronounced in specific patients' subsets such as diabetics and patients with 

hypertension whereas UACR alone improves prediction for cardiovascular mortality and HF 

in patients without either of these conditions as well. Specifically, in the CKD population, the 

combination of eGFR and UACR surpassed the modifiable traditional risk factors as well as 

the combination of traditional lipid variables for the prediction of all cardiovascular 

outcomes (11). 

Considering that as eGFR declines, cardiovascular events and infectious 

complications are the main culprits responsible for increasing mortality rates, the Alberta 
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Kidney Disease Network conducted a study in residents of Alberta, Canada who died 

between 2002 and 2009 in order to shed light on common causes of death in people with 

CKD. EGFR was calculated using the CKD Epidemiology Collaboration equation. An inverse 

association between eGFR and specific causes of death, including specific types of 

cardiovascular disease, infection, and other causes, were shown in this cohort (13, 18). In 

specific, the most common cause of death for individuals with eGFR≥60 ml/min per 1.73 m2 

and without proteinuria was cancer (38.1%) whereas the most common cause of death for 

those with eGFR<60 ml/min per 1.73 m2 was CVD. Furthermore, the unadjusted proportion 

of patients who died from CVD increased as eGFR decreased. The proportions of deaths 

from HF and valvular disease as well as deaths from infectious and other causes specifically 

increased with declining eGFR, whereas the proportion of deaths from cancer decreased 

(13, 18). 

Strikingly, in patients with stages 3A and 3B CKD, the incidence of cardiovascular 

mortality is much higher than the incidence of progression to kidney failure (10,, 15), with 

less than 1 % of patients with CKD ultimately reaching the end-stage. Instead, most patients 

with moderate to advanced CKD will prematurely die, and this with CVD as the main cause 

of death (19). These data indicate that the true burden of disease in patients with CKD is 

related to the increased risk of CVD rather than the risk of reaching kidney failure requiring 

renal-replacement therapy (RRT) (17-19). Only in patients with CKD stage 4 and beyond 

does the risk of kidney failure exceed that of the occurrence of cardiovascular events (17-

19). Mortality rates due to CVD peak in dialysis patients being several times higher than the 

general population. Compared to the general population in Europe as a reference, the age-

adjusted cardiovascular mortality in dialysis patients was 8.8 times higher (16, 19). Overall, 

nearly half of patients with CKD stage 4–5 suffer from CVD and approximately 40%–50% of 

them die due to cardiovascular causes (16, 19). Dialysis patients aged 25 with 34 years 

display an annual cardiovascular mortality risk that is 500 to 1.000 times higher compared to 

healthy individuals of the same age (20). However, the relative prevalence of the various 

types of cardiac disease differs in patients undergoing RRT compared with the non-dialysis 

population. Accordingly, 80 % of CVD deaths in patients on dialysis are presumably due to 

arrhythmic events whereas less than 10 % can be ascribed directly to CHD (19). 

Overall, the above evidence highlights the immense burden of CVD in patients with 

CKD (21-27). In specific, various CVD phenotypes are associated with impaired kidney 

function. Accordingly, the risk is increased for atherosclerotic CVD and atrial fibrillation, with 

the risk of HF being approximately double in patients with eGFR less than 60 mL/min per 

1·73 m2 compared to normal individuals. 

 

1.2 Atherosclerotic CVD in CKD 

 

Despite the overall agreement on the association of CKD with an increased incidence 

of cardiovascular events, there is less information on the prevalence and progression of 

atherosclerosis in CKD (28, 29). Postmortem studies have shown that CKD patients display a 
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significant degree coronary artery atherosclerosis, which is characterized by a 

predomination of calcified plaques, greater media thickness as well as the presence of 

medial calcification in comparison with patients without CKD (30, 31-33). The association 

between kidney disease and carotid atherosclerosis has been confirmed by several studies 

including patient cohorts from the general population (34). Thus, reduced renal function is 

strongly associated with increases in carotid intima media thickness (cIMT) (35). The latter is 

a significant adverse prognostic factor for ischemic cardiovascular events as well as long-

term mortality in both in non-dialysis-CKD patients and in hemodialysis patients (35-37). 

Recent data indicate that the atherosclerosis risk actually increases early in CKD, however as 

CKD progresses, the burden of atherosclerosis adds less to the overall cardiovascular risk 

(29). According to recent evidence from a Canadian study, the rate of carotid plaque 

progression was lower in patients with advanced CKD (eGFR category G4) compared to 

patients belonging to eGFR categories G2-3a) (28, 30). 

The incidence and prevalence of coronary heart disease in the dialysis population 

vary across different studies and cohorts mainly due to heterogeneities of the definition 

that is used (38). In line with the above, even though the burden of CVD is much higher than 

that observed in the general population, the precise contribution of CHD to cardiac 

mortality in the dialysis population remains to be clarified. The unadjusted prevalence of 

CHD in 2020 was 43 and 37 percent among patients on hemodialysis and peritoneal dialysis, 

respectively (17). Additionally, 16 % of patients on hemodialysis and 13 % of patients on 

peritoneal dialysis had a history of acute myocardial infarction (MI) (17). With regard to 

mortality, CVD accounted for more than 38 % of all deaths in hemodialysis patients (17, 37) 

with less than 10% of those being due to atherosclerotic heart disease and over 80 % being 

attributed to arrhythmia and cardiac arrest. The latter mainly occurred in the setting of 

nonischemic etiologies such as myocardial fibrosis and left ventricular hypertrophy LVH (37). 

 

1.3 Left ventricular remodeling in chronic kidney disease 

 

Cardiac remodeling is a hallmark of the systemic nature of CKD manifesting as 

myocardial fibrosis on histology, increased left ventricular (LV) mass and LVH, impaired 

myocardial strain and eventually development of LV diastolic and systolic dysfunction (39, 

40). The spectrum of cardiomyopathic alterations in the setting of CKD is included under the 

umbrella term of uremic cardiomyopathy. Various imaging modalities studies, including 

echocardiography and cardiac magnetic resonance imaging (CMRI) display a high prevalence 

of uremic cardiomyopathy, which increases with CKD progression (41). Thus, recent 

evidence from imaging studies using echocardiography and CMRI have defined the key 

features of uremic cardiomyopathy including abnormal myocardial deformation, which is 

considered a surrogate of myocardial fibrosis, LVH, left atrial (LA) dilatation, and diastolic 

dysfunction which are exhibited by CKD patients with mild to moderate renal dysfunction 

before progressing to advanced CKD and before the development of overt systolic 

dysfunction and HF (42). 



12 
 

   
 

Considering that diastolic dysfunction and myocardial strain have emerged as 

predictors of mortality in the general population, they have been examined as well in 

experimental and clinical studies of uremic cardiomyopathy so as to clarify their significance 

as clinically relevant outcomes in patients with CKD (43). Although diastolic dysfunction is 

usually considered a result of the development of LVH, available evidence indicates that 

myocardial fibrosis leads to myocardial thickening and augmented ventricular stiffness as 

well. Thus, experimental data indicate that impaired myocardial strain and diastolic 

dysfunction in mice with CKD were observed before the development of LVH on the 

echocardiogram (43). In like manner, diastolic dysfunction appears to come before the 

increases in blood pressure (BP) and the establishment of LVH in the setting of essential 

hypertension (43). 

Myocardial fibrosis is caused by increased production and deposition of extracellular 

matrix by myocardial fibroblasts. The development of myocardial fibrosis is considered a key 

and defining pathophysiological process underlying CKD-associated cardiomyopathy, 

ventricular stiffening and impaired LV diastolic function (41). Both autopsy studies and 

clinical studies conducting endomyocardial biopsies have shown that CKD patients display a 

greater burden of extracellular matrix deposition including collagen compared to their 

counterparts without CKD (2, 44). Myocardial fibrosis emerges since the initial stages of CKD 

and its extent as determined by the percentage of total myocardial tissue occupied by 

collagen fibers, defined as collagen volume fraction, becomes prominent with disease 

progression (44-47). Notably, CKD is associated with myocardial fibrosis independent of 

other potential confounding variables (46). The location of interstitial myocardial fibrosis in 

CKD differs from post-MI fibrosis in terms of its distribution affecting not only the 

perivascular areas as occurs in the latter (45-48). Patterns of fibrous deposits can include 

micro scars, thick deposits surrounding intramural coronary arteries and arterioles and 

bands surrounding the cardiomyocytes sheaths (46). In a study of LV endomyocardial 

biopsies of hemodialysis patients, 42% of them carried cardiac fibrotic deposits (49). A study 

of endomyocardial biopsy samples from hemodialysis patients with HF showed that the 

collagen volume fraction amounted to more than 20% of the entire myocardial tissue (46, 

48). Furthermore, it has been suggested that in patients with kidney disease, perivascular 

fibrosis may contribute to cardiac microvascular disease via extrinsic compression of 

intramyocardial vessels (50). It should be noted that endothelial dysfunction in the setting of 

arteriolar remodeling and reduced capillarization has been associated with reduced 

coronary flow reserve (CFR), which in turn correlates with cardiovascular mortality in CKD 

patients (46). 

Since the seminal observation of Richard Bright and the experimental studies of 

Traube nearly 2 centuries ago, arterial hypertension and cardiac hypertrophy have been 

recognized as CKD major features (54). Autopsy studies of CKD patients have revealed 

increased cardiac cell size in the LV wall as well as an increased myocardial wall (48). The 

prevalence of LVH across the CKD stages is inversely related to the severity of kidney 

dysfunction. Cardiac imaging studies utilizing echocardiography or CMRI have shown that 
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increased LV mass and LVH affect approximately 40% of non-end stage CKD patients and its 

prevalence rises to over 75% in patients undergoing RRT (50-53). However, there is a 

relatively large heterogeneity of the prevalence of LVH in CKD as reported by different 

studies, according to the characteristics of the population studied, the method chosen to 

estimate the GFR and the definition used (50-56). Furthermore, LVH and increased left 

ventricular mass index (LVMI) are regarded as a strong, independent predictor of mortality 

in CKD, displaying a graded association with adverse cardiovascular outcomes and mortality 

in these patients (39, 57-62). Accordingly, an analysis of 1,249 patients with pre-dialysis CKD 

showed that LVH was associated with a mortality risk of 25 deaths per 1000 person-years, 

thus constituting the largest increase among traditional risk factors (41, 57). Moreover, both 

the severity and persistence of LVH are adversely associated with prognosis in CKD patients. 

Strikingly, a 10% decrease in LV mass has been associated with a 28% reduction in 

cardiovascular mortality risk in a cohort of hemodialysis patients (58, 61). Imaging studies, 

including echocardiographic studies have confirmed that LVH as assessed by 

echocardiography bears prognostic significance regarding the occurrence of adverse 

cardiovascular and renal outcomes (63, 64). Apart from LVMI, other echocardiographic 

indices, such as estimation of the relative wall thickness (RWT) are utilized to identify 

abnormal LV geometric patterns (65, 66). Studies involving patients from the general 

population and patients with essential hypertension have shown that abnormal patterns of 

LV geometry adversely affect prognosis, with concentric LVH portending a higher risk of 

cardiovascular events and all-cause mortality (65-67). With regard to patients CKD patients, 

both concentric and eccentric LVH is associated with either more rapid progression to 

kidney failure or higher cardiovascular risk, respectively (62, 63, 68). Accordingly, in non-

dialysis CKD patients, the presence of LVH was associated with a two- to threefold increase 

in the risk of adverse cardiovascular outcomes, progression to kidney failure, and all-cause 

mortality, independently of the specific LV geometric pattern involved (92). A secondary 

analysis of the CREATE Study showed that both concentric and eccentric LVHs were 

associated with adverse cardiovascular events although but there was no data provided 

with regard to kidney outcomes (68). In addition, higher LVMI is associated with de novo 

development of HF in patients with CKD in a graded fashion (69, 70). Results from the 

Chronic Renal Insufficiency Cohort (CRIC) study which enrolled individuals with CKD and 

without baseline HF, showed that LVMI was a strong, predictor of incident HF and death, 

independently of known cardiac risk factors in CKD, such as eGFR, troponin T, brain 

natriuretic peptide (BNP), and FGF23 (69). 

Diastolic myocardial dysfunction is common finding in CKD, with studies reporting an 

incidence of 71% in non-dialysis CKD and up to 85–90% in patients undergoing RRT (41). 

Excess myocardial deposition of collagen affects the elastic properties of the 

cardiomyocytes, subsequently causing increased ventricular stiffness, impaired myocardial 

relaxation and diastolic recoil (41,71). Diastolic dysfunction, increased LV mass and LVH, as 

well as myocardial fibrosis are tightly linked with each other and all are associated with 

increased mortality (41, 72). Accordingly, the American Society of Echocardiography and the 
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European Association of Cardiovascular Imaging consider LVH as a marker of diastolic 

dysfunction (73). On the other hand, ejection fraction (EF) remains preserved in the majority 

of patients with CKD. Thus, overt LV systolic dysfunction, manifested by a reduced LV EF, is 

not a common finding in pre-dialysis CKD patients, with a reported prevalence of 8% and 

interestingly it does not bear an association with eGFR (21, 74). Accordingly, data from 

several studies show that less than a third of patients with kidney failure display detectable 

systolic dysfunction. Nevertheless, it should be noted that although EF is an established 

predictor of outcome, especially in patients with HF, it is only a crude marker of impaired 

systolic function. With regard to CKD, observational studies have demonstrated an 

association between reduced EF with a greater risk of cardiovascular and all-cause mortality.  

Although the complex nature of myocardial remodeling affects the performance of LVEF for 

evaluation of the systolic function, technical limitations of EF measurement may also play a 

role. On the other hand, recent studies have shown that changes in myocardial deformation 

exist even during the initial stages of CKD, thus indicating the presence of subclinical LV 

systolic dysfunction (75, 76).  As a result, the quest is open for other non-invasive and more 

objective means for assessment of LV function. 

This is of relevance to the CKD cohort who undergoes progressive cardiac 

remodeling. Modification of the LV geometry with development of concentric hypertrophy 

occurs in various pathophysiological settings including CKD, in which the magnitude of LV 

mass substantially surpasses the level required to sustain its normal performance which is 

otherwise labelled ''inappropriate LV mass'' (71). Concentric LVH is associated with 

echocardiographic markers of abnormal myocardial relaxation and increased myocardial 

stiffness (71). Concentric LVH as defined by the European Guidelines on Arterial 

Hypertension and based on the LVMI, is consistently related to echocardiographic markers 

of abnormal LV relaxation, including E/A ratio with dominant A velocity (71, 77). Ventricular 

diastole involves tightly linked and overlapping phases that include the elastic recoil, active 

relaxation, passive late diastolic filling and LA contraction. Every abnormality of LV filling 

affects LA dimensions and function, because the LA is extremely sensitive to changes in 

pressure, due to its thin wall thickness. Accordingly, in the absence of significant mitral 

regurgitation, LA dilatation with increased LA volume and LA volume index (LAVI) would be a 

surrogate marker of any abnormalities related to atrial emptying, characterizing diastolic 

dysfunction (71, 73). Doppler echocardiographic examination of mitral and aortic flow 

velocities, together with pulmonary vein flow and tissue Doppler of the mitral annulus are of 

paramount importance for assessing LV diastolic function. There are several doppler 

parameters associated with diastolic dysfunction (71, 73). Accordingly, the ratio of mitral 

inflow early peak velocity (E) to the late peak velocity, induced by atrial systole (A), 

measurable at the level of the mitral valve leaflet (E/A ratio) provides significant data 

regarding myocardial relaxation and LV filling pressure.  LV filling pressure, an index of 

passive late diastolic filling, can be estimated by the ratio between transmitral E velocity and 

tissue Doppler E’ velocity recorded at the mitral annulus (71, 73). CMRI is a highly reliable 

method for the accurate assessment of biventricular function, ventricular geometry and 



15 
 

   
 

mass, as well as myocardial structure, including identification and quantification of 

myocardial scars and inflammation (71). Although CMRI is a useful tool for assessing 

diastolic dysfunction, its utilization in routine clinical practice is limited due to the cost, 

availability and lack of clear advantages compared with Doppler echocardiography (71). 

Non-invasive and widely available diagnostic methods are required in order to detect 

subclinical myocardial abnormalities in CKD patients so as to identify those at higher risk for 

CVD. Echocardiography remains an essential tool for the assessment of cardiac structure 

and function in CKD patients, with various echocardiographic indices being related to 

adverse cardiovascular outcomes. Yet, classic echocardiographic indices of LV systolic and 

diastolic function may not be sensitive enough in detecting early myocardial deterioration in 

CKD patients (53). Thus, as already discussed previously, although LVEF is a widely used 

surrogate marker for LV systolic function, it is subject to influence by LV loading conditions 

plus it tends to increase with LV concentric remodeling. In addition, increased afterload may 

reduce the LVEF despite preserved LV contractility. In this regard, LVEF may not be an 

adequate measure to assess myocardial intrinsic contractility in patients with kindey failure, 

in whom changes in preloads and afterload status occur frequently. In this respect, LV global 

longitudinal strain (GLS) assessed by speckle-tracking echocardiography (STE) has been 

reported to more sensitively assess subclinical LV systolic dysfunction with better 

reproducibility compared to LVEF.Two-dimensional speckle tracking echocardiography 

(2DSTE) is a sensitive semi-automated modality for the evaluation of the LV systolic as well 

as diastolic function in an operator-independent manner (53). This relatively new 

echocardiographic technique, which is used along with conventional echocardiographic 

measures, examines regional LV function by tracking acoustic markers or speckles within the 

myocardium from frame to frame in B-mode images (78). However, the evaluation of 

myocardial motion by classical echocardiograph is affected by translational and tethering 

effects. On the other hand, 2DSTE analysis determines deformation and removes the effect 

of tethering and translational motion of the whole heart, thus outperforming traditional 

echocardiographic imaging with regard to detection of early changes of myocardial function 

(78). Furthermore, as 2DSTE makes possible the assessment of the deformation of the LV 

myocardium via strain and strain rate analyses in the longitudinal, circumferential, and 

radial myocardial axes. Available data suggest that 2DSTE may provide further insight into 

the pathophysiology of specific myocardial pathological states, including cardiac ischemia 

and infarction, hypertrophic or diabetic cardiomyopathy. In addition, 2DSTE may be a useful 

tool for the identification of areas of myocardial fibrosis in the setting of uremic 

cardiomyopathy (78). Peak global longitudinal strain (GLS) has emerged as the most 

important load-independent index that provides an accurate measurement of LV systolic 

and diastolic function with many prognostic implications (53). GLS which is equal to the 

negative ratio of the maximal change in LV longitudinal length in systole to the original 

length reflects the longitudinal contraction of the myocardium (79). There are several other 

advantages of GLS including it being operator independent, more reproducible compared to 

EF, easily measured and integrated to standard echocardiography (79). The accuracy of GLS 
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detecting and quantifying subtle disturbances in LV systolic function has been validated 

against tagged CMRI (79). 

GLS was shown to be a superior, robust predictor of cardiac events and all-cause 

mortality compared to EF, both in the general population as well as in patients with MI, 

cardiomyopathy and HF (79). Myocardial deformation analysis data from STE studies have 

revealed subclinical abnormalities of the LV myocardial relaxation and contractile function in 

CKD patients in the absence of established CVD (47, 48). Similarly, 2DSTE studies in CKD 

patients have shown that parameters such as peak GLS, peak systolic longitudinal strain 

rate, and peak GCS and GRS, were independent risk factors for cardiovascular mortality (78).  

Several studies described a reduction of LV strain parameters in patients with CKD or dialysis 

patients despite preserved LVEF (79). Accordingly, even patients with CKD stages 2–3 display 

impaired systolic strain and strain rate values as assessed by tissue Doppler imaging, 

whereas the classical echocardiographic indices of LV function, such as EF do not display any 

differences compared with healthy controls (79). In specific, LV GLS has emerged as a more 

sensitive predictor of mortality compared to EF in CKD patients as well (78, 80, 81). 

Abnormal GLS was independently associated with both all-cause and cardiovascular 

mortality in patients with CKD and those undergoing hemodialysis, even in the setting of 

preserved LV function (78, 80, 82).  In line with the above, diastolic tissue velocity by tissue 

Doppler imaging is an independent predictor of cardiovascular events in patients with CKD 

(83). Thus, a more accurate assessment of systolic function may significantly improve the 

detection of early subclinical myocardial systolic dysfunction in patients with kidney disease 

and subsequently identify those at increased risk of future HF or other major cardiovascular 

events. 

Patients with CKD with diastolic LV dysfunction are at increased risk of progression of 

CKD as well. Thus, among patients with non-dialysis CKD, increased early diastolic mitral 

inflow velocity/early diastolic mitral annulus velocity ratio (E/E’), measured by 

echocardiography, was significantly associated with progression of CKD, defined as a >50% 

decrease in eGFR from baseline, doubling of serum creatinine, dialysis initiation, and/or 

kidney transplantation (84, 85). 

The counterclockwise rotation of the LV apex with respect to base clockwise rotation 

is referred to as LV twist or torsion which represents a mechanistic link between systole and 

diastole (86). The orientation of the myocardial fibers changes continuously during ejection 

from a right-handed helix in the sub-endocardium to a left-handed helix in the subepicardial 

region resulting in LV twist (87). The outer epicardial layer dominates the overall direction of 

rotation due to its larger radius of rotation. Available data suggest that nearly 40 % of the LV 

stroke volume is ascribed to ventricular twist dynamics. LV preload, afterload and 

contractility affect the extent of LV twist, which increases with higher preload and increasing 

contractility and decreases increased afterload (86). Twist during ejection predominantly 

deforms the subendocardial fiber matrix, resulting in storage of potential energy, which is 

released during subsequent recoil of twist deformation, thus contributing to LV diastolic 

relaxation and early diastolic filling (86). Longitudinal LV mechanics, which are at large 
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driven by the subendocardial region, are the most vulnerable and sensitive to the presence 

of myocardial disease. Thus, the mid-myocardial and epicardial function may not become 

impaired during the initial stages of myocardial dysfunction, with GCS and twist remain 

normal or displaying exaggerated compensation in order to preserve LV systolic 

performance (87). LV twist is evaluated by STE and CMRI and has proven to be a more 

sensitive marker of subtle myocardial dysfunction when compared with conventional 

echocardiographic methods, including EF (86, 88). LV twist is a potential marker of 

subclinical LV systolic dysfunction in CKD patients with normal EF, with abnormal twist 

values detected observed as early as CKD stage 3 (89). Notably, STE assesses global and 

segmental myocardial deformation, thus making possible the characterization of myocardial 

tissue (47, 52, 53). Accordingly, the amount of myocardial fibrosis has been related to the 

degree of reduction in myocardial GLS in patients with HF (81, 90). Molecular imaging 

methods such as single-photon emission computed tomography and positron emission 

tomography as well as CMRI are very promising techniques for the accurate identification 

and quantification of collagen deposition as a hallmark of myocardial fibrosis in patients 

with CKD (46, 81, 90). (62) Finally, DIPSE is used to non-invasively measure the CFR, thus 

assessing both the potential existence of main coronary artery stenosis as well as the 

coronary microcirculation in the left anterior descending artery (LAD) territory. Accordingly, 

a CFR value less than 2 is associated with significant microvascular dysfunction and is a 

strong predictor of the presence of epicardial coronary artery stenosis (53). Impaired CFR 

has been also advocated as an adverse prognosticator for CVD. 

 

1.4 Heart failure in CKD and the cardiorenal syndrome 

 

The 2016 European Society for Cardiology guidelines for managing HF define it based 

on signs and symptoms due to structural and/or functional cardiac abnormalities, resulting 

in a reduced cardiac output and/or elevated intracardiac pressures at rest or during stress 

(91). Heart failure is classified into specific subsets of HF with regard to EF levels and 

specifically HF with preserved EF (HFpEF), ≥50% ; reduced EF (HFrEF), <40%; and mildly 

reduced EF (HFmrEF), 40% to 49% (91). The presence of comorbidities such as CKD further 

complicates the diagnosis, as volume overload in the setting of CKD further contributes to 

the pathogenesis and manifestations of HF. In specific, HF as the primary syndrome can lead 

to development of kidney disease, and vice versa, or both states can exist simultaneously 

due to shared risk factors or systemic disorders which affect both organs (92, 93). However, 

the differential diagnosis of which disease comes first, and which is secondary may be 

complex. 

The term cardiorenal syndrome (CRS) comprises a spectrum of disorders involving 

both the heart and kidneys in which acute or chronic dysfunction in 1 organ may induce 

acute or chronic dysfunction in the other organ (94).  CRS was first defined by the Working 

Group of the National Heart, Lung, and Blood Institute in 2004, as the result of interactions 

between the kidneys and other circulatory compartments that increase circulating volume, 
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which exacerbates the symptoms of HF and disease progression (95). The uttermost 

manifestation of cardiorenal dysregulation leads to CRS, in which therapy to relieve 

congestive symptoms of HF is hindered by exacerbation of the renal function (95). Yet, 

taking into the consideration of the complex pathophysiological and clinical relationship 

between these two organs, there is a wider clinical spectrum of disorders that may belong 

to the dysregulation of the cardiorenal axis. Thus, the Acute Dialysis Quality Initiative 

outlined a consensus approach in 2008 that classified CRS into 2 major groups, cardiorenal 

and reno-cardiac syndromes, based on the instigating factor of the disease process (94, 96). 

Subsequently, there were recognized 5 subtypes of the CRS with regard to disease onset 

and duration as well sequential organ involvement (Table 2) (94, 96). Type 1 CRS is 

characterized by a rapid impairment of cardiac function, leading to acute kidney injury (AKI). 

Type 2 CRS is characterized by chronic cardiac dysfunction such as chronic congestive HF 

causing progressive CKD. Type 3 CRS is characterized by a sudden worsening of kidney 

function leading to acute cardiac dysfunction including HF or ischemic heart disease. Type 4 

CRS is characterized by the development of chronic pathological cardiovascular phenotypes, 

including LVH, diastolic and systolic myocardial dysfunction. Finally, type 5 CRS is 

characterized by the presence of both cardiac and renal dysfunction due to other acute or 

chronic systemic disease. 

 

Table 2. Classification of CRS Based on the Consensus Conference of the Acute Dialysis 

Quality Initiative 

 

Phenotype Nomenclature Description Examples 

Type 1 CR Acute CRS HF resulting in AKI ACS resulting in 
cardiogenic shock and AKI, 
AHF resulting in AKI 

Type 2 CRS Chronic CRS Chronic HF resulting in 
CKD 

Chronic HF 

Type 3 CRS Acute renocardiac 
syndrome 

AKI resulting in AHF HF in the setting of AKI 
from volume overload 

Type 4 CRS Chronic 
renocardiac 
syndrome 

CKD resulting in 
chronic HF 

LVH and HF from CKD-
associated cardiomyopathy 

Type 5 CRS Secondary CRS Systemic disease 
resulting in HF and 
CKD 

Sepsis, cirrhosis, 
amylodosis 

ACS, acute coronary syndrome; AHF, acute heart failure; AKI, acute kidney injury; CKD, 
chronic kidney disease; CRS, cardiorenal syndrome; HF, heart failure; LVH, left ventricular 
hypertrophy. 
 

HF and CKD may occur as a bidirectional process with considerable overlap. The 

incidence of de novo HF in the setting of CKD is approximately 20% (91, 92). The 

development of HF varies according to the stage of CKD as well as the modality of RRT and 
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kidney transplantation. The prevalence of HF increases with CKD progression. Thus, among 

patients undergoing hemodialysis, approximately 10% have HFpEF, 13% have HFrEF, and 

21% display unspecified HF (92).  The simultaneous occurrence of HF and CKD is frequent 

with 30 to 60 % of patients with HF having a GFR less than 60mL/min per 1.73 m2 (97-103). 

The Acute Decompensated Heart Failure National Registry (ADHERE) database which 

reported data on over 100,000 patients with HF requiring hospitalization showed that 

approximately 30% had a diagnosis of CKD defined as a serum creatinine greater than 2.0 

mg/dL (103). Furthermore, the mean eGFR in this cohort was 55 mL/min/m2, whereas only 

9% of patients had an eGFR above 90mL/min/1.73 m2 (100). A systematic review of 16 

studies including more than 80,000 hospitalized and non-hospitalized patients with HF, 

showed that moderate to severe kidney impairment as defined by either eGFR criteria, 

serum creatinine or serum cystatin C levels, was present in 29% of patients (99). A large 

meta-analysis including patients with HF with reduced EF (HFrEF) and HF with preserved EF 

(HFpEF) showed that more than half of the patients had eGFR less than 60 ml/min per 1.73 

m2, with a stepwise increase in mortality risk depending on the stage of CKD (97). In the 

Atherosclerosis Risk In Communities (ARIC) study, the incidence of HF was three times 

higher in people with an eGFR less than 60 mL/min/1.73 m2 compared to those with a 

preserved kidney function (22, 98).  The prevalence of kidney function decline in patients 

with HF was illustrated by a study of 3,570,865 United States veterans with an eGFR ≥60 

mL/min/1.73m2 of which 156,743 were diagnosed with HF (100). 

Heart failure patients had greater than two times the risk of incident CKD, a 

composite of incident CKD or mortality, as well as rapid eGFR decline when compared to 

those without (100). Data from the ADHERE study show that nearly one third of the patients 

hospitalized for acute decompensated HF, display acute kidney disease (AKD) or CKD as well 

(103). Furthermore, the prevalence of CKD is slightly higher in patients with acute HF 

compared to those chronic HF (103). Kidney impairment is a predictor of a poor prognosis in 

patients with HF and it has a strong association with worse outcomes (98, 104). In addition, 

albuminuria per se constitutes a prognostic for adverse outcomes in HF, although its 

contribution is inferior to the role of eGFR (92, 104-106). The presence of CKD more than 

doubles the mortality risk in patient with HF (106). Reduced eGFR is associated with 

increased risk of all-cause mortality, cardiovascular mortality, and hospitalizations in 

patients with established HFpEF or HFrEF (104-106). In line with the above, data from the 

CHARM program which included 2680 patients with chronic HF followed for a median of 

nearly three years showed that all-cause mortality increased significantly when the baseline 

eGFR was below 75 mL/min/1.73 m2, with an adjusted hazard ratio (HR) 1.09 (95% CI 1.06-

1.14) for every 10 mL/min/1.73 m2 decline in eGFR (104). Furthermore, the adjusted HR 

increased from 1.20 at eGFR levels between 60 and 75 mL/min/1.73 m2 to 2.92 when eGFR 

fell below 45 mL/min/1.73 m2. Notably, the effect of kidney function on all-cause mortality 

was independent of the LVEF (104). 

In the meta-analysis by Smith et al, when compared to HF patients with normal 

kidney function, the mortality rate at a follow-up of one year or more was increased by 
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more than 50% in HF patients with mild reduction in eGFR and it more than doubled in 

those with moderate to severe reduction in eGFR (99).  It was estimated that mortality 

increased by approximately 15% for every 0.5 mg/dl increase in creatinine and 7% for every 

10 mL/min reduction in eGFR (102). A meta-analysis of more than 18,000 patients with HF, 

both hospitalized and outpatients, showed that the mortality risk increased nearly 50% 

when eGFR declined by 11 to 15 mL/min/1.73 m2 and tripled when the eGFR declined by 

more than 15 mL/min/1.73 m2 (107). It should be noted that not only cardiac dysfunction, 

but treatment of acute or chronic HF as well frequently leads to kidney function decline in 

the acute or chronic setting, thus fulfilling the criteria for type 1 or type 2 CRS (107-112). 

Worsening renal function among hospitalized HF patients which usually occurs in the first 

three to five days of hospitalization, has been reported by several series, with approximately 

20 to 30 % of patients fulfilling criteria for AKI by developing an increase in serum creatinine 

of more than 0.3 mg/dL (107-112). Risk factors for worsening kidney function during 

admission for HF include a prior history of HF, diabetes or uncontrolled hypertension as well 

as already increased serum creatinine at admission (107-112).  An analysis of the PROTECT 

trial identified multiple different trajectories of kidney function during hospitalization for 

acute HF including a transient rise in serum creatinine affecting 19 % of patients, a sustained 

increase affecting 17.6%, whereas 14.5 % displayed a decrease (112). However, after 

multivariable adjustment, none of the trajectories of change showed any prognostic 

correlation with patients' outcomes thus raising a question regarding the significance of 

changes in kidney function during acute HF (112). Furthermore, the cause of worsening of 

eGFR in HF influences its prognostic significance (107, 108). Thus, even though the degree of 

eGFR decline during treatment of HF has often been associated with a progressive risk of 

increased mortality by various clinical studies, there is evidence suggesting that patient 

outcomes may be improved with aggressive fluid removal even if it is accompanied by a rise 

in serum creatinine. 

 

2. Epidemiology of CVD in kidney transplantation 

 

The survival benefit displayed by kidney transplant recipients (KTRs) is largely 

attributable to the reduction of CVD burden, however, continue to remain at higher risk for 

CVD-related morbidity and mortality when compared with the general population (113-

115). CVD remains the leading cause of morbidity and mortality after kidney transplantation 

with death from CVD being the most common cause of graft loss. KTRs have a lower risk of 

cardiovascular events compared to hemodialysis patients on the waitlist for kidney 

transplant; still the risk is considerably higher compared with the general population (113, 

114). CVD is responsible for 40 to 60 % of deaths following kidney transplantation and 

accounts for 30 % of graft loss from death overall, with the greatest rates early following 

transplantation (116-121). The annual risk of cardiovascular events rate in KTRs is 3.5–5% 

(122).  When compared to age matched control subjects, KTRs carry a three- to five-fold 

higher risk of CVD (123). Strikingly, the higher odds of cardiovascular death in KTRs reach a 
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nearly 50-fold increase in patients in the fifth decade of life (124, 125). Nevertheless, it 

should be noted that the incidence of cardiovascular death after transplantation is currently 

displaying a declining trend despite the increased age and comorbidities among KTRs, which 

should be ascribed to improvements in the management of KTRs as well as competing risks 

of cancer and infection (117). Indeed, recent data from the UK Renal Registry demonstrate 

that the annual mortality directly attributable to CVD in KTRs has fallen over the previous 

decade (126). It should be noted that the large number of kidney failure patients with 

diabetes, who are at markedly increased cardiovascular risk contributes to the high rate of 

cardiovascular deaths in KTRs. Accordingly, a study including 933 predominantly living-

donor KTRs, showed that CVD was the most common cause of death among diabetic KTRs 

whereas most deaths among patients without diabetes occurred due to infection, 

malignancy, or other causes (118). In spite of these, the cardiovascular risk among KTRs 

without diabetes as a cause for CKD, is still higher than in the general population. There are 

various components leading to the increased cardiovascular risk in KTRs, including 

traditional risk factors for CVD as well as non-traditional risk factors, including the adverse 

effects of the immunosuppressive medications and risk factors related to CKD. Furthermore, 

CVD is associated with an increased rate of hospital admissions in these patients, accounting 

for about 30% of these hospitalizations and with the respective mortality rate reaching 4 % 

(127). The clinical phenotypes of CVD in KTRs resemble those observed in non-transplanted 

individuals. Yet, it should be noted that similar to dialysis patients, more than half of 

cardiovascular deaths in KTRs are sudden and presumed to be related to arrhythmic events 

(123), highlighting the significant burden of non-atherosclerotic CVD, such as myocardial 

fibrosis and LVH in these patients as well (123). 

 

2.1 Atherosclerotic CVD following kidney transplantation 

 

Atherosclerotic CVD remains a major contributor to death with a functioning 

allograft (115). This was shown in the results of the Folic Acid for Vascular Outcome 

Reduction in Transplantation (FAVORIT) study cohort where the long-term survival of KTRs 

was mainly determined by infectious, malignant and cardiovascular complications (128). 

Despite competing causes of adverse outcomes and mortality, coronary artery disease 

(CAD) is an important cause of morbidity and mortality among KTRs, which seems relevant 

when one considers the comorbidities of CKD (128). The incidence of ischemic heart disease 

in the post-transplant population is approximately 1 per 100 person-years at risk whereas 

the incidence of MI is nearly six-fold higher than observed in the general population with 

rates of 5.6% and 11.1% at 1 year and 3 years post-transplantation, respectively (116). 

Mortality in KTRs after hospitalization for acute coronary syndrome (ACS) may be as high as 

24% at 1 year to 45% at 4 years (122). Recipient characteristics associated with post-

transplant MI include older age, history of angina, peripheral vascular disease, dyslipidemia, 

and pretransplant MI and arrhythmia (122). 
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2.2 Heart failure following kidney transplantation 

 

The development of cardiomyopathy prior to transplantation impacts outcomes in 

KTRs, yet a functioning kidney graft influences the extent and progression of preexisting 

cardiomyopathy. Kidney transplantation is associated with remarkable improvements in LV 

size as assessed by LV diastolic diameter and function as well as regression of LVH as 

assessed by LV mass, otherwise known as reverse remodeling (129-132). Moreover, positive 

changes are observed in LV diastolic function and right ventricle (RV) systolic pressure in the 

post-transplantation period (130-132). Accordingly, although LVH is observed in 

approximately 50% of patients following transplantation, regression of LVH reduces the risk 

of cardiovascular events up to nearly 60% in KTRs (130-133). Still, LVH remains common in 

KTRs, related mainly to hypertension and anemia and it is an independent risk factor for 

congestive cardiac failure and mortality in these patients (130-133). Data from a randomized 

trial indicate that preservation of allograft function and adequate control of BP are the main 

factors associated with regression of LVH in this patient population (134). 

In line with the above, available evidence indicates that restoration of kidney 

function and reversal of the uremic milieu have a positive influence on myocardial 

mechanics and function in patients with established cardiomyopathy prior to 

transplantation.  Several studies report improvement in EF over time in most patients 

following kidney transplantation (130-132), This is most prominent in dialysis patients with 

underlying LV systolic dysfunction who showed substantial, stable improvements in LVEF 

following kidney transplantation, with a mean increase of 15% in those with a baseline LVEF 

lower than 40% (132). Accordingly, in a cohort of 103 patients with HFrEF who had a median 

of two hospitalizations due to HF before transplantation and no inducible ischemia, the 

mean EF increased from 32% prior to transplantation to 52% at 1-year post-transplant, with 

more than two thirds of the KTRs displaying an EF above 50% (130). Likewise, results from 

another study showed that graft outcomes and survival of KTRs with baseline mean EF of 

35% did not differ from those with normal EF, which was largely attributed to subsequent 

improvements in EF post transplantation (135). 

On the other hand, data regarding changes in subclinical indices of diastolic and 

systolic myocardial dysfunction following transplantation are less straightforward. Data 

using echocardiographic strain measurements suggest that subtle abnormalities in GLS, a 

sensitive measure of LV function, exist after transplant even among individuals with normal 

LVEF (136, 137). Thus, a study of children with CKD under maintenance dialysis who 

underwent kidney transplantation showed GLS improvements post-transplant (136). 

Similarly, results from a multi-center cohort with a long hemodialysis vintage showed 

improvements in LV GLS with reverse remodeling and improvements in LV systolic function 

being most prominent in patients with severely reduced LV GLS compared to those with 

mildly or moderately reduced LV GLS (137). However, an analysis of biventricular strain in 

dialysis patients prior to and following kidney transplantation showed that strain 

abnormalities persisted post-transplant even with preserved EF, thus suggesting that 
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subclinical abnormalities in myocardial mechanics may persist whilst other classical indices 

of myocardial function such as EF are within normal values (138). Yet, it is possible that the 

length of time needed for the recovery of strain abnormalities may require a long-term 

follow-up as well as the utilization of targeted therapies so as to further improve cardiac 

performance. Reduced GLS peri-transplant has been linked to an increased risk of 

cardiovascular events or death following transplantation even after adjusting to other 

correlates of adverse outcomes including older age, history of CAD, hypertension and 

diabetes as well as a higher E/E’ ratio (139). In conclusion, subclinical abnormalities in the 

biventricular strain may be observed in KTRs even when other classical indices of myocardial 

function such as EF are normal (131, 138-140). Larger studies are needed in the future to 

define the incremental predictive value of myocardial strain and deformation indices over 

clinical and other echocardiographic parameters for adverse CVD events following 

transplantation. 

Evidence from single center studies as well as large database analyses indicate that 

both preexisting and de novo HF follows kidney transplantation adversely affect post-

transplant outcomes. Overt HF following kidney transplantation remains a significant cause 

of hospitalizations related to CVD, accounting for 16% of all hospitalizations in these 

patients (129, 141-142). Notably, even though the absolute rates of major adverse 

cardiovascular events (MACE) in KTRs display a stable trend during the last two decades, 

78% of all MACE in this patient population were ascribed to HF (141, 142). Despite the 

improvement in EF over time in most KTRs, rates of de novo HF are as high as 10%–18% at 

12 and 36 months after transplant, and de novo HF is independently associated with higher 

mortality and graft loss (140). However, the incidence de novo HF after transplantation 

according to the USRDS significantly declined over the period of 1998–2010, with no 

apparent change in subsequent mortality (141). In conclusion, although improvements in LV 

systolic and diastolic volume and reduction in ventricular masses are observed after 

transplant, the effects of potential pathological cardiorenal crosstalk before and following 

transplantation contribute to ongoing myocardial dysfunction in KTRs. 

 

3. Pathogenesis of CVD in CKD and kidney transplantation 

 

3.1 Traditional and novel atherosclerosis risk factors in CKD 

 

CKD is considered as a major risk factor for development of CAD. Experimental 

animal models of CKD, performed in either ApoE or LDL receptor null mice or in rabbits, with 

5/6 nephrectomy or with unilateral nephrectomy, support the link between CKD and 

accelerated atherosclerosis (30). In addition to the high prevalence of traditional CAD risk 

factors, such as diabetes and hypertension, patients with CKD also carry other 

nontraditional CVD risk factors, which are related to the uremic milieu, including chronic 

inflammation, endothelial dysfunction, oxidative stress, uremic toxins and abnormal 

calcium-phosphorus metabolism among others (7). As a result, in patients with CKD, the 
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increased cardiovascular risk is multifactorial and to a certain degree a direct consequence 

of the pathophysiological mechanisms specific to CKD, thus rendering CVD prevention by 

traditional strategies difficult in this setting (Figure 2). 

It is well-known that individuals with CKD have a high prevalence of traditional risk 

factors such as hypertension and diabetes, which contribute to the increased cardiovascular 

risk in these patients. Noticeably, as already presented above, the associations of kidney 

function and albuminuria with cardiovascular risk are independent of these traditional 

cardiovascular risk factors (7). Hypertension and CKD are bidirectionally related as arterial 

hypertension is an established and strong risk factor for development of CKD whereas CKD 

itself is the most common cause of secondary hypertension (7, 143). The prevalence ranges 

from 60% to 90% depending on the stage of CKD and its cause (143).  Hypertension is a 

hallmark of CKD and even during its early stages; CKD can cause hypertension, which is likely 

to further augment cardiovascular risk in affected patients (7, 61). 

Type 2 DM as well as the metabolic syndrome is the main risk factors responsible for 

CKD in economically developed and developing countries (61). According to a great body of 

evidence, a significant percentage, ranging from 20% to 40% of individuals diagnosed with 

DM is likely to develop diabetic nephropathy (144). Hyperglycemia induces microvascular 

and macrovascular complications through various mechanisms including enhanced 

glycoxidation, intracellular generation of reactive oxygen species (ROS), and accumulation of 

glycosylated proteins, which promote mainly via epigenetic changes a chronic inflammatory 

state (61). Thus, inflammation is a key common denominator in the pathogenesis of diabetic 

kidney disease and its cardiovascular complication (145). Risk factors for obesity, type 2 

diabetes, and CKD-related risk factors for CVD overlap in patients with diabetic kidney 

disease. 

CKD causes both quantitative and qualitative changes in circulating lipid levels that 

can be atherogenic (146). Dyslipidemia in CKD patients is characterized by elevated 

triglycerides levels, low levels of HDL (high density lipoprotein) cholesterol, variable levels of 

LDL (low density lipoprotein) cholesterol and high lipoprotein a (LP(a)) levels (147). In CKD, 

the quantitative changes in serum lipids are not particularly proatherogenic with triglyceride 

levels being associated with subclinical atherosclerosis in CKD G3, whereas in CKD G4-5 only 

total cholesterol levels showed a weak association with the presence of atherosclerosis (30, 

148). Notably, the predictive value of LDL-cholesterol levels with regard to CAD risk in CKD is 

lower compared to the general populations (149). However, qualitative changes in lipid 

profile observed in CKD could be associated with a higher atherogenic profile (30). Available 

evidence indicates that CKD is linked to modifications in the metabolism of triglyceride-rich 

LDL or otherwise very low-density lipoprotein (VLDL) particles, intermediate-density 

lipoprotein, and LDL with excessive oxidation of LDL cholesterol and the generation of small 

dense LDL particles, which enhance their atherogenic potential (147). Furthermore, reverse 

cholesterol transport, a process which is mediated by HDL cholesterol is impaired in CKD as 

well (61, 147). Additional striking qualitative changes in the composition of lipoproteins 

include chemical modifications in LDL and HDL, such as glycation, oxidation, and 
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carbamylation, which are associated to activation of pathogenic pathways and receptors 

such as the proinflammatory lectin-like oxidized LDL receptor (30, 148-151). Carbamylated 

LDL caused oxidative stress, accelerated senescence and death in endothelial and 

endothelial progenitor cells, potentially contributing to the decreased endothelial 

regenerative ability that characterizes CKD (150, 151). LDL carbamylation favors 

atherosclerosis in animal models (150). Furthermore, Lp(a) levels are increased in CKD and 

Lp(a) overexpression in uremic mice increased the extent of atherosclerosis (30). 

Apart from the traditional cardiovascular risk factors, several non-classical risk 

factors, related to CKD have come at the spotlight for their links to the pathogenesis of CVD 

in CKD. 

CKD patients and especially those undergoing maintenance hemodialysis patients 

display significantly accentuated sympathetic activity when measured by sympathetic 

microneurography (61, 152). Notably, increased sympathetic activity does not regress after 

kidney transplantation but is abolished with bilateral nephrectomy (61). There are several 

causes of sympathetic nervous system (SNS) overactivity in CKD patients including activation 

by afferent renal nerves in diseased kidneys and comorbidities such as sleep apnea, obesity 

or concomitant CVD (61). Activity of renalase, an enzyme produced by the kidney that 

inactivates catecholamines, is lowered in individuals with CKD (9). This high sympathetic 

activity in CKD patients is associated with concentric LVH and a high risk of cardiovascular 

complications and death in dialysis patients (61). Increased activity of renin-angiotensin-

aldosterone system (RAS) in CKD is a pivotal mechanism within the complex pathways 

involved in the pathogenesis of CVD in these patients. Accordingly, angiotensin, among 

others, stimulates sodium and water retention, production of superoxide, interleukin 6 and 

other cytokines and induces endothelial dysfunction (61). 

Endothelial dysfunction is a hallmark of CKD as well as a risk factor for CVD. Although 

endothelial function is established in advanced CKD, there are other culprits that promote 

endothelial dysfunction early in CKD including DM and hypertension (153, 154). Impaired 

nitrous oxide production due to the accumulation of endogenous inhibitors of nitric oxide 

(NO) synthase, like asymmetric dimethyl arginine (ADMA) together with a parallel rise in 

endothelin levels are the main features of endothelial dysfunction, further inducing 

hypertension, inflammation and oxidative stress in CKD (155-158). Bioavailability of NO, 

which affects the growth and function of vascular smooth-muscle cells, platelet aggregation 

and leucocyte adhesion to the endothelium, is decreased in CKD (7). Concentrations of 

ADMA increase with decreasing kidney function are associated with concentric LVH and 

predict mortality and cardiovascular complications in patients with CKD (156-158). In 

specific, ADMA through inhibition of NO generation, reduces cardiac output, and augments 

systemic vascular resistance and as a result BP. Abnormal endothelium-dependent 

vasodilation, manifested as impaired brachial artery reactivity, is a predictor of 

cardiovascular events and mortality in CKD patients independently of arterial stiffness and 

LVH (153). Endothelial cell apoptosis facilitates atherosclerotic plaque formation and 

increased levels of sFas, a marker of apoptosis, are independent predictors of future 
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adverse cardiovascular event in patients with CKD (153). Moreover, albuminuria per se can 

be regarded both as marker and as a contributor to impaired endothelial function (7). 

Considering that oxidative stress is considered a central pathway in the pathogenesis of 

atherosclerosis and HF, there is great research interest regarding the implications of 

oxidative stress markers as CVD risk factors in patients with CKD (159). CKD enhances 

oxidative stress in the organism with ensuing cardiovascular damage (159). 

Oxidative stress in uremia is the consequence of higher reactive oxygen species 

(ROS) production, whereas attenuated clearance of pro-oxidant substances and impaired 

antioxidant defenses play a complementary role (159). Enhanced oxidative stress in the 

setting of the uremic milieu promotes enzymatic modification of circulating lipids and 

lipoproteins, protein carbamylation, endothelial dysfunction via disruption of NO pathways, 

and activation of inflammation, thus accelerating atherosclerosis (159). NADPH oxidase 

activation, xanthine oxidase, mitochondrial dysfunction, and NO-ROS are the main oxidative 

pathways leading to LVH and the cardiorenal syndrome (159). Finally, the activity of a subset 

of antioxidant enzymes, the paraoxonases is reduced in CKD which has been linked to 

increased burden of CVD in these patients (159). 

Abnormal mineral metabolism as occurs with CKD mineral bone disorder (CKD-MBD) 

promotes arterial calcification, and arterial stiffness, which may in turn lead to LVH and 

potentiation of atherogenesis (61, 160, 161). Coronary artery calcifications are considered 

as biomarkers of increased cardiovascular risk in CKD patients and especially in those on 

maintenance dialysis (160, 161). Vascular calcifications are a hallmark of CKD with vascular 

calcification in the large arteries being associated to the presence of atheroma plaques, 

whereas in small arteries medial calcification without plaque is often observed. The 

pathogenesis of vascular calcifications in CKD is mainly linked to the instability of calcium 

and phosphate ions in the circulation plus the abnormal differentiation of vascular smooth 

muscle cells (VSMC) which acquire an osteoblast and chondroblast-like phenotype. 

Furthermore, CKD is associated with disequilibrium in the expression of promoters and 

inhibitors of soft tissue calcification (61, 160, 161). However, it remains to be clarified 

whether medial vascular calcification often observed on patients with CKD can be 

considered as an atherosclerotic equivalent. An additional mechanism of vascular 

calcification relates to calcium deposition in the intimal layer of the artery (162) with the 

instability of calcium salts in the circulation in the setting of a dysfunctional endothelium 

being regarded as the main promoter of intimal calcification (30). Increased inorganic 

phosphate levels cause endothelial dysfunction, characterized by phenotypic changes, 

decreased viability, and senescence (163). Moreover, vitamin D metabolites regulate 

endothelial function, by modulating the synthesis of endothelial vasoactive factors and the 

interaction with circulating leukocytes (30). 

The accumulation of uremic toxins in the circulation and in tissues is considered to play a 

significant part in the progression of CKD and the development of CVD in this setting (164). 

The complex interactions between uremic toxins, RAS activation, inflammation and 

oxidative stress may all contribute to the high cardiovascular risk of CKD. High levels of 
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uremic toxins, such as indoxyl sulphate, and paracresyl sulphate, are linked to the 

pathogenesis of endothelial dysfunction and vascular damage (164).  However, among the 

great number of uremic toxins identified so far, very few have been extensively studied 

whereas the pathophysiological mechanisms of cardiovascular damage induced by uremic 

toxins is a subject of current investigation. Thus, highly protein-bound uremic toxins stress 

endothelial cells, induce oxidative damage and expression of adhesion molecules, and 

inhibit the proliferation and endothelial progenitor cell-dependent neovascularizarion (30, 

165). 

Inflammation is now considered one of the main mechanisms of atherosclerosis. 

Finally, a chronic state of low-grade inflammation is common in CKD and almost a 

ubiquitous finding in dialysis patients (61). Mechanisms of increased systemic inflammation 

in CKD are a subject of ongoing investigation, with several pathogenic factors implicated, 

including among others oxidative stress, immune disorders and a propensity to infection, 

intestinal dysbiosis, metabolic acidosis, as well as reduced renal clearance of cytokines. 

Chronic inflammation in CKD patients and patients maintained on chronic dialysis portends 

a high risk for all-cause and CV death (61, 166). Actually, C-reactive protein (CRP) levels were 

associated with CAD in the general population and with the presence of atherosclerotic 

plaque in CKD patients. Several novel risk factors related to decreased kidney function might 

interact with the renal and systemic immune system mediators involved in renal injury and 

repair to participate in accelerated atherogenesis which is otherwise known as Immune 

Inflammation-Renal Injury-Atherosclerosis or the IRA Paradigm (167). 

In conclusion, classical atherosclerosis risk factors do not have the same predictive 

value in patients with CKD, particularly in advanced CKD, as in the general population and 

underlying CKD-related alterations in the uremic milieu contribute to the phenotype of 

accelerated atherosclerosis that is observed in these patients (30, 168). 
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Figure 2. Traditional and nontraditional risk factors for CVD in CKD. 

 

3.2 Pathophysiology of LVH in CKD 

 

Several intertwining mechanisms are involved in the pathophysiology of LVH 

development in CKD patients, with factors unique to CKD amounting to a great degree to 

the pathogenesis of LVH (169). Accordingly, among the classical implicated factors are those 

related to preload, characterized by increases in systemic arterial resistance and afterload 

which include increased arterial BP and reduced large-vessel compliance (170). 

Arterial hypertension is a major determinant of LVH in CKD. Multiple pathways are involved 

in the pathophysiology of hypertension in CKD, including reduced nephron mass, increased 

sodium retention and extracellular volume expansion, SNS overactivity, stimulation of the 

RAS and endothelial dysfunction (61). Systolic hypertension and elevated pulse pressure are 

strongly associated with LVH in patients with advanced CKD, suggesting that fluid overload 

and increased arterial stiffness play a role in LVH even before the start of dialysis therapy 

(169). 

Volume overload is increasingly common from stage 3 to stage 5 CKD and is tightly 

related to cardiovascular complications such as LVH, hypertension and HF (61, 71-173). In 

CKD patients, an increased sodium intake and fluid overload are directly and independently 

associated with the incident risk of CVD and death (61, 171). Strikingly, volume overload 

doubles the risk of death in dialysis patients, independent of hypertension and other risk 

factors (173). An interesting fact is that sodium in CKD also is deposited in the muscles and 

the skin without simultaneous water retention, which has been associated with the severity 

of CKD (61). In experimental models, skin sodium reservoirs induce inflammatory 

mechanisms in the local macrophages (61,174, 175). Furthermore, volume expansion in CKD 
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promotes the production of endogenous cardiotonic steroid compounds, including ouabain 

and ouabain-like steroids, which raise BP by impairing vasodilatory mechanisms (61). 

RAS activation induces hyperaldosteronism and promotes cardiac fibrosis through the 

generation of signals leading to profibrotic transforming growth factor (TGF) production 

(169). 

All components of the CKD-MBD axis appear to be involved in the pathogenesis of 

LVH. Dysregulation of fibroblast growth factor (FGF23), a central component of CKD-MBD 

promotes myocardial hypertrophy and its levels are strongly associated with the LVMI in 

CKD patients (176). FGF23 has been shown to play a role the regulation, growth, and 

differentiation of cardiac myocytes, exerts paracrine functions in the kidneys due to its 

phosphaturic properties as well as blocks vitamin D 3 synthesis and inhibits reabsorption in 

the proximal nephron reabsorption (169, 177). Serum levels of FGF23 increase gradually as 

kidney function decreases. FGF23 levels are often two to five times higher than normal 

during the initial stages of CKD whereas they peak in advanced CKD by reaching levels more 

than 200 times the normal values (169, 178-180). FGF23 is able to induce cardiomyocyte 

hypertrophy in vitro as well as LVH when administered to mice, whereas inhibition of the 

FGF receptor in rats subjected to subtotal nephrectomy reduced LVH that developed in the 

setting of CKD (21). Moreover, the results of several clinical trials suggest a close 

relationship between FGF23 and LVH. Accordingly, in hemodialysis patients the FGF23 levels 

are independently associated with the degree of LVH (178, 179). Results from the CRIC study 

showed that higher C-terminal FGF23 levels were independently associated with reduced 

EF, greater LVMI and increased prevalence of both eccentric and concentric LVH (180). 

Results from large meta-analyses show that FGF23 is a strong predictor of CVD and 

mortality in non-dialysis CKD patients as well as in dialysis patients (177). 

Likewise, parathyroid hormone (PTH) is related to LV mass in dialysis patients and 

elevated serum PTH levels are associated with a high risk of cardiovascular events within all 

the spectrum of CKD severity (176). Similar associations have been described with low 

vitamin D levels and experimental data suggest that the vitamin D pathway may play a role 

in modifying myocardial structure and function (181). Recent data indicate that vitamin D 

receptor (VDR) Bsm I gene polymorphism is independently related to LVH progression in 

patients with advanced CKD and in dialysis patients (182). Available evidence links higher 

plasma phosphate to diastolic dysfunction and myocardial fibrosis in CKD patients (169). 

Accordingly, patients with increased levels of phosphorus display increased diastolic and 

mean BP, a higher cardiac index, higher heart rates, and an increased stroke index 

compared to normophosphatemic patients (183). 

Anemia as a major complication of CKD is robustly associated with an increased risk 

of arteriosclerosis, LVH, cardiovascular hospitalizations and mortality in non-dialysis CKD as 

well as in dialysis patients (184-187). Due to long term augmentations in cardiac output to 

compensate for reduced oxygen delivery to peripheral tissues, anemia leads to LV 

remodeling including initial dilation from the increase in preload, with subsequent 

hypertrophy in an attempt to decrease the high wall tension of the dilated LV (184-187). 
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Finally, miscellaneous factors, like the presence of arteriovenous fistulas which lead 

to myocardial cell lengthening and eccentric or asymmetric LV remodeling, have been as 

well implicated in the pathogenesis of LVH in dialysis dependent CKD patients (169). 

 

3.3 Pathophysiology of HF in CKD 

 

An array of hemodynamic and metabolic factors, inflammatory processes, oxidative 

stress, as well as the accumulation of uremic toxins, lies at the core of the pathophysiologic 

mechanisms underlying CKD-associated cardiomyopathy (2, 21). 

Impaired natriuresis and abnormal salt and water retention in CKD occur as a result of 

diminished sodium filtration due declining GFR together with disordered sodium absorption 

by the nephron segments in the setting of inappropriate RAS activation (188, 189). Yet, it 

should be noted that the CKD-associated cardiomyopathy is not altogether BP dependent 

(2, 190). The elucidation of the signals that trigger these mechanisms in response to kidney 

disease and of their systemic consequences is of major importance (23). The classical 

paradigm of kidney injury due to inability of the failing heart to generate forward blood 

flow, thus resulting in prerenal hypoperfusion, has been considered for many years the 

fundamental pathophysiological mechanism of type 1 and type 2 CRS (188). Thus, 

insufficient blood flow in afferent renal arterioles activates the RAS axis, the SNS, and 

arginine vasopressin secretion, leading to fluid retention, increased preload, and further 

worsening of HF (188). However, evidence from the ADHERE registry showed that the 

incidence of rising serum creatinine was similar among patients with acute HF and reduced 

versus preserved EF (103). In line with the above, many patients hospitalized with acute CRS 

display normal or increased BP as well as preserved LV EF (191). As a result, another key 

component, the central venous pressures (CVPs), has been introduced by experimental 

models and by clinical studies in patients with acute HF using invasive hemodynamic 

monitoring (188). Increased CVP results in renal venous hypertension, increased renal 

resistance, and impaired intrarenal blood flow, with subsequent neurohumoral activation 

causing decreases in intraglomerular pressures and reduced GFR (188). Furthermore, the 

enhanced activation of the neurohumoral axis results in increased proximal tubular sodium 

and water reabsorption further worsening congestion (188). Notably, the low-resistance 

nature of the renal vasculature and the very low pressure of oxygen in the outer medulla 

render the kidneys vulnerable to hypotension-induced injury. Thus, data from 

cardiovascular patients undergoing right-sided heart catheterization showed that increased 

CVP was associated with reduced GFR and all-cause mortality (192). Finally, elevated intra-

abdominal pressures in the setting of acute HF may further exacerbate renal dysfunction by 

causing renal compression and reduced perfusion (192, 193). Type 4 CRS is characterized by 

a chronic state of volume expansion and depending on the severity of CKD, 60% to 90% of 

patients have arterial hypertension (23). Chronic activation of the RAS and SNS as well as of 

mineralocorticoid receptor overactivation play a central role in the pathogenesis of type 4 

CRS, via hemodynamic, pro-inflammatory, pro-oxidant and pro-fibrotic effects (23, 188). 
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Notably, the inhibition of RAS by angiotensin-converting enzyme (ACE) inhibition or 

angiotensin receptor blockers (ARB) has beneficial effects to the heart in uremic 

cardiomyopathy, independent of blood pressure reduction (23). Thus, the inhibition of 

Angiotensin II type 1 receptor (AT1) by losartan in a model of subtotally nephrectomized 

rats prevented or hindered the progression if uremic cardiomyopathy, including CKD-

induced diastolic dysfunction, LVH, cardiac fibrosis and cardiac inflammation independently 

of significant BP effects (194). These beneficial effects were more prominent with early 

administration during the course of CKD (194).  Additionally, the genetic knock out of the 

angiotensin 1 (AT1) receptor in mice yielded similar effects (195). Notably, treatment of 

mice with CKD after unilateral urinary obstruction for 3 weeks with enalapril but not with 

hydralazine, apart from improvements in BP, cardiac hypertrophy and cardiac fibrosis, 

resulted in inhibition of the pro-fibrotic transforming growth factor beta (TGF-β) signaling 

(196). 

The role of the SNS is essential for blood pressure control and hemodynamic stability 

(188). CKD-induced activation of the β-adrenergic receptors by catecholamine 

neurotransmitters is associated with adverse cardiac outcomes (23). On the other hand, 

inhibition of catecholaminergic signaling appears to be cardioprotective in the setting of 

CKD as experimental models have shown that treating nephrectomized rats with b-blockers 

reduced blood pressure, cardiac hypertrophy, and cardiac fibrosis as well as inhibited 

cardiac apoptotic signaling pathways (197). It is well-established that mineralocorticoid 

receptor expression is present in renal tubular epithelia as well as in endothelial cells, SMC, 

cardiomyocytes, fibroblasts and immune cells (188,189).  Activation of the mineralocorticoid 

receptor stimulates multiple pathogenic pathways which lead to increased production of 

plasminogen activator inhibitor- 1, TGF-β, interleukin (Il)-6, and monocyte chemoattractant 

protein (MCP)-1 which further promote inflammation and fibrosis (189). Induction of 

myeloid cells by the activation of the mineralocorticoid receptor causes increased release of 

profibrotic molecules and chemotaxis of other inflammatory cells. Additionally, 

mineralocorticoid receptor activation stimulates generation of ROS by activation of 

nicotinamide adenine dinucleotide phosphate (NADP) (23, 189). The end results are 

increased myocardial stiffness and impaired LV relaxation in the heart as well as glomerular 

and interstitial fibrosis in the kidneys. Mineralocorticoid antagonists, like spironolactone and 

finerenone have shown pleiotropic beneficial cardiovascular effects in experimental models 

of CKD including reduction in systemic and vascular inflammation, inhibition of vascular 

calcifications, restoration of diastolic dysfunction and attenuation of the CKD-induced 

decrease of LV fractional shortening and EF (189, 198). The FIDELIO‐DKD (Finerenone in 

Reducing Kidney Failure and Disease Progression in Diabetic Kidney Disease) and the 

FIGARO‐DKD (Finerenone in Reducing Cardiovascular Mortality and Morbidity in Diabetic 

Kidney Disease) trials demonstrated benefits for finerenone, a novel non-steroidal 

mineralocorticoid, antagonist (nsMRA) in improving adverse kidney and cardiovascular 

outcomes in patients with type 2 diabetes and CKD (199, 200). Ongoing research shall clarify 
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in the near future the potential of nsMRAs to reduce risk for CKD progression as well risk for 

CVD in non-diabetic kidney disease. 

The close relationship between FGF23 and LVH has been described above. Apart 

from LVH, FGF23 has been reported to contribute to cardiac calcium mishandling. 

Cardiomyocytes isolated from subtotal nephrectomized mice or from mice treated with 

FGF23 showed a slower increase in cytosolic calcium levels during systole as well as a slower 

decline in cytosolic calcium during diastole compared with controls (201). Notably, FGF23 

induced depression of cardiomyocyte contractility via intracellular Ca2+ mishandling can be 

blocked by soluble Klotho via unclear mechanisms (23, 201). Heterozygous Klotho deficient 

mice with CKD display more prominent cardiac hypertrophy and fibrosis as well as more 

severely impaired cardiac dysfunction compared with wild-type CKD mice (23, 202). 

However, delivery of soluble Klotho to Klotho deficient CKD mice appears to improve the 

cardiac phenotype without significant effects on kidney clearance function (202). 

Hyperphosphatemia has been associated with a substantially higher incidence of mortality 

from CVD and in specific HF in CKD patients (203). An echocardiographic study which 

correlated the serum phosphorus levels LV size and to HF in 3,300 CKD patients, showed 

that serum phosphorus was positively related to the internal mass of the LV and systolic 

dysfunction. Furthermore, development of HF during long term follow-up was directly and 

independently associated with increased serum phosphorus levels (203). 

Uremic toxins might be involved by both direct and indirect pathways in the 

pathogenesis of uremic cardiomyopathy. The most studied protein-bound uremic toxins in 

CRS are indoxyl sulphate and p-cresyl sulphate which display pro-inflammatory properties 

(23). First of all, uremic toxins have been strongly implicated in the induction and 

maintenance of chronic inflammation in CKD, by modulating several mediators such as CRP, 

cytokines and transcription factors as well as induction of oxidative stress (23). Indoxyl 

sulphate in cardiomyocytes increases the production of pro-inflammatory cytokines such as 

interleukin 1 beta (IL1-β), IL-6, and tumor necrosis factor (TNF), a process mediated by NF-

kB interaction (204-206). Moreover, indoxyl sulphate promotes hypertrophic effects in 

cardiomyocyte cultures by activating the signaling of mitogen-activated protein kinase 

(MAPK) and nuclear factor kappa B (NFκB) pathways (206). In addition, indoxyl sulphate 

increases the proliferation and senescence of VSMCs as well as apoptosis of endothelial cells 

while decreasing cell to cell contacts (23). Notably, the classical uremic toxins, creatinine 

and urea have been linked to cardiomyocyte contractile injury and increases in myocardial 

oxygen consumption by lowering norepinephrine and causing insulin resistance (23). 

The interaction of iron deficiency, anemia, HF and CKD, now known as the cardiorenal iron 

deficiency syndrome, has been at the center of the spotlight during the last years both in 

terms of pathophysiological implications as well as regarding treatment strategies that 

might benefit both organs (189). Although most of the studies have included patients with 

HFrEF, iron deficiency is a common comorbid condition in HFpEF also and is associated with 

decreased exercise capacity and quality of life (189). 
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With regard to the chronic inflammation, it is a common denominator of other 

diseases such as obesity and DM Inflammation, which in turn are independent risk factors 

for CKD (189). Moreover, inflammation is a key component in both HFrEF and HFpEF; 

however, while the inflammatory response in HFrEF is the result of cardiomyocyte damage 

from infection, ischemia, or toxicity, inflammation in HFpEF occurs as of result of systemic 

pathological states, such as CKD, obesity, DM, and hypertension. Taking into consideration 

the shared background, CKD interacts synergistically with obesity and DM to further 

promote the cardiac inflammation by reducing NO bioavailability, cyclic guanosine 

monophosphate (cGMP) content, and protein kinase G (PKG) activity in cardiomyocytes 

(189). Furthermore, microvascular changes and endothelial dysfunction further ensue (189). 

During the progression of CKD, alterations in nuclear factor erythroid 2 (Nfr2), a regulator of 

cellular resistance to oxidants are observed. Nfr2 is responsible for encoding and 

modulating the activity of various enzymatic antioxidants, including superoxide dismutase 

(SOD) and NADPH oxidase (NOX) (23, 159). In hypertensive and diabetic nephropathy, Ang II 

inhibits Nrf2 leading to reduced glutathione cycle activity (23). Ischemic injury, venous 

congestion, and inflammation further exacerbate oxidative stress in the CRS (207). An 

experimental study in mice with ischemia reperfusion injury (IRI) and development of type 3 

CRS, showed that eight days after kidney injury induction, there were observed lipid 

oxidation and increased NO levels in the heart (208). 

 

3.4 Risk factors for CVD in KTRs 

 

The risk for CVD is influenced by traditional and non-classical risk factors, with a part 

of those being present prior to transplantation and others emerging during the 

posttransplant period. Accordingly, KTRs carry a significant burden of preexisting CVD risk 

factors due to the prolonged exposure to traditional risk factors as well as the accumulation 

of risk factors specifically related to CKD and kidney replacement treatment (125, 142). The 

prevalence of post-transplant hypertension in KTRs approaches 80%–90% as reported by a 

retrospective cohort of 1666 KTRs followed for 5 years after transplantation, with 

immunosuppressive medications further exacerbating it (125, 209). Similarly, in the 

FAVORIT cohort including 4110 stable KTRs, a follow-up study showed that each 20-mmHg 

increase in systolic BP was associated with a 32% higher risk of CVD (hazard ratio [HR], 1.32; 

95% CI, 1.19 to 1.46) whereas diastolic BP levels lower than 70 mmHg were associated with 

higher risk of CVD and death (125, 210). 

Dyslipidemia is frequent following kidney transplantation due to the coexistence of 

comorbid conditions like obesity, DM, and metabolic syndrome. Furthermore, 

immunosuppressive medications, including mammalian target of rapamycin inhibitors 

(mTORI), calcineurin inhibitors (CNIs), and steroids exacerbate lipid disorders in KTRs (125). 

Notably, the association between dyslipidemia and CVD is strong in KTRs with the risk of 

ischemic heart disease doubling when serum cholesterol levels exceed 200 mg/dL or 

triglycerides levels exceed 350 mg/dL (211). Abnormal glucose metabolism is usual following 
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transplantation, in the absence of preexisting diabetes and represents a spectrum of 

disorders of impaired fasting glucose, impaired glucose tolerance, and post-transplant DM 

(PTDM) (125). Up to 45 % of KTRs display impaired fasting glucose early in the post-

transplant period whereas post-transplant diabetes develops in 16% at 1 year and 24% at 3 

years (125). Abnormal glucose metabolism increases approximately threefold the risk of 

fatal and nonfatal cardiovascular events (140) as compared with nondiabetic patients (125, 

212, 213).  Established risk factors for PTDM include deceased donor graft, older recipient 

age, recipient ethnicity and race as well as the presence of hypertension and obesity. Use of 

CNIs and steroids also contribute to PTDM risk by suppressing insulin secretion and 

increasing insulin resistance (123). 

A functioning kidney allograft attenuates the influence of some of the nontraditional 

factors. The post hoc analysis of the FAVORIT study suggests no association with incident 

CVD or all-cause mortality above a GFR threshold of 45 ml/min/1.73 m2, with each 5 

ml/min/1.73 m2 increase in eGFR above this cut-off being associated with a 15% reduction 

in CVD and mortality (214). Proteinuria is a common finding in KTRs with approximately 20% 

of them having proteinuria of greater than 1 g daily (125). Similar to its role as a CVD risk 

factor in the general population, proteinuria is associated with CVD in KTRs with persistent 

proteinuria doubling the risk of CVD and all-cause mortality in KTRs (215). The presence of 

LVH, a common finding in KTRs linked to hypertension and anemia, is an independent risk 

factor for congestive cardiac failure and mortality in KTRs (141, 216).  A well-functioning 

graft and adequate BP control are associated with regression of LVH in KTRs (125, 133). 

Finally, despite the improved endothelial function post-transplantation, inflammation and 

oxidative stress are also associated with vascular disease and endothelial dysfunction in 

KTRs, with CRP shown to be independently associated with cIMT, CVD and mortality in these 

patients (61, 125, 217). 

 

4. Chronic inflammation and immune system abnormalities in CKD 

 

4.1 Chronic inflammation in CKD 

 

CKD is considered to be a classical paradigm of inflammatory disease and premature 

ageing (61, 218). Thus, a persistent state of inflammation is a CKD hallmark, and it is more 

prominent in patients with kidney failure (61). The coexistence of impaired immune 

responses with persistent stimulation of the immune system, perpetuate the low-grade 

systemic inflammation that characterizes the uremic environment, and which may translate 

into increased risk for vascular disease (61). Notably, the level of inflammatory mediators 

increases with CKD progression (219, 220). Thus, as demonstrated in 3,939 patients enrolled 

in the CRIC study, eGFR and cystatin C levels as well as albuminuria strongly correlated with 

the levels of IL-6, TNF, inverse acute phase reactants such as albumin, and fibrinogen, a 

mediator that links the inflammatory and the coagulation system (220). Likewise, levels of 

serum fetuin A, a major inverse acute phase reactant, the most prominent inhibitor of 
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calcium phosphorus precipitation as well as an inhibitor of insulin sensitivity, decline as 

renal function deteriorates (219). Although the role of a large number of pro- and anti-

inflammatory cytokines is considered of major pathophysiological importance in CKD related 

inflammation, available data suggest that the anti-inflammatory cytokine IL-10 and two key 

proinflammatory cytokines IL-6 and TNF-a, play an essential part in the development of 

immune cells imbalance, CVD and wasting in the setting of the uremic milieu (221). 

The pathogenesis of microinflammation in CKD is complex and multifactorial. 

The kidneys play a major role in clearing proinflammatory cytokines and bacterial antigens 

from the circulation with the kidney being the main site of metabolic degradation. Thus, as a 

result of declining kidney function, the reduced clearance of inflammatory mediators may 

augment the overall inflammatory responses (222). Notably, the serum half-lives of TNF-a 

and IL-1 are greater in animals without kidney function than those with kidney function 

(221, 222). Furthermore, a study of hemodialysis patients showed that serum IL-6 was 

strongly correlated to cytochrome c levels, a marker of mitochondrial damage-associated 

molecular patterns (DAMPs) (223). These findings suggest that circulating mitochondrial 

DAMPs, which are released during cell necrosis or apoptosis, may be a causative factor for 

the inflammation that characterizes hemodialysis patients (223). It should be noted that 

there is vast literature available on cytokine alterations in both dialysis and non-dialysis 

patients with kidney failure reporting elevated, yet conflicting results regarding the 

concentrations of both IL-6 and TNF-a in this population (221). Similar to Il-6, kidney 

function impairment is associated with a significant increase in TNF-a activity (221), with 

correlations between eGFR and TNF-a as well as its soluble receptors demonstrated in CKD 

patients (221). Additionally, the Tamm-Horsfall glycoprotein might be involved in the 

regulation of TNF-a activity, thus further strengthening the link between the kidneys and 

TNF-a handling (224). However, it should be noted that TNF-a has a short half-life and is 

subject to local tissue degradation apart from kidney clearance (221). Thus, there is a need 

to further identify other potential causes of increased circulating TNF-a levels in the kidney 

failure, including among others insulin resistance or volume overload (221). 

Gut microbiota dysbiosis is involved in the pathogenesis of chronic inflammation in 

CKD. Altered gastrointestinal permeability due to vascular congestion in CKD patients may 

permit the translocation of gut-derived toxic products such as endotoxins and bacterial DNA 

fragments into the systemic circulation, which may in turn stimulate immune cells and the 

release of proinflammatory cytokines (225, 226). Furthermore, the uremic environment in 

the gastrointestinal tract disrupts the balance of the normal gut microbiota, which might be 

associated with increased risk of specific bacteria invading the body (227). Accordingly, 

overgrowth of bacterial DNA has been detected in the blood of nearly 20% of non-dialysis 

kidney failure patients (228). Moreover, significantly higher levels of CRP and IL-6 were 

found in these patients compared to those without detectable bacterial DNA (228). The 

overgrowth of gastrointestinal bacterial families that produce indole and p-cresol-forming 

enzymes in CKD, promotes the production of the two gut-derived uremic toxins p-cresol 

sulfate and indoxyl sulfate. These toxins activate white blood cells (WBC), stimulate 
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oxidative stress and increases leukocyte-endothelial interaction to induce inflammatory 

reactions (229). 

Oxidative stress and inflammation, as well as their interaction, are considered as the 

main pillars in the pathogenesis and progression of CKD (159). Oxidative stress promotes 

inflammation via formation of proinflammatory oxidized lipids, advanced oxidation protein 

products (AOPPs) and advanced glycation end-products (AGEs). Nuclear factor κB (NFκB) 

transcription factor, the master orchestrator of the inflammatory response, is activated in 

the pro-oxidant milieu and promotes the expression of proinflammatory cytokines as well as 

recruitment and activation of WBC and other resident proinflammatory cells (159, 230). 

Accordingly, in a cohort of 176 patients with varying CKD severity, serum levels of high 

sensitivity (hs)-CRP, interleukin-6, and malondialdehyde were significantly increased and 

inversely related to the GFR, whereas serum levels of SOD and glutathione peroxidase were 

significantly decreased (2331). Notably, IL-6 and hs-CRP were positively correlated with 

malondialdehyde and negatively associated with SOD and glutathione peroxidase, further 

supporting the relationship between inflammation and oxidative stress in CKD (159, 231). 

AGEs, which result from carbonyl stress, have been associated with several markers of 

inflammation, including hsCRP, IL-6, serum fibrinogen, and soluble vascular cell adhesion 

molecule (sVCAM-1), in patients with kidney failure (230, 232). The interplay between 

uremic toxins, such as indoxyl sulphate, activation of inflammatory pathways and induction 

of oxidative stress creates a vicious circle of propagation of inflammation (230, 232). The 

anti-inflammatory properties of Nrf2 mediated by suppression of pro-inflammatory genes, 

including those encoding MCP-1 and VCAM-1, have been shown by several studies. CKD 

leads to dysfunction of Nrf2 activation, leading to accumulation of hydroperoxides and 

lipoperoxides, which are potent activators of NF-κB (159). Studies conducted in animals with 

CKD have shown marked decreases in nuclear Nrf2 content, thus suggesting an impaired 

regulation of the feedback antioxidant mechanism in the setting of oxidative stress and 

inflammation, which under normal conditions induce Nrf2 activation (159). 

High phosphorus levels activate the NF-κB signaling pathway, thus leading to the 

release of IL-1β, IL-6, IL-8, TNF-α and other cytokines (233). In line with the above, there is a 

positive correlation between high phosphorus levels and inflammatory markers such as C-

reactive protein (CRP) in CKD whereas the administration of phosphate binders reduced CRP 

levels in CKD patients in several prospective studies (233, 234). FGF23 interaction with its 

receptor promotes the secretion of CRP, IL-6 and TNF- α and vice-versa; inflammation may 

be a potent stimulator of FGF23 production in CKD (235). Additionally, inhibition of FGF23 

signaling in a mouse model of diabetic nephropathy led to improvement of chronic 

inflammation (235). 

Other factors implicated in the genesis of chronic inflammation in CDK include high 

SNS activity, presence of periodontal disease, increased susceptibility to infections and 

frequent comorbidities (61). Furthermore, conditions specific to the hemodialysis procedure 

may augment the inflammatory processes such as exposure to dialysis tubing and the less 

biocompatible dialysis membranes, poor quality of dialysis water and back-filtration or back-
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diffusion of contaminants and endotoxins as well as the presence of foreign bodies 

contained in arteriovenous grafts or intravenous catheters (61, 236). Similarly, patients 

undergoing peritoneal dialysis are not immune to chronic inflammation with peritoneal 

dialysis catheter-related infections and exposure to peritoneal dialysis solution being some 

of the predisposing factors to generation of inflammation in this setting (237). 

As it will be presented subsequently, immune cell dysfunction occurs in CKD, with 

increased activation as well as apoptosis rates in monocytes, lymphocytes, and dendritic 

cells, which might perpetuate the systemic low-grade inflammation (238-241). 

 

4.2 Immune system dysfunction in CKD 

 

Immunophenotyping of patients with CKD and kidney failure reveals findings 

compatible with a state of secondary immunodeficiency and impaired immune effector 

functions simultaneously with stigmata of persistent immune cell activation (243). Overall, 

immune system dysfunction in the setting of the uremic milieu is characterized by 

suppressed innate immune responses such as decreased phagocytic capability of immune 

cells to clear pathogens, reduced antigen-presenting ability of macrophages and dendritic 

cells to T and B cells, as well as enhanced immune cell activation by upregulation of cell 

surface receptors and release of proinflammatory cytokines. Furthermore, impaired 

adaptive immune responses include a reduction in the number and function of lymphoid 

cells, disordered maturation and activation of T lymphocytes or reduced antibody 

production by plasma cells (243). Notably, despite the increased interactions of immune 

cells with endothelial, the migratory ability of leukocytes is impaired due to a 

downregulation of integrins (243). Impaired urinary clearance of immunoregulatory factors, 

increased production of immunoregulatory proteins and persistent immune activation, 

extrinsic immunosuppressors, and a disrupted gastrointestinal barrier with alterations in the 

functional profile of the intestinal microbiota further augment immune system dysfunction 

in CKD (243). Subsequently, the dysregulation of the innate and adaptive immune system 

contributes to bacterial overgrowth, infections, and persistent inflammation. Notably, the 

chronic inflammatory state and immuno-activation have come at the spotlight as potential 

contributing causes of premature CVD in CKD (243). 

The profile of immune components in kidney failure shares similar features with 

healthy elderly individuals displaying increased numbers of specific proinflammatory 

subsets of T cells and monocytes, thus suggesting the presence of premature immunological 

ageing in these patients. It should be noted that the cellular composition of the immune 

system does not become normal after successful kidney transplantation despite diminished 

inflammation and oxidative stress (241). 

The immune system is composed of multiple intertwining pathways and several 

compounds including cellular and soluble factors which provide defense against pathogens, 

eliminate cancer cells and respond to tissue damage. The immune system is classically 

divided into two main interacting branches, the innate and adaptive immune system with 
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the first conducting a direct and nonspecific reaction to infection and tissue injury and the 

second being responsible for antibody production and generation of immunological memory 

(241, 242). The main cellular elements of the innate immune system are granulocytes, 

monocytes, dendritic cells and natural killer (NK) cells which recognize, phagocytose and 

digest pathogens, induce inflammation and present antigens to the lymphoid cells (241, 

242). Innate immune cells express various molecular pattern recognition receptors (PRR) 

which enable the cells to respond to specific pathogen-associated molecular patterns 

(PAMPs) including bacterial and viral proteins, and fragments of damaged cells (241, 242). 

PRRs are classified into three main groups according to their mode of action. Thus, secreted 

PRRs which are represented by the mannose-binding lectin family, function as opsonins by 

binding to pathogens so as to make possible their recognition by the complement system 

and phagocytic cells. Endocytic PRRs are expressed on the surface of phagocytes and 

following PAMPs recognition, they mediate the uptake of pathogens into lysosomes.  

Signaling PRRs, with the Toll like receptor (TLR) family being the most extensively studied 

among them, recognize PAMPs, and activate signal-transduction pathways such as NF-kB, 

resulting in the induction of the expression of several immune response genes, such as 

those encoding cytokines (244). NOD-like receptors (NLRs) are expressed in the cytoplasm 

of macrophages and other inflammatory cells where they form multimeric complexes, called 

inflammasomes (241, 242). 

The adaptive immune cells, B lymphocytes and T lymphocytes provide an elaborate 

and specific response to antigens. T cells that express CD4 on their cell surface are defined 

as helper T cells as they are responsible for the activation of cytotoxic effector T cells which 

express CD8 and the differentiation of B cells. T cells express the T-cell receptor (TCR) that 

recognizes the antigen when presented as a processed peptide bound to a human leukocyte 

antigen (HLA) molecule which is usually expressed by specialized antigen-presenting cells 

(APC), such as dendritic cells. Yet, in order to become activated, T cells require an additional 

signal from the innate immunity system, the costimulatory signal mediated by CD80 and 

CD86 molecules on APCs.  Accordingly, naive T cells in the thymus gland and other reservoirs 

are activated by the antigenic stimuli bound to major histocompatibility complex (MHC) 

molecules on the APCs which convert them into either killer T cells or helper T cells. Antigen 

specific B cell receptors consist of immunoglobulin bound to the cell surface and after 

antigen binding as well as further activation by T helper (Th) cells, they differentiate into 

immunoglobulin producing plasma cells and memory B cells which makes possible the 

generation of a robust immune response once the pathogen is detected again (241, 242). 

 

4.3 Alteration of the cellular components of the innate immune system in CKD 

 

4.3.1 Polymorphonuclear leukocytes 

The number of circulating (polymorphonuclear cells) PMNs, their basal activation 

state otherwise known as neutrophil priming as well as the expression of TLR2, TLR4 and 

integrins by these cells gradually increases with CKD progression (241, 245, 246). Thus, 
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PMNs display increased degranulation and ROS production after being stimulated by 

increased concentrations of proinflammatory cytokines or by AOPs resulting from 

amplification of oxidative stress (241). On the other hand, evidence from in vitro studies of 

PMNs of kidney failure patients indicates impaired migratory and phagocytic function as 

well as increased sensitivity to Fas-ligand mediated apoptosis and decreased ability of 

neutrophils to form neutrophil extracellular traps (NETs) when primed with their autologous 

uremic serum (241, 247-249). As a result, PMNs display decreased bactericidal capacity 

leading to impaired host defense in patients with kidney failure. Notably, the hemodialysis 

procedure results in further activation and degranulation of neutrophils, whereas kidney 

transplantation is associated with improved neutrophil function (285, 250). 

 

4.3.2 Monocytes 

Monocytes originate from common myeloid progenitor cells in the bone marrow 

that after circulating in the peripheral blood for 1-3 days, they subsequently differentiate 

into tissue macrophages or dendritic cells (251). Although monocytes were considered to 

represent a single cell population, extensive research during the last two decades, has 

shown that at least three phenotypically and functionally distinct human monocyte 

populations are recognized, distinguished by the expression of CD14 and CD16 surface 

antigens (252). CD14 acts as a co-receptor for TLR4 and mediates lipopolysaccharide 

signaling, whereas CD16 is a low affinity type III –A receptor for the invariable Fc region of 

immunoglobulin gamma (IgG) (253, 254). Accordingly, the classical monocytes do not 

express the CD16 antigen (CD14++CD16−) and represent 65-85% of all monocytes, whereas 

nonclassical monocytes express CD16 on their cell surfaces (CD14+CD16++) and account for 

10-20% of all circulating monocytes (251, 252). The recent identification of an intermediate 

monocyte population denoted CD14++CD16+ has further advanced our understanding of 

monocyte subtypes in disease settings (255, 256). In specific, monocytes expressing CD16 

are in fact a heterogeneous population, which can be subdivided into intermediate 

CD14++CD16+ monocytes and nonclassical CD14+CD16++ monocytes (255, 256). As of 2010, 

3 distinct monocyte populations have been officially recognized, theCD14++CD16− 

(classical), the CD14++CD16+ (intermediate) and the CD14+CD16++ (non-classical) 

monocytes (255). The classical CD14++CD16- monocytes are important scavenger cells 

which display high phagocytic capability and increased production of antimicrobial proteins 

(251). Classical monocytes have the potential to directly invade inflamed tissues, where they 

differentiate into macrophages, whereas in the peripheral circulation, they differentiate into 

intermediate CD14++CD16+ monocytes (257, 258). Intermediate CD14++CD16+ monocytes 

are labelled “proinflammatory monocytes” as they produce high levels of ROS, TNF and IL-

1β and substantially express HLA—DR isotype and CD74, which enable antigen presentation 

(257, 258). Their marked inflammatory capacity is additionally characterized by the 

expression of genes such as TGF- β1, allograft inflammatory factor 1 (AIF1) which is a highly 

conserved, inflammation-responsive scaffold protein that regulates the expression of 

inflammatory mediators such as cytokines, chemokines and inducible NO synthase (iNOS) 
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and protein tyrosine phosphatase non-receptor type 6 (PTPN6), a prominent regulator of 

cell proliferation and signaling of the innate and adaptive immune systems (255). Finally, 

since they express the angiopoietin markers, endothelium-specific receptor tyrosine kinase 

Tie-2 and endoglin (CD105) an accessory receptor for transforming growth factor beta (TGF-

β), they are considered to play a role in the regulation of angiogenesis (255). Finally, 

intermediate monocytes also differentiate into nonclassical CD14+CD16++ monocytes, 

which express high levels of the adhesion related receptor CX3CR1, a transmembrane 

protein and chemokine involved in the adhesion and migration of these cells (251, 259). 

CD14+CD16++ monocytes have been suggested to remove damaged cells and debris from 

the vasculature (251, 259). 

Most studies describe normal numbers of monocytes in the circulation together with 

a tendency towards lymphopenia in patients with CKD (261). However, various alterations in 

the phenotype and function of monocytes are observed in CKD, which contribute to 

immune dysfunction (260). Activated monocytes in the setting of CKD are more prone to 

react to the inflammatory cytokines and they display augmented adherent and migratory 

abilities to the endothelium by expressing integrin alpha M (CD11b) as well as chemokine 

receptor expression of CCR2 and CX3CR1 (261). Monocytes from hemodialysis patients have 

an activated profile with increased expression of integrin and TLRs and increased secretion 

of proinflammatory cytokines in response to basal and activated conditions (241, 261-263). 

However various studies provide contradictory results in hemodialysis patients, with some 

showing suppressed TLR4, particularly those with longer dialysis vintage, whereas another 

study has reported increased TLR2 and TLR4 expression and activity in monocytes in these 

patients (245, 251, 264). On the other hand, augmented expression of TLR2 in CD14+ 

monocytes have been directly correlated with IL6 levels in hemodialysis patients, whereas 

diminished expression of TLR2 has been reported in patients undergoing peritoneal dialysis 

(264).  Non-kidney failure patients display reduced TLR4 expression on monocytes together 

with a diminished cytokine response of these cells to endotoxin stimulation (241, 265).  

Moreover, augmented oxidative stress in the setting of uremia can generate potential TLR 

ligands, such as the oxidized phospholipids formed during the oxidation of LDL (241).  Many 

of the morphological and functional alterations of monocytes are found in both non-end-

stage CKD and in dialysis patients with uremic toxicity being a shared causal factor. 

However, potential specific dialysis related mechanisms affect the phenotypic and 

functional features of monocytes subsets which might be ascribed to inflammatory 

activation through infectious stimulation by colonized central venous catheters, cell free 

DNA, or endotoxin leaking into the blood stream through the dialyzer membrane, dialysis 

fluid blood-membrane interactions and biocompatibility issues (260). Notably, dendritic cells 

and macrophages have a reduced antigen-presenting capability to activate T cells, which 

might be due to an abnormal expression of TLR4 or costimulatory molecules CD80 and CD86 

(260, 265, 266). 

Even though several earlier studies analyzing supernatants from unfractionated 

leukocytes described enhanced secretion of monocyte-derived cytokines, such as TNF- α, IL-
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1ß, IL-1-receptor antagonist, IL-6, and soluble IL-6 receptor, IL-8, and the regulatory cytokine 

IL-10, when stimulated by endotoxin, these cells display a lower capacity of cytokine 

production compared to healthy donors which might ascribed to a state of exhaustion (258, 

260). Both experimental and clinical evidence reveal suppressed endocytosis capacity and 

impaired maturation properties of monocytes and monocyte-derived cells when they are 

cultured with uremic serum or when obtained from patients with kidney failure (260, 265, 

266). Similarly, both ROS production in response to Staphylococcus aureus and phagocytic 

capacity of monocytes are diminished in dialysis patients (260, 267). Additionally, 

overexpression of ACE by monocytes may be considered as a CKD related feature for 

producing inflammatory mediators (260). Thus, a recent study showed that serum from 

patients with renal failure induces high expression of ACE on monocytes, an effect tightly 

linked to the induction of the micro-RNA miR-421 in monocytes by the uremic toxins, 

including indoxyl sulphate and p-cresyl sulphate (268, 269). Monocytes incubated with 

uremic plasma display marked inhibition of iNOS, an effect attributed to a uremic toxin 

inhibiting monocyte phagocytosis, which was identified following fractionation of the 

hemofiltrate and analysis by gas chromatography and mass spectrometry (270, 271). 

Monocytes from patients with CKD and undergoing RRT show higher apoptosis rates 

compared to monocytes from healthy controls which further exacerbates their phagocytic 

function over time (260, 268). Accordingly, uremic plasma has been shown to nearly double 

the apoptosis rates of monocytes in cell culture, with this effect however being attenuated 

when the plasma donors are treated by high flux compared to low flux dialysis (260, 272). 

Monocytes subpopulations in uremia display changes in relative numbers as well as 

altered respective characteristics (260). Overall, monocytes subsets shift to a CD16+ 

phenotype in the uremic environment, whereby they display a smaller size together with 

accentuated inflammatory, adhesive, and senescent properties (260). Patients with kidney 

failure typically display an increased number of circulating proinflammatory monocytes 

compared with healthy controls (241). Even though infectious stimuli contribute to the 

increased numbers of inflammatory CD16+ monocytes in patients with kidney failure, other 

complex mechanisms might be at play and remain to be elucidated (241, 273). Interestingly, 

low concentrations of circulating TLR ligands stimulate the release of the murine equivalent 

of these cells, Ly6ChighCCR2+ monocytes, from the bone marrow in a process mediated by 

stromal mesenchymal stem cells (241). The numbers of circulating inflammatory CD16+ 

monocytes remain high even after kidney transplantation, irrespective of the 

immunosuppressive regimen and the transplantation vintage (241, 274). 

The expansion of CD14++CD16+ monocytes in patients with CKD reaches levels up to 

18% of total monocytes number, compared to healthy individuals where this population 

accounts for nearly 8% of the monocytes (275, 276). The presence of DM seems to further 

contribute to the expansion of this cell population in patients with CKD (260). CD16+ 

monocytes display increased attaching capacity to endothelial cells in coculture experiments 

and are associated with endothelial damage in vivo as demonstrated by increased levels of 

CD31+Annexin+ microparticles in the blood of CKD patients (260, 277, 278). Studies 
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examining the effect of uremic plasma on peripheral blood mononuclear cells (PBMC) have 

yielded controversial results regarding induction of CD14++CD16+ cells, with shifts between 

subsets mainly occurring due to cells sequestration or release from the bone marrow and 

not by subsequent differentiation (260, 279, 280). However, the implication of uremic toxins 

in the expansion for CD14++CD16+ monocytes has been suggested by the findings of several 

studies. Accordingly, patients with preserved residual renal function seem to have lower 

counts of the intermediate CD14++CD16+ monocytes (281). With regard to different dialysis 

modalities, even though online-hemodiafiltration was reported to reduce the intermediate 

monocytes subsets as well as the production of TNFα and IL-6, prospective studies of high 

cut-off hemodialysis filters did not show any effects (282). Hemodialysis patients display 

higher levels of proinflammatory CD14+CD16+ monocytes together with elevated apoptotic 

endothelial microparticles and serum vascular endothelial growth factor (VEGF) 

concentrations compared with patients undergoing peritoneal dialysis thus suggesting an 

improved inflammatory and endothelial function profile in peritoneal dialysis (251, 278). 

Additionally, it appears that a longer dialysis vintage is directly related to a higher 

percentage of intermediate monocytes in the blood (283). Kidney transplantation 

modulates monocytes subpopulations mainly in the setting of immunosuppression, with 

CD14+CD16+ monocytes decreasing early post-transplant. Accordingly, methylprednisolone 

increases CD14++CD16− and CD14++CD16+ monocyte counts in vitro, findings which are 

replicated in patients receiving steroids when compared to those not taking steroids 

whereas mycophenolate, CNIs and mTOR inhibitors do not appear to affect monocyte 

subset counts (284, 285). 

 

4.3.3 Natural killer cells and natural killer T cells 

NK cells and natural killer T (NKT) cells are two fundamental cell subsets involved in 

innate immunity pathways as well as important regulators of adaptive immune responses 

(251, 286). NK cells are large granular lymphocytes with the bone marrow being the 

principal site of NK cell development, even though these cells may as well develop in 

secondary lymphoid tissue (286, 287). NK cells are a heterogenous population marked by a 

variety of receptors and functions (251, 287). Thus, they express the cell surface receptors, 

CD56 and CD16, but do not express the TCR complex, CD3. Accordingly, the CD56+CD3- NK 

cell subpopulations can be defined based on the relative expression of the markers CD16 

and CD56 on their surfaces and CD27, a member of the TNF receptor superfamily, is an 

additional marker that identifies specific NK cell subsets (251, 286-288). Human NK cells can 

be divided into three functional subsets, respectively the NK cytotoxic, NK tolerant and NK 

regulatory cells, with the last two subsets, which are CD56bright CD16- NK cells, being 

expanded in several disease states (251). NK cells are normally regulated by cytokines, 

principally IL-2 and IFNγ via receptors such as gamma-chain receptor family, also known as 

IL-2Rγ whereas infectious stimuli activate these cells via antigen-specific receptors (287). NK 

cells conduct an immediate immunological response that is regulated by the expression of 

various activating and inhibiting receptors, following recognition of respective ligands on 
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virus-infected cells or tumor cells (241). Following activation, NK cells secrete cytokines and 

chemokines that reinforce the antigen presentation process by dendritic cells (241). 

In the peripheral blood, invariant NKT (iNKT) cells are a subset of lymphocytes that develop 

in the thymus gland and undergo positive and negative selection (294, 288). iNKT cells 

produce several cytokines and display both proinflammatory and anti-inflammatory 

properties as well as immunoregulatory features and at times have a tendency toward 

autoreactivity (251, 288). iNKT cells express markers that are characteristic of the NK cell 

lineage, such as the activating NK cell receptor CD161, together with surface markers 

characteristic of T lymphocytes, including CD25, CD69 and CD122 (251, 288). Although iNKT 

cells express TCR, these receptors are semi-invariant and interact with a restricted group of 

lipid and glycolipid antigens presented in association with CD1d molecules on APCs, thus 

bearing resemblance to the innate immune system PRRs (251, 288). In line with the above, 

iNKT cells, like other innate immune cells, display immediate reactions to stimuli and do not 

possess immunological memory. Thus, iNKT cells are currently considered to serve as a 

bridge between the innate and adaptive immune systems (251, 289). 

Studies addressing the number and function of NK cells in patients with kidney 

failure are few and of poor quality and have yielded controversial results. Early studies 

conducted in the 1980s showed that NK cell activity is lower in hemodialysis patients 

compared with healthy control individuals (288). Furthermore, NK cells in patients with 

kidney failure appear to display reduced responsiveness to Il-2, with guanidino compounds 

contained in uremic sera suppressing the NK cell activity (290). However, a study matching 

patients receiving hemodialysis and healthy control subjects for NK cell counts, found 

unaltered NK cell functions and expression of specific cell receptors, except for expression of 

the activation markers CD69 and NKp44 which were increased on NK cells from patients 

with kidney disease (291). Nevertheless, in vitro evidence of the suppressive effect of 

uremic serum on healthy donor NK cells, indicates that factors related to uremia might 

decrease NK cell cytotoxicity (290-296). Apart from the uremic toxins, chronic inflammation 

and oxidative stress may further affect the properties of NK cells in kidney failure. Thus, the 

upregulated inflammatory state could be responsible for NK cell zeta-chain downregulation 

and ensuing decreased NK cell activity in hemodialysis patients (293, 294). Another study 

showed decreased expression of the pivotal activating receptor, NKG2D, on NK cells in 

dialysis patients which might be caused directly by ROS or indirectly by ROS induced 

upregulation of the NKG2D ligand, MHC class I polypeptide-related sequence A (292). 

Accordingly, catalase significantly reversed the ability of serum from kidney failure patients 

to reduce NKG2D expression on NK cells whereas it had no effect on NK cells incubated with 

control serum (292, 293). Still, all studies indicate that in patients with advanced CKD, the 

absolute number of NK cells is markedly decreased by 20–32% and lower NK counts are 

directly associated with diminished creatinine clearance, thus suggesting that the uremic 

milieu is the main factor underlying the low NK cell counts in advanced CKD (291, 293). 

Contrary to the above, studies of patients with non-end-stage CKD have shown increasing 

NK cell percentage (293, 295). Even though, defective overall NK cell activity in patients with 
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kidney failure might at least in part be considered as one of the potential causes for 

increased susceptibility to infection and malignancy in these patients, yet there is no 

available evidence in support of this hypothesis. 

Factors related to the hemodialysis procedure itself may also influence both the 

count and activity of NK cells. In patients exposed to non-biocompatible cuprophan 

membranes, the proportion of NK cells and activated NK cells as well as their cytolytic 

activity is lower than in patients treated with bio-compatible membranes (251, 297-299). On 

the other hand, switching patients from cuprophan to biocompatible membranes leads to 

recovery of NK cytotoxic activity to normal levels (299). Although the expression of 

receptors modulating NK cytotoxicity does not change in patients receiving hemodialysis, 

the activation markers CD69 and NKp44, CD94 and the chemokine receptor CXCR4 SDF1 

display augmented expression whereas the chemokine CX3CR1-fractalkine receptor is 

suppressed in these patients (299, 300). Following kidney transplantation, NK cell 

lymphopenia below the 10th percentile appears to persist in nearly half of the patients 

(301). Additionally, KTRs show dose-dependent inhibition of NK cell function in the setting 

of immunosuppressive treatment (302). Low NK cells numbers have been associated with 

the development of squamous cell carcinomas whereas NK cells diminished cytotoxicity has 

been associated with the occurrence of infectious complications in KTRs (298, 301, 302). 

There are few data regarding iNKT cell counts in CKD, with some studies suggesting 

diminished numbers, particularly in kidney failure as are the expressions of CD56 and CD161 

by iNKT cells in these patients. Kidney transplantation appears to restore iNKT cells counts 

to normal (303). 

 

4.4 Alteration of the cellular components of the acquired immune system in CKD 

 

4.4.1 T lymphocytes 

Patients with advanced CKD and kidney failure display decreased total circulating T 

cells count together with significant alterations in T cell subsets constitution, including 

reduced CD4/CD8 ratio, increased Th1/ Th2 ratio and exhaustion of naïve and central 

memory CD4+ and CD8+ T cells (304-308). Furthermore, the remaining T cells appear to 

have an aberrant activation status (308). Notably, a nearly linear decline in the total number 

of T cells, affecting both the CD4+ and the CD8+ T cell subsets is observed with CKD 

progression from the early stages until kidney failure, mainly concerning naive T cells (241, 

304, 307, 308). Reduced thymic output of naïve T cells, decreased circulating IL-7 levels and 

augmented apoptosis of both naïve and central memory CD4+ and CD8+ T cells are 

responsible for the reduction in naïve and memory T cells in these patients (304). Thus, 

compared with healthy individuals, thymic output of naive T cells as indicated by the 

amount of the genomic DNA remnants produced during TCR rearrangements or otherwise 

TCR excision circles is substantially decreased in kidney failure patients, regardless of age 

(309). Flow cytometry analyses data have revealed that in CKD patients and mainly in those 

undergoing RRT, a high percentage of T-lymphocytes express simultaneously the activation 
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marker CD69 and the apoptosis markers annexin and Fas (CD95). These T-lymphocytes are 

prone to apoptosis after stimulation with phytohemagglutinin or anti-CD3, with the 

apoptosis concerning mainly the naive and the central memory T-lymphocytes, but not the 

effector memory T-lymphocytes (307, 310). Apart from the dialysis procedure itself which 

further exacerbates, activation-induced apoptosis and reduces the proliferative capacity of T 

cells, other CKD related factors have been associated with the magnitude of the naïve and 

central memory CD4+ and CD8+ T cell depletion that include the severity of uremia, 

oxidative stress, increased phosphorus levels and secondary hyperparathyroidism, iron 

overload and inflammation (304, 307, 309). 

Incubation of uremic serum added to PBMC and to CD4+ T-lymphocyte cultures from 

healthy individuals as well as from hemodialysis patients led to impaired MHC II expression 

on monocytes following stimulation, together with decreased TCR density on CD4+ T-

lymphocytes by 40% (311). Available evidence indicates that the expression of the initial 

costimulatory ligand CD86 is decreased in dialysis patients, but not in patients with non-

kidney failure, whereas the CD80 ligand does not differ between hemodialysis patients and 

healthy individuals (311, 312). In line with the above, the addition of monocytes from 

healthy individuals or anti-CD28 monoclonal antibodies in cultures of PBMC from 

hemodialysis patients restores T-lymphocyte proliferation (311, 312). These data suggest 

that a disturbance in binding of CD80 and CD86 ligands with CD28 might play a role in the 

impaired acquired immunity of kidney failure (310, 311). Furthermore, peripheral T cells 

isolated from kidney failure patients have been shown to markedly display markers of acute 

and chronic activation, including HLA-DR, CD57, and CD69 compared to similar-aged healthy 

individuals (304, 307, 309), whereas soluble markers of T-lymphocyte activation like sCD25 

are as well elevated. A T-cell immunophenotyping study including CKD and kidney failure 

patients, showed increased frequency of exhausted CD4+ T cells (CD4+KLRG1+PD1+CD57−) 

and CD8+ T cells (CD8+KLRG1+PD1+CD57−), as well as anergic CD4+ T cells 

(CD4+KLRG1−PD1+CD57−) and CD8+ T cells (CD8+KLRG1−PD1+CD57−) in these patients, 

suggesting that in the setting of chronic stimulation, possibly by uremic toxins or other 

stimuli, T cells become dysfunctional (313). Although the total percentage of follicular 

helper T cell (TFH) was similar amongst groups, kidney failure patients had reduced 

frequency of TFH1 (CCR6−CXCR3+CXCR5+PD1+CD4+CD8−) which have a putative protective 

role against viral infection, but increased frequency of the pro-inflammatory TFH2 cells 

(CCR6−CXCR3−CXCR5+PD1+CD4+CD8−) (313). Decreased IL-2 production from T-lymphocytes 

in hemodialysis patients leads to the suppression of differentiation pathways into Th1 and 

Th2 lymphocytes. Even though hemodialysis patients appear to display a Th1 predominant 

phenotype, there is contradictory evidence available with one study which analyzed 

cytokines in the supernatants of CD4 T-lymphocyte cultures from hemodialysis patients 

showing preferable differentiation of naive CD4+ T-lymphocytes to Th2 cells after 

stimulation (310). On the other hand, suppression of the Th2 lymphocyte differentiation 

pathway, which via IL-4 production stimulates the humoral arm of the acquired immune 

system, leads to impaired B-lymphocyte function and decreased antibody production (314). 
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Naive T cells from patients with kidney failure when compared to those from matched 

healthy controls, display higher proliferating rates, are more activated and show an 

increased susceptibility to activation-induced apoptosis as recognized by pronounced 

expression of the proapoptotic molecule CD95 (306, 307, 309). In addition, naive T cells 

have higher frequency expression of CD25, that is the IL-2 receptor, of the activation 

marker, CD69, as well as of the inflammatory chemokine receptors, CXCR3 and CCR5 thus 

suggesting an abnormal activation pattern (304, 306, 309). 

In patients with kidney failure, the memory T cells are as well affected and evidence 

from several studies indicates the accumulation of CD4+CD28null cells within terminal 

effector memory T cell (TEMRA) subsets in these patients. Thus, there are observed 

increased counts of terminally differentiated CD4+ and CD8+ T cells that do not express the 

costimulatory molecule CD28 or that express the CD45RA, which is under normal conditions 

selectively expressed by the naive T cells (241, 315). In addition, the terminal differentiation 

sate of memory T cells is characterized by a marked decrease in T cell telomere length, 

suggesting increased numbers of previous cell divisions (241, 309). The terminally 

differentiated CD4+CD28− cells possess pronounced inflammatory features, such as 

increased expression of IFN-γ and TNF upon activation and secretion of pro-inflammatory 

cytokines even under basal conditions,they contain perforin and granzyme as well as they 

degranulate following stimulation, thus showing cytotoxic traits (309, 315). 

A number of studies have shown that reduced numbers together with impaired 

proliferation of circulating T cells persist kidney transplantation (241). Available evidence 

indicates that thymic output does not improve in many KTRs however it remains to be 

further clarified whether these features are due to permanent changes in thymic function, 

epigenetic marks established in T cells themselves, alterations in bone marrow precursor 

cells, or due to immunosuppressive medications utilized during induction therapy as well 

subsequently with maintenance therapy (308). Accordingly, a prospective study showed 

that that low naive T cell counts, accumulation of memory T cells, and T cell function did not 

improve following transplantation, suggesting imprinting of uremia-induced T cell changes 

(316). Yet the confounding effects of immunosuppression were not taken into account. 

Another study found that approximately 5% of KTRs had reduces CD4+ T-cells with absolute 

counts < 300/mm3 at 10 years following kidney transplantation which was associated with 

reduced thymic emigration (308, 317). Furthermore, dialysis vintage, but neither recipient 

age nor the immunosuppressive medications used for induction therapy, was the only 

significant risk factor for long-term lymphopenia in this cohort (317). Similar findings are 

confirmed in the pediatric population where CD28null CD4+ and CD8+ T -cells counts do not 

improve but remain increased compared to healthy individuals one year after 

transplantation, even in the absence of induction therapy (308, 316, 318). On the other 

hand, there is evidence indicating that accumulation of CD28null T lymphocytes results in 

immune senescence and thus carries a lower risk of rejection, as suggested by expanded 

CD28null CD4+ T cells subset in KTRs on CNI immunosuppression with long term graft 

survival (319). Likewise, patients with the highest tertile of pre-transplant CD8+CD28null 



47 
 

   
 

frequencies display the lowest rates of acute rejection at 1 year following transplantation in 

the setting of basiliximab induction and standard triple-therapy immunosuppression even 

after adjusting for the number of HLA mismatches (320). On the other hand, increased 

frequency of CD27−CD28− CD8+ TEMRA cells in stable KTRs was associated with a doubling 

of the risk for graft dysfunction during long term follow-up (321). 

 

4.4.2 T regulatory cells 

Regulatory T cells (Tregs) are derived either from the alternative differentiation of 

naïve T cells or as a distinct lineage maturing in the thymus (322). The first are otherwise 

known as adapted regulatory T cells whereas the second are named natural regulatory T 

cells, also known as CD4+CD25+ forkhead/winged helix transcription factor (Foxp3)(+) Treg 

cells (322). Naive CD4+ T lymphocytes differentiate into Th1, T Th2, TFH, Th17, and 

peripherally derived Tregs under the effects of different cytokines, co-stimulation, and 

antigen stimulation. Notably, the Th17 T-cells and Tregs exhibit distinct functions as the 

former are inflammatory while Tregs are suppressive, yet their differentiation pathways are 

related and both are capable of transdifferentiating into one another (308). Accordingly, the 

presence of TGF-beta alone leads to Treg polarization, while TGF-beta in the presence of IL-6 

results in Th17 polarization. Foxp3 was identified as the key transcription factor that 

characterizes the lineage of thymically derived Tregs (322). Tregs, which were initially 

identified as CD4+CD25+ T lymphocytes based on experimental models of autoimmune 

disease, constitute 5% to 10% of peripheral CD4+ T lymphocytes in healthy humans and play 

an essential role in immune homeostasis and in the suppression of unwanted inflammatory 

responses to self-antigens, including prevention of autoimmune disease (322). Tregs 

suppress T cell proliferation and cytokine production by regulating target T cells and APCs 

(322). Thus, Tregs suppress the inflammatory cells via various mechanisms such as cell 

surface interactions using negative costimulatory molecules, cell-contact-independent 

mechanisms such as the production of inhibitory cytokines and deprivation of IL-2 and ATP 

or ADP, production of anti-inflammatory cytokines, that have strong immunosuppressive 

properties, including TGF-β and IL-10, competition for interleukin Il-2 or APC interactions 

and as a result protect against tissue injury (322). Available data support the suppressive 

role of Tregs on antibody production by B lymphocytes through inhibition of class switch 

recombination and induction of apoptosis by perforin and granzyme (322). Moreover, the 

interaction of programmed cell death protein 1 (PD-1) on autoreactive B cells with PD-1 

ligand on Tregs prevents the activation and proliferation of self-reactive B cells in vivo (322). 

Several experimental data suggest that depletion of Tregs exacerbates kidney 

disease in a variety of model systems. Additionally, CD4+Foxp3+ Tregs, are at the center of 

ongoing experimental research, for their role as potential therapeutic targets for several 

inflammatory and autoimmune diseases, including CKD and transplant rejection (322-324). 

CKD is associated with alterations in Tregs populations however additional research is 

needed to further clarify potential ambiguous points of currently available data, including 

patient and protocol heterogeneity. Thus, in some studies patients with kidney failure were 
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shown to have reduced CD4+CD25+ Tregs together with impaired regulatory function 

whereas other studies of dialysis patients showed an increased effector T cell to Tregs ratio 

(308, 325). Increased Tregs apoptosis rates have been demonstrated in patients with 

advanced CKD as well as in patients undergoing peritoneal dialysis and hemodialysis (326, 

327). Furthermore, the observed depletion of Tregs is accompanied by their compromised 

ability to inhibit the proliferation of CD4+ T cells induced by phytohemagglutinin, thus 

suggesting the diminished anti-inflammatory capacity (326, 327). Accordingly, while the 

proliferation of the PBMC from kidney failure patients upon stimulation with alloantigen 

was affected, it appeared that there was also a defect in regulation by CD4+CD25bright+ T-

cells which did not adequately perform their suppressive function in the direct pathway of 

allorecognition, especially in dialysis patients (326). The degree of Tregs cell depletion and 

dysfunction was most pronounced in hemodialysis patients, followed by peritoneal dialysis 

patients and finally non-dialysis CKD patients (326, 327). Notably, incubation of isolated 

Tregs from healthy individuals with uremic plasma or even oxidized LDL, led to a Tregs 

number decline together with an impaired suppressive capacity of these cells, thus 

highlighting the pathogenic implications of the uremic milieu as well as the interconnection 

between oxidative stress and lipid disorders with immunological abnormalities in CKD (240). 

In vitro data from CD4+ T cells isolated from the whole blood of hemodialysis patients which 

were submitted to independent T-cell mitogen stimulation, showed that the proportions of 

CD4+CD25+FOXP3+ Tregs and CD4+GATA3+ Th2 cells as well as Il-4 levels were significantly 

lower in dialysis patients compared to healthy controls, while the proportion of CD4+T-bet+ 

Th1 cells and Il-10 did not differ (328). Moreover, levels of IFN-γ levels were higher in 

supernatants from hemodialysis patients, thus indicating a suppressed anti-inflammatory 

Tregs, and Th2 cells profile together with an accentuated pro-inflammatory IFN-γ profile in 

hemodialysis patients (328). However, a relatively recent study evaluating isolated 

CD4+CD25+FOXP3+ T regs from both non-dialysis and dialysis dependent kidney failure 

patients showed similar frequencies of CD4+CD25+FOXP3+ Tregs present in the circulation 

of kidney failure patients either on dialysis or not (329). Additionally, the isolated 

CD4+CD25+FOXP3+ Tregs responded adequately to expansion via allogeneic mature 

monocyte-derived dendritic cells whereas the demethylation status of the Treg-specific 

demethylated region which is a hallmark of CD4+CD25+FOXP3+ Tregs as well as key to their 

suppressive function, was maintained in these patients (329). 

Available evidence indicates that peritoneal dialysis may be more effective 

compared to hemodialysis regarding improvements in Tregs number. Accordingly, a 

longitudinal study of kidney failure patients initiating hemodialysis or peritoneal dialysis 

which evaluated the longitudinal changes in Treg before and one month following dialysis 

initiation showed that the proportion of total lymphocytes and CD4+ T lymphocytes did not 

change significantly after the start of dialysis in both groups whereas Tregs cells identified as 

CD25+FOXP3+, FOXP3+, or CD25+CD127-, showed a significant increase following initiation of 

peritoneal dialysis but not hemodialysis (330). 
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A meta-analysis of five studies involving dialysis patients showed that the Tregs to 

CD4+ T cells ratio was lower in the non-dialysis kidney failure patients compared to healthy 

subjects whereas no significant differences were observed between non-dialysis kidney 

failure patients and dialysis patients (331). However, when all kidney failure patients were 

compared to healthy controls, the difference in the Tregs to CD4+ T cells ratio was lost, 

which most probably should be ascribed to the suppressive effect of hemodialysis on all 

CD4+ T-cells subsets, thus as a result maintaining the fraction Tregs to CD4+ T cells 

unaltered, despite reduced absolute Tregs values (331). 

Hemodialysis patients exhibit an imbalance of Treg versus Th17 function when 

compared to healthy individuals, displaying increased peripheral Th17 cells frequency 

together with elevated Th17-related cytokines such as interleukin IL-17, IL-6 and IL-23 as 

well as increased expression of the DNA binding transcription factors RAR-related orphan 

receptor gamma (RORγ) RNA. Additionally, decreased Tregs frequency and Treg-related 

cytokines such as IL-10 and TGF-beta1 as well as reduced Foxp3 mRNA levels have been 

observed (332). 

Considering that IL-2 targets the master gene FoxP3, thus controlling the function of 

CD4+CD25+FoxP3+ T-cell function, the relatively lower inducibility of IL-2 is in accordance 

with the already reported lower amount of IL-2 protein in the supernatant of stimulated 

PBMC from kidney failure patients as well as the high level of soluble IL-2 receptor which 

would bind any amount of circulating Il-2 (333). Upregulation of both IL-6 and TGF-β occurs 

in kidney failure, thus inducing effector Th17-cells which inhibit the function of 

CD4+CD25+FoxP3+ T-cells (334, 335). 

Several experimental transplant models have demonstrated that Foxp3+Tregs play 

an essential part in the induction and maintenance of renal allograft tolerance. Accordingly, 

in specific MHC mismatched murine models, development of kidney transplant tolerance 

depends on Foxp3+ Tregs and specific deletion of Foxp3+Tregs in mice hemizygous for the 

depletion of regulatory T cells (DEREG), led to kidney allograft rejection in a DBA/2 (H-2d) to 

C57BL/6 (H-2b) model (324, 336). Small, single center studies using various of immune 

staining definitions to identify the Tregs populations have shown that low pre-transplant 

frequencies of CD4+CD25+CD127- Tregs subsets characterized as bearing TNF receptor 2 

(TNFR2) have been associated with delayed graft function (337). A recent, multi-center 

study performed a longitudinal analysis of Tregs populations in 75 KTRs and found 

decreased absolute number and proportions of CD4+CD25+CD127-FOXP3+ Tregs and 

activated CD4+CD25+CD62L+CD45RO+ Tregs following transplantation (337). Patients 

suffering acute rejection within the first year of transplantation had higher proportions of 

activated Tregs prior to transplantation thus raising questions regarding the role of Tregs in 

preventing kidney transplant rejection and potentially in promoting transplant tolerance as 

well as regarding the significance of Tregs subset levels in the prediction of kidney 

transplantation outcomes (337). Several other observational studies point to a role for Tregs 

in kidney allograft survival, with high levels of FOXP3⁺ Tregs in the peripheral blood and in 

specific IFN-γ producing, CXCR3⁺ Tregs and HLA-DRhigh⁺CD45RA Tregs, being associated 
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with graft function and outcomes (3338). A recent study assessed the impact of dialysis and 

maintenance immunosuppression on CD4+CD25+FOXP3+ Tregs expression and peripheral 

survival in patients undergoing RRT and in KTRs at regular intervals up to 20 years after 

kidney transplantation. Study results showed that CD127 expressing CD4+CD25+FoxP3+ 

Tregs were detectable at increased frequencies in dialysis patients with no negative impact 

on the Tregs end product quality and therapeutic usefulness of the ex vivo expanded Tregs 

whereas immunosuppression or rejection episodes had only mild effects on Tregs 

maturation and did not prevent Tregs survival in vivo (339). 

 

4.4.3 B lymphocytes 

Similar to T cells, CKD progression is associated with a gradual decline in the number 

of circulating B lymphocytes, eventually leading to pronounced B-cell lymphopenia in 

patients with kidney failure, mainly affecting the naive and memory B cell subsets (241). 

Several studies have demonstrated significant B lymphopenia in patients with kidney failure 

with or without RRT (340-342). Additionally, children with stage 5 CKD exhibit reduced 

populations of CD5+ innate B cells and CD27+ memory B cells (342). Furthermore, the 

number of transitional B cells is significantly reduced in dialysis patients. Transitional 

CD19+CD24highCD38high B cells are the most immature subtype of B cells in the blood, which 

progressively decrease with aging (343-345). Additionally, transitional B cells might play a 

regulatory role as they primarily inhibit T cell responses by producing IL-10 (343-345). The 

proportion of transitional B cells starts to decrease since early in CKD and continues to 

gradually decrease as the disease progresses, with both dialysis patients and KTRs exhibiting 

lower levels of these cells compared to normal individuals (343, 346, 347). CD5+ B cells 

primarily produce IgM-type antibodies and are tightly involved in maintenance of tissue 

homeostasis, protection from autoimmune diseases and infections, whereas recently their 

beneficial role in atherogenesis has been highlighted. CD5+ B cells appear to be significantly 

reduced within the entire spectrum of CKD stages as well as in hemodialysis patients, both 

in terms of percentage and absolute count (343). 

Apart from decreased output from bone marrow of B lymphocytes, diminished 

responsiveness to TNF ligand superfamily member 13B (BAFF) and increased activation-

induced apoptosis of B lymphocytes are the other two main culprits responsible for the B-

cell lymphopenia in patients with kidney failure. Accordingly, patients with kidney failure 

display elevated serum levels of the B cell growth and proliferation factors such as IL- 7, a 

cytokine that facilitates conversion of pre-B cells to B cells and BAFF, findings which indicate 

that it is not the shortage of these essential factors the reason underlying diffuse reduction 

of B lymphocytes in these patients (340). On the other hand, down-regulation of BAFF 

receptor expression has been observed on B cells from patients with kidney failure, which 

may at least partly contribute to B-cell lymphopenia because of augmented resistance to 

the effects of BAFF as a potent B lymphocytes differentiation and survival factor (340). It 

should be noted that the observed reduction of BAFF receptor expression concerns only 

transitional B lymphocytes, whereas BAFF receptor expression appears unchanged in 
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circulating mature CD19+CD10− B lymphocytes. Even though spontaneous apoptosis of B 

lymphocytes was not increased when measured directly ex vivo, it was significantly 

increased following cell culture which was associated with decreased expression of the anti-

apoptotic molecule Bcl2 (341). Overall, the uremic environment may promote apoptosis and 

cause dysregulation of the maturating process of transitional B cells to mature B cells by 

promoting resistance to BAAF-mediated differentiation and survival signals (340). 

However, it is worth mentioning that the clinical studies examining of the effect of CKD on B 

cell subsets have mainly evaluated cells from peripheral blood samples. In order to fully 

assess the influence of CKD on B lymphocytes, additional studies are required so as to assess 

the tissue distribution of these cells and in specific, the bone marrow and lymphoid tissues, 

which are the major sites of maturation and functional development of B lymphocytes. 

Furthermore, the effects of uremia on B cell precursors in the bone marrow as well as on 

the downstream signal transduction pathways responsible for B lymphocytes growth, 

differentiation and survival remain to be further evaluated. Overall, uremia-induced naïve 

and memory B cell lymphopenia is associated with a defective humoral response to 

infections, vaccination and immune memory despite normal immunoglobulin levels 

including serum IgG isotypes, and both IgM and IgA production in dialysis patients (240). 

 

5. The implication of immune system mechanisms in the pathogenesis of CVD in CKD 

 

5.1 Inflammation as the common denominator of CVD phenotypes in CKD 

 

5.1.1 The cytokines hypothesis and CVD in CKD 

The perpetuation of chronic inflammation is a common denominator in the 

pathogenesis of CKD and CVD with genetic studies as well as large epidemiological studies 

linking inflammation with CKD progression and cardiovascular events (348). Thus, 

development of strategies targeting the complex inflammatory pathways, hold great 

promise for therapeutic advance in CKD and CVD (348). Pivotal experimental studies nearly 

four decades ago demonstrated beyond any doubt the fundamental role of inflammation as 

a critical component of the atherogenesis process (349, 350). Furthermore, large cohort 

studies both in the general population and in patients with CVD have established a strong 

association between various biomarkers of inflammation and cardiovascular outcomes with 

leukocytosis, CRP and IL-6 representing the best predictors of cardiovascular risk among the 

proinflammatory mediators (351,352). In line with the above, abundant evidence suggests 

that inflammation plays a significant part in the pathophysiology of HF (352, 353). 

Accordingly, the levels of inflammatory cytokines are increased in patients with LV 

dysfunction and furthermore they carry prognostic implications (398). Increased levels of IL-

6 in HF are associated with a poor prognosis whereas TNF levels correlate with New York 

Heart Association (NYHA) class in chronic HF and are found to be elevated earlier during 

disease progression as compared with the natriuretic peptides which tend to be elevated 

only in severe disease (354). 
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Chronic inflammation is considered as one of the most significant non-traditional risk 

factors accounting for the increased risk of CVD in CKD and both inflammation and CKD 

predict cardiovascular events (355-357). However, the systemic nature of inflammation 

should be taken into consideration in this setting as well as its complex nature characterized 

by the interplay of several mediators, including cytokines, complement factors, and WBC 

subsets. Thus, Il-6, Il-1 or TNF-a are required for upregulation of CRP as an acute 

inflammatory phase reactant, whereas fibrinogen, another acute-phase reactant displaying 

a delayed but sustained increase, requires Il-6 for upregulation, whereas it is inhibited by Il- 

1 and TNF-a (358). Similarly, other markers of the acute phase responses, such as 

leukocytosis and hypoalbuminemia, increase early following inflammatory stimuli and their 

respective changes are maintained in chronic inflammatory states (358). Among the 

multiple potential pro-inflammatory stimuli identified in CKD, ischemia, infections, the 

uremic environment and accentuated oxidative stress are the most notorious (159). Several 

analyses of large cohort studies examining inflammation and subsequent kidney disease 

outcomes have demonstrated an association between inflammatory markers and prognosis 

in CKD populations thus suggesting that inflammation may be the unifying mechanism 

between disease and accelerated CVD in this setting (359-362). 

In order to explore the influence of CKD, inflammation, as well as the synergy 

between CKD and inflammation on cardiovascular events, markers of inflammation 

including fibrinogen, albumin and WBCs were evaluated in 20413 individuals including 1649 

with non-end stage CKD, from the two well-known cohorts of the Cardiovascular Health 

Study and the ARIC Study (356, 357). Inflammation, defined by the presence of at least two 

of three criteria including highest quartile of fibrinogen, the lowest quartile of albumin, and 

the highest quartile of race-specific WBC was identified in 3594 patients. Even though both 

inflammation and CKD were associated with increased risk of a composite of cardiac events, 

stroke and mortality as well as components of this composite, their interaction was non-

significant, thus further establishing the association between markers of inflammation with 

mortality and cardiovascular outcomes in a community-based population regardless of the 

presence or absence of reduced kidney function. Inflammation was associated with 

increased hazards for stroke, cardiac events, or death after adjustment for conventional risk 

factors that ranged between 35% and 50% whereas in patients with CKD, the hazard ratio 

(HR) was similarly elevated between 15% and 25% (356, 357). Overall, when compared with 

patients who did not display either inflammation or CKD, those with CKD alone had an 

increase in hazards of hard cardiovascular end points by 20%–60%, those with inflammation 

alone had an increase in risk by 40%–60%, and those with both inflammation and CKD had 

an increase in risk by 40%–100% (57, 356, 357). In addition, regardless of kidney function, a 

composite of reduced serum albumin, increased fibrinogen, and increased WBC count, and 

a composite of only albumin and WBC count, both predicted adverse events in an elderly 

population to a degree similar as CRP (357). These findings are in accordance with previous 

evidence from the Cardiovascular Health Study cohort which compared traditional and 

novel risk factors as predictors of cardiovascular mortality in a total of 5808 persons, 
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including 1249 patients with CKD, aged 65 years or older living in 4 communities in the 

United States. During an average follow-up of 8.6 years, CKD patients displayed an almost 

double cardiovascular mortality risk rate compared with those without it. Apart from the 

classical risk factors such as, diabetes, systolic hypertension, smoking, low physical activity, 

nonuse of alcohol and LVH, only CRP and Il-6 among the novel risk factors, were associated 

with the outcome as linear predictors (359). Additionally, in the same cohort, older adults 

with elevated levels of CRP, factor VII, fibrinogen, WBC count and hemoglobin or low levels 

of albumin showed a greater risk of CKD progression as assessed by a yearly eGFR change of 

more than 3 mL/min/1.73 m2 (364). 

On the other hand, a prospective, nested case-control analysis from 244 women 

without history of CVD, who were participants in the Nurses' Health Study, demonstrated a 

direct correlation of inflammatory markers, including CRP, IL-6, and soluble TNFRI and 

TNFRII, with greater coronary artery disease risk among participants with eGFR lower than 

75 ml/min/1.73 m2 but not in those with a GFR higher than 75 ml/min/1.73 m2 (363). Thus, 

higher inflammatory biomarkers levels were significantly associated with coronary events 

only in women with reduced kidney function. Potential contradictory points in the results 

generated by each of these studies mainly rely in their design, cohort characteristics as well 

as definitions of cardiovascular outcomes (357, 359, 363). 

Data from the CRIC Study, which included participants with CKD but without a 

history of CVD at study entry, have provided fundamental insights into the risk factors 

associated with progression and outcomes of CKD and CVD in these patients (365). 

Accordingly, a baseline panel comprised of inflammatory biomarkers including IL-1β, IL-1RA, 

IL-6, TNF-α, TGFβ, high-sensitivity (hs) CRP, fibrinogen, and serum albumin, were 

independently associated with incident MI, peripheral arterial disease, stroke and death in 

this patient cohort (365). A composite inflammation score incorporating Il-6, TNF-a, 

fibrinogen and serum albumin was associated with a graded augmentation in the risk for the 

composite outcome of atherosclerotic cardiovascular events and death (365). Traditional 

cardiovascular risk estimates such as the Pooled Cohort Equation probability, a gender- and 

race-specific tool for estimating 10-year absolute rates of atherosclerotic cardiovascular 

disease events in a primary prevention population, could be further improved by adding 

markers of inflammation and indices of kidney function (365). 

IL-6 has complex atherogenic properties, including effects on the endothelium, on 

platelets, as well as on coagulation factors and its mRNA is abundantly expressed in 

atheromatous arteries and is found together with macrophages in vulnerable rupturing 

plaque areas (366). High serum IL-6 is associated with history of CVD and independently 

predicts overall and cardiovascular mortality in patients across all eGFR stages (367). 

Moreover, it is a significantly better predictor of mortality than CRP, albumin or TNF-a (367). 

Accordingly, the value of IL-6 as a robust and independent predictor of the progression of 

carotid atherosclerosis and mortality in patients with non-end-stage kidney disease before 

the initiation of dialysis treatment has been demonstrated nearly 3 decades ago (368). 

Studies in several patient groups with CVD, such as those with carotid atherosclerosis, 
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abdominal aortic aneurysm or undergoing coronary artery bypass grafting (CABG) have 

identified potential links between genetic polymorphisms of Il-6 with CVD (369). Similarly, 

meta-analytic data from two genetic consortia exploring the effect of a polymorphism in the 

IL-6 receptor on the risk of CAD showed the allele that attenuated IL-6 signaling was 

significantly associated with reduced risk of CAD (370). Strikingly, a parallel relationship of 

the −174 G/C functional polymorphism in the promoter of IL-6 gene with history of CVD and 

incident CV events has been discovered which suggests that IL-6 may play a direct causal 

role in the pathogenesis of CVD complications in this specific patient population (371). 

Accordingly, in a multicentric cohort of 755 patients with CKD stages G2–G5 from southern 

Italy, patients homozygous for the risk allele (C) of the −174 G/C polymorphism had higher 

levels of IL-6 than did those with other genotypes. Additionally, homozygous CC patients 

had double the risk of displaying a CVD history as well as an 87% higher rate of incident 

cardiovascular events compared with the other genotypes (371). 

Regarding dialysis patients, a great body of experimental and clinical evidence 

suggests that inflammation is a risk major factor for increased mortality as well as exerts 

detrimental effects in the cardiovascular system, with cytokines and other inflammatory 

proteins being not only mediators of cardiovascular damage in experimental models but 

predictors of cardiovascular complications as well (372-375). 

A study assessing the predictive value of CRP, of the main proinflammatory cytokines and of 

two adhesion molecules, intercellular adhesion molecule-1 (ICAM-1) and vascular cell 

adhesion molecule-1 (VCAM-1) in dialysis patients, showed that IL-6 adds significantly 

greater predictive power for all-cause and CV death to statistical models based on 

traditional and nontraditional risk factors in these patient population with the gain in the 

prediction power attributable to IL-6 being approximately two times higher compared to 

CRP (372). On the other hand, the gain in prediction power associated with TNF-alpha, IL1-

beta, IL-18, ICAM-1, and VCAM-1 was marginal. It should be noted that, the cardiovascular 

mortality risk estimates of patients with high serum IL-6 were not significantly different 

from that of patients with increased serum CRP, thus indicating that the later might be a 

more readily available alternative for clinical practice utilization compared to IL-6 (372). A 

study of 280 stable hemodialysis patients revealed that nearly half the patients displayed an 

activated acute phase response, characterized by an increase of CRP and serum amyloid A 

(SAA) with CRP remaining a powerful independent predictor of both overall mortality and 

cardiovascular death together with age, during a prospective follow-up of two years (374). 

Moreover, the acute phase reactants were positively associated with the atherogenic 

plasma proteins Lp(a) as well as fibrinogen and inversely correlated with antiatherogenic 

HDL cholesterol and apo A-1 (374). 

Evidence from experimental studies indicates that cytokines regulate cardiac 

remodeling pathways and contractile function (376, 377). In vitro data from a model of adult 

ventricular cardiomyocytes cultured with cardiac fibroblasts showed that addition of 

antagonist antibodies against IL-6 or against its transducer gp130 induced a significant 

decrease in expression of atrial natriuretic peptide (ANP) and beta-myosin heavy chain in 
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cardiomyocytes as well as diminished fibroblast proliferation (376). Furthermore, 

angiotensin II secreted by cardiac fibroblasts induces IL-6 secretion by cardiomyocytes 

whereas the hypertrophic and proliferative effects of IL-6 on cardiomyocytes and fibroblasts 

were inhibited by addition of the angiotensin-1 receptor antagonist, losartan (376). 

Similarly, IL-6 and leukemia inhibitory factor mediated the genesis of angiotensin II-

dependent LVH in two hypertensive rat models. Overall, cytokines influence cardiac 

remodeling via various mechanisms including stimulation of the synthesis of protein found 

in sarcomeres, induction of fetal gene expression, alteration of extracellular matrix 

degradation as well as promotion of apoptosis (377, 378). 

The association between inflammatory biomarkers and cardiac geometry were 

evaluated in 3,939 CRIC study participants which demonstrated independent and consistent 

associations of elevated hs-CRP and IL-6 with LVH and systolic dysfunction as well as an 

inverse correlation of serum albumin with LVMI and eccentric hypertrophy. Overall, among 

the pro-inflammatory biomarkers studied, circulating IL-6 was associated with the presence 

of both concentric and eccentric hypertrophy, thus best reflecting the inflammatory status 

as well as the relation with adverse cardiac remodeling in CKD patients (379). 

The overexpression of proinflammatory cytokines in patients with CRS has been well 

characterized thus highlighting the role of immune-mediated inflammatory markers in the 

heart and kidney pathophysiological crosstalk (380-383). Accordingly, 5 times higher plasma 

levels of proinflammatory cytokines such as IL-6 and IL-18 have been detected in CRS type 1 

patients compared to patients with acute HF (382). Additionally, a positive correlation 

between myeloperoxidase (MPO), an enzyme stored in azurophilic granules of neutrophils 

and macrophages, involved in inflammatory and oxidative processes and neutrophil 

gelatinase associated lipocalin (NGAL), an AKI marker particularly for proximal tubular cell 

damage, with inflammation markers has been described in these patients (382).  Studies 

conducted on CRS have shown that IL-6 and IL-1β hinder the expression of suppressor of 

cytokine signaling-3 (SOCS3), a protective factor against cardiomyocyte hypertrophy and 

apoptosis and increase neutrophil recruitment (384, 385). Additionally, IL-6 is an upstream 

signal for myocardial growth factor receptor-bound protein 2 (Grb2), a major factor involved 

in myocardial diastolic dysfunction, which acts through inhibition of the Akt/mTOR signaling 

pathway thus causing disruption of the mitochondrial metabolism (381, 386). IL-6 stimulates 

epithelial sodium channels in the distal renal tubules, impairing natriuresis and as a result 

leading to volume expansion and aggravation of congestion in CRS (387). 

During the recent years novel agents including monoclonal antibodies that target 

inflammatory cytokines aiming to inhibit the inflammatory axis which mediates the heart-

kidney interaction, have been evaluated by numerous studies (388-393). Valuable clinical 

data for the potential cardiovascular benefit, including atherosclerotic cardiovascular events 

as well as HF hospitalizations, of the treatment of inflammation in patients with CKD with a 

history of MI and system inflammation were derived with canakinumab, a monoclonal 

antibody targeting IL-1β (392). Finally, cardiovascular safety and efficacy of ziltivekimab, , 

was tested in a phase 2 RCT published in 2021, the RESCUE trial. In a total of 66 subjects 

https://pmc.ncbi.nlm.nih.gov/articles/PMC2528839/
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with moderate to severe CKD and residual inflammatory risk included in the RESCUE trial, 

treatment with ziltivekimab a fully human monoclonal antibody directed against the IL-6 

ligand, every four weeks, up to 24 weeks, compared to placebo, resulted in a significant 

decrease in hsCRP levels in a dose-dependent manner, which remained stable over THE 

treatment period without any major safety issues (393). 

 

5.1.2 The role of the inflammasome and Toll-like receptors 

The nucleotide-binding domain family pyrin domain containing 3 (NLRP3) 

inflammasome is the best characterized among the inflammasome complexes (394). Thus, 

NLRP3 is an intracellular signaling molecule that acts as a danger signal sensor with tissue 

injury, metabolic stress, and infection being the main triggers for its activation (394). 

Following activation, NLRP3 proteins oligomerize and subsequently recruit and couple to an 

adaptor protein, apoptosis associated speck-like protein containing a caspase- activation 

and-recruitment domain (ASC), interact with caspase-1 and in the end cleave precursors of 

Il-1β and Il-18 and convert them into their active forms of secreted cytokines (394). 

NLRP3 is overexpressed in atherosclerotic plaques, particularly in unstable plaques (429). 

Experimental studies in murine models have shown contradictory results with some 

indicating overexpression of NLRP3 in atherosclerotic plaques with deletion of NLRP3 

leading to attenuation of inflammation and atherosclerosis, while no such effect have been 

confirmed by other studies applying the same intervention (394). 

Recent data suggest that inflammasome-related cytokines IL-1β and IL-18 may 

modulate the cardiac remodeling process after injury and impair myocardial function (395, 

396). Results from experimental models of cardiac ischemia have revealed that ischemia 

induced mitochondrial damage together with the ensuing IRI induced increase in ROS, lead 

to upregulation of NLRP3, caspase-1 activity, IL-1β, and IL-18, all resulting in cell membrane 

damage, edema and cell death (397). On the other hand, experiments involving abolishment 

or inhibition of NLRP3 signaling indicate diminished myocardial infiltration by inflammatory 

cells, as well as attenuation of fibrosis and LV dysfunction in this setting (397). Available 

evidence implicates the NLRP3 inflammasome pathway in the pathogenesis of HF with 

prominent expression of the inflammasomes in WBCs, fibroblasts, endothelial cells as well 

as cardiomyocyte together with increased IL-1β and IL-18 levels in the plasma of these 

patients (398, 399). 

Kidney injury often triggers an intense inflammatory response with upregulation of 

cardiac NLRP3 inflammasome components that induces cardiac dysfunction and 

pathological remodeling. Thus, in a remnant kidney model, NLRP3 was significantly 

upregulated at the transcript and protein level in the hearts of animals submitted to 5/6th 

nephrectomy together with a significant increase of circulating IL-1β levels, as compared to 

sham-operated control animals. Additionally, pathological remodeling with cardiac fibrosis, 

myocyte hypertrophy and wall thickening, was observed in 5/6th nephrectomized animals 

(400). NLRP3 inflammasome activity also increases in atrial cardiomyocytes of patients with 

both paroxysmal and chronic atrial fibrillation (394). Taking into consideration the link 
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between CKD and increased risk of atrial fibrillation, NLRP3 activity was enhanced in THE 

atria of patients with CKD and IL-1β levels were elevated in the circulation of patients with 

CKD who had AF compared to patients in sinus rhythm. Moreover, NLRP3 activity was 

enhanced in atria of patients with CKD (400). In order to investigate the role of NLRP3 and 

IL-1β signaling in the pathogenesis of CKD-induced atrial fibrillation, NLRP33-knockout and 

wild type mice with subtotal nephrectomy were compared with regard to susceptibility to 

pacing-induced atrial fibrillation as well to atrial fibrillation remodeling (401). NLRP3 knock-

out mice displayed significantly reduced incidence of atrial fibrillation, lower IL-1β levels, 

normalized left atrial dimensions, as well as less fibrosis compared to wild type mice with 

CKD, thus suggesting that CKD promotes atrial fibrillation development at least in part by 

activation of the NLRP3 inflammasome in atria, leading to structural and electrical 

remodeling (401). 

Similar to NPLRP3-inflammasome complex, the activation of TLRs by PAMPs and 

DAMPs induces the expression of several genes encoding proinflammatory cytokines and 

initiates a series of processes eventually promoting atherosclerosis, MI, and HF (394). TLR2 

and TLR4 are undoubtably the most abundantly expressed TLRs in atheromatous plaques, 

with their knockdown in atherosclerosis-prone, apolipoprotein E deficient mice, leading to 

attenuation of the severity of the atherosclerotic lesion, thus highlighting their substantial 

role in the inflammatory response of the vascular wall (403, 404). Myocardial ischemia and 

infarction cause release of endogenous DAMPs, such as heat shock proteins, high-mobility 

group box 1 protein, and DNA from ischemic myocardial cells, which signal and activate TLR 

receptors (394). Accordingly, experimental models have shown that increased heat shock 

protein-60 in mice cardiomyocytes in the setting of ischemic HF activates TLR4, leading to 

TNF-α-mediated apoptosis and myocardial injury (405). Furthermore, in the same model, 

myocardial necrosis after hypoxia and reoxygenation is mediated at least partly by TLR2 and 

TLR4 through rapid activation of protein kinase C alpha (PKCα), followed by increased 

expression of NOX2, a process which was inhibited by antibodies against TLR2 and TLR4 

(405). Heart failure models in rats have revealed that TLR2 is upregulated in cardiomyocytes, 

and vascular endothelial cells whereas TLR2 double knockout mice do not exhibit 

progression of HF (406). Mice deficient in toll-interleukin-1 receptor domain-containing 

adaptor protein (TIRAP), an adaptor molecule that is essential for TLR2 signaling, display 

significantly greater recovery of postischemic myocardial contractile performance (406). 

Furthermore, antibodies against TLR2 prevent angiotensin II-induced myocardial fibrosis 

through inhibition of macrophage infiltration in the heart (407). 

Several endogenous ligands for TLRs have been identified in CKD which together 

with increased expression of TLRs on leukocytes contribute to the development of the 

chronic inflammatory state as well as the development of arterial hypertension, the 

promotion of vascular calcifications and atherogenesis (394). 

In the CKD population, HDL is transformed from its physiological form to an 

abnormal lipoprotein, via symmetric dimethylarginine (SDMA), with the modified HDL 

particle mimicking a DAMP and subsequently activating endothelial TLR-2 via a TLR-1- or 
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TLR-6-coreceptor-independent pathway. As a result, the modified LDL promotes endothelial 

proinflammatory activation through NF-κB-dependent cytokine release, induces endothelial 

superoxide production and impairs endothelial repair through substantially reduced NO 

bioavailability, and by that increases arterial blood pressure. 

TLRs are involved in the pathogenesis of cardiac hypertrophy in the setting of 

pressure overload (410-413). TLR2 stimulation directly promotes cardiomyocyte 

hypertrophy in vitro via NF-κB pathway activation and TLR2 knockout mice failed to respond 

to elevated heat shock protein 70 after transverse aortic constriction (TAC), thus exhibiting 

impaired adaptive cardiac hypertrophy (410, 411). On the other hand, stimulation of TLR9 

affects the NF-κB pathway and upregulates IL-10 secretion, leading to attenuation of cardiac 

hypertrophy and cardiac systolic dysfunction following TAC (410, 411). Similarly, blunted NF-

κB pathway activity is observed in TLR4 deficient mice, which are protected from the 

development of cardiac hypertrophy and from cardiomyocyte loss after aortic ligation (412, 

413). 

 

5.2 The implication of cellular components of the innate immune system in the 

pathogenesis of CVD in CKD 

 

The participation of immune and inflammatory mechanisms in both acute and 

chronic cardiovascular conditions has recently come to the spotlight with the significance of 

cardiovascular immunology being currently in a similar position to that of lipidology during 

the nineties (414, 415). Thus, it is well established that both innate immune pathways and 

adaptive immune effectors including various subtypes of mononuclear phagocytes as well as 

of T and B lymphocytes play a significant part in atherosclerosis and its complications. 

Similarly, cardiac remodeling and fibrosis, a shared outcome by many myocardial diseases, 

involve innate and adaptive immunity immune cells which critically regulate the clearance of 

injured cells and repair responses in the setting of injury (414, 415). Attention to the 

involvement of cellular innate and acquired immune mechanisms in the accelerated 

phenotypes of CVD in CKD has generally lagged and understanding of these complex 

mechanisms can aid to further develop novel diagnostic and therapeutic strategies in this 

field (251, 414, 415). 

 

5.2.1 Monocytes 

Increased monocyte count has been associated with a higher risk of cardiovascular 

events and mortality in individuals without CKD with the monocyte to lymphocyte ratio 

(MLR) emerging as a novel inflammatory parameter that is associated with cardiovascular 

risk in the non-CKD populations (416-418). Taking into consideration the link between 

elevated monocyte numbers and increased circulating levels of proinflammatory mediators, 

monocyte count might represent a marker of inflammation that is involved with the 

increased risk of CVD (419). On the other hand, bearing in mind that participation of 

monocytes in the inflammatory reaction process and the regulatory role of lymphocytes in 



59 
 

   
 

immune pathways, an increased MLR may indicate accentuated inflammation together with 

an impaired immune response (420). Notably, compared individuals without CKD, the CKD 

population have higher levels of MLR. There is a limited number of studies with small 

samples sizes which have examined the potential association of monocyte counts and MLR 

with adverse cardiovascular outcomes in the CKD population. Data from prospective studies 

including small dialysis as well as non-dialysis dependent patient cohorts suggest that MLR 

can serve as an easy and effective clinical indicator for predicting mortality risk in CKD 

patients (421-424).  Accordingly, in patients undergoing chronic hemodialysis the highest 

tertile of monocyte count compared with the lowest tertile was associated with double the 

risk of CVD death during a follow-up of 40 months, whereas a higher MLR was associated 

with a nearly seven-fold increase in cardiovascular mortality during a median follow-up of 

51 months (421, 422). Similarly, the highest tertile of MLR compared with the lowest tertile 

was associated with a 45% higher risk of CVD death in patients undergoing peritoneal 

dialysis during a median follow-up of 31 months (423). Analysis of data from the National 

Health and Nutrition Examination Survey 2003-2010, indicate that in the non-end stage CKD 

population, MLR is positively correlated with the risk of death and displays a higher 

predictive efficacy for mortality risk than other clinical indicators such as the CRP (424). In 

line with the above, data from the CRIC study show a graded association of the monocyte 

count and MLR with a higher risk of CVD, cardiovascular death, and all-cause death in non-

dialysis CKD patients (425). 

 

5.2.1.1 Monocyte subpopulations and atherosclerosis— a clinical perspective 

Monocytes are the predominant, key cells in atherogenesis and the sequence of 

events has been well characterized from the adhesion of circulating monocytes to the 

endothelium, subsequent transmigration into the subendothelial space to their 

differentiation into scavenger cells that internalize oxidized lipoprotein, foam cell formation 

and the development of fatty streaks (426, 427). Monocytes within atherosclerotic plaques 

produce cytokines and growth factors, which further induce the recruitment and activation 

of other inflammatory cells and plaque growth whereas plaque fibrous cap weaking by 

macrophage-derived matrix metalloproteinases (MMP) leads to plaque rupture and ACS 

(251, 414, 426). On the other hand, there are few data regarding the regulation and 

accumulation of monocytes subsets or regarding their roles in atherosclerosis. Monocyte 

subsets are customarily characterized by differential expression of specific cell surface 

markers including chemokine receptors that regulate their function such as chemokine C-C 

motif receptor 2 (CCR2), CX3C chemokine receptor 1 (CX3CR1) and C-C chemokine receptor 

type 5(CCR5), as well as adhesion molecules and integrin receptors (426). Thus, classical 

CD14++CD16- monocytes display high CCR2 and low CX3CR1 expression and in the other 

end of the spectrum non-classical CD14+CD16++ monocytes do not express CCR2 whereas 

they highly express CX3CR1 (427) (Figure 3). Accordingly, the high affinity for the 

endothelium due to surface expression of chemokine receptors and adhesion molecules 

relevant to atherosclerosis plaque progression such as CX3CR1 and CCR5, their propensity 
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for prompt deployment from their marginating pool following stimulation as well as their 

capacity to recruit T-lymphocytes and additional monocytes, support the potential 

implication of CD16+ monocytes in atherosclerosis and CVD in general (426, 427).  

Experimental studies which have provided invaluable evidence regarding the roles of 

monocytes subsets in various CVD phenotypes, have utilized mouse models with a 

correspondent classification of their monocytes based on lymphocyte antigen 6 family 

member C (Ly6C) and CD43 expression with Ly6C++CD43+ considered equivalent to 

CD14++CD16- and Ly6C+CD43++ considered equivalent to CD14+CD16++ (427). Relatively 

recent data indicate that in fact human CD14++CD16– and CD14++CD16+ monocytes are 

clustered with murine Ly6Chigh monocytes, whereas only CD14+CD16++ monocytes 

correspond to Ly6Clow monocytes. Atherosclerosis is inhibited by a selective absence of the 

monocyte chemokine receptor CCR2, CX3CL1 or its receptor CX3CR1 in atherosclerosis-

prone apolipoprotein E-deficient (ApoE−/−) mice (167). Similarly, mutations that result in 

decreased function of CX3CR1 and monocyte adhesion in humans are protective against 

CVD (167). Recent studies have shown that in ApoE −/− mice fed a high-fat diet, monocyte 

counts in the circulation were elevated and skewed toward the pro- inflammatory 

monocytes subtype which further required CX3CR1 in addition to CCR2 and CCR5 to 

accumulate within plaques (167). 

 

Figure 3. Monocyte subpopulations and atherosclerosis. CCR, CC chemokine receptors; CD, 

Cluster of Differentiation; CX31,CX3C chemokine receptor 1; IL-1β, Interleukin 1-β; ROS, 

reactive oxygen species; TNF, tumor necrosis factor; VEGFR, Vascular Endothelial Growth 

Factor Receptor (251). 
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Increased expression of the β2 integrin subunit (CD18) and CD11b in classical 

monocytes has been described in hemodialysis patients. As the integrin subsets expressed 

by monocytes mediate interactions with cell adhesion molecules on the endothelial cell 

surface, such as intercellular adhesion molecule (ICAM) 1-3, they may be involved in the 

formation of atherosclerotic plaques (428-430). In patients with CKD, CD14+CD16+ 

monocytes express a proatherogenic profile of chemokines and adhesion molecules, such as 

CX3CR1 and ICAM-1 compared to classical CD14++CD16- monocytes (277, 431). Expression 

of the proatherogenic chemokine receptors CCR2 and CCR5, and the fractalkine receptor 

(CX3CR1), is elevated in proinflammatory CD14++CD16+ monocytes (432). Patients receiving 

hemodialysis and carrying a deletion variant of the CCR5 gene (CCR5Δ32) causing deficiency 

of the respective receptor, show improved cardiovascular outcomes, thus supporting a 

clinically relevant role of CCR5 in modulating inflammation and atherosclerosis (433). 

Increased levels of CX3CR1 on CD14++CD16- monocytes and decreased levels on CD16+ 

monocytes have been found before hemodialysis, whereas a notable depletion in CX3CR1 

expression occurs in all monocyte subsets after dialysis treatment, a phenomenon 

interpreted to be a consequence of the adherence of monocytes overexpressing this 

chemokine receptor to the activated endothelium during hemodialysis (434). The 

percentage of CCR2 positive CD14+ monocytes in patients with HD is greater than that in 

healthy controls (434, 435) and pilot transcriptomic data suggest that genes encoding CD16 

and CX3CR1 in peripheral blood monocytes may be upregulated regardless of CVD (435). 

The link between the pro-inflammatory monocytes and endothelial dysfunction in 

CKD is reinforced by the positive association of increased CD16+ monocytes count and the 

presence of apoptotic endothelial microparticle in CKD patients as well as by in vitro findings 

indicating that CD16+ monocytes collected from patients with CKD adhere more strongly to 

a human umbilical vein endothelial cell monolayer compared to classical monocytes (277, 

278). Furthermore, experimental studies of CD14++CD16+ monocytes collected from CKD 

donors exhibit preferential lipid accumulation such as marked oxidized LDL uptake capacity 

together with high expression levels of CD36, a scavenger receptor with high affinity for 

tissue uptake of long chain fatty acids and CD68 a scavenger receptor that modulates 

platelet mediated oxidized LDL plaque deposition as well as low cholesterol efflux due to 

diminished expression of the cholesterol transporter ATP-binding cassette A1 (ABCA1) (431, 

436). Conversely, low levels of cholesterol efflux mediators such as Apo-1 and HDL 

cholesterol are associated with increased CD14++CD16+ monocyte counts in patients with 

CKD (436). TLR-4 induces the expression of several genes encoding proinflammatory 

cytokines that are actively involved in myocardial inflammation, ischemia-reperfusion injury, 

MI and HF (437) however in the sole study testing the relationship between TLR4 

expressions on monocytes with the incidence of cardiovascular events in kidney failure no 

such relationship was found (438). 

The ACE expression on monocyte-derived cells is a hallmark of their pro-atherogenic 

phenotype and has been detected within advanced atheromatous plaques (439). Marked 
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expression of ACE or CD143 on monocytes, macrophages and foam cells within the intimal 

vascular wall induces the activation of the local RAS, thereby resulting in the progression of 

atherosclerotic plaques (439). In vitro preconditioning of healthy monocytes with uremic 

serum results in the upregulation of ACE expression and angiotensin II and angiotensin 1-7 

receptor, thus stimulating endothelial adhesion and transmigration (440). Intermediate 

CD14++16+ monocytes from patients with established CVD undergoing dialysis show 

increased ACE expression (441), and high ACE expression in these monocytes is associated 

with atherosclerotic cardiovascular disease and mortality (440-443). 

CD40, a type 1 transmembrane proteine found-on APCs and required for their activation is 

considered to play a prominent role in the development and progression of atherosclerosis 

(431, 444). Increased counts of classical and intermediate monocytes highly expressing 

CD40+ are observed in CKD patients with CVD (445). Furthermore, the proportion of CD40+ 

intermediate monocytes in these patients displays higher levels of the inflammatory 

markers CD86, HLA-DR, CD11b, CD49d, CCR2, CCR5 and Cx3CR1, compared to CD40−/CD14+ 

monocytes (445). 

Despite the unequivocal evidence of the direct involvement of monocytes in the 

pathogenesis of atherosclerosis, initial epidemiological studies did not find a significant 

association between differential counts of WBCs, including monocytes and CAD (251, 446). 

However, subsequent flow cytometric studies have shown that the pro-inflammatory CD16+ 

monocytes subsets are elevated in dyslipidemias such as ApoE gene variants, conferring 

susceptibility to atherosclerosis and in obesity whereas they show an inverse association 

with HDL cholesterol levels (251, 447). To further reinforce these observations, cross 

sectional studies have shown that in patients treated with statins, CD16+ monocyte counts 

are lower compared to patients not receiving these drugs (251, 448, 449). 

Patients with stable CHD appear to have diminished expression of CD14 together 

with elevated expression of IL-6 receptors on both classical and nonclassical monocytes as 

well as altered responses to stimulation with endotoxin, thus suggesting altered immune 

cell regulating mechanisms (450). However, classical monocytes CD14++CD16− appear to be 

the predominant subtype in patients with stable angina (251, 451). On the other hand, 

experimental MI in mice has revealed various time patterns in the activation and 

mobilization of monocyte subsets in the myocardium, a process mediated by differential 

cytokine expression (452). Accordingly, Ly6C high monocytes, the analogues of classical 

monocytes in humans, are the first monocytes to perform phagocytic, proteolytic and 

proinflammatory functions via CCR2, whereas LyC low monocytes, which correspond to 

CD16+ monocytes in humans, are recruited at a later stage via CX3CR1 and mediate the 

healing phase through collagen production and angiogenesis (431). Peak levels of classical 

CD14+CD16- monocytes have been inversely associated with the extent of both myocardial 

salvage and recovery of LV function after MI while the development of coronary collaterals 

is associated with increased CD14++CD16- levels (453, 454). Thus, in patients with ST-

elevation MI, post-reperfusion increases in CD14+CD16- monocyte levels are predictive of 

microvascular obstruction, an impaired LVEF and larger infarct size (455, 456). Direct renin 



63 
 

   
 

inhibitors combined with ACEIs or ARBs have been shown to improve the extent of 

myocardial salvage after MI, an effect associated with a decrease in circulating CD14+CD16- 

monocytes (457). Taking into consideration that angiotensin II stimulates migration of the 

mouse equivalent to human CD14+CD16− monocytes from the spleen into the circulation, 

the therapeutic implications of these studies remain to be tested in clinical trials (458). 

The count and activity of intermediate CD14++CD16+ monocytes, in terms of NF-κB 

expression, increase immediately after acute coronary syndromes (ACS) with peak counts 

correlating with cardiac enzymes and plasma cytokine levels as well as LV function (451). 

The cardiovascular arm of the Malmo Diet and Cancer study showed that classical 

monocytes (CD14++CD16−) were directly associated with the incidence of cardiovascular 

events independently of other risk factors in a randomly selected population of 700 subjects 

followed up for 14 years (459). It should be noted that in this study flow cytometric analysis 

was performed on thawed cells that were stored frozen at −140°C for up to 15 years, thus 

potential alterations in cells over this time period could not be ruled out. However, at 

baseline, the proportion of monocytes expressing CD16, but not classical monocytes, was 

associated with the extent of carotid atherosclerosis, measured as IMT (459). In contrast, 

another recent large cohort study evaluating the association of human monocyte subsets 

with cardiovascular outcomes in a broad patient population, showed that intermediate 

monocytes CD14++CD16+ were the sole subset independently associated with 

cardiovascular events during a mean follow-up period of approximately 2.6 years (460). 

Yet, it should be taken into consideration that a number of the studies, particularly 

initial ones did not distinguish between intermediate CD14++CD16+ monocytes from 

nonclassical CD14+CD16++ monocytes. 

Whereas intermediate and nonclassical monocyte counts are elevated in dialysis 

patients, classical monocyte counts are lower than those in healthy subjects with higher 

counts of the intermediate CD14++CD16+ monocytes being associated with established CVD 

as well as with incident cardiovascular events and death in these patients (460, 461). Even 

though CD14++CD16+ monocyte counts are considerably lower in pre-dialysis CKD than in 

patients receiving hemodialysis, these counts also have a direct relationship with 

cardiovascular outcomes in these patients (462, 463). However, a J-shaped relationship may 

exist between CD16+ monocyte subsets and adverse outcomes in patients receiving 

hemodialysis, such that both high and low CD16+ counts confer an increased risk of all-

cause and cardiovascular mortality (251, 464). Moreover, the dialysis procedure itself 

increases inflammation, as indicated by the temporary sequestration of monocytes adhering 

to the activated endothelium and to cellulosic dialysis membranes, but this phenomenon is 

fully reversed after hemodialysis (280, 465, 466). Paradoxically, patients with a less marked 

decrease in CD14++CD16+ monocytes during hemodialysis have poorer cardiovascular 

outcomes than patients with major decreases (467). Albeit speculative, a possible 

explanation for this phenomenon is that CD16+ monocytes with diminished adhesive 

properties also have reduced migratory properties, and monocytes may thus become 

confined in atherosclerosis lesions and worsen vascular damage (251, 467). Even though the 
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cardiovascular risk in patients receiving dialysis is attenuated after kidney transplantation, 

the atherosclerotic disease remains a major cause of death in KTRs with the independent 

association of CD14+CD16+ monocytes with subclinical atherosclerosis also persisting in this 

patient population (468). 

Vascular calcification as a component of CKD-MBD, is a major contributor to CVD and 

excess cardiovascular mortality in patients with CKD (469).  As already described previously, 

intimal calcification generally accompanies atherosclerotic plaques and is thus associated 

with ischemic events whereas medial calcification, preferentially develops along the tunica 

media elastic fibers, leading to increased arterial stiffness and subsequent development of 

LVH, diastolic dysfunction and HF (469). High circulating levels of inflammatory cytokines, 

such as TNF-α and IL-6, have been associated with increased rate, burden and progression 

of vascular calcifications, with related pathogenic mechanisms including direct effects in 

vascular cells as well as indirect ones through inhibition of fetuin-A expression by the liver 

and α-Klotho expression by the kidneys (469). Accordingly, elevated serum IL-6 levels 

correlate with aortic intimal and medial calcification and predict risk of cardiovascular death 

in hemodialysis patients. Furthermore, IL-6 is associated with progression of coronary artery 

calcification and mortality in incident dialysis patients (469, 470). 

Inflammation favors the CKD-associated osteochondrogenic transition of VSMC, 

matrix vesicle release and formation of apoptotic bodies acting as complexes of calcium and 

phosphate nanocrystal nucleation points (469). Nanocrystals induce VSMC 

osteochondrogenic transition and promote the production of pro-inflammatory cytokines by 

resident macrophages, thus creating a vicious circle which further expands the calcification 

process (469, 471). Furthermore, the pro-apoptotic, pro-oxidative and pro-osteogenic 

effects of TNF-α on VSMC calcification depend on IL-6 secretion and TNF-α activation of the 

NF-κB pathway promotes IL-6 production by VSMC (469, 472). 

Accordingly, in vitro data from VSMCs incubated with samples of uremic serum 

indicate that the effects of TNF-α are mediated by extracellular signal-regulated kinase (ERK) 

modulation of c-Fos, also known as activator protein 1 (AP-1), a transcription factor that 

controls gene expression in response to a variety of stimuli, including cytokines, growth 

factors and bacterial and viral infections (472). Thus, increased TNF-α in the uremic serum 

upregulates Il-6 via ERK and AP-1 mediated signaling, with Il-6 subsequently activating the 

Wnt-β-catenin-dependent VSMC osteochondrogenic transition (472). 

The expression of the calcium-sensing receptor (CaSR) expression and function have 

been extensively studied in the parathyroid gland and in vascular tissues in CKD patients. 

The monocyte CaSR exerts pleiotropic biological effects, including both proinflammatory 

and anti-inflammatory actions, thus it could be involved in the complications associated 

with CKD (473-476). Accordingly, the CaSR has been shown to synergize with chemokines 

and to favor monocyte migration whereas on the other hand, monocyte CaSR activation has 

been shown to switch the proinflammatory M1 macrophage phenotype to the anti-

inflammatory M2 phenotype (473-476). Both total and surface CaSR expression in PBMC 

progressively decrease with the degree of severity of CKD, suggesting a potential 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/biological-activity
https://www.sciencedirect.com/topics/medicine-and-dentistry/chemokine
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pathophysiological role (473). The uremic environment potentially inhibits CaSR expression 

in blood monocytes of CKD patients with an independent association found between total 

monocyte CaSR expression and serum p-cresyl sulphate concentration in CKD patients (473). 

Notably, surface monocyte CaSR expression is associated with CKD independently of total 

monocyte CaSR expression suggesting the existence of impaired mechanisms of CaSR 

maturation, trafficking to the cytoplasmic membrane, and recycling in these patients (502, 

503). The decrease in CaSR by monocytes isolated from patients with CKD was associated 

with a reduction in their ability to inhibit calcium deposition in rat carotid arteries in vitro 

whereas pretreatment with a calcimimetic agent of PBMC significantly improved monocyte 

capacity to reduce carotid calcification (473). Additionally, monocytes from CKD patients 

display an impaired resorptive capacity as demonstrated by in vitro functional assays, which 

may be ascribed at least partly to the decrease in CaSR expression since preincubation of 

human monocytes isolated from patients with advanced CKD with calcimimetic agents 

restores this action (473). It should be highlighted that phosphorus, indoxyl sulphate and 

oxidized LDL have been shown to hinder the differentiation of monocytes into osteoclasts in 

vitro as well as inhibit their bone resorptive capacity, thus preventing the resorption of 

cardiovascular calcium and phosphate nanocrystals (431). These findings suggest a potential 

role of the of CaSR in monocytes of CKD patients in the promotion of vascular calcifications 

and evaluating this alteration or monitoring of monocyte CaSR expression as a potential 

marker, might become a useful clinical therapeutic target regarding arterial calcifications in 

CKD. 

Direct effects of uremic toxins on monocyte phenotype and function might further 

influence their implications in the pathogenesis of CVD in this setting. Phosphate and 

indoxyl sulphate induce both monocytes and endothelial cells to express adhesion 

molecules promoting monocyte adhesion, rolling and migration into cardiovascular tissues 

as well as subsequent polarization toward a pro-inflammatory phenotype characterized by 

increased expression of TNF-α, IL-1β, IL-6, and MCP-1 (431). Indoxyl sulphate also promotes 

IL-10 and TGF-β expression by monocytes and macrophages, thus contributing to a 

profibrotic inflammatory macrophage phenotype (431). On the other hand, unpolarized 

macrophages in the setting of high serum phosphate levels, display protective properties 

against calcifications, mediated by the greater availability of extracellular ATP and disodium 

pyrophosphate, greater antioxidant synthesis, and lower levels of tissue-nonspecific alkaline 

phosphatase, suggesting the existence of a balancing mechanism (431). 

 

5.2.1.2 Monocyte subsets and the inflammatory paradigm of HF: implications for CKD 

Maladaptive activation of the immune system is the basis for the inflammatory paradigm of 

HF and monocytes are an essential component of the inflammatory cascade in this setting 

(353, 477, 478). Potential triggers of monocyte activation in HF include lipopolysaccharide or 

viral stimuli, heat shock proteins, hypoxia and tissue ischemia, as well as augmentation of LV 

filling pressure (377, 478). Activated monocytes and macrophages are the major source of 

cytokines implicated in the pathophysiology of HF, such as Il-6 and TNF-α, but represent as 
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well a cellular target of these proinflammatory mediators, thus amplifying the cascade of 

monocyte activation and recruitment into the failing myocardium (251). Increased levels of 

monocytes activation markers have been found in HF, including TLR4, which represents as 

well an index of disease severity (251, 479, 480). 

The remodeled myocardium has a higher count of TLR4+ monocytes compared with 

the healthy myocardium, thus creating a proinflammatory environment with TLR4- deficient 

mice demonstrating a lower inflammatory burden as well as reduced cardiomyocyte 

apoptosis in the setting of acute ischemia (481). There are several mechanisms responsible 

for monocyte activation in HF, including increased gut permeability due to fluid overload 

and augmented sympathetic activity (481, 482). The endotoxin-cytokine hypothesis which is 

a common denominator for CKD and HF refers to the bacterial lipopolysaccharide transition 

into the circulation via a permeable bowel membrane in the setting of venous congestion. 

An alternative mechanism to the introduction of bacteria into the circulation in HF involves 

activation of the sympathetic system; a common feature of HF. Sympathetic overactivity 

activity redistributes blood flow away from the splanchnic circulation, causing transient 

bowel ischemia and subsequently increased endothelial permeability (481, 482). 

Following activation, monocytes release cytokines and ROS and migrate into the 

myocardium, where they are considered to exert both detrimental and beneficial effects 

such as stimulation of angiogenesis and tissue repair among others (353). 

HFpEF, as already described previously, is a clinical syndrome characterized by diastolic 

dysfunction due to myocardial inability for adequate relaxation and which is especially 

common in CKD and associated conditions such as hypertension and diabetes (483). Even 

though, the majority of pathophysiological evidence for monocytes in HF is based on HFrEF, 

monocytosis and activation of the proinflammatory CD14++CD16+ monocyte subset has 

been associated with LV diastolic dysfunction in preserved EF (484, 485).  Angiotensin II 

promotes cardiac fibrosis principally through the activation of cardiac fibroblasts through 

the macrophage related TGF-β/Smad2/3 pathway (486, 487). TLR2 expression has been 

detected in macrophages infiltrating the heart and its inhibition suppresses myocardial 

infiltration and inflammatory cytokine production, as well as the NF-κB pathway (488). Both 

monocyte derived cytokines, IL-6 and TNFα, have been implicated in the high cardiovascular 

risk of CKD, including the risk of HF in patients with CKD and in patients receiving dialysis 

(371, 489-491). Patients with ischemic HF have similar number of classical monocytes with 

patients with stable CAD without HF, however the number of classical monocytes increase 

with HFdecompensation (492). On the other hand, the non-classical CD14+CD16++ 

monocytes role remains ambiguous in HF as both decreased counts and no changes have 

been reported (492). Proinflammatory CD14++CD16+ monocyte counts are elevated in 

patients with both acute and stable chronic HF and have been associated with mortality and 

rehospitalization after an episode of HF decompensation (493-495).  Defective regulation of 

monocyte apoptosis has been described in patients with acute HF and kidney dysfunction 

including patients with already advanced CKD and CD14++CD16+ monocytes are elevated in 

patients with acute HF and a concomitant decline in kidney function (496-499). In vitro 
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models suggest that medications used for the treatment of HF might also modulate the 

inflammatory mechanisms. Thus, enalapril inhibits the release of monocytes from the 

splenic reservoir and decreases their recruitment into the healing infarcted tissue in a 

mouse model of permanent coronary ligation (500). Eplerenone downregulates the TNF-α 

converting enzyme and reduces theTNFα concentrations in cultured monocytes from 

patients with HF (501). Likewise, carvedilol significantly dampens in vitro lipopolysaccharide 

induced TNFα synthesis in isolated human monocytes (502). 

Rapidly following tissue damage or infection, monocytes are recruited to the 

affected site, where they can differentiate into macrophages with diverse properties and 

functions, however the relationship between different monocyte subsets and macrophage 

phenotypes has not been thoroughly clarified and remains under investigation (503-505). 

Tissue macrophages can undergo transformation into distinct functional phenotypes 

depending on the pathophysiological stimuli with Th1 cytokines such as IFN-γ promoting a 

switch towards the classically activated proinflammatory M1 phenotype and Th2 cytokines 

including Il-4, Il-10 and Il-13 directing their polarization towards the alternatively activated, 

anti-inflammatory M2 phenotype (505, 506). Thus, the polarization of macrophages is a 

tightly regulated process involving specific signaling pathways both at the transcriptional 

and posttranscriptional levels. Accordingly, the NF-κB pathway and signal transducer and 

activator of transcription (STAT) 1 driven activation polarize macrophages toward the 

cytotoxic M1 phenotype which releases pro-inflammatory cytokines such as IL-1, IL-6, and 

TNF-α, whereas STAT3 and STAT6 signaling polarizes macrophages towards the M2 

phenotype, with wound healing properties (506). The cardiac tissue macrophages include 

mixed phenotypes identified by the expression of MHCII and CCR2 with two major groups 

identified, respectively fetally derived self-renewing cells native to the heart and those 

arising from bone marrow originating monocytes (50-509). Furthermore, a compromised 

myocardium provides multiple stimuli (492). The presence of tissue hypoxia and ischemia or 

excessive LV and atrial stretch as shown in experimental studies of hypertensive mice with 

HFpEF represent potential stimuli for myocardial resident macrophages to signal the release 

monocyte chemoattractants such as MCP-1 and interleukins thus causing monocyte 

recruitment in patients with HF (492). 

Available evidence implicates macrophages in the pathogenesis and progression of 

both CKD and HF and ongoing research aims to evaluate their role in the development of 

the cardiorenal syndrome. In the setting of cardiac injury, monocyte-derived macrophages 

and resident macrophages participate both in the pro-inflammatory pathways mediating HF 

progression and development of cardiomyopathy as well as in the healing process inducing 

scar formation (507-509). The specific features of macrophage populations involved in the 

pathogenesis of uremic cardiomyopathy remain to be elucidated. Both the native subsets as 

well as circulating monocytes contribute to the expansion of cardiac macrophages in the 

setting of reduced kidney function (503). The increase of resident cardiac macrophages in 

CKD appears to be dependent upon CXCL10 signaling, but no association has been found 

with hypertension or with the severity of kidney dysfunction. On the other hand, plasma 
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CXCL10 is elevated in CKD with experimental models showing that human induced 

pluripotent stem cells (iPSC) derived cardiomyocytes and primary cardiac fibroblasts are the 

main source of CXCL10 production following incubation with uremic serum from CKD donors 

(510). Furthermore, CXCL10 blockade by specific antibodies reduced the macrophage 

infiltrate in the failing heart of CKD mice. In addition, the expansion of CD14++CD16+ 

monocytes was an independent factor correlated with brachial-ankle pulse wave velocity in 

diabetic CKD patients (504). 

Severe myocardial dysfunction models in animals, as occurs in the setting of MI or 

TAC, point to CCR2-derived macrophages as the predominant cells in the heart following 

injury (507, 511). Likewise, in validated models of diastolic myocardial dysfunction, such as 

hypertension induced by drinking salty water with unilateral nephrectomy and chronic 

exposure to aldosterone (SAUNA) and in the physiological aging model, cardiac macrophage 

expansion has been shown to rely on CCR2, as macrophage numbers decreased in CCR2 

knockout mice exposed to SAUNA (512). In a CKD experimental model of mice with folate 

induced nephropathy, CCR2 knock-out animals were protected from cardiomyocyte 

hypertrophy and cardiomyopathy, thus suggesting a contribution of circulating monocytes 

to the development of uremic cardiomyopathy (510). 

Dysfunction of the circadian clock has been studied with relation to the pathogenesis 

of CVD (513). The periodic activation and repression of CLOCK gene products control the 

transcription of elements associated with regulation of the circadian oscillation in the 

molecular clock and also the variations in output physiology at 24-hour basis. Interestingly, 

CKD induced cardiac inflammation and fibrosis are attenuated in CKD mice with a mutated 

and dysfunctional Clock gene despite elevated BP and increased serum angiotensin II levels. 

Apparently, expression of Gpr68 was not induced in Clock mutated mice whereas under 

natural conditions, high-GPR68-expressing monocytes release TNFα and IL-6, thus 

representing a risk factor and revealing an uncovered role of monocytic clock genes in CKD-

induced HF (513). 

In addition, the role of monocyte function in CRS still is unclear (499). A cross-

sectional study compared markers of systemic inflammation including peripheral blood 

monocyte status in incident hospitalized patients with acute CRS, with kidney failure or due 

to hypertensive emergency (499). Patients with acute CRS, including those with and without 

significant fluid overload, display a higher proportion of CD14++CD16+ activated monocytes 

as compared to hypertensive controls whereas in vitro stimulation of monocytes using 

opsonized E. coli bacteria was found to be reduced in CRS, which is suggestive of an already 

established in vivo monocytic activation of higher degree (499). These results are in 

accordance with data from a previous study showing that an enhanced expression by 

monocytes of the membrane‐bound adhesion molecule CD11b, a sign of enhanced cellular 

activity, reduces the ability for in vitro stimulation of monocytes and vice versa (514).  

Furthermore, systemic inflammatory indices were higher in patients with acute CRS, 

regardless of volume state compared to patients with hypertension; however Il-6 levels 

were higher in CRS patients with fluid overload compared to those without (497). 



69 
 

   
 

Accumulating evidence from experimental models, genetic data, and cross-sectional 

human studies suggest that increased proportions of selected immune cell subsets may be 

related to hypertension with monocytes showing associations with blood pressure, vascular 

remodeling as well as vascular inflammation (515-518). Assays of immune cells from 

cryopreserved samples collected at the baseline examination from 1195 participants from 

the MESA study showed that a 1-standard deviation (SD) increment in classical 

CD14++CD16− monocytes was associated with 2.01 mmHg lower average systolic blood 

pressure whereas a 1-SD increment in non-classical CD14+CD16++ monocytes was 

associated with a 1.82 mmHg higher level of systolic blood pressure (515). 

Excessive monocyte and macrophage cardiac recruitment leads to a vicious circle of 

myocardial damage and remodeling with cardiac fibrosis being a consequence of this 

cascade (492). The increase in the number of monocytes and macrophages leads to increase 

in collagen deposition in the myocardium and conversion of cardiac fibroblasts to 

myofibroblasts (545). Cardiac fibroblasts comprise the majority of cells within the 

extracellular matrix and even though they are relatively scarce in the healthy adult heart, 

cardiac injury leads to an expansion of this cell population, a process mediated by Il-1b as 

well as by an increase in the rate of differentiation of precursor cells including monocytes, 

endothelial progenitors, pericytes, and bone marrow circulating progenitor cells, into 

fibroblasts (492). The process by which monocytes and their surface receptors are 

stimulated to promote cardiac fibrosis involves the complex interplay of systemic and local 

cascades of inflammatory pathways, with monocytes related cytokines such as MCP-1, 

TNFa, and TGF-b being actively involved (492). Notably, MCP-1experimental models of heart 

failure involving MCP-1 knockout mice studies have shown significant suppression of fibrosis 

and macrophage activation (492, 520). It is well known that monocyte related TNFa induces 

production of the iNOS and promotes uncontrolled oxidative stress, and, consequently, 

apoptosis and tissue necrosis (487). Likewise, increased numbers of intermediate 

monocytes highly expressing TGF-b have been observed in human cardiac tissues from 

patients with HF (492, 521). Furthermore, data from studies of hypertensive animals have 

shown cardiac upregulation of M2 macrophages, which contribute to cardiac fibrosis in 

hypertension whereas healthy monocytes incubated with serum form patients with HFpEF 

differentiate into an M2 profibrotic phenotype (485, 492, 522). 

Pro-inflammatory and pro-fibrotic cytokines such as IL-1, IL-6, TNFa, and MCP-1 are 

all upregulated in atrial fibrillation thus promoting the electrical and structural remodeling 

with fibrotic changes, which are characteristic of atrial fibrillation (492, 523). Furthermore, 

the intermediate CD14++CD16+monocytes might play a role in the pathogenesis of atrial 

fibrillation and especially in the remodeling of the eft atrium. A case–control study of 30 

atrial fibrillation patients without systemic diseases referred for catheter ablation, and 30 

healthy age-matched controls showed that atrial fibrillation patients had a higher 

proportion of circulating intermediate CD14++CD16+monocytes than the healthy controls 

and the proportion of intermediate CD14++CD16+monocytes was the sole factor 

independently associated with the presence of atrial fibrillation (523). The mean proportion 
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of intermediate CD14++ CD16+monocytes was higher in the persistent AF patients than in 

the paroxysmal AF patients (523). Additionally, intermediate CD14++CD16+monocytes were 

associated with a slower left atrial appendage flow during sinus rhythm, potentially 

reflecting its influence on the atrial systolic function, as well as with higher BNP levels (524). 

Thus, monocyte activation, might contribute to the mechanoelectrical remodeling process 

in the genesis of atrial fibrillation with effects on cell death processes, atrial fibrosis 

expansion and changes of the atrial conduction features. 

A study of patients with MI explored the dynamic changes in monocyte subset 

counts as well as their phagocytic and NFκB activity as reflected by intracellular levels of 

inhibitory κB kinase β, with regard to MACE and LVEF (524). More prominent dynamic 

reduction in the levels of intermediate CD14++CD16+ monocytes 2 weeks following MI was 

independently associated with reduced risk of MACE by approximately 40% whereas on the 

contrary, a less prominent reduction of the intermediate monocytes 1 month following MI 

was independently predictive of LVEF at six month and recovery of cardiac contractility 

(524). Furthermore, neither any of the other monocyte subsets nor their phagocytic or the 

NFκB activity were associated with changes in survival from MACE (524). 

In accordance with the above, data form a study of patients suffering a ST elevation 

MI, showed that the intermediate CD14++CD16+ monocytes are not only predictive of 

MACE following MI, but they are also strong predictors of the occurrence of post-MI HF, 

with the highest quartile of the intermediate monocytes being associated with fivefold 

increase in the development of HF (525). Notably, ROC analysis showed that the inclusion of 

the CD14++CD16+ monocytes significantly improved predictive value of troponin T and 

creatinine kinase for MACE and new-onset HF in these patients (525). On the other hand, 

elevated intracellular levels of the inhibitory κB kinase β, the cytoplasmic marker of 

activation of the NFκB signaling, were associated with tenfold lower risk of HF, thus 

suggesting that the functional characteristics of the intermediate CD14++CD16+ monocytes, 

including dysregulated NFκB and phagocytic activity, may be responsible for potential 

beneficial functions of the intermediate monocytes (526-526). Furthermore, intermediate 

monocytes significantly correlated with MMP9 levels as well as with the degree of post-MI 

myocardial scaring on CMRI, thus indicating their participation in post-STEMI remodeling 

and their influence on post-MI cardiac contractility (525, 527). 

It should be noted that experimental studies involving mice have shown that 

following MI, dynamic changes are observed in monocytes subsets and distinct monocyte 

subtypes with different roles appear to participate in specific stages of recovery after MI. 

In mouse models, CCR2hiLy6C+ monocytes, the equivalents of human classical monocytes 

appear to predominate in the myocardium early following MI, whereas CXCRIhiLy6C− 

monocytes, which are analogue to the human non-classical monocytes, become the major 

monocyte subset to be recognized later on during the chronic phase (526, 528). Overall, 

CCR2hiLy6C+ exhibit phagocytic activity and appear to be associated with tissue damage, 

while CXCRIhiLy6C− principally display anti-inflammatory as well as pro-angiogenic 

properties and they enhance the healing process by promoting myofibroblast accumulation 
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and collagen deposition (526, 528). Similar to classical monocytes, intermediate monocytes 

which are poorly represented in mice, appear to be more functionally active during the first 

days following MI. However, even though the classical monocytes increase following MI and 

might be related to future cardiovascular events, the dynamic changes in classical 

monocytes in this setting do not appear to hold a prognostic significance. On the other 

hand, dynamic changes in intermediate monocytes during the first week following MI 

displayed a significant association with survival from MACE, with adequate decrease of 

intermediate monocytes counts being crucial for MACE risk reduction as well as for 

improved myocardial performance as demonstrated by a higher LVEF (524, 529). 

CD14++CD16+ monocytes during the acute MI setting have been shown to correlate with 

peak plasma troponin and cytokines levels as well as with increased blood levels of VEGF 

following coronary intervention for MI (451, 524). At the same time, Mon2 are enriched in 

the region of the myocardial infarct damage. Finally, non-classical monocytes do not appear 

to correlate with outcomes following MI, including risk of MACE and survival, which might 

be reasonable considering the profile of non-classical monocytes which display a weak 

phagocytic and inflammatory activity, attenuated production of pro-inflammatory cytokines 

in response to lipopolysaccharide stimulation of CD14 as well as a lower rate of aggregation 

with platelets (524, 530). A study of patients with CAD undergoing CABG showed an 

association of classical and non-classical monocytes with endothelial dysfunction, 

manifested by NO bioavailability which was assessed using ex vivo isometric tension studies 

in segments of internal mammary arteries. Endothelial dysfunction was associated with 

higher expression of activation marker CD11c selectively on CD14+CD16++ monocytes which 

as well exhibited increased vascular superoxide production (531). Notably, following fibrotic 

stimuli, Neuregulin-1 (NRG-1), a cardioactive growth factor released from damaged 

endothelial cells in the endocardium, activates ErB4, a member of the epidermal growth 

factor (EGF) receptor and downregulates the PI3K/Akt pathway and the phosphorylation of 

STAT3 thus reducing the release of proinflammatory mediators as well as the recruitment of 

new monocytes (528). However, even though the non-classical   CD14+CD16++ monocytes 

might be linked to endothelial dysfunction, the impact of this association on atherogenesis 

as well as on myocardial remodeling and heart failure remain an open question. 

The myocardial remodeling process following MI undergoes three phases with 

distinct profile of immune cells involved during each of them. Accordingly, the initial phase 

includes the pro-inflammatory response, the second phase is characterized by monocytes 

and macrophages returning to baseline, whilst macrophages predominance is the hallmark 

of the last phase of chronic myocardial remodeling or the reparative phase (452, 532). 

Macrophages have been shown to directly contribute to scar collagen and fibronectin 

production as well as increase the expression of α-smooth muscle actin, a marker of the 

mature myofibroblasts in zebrafish and mouse models of heart injury (528). 

The accumulation of a great number of macrophages at the site of cardiac injury is a key 

part of the cellular host response to tissue damage together with a set of diverse humoral 

and connective tissue elements (528). Fibroblasts present in sites of tissue injury generally 
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have been considered to originate from the surrounding connective tissue, yet part of the 

human cardiac infiltrating fibroblasts is suggested to derive from a circulating monocytic 

subset of CD14+ cells known as “fibrocytes”, that are characterized by a distinctive 

collagen+/vimentin+/CD34+ phenotype (528, 533). Increased numbers of circulating 

fibrocytes have been observed with cardiac fibrosis, in response to the augmented 

circulating levels of CC chemokine subfamily that preferentially acts on mononuclear cells, 

including MCP-1/CCL2, CCL4, and CCL3, thus indicating that stimulation of chemokine 

receptors promotes fibrogenesis by causing a recruitment of myofibroblast progenitors to 

the injured site (528, 533-535). Available experimental evidence indicates that CCL2 is the 

principal orchestrator of fibrosis through mobilization of monocytic-derived fibrocytes in the 

myocardium (528). Thus, augmented CCL2 expression has been shown to correlate with 

increased macrophage infiltration, fibrosis and LV dilation in murine cardiac muscle, 

whereas CCL2-null mice appeared to be protected from mineralocorticoid-induced cardiac 

fibrosis (528, 536, 537). Among others, macrophages secrete MMPs, which degrade the 

extracellular matrix and thus further enhance LV remodeling, whereas MMPs also regulate 

macrophages phenotype and functions (528, 538). Particularly, iMMP9 expression is 

significantly increased in both animal and clinical MI models where it has been linked with 

inflammation, extracellular matrix degradation and synthesis as well as upregulation of LV 

remodeling whereas MMP14 has been associated with reduced survival and myocardial 

function in mice following MI (528, 539). 

 

5.2.2 Natural killer cells and NKT cells 

Natural killer cells and NKT cells are suspected to participate in atherogenesis (250, 

540, 541). NK cells appear at an average of 1–2 cells per plaque lesion section and they are 

abundant in the necrotic cores of atherosclerotic plaques where they infiltrate via the 

production of perforin and granzyme (250, 541, 542, 543). Yet, it remains to be further 

clarified whether NK cells exert harmful or protective effects toward the arterial system 

because of the relative lack of representative mouse models of NK cell deficiency, at least 

until recently (Figure 4). Indeed, experimental and clinical data are controversial with 

depletion of functional NK cells decreasing the atherosclerosis burden in atherosclerosis- 

susceptible LDL receptor null mice whilst both NK cell counts and NK cytotoxic activity are 

diminished in patients with coronary artery disease, a phenomenon which has been 

ascribed to persistent low-grade inflammation (542- 551). Obese patients with metabolic 

syndrome had lower levels of NK cells compared to obese patients without metabolic 

syndrome (552). CAD patients when compared to healthy subjects, apart from decreased 

absolute number and percentage of total NK cells, display as well reduced counts of the 

CD3-CD56dim cytotoxic NK subsets as well as a trend towards a lower percentage of CD3-

CD56+IFN-gamma+ cells and of the CD3-CD56bright regulatory NK subset which might be 

attributed to their migration into the atherosclerotic arterial wall (545). This is supported by 

evidence of an abundance of CD56bright NK cells in atherosclerotic plaques compared with 

autologous peripheral blood, where they enhance inflammation by stimulating TNF-α 
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production by monocytes (553). Notably, the CD56bright NK cell subset is even more 

enrichened in atherosclerotic plaques of symptomatic patients with CAD where they exhibit 

a higher production of IFN-γ, thus further reinforcing the possible role of CD56bright NK cells 

in plaque instability (554). Data concerning the peripheral blood NK cell number in patients 

with ACS are controversial with most studies indicating a decline in the peripheral blood NK 

cell number and only two studies demonstrating an elevated percentage of NK cells in ACS 

patients compared to healthy controls (555-557). Increased levels of IL-6 were also observed 

in patients who failed to restore NK cell levels in this setting, which may point towards a 

lower NK cell proliferation rate due to persistent low-grade inflammation whereas a higher 

percentage of IL-10 positive NK cells found in AMI patients was associated with a negative 

correlation with the severity of the infarction (543). 

 

Figure 4. Implications of NK and NKT cells in atherogenesis. CD1d-restricted NKT cells 

produce cytokines, are autoreactive cells and are involved in immunoregulation. NK, Natural 

Killer; NKT, Natural Killer T; CD1d, Cluster of differentiation 1d (251). 

 

Genetic models of mice with NK cell deficiency on one hand and models with hyper-

reactive NK cells on the other indicate that neither of these states affects the atherosclerotic 

process except for conditions of modeled chronic viral infection, in which NK cell deficiency 

was shown to protect against atherosclerosis (558). In addition, NK cytotoxic activity in 

elderly patients has been shown to correlate with a history of severe infections or death due 

to infection (559). In line with this, an expansion of NKG2C+ NK cells, a population of NK 

cells expressing adaptive NKG2C- activating receptor that exhibit augmented cytokine 

response to antibody-dependent cellular cytotoxicity, seems to be associated with the loss 
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of plaque stability in patients with chronic cytomegalovirus infection and CAD (560). These 

findings altogether suggest a relevant proatherogenic role of NK cells only under specific 

conditions and might bear implications for the pathogenesis of CAD in patients with chronic 

infections (543). 

NK cells can be a potential source of soluble Fas ligand as cytokine-induced apoptosis 

of NK cells results in the marked release of Fas ligand, with the latter further regulating the 

apoptotic susceptibility of NK cells. Apoptosis of NK cells is increased in patients with CAD, 

as indirectly indicated by the finding of elevated plasma Fas ligand, which has been 

significantly associated with NK cell apoptosis ex vivo in these patients (561). Taking into 

consideration that with regard to CVD high levels of soluble Fas in plasma seem to indicate 

an increased risk while elevations in soluble Fas ligand represent a profile of low 

cardiovascular risk, the influence of NK cell apoptosis on atherosclerosis merits further 

investigation (543, 552). 

Experimental data have shown that NK-cell-derived IFN-γ stimulated the 

differentiation of circulating monocytes to macrophages and inflammatory dendritic cells as 

well as the replacement of tissue mononuclear phagocytes with circulating monocytes 

which further differentiated into macrophages or inflammatory dendritic cells (543, 563). 

On the other hand, macrophages and dendritic cells produce Il-12 and Il-18 which stimulate 

NK cells to secrete IFN-γ and augments their proliferation and cytolytic activity, thus 

highlighting the crosstalk between cells and the positive feedback mechanism that 

augments the early innate inflammatory response in the tissues (543, 563). Considering that 

the expression of IL-18 receptor is associated with augmented expression of the IFN-γ, the 

increase of circulating NK cells expressing the Il-18 receptor in ACS is suggestive of a more 

activated state of NK cells in ACS (543, 556, 564). 

Interestingly, elevated monocyte expression of MHC class I polypeptide- related 

sequence A (MICA), an HLA antigen related molecule and marker of inflammation induced 

by cellular stress, has been detected in patients receiving dialysis and high circulating levels 

of MICA are associated with low NK cell counts in patients receiving dialysis (565). Even 

though MICA may be implicated in atherosclerosis, the clinical implications of these findings 

remain undefined (566). 

There are few data available regarding the effects of NK cells on cardiac remodeling 

and HF (567). Mouse models of myocarditis indicate that NK cells play a vital role in limiting 

cardiac viral infection and reducing cardiac eosinophilic infiltration (568). Thus, according to 

the limited available data, circulating NK cells have lower counts and display impaired 

cytolytic activity in patients with HF compared to healthy individuals (250). The suppressed 

NK cell status in this setting may be attributed to IL-6, which is substantially elevated in HF 

and regulates pathways that may induce cell dysfunction and energy (569). Taking into 

consideration the physiological properties of NK cells, such as the production of IFNγ and 

other anti-inflammatory mediators, they may further promote the expression of anti-

inflammatory chemokines and thus protect against the development of cardiac fibrosis 

while simultaneously favoring neovascularization (570, 571). NK cells express and produce 
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high levels of MMP-9 and seem to act protectively against the development of cardiac 

fibrosis by preventing the accumulation of specific inflammatory populations in the heart as 

well as by directly limiting collagen formation in cardiac fibroblasts (568). The RAS axis 

appears to influence the innate immune system cells and particularly NK cells in mice with 

arterial hypertension through the stimulation or inhibition of the production of chemokines 

and cytokines by mononuclear cells (572, 573). IFN-γ−/− mice appear to be partially 

protected from angiotensin II induced vascular endothelial and SMC dysfunction thus 

indicating that angiotensin II induced vascular damage is to a certain extent NK-cell-

dependent (573). IFN-γ receptor knockout mice did respond to angiotensin II induced 

hypertension and displayed reduced cardiac hypertrophy, reduced cardiac macrophage and 

T-cell infiltration, less fibrosis, as well as less arrhythmogenic electric remodeling 

independent of blood pressure changes (574). 

Results from an exploratory analysis of data from the MESA study showed an 

association between increased proportions of NK cells and levels of systolic blood pressure 

(515). Thus, taking into consideration these associations as well as the fact that NK cells are 

a major source of IFN-γ, their role in arterial hypertension in humans, merits further 

attention. 

A study utilizing a murine model of type 1 CRS induced by cardiac arrest and 

cardiopulmonary resuscitation, aimed to investigate the AKI to CKD transition and identify 

potential immune drivers of renal fibrosis in this setting (575). The study results showed that 

renal inflammation occurs during CRS, which correlates with mesenchymal cell expansion. 

Accordingly, the kidney immune cell phenotypes infiltrating the kidney which were profiled 

by flow cytometry analysis and immunofluorescence, consisted primarily of innate immune 

cells, including monocytes and macrophages, neutrophils and NK cells, with the latter 

immediately preceding mesenchymal cell expansion (575). Notably, immune cells 

colocalized with mesenchymal cells, accumulating in the areas of fibrosis. In specific, NK 

cells peaked at three days following the acute event, suggesting these cells may play a role 

in myofibroblast formation but they declined as mice developed CKD (575). Granzyme A 

produced by NK cells appears to mediate the immune to mesenchymal communication as 

well as the mesenchymal cell growth and proliferation in type 1 CRS (575). Thus, in vitro 

administration of granzyme A to fibroblasts induced cell growth and proliferation whereas 

pharmacologic blockade of granzyme A signaling in vivo attenuated fibrosis and improved 

renal function in mice with type 1 CRS (576). Similar conclusions have been provided by AKI 

models of ischemia–reperfusion injury with NK cells accumulating in the kidneys and 

contributing to CKD progression (576-578). Although depletion together with modulation of 

the phenotypic and cytotoxic characteristics of NK cells may contribute to the immune 

dysfunction in advanced CKD, the role of these alterations in the pathogenesis of CKD 

associated CVD remain currently hypothetical and require further investigation. 

Several studies have shown that NKT cells can promote atherogenesis, with 

numerous pathways being implicated in their activation, including both endogenous and 

exogenous phagocytosed lipids (250, 579, 580). Furthermore, the control of circulating 
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monocyte levels by the same cells, rather than macrophage recruitment into plaques, 

appears to be their key involvement into the atherogenic process (250, 571). However, it 

should be noted that iNKT cells have been implicated in the development of the 

atherosclerotic fatty streak lesions during the early phases of atherosclerosis (579 582). In 

the experimental ApoE knock-out mouse model, iNKT cells in atherosclerotic plaques 

following activation through the CD1d- NK pathway by lipid antigens, such as α-

galactosylceramide 1, synthesize various cytokines including IL-2, TNFα and IFNγ (583-585). 

After lipid recognition, iNKT cells release IL-8 which may further promote the recruitment of 

macrophages, SMC and cytotoxic lymphocytes, neoangiogenesis and destabilization within 

the atheromatous plaques (583, 586).  Accordingly, experimental data from ApoE-deficient 

mice fed a high-fat diet indicate that NKT depletion decreases macrophage accumulation, 

apoptosis, necrotic cores and inflammatory cytokines, whereas transfer of NKT cells into 

lymphocyte-deficient, ApoE-deficient mice aggravates atherosclerosis by perforin and 

granzyme B-mediated apoptosis of macrophages, SMC and endothelial cells, thus leading to 

plaque inflammation, accumulation of necrotic cells within the lesion and necrotic core 

formation (587). Nevertheless, some studies hint to potential atheroprotective properties of 

NKT cells (588). A relevant paradigm would be the decreased number of iNKT cells observed 

in the obesity, a phenomenon regarded to be a compensatory response to the 

proinflammatory milieu in this atherogenic state (589). Available clinical data indicate that 

iNKT absolute number and cell fraction are lower in patients with AMI, unstable angina and 

stable angina compared to control subjects (590, 591). 

At present, the implications of NKT cells in pathways of cardiac hypertrophy and 

remodeling remain unknown at large and need to be clarified by future research. 

Experimental data from CD1d knockout mice deprived of activated NKT cells have revealed 

augmented inflammatory responses induced by angiotensin II, enhanced activation of the 

NF-κB and TGF-β1/Smad2/3 pathways as well as aggravation of the ensuing myocardial 

hypertrophy and fibrosis. On the other hand, these effects appear to be reversed after the 

induction of NKT cells in the same mice treated with α-galactosylceramide (592). 

Accordingly, mice with MI undergoing NKT cell stimulation with α-galactosylceramide, 

displayed increased myocardial infiltration of iNKT cells, attenuated LV cavity dilatation and 

dysfunction, decreased myocyte hypertrophy, interstitial fibrosis, and apoptosis as well as 

improved survival compared to mice which received only phosphate-buffered saline (593). 

Thus, it appears that iNKT cells might play a protective role against LV remodeling and 

failure following MI through the enhanced expression of cardioprotective cytokines such as 

IL-10 (593). 

A study investigating the pathophysiological role of iNKT cells in HF caused by 

pressure overload showed that myocardial infiltration of iNKT cells was increased in mice 

following TAC (594). Notably, iNKT cell-deficient Jα18 knockout mice displayed greater 

myocyte hypertrophy and a greater increase in interstitial fibrosis as well as hastened 

transition to HF compared with wild type mice after TAC (594). Furthermore, the 

phosphorylation of extracellular signal-regulated kinase was significantly increased whereas 
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expressions of Il-10 and TNF-α mRNAs as well as their ratio in the LV after TAC were 

decreased in iNKT deficient mice compared with wild type mice, allowing us to speculate 

that the disruption of iNKT cells causes an imbalance between Th type 1 and type 2 

cytokines including diminished Il-10 levels (594). In conclusion, the protective role of iNKT 

cells against HF caused by pressure overload has been shown to include a shift from Th1 

towards a Th2 pattern as well as the induction of the immunosuppressive cytokine IL-10 and 

targeting the activation of iNKT cells might be a promising candidate as a new therapeutic 

strategy for HF (595). 

To sum up, there is a paucity of data regarding the implication of NK cells and NKT 

cells in the pathogenesis of CVD phenotypes in CKD, however taking into consideration that 

these cells provide the basis for the transition from immunologically chaotic conditions to 

ordered conditions and orchestrate tissue inflammation, future research is necessary to 

elucidate their implication in this setting. 

 

5.3 The implication of cells of the acquired immune system in the pathogenesis of CVD in 

CKD 

 

5.3.1 T-cells 

Considering the chronic inflammatory nature of atherosclerosis and the associated 

autoimmune component with LDL and ApoB peptides as the most notorious self-antigens 

driving the autoimmune response in the atherosclerotic plaque, T-lymphocytes have been 

well studied in this context and are considered to be significantly involved in atherosclerosis 

(596). Yet, it should be noted that the antigen specificity of the various T cell subsets 

participating in the atherosclerotic lesion remains unknown in almost all studies in 

atherosclerosis. The development of high-dimensional, parametric single-cell analyses, 

including single-cell RNA sequencing and mass cytometry studies, provided insight in the 

immune composition of mouse and human atherosclerotic plaques, revealing that up to 40 

% of all leukocytes are CD3+ T cells (597, 598). A study using single-cell proteomic and 

transcriptomic analyses in plaques obtained from carotid endarterectomy of patients with 

clinically symptomatic disease such as recent stroke or transient ischemic attack has shown 

that T cells account for the majority of immune cells in human atherosclerotic plaques with 

CD4+ effector memory T cells being particularly enriched in this setting (599). Moreover, 

genetic or antibody-mediated depletion of CD4+ T cells protects from atherosclerotic lesion 

development in mice (600, 601). Type 1 Th cells are enriched in atherosclerotic lesions 

compared with PBMC, with experimental data from studies in mice indicating a pro-

atherosclerotic role of type 1 Th cells whereas the role of the other Th cell subtypes and 

CD8+ T cells remains unclarified, with various studies yielding discrepant results (596, 599). 

In line with the above, several experimental studies have shown that type 1 Th cells are the 

most prominent T-lymphocyte subset in the atherosclerotic plaque whereas human studies 

have shown that type 1 Th cells are increased in the plaques from patients with recent 

cerebrovascular events compared with patients with asymptomatic atherosclerosis (596, 
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599). Type 1 Th cells express the chemokine receptors like CXCR3 and CCR5 as well as the 

defining T-box transcription factor TBX21, also known as T-bet, which is responsible for the 

induction of Th1 cells and the suppression of Th2 cell from naive T lymphocytes and they 

secrete INF-γ (602, 603).  Furthermore, many CD4+ T cells in the atherosclerotic plaque 

express other pro-inflammatory cytokines associated with type 1 Th cells such as IL-2, IL-3, 

TNF and lymphotoxin, which further activate macrophages, T cells as well as other plaque 

cells and thus promote the inflammatory response (596, 604). With regard to IL-4 as a type 

2 Th cell related cytokine, it has been shown to antagonize type 1 Th responses and reduce 

atherosclerotic lesion formation in ApoE deficient mice (596). On the other hand, some 

studies have shown that depletion of IL-4 has atheroprotective effects in LDL receptor knock 

out mice fed with a high-fat diet whereas administration of exogenous IL-4 did not decrease 

atherosclerosis in ApoE deficient mice with angiotensin II-induced atherosclerosis (596). 

Apart from Il-4, available data indicate a clear atheroprotective role of other type 2 Th cell 

cytokines, including IL-5 and IL-13 (596). Clinical studies have shown a significant inverse 

correlation of IL-5 with cIMT change over time in the common carotid segment even after 

adjustments for traditional risk factors of atherosclerosis, such as age, gender, smoking, 

systolic BP, LDL, and body mass index (596, 605).  The immunization of LDL receptor knock-

out mice with an oxidation-specific epitope of modified LDL has atheroprotective effects and 

leads to a classic adaptive type 2 Th cells response with Th2 cells producing large amounts 

of IL-5, which in turn stimulated B lymphocytes to secrete IgM antibodies (596, 606). In line 

with the above, a significant positive association between plasma IL-5 levels and antibody 

titers with the two most commonly used models of oxidized LDL, the copper oxidized LDL 

and malondialdehyde-modified LDL was found in 1011 Finnish middle-aged subjects (607). 

Likewise, IL-13 administration to LDL receptor knock-out mice fed with a high-fat diet 

compared with mice treated with phosphate-buffered saline, appears to exert regulatory 

effects on the established atherosclerotic lesions by increasing the amount of plaque 

collagen and reducing VCAM1 expression, thus leading to suppressed macrophage 

infiltration in plaques (608). 

The significance of the contribution of T cells to cardiovascular remodeling are still 

poorly understood (609). Despite the emerging association between HF and inflammation, 

the role of T cells, key players in chronic inflammation, has only recently come to the center 

of attention. So far, there is clear evidence regarding the role of adaptive cell–mediated 

immunity in the pathogenesis of inflammatory heart diseases such as viral or autoimmune 

myocarditis with T-lymphocytes being significant contributors to myocardial damage 

following their activation in the setting of antigen presentation by dendritic cells (609). 

Experimental models of lipopolysaccharide induced myocardial inflammation have 

established a direct link between T-cell activation and recruitment to the heart, in a heart-

trafficking process including CD4CXCR3CCR4 T cells. Moreover, the adoptive transfer of 

purified T lymphocytes from mice with active myocarditis successfully transferred the 

disease and induced inflammation and fibrosis into recipient mice, thus highlighting the 

significance of these cells in cardiac dysfunction (609, 611). Several lines of experimental 
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evidence have recently involved T lymphocytes in the process of cardiac remodeling 

following MI with effects on the formation of mature collagen matrix and promotion of 

fibrosis, facilitation of early wound healing whereas T cell ablation appears to affect the 

initial postinfarction healing and remodeling response (612). Experimental data evaluating 

the participation of T lymphocytes in cardiac remodeling and in the transition from 

hypertrophy to HF in the setting of TAC, indicate high density of both CD4+ and CD8+ T-cells 

in the heart mediastinal draining lymph nodes and an accumulation of T lymphocytes and 

activated effector CD4+ T cells within the myocardial tissue (609). TCR knock-out mice 

displayed preserved LV systolic and diastolic function, reduced LV fibrosis, hypertrophy and 

inflammation, and improved survival compared with wild-type mice in response to TAC 

(613). In accordance with the above, overexpression of chemokines associated with the 

recruitment and homing of T lymphocytes in injured tissues such as CX3CL1, CCL17, CXCL10, 

and CXCL16 has also been found in HF (609). Notably, cytokines produced by T cells isolated 

from the mediastinal nodes following TAC and stimulated ex vivo with anti-CD3ɛ and anti-

CD28 antibodies, revealed a significant increase in INF-γ and a decrease in Il-4, thus 

indicating a Th-1 polarization (609). In line with the above, clinical studies have shown a 

positive association between INF -γ and Il-18 expressing T-cells and LV myocardial 

dysfunction in patients with ischemic and idiopathic dilated cardiomyopathy (614). Although 

mice models of ischemic cardiac remodeling and heart tissues from patients with 

myocarditis and advanced HF exhibit a Th2-biased inflammatory response, there is no direct 

evidence showing the involvement of Th2 cells in models of pressure overload induced 

cardiac hypertrophy (609, 613). Even though there is evidence linking Th2 cells to 

mechanisms enhancing fibrosis, available data are few and remain controversial (615). 

Secretion of Th2 cytokines such as IL-4 and IL-13 appears to promote recruitment of 

monocyte-derived M2 macrophages thus indirectly influencing cardiac fibroblasts (615). The 

striking effect of T cells in the fibrotic response induced by pressure overload is further 

reinforced by the induction of a vigorous fibrotic response following T-cell transfer in T-cell 

deficient mice, a process which is independent of procollagen gene expression and 

prevented in mice lacking the CD4+ T-cells but not by the absence of CD8+ T cells (609). 

Interestingly, the transfer of T cells into T lymphocyte deficient mice was accompanied by 

enhanced collagen fiber density with simultaneous upregulation of the expression of lysyl 

oxidases (LOX), which are responsible for the assembling of collagen into final fibers in heart 

tissue (609, 615). These findings strongly support the contribution of T lymphocytes in 

cardiac collagen cross-linking through the induction of LOX expression and as a result in the 

potentiation of myocardial fibrosis in chronic pressure overload (609, 616). Thus, taking into 

consideration the available evidence highlighting the relevance of T lymphocytes in the 

myocardial fibrotic response, we may infer their beneficial implications during the cardiac 

repair processes following MI and detrimental effects in the setting of chronic pressure 

overload. The participation of T cells in cardiac remodeling is further supported by studies in 

animal models of hypertension, showing that sustained angiotensin II infusion in mice 

induced myocardial hypertrophy and increased the number of activated CD4+ T subsets in 
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the circulation (609). Mice deficient in CD4+ T cells do not display a downregulation either 

of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a (SERCA2a), which mediates the 

rate of myocardial relaxation through regulation of Ca2+ re-entry from the cytoplasm to the 

sarcoplasmic reticulum or of the MYH6 gene, which encodes the alpha heavy chain subunit 

of cardiac myosin, the cytoskeletal motor protein found in the cardiac muscle cells, 

following TAC (609). Similarly, expression of ANP and BNP is less pronounced in mice 

deficient in CD4+ T cells compared with wild type mice following TAC, thus further 

supporting the role of CD4+ T cells in promoting HF (609). 

In order to investigate whether T-cell recruitment to the LV participates in the 

development of HF and particularly nonischemic HF, a study utilizing real-time video 

microscopy of T cells from mice with pressure overload HF induced by TAC as well as of 

human T cells and LV tissue from nonischemic end-stage HF patients, revealed augmented T 

cell adhesion to activated vascular endothelial cells under physiological flow conditions in 

vitro compared with T cells from sham mice and healthy individuals respectively (613). T 

cells activation in the mediastinal lymph nodes and T cell infiltration into the LV myocardium 

together with the activation of the intramyocardial endothelium following TAC correlated 

directly with the development of LV myocyte hypertrophy, fibrosis and systolic dysfunction 

(613). Identification of T-cell recruitment into the LV as a negative contributor to 

pathological cardiac remodeling in HF suggests that reduction of T-cell infiltration might 

represent a novel translational target in HF (613). Antigen recognition by T cells seems to be 

essential for inducing the pathology associated with TAC, since blockade of T-cell 

costimulatory molecules on APC and depletion of bone marrow-derived CD11c dendritic 

cells significantly reduce LV fibrosis and hypertrophy in the setting of TAC (613). Various 

antigens have been examined with regard to their role in activation of T cells in pressure 

overload induced cardiac hypertrophy. Thus, mice with transgenic TCR, which have CD4+ T 

cells recognizing chicken ovalbumin, did not develop cardiac dilation following TAC (609). 

However, when these mice were crossed with mice which express ovalbumin on 

cardiomyocytes, the presence of ovalbumin-specific T helper cells plus ovalbumin antigens 

on myocytes increased T cells infiltration and activation in heart and accelerated cardiac 

hypertrophy progression to HF after TAC (617).  On the other hand, even though available 

evidence strongly supports the participation of T-cells and effector T-cell subsets in the 

pathogenesis and progression of HF, the role for potential peptide antigens resulting from 

cardiac cell death and stimulating T-cell responses in this setting is unlikely, considering that 

cardiac apoptosis following TAC occurs at a significantly later time point compared to the 

timing of T cell infiltration to the heart which occurs as early as 2 weeks post TAC (613). 

Nevertheless, specific antigens involved in the development of cardiac hypertrophy in 

pragmatic pathophysiologic conditions like pressure overload remain to be identified. 

Disruption of immune tolerance mechanisms in the setting of pressure overload might be a 

plausible mechanism, allowing self-cardiac antigens such as α-myosin which is not expressed 

in the thymus, to induce a T-cell immune response as occurs in autoimmune myocarditis 

(613, 618). In addition, mechanisms involving Th1 lymphocytes related release of cytokines 
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altering myocyte and fibroblast function might be further involved in the induction of 

cardiac fibrosis and hypertrophy, since a significant upregulation of the Th1 signature 

cytokine, IFNγ and T-bet, the key transcription factor that directs the differentiation and 

activation of Th1 lineage cells, was noted in wild type mice but not in TCR knock-out mice 

(574, 613, 619). Of note, adoptive transfer of Th1 cells into mice lacking the αβ T cell 

receptor partially reconstituted myocardial fibrosis and dysfunction, supporting a central 

profibrotic role for Th1 cells (631). Abatacept, the cytotoxic T-lymphocyte-associated 

protein 4 (CTLA- 4) immunoglobulin fusion protein, which binds to CD80/86 on APCs and 

disrupts the interactions between co-stimulatory molecules CD28 on T cells and CD80/86 on 

APCs, thus suppressing T cells functions, showed impressive beneficial effects by attenuating 

cardiac hypertrophy and cardiac systolic and diastolic dysfunction compared to phosphate 

buffered saline-treated controls in the TAC mouse models (620, 621). Overall, pressure 

overload might exert mechanical force on the heart and cause the release of DAMPs and 

subsequent activation of the TLR signaling pathway in APCs such as macrophages and 

dendritic cells which would eventually result in cytokines secretion, stimulation of T cells 

activation and recruitment to the heart (622). T cells interact with endothelial cells and 

penetrate into the inflammatory sites with the mediation of cell adhesion molecules (622). 

Upregulated expression of E-selectin, VCAM-1 and ICAM-1 in the endothelial cells of the LV 

intramyocardial vessels together with more T cells infiltrating into the left ventricle were 

detected in a TAC mouse model (623). In contrast, mice lacking ICAM-1 exhibited 

attenuated T cell accumulation in the heart as well as less severe cardiac fibrosis and cardiac 

systolic dysfunction than wild type mice in response to TAC, thus underscoring the 

significant role of cell adhesion molecules in T cells infiltration to the heart (622). Overall, 

these findings further suggest that ICAM-1 normally mediates the ability of activated T cells 

to bind to the endothelium and infiltrate into the pressure overloaded LV to induce 

functional and structural abnormalities. Thus, pressure overload induces systemic changes 

in T-cell activation state and infiltration potential rendering them more capable of adhering 

to the cardiac endothelium with T-cells isolated from mice after TAC displaying enhanced 

adhesion to endothelial cells in ex vivo adhesion assays under flow conditions, directly 

identifying that pressure overload induces primary changes in these cells (613). The 

dominant role of T cells in the process of LVH hypertrophy is further emphasized in results 

from analyses of human LV tissue obtained from patients with HF due to aortic stenosis, 

which showed significantly higher accumulation of T cells compared to healthy myocardial 

tissues (622). With the use of a transgenic mouse model that reports the expression of both 

CXCL9 and CXCL10, called REX3 or Reporting the Expression of CXCR3 ligands, REX3 mice, it 

was demonstrated that cardiac fibroblasts and myeloid cells are sources of CXCL10 and less 

so of CXCL9, which attract CXCR3 Th1 cells to the heart in a lymphocyte function-associated 

antigen 1 (LFA-1), an integrin and ICAM-1-dependent manner in response to TAC (624). 

Notably, CXCR3 mice did not develop cardiac fibrosis and dysfunction in response to TAC as 

well as had reduced T-cell infiltration in the heart. On the other hand, CCR2 macrophages, 

which precede T-cell infiltration to the heart were detectable in the heart and produced 



82 
 

   
 

CXCL10 and CXCL9, thus supporting that early recruitment of CCR2 macrophages post-TAC 

induces subsequent T-cell recruitment to the heart (624). Considering that Th1 cells are 

drivers of cardiac fibrosis associated with TAC, their marked expression of the chemokine 

receptor CXCR3 as well as the fact that they do not infiltrate the heart in CXCR33 mice, the 

CXCR3-CXCL9 and CXCR3CXCL10 pathway is considered to directly influence T-cell 

infiltration in response to cardiac pressure overload. 

Hypertension is another example of a strong pressure overload stimulus that induces 

cardiac hypertrophy and remodeling with angiotensin II infusion via subcutaneous osmotic 

minipumps as well as deoxycorticosterone acetate salt treatment failing to induce cardiac 

hypertrophy in Rag1−/− mice with no mature T or B cells, thus suggesting an essential role 

of the immune cells in hypertension development as well (625-627). On the other hand, 

adoptive transfer of T cells but not B cells restored the hypertensive responses to 

Angiotensin II infusion in Rag1−/− mice, thus highlighting the pathogenic implication of T 

cells (625-627). 

CD4+ T cells are considered to exert a more substantial effect on cardiac 

hypertrophy and remodeling compared to CD8+ T cells. Several lines of experimental 

evidence underscore the dominant role of CD4+ T cells in the process of pathological 

pressure overload induced cardiac hypertrophy. Accordingly, a more significant reduction of 

activated CD4+ T cells than CD8+ T cells were observed in mouse hearts following 

conditional genetic depletion of the mineralocorticoid receptor in T cells, which was 

associated with improved cardiac remodeling profile as well as systolic and diastolic function 

in the setting of abdominal aortic constriction, indicating a more significant role of CD4+ T 

cells in promoting cardiac hypertrophy (628). Moreover, an increasing number of studies 

have demonstrated that interactions of tumor necrosis factor receptor superfamily, 

member 4 (OX40), a potent costimulatory receptor which accentuates TCR signaling on the 

surface of CD4+ and CD8+ T-lymphocytes and which leads to their augmented activation 

proliferation, survival, differentiation and cytokine production, with its ligand, affect the 

development of ACS as well as the survival of patients with ACS (629). Transferring only 

CD4+ T cells from spleens of donor wild type mice into mice lacking OX40 abolished the 

protection against cardiac hypertrophy and cardiac systolic and diastolic dysfunction offered 

by the OX40 gene knockout in the setting of aortic banding (629). In accordance with the 

above, mice unable to develop activated CD4+ T cells due to absence of MHC II expression 

following disruption of H2-Ab1 genes, which encode the light chains of the mouse MHC II, 

displayed less severe cardiac systolic and diastolic dysfunction in response to TAC (630). On 

the other hand, knockout mice without functional CD8+ T cells due to deletion of the gene 

encoding the α chain of CD8 displayed the same degree of hypertrophy and myocardial 

dysfunction as wild type mice after TAC (630). Still, evidence regarding the implication of 

CD8+ T-cells in the pathogenesis of LVH are controversial with single-cell RNA sequencing 

analysis from a mice model of TAC induced pressure overload, showed that CD8+ T cell 

depletion increased the degree of hypertrophy during the early compensatory phase but 

provided late-stage protection from HF (631). Additionally, CD8+T cells regulated the 
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macrophage expression of growth factor genes such as amphiregulin (Areg), a member of 

the EGF family, Oncostatin M (Osm), and insulin growth factor 1 (IGF1), which are 

considered to play an essential part in the myocardial adaptive response after cardiac 

pressure overload (631). 

Cardiac hypertrophy pathways involve activation of pro-hypertrophic transcription 

factors, such as the nuclear factor of activated T cells (NFAT) which is calcium and 

calcineurin regulated, myocyte enhancement factor (MEF) and GATA-4 that mediate 

expression of hypertrophy-related genes in cardiomyocytes and initiate hypertrophy in 

response to pressure overload (632). NFAT1 is the predominant NFAT isoform in resting T 

cells and TCR activation causes the influx of calcium and the activation of calcineurin, which 

in turn dephosphorylates NFAT and drives its nuclear translocation to activate the 

expression of downstream genes (632). Modulation of cardiac fibroblasts-to myofibroblast 

transition could be one of the profibrotic mechanisms of Th1 cells. Joint cultures of CD4+ T 

cells purified from mediastinal lymph nodes of mice subjected to TAC with cardiac 

fibroblasts have shown that IFN-γ+Th1 cells were the subset that adhered to and stimulated 

TGF-β expression by cardiac fibroblasts as well as their transition from to myofibroblasts 

(633). 

Several studies examining the mechanisms of acquired immunity in the pathogenesis 

of myocardial fibrosis have shown that T-cell infiltration in the myocardium is a both a 

prerequisite and a determinant factor for generation of LV fibrosis (615, 634). On the other 

hand, models of ischemic cardiomyopathy have shown different patterns of T-cells behavior 

compared to pressure overload models. It is well established that myocardial scarring after 

infarction does not simply represent replacement fibrosis of necrotic tissue with 

extracellular matrix and it is an accepted fact that T cells play a central role in orchestrating 

this process with T-cell infiltration to the myocardium directly modulating fibroblast 

phenotype and function during all the all stages of the process. Furthermore, in addition to 

their effects on the early phases of infarct scar formation, T cells within the heart appear to 

direct the remote fibrosis and scarring process throughout the LV during chronic 

remodeling. Cardiac repair mechanisms following MI involve a series of integrated events 

initiated by the first proinflammatory phase involving among others immune cell infiltration, 

including T cells, in response to cardiomyocyte necrotic death which is followed by the 

reparative phase in which a different array of immune cells and T cells promote healing of 

myocardial injury albeit at the expense of accentuated fibrosis (634). Taking as well into 

consideration the implication of Th1 T lymphocytes in the atherosclerotic plaques, one 

might infer that T cells are orchestrators of several responses, from destabilization of the 

atherosclerotic plaque inflammation and precipitation of ACS to the remodeling process 

post-MI (634). The specific pathways involved in the triggering of T-cell activation and 

recruitment to the heart post- MI, as well as the specific role for T cells during the different 

phases post-after MI are not thoroughly understood. The specific mechanisms underlying T-

cell trafficking to the postischemic myocardium continue to be examined in different 

experimental models. Culprit antigens eliciting the T-cell response might include cardiac-
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specific myosin heavy chain isoform or troponin-I, released by dying myocytes following MI, 

which are not expressed in the thymus and may be reactive to T cells that escaped central 

and peripheral tolerance (634). Thus, following necrotic injury, APCs internalize DAMPS 

released from the necrotic tissue and migrate into the lymph nodes where they activate T-

cells into tissue-homing effector cells via a multistep activation process that includes 

upregulation of MHC class I and II to display cognate peptides to TCR, induction of surface 

expression of co-stimulatory signals such as CD28 and CD80/86, and production of cytokines 

including IFNγ for effector T-cell activation and polarization (615, 634). Antigen-mediated 

activation was proven to play an essential part for the protective function of CD4+ T-cells 

after MI in a transgenic mouse model expressing the mouse alpha-chain and beta-chain TCR 

that pairs with the CD4 coreceptor specific for chicken ovalbumin (OT-II) that inhibits TCR 

interactions with its ligand, cross-presentation of antigens, and central and peripheral T-cell 

tolerance and induction (612). Thus, the OT-II mice displayed a looser distribution and 

disarray of collagen fibers one week following MI compared to wild type mice whereas no 

differences were detected regarding collagen mRNA expression or MMP activity indicating 

that impaired processing of matrix proteins at the post-transcriptional levels are most 

probably responsible for the observed phenotype (612). Overall, a marked reduction of the 

Th1/Th2 ratio, an augmentation of the Th17/Treg ratio, and upregulation of Th2 cytokines 

were reported in the ischemic failing heart (634). The presence of Th1 cells in the setting of 

myocardial necrosis is considered to diminish fibroblast activation and limit fibrosis through 

both direct and indirect mechanisms via macrophage-dependent fibroblast activation (604). 

Th1 polarization is associated with enhanced cardiomyocyte apoptosis, dysregulation of 

extracellular matrix turnover and expression of collagen-I and -III mRNA as well as altered 

myofibroblast proliferation and differentiation, leading to cardiac rupture following ischemic 

necrosis of the heart muscle (634). IFNγ as the representative marker of Th1-mediated 

inflammation inhibits fibrosis by blocking TGF-β (604). In addition, IFNγ inhibits Th2-

mediated fibroblast activation and indirectly regulates fibrosis through activation of 

macrophages with administration of IFNγ neutralizing antibodies reversing the TGF-β 

induction of α-smooth muscle actin expression, thus demonstrating that Th1 cells may be 

indirectly regulating fibrosis (635, 636). Experimental evidence indicates a prolonged Th1 

response after MI with Th1 cells remaining elevated in the LV and in the circulation for two 

months post-MI (637). Similarly, clinical data have shown that Th1 cells increase in the 

circulation of patients with acute MI and unstable angina within 24 hours following the 

onset of symptoms, however in post-MI patients Th1 cells remained elevated for a longer 

time following hospitalization compared to patients with unstable angina (638). 

The percentage of circulating CD4+ T cells expressing inflammatory cytokine such as 

IFN-gamma is increased in patients with ischemic HF compared with those with stable 

angina or healthy subjects and has been positively correlated with left ventricular 

dysfunction (610). Notably, even though myocardial CD4+ T cells are associated with infarct 

size expansion, experimental studies also support a requirement of CD4 cells for healing 

postinfarct. Still, the exact role that T-cells play to coordinate the resolution phase has not 



85 
 

   
 

been explored in depth to date (634). Even though CD4+ T cells are necessary to promote 

wound healing in the experimental model of permanent ischemia, in the ischemia-

reperfusion injury model, CD4+ T cells appear to have deleterious effects by amplifying 

inflammation and promoting myocardial damage in the early stage of postischemic 

reperfusion (634). Thus, the extent of myocardial injury immediately post reperfusion is 

decreased in RAG mice, which lack T cells and B cells, compared with wild-type mice and 

antibody depletion of CD4+ T cells, but not of CD8+ T cells in wild-type mice before 

reperfusion, abolished post-reperfusion injury thus demonstrating that CD4+ T cells are 

responsible for this pathologic entity (634). Initial findings to support T-cell extravasation 

from the blood vessels to the heart are supported by observations of increased T 

lymphocytes in the myocardium within 2 minutes of reperfusion in parallel with a decrease 

in peripheral blood T lymphocytes as early as one hour after reperfusion post-MI, suggesting 

accelerated T-cell recruitment (638). 

Although CD4+ T-cells may promote healing of myocardial injury in the acute phase 

post MI, they are involved in the pathogenesis of LV remodeling during the development of 

ischemic HF in the chronic setting. Thus, the question arises as to whether CD4+ T-cell 

activation is responsible for this pathological response, or whether distinct T-cells subsets 

are activated during ischemic necrosis as compared to HF. Notably, cardiac CD4+ T-cells 

exhibit temporally distinct patterns of activation with the first underlying a prompt CD4+ T-

cell response peaking at the third day following MI and the second wave of CD4+ T-cell 

activation and transmigration observed at 8 weeks following MI with these biphasic CD4+ T 

cell kinetics including all T-cell subsets such as Th1, Th2, Th17, and T-regs (639). 

Furthermore, depletion of CD4+ T-cells during chronic HF blunted the development of 

progressive end-systolic and end-diastolic volume increase and EF reduction from 4 to 8 

weeks post-MI (639). These data indicate potentially divergent roles of CD4+ T-cell during 

HF and during MI (639). 

The role of CD8+ T-cell response in post-MI remodeling is complex and involves both 

detrimental effects together with beneficial cardiac wound healing properties (615). 

Furthermore, CD8+ T-cell regulation of CD4+ T-cell recruitment might also affect collagen 

scar formation (615). In a mouse model of permanent ischemia, levels of CD8+ T-cell 

increase immediately during the first day following MI and remain elevated for two weeks 

(634, 640). Moreover, plasma levels of the CD8+ T-cells secreted granzyme B, were found to 

correlate with LV end-diastolic diameter, suggesting that CD8+ T-cells may be involved in 

adverse post-MI LV remodeling (640). Even though the absence of functional CD8+ T-cells in 

mice has been associated with improved myocardial performance and survival compared to 

wild-type animals during the subacute phase following MI, yet animals that died did so due 

to cardiac rupture, most probably due to delayed removal of the necrotic debris (641). On 

the other hand, administration of monoclonal antibodies causing depletion of CD8+ T-cells 

markedly increases both wound-breaking strength and collagen synthesis in mice (642). 

Strikingly, a decrease in circulating CD8+ T-cells following percutaneous coronary 
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intervention (PCI) was associated with poor prognosis, thus suggesting that effects from 

CD8+ T-cells vary according to a temporally-dependent pattern (643). 

T-cell alterations accompany HFrEF. The first clinical data regarding the role T-cell 

activation specifically in HFrEF, derived from studies of patients with dilated 

cardiomyopathy, who demonstrated increased circulating levels of T-cell-related cytokines 

such as IL-2 and IL-10 compared with asymptomatic counterparts (634, 644). Additionally, 

the relative proportion of T-cell subsets appears to shift toward a general proinflammatory 

T-cell activation state in the setting of HFrEF and peripheral T cells isolated from patients 

with HF demonstrated increased expression of mRNA for TNFα, INF, Il-18, and Il-10 as well 

as increased surface expression of the T-cell activation markers such as CD25 and CD69 

compared with healthy controls (614, 645). Human studies have revealed CD3+ T-cells 

infiltration in LV specimens from nonischemic cardiomyopathy patients with end-stage HF 

compared with nonfailing controls, with T-cells demonstrating enhanced adhesive 

properties to activated endothelial cells (613). Notably, CXCL9 and CXCL10 positively 

correlate with Th1 type cytokines in the peripheral blood of patients with symptomatic HF 

and CXCR3 T cells are infiltrated in the hearts of end-stage nonischemic HF patients (614). 

In summary, while the explicit mechanisms of T cells homing to the myocardium in 

the setting of pressure overload or ischemic injury are not adequately clarified, several 

experimental models and multiple lines of clinical evidence support the role of T-cells and 

specifically CD4+ T cells as the primary cell type infiltrating the myocardium and producing 

LV fibrosis and dysfunction. Furthermore, it appears from these combined studies that the 

mechanisms of T-cell infiltration and promotion of fibrosis may differ between pressure 

overload or ischemia/reperfusion injury and infarction. Future research with the aim to 

elucidate the precise mechanisms of T-cell recruitment to the LV in these different 

pathological states may generate immune-specific therapeutic strategies in these patients 

(634). 

The fundamental role of immune mechanisms within the kidney and heart in the 

pathogenesis of hypertension, which is mediated by T cells and their subsets such as γδ, 

CD4+ and CD8+ T cells, has been demonstrated by numerous studies (646). Thus, models of 

salt-sensitive rats with hypertension and CKD have shown that T cells infiltrate the kidney 

whereas administration of the immunosuppressant tacrolimus abolishes T-cell renal 

invasion, prevents renal damage and lowers BP (647).  On the other hand, the adoptive 

transfer of T cells re-establishes the hypertensive response to angiotensin II in 

immunodeficient mice (648).  In the setting of arterial hypertension, CD4+ T cells as well as 

γδ T cells produce cytokines such as IFNγ and IL-17A and facilitate the activation of CD8+ T 

cells (646). In particular, CD8+ T cells apart from participating in cytokine production within 

the general inflammatory responses, they also interact directly with the nephron structures 

to increase sodium retention through stimulation of the sodium chloride cotransporter in 

the deoxycorticosterone acetate and salt model of hypertension (649). IFNγ is the key 

cytokine in the process of CD8+ T-cells infiltration in the kidneys, where it stimulates the 

IFNγ receptor expressed within the distal convoluted tubule to promote the interaction 
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between the CD8+T cells and the tubule (650-652). IFN-γ and IL-17A production regulate the 

pressure natriuretic response in proximal tubule sodium transport and IFN-γ participates in 

mechanisms enhancing distal sodium reabsorption in the setting of angiotensin II 

hypertension, with mice lacking INFγ and Il-17 production displaying an abolished BP 

response (653). These findings have been replicated by clinical evidence revealing that the 

hypertensive stimulus of angiotensin II promotes accumulation of human T cells in the 

kidney, aorta, and lymph nodes of humanized mice, with CD8+ T-cell IFNγ production and 

CD4+ T-cells IL-17 production being significantly elevated (654). Furthermore, pro-

inflammatory immunosenescent CD8+T cells with accentuated expression of perforin, 

granzyme B, IFNγ, and TNFα are increased in the peripheral blood of hypertensive patients 

(655). 

Emerging evidence supports the causal implication of T cells in the pathogenesis of 

uremic cardiomyopathy phenotypes, including LVH, diastolic dysfunction and worsened 

myocardial strain. An experimental model of uremic cardiomyopathy in 5/6 nephrectomized 

mice assessed the expression of markers of T cell memory or activation as well as 

lymphocyte capacity for cytokine production and compared them to controls (656). Mice 

with CKD appeared to accumulate T cells expressing markers of memory differentiation such 

as CD44, a cell-surface glycoprotein involved in cell–cell interactions, cell adhesion and 

migration as well as activation markers such as PD-1, killer cell lectin-like receptor subfamily 

G member 1 (KLRG1), and OX40, as well as exhibited augmented cytokine secretion capacity 

in vitro (656). Additionally, flow cytometry analysis of immune cells isolated from mice heart 

tissue showed activated T-cells infiltrating the heart as early as two weeks following the 

establishment of uremic cardiomyopathy whereas next-generation RNA sequencing of 

uremic hearts identified enrichment for genes in pathways required for T cells recruitment, 

priming, and maturation (656). 

During the last decade, a unique cytotoxic CD4+ T cell subset, identified by the loss 

of the costimulatory cell surface marker CD28, the CD4+CD28- T cells, has been identified, 

which display pronounced proinflammatory properties, possess the functional 

characteristics of professional killer lymphocytes and can increase from less than 1% to over 

50% of the total CD4+ T cell population (657, 658). Accumulating evidence suggests that 

these cells are capable of infiltrating atherosclerotic plaques and probably play an important 

role in their destabilization, thus explaining, at least partly, the association of CVD with the 

inflammatory milieu (657, 658). Several recent studies have shown that the population of 

CD4+CD28- cells is expanded in patients with established atherosclerotic CVD and correlates 

with the recurrence of cardiovascular events (657). Notably, low CD4+ T-cell counts 

combined with the expansion of the CD28- T cells are a common feature of the elderly in 

general and of end-stage CKD patients (658, 659). A study examining whether elevated 

numbers of circulating CD4+CD- T cells may represent a risk factor for CVD in end-stage CKD 

analyzed data from 240 cytomegalovirus-seropositive patients. Apart from the traditional 

cardiovascular risk factors, both the percentage and absolute number of CD4+CD28- T cells 

were significantly associated with the presence of atherosclerotic disease (658). Thus, the 
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findings of this study suggest that circulating CD4+CD28- cells may represent a novel non-

traditional risk factor in end-stage CKD patients. 

Considering that sustained exposure to exogenous antigens induces the 

accumulation of the hyperactivated, proinflammatory and pro-atherogenic CD57+CD28- 

CD8+ T cells, persistent alloimmune responses in the setting of kidney transplantation may 

promote immune activation and contribute to posttransplant atherosclerosis. A single-

center cohort study of 577 KTRs with a mean follow-up of 7 years showed that the 

cumulative incidence of atherosclerotic adverse events increased with the number of HLA 

mismatches whereas the recipients of a well-matched kidney exhibited a substantially 

reduced risk of adverse events (660). Notably, a significant association was observed 

between HLA mismatch numbers and levels of circulating CD57+CD28-CD8+ T cells, 

therefore suggesting that chronic allogeneic stimulation contributes to the accelerated 

atherosclerosis observed following transplantation (660). 

 

5.3.2 T regulatory cells 

Multiple lines of evidence from experimental and clinical studies have brought Tregs 

at the spotlight during the last years with regard to their important role in protecting against 

CVD, with a special focus on atherosclerosis, hypertension, MI, HF and abdominal aortic 

aneurysm, with a reduced number and impaired function of Tregs cells being present in a 

variety of cardiovascular diseases (661). Experimental in vivo models using the 

apolipoprotein E deficient mice have extensively examined the role of Tregs in 

atherosclerosis. Thus ApoE–/– mice displayed a significantly lower number of Tregs 

compared with their wild-type counterparts, whereas depletion of peripheral Tregs by anti-

CD25 monoclonal antibodies was associated with expansion of the atherosclerotic lesion 

and increased plaque vulnerability (661, 662). On the other hand, adoptive transfer of Tregs 

to Apoe–/– mice led to a reduction in atherosclerotic lesion size and enhanced plaque 

stability and was associated with a decreased incidence of plaque rupture as well as a 

significantly lower accumulation of macrophages and T cells but with preservation of SMCs 

and collagen contents compared to plaques of control mice (661-664). The atheroprotective 

mechanisms via which Tregs might attenuate the cardiovascular risk remain a subject of 

ongoing investigation. Accordingly, a study found that the beneficial effects of T on the 

endothelium and on vulnerable atherosclerotic plaques were independent of effects on lipid 

status (661, 662). Thus, administration of Tregs in ApoE deficient mice significantly 

suppressed inflammatory cell accumulation, generation of foam cells and secretion of 

proinflammatory cytokines as well as stimulated M1 macrophages to convert to M2 

macrophages (661, 662, 665).  Tregs diminished the expression of two receptors responsible 

for the internalization of modified lipoproteins by macrophages, respectively scavenger 

receptor A (SRA) and CD36 (665). Inhibition of MMP-2 and MMP-9 mediated by increased 

secretion of anti-inflammatory cytokines such as TGF-β, IL-10, and IL-5, improved the 

stability of vulnerable plaques by increasing collagen content in atherosclerotic lesions (661, 

662). The beneficial effects of Tregs on the resolution of atherosclerotic injury and plaque 
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reversal were examined through the use of multiple independent mouse models of 

atherosclerosis regression (666). Accordingly, increased levels of Tregs in plaques is a 

hallmark of regressing plaques, with single-cell RNA-sequencing of plaque immune cells 

showing that Tregs in these plaques did not express neurophilin 1 (Nrp1), a marker of 

thymus-derived natural Tregs, suggesting that they derive from a local expansion of Tregs 

from naïve T cells which can traffic between the circulation and the vessel wall (666). In 

contrast, Tregs from progressing plaques expressed markers of natural Tregs derived from 

the thymus as well as higher levels of memory T-cell markers, such as integrin B1 (ITGB1) 

and CD28, which have been associated with the reduction of Tregs during atherosclerosis 

progression (666, 667). To test whether Tregs are required for resolution of atherosclerotic 

inflammation and plaque regression, Tregs were depleted using CD25 monoclonal antibody 

in atherosclerotic mice during apolipoprotein B antisense oligonucleotide-mediated lipid 

lowering. Furthermore, Tregs appear to promote macrophage expression of receptors for 

specialized pro-resolving mediators which are molecules enzymatically derived from 

essential fatty acids, limit acute responses and mediate the clearance of tissue pathogens 

(666, 668).Thus, macrophage receptors such as G protein-coupled receptor 18 (GPR18), N-

formyl peptide receptor 2 (FPR2), and Chemerin Receptor 23 (ChemR23), initiate signaling 

pathways to augment macrophage phagocytosis of apoptotic cells, suppress 

proinflammatory cytokine production, and increase anti-inflammatory cytokine production 

(666). On the other hand, morphometric analyses revealed that depletion of Tregs abolished 

plaque regression in the atherosclerotic mice undergoing aggressive reduction of 

hypercholesterolemia (666). 

Polymerase chain reaction (PCR) measurements of the CD4+CD25+FOXP3+ marker of 

Tregs, have revealed its presence in the atherosclerotic plaques of human coronary arteries 

however the FOXP3+ Tregs count was low in all the stages of human atherosclerotic lesions, 

as evaluated in surgical or biopsy samples (669). In line with the above, the frequency of 

FOXP3+ Tregs is reduced in the peripheral circulation of patients with carotid artery plaques 

and a decreased Tregs count directly correlated with carotid atherosclerotic plaque 

vulnerability and inversely correlated with the infiltration of mature dendritic cells (670, 

671). Clinical studies have reported conflicting results regarding the Tregs status in patients 

with CAD. Accordingly, patients with vulnerable coronary arterial plaques exhibit lower 

levels of Tregs compared with healthy individuals and likewise a smaller number and less 

efficient Tregs have been observed in patients with ACS compared with healthy controls 

(672-674). Decreased Tregs numbers are found in patients with MI, with Tregs counts 

displaying an inverse association with risk for MI (675, 676). Amplified rates of spontaneous 

apoptosis of Tregs, as demonstrated by decreased levels of the mRNA level of the 

antiapoptotic gene Bcl-2 and markedly higher levels the proapoptotic gene Bak, have been 

shown in purified Tregs from patients ACS and are at least partly deemed responsible for 

the decreased number of Tregs in this setting together with the impaired thymic output 

(674). Moreover, oxidized LDL has been shown to induce apoptosis of Tregs (674). Still 

heterogeneities in Tregs subsets examined in the published studies as well as in the flow 
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cytometry protocols utilized, might account for the inconsistent results regarding circulating 

Tregs numbers in patients with ACS. Thus, as an example, Tregs have been found to be 

reduced in patients with non-ST-segment elevation MI and increased in patients with ST-

segment elevation MI (677). 

Tregs appear to be implicated in the process of ischemic myocardial remodeling as 

occurs following MI, however available studies have shown contradictory results particularly 

regarding Tregs counts in this setting (661). In mouse models of permanent coronary 

occlusion, Th1 and Treg cells are among the predominant subsets which are found 

expanded in the mediastinal lymph nodes and the spleen. Overall, Tregs promote 

myocardial healing after MI through effects on monocyte and macrophage differentiation, 

suppression of inflammation, regulation of extracellular matrix degradation, and as a result 

prevention of adverse remodeling (661). Increased counts of Tregs but with impaired 

functional suppressive capacity have been observed in mice undergoing experimental MI, 

with Tregs being recruited to the infarcted mouse myocardium, where they modulate 

fibroblast phenotype and function (678, 679). Tregs co-cultured with cardiac fibroblasts led 

to reduced cardiac fibroblast transformation to myofibroblasts, decreased SMC actin and 

MMP-3 expression and diminished the contraction of fibroblast populated collagen pads, 

thus supporting a direct cell to cell contact mechanism involved in Tregs regulation of 

fibroblast function and matrix preservation (679). Two Tregs related cytokines have been 

considered to participate in the complex regulation of myocardial fibrosis, respectively TGF-

β, a pro-fibrotic molecule and Il-10 which inhibits Th17-mediated fibrosis and 

downregulates VEGF expression thus regulating neovascularization in response to ischemia 

(615, 678). Transfer of Tregs attenuated interstitial fibrosis, MMP-2 activity and 

cardiomyocyte apoptosis through both direct effects on cardiomyocytes and indirect anti-

inflammatory effects in a rat model of MI (680). Thus, infiltration of neutrophils, 

macrophages and lymphocytes as well as expression of TNF-α and IL-1β by cardiomyocytes 

were significantly suppressed as were CD8+ cytotoxic T lymphocyte responses (680).  

Additionally, Treg activation induces an M2-like macrophage polarization with depletion of 

Tregs being associated with an increased pro-inflammatory M1 macrophages response and 

impaired M2-like differentiation (681). In vitro, co-culture of Tregs with macrophages have 

shown that Tregs increase the expression of genes associated with healing such as 

osteopontin and arginase-1, which favor the formation of a solid collagenous scar (681). 

MMP2 is mainly expressed by cardiac fibroblasts in the heart and Treg transfer in a 

myocardial infarction model attenuated the augmented MMP-2 activity following coronary 

artery ligation and prevented adverse ventricular remodeling (661). Treg expansion induced 

by administration of CD28 antibodies significantly improved survival and reduced cardiac 

ruptures during the first week following MI, which should be principally ascribed to 

diminished MMP-mediated degradation of collagen within the infarcted tissue (681).  In 

summary, increases in Tregs after MI appear to promote extracellular matrix deposition and 

scar formation, with Tregs displaying beneficial effects in ischemic cardiomyopathy through 

the suppression of excessive inflammatory responses and promoting stable scar formation 
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in the early stage of heart injury (661, 681). Treg-depleted mice exhibited reduced survival 

rates, reduced fractional shortening, and accentuated myocardial dilation following MI 

(681). Notably, in contrast to the healing role in the setting of acute ischemic injury, Tregs 

appear to acquire a proinflammatory phenotype in mice with chronic ischemic HF, thus 

promoting fibrosis and Tregs depletion in this setting had beneficial effects and reversed 

cardiac fibrosis as well as improved cardiac function in ischemic chronic HF (682). 

Experimental models of hypertension in mice have shown a direct link between 

increased BP and low levels of FOXP3 expression, reduced Tregs number, and altered 

functional properties of Tregs (661). Tregs have been shown to protect endothelial function, 

whereas on the other hand reduced Tregs numbers are considered to be causally implicated 

with endothelial dysfunction and the development of hypertension (661, 683). Accordingly, 

small vessels such as mesenteric resistance arteries from hypertensive mice incubated with 

conditioned media of cultured Tregs displayed significantly improved endothelium-

dependent relaxation responses which appear to be mediated by IL-10 (683). On the other 

hand, blockage of Il-10 signaling pathways abolishes the beneficial effect of Tregs on the 

regulation of endothelium-dependent relaxation. One of the putative mechanisms through 

which Tregs and IL-10 control in a paracrine mode the vascular endothelium-dependent 

relaxation is the attenuation of oxidative stress through the inactivation of NOX (683, 684).  

Furthermore, mice with endothelial dysfunction, adverse vascular remodeling and 

hypertension in the setting of aldosterone infusion, displayed attenuated aldosterone-

induced increase in BP and arterial injury when injected with Tregs prior to aldosterone 

infusion (685). Similarly, clinical evidence indicates that an increase in the number of Tregs 

and related cytokines such as TGF-β and IL-10 was associated with reduced levels of BP in 

hypertensive patients treated with telmisartan, an AT1 receptor antagonist for 3 months 

(686). Furthermore, considering that the kidneys are key to regulation of BP as well as a 

principal site of action of Tregs, the hypothesis that the beneficial effects of Tregs on 

hypertension might also involve mechanisms related to the kidneys appears rationale (685). 

Thus, angiotensin II infusion for 2 weeks resulted in a 43% reduction in FOXP3+Tregs in the 

renal cortex of mice, as shown by immunofluorescence staining, whereas adoptive transfer 

of Tregs improved cell infiltration in the kidneys, attenuated inflammation and subsequent 

renal damage as well as rehabilitated the impaired endothelium-dependent relaxation of 

arteries and abolished the development of arterial hypertension (687). Arterial hypertension 

models of target organ damage also shed light on the role of Tregs on cardiac remodeling. 

Accordingly, Tregs transfer appears to alleviate cardiac hypertrophy, fibrosis and 

arrhythmogenic electric remodeling as evaluated by connexin 43 gap junction protein 

localization in angiotensin II-infused hypertensive mice, independently of BP lowering 

effects (688). Decreased proportions of Tregs among the CD4+ T cells together with 

elevated BP have been observed in stroke-prone spontaneously hypertensive rats compared 

to normotensive rats, whereas administration of IL-2 and anti-IL-2 monoclonal antibodies 

complex selectively induced Treg cells in vivo, delayed the development of hypertension and 

attenuated cardiomyocyte hypertrophy, in this way further reinforcing the pathological 
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implication of reduced Tregs during the hypertensive process (689). Similarly, scurfy mice, 

which are genetically deficient in Treg cells because of a mutation in the FOXP3 gene, exhibit 

exaggerated Angiotensin II infusion-induced resistance artery endothelial dysfunction and 

remodeling, oxidative stress, inflammation and finally hypertension (690). Furthermore, 

RAG1-/- T and B-cell deficient mice undergoing adoptive transfer of Scurfy T cells, displayed 

an augmented response to Angiotensin II including proinflammatory polarization of 

monocyte and macrophages, compared with RAG1-/- mice undergoing adoptive transfer of 

wild-type T cells, which contain Tregs, thus strongly supporting the protective role of Tregs 

in hypertension and LVH via the modulation of immune responses (690). Adoptive transfer 

of Treg cells attenuated MMP-2 expression in the aortic tissue of Angiotensin II induced 

abdominal aneurysm model and if we take into consideration that MMP2 knockout and 

MMP2 downregulation by long noncoding RNA intervention in mice is associated with 

reduced cardiac fibrosis and improved myocardial diastolic dysfunction in TAC models of 

pressure overload, we may conclude that Tregs mediate their effects on myocardial 

remodeling at least in part through effects on MMPs  (691, 692). Overall, an inverse 

association Tregs counts has been reported to be inversely correlated with the severity of 

myocardial remodeling whereas transfer of Tregs appears to attenuate myocardial fibrosis, 

ventricular hypertrophy, and electrical remodeling in mouse models of hypertension (693, 

694). 

Tregs display alterations in both their phenotypes and functions in established 

chronic HF with acquisition of a Th1-like proinflammatory phenotype as well as expression 

of antiangiogenic and profibrotic properties, which might be related to HF decompensation 

(695). Additionally, the suppressive function of Tregs on conventional T cells and the 

secretion of soluble fibrinogen-like protein 2, a novel effector factor of Tregs in HF, are 

reduced in the setting of HF (696-698). However, the culprit mechanisms implicated in the 

modification of the characteristics of Tregs in various pathological states, including HF, merit 

further investigation. Clinical studies have shown decreased frequency of circulating Tregs 

and suppressed Tregs function in patients with chronic HF compared with healthy subjects 

with increased apoptosis as well as impaired thymic output being suggested as potential 

mechanisms (696, 699, 699). Furthermore, Tregs have been associated with the severity of 

left ventricular dysfunction and decreased Tregs counts might be utilized as an independent 

adverse prognostic indicator for rehospitalization and reduced survival in patients with HF 

(696). Accordingly, a ratio of Tregs to CD4+ T cells lower than 6% correlated with an 

increased incidence of recurrent hospitalization for worsening heart failure (700). 

There is very little evidence available regarding the role of Tregs in the accelerated 

atherosclerosis and left ventricular remodeling in the uremic milieu.  A study evaluating the 

balance between Tregs and Th17 cells and its significance with relation to CVD in 

maintenance hemodialysis patients showed that hemodialysis patients displayed a reduced 

of Treg to Th17 ratio compared to the healthy individuals. These patients had increased 

peripheral Th17 frequency and reduced Tregs frequency as well as elevated Th17-related 

cytokines such as IL-17, IL-6 and IL-23 but diminished Tregs-related cytokines including IL-10, 
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and TGFb1 (701). In contrast, no differences were observed either in Th17 cells or in Tregs 

between the dialysis patients and non-end stage CKD patients (701). Moreover, 

inflammatory markers such as CRP and IL-6 displayed a positive association with Th17 cells 

but they were inversely correlated with Tregs (701). Notably, hemodialysis patients with 

NYHA III–IV HF exhibited an increase in Th17 to Tregs cell ratio compared to patients with 

NYHA I–II HF (701). 

 

5.3.3 B lymphocytes 

B cells have emerged as essential immune cell subsets in the regulation of the 

atherosclerotic process and their effects are mediated by antibodies and cytokines in a 

subset specific manner (702). Research is ongoing in order to elucidate the mechanisms via 

which specific B cells subtypes participate in atherosclerosis which might be translated in 

the future into potential B cell–linked therapeutic strategies, such as immunization and B 

cell–targeted biologic treatments which have already taken center stage in clinical research 

and clinical practice for other diseases (702). 

Landmark experimental studies have provided evidence on the protective role of B 

cells against atherosclerosis development (703, 704). Accordingly, splenectomy in 

apolipoprotein E gene knockout mice was associated with atherosclerosis progression 

whereas subsequent transfer of B cells to these mice hindered atherosclerosis exacerbation 

(703). In line with the above, LDL receptor–deficient mice displaying suppressed B-cell 

populations in the bone marrow to levels less than 1%, exhibited a 30% to 40% increase in 

the atherosclerotic lesion area (704). 

By the same token, mice models of atherosclerosis have shed light on the pathogenic 

implication of specific B cells subpopulations in this setting (705-707). Thus, the 

CD20+CD27+CD43+ B1 lymphocytes secrete IgM, which binds to oxidation-specific epitopes 

on LDL, thus preventing lipid uptake by macrophages as well as subsequent inflammatory 

cytokine production and as a result prevent the formation of foam cells and suppress 

inflammation (702). Likewise, IgM secreted from B1 lymphocytes binds epitopes on 

apoptotic cells thus facilitating their clearance (702). According to their expression of 

specific cell surface markers, murine B1 lymphocytes are further divided into CD5+ and CD5- 

which produce atheroprotective IgM in a T cell independent manner (702). On the other 

hand, B2 cells are considered to promote atherogenesis through production of pathogenic 

IgG, activation of T cells, and induction of proinflammatory cytokines such as IFN-γ (705, 

708). Finally, both B1 and B2 cells may generate regulatory B cells which produce the anti-

inflammatory IL-10 cytokines. Yet, even though there are abundant experimental data 

regarding the role of B-cell subtypes in animal models of atherosclerosis, clinical evidence 

remains limited at present. In accordance with the experimental evidence presented above, 

clinical data from a cohort of 504 patients undergoing coronary angiography, showed an 

inverse association trend of IgM to oxidation specific epitopes with angiographically 

significant coronary stenoses whereas IgG to oxidation specific epitopes displayed a positive 

correlation with angiographically significant coronary stenoses (709). Even though the 
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associations were lost at multivariate analysis, results of this study provide a framework for 

future investigations on the benefits of passive immunization with antibodies to oxidized 

LDL for atherosclerosis inhibition. A network-driven analysis involving whole-blood gene 

expression profiles and CAD single nucleotide polymorphism analysis constructed from 188 

subjects with CAD and 188 control subjects matched for age and gender from the 

Framingham Heart Study with Bayesian networks pointed out the B cells genes relationship 

to CAD pathogenesis among the top 20 CAD key driver genes (702, 710). Furthermore, gene 

ontology enrichment analysis recognized B-cell activation, B-cell differentiation, and B-cell 

receptor signaling pathways to be significantly accentuated in CAD (702, 710). Increased 

numbers of unswitched memory B lymphocytes which express more IgM on their cell 

surface, have been associated with fewer cardiovascular events including death due to CVD, 

stroke, MI, percutaneous interventions for CAD or peripheral artery disease (711). In 

addition, the expression of chemokine receptor CXCR4 on circulating human 

CD20+CD27+CD43+ B1 cells has been inversely correlated with coronary atherosclerotic 

burden and plaque necrosis in intravascular ultrasound measurements IVUS with virtual 

histology, which coincided with increased protective IgM titers (712). Considering these data 

in combination with experimental results from mice displaying increased atherosclerosis in 

the setting of B-cell CXCR4 absence, we may reach the conclusion that B-cell CXCR4 exerts a 

casual role in atheroprotection (713). B2 cells in humans are capable of producing high-

affinity IgG antibodies which have been shown to correlate with coronary artery stenosis in 

some human studies (702, 714). In this regard, IgG autoantibodies to malondialdehyde-

modified LDL independently associate with new MACE in a multiethnic cohort of patients 

from the Dallas Heart Study (714). 

Mature B cell recruitment and accumulation to the site of myocardial injury is 

observed following MI (716, 717); nevertheless, the roles of B cells in MI remain 

contradictory, a phenomenon which can be explained at least partly by the existence of 

distinct B cells subpopulations. Experimental models using a combination of in vitro and cell-

specific reconstitution studies of MI in mice have shown that upon activation via TLR–

mediated pathways, mature B lymphocytes selectively produce Chemokine (C-C motif) 

ligand 7 (CCL7), a major CCR2 ligand, which mediates the signaling required for monocyte 

mobilization from the bone marrow and recruitment to the injured tissues such as the 

infarcted myocardium where they increase tissue injury and lead to impairment of 

myocardial function (717). On the other hand, genetically deficient mice for B-cell activating 

factor (BAFF), a major cytokine that regulates survival, maturation and differentiation of B2 

lymphocytes, or mice administered antibodies against mature B lymphocytes or BAFF 

displayed suppressed CCL7 production and monocyte mobilization and consequently 

attenuation of myocardial damage and dysfunction (717). Mice models with an increased 

number of B cells exhibited a greater degree of adverse myocardial remodeling following MI 

with B lymphocytes coordinating the involvement in this process of diverse immune cell 

types from the heart pericardial adipose tissue (718). Pirfenidone, an anti-fibrotic agent has 

been shown to exert a cardioprotective role in murine hearts following MI by decreasing 
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CD19+CD11b– lymphocytes expression and modulation of the gene expression changes 

induced by acute ischemic injury in myocardial B1 and B2 cells (719).  Ligation of LAD artery 

so as to establish acute MI in B lymphocytes knock-out mice and wild type mice, showed 

that B-cell deletion reduced the expression of the cytokines TNF-α, IL-1β, IL-6, and TGF-1β as 

well as decreased the levels of mRNA from genes involved in collagen metabolism (720). 

Thus, B lymphocytes knock-out mice displayed reduced myocardial collagen synthesis, less 

myocardial fibrosis, lower LV end-diastolic and end-systolic diameter as well as maintained 

LVEF compared to wild type control mice (720). These experimental data have been 

replicated in human studies where patients with MI who had detectable concentrations of 

CCL7 in the circulation at the time of admission displayed substantially higher risk of death 

and recurrent MI after 2 years of follow-up compared to patients with no detectable CCL7, 

even after adjustment for several multivariable risk factors (717). Likewise, increasing levels 

of BAFF in the circulation were independently associated with increased risk of death and 

recurrent MI (717). In summary, ischemic signaling from the myocardium appears to trigger 

circulating B cells which sense damage and further generate a B cell–derived chemotactic 

signal to induce monocyte recruitment and inflammation in the injured cardiac tissue (716, 

717). Yet, the mechanisms via which B are activated in the setting of myocardial ischemic 

injury as well as their role in the infarct area itself are currently obscure and remain to be 

elucidated. In contrast, to B cells subsets which produce cytokines that accentuate the 

inflammatory response early following MI, IL-10–producing B cells promote the resolution 

of inflammation in the setting of myocardial injury, thus attenuating myocardial injury and 

improving the outcome of acute MI (721). The cytokine IL-33 and the chemokine CXCL13 

which appear to be preferentially expressed in pericardial adipose tissue, promote the 

expansion of IL-10-producing CD5+ B cells (721). On the other hand, B cell-specific deletion 

of IL-10 in the setting of acute MI is associated with deleterious consequences, including 

exacerbation of myocardial damage, myocardial dysfunction and delayed resolution of 

inflammation (721). Of note, B1 lymphocytes secrete GM-CSF, which regulates IL-23 

secretion by dendritic cells and IL-17 production by T cells, which mediate the healing 

myocardial responses following MI (722). Similarly, intramyocardial injection of bone 

marrow-derived immature B lymphocytes into the early post-ischemic myocardium of rats 

proved to be beneficial to cardiac function because it reduced in situ cell apoptosis and 

helped maintain the EF (723). A significant body of evidence supports the participation of 

various B cells subsets in the process of chronic cardiac remodeling (716). In line with above, 

cardiac B cells and splenic marginal zone B cells accentuate cardiac remodeling whereas IL-

10-producing B cells display a beneficial role (716). With regard to regulatory B cells, they 

have been shown to exert beneficial effects on ventricular remodeling with decreased scar 

size and attenuated interstitial fibrosis in murine MI models (724). Accordingly, adoptive 

transfer of B regulatory cells suppressed the expression of CCR2 in monocytes and reduced 

pro-inflammatory monocytes infiltration in the hearts of mice (723) whereas administration 

of Il-10 antibodies abolished the cardioprotective effects of B regulatory cells (724). 

Elaborate phenotyping of B cells subsets expressed in infarcted hearts and mediastinal 
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lymph nodes draining the myocardium of mice with MI, revealed both polyclonal B cells 

with no antigen-specificity infiltrating the heart after MI via the CXCL13-CXCR5 axis, as well 

as a distinct subset exclusively found in the heart that expressed high levels of Cd69 as an 

activation marker, C-C-chemokine receptor type 7 (CCR7), CXC-chemokine receptor type 5 

(CXCR5) and TGF-ß1 Investigating the mechanistic basis of B cells recruitment to the injured 

myocardium, Heinrichs et al. found that the CXCL13-CXCR5 axis might be a key driver of B 

cell cardio-tropism post-MI (725). 

Even though most data regarding the implication of B cells in myocardial injury 

process stems from models of ischemic damage, it appears that toxin induced myocarditis 

as occurs in a genetic model of cardiac injury induced by diphtheria toxin administration as 

well as acute pressure overload in the setting of TAC lead to an increase in the number of 

myocardial B cells, thus supporting their role in different types of myocardial injury 

regardless of the type of the noxious stimuli (719, 726, 727). Experimental studies have 

shown that B cells participate in the development and progression of HFrEF via various 

mechanisms including antibody independent pathways (727). Nevertheless, until now 

published data have yielded heterogenous results. Patients with HFrEF display a greater 

prevalence of circulating CD19+ B lymphocytes, a higher prevalence of replicating B 

lymphocytes as well as higher counts of B lymphocytes expressing inflammatory cytokines 

(728). On the other hand, a marked reduction of both absolute and relative B‐cell counts 

with a trend towards more differentiated B‐cell subsets was observed in a cohort of 92 

patients with HF in the setting of ischemic and dilated cardiomyopathy (728). Additionally, 

in these patients, the prevalence of TNF-α positive B lymphocytes correlated with the extent 

of myocardial fibrosis as evaluated by cardiac MRI (728). However, administration of 

medications for HF such as sacubitril/valsartan restored the B-cell lymphocytes counts 

towards normal levels (729). An interesting finding is that increased levels of circulating anti-

inflammatory B regulatory lymphocytes producing IL-10 have been observed in patients 

with non-ischemic cardiomyopathy but not in patients in patients with ischemic HF (729). 

Furthermore, in vitro cultures of mononuclear cells isolated form patients with dilated 

cardiomyopathy contained fewer IL-10 secreting B cells and B regulatory lymphocytes 

counts were inversely correlated with HF severity (730). Accordingly, the aforementioned 

results further reinforce the hypothesis that different subsets of B lymphocytes possessing 

different properties participate with diverse and potentially contrasting mechanisms on the 

injured and failing myocardium via non-antibody dependent mechanisms. 

B cells appear to be involved in HFpEF, however available evidence is limited. In a 

murine model of cardiomyopathy induced by the use of l-NAME and NaCl in the drinking 

water and angiotensin-II infusion, it was shown that B lymphocytes were required for the 

full-blown expression of the cardiomyopathy phenotype, independently of the hypertensive 

response (731). On the other hand, depletion of B lymphocytes reduced cardiac 

hypertrophy and collagen deposition as well as preserved LV function (731). In contrast, 

animals with normal B lymphocytes expression exhibited deposition of IgG3 in the 

myocardium and expression of Bax, a proapoptotic molecule, thus supporting the possibility 
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of cell injury being mediated by nonspecific activation of Fc gamma receptor and triggering 

of apoptotic pathways (731). On the contrary, B regulatory lymphocytes were shown to 

reduce myocardial remodeling in a murine model of acute pressure overload-induced 

myocardial hypertrophy and fibrosis (621). Even though clinical evidence is limited regarding 

the role of B lymphocytes in HFpEF, proteomic analysis of serum from patients with HF 

showed that patients with HFpEF upregulate serum markers compatible with activation of B 

cells (732). 

Overall, the antibody independent mechanisms via which B cells promote myocardial 

injury and the development of HF involve immune cells chemotaxis and activation (733-

735). Up‐regulation of TGF‐β and IL‐6 and perpetuation of the pro-inflammatory state via 

TNF‐α, IL‐1β, and IL‐6 production by B lymphocytes induce recruitment of monocytes and 

differentiation to pro‐fibrotic macrophages, and increased expression of TGF‐β, collagen‐I, 

and IL‐1β by fibroblast and macrophages (733-735). Furthermore, with regard to their role 

as APCs, activated B cells can activate CD4+ T cells and promote their differentiation into the 

Th1 phenotype which in turn stimulate the transition of cardiac fibroblasts to to TGF‐β and 

collagen‐producing myofibroblasts as already described previously (733-735). 

Data regarding the implication of B lymphocytes in the progressive atherosclerosis of CKD 

and the cardiorenal syndrome are scarce at present. A study aiming to characterize the 

cellular immune cell response in the kidney and heart tissue following AKI induced by renal 

ischemia and reperfusion showed a decrease in cardiac B lymphocytes together with a 

pronounced inflammatory profile in the heart tissue influenced by IL-17RA and IL-1β (736). 

On the other hand, a significant increase in CD4+ and CD8+ T cells as well as in M1 

macrophages was observed in the renal tissue, where the repair response was characterized 

by characterized by Foxp3 activation (736). The results of this study suggest that only B cells 

contributed to the generated cardiac injury in the setting of type 3 CRS with the recruitment 

of B cells to the inflamed myocardial tissue probably being the consequence of specific 

modifications in the endothelium (736, 737). 

A study of elderly patients with moderate-to-severe CKD showed that that the levels 

of CD19+CD5+ B lymphocytes were significantly decreased in moderate-to-severe CKD 

patients compared to non-CKD controls and displayed a significant independent association 

with IMT, which was increased in those with the lower levels of CD19+CD5+ B lymphocytes 

(738). Furthermore, Kaplan-Meier analysis showed that patients with lower levels of 

CD19+CD5+ and CD19+CD5- B lymphocytes exhibited worse survival (738). In line with the 

above, CD19+CD5+ and CD19+CD5- B lymphocytes have also been negatively correlated 

with myocardial remodeling-related echocardiographic indices in elderly patients with 

advanced CKD (739). Accordingly, CD19+CD5+ B lymphocytes were negatively correlated 

with LV end-diastolic dimension (LVDD), LV end-systolic dimension (LVSD) and LVM whereas 

LVEF was positively correlated with both CD19+CD5+ and CD19+CD5- B lymphocytes (739). 

Moreover, patients with higher CD19+CD5+ B lymphocytes levels displayed lower levels of 

pro-BNP, high sensitivity troponin (hsTn), interventricular septum (IVS), LVSD and LVM 

(739). On the other hand, patients with higher levels of CD19+CD5- B cells also displayed 
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lower levels of pro-BNP, hs-TN and LVSD, but higher levels of LVEF (739). A prospective 

study conducted in a cohort of prevalent hemodialysis patients showed that patients with 

low CD19+ B lymphocytes counts had higher all-cause and cardiovascular mortality (740). 

 

6. Aims of the study 

 

Cardiac remodeling is a hallmark of CKD, manifesting early during disease 

progression as myocardial fibrosis, LVH, impaired myocardial strain and eventually left 

ventricular diastolic and systolic dysfunction. Kidney transplantation is associated with 

significant improvements in left ventricular size and function as well as regression of LVH, 

otherwise known as reverses remodeling. Nevertheless, subclinical abnormalities in the 

biventricular strain may be observed in KTRs even when other classical indices of myocardial 

function such as the EF are normal. Maladaptive activation of the immune system plays an 

essential role in the pathogenesis of CKD and CVD. A significant body of experimental data 

and human research indicate that immunological pathways are implicated in all aspects of 

CVD phenotypes and have been well established in atherogenesis, viral myocarditis and 

inflammatory cardiomyopathy. The potential involvement of immune pathways in the 

pathogenesis of HF has come under the spotlight especially during the last decade, with the 

deleterious role of proinflammatory cytokines in the myocardium underlying the 

inflammatory paradigm of HF. The chronic inflammatory state, a CKD hallmark, is mediated 

and perpetuated by an intricate interaction of immune mediators and cellular components 

of the innate and adaptive immune systems. CKD progression itself is associated with 

complex alterations in innate and acquired immunity and disruption of regulatory immune 

processes. The roles of the cellular immune system components in the development of 

myocardial remodeling in CKD and kidney transplantation remain at present an open 

question. Accordingly, the intermediate CD14++CD16+ monocytes have been directly 

associated both with the atherosclerosis burden as well as with the occurrence of adverse 

atherosclerotic cardiovascular events in patients without and with CKD, however the role of 

the monocyte subsets in the LV remodeling of CKD and the CRS is unknown. About NK cells, 

although the few available data indicate that reduced circulating NK cells, with impaired 

activity, are found in patients with HF and kidney failure, studies on NK cells in CKD are 

limited. Regarding the acquired immune system cells, the role of T-lymphocytes 

subpopulations in CKD as well as their contribution to the development of LVH and 

subsequent progression to HF has recently gained increasing attention. Thus, taking into 

consideration the suggested links between the accumulation of pro-inflammatory T-cells to 

myocardial dysfunction in CKD and of the CD4+ T cells to the transition from hypertrophy to 

HF during chronic pressure overload the association of T cells subsets with subclinical 

indices of myocardial dysfunction in CKD merits further investigation. On the other hand, 

Tregs which are active players in maintenance of immune homeostasis and tolerance, 

display reduced numbers and impaired function in CKD as well as in various form of CVD 

including atherosclerosis, hypertension, and LV remodeling following MI; however, data 
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regarding their implication in CKD associated myocardial dysfunction are scarce. B-

lymphocytes are diffusely depleted in the uremic milieu but there are no data available with 

respect to their role in LV remodeling and HF in CKD. Overall, the role of monocyte subsets 

as well as of T-lymphocytes and B-lymphocytes as putative factors causally implicated in 

myocardial dysfunction in the setting of CKD remains an open question. Particularly, there is 

a paucity of data regarding the involvement of immune cell subsets in the development of 

myocardial remodeling in CKD before the establishment of overt CVD. Likewise, the role of 

cellular immunity in the myocardial remodeling process following kidney transplantation 

remains unknown. Regarding the CRS, available data until now provide insight mainly into 

the cardiovascular complications of AKI and especially CKD, that is type 3 and type 4 CRS. On 

the other hand, scarce evidence has been generated regarding the potential alterations of 

the cellular components of the immune system in patients with CKD due to HF as occurs in 

type 2 CRS. Accordingly, considering the scant clinical evidence regarding the implication of 

immune cells subsets in the development of CKD associated cardiomyopathy and their role 

in CRS, this study investigated the expression and alterations of specific immune cell subsets 

in the peripheral blood of patients with non-end-stage CKD, kidney transplantation and CRS 

type 2. In particular, we focused on the identification of potential associations between 

immune cells subsets and indices of subclinical myocardial dysfunction before the 

development of overt CVD as well as on the evaluation of the prognostic significance of 

immune cells in these patient groups. 

 

The primary aims of our study were to investigate: 

1. Potential associations between a pre-specified panel of immune cells subpopulations in the 

peripheral circulation of non-dialysis CKD patients without established CVD with classical 

and novel, subclinical indices of myocardial performance as evaluated by two-dimensional 

STE. 

2. Potential associations between a pre-specified panel of immune cells subpopulations in the 

peripheral circulation of KTRs without established CVD with classical and novel, subclinical 

indices of myocardial performance as evaluated by two-dimensional STE. 

3. The prognostic value of a pre-specified panel of immune cells subpopulations in the 

peripheral circulation in patients with CRS type 2 with respect to overall and cardiovascular 

mortality. 

The secondary aims of our study were to investigate: 

1. The differences in the expression of the pre-specified immune cell subsets between the 

patients' subgroups and with healthy individuals. In particular, the following comparisons 

were contacted: 

A) between CKD patients and a control group of healthy individuals. 

B) between KTRs and a control group of healthy individuals. 

C) between patients with type 2 CRS and a control group of healthy individuals. 

D) between CKD patients and KTRs. 
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E) between patients with type 2 CRS and a selected group of patients from the CKD study 

group who were matched for gender and eGFR to patients with type 2 CRS. 

2. The correlations of the pre-specified immune cell subsets in the peripheral blood of patients 

with non-dialysis CKD, kidney transplantation and CRS type 2 to important clinical and 

laboratory indices. 

3. In a longitudinal follow-up sub-study, the potential clinical correlations of immune cell 

subsets in CKD patients and KTRs. 

 

Specific Part 

 

7. Study Methods 

 

The study design included two arms, the cross-sectional arm and the prospective 

arm. Study design is depicted in Figures 5 and 6. 

Figure 5 represents the flowchart of the study in CKD patients and KTRs. As 

presented above, the main objective of this cross-sectional arm was to investigate the 

expression of immune cell subsets in CKD patients and KTR and examine the correlations 

between the immune cell subsets with classical and novel indices of myocardial function. In 

addition, comparisons regarding the expression of immune cells subsets were made 

between CΚD patients and KTRs, and the associations of immune cell subsets with clinical 

and laboratory parameters were investigated 

Figure 6 represents a flowchart of the study design in patients with the CRS type 2. 

With regard to patients with the CRS type 2, the cross-sectional arm of the study 

investigated the potential association of immune cell subsets with clinical and laboratory 

parameters in these patients and compared CRS type 2 patients to a group of CKD patients 

matched for age and eGFR, who were selected from the study's CKD cohort. 

The prospective arm of the study had different objectives in CKD patients and KTRs 

on one hand and CRS-2 patients on the other, considering that among the three sub-groups, 

only CRS-2 patients were the ones with already established CVD and accordingly had the 

highest risk for adverse outcomes. Thus, the main objective of the prospective arm of the 

study was a follow-up analysis of the changes in the expression of immune cells subsets in 

the circulation at specific time points (at baseline and 24 months later), in CKD patients and 

KTRs and their potential associations to clinical outcomes including eGFR and proteinuria 

changes. With regard to CRS-2 patients, the main objective of the prospective arm of the 

study was to investigate the potential prognostic role of the immune cell subsets to the 

combined outcome of all-cause mortality and cardiovascular mortality. For this study arm 

CRS-2 patients, after baseline evaluation, were followed until the end of the established 

observation period or until the study endpoint occurred (which came first). 
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Figure 5. Flowchart of the study design in CKD patients and kidney transplant recipients. 
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Figure 6. Flowchart of the study design in patients with type 2 CRS. 

 

7.1 Study population 

The single-center observational cohort study included: 

- 44 consecutive patients with CKD who were under regular follow-up by the outpatient 

nephrology clinic of the Nephrology Department of the University Hospital of Ioannina 

(UHI). 

- 38 KTRs who were under regular follow-up the kidney transplant unit of UHI 

- 39 stable male patients with CRS type 2 under regular follow-up by the outpatient HF clinic 

and the CKD outpatient clinics of UHI 

- control group including 10 healthy adults with no co-morbidities 

 

7.1.1 Inclusion criteria 

Participants were eligible to be included in the study only if all the following criteria 

apply: 

1. Participants should be ≥18 years of age at the time of enrollment in the study. 

2. Patients with CKD and patients with CRS type 2 should have an eGFR (CKD-EPI formula) ≥15 

and ≤60 mL/min/1.73 m2 at the time of study enrollment. 

3. Type 2 CRS was defined as chronic abnormalities in heart function (CHF-CHD) leading to 

kidney injury and/or dysfunction according to classification of cardiorenal syndrome (CRS) as 

proposed in the consensus conference on cardio-renal syndromes held in Venice Italy, in 

September 2008 under the auspices of the Acute Dialysis Quality Initiative (ADQI) (94). 
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4. Capable of giving signed informed consent 

 

7.1.2 Exclusion criteria 

The exclusion criteria applicable for patients with CKD, KTRs and patients with CRS-2 

are presented in Table 3, Table 4 and Table 5 respectively. In specific, with regard to CKD 

patients and KTRs, the presence of established CVD was a major exclusion criterion. 

 

Table 3. Exclusion criteria for patients with chronic kidney disease 

Presence of established cardiovascular disease 

History of atherosclerotic cardiovascular disease such as coronary artery disease, 

cerebrovascular disease or peripheral arterial disease 

History of congestive HF or reduced left ventricular EF <60% 

The presence of moderate-severe valvular heart disease 

History of atrial fibrillation or significant atrioventricular conduction disorder 

Any form of cardiomyopathy 

Pericarditis 

II. Active autoimmune disease requiring current treatment with steroids and/or other 

immunosuppressive medications 

III. Any systemic immunosuppression therapy within 3 months prior to the baseline visit 

IV. Other medical conditions 

History of malignancy 

Hepatic impairment corresponding to Child-Pugh B or C or other significant liver disease (e.g., 

acute hepatitis, chronic active hepatitis, cirrhosis as indicated by e.g. AST or ALT >3x ULN or 

total bilirubin >2x ULN) at study enrollment 

Inflammatory bowel disease 

Acute or chronic infections 

History of recent hospitalization less than 1 month prior to study enrollment 

Other condition limiting life expectancy to less than12 months 

 

Table 4. Exclusion criteria for kidney transplant recipients 

I. Presence of established cardiovascular disease 

History of atherosclerotic cardiovascular disease such as coronary artery disease, 

cerebrovascular disease or peripheral arterial disease 

History of congestive HF or reduced left ventricular EF <60% 

The presence of moderate-severe valvular heart disease 

History of atrial fibrillation or significant atrioventricular conduction disorder 

Any form of cardiomyopathy 

Pericarditis 

II. Active autoimmune disease 

III. History of acute rejection less than 1 year from enrollment in the study 
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IV. Other medical conditions 

History of malignancy 

Hepatic impairment corresponding to Child-Pugh B or C or other significant liver disease (e.g., 

acute hepatitis, chronic active hepatitis, cirrhosis as indicated by e.g. AST or ALT >3x ULN or 

total bilirubin >2x ULN) at study enrollment 

Inflammatory bowel disease 

Acute or chronic infections 

History of recent hospitalization less than 1 month prior to study enrollment 

Other condition limiting life expectancy to less than12 months 

 

Table 5. Exclusion criteria for patients with type 2 cardiorenal syndrome 

I. Recent hospitalization less than 1 month for any major adverse cardiovascular event 

including acute myocardial infarction, stroke, hospitalization for unstable angina or 

revascularization procedures and/or or heart failure decompensation 

II. Active autoimmune disease requiring current treatment with steroids and/or other 

immunosuppressive medications 

III. Any systemic immunosuppression therapy within 3 months prior to the baseline visit 

IV. Other medical conditions 

History of malignancy 

Hepatic impairment corresponding to Child-Pugh B or C or other significant liver disease (e.g., 

acute hepatitis, chronic active hepatitis, cirrhosis as indicated by e.g. AST or ALT >3x ULN or 

total bilirubin >2x ULN) at study enrollment 

Inflammatory bowel disease 

Acute or chronic infections 

History of recent hospitalization less than 1 month prior to study enrollment 

Other condition limiting life expectancy to less than 12 months 

 

The Ethical Committee of the University Hospital of Ioannina approved the study 

protocol, and all participants provided fully informed consent. 

 

7.2 Evaluation of immune cell subpopulations by flow cytometry 

 

For the evaluation of immune cell subpopulations blood samples were drawn from 

all participants under standardized conditions (WHO guideline on drawing blood) and were 

analyzed by using standard techniques. In details, the peripheral blood immune cell subsets 

analysis was performed by flow cytometry in a whole-blood assay using 100 μl of whole 

blood, which was conducted within 8 h from blood sample withdrawal. 

Ethylenediaminetetraacetic acid (EDTA) blood-collecting tubes were used for the collection 

of 2ml of whole-blood samples from patients. The following conjugated monoclonal 

antibodies were used for analysis: 
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- CD45(BD) 

- CD14(BD) 

- CD16(BD) 

- CD4(BD) 

- CD8(BD) 

- CD56(BD) 

- CD3(BD) 

- CD19(BD) 

- CD25(BD) 

- Fox-P3(eBioscienceTM) 

Immune cells subtypes were analyzed using flow cytometry (FACSCalibur) and Cell 

Quest and FACSDiva software (BD Biosciences). 100 μl of whole-blood was added to flow 

cytometry tubes and incubated with 10 μl of the respective monoclonal antibodies for 20 

minutes in laboratory conditions of low light intensity and room temperature according to 

the instructions of the manufacturer. 500 μl of Versalyse (Beckman Coulter) was added and 

incubated for 10min at room temperature (18–25◦C) protected from light, to lyse red blood 

cells. Samples were processed immediately for flow cytometry analysis. The data were 

analyzed using the CellQuest V3.1 software (Becton Dickinson). 

Accordingly, the following immune cell subsets were measured: 

- CD14++CD16- monocytes percentage and absolute number of cells out of the total 

monocytes 

- CD14++CD16+ monocytes percentage and absolute number of cells out of the total 

monocytes 

- CD14+CD16++ monocytes percentage and absolute number of cells out of the total 

monocytes 

- NK cells (CD3+CD16+56+) absolute values and percentage out of the total lymphocytes 

- CD3- CD19+ B lymphocytes absolute values and percentage out of the total lymphocytes 

- CD3+ CD4+ T cells absolute values and percentage out of the total lymphocytes 

- CD3+CD8+ T cells absolute values and percentage out of the total lymphocytes 

- Tregs (CD4+CD25+ FoxP3+) absolute values and percentage out of the total lymphocytes 

The peripheral blood immune cell subsets CD14++CD16-, CD14++CD16+ and 

CD14+CD16++ absolute values and percentages out of total monocytes and NK cells 

(CD3+CD16+56+), CD3-CD19+ B lymphocytes, CD3+ CD4+ T cells, CD3+CD8+ T cells and Tregs 

(CD4+CD25+ FoxP3+) absolute values and percentages out of total lymphocytes were 

measured by flow cytometry at baseline (T0) and after 24 months (T1) in CKD patients and 

KTRs. Delta (Δ) of immune cells subtypes was defined as their respective difference between 

T1 and T0. Regarding patients with type 2 CRS-, the peripheral blood immune cell subsets 

CD14++CD16-, CD14++CD16+ and CD14+CD16++ absolute values and percentages out of 

total monocytes and NK cells (CD3+CD16+56+), CD3-CD19+ B lymphocytes, CD3+ CD4+ T 

cells, CD3+CD8+ T cells and Tregs (CD4+CD25+ FoxP3+) absolute values and percentages out 
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of total lymphocytes were measured by flow cytometry only at a single time point during 

the baseline evaluation. 

 

Figure 7 and Figure 8 represent flow cytometry analysis results from a patient with CKD and 

a patient with type 2 CRS respectively. 

 

 
Figure 7. Flow cytometric analysis of a patient with CKD. (A) Representative dot plots 

depicting monocyte subsets (green color) according to surface expression of CD14 and CD16 

in CD14++CD16-, CD14++C16+, and CD14+CD16++ subpopulations. (B) Representative dot 

plots depicting lymphocyte gating (red colour) with B-lymphocytes, T-lymphocytes, and 

natural killer (NK) cells defined as CD16+CD56+ cells, CD4+ T cells, and CD8+ T cells. (C). 

Representative dot plots depicting T regulatory cells (Tregs) defined as CD4+ FoxP3+ 

CD25high positive cells (green colour). 
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Figure 8. Flow cytometric analysis of a type 2 CRS patient. (A) Representative dot plots 

depicting monocyte subsets, differentiated according to their surface expression pattern of 

CD14 and CD16 in CD14++CD16–, CD14++C16+ and CD14+CD16+ subpopulations. (B) 

Representative dot plots depicting lymphocyte gating with B-lymphocytes, and T 

lymphocytes, natural killer (NK) cells defined as CD16+CD56+ cells, CD4+ T cells, CD8+ T 

cells. (C) Representative dot plots depicting regulatory T cells (Tregs) defined as CD4+ 

FoxP3+ CD25high positive cells. 

 

7.3 The echocardiographic study 

 

The echocardiographic evaluation was performed by a single operator using a Vivid 7 

ultrasound machine (GE Vingmed ultrasound AS) in all patients. Standard echocardiographic 

views were used and acquired images and video loops were stored digitally in high analysis. 

A single observer blinded of the patients' identity performed offline analysis using EchoPac 

(version 113 - GE Vingmed ultrasound AS). The echocardiographic studies were performed 

within 1 month from immune cell subset analysis. Initially, a basic echocardiogram was 
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performed, and classical systolic and diastolic indices of ventricular function were obtained 

according to the European Society of Cardiology and European Association of Cardiovascular 

Imaging guidelines (37). 

The following standard parameters were measured: 

- coronary flow reserve (CFR) 

- left atrial volume index (LAVI) 

- left ventricle mass index (LVMI) 

- relative wall thickness (RWT) 

- ejection fraction (EF) 

- tricuspid annular plane systolic excursion (TAPSE) 

- mitral annular plane systolic excursion (MAPSE) septal 

- MAPSE lateral 

- early to late diastolic transmitral wave ratio (E/A) 

- E’, early diastolic tissue wave velocity (E') 

- E/E' 

- medial wall systolic velocity (Sm) 

- lateral wall systolic velocity (Sl) 

In addition, a two-dimensional STE analysis was performed in both parasternal and 

apical views (at frame rates 60-90Hz). The endocardial left ventricular borders were 

manually traced (region of interest). Two-dimensional STE analysis included assessment of: 

- global longitudinal strain (GLS) 

- global radial (GRS) 

- circumferential strain (GCS) 

- left ventricular TWIST (calculated as the difference between apical and basal left ventricular 

rotation as it was assessed from equivalent short-axis views) 

- UNTWIST rate (measured as the peak negative time derivative of twist during diastole) 

Following the baseline echocardiographic evaluation, infusion of dipyridamole for 6 minutes 

(0.84mg/kg) was performed. A new echocardiographic assessment (focused mainly on left 

ventricular systolic and diastolic function indices) was performed. At the end of the 

dipyridamole infusion, 125-250mg of aminophylline was administered to the patient, to 

counteract any dipyridamole negative effect. Finally, the differences (Δ) between the values 

of measured echocardiographic parameters post and prior to dipyridamole infusion were 

calculated. 

With regard to patients with type 2 CRS, echocardiographic data from ultrasounds 

performed by a skilled operator within 1 month from immune cell subset analysis were 

recorded including parameters for estimating ventricular function and morphology and for 

cardiac chamber quantification. 
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7.4 Clinical and laboratory assessment 

 

Anthropometric and clinical data were recorded at baseline by patients' medical 

records, including comorbidities such as the presence of DM, arterial hypertension and 

medications. Specifically, regarding KTRs, dialysis vintage as well as the time from 

transplantation and the   immunosuppressive regimen were recorded. Specifically, with 

regard to patients with CRS type 2 the presence of coronary artery disease (CAD), peripheral 

artery disease (PAD) and atrial fibrillation were recorded. Common biochemical parameters 

were measured in accordance with the standard methods applied in the hospital laboratory 

simultaneously with flow cytometry analysis. Complete blood counts and classical 

inflammatory markers including C-reactive protein (CRP) and erythrocyte sedimentation 

rate (ESR), were measured. Furthermore, serum levels of glucose, uric acid, total protein, 

albumin, total cholesterol, triglyceride, high-density lipoprotein (HDL) cholesterol, low-

density lipoprotein (LDL) cholesterol, calcium, phosphorus, intact parathyroid hormone 

(iPTH), and ferritin were determined. Urinary protein to creatinine ratio (UPCR) 

measurement assessment was performed in morning spot urine samples. Whole blood 

levels of calcineurin inhibitors (CNIs) - cyclosporine and tacrolimus)- were measured in KTRs 

using high-performance liquid chromatography (HPLC). NT-pro-BNP levels and high 

sensitivity troponin I (hsTnI) as respective markers of HF severity and subclinical myocardial 

damage were measured in patients with CRS type II. 

Clinical and laboratory parameters were recorded at T0 and T1 in CKD patients and 

KTRs. Delta (Δ) eGFR (CKD-EPI) and the Δ spot urine protein to creatinine ratio (ΔUPCR) were 

defined as their respective differences between T1 and T0. Likewise, Delta (Δ) of laboratory 

indices was defined as their respective difference between T1 and T0. 

 

7.5 Statistical analysis 

Descriptive statistics are reported as mean ± standard deviation in normally 

distributed continuous variables, median and interquartile range (IQR) in skewed continuous 

variables. Dichotomous parameters are presented as frequency (percentage). Normal 

distribution of all continuous variables was tested with the parametric Shapiro-Wilk 

normality test. Differences between groups were determined by independent samples t-test 

or non-parametric Mann Whitney test, in normally and skewed continuous variables, 

respectively and the chi-square followed by a Fisher’s exact test for categorical variables 

(frequency distributions). Univariate correlation analyses were made by assessing the 

Pearson (R) or the Spearman (Rho) coefficients, as indicated. Linear regression model 

analysis was used to adjust for confounders in cell subtype differences among various 

patient subgroups. Multivariate association analysis was performed using stepwise linear 

regression analysis models that included all variables with a univariate association at the 

level of p value <0.1. P values were always two-sided and a value of p<0.05 was considered 

significant. Logistic regression analysis was used to identify predictors of mortality among 
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various cell subtypes in CRS patients. Accordingly, CRS patients were categorized as ≥median 

value or < median value based on cell subtypes with significant associations in logistic 

regression analysis. Kaplan-Meier curves were then generated and compared by a Log-Rank 

test for each of the immune cell subsets of interest. All endpoint analyses were conducted 

on a time-to-first event basis. The SPSS v23.0 software was applied to analyze all data, and 

the significance level was set at 0.05 in all cases. 

 

8. Results 

 

8.1 Characteristics of the patient cohorts 

 

Table 6 summarizes the main baseline characteristics of the CKD and KTRs patient 

cohorts. 

There were included 44 patients with CKD and 38 KTRs in the final study analysis. 

The mean age of KTRs was 53±9 years, whereas patients with CKD had a mean age of 63±11 

years, respectively (p<0.001) whereas most patients were males in both groups. The cause 

of primary kidney disease was chronic glomerulonephritis in 7 patients, secondary focal 

segmental glomerulosclerosis (FSGS) in 9 patients, tubulo-interstitial kidney disease in 4 

patients, hypertensive nephropathy in 5 patients, diabetic kidney disease in 7 patients and 

unknown in 10 patients. As for the presence of diabetes mellitus, 21% of KTRs and 39% of 

CKD patients were diabetics with no significant differences detected between the two 

patient groups. Additionally, the majority of patients in both groups had arterial 

hypertension. With regard to indices of renal function, KTRs displayed significantly higher 

median eGFR compared to CKD patients [(55 (IQR, 48-72) versus 24 (IQR, 15-41) 

mL/min/1.73 m2, respectively (p<0.001)]. Likewise, the median UPCR was significantly lower 

in KTRs (0.16 g protein/g creatinine (IQR, (0.09-0.56)) versus 1.31 (IQR, (0.23-2.61)) g 

protein/g creatinine (p< 0.001), respectively. 

In specific, the majority of KTRs were on a triple immunosuppressive regimen 

including corticosteroids, a CNI and an antimetabolite (mycophenolate mofetil or 

mycophenolic acid) whereas only 12% of the KTRs were on a steroid free regimen. With 

regard to CNIs, 60% of KTRs were under treatment with tacrolimus whereas 40% received 

cyclosporine as part of their immunosuppressive regimen. Finally, no significant differences 

were observed between the two groups with regards to treatment with statins, ACE 

inhibitors or b-blockers. 

There were included 39 patients with CRS 2 in the final study analysis who were 

compared to 23 patients with CKD matched for gender and eGFR and who were selected 

from the CKD cohort of our study. Table 6 summarizes the main baseline characteristics of 

the CRS 2 patient cohort as well as comparisons between CRS 2 patients and matched CKD 

patients. Mean age of patients with type 2 CRS was 72±10 years whereas patients with CKD 

had a mean age of 66±10 years respectively (p=0.01). As for the presence of diabetes 

mellitus, no significant differences were detected between the two patient groups. With 
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regard to indices of renal function, mean eGFR of patients with CRS and CKD patients was 

37±14 and 33±16ml/min/1.73m2 respectively (p=0.28) whereas median urinary protein to 

creatinine ratio (UPCR) was 0.19 gr protein/gr creatinine (IQR, 0.10-0.52) versus 1.03 (IQR, 

0.17-2.09) gr protein/gr creatinine (p=0.02) respectively. CRS patients displayed lower levels 

of total cholesterol (147±40 mg/dl vs 184±41 mg/dl, p=0.001), LDL cholesterol (84±35 vs 

110±44, p=0.01) and triglycerides as compared to patients with CKD, whereas no significant 

differences were found between the use of statins. In specific, within the CRS patient group, 

29 patients (74.3%) had ischemic cardiomyopathy in the setting of coronary artery disease 

(CAD) whereas 5 patients had dilated cardiomyopathy (12.8%). In addition, 13 patients 

(33%) with CRS had peripheral artery disease (PAD) and atrial fibrillation was present in 26 

patients (66%). Left ventricular ejection fraction was less than 30% in 17 patients (44.7%) 

whereas with regard to NYHA class, 8 patients (21.1%) had NYHA class I, 14 patients (38.1%) 

had NYHA class II and 16 patients (41%) had NYHA class III HF respectively. 

 

Table 6. Main clinical characteristics in all patients, in CKD patients and in kidney transplant 

recipients (KTRs). Statistically significant differences between subgroups are highlighted in 

bold. 

 All Patients 

(N = 82) 

CKD Patients 

(N = 44) 
KTRs (N = 38) p-Value * 

Age (years) 58 ± 11 63 ± 11 53 ± 9 <0.001 

Males, N (%)  28 (64) 27 (71)  

DM, N (%) 26 (32) 17 (39) 9 (24) 0.147 

Arterial Hypertension, 

N (%) 
71 (86) 39 (88) 32 (84) 0.558 

Transplantation 

vintage 
- - 77.5 (58–111) - 

eGFR (mL/min/1.73 

m2) 
42 (20–57) 24 (15–41) 55 (48–72) <0.001 

UPCR (g protein/g 

creatinine) 
0.32 (0.13–1.92) 

1.31 (0.23–

2.61) 

0.16 (0.09–

0.56) 
<0.001 

Hemoglobin (g/dL) 12.9 ± 2.0 12.4 ± 1.9 13.4 ± 2.0 0.028 

Uric acid (mg/dL) 7.1 ± 1.7 7.4 ± 1.8 6.8 ± 1.5 0.123 

ESR (mm/hour) 24 (13–34) 30 (21–42) 15 (12–26) 0.001 

CRP (mg/L) 3 (2–6) 3 (2–6) 3.5 (3–7) 0.442 
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Glucose (mg/dL) 101 (91–115) 100 (89–114) 101 (93–118) 0.429 

Albumin (g/dL) 4.2 (4–4.5) 4.2 (3.8–4.4) 4.2 (4–4.5) 0.253 

Total proteins (g/dL) 7.0 ± 0.6 7.1 ± 0.6 7.0 ± 0.5 0.614 

Total cholesterol 

(mg/dL) 
187 ± 37 183 ± 43 190 ± 28 0.339 

Triglycerides (mg/dL) 144 (113–192) 
150 (113–

200) 
142 (113–166) 0.468 

LDL cholesterol 

(mg/dL) 
109 ± 35 108 ± 41 109 ± 26 0.835 

HDL cholesterol 

(mg/dL) 
46 (40–55) 43 (36–50) 50 (44–62) 0.001 

Ferritin (ng/mL) 65 (40–108) 79 (48–112) 57 (31–104) 0.200 

Calcium (mg/dL) 9.5 (9.1–9.7) 9.3 (8.8–9.6) 9.7 (9.4–10.1) <0.001 

Phosphorus (mg/dL) 3.4 (2.8–4.1) 3.9 (3.3–4.6) 2.9 (2.7–3.5) <0.001 

iPTH (pg/mL) 121 (85–226) 156 (88–294) 109 (74–169) 0.048 

Cyclosporine N (%) - - 15 (40) - 

Tacrolimus N (%) - - 23 (60) - 

Statins N (%) 57 (70) 29 (66) 28 (74) 0.464 

ACEI/ARB N ( %) 48 (58) 25 (57) 23 (60) 0.656 

B-blockers N (%) 49 (60) 23 (52) 26 (68) 0.115 

Values are expressed as the mean (±SD) or median (IQR 25–75th percentiles). ACEI/ARB, 

angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; CKD, chronic 

kidney disease; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; ESR, 

erythrocyte sedimentation rate; iPTH, intact parathyroid hormone; N, number; UPCR, 

urinary protein to creatinine ratio. * p refers to t test significance for normal distribution 

variables, to the Mann–Whitney test significance for non-parametric variables, or to chi 

square test significance for categorical variables. 

 

Table 7. Main clinical characteristics in all patients, in patients with type 2 CRS and in 

matched CKD patients. Statistically significant differences between subgroups are 

highlighted in bold. 
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 All patients 

(N=63) 

CRS patients 

(N=39) 

CKD patients 

(N=24) 

p-value 

Age (years)  72±10 66±10 0.01 

Diabetes Mellitus 

N, % 

31 (47.7) 22 (56.4) 9 (37.5) 0.15 

eGFR ml/min/1.73m2
 35±15 37±14 33±16 0.18 

UPCR (gr protein/gr 

creatinine) 

0.39 (0.12- 1.13) 0.19 (0.10-0.52) 1.03 (0.17-2.09) 0.02 

Hemoglobin (mg/dl) 12.3(11.0-14.4) 11.8 (11.0-14.4) 13 (11.1-14.6) 0.78 

Uric Acid (mg/dl) 7.0 (5.9- 8.4) 6.9 (5.5-7.8) 7.9 (6.05-8.9) 0.17 

ESR (mm/hour) 33±18 33±19 32±15 0.87 

CRP (mg/L) 4 (2-8) 4 (2-8) 4 (3-8) 0.92 

Glucose (mg/dl) 107 (93-137) 120 (98-160) 99 (91-113) 0.007 

Albumin (gr/dl) 4 (3.7-4.4) 3.9 (3.7-4.3) 4.2 (3.7-4.5) 0.26 

Total Proteins (gr/dl) 7.0 (6.4-7.6) 6.9 (6.3-7.5) 7.2 (6.7-7.6) 0.17 

Total cholesterol 

(mg/dl) 

161±44 147±40 184±41 0.001 

Triglycerides (mg/dl) 125 (94-178) 104 (77-155) 150 (118-216) 0.006 

LDL cholesterol 

(mg/dl) 

94±40 84±35 110±44 0.01 

HDL cholesterol 

(mg/dl) 

38±10 37±11 40±10 0.29 

Ferritin (ng/ml) 76 (43-114) 63 (36-115) 88 (58-112) 0.31 

Calcium (mg/dl) 9.4 (9.0-9.7) 9.4 (9.1-9.7) 9.4 (8.7-9.6) 0.16 

Phosphorus (mg/dl) 3.7±0.7 3.7±0.6 3.7 ±0.8 0.83 

iPTH (pg/ml) 130 (86-235) 134 (92-176) 128 (62-281) 0.55 

hsTNI (ng/ml) / 25.3 (16.4- 42.4) / / 

NT-proBNP  (pg/ml) / 324 (184-797) / / 

Statins N, % 

 

49 (79.0) 32 (84.2) 17 (70.8) 0.22 

ACEI/ARB N, % 

 

30 (48.4) 14 (36.8) 16 (66.7) 0.02 

B-blockers N, % 

 

44 (71) 34 (89.5) 10 (41.7) 0.000 

Values are expressed in mean (±SD) or median (IQR 25–75th percentiles). ACEI/ARB, 

angiotensin converting enzyme inhibitors/angiotensin receptor blockers; CKD, chronic 

kidney disease; CRP, C-reactive protein; CRS, cardiorenal syndrome; ESR, erythrocyte 

sedimentation rate; hs-TNI, high sensitivity troponin I; N, number; NT-proBNP, N-terminal 

pro hormone BNP; iPTH, intact parathyroid hormone. 
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8.2 Differences in the profile of immune cells subsets expression between the patient 

cohorts 

The number and percentages of immune cells subsets in CKD patients, the number 

and the percentages of immune cells subsets in normal healthy controls as well as their 

respective differences are depicted in Table 8. Accordingly, a significantly lower percentage 

of the classical CD14++CD16- monocytes were observed in CKD patients [81.7 (IQR ,75.9–

85.6)%] compared to healthy control subjects [87.7 (IQR, 85.7-92.5)%, p=0.009]. Likewise, 

the number of the classical CD14++CD16+ monocytes was lower in CKD patients as 

compared to healthy controls, however it did not reach statistical significance. Notably, both 

the number and the percentage of the pro-inflammatory, intermediate CD14++CD16+ 

monocytes were higher in CKD patients [32 (IQR, 24-53)/µL and 8.2 (IQR, 5.9-11.3)%] 

compared to healthy controls [16 (IQR, 13-18)/µL and 3.7 (IQR, 2.54-4.41)%], p=0.002 for 

both. Similarly, the number of the non-classical CD14+CD16++ monocytes were higher in 

CKD patients [25 (IQR, 19-36)/µL] compared to healthy controls [19 (IQR, 10-21)/µL], 

p=0.044. Finally, with regard to lymphocytes subsets, CKD patients displayed both a lower 

number and a lower percentage of B lymphocytes [94 (IQR, 61-161)/µL and 5.6 (IQR, 3.7-

7.9)%] compared to healthy control subjects [224 (IQR, 171-261)/µL and 10.3 (IQR, 8.5-

11.3)%], p= 0.001 and p=0.009 respectively. 

 

Table 8. Immune cell subpopulations in CKD patients and healthy control subjects. 

Statistically significant differences between subgroups are highlighted in bold. 

 

 

CKD patients 

(N=44) 

Controls 

(N=10) 

p-value 

 

WBC (N) 7045 (5745–8925) 7270 (6460-8570) 0.962 

Monocytes (N) 400 (300–600) 450 (400-500) 0.981 

Monocytes (%) 6.4 (5.3–7.4) 6.2 (6.0-702) 0.696 

CD14++CD16- (N) 366 (258–438) 396 ±77 0.368 

CD14++CD16- (%) 81.7 (75.9–85.6) 87.7 (85.7-92.5) 0.009 

CD14++CD16+ (N) 35 (24–53) 16 (13-18) 0.002 

CD14++CD16+ (%) 8.2 (5.9–11.3) 3.7 (2.5-4.4) 0.002 

CD14+CD16++ (N) 25 (19–36) 19 (10-21) 0.044 

CD14+CD16++ (%) 5.8 (4.3–8.2) 4.1 (2.1-4.8) 0.052 

Lymphocytes (N) 1790 (1585–2405) 2188  ± 493 0.145 

Lymphocytes (%) 26.4 ± 7.5 30.1 (27.1-34.3) 0.097 

T-lymphocytes (N) 1376 (1114–1796) 1672 ± 387 0.237 
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T-lymphocytes (%) 76.7 ± 9.6 76.6 ±8.3 0.932 

B-lymphocytes (N) 94 (61–161) 224 (171-261) 0.001 

B-lymphocytes (%) 5.6 (3.7–7.9) 10.3 (8.5-11.3) 0.009 

NK cells (N) 304 (178–370) 269 (240-305) 0.636 

NK cells (%) 16.5 (11.3–19.3) 12.1 (8.6-17.6) 0.286 

CD4+ T-Cells (N) 830 (595–1101) 1038 (768-1101) 0.303 

CD4+ T-cells (%) 45.2 ± 10.2 46.9 ±6.7 0.636 

CD8+ T-cells (N) 567 (411–781) 636 (408-724) 0.991 

CD8+ T-cells (%) 32.1 (25.0–37.3) 24.9 (22.2-31.3) 0.201 

Tregs (%) 1.75 (1.13–2.44) 1.9 (1.7-3.4) 0.325 

T Regs (N) 33 (19–48) 

 

57 (38-68) 0.112 

Values are expressed in mean (±SD) or median (IQR 25–75th percentiles). CD, cluster of 

differentiation; NK, natural killer; No, number; Tregs, T regulatory cells. *p refers to t test 

significance for normal distribution variables, to Mann-Whitney test significance for non-

parametric variables, or to chi square test significance for categorical variables. 

The number and percentages of immune cells subsets in KTRs as well as their 

differences to immune cells subsets in healthy controls are depicted in Table 9. Accordingly, 

KTRs displayed a higher number of total monocytes compared to healthy controls [600 (IQR, 

400-800)/µL vs 450 (IQR, 400-500)/µL, p=0.028]. Additionally, the number of the 

proinflammatory intermediate CD14++CD16+ monocytes was higher in KTRs compared to 

healthy controls [25 (IQR, 16-45)/µL vs 16 (IQR, 13-18)/µL,p=0.016]. With regard to 

lymphocytes subsets, the percentage of total lymphocytes was lower in KTRs compared to 

healthy controls [24.7 ±8.5% vs 30.1 (IQR, 27.1-34.3)%, p=0.02]. In line with the above, both 

the number and the percentage of Tregs were lower in KTRs compared to healthy 

individuals [19 (13-28)/µL vs 57 (38-68/µL and 0.93 (0.63-1.71)% vs 1.9 (1.7-3.4)%, p=0.002 

and p<0.001 respectively]. Finally, KTRs displayed a lower number as well as a lower 

percentage of B-lymphocytes compared to healthy controls [88 (33-140)/µL vs 224 (171-

261/µL and 4.3 (1.9-6.7)% vs 10.3 (8.5-11.3)%, p<0.001 and p=0.002 respectively]. 

 

Table 9. Immune cell subpopulations in kidney transplant recipients and healthy control 

subjects. Statistically significant differences between subgroups are highlighted in bold. 

 

 

KTRs 

(N=39) 

Controls 

(N=10) 

p-value 
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WBC (N) 7710 (6920–10790) 7270 (6460-8570) 0.245 

Monocytes (N) 600 (400–800) 450 (400-500) 0.028 

Monocytes (%) 7.1 (5.9–8.7) 6.2 (6.0-702) 0.291 

CD14++CD16- (N) 479 (354–599) 396 ±77 0.091 

CD14++CD16- (%) 87.1 (83.6–90.1) 87.7 (85.7-92.5) 0.465 

CD14++CD16+ (N) 25 (16–45) 16 (13-18) 0.016 

CD14++CD16+ (%) 4.6 (2.8–7.3) 3.67 (2.54-4.41) 0.214 

CD14+CD16++ (N) 18 (13–28) 19 (10-21) 0.636 

CD14+CD16++ (%) 3.2 (1.9–5.4) 4.1 (2.1-4.8) 0.570 

Lymphocytes (N) 2000 (1450–2710) 2188  ± 493 0.525 

Lymphocytes (%) 24.7 ± 8.5 30.1 (27.1-34.3) 0.02 

T-lymphocytes (N) 1732 (1156–2228) 1672 ± 387 0.957 

T-lymphocytes (%) 81.4 ± 8.3 76.6 ±8.3 0.124 

B-lymphocytes (N) 88 (33–140) 224 (171-261) <0.001 

B-lymphocytes (%) 4.3 (1.9–6.7) 10.3 (8.5-11.3) 0.002 

NK cells (N) 257 (150–324) 269 (240-305) 0.636 

NK cells (%) 13.2 (7.9–18.8) 12.1 (8.6-17.6) 0.914 

CD4+ T-Cells (N) 835 (610–1299) 1038 (768-1101) 0.725 

CD4+ T-cells (%) 47.4 ± 9.6 46.9 ±6.7 0.883 

CD8+ T-cells (N) 612 (448–896) 636 (408-724) 0.552 

CD8+ T-cells (%) 33.1 (28.4–37.1) 24.9 (22.2-31.3) 0.152 

Tregs (%) 19 (13–28) 57 (38-68) 0.002 

T Regs (N) 0.93 (0.63–1.71) 1.9 (1.7-3.4) <0.001 

Values are expressed in mean (±SD) or median (IQR 25–75th percentiles). CD, cluster of 

differentiation; NK, natural killer; No, number; Tregs, T regulatory cells. *p refers to t test 

significance for normal distribution variables, to Mann-Whitney test significance for non-

parametric variables, or to chi square test significance for categorical variables. 

The differences between the peripheral blood levels of immune cell subpopulations 

between CKD patients and KTRs are shown in Table 10 and Figure 9. KTRs displayed both a 

higher number and percentage of classical CD14++CD16− monocytes [479 IQR (354–599)/μL 

and 87.1 (IQR, 83.6–90.1)%] compared to their CKD counterparts [366 (IQR, 258–438)/μL 

and 81.7 (IQR, 75.9–85.6)%, p = 0.001 and <0.001, respectively]. On the other hand, the 
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percentage of intermediate CD14++CD16+ monocytes was lower in KTRs [4.6 (IQR, 2.8–

7.3)%] compared to CKD patients [8.2 (IQR, 5.9–11.3)%, p < 0.001]. Similarly, the number 

and percentage of the non-classical CD14+CD16++ monocytes were lower in KTRs [18 (IQR 

13–28)/μL and 3.2 (IQR, 1.9–5.4)%] compared to their CKD counterparts [25 (IQR, 19–36)/μL 

and 5.8 (IQR, 4.3–8.2)%, p = 0.001 and <0.001, respectively]. With regard to lymphocyte 

subpopulations, KTRs displayed a higher percentage of T-lymphocytes (81.4 ±8.3%) and a 

lower percentage of B-lymphocytes [(4.3 (IQR, 1.9–6.7)%] compared to CKD patients [76.7 ± 

8.3%, p = 0.02 and 5.6 (IQR, 3.7–7.9)%, p = 0.04, respectively]. Finally, KTRs had lower 

number and percentage of Tregs [19 (IQR, 13–28)/μL and 0.93 (IQR, 0.63–1.71)%, 

respectively] compared to CKD patients [33 (IQR, 19–48)/μL and 1.75 (IQR, 1.13–2.44)%, p = 

0.002 and p< 0.001, respectively]. Following adjustment for confounders including age, 

eGFR and UPCR, the differences in immune cell subsets between the two groups remained 

statistically significant for the percentage of classical monocytes (p =0.02), both the number 

and percentage of non-classical monocytes (p < 0.001), the percentage of T-lymphocytes 

and B lymphocytes (p = 0.03 and p = 0.003, respectively) as well as the Tregs number (p = 

0.008). 

 

Table 10. Immune cell subpopulations in all patients, in kidney transplant recipients (KTRs) 

and in CKD patients. Statistically significant differences between subgroups are highlighted 

in bold. 

 
All Patients 

(N = 82) 

CKD Patients 

(N = 44) 
KTRs (N = 38) p-Value 

WBC (N) 
7485 (6080–

9260) 
7045 (5745–8925) 

7710 (6920–

10790) 
0.023 

Monocytes (N) 500 (400–600) 400 (300–600) 600 (400–800) 0.001 

Monocytes (%) 6.7 (5.4–7.9) 6.4 (5.3–7.4) 7.1 (5.9–8.7) 0.033 

CD14++CD16− 

(N) 
415 (318–522) 366 (258–438) 479 (354–599) 0.001 

CD14++CD16− 

(%) 
83.7 (79.2–88.2) 81.7 (75.9–85.6) 87.1 (83.6–90.1) <0.001 

CD14++CD16+ 

(N) 
31 (18–48) 35 (24–53) 25 (16–45) 0.095 

CD14++CD16+ 

(%) 
6.5 (3.6–9.2) 8.2 (5.9–11.3) 4.6 (2.8–7.3) <0.001 
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CD14+CD16++ 

(N) 
22 (15–32) 25 (19–36) 18 (13–28) 0.012 

CD14+CD16++ 

(%) 
4.6 (3.1–6.9) 5.8 (4.3–8.2) 3.2 (1.9–5.4) <0.001 

Lymphocytes (N) 
1845 (1520–

2560) 
1790 (1585–2405) 2000 (1450–2710) 0.451 

Lymphocytes (%) 25.6 ± 8.0 26.4 ± 7.5 24.7 ± 8.5 0.335 

T-lymphocytes 

(N) 

1474 (1125–

2053) 
1376 (1114–1796) 1732 (1156–2228) 0.173 

T-lymphocytes 

(%) 
79.0 ± 9.2 76.7 ± 9.6 81.4 ± 8.3 0.026 

B-lymphocytes 

(N) 
91 (48–157) 94 (61–161) 88 (33–140) 0.196 

B-lymphocytes 

(%) 
4.8 (3.2–7.4) 5.6 (3.7–7.9) 4.3 (1.9–6.7) 0.042 

NK cells (N) 276 (170–358) 304 (178–370) 257 (150–324) 0.201 

NK cells (%) 14.4 (9.7–18.1) 16.5 (11.3–19.3) 13.2 (7.9–18.8) 0.056 

CD4+ T-cells (N) 830 (608–1187) 830 (595–1101) 835 (610–1299) 0.395 

CD4+ T-cells (%) 46.2 ± 9.9 45.2 ± 10.2 47.4 ± 9.6 0.321 

CD8+ T-cells (N) 582 (447–838) 567 (411–781) 612 (448–896) 0.370 

CD8+ T-cells (%) 32.7 (26.5–37.1) 32.1 (25.0–37.3) 33.1 (28.4–37.1) 0.491 

Tregs (N) 23 (15–39) 33 (19–48) 19 (13–28) 0.002 

T Regs (%) 1.47 (0.81–2.02) 1.75 (1.13–2.44) 0.93 (0.63–1.71) <0.001 

Values are expressed as the mean (±SD) or median (IQR 25–75th percentiles). CD, cluster of 

differentiation; NK, natural killer; N, number per μL; Tregs, T regulatory cells. * p refers to t 

test significance for normal distribution variables, to the Mann–Whitney test significance for 

non-parametric variables, or to chi square test significance for categorical variables. 
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Figure 9. Immune cell subpopulations count in CKD patients and KTRs. * p < 0.05, ** p < 

0.01. Values are expressed as the means or medians. The number and percentages of 

immune cells subsets in patients with type 2 CRS as well as their differences with immune 

cells subsets in healthy controls are depicted in Table 11. Accordingly, patients with type 2 

CRS displayed both an increased number and increased percentage of the pro-inflammatory 

intermediate CD14++CD16+ monocytes [41 (IQR, 24-78)/µL and 8 (IQR, 5.6-12)%] compared 

to healthy controls [16 (IQR, 13-18)/µL and 3.67 (IQR, 2.54-4.41)%] (p<0.001 and p=0.001). 

With regard to lymphocytes subsets, both the number and the percentage of total 

lymphocytes was lower in patients with type 2 CRS (1557 ±691/µL and 18.7 ±8.3%) 

compared to healthy control subjects [2188 ±493/µL and 30.1 (IQR, 27.1-34.3)%] (p=0.016 

and p<0.001). Similarly, the number of T lymphocytes was lower in patients with type 2 CRS 

(1227 ±510/µL) compared to healthy controls (1672 ±387/µL)(p=0.025). In line with the 

above, both the number and the percentage of B lymphocytes were lower in patients with 

type 2 CRS [68 (IQR, 31-104)/µL and 4.2 (IQR, 2.2-9.0)%] compared to healthy controls [224 

(IQR, 171-261)/µL and 10.3 (IQR, 8.5-11.3)%,p<0.001 and p=0.014 respectively]. Notably, 

patients with type 2 CRS exhibited lower counts of NK cells (148 (IQR, 103-258)/µL ) 

compared to healthy controls (269 (IQR, 240-305)/µL), p=0.015. 
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Table 11. Immune cell subpopulations in patients with type 2 CRS and healthy control 

subjects. Statistically significant differences between subgroups are highlighted in bold. 

 

 

CRS patients 

(N=39) 

Controls 

(N=10) 

p-value 

 

WBC (N) 8360 (IQR 6730-9940) 7270 (6460-8570) 0.211 

Monocytes (N) 600 (IQR 400-700) 450 (400-500) 0.148 

Monocytes (%) 6.5 (IQR 5.4-8.1) 6.2 (6.0-702) 0.899 

CD14++CD16- (N) 450±184 396 ±77 0.241 

CD14++CD16- (%) 80.6±10 87.7 (85.7-92.5) 0.024 

CD14++CD16+ (N) 41 (IQR 24-78) 16 (13-18) <0.001 

CD14++CD16+ (%) 8 (IQR 5.6-12.0) 3.67 (2.54-4.41) 0.001 

CD14+CD16++ (N) 22 (IQR 12-36) 19 (10-21) 0.193 

CD14+CD16++ (%) 4.2 (IQR 2.7-6.6) 4.1 (2.1-4.8) 0.579 

Lymphocytes (N) 1557±691 2188  ± 493 0.016 

Lymphocytes (%) 18.7±8.3 30.1 (27.1-34.3) <0.001 

T-lymphocytes (N) 1227±510 1672 ± 387 0.025 

T-lymphocytes (%) 81.7±8.7 76.6 ±8.3 0.120 

B-lymphocytes (N) 68 (IQR 31-104) 224 (171-261) <0.001 

B-lymphocytes (%) 4.2 (IQR 2.2-9.0) 10.3 (8.5-11.3) 0.014 

NK cells (N) 148 (IQR 103-258) 269 (240-305) 0.015 

NK cells (%) 10.7 (IQR 7.1-16.6) 12.1 (8.6-17.6) 0.472 

CD4+ T-Cells (N) 732±308 1038 (768-1101) 0.057 

CD4+ T-cells (%) 48.6±10.4 46.9 ±6.7 0.583 

CD8+ T-cells (N) 411 (IQR 224-720) 636 (408-724) 0.261 

CD8+ T-cells (%) 28.5 (IQR 23.3-38.0) 24.9 (22.2-31.3) 0.503 

Tregs (%) 2.7 (IQR 2.0-3.9) 1.9 (1.7-3.4) 0.202 

T Regs (N) 36 (IQR 24-49) 57 (38-68) 0.250 

Values are expressed in mean (±SD) or median (IQR 25–75th percentiles). CD, cluster of 

differentiation; NK, natural killer; No, number; Tregs, T regulatory cells. *p refers to t test 

significance for normal distribution variables, to Mann-Whitney test significance for non-

parametric variables, or to chi square test significance for categorical variables. 
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The differences between the peripheral blood levels of immune cells subpopulations 

between patients with type II CRS and CKD patients are depicted in Table 12 and Figure 10. 

CRS patients displayed increased levels of pro-inflammatory, intermediate CD14++CD16+ 

monocytes [41 (IQR, 24-78)/µL] compared to their CKD counterparts [35 (IQR, 18-43)/µL] 

(p=0.04). A higher Tregs percentage was found in CRS patients [2.7% (IQR, 2.0%-3.9%)] 

compared to CKD patients [2.0 % (IQR, 1.6%-2.6%)] (p=0.03). Lower mean levels of 

lymphocytes were observed in CRS patients (1557±691/µL) compared to the CKD cohort 

(1920±545/µL) (p=0.04). Finally, CRS patients displayed lower NK cell counts [148 (IQR, 103-

258)/µL] compared to CKD patients [324 (IQR, 179-368)/µL] (p=0.001).  Furthermore, we 

determined whether the differences regarding the expression of immune cells between 

patients with type 2 CRS and their CKD counterparts remained significant after adjusting for 

other significant correlates of immune cells subsets in patients with type 2 CRS and their 

matched CKD controls. Accordingly, apart from group, significant positive correlations were 

found between intermediate CD14++CD16+ monocytes and the inflammatory markers ESR 

(r=0.294, p=0.02), CRP (r=0.331, p=0.008) and ferritin (r=0.293, p=0.02). The Tregs 

percentage correlated negative with serum triglyceride levels (r =-0.399, p=0.001). Total 

lymphocytes count correlated with serum albumin (r=0.389, p=0.04) and eGFR (r=0.002, 

p=0.04). Finally, NK cell number correlated positively with serum albumin (r=0.388, 

p=0.002). Notably, age and UPCR, parameters which differ significantly between the 

patients with type 2 CRS and the respective matched CKD patients, did not correlate with 

immune cells subsets in all patients or in each sub-group (that is patients with type 2 CRS 

and matched CKD cohort) separately. Following univariate regression analysis, the 

differences in immune cells subsets between patients with type 2 CRS and matched CKD 

patients remained statistically significant for the CD14++CD16+ monocytes (p=0.01), total 

lymphocytes (p=0.04) and NK cells (p=0.002), whereas the difference in the Tregs 

percentage between the two groups was lost following adjustment for triglycerides levels. 

 

Table 12. Immune cell subpopulations in all patients, in patients with type 2 CRS and in 

matched CKD patients. Statistically significant differences between subgroups are 

highlighted in bold. 

 

 

All patients 

(N=63) 

CRS patients 

(N=39) 

CKD patients 

(N=24) 

p-

value 

 

WBC (N) 7730 (IQR 6224-9495) 
8360 (IQR 6730-

9940) 

7330 (IQR 6070-

8830) 
0.15 

Monocytes (N) 500 (IQR 400-650) 600 (IQR 400-700) 500 (IQR 400-600) 0.06 

Monocytes (%) 6.5 (5.4-7.9) 6.5 (IQR 5.4-8.1) 6.6 (IQR 5.3-7.8) 0.64 

CD14++CD16- 

(N) 
427±167 450±184 391±132 0.14 

CD14++CD16- 81.4±8.9 80.6±10 82.6±6.9 0.35 
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(%) 

CD14++CD16+ 

(N) 
38 (IQR 22-62) 41 (IQR 24-78) 35 (IQR 18-43) 0.04 

CD14++CD16+ 

(%) 
7.4 (IQR 5.4-11.2) 8 (IQR 5.6-12.0) 7.3 (IQR 4.7-9.6) 0.30 

CD14+CD16++ 

(N) 
25 (IQR 14-35) 22 (IQR 12-36) 25 (IQR 19-32) 0.80 

CD14+CD16++ 

(%) 
4.6 (IQR 3.0-6.7) 4.2 (IQR 2.7-6.6) 5.1 (IQR 4.0-6.7) 0.14 

Lymphocytes 

(N) 
1699±658 1557±691 1920±545 0.03 

Lymphocytes 

(%) 
21.3±8.7 18.7±8.3 25.3±8.0 0.002 

T-lymphocytes 

(N) 
1320±500 1227±510 1465±455 0.06 

T-lymphocytes 

(%) 
79.6±9.7 81.7±8.7 76.3±10.3 0.03 

B-lymphocytes 

(N) 
75 (IQR 37-140) 68 (IQR 31-104) 87 (IQR 58-163) 0.08 

B-lymphocytes 

(%) 
4.7 (2.9-8.3) 4.2 (IQR 2.2-9.0) 5.1 (IQR 3.4-7.9) 0.57 

NK cells (N) 182 (124-328) 148 (IQR 103-258) 324 (IQR 179-368) 0.001 

NK cells (%) 1.7 (IQR  8.2-18.3) 10.7 (IQR 7.1-16.6) 16.5 (IQR 11.2-19.6) 0.01 

CD4+ T-Cells (N) 787±312 732±308 873±304 0.08 

CD4+ T-cells (%) 47.5±10.6 48.6±10.4 45.7 ±10.9 0.30 

CD8+ T-cells (N) 508 (IQR 353-750) 411 (IQR 224-720) 585 (IQR 447-786) 0.14 

CD8+ T-cells (%) 29.9 (IQR 23.5-37.9) 
28.5 (IQR 23.3-

38.0) 
31.5 (IQR 24.4-36.8) 0.73 

Tregs (%) 2.4 (IQR 1.7-3.3) 2.7 (IQR 2.0-3.9) 2.0 (IQR 1.6-2.6) 0.03 

T Regs (N) 37 (IQR 25-51) 36 (IQR 24-49) 40 (IQR 26-61) 0.94 

Values are expressed in mean (±SD) or median (IQR 25–75th percentiles). CD, cluster of 

differentiation; NK, natural killer; No, number; Tregs, T regulatory cells. *p refers to t test 

significance for normal distribution variables, to Mann-Whitney test significance for non-

parametric variables, or to chi square test significance for categorical variables. 
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Figure 10.  Immune cell subpopulations count in patients with type 2 CRS and respective 

matched CKD patients. * p < 0.05, ** p < 0.01. Values are expressed as the means or 

medians. 

 

 

8.3. Correlations of Immune Cell Subsets with Clinical and Laboratory Parameters in CKD 

patients, KTRs and patients with type 2 CRS 

 

Univariate associations of various immune cell subtype levels with other clinical and 

laboratory parameters in the CKD and KTRs patient subgroups are shown in Table 13 and 

Table 14 respectively. Regarding kidney function markers, eGFR (CKD-EPI) was directly 

associated with total lymphocytes count (r = 0.388, p = 0.009), T-cell counts (r = 0.328, p = 

0.03) and CD4+ T-cells (r = 0.495, p = 0.001) in CKD patients (Table 13). In line with the 

above, a positive correlation was found between the eGFR, and total lymphocytes counts (r= 

0.359, p = 0.027), T-cell counts (r = 0.376, p = 0.02) and CD8+ T-cell (r = 0.362, p = 0.02) in 

KTRs (Table 14). Furthermore, UPCR was inversely correlated with the percentage of total 

lymphocytes (r = −0.439, p = 0.003) as well as with NK cell counts (r = −0.302, p = 0.04) in 

CKD patients and with B-lymphocytes counts (r = −0.405, p = 0.01) in KTRs, respectively 

(Table 13 and Table 14). Regarding CKD-MBD markers, serum phosphorus levels were 
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directly correlated to intermediate CD14++CD16+ monocytes count both in CKD patients (r = 

0.436, p = 0.003) and in KTRs (r = 0.333, p = 0.04 (Table 13 and Table 14). 

 

Table 13. Associations of immune cells subpopulations in CKD patients with markers of 

kidney function, inflammatory markers and indices of CKD-MBD. 

 

Immune cell  
subsets 

eGFR UPCR Cr Urea Hb Ca Pi PTH CRP Ferritin 

CD14++CD16+ 
(N) 

/ / / / / / r = 0.436,  
p =0.003 

/ / / 

CD14++CD16+ 
(%) 

/ / / / / / r = 0.410, 
P=0.006 

/ / / 

CD14+CD16++ 
(N) 

/ / / r = 0.298, 
p = 0.005 
 

/ / / / / / 

NK cells (N) / r = -
0.302, 
p = 
0.04 

/ / r = 0.319,  
p = 0.03 

r = 0.329, 
p = 0.03 

/ r = -
0.327, p 
= 0.03 

/ r 
=0.307, 
p = 0.04 

Lymphocytes 
(N) 
 

r = 
0.388, 
p = 
0.009 

/ r = -
0.408, 
p= 0.006 
 

r = -0.374, 
p = 0.01 

r = 0.469, 
p = 0.001 
 

r = 0.378, 
p= 0.01 
 

/ / / / 

Lymphocytes 
(%) 
 

r = 
0.395, 
p = 
0.008 
 

r = -
0.439, 
p = 
0.003 
 

r = -
0.475, p 
= 0.001 

r = -0.408, 
p = 0.006 
 

r = 0.370, 
p = 0.013 
 

r = 0.478, 
p = 0.008 
 

/ / / / 

T-lymphocytes 
(N) 

r = 
0.328, 
p = 
0.03 

/ r = -
0.361, p 
= 0.02 

 

/ r = 0.437, 

p = 0.003 

 

/ / / r = -
0.344, 
p = 
0.02 

 

/ 

CD4+ T-cells (N) r = 
0.495, 
p = 
0.001 

/ r = -
0.505, p 
= 0.000 
 

r =-0.381, 
p = 0.01 
 

r = 0.522, 

p =0.000 
 

r = 0.371, 
p = 0.01 
 

/ r = -
0.324, p 
= 0.03 
 

/ / 

CD8+ T cells (N) / / / r = -0.345, 
p = 0.02 
 

/ / / / / r = -
0.318, p 
= 0.04 
 

Correlations were assessed by Spearman’s or Pearson’s rank tests. Only correlations 

reaching statistical significance are presented. Ca, calcium; Cr, creatinine; eGFR, estimated 

glomerular filtration rate; iPTH, intact parathyroid hormone; Pi, phosphorus; UPCR, urine 

protein to creatinine ratio. 

 

Table 14. Associations of immune cells subpopulations in KTRs with markers of kidney 

function, inflammatory markers, indices of CKD-MBD and blood levels of CNIs. 
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Immune 
cell  
subsets 

eGF
R 

UP
CR 

Cr Ure
a 

Hb Gluc
ose 

Ca Pi PTH CR
P 

ESR CyA 

C0 

CyA 

C2 

Tac 

CD14++
CD16- 
(%) 

/ / / / r=-
0.37, 
p=0.0
5 
 

r=-
0.33, 
p=0.0
4 
 

r=-
0.39
, 
p=0.
014 
 

/ / / / / / / 

CD14++
CD16- 
(N) 

/ / / / / / / / r= -
0.32
8, 
p=0.
04 

 

/ / / / / 

CD14++
CD16+ 
(%) 

/ / / / / / / r=0.3
3, 
p=0.
04 
 

/ / / / /  

CD14+C
D16++ 
(N) 

/ / / / / / r= 
0.38
8, 
p=0.
01 

 

/ / / / / / / 

CD14+C
D16++(
%) 

/ / / / / / r=0.
38, 
p=0.
01 

 

/ / / / / / / 

NK cells 
(N) 

/ / / / / / r = 
0.35
6, p 
= 
0.02
8 

/ / / r = 
0.39
5, p 
= 

0.01 
 

/ /  

NK cells 
(%) 

/ / / / / / / / / / r 
=0.3
93, 
p = 
0.01 

 

/ / / 

Lympho
cytes 
(N) 
 

r=0.
359 
p=0.
02 

 

/ / / / / / / / / / r=-
0.59
4, 
p=0.
02 

 

/ / 

Lympho
cytes 
(%) 
 

r=0.
359 
p=0.
02 

/ / / / / / / / / / r=-
0.59
4, 
p=0.

/ / 
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 02 

 

T-
lympho
cytes 
(N) 

r=0.
376 
p=0.
02 
 

/ / / / / / / / / / r= -
0.55
0, p= 
0.04 
 

/ r = 
0.439
, p = 
0.03 
 

T-
lympho
cytes 
(%) 

/ / / / / / / / / / / / r = 
0.60
9, p= 
0.02 
 

0.419
, 
p = 
0.047 

CD4+ T-
cells (N) 

/ / / / / / / / r = -
0.34
0, p 
= 
0.03 

 

/ / / / / 

CD4+ T-
cells (%) 

/ / / / / / / / / / / / / r = 
0.708
, p = 
0.000 

 

CD8+ T 
cells (N) 

r = 
0.36
2, 
p= 
0.02 
 

/ / / r = 
0.358
, p= 
0.02 

/ / / / / / / / / 

B-
lympho
cytes 
(N) 

/ r= -
0.3
35, 
p = 
0.0
39 
 

r = -
0.36
9, 
p= 
0.02 
 

r = -
0.4
26, 
p = 
0.0
08 
 

/ / / r = -
0.43
0, p= 
0.00
7 

/ / / r = 
0.68
6, p 
= 
0.00
7 
 

/ / 

B-
lympho
cytes 
(%) 

/ r = 
-
0.4
05, 
p = 
0.0
1 
 

/ r = -
0.34
9, p 
= 
0.03 
 

/ / / r = -
0.411
, p = 
0.01 
 

/ / / / / / 

T regs 
(%) 

/ / / / / / / / / / / / / r=0.5
04, 
p=0.0
1 
 

Only correlations reaching statistical significance are presented. Ca, calcium; Cr, creatinine; 

C0, trough blood levels; C2, blood levels 2 h post-dose; eGFR, estimated glomerular filtration 

rate; ESR, erythrocyte sedimentation rate; Hb, hemoglobin;  iPTH, intact parathyroid 

hormone; Pi, phosphorus; UPCR, urine protein to creatinine ratio. 
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Univariate associations of various immune cell subtype levels with other clinical and 

laboratory parameters in patients with type 2 CRS are shown in Table 15. Specifically, in 

patients with CRS, distinct monocyte subpopulations were found to be associated with 

inflammatory markers. Thus, we found a positive correlation between monocytes number 

with ESR (r=0.485, p<0.001) and CRP (r=0.402, p=0.001). Likewise, both the number and 

percentage of intermediate CD14++CD16+ monocytes correlated positively with CRP 

[(r=0.476, p=0.002) and (r= 0.319, p=0.04) respectively]. Additionally, the number of the 

classical CD14++CD16- monocytes as well as the intermediate CD14++CD16+ monocytes 

correlated with ESR [(r=0.353, p=0.03 and (r=0.378, p=0.02) respectively]. On the other 

hand, serum hemoglobin levels displayed a negative association with both classical 

CD14++CD16- and non-classical CD14+CD16++ monocytes count [(r=-0.332, p=0.004) and (r= 

-0.385, p=0.01), respectively]. Regarding indices of kidney function, a positive correlation 

was found between eGFR and total lymphocytes (r=0.427, p=0.007), T- cells (r=0.425, 

p=0.007) as well as CD4+ T cells counts (r=0.439, p=0.005) whereas the CD4+/CD8+ ratio 

displayed a negative correlation with UPCR (r=0.401, p=0.02). Significant reverse 

associations were detected between serum levels of total cholesterol and LDL cholesterol 

with B-lymphocytes counts [(r=-0.336 p=0.03) and (r= -0.388, p=0.01), respectively] and 

percentage of B-lymphocytes [(r=-0.470, p=0.003) and (r= -0.441, p=0.0005), respectively]. 

Additionally, both CD8+ lymphocytes number and percentage correlated positively with HDL 

cholesterol [(r=0.318, p=0.04) and (r=0.333, p=0.04), respectively]. Finally, the negative 

association that was detected between Tregs and serum triglycerides in the whole study 

cohort, was confirmed within the CRS patient group as well (r=-0.377, p=0.03). 

Regarding cardiac indices, a positive association was found between NT terminal 

pro-BNP levels and CD14++CD16- monocytes (r=0.565, p=0.02), whereas hsTnI levels 

correlated negatively with the percentage of total lymphocytes (r=0.575, p=0.006). 

We further determined differences regarding expression of immune cell 

subpopulations with respect to left ventricular ejection fraction (LVEF), to the CRS etiological 

background as well as to clinical features of CRS patients. Accordingly, the number and 

percentage of nonclassical CD14+CD16++ monocytes were higher in CRS patients with LVEF 

less than 30% compared to patients with LVEF above 30% [33 (IQR, 18-37)/µL versus 13 

(IQR, 10-29)/µL (p=0.02) and 4.5% (IQR, 3.4%-7.2%) versus 2.7% (IQR, 1.9%-5.4%) (p=0.03) 

respectively]. With regard to CRS etiological background, patients with dilated 

cardiomyopathy compared to patients with ischemic CVD displayed increased counts of 

intermediate CD14++CD16+ monocytes [75 (IQR, 41-104)/µL versus 36 (IQR, 22-61)/µL 

(p=0.01)] and non-classical CD14+CD16++ monocytes [37 (IQR, 35-49)/µL versus 21 (IQR, 12-

32)/µL (p=0.02)]. Finally, NK cells and Tregs levels were lower in patients with atrial 

fibrillation compared to those without [133 (IQR, 79-173)/µL versus 260 (IQR, 151-314)/µL 

(p=0.01)] and [32 (IQR, 21-43)/µL vs 47 (IQR, 34-85)/µL (p=0.006)] respectively. 

 

Table 15. Associations of immune cells subpopulations in patients with type 2 CRS with 

hemoglobin, inflammatory markers, eGFR and serum lipids levels. 
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Immune cell  
subsets 

eGFR Hb Chol LDL 

Chol 

HDL 

Chol 

Triglyceri

des 

CRP ESR 

Monocytes 
(N) 

/ / / / / / r=0.402 
p=0.00

1 

 

r=0.485 
p<=0.001 

CD14++CD16- 
(N) 

/ r=-

0.332, 

p=0.00

4 

/ / / / / r=0.353, 
p=0.030 

 

CD14++CD16
+ (N) 

/ / / / / / r=0.476 
p=0.00

2 

r=0.378, 
p=0.020 

 

CD14++CD16
+ (%) 

/ / / / / / r=0.319
, 

p=0.04
0 

 

/ 

CD14+CD16+
+ (N) 

/ r=-
0.385, 
p=0.01 

/ / / / / / 

Lymphocytes 
(N) 

 

r=0.427 
p=0.007 

 

/ / / / / / / 

T-
lymphocytes 

(N) 

r=0.425 
p=0.007 

 

/ / / / / / / 

CD4+ T-cells 
(N) 

r=0.439 
p=0.005 

 

/ / / / / / / 

CD8+ T cells 
(N) 

/ / / / r=0.318, 
p=0.04 

 

/ / / 

CD8+ T cells 
(%) 

/ / / / r=0.333, 
p=0.04 

 

/ / / 

B-
lymphocytes 

(N) 

/ / r=-0.336, 
p=0.03 

 

r=-0.388, 
p=0.01 

 

/ / / / 

B-
lymphocytes 

(%) 

/ / r=-0.470 
p=0.003 

 

r=-0.441, 
p=0.0005 

 

/ / / / 

T regs (%) / / / / / r=-0.377, 
p=0.03 

 

/ / 

Correlations were assessed by Spearman’s or Pearson rank tests. Only correlations reaching 

statistical significance are presented. Chol. Cholesterol; CRP, C-reactive protein; CRS, 

cardiorenal syndrome; eGFR, estimated glomerular filtration rate; ESR, erythrocyte 

sedimentation rate, Hb, hemoglobin. 
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8.4 Correlations of immune cells with classical and novel indices of left ventricular 

function in patients with CKD 

In this sub-chapter, correlations of immune cells with classical and novel indices of 

left ventricular function in patients with CKD will be presented. Independent correlations 

with immune cells are depicted in tables, while correlations losing significance at 

multivariate analysis are reported only as text. Moreover, interesting important correlations 

of immune cells with other indices will be presented in the text only. 

The final analysis included 38 patients with CKD, following exclusion of 7 patients due to 

poor echocardiographic acoustic window. Results of the echocardiographic measurements 

of CKD patients at baseline and following dipyridamole infusion as well as their respective 

differences are presented in Table 16. 

 

Table 16. Echocardiographic parameters at baseline and following dipyridamole infusion in 

patients with CKD. 

 

 
Baseline Post dipyridamole Δ 

CFR  2.59 (2.34-3.46)  

LAVI 32.6±10.2 NA NA 

LVMI 112.3 ±36.5 NA NA 

RWT 0.46 (0.42-0.54) NA NA 

EF 68±7 

 

71±8 

 

3±9 

TAPSE 2.5 ±0.43 2.5±0.4 0.05 ±0.44 

MAPSEsep 1.3 (1.2-1.6) 1.49±0.30 -0.26±0.35 

MAPSElat 1.7±0.3 1.79± 0.33 0.43±0.32 

E/A 0.80 (0.65-97) 0.78 (0.68-0.96) -0.05 (-0.13-0.09) 

E' 0.09±0.01 0.10±0.02 0.012 ±0.020 

E/E' 8.4 ±2.8 8.0 (7.2-10.9) 0.1 (-1.3 -  1.5) 

Sm 0.08 (0.06-0.09) 0.09 (0.07-0.1) 0.01 ±0.02 

Sl 0.09 (0.08-0.11) 0.10 (0.09-0.13) 0.02 (0.00-0.02) 

St 0.13 (0.11-0.16) 0.15 (0.13-0.17) 0.016 ±0.03 

GLS -20.3 ±3.1 -22.3 ±3.1 -1.9±4.1 

GRS 27.9 ±15.3 27.6 (13.3-44.5) 0.0 (-11.0-15.7) 
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GCS -25.9 (-30.6 - -21.0) -29.2±8.7 -3.0±7.8 

TWIST 9.1 ±4.3 9.6 (4.7-11.6) -1.1 (-2.7 - 3.2) 

UNTWIST -77.6 ±34.1 -87.4±45.5 -10.5±40.2 

Values are expressed in mean (±SD) or median (IQR 25–75th percentiles). CFR, coronary 

flow reserve; E’, early diastolic tissue wave velocity; E/A, early to late diastolic transmitral 

wave ratio; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global 

radial strain; LAVI, left atrial volume index; LVEF, left ventricle ejection fraction; LVMI, left 

ventricle mass index; MAPSE, mitral annular plane systolic excursion; RWT, relative wall 

thickness; Sm, medial wall systolic velocity; Sl, lateral wall systolic velocity; TAPSE, tricuspid 

annular plane systolic excursion; Δ, difference between values of echocardiographic 

parameters post and prior to dipyridamole infusion. 

 

Correlations at univariate followed by multivariate regression analyses of classical 

ventricular function indices at baseline as well as the differences between values following 

and prior to dipyridamole infusion with immune cells subpopulations, clinical characteristics 

and laboratory parameters in CKD patients are depicted in Table 17. Table 18 presents the 

correlations at univariate followed by multivariate regression analyses of classical 

ventricular function indices following dipyridamole infusion with immune cells 

subpopulations, clinical characteristics and laboratory parameters in CKD patients. 

Relative wall thickness, in univariate analysis was positively correlated with the WBC 

number (r = 0.41, p=0.013), both the number and percentage of monocytes (r = 0.599, 

p=0.000, and r= 0.503, p = 0.002, respectively) as well as with both the number and 

percentage of CD14++ monocytes (r = 0.638, p=0.000, and r = 0.355, p=0.034, respectively) 

(Table 17). On the other hand, a negative correlation was found between RWT and the 

percentage of CD14+CD16++ monocytes (r = -0.5, p=0.001) as well as the percentage of total 

lymphocytes (r= -0.317, p=0.06) and B lymphocytes (r = -0.363, p=0.03) (Table 17). Finally, a 

positive association was found with the presence of arterial hypertension (r = 0.484, 

p=0.003) and a negative correlation with serum albumin (r = -0.441, p=0.007), serum 

proteins (p 0.023, r = -0.383), HDL (r = -0.356, p=0.033) and serum calcium (r = -0.338, 

p=0.044) (Table 17). Multivariate analysis revealed that left ventricular RWT was 

independently correlated with the classical CD14++ monocytes count (β=0.447, p=0.004) 

and the percentage of B lymphocytes (β=-0.328, p=0.03) (Table 17). Left ventricular EF at 

baseline was negatively associated with both the number and percentage of total 

lymphocytes (r= -0.345, p=0.04 and r= -0.353 p=0.03 respectively), the number of T cells (r=-

0.364, p=0.023) as well as with the number of CD4+ lymphocytes (r=- 0.451, p=0.006), only 

the CD4+ T-cell count remained an independent correlate of left ventricular EF (β=-0.431, 

p=0.009) (Table 17). EF post dipyridamole infusion was negatively associated with the 

number of CD14++CD16+ monocytes (r = -0.377, p 0.024) (Table 18). At stepwise multiple 

regression analysis, only the number of CD14++CD16+ monocytes remained significantly 

associated with EF post dipyridamole infusion Table 18). Finally, the difference in EF 
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between post and pre dipyridamole infusion values correlated only with the presence of DM 

(r= -0.471, p 0.004). 

No significant correlations were found for MAPSE septal at baseline whereas MAPSE 

septal following dipyridamole infusion was associated with the number of WBC (r= -0.420, 

p=0.011), the number of monocytes (r = -0.364, p=0.029), both the number and percentage 

of CD14++CD16+ monocytes (r= -0.565, p=0.000 and r = -0.392, p=0.018, respectively) as 

well with serum phosphorus levels (r = -0.414, p 0.012). UPCR levels failed to reach 

statistical significance (p 0.075, r = -0.301) (Table 18). At multiple regression analysis only 

the number of CD14++CD16+ monocytes and UPCR remained significant correlates of 

MAPSE septal post dipyridamole infusion (Table 18). The difference in MAPSE septal 

between values post and prior to dipyridamole infusion was negatively correlated with 

CD14++CD16+ monocytes number (r = -0.468, p=0.004) as well as with serum urea (r = -

0.333, p=0.048), UPCR (r = -0.399, p=0.016) and with the presence of arterial hypertension (r 

= -0.363, p=0.03) whereas a positive correlation was found with serum HDL values (r= 0.340, 

p=0.043) (Table 17). Finally, the ΔMAPSE septal was independently correlated with the 

number of CD14++CD16+ monocytes (β=-0.359, p=0.007) and HDL levels (β=0.431, p=0.006) 

(Table 17). 

Regarding other interesting correlations detected, the CFR was negatively associated 

with the number of WBC (r= -0.334, p=0.046) and CRP (p 0.024, r = -0.376), however at 

stepwise multiple regression analysis, all correlations were lost. Correlates of LVMI included 

arterial hypertension (r = 0.383, p=0.021), UPCR (r= 0.421, p = 0.01) and PTH (r =0.37, 

p=0.02), whereas a negative correlation was found with the percentage of total lymphocytes 

(r= -0.397, p=0.02), eGFR (r = -0.386, p=0.02), as well as HDL level (r= -0.415, p=0.01). 

However, in line with our findings in KTRs, at stepwise multiple regression analysis, only 

UPCR (β=0.447, p=0.004) and arterial hypertension (β=0.447, p=0.004) remained significant 

correlates of LVMI. Interestingly, although both the number and percentage of 

CD14++CD16+ monocytes showed an inverse association with TAPSE at baseline (r =-0.36, 

p=0.03 and r =-0.335, p=0.04 respectively) together with phosphorus (r=- 0.474, p=0.004,) 

and serum creatinine levels (r=-0.338, p=0.04), following multivariate regression analysis 

only phosphorus remained an independent correlate of TAPSE (β=-0.506, p=0.02). TAPSE 

post dipyridamole infusion was negatively associated with the percentage of NK cells (p 

0.037, r= -0.35) as well as with serum ferritin (p 0.011, r = -0.424), serum phosphorus (p 

0.017, r = -0.397) and finally serum urea (p 0.027, r= -0.368) whereas the correlation to 

serum creatinine just failed to reach statistical significance (p 0.066, r= -0.310). At stepwise 

multiple regression analysis, only phosphorus remained significantly associated with TAPSE 

prior to and post dipyridamole infusion. The difference in TAPSE between values post and 

prior to dipyridamole infusion did not show any significant correlations with any of the 

immune cell subsets. No significant associations were found for MAPSE lateral at baseline, 

following dipyridamole infusion or for the difference in MAPSE lateral post and prior to 

dipyridamole infusion. No significant associations with regard to immune cells or other 

parameters were found for E/A ratio at baseline or for the difference in E/A ratio between 
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values post and prior to dipyridamole infusion, except for a correlation with correlated with 

the presence of DM II and only borderline with the presence of arterial hypertension (r = 

0.321, p=0.064).  E/A ratio following dipyridamole infusion was associated with the number 

of CD8+ lymphocytes (r = 0.341, p=0.049) as well as serum calcium levels (r = -0.36, p=0.049) 

and inversely associated with serum ferritin (r= -0.346, p=0.049) and serum urea (r = -0.36, 

p=0.033). However, all associations were lost a stepwise multiple regression analysis. 

No significant associations were found between Sm and immune cells at baseline, whereas 

Sm post dipyridamole infusion was associated both with the number and percentage of CD8 

lymphocytes (r = 0.378, p=0.023, and r = 0.342, p=0.041, respectively). However, no 

correlation remained significant following stepwise multiple regression analysis. 

Likewise, no significant associations were found between Sl and immune cells at baseline. Sl 

post dipyridamole infusion as associated with male gender and with CD8+ lymphocytes (r= 

0.343, p=0.041); however, at stepwise multiple regression analysis, the correlation for CD8+ 

lymphocytes was lost. Although the difference in Sl post and prior to dipyridamole infusion 

displayed an only borderline association with the number of NK cells (r = 0.332, p=0.051) as 

well as with serum albumin (r = 0.429, p=0.01), all correlations were lost at stepwise 

multiple regression analysis. E/E’ ratio at baseline correlated with serum cholesterol (r = -

0.356, p 0.036) and only borderline with the percentage of T cells (r = -0.321, p=0.06), 

however both correlations were lost at stepwise multiple regression analysis. No significant 

associations between E/E’ ratio following dipyridamole infusion and immune cells were 

observed. 

 

Table 17. Univariate and multivariate correlates of classical indices of left ventricular 

function in CKD patients. Only independent correlations of echocardiographic indices with 

immune cells subsets maintaining significance at stepwise regression analysis are depicted. 

 

Univariate analysis Multivariate analysis 

 R/Rho P value Anova R2 

P value 

β P value 

RWT   0.338, 

p=0.001 

  

CD14++ 

monocytes 

No 

0.638 0.000  0.447 0.004 

*CD14++ 

monocytes 

% 

0.355 0.034    

B 

lymphocyt

es % 

-0.363 0.03  -0.328 0.03 
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WBC 0.41 0.013  -0.92 0.67 

Monocytes 

No 

0.559 0.000  -0.02 0.997 

CD14+CD1

6++ 

monocytes 

% 

-0.53 0.001  -0.240 0.181 

Lymphocyt

es % 

-0.317 0.06  -0.151 0.309 

Arterial 

hypertensi

on 

0.484 0.003  0.241 0.109 

Albumin -0.441 0.007  -0.176 0.298 

Proteins -0.383 0.02  -0.174 0.259 

HDL -0.356 0.03  -0.176 0.258 

Calcium -0.338 0.04  -0.150 0.320 

LVEF   0.186, 

p=0.009 

  

 

CD4+ T 

cells No 

 

-0.451 

 

0.006 

  

-0.431 

 

0.009 

T cells No -0.364 0.03  0.012 0.969 

*Lymphocy

tes No 

-0.345 0.04    

Lymphocyt

es % 

-0.353 0.035  -0.171 0.377 

Hemoglobi

n 

-0.317 0.06  -0.191 0.26 

ΔMAPSE 

septal 

  0.360, 

p=0.001 

  

CD14++CD

16+ 

monocytes 

No 

-0.468 0.004  -0.405 0.007 

Urea -0.333 0.048  -0.263 0.074 

UPCR -0.399 0.016  -0.155 0.333 

Arterial 

hypertensi

on 

-0.363 0.03  -0.276 0.07 

HDL 0.340 0.043  0.413 0.006 
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LDL, low density lipoprotein; LVEF, left ventricle ejection fraction; MAPSE, mitral annular 

plane systolic excursion; N, number; RWT, relative wall thickness; UPCR, urine protein to 

creatinine ratio; Δ, difference between values of echocardiographic parameters post and 

prior to dipyridamole infusion. 

 

Table 18. Univariate and multivariate correlates of classical indices of left ventricular 

function following dipyridamole infusion in CKD patients. Only independent correlations of 

echocardiographic indices with immune cells subsets maintaining significance at stepwise 

regression analysis are depicted. 

 

Univariate analysis Multivariate analysis 

 R/Rho P value ANOVA R2 

P value 

β P value 

LVEF (post)      

CD14++CD1

6+ No 

-0.377 0.024    

MAPSE 

septal 

(post) 

  0.373, 

p=0.000 

  

WBC -0.420 0.011  -0.244 0.107 

Monocytes 

No 

-0.364 0.029  -0.199 0.180 

CD14++CD1

6+ 

monocytes 

No 

-0.565 0.000  -0.372 0.013 

CD14++CD1

6+ 

monocytes 

% 

-0.392 0.018    

Phosphorus -0.414 0.012  -0.11 0.949 

UPCR -0.301 0.075  -0.402 0.008 

LVEF, left ventricle ejection fraction; MAPSE, mitral annular plane systolic excursion; N, 

number; UPCR, urine protein creatinine ratio, WBC, white blood cells 

 

Correlations at univariate followed by multivariate regression analyses of novel 

ventricular function indices as well as the differences between the values following 

dipyridamole infusion and baseline values with immune cells subpopulations, the clinical 

characteristics and laboratory parameters in CKD patients are depicted in Table 19 and in 

Figure 11 whereas Table 20 presents correlations at univariate followed by multivariate 
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regression analyses of novel ventricular function indices following dipyridamole infusion 

with immune cells subpopulations, clinical characteristics and laboratory parameters in CKD 

patients. 

GLS at baseline was only associated with the ESR (r= -0.377, p =0.026,) whereas GLS 

post dipyridamole infusion was associated with WBC count (r = 0.382, p=0.021), the number 

of monocytes (r = 0.502, p=0.002) as well as the number of CD14++ monocytes (r = 0.428, 

p=0.009) (Table 20). A negative correlation was found between GLS post dipyridamole 

infusion and serum albumin (r = -0.373, p=0.025) (Table 20). At stepwise multiple regression 

analysis, the number of CD14++ monocytes remained significant correlates of GLS post 

dipyridamole infusion (Table 20). 

Significant correlates of GRS included both the number and percentage of 

CD14++CD16+ monocytes (r = 0.042, p=0.01, and r = 0.352, p=0.04) (Table 19). No significant 

associations were found for GRS following dipyridamole infusion and immune cell subsets. 

Furthermore, although the ΔGRS was associated with the CD14++CD16+ monocytes number 

(r =0.331, p=0.006), apart from hemoglobin (r = 0.441, p=0.01), ferritin (r = -0.447, p=0.01) 

and urea (r = -0.408, p=0.02), this correlation was lost at stepwise regression analysis. 

With regard to left ventricular TWIST, the percentage and the number of CD8+ T-cells were 

the sole independent correlate both at baseline and following dipyridamole infusion 

(β=0.405, p=0.02 and β=0.359, p=0.037 respectively) (Table 19 and Table 20). Thus, TWIST 

post dipyridamole infusion correlated with the number of CD8+ T cells (r = 0.379, p=0.027) 

as well as serum cholesterol (r = 0.348, p 0.043) and LDL levels (r = 0.438, p=0.010) (table 

20). A negative association was found between TWIST post dipyridamole infusion and CRP 

(r= -0.389, p=0.023) whereas an association of marginal significance was found for the 

percentage of NK cells (r = -0.337, p= 0.051) (Table 20). 

Likewise, an independent correlation was found between left ventricular UNTWIST 

with the number of CD8+ T cells (β=-0.363, p=0.03) (Table 19). Accordingly, UNTWIST at 

baseline was negatively associated with age (r = -0.389, p=0.025) and the number of CD8+ T 

cells (r = -0.371, p=0.033) which was the only variable remaining significantly associated 

with UNTWIST at baseline (Table 19). UNTWIST post dipyridamole infusion was positively 

associated with the percentage of NK cells (r = 0.352 p=0.041) and CRP (r = 0.410, p=0.016). 

A negative association was found between UNTWIST post dipyridamole infusion and serum 

cholesterol (r = -0.418, p=0.014) and LD (r = -0.399, p 0.020). However, at stepwise multiple 

regression analysis, all associations were lost with regard to UNTWIST following 

dipyridamole infusion. 

 

Table 19. Univariate and multivariate correlates of novel indices of left ventricular function 

in CKD patients. Only independent correlations of echocardiographic indices with immune 

cells subsets maintaining significance at stepwise regression analysis are depicted. 

Univariate analysis Multivariate analysis 

 R/Rho P value Anova R2 

P value 

β P value 
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GRS      

CD14++CD1

6+ 

monocytes 

% 

0.351 0.041    

CD14++CD1

6+ 

monocytes 

No 

0.042 0.015    

TWIST   0.164, 

p=0.021 

  

CD8+ T cells 

% 

0.309 0.08  0.405 0.021 

Glucose 0.398 0.028  -0.191 0.26 

Triglycerides -0.348 0.051  -0.278 0.1 

UNTWIST   0.135, 

p=0.03 

  

CD8+ T cells 

% 

-0.371 0.033  -0.367 0.03 

CD8+ T cells 

No 

-0.416 0.016    

Age -0.389 0.025  -0.287 0.08 

GRS, global radial strain, No, number 

 

 

Figure 11. Associations between myocardial strain echocardiographic indices of cardiac 

function with immune cells subsets in patients with CKD. A. Higher baseline left ventricular 

TWIST (better) is positively associated with the percentage of CD8+ T-cells in CKD patients B. 
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More negative baseline left ventricular UNTWIST (better) is inversely associated with the 

percentage of CD8+ T-cells in CKD patients. 

 

 

Table 20. Univariate and multivariate correlates of novel indices of left ventricular function 

following dipyridamole infusion in CKD patients. Only independent correlations of 

echocardiographic indices with immune cells subsets maintaining significance at stepwise 

regression analysis are depicted. 

 

Univariate analysis Multivariate analysis 

 R/Rho P value ANOVA 

R2 

P value 

β P value 

GLS post   0.327, 

p=0.002 

 0.694 

 

Monocytes 

No 

0.502 0.002  -0.161 0.856 

CD14++CD1

6- 

monocytes 

No 

0.428 0.009  0.320 0.036 

Albumin -0.373 0.025  -0.156 0.354 

TWIST post   0.129, 

p=0.037 

  

CD8+ T cells 

(No) 

0.379 0.027  0.359 0.037 

NK cells % -0.337 0.051  -0.258 0.135 

CRP -0.389 0.023  -0.245 0.143 

Cholesterol 0.348 0.043  0.258 0.120 

CRP, serum reactive protein; GLS, global longitudinal strain, No, number 

 

8.5 Correlations of immune cells with classical and novel indices of left ventricular 

function in kidney transplant recipients. 

 

In this sub-chapter, correlations of immune cells with classical and novel indices of 

left ventricular function in KTRs will be presented. Independent correlations with immune 

cells are depicted in tables, while correlations losing significance at multivariate analysis are 

reported only as text. Moreover, interesting important correlations of immune cells with 

other indices will be presented in the text only. Following exclusion of 7 KTRs due to poor 

echocardiographic acoustic window, the analysis included 31 KTRs. Results of the 
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echocardiographic measurements in KTRs at baseline and following dipyridamole 

administration as well as their respective differences are presented in Table 21. 

 

Table 21. Echocardiographic parameters at baseline and following dipyridamole infusion in 

kidney transplant recipients. 

 

 

 
Baseline Post dipyridamole Δ 

CFR  2.68±0.80  

LAVI 32.2±10.6 NA NA 

LVMI 99.09 (84.3-134.6) NA NA 

RWT 0.46 (0.38-0.51) NA NA 

EF 65±7 
75±8 

 
10±7 

TAPSE 2.2 (1.9-2.4) 2.4±0.5 0.14 ±0.46 

MAPSEsep 1.32±0.29 1.47±0.22 0.14±0.24 

MAPSElat 1.6±0.3 1.6± 0.2 0.029±0.27 

E/A 0.91 ±0.24 0.82 (0.73-1.08) -0.05 (-0.19 - 0.16) 

E' 0.088±0.018 0.113±0.027 0.023 (0.010-0.040) 

E/E' 8.8 (7.6-9.6) 7.5 (6.8-9.1) -1.2 (-2.7 -  0.7) 

Sm 0.08 (0.07-0.09) 0.10 (0.08-0.12) 0.02 (0-0.04) 

Sl 0.09 (0.08-0.1) 0.11 (0.09-0.12) 0.017 (±0.024) 

St 0.14 (0.12-0.16)   

GLS -21.1 (-21.9 - -18.1) -22.8 ±4.2 -2.5±3.3 

GRS 21.9 (13.2-37.4) 20.6 (14.9-30.6) -1.84 ±21.4 

GCS -28.7 ±7.0 -30.1±7.6 -1.73±9.2 

TWIST 6.2 (3.4-9.5) 9.1 (5.7-13.3) 3.2±6.7 

UNTWIST -55.0 (-88.9 - -34.4) -116±50 -51.4±48 

Values are expressed in mean (±SD) or median (IQR 25–75th percentiles). CFR, coronary 

flow reserve; E’, early diastolic tissue wave velocity; E/A, early to late diastolic transmitral 

wave ratio; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global 

radial strain; LAVI, left atrial volume index; LVEF, left ventricle ejection fraction; LVMI, left 

ventricle mass index; MAPSE, mitral annular plane systolic excursion; RWT, relative wall 

thickness; Sm, medial wall systolic velocity; Sl, lateral wall systolic velocity; TAPSE, tricuspid 
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annular plane systolic excursion; Δ, difference between values of echocardiographic 

parameters post and prior to dipyridamole infusion. 

 

Significant correlations at univariate followed by multivariate stepwise regression 

analyses of classical echocardiographic indices at baseline as well as differences in values 

following and prior to dipyridamole infusion with immune cells subpopulations, clinical 

characteristics and laboratory parameters are depicted in Table 22 whereas Table 23 

presents significant correlations at univariate followed by multivariate stepwise regression 

analyses of classical echocardiographic indices following dipyridamole infusion with immune 

cells subpopulations, clinical characteristics and laboratory parameters in KTRs. 

EF at baseline was positively correlated with female gender (p 0.01, r= 0.456) and negatively 

associated with the percentage of Tregs (p 0.033, r= -0.384) (Table 22). EF following 

dipyridamole administration was associated with female gender (r = 0.402, p=0.025), the 

percentage of NK cells (r = 0.416, p = 0.02), whereas a negative correlation was found with 

the percentage of monocytes levels (r = -0.380, p=0.035), both the number and percentage 

of T cells (r = -0.384, p=0.033 and r = -0.416, p=0.001 respectively), as well as the number of 

CD4+ lymphocytes (r= -0.358, p=0.0.048) and Tregs (r = -0.429, p = 0.016) (Table 23). 

Following multiple regression analysis, gender and the levels of Tregs remained significantly 

associated with EF both prior to and following dipyridamole administration (Table 22 and 

Table 23). With regard to EF increase following dipyridamole administration, a positive 

association was observed between serum albumin levels (r = 0.447, p= 0.012) and serum 

LDL levels (r= 0.381, p 0.034), whereas a negative correlation was observed with the 

percentage of CD14++CD16- cells (r= - 0.447, p 0.012), both the absolute number and 

percentage of lymphocytes (r = -0.476, p=0.007 and r = - 0.378, p=0.036 respectively), the 

percentage of T cells (r= -0.475, p=0.007), the number of CD4+ T cells (r= -0.483, p=0.006), 

as well as the number of CD8+ T cells (r= -0.371, p=0.004) (Table 22). The number of CD4+ 

lymphocytes (β=-0.378, p=0.02) and serum albumin levels (β=0.353, p=0.03) were significant 

independent correlates of the ΔEF at stepwise multiple regression analysis (Table 22). 

The tricuspid annular plane systolic excursion was associated with the percentage of CD8+ T 

cells (r= 0.494, p=0.005) and serum glucose levels (r= 0.404, p=0.024) and inversely 

associated with the number of CD4+ T cells (r= -0.456, p=0.01) (Table 22). With regard to 

TAPSE following dipyridamole infusion, it was directly associated with CD8+ T cells levels (r = 

0.404, p=0.033) whereas it was negatively correlated with the presence of arterial 

hypertension (r = -0.515, p 0.005) (Table 23). Similar to TAPSE at baseline, CD8+ T cells 

remained significantly associated with TAPSE following stepwise multiple regression 

analysis, together with arterial hypertension (Table 23). Overall, the tricuspid annular plane 

systolic excursion (TAPSE) was associated both at baseline and following dipyridamole 

infusion with CD8+ T cells (β=0.559, p=0.00 and β=0.450, p=0.004 respectively), whereas 

arterial hypertension was independently associated with TAPSE post dipyridamole infusion 

(β=-0.51, p=0.001) (Table 22 and Table 23). On the other hand, no significant associations 

were observed between immune cells subsets and the difference in TAPSE following 
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dipyridamole infusion, which correlated only with the presence of arterial hypertension (r= -

0.012, p 0.012). 

With regard to MAPSE, serum HDL levels (r=0.417, p=0.017) and phosphorus levels (r 

= 0.369, p=0.041) displayed a direct positive association whereas the CD4+ T cells counts 

just failed to show a statistically significant relationship at univariate analysis (r—0.303, 

p=0.098) (Table 22). Nevertheless, following stepwise regression analysis, CD4+ T-cell counts 

were independent correlates of septal MAPSE at baseline (β=-0.359, p=0.01) (Table 22). 

Furthermore, MAPSE septal following dipyridamole infusion was significantly associated 

with ESR (r=0.382, p=0.034), whereas a negative association was found with the percentage 

of CD4+ T cells (r = -0.468, p=0.008), both the percentage and number of Tregs (r = -0.417, 

p=0.02 and r = -0.449, p=0.01) as well the serum Tacrolimus levels (r = -0.518, p=0.023) 

(Table 23). However, at stepwise multiple regression analysis only the percentage of CD4+ T 

cells remained significantly associated with MAPSE septal post dipyridamole infusion (β=-

0.463, p=0.04) (Table 23). The Sm at baseline was negatively associated with serum glucose 

(p 0.000, r= -0.600) and it displayed no association with immune cells, whereas the Sm post 

dipyridamole infusion was directly associated to the percentage of CD14+CD16++ 

monocytes percentage (r=0.562, p 0.004) as well as to the percentage of NK cells (r= 0.460, 

p 0.024) but it was negatively associated with the percentage of the CD14++CD16- 

monocytes (r= -0.424, p=0.039) (Table 23). At stepwise multiple regression analysis, the Sm 

following dipyridamole infusion remained significantly associated with the NK cells and 

CD14++ monocytes (Table 23). Finally, the difference between Sm following and pre 

dipyridamole infusion was associated with the percentage of CD14+CD16++ monocytes (r= 

0.643, p=0.01) and inversely correlated with the percentage of CD14++CD16- monocytes (r= 

-0.489, p=0.015) (Table 22). At stepwise multiple regression analysis, only the percentage of 

CD14++CD16- monocytes remained significantly associated with Sm difference between 

post and pre dipyridamole infusion values (β=-0.516, p=0.01) (Table 22). 

No significant association between baseline Sl and immune cells were observed. Sl 

following dipyridamole infusion was significantly associated with the both the number and 

percentage of NK cells (r = 0.527, p=0.008, and r= 0.645, p=0.001 respectively) whereas it 

was inversely associated with the percentage of T cells (r = -0.571, p=0.004) and uric acid 

levels (r= -0.494, p=0.014) (Table 23).  At stepwise multiple regression analysis, only the 

percentage of NK cells remained significantly associated to Sl post dipyridamole infusion 

(Table 23). Finally, regarding the difference in Sl between levels post and pre dipyridamole 

infusion, it was positively associated with CD14+CD16++ number and percentage (r=0.484, 

p=0.017 and r= 0.446, p=0.029, respectively) as well as with serum calcium levels (r=0.451, 

p=0.027) and inversely associated with the percentage of CD14++CD16- monocytes (r= -

0.747, p=0.000) (Table 22). At stepwise multiple regression analysis only the association of Sl 

with CD14++CD16- monocytes remained significant (β=-0.707, p=0.000) (Table 22). 

The E/A values were negatively associated with age (r= -0.466, p=0.008), and the number of 

NK (r= -0.359, p=0.047) as well as with hemoglobin levels (r = -0.429, p=0.016) whereas a 

positive association was found with transplantation vintage (r = 0.596, p=0.000) (Table 22). 
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At stepwise multiple regression analysis, an independent correlation with age (β=-0.481, 

p=0.004) and NK cells count (β=-0.387, p=0.02) was confirmed for E/A values (Table 22). On 

the other hand, E/A post dipyridamole infusion displayed a positive association with the 

percentage of Tregs (r = 0.397, p=0.033,) and a negative correlation with CD8+ T cells 

number (r= -0.502, p=0.006) and hemoglobin levels (r= -0.460, p=0.012) (Table 23).  At 

stepwise multiple regression analysis, only the levels of CD8+ counts remained significantly 

associated with E/A post dipyridamole infusion (Table 23). The difference in E/A before and 

after dipyridamole infusion was associated with Cyclosporine C0 levels (r =0.685, p= 0.029,) 

and it was inversely associated with the percentage of CD8+ T cells (r= -0.419, p=0.024), ESR 

(r=-0.386, p=0.039) and serum triglycerides (r= -0.386, p=0.019). However, all significant 

associations were lost at stepwise multiple regression analysis. 

Left atrial volume index (LAVI) was inversely correlated with total monocytes counts 

(r=-0.517, p=0.003) and positively associated with the presence of DM (r=0.420, p=0.02), 

however only the presence of diabetes mellitus (DM) remained independently associated 

with LAVI. No significant correlates for LVMI were found among immune cells subsets, 

whereas among the rest correlates only UPCR remained independently correlated to LVMI 

(r=0.425, p=0.01). Finally, the percentage of total lymphocytes (r = -0.442, p 0.013), serum 

albumin (r = - 0.046, p=0.008), serum proteins (r = -0.392, p=0.029) and serum HDL levels (r 

= -0.555, p=0.001) were negatively correlated with the difference in MAPSE septal between 

pre and post dipyridamole infusion whereas transplantation vintage displayed a positive 

association (r = 0.366, p 0.043). However, at stepwise multiple regression analysis all 

significant associations were lost. On the other hand, no independent correlates were found 

for lateral MAPSE among immune cell subsets. The E/E’ratio at baseline was inversely 

associated with the percentage of total lymphocytes and CD4+ lymphocytes (r= -0.390, 

p=0.03 and r= -0.456, p=0.010, respectively) as well as the number of Tregs (r= -0.419, 

p=0.019). Furthermore, a negative correlation was found between E/E’ratio and serum 

Tacrolimus levels (r= - 0.557, p=0.013), which was the only parameter at stepwise multiple 

regression analysis, only the association with Tacrolimus remained significant. E/E’ ration 

after dipyridamole infusion was associated with gender female (r= 0.491, p=0.02) as well as 

inversely associated with the percentage of CD14+CD16++ monocytes (r= -0.492, p=0.02). 

However, following stepwise multiple regression analysis all significant associations were 

lost. No significant associations were observed regarding the difference in E/E' ratio after 

and prior to dipyridamole infusion with immune cells subsets. 

 

Table 22. Univariate and multivariate correlates of classical indices of left ventricular 

function at baseline and their respective differences between values post and prior to 

dipyridamole infusion in kidney transplant recipients. Only correlations of echocardiographic 

indices with immune cells subsets maintaining significance at stepwise regression analysis 

are depicted. 

 

Univariate analysis Multivariate analysis 
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 R/Rho P VALUE Anova R2
 

P value 

β P VALUE 

LVEF   0.357, 

p=0.002 

  

Tregs % -0.384 0.03  -0.341 0.03 

Female 

gender 

0.456 0.01  0.454 0.006 

ΔLVEF   0.319, 

p=0.005 

  

Albumin 0.447 0.012  0.353 0.03 

LDL 0.381 0.034    

CD14++CD16

- % 

-0.447 0.03  -0.174 0.179 

T cells % -0.475 0.007  0.95 0.557 

CD4+ T cells 

No 

-0.483 0.006  -0.378 0.02 

CD8+ T cells 

No 

-0.371 0.004  -0.262 0.140 

TAPSE   0.288, 

p=0.001 

  

CD8+ T cells 

% 

0.494 0.005  0.559 0.001 

CD4+ T cells 

No 

-0.456 0.001  -0.043 0.805 

Glucose 0.404 0.024  0.221 0.161 

MAPSE 

septal 

  0.483, 

p=0.000 

  

Hypertension -0.364 0.044  -0.13 0.414 

HDL 0.417 0.017  0.474 0.002 

Phosphorus 0.369 0.041  0.376 0.01 

Albumin 0.331 0.069  0.87 0.582 

CD4+ T cells 

% 

-0.303 0.098  -0.359 0.01 

ΔSm   0.266, 

p=0.01 

  

CD14+CD16+

+ monocytes 

0.643 0.01  0.151 0.576 

CD14++CD16

- monocytes 

% 

-0.489 0.01  -0.516 0.010 
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ΔSl   0.500, 

p=0.000 

  

Age 0.439 0.03  0.137 0.405 

CD14++CD16

- monocytes 

% 

-0.747 0.000  -0.707 0.000 

C14++CD16+ 

monocytes % 

0.484 0.02  0.104 0.519 

C14+CD16++ 

monocytes % 

0.466 0.03  -0.068 0.762 

Calcium 0.451 0.03  0.200 0.217 

E/A   0.350, 

p=0.02 

  

Age -0.466 0.008  -0.481 0.004 

Transplant 

vintage 

0.596 0.000  0.211 0.179 

NK cells No -0.359 0.047  -0.387 0.02 

Hemoglobin -0.429 0.016  -0.140 0.435 

E/A, early to late diastolic transmitral wave ratio; LDL, low density lipoprotein; LVEF, left 

ventricle ejection fraction; MAPSE, mitral annular plane systolic excursion; No, number; Sm, 

medial wall systolic velocity; Sl, lateral wall systolic velocity; TAPSE, tricuspid annular plane 

systolic excursion; Δ, difference between values of echocardiographic parameters post and 

prior to dipyridamole infusion. 

 

Table 23. Univariate and multivariate correlates of classical indices of left ventricular 

function following dipyridamole infusion in kidney transplant recipients. Only independent 

correlations of echocardiographic indices with immune cells subsets maintaining 

significance at stepwise regression analysis are depicted. 

Univariate analysis Multivariate analysis 

 R/Rho P R2
 

P value 

β P value 

LVEF post   0.683 

P=0.01 

  

Monocytes % -0.380 0.035  -0.089 0.723 

T cells No -0.384 0.033    

T cells % -0.416 0.001  -0.299 0.153 

CD4+ T cells 

No 

-0.358 0.048  0.053 0.854 

NK cells % 0.416 0.02  0.351 0.076 

Tregs % -0.429 0.016  -0.481 0.046 
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Female 

gender 

0.402 0.025  0.580 0.021 

TAPSE post   0510, p=0.000   

CD8+ T cells 

No 

0.404 0.033  

 

 

0.450 0.004 

Arterial 

hypertension 

-0.515 0.005  -0.521 0.001 

MAPSE 

septal post 

  0.214 

P=0.046 

  

ESR 0.382 0.034  0.110 0.663 

CD4+ T-cells 

% 

- 0.468 0.008  -0.463 0.046 

Tregs No -0.449 0.01  -0.073 0.746 

Tregs % -0.417 0.02    

Tacrolimus -0.518 0.023  -0.149 0.609 

E/A post   0.211, 

P=0.012 

  

Tregs % 0.397 0.033  0.107 0.601 

CD8+ T cells -0.502 0.006  -0.459 0.012 

Hemoglobin -0.460 0.012  -0.140 0.444 

Sm post   0.440, 

p=0.002 

  

CD14+CD16+

+ monocytes 

0.562 0.004  -0.184 0.451 

NK% 0.460 0.024  0.499 0.007 

CD14++CD16

-% 

-0.424 0.039  -0.347 0.05 

Sl post   0.385, 

p=0.001 

  

NK No 0.527 0.008    

NK % 0.645 0.001  0.621 0.001 

T-

lymphocytes 

% 

-0.571 0.004  -0.209 0.733 

Uric acid -0.494 0.014  -0.252 0.163 

E/A, early to late diastolic transmitral wave ratio; ESR, erythrocyte sedimentation rate; LVEF, 

left ventricle ejection fraction; MAPSE, mitral annular plane systolic excursion; No, number; 

Sm, medial wall systolic velocity; Sl, lateral wall systolic velocity; TAPSE, tricuspid annular 

plane systolic excursion. 
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Correlations at univariate followed by multivariate stepwise regression analyses of 

novel echocardiographic indices at baseline and the differences between their values 

following and prior to dipyridamole infusion with immune cells subpopulations, with clinical 

characteristics and laboratory parameters in KTRs are depicted in Table 24 and in Figure 12 

whereas Table 25 presents the correlations at univariate followed by multivariate stepwise 

regression analyses of novel echocardiographic indices following dipyridamole infusion with 

immune cells subpopulations, with clinical characteristics and laboratory parameters in 

KTRs. 

The GLS was associated with male gender (r= -0.433, p=0.017) and directly 

correlated with LDL levels (r=0.384, p=0.036) whereas it was inversely associated with the 

number of NK cells (r= -0.447, p=0.013) (Table 24). At stepwise multiple regression analysis, 

only gender and NK cell number (β=-0.362, p=0.01) remained significantly associated with 

GLS (Table 24). GLS following dipyridamole infusion, was significantly associated with the 

percentage of monocytes (r= 0.362, p 0.046) and inversely associated with the percentage 

of NK cells (r= -0.365, p=0.044), with NK cell percentage (β=-0.517, p=0.004) retaining 

significance at stepwise multiple regression analysis (Table 25). The difference in GLS 

between post and pre dipyridamole infusion values were positively associated with the 

percentage of CD14++CD16- monocytes (r= 0.455, p=0.012) as well as the number and 

percentage of CD4+ T cells (r = 0.386, p=0.035 and r= 0.386, p=0.034 respectively) whereas 

it was negatively associated with the percentage of CD14++CD16+ monocytes (r = -0.374, 

p=0.042) (Table 24). Finally, at stepwise multiple regression analysis, independent correlates 

of the ΔGLS included the CD14++CD16+ monocytes (β=-0.423, p=0.009) and CD4+ T cells 

(β=0.403, p=0.01) whereas the positive association of CD14++ monocytes (p = 0.012, r= 

0.455) was subsequently lost (Table 24). 

Left ventricular TWIST at baseline was negatively associated with monocytes counts 

(r= -0.412, p=0.024) and positively with the percentage of CD14++CD16+ monocytes (r = 

0.442, p=0.015) (Table 24). Independent correlates of left ventricular TWIST at baseline 

were total monocytes counts (β=-0.335, p=0.04) and the percentage of CD14++CD16+ 

monocytes (β=0.416, p=0.01) (Table 24). TWIST post dipyridamole infusion correlated with 

the percentage of lymphocytes (r= 0.396, p=0.03) and age (r= 0.421, p=0.021), however at 

stepwise multiple regression analysis only the percentage of lymphocytes remained 

significant (Table 25). Finally, at stepwise multiple regression analysis no significant 

associations were found for the difference between TWIST levels post and pre dipyridamole 

infusion. 

UNTWIST was inversely associated with the percentage of CD14++CD16+ monocytes 

(r = -0.400, p=0.029) which remained significant at stepwise multiple regression analysis 

among other covariates (β=-0.742, p=0.09) (Table 24). UNTWIST post was positively 

associated with the percentage of monocytes (r= 0.523, p=0.03) and the presence of 

hypertension (r= 0.366, p=0.047) and negatively associated with the percentage of NK cells 

(r= -0.392, p=0.032) (Table 25). At stepwise multiple regression analysis only the 
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CD14++CD16+ monocytes (β=-0.412, p=0.02) emerged as a significantly correlate of 

UNTWIST post dipyridamole infusion, even though at univariate analysis they failed to reach 

statistical significance (r=-0.310, p=0.096) (Table 25). Finally, regarding the difference of 

UNTWIST between pre and post dipyridamole infusion, a positive association was found 

with the percentage of monocytes (r= 0.419, p=0.024), however at multivariate multiple 

regression analysis, the significance was lost. 

No significant associations were found between GCS and immune cell subsets. GCS 

was associated with male gender, serum hemoglobin (r= 0.451, p=0.011) serum albumin (r= 

0.423, p=0.018), serum cholesterol (0.015, r= 0.431), serum calcium levels (r= 0.609, 

p=0.000) as well as inversely associated with serum urea (r= -0.404, p=0.024), serum 

creatinine (r= -0.416, p= 0.02), positively with eGFR levels (r= 0.582, p=0.001) and negatively 

with UPCR (r= -0.477, p=0.007).  At stepwise multiple regression analysis, only eGFR 

remained significantly associated with GCS. No significant associations were observed with 

GCS post dipyridamole infusion with immune cell subsets. Regarding difference of GCS 

between values following and prior to dipyridamole infusion, it was positively associated 

with the percentage of CD14++ monocytes (r= 0.372, p=0.043) and trough cyclosporine 

levels whereas it was inversely associated with age (r= -0.379, p=0.039), serum protein 

levels (r= -0.396, p=0.03) and serum calcium levels (r= -0.443, p=0.014). However, following 

stepwise multiple regression analysis, all associations lost significance except for serum 

cyclosporine levels. 

 

Table 24. Univariate and multivariate correlates of novel indices of left ventricular function 

in kidney transplant recipients. Only independent correlations of echocardiographic indices 

with immune cells subsets maintaining significance at stepwise regression analysis are 

depicted. 

 

Univariate analysis Multivariate analysis 

 R/Rho P value ANOVA R2
 

P Value 

β P value 

GLS   0.271, p=0.01 

 
  

Gender 

male 

-0.443 0.017  -0.434 0.01 

NK cells 

number 

-0.447 0.01  -0.362 0.03 

LDL 0.384 0.036  0.180 0.311 

ΔGLS   0.271, 

p=0.01 

  

Hypertensi

on 

0.315 0.09  0.364 0.022 

CD14++CD 0.455 0.012  0.248 0.156 
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16- 

monocytes 

% 

CD14++CD

16+ 

monocytes 

% 

- 0.374 0.042  -0.423 0.009 

CD4+ T 

cells % 

0.386 0.035  0.403 0.01 

CD4+ T 

cells No 

 

0.386 0.034    

Tregs % 0.324 0.081  0.274 0.107 

Albumin -0.320 0.085  -0.260 0.097 

TWIST   0.435, 

p=0.002 

  

Monocytes 

No 

-0.412 0.024  -0.335 0.04 

CD14++CD

16+ 

monocytes 

% 

0.442 0.015  0.416 0.01 

Lymphocyt

es No 

-0.343 0.064  -0.03 0.874 

Lymphocyt

es % 

-0.33 0.075    

UNTWIST   0.550, 

p=0.009 

  

DM 0.326 0.079  0.113 0.647 

CD14++CD

16+ 

monocytes 

% 

-0.400 0.029  -0.742 0.009 

Ferritin -0.344 0.063  -0.360 0.116 

CyA C0 -0.545 0.083  -0.198 0.436 

C0, trough blood levels; DM, diabetes mellitus; GCS, global circumferential strain; GLS, 

global longitudinal strain; LDL, low density lipoprotein; No, number; Δ, difference between 

values of echocardiographic parameters post and prior to dipyridamole infusion. 
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Table 25. Univariate and multivariate correlates of novel indices of left ventricular function 

following dipyridamole infusion in Tx patients. Only independent correlations of 

echocardiographic indices with immune cells subsets maintaining significance at stepwise 

regression analysis are depicted. 

 

Univariate analysis Multivariate analysis 

 R/Rho P value R2 

P value 

β P value 

GLS post   0.127, 

p=0.049 

  

Monocytes % 0.362 0.046  0.265 0.136 

NK cells % -0.365 0.044  -0.357 0.049 

TWISTpost   0.176, 

p=0.021 

  

Age 0.421 0.021  0.311 0.078 

Lymphocytes 

% 

0.396 0.03  0.419 0.021 

UNTWIST 

post 

  0.170, 

p=0.024 

  

Monocytes 0.523 0.03    

CD14++CD16

+ monocytes 

% 

-0.310 0.096  -0.412 0.024 

NK cells % -0.392 0.032  -0.273 0.215 

Arterial 

hypertension 

0.366 0.047  0.229 0.215 

GCS, global circumferential strain; GLS, global longitudinal strain. 
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Figure 12. Associations between myocardial strain echocardiographic indices of cardiac 

function with immune cells subsets in kidney transplant recipients. A. More negative 

(better) baseline GLS is inversely associated with NK cells in kidney transplant recipients. B. 

DIPSE-induced improvement in GLS is associated with a higher percentage of CD14++CD16+ 

monocytes in kidney transplant recipients. C. DIPSE-induced improvement in GLS is 

associated with a lower percentage of CD4+ T-cells in kidney transplant recipients. D. Higher 

baseline left ventricular TWIST (better) is positively associated with the percentage of 

CD14++CD16+ monocytes in kidney transplant recipients. E. More negative baseline left 
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ventricular UNTWIST (better) is negatively associated with the percentage of CD14++CD16+ 

monocytes in kidney transplant recipients. 

 

8.6 Survival analyses in CRS patients categorized by circulating immune cell subsets 

expression 

 

During a mean follow-up of 29.8 ± 3.4 months, 23 patients out of 39 patients with 

CRS type 2 (59%) reached the study endpoint with no patients being lost to follow-up. At 

binary logistic regression analysis, immune cells subpopulations that predicted all cause and 

cardiovascular death included total lymphocytes counts (OR 0.85 per 100 cells/μL increase; 

95% CI 0.75-0.97; p=0.01), T-cells number (OR 0.82 per 100 cells/μL increase; 95% CI 0.70-

0.96; p=0.01), CD4+ T-lymphocytes number (OR 0.66 per 100 cells/μL increase; 95% CI 0.50-

0.87; p=0.004), CD8+ T-lymphocytes counts below their median value cut-off of 410/μL (OR 

4.67; 95% CI 1.14-19.07; p=0.03), Tregs counts below their median value cut-off of 35/μL 

(OR 6.63; 95% CI 1.36-23.27; p=0.01) and CD14++CD16+ monocytes counts above their 

median cut-off value of 40/μL (OR 4.13; 95% CI 1.06-16.1; p=0.04). In a multivariate model 

including all six immune cell subsets, only the CD4+ T-lymphocytes remained independent 

predictors of mortality (OR 0.66; 95% CI 0.50-0.87; p=0.004). In contrast, no such 

associations were found for age, eGFR, UPCR, hsTnI, BNP, as well as the rest clinical or 

laboratory indices. 

Subsequently, Kaplan-Meier survival curves for patient with CRS type 2 according to 

the levels of immune cells subpopulations (i.e. below vs above median value) are shown in 

Figure 13 (CD14++CD16+ monocytes), Figure 14 (total lymphocytes), Figure 15 (T 

lymphocytes), Figure 16 (CD4+ T cells), Figure 17 (CD8+ T cells) and Figure 18 (Tregs). 

Decreased levels of lymphocytes, T-lymphocytes, CD4+ T-cells, CD8+ T cells and Tregs were 

associated with mortality at a mean follow-up of 30 months (p<0.05 for all log-rank test). 

Increased levels of the pro-inflammatory, intermediate CD14++CD16+ monocytes counts 

showed a non-significant trend for increased mortality (p=0.093). 
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Figure 13. Kaplan-Meier curves of endpoint-free patients with CD14++CD16+ monocytes 

number expression below or above median value derived cut-offs. 

 

 

 
Figure 14. Kaplan-Meier curves of endpoint-free patients with total lymphocytes number 

expression below or above median value derived cut-offs. 
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Figure 15. Kaplan-Meier curves of endpoint-free patients with T lymphocytes number 

expression below or above median value derived cut-offs. 

 

 
Figure 16. Kaplan-Meier curves of endpoint-free patients with CD4+ T cells number 

expression below or above median value derived cut-offs. 
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Figure 17. Kaplan-Meier curves of endpoint-free patients with CD8+ T cells number 

expression below or above median value derived cut-offs. 

 

 

 
Figure 18. Kaplan-Meier curves of endpoint-free patients with Tregs number expression 

below or above median value derived cut-offs. 
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8.7 Longitudinal analysis of immune cell phenotypes in the circulation of CKD patients and 

clinical correlations. 

 

Out of 44 CKD patients that were recruited at baseline, 21 CKD patients (mean age 

60 ±12 years, 50% males) were included in the final longitudinal analysis. No significant 

differences were observed at follow-up with regard to eGFR, UPCR, or the inflammatory 

markers (Table 26). Differences in immune cells subsets between To and T1 are presented in 

Table 27. With regard to immune cell subsets, a significant increase was observed between 

T0 and T1 in the percentage of the non-classical CD14+CD16++ monocytes (4.7 ±1.9% at T0 

vs 7.9 ±4.3%, p=0.044 at T1). Likewise, a significant increase was observed in the number of 

B lymphocytes (87 ±39 μL at T0 vs 107 ±53/ μL, p=0.047 at T1). Finally, a drop in the 

percentage of CD4+ T cells was observed (49.3 ±11.5% at T0 vs 45.1 ±12.3 at T1, p=0.037). 

The rest immune cells subsets did not show any significant differences between T0 and T1. 

No significant associations were observed between the ΔeGFR with any of the immune cell 

subsets or the laboratory indices. Likewise, no significant associations were observed 

between the ΔUPCR with any of the immune cell subsets or the laboratory indices. 

 

Table 26. Main laboratory parameters in To and T1 in CKD patients 

 

Immune cells 

 

T0 T1 p-value 

 

eGFR (ml/min/1.73m2) 26 ±11 25 ±12 0.502 

UPCR (g protein/g 

creatinine) 

0.91 ±0.95 2.3 ±2.77 0.182 

Hemoglobin (g/dl) 12.5 ±1.4 12.6 ±1.1 0.857 

Uric Acid (mg/dl) 7.9 ±2.0 72.2 ±1.6 0.388 

ESR (mm/h) 29 ±19 39 ±25 0.091 

CRP (mg/L) 3.1 ±1.9 2.6 ±1.4 0.487 

Albumin (g/dl) 4.2 ±0.2 4.3 ±0.4 0.598 

 

Table 27. Immune cell subsets at T0 and T1 in CKD patients. 

 

Immune cells 

 

T0 T1 p-value 

 

Monocytes (N) 462 ±168 450 (400-550) 0.748 
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Monocytes (%) 7.3 ±1.2 6.8 ±1.4 0.306 

CD14++CD16- (N) 379 ±134 382 ±82 0.941 

CD14++CD16- (%) 82.2 ±6.1 80.1 ±4.9 0.414 

CD14++CD16+ (N) 39 ±19 37 ±16 0.886 

CD14++CD16+ (%) 8.8 ±3.5 7.9 ±3.1 0.578 

CD14+CD16++ (N) 22 ±11 37 ±19 0.104 

CD14+CD16++ (%) 4.7 ±1.9 7.9 ±4.3 0.044 

Lymphocytes (N) 1691 ±515 1870 ±681 0.471 

Lymphocytes (%) 27.3 ±5.4 25.9 ±7.2 0.528 

T-lymphocytes (N) 1391 ±431 1415 ±474 0.900 

T-lymphocytes (%) 81. 9 ±4.7 76.5 ±6.1 0.092 

B-lymphocytes (N) 87 ±39 107 ±53 0.047 

B-lymphocytes (%) 5.2 ±1.9 5.9 ±2.7 0.257 

NK cells (N) 219 ±108 345 ±236 0.142 

NK cells (%) 12.7 ±4.4 13.3 ±6.9 0.117 

CD4+ T-Cells (N) 831 ±234 816 ±324 0.869 

CD4+ T-cells (%) 49.3 ±11.5 45.1 ±12.3 0.037 

CD8+ T-cells (N) 532 ±309 574 ±305 0.675 

CD8+ T-cells (%) 30.6 ±10.2 30.2 ±9.3 0.776 

Tregs (N) 30 ±23 28 ±11 0.706 

T Regs (%) 1.6 ±0.8 1.6 ±0.5 0.766 

 

 

8.8 Longitudinal analysis of immune cell phenotypes in the circulation of kidney transplant 

recipients and clinical correlations. 

 

There were included 35 KTRs (mean age 53 ±9.28 years, 71% males, mean transplant 

vintage 96 ±66 months, 63% on Tacrolimus and 37% on Cyclosporine) out of 38 KTRs in the 

final analysis. The main laboratory parameters at T0 and T1 and their respective differences 

are presented in Table 28. Mean eGFR declined from 58 ±17 at T0 to 53 ±18ml/min/1.73 m2 

at T1 (p=0.004). No significant changes were observed between T0 and T1 in median UPCR 

[0.16 (IRQ, 0.09-0.56) at T0 and 0.16 (IQR, 0.10-0.70) g protein/g creatine at T1, p=0.489], in 

median CRP [4.0 (IQR, 3-7) at T0 and 5 (IQR, 2.5-7.5) mg/L) at T1, p= 0.919], in mean ESR 

(20±14 at T0 and 22 ±19 mm/hour at T1, p=0.381) or other parameters, including CNIs blood 
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levels. The absolute numbers and the percentages of immune cell subsets at T0 and T1 and 

their respective differences are presented in Table 29. Significant differences were observed 

between T0 and T1 in monocytes number (653 ±244 and 538 ±197/μL respectively, 

p=0.001), monocytes percentage (7.6 ±2.9 and 6.6 ±2.2% respectively, p=0.006) as well as in 

the number of classical CD14++CD16- monocytes (534 ±225 and 452 ±185/μL respectively, 

p=0.04). The rest immune cells subsets did not show any significant differences between T0 

and T1. The significant correlates of ΔeGFR and ΔUPCR are presented in Table 30. 

Accordingly,  ΔeGFR was correlated with the T0 percentage of monocytes (r =0.359, p= 

0.037), the T0 number and T0 percentage of CD14++CD16+ monocytes (r= 0.502, p = 0.003 

and r =0.438, p= 0.008 respectively). On the other hand, a borderline inverse correlation 

was observed between ΔeGFR and ΔCD14++CD16+ monocytes number (r =-0.339, p= 0.05).  

Additional correlates of ΔeGFR included serum albumin at T0 (rho=0.395, p=0.021) and 

Δuric acid (r =0.567, p<0.001). At stepwise linear regression analysis, CD14++CD16+ 

monocytes (β=0.338, p=0.04) and Δuric acid (β=0.477, p=0.006) remained independent 

significant correlates of ΔeGFR. ΔUPCR was significantly correlated with the percentage of B-

lymphocytes (rho=0.385, p=0.027) and CD4+ T-cells (r=0.352, p=0.044) at T0, and inversely 

correlated with the T0 percentage of T-lymphocytes (r=-0.402, p=0.02) and CD8+ T cells (r =-

0.603, p<0.001) as well as with ΔHemoglobin (r =-0.385, p=0.027). At stepwise linear 

regression analysis, only the CD8+ T cells percentage at T0 remained independently 

correlated to ΔUPCR (β=–0.379, p=0.03). 

 

Table 28. Main laboratory parameters in T0 and T1 in kidney transplant recipients 

 

 To T1 p-value 

eGFR 

(ml/min/1.73m2) 
58 ±17 53 ±18 0.004 

UPCR (g protein/g 

creatinine) 

0.16 (0.09-0.56) 0.16 (0.10-0.70) 0.489 

Hemoglobin (g/dl) 13.5±1.8 13.2±2.0 0.182 

Uric Acid (mg/dl) 6.8±1.5 7.1±1.8 0.425 

ESR (mm/hour) 20±14 22±19 0.381 

CRP (mg/L) 4.0 (3-7) 5 (2.5-7.5) 0.919 

Albumin (g/dl) 4.2±0.38 4.8±0.55 0.330 

Cyclosporine Co 

(ng/ml) 

114±32 129±30 0.259 

Tacrolimus C0 

(ng/ml) 

6.8± 2.3 7.0±2.2 0.744 
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Values are expressed as the mean (±SD) or median (IQR 25–75th percentiles). CRP, C-

reactive protein; eGFR, estimated glomerular filtration rate; ESR, erythrocyte sedimentation 

rate; UPCR, urinary protein to creatinine ratio. * p refers to t test significance for normal 

distribution variables, to the Mann–Whitney test significance for non-parametric variables 

Table 29. Immune cell subsets at T0 and T1 in kidney transplant recipients. 

Immune cells 

 

T0 T1 p-value 

 

Monocytes (N) 653 ±244 538 ±197 0.001 

Monocytes (%) 7.6 ±2.9 6.6 ±2.2 0.006 

CD14++CD16- (N) 534 ±225 452 ±185 0.044 

CD14++CD16- (%) 85.5 ±8.5 83.5 ±11 0.419 

 

CD14++CD16+ (N) 25 (16-45) 

 

25 (20-42) 0.871 

CD14++CD16+ (%) 4.6 (2.8-7.3) 5.4 (4.0-8.4) 0.403 

CD14+CD16++ (N) 18 (13-28) 17 (10-25) 0.518 

CD14+CD16++ (%) 3.2 (1.9-5.4) 3.3 (2.3-4.8) 0.781 

Lymphocytes (N) 2083 ±817 1897±819 0.06 

Lymphocytes (%) 24.3 ±8.4 23.2 ±7.9 0.428 

T-lymphocytes (N) 1718 ±716 1578 ± 713 0.132 

T-lymphocytes (%) 81 ±8.2 81.3 ±7.7 0.774 

B-lymphocytes (N) 88 (33-140) 69 (24-151) 0.800 

B-lymphocytes (%) 4.3 1.9-6.7) 4.2 (1.9-5.8) 0.967 

NK cells (N) 274 ±176 234 ±130 0.068 

NK cells (%) 13.8 ±8.0 13.6 ±7.7 0.879 

CD4+ T-Cells (N) 965 ±455 917 ±468 0.366 

CD4+ T-cells (%) 46.7 ±9.4 46.6 ±11 0.967 

CD8+ T-cells (N) 713 ±356 642 ±332 0.060 

CD8+ T-cells (%) 34.0 ±9.3 34.1 ±10.8 0.948 

Tregs (N) 22± 14 20 ±16 0.626 

T Regs (%) 0.93 (0.63-1.71) 0.88 (0.62-1.48) 0.913 
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Values are expressed in mean (±SD) or median (IQR 25–75th percentiles). CD, cluster of 

differentiation; N, number per microliter; NK, natural killer; No, number; Tregs, T regulatory 

cells. 

 

Table 30. Univariate correlates of ΔeGFR and ΔUPCR in kidney transplant recipients. 

 

ΔeGFR ΔUPCR 

Monocytes % (T0) 

r=0.359, p=0.037 

B-lymphocytes % (T0) 

r =0.385, p = 0.027 

CD14++CD16+ N (T0) 

r=0.502, p=0.003 

CD14++CD16+ % (T0) 

r=0.438, p=0.008 

ΔCD14++CD14+ 

r=-0.339, p=0.05 

serum Albumin (T0) 

r=0.395, p=0.021 

Δuric acid 

r= 0.567, p<0.001 

CD4+ T-cells% (T0) 

r=0.352, p=0.044 

T-lymphocytes % (T0) 

r=-0.402, p=0.02 

CD8+ T cells % (T0) 

r=-0.603, p<0.001 

ΔHemoglobin 

r=0.385, p=0.027 

 

Correlations were assessed by Spearman’s or Pearson rank tests. Only correlations reaching 

statistical significance are presented. eGFR, estimated glomerular filtration rate; UPCR, urine 

protein to creatinine ratio; Δ, difference between values of eGFR and UPCR between T1 and 

T0 respectively. 

 

9. Discussion and conclusion 

 

9.1 Discussion 

 

There are substantial gaps in our understanding and addressing the unique 

mechanisms underlying the systemic impact of CKD on various organ systems both prior to 

and following organ transplantation. Thus, the identifications of novel, specific biological 

traits and clinical parameters which characterize CKD patients and KTRs would be of great 

significance and up to date. Accordingly, the timing and the inceptive pathogenic immune 

mechanisms underlying the subclinical cardiovascular damage in CKD remain to be clarified. 

To the best of our knowledge, this exploratory study is the first to indicate independent 

correlations between cellular components of the innate and acquired immune system and in 
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specific classical CD14++ monocytes, intermediate CD14++CD16+ monocytes, CD4+ T-cells, 

CD8+ T-cells and NK cells with the novel strain related echocardiographic indices of 

subclinical myocardial dysfunction in CKD patients and KTRs without established CVD. With 

regard to patients with CRS, to the best of our knowledge, this is the first report in the 

literature examining the profile of immune cell subtypes, including the CD14++CD16+ 

proinflammatory monocyte subpopulation, NK cells and lymphocytes subpopulations in 

patients with type 2 CRS as well as comparing the profile of immune cell subtypes in type 2 

CRS and patients with CKD but without established CVD. In addition, the potential 

associations of immune cells with clinical parameters, biomarkers and outcomes have not 

been studied in these patients with type 2 CRS until now. 

In the discussion, the most important results of the study will be presented. An attempt will 

be made to interpret them based on existing experimental and clinical knowledge and our 

findings will be compared with results from other relevant studies in CKD patients, if these 

are available, or with other high-risk populations for CVD. 

 

9.1.1 Monocytes subsets correlate with subclinical indices of LV function in CKD patients 

and kidney transplant recipients before the establishment of overt CVD and bear 

prognostic implications in type 2 CRS 

Monocytes subsets appear to be involved in the inflammatory pathways underlying the 

extracellular matrix deposition and cardiomyocyte hypertrophy as occur in diastolic 

dysfunction and HFpEF. Even though there is very little evidence available at present, it is 

plausible that the promotion of inflammation by monocytes and macrophages is directly 

associated with the development of myocardial fibrosis in HFpEF. Thus, increased monocyte 

number leads to an increase in collagen deposition and conversion of cardiac fibroblasts to 

myofibroblasts. In vitro studies of human cardiac myofibroblasts co-cultured with peripheral 

blood monocytes isolated from healthy human donors, showed that direct cell-cell 

interaction between monocytes and cardiac myofibroblasts promotes TGF-β release and 

subsequently local matrix remodeling (741). Clinical evidence regarding the role of blood 

monocytes in myocardial remodeling is scarce. A study of asymptomatic subjects with data 

available on the size of the common carotid artery and circulating total WBC counts showed 

that higher monocytes counts were independently correlated with an increased RWT and 

LVMI (742). Moreover, higher monocytes counts as well as a larger common carotid artery 

diameter were the strongest predictive factors for the development of HF and occurrence of 

all-cause death in the same cohort (742). A study including patients with arterial 

hypertension, LV diastolic dysfunction and HFpEF showed that the percentage of peripheral 

blood monocytes was more markedly increased in patients with LV diastolic dysfunction and 

HFpEF compared to hypertensive subjects (743). 

In CKD patients, higher peripheral blood monocyte counts have been associated with 

adverse kidney outcomes. Accordingly, in a large observational cohort study of more than 

1.5 million United States veterans followed for nearly ten years, a graded association was 

found between monocyte count and risk of development of CKD, risk of CKD progression 
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and development of kidney failure (744). Still, in the setting of CKD, the link and the 

prognostic role of peripheral blood monocytes to adverse LV myocardial remodeling 

remains obscure at present. Experimental models of impaired kidney function have shown 

expansion of cardiac macrophages, both through the proliferation of local subsets and via 

the influx and subsequent polarization of circulating monocytes whereas on the other hand 

monocytopenia appears to prevent the increase in resident macrophages and myocardial 

remodeling (503).  Our data are in accordance with evidence from non-CKD cohorts as we 

found a positive correlation of monocytes counts with RWT in CKD patients. Furthermore, 

increased monocytes counts were associated with impaired novel, subclinical strain and 

deformation related indices of LV function, including GLS, TWIST and UNTWIST in CKD 

patients and in KTRs. 

However, acknowledging the fact that the role of monocytes in CVD is complex and 

that distinct subsets of monocytes have been identified, which possess diverse properties 

with potentially detrimental or alternatively beneficial effects on myocardial remodeling, 

that however have not yet been determined, we further examined the association of 

monocytes subsets with classical and novel indices of subclinical myocardial dysfunction in 

CKD patients and KTRs. Taking into consideration models of hypertensive cardiomyopathy in 

order to draw potential similarities, a progressive decrease in the classical monocytes with a 

simultaneous increase in the percentage of CD16+ monocytes has been associated with 

increasing hypertension severity in hypertensive subjects (745). Thus, exposure of human 

monocytes to endothelial cells submitted to mechanical stretch promotes the 

differentiation of monocytes into the CD14++CD16+ intermediate and proinflammatory 

subtype. Similarly, according to findings from the MESA study, increments in the classical 

CD14++CD16- monocytes are associated with declining systolic blood pressure levels (515). 

Accordingly, a one standard deviation elevation in classical monocytes was associated with a 

decrease in the level of systolic BP by a 2.01 mmHg (95% CI 0.79–3.24) (515). 

On the other hand, in our CKD patients, we found a direct association of RWT, a 

measure of left ventricular concentricity broadly used as an index of LVH, with CD14++CD16- 

monocytes count (β = 0.447, p=0.004) whereas the correlation of this parameter with 

arterial hypertension was lost at multivariate analysis. Our finding is hypothesis generating, 

allowing us to speculate that diverse immune mechanisms may be implicated in the 

pathogenesis of LV hypertrophy in the setting of arterial hypertension and CKD respectively. 

Furthermore, our results are in line with evidence from another model of concentric 

ventricular hypertrophy due to pressure overload as occurs with aortic stenosis, which have 

shown an increased number of the classical CD14++CD16- monocytes in patients with severe 

aortic valve stenosis (746). Finally, we should take into account the available evidence from 

experimental studies indicating that it is the classical CD14++CD16-monocytes subtype that 

enters the myocardium and polarizes to become the pro-fibrotic macrophage subset, which 

in turn activates fibroblasts to synthesize more collagen and fibronectin, subsequently 

leading to augmented myocardial stiffness and eventually causing LVH and diastolic 

dysfunction (747, 748). Thus, the specificities of immune cell dysfunction in CKD should be 
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taken into consideration and future studies are required to clarify the possible implication of 

CD14++CD16- monocytes in uremic cardiomyopathy. 

Furthermore, we found in our study that the classical CD14++CD16- monocytes 

count was inversely associated with improvements in GLS following the administration of 

dipyridamole infusion both in CKD patients (β=0.320, p=0.036) and in KTRs (r= 0.455, 

p=0.012), albeit in the latter group the significance of the correlation was lost at 

multivariate analysis. This finding was further reinforced by the inverse association of the 

CD14++CD16- monocytes with systolic wall motion indices, such as with improvements in 

Sm and Sl following dipyridamole infusion (β=-0.516, p=0.01 and β=-0.707, p=0.000) 

respectively) and with LVEF (r= - 0.447, p 0.012) following dipyridamole administration, 

albeit the significance of the latter was lost at multivariate analysis, in KTRs. According to 

evidence from experimental models of ischemic myocardial dysfunction, the Ly6Chigh 

monocytes, the murine equivalents to human classical CD14++CD16- monocytes, are the 

first cells to be recruited during the initial proinflammatory phase of AMI, whereas later 

during the proliferation phase, Ly6Clow monocytes, equivalents to human CD16+ monocytes 

become the predominant cells regulating fibroblast function and angiogenesis (452, 477). 

On the other hand, data from clinical studies are few and heterogenous in terms of 

the aims and the populations involved. Classical CD14++CD16- monocytes are the first to be 

activated and accumulate following occurrence of MI and reach the highest levels nearly 

two and a half days after infarct onset, a chronological pattern that parallels the evolution 

of the monocyte subsets in response to injury (749). In patients with AMI, peak levels of the 

classical CD14++CD16- monocytes have been inversely associated with the magnitude of 

myocardium salvaged as well as with the recovery of left ventricular function (453). Of note, 

a decrease in classical monocytes counts has been observed following cardiac 

resynchronization therapy in the setting of HF, indicating a potential role of these cells in the 

myocardial remodeling process (750). Even though the pathogenesis of ischemic 

cardiomyopathy might bear significant differences compared to uremic cardiomyopathy and 

though mere associations are not an equivalent of causality, the inverse correlation of the 

classical CD14++CD16- monocytes with classical indices of LV systolic function as well as 

their association with impaired LV strain in the absence of established CVD, as we observed 

in our patients, support a potential link to the involvement of classical monocytes in the 

initial stages of the development of myocardial dysfunction in CKD and should prompt 

further investigation in this area. 

Overall, most available studies concur that the distribution of the monocyte subsets, 

shifts in CVD with respect to the cardiovascular phenotype as well as depending on 

temporal circumstances (749).  However, the etiology and the patterns of this shift in the 

setting of uremic cardiomyopathy still need to be elucidated. Other studies conducted in 

patients with HFpEF have found increased levels of all the monocytes subtypes, including 

the classical, intermediate and non-classical monocytes (741, 743). These findings along 

with ours underscore the relevance of CD14++CD16− monocytes in the myocardial 

responses during diverse clinical settings. Nevertheless, further investigation is required to 
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determine whether the classical monocytes play a direct role from the early stages in 

myocardial injury and the adverse remodeling associated with kidney disease as well as to 

clarify any potential singularities of the related inflammatory pathways in comparison to 

other disease states such as ischemic cardiomyopathy. 

An interesting finding of our study is the trend of independent correlations between 

the intermediate CD14++CD16+ monocytes with strain related LV myocardial performance 

indices, both in CKD patients and in KTRs. Thus, the CD14++CD16+ monocytes were the sole 

parameter associated with higher baseline GRS values in CKD patients (r= 0.351, p=0.04) 

whereas in KTRs they were directly associated with better LV Twist (β =0.416, p=0.015) and 

Untwist parameters (β =-0.742, p=0.009) as well as with improved GLS following 

dipyridamole infusion (β=-0.423, p=0.009). Previous studies have shown elevated counts of 

the intermediate CD14++CD16+ monocytes in patients with both acute and stable chronic 

HF. Additionally, direct associations have been observed between these the intermediate 

CD14++CD16+ monocytes and the severity of HF, the number of hospitalizations due to HF 

decompensation as well as HF related mortality (493). Similarly, the CD14++CD16+ 

monocytes are increased in patients with atrial fibrillations and are considered to promote 

the fibrotic remodeling of the atria through increased expression of TGFβ by these cells 

(523, 751). However, recent studies aiming to shed light on the mechanisms of various 

monocytes subsets recruitment in the dysfunctional myocardium and their involvement in 

myocardial remodeling, hint to potentially protective features of the intermediate 

monocytes as well (492, 524). Notably, a less marked decrease of the CD14++CD16+ 

monocytes levels at the first month following AMI has been associated with a better LVEF 

after six months (524). Findings from a recent study also involving patients with AMI, 

indicate a direct relationship between augmented collateral vessel formation and a higher 

percentage of the CD14++CD16+ monocytes in the circulation, which subsequently 

translated into beneficial effects regarding infarct healing and LV remodeling in these 

patients (752). About our results, a potential explanation, though speculative, would be that 

a compensatory augmentation in strain related myocardial performance indices is promoted 

in the setting of the microinflammatory milieu of CKD, which would subsequently lead to 

myocardial damage and remodeling. Accordingly, relying on the sole available data so far, 

which comes from MI models and aiming to find common ground between these findings 

and our results, we might make an assumption that the accumulation of the intermediate 

monocytes in the setting of myocardial tissue injury is required during the early stages of 

wound healing, however, the maladaptive persistence of the intermediate CD14++CD16+ 

monocytes beyond the initial repair process could lead to long-term inflammation-related 

deleterious effects in the myocardium (748). Notably, accumulating evidence indicates that 

the inflammatory response induced by the innate immune system can be physiological in 

certain circumstances and results in the promotion and the accentuation of cytoprotective 

responses that allow the heart to adapt to stress (748). So as to spark further controversy, 

we might further take into consideration the fact that the intermediate CD14++CD16+ 

monocytes produce among other mediators, the anti‐inflammatory IL‐10, which has been 
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found to exert beneficial effects promoting tissue repair and the resolution of inflammation 

following acute myocardial injury, thus preventing the development myocardial dysfunction 

in the setting of AMI. In contrast, IL-10 has been associated with adverse effects in the 

chronic setting as it appears to promote myocardial fibrosis and diastolic dysfunction in 

HFpEF (748, 753). Another anti-inflammatory cytokine, IL-4 which is mainly secreted by 

resident cardiac macrophages has been as well associated with profibrotic actions by 

stimulating collagen synthesis in cardiac fibroblasts through activation of STAT6 (754). Thus, 

in the TAC model, neutralization of IL-4 leads to improvement of fibrotic changes (754, 755). 

In line with the above, the fact that myocardial hypertrophy, triggered by various 

physiological or pathological stimuli, including hemodynamic stimuli, metabolic ones or 

infarction, remains above all an initial adaptive compensatory response of the heart, to 

injury, should be underscored (754). Accordingly, CKD and the related uremic environment 

might as well represent a specific injurious process to the myocardium, which in this setting 

undergoes a spectrum of changes from adaptive to maladaptive hypertrophy. Of note, the 

common pathways underlying the structural foundations of the progression from 

compensated hypertrophy to decompensated hypertrophy and HF, regardless of the 

pathophysiological background, remain undetermined (754). However, early activation of 

the inflammatory response pathways represents a reparative or protective action against 

the primary injurious stimuli whereas later on and following decompensation and overt HF 

development, the systemic activation of inflammatory signaling cascades has deleterious 

effects in the myocardium (754). Consequently, the apprehension of molecular and cellular 

immune mechanisms set in motion during the early remodeling process is essential so as to 

reverse it or at least to hinder its progression to overt HF. The seminal work by Levine et al, 

three decades ago revealed the tight link between HF and inflammation, with 

proinflammatory cytokines emerging as key factors for the initiation, coordination and 

perpetuation of the myocardial reaction to injury (756). 

Another great example of the pluripotent and multidirectional effects of 

inflammation is the paradigm of TNFα which among the inflammatory mediators is 

considered the master regulator of inflammation. Continuous and excessive expression of 

TNFα has been considered a major culprit which promotes transition from early cardiac 

remodeling to overt myocardial decompensation (754).  Furthermore, TNFα contributes to 

the adverse cardiac remodeling that occurs in the pressure-overload TAC model, as was 

demonstrated in TNFα-knockout mice (757). In contrast, strikingly, the results of the 

multicenter clinical trials conducted in HF patients using medications that inhibit TNFα, such 

as infliximab, an antibody against TNFα, and etanercept, a soluble recombinant receptor of 

TNFα, did not show any benefits or even led to HF worsening in these patients (758, 759). 

The disappointing results of these studies were subsequently translated in the revised 

cytokine hypothesis which took into consideration the complex impact of inflammation on 

the myocardium, including the beneficial short-term effects and the deleterious long-term 

consequences (754, 758, 759). 
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Actually, a significant body of evidence supports the hypothesis that short-term 

expression of the pro-inflammatory molecules might be beneficial and play the role of an 

early warning system (754, 760). Of note, with regard to pressure overload models, clinical 

data have shown higher myocardial TNFα gene expression in patients with compensated 

aortic stenosis compared to patients with decompensated stenosis, thus suggesting a 

potential adaptive role of TNFα during the early cardiac remodeling process and 

development of compensatory concentric LV hypertrophy (754). Inhibition of the TNFR (TNF 

receptor) 1 in TNFα overexpressing mice attenuates myocardial hypertrophic remodeling 

and protects myocardial function whereas on the other hand, inhibition of TNFR2 

exacerbates dilation and HF (754).  Accordingly, TNFR1 activation exerts pro-inflammatory, 

pro-hypertrophic effects and subsequently leads to the development of myocardial 

dysfunction, whereas co-activation of TNFR2 during β adrenergic stimulation in the setting of 

stress suppresses inflammation thus creating equilibrium with the adverse effects of TNFR1 

activation (754, 761, 762). In line with the above, increased expression and activity of NF-κB 

may exert contrasting effects to the myocardium such as reducing apoptosis on one hand 

whereas on the other leading to the development of various heart diseases (754). Thus, 

studies of patients with valvular disease have shown higher NF-κB activity and accentuated 

fibrosis in those with atrial fibrillation as compared to patients with sinus rhythm whereas in 

other clinical studies, a loss of function mutation of NF-κB was associated with increased risk 

of LV dysfunction as well as HF development and progression (763, 764). 

The altered Ca2+ entry is implicated in the pathological LVH development (765). An 

alternative Ca2+ entry pathway, independent of store-depletion, involves the key 

participation of the Orai3 molecule (765). CD11b/c inflammatory cells, including monocytes 

and macrophages in the myocardium appear to regulate store-independent activation of 

Orai3-calcium influx via a TNFα triggered TNFR2-dependent signaling pathway in the 

cardiomyocytes, which leads to the development of early, adaptive, augmented myocardial 

hypertrophy and simultaneously increased resistance to oxidative stress and delayed 

transition to HF (765). Global depletion of macrophages in arterial hypertension worsens 

cardiac function but improves fibrosis suggesting dual protective and pathological functions 

of the macrophage populations (754). CCR2+ monocyte-derived macrophages stimulate 

fibrosis in hypertension, which in turn reflects the activation of reparative or maladaptive 

processes. However, in the setting of extensive cardiomyocytes necrosis as occurs with MI, 

reparative fibrosis is a necessary process of crucial importance for the preservation of the 

structural integrity of the infarcted ventricle. Recent evidence from a TAC model of pressure 

overload indicates that early inflammatory cellular infiltration in the myocardium is 

associated with increased tissue and plasma levels of myeloid-derived growth factor 

(MYDGF), a proangiogenic factor linked to wound healing, which is secreted by monocytes, 

macrophages, as well as other immune cells. MYDGF inhibits cardiomyocyte hypertrophy 

through increased expression of the serine/threonine kinase PIM1 to increase expression of 

sarco/endoplasmic reticulum Ca2+-ATPase 2a (SERCA2a) (761). 
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Various pathophysiologic stimuli such as pressure overload, volume overload, 

metabolic dysregulation, and the uremic environment may cause interstitial and 

perivascular fibrosis with the participation of immune pathways (754). Notably, CKD is the 

classical example of premature aging and immune senescence is a classic example of CKD 

manifestations. Aging is associated with evolution towards a low-grade oxygen 

environment, where cardiomyocytes release pro-inflammatory cytokines and chemokines, 

stimulating an immune response. This leads to the increase in cardiac monocyte-derived 

CCR2
+ Ly6Chigh   macrophages, the so called “inflammaging”, which promotes the 

development of fibrosis (754). Considering the findings from other studies which are in 

parallel with ours, the results of our study are thought provoking and merit additional 

research considering the complex properties of the pro-inflammatory CD14++CD16+ 

monocytes regarding their potential implication in the pathogenesis of myocardial 

remodeling in CKD and following kidney transplantation. Overall, the question remains as to 

whether monocytes subsets and their functions should be considered as causal factors 

directly involved in the pathophysiological mechanisms of HF development or whether they 

are simple bystanders displaying pathological alterations in the setting of the HF milieu. 

Even though the implication of the pro-inflammatory CD14++CD16+ monocytes appears to 

be more prominent in HFpEF ,whereas the classical CD14++CD16- monocytes are mainly 

involved in HFrEF, further research is mandatory to clarify the interplay between monocytes 

subsets, related inflammatory mediators and other cardiac resident cells such as 

macrophages, fibroblasts, and cardiomyocytes (748). Furthermore, it is of paramount 

importance to examine the additional effects of comorbidities such as diabetes mellitus and 

the metabolic syndrome, anemia, arterial hypertension and chronic uremia, on the levels 

and properties of monocytes subsets so as to untangle the complex and intertwined 

underlying mechanisms. In particular, with regard to CKD, considering that the 

proinflammatory milieu is a major feature of the uremic environment, the high burden of 

comorbidities in this setting, as well as the establishment of subclinical myocardial abnormal 

function since early during the disease process, the definition of the specific roles of 

monocytes subsets remains a necessity.  As a result, considering the latest evidence on the 

novel therapeutic regimens targeting inflammatory pathways in order to reduce 

cardiovascular risk in CKD, future treatments directly aiming monocytes subsets might 

emerge (748). 

Of note, in our study we found increased levels of the pro-inflammatory 

intermediate CD14++CD16+ monocytes in CRS patients as compared to healthy controls [41 

(IQR, 24-78)/µL and 8 (IQR, 5.6-12)% vs 16 (IQR, 13-18)/µL and 3.67 (IQR, 2.54-4.41)%, 

p<0.001 and p=0.001] as well as to CKD patients [41 (IQR, 24–78)/µL vs 35 (IQR, 18–43)/µL, 

p = 0.04], albeit no significant differences were detected between other robust markers of 

inflammation such as CRP or ESR between the CRS and CKD cohorts. Although monocytes 

are considered an essential component of the inflammatory cascade in HF, relevant 

evidence until now has been based mainly on studies regarding monocyte-derived cytokines 

implicated in the pathogenesis of HF such as TNFα and IL-6 (766, 767). There are few and 
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relatively recently published studies which have found elevated CD14++CD16+ monocyte 

counts in patients with both acute and stable chronic HF as well as association of these pro-

inflammatory monocytes with HF severity and decreased GFR levels (493-495). In patients 

with HF, proinflammatory CD14++CD16+ exhibit accentuated ACE (CD143) expression (493). 

Notably, the CD14++CD16+ monocytes, in addition to producing TNFα, IL-1β and IL-10, also 

produce IL-13, an anti-inflammatory cytokine that may attenuate the adverse remodelling 

of the failing myocardium (495). Thus, according to our findings, subtle and possibly additive 

immune mechanisms might further aggravate the pro-inflammatory milieu of CKD in the 

setting of HF. 

Moreover, our results indicate a direct association between the pro-inflammatory 

CD14++CD16+ monocytes and adverse outcomes in type 2 CRS patients. This is in 

accordance with evidence from previous studies revealing that higher counts of 

CD14++CD16+ monocytes are associated with higher incidence of cardiovascular events and 

death in high atherosclerotic risk populations including non-end stage CKD and 

haemodialysis patients (460, 464). With regard to the aetiology of HF, we found increased 

levels of the CD16+ monocytes, that is both CD14++CD16+ [75 (IQR, 41–104)/µL versus 36 

(IQR, 22–61)/µL, p = 0.01] and CD14+CD16++ monocytes [37 (IQR, 35–49)/µL versus 21 (IQR, 

12–32)/µL, p = 0.02] in patients with non-atherosclerotic CVD compared to patients with 

ischemic CVD, however attempts to justify this finding would be speculative at present 

considering the paucity of relevant data in the literature. Thus, until very recently, the 

evidence for pathophysiological implication of monocytes in HF stemmed from HFrEF of 

mixed aetiology (464, 492, 493). Accordingly, patients with ischemic HF display similar levels 

of classical monocytes, increased levels of intermediate monocytes compared to patients 

with CAD but without established HF whereas the status of the non-classical monocytes 

remains controversial (492, 493, 768). Recent findings suggest that raised intermediate 

monocyte counts are observed in HFpEF as well (769). Regarding the non-classical 

CD14+CD16++ monocytes, we found an inverse association between them and LVEF in CRS 

patients. 

Finally,  it is worth mentioning that among our patients, KTRs compared to the CKD 

patients, displayed a higher level of the classical CD14++CD16- monocytes [479 IQR (354–

599)/μL and 87.1 (IQR, 83.6–90.1)% vs 366 (IQR, 258–438)/μL and 81.7 (IQR, 75.9–85.6)%, p 

= 0.001 and 0.000, respectively] together with a lower level of the pro-inflammatory 

CD14++CD16+ monocytes [4.6 (IQR, 2.8–7.3)% vs 8.2 (IQR, 5.9–11.3)%, p < 0.001] , which is 

in line with data from previous studies (468, 770). Thus, in CKD patients the intermediate 

CD144++CD16+ monocyte counts are higher than those in healthy subjects and appear to 

decrease early after transplantation (463, 468). A partial reduction in the CD16+ monocytes 

has been reported since early in KTRs, without however making distinctions between the 

intermediate CD14++CD16+ monocytes and the non-classical CD14+CD16++ monocytes 

(468). This reduction may be at least partly attributed to the reversal of the uremic 

environment following kidney transplantation (468). A prospective study of KTRs evaluating 

the phenotypic patterns of peripheral monocytes by multicolor flow cytometry showed that 
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the percentage of the classical CD14+CD16− monocytes increased one week following 

transplantation and despite a slight decline after one month, a further increase was 

observed one year later (770). On the contrary, the intermediate CD14+CD16+ monocytes 

decreased immediately after transplantation, they displayed an augmenting trend one 

month later but further declined one-year post-transplant (770). With regard to the 

percentages of non-classical CD14+CD16++ monocytes, they decreased substantially during 

the first week after transplantation remaining at lower levels compared to pre-transplant 

values and displayed a declining trend by the end of the first year (770). It should be taken 

into consideration that immunosuppression involving corticosteroids is a significant factor 

that may potentially influence and might induce a shift in the distribution of monocyte 

subsets, whereas therapies consisting of mycophenolate mofetil, CNIs and mammalian 

target of rapamycin inhibitors (mTORI) have not been shown to play a role (285, 468). 

Monocytopenia caused by steroid treatment has been demonstrated by many studies. In 

terms of the monocyte subpopulations, it has been shown that chronic low-dose steroids 

are associated with higher counts of the classical CD14++CD16- monocytes but by lower 

levels of the CD16+ monocytes (285, 468).  Both in vitro and in vivo data suggest that 

glucocorticoids cause a selective depletion of the CD16+ monocytes by inducing apoptosis 

of these cells in a caspase-dependent manner (468). 

Another notable finding of our study is the positive correlation between the 

intermediate CD14++CD16+ monocytes and serum phosphorus both in CKD patients (r = 

0.410, p = 0.006 ) as well as in KTRs (r = 0.33, p = 0.04). Elevated phosphate levels in the 

serum have been recognized as a major risk factor for CVD and CVD related mortality both 

in the general population as well as in CKD patients, however the pathophysiological 

background of the connections between phosphate and CVD have not been completely 

understood (771). Accumulating evidence supports a link between disturbances in 

phosphate homeostasis and inflammation (772). Calcitriol, PTH, and FGF23 have emerged as 

the main regulators of phosphorus homeostasis, with increased phosphorus levels 

stimulating PTH secretion, which enhances bone FGF23 formation and the release as well as 

the synthesis of calcitriol by the kidneys whereas on the other hand, FGF23 suppresses PTH 

and calcitriol levels (772). Additionally, αKlotho is an essential player in the FGF23 axis, both 

as a regulator of FGF23 synthesis and as a necessary cofactor binding intact FGF23 and 

making possible its signaling (772). Particularly, the role of systemic inflammation in the 

regulation of FGF23 production has gained much attention as stimulation of FGF23 

production and secretion by IL-1β, IL-6, and TNF has been shown (772). Impaired 

phosphorus clearance in the setting of CKD leads to raised levels of FGF23 very early during 

the course of CKD, paralleled by a fall in αKlotho and calcitriol levels, whereas PTH and 

phosphorus increase only later during CKD progression (772). A great body of evidence 

supports a direct link of phosphorus with pro-inflammatory effects and an association of 

phosphorus levels and inflammatory markers such as CRP, TNF and IL-6 has been found in 

CKD patients whereas the administration of phosphate binders is associated with reduced 

levels of these inflammatory markers (772-774). Experimental studies indicate a direct 
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effect of phosphorus overload on cardiac remodeling, including LVH and fibrosis and altered 

phosphate metabolism is associated with LVH in CKD patients (772, 775, 776). Treatment of 

hyperphosphatemia results in reduced serum FGF23 levels together with regression of LVH 

in hemodialysis patients (772, 775, 776). Similarly, FGF23 appears to promote myocardial 

hypertrophy and fibrosis through various mechanisms, including activation of mitogen-

activated protein kinase (MAPK) signaling and increases in the expression of Early Growth 

Response 1 (Egr1) (772, 777). Additionally, FGF23 temporarily augments intracellular 

calcium levels in primary cardiomyocytes and contractile force in ex vivo ventricular muscle 

strips (772, 777). Accordingly, several CKD animal models investigating the role of FGF23 in 

LVH have shown that markers of LVH, ANP, BNP and β-myosin heavy chain (Myh7) mRNA 

expression are upregulated in response to FGF23 (772, 777). Furthermore, in adenine diet-

induced CKD rats, increased plasma FGF23 concurred with vascular calcification and 

increased pulse pressure, pulse-wave velocity as well as increased LVMI (772). Yet, the 

interaction of phosphorus, FGF23 and calcitriol with inflammation remains a subject of 

ongoing investigation. Accordingly, human PBMCs express αKlotho and FGFR 1, 2, and 4 

receptors (772). In addition, activation of TLR1 and TLR2 and subsequent increase in IL-15 

and IFNγ in the innate immune response triggers local calcitriol production by monocytes 

and macrophages by up-regulation of Cyp27b1 mRNA expression (772). Calcitriol 

subsequently activates the vitamin D receptor in an auto- or paracrine way and up-regulates 

cathelicidin, a protein with antimicrobial activity (772). On the other hand, reduced calcidiol 

levels or inhibition of 1-α-hydroxylase or of the vitamin D receptor suppresses the innate 

immune response (772). Notably, FGF23 inhibits IL-15-dependent stimulation of Cyp27b1 

expression and calcitriol production in PBMCs (772). Taking into consideration available 

evidence supporting a strong association between cardiac hypertrophy and fibrosis with 

plasma phosphate concentration and improvements in the cardiac remodeling process after 

correction of hyperphosphatemia as well as the complex involvement of phosphate, FGF23 

and Vitamin D in the inflammatory pathways, further investigation of the potential links of 

the pro-inflammatory CD14++CD16+ monocytes with the CKD-MBD axis would be 

appropriate. 

With regard to the non-classical CD14+CD16++ monocytes, we found higher counts 

in CKD patients compared to normal controls [25 (IQR, 19-36)/µL vs 19 (IQR, 10-21)/µL, 

p=0.044] and KTRs [25 (IQR, 19–36)/μL and 5.8 (IQR, 4.3–8.2)% vs 18 (IQR 13–28)/μL and 3.2 

(IQR, 1.9–5.4)%, p = 0.001 and 0.000, respectively]. In addition, we found an inverse 

correlation of the non-classical monocytes with RWT in CKD patients (r= −0.53, p=0.001) as 

well as a direct association with indices of systolic function in KTRs, i.e. improvement in Sm 

following dipyridamole infusion (r=0.643, p=0.01), albeit all the aforementioned correlations 

lost their significance in the multivariate analysis. The CD14+CD16++ monocytes remain the 

least understood subtype in the literature. However, available data suggest a complex role 

of non-classical monocytes which produce both anti-inflammatory cytokines such as IL-10 in 

response to bacterial stimuli as well as pro-inflammatory cytokines in a TLR7-mediated 

response against viruses and nucleic acids. Furthermore, the non-classical monocytes are 
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involved in the initiation of the recruitment and activation of other innate immune cells, like 

NK cells and neutrophils via TNF-α-induced upregulation of E-selectin on the endothelial 

cells (748, 749). Overall, considering the patrolling function of the non-classical monocytes 

in the vascular endothelium and the removal by them of cell debris via Fcγ-mediated 

phagocytosis, the main function of the CD14+CD16++ monocytes, appears to be the 

maintenance of the vascular integrity (748, 749). Furthermore, the non-classical monocytes 

participate in the resolution of inflammation, as they appear to differentiate into wound-

healing macrophages and they display increased expression of miR-150 and miR-21 (748, 

749). Even though there is paucity of data on their tissue-specific effects, CD14+CD16++ 

monocytes appear to bear a significant protective association with all-cause death in 

patients with HF (778). Thus, considering that due to the low counts of the intermediate 

CD14++CD16+ and non-classical CD14+CD16++ monocytes compared to the classical 

CD14++CD16+ monocytes in the circulation, most studies have evaluated them together as 

a pool of CD16 positive monocytes, which does not allow for a clear interpretation of their 

results or the specification of the unique properties and functions of each subset (749).  

Accordingly, more studies focusing on the functional differences between the intermediate 

and non-classical monocytes with regard to CKD and CVD are mandatory. 

 

9.1.2 T-lymphocytes subsets display different patterns of association with the subclinical 

indices of LV function in CKD patients and in kidney transplant recipients 

Among the T-cells subpopulations, it appears that the CD4+ T-cells are the dominant 

immune mediators involved in the remodeling process that occurs in the post-ischemic 

myocardium and in maladaptive myocardial hypertrophy (633, 634). Accordingly, in 

ischemic models of HF, CD4+ T cells have been associated with ischemia and reperfusion 

injury during the early phases following AMI as well as with the development of interstitial 

myocardial fibrosis during the chronic phase, via the release of fibrosis promoting cytokines 

such as IL-4 and IL-13 (645). CD4+ T-cells have been implicated in the fibrotic process, LVH 

and eventually HF in the setting of pressure overload (609, 610, 614, 616). Mice lacking B 

and T lymphocytes due to depletion of recombination activating gene 2 expression 

(RAG2KO), a gene that encodes the enzyme necessary for rearranging and recombining the 

genes for both TCR molecules and immunoglobulins, did not develop cardiac dilation, 

displayed improved contractile function and attenuated adverse remodeling compared with 

wild-type mice in the setting of TAC (609). Furthermore, elevated secretion of the T-cell 

growth factor IL-2 after ex vivo TCR stimulation has been observed in TAC induced HF (609). 

Mice deficient in CD4+ T-cells submitted to TAC, did not display collagen deposition and 

cross-linking within the myocardium as well as did not develop ventricular dilation and 

dysfunction, in contrast to their wild type counterparts which manifested prominent 

myocardial fibrosis, ventricular dilation and dysfunction (609). Administration of anti-CD3 

antibody injections to deplete T cells in CKD mice with CKD led to significant improvements 

of both myocardial strain and diastolic function as indicated by E/A ratio, isovolumic 

relaxation time, and myocardial performance index without causing any changes in LVH, 
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thus supporting the conclusion that reduced T cell number rather than sustained cytokine 

release mediate the improvement in cardiac function (656). We may further infer from 

these findings that the diastolic dysfunction in the mouse model of uremic cardiomyopathy 

occurs independently of LVH development (656). Nonetheless, there is paucity of clinical 

studies regarding the implications of T-cells subpopulations in CKD related LV remodeling. 

CD4+ T-cells producing interleukin-17 and INF-γ, are higher in hypertensive patients 

compared to healthy subjects (654). About CKD, T-cell phenotyping in the setting of kidney 

dysfunction has revealed an association between the senescent CD4+ T-cells and improving 

diastolic function (656). Accordingly, clinical data from a small cohort of children with CKD 

showed that T cell phenotypes correlated with structural and functional echocardiographic 

indices of myocardial function (656). Increased levels of T cells expressing the activation 

markers PD-1 and/or CD57 were associated with impaired diastolic function as represented 

by the E/E’ ratio (656). Additionally, the loss of naïve T cells was associated with 

exacerbation of LVH whereas the accumulation of terminally differentiated effector memory 

CCR7−CD45RA+ CD4+ T cells displayed a moderate association with improved diastolic 

function in the same pediatric cohort, thus allowing us to speculate that CD4+ memory T 

cells represent senescent cells which are functionally unable to affect cardiac function (656). 

Notably, a reduced CD4+ to CD8+ ratio, as observed in the setting of continuous antigen 

stimulation or advanced aging, displayed a significant association with worsening diastolic 

function and with increased left ventricular mass in CKD children (656). 

The results of our study pair well with the currently available evidence as presented 

above. Overall, with regard to T cells, we found an inverse correlation between T cells with 

LVEF in CKD patients (r= −0.364, p=0.029) as well as with improvements in the LVEF 

following dipyridamole infusion in KTRS (r= −0.475, p= 0.007). In specific, we found a 

negative correlation of CD4+ T-cells with LVEF in CKD patients (β= -0.451, p=0.009) as well as 

with the dipyridamole induced improvement of LVEF in KTRs (β= -0.378, p=0.024). Likewise, 

in KTRs we found a negative correlation of CD4+ T-cells both with MAPSE (β= -0.359, 

p=0.016), a sensitive marker of early systolic dysfunction and TAPSE (r= -0.456, p=0.001), a 

marker of right ventricular function, although the latter was lost following multivariate 

analysis. In accordance with the above, with regard to strain related indices of LV function, 

CD4+ T-cells were inversely correlated with dipyridamole induced improvements in GLS in 

KTRs (β= 0.403, p=0.012). Considering that CKD results in the systemic accumulation of 

proinflammatory T cells that play a causal role in myocardial pathology, future research 

targeting T cell function is needed for discovering new treatments aiming to attenuate early 

subclinical myocardial dysfunction in the setting of CKD. 

In contrast to CD4+ T-lymphocytes, the currently available evidence, albeit scarce, 

points to a complex role of the CD8+ T cells in the development and progression of CVD. In 

experimental arterial hypertension models, wild type mice undergoing adoptive transfer of 

CD8+ T-cells from hypertensive mice, developed salt sensitive hypertension (649, 650). In 

specific, IFNγ is considered to largely mediate the interaction of CD8+ T cells with the 

nephron structures, eventually leading to sodium retention (649, 650). Accordingly, CD8+ T 
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cells have been shown to augment arterial resistance in a three-dimensional culture model 

of hypertension as well as display upregulation of gene pathways involving chemotaxis and 

response to IFNγ in prehypertensive mice (652). Furthermore, an increased proportion of 

immunosenescent, proinflammatory CD8+ T cells have been found in hypertensive patients 

(655). On the contrary, with regard to myocardial remodeling, post-myocardial infarction 

mice lacking functional CD8+ T-cells displayed delayed removal of necrotic debris and 

defective scar formation, inferring a profibrotic role of CD8+ T- cells in the myocardium 

(641). Mice lacking mature CD4+ T cells but with normal CD8+ T-cells were protected from 

LV fibrosis, dilation and contractile dysfunction whereas mice lacking CD8+ T cells developed 

adverse remodeling and HF in the TAC pressure overload model, thus suggesting that only 

the CD4+ T-cell subset plays a determining adverse role in cardiac dysfunction (609). We 

found an independent association of CD8+ T-cells with both LV twist (β= 0.405, p=0.021) and 

untwist (β= -0.367, p=0.036) in patients with CKD. Notably, LV torsion as represented by the 

systolic twist and the diastolic untwist rates, is greater in hypertensive than normotensive 

individuals, which might be ascribed to a compensatory mechanism in the setting of 

increased aortic stiffness during the early stages of hypertensive cardiomyopathy (779). 

Furthermore, augmented left ventricular twist and twist rates have been observed in 

asymptomatic CKD patients and appear to be compensatory to impairments in GLS and GRS, 

suggesting a pattern of subendocardial injury, the effects of which are compensated by the 

epicardial myocardial fibers which translate in increased LV twist (87). Thus, considering the 

above, the implication of CD8+ T-cells in arterial hypertension and the absence of 

established CVD in our patients, further investigation is needed to shed light on the 

pathways linking CD8+ T-cells, arterial hypertension and myocardial remodeling in the 

setting of CKD before the development of overt myocardial dysfunction. 

 

9.1.3 Lymphocytes subsets are predictive of adverse outcomes in patients with type 2 CRS. 

The results of our study showed lower levels of total lymphocytes, T lymphocytes 

(1227 ±510/µL vs 1672 ±387/µL, p=0.025) and B lymphocytes [68 (IQR, 31-104)/µL and 4.2 

(IQR, 2.2-9.0)% vs 224 (IQR, 171-261)/µL and 10.3 (IQR, 8.5-11.3)%, p<0.001 and p=0.014 

respectively] in patients with type 2 CRS compared to healthy controls as well as lower 

levels of total lymphocytes (1557 ± 691/µL vs 1920 ± 545/µL, p = 0.04) in patients with type 

2 CRS compared to their CKD counterparts. Strikingly, an inverse association of lymphocytes 

counts with mortality was observed in CRS patients. Likewise, levels of lymphocytes 

subpopulations and specifically, T-lymphocytes, CD4+ T cells and CD8+ T-cells were 

independently associated with survival in our cohort of CRS patients (p < 0.05 for all). Our 

results pair well with those from previous studies linking reduced lymphocyte count with 

adverse prognosis in HF patients (780-782). Several past studies conducted in patients with 

chronic HF have shown that in the stable outpatient setting lymphocyte counts predict 

survival up to one year following measurement (780-782). The Seattle Heart Failure Model 

(SHFM) is a calculator of projected survival at baseline and after interventions for patients 

with HF (783). The score indicates that the percentage of peripheral blood lymphocytes 
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together with NYHA class, ischemic aetiology of HF, diuretic dose, EF, systolic BP, sodium, 

haemoglobin, uric acid and cholesterol, each had independent predictive power for 

predicting death in patients with HF (783). Of note, the renal function was not an 

independent predictor of adverse outcomes in the SHFM (783). The most accepted 

lymphopenia mechanism in HF is a state of chronic subclinical stress, inflammation and 

sympathetic activation, otherwise known as the neuro-immuno-hormonal axis (784, 785). 

High cortisol levels, stimulation of beta-adrenergic receptor in the lymphocytes due to 

increased sympathetic tone and elevated cytokines, have all been shown to cause 

lymphopenia (784, 785). Peripheral congestion may lead to lymphocyte loss and endotoxin 

transfer, whereas endotoxin may induce apoptosis of specific subtypes of lymphocytes, 

resulting in lymphocytopenia (784, 785). Yet, the most significant finding of our study was 

that in the multivariate model including all six immune cell subsets, only the CD4+ T-

lymphocytes remained independent predictors of mortality (OR 0.66; 95% CI 0.50–0.87; p = 

0.004), further reinforcing the previously presented evidence regarding the deleterious role 

of the CD4+ T cells in HF. 

With regard to indices of kidney function, we showed that eGFR levels in CRS 

patients were positively associated with total lymphocytes (r = 0.427 p = 0.007), T-

lymphocytes (r = 0.425 p = 0.007) as well as CD4+ T-cells (r = 0.439 p = 0.005) counts which 

is in line with available findings from studies conducted in patients with advanced stages of 

CKD (340). Furthermore, we detected an inverse association between the ratio of CD4+ T 

cells to CD8+ T cells with proteinuria in CRS patients (ρ = 0.401, p = 0.02), despite overall low 

mean levels of proteinuria in patients with CRS compared to CKD patients. Considering that 

proteinuria is a marker for both progression of CKD and increased cardiovascular morbidity 

and mortality, larger studies are needed in the future so as to clarify the pathophysiological 

and prognostic role of these findings (786). Interestingly, we found that lower B-

lymphocytes counts were associated with an adverse lipid profile. Recent data indicate that 

B cells regulate atherosclerotic plaque formation through production of antibodies and 

cytokines and their effects are subset specific, thus future research will further evaluate 

their role in atherogenesis (702). 

 

9.1.4 Natural killer cells correlate with indices of subclinical myocardial dysfunction and 

are differentially expressed in CKD patients and patients with type 2 CRS 

 

Studies on NK cells in HF are very limited. Interestingly, in our study we detected an 

independent correlation of NK cells both with E/A ratio (β= -0.387, p=0.017) as well as with 

GLS (β= -0.362, p=0.038) in KTRs only. These results appear controversial at first sight 

considering that a physiological reduction in E/A ratio is observed with aging whereas the 

relationship of this index with LV diastolic function is more complex and should be 

evaluated in combination with other markers, including the E/E' ratio. Accordingly, in a 

previously published study of patients undergoing peritoneal dialysis, we found that 

patients with higher NK cell levels had a higher E/E’ ratio (787). In addition, apart from an 
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increased E/E’ in heart ultrasound, our previous study results indicated that increased NK 

cells were linked to fluid overload in PD patients, determined either as overhydration by 

lung ultrasound or by BCM measurements (787). We also found a direct correlation 

between increased NK cell counts and a fast peritoneal transport status in the PD cohort 

with faster peritoneal transport status in PD patients being associated among others with 

intraperitoneal and systemic inflammation (787). Altogether, until now available data 

suggest that fluid overload is significantly and reciprocally associated with systemic micro-

inflammation and it is more frequent in fast transporters. Accordingly, we found a direct 

correlation between both NK cells count and percentage with ESR in our KTRs. 

An inverse correlation between NK cells and proteinuria was observed in CKD 

patients (r= −0.302, p = 0.04). We should take into consideration that proteinuria and in 

particular albuminuria is a hallmark of glomerular damage, whereas chronic inflammation is 

an established mediator between microalbuminuria and development of macrovascular 

disease. Thus, in the CRIC study participants, the plasma levels of proinflammatory cytokines 

and positive acute phase proteins were higher in participants with lower levels of kidney 

function and higher levels of albuminuria (220). A reciprocal relationship has been indicated 

between inflammatory mediators and albuminuria, with proinflammatory cytokines being 

pathogenically involved in promoting proteinuria, whereas albuminuria might selectively 

activate cytokines which induce hepatic albumin and fibrinogen synthesis (220). NK cells are 

a significant source of the proinflammatory cytokine IFN-γ in the fibrotic kidney and appear 

to be actively involved in the progression of CKD, regardless of the underlying cause of 

kidney disease (788).  In human models of kidney fibrosis, NK cells located in the renal 

interstitium express the NK cell receptor NKp46 which is able to recognize stressed cells and 

in the setting of chronic inflammation, NK cells could exert direct cytotoxic effects on 

damaged tubular epithelial cells. Furthermore, kidney NK cells have been shown to produce 

IFN-γ which could promote the production of proinflammatory mediators by kidney 

parenchymal cells as well as promote the activation of the pro-inflammatory local 

macrophages, thus perpetuating renal inflammation (220).  On the other hand, while NK 

cells are likely to participate in the development of interstitial kidney fibrosis in CKD in 

humans, there is no evidence indicating a significant role of NK cells in the setting of 

glomerular injury. A potential explanation for the inverse correlation detected between NK 

cells and proteinuria in our CKD patients, might be ascribed to the accumulation of NK cells 

in the kidney tissue which would be translated into fewer NK cells in the circulation. 

Additionally, NK cells might exert different functions and selectively express different 

properties in various CKD stages, including end-stage CKD and kidney transplantation. In 

conclusion, the multifaceted nature of NK cells and their role in the propagation versus 

modulation of inflammation remains at present a subject of dispute. 

In addition, it should be noted that inflammation itself has been associated both 

with the induction of NK cell apoptosis and augmented proliferation in the setting of 

cytokine stimulation. 
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Results from the MESA study, point out a direct relationship between increments in 

NK cells with higher average systolic blood pressure levels (515). Accordingly, NK cells 

produce cytokines such as IFN-γ and IL-17 that have been shown to be related to arterial 

hypertension (515). Thus, as already previously described IFN-γ knockout mice did not 

respond to angiotensin II induced hypertension and appeared protected from angiotensin II 

induced vascular and kidney dysfunction (515, 547). Yet, results from the MESA study did 

not show an association between other IFN- γ producing adaptive immune cells, such as Th1 

lymphocytes with blood pressure (515). On the other hand, we also found that higher NK 

cell counts were associated with improved LV systolic function as well as strain and 

deformation indices in KTRs. Experimental data point out a cardioprotective, antifibrotic 

role of NK cells in the setting of HF, via production of IFNγ, suppression of cardiac myocyte 

apoptosis and collagen deposition, as well as increases of neovascularization (570, 571). 

Thus, NK cells appear to be involved in the regulation of the proliferation phase following 

cardiac injury, during which NK cells prevent the development of cardiac fibrosis by directly 

limiting collagen formation of cardiac fibroblasts and the accumulation of specific 

inflammatory and profibrotic cell populations, including eosinophils (789). Furthermore, NK 

cells interact with cardiac endothelial cells to expand vascularization and angiogenesis 

following MI (788). Although depletion together with modulation of the phenotypic and 

cytotoxic characteristics of NK cells may contribute to the immune dysfunction in advanced 

CKD, the role of these alterations in the pathogenesis of CKD associated CVD remains 

currently hypothetical and requires further investigation (291). We found lower levels of NK 

cells in patients with type 2 CRS compared to healthy controls which pair well with findings 

from studies conducted in patients with HF (568, 569). In addition, our results showed lower 

levels of NK cells [148 (IQR, 103–258)/µLvs 324 (IQR, 179–368)/µL, p = 0.001] in patients 

with type 2 CRS compared to their CKD counterparts as well as in CRS patients with chronic 

atrial fibrillation compared to those without [133 (IQR, 79–173)/µL versus 260 (IQR, 151–

314)/µL (p = 0.01)]. The depleted NK cells levels in HF and advanced CKD have been ascribed 

to the chronic inflammatory state and upregulation of Il-6 pathways which induces NK cell 

dysfunction and anergy (569). 

There are scarce data regarding the implications of NK cells in patients with CRS. A 

study aiming to characterize the immune landscape of the kidney throughout AKI-CKD 

transition in the setting of type 1 CRS showed that innate immune cells are the first to 

infiltrate the kidney, including neutrophils and NK cells (789). NK cell infiltration 

immediately preceded mesenchymal cell expansion, suggesting that transient NK cell 

infiltration induces long-lasting changes in the kidney (790). As a result, further research so 

as to clarify and specify the role of NK cells within the heterogenous pathological entities 

included in the CVD and CKD spectrum. 
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9.1.5 T regulatory cells display altered expression in CKD patients and in kidney transplant 

recipients 

In our study , we found that Tregs had lower counts both in  KTRs [19 (13-28)/µL vs 

57 (38-68/µL and 0.93 (0.63-1.71)% vs 1.9 (1.7-3.4)% respectively] compared to healthy 

control subjects, whereas the lower level of Tregs observed in KTRs compared to CKD 

patients [19 (IQR, 13–28)/μL and 0.93 (IQR, 0.63–1.71)% vs 33 (IQR, 19–48)/μL and 1.75 

(IQR, 1.13–2.44)%, p = 0.002 and p< 0.001, respectively] might potentially be ascribed to the 

effects of immunosuppression. These findings are in line with other CKD populations such as 

patients with diabetic nephropathy who have reduced levels of CD4+ CD25+ Foxp3+ Tregs in 

the periphery, which negatively correlate with the UACR (791). Moreover, regarding the role 

of Tregs in transplantation, the effect of current and novel immunosuppressive agents on 

Tregs and their interactions with Tregs have been overlooked until now. Accordingly, 

available immunosuppressive regimens have not evolved with consideration of their effects 

on Tregs. Having in mind the immunoregulatory and immunotolerance promoting role of 

the Tregs, novel therapies that do not themselves negatively affect Tregs function in vivo, as 

occurs with mTOR inhibitors at present, are needed. Finally, we found no significant 

association between Tregs and subclinical indices of LV dysfunction. Experimental data 

suggest a protective role of Tregs from the development of arterial hypertension and 

pressure overload induced myocardial hypertrophy, thus larger clinical studies are required 

to elucidate potential alterations in the features and behavior of Tregs in CKD and related 

cardiovascular complications (625). The role of Tregs in CVD and CKD has attracted a great 

deal of research interest during the last years however available evidence is controversial. 

We found decreased levels of Tregs in patients with type 2 CRS compared to CKD patients, 

although the association was lost after correcting for triglycerides levels. Moreover, lower 

levels of Tregs were observed in patients with CRS and atrial fibrillation compared to 

patients with siunus rhythm [32 (IQR, 21–43)/µL vs. 47 (IQR, 34–85)/µL, p = 0.006]. Initial 

studies showed depletion of Tregs in patients with HFrEF, however recent data indicate that 

there might be a change of the Tregs phenotype towards a profibrotic one in the chronic HF 

setting (682, 695, 700). 

 

9.1.6 Strengths and limitations of the study 

Our study provides preliminary but noteworthy evidence regarding the potential 

associations between a selected panel of immune cells subsets in the circulation with an 

array of echocardiographic indices of subclinical myocardial dysfunction in CKD patients and 

KTRs. The main strength of our study is the research question. Thus, the investigation of 

immune mechanisms involved in the pathogenesis and progression of CVD in CKD and 

kidney transplantation as well as their prognostic role remain currently an uptodate and 

trending research topic. Yet, there are very limited data available until now regarding the 

potential association of immune cell subsets with the development of preclinical myocardial 

dysfunction in CKD and kidney transplantation as well as regarding their role as 

cardiovascular risk markers.  Considering the evolution of immune therapies in CVD, such as 
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monoclonal antibodies targeting interleukin signaling pathways for the treatment of 

atherothrombosis, the elucidation of specific immune mechanisms is of paramount 

importance for the development of novel targeted agents addressing myocardial 

dysfunction in high-risk populations such as CKD patients. Another strength of our study is 

its design in terms of including a cohort of homogenous patient groups. Thus, we included 2 

homogenous groups, CKD patients and KTRs respectively, in terms of clinical characteristics 

and specifically with no established CVD. Additionally, we included a third group, a 

homogeneous cohort of patients with type 2 CRS in terms of clinical characteristics who 

were matched by gender and eGFR to a subgroup of patients from the CKD cohort, in order 

to make adequate comparisons. In addition, the prospective arm of the study with an 

appropriate follow-up duration and an inclusive combined endpoint allowed us to examine 

the predictive value of immune cells subsets for hard adverse outcomes. 

Nonetheless, there are some limitations that need to be mentioned. First, it was a 

single center study. Second, the sample size was relatively small, but this fact was 

counterbalanced partially by the longitudinal design of the study. Third, the observational 

and cross-sectional nature of the study arm evaluating correlations of immune cells sub-

populations with subclinical indices of myocardial dysfunction in CKD patients and KTRs 

precludes us from drawing conclusions about causality in the associations detected between 

immune cell subsets and conventional and novel deformation related indices of left 

ventricular function in our CKD patients and KTRs. Yet, investigation of causality was not 

included in the study aims and this is an exploratory and preliminary study, first and 

foremost designed to detect associations in an obscure research field. Notably, the fact that 

our results are hypothesis generating should be underscored. In line with the above, with 

regard to patients with type 2 CRS, the key limitations are the small sample size, gender 

limitations and its observational nature which does not allow us to confirm causality in the 

associations found between circulating immune cells, clinical variables and patient 

outcomes. Moreover, we examined the expression of a selected panel of immune cell 

subsets in the peripheral blood; however the alterations of their functional characteristics 

and their potential consequences remain to be assessed. 

 

9.2 Conclusions 

 

Immune cell subsets, including classical CD14++CD16 and intermediate 

CD14++CD16+ monocytes, NK cells and lymphocytes subsets independently correlate with 

subclinical indices of myocardial dysfunction, including left ventricular strain and torsion-

related parameters, in patients with CKD and in KTRs without established CVD. Our findings 

provide novel insights suggesting a potential role for specific immune cell phenotypes for 

CKD-related cardiomyopathy, even at a preclinical stage. Taking into consideration that 

subtle alterations in left ventricular function commence early in CKD, future mechanistic 

studies are required to shed light on the potential pathophysiological significance of the role 

of specific immune cell subsets during the initial phases of myocardial remodelling in these 
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patients. Prospective studies are highly needed to clarify the utility of immune cell 

populations as potential prognostic markers for development of cardiomyopathy. Finally, 

development of interventions that modulate the expression and activity of specific immune 

cell subsets might represent a new target of remarkable therapeutic prospect for uremic 

cardiomyopathy. In our cohort, patients with CRS-2 exhibit clear alterations of the immune 

cell subsets profile in the circulation compared to CKD patients of similar kidney function 

but without established cardiovascular disease. Our findings suggest that distinct immune 

mechanisms might be involved in the pathogenesis or during the chronic clinical course of 

CKD in the setting of heart failure as compared to CKD without established CVD. Future 

research is required to elucidate further and specify the pathophysiological role of immune 

cell subpopulations as well as evaluate their potential value as markers of prognostic 

significance. 

 

Summary 

 

“A study of the immune system in patients with chronic kidney disease and kidney 

transplant recipients – correlations with markers of cardiovascular disease.” 

 

Cardiac remodeling is a hallmark of chronic kidney disease (CKD) manifesting as 
myocardial fibrosis, left ventricular hypertrophy (LVH), impaired myocardial strain and 
eventually left ventricular diastolic and systolic dysfunction. Kidney transplantation is 
associated with significant improvements in left ventricular size and function, as well as 
regression of LVH, otherwise known as reverse remodeling. Nevertheless, subclinical 
abnormalities in the biventricular strain may be observed in kidney transplant recipients 
(KTRs) even when other classical indices of myocardial function such as ejection fraction (EF) 
are normal. Maladaptive activation of the immune system plays an essential role in the 
pathogenesis of CKD and cardiovascular disease (CVD). The role of immune system 
components in the development of myocardial remodeling in CKD and kidney 
transplantation remains an open question. Likewise, little evidence has been generated until 
now regarding potential alterations of the cellular components of the immune system in 
patients with CKD due to heart failure, as occurs in type 2 cardiorenal syndrome (CRS-2). 

We therefore conducted a cross-sectional study in a cohort of non-end-stage CKD 
patients and KTRs without established CVD to investigate for the first time the relation of a 
selected panel of immune cell subpopulations in the peripheral circulation with classical and 
novel, strain-related indices of myocardial performance as evaluated by two-dimensional 
STE. In addition, we investigated the expression of a selected panel of immune cell subsets 
in the peripheral blood of a cohort of CRS-2 patients and subsequently made comparisons to 
a group of patients with CKD but without established CVD matched for gender and 
estimated glomerular filtration rate (eGFR). We further examined the clinical correlations as 
well as the prognostic value of specific immune cells with respect to overall and 
cardiovascular mortality in patients with type CRS-2. 

There were enrolled 44 consecutive patients with CKD and without established CVD, 
who were under regular follow-up by our outpatient nephrology clinic and 38 KTRs without 
established CVD who were under follow-up by the kidney transplant unit of our hospital as 
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well as 39 stable male patients with CRS-2 under regular follow-up by the outpatient chronic 
heart failure and CKD clinic of our hospital. After baseline evaluation, patients with CRS-2 
were followed until the end of the established observation period, or the study endpoint 
was reached, which was defined as a combined outcome of all-cause mortality and 
cardiovascular mortality. 

The peripheral blood immune cell subsets analysis was performed by flow 
cytometry. Accordingly, CD14++CD16-, CD14++CD16+, and CD14+CD16++ percentage and 
the absolute number of cells out of the total monocytes, as well as NK cells 
(CD3+CD16+56+), CD3- CD19+ B-lymphocytes, CD3+ CD4+ T cells, CD3+CD8+ T cells, and T 
regulatory cells (Tregs) (CD4+CD25+ FoxP3+) absolute values, and percentage out of the 
total lymphocytes were measured. 

Anthropometric and clinical data were recorded at baseline by patients’ medical 
records, including comorbidities such as the presence of diabetes mellitus (DM) and 
medications. In addition, common biochemical parameters were measured at baseline in 
accordance with standard methods applied in the hospital laboratory. Echocardiographic 
data from ultrasounds performed by a skilled operator within 1 month from immune cell 
subset analysis were recorded, including parameters for estimating ventricular function and 
morphology and for cardiac chamber quantification. Specifically, regarding CKD patients and 
KTRs, classical and novel strain-related indices of ventricular function were measured by 
speckle-tracking echocardiography at baseline and following dipyridamole infusion. Two-
dimensional STE analysis included assessment of global longitudinal strain (GLS), global 
radial strain (GRS) and global circumferential strain (GCS). In addition, left ventricular twist 
and untwist rates were measured. Following the baseline echocardiographic evaluation, 
dipyridamole was administered, and a new echocardiographic assessment was performed. 
The differences (Δ) between the values of measured echocardiographic parameters post 
and prior to dipyridamole infusion were calculated. 

Following adjustment for confounders including age, eGFR and UPCR, the differences 
in immune cell subsets between CKD patients and KTRs remained statistically significant for 
the percentage of classical monocytes (p =0.02, both the number and percentage of non-
classical monocytes (p < 0.001), the percentage of T-lymphocytes and B lymphocytes (p = 
0.03 and p = 0.003, respectively) as well as the Tregs number (p = 0.008). Following 
univariate regression analysis, the differences in immune cell subsets between patients with 
CRS-2 and CKD patients remained statistically significant for CD14++CD16+ monocytes, total 
lymphocytes, and NK cells (p < 0.05 for all) but not for Tregs, after adjustment for various 
confounders including age. Interestingly, we found increased levels of proinflammatory 
intermediate CD14++CD16+ monocytes in CRS-2 patients as compared to CKD patients, 
albeit no significant differences were detected between other robust markers of 
inflammation, such as CRP or ESR between the two cohorts. Our results showed lower levels 
of NK cells in patients with CRS-2 compared to their CKD counterparts as well as in CRS-2 
patients with chronic atrial fibrillation compared to those without. 

In CKD patients, a direct association of RWT, a measure of left ventricular 
concentricity broadly used as an index of LVH with CD14++CD16− monocytes count (β = 
0.447, p = 0.004) was found, whereas the correlation with arterial hypertension was lost at 
multivariate analysis. Furthermore, in KTR, the classical CD14++CD16− monocytes count was 
inversely associated with improvements in systolic wall motion indices, such as the medial 
and lateral wall systolic velocity of the left ventricle (Sl and Sm) (β = −0.516, p = 0.01 and β = 
−0.707, p < 0.001, respectively). 
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An interesting finding of the study is the trend of independent correlations between 
the intermediate CD14++CD16+ monocytes with strain-related left ventricular myocardial 
performance indices, both in CKD patients and in KTRs. Thus, the CD14++CD16+ monocytes 
were independently associated with higher baseline GRS values in CKD patients, whereas 
in KTRs, they were associated with better baseline left ventricular twist (β = 0.416, p = 0.01) 
and untwist parameters (β = −0.742, p = 0.09). About our results, another potential 
explanation, though speculative, would be that a compensatory augmentation in strain-
related myocardial performance indices is promoted in the setting of the 
microinflammatory milieu of CKD, which would subsequently lead to myocardial damage 
and remodeling. The results are thought provoking and merit additional research 
considering the complex properties of the pro-inflammatory CD14++CD16+ monocytes in 
the pathogenesis of myocardial remodeling in CKD and following kidney transplantation. It is 
worth mentioning that among our patients, KTRs displayed a higher classical CD14++CD16− 
monocytes count together with a lower level of pro-inflammatory CD14++CD16+ monocytes 
compared to the CKD patients, which is in line with data from previous studies. 

A negative correlation was found between CD4+ T-cells with left ventricular EF in 
CKD patients (β = −0.431, p = 0.009) as well as with the dipyridamole induced improvement 
of left ventricular EF in KTRs (β = −0.378, p = 0.02). Likewise, in KTRs we found a negative 
correlation of CD4+ T-cells both with MAPSE (β = −0.463, p = 0.04), a sensitive marker of 
early systolic dysfunction and TAPSE, a marker of right ventricular function, although the 
latter was lost following multivariate analysis. In accord with the above, about strain-related 
indices of left ventricular function, CD4+ T-cells were inversely correlated with dipyridamole 
induced improvements in GLS in KTRs (β = 0.403, p = 0.01). Further characterization of the 
CD4+ T-cell responses is needed in order to discern possible pathogenic links to the 
development of uremic cardiomyopathy, evaluate their role as novel biomarkers of disease 
and subsequently examine the effects of immunomodulation on the CKD-related myocardial 
remodeling. 

An independent association of CD8+ T-cells with both left ventricular twist and 
untwist in patients with CKD was found (β = 0.405, p = 0.02 and β = −0.363, p = 0.03 
respectively). Considering the differences in the pathogenic models implemented by the 
above studies as well as the preliminary nature of our results, it remains to be determined 
whether CD8+ T-cells are simple bystanders or active and independent players in the 
mechanisms of CKD-related myocardial dysfunction. 

Interestingly, we detected an independent correlation of NK cells both with E/A ratio 
(β = −0.387, p = 0.02) as well as with GLS (β = −0.362, p = 0.01) in KTRs only. These results 
appear controversial at first sight considering that a physiological reduction in E/A ratio is 
observed with aging, whereas the relationship of this index with left ventricular diastolic 
function is more complex and should be evaluated in combination with other markers, 
including the E/E’ ratio. On the other hand, we also found that higher NK cell counts were 
associated with improved left ventricular strain in KTRs. 

Results of the prospective arm of the study regarding patients with CRS-2 showed 
that during a median follow-up of 29.8 ±3.4 months, 23 CRS-2 patients (59%) reached the 
study endpoint with no patients being lost to follow-up. At binary logistic regression 
analysis, immune cell subpopulations that correlated with all-cause and cardiovascular 
death included total lymphocyte counts, (OR 0.85 per 100 cells/μL increase; 95% CI 0.75–
0.97; p = 0.01), T-cell number (OR 0.82 per 100 cells/μL increase; 95% CI 0.70–0.96; p = 
0.01), CD4+ T-lymphocyte number (OR 0.66 per 100 cells/μL increase; 95% CI 0.50–0.87; p = 
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0.004), CD8+ T-lymphocyte counts below their median value cut-off of 410/μL (OR 4.67; 95% 
CI 1.14–19.07; p = 0.03), Treg counts below their median value cut-off of 35/μL (OR 6.63; 
95% CI 1.36–23.27; p = 0.01), and CD14++CD16+ monocyte counts above their median cut-
off value of 40/μL (OR 4.13; 95% CI 1.06–16.1; p = 0.04). In a multivariate model including all 
six immune cell subsets, only the CD4+ T-lymphocytes remained independent predictors of 
mortality (OR 0.66; 95% CI 0.50–0.87; p = 0.004). In contrast, no such associations were 
found for age, eGFR, UPCR, hsTnI, BNP, as well as the rest of the clinical or laboratory 
indices. Subsequently, Kaplan–Meier survival curves for CRS-2 patients according to the 
levels of immune cell subpopulations (i.e., below vs. above median value) were generated. 
Decreased levels of lymphocytes, T-lymphocytes, CD4+ T-cells, CD8+ T-cells, and Tregs were 
associated with mortality at a median follow-up of 30 months (p < 0.05 for all log-rank 
tests). Increased levels of proinflammatory intermediate CD14++CD16+ monocyte counts 
showed a trend for increased mortality (p = 0.093). 

Overall, this study provides preliminary but noteworthy evidence regarding the 
independent associations of immune cell subsets, including classical CD14++CD16 and 
intermediate CD14++CD16+ monocytes, NK cells and lymphocytes subsets independently 
correlate with subclinical indices of myocardial dysfunction, including left ventricular strain 
and torsion-related parameters, in patients with CKD and in KTRs without established CVD. 
Taking into consideration that subtle alterations in left ventricular function commence early 
in CKD, these findings provide novel insights suggesting a potential role for specific immune 
cell phenotypes for CKD-related cardiomyopathy. Notably, the CD4+ T-lymphocytes were 
shown to independently predict fatal cardiovascular events in patients with CRS-2. 
Furthermore, the study results showed that patients with CRS-2 exhibit alterations of the 
immune cell subsets profile in the circulation compared to CKD patients of similar kidney 
function but without established cardiovascular disease, thus indicating that distinct 
immune mechanisms might be involved in the pathogenesis or during the chronic clinical 
course of CKD in the setting of heart failure as compared to CKD without established CVD. 
 
 Περίληψη 
 

Η δυσπροσάρμοστη ενεργοποίηση του ανοσοποιητικού συστήματος φαίνεται να 
παίζει ουσιαστικό ρόλο στη παθογένεια της ΧΝΝ και των καρδιαγγειακών παθήσεων. Ο 
ρόλος των συστατικών του ανοσοποιητικού συστήματος στην παθογένεια του remodeling 
του μυοκαρδίου στη ΧΝΝ και μετά τη μεταμόσχευση νεφρού, παραμένει αδιευκρίνιστος. 
Τα δεδομένα σχετικά με τις πιθανές μεταβολές και διαταραχές των κυτταρικών στοιχείων 
του ανοσοποιητικού συστήματος στους ασθενείς με ΧΝΝ σε έδαφος καρδιακής 
ανεπάρκειας, δηλαδή με καρδιονεφρικό σύνδρομο τύπου 2 (ΚΝΣ-2) παραμένουν ελάχιστα 
μέχρι τώρα. 

Με βάση τα παραπάνω πραγματοποιήθηκε διαστρωματική μελέτη σε μια κοορτή 
ασθενών με ΧΝΝ χωρίς εγκατεστημένη καρδιαγγειακή νόσο και παρομοίως σε μια κοορτή 
ληπτων νεφρικού μοσχεύματος (ΛΝΜ) χωρίς εγκατεστημένη καρδιαγγειακή νόσο, με στόχο 
την διερεύνηση για πρώτη φορά στη βιβλιογραφία των πιθανών συσχετίσεων ενός 
επιλεγμένου πάνελ υπό-πληθυσμών ανοσοκυττάρων στο περιφερικό αίμα, με κλασσικούς 
και νεότερους δείκτες λειτουργίας του μυοκαρδίου, συμπεριλαμβάνοντας τους δείκτες 
παραμόρφωσης της αριστερής κοιλίας, μέσω δισδιάστατης ηχοκαρδιογραφίας «speckle 
tracking”. Επιπλέον, εξετάστηκαν οι πιθανές διαφορές στην έκφραση των ανοσοκυττάρων 
μεταξύ των ασθενών με ΧΝΝ και των ΛΝΜ. Διερευνήθηκε η έκφραση του επιλεγμένου 
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πάνελ των ανοσοκυττάρων στο περιφερικό αίμα σε μια κοορτή ασθενών με ΚΝΣ-2 καθώς 
και έγιναν συγκρίσεις με μια ομάδα ασθενών με ΧΝΝ, χωρίς εγκατεστημένη καρδιαγγειακή 
νόσο, εξομοιωμένων ως προς το φύλο και το ρυθμό σπειραματικής διήθησης (eGFR). 
Επιπλέον, διερευνήθηκαν οι πιθανές κλινικό-εργαστηριακές συσχετίσεις των 
ανοσοκυττάρων στις ομάδες των ασθενών. Το προοπτικό σκέλος της μελέτης είχε ως κύριο 
στόχο τη διερεύνηση για πρώτη φορά στη βιβλιογραφία της προγνωστικής άξιας των 
υπότυπων των ανοσοκυττάρων με καταληκτικό συνδυαστικό σημείο την ολική ή 
καρδιαγγειακή θνητότητα στους ασθενείς με ΚΝΣ-2. Επιπλέον, πραγματοποιήθηκε 
προοπτική ανάλυση των υποτύπων των ανοσοκυττάρων στο περιφερικό αίμα των ασθενών 
με ΧΝΝ και των ΛΝΜ σε δυο χρόνους (αρχική ανάλυση- Τ0 και μετά από 24 μήνες – Τ1) ενώ 
διερευνήθηκαν και πιθανές κλινικές συσχετίσεις. 

Στη μελέτη συμπεριλήφθησαν 44 ασθενείς με ΧΝΝ και χωρίς εγκατεστημένη 
καρδιαγγειακή νόσο, 38 ΛΝΜ χωρίς εγκατεστημένη καρδιαγγειακή νόσο, 39 ασθενείς με 
ΚΝΣ-2 καθως και 10 υγιή άτομα. Η ανάλυση των υπότυπων των ανοσοκυττάρων στο 
περιφερικό αίμα διενεργήθηκε με κυτταρομετρία ροής. Μετρήθηκαν το ποσοστό των 
CD14++CD16-, CD14++CD16+, and CD14+CD16++ μονοκυττάρων  επί των ολικών 
μονοκυττάρων καθώς και ο απόλυτος αριθμός των υπότυπων των μονοκυττάρων. Επίσης, 
μετρήθηκαν το ποσοστό των NK  κυττάρων (CD3+CD16+56+), CD3- CD19+ B-
λεμφοκυττάρων, CD3+ CD4+ T λεμφοκυττάρων, CD3+CD8+ T λεμφοκυττάρων, and T 
ρυθμιστικών κυττάρων (Tregs) (CD4+CD25+ FoxP3+) επί των ολικών λεμφοκυττάρων καθώς 
και ο απόλυτος αριθμός τους. 

Τα ανθρωπομετρικά και τα κλινικά δεδομένα καταγράφηκαν από τους κλινικούς 
φακέλους των ασθενών, συμπεριλαμβανομένων των συνοσηροτήτων και της 
φαρμακευτικής αγωγής ενώ συγχρόνως  μετρήθηκαν κλασσικοί εργαστηριακοί δείκτες. Τα 
υπερηχοκαρδιογραφικά δεδομένα, αντλήθηκαν από υπερήχους καρδιάς που 
διενεργήθηκαν εντός ενός μήνα από τη μέτρηση των υπότυπων των ανοσοκυττάρων. 
Ειδικά, όσον αφορά τους ασθενείς με ΧΝΝ και τους ΛΝΜ, μετρήθηκαν οι κλασσικοί και οι 
νεότεροι δείκτες παραμόρφωσης της αριστερής κοιλίας, συμπεριλαμβανομένων των 
επιμήκες (GLS), ακτινικό (GRS) και κυκλοτερές (GCS) strain, twist και untwist, με «speckle-
tracking» υπερηχοκαρδιογραφήμα στην αρχική φάση και μετά τη χορήγηση διπυριδαμόλης 
(DIPSE). Επίσης, υπολογίστηκαν οι διαφορές (Δ) μεταξύ των τιμών των 
υπερηχοκαρδιογραφικών παραμέτρων μετά και πριν τη χορήγηση διπυριδαμόλης. 

Τα αποτελέσματα της μελέτης ως προς τις διαφορές των υπότυπων των 
ανοσοκυττάρων μεταξύ των υπό-ομάδων ανέδειξαν μετά από προσαρμογή για 
συγχυτικούς παράγοντες όπως ηλικία, eGFR και πρωτεινουρία (UPCR), πως οι ΛΝΜ είχαν 
υψηλότερο ποσοστό κλασσικών μονοκυττάρων (p=0.02) και Τ-λεμφοκυτταρων (p=0.03) 
καθώς και χαμηλότερο αριθμό και ποσοστό των CD4+CD16++ μη-κλασσικών μονοκυττάρων 
(p<0.001), των B-λεμφοκυττάρων (p = 0.003) και των Tregs (p=0.008). Όσον αφορά τις 
διαφορές μεταξύ των ασθενών με ΚΝΣ-2 και των ασθενών με ΧΝΝ, μετά από 
μονομεταβλητή ανάλυση παλινδρόμησης και προσαρμογή για διάφορους συγχυτικούς 
παράγοντες, συμπεριλαμβάνοντας την ηλικία, φάνηκε πως οι ασθενείς με ΚΝΣ-2 είχαν 
υψηλοτέρα επίπεδα των προ-φλεγμονωδών CD14++CD16+ μονοκυττάρων καθώς και 
χαμηλότερα επίπεδα ολικών λεμφοκυττάρων και NK κυττάρων (p < 0.05 για όλα τα 
κύτταρα). Αξιοσημείωτο εύρημα είναι τα αυξημένα επίπεδα των προ-φλεγμονωδών 
ενδιάμεσων μονοκυττάρων στους ασθενείς με ΚΝΣ-2 σε σύγκριση με τους ασθενείς με 
ΧΝΝ, ενώ δεν διαπιστώθηκαν σημαντικές διαφορές ως προς τους υπόλοιπους κλασσικούς 
δείκτες φλεγμονής, όπως η CRP ή η ταχύτητα καθίζησης ερυθρών (ΤΚΕ) μεταξύ των δυο 
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υπό-ομάδων.  Επίσης τα αποτελέσματα ανέδειξαν χαμηλότερα επίπεδα των NK κυττάρων 
σε ασθενείς με ΚΝΣ-2 και με συνυπάρχουσα χρόνια κολπική μαρμαρυγή συγκριτικά με τους 
ασθενείς με ΚΝΣ-2 που δεν είχαν κολπική μαρμαρυγή. 

Όσον αφορά τις συσχετίσεις μεταξύ των υπότυπων των ανοσοκυττάρων με τους 
κλασσικούς και τους νεότερους δείκτες δυσλειτουργίας της αριστερής κοιλίας, στους 
ασθενείς με ΧΝΝ παρατηρήθηκε μια απευθείας ανεξάρτητη συσχέτιση του σχετικού 
πάχους της αριστερής κοιλίας (relative wall thickness – RWT), ένας δείκτης εκτίμησης του 
βαθμού συγκεντρικής υπερτροφίας της αριστερής κοιλίας, με τα κλασσικά CD14++CD16−  
μονοκύτταρα (β = 0.447, p = 0.004), ενώ η συσχέτιση με την αρτηριακή υπέρταση χάθηκε 
κατά την πολυπαραγοντική ανάλυση. Επίσης, στους ΛΝΜ, ο αριθμός των κλασσικών 
CD14++CD16− μονοκυττάρων ανέδειξε αντίστροφη συσχέτιση με τη βελτίωση των δεικτών 
συστολικής κινητικότητας των τοιχωμάτων της αριστερής κοιλίας, όπως οι medial and 
lateral wall systolic velocity (Sl and Sm), μετά τη χορήγηση διπυριδαμόλης, (β = −0.516, p = 
0.01 and β = −0.707, p < 0.001, αντίστοιχα).  Ένα άλλο ενδιαφέρον εύρημα της μελέτης 
αποτελεί η ανεύρεση ενός trend ανεξάρτητων συσχετίσεων μεταξύ των ενδιάμεσων, προ-
φλεγμονωδών CD14++CD16+ μονοκυττάρων με τους δείκτες του μυοκαρδιακού strain 
στους ασθενείς με ΧΝΝ και στους ΛΝΜ.  Συγκεκριμένα, τα CD14++CD16+ μονοκύτταρα 
ανέδειξαν ανεξάρτητη συσχέτιση με υψηλότερες τιμές του GRS στους ασθενείς με ΧΝΝ, 
ενώ στους ΛΝΜ συσχετίστηκαν άμεσα με καλύτερους δείκτες twist (β = 0.416, p = 0.01) και 
untwist (β = −0.742, p = 0.09). Μια πιθανή εξήγηση για τα αποτελέσματα της μελέτης, αν 
και υποθετική, θα ήταν πως η αντισταθμιστική αύξηση στους strain δείκτες επίδοσης του 
μυοκαρδίου, προωθείται σε έδαφος της χρόνιας προ-φλεγμονώδους εξεργασίας της ΧΝΝ, η 
οποία στη συνέχεια ωστόσο, θα οδηγούσε σε δεύτερο χρόνο σε βλάβη και remodeling του 
μυοκαρδίου. Τα αποτελέσματα αυτά διεγείρουν ερωτήματα ως προς τις πολύπλοκες 
ιδιότητες των προ-φλεγμονωδών CD14++CD16+ μονοκυττάρων και τη συμμετοχή τους στη 
παθογένεια του remodeling του μυοκαρδίου στη ΧΝΝ καθώς και μετά τη μεταμόσχευση 
νεφρού. 

Σχετικά με τους υπό-πληθυσμούς των λεμφοκυττάρων, αρνητική συσχέτιση 
ανευρέθηκε μεταξύ των CD4+ Τ-λεμφοκυττάρων και του κλάσματος εξωθήσεως  της 
αριστερής κοιλίας (EF) (β = −0.431, p = 0.009)  στους ασθενείς με ΧΝΝ, όπως και επίσης και 
με βελτιωμένες τιμές του EF μετά τη χορήγηση διπυριδαμόλης στους ΛΝΜ (β = −0.378, p = 
0.02). Παρομοίως, στους ΛΝΜ, ανευρέθηκε αρνητική συσχέτιση των CD4+ Τ-
λεμφοκυττάρων με τη παράμετρο MAPSE (β = −0.463, p = 0.04), έναν ευαίσθητο δείκτη 
πρώιμης συστολικής δυσλειτουργίας της αριστερής κοιλίας και τη παράμετρο TAPSE, 
δείκτης λειτουργίας της δεξιάς κοιλίας, αν και η συσχέτιση με την τελευταία παράμετρο 
χάθηκε κατά την πολυπαραγοντική ανάλυση. Σε συμφωνία με τα παραπάνω, όσον αφορά 
τους δείκτες strain της αριστερής κοιλίας στους ΛΝΜ, τα CD4+ T-λεμφοκύτταρα, ανέδειξαν 
αρνητική συσχέτιση με βελτιωμένες τιμές του GLS μετά τη χορήγηση διπυριδαμόλης (β = 
0.403, p = 0.01). Δεδομένου των ανωτέρων ευρημάτων, απαιτείται περαιτέρω 
χαρακτηρισμός των απαντήσεων των  CD4+ Τ-λεμφοκυττάρων ώστε να διευκρινιστούν 
πιθανές παθοφυσιολογικές συσχετίσεις με την ουραιμική μυοκαρδιοπάθεια, να αναλυθεί ο 
ρόλος τους ως πιθανοί βιοδείκτες της νόσου και στη συνέχεια να εκτιμηθεί η θεραπευτική 
επίδραση της ανοσοτροποποίησης στο remodeling του μυοκαρδίου στη ΧΝΝ. Όσον αφορά 
τα CD8+ T-λεμφοκύτταρα, ανευρέθηκαν ανεξάρτητες συσχετίσεις με το twist και το untwist 
της αριστερής κοιλίας στους ασθενείς με ΧΝΝ (β = 0.405, p = 0.02 and β = −0.363, p = 0.03 
αντίστοιχα). 
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Τα αποτελέσματα της προοπτικής μελέτης των ασθενών με ΚΝΣ-2 ανέδειξαν πως 
κατά τη διάρκεια μέσης παρακολούθησης 29.8 ±3.4  μηνών, 23 ασθενείς με ΚΝΣ-2 (59%) 
εκδήλωσαν το συνδυαστικό καταληκτικό σημείο της μελέτης. Κατά την ανάλυση λογιστικής 
παλινδρόμησης, οι υπό-πληθυσμοί των ανοσοκυττάρων που συσχετίστηκαν με την ολική ή 
καρδιαγγειακή θνητότητα ήταν τα ολικά λεμφοκύτταρα  (OR 0.85 ανά 100 κύτταρα/μL 
αύξηση; 95% CI 0.75–0.97; p = 0.01), τα Τ-λεμφοκύτταρα (OR 0.82 ανά 100 κύτταρα/μL 
αύξηση; 95% CI 0.70–0.96; p = 0.01), τα CD4+ T-λεμφοκύτταρα (OR 0.66 ανά 100 
κυτταρα/μL αύξηση; 95% CI 0.50–0.87; p = 0.004), τα CD8+ T-λεμφοκυττάρα χαμηλότερα 
του επιπέδου cut-off της διάμεσης τιμής των 410/μL (OR 4.67; 95% CI 1.14–19.07; p = 0.03), 
τα Tregs χαμηλοτερα του επιπέδου cut-off της διάμεσης τιμής των  35/μL (OR 6.63; 95% CI 
1.36–23.27; p = 0.01) καθώς και τα CD14++CD16+ μονοκύτταρα άνω της διάμεσης τιμής 
cut-off των 40/μL (OR 4.13; 95% CI 1.06–16.1; p = 0.04).  Το πολυπαραγοντικό μοντέλο 
ανάλυσης που συμπεριέλαβε και τους έξι υπό-πληθυσμούς των ανοσοκυττάρων, ανέδειξε 
μόνο τα CD4+ T-λεμφοκύτταρα να παραμένον ως ανεξάρτητοι προγνωστικοί παράγοντες 
της θνησιμότητας (OR 0.66; 95% CI 0.50–0.87; p = 0.004). Σε αντίθεση με τα παραπάνω, δεν 
ανευρέθηκαν συσχετισμοί μεταξύ της ηλικίας, του eGFR, του UPCR, της hsTnI, του BNP ή 
των υπολοίπων κλινικών και εργαστηριακών δεικτών με την ολική και την καρδιαγγειακή 
θνησιμότητα. Επίσης, για τους ασθενείς με ΚΝΣ-2 διενεργήθηκε ανάλυση επιβίωσης 
(καμπύλες Kaplan-Meier) ανάλογα με τα επίπεδα των υπό-πληθυσμών των ανοσοκυττάρων 
(ανώτερα η κατώτερα της διάμεσης τιμής τους). Μειωμένα επίπεδα των ολικών 
λεμφοκυττάρων, των Τ-λεμφοκυττάρων, των CD4+ Τ-λεμφοκυττάρων, των CD8+ Τ-
λεμφοκυττάρων και των Tregs συσχετίστηκαν με τη θνησιμότητα κατά τη μέση 
παρακολούθηση των 30 μηνών (p < 0.05 για όλα τα log-rank τεστ). Από την άλλη, αυξημένα 
επίπεδα των προφλεγμονωδών ενδιάμεσων CD14++CD16+ μονοκυττάρων ανέδειξαν μια 
τάση για αυξημένη θνησιμότητα (p = 0.093). 

Η προοπτική παρακολουθηση των υποτύπων των ανοσοκυττάρων στο περιφερικό 
αίμα ΛΝΜ ανέδειξε κατά την ανάλυση γραμμικής παλινδρόμησης, ανεξάρτητη συσχέτιση 
των CD14++CD16+ μονοκυττάρων με μεταβολές του eGFR (β=0.338, p=0.04) και 
αντίστροφη συσχέτιση των CD8+ Τ-λεμφοκυττάρων με μεταβολές της πρωτενουρίας (β=–
0.379, p=0.03). 

Συμπερασματικά, τα αποτέλεσμα της μελέτης προβάλλουν προκαταρκτικές 
ενδείξεις σχετικά με τις ανεξάρτητες συσχετίσεις μεταξύ των υπό-πληθυσμών των 
ανοσοκυττάρων, όπως τα κλασσικά CD14++CD16- μονοκύτταρα και τα ενδιάμεσα 
μονοκύτταρα, τα NK κύτταρα καθώς και τους υπότυπους των λεμφοκυττάρων, με τους 
υποκλινικούς δείκτες δυσλειτουργίας του μυοκαρδίου συμπεριλαμβάνοντας τους δείκτες 
παραμόρφωσης της αριστερής κοιλίας, σε ασθενείς με ΧΝΝ και ΛΝΜ χωρίς εγκατεστημένη 
καρδιαγγειακή νόσο. Λαμβάνοντας υπόψη πως ανεπαίσθητες μεταβολές της καρδιακής 
λειτουργίας εγκαθίστανται πρώιμα κατά την εξέλιξη της ΧΝΝ, τα αποτελέσματα αυτής της 
μελέτης παρέχουν νέα δεδομένα τα οποία εισηγούνται πιθανό ρολό συγκεκριμένων  
ανοσοκυτταρικών φαινότυπων στη μυοκαρδιοπάθεια της ΧΝΝ. Επιπλέον, τα αποτελέσματα 
της μελέτης ανέδειξαν διαφορές ως προς την έκφραση των υπό-πληθυσμών των 
ανοσοκυττάρων μεταξύ των ασθενών με ΚΝΣ-2 και των ασθενών με ΧΝΝ χωρίς 
εγκατεστημένη καρδιαγγειακή νόσο, υποδεικνύοντας έτσι την εμπλοκή διαφορετικών 
ανοσολογικών μηχανισμών στην παθογένεια και στην εξέλιξη της ΧΝΝ σε έδαφος της 
καρδιακής ανεπάρκειας. Εν τέλει, η μελέτη ανέδειξε για πρώτη φορά στη βιβλιογραφία το 
ρόλο συγκεκριμένων υπότυπων των ανοσοκυττάρων ως προγνωστικοί δείκτες έκβασης των 
ασθενών με ΚΝΣ-2. 



184 
 

   
 

REFERENCES 
 

1. Webster AC, Nagler EV, Morton RL, Masson P. Chronic Kidney Disease. Lancet. 2017 Mar 
25;389(10075):1238-1252. doi: 10.1016/S0140-6736(16)32064-5. 
2. Kalantar-Zadeh K, Jafar TH, Nitsch D, Neuen BL, Perkovic V. Chronic kidney disease. 

Lancet. 2021 Aug 28;398(10302):786-802. 

3. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group. KDIGO 2024 
Clinical Practice Guideline for the Evaluation and Management of Chronic Kidney Disease. 
Kidney Int 2024; 105:S117. 
4. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group. KDIGO 2012 
Clinical practice guideline for the evaluation and management of chronic kidney disease. 
Kidney Int Suppl 2013; 1–150. 
5. Suthanthiran M, Strom TB. Renal transplantation. N Engl J Med 1994; 331:365. 
6. Sawinski  D, Poggio ED. Introduction to Kidney Transplantation: Long-Term Management 
Challenges. Clin J Am Soc Nephrol. 2021 Aug;16(8):1262-1263. 
7. Matsushita K, Ballew SH, Wang AY, Kalyesubula R, Schaeffner E, Agarwal R. Epidemiology 

and risk of cardiovascular disease in populations with chronic kidney disease. Nat Rev 

Nephrol. 2022 Nov;18(11):696-707. 

8. Dobre MA, Ahlawat S, Schelling JR.  Chronic kidney disease associated cardiomyopathy: 

recent advances and future perspectives. Curr Opin Nephrol Hypertens. 2024 Mar 

1;33(2):203-211. 

9. Herzog CA, Asinger RW, Berger AK, Charytan DM, Diez J, Hart RG, et al. Cardiovascular 

disease in chronic kidney disease. A clinical update from Kidney Disease: Improving Global 

Outcomes (KDIGO) Kidney Int. 2011;80(6):572–586. 

10. Matsushita K, van der Velde M, Astor BC, Woodward M, Levey AS, de Jong PE, et al. 

Association of estimated glomerular filtration rate and albuminuria with all-cause and 

cardiovascular mortality in general population cohorts: a collaborative meta-analysis. 

Lancet. 2010;375(9731):2073–2081. 

11. Matsushita, K. et al. Estimated glomerular filtration rate and albuminuria for prediction 

of cardiovascular outcomes: a collaborative meta-analysis of individual participant data. 

Lancet Diabetes Endocrinol. 3, 514–525 (2015). 

12. Schuett K, Marx N, Lehrke MT. The cardio-kidney patient: epidemiology, clinical 

characteristics and therapy. Circulation Research. 2023;132:902–914. 

13.  Stephanie Thompson, Matthew James, Natasha Wiebe , Brenda Hemmelgarn , Braden 

Manns, Scott Klarenbach, Marcello Tonelli; Alberta Kidney Disease Network. Cause of Death 

in Patients with Reduced Kidney Function.  J Am Soc Nephrol. 2015 Oct;26(10):2504-11. 

14. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chronic kidney disease and the risks 

of death, cardiovascular events, and hospitalization. N Engl J Med. 2004; 351(13): 1296–305. 

15. Van der Velde M, Matsushita K, Coresh J, et al, for the Chronic Kidney Disease Prognosis 

Consortium. Lower estimated glomerular filtration rate and higher albuminuria are 

associated with all-cause and cardiovascular mortality. A collaborative meta-analysis of 

high-risk population cohorts. Kidney Int 2011; 79: 1341–52. 

https://pubmed.ncbi.nlm.nih.gov/27887750/
https://pubmed.ncbi.nlm.nih.gov/34175022/
https://pubmed.ncbi.nlm.nih.gov/?term=Sawinski+D&cauthor_id=33692119
https://pubmed.ncbi.nlm.nih.gov/38193308/
https://pubmed.ncbi.nlm.nih.gov/38193308/
https://pubmed.ncbi.nlm.nih.gov/?term=Thompson+S&cauthor_id=25733525
https://pubmed.ncbi.nlm.nih.gov/?term=James+M&cauthor_id=25733525
https://pubmed.ncbi.nlm.nih.gov/?term=Wiebe+N&cauthor_id=25733525
https://pubmed.ncbi.nlm.nih.gov/?term=Hemmelgarn+B&cauthor_id=25733525
https://pubmed.ncbi.nlm.nih.gov/?term=Manns+B&cauthor_id=25733525
https://pubmed.ncbi.nlm.nih.gov/?term=Manns+B&cauthor_id=25733525
https://pubmed.ncbi.nlm.nih.gov/?term=Klarenbach+S&cauthor_id=25733525
https://pubmed.ncbi.nlm.nih.gov/?term=Tonelli+M&cauthor_id=25733525


185 
 

   
 

16.  de Jager DJ, Grootendorst DC, Jager KJ, et al. Cardiovascular and noncardiovascular 

mortality among patients starting dialysis. JAMA. 2009;302:1782–1789. 

17. Gansevoort RT, Matsushita K, van der Velde M, for the Chronic Kidney Disease Prognosis 

Consortium. Lower estimated GFR and higher albuminuria are associated with adverse 

kidney outcomes. A collaborative meta-analysis of general and high-risk population cohorts. 

Kidney Int 2011; 80: 93–104 

18. Thompson S, James M, Wiebe N, Hemmelgarn B, Manns B, Klarenbach S, Tonelli M, 

Alberta kidney disease network. Cause of death in patients with reduced kidney function. J 

Am Soc Nephrol. 2015;26:2504–2511. doi: 10.1681/ASN.2014070714 

19. United States Renal Data System. 2022 Annual data report. Available at: https://usrds-

adr.niddk.nih.gov/2022 (Accessed onOctober 09, 2023). 

20. Foley RN, Parfrey PS, Sarnak MJ. Clinical epidemiology of cardiovascular disease in 

chronic renal disease. Am J Kidney Dis. 1998 Nov;32(5 Suppl 3):S112-9 

21. Noels H, Jankowski J. Increased Risk of Cardiovascular Complications in Chronic Kidney 

Disease: Introduction to a Compendium. Circ Res. 2023 Apr 14;132(8):899-901. 

22. Schuett K, Marx N, Lehrke M. The Cardio-Kidney Patient: Epidemiology, Clinical 

Characteristics and Therapy. Circ Res. 2023 Apr 14;132(8):902-914. 

23.Junho CVC, Frisch J, Soppert J, Wollenhaupt J, Noels H. Cardiomyopathy in chronic kidney 

disease: clinical features, biomarkers and the contribution of murine models in 

understanding pathophysiology. Clin Kidney J. 2023 Apr 18;16(11):1786-1803 

24. Kottgen A, Russell SD, Loehr LR, et al. Reduced kidney function as a risk factor for 

incident heart failure: the Atherosclerosis Risk In Communities (ARIC) study. J Am Soc 

Nephrol 2007; 18: 1307–15. 

25. Wattanakit K, Folsom AR, Selvin E, Coresh J, Hirsch AT, Weatherley BD. Kidney function 

and risk of peripheral arterial disease: results from the Atherosclerosis Risk In Communities 

(ARIC) study. J Am Soc Nephrol 2007; 18: 629–36. 

26. Astor BC, Coresh J, Heiss G, Pettitt D, Sarnak MJ. Kidney function and anemia as risk 

factors for coronary heart disease and mortality: the Atherosclerosis Risk In Communities 

(ARIC) study. Am Heart J 2006; 151: 492–500. 

27. Packham DK, Alves TP, Dwyer JP, et al. Relative incidence of ESRD versus cardiovascular 

mortality in proteinuric type 2 diabetes and nephropathy: results from the DIAMETRIC 

database. Am J Kidney Dis 2012; 59: 75–83 

28. Lindner A, Charra B, Sherrard DJ, Scribner BH. Accelerated atherosclerosis in prolonged 

maintenance hemodialysis. N Engl J Med. 1974;290:697–701. doi: 

10.1056/NEJM197403282901301 

29. Rigatto C, Levin A, House AA, Barrett B, Carlisle E, Fine A. Atheroma progression in 

chronic kidney disease. Clin J Am Soc Nephrol. 2009;4:291– 298. doi: 10.2215/CJN.01840408 

30. Valdivielso JM, Rodríguez-Puyol D, Pascual J, Barrios C, Bermúdez-López M, Sánchez-

Niño MD, Pérez-Fernández M, Ortiz A.Atherosclerosis in Chronic Kidney Disease: More, Less, 

or Just Different?.Arterioscler Thromb Vasc Biol. 2019 Oct;39(10):1938-1966. 

https://usrds-adr.niddk.nih.gov/2022
https://usrds-adr.niddk.nih.gov/2022
https://pubmed.ncbi.nlm.nih.gov/37053281/
https://pubmed.ncbi.nlm.nih.gov/37053281/
https://pubmed.ncbi.nlm.nih.gov/37053284/
https://pubmed.ncbi.nlm.nih.gov/37053284/
https://pubmed.ncbi.nlm.nih.gov/37915935/
https://pubmed.ncbi.nlm.nih.gov/37915935/
https://pubmed.ncbi.nlm.nih.gov/37915935/
https://pubmed.ncbi.nlm.nih.gov/31412740/
https://pubmed.ncbi.nlm.nih.gov/31412740/


186 
 

   
 

31. Schwarz U, Buzello M, Ritz E, Stein G, Raabe G, Wiest G, Mall G, Amann K. Morphology of 

coronary atherosclerotic lesions in patients with end-stage renal failure. Nephrol Dial 

Transplant. 2000;15:218–223. doi: 10.1093/ndt/15.2.218 

32. Gross ML, Meyer HP, Ziebart H, Rieger P, Wenzel U, Amann K, Berger I, Adamczak M, 

Schirmacher P, Ritz E. Calcification of coronary intima and media: immunohistochemistry, 

backscatter imaging, and x-ray analysis in renal and nonrenal patients. Clin J Am Soc 

Nephrol. 2007;2:121–134. doi: 10.2215/CJN.01760506 

33. Nakano T, Ninomiya T, Sumiyoshi S, Fujii H, Doi Y, Hirakata H, Tsuruya K, Iida M, Kiyohara 

Y, Sueishi K. Association of kidney function with coronary atherosclerosis and calcification in 

autopsy samples from Japanese elders: the Hisayama Study. Am J Kidney Dis. 2010;55:21–

30. doi: 10.1053/j.ajkd.2009.06.034 

34. Desbien AM, Chonchol M, Gnahn H, Sander D. Kidney function and progression of 

carotid intima-media thickness in a Community Study. Am J Kidney Dis. 2008;51:584–593. 

doi: 10.1053/j.ajkd.2007.11.026 

35. Kastarinen H, Ukkola O, Kesäniemi YA. Glomerular filtration rate is related to carotid 

intima-media thickness in middle-aged adults. Nephrol Dial Transplant. 2009;24:2767–2772. 

doi: 10.1093/ndt/gfp172 

36. Szeto CC, Chow KM, Woo KS, Chook P, Ching-Ha Kwan B, Leung CB, Kam-Tao Li P. Carotid 

intima media thickness predicts cardiovascular diseases in Chinese predialysis patients with 

chronic kidney disease. J Am Soc Nephrol. 2007;18:1966–1972. doi: 

10.1681/ASN.2006101184 

37. Benedetto FA, Mallamaci F, Tripepi G, Zoccali C. Prognostic value of ultrasonographic 

measurement of carotid intima media thickness in dialysis patients. J Am Soc Nephrol. 

2001;12:2458–2464. 

38. Herzog CA. How to manage the renal patient with coronary heart disease: the agony and 

the ecstasy of opinion-based medicine. J Am Soc Nephrol 2003; 14:2556 

39. Patel N.; Yaqoob M. M.; Aksentijevic D. Cardiac metabolic remodelling in chronic kidney 

disease. Nat Rev Nephrol. 2022, 18, 524-537. 

40. Provenzano M.; Coppolino G.; De Nicola L.; Serra R.; Garofalo C.; Andreucci M.; 

Bolignano D. Unraveling Cardiovascular Risk in Renal Patients: A New Take on Old Tale. 

Front Cell Dev Biol. 2019, 7, 314. 

41. Law JP, Pickup L, Pavlovic D, Townend JN, Ferro CJ.J Hypertension and cardiomyopathy 

associated with chronic kidney disease: epidemiology, pathogenesis and treatment 

considerations. Hum Hypertens. 2023 Jan;37(1):1-19. 

42. Hayer MK, Radhakrishnan A, Price AM, Liu B, Baig S, Weston CJ, Biasiolli L, Ferro CJ, 

Townend JN, Steeds RP, Edwards NC; Birmingham Cardio-Renal Group. Defining Myocardial 

Abnormalities Across the Stages of Chronic Kidney Disease: A Cardiac Magnetic Resonance 

Imaging Study. JACC Cardiovasc Imaging. 2020 Nov;13(11):2357-2367. 

43. Winterberg PD, Jiang R, Maxwell JT, Wang B, Wagner MB: Myocardial dysfunction occurs 

prior to changes in ventricular geometry in mice with chronic kidney disease (CKD). Physiol 

Rep 4: e12732, 2016 

https://pubmed.ncbi.nlm.nih.gov/35637381/
https://pubmed.ncbi.nlm.nih.gov/35637381/
https://pubmed.ncbi.nlm.nih.gov/31850348/
https://pubmed.ncbi.nlm.nih.gov/36138105/
https://pubmed.ncbi.nlm.nih.gov/36138105/
https://pubmed.ncbi.nlm.nih.gov/36138105/
https://pubmed.ncbi.nlm.nih.gov/32682713/
https://pubmed.ncbi.nlm.nih.gov/32682713/
https://pubmed.ncbi.nlm.nih.gov/32682713/


187 
 

   
 

44. Gross M. L.; Ritz E. ‘Hypertrophy and fibrosis in the cardiomyopathy of uremia– beyond 

coronary heart disease’. Semin Dial. 2008, 21, 308–318. 

45. Glassock RJ, Pecoits-Filho R, Barberato SH. ‘Left ventricular mass in chronic kidney 

disease and ESRD’. Clin J Am Soc Nephrol 2009; 4(Suppl 1):S79–S91. 

46. Romero-González G, González A, López B et al. Heart failure in chronic kidney disease: 

the emerging role of myocardial fibrosis. Nephrol Dial Transplant 2022;37:817–24 

47.  Mall G.; Huther W.; Schneider J.; Lundin P.; Ritz E. Diffuse intermyocardiocytic fibrosis in 

uraemic patients. Nephrol Dial Transplant. 1990, 5, 39–44. 

48. Izumaru K.; Hata J.; Nakano T.; Nakashima Y.; Nagata M.; Fukuhara M.; Oda Y.; Kitazono 

T.; Ninomiya T. Reduced estimated GFR and cardiac remodeling: a population-based autopsy 

study. Am J Kidney Dis. 2019, 74, 373–381. 

49. Aoki J, Ikari Y, Nakajima H et al. Clinical and pathologic characteristics of dilated 

cardiomyopathy in hemodialysis patients. Kidney Int 2005;67:333–40. 

50. Radhakrishnan A , Pickup LC , Price A et al.  Coronary microvascular dysfunction: a key 

step in the development of uraemic cardiomyopathy? Heart 2019; 105: 1302–1309 

51. Park M.; Hsu C.; Li Y.; Mishra R. K.; Keane M.; Rosas S. E.; Dries D.; Xie D.; Chen J.; He J.; 

et al. Associations between kidney function and subclinical cardiac abnormalities in CKD. J 

Am Soc Nephrol. 2012, 23, 1725–1734. 

52. Pluta A.; Stró˙zecki P.; Krintus M.; Odrowąż-Sypniewska G.; Manitius M.; et al. Left 

ventricular remodeling and arterial remodeling in patients with chronic kidney disease stage 

1–3. Ren Fail. 2015, 37, 1105–1110. 

53. Lakkas L.; Naka K. K.; Bechlioulis A.; Duni A.; Moustakli M.; Balafa O.; Theodorou I.; 

Katsouras C. S.; Dounousi E.; Michalis L. K.  Coronary microcirculation and left ventricular 

diastolic function but not myocardial deformation indices are impaired early in patients with 

chronic kidney disease.  Echocardiography 2023, 40, 600-607. 

54. Middleton RJ, PS Parfrey, RN Foley. Left ventricular hypertrophy in the renal patient. J 

Am Soc Nephrol 2001;12:1079–. https://doi.org/10.1681/ASN.V1251079. 

55. Stewart GA, Gansevoort RT, Mark PB et al. Electrocardiographic abnormalities and 

uremic cardiomyopathy. Kidney Int 2005;67:217–26. 

56. Cai QZ, Lu XZ, Lu Y, Wang AY: Longitudinal changes of cardiac structure and function in 

CKD (CASCADE study). J Am Soc Nephrol 25: 1599–1608, 2014 

57. Shlipak MG, Fried LF, Cushman M, Manolio TA, Peterson D, Stehman-Breen C, et al. 

Cardiovascular mortality risk in chronic kidney disease: comparison of traditional and novel 

risk factors. JAMA J Am Med Assoc. 2005;293:1737–45 

58. London GM, Pannier B, Guerin AP et al. Alterations of left ventricular hypertrophy in and 

survival of patients receiving hemodialysis: follow-up of an interventional study. J Am Soc 

Nephrol 2001;12:2759–67. 

59. Rudenko TE, Kamyshova ES, Vasilyeva MP et al. Risk factors for diastolic left ventricular 

myocardial dysfunction in patients with chronic kidney disease. Ter Arkh 2018;90:60–

7.https://doi.org/10.26442/terarkh201890960-67. 

https://pubmed.ncbi.nlm.nih.gov/?term=Lundin+P&cauthor_id=2109283
https://pubmed.ncbi.nlm.nih.gov/?term=Ritz+E&cauthor_id=2109283
https://pubmed.ncbi.nlm.nih.gov/?term=Nakashima+Y&cauthor_id=31036390
https://pubmed.ncbi.nlm.nih.gov/?term=Nagata+M&cauthor_id=31036390
https://pubmed.ncbi.nlm.nih.gov/?term=Fukuhara+M&cauthor_id=31036390
https://pubmed.ncbi.nlm.nih.gov/?term=Oda+Y&cauthor_id=31036390
https://pubmed.ncbi.nlm.nih.gov/?term=Kitazono+T&cauthor_id=31036390
https://pubmed.ncbi.nlm.nih.gov/?term=Ninomiya+T&cauthor_id=31036390
https://pubmed.ncbi.nlm.nih.gov/?term=Mishra+RK&cauthor_id=22935481
https://pubmed.ncbi.nlm.nih.gov/?term=Keane+M&cauthor_id=22935481
https://pubmed.ncbi.nlm.nih.gov/?term=Rosas+SE&cauthor_id=22935481
https://pubmed.ncbi.nlm.nih.gov/?term=Dries+D&cauthor_id=22935481
https://pubmed.ncbi.nlm.nih.gov/?term=Xie+D&cauthor_id=22935481
https://pubmed.ncbi.nlm.nih.gov/?term=Chen+J&cauthor_id=22935481
https://pubmed.ncbi.nlm.nih.gov/?term=He+J&cauthor_id=22935481
https://pubmed.ncbi.nlm.nih.gov/?term=Odrow%C4%85%C5%BC-Sypniewska+G&cauthor_id=26156686
https://pubmed.ncbi.nlm.nih.gov/?term=Manitius+J&cauthor_id=26156686
https://pubmed.ncbi.nlm.nih.gov/37229577/
https://pubmed.ncbi.nlm.nih.gov/37229577/
https://pubmed.ncbi.nlm.nih.gov/37229577/
https://doi.org/10.1681/ASN.V1251079


188 
 

   
 

60. Movahed MR, Ramaraj R, Manrique C et al. Left ventricular hypertrophy is 

independently associated with all-cause mortality. Am J Cardiovasc Dis 2022;12:38–41. 

61. Zoccali C, Mallamaci F, Adamczak M, de Oliveira RB, Massy ZA, Sarafidis P, Agarwal R, 

Mark PB, Kotanko P, Ferro CJ, Wanner C, Burnier M, Vanholder R, Wiecek A. Cardiovascular 

complications in chronic kidney disease: a review from the European Renal and 

Cardiovascular Medicine Working Group of the European Renal Association. Cardiovasc Res. 

2023 Sep 5;119(11):2017-2032. 

62. Paoletti E, De Nicola L, Gabbai FB, Chiodini P, Ravera M, Pieracci L, Marre S, Cassottana 

P, Lucà S, Vettoretti S, Borrelli S, Conte G, Minutolo R. Associations of Left Ventricular 

Hypertrophy and Geometry with Adverse Outcomes in Patients with CKD and Hypertension. 

Clin J Am Soc Nephrol. 2016 Feb 5;11(2):271-9. 

63. Chen SC, Su HM, Hung CC, Chang JM, Liu WC, Tsai JC, Lin MY, Hwang SJ, Chen HC: 

Echocardiographic parameters are independently associated with rate of renal function 

decline and progression to dialysis in patients with chronic kidney disease. Clin J Am Soc 

Nephrol 6: 2750–2758, 2011 

64. Chen SC, Chang JM, Liu WC, Huang JC, Tsai JC, Lin MY, Su HM, Hwang SJ, Chen HC: 

Echocardiographic parameters are independently associated with increased cardiovascular 

events in patients with chronic kidney disease. Nephrol Dial Transplant 27: 1064–1070, 2012 

65. Ganau A, Devereux RB, Roman MJ, de Simone G, Pickering TG, Saba PS, Vargiu P, 

Simongini I, Laragh JH: Patterns of left ventricular hypertrophy and geometric remodeling in 

essential hypertension. J Am Coll Cardiol 19: 1550–1558, 1992 

66. Lieb W, Gona P, Larson MG, Aragam J, Zile MR, Cheng S, Benjamin EJ, Vasan RS: The 

natural history of left ventricular geometry in the community: Clinical correlates and 

prognostic significance of change in LV geometric pattern. JACC Cardiovasc Imaging 7: 870–

878, 2014. 

67. Gerdts E, Cramariuc D, de Simone G, Wachtell K, Dahlöf B, Devereux RB: Impact of left 

ventricular geometry on prognosis in hypertensive patients with left ventricular hypertrophy 

(the LIFE study). Eur J Echocardiogr 9: 809–815, 2008 

68. Eckardt KU, Scherhag A, Macdougall IC, Tsakiris D, Clyne N, Locatelli F, Zaug MF, Burger 

HU, Drueke TB: Left ventricular geometry predicts cardiovascular outcomes associated with 

anemia correction in CKD. J Am Soc Nephrol 20: 2651–2660, 2009 

69. Dubin RF, Deo R, Bansal N et al.  Associations of conventional echocardiographic 

measures with incident heart failure and mortality: the chronic renal insufficiency cohort. 

Clin J Am Soc Nephrol 2017; 12: 60–68. 

70. Tripepi G, D'Arrigo G, Mallamaci F, London G, Tangri N, Hsu JY, Feldman HI, Zoccali C 

Prognostic values of left ventricular mass index in chronic kidney disease patients. Nephrol 

Dial Transplant. 2021 Mar 29;36(4):665-672. 

71. de Simone G, Mancusi C. Diastolic function in chronic kidney disease. Clin Kidney J. 2023 

Jul 19;16(11):1925-1935. 

72. Pecoits-Filho R, Bucharles S, Barberato SH. Diastolic heart failure in dialysis patients: 

mechanisms, diagnostic approach, and treatment. Semin Dial. 2012;25:35–41. 

https://pubmed.ncbi.nlm.nih.gov/37249051/
https://pubmed.ncbi.nlm.nih.gov/37249051/
https://pubmed.ncbi.nlm.nih.gov/37249051/
https://pubmed.ncbi.nlm.nih.gov/26668021/
https://pubmed.ncbi.nlm.nih.gov/26668021/


189 
 

   
 

73. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H, Edvardsen T, et al. 

Recommendations for the evaluation of left ventricular diastolic function by 

echocardiography: an update from the American Society of Echocardiography and the 

European Association of Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging. 

2016;17:1321–60. 

74. Mark PB, Johnston N, Groenning BA, Foster JE, Blyth KG, Martin TN, et al. Redefinition of 

uremic cardiomyopathy by contrast-enhanced cardiac magnetic resonance imaging. Kidney 

Int. 2006;69:1839–45. 

75. Hensen LCR, Goossens K, Delgado V, Abou R, Rotmans JI, Jukema JW, et al. Prevalence of 

left ventricular systolic dysfunction in pre-dialysis and dialysis patients with preserved left 

ventricular ejection fraction. Eur J Heart Fail. 2018;20:560–8. 

76. Sood MM, Pauly RP, Rigatto C, Komenda P. Left ventricular dysfunction in the 

haemodialysis population. NDT. 2008;1:199–205 

77. Williams B, Mancia G, Spiering W et al. 2018 ESC/ESH guide- lines for the management 

of arterial hypertension. Eur Heart J 2018; 39 :3021–104. 

78. Kramann R, Erpenbeck J, Schneider RK, Röhl AB, Hein M, Brandenburg VM, et al Speckle 

tracking echocardiography detects uremic cardiomyopathy early and predicts cardiovascular 

mortality in ESRD. J Am Soc Nephrol. 2014 Oct;25(10):2351–65. 

79. Edwards NC, Hirth A, Ferro CJ, Townend JN, Steeds RP: Subclinical abnormalities of left 

ventricular myocardial deformation in early-stage chronic kidney disease: The precursor of 

uremic cardiomyopathy? J Am Soc Echocardiogr 21: 1293–1298, 2008 

80. Krishnasamy R.; Isbel N. M.; Hawley C.M.; Pascoe E. M.; Burrage M.; Leano R.; Brian A 

Haluska B. A.; Marwick T. H.; Stanton T. Left ventricular global longitudinal strain (GLS) is a 

superior predictor of all-cause and cardiovascular mortality when compared to ejection 

fraction in advanced chronic kidney disease. PLoS One, 2015,10, e0127044 

81. Ravera M, Rosa GM, Fontanive P, Bussalino E, Dorighi U, Picciotto D, Di Lullo L, Dini FL, 

Paoletti E. Impaired Left Ventricular Global Longitudinal Strain among Patients with Chronic 

Kidney Disease and End-Stage Renal Disease and Renal Transplant Recipients. Cardiorenal 

Med. 2019;9(1):61-68. 

82. Liu YW, Su CT, Sung JM, Wang SP, Su YR, Yang CS, Tsai LM, Chen JH, Tsai WC: Association 

of left ventricular longitudinal strain with mortality among stable hemodialysis patients with 

preserved left ventricular ejection fraction. Clin J Am Soc Nephrol 8: 1564–1574, 2013. 

83. Rakhit DJ, Zhang XH, Leano R, Armstrong KA, Isbel NM, Marwick TH: Prognostic role of 

subclinical left ventricular abnormalities and impact of transplantation in chronic kidney 

disease. Am Heart J 153: 656–664, 2007 

84. Kang E, Lee SW, Ryu H, Kang M, Kim S, Park SK, Jung JY, Lee KB, Han SH, Ahn C, Oh KH.J 

Left Ventricular Diastolic Dysfunction and Progression of Chronic Kidney Disease: Analysis of 

KNOW-CKD Data. Am Heart Assoc. 2022 Jul 5;11(13):e025554. 

85. Borrelli S, De Nicola L, Garofalo C, Paoletti E, Lucà S, Chiodini P, Lucà S, Peruzzu N, Netti 

A, Lembo E, Stanzione G, Conte G, Minutolo R. Prevalence and renal prognosis of left 



190 
 

   
 

ventricular diastolic dysfunction in non-dialysis chronic kidney disease patients with 

preserved systolic function. J Hypertens. 2022 Apr 1;40(4):723-731. 

86. Badano LP, Muraru D. Twist Mechanics of the Left Ventricle. Circ Cardiovasc Imaging. 

2019 Apr;12(4):e009085. 

87. Panoulas VF, Sulemane S, Konstantinou K, Bratsas A, Elliott SJ, Dawson D, Frankel AH, 

Nihoyannopoulos P. Early detection of subclinical left ventricular myocardial dysfunction in 

patients with chronic kidney disease. Eur Heart J Cardiovasc Imaging. 2015 May;16(5):539-

48. 

88. Russel IK, Gotte MJ, Bronzwaer JG, Knaapen P, Paulus WJ, van Rossum AC. Left 

ventricular torsion: an expanding role in the analysis of myocardial dysfunction. JACC 

Cardiovasc Imaging. 2009;2(5):648–55. 

89. Sulemane S, Panoulas VF, Konstantinou K, Bratsas A, Tam FW, Brown EA, 

Nihoyannopoulos P. Left ventricular twist mechanics and its relation with aortic stiffness in 

chronic kidney disease patients without overt cardiovascular disease. Cardiovasc 

Ultrasound. 2016 Mar 9;14:10. 

90. Moharram MA , Lamberts RR , Whalley G et al.  Myocardial tissue characterisation using 

echocardiographic deformation imaging. Cardiovasc Ultrasound 2019; 17: 27 

91. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm M, Burri H, Butler J, 

Čelutkienė J, Chioncel O, Cleland JGF, Crespo-Leiro MG, Farmakis D, Gilard M, Heymans S, 

Hoes AW, Jaarsma T, Jankowska EA, Lainscak M, Lam CSP, Lyon AR, McMurray JJV, Mebazaa 

A, Mindham R, Muneretto C, Francesco Piepoli M, Price S, Rosano GMC, Ruschitzka F, 

Skibelund AK; ESC Scientific Document Group. 2023 Focused Update of the 2021 ESC 

Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur Heart J. 

2023 Oct 1;44(37):3627-3639. 

92. House AA, Wanner C, Sarnak MJ, Piña IL, McIntyre CW, Komenda P, Kasiske BL, Deswal 

A, deFilippi CR, Cleland JGF, Anker SD, Herzog CA, Cheung M, Wheeler DC, Winkelmayer WC, 

McCullough PA; Conference Participants. Heart failure in chronic kidney disease: conclusions 

from a Kidney Disease: Improving Global Outcomes (KDIGO) Controversies Conference. 

Kidney Int. 2019 Jun;95(6):1304-1317 

93. Valbuena-Lo´ pez SC, Camastra G, Cacciotti L, et al. ‘Cardiac imaging biomarkers in 

chronic kidney disease’. Biomolecules 2023; 13:773 

94. Ronco, C, McCullough, P, Anker, SD, Anand, I, Aspromonte, N, Bagshaw, SM, Bellomo, R, 

Berl, T, Bobek, I, Cruz, DN, Daliento, L, Davenport, A, Haapio, M, Hillege, H, House, AA, Katz, 

N, Maisel, A, Mankad, S, Zanco, P, Mebazaa, A, Palazzuoli, A, Ronco, F, Shaw, A, Sheinfeld, G, 

Soni, S, Vescovo, G, Zamperetti, N, Ponikowski, P. Cardio-renal syndromes: report from the 

Consensus Conference of the Acute Dialysis Quality Initiative. Eur Heart J. 2010;31:703–711. 

95. National Heart, Lung, and Blood Institute. NHLBI Working Group: cardio-renal 

connections in heart failure and cardiovascular disease, 2004. 2004. 

96. Ronco, C, Haapio, M, House, AA, Anavekar, N, Bellomo, R. Cardiorenal syndrome. J Am 

Coll Cardiol. 2008;52:1527–1539. 

https://pubmed.ncbi.nlm.nih.gov/37622666/
https://pubmed.ncbi.nlm.nih.gov/37622666/


191 
 

   
 

97. McAlister F.A, Ezekowitz J., Tarantini L. et al. Renal dysfunction in patients with heart 

failure with preserved versus reduced ejection fraction: impact of the new Chronic Kidney 

Disease-Epidemiology Collaboration Group formula. Circ Heart Fail. 2012; 5: 309-314 

11. 

98. Damman K, Valente MA, Voors AA, O'Connor CM, van Veldhuisen DJ, Hillege HL. Renal 

impairment, worsening renal function, and outcome in patients with heart failure: an 

updated meta-analysis. Assessment and management of heart failure in patients with 

chronic kidney disease. Eur Heart J. 2014;35:455–469. 

99. Smith GL, Lichtman JH, Bracken MB, et al. Renal impairment and outcomes in heart 

failure: systematic review and meta-analysis. J Am Coll Cardiol 2006; 47:1987. 

100. George LK, Koshy SKG, Molnar MZ, et al. Heart Failure Increases the Risk of Adverse 

Renal Outcomes in Patients With Normal Kidney Function. Circ Heart Fail 2017; 10. 

101. Guaricci AI, Sturdà F, Russo R, Basile P, Baggiano A, Mushtaq S, Fusini L, Fazzari F, 

Bertandino F, Monitillo F, Carella MC, Simonini M, Pontone G, Ciccone MM, Grandaliano G, 

Vezzoli G, Pesce F. Assessment and management of heart failure in patients with chronic 

kidney disease. Heart Fail Rev. 2024 Mar;29(2):379-394. 

102. Heywood JT, Fonarow GC, Costanzo MR, Mathur VS, Wigneswaran JR, Wynne J, 

Committee ASA Investigators (2007) High prevalence of renal dysfunction and its impact on 

outcome in 118,465 patients hospitalized with acute decompensated heart failure: a report 

from the ADHERE database. J Card Fail 13:422–430. 10.1016/j.cardfail.2007.03.011 

103. Adams KF, Jr, Fonarow GC, Emerman CL, LeJemtel TH, Costanzo MR, Abraham WT, 

Berkowitz RL, Galvao M, Horton DP, Committee ASA, et al. Characteristics and outcomes of 

patients hospitalized for heart failure in the United States: rationale, design, and preliminary 

observations from the first 100,000 cases in the Acute Decompensated Heart Failure 

National Registry (ADHERE) Am Heart J. 2005;149:209–216. 

104. Hillege H.L., Nitsch D., Pfeffer M.A. et al. Renal function as a predictor of outcome in a 

broad spectrum of patients with heart failure. Circulation. 2006; 113: 671-678 

105. Smith D.H., Thorp M.L., Gurwitz J.H., et al. Chronic kidney disease and outcomes in 

heart failure with preserved versus reduced ejection fraction: the Cardiovascular Research 

Network PRESERVE Study. Circ Cardiovasc Qual Outcomes. 2013; 6: 333-342 

106. Lofman I., Szummer K., Dahlstrom U. et al. Associations with and prognostic impact of 

chronic kidney disease in heart failure with preserved, mid-range, and reduced ejection 

fraction. Eur J Heart Fail. 2017; 19: 1606-1614 

107. Damman K, Navis G, Voors AA, et al. Worsening renal function and prognosis in heart 

failure: systematic review and meta-analysis. J Card Fail 2007; 13:599. 

108. Owan TE, Hodge DO, Herges RM, et al. Secular trends in renal dysfunction and 

outcomes in hospitalized heart failure patients. J Card Fail 2006; 12:257. 

109. Forman DE, Butler J, Wang Y, et al. Incidence, predictors at admission, and impact of 

worsening renal function among patients hospitalized with heart failure. J Am Coll Cardiol 

2004; 43:61. 

https://pubmed.ncbi.nlm.nih.gov/37728751/
https://pubmed.ncbi.nlm.nih.gov/37728751/
https://pubmed.ncbi.nlm.nih.gov/37728751/
https://pubmed.ncbi.nlm.nih.gov/37728751/
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/18
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/18
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/11
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/11
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/12
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/12
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/12


192 
 

   
 

110. Smith GL, Vaccarino V, Kosiborod M, et al. Worsening renal function: what is a clinically 

meaningful change in creatinine during hospitalization with heart failure? J Card Fail 2003; 

9:13. 

111. Logeart D, Tabet JY, Hittinger L, et al. Transient worsening of renal function during 

hospitalization for acute heart failure alters outcome. Int J Cardiol 2008; 127:228. 

112. Beldhuis IE, Streng KW, van der Meer P, et al. Trajectories of Changes in Renal 

Functionin Patients with Acute Heart Failure. J Card Fail 2019; 25:866. 

113. Meier-Kriesche HU, Schold JD, Srinivas TR, et al. Kidney transplantation halts 

cardiovascular disease progression in patients with end-stage renal disease. Am JTransplant 

2004; 4:1662. 

114. Jardine AG, Gaston RS, Fellstrom BC, Holdaas H. Prevention of cardiovascular disease 

inadult recipients of kidney transplants. Lancet 2011; 378:1419. 

115. Rangaswami J, Mathew RO, Parasuraman R, Tantisattamo E, Lubetzky M, Rao S, Yaqub 

MS, Birdwell KA, Bennett W, Dalal P, Kapoor R, Lerma EV, Lerman M, McCormick N, 

Bangalore S, McCullough PA, Dadhania DM. Cardiovascular disease in the kidney transplant 

recipient: epidemiology, diagnosis and management strategies. Nephrol Dial Transplant. 

2019 May 1;34(5):760-773. 

116. Awan AA, Niu J, Pan JS, et al. Trends in the Causes of Death among Kidney Transplant 

Recipients in the United States (1996-2014). Am J Nephrol 2018; 48:472 

117. Lam NN, Kim SJ, Knoll GA, et al. The Risk of Cardiovascular Disease Is Not Increasing 

Over Time Despite Aging and Higher Comorbidity Burden of Kidney Transplant Recipients. 

Transplantation 2017; 101:588. 

118. Cosio FG, Hickson LJ, Griffin MD, et al. Patient survival and cardiovascular risk after 

kidney transplantation: the challenge of diabetes. Am J Transplant 2008; 8:593. 

119. Wolfe RA, Ashby VB, Milford EL, Ojo AO, Ettenger RE, Agodoa LY, Held PJ, Port FK: 

Comparison of mortality in all patients on dialysis, patients on dialysis awaiting 

transplantation, and recipients of a first cadaveric transplant. N Engl J Med 341: 

1725–1730, 1999 

120. Stoumpos S, Jardine AG, Mark PB: Cardiovascular morbidity and mortality after kidney 

transplantation. Transpl Int 28: 10– 21, 2015 

121. OPTN/SRTR 2017 Annual Data Report. Scientific Registry of Transplant Recipients. 

Available at: http://srtr.transplant.hrsa.-gov/annual_reports/Default.aspx. Accessed April 

16, 2021 

122. Lentine KL, Brennan DC, Schnitzler MA (2005) Incidence and predictors of myocardial 

infarction after kidney transplantation. J Am Soc Nephrol 16(2):496–506. 

123. Devine PA, Courtney AE, Maxwell AP. Cardiovascular risk in renal transplant recipients. 

J Nephrol. 2019 Jun;32(3):389-399. 

124. Aakhus S, Dahl K, Widerøe TE: Cardiovascular disease in stable renal transplant patients 

in Norway: Morbidity and mortality during a 5-yr follow-up. Clin Transplant 18: 596–604, 

2004 

https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/14
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/14
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/14
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/20
https://www.uptodate.com/contents/cardiorenal-syndrome-definition-prevalence-diagnosis-and-pathophysiology/abstract/20
https://pubmed.ncbi.nlm.nih.gov/30984976/
https://pubmed.ncbi.nlm.nih.gov/30984976/
https://pubmed.ncbi.nlm.nih.gov/30406606/


193 
 

   
 

125. Birdwell KA, Park M. Post-Transplant Cardiovascular Disease. Clin J Am Soc Nephrol. 

2021 Dec;16(12):1878-1889. 

126. Methven S, Steenkamp R, Fraser S (2017) UK Renal Registry 19th Annual Report: Chap. 

5 survival and causes of death in UK adult patients on renal replacement therapy in 2015: 

National and Centre-specific Analyses. Nephron 137(Suppl. 1):117–150. 

127. Mathur AK, Chang YH, Steidley DE, Heilman R, Khurmi N, Wasif N, Etzioni D, Moss AA: 

Patterns of care and outcomes in cardiovascular disease after kidney transplantation in the 

United States. Transplant Direct 3: e126, 2017 

128. Weinrauch LA, D’Elia JA, Weir MR et al. Infection and malignancy outweigh 

cardiovascular mortality in kidney transplant recipients: post hoc analysis of the FAVORIT 

Trial. Am JMed 2018; 131: 165–172 

129. Mathur AK, Chang YH, Steidley DE, Heilman R, Khurmi N, Wasif N, Etzioni D, Moss AA: 

Patterns of care and outcomes in cardiovascular disease after kidney transplantation in the 

United States. Transplant Direct 3: e126, 2017 

130. Wali RK, Wang GS, Gottlieb SS et al. Effect of kidney transplantation on left ventricular 

systolic dysfunction and congestive heart failure in patients with end-stage renal disease. J 

Am Coll Cardiol 2005; 45: 1051–1060 

131. Hawwa, N.; Shrestha, K.; Hammadah, M.; Yeo, P.S.D.; Fatica, R.; Tang, W.H.W. Reverse 

Remodeling and Prognosis Following Kidney Transplantation in Contemporary Patients With 

Cardiac Dysfunction. J. Am. Coll. Cardiol. 2015, 66, 1779–1787. 

132. Burt RK, Gupta-Burt S, Suki WN et al. Reversal of left ventricular dysfunction after renal 

transplantation. Ann Intern Med 1989; 111: 635–64 

133. Paoletti E, Bellino D, Signori A et al (2016) Regression of asymptomatic cardiomyopathy 

and clinical outcome of renal transplant recipients: a long-term prospective cohort study. 

Nephrol Dial Transpl 31(7):1168–1174. 

134. Midtvedt K, Ihlen H, Hartmann A et al. Reduction of left ventricular mass by lisinopril 

and nifedipine in hypertensive renal transplant recipients: a prospective randomized 

double-blind study. Transplantation 2001; 72(1):107–111. 

135. Vanikar AV, Patel HV et al. Significant benefits after renal transplantation in patients 

with chronic heart failure and chronic kidney disease. Ren Fail 2014; 36: 854–858 

136. Rumman RK, Ramroop R, Chanchlani R et al. Longitudinal assessment of myocardial 

function in childhood chronic kidney disease, during dialysis, and following kidney 

transplantation. Pediatr Nephrol 2017; 32: 1401–1410. 

137. Kim, D.; Kim, M.; Park, J.B.; Lee, J.; Huh, K.H.; Hong, G.R.; Ha, J.W.; Choi, J.O.; Shim, C.Y. 

Changes in Cardiac Structure and Function after Kidney Transplantation: A New Perspective 

Based on Strain Imaging. J. Cardiovasc. Imaging 2023, 31, 98–104. 

138. Xu B, Harb S, Hawwa N et al. Impact of end-stage renal disease on left and right 

ventricular mechanics: does kidney transplantation reverse the abnormalities? JACC 

Cardiovasc Imaging 2017; 10: 1081–1. 



194 
 

   
 

139. Fujikura K, Peltzer B, Tiwari N et al. Reduced global longitudinal strain is associated with 

increased risk of cardiovascular events or death after kidney transplant. Int J Cardiol 2018; 

272: 323–328. 

140. Lakkas, L.; Naka, K.K.; Bechlioulis, A.; Girdis, I.; Duni, A.; Koutlas, V.; Moustakli, M.; 

Katsouras, C.S.; Dounousi, E.; Michalis, L.K. The prognostic role of myocardial strain indices 

and dipyridamole stress test in renal transplantation patients. Echocardiography 2020, 37, 

62–70 

141. Lentine KL, Schnitzler MA, Abbott KC et al. De novo congestive heart failure after 

kidney transplantation: a common condition with poor prognostic implications. Am J Kidney 

Dis 2005; 46: 720–733 

142. Lenihan CR, Liu S, Deswal A et al. De novo heart failure after kidney transplantation: 

trends in incidence and outcomes. Am J Kidney Dis 2018; 72: 223–233. 

143. Ku E, Lee BJ, Wei J, Weir MR. Hypertension in CKD: Core Curriculum 2019. Am J Kidney 

Dis. 2019 Jul;74(1):120-131. 

144. Anders HJ, Huber TB, Isermann B, Schiffer M. CKD in diabetes: diabetic kidney disease 

versus nondiabetic kidney disease.Nat Rev Nephrol. 2018;14:361–377. 

145. Tsalamandris S, Antonopoulos AS, Oikonomou E, Papamikroulis G-A, Vogiatzi G, 

Papaioannou S, Deftereos S, Tousoulis D. The role of inflammation in diabetes: current 

concepts and future perspectives. Eur Cardiol 2019;14:50–59. 

146. Bermudez-Lopez M, Forne C, Amigo N, Bozic M, Arroyo D, Bretones T, Alonso N, 

Cambray S, Del Pino MD, Mauricio D, et al. An in-depth analysis shows a hidden atherogenic 

lipoprotein profile in non-diabetic chronic kidney disease patients. Expert Opin Ther Targets. 

2019;23:619–630. 

147. Vaziri ND. Dyslipidemia of chronic renal failure: the nature, mechanisms, and potential 

consequences. Am J Physiol Renal Physiol 2006;290:F262–F272 

148. Florens N, Calzada C, Lyasko E, Juillard L, Soulage CO. Modified lipids and lipoproteins in 

chronic kidney disease: A new class of uremic toxins. Toxins (Basel). 2016;8:376 

149. Tonelli M, Muntner P, Lloyd A, Manns B, Klarenbach S, Pannu N, James M, Hemmelgarn 

B; Alberta Kidney Disease Network. Association between LDL-C and risk of myocardial 

infarction in CKD. J Am Soc Nephrol. 2013;24:979–986 

150. Ok E, Basnakian AG, Apostolov EO, Barri YM, Shah SV. Carbamylated low-density 

lipoprotein induces death of endothelial cells: a link to atherosclerosis in patients with 

kidney disease. Kidney Int. 2005;68:173–178. 

151. Apostolov EO, Ray D, Savenka AV, Shah SV, Basnakian AG. Chronic uremia stimulates 

LDL carbamylation and atherosclerosis. J Am Soc Nephrol. 2010;21:1852–1857 

152. Grassi G, Quarti-Trevano F, Seravalle G, Arenare F, Volpe M, Furiani S, Dell’Oro R, 

Mancia G. Early sympathetic activation in the initial clinical stages of chronic renal failure. 

Hypertension 2011;57:846–851. 

153. Menon V, Gul A, Sarnak MJ. Cardiovascular risk factors in chronic kidney disease. 

Kidney Int. 2005 Oct;68(4):1413-8. 

https://pubmed.ncbi.nlm.nih.gov/30898362/


195 
 

   
 

154. Moody WE, Edwards NC, Madhani M, Chue CD, Steeds RP, Ferro CJ, Townend JN. 

Endothelial dysfunction and cardiovascular disease in early-stage chronic kidney disease: 

cause or association? Atherosclerosis. 2012 Jul;223(1):86-94. 

155. Kohan DE. Endothelin, hypertension and chronic kidney disease: new insights. Curr 

Opin Nephrol Hypertens. 2010 Mar;19(2):134-9. 

156. Kielstein JT, Zoccali C. Asymmetric dimethylarginine: a cardiovascular risk factor and a 

uremic toxin coming of age? Am J Kidney Dis 2005; 46: 186–202 

157. Zoccali C, Mallamaci F, Maas R, for the CREED Investigators. Left ventricular 

hypertrophy, cardiac remodeling and asymmetric dimethylarginine (ADMA) in hemodialysis 

patients. Kidney Int 2002; 62: 339–45. 

158. Zhang H, Xiang S, Dai Z, Fan Y. Asymmetric dimethylarginine level as biomarkers of 

cardiovascular or all-cause mortality in patients with chronic kidney disease: a meta-

analysis. Biomarkers 2021;26:579–585 

159. Duni A, Liakopoulos V, Rapsomanikis KP, Dounousi E. Chronic Kidney Disease and 

Disproportionally Increased Cardiovascular Damage: Does Oxidative Stress Explain the 

Burden? Oxid Med Cell Longev. 2017;2017:9036450. 

160. Vervloet M, Cozzolino M. Vascular calcification in chronic kidney disease: different 

bricks in the wall? Kidney Int 2017;91:808–817. 

161. Chue CD, Townend JN, Steeds RP, Ferro CJ. Arterial stiffness in chronic kidney disease: 

causes and consequences. Heart 2010;96:817–823. 

162. Coll B, Betriu A, Martínez-Alonso M, Amoedo ML, Arcidiacono MV, Borras M, JM, 

Fernández E. Large artery calcification on dialysis patients is located in the intima and 

related to atherosclerosis. Clin J Am Soc Nephrol. 2011;6:303–310. 

163. Olmos G, Martínez-Miguel P, Alcalde-Estevez E, Medrano D, Sosa P, Rodríguez-Mañas L, 

Naves-Diaz M, Rodríguez-Puyol D, Ruiz-Torres MP, López-Ongil S. Hyperphosphatemia 

induces senescence in human endothelial cells by increasing endothelin-1 production. Aging 

Cell. 2017;16:1300– 1312. 

164. Lim YJ, Sidor NA, Tonial NC, Che A, Urquhart BL. Uremic Toxins in the Progression of 

Chronic Kidney Disease and Cardiovascular Disease: Mechanisms and Therapeutic Targets. 

Toxins (Basel). 2021 Feb 13;13(2):142 

165. Carmona A, Guerrero F, Buendia P, Obrero T, Aljama P, Carracedo J. Microvesicles 

derived from indoxyl sulfate treated endothelial cells induce endothelial progenitor cells 

dysfunction. Front Physiol. 2017;8:666. 

166. Li WJ, Chen XM, Nie XY, Zhang J, Cheng YJ, Lin XX, Wu SH. Cardiac troponin and C-

reactive protein for predicting all-cause and cardiovascular mortality in patients with chronic 

kidney disease: a meta-analysis. Clinics 2015;70:301–311 

167. Swaminathan S, Shah SV. Novel inflammatory mechanisms of accelerated 

atherosclerosis in kidney disease. Kidney Int. 2011;80:453–463. 

168. Stenvinkel P, Carrero JJ, Axelsson J, Lindholm B, Heimbürger O, Massy Z. Emerging 

biomarkers for evaluating cardiovascular risk in the chronic kidney disease patient: how do 

new pieces fit into the uremic puzzle? Clin J Am Soc Nephrol. 2008;3:505–521. 



196 
 

   
 

169. Di Lullo L, Gorini A, Russo D, Santoboni A, Ronco C. Left Ventricular Hypertrophy in 

Chronic Kidney Disease Patients: From Pathophysiology to Treatment. Cardiorenal Med. 

2015 Oct;5(4):254-66. 

170. Ritz E. Left ventricular hypertrophy in renal disease: beyond preload and afterload. 

Kidney Int. 2009 Apr;75(8):771-3. 

171. Tai R, Ohashi Y, Mizuiri S, Aikawa A, Sakai K. Association between ratio of measured 

extracellular volume to expected body fluid volume and renal outcomes in patients with 

chronic kidney disease: a retrospective single-center cohort study. BMC Nephrol 

2014;15(1):189. 

172.  Tsai YC, Chiu YW, Tsai JC, Kuo HT, Hung CC, Hwang SJ, Chen TH, Kuo MC, Chen HC. 

Association of fluid overload with cardiovascular morbidity and all-cause mortality in stages 

4 and 5 CKD. Clin J Am Soc Nephrol 2015;10:39–46. 

173. Zoccali C, Moissl U, Chazot C, Mallamaci F, Tripepi G, Arkossy O, Wabel P, Stuard S. 

Chronic fluid overload and mortality in ESRD. J Am Soc Nephrol 2017;28:2491–2497. 

174. Qirjazi E, Salerno FR, Akbari A, Hur L, Penny J, Scholl T, McIntyre CW. Tissue sodium 

concentrations in chronic kidney disease and dialysis patients by lower leg sodium-23 

magnetic resonance imaging. Nephrol Dial Transplant 2021;36:1234–1243 

175. Chue CD, Townend JN, Steeds RP, Ferro CJ. Arterial stiffness in chronic kidney disease: 

causes and consequences. Heart 2010;96:817–823. 

176. Lishmanov A, Dorairajan S, Pak Y, Chaudhary K, Chockalingam A. Elevated serum 

parathyroid hormone is a cardiovascular risk factor in moderate chronic kidney disease. Int 

Urol Nephrol 2012;44:541–547. 

177. Faul C, Amaral AP, Oskouei B, Hu MC, Sloan A, Isakova T, Gutiérrez OM, Aguillon-Prada 

R, Lincoln J, Hare JM, Mundel P, Morales A, Scialla J, Fischer M, Soliman EZ, Chen J, Go AS, 

Rosas SE, Nessel L, Townsend RR, Feldman HI, Sutton MSJ, Ojo A, Gadegbeku C, di Marco GS, 

Reuter S, Kentrup D, Tiemann K, Brand M, Hill JA, Moe OW, Kuro-o M, Kusek JW, Keane MG, 

Wolf M. FGF23 induces left ventricular hypertrophy. J Clin Investig 2011;121:4393–4408. 

178. Gutierrez OM, Mannstadt M, Isakova T, et al: Fibroblast growth factor 23 and mortality 

among patients undergoing hemodialysis. N Engl J Med 2008; 359: 584–592. 

179. Gutiérrez OM, Januzzi JL, Isakova T, Laliberte K, Smith K, Collerone G, Sarwar A, 

Hoffmann U, Coglianese E, Christenson R, Wang TJ, deFilippi C, Wolf M. Fibroblast growth 

factor 23 and left ventricular hypertrophy in chronic kidney disease. Circulation. 2009 May 

19;119(19):2545-52. 

180. Bansal N, Keane M, Delafontaine P, Dries D, Foster E, Gadegbeku CA, Go AS, Hamm LL, 

Kusek JW, Ojo AO, Rahman M, Tao K, Wright JT, Xie D, Hsu CY; CRIC Study Investigators: A 

longitudinal study of left ventricular function and structure from CKD to ESRD: the CRIC 

study. Clin J Am Soc Nephrol 2013; 8: 355–362. 

181. Drechsler C, Pilz S, Obermayer-Pietsch B, Verduijn M, Tomaschitz A, Krane V, Espe K, 

Dekker F, Brandenburg V, März W, Ritz E, Wanner C. Vitamin D deficiency is associated with 

sudden cardiac death, combined cardiovascular events, and mortality in haemodialysis 

patients. Eur Heart J 2010;31:2253–2261. 

https://pubmed.ncbi.nlm.nih.gov/19337217/
https://pubmed.ncbi.nlm.nih.gov/19414634/
https://pubmed.ncbi.nlm.nih.gov/19414634/


197 
 

   
 

182. Testa A, Mallamaci F, Benedetto F, Pisano A, Tripepi G, Malatino L, Thadhani R, Zoccali 

C: Vitamin D receptor (VDR) gene polymorphism is associated with left ventricular (LV) mass 

and predicts left ventricular hypertrophy (LVH) progression in end-stage renal disease 

(ESRD) patients. J Bone Miner Res 2010; 25: 313–319. 

183. Marchais SJ, Metivier F, Guerin AP, London GM: Association of hyperphosphataemia 

with haemodynamic disturbances in end-stage renal disease. Nephrol Dial Transplant 1999; 

14: 2178–2183. 

184. Awan AA, Walther CP, Richardson PA, Shah M, Winkelmayer WC, Navaneethan SD. 

Prevalence, correlates and outcomes of absolute and functional iron deficiency anemia in 

nondialysis-dependent chronic kidney disease. Nephrol Dial Transplant 2021;36:129–136 

185. Levin A, Thompson CR, Ethier J, Carlisle EJF, Tobe S, Mendelssohn D, Burgess E, Jindal K, 

Barrett B, Singer J, Djurdjev O. Left ventricular mass index increase in early renal disease: 

impact of decline in hemoglobin. Am J Kidney Dis 1999;34:125–134. 

186. Weiner DE, Tighiouart H, Vlagopoulos PT, Griffith JL, Salem DN, Levey AS, Sarnak MJ. 

Effects of anemia and left ventricular hypertrophy on cardiovascular disease in patients with 

chronic kidney disease. J Am Soc Nephrol. 2005 Jun;16(6):1803-10. 181. 

187.  Levin A. Anemia and left ventricular hypertrophy in chronic kidney disease 

populations: a review of the current state of knowledge. Kidney Int Suppl. 2002 

May;(80):35-8. 

188. Rangaswami J, Bhalla V, Blair JEA, Chang TI, Costa S, Lentine KL, Lerma EV, Mezue K, 

Molitch M, Mullens W, Ronco C, Tang WHW, McCullough PA; American Heart Association 

Council on the Kidney in Cardiovascular Disease and Council on Clinical Cardiology 

Cardiorenal Syndrome: Classification, Pathophysiology, Diagnosis, and Treatment Strategies: 

A Scientific Statement From the American Heart Association. Circulation. 2019 Apr 

16;139(16):e840-e878. 

189. Patel RN, Sharma A, Prasad A, Bansal S.  Heart Failure With Preserved Ejection Fraction 

With CKD: A Narrative Review of a Multispecialty Disorder. Kidney Med. 2023 Sep 

27;5(12):100705. 

190. Curtis BM, Parfrey PS. ‘Congestive heart failure in chronic kidney disease: disease-

specific mechanisms of systolic and diastolic heart failure and management’. Cardiol Clin 

2005; 23:275–284. 

191. Sweitzer NK, Lopatin M, Yancy CW, Mills RM, Stevenson LW. Comparison of clinical 

features and outcomes of patients hospitalized with heart failure and normal ejection 

fraction (> or=55%) versus those with mildly reduced (40% to 55%) and moderately to 

severely reduced (<40%) fractions. Am J Cardiol. 2008;101:1151–1156. 

192. Damman K, van Deursen VM, Navis G, Voors AA, van Veldhuisen DJ, Hillege HL. 

Increased central venous pressure is associated with impaired renal function and mortality 

in a broad spectrum of patients with cardiovascular disease. J Am Coll Cardiol. 2009;53:582–

588. 

https://pubmed.ncbi.nlm.nih.gov/38046909/
https://pubmed.ncbi.nlm.nih.gov/38046909/


198 
 

   
 

193. Ganda A, Onat D, Demmer RT, Wan E, Vittorio TJ, Sabbah HN, Colombo PC. Venous 

congestion and endothelial cell activation in acute decompensated heart failure. Curr Heart 

Fail Rep. 2010;7:66–74. 

194. Kovács ZZA, Szucs G, Freiwan M et al. Comparison of the antiremodeling effects of 

losartan and mirabegron in a rat model of uremic cardiomyopathy. Sci Rep 2021;11:17495. 

195. Li Y, Takemura G, Okada H et al. Molecular signaling mediated by angiotensin II type 1A 

receptor blockade leading to attenuation of renal dysfunction-associated heart failure. J 

Card Fail 2007;13:155–62 

196. Ham O, Jin W, Lei L et al. Pathological cardiac remodeling occurs early in CKD mice from 

unilateral urinary obstruction, and is attenuated by Enalapril. Sci Rep 2018;8:16087. 

197. Mohamed RMSM, Elshazly SM, Nafea OE et al. Comparative cardioprotective effects of 

carvedilol versus atenolol in a rat model of cardiorenal syndrome type 4. Naunyn 

Schmiedebergs Arch Pharmacol 2021;394:2117–28. 

198. Bonnard B, Pieronne-Deperrois M, Djerada Z et al. Mineralocorticoid receptor 

antagonism improves diastolic dysfunction in chronic kidney disease in mice. J Mol Cell 

Cardiol 2018;121:124–33. 

199. Bakris GL, Agarwal R, Anker SD, Pitt B, Ruilope LM, Rossing P, Kolkhof P, Nowack C, 

Schloemer P, Joseph A, et al. Effect of finerenone on chronic kidney disease outcomes in 

type 2 diabetes. N Engl J Med. 2020;383:2219–2229. 

200. Pitt B, Filippatos G, Agarwal R, Anker SD, Bakris GL, Rossing P, Joseph A, Kolkhof P, 

Nowack C, Schloemer P, et al. Cardiovascular events with finerenone in kidney disease and 

type 2 diabetes. N Engl J Med. 2021;385:2252–2263. 

201. Navarro-García JA, Delgado C, Fernández-Velasco M et al. Fibroblast growth factor-23 

promotes rhythm alterations and contractile dysfunction in adult ventricular 

cardiomyocytes. Nephrol Dial Transplant 2019;34:1864–75. 

202. Xie J, Yoon J, An S-W et al. Soluble Klotho protects against uremic cardiomyopathy 

independently of fibroblast growth factor 23 and phosphate. J Am Soc Nephrol 

2015;26:1150–60. 

203. Dhingra R, Gona P, Benjamin EJ et al (2010) Relations of serum phosphorus levels to 

echocardiographic left ventricular mass and incidence of heart failure in the community. Eur 

J Heart Fail 12:812–818. 

204. Lekawanvijit S, Krum H. Cardiorenal syndrome: role of protein-bound uremic toxins. J 

Ren Nutr 2015, 25:149–154. 

205. Falconi CA, Junho CVC, Fogaça-Ruiz F et al. Uremic toxins: an alarming danger 

concerning the cardiovascular system.2021  Front Physiol 12. 

206. Kim, H. Y., Yoo, T. H., Hwang, Y., Lee, G. H., Kim, B., Jang, J., et al. Indoxyl sulfate (IS)-

mediated immune dysfunction provokes endothelial damage in patients with end-stage 

renal disease (ESRD). Sci. Rep. 2017; 7:3057. 

207. Giam B, Kaye DM, Rajapakse NW (2016) Role of renal oxidative stress in the 

pathogenesis of the cardiorenal syndrome. Hear Lung Circ 25:874–880 



199 
 

   
 

208. Caio-Silva W, da Silva DD, Junho CVC et al (2020) Characterization of the oxidative 

stress in renal ischemia/reperfusion-induced cardiorenal syndrome type 3. Biomed Res Int 

2020:1605358. 

209. Kasiske BL, Anjum S, Shah R, Skogen J, Kandaswamy C, Danielson B,O’Shaughnessy EA, 

Dahl DC, Silkensen JR, Sahadevan M, Snyder JJ: Hypertension after kidney transplantation. 

Am J Kidney Dis 2004; 43: 1071–1081. 

210. Carpenter MA, John A, Weir MR, Smith SR, Hunsicker L, Kasiske BL, Kusek JW, Bostom 

A, Ivanova A, Levey AS, Solomon S, Pesavento T, Weiner DE: BP, cardiovascular disease, and 

death in the Folic Acid for Vascular Outcome Reduction in Transplantation trial. J Am Soc 

Nephrol 2014; 25: 1554–1562, 

211. Kasiske BL, Chakkera HA, Roel J.Explained and unexplained ischemic heart disease risk 

after renal transplantation. J Am Soc Nephrol. 2000; 11(9):1735–1743 

212. Kasiske BL, Guijarro C, Massy ZA et al. Cardiovascular disease after renal 

transplantation. J Am Soc Nephrol. 1996; 7(1):158–165. 

213. Cosio FG, Kudva Y, van der Velde M et al (2005) New onset hyperglycemia and diabetes 

are associated with increased cardiovascular risk after kidney transplantation. Kidney Int 

67(6):2415–2421. 

214. Weiner DE, Carpenter MA, Levey AS et al (2012) Kidney function and risk of 

cardiovascular disease and mortality in kidney transplant recipients: the FAVORIT trial. Am J 

Transpl 12(9):2437– 2445. 

215. Fernández-Fresnedo G, Escallada R, Rodrigo E, De Francisco AL, Cotorruelo JG, Sanz De 

Castro S, Zubimendi JA, Ruiz JC, Arias M. The risk of cardiovascular disease associated with 

proteinuria in renal transplant patients. Transplantation. 2002 Apr 27;73(8):1345-8. 

216. Rigatto C. Electrocardiographic left ventricular hypertrophy in renal transplant 

recipients: prognostic value and impact of blood pressure and anemia. J Am Soc Nephrol 

2003; 14(2):462–468. 

217. Kensinger C, Bian A, Fairchild M, Chen G, Lipworth L, Ikizler TA, Birdwell KA: Long term 

evolution of endothelial function during kidney transplantation. BMC Nephrol 2016; 17: 160. 

218. Stenvinkel, P. & Larsson, T. E. Chronic kidney disease: a clinical model of premature 

aging. Am. J. Kidney Dis. 62, 339–351 (2013). 

219. Mehrotra, R. et al. Serum fetuin‑A in nondialyzed patients with diabetic nephropathy: 

relationship with coronary artery calcification. Kidney Int. 67, 1070–1077 (2005). 

220. Gupta, J. et al. Association between albuminuria, kidney function, and inflammatory 

biomarker profile in CKD in CRIC. Clin. J. Am. Soc. Nephrol. 7, 1938–1946 (2012). 

221. Stenvinkel P, Ketteler M, Johnson RJ, Lindholm B, Pecoits-Filho R, Riella M, Heimbürger 

O, Cederholm T, Girndt M. IL-10, IL-6, and TNF-alpha: central factors in the altered cytokine 

network of uremia--the good, the bad, and the ugly. Kidney Int. 2005 Apr;67(4):1216-33. 

222. Kurts C, Panzer U, Anders HJ, Rees AJ. The immune system and kidney disease: basic 

concepts and clinical implications. Nat Rev Immunol 2013; 13:738. 

https://pubmed.ncbi.nlm.nih.gov/11981434/
https://pubmed.ncbi.nlm.nih.gov/11981434/


200 
 

   
 

223. Eleftheriadis T, Pissas G, Antoniadi G, et al. Damage-associated molecular patterns 

derived from mitochondria may contribute to the hemodialysis-associated inflammation. Int 

Urol Nephrol 2014; 46:107. 

224. Hession C, Decker JM, Sherblom AP, et al: Uromodulin (Tamm- Horsfall glycoprotein): A 

renal ligand for lymphokines. Science 1987; 237:1479–1484. 

225. Hasper D, Hummel M, Kleber FX, et al. Systemic inflammation in patients with heart 

failure. Eur Heart J 1998; 19:761. 

226. Shi K, Wang F, Jiang H, et al. Gut bacterial translocation may aggravate 

microinflammation in hemodialysis patients. Dig Dis Sci 2014; 59:2109. 

227. Yang T, Richards EM, Pepine CJ, Raizada MK. The gut microbiota and the brain-gut 

kidney axis in hypertension and chronic kidney disease. Nat Rev Nephrol. 2018;14(7): 442–

56. 

228. Sabatino A, Regolisti G, Cosola C, Gesualdo L, Fiaccadori E. Intestinal microbiota in type 

2 diabetes and chronic kidney disease. Curr Diab Rep. 2017;17(3):16. 

229. Yang T, Richards EM, Pepine CJ, Raizada MK. The gut microbiota and the brain-gut 

kidney axis in hypertension and chronic kidney disease. Nat Rev Nephrol. 2018;14(7): 442–

56. 

230. Shimizu H, Bolati D, Adijiang A, et al. NF-κB plays an important role in indoxyl sulfate 

induced cellular senescence, fibroticgene expression, and inhibition of proliferation in 

proximal tubular cells. Am J Physiol Cell Physiol 2011; 301:C1201. 

231. Xu, G.; Luo, K.; Liu, H.; Huang, T.; Fang, X.; Tu, W. The progress of inflammation and 

oxidative stress in patients with chronic kidney disease. Ren Fail. 2015, 37, 45–49. 

232. Suliman ME, Heimbürger O, Bárány P, et al. Plasma pentosidine is associated with 

inflammation and malnutrition in end-stage renal disease patients starting on dialysis 

therapy. J Am Soc Nephrol 2003; 14:1614. 

233. Martínez-Moreno JM, Herencia C, de Oca AM, Díaz-Tocados JM, Vergara N, Gómez-

Luna MJ, et al. High phosphate induces a proinflammatory response by vascular smooth 

muscle cells and modulation by vitamin D derivatives. Clin Sci. 2017;131(13):1449–63. 

234. Voelkl J, Egli-Spichtig D, Alesutan I, Wagner CA. Inflammation: a putative link between 

phosphate metabolism and cardiovascular disease. Clin Sci. 2021;135(1):201–27. 

235. Rossaint J, Unruh M, Zarbock A. Fibroblast growth factor 23 actions in inflammation: a 

key factor in CKD outcomes. Nephrol Dial Transplant. 2017;32(9):1448–53. 

236. Banerjee T, Kim SJ, Astor B, et al. Vascular access type, inflammatory markers, and 

mortality in incident hemodialysis patients: the Choices for Healthy Outcomes in Caring for 

End-Stage Renal Disease (CHOICE) Study. Am J Kidney Dis 2014;64:954. 

237. Pecoits-Filho R, Stenvinkel P, Wang AY, et al. Chronic inflammation in peritoneal 

dialysis: the search for the holy grail? PeritDial Int 2004; 24:327. 

238. Cohen G. Immune dysfunction in uremia 2020. Toxins. 2020;12(7):439. 

239. Kim JK, Hong CW, Park MJ, Song YR, Kim HJ, Kim SG. Increased neutrophil extracellular 

trap formation in uremia is associated with chronic inflammation and prevalent coronary 

artery disease. J Immunol Res. 2017; 2017:8415179. 



201 
 

   
 

240. Vaziri ND, Pahl MV, Crum A, Norris K. Effect of uremia on structure and function of 

immune system. J Ren Nutr. 2012;22(1):149–56. 

241. Betjes MG.N Immune cell dysfunction and inflammation in end-stage renal disease. Rev 

Nephrol. 2013 May;9(5):255-65. 

242. Kato S, Chmielewski M, Honda H, Pecoits-Filho R, Matsuo S, Yuzawa Y, Tranaeus A, 

Stenvinkel P, Lindholm B. Aspects of immune dysfunction in end-stage renal disease.  Clin J 

Am Soc Nephrol. 2008 Sep;3(5):1526-33. 

243. Steiger S, Rossaint J, Zarbock A, Anders HJ. Secondary Immunodeficiency Related to 

Kidney Disease (SIDKD)-Definition, Unmet Need, and Mechanisms. J Am Soc Nephrol. 2022 

Feb;33(2):259-278. 

244. Pasare C, Medzhitov R: Toll-like receptors: linking innate and adaptive immunity. 

Microbes Infect 6: 1382–1387, 2004 

245. Gollapudi, P., Yoon, J. W., Gollapudi, S., Pahl, M. V. & Vaziri, N. D. Leukocyte toll-like 

receptor expression in end-stage kidney disease. Am. J. Nephrol. 31, 247–254 (2010). 

246. Sela, S. et al. Primed peripheral polymorphonuclear leukocyte: a culprit underlying 

chronic low-grade inflammation and systemic oxidative stress in chronic kidney disease. J. 

Am. Soc. Nephrol. 16, 2431–2438 (2005). 

247. Pindjakova, J. & Griffin, M. D. Defective neutrophil rolling and transmigration in acute 

uremia. Kidney Int. 80, 447–450 (2011). 

248. Anding, K., Gross, P., Rost, J. M., Allgaier, D. & Jacobs, E. The influence of uraemia and 

haemodialysis on neutrophil phagocytosis and antimicrobial killing. Nephrol. Dial. 

Transplant. 18, 2067–2073 (2003). 

249. Jaber, B. L., Perianayagam, M. C., Balakrishnan, V. S., King, A. J. & Pereira, B. J. 

Mechanisms of neutrophil apoptosis in uremia and relevance of the Fas (APO‑  1, CD95)/Fas 

ligand system. J. Leukoc. Biol. 69, 1006–1012 (2001). 

250. Klein, J. B., McLeish, K. R. & Ward, R. A. Transplantation, not dialysis, corrects azotemia-

dependent priming of the neutrophil oxidative burst. Am. J. Kidney Dis. 33, 483–491 (1999). 

251. Dounousi E, Duni A, Naka KK, Vartholomatos G, Zoccali C. The Innate Immune System 

and Cardiovascular Disease in ESKD: Monocytes and Natural Killer Cells. Curr Vasc 

Pharmacol. 2021;19(1):63-76. 

252. Passlick B, Flieger D, Ziegler-Heitbrock HW. Identification and characterization of a 

novel monocyte subpopulation in human peripheral blood. Blood 1989; 74(7): 2527-34. 

253. Wright SD, Ramos RA, Tobias PS, Ulevitch RJ, Mathison JC. CD14, a receptor for 

complexes of lipopolysaccharide (LPS) and LPS binding protein. Science 1990; 249(4975): 

1431-3. 

254. Clarkson SB, Ory PA. CD16. Developmentally regulated IgG Fc receptors on cultured 

human monocytes. J Exp Med 1988; 167(2): 408-20. 

255. Zawada AM, Rogacev KS, Rotter B, et al. SuperSAGE evidence for CD14++CD16+ 

monocytes as a third monocyte subset. Blood 2011; 118(12): e50-61. 

256. Ziegler-Heitbrock L, Ancuta P, Crowe S, et al. Nomenclature of monocytes and dendritic 

cells in blood. Blood 2010; 116(16): e74-80. 

https://pubmed.ncbi.nlm.nih.gov/32600233/
https://pubmed.ncbi.nlm.nih.gov/32600233/


202 
 

   
 

257. Boyette LB, Macedo C, Hadi K, et al. Phenotype, function, and differentiation potential 

of human monocyte subsets. PLoS One 2017; 12(4)e0176460 

258. Stansfield BK, Ingram DA. Clinical significance of monocyte heterogeneity. Clin Transl 

Med 2015; 4: 5 

259. Buscher K, Marcovecchio P, Hedrick CC, et al. Patrolling Mechanics of Nonclassical 

Monocytes in Vascular Inflammation Front Cardiovasc Med 2017; 19: 80. 

260. Girndt, M.; Trojanowicz, B.; Ulrich, C. Monocytes in Uremia. Toxins (Basel) 2020, 12, 

340. 

261. Sardenberg, C.; Suassuna, P.;Watanabe, R.; Cruz Andreoli, M.C.; Aparecida Dalboni, M.; 

Faria Seabra, V.; Draibe, S.A.; Cendoroglo Neto, M.; Jaber, B. Balance between cytokine 

production by peripheral blood mononuclear cells and reactive oxygen species production 

by monocytes in patients with chronic kidney disease. Ren. Fail. 2004, 26, 673–681. 

262. Ando, M., Gafvels, M., Bergstrom, J., Lindholm, B. & Lundkvist, I. Uremic serum 

enhances scavenger receptor expression and activity in the human monocytic cell line U937. 

Kidney Int. 51, 785–792 (1997). 

263. Lim, W. H., Kireta, S., Leedham, E., Russ, G. R. & Coates, P. T. Uremia impairs monocyte 

and monocyte-derived dendritic cell function in hemodialysis patients. Kidney Int. 72, 1138–

1148 (2007) 

264. Kuroki Y, Tsuchida K, Go I, et al. A study of innate immunity in patients with end-stage 

renal disease: special reference to toll-like receptor-2 and -4 expression in peripheral blood 

monocytes of hemodialysis patients. Int J Mol Med 2007; 19(5): 783-90 

265. Ando, M., Shibuya, A., Tsuchiya, K., Akiba, T. & Nitta, K. Reduced expression of Toll-like 

receptor 4 contributes to impaired cytokine response of monocytes in uremic patients. 

Kidney Int. 70, 358–362 (2006). 

266. Verkade MA, van Druningen CJ, Vaessen LM, Hesselink DA, Weimar W, Betjes MG: 

Functional impairment of monocyte-derived dendritic cells in patients with severe chronic 

kidney disease. Nephrol Dial Transplant 22: 128–138, 2007 

267. Sardenberg, C.; Suassuna, P.;Watanabe, R.; Cruz Andreoli, M.C.; Aparecida Dalboni, M.; 

Faria Seabra, V.; Draibe, S.A.; Cendoroglo Neto, M.; Jaber, B. Balance between cytokine 

production by peripheral blood mononuclear cells and reactive oxygen species production 

by monocytes in patients with chronic kidney disease. Ren. Fail. 2004, 26, 673–681. 

268. Trojanowicz, B.; Ulrich, C.; Seibert, E.; Fiedler, R.; Girndt, M. Uremic Conditions Drive 

Human Monocytes to Pro-Atherogenic Differentiation via an Angiotensin-Dependent 

Mechanism. PLoS ONE 2014, 9, e102137. 

269. Trojanowicz, B.; Imdahl, T.; Ulrich, C.; Fiedler, R.; Girndt, M. Circulating miR-421 

Targeting Leucocytic Angiotensin Converting Enzyme 2 Is Elevated in Patients with Chronic 

Kidney Disease. Nephron 2019, 141, 61–74. 

270. Jankowski, J.; van der Giet, M.; Jankowski, V.; Schmidt, S.; Hemeier, M.; Mahn, B.; 

Giebing, G.; Tolle, M.; Luftmann, H.; Schluter, H.; et al. Increased plasma phenylacetic acid in 

patients with end-stage renal failure inhibits iNOS expression. J. Clin. Investig. 2003, 112, 

256–264. 



203 
 

   
 

271. Schmidt, S.; Westho, T.H.; Krauser, P.; Ignatius, R.; Jankowski, J.; Jankowski, V.; Zidek, 

W.; van der Giet, M. The uraemic toxin phenylacetic acid impairs macrophage function. 

Nephrol. Dial. Transpl. 2008, 23, 3485–3493. 

272. Heidenreich, S.; Schmidt, M.; Bachmann, J.; Harrach, B. Apoptosis of monocytes 

cultured from long-term hemodialysis patients. Kidney Int. 1996, 49, 792–799. 

273. Nockher, W. A. & Scherberich, J. E. Expanded CD14+CD16+ monocyte subpopulation in 

patients with acute and chronic infections undergoing hemodialysis. Infect. Immun. 66, 

2782–2790 (1998). 

274. Scherberich, J. E., Estner, H. & Segerer, W. Impact of different immunosuppressive 

regimens on antigen-presenting blood cells in kidney transplant patients. Kidney Blood 

Press. Res. 27, 177–180 (2004). 

275. Ramirez, R.; Carracedo, J.; Berdud, I.; Carretero, D.; Merino, A.; Rodríguez, M.; Tetta, C.; 

Martín-Malo, A.; Aljama, P. Microinflammation in hemodialysis is related to a preactivated 

subset of monocytes. Hemodial. Int. 2006, 10, S24–S27 

276. Kim, H.W.; Yang, H.-N.; Kim, M.G.; Choi, H.M.; Jo, S.-K.; Cho, W.Y.; Kim, H.K. 

Microinflammation in hemodialysis patients is associated with increased CD14CD16(+) pro-

inflammatory monocytes: Possible modification by on-line hemodiafiltration. Blood Purif. 

2011, 31, 281–288. 

277. Ramírez, R.; Carracedo, J.; Merino, A.; Soriano, S.; Ojeda, R.; Alvarez-Lara, M.A.; Martín-

Malo, A.; Aljama, P. CD14+CD16+ monocytes from chronic kidney disease patients exhibit 

increased adhesion ability to endothelial cells. Contrib. Nephrol. 2011, 171, 57–61. 

278. Merino, A.; Portolés, J.; Selgas, R.; Ojeda, R.; Buendia, P.; Ocaña, J.; Bajo, M.A.; del 

Peso, G.; Carracedo, J.; Ramírez, R.; et al. Effect of different dialysis modalities on 

microinflammatory status and endothelial damage. Clin. J. Am. Soc. Nephrol. 2010, 5, 227–

234. 

279. Bonan, N.B.; Steiner, T.M.; Kuntsevich, V.; Virzì, G.M.; Azevedo, M.; Nakao, L.S.; 

Barreto, F.C.; Ronco, C.; Thijssen, S.; Kotanko, P.; et al. Uremic Toxicity-Induced Eryptosis 

and Monocyte Modulation: The Erythrophagocytosis as a Novel Pathway to Renal Anemia. 

Blood Purif. 2016, 41, 317–323. 

280. Nockher, W.A.; Wiemer, J.; Scherberich, J.E. Haemodialysis monocytopenia: Differential 

sequestration kinetics of CD14+CD16+ and CD14++ blood monocyte subsets. Clin. Exp. 

Immunol. 2001, 123, 49 

281. De Sequera, P.; Corchete, E.; Bohorquez, L.; Albalate, M.; Perez-Garcia, R.; Alique, M.; 

Marques, M.; García-Menéndez, E.; Portolés, J.; Ramirez, R. Residual Renal Function in 

Hemodialysis and Inflammation. Ther. Apher. Dial. 2017, 21, 592–598. 

282. Carracedo, J.; Merino, A.; Nogueras, S.; Carretero, D.; Berdud, I.; Ramírez, R.; Tetta, C.; 

Rodríguez, M.; Martín-Malo, A.; Aljama, P. On-line hemodiafiltration reduces the 

proinflammatory CD14+CD16+ monocyte-derived dendritic cells: A prospective, crossover 

study. J. Am. Soc. Nephrol. 2006, 17, 2315–2321. 



204 
 

   
 

283. Chiu YL, Shu KH, Yang FJ, et al. A comprehensive characterization of aggravated aging-

related changes in T lymphocytes and monocytes in end-stage renal disease: the iESRD 

study. Immun Ageing 2018; 15: 27. 

284. Sekerkova A, Krepsova E, Brabcova E, et al. CD14+CD16+ and CD14+CD163+ monocyte 

subpopulations in kidney allograft transplantation. BMC Immunol 2014; 15: 4. 

285. Rogacev KS, Zawada AM, Hundsdorfer J, et al. Immunosuppression and monocyte 

subsets. Nephrol Dial Transplant 2015; 30(1): 143-53. 

286. Wilk E, Kalippke K, Buyny S, Schmidt RE, Jacobs R. New aspects of NK cell subset 

identification and inference of NK cells’ regulatory capacity by assessing functional and 

genomic profiles. Immunobiology 2008; 213(3-4): 271-83. 

287. Fu B, Wang F, Sun R, Ling B, Tian Z, Wei H. CD11b and CD27 reflect distinct population 

and functional specialization in human natural killer cells. Immunology 2011; 133(3): 350-9. 

288. Van Kaer L, Parekh VV, Wu L. Invariant natural killer T cells: bridging innate and 

adaptive immunity. Cell Tissue Res 2011; 343(1): 43-55. 

289. Brennan PJ, Brigl M, Brenner MB. Invariant natural killer T cells: an innate activation 

scheme linked to diverse effector functions. Nat Rev Immunol 2013; 13(2): 101-17. 

290. Asaka M, Iida H, Izumino K, Sasayama S. Depressed natural killer cell activity in uremia. 

Evidence for immunosuppressive factor in uremic sera. Nephron 1988; 49(4): 291-5. 

291. Vacher-Coponat H, Brunet C, Lyonnet L, et al. Natural killer cell alterations correlate 

with loss of renal function and dialysis duration in uraemic patients. Nephrol Dial Transplant 

2008; 23(4): 1406-14. 

292. Peraldi, M. N. et al. Oxidative stress mediates a reduced expression of the activating 

receptor NKG2D in NK cells from end-stage renal disease patients. J. Immunol. 182, 1696–

705 (2009) 

293. Nagai K. Dysfunction of natural killer cells in endstage kidney disease on hemodialysis. 

Ren Replace Ther. 2021;7(1):8. 

294. Eleftheriadis T, Kartsios C, Yiannaki E, Kazila P, Antoniadi G, Liakopoulos V, et al. 

Chronic inflammation and CD16+ natural killer cell zeta-chain downregulation in 

hemodialysis patients. Blood Purif. 2008;26(4):317–321. 

295. Xiang FF, Zhu JM, Cao XS, Shen B, Zou JZ, Liu ZH, et al. Lymphocyte depletion and 

subset alteration correlate to renal function in chronic kidney disease patients. Ren Fail. 

2016;38(1):7–14 

296. Charpentier, B. et al. Depressed polymorphonuclear leukocyte functions associated 

with normal cytotoxic functions of T and natural killer cells during chronic hemodialysis. Clin. 

Nephrol. 19, 288–294 (1983). 

297. Cala S, Mazuran R, Kordić D. Negative effect of uraemia and cuprophane haemodialysis 

on natural killer cells. Nephrol Dial Transplant 1990; 5(6): 437-40. 

298. Zaoui P, Hakim RM. Natural killer-cell function in hemodialysis patients: effect of the 

dialysis membrane. Kidney Int 1993; 43(6): 1298-305. 

299. Gascon A, Orfao A, Lerma JL, et al. Antigen phenotype and cytotoxic activity of natural 

killer cells in hemodialysis patients. Am J Kidney Dis 1996; 27(3): 373-9. 



205 
 

   
 

300. Döring Y, Pawig L, Weber C, Noels H. The CXCL12/CXCR4 chemokine ligand/receptor 

axis in cardiovascular disease. Front Physiol 2014; 5: 212. 

301. Hutchinson, P., Chadban, S. J., Atkins, R. C. & Holdsworth, S. R. Laboratory assessment 

of immune function in renal transplant patients. Nephrol. Dial. Transplant. 18, 983–989 

(2003). 

302. Dendle C, Gan PY, Polkinghorne KR, Ngui J, Stuart RL, Kanellis J, et al. Natural killer cell 

function predicts severe infection in kidney transplant recipients. Am J Transplant. 

2019;19(1):166–177. 

303. Peukert K, Wingender G, Patecki M, et al. Invariant natural killer T cells are depleted in 

renal impairment and recover after kidney transplantation. Nephrol Dial Transplant 2014; 

29(5): 1020-8. 

304. Yoon, J. W., Gollapudi, S., Pahl, M. V. & Vaziri, N. D. Naive and central memory T‑  cell 

lymphopenia in end-stage renal disease. Kidney Int. 70, 371–376 (2006). 

305. Descamps-Latscha, B. & Chatenoud, L. T cells and B cells in chronic renal failure. Semin. 

Nephrol. 16, 183–191 (1996). 

306. Litjens N. H., van Druningen, C. J. & Betjes, M. G. Progressive loss of renal function is 

associated with activation and depletion of naive T lymphocytes. Clin. Immunol. 118, 83–91 

(2006). 

307. Meier, P., Dayer, E., Blanc, E. & Wauters, J. P. Early T cell activation correlates with 

expression of apoptosis markers in patients with end-stage renal disease. J. Am. Soc. 

Nephrol. 13, 204–212 (2002). 

308. Winterberg PD, Ford ML. The effect of chronic kidney disease on T cell alloimmunity. 

Curr Opin Organ Transplant. 2017 Feb;22(1):22-28. 

309. Betjes, M. G., Langerak A. W., van der Spek, A., de Wit, E. A. & Litjens, N. H. Premature 

aging of circulating T cells in patients with end-stage renal disease. Kidney Int. 80, 208–217 

(2011). 

310. Eleftheriadis T, Antoniadi G, Liakopoulos V, Kartsios C, Stefanidis I. Disturbances of 

acquired immunity in hemodialysis patients. Semin Dial. 2007 Sep-Oct;20(5):440-51. 

311. GirndtM, Kohler H, Schiedhelm-Weick E,Meyer zum Buschenfelde KH, Fleischer B: T cell 

activation defect in hemodialysis patients: evidence for a role of theB7 ⁄ CD28 pathway. 

Kidney Int 44:359–365, 1993 

312. GirndtM, SesterM, SesterU, Kaul H, Kohler H: Defective expression of B7-2 (CD86) on 

monocytes of dialysis patients correlates to the uremiaassociated immune defect. Kidney Int 

59:1382–1389, 2001 

313. Hartzell S, Bin S, Cantarelli C, Haverly M, Manrique J, Angeletti A, Manna G, Murphy B, 

Zhang W, Levitsky J, Gallon L, Yu SM, Cravedi P. Kidney Failure Associates With T Cell 

Exhaustion and Imbalanced Follicular Helper T Cells. Front Immunol. 2020 Sep 

29;11:583702. 

314.  Libetta C, Rampino T, Dal Canton A: Polarization of T-helper lymphocytes toward the 

Th2 phenotype in uremic patients. Am J Kidney Dis 38:286–295, 2001 

https://pubmed.ncbi.nlm.nih.gov/27926546/
https://pubmed.ncbi.nlm.nih.gov/33117396/
https://pubmed.ncbi.nlm.nih.gov/33117396/


206 
 

   
 

315. Yadav, A. K. & Jha, V. CD4+CD28null cells are expanded and exhibit a cytolytic profile in 

end-stage renal disease patients on peritoneal dialysis. Nephrol. Dial. Transplant. 26, 

1689–1694 (2011). 

316. Meijers RW, Litjens NH, de Wit EA, Langerak AW, Baan CC, Betjes MG. Uremia-

associated immunological aging is stably imprinted in the T-cell system and not reversed by 

kidney transplantation. Transpl Int. 2014; 27:1272–1284. 

317. Luque Y, Jamme M, Rabant M, DeWolf S, Noel LH, Thervet E, Chatenoud L, Snanoudj R, 

Anglicheau D, Legendre C, et al. Long-term CD4 lymphopenia is associated with accelerated 

decline of kidney allograft function. Nephrol Dial Transplant. 2016; 31:487–495. 

318. George RP, Mehta AK, Perez SD, Winterberg P, Cheeseman J, Johnson B, Kwun J, 

Monday S, Stempora L, Warshaw B, et al. Premature T Cell Senescence in Pediatric CKD. J 

Am Soc Nephrol. 2016 

319. Kato M, Ono Y, Kinukawa T, Hattori R, Kamihira O, Ohshima S. Long time follow up of 

CD28- CD4+ T cells in living kidney transplant patients. Clin Transplant. 2004; 18:242–246. 

320. Betjes MG, Meijers RW, de Wit EA, Weimar W, Litjens NH. Terminally differentiated 

CD8+ Temra cells are associated with the risk for acute kidney allograft rejection. 

Transplantation. 2012; 94:63–69. 

321. Yap M, Boeffard F, Clave E, Pallier A, Danger R, Giral M, Dantal J, Foucher Y, Guillot-

Gueguen C, Toubert A, et al. Expansion of highly differentiated cytotoxic terminally 

differentiated effector memory CD8+ T cells in a subset of clinically stable kidney transplant 

recipients: a potential marker for late graft dysfunction. J Am Soc Nephrol. 2014; 25:1856–

1868. 

322. Mikami N, Sakaguchi S. Regulatory T cells in autoimmune kidney diseases and 

transplantation.  Nat Rev Nephrol. 2023 Sep;19(9):544-557. 

Mikami N, Sakaguchi S. Regulatory T cells in autoimmune kidney diseases and 

transplantation.  Nat Rev Nephrol. 2023 Sep;19(9):544-557. 

323. Mahajan D, Wang Y, Qin X, et al. CD4þCD25þ regulatory T cells protect against injury in 

an innate murine model of chronic kidney disease. J Am Soc Nephrol. 2006;17:2731–2741. 

324. Hu M, Wang C, Zhang GY, et al. Infiltrating Foxp3þ regulatory T cells from 

spontaneously tolerant kidney allografts demonstrate donorspecific tolerance. Am J 

Transplant. 2013;13:2819–2830. 

325. Lisowska KA, Dębska-Ślizień A, Jasiulewicz A, Bryl E, Witkowski JM. Influence of 

hemodialysis on circulating CD4(low)CD25 (high) regulatory T cells in end-stage renal 

disease patients. Inflamm Res. 2014 Feb;63(2):99-103. 

326. Hendrikx, T, K. et al. End-stage renal failure and regulatory activities of 

CD4+CD25bright+FoxP3+ T‑  cells. Nephrol. Dial. Transplant. 24, 1969–1978 (2009). 

327. Meier P, Golshayan D, Blanc E, Pascual M, Burnier M. Oxidized LDL modulates 

apoptosis of regulatory T cells in patients with ESRD. J Am Soc Nephrol 2009;20:1368–84. 

328. Mansouri L, Nopp A, Jacobson SH, Hylander B, Lundahl J. Hemodialysis Patients Display 

a Declined Proportion of Th2 and Regulatory T Cells in Parallel with a High Interferon-

gamma Profile. Nephron. 2017;136(3):254-260. 

https://pubmed.ncbi.nlm.nih.gov/28380480/
https://pubmed.ncbi.nlm.nih.gov/28380480/
https://pubmed.ncbi.nlm.nih.gov/28380480/


207 
 

   
 

329. Litjens NH, Boer K, Zuijderwijk JM, Klepper M, Peeters AM, Verschoor W, Kraaijeveld R, 

Betjes MG. Natural regulatory T cells from patients with end-stage renal disease can be used 

for large-scale generation of highly suppressive alloantigen-specific Tregs. Kidney Int. 2017 

May;91(5):1203-1213. 

330. Caprara C, Corradi V, Scalzotto E, Frigo AC, Proglio M, Sharma R, Ronco C. Differential 

effects of peritoneal and hemodialysis on circulating regulatory T cells one month post 

initiation of renal replacement therapy. Clin Nephrol. 2021 Jan;95(1):37-44. 

331. Caprara C, Kinsey GR, Corradi V, Xin W, Ma JZ, Scalzotto E, Martino FK, Okusa MD, 

Nalesso F, Ferrari F, Rosner M, Ronco C. The Influence of Hemodialysis on T Regulatory Cells: 

A Meta-Analysis and Systematic Review. Blood Purif. 2016;42(4):307-313. 

332. Zhang J, Hua G, Zhang X, Tong R, DU X, Li Z. Regulatory T cells/T-helper cell 17 

functional imbalance in uraemic patients on maintenance haemodialysis: a pivotal link 

between microinflammation and adverse cardiovascular events. Nephrology (Carlton). 2010 

Feb;15(1):33-41. 

333. Thornton AM, Donovan EE, Piccirillo CA et al. Cutting edge: IL-2 is critically required for 

the in vitro activation of CD4+CD25+ T cell suppressor function. J Immunol 2004; 172: 6519–

6523 

334. Bettelli E, Carrier Y, Gao W et al. Reciprocal developmental pathways for the 

generation of pathogenic effector TH17 and regulatory T cells. Nature 2006; 441: 235–238 

335. Xu L, Kitani A, Fuss I et al. Cutting edge: regulatory T cells induce CD4+CD25-Foxp3-T 

cells or are self-induced to become Th17 cells in the absence of exogenous TGF-beta. J 

Immunol 2007; 178: 6725– 6729 

336. Hu M, Wang YM, Wang Y, Zhang GY, Zheng G, Yi S, O'Connell PJ, Harris DC, Alexander 

SI. Regulatory T cells in kidney disease and transplantation. Kidney Int. 2016 Sep;90(3):502-

14. 

337. Mikami N, Sakaguchi S. Regulatory T cells in autoimmune kidney diseases and 

transplantation.  Nat Rev Nephrol. 2023 Sep;19(9):544-557. 

338. Lin WX, Christiansen D, Fu LL, et al. Foxp3þ T cells in peripheral blood of renal 

transplant recipients and clinical correlations. Nephrology (Carlton). 2012;17:415–422. 

339. Landwehr-Kenzel S, Zobel A, Hoffmann H, Landwehr N, Schmueck-Henneresse M, 

Schachtner T, Roemhild A, Reinke P. Ex vivo expanded natural regulatory T cells from 

patients with end-stage renal disease or kidney transplantation are useful for autologous 

cell therapy. Kidney Int. 2018 Jun;93(6):1452-1464. 

340. Pahl, M. V. et al. Effect of end-stage renal disease on B lymphocyte subpopulations, 7, 

BAFF and BAFF receptor expression. Nephrol. Dial. Transplant. 25, 205–212 (2010). 

341. Fernandez-Fresnedo, G. et al. B lymphopenia in uremia is related to an accelerated in 

vitro apoptosis and dysregulation of Bcl- 2. Nephrol. Dial. Transplant. 15, 502–510 (2000). 

342. Bouts A, Davin JC, Krediet RT, Monnens LA, Nauta J, Schröder CH, et al. Children with 

chronic renal failure have reduced numbers of memory B cells. Clin Exp Immunol 

2004;137:589–94. 

https://pubmed.ncbi.nlm.nih.gov/27988212/
https://pubmed.ncbi.nlm.nih.gov/27988212/
https://pubmed.ncbi.nlm.nih.gov/33074093/
https://pubmed.ncbi.nlm.nih.gov/33074093/
https://pubmed.ncbi.nlm.nih.gov/33074093/
https://pubmed.ncbi.nlm.nih.gov/27694753/
https://pubmed.ncbi.nlm.nih.gov/27694753/
https://pubmed.ncbi.nlm.nih.gov/20377769/
https://pubmed.ncbi.nlm.nih.gov/20377769/
https://pubmed.ncbi.nlm.nih.gov/20377769/


208 
 

   
 

343. Chen X, Guo H, Jin D, Lu Y, Zhang L. Distribution characteristics of circulating B cell 

subpopulations in patients with chronic kidney disease. Sci Rep. 2023 Nov 27;13(1):20797. 

344. Hardy RR, Hayakawa K. B cell development pathways. Annu. Rev. Immunol. 

2001;19:595–621. 

345. Ciocca M, et al. Evolution of human memory B cells from childhood to old age. Front 

Immunol. 2021;12:690534. 

346. Zhuang Q, et al. Profiles of B-cell subsets in immunologically stable renal allograft 

recipients and end-stage renal disease patients. Transpl. Immunol. 2020;58:101249. 

347. Cherukuri A, et al. Transitional B cell cytokines risk stratify early borderline rejection 

after renal transplantation. Kidney Int. 2023;103:749–761. 

348. Speer T, Dimmeler S, Schunk SJ, Fliser D, Ridker PM. Targeting innate immunity-driven 

inflammation in CKD and cardiovascular disease. Nat Rev Nephrol. 2022 Dec;18(12):762-

778. 

349. Libby P, Ridker PM, Maseri A: Inflammation and atherosclerosis. Circulation 105: 1135–

1143, 2002 

350. Ross R: Atherosclerosis—an inflammatory disease. N Engl J Med 340: 115–126, 1999 

351. Volpato S, Guralnik JM, Ferrucci L, Balfour J, Chaves P, Fried LP, Harris TB: 

Cardiovascular disease, interleukin-6, and risk of mortality in older women: TheWomen’s 

Health and Aging Study. Circulation 103: 947–953, 2001 

352. Ridker PM, Rifai N, Stampfer MJ, Hennekens CH: Plasma concentration of interleukin-6 

and the risk of future myocardial infarction among apparently healthy men. Circulation 101: 

1767– 1772, 2000 

353. Wrigley BJ, Lip GY, Shantsila E. The role of monocytes and inflammation in the 

pathophysiology of heart failure. Eur J Heart Fail. 2011 Nov;13(11):1161-71. 

354. Torre-Amione G, Kapadia S, Benedict C, Oral H, Young JB, Mann DL. Proinflammatory 

cytokine levels in patients with depressed left ventricular ejection fraction: a report from 

the Studies of Left Ventricular Dysfunction (SOLVD). J Am Coll Cardiol 1996;27:1201–1206. 

355. 401. Weiner DE, Tabatabai S, Tighiouart H et al. Cardiovascular outcomes and all-cause 

mortality: exploring the interaction between CKD and cardiovascular disease. Am J Kidney 

Dis 2006; 48: 392–401. 

356. Agarwal R. The challenge of discovering patient-level cardiovascular risk factors in 

chronic kidney disease. Kidney Int. 2008 Jun;73(12):1340-2 

357. Weiner DE, Tighiouart H, Elsayed EF, Griffith JL, Salem DN, Levey AS, Sarnak MJ. 

Inflammation and cardiovascular events in individuals with and without chronic kidney 

disease. Kidney Int. 2008 Jun;73(12):1406-12. 

358. Gabay C, Kushner I. Acute-phase proteins and other systemic responses to 

inflammation. N Engl J Med 1999; 340: 448–454. 

359. Ridker PM, Stampfer MJ, Rifai N. Novel risk factors for systemic atherosclerosis: a 

comparison of C-reactive protein, fibrinogen, homocysteine, lipoprotein(a), and standard 

cholesterol screening as predictors of peripheral arterial disease. JAMA 2001; 285: 2481–

2485. 

https://pubmed.ncbi.nlm.nih.gov/38012211/
https://pubmed.ncbi.nlm.nih.gov/38012211/
https://pubmed.ncbi.nlm.nih.gov/36064794/
https://pubmed.ncbi.nlm.nih.gov/36064794/
https://pubmed.ncbi.nlm.nih.gov/21952932/
https://pubmed.ncbi.nlm.nih.gov/21952932/
https://pubmed.ncbi.nlm.nih.gov/18401337/
https://pubmed.ncbi.nlm.nih.gov/18401337/


209 
 

   
 

360. Danesh J, Collins R, Appleby P et al. Association of fibrinogen, C-reactive protein, 

albumin, or leukocyte count with coronary heart disease: meta-analyses of prospective 

studies. JAMA 1998; 279: 1477–1482. 

361. Soriano S, Gonzalez L, Martin-Malo A, Rodriguez M, Aljama P. C-reactive protein and 

low albumin are predictors of morbidity and cardiovascular events in chronic kidney disease 

(CKD) 3–5 patients. Clin Nephrol 2007; 67: 352–357. 

362. Menon V, Greene T, Wang X et al. C-reactive protein and albumin as predictors of all-

cause and cardiovascular mortality in chronic kidney disease. Kidney Int 2005; 68: 766–772. 

363. Knight EL, Rimm EB, Pai JK, et al. Kidney dysfunction, inflammation, and coronary 

events: a prospective study. J Am Soc Nephrol. 2004;15:1897-1903. 

364.Fried L, Solomon C, Shlipak M, Seliger S, Stehman-Breen C, Bleyer AJ, Chaves P, Furberg 

C, Kuller L, Newman A. Inflammatory and prothrombotic markers and the progression of 

renal disease in elderly individuals. J Am Soc Nephrol. 2004 Dec;15(12):3184-91. 

365. Amdur RL, Feldman HI, Dominic EA, Anderson AH, Beddhu S, Rahman M, Wolf M, Reilly 

M, Ojo A, Townsend RR, Go AS, He J, Xie D, Thompson S, Budoff M, Kasner S, Kimmel PL, 

Kusek JW, Raj DS; CRIC Study Investigators. Use of Measures of Inflammation and Kidney 

Function for Prediction of Atherosclerotic Vascular Disease Events and Death in Patients 

With CKD: Findings From the CRIC Study. Am J Kidney Dis. 2019 Mar;73(3):344-353. 

366. Schieffer B, Schieffer E, Hilfiker-Kleiner D, Hilfiker A, Kovanen PT, Kaartinen M, 

Nussberger J, Harringer W, Drexler H: Expression of angiotensin II and interleukin 6 in 

human coronary atherosclerotic plaques: Potential implications for inflammation and 

plaque instability. Circulation 101: 1372–1378, 2000 

367. Barreto DV, Barreto FC, Liabeuf S, Temmar M, Lemke HD, Tribouilloy C, Choukroun G, 

Vanholder R, Massy ZA; European Uremic Toxin Work Group (EUTox): Plasma interleukin-6 

is independently associated with mortality in both hemodialysis and pre-dialysis patients 

with chronic kidney disease. Kidney Int 77:550–556, 2010 

368. Pecoits-Filho R, Barany P, Lindholm B, Heimburger O, Stenvinkel P: Interleukin-6 is an 

independent predictor of mortality in patients starting dialysis treatment. Nephrol Dial 

Transplant 17 : 1684 –1688, 2002 

369. Jenny NS, Tracy RP, Ogg MS, Luong A, Kuller LH, Arnold AM, Sharrett AR, Humphries SE: 

In the elderly, interleukin-6 plasma levels and the -174G>C polymorphism are associated 

with the development of cardiovascular disease. Arterioscler Thromb Vasc Biol 22: 2066–

2071, 2002 

370. Sarwar N, Butterworth AS, Freitag DF, Gregson J, Willeit P, Gorman DN, Gao P, 

Saleheen D, Rendon A, Nelson CP, et al, on behalf of IL6R Genetics Consortium Emerging 

Risk Factors Collaboration: Interleukin-6 receptor pathways in coronary heart disease: A 

collaborative meta-analysis of 82 studies. Lancet 379: 1205–1213, 2012 

371. Spoto B, Mattace-Raso F, Sijbrands E, Leonardis D, Testa A, Pisano A, Pizzini P, Cutrupi 

S, Parlongo RM, D'Arrigo G, Tripepi G, Mallamaci F, Zoccali C. Association of IL-6 and a 

functional polymorphism in the IL-6 gene with cardiovascular events in patients with CKD. 

Clin J Am Soc Nephrol. 2015 Feb 6;10(2):232-40. 

https://pubmed.ncbi.nlm.nih.gov/15579522/
https://pubmed.ncbi.nlm.nih.gov/15579522/
https://pubmed.ncbi.nlm.nih.gov/30545708/
https://pubmed.ncbi.nlm.nih.gov/30545708/
https://pubmed.ncbi.nlm.nih.gov/30545708/
https://pubmed.ncbi.nlm.nih.gov/25492254/
https://pubmed.ncbi.nlm.nih.gov/25492254/


210 
 

   
 

372. Tripepi G, Mallamaci F, Zoccali C: Inflammation markers, adhesion molecules, and all-

cause and cardiovascular mortality in patients with ESRD: Searching for the best risk marker 

by multivariate modeling. J Am Soc Nephrol 16 [Suppl 1] : S83 –S88, 2005 

373. Stenvinkel P, Heimburger O, Jogestrand T: Elevated interleukin-6 predicts progressive 

carotid artery atherosclerosis on dialysis patients: Association with Chlamydia pneumoniae 

seropositivity. Am J Kidney Dis 39 : 274 –282, 2002 

374. Zimmermann J, Herrlinger S, Pruy A, Metzger T, Wanner C: Inflammation enhances 

cardiovascular risk and mortality in hemodialysis patients. Kidney Int 55 : 648 –658, 1999 

375. Yeun JY, Levine RA, Mantadilok V, Kaysan GA: C-reactive protein predicts all cause and 

cardiovascular mortality in hemodialysis patients. Am J Kidney Dis 35 : 469 –476, 2000 

376. Fredj S, Bescond J, Louault C, Delwail A, Lecron JC, Potreau D (2005) Role of interleukin-

6 in cardiomyocyte/cardiac fibroblast interactions during myocyte hypertrophy and 

fibroblast proliferation. J Cell Physiol 204: 428–436. 

377. Yokoyama T, Nakano M, Bednarczyk JL, McIntyre BW, Entman M, Mann DL (1997) 

Tumor necrosis factor-alpha provokes a hypertrophic growth response in adult cardiac 

myocytes. Circulation 95:1247–1252. 

378. Wollert KC, Drexler H (2001) The role of interleukin-6 in the failing heart. Heart Fail Rev 

6: 95–103. 

379. Gupta J, Dominic EA, Fink JC, Ojo AO, Barrows IR, Reilly MP, Townsend RR, Joffe MM, 

Rosas SE, Wolman M, Patel SS, Keane MG, Feldman HI, Kusek JW, Raj DS; CRIC Study 

Investigators. Association between Inflammation and Cardiac Geometry in Chronic Kidney 

Disease: Findings from the CRIC Study. PLoS One. 2015 Apr 24;10(4):e0124772. 

380. Rosner MH, Ronco C, Okusa MD. The role of inflammation in the cardio-renal 

syndrome: a focus on cytokines and inflammatory mediators. Semin Nephrol. 

2012;32(1):70–8 

381. Ramírez-Guerrero G, Ronco C, Reis T. Cardiorenal Syndrome and Inflammation: A 

Forgotten Frontier Resolved by Sorbents? Cardiorenal Med. 2024;14(1):454-458. 

382. Virzì GM, Breglia A, Brocca A, de Cal M, Bolin C, Vescovo G, Ronco C. Levels of 

Proinflammatory Cytokines, Oxidative Stress, and Tissue Damage Markers in Patients with 

Acute Heart Failure with and without Cardiorenal Syndrome Type 1. Cardiorenal Med. 

2018;8(4):321-331. 

383. Karumanchi P, Sridharan D, Hoppensteadt D, Siddiqui F, Fareed J, Bansal V. 

Thromboinflammatory Biomarkers of Cardiorenal Syndrome in Patients With End-Stage 

Renal Disease. Clin Appl Thromb Hemost. 2024 Jan-Dec;30:107602962412631 

384. Cho E, Kim MMG, Ko YS, Lee HY, Song M, Kim MG, et al. Role of inflammation in the 

pathogenesis of cardiorenal syndrome in a rat myocardial infarction model. Nephrol Dial 

Transpl. 2013;28(11):2766–78. 

385. Liu S, Sun WC, Zhang YL, Lin QY, Liao JW, Song GR, Ma XL, Li HH, Zhang B. SOCS3 

Negatively Regulates Cardiac Hypertrophy via Targeting GRP78-Mediated ER Stress During 

Pressure Overload. Front Cell Dev Biol. 2021 Jan 26;9:629932. 

https://pubmed.ncbi.nlm.nih.gov/25909952/
https://pubmed.ncbi.nlm.nih.gov/25909952/
https://pubmed.ncbi.nlm.nih.gov/39097958/
https://pubmed.ncbi.nlm.nih.gov/39097958/
https://pubmed.ncbi.nlm.nih.gov/30205401/
https://pubmed.ncbi.nlm.nih.gov/30205401/
https://pubmed.ncbi.nlm.nih.gov/30205401/
https://pubmed.ncbi.nlm.nih.gov/38863224/
https://pubmed.ncbi.nlm.nih.gov/38863224/
https://pubmed.ncbi.nlm.nih.gov/33585485/
https://pubmed.ncbi.nlm.nih.gov/33585485/
https://pubmed.ncbi.nlm.nih.gov/33585485/


211 
 

   
 

386. Wang J, Sun X, Wang X, Cui S, Liu R, Liu J, et al. Grb2 induces cardiorenal syndrome type 

3: roles of IL-6, cardiomyocyte bioenergetics, and Akt/mTOR pathway. Front Cell Dev Biol. 

2021;9(9):630412. 

387. Li K, Guo D, Zhu H, Hering-Smith KS, Hamm LL, Ouyang J, et al. Interleukin-6 stimulates 

epithelial sodium channels in mouse cortical collecting duct cells. Am J Physiol Regul Integr 

Comp Physiol. 2010;299(2):R590–5. 

388. Pergola PE, Davidson M, Jensen C, Mohseni Zonoozi AA, Raj DS, Andreas Schytz P, et al. 

Effect of ziltivekimab on determinants of hemoglobin in patients with CKD Stage 3-5: an 

analysis of a randomized trial (RESCUE). J Am Soc Nephrol. 2024;35(1):74–84. 

389.Koshino A, Schechter M, Sen T, Vart P, Neuen BL, Neal B, et al. Interleukin-6 and 

cardiovascular and kidney outcomes in patients with type 2 diabetes: new insights from 

CANVAS. Diabetes Care. 2022;45(11):2644–52. 

390. Ridker PM, MacFadyen JG, Glynn RJ, Koenig W, Libby P, Everett BM, et al. Inhibition of 

interleukin-1β by canakinumab and cardiovascular outcomes in patients with chronic kidney 

disease. J Am Coll Cardiol. 2018;71(21):2405–14. 

391.Chertow GM, Chang AM, Felker GM, Heise M, Velkoska E, Fellström B, et al. IL-6 

inhibition with clazakizumab in patients receiving maintenance dialysis: a randomized phase 

2b trial. Nat Med. 2024 Online ahead of print. 

392. Ridker PM, Libby P, MacFadyen JG, Thuren T, Ballantyne C, Fonseca F, et al. Modulation 

of the interleukin-6 signalling pathway and incidence rates of atherosclerotic events and all-

cause mortality: analyses from the Canakinumab Anti-Inflammatory Thrombosis Outcomes 

Study (CANTOS). Eur Heart J. 2018;39(38):3499–507. 

393. Ridker P.M., Devalaraja M., Baeres F.M.M., Engelmann M.D.M., Hovingh G.K., Ivkovic 

M., Lo L., Kling D., Pergola P., Raj D., et al. IL-6 inhibition with ziltivekimab in patients at high 

atherosclerotic risk (RESCUE): A double-blind, randomised, placebo-controlled, phase 2 trial. 

Lancet. 2021;397:2060–2069. doi: 10.1016/S0140-6736(21)00520-1. 

394. Zoccali C, Mallamaci F. Innate Immunity System in Patients With Cardiovascular and 

Kidney Disease. Circ Res. 2023 Apr 14;132(8):915-932. 

395. Van Tassell B. W., Seropian I. M., Toldo S., Mezzaroma E. & Abbate A. Interleukin-1beta 

induces a reversible cardiomyopathy in the mouse. Inflamm Res 62, 637–640 (2013). 

396. Toldo S. et al. Recombinant human interleukin-1 receptor antagonist provides 

cardioprotection during myocardial ischemia reperfusion in the mouse. Cardiovasc Drugs 

Ther 26, 273–276 (2012). 

397. Toldo S, Abbate A. The NLRP3 inflammasome in acute myocardial infarction. Nat Rev 

Cardiol. 2018;15:203–214. 

398. Toldo S, Kannan H, Bussani R, Anzini M, Sonnino C, Sinagra G, Merlo M, Mezzaroma E, 

De-Giorgio F, Silvestri F, et al. Formation of the inflammasome in acute myocarditis. Int J 

Cardiol. 2014;171:e119–e121. 

399. Butts B, Gary RA, Dunbar SB, Butler J. The importance of NLRP3 inflammasome in heart 

failure. J Card Fail. 2015;21:586–593. 



212 
 

   
 

400. Zewinger S, Schumann T, Fliser D, Speer T. Innate immunity in CKD-associated vascular 

diseases. Nephrol Dial Transplant. 2016 Nov;31(11):1813-1821. 

401. Bugyei-Twum A, Abadeh A, Thai K, Zhang Y, Mitchell M, Kabir G, Connelly KA. 

Suppression of NLRP3 Inflammasome Activation Ameliorates Chronic Kidney Disease-

Induced Cardiac Fibrosis and Diastolic Dysfunction. Sci Rep. 2016 Dec 21;6:39551. 

402. Song J, Navarro-Garcia JA, Wu J, Saljic A, Abu-Taha I, Li L, Lahiri SK, Keefe JA, Aguilar-

Sanchez Y, Moore OM, Yuan Y, Wang X, Kamler M, Mitch WE, Ruiz-Hurtado G, Hu Z, Thomas 

SS, Dobrev D, Wehrens XH, Li N. Chronic kidney disease promotes atrial fibrillation via 

inflammasome pathway activation. J Clin Invest. 2023 Oct 2;133(19):e167517. 

403. Schoneveld AH, Oude Nijhuis MM, van Middelaar B, Laman JD, de Kleijn DPV, 

Pasterkamp G. Toll-like receptor 2 stimulation induces intimal hyperplasia and 

atherosclerotic lesion development. Cardiovasc Res. 2005;66:162–169. 

404. Li H, Sun B. Toll-like receptor 4 in atherosclerosis. J Cell Mol Med. 2007 Jan-

Feb;11(1):88-95. 

405. Heiserman JP, Chen L, Kim BS, Kim SC, Tran AL, Siebenborn N, Knowlton AA. TLR4 

mutation and HSP60-induced cell death in adult mouse cardiac myocytes. Cell Stress 

Chaperones. 2015;20:527–535. 

406. Shishido T, Nozaki N, Yamaguchi S, Shibata Y, Nitobe J, Miyamoto T, Takahashi H, 

Arimoto T, Maeda K, Yamakawa M, et al. Toll-like receptor-2 modulates ventricular 

remodeling after myocardial infarction. Circulation. 2003;108:2905–2910. 

407. Gao W, Xiong Y, Li Q, Yang H. Inhibition of toll-like receptor signaling as a promising 

therapy for inflammatory diseases: a journey from molecular to nano therapeutics. Front 

Physiol. 2017;8:e00508 

409. Speer T, Rohrer L, Blyszczuk P, Shroff R, Kuschnerus K, Kränkel N, Kania G, Zewinger S, 

Akhmedov A, Shi Y, Martin T, Perisa D, Winnik S, Müller MF, Sester U, Wernicke G, Jung A, 

Gutteck U, Eriksson U, Geisel J, Deanfield J, von Eckardstein A, Lüscher TF, Fliser D, 

Bahlmann FH, Landmesser U. Abnormal high-density lipoprotein induces endothelial 

dysfunction via activation of Toll-like receptor-2. Immunity. 2013 Apr 18;38(4):754-68 

410. L. Yu, Z. Feng. The role of toll-like receptor signaling in the progression of heart failure, 

Mediat. Inflamm. 2018 (2018) 9874109. 

411. Y. Higashikuni, K. Tanaka, M. Kato, O. Nureki, Y. Hirata, R. Nagai, I. Komuro, M. Sata, 

Toll-like receptor-2 mediates adaptive cardiac hypertrophy in response to pressure overload 

through interleukin-1beta upregulation via nuclear factor kappa B activation, J. Am. Heart 

Assoc. 2 (6) (2013) e000267. 

412. H. Ehrentraut, C. Weber, S. Ehrentraut, M. Schwederski, O. Boehm, P. Knuefermann, R. 

Meyer, G. Baumgarten, The toll-like receptor 4-antagonist eritoran reduces murine cardiac 

hypertrophy, Eur. J. Heart Fail. 13 (6) (2011) 602–610, 

413. D.S. Jiang, X.F. Zhang, L. Gao, J. Zong, H. Zhou, Y. Liu, Y. Zhang, Z.Y. Bian, L.H. Zhu, G.C. 

Fan, X.D. Zhang, H. Li, Signal regulatory protein-alpha protects against cardiac hypertrophy 

via the disruption of toll-like receptor 4 signaling. Hypertension 63 (1) (2014) 96–104 (Dallas, 

Tex.: 1979). 

https://pubmed.ncbi.nlm.nih.gov/26454223/
https://pubmed.ncbi.nlm.nih.gov/26454223/
https://pubmed.ncbi.nlm.nih.gov/28000751/
https://pubmed.ncbi.nlm.nih.gov/28000751/
https://pubmed.ncbi.nlm.nih.gov/37581942/
https://pubmed.ncbi.nlm.nih.gov/37581942/
https://pubmed.ncbi.nlm.nih.gov/17367503/
https://pubmed.ncbi.nlm.nih.gov/23477738/
https://pubmed.ncbi.nlm.nih.gov/23477738/


213 
 

   
 

414. Libby P, Mallat Z, Weyand C. Immune and inflammatory mechanisms mediate 

cardiovascular diseases from head to toe. Cardiovasc Res. 2021 Nov 22;117(13):2503-2505 

415. Hansson GK. The heart of immunology: immune mechanisms in cardiovascular 

medicine. Cardiovasc Res. 2021 Nov 22;117(13):e166-e168. 

416. Waterhouse DF, Cahill RA, Sheehan F, McCreery C: Prediction of calculated future 

cardiovascular disease by monocyte count in an asymptomatic population. Vasc Health Risk 

Manag 4: 177–187, 2008 

417. Ji H, Li Y, Fan Z, Zuo B, Jian X, Li L, Liu T: Monocyte/lymphocyte ratio predicts the 

severity of coronary artery disease: A syntax score assessment. BMC Cardiovasc Disord 17: 

90, 2017 

418. Gijsberts CM, Ellenbroek GHJM, Ten Berg MJ, Huisman A, van Solinge WW, Lam CS, 

Asselbergs FW, den Ruijter HM, Pasterkamp G, Hoefer IE, de Kleijn DP: Effect of monocyte-

to-lymphocyte ratio on heart failure characteristics and hospitalizations in a coronary 

angiography cohort. Am J Cardiol 120: 911–916, 2017 

419. Chapman CM, Beilby JP, McQuillan BM, Thompson PL, Hung J: Monocyte count, but not 

C-reactive protein or interleukin-6, is an independent risk marker for subclinical carotid 

atherosclerosis. Stroke 35: 1619–1624, 2004 

420. Chen H, Li M, Liu L, Dang X, Zhu D, Tian G: Monocyte/lymphocyte ratio is related to the 

severity of coronary artery disease and clinical outcome in patients with non-ST-elevation 

myocardial infarction. Medicine (Baltimore) 

421. Xiang F, Chen R, Cao X, Shen B, Liu Z, Tan X, Ding X, Zou J: Monocyte/lymphocyte ratio 

as a better predictor of cardiovascular and all-cause mortality in hemodialysis patients: A 

prospective cohort study. Hemodial Int 22: 82–92, 2018 10.1111/hdi.12549 

422. Kato A, Takita T, Furuhashi M, Maruyama Y, Kumagai H, Hishida A: Blood monocyte 

count is a predictor of total and cardiovascular mortality in hemodialysis patients. Nephron 

Clin Pract 110: c235–c243, 2008 10.1159/000167871 

423. Wen Y, Zhan X, Wang N, Peng F, Feng X, Wu X: Monocyte/lymphocyte ratio and 

cardiovascular disease mortality in peritoneal dialysis patients. Mediators Inflamm 2020: 

9852507, 2020 10.1155/2020/9852507 

424. Liu W, Weng S, Cao C, Yi Y, Wu Y, Peng D. Association between monocyte-lymphocyte 

ratio and all-cause and cardiovascular mortality in patients with chronic kidney diseases: A 

data analysis from national health and nutrition examination survey (NHANES) 2003-2010. 

Ren Fail. 2024 Dec;46(1):2352126. 

425. Oh ES, You Z, Nowak KL, Jovanovich AJ. Association of Monocyte Count and 

Monocyte/Lymphocyte Ratio with the Risk of Cardiovascular Outcomes in Patients with 

CKD.Kidney360. 2022 Feb 3;3(4):657-665. 

426. Woollard KJ, Geissmann F. Monocytes in atherosclerosis: subsets and functions. Nat 

Rev Cardiol 2010; 7(2): 77-86. 

427. Mehta NN, Reilly MP. Monocyte mayhem: do subtypes modulate distinct 

atherosclerosis phenotypes? Circ Cardiovasc Genet 2012; 5(1): 7-9. 

https://pubmed.ncbi.nlm.nih.gov/34849629/
https://pubmed.ncbi.nlm.nih.gov/34849629/
https://pubmed.ncbi.nlm.nih.gov/38832474/
https://pubmed.ncbi.nlm.nih.gov/38832474/
https://pubmed.ncbi.nlm.nih.gov/38832474/
https://pubmed.ncbi.nlm.nih.gov/35721602/
https://pubmed.ncbi.nlm.nih.gov/35721602/
https://pubmed.ncbi.nlm.nih.gov/35721602/


214 
 

   
 

428. Yoon JW, Pahl MV, Vaziri ND. Spontaneous leukocyte activation and oxygen-free radical 

generation in end-stage renal disease. Kidney Int 2007; 71(2): 167-72. 

429. Liakopoulos V, Jeron A, Shah A, Bruder D, Mertens PR, Gorny X. Hemodialysis-related 

changes in phenotypical features of monocytes. Sci Rep 2018; 8(1): 13964. 

430. Finney AC, Stokes KY, Pattillo CB, Orr AW. Integrin signaling in atherosclerosis. Cell Mol 

Life Sci 2017; 74(12): 2263-82. 

431. Lucie Hénaut, Alexandre Candellier, Cédric Boudot, Maria Grissi, Romuald Mentaverri, 

Gabriel Choukroun, Michel Brazier, Saïd Kamel, Ziad A. Massy. New Insights into the roles of 

Monocytes/Macrophages in Cardiovascular Calcification Associated with Chronic Kidney 

Disease. Toxins (Basel) 2019 Sep; 11(9): 529. 

432. Combadière C, Potteaux S, Rodero M, et al. Combined inhibition of CCL2, CX3CR1, and 

CCR5 abrogates Ly6C(hi) and Ly6C(lo) monocytosis and almost abolishes atherosclerosis in 

hypercholesterolemic mice. Circulation 2008; 117(13): 1649-57. 

433. Muntinghe FL, Verduijn M, Zuurman MW, et al. CCR5 deletion protects against 

inflammation-associated mortality in dialysis patients. J Am Soc Nephrol 2009; 20(7): 1641-

9. 

434. Okumoto S, Taniguchi Y, Nakashima A, et al. C-C chemokine receptor 2 expression by 

circulating monocytes influences atherosclerosis in patients on chronic hemodialysis. Ther 

Apher Dial 2009; 13(3): 205-12. 

435. Schepers E, Houthuys E, Dhondt A, et al. Transcriptome analysis in patients with 

chronic kidney disease on hemodialysis disclosing a key role for CD16+CX3CR1+ monocytes. 

PLoS One 2015; 10(4)e0121750 

436. Rogacev KS, Zawada AM, Emrich I, et al. Lower Apo A-I and lower HDL-C levels are 

associated with higher intermediate CD14++CD16+ monocyte counts that predict 

cardiovascular events in chronic kidney disease. Arterioscler Thromb Vasc Biol 2014; 34(9): 

2120-7 

437. Moghimpour Bijani F, Vallejo JG, Rezaei N. Toll-like receptor signaling pathways in 

cardiovascular diseases: challenges and opportunities. Int Rev Immunol 2012; 31(5): 379-95. 

438. Lorenzen JM, David S, Richter A, et al. TLR-4+ peripheral blood monocytes and 

cardiovascular events in patients with chronic kidney disease--a prospective follow-up 

study. Nephrol Dial Transplant 2011; 26(4): 1421-4. 

439. Metzger R, Bohle RM, Chumachenko P, Danilov SM, Franke FE. CD143 in the 

development of atherosclerosis. Atherosclerosis 2000; 150(1): 21-31. 

440. Trojanowicz B, Ulrich C, Kohler F, et al. Monocytic angiotensinconverting enzyme 2 

relates to atherosclerosis in patients with chronic kidney disease. Nephrol Dial Transplant 

2017; 32(2): 287- 98. 

441. Ulrich C, Heine GH, Garcia P, et al. Increased expression of monocytic angiotensin-

converting enzyme in dialysis patients with cardiovascular disease. Nephrol Dial Transplant 

2006; 21(6): 1596-602. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6784181/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6784181/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6784181/


215 
 

   
 

442. Ulrich C, Seibert E, Heine GH, Fliser D, Girndt M. Monocyte angiotensin converting 

enzyme expression may be associated with atherosclerosis rather than arteriosclerosis in 

hemodialysis patients. Clin J Am Soc Nephrol 2011; 6(3): 505-11. 

443. Ulrich C, Heine GH, Seibert E, Fliser D, Girndt M. Circulating monocyte subpopulations 

with high expression of angiotensin converting enzyme predict mortality in patients with 

end-stage renal disease. Nephrol Dial Transplant 2010; 25(7): 2265-72. 

444. Lievens D, Eijgelaar WJ, Biessen EA, Daemen MJ, Lutgens E. The multi-functionality of 

CD40L and its receptor CD40 in atherosclerosis. Thromb Haemost. 2009 Aug;102(2):206-14. 

445. Yang J., Fang P., Yu D., Zhang L., Zhang D., Jiang X., Yang W.Y., Bottiglieri T., Kunapuli 

S.P., Yu J., et al. Chronic Kidney Disease Induces Inflammatory CD40+ Monocyte 

Differentiation via Homocysteine Elevation and DNA Hypomethylation. Circ. Res. 

2016;119:1226–1241. 

446. Wheeler JG, Mussolino ME, Gillum RF, Danesh J. Associations between differential 

leucocyte count and incident coronary heart disease: 1764 incident cases from seven 

prospective studies of 30,374individuals. Eur Heart J 2004; 25(15): 1287-92 

447. Huang ZS, Chiang BL. Correlation between serum lipid profiles and the ratio and count 

of the CD16+ monocyte subset in peripheral blood of apparently healthy adults. J Formos 

Med Assoc 2002; 101(1): 11-7. 

448. Coen PM, Flynn MG, Markofski MM, Pence BD, Hannemann RE. Adding exercise to 

rosuvastatin treatment: influence on C-reactive protein, monocyte toll-like receptor 4 

expression, and inflammatory monocyte (CD14+CD16+) population. Metabolism 2010; 

59(12): 1775-83. 

449. Imanishi T, Ikejima H, Tsujioka H, et al. Association of monocyte subset counts with 

coronary fibrous cap thickness in patients with unstable angina pectoris. Atherosclerosis 

2010; 212(2): 628-35. 

450. Kashiwagi M, Imanishi T, Tsujioka H, et al. Association of monocyte subsets with 

vulnerability characteristics of coronary plaques as assessed by 64-slice multidetector 

computed tomography in patients with stable angina pectoris. Atherosclerosis 2010; 212(1): 

171-6. 

451. Tapp LD, Shantsila E, Wrigley BJ, Pamukcu B, Lip GY. The CD14++CD16+ monocyte 

subset and monocyte-platelet interactions in patients with ST-elevation myocardial 

infarction. J Thromb Haemost 2012; 10(7): 1231-41. 

452. Nahrendorf M, Swirski FK, Aikawa E, et al. The healing myocardium sequentially 

mobilizes two monocyte subsets with divergent and complementary functions. J Exp Med 

2007; 204(12): 3037-47. 

453. Tsujioka H, Imanishi T, Ikejima H, et al. Impact of heterogeneity of human peripheral 

blood monocyte subsets on myocardial salvage in patients with primary acute myocardial 

infarction. J Am Coll Cardiol 2009; 54(2): 130-8. 

454. Arslan U, Kocaoğlu İ, Falay MY, Balcı M, Duyuler S, Korkmaz A. The association between 

different monocyte subsets and coronary collateral development. Coron Artery Dis 2012; 

23(1): 16-21. 

https://pubmed.ncbi.nlm.nih.gov/19652870/
https://pubmed.ncbi.nlm.nih.gov/19652870/


216 
 

   
 

455. Tsujioka H, Imanishi T, Ikejima H, et al. Post-reperfusion enhancement of 

CD14(+)CD16(-) monocytes and microvascular obstruction in ST-segment elevation acute 

myocardial infarction. Circ J 2010; 74(6): 1175-82. 

456. van der Laan AM, Hirsch A, Robbers LF, et al. A proinflammatory monocyte response is 

associated with myocardial injury and impaired functional outcome in patients with ST-

segment elevation myocardial infarction: monocytes and myocardial infarction. Am Heart J 

2012; 163(1): 57-65.e2. 

457. Ozaki Y, Imanishi T, Tanimoto T, et al. Effect of direct renin inhibitor, aliskiren, on 

peripheral blood monocyte subsets and myocardial salvage in patients with p 

458. Swirski FK, Nahrendorf M, Etzrodt M, et al. Identification of splenic reservoir 

monocytes and their deployment to inflammatory sites. Science 2009; 325(5940): 612-6. 

rimary acute myocardial infarction. Circ J 2012; 76(6): 1461-8. 

459. Berg KE, Ljungcrantz I, Andersson L, et al. Elevated CD14++CD16- monocytes predict 

cardiovascular events. Circ Cardiovasc Genet 2012; 5(1): 122-31. 

460. Rogacev KS, Cremers B, Zawada AM, et al. CD14++CD16+ monocytes independently 

predict cardiovascular events: a cohort study of 951 patients referred for elective coronary 

angiography. J Am Coll Cardiol 2012; 60(16): 1512-20. 

461. Heine GH, Ortiz A, Massy ZA, et al. European Renal and Cardiovascular Medicine 

(EURECA-m) working group of the European Renal Association-European Dialysis and 

Transplant Association (ERA-EDTA). Monocyte subpopulations and cardiovascular risk in 

chronic kidney disease. Nat Rev Nephrol 2012; 8(6): 362-9. 

462. Heine GH, Ulrich C, Seibert E, et al. CD14(++)CD16+ monocytes but not total monocyte 

numbers predict cardiovascular events in dialysis patients. Kidney Int 2008; 73(5): 622-9. 

463. Rogacev KS, Seiler S, Zawada AM, et al. CD14++CD16+ monocytes and cardiovascular 

outcome in patients with chronic kidney disease. Eur Heart J 2011; 32(1): 84-92.479. 

464. Jeng Y, Lim PS, Wu MY, et al. Proportions of Proinflammatory Monocytes Are Important 

Predictors of Mortality Risk in Hemodialysis Patients. Mediators Inflamm 2017; 

20171070959 

465. Sester U, Sester M, Heine G, Kaul H, Girndt M, Köhler H. Strong depletion of 

CD14(+)CD16(+) monocytes during haemodialysis treatment. Nephrol Dial Transplant 2001; 

16(7): 1402-8. 

466. Kawanaka N, Nagake Y, Yamamura M, Makino H. Expression of Fc gamma receptor III 

(CD16) on monocytes during hemodialysis in patients with chronic renal failure. Nephron 

2002; 90(1): 64-71. 

467. Rogacev KS, Ziegelin M, Ulrich C, et al. Haemodialysis-induced transient CD16+ 

monocytopenia and cardiovascular outcome. Nephrol Dial Transplant 2009; 24(11): 3480-6. 

468. Ulrich C, Heine GH, Gerhart MK, Köhler H, Girndt M. Proinflammatory CD14+CD16+ 

monocytes are associated with subclinical atherosclerosis in renal transplant patients. Am J 

Transplant 2008; 8(1): 103-10. 

469. Hénaut L, Massy ZA. New insights into the key role of interleukin 6 in vascular 

calcification of chronic kidney disease. Nephrol Dial Transplant. 2018 Apr 1;33(4):543-548. 

https://pubmed.ncbi.nlm.nih.gov/29420799/
https://pubmed.ncbi.nlm.nih.gov/29420799/


217 
 

   
 

470. Roy N, Rosas SE. Il-6 is associated with Progression of Coronary Artery Calcification and 

Mortality in Incident Dialysis Patients. Am J Nephrol. 2021;52(9):745-752. 

471. Pazár B, Ea HK, Narayan S et al.  Basic calcium phosphate crystals induce 

monocyte/macrophage IL-1β secretion through the NLRP3 inflammasome in vitro. J 

Immunol 2011; 186: 2495–2502. 

472. Zickler D, Luecht C, Willy K et al.  Tumour necrosis factor-alpha in uraemic serum 

promotes osteoblastic transition and calcification of vascular smooth muscle cells via 

extracellular signal-regulated kinases and activator protein 1/c-FOS-mediated induction of 

interleukin 6 expression. Nephrol Dial Transplant 2018; 33: 574–585 

473. Mary A, Objois T, Brazier M, Bennis Y, Boudot C, Lenglet G, Paccou J, Bugnicourt JM, 

Choukroun G, Drueke TB, Massy ZA, Kamel S, Six I, Mentaverri R. Decreased monocyte 

calcium sensing receptor expression in patients with chronic kidney disease is associated 

with impaired monocyte ability to reduce vascular calcification. Kidney Int. 2021 

Jun;99(6):1382-1391. 

474. Ray K. Calcium-sensing receptor: trafficking, endocytosis, recycling, and importance of 

interacting proteins. Prog Mol Biol Transl Sci. 2015;132:127–150. 

475. Olszak IT, Poznansky MC, Evans RH, et al. Extracellular calcium elicits a chemokinetic 

response from monocytes in vitro and in vivo. J Clin Invest. 2000;105:1299–1305 

476. Chen Z, Wu C, Gu W, et al. Osteogenic differentiation of bone marrow MSCs by b-

tricalcium phosphate stimulating macrophages via BMP2 signalling pathway. Biomaterials. 

2014;35:1507–1518. 

477. Frantz S, Falcao-Pires I, Balligand JL, et al. The innate immune system in chronic 

cardiomyopathy: a European Society of Cardiology (ESC) scientific statement from the 

Working Group on Myocardial Function of the ESC. Eur J Heart Fail 2018; 20(3): 445-59. 

478. Vaduganathan M, Greene SJ, Butler J, et al. The immunological axis in heart failure: 

importance of the leukocyte differential. Heart Fail Rev 2013; 18(6): 835-45 

479. Ma Y, Zhang X, Bao H, et al. Toll-like receptor (TLR) 2 and TLR4 differentially regulate 

doxorubicin induced cardiomyopathy in mice. PLoS One 2012; 7(7)e40763 

480. Maesawa C, et al. Activated toll-like receptor 4 in monocytes is associated with heart 

failure after acute myocardial infarction. Int J Cardiol 2006; 109(2): 226-34 

481. Frantz S, Kobzik L, Kim YD, Fukazawa R, Medzhitov R, Lee RT, Kelly RA. Toll4 (TLR4) 

expression in cardiac myocytes in normal and failing myocardium. J Clin Invest. 

1999;104:271–280. 

482. Krüger S, Kunz D, Graf J, Stickel T, Merx MW, Koch KC, Janssens U, Hanrath P. Endotoxin 

hypersensitivity in chronic heart failure. Int J Cardiol. 2007;115:159–163. 

483. Lindman BR, Dávila-Román VG, Mann DL, et al. Cardiovascular phenotype in HFpEF 

patients with or without diabetes: a RELAX trial ancillary study. J Am Coll Cardiol 2014; 

64(6): 541-9. 

484. Franssen C, Chen S, Unger A, et al. Myocardial Microvascular Inflammatory Endothelial 

Activation in Heart Failure With Preserved Ejection Fraction. JACC Heart Fail 2016; 4(4): 312-

24. 

https://pubmed.ncbi.nlm.nih.gov/33647324/
https://pubmed.ncbi.nlm.nih.gov/33647324/
https://pubmed.ncbi.nlm.nih.gov/33647324/


218 
 

   
 

485. Glezeva N, Voon V, Watson C, et al. Exaggerated inflammation and monocytosis 

associate with diastolic dysfunction in heart failure with preserved ejection fraction: 

evidence of M2 macrophage activation in disease pathogenesis. J Card Fail 2015; 21(2): 167-

77 

486. Wang L, Zhang YL, Lin QY, et al. CXCL1-CXCR2 axis mediates angiotensin II-induced 

cardiac hypertrophy and remodelling through regulation of monocyte infiltration. Eur Heart 

J 2018; 39(20): 1818- 31 

487. Han YL, Li YL, Jia LX, et al. Reciprocal interaction between macrophages and T cells 

stimulates IFN-γ and MCP-1 production in Ang II-induced cardiac inflammation and fibrosis. 

PLoS One 2012; 7(5)e35506 

488. Wang L, Li YL, Zhang CC, et al. Inhibition of Toll-like receptor 2 reduces cardiac fibrosis 

by attenuating macrophage-mediated inflammation. Cardiovasc Res 2014; 101(3): 383-92 

489. Sun J, Axelsson J, Machowska A, et al. Biomarkers of cardiovascular disease and 

mortality risk in patients with advanced CKD. Clin J Am Soc Nephrol 2016; 11(7): 1163-72. 

490. Carlsson AC, Carrero JJ, Stenvinkel P, et al. High levels of soluble tumor necrosis factor 

receptors 1 and 2 and their association with mortality in patients undergoing hemodialysis. 

Cardiorenal Med 2015; 5(2): 89-95. 

491. Meuwese CL, Snaedal S, Halbesma N, et al. Trimestral variations of C-reactive protein, 

interleukin-6 and tumour necrosis factor-α are similarly associated with survival in 

haemodialysis patients. Nephrol Dial Transplant 2011; 26(4): 1313-8. 

492. Shahid F, Lip GYH, Shantsila E.J. Role of Monocytes in Heart Failure and Atrial 

Fibrillation.  Am Heart Assoc. 2018 Feb 1;7(3):e007849. 

493. Barisione C, Garibaldi S, Ghigliotti G, et al. CD14CD16 monocyte subset levels in heart 

failure patients. Dis Markers 2010; 28(2): 115- 24. 

494. Wrigley BJ, Shantsila E, Tapp LD, Lip GY. CD14++CD16+ monocytes in patients with 

acute ischaemic heart failure. Eur J Clin Invest 2013; 43(2): 121-30. 

495. Amir O, Spivak I, Lavi I, et al. Changes in the Monocytic Subsets CD14dimCD16+ and 

CD14++CD16− in Chronic Systolic Heart Failure Patients Mediators Inflamm 2012. 

496. Pastori S, Virzì GM, Brocca A, et al. Cardiorenal syndrome type 1: a defective regulation 

of monocyte apoptosis induced by proinflammatory and proapoptotic factors. Cardiorenal 

Med 2015; 5(2): 105-15. 

497. Virzì GM, Torregrossa R, Cruz DN, et al. Cardiorenal Syndrome Type 1 May Be 

Immunologically Mediated: A Pilot Evaluation of Monocyte Apoptosis. Cardiorenal Med 

2012; 2(1): 33-42. 

498. Breglia A, Virzì GM, Pastori S, et al. Determinants of Monocyte Apoptosis in Cardiorenal 

Syndrome Type 1. Cardiorenal Med 2018; 8(3): 208-16. 

499. Linhart C, Ulrich C, Greinert D, et al. Systemic inflammation in acute cardiorenal 

syndrome: an observational pilot study. ESC Heart Fail 2018; 5(5): 920-30. 

500. Leuschner F, Panizzi P, Chico-Calero I, et al. Angiotensin converting enzyme inhibition 

prevents the release of monocytes from their splenic reservoir in mice with myocardial 

infarction. Circ Res 2010; 107(11): 1364-73. 



219 
 

   
 

501. Satoh M, Ishikawa Y, Minami Y, Akatsu T, Nakamura M. Eplerenone inhibits tumour 

necrosis factor alpha shedding process by tumour necrosis factor alpha converting enzyme 

in monocytes from patients with congestive heart failure. Heart 2006; 92(7): 979-80. 

502. Mizuochi Y, Okajima K, Harada N, et al. Carvedilol, a nonselective beta-blocker, 

suppresses the production of tumor necrosis factor and tissue factor by inhibiting early 

growth response factor-1 expression in human monocytes in vitro. Transl Res 2007; 149(4): 

223-30. 

503. Mawhin MA, Bright RG, Fourre JD, Vloumidi EI, Tomlinson J, Sardini A, Pusey CD, 

Woollard KJ. Chronic kidney disease mediates cardiac dysfunction associated with increased 

resident cardiac macrophages. BMC Nephrol. 2022 Jan 28;23(1):47. 

504. Hénaut L, Candellier A, Boudot C, Grissi M, Mentaverri R, Choukroun G, Brazier M, 

Kamel S, Massy ZA. New Insights into the Roles of Monocytes/Macrophages in 

Cardiovascular Calcification Associated with Chronic Kidney Disease. Toxins (Basel). 2019 

Sep 12;11(9):529. 

505. Mosser D.M., Edwards J.P. Exploring the full spectrum of macrophage activation. Nat. 

Rev. Immunol. 2008;8:958–969. 

506.Wang N., Liang H., Zen K. Molecular mechanisms that influence the macrophage m1–

m2 polarization balance. Front. Immunol. 2014;5:614. 

507. Patel B, Bansal SS, Ismahil MA, Hamid T, Rokosh G, Mack M, Prabhu SD. CCR2+ 

monocyte-derived infiltrating macrophages are required for adverse cardiac remodeling 

during pressure overload. JACC Basic to Transl Sci. 2018;3:230–244. 

508. Dick SA, Macklin JA, Nejat S, Momen A, Clemente-Casares X, Althagafi MG, Chen J, 

Kantores C, Hosseinzadeh S, Aronoff L, Wong A, Zaman R, Barbu I, Besla R, Lavine KJ, Razani 

B, Ginhoux F, Husain M, Cybulsky MI, Robbins CS, Epelman S. Self-renewing resident cardiac 

macrophages limit adverse remodeling following myocardial infarction. Nat Immunol. 2019; 

20:29–39. 

509. Bajpai G, Schneider C, Wong N, Bredemeyer A, Hulsmans M, Nahrendorf M, Epelman S, 

Kreisel D, Liu Y, Itoh A, Shankar TS, Selzman CH, Drakos SG, Lavine KJ. The human heart 

contains distinct macrophage subsets with divergent origins and functions. Nat Med. 

2018;24:1234–1245. 

510. Hulsmans M, Sager HB, Roh JD, Valero-Muñoz M, Houstis NE, Iwamoto Y, Sun Y, Wilson 

RM, Wojtkiewicz G, Tricot B, Osborne MT, Hung J, Vinegoni C, Naxerova K, Sosnovik DE, Zile 

MR, Bradshaw AD, Liao R, Tawakol A, Weissleder R, Rosenzweig A, Swirski FK, Sam F, 

Nahrendorf M. Cardiac macrophages promote diastolic dysfunction. J Exp Med. 

2018;215:423–40. 

511. Kaikita K, Hayasaki T, Okuma T, Kuziel WA, Ogawa H, Takeya M. Targeted deletion of CC 

chemokine receptor 2 attenuates left ventricular remodeling after experimental myocardial 

infarction. Am J Pathol. 2004;165:439–447. 

512. Hulsmans M, Sager HB, Roh JD, Valero-Muñoz M, Houstis NE, Iwamoto Y, Sun Y, Wilson 

RM, Wojtkiewicz G, Tricot B, Osborne MT, Hung J, Vinegoni C, Naxerova K, Sosnovik  DE, Zile 

MR, Bradshaw AD, Liao R, Tawakol A, Weissleder R, Rosenzweig A, Swirski FK, Sam F, 

https://pubmed.ncbi.nlm.nih.gov/35090403/
https://pubmed.ncbi.nlm.nih.gov/35090403/
https://pubmed.ncbi.nlm.nih.gov/31547340/
https://pubmed.ncbi.nlm.nih.gov/31547340/


220 
 

   
 

Nahrendorf M. Cardiac macrophages promote diastolic dysfunction. J Exp Med. 

2018;215:423–40. 10.1084/jem.20171274. 

513. Yoshida Y, Matsunaga N, Nakao T, Hamamura K, Kondo H, Ide T, Tsutsui H, Tsuruta A, 

Kurogi M, Nakaya M, Kurose H, Koyanagi S, Ohdo S. Alteration of circadian machinery in 

monocytes underlies chronic kidney disease-associated cardiac inflammation and fibrosis. 

Nat Commun. 2021 May 13;12(1):2783. 

514. Siddiqi M, Garcia ZC, Stein DS, Denny TN, Spolarics Z. Relationship between oxidative 

burst activity and CD11b expression in neutrophils and monocytes from healthy individuals: 

effects of race and gender. Cytometry 2001; 46: 243–246. 

515. Delaney, J.A.C.; Olson, N.C.; Sitlani, C.M.; Fohner, A.E.; Huber, S.A.; Landay, A.L.; 

Heckbert, S.R.; Tracy, R.P.; Psaty, B.M.; Feinstein, M.; et al. Natural killer cells, gamma delta 

T cells and classical monocytes are associated with systolic blood pressure in the multi-

ethnic study of atherosclerosis (MESA). BMC Cardiovasc. Disord. 2021, 21, 45. 

516. Wenzel U, Turner JE, Krebs C, Kurts C, Harrison DG, Ehmke H. Immune mechanisms in 

arterial hypertension. J Am Soc Nephrol. 2016;27(3):677–686. 

517. De Ciuceis C, Amiri F, Brassard P, Endemann DH, Touyz RM, Schiffrin EL. Reduced 

vascular remodeling, endothelial dysfunction, and oxidative stress in resistance arteries of 

angiotensin II-infused macrophage colony-stimulating factor-deficient mice: evidence for a 

role in inflammation in angiotensin-induced vascular injury. Arterioscler Thromb Vasc Biol. 

2005;25:2106–2113. 

518. Caillon A, Paradis P, Schiffrin EL. Role of immune cells in hypertension. Br J Pharmacol. 

2019;176(12):1818–1828. 

519. Bradham WS, Moe G, Wendt KA, Scott AA, Konig A, Romanova M, Naik G, Spinale FG. 

TNF‐α and myocardial matrix metalloproteinases in heart failure: relationship to LV 

remodeling. Am J Physiol Heart Circ Physiol. 2002;282:H1288–H1295. 

520. Gu L, Okada Y, Clinton SK, Gerard C, Sukhova GK, Libby P, Rollins BJ. Absence of 

monocyte chemoattractant protein‐1 reduces atherosclerosis in low density lipoprotein 

receptor‐deficient mice. Mol Cell. 1998;2:275–281. 

521. Bolego C, Cignarella A, Staels B, Chinetti‐Gbaguidi G. Macrophage function and 

polarization in cardiovascular disease: a role of estrogen signaling? Arterioscler Thromb Vasc 

Biol. 2013;33:1127–1134. 

522. Moore JP, Vinh A, Tuck KL, Sakkal S, Krishnan SM, Chan CT, Lieu M, Samuel CS, Diep H, 

Kemp‐Harper BK, Tare M, Ricardo SD, Guzik TJ, Sobey CG, Drummond GR. M2 macrophage 

accumulation in the aortic wall during angiotensin II infusion in mice is associated with 

fibrosis, elastin loss, and elevated blood pressure. Am J Physiol Heart Circ Physiol. 

2015;309:H906–H917. 

523. Suzuki, A.; Fukuzawa, K.; Yamashita, T.; Yoshida, A.; Sasaki, N.; Emoto, T.; Takei, A.; 

Fujiwara, R.; Nakanishi, T.; Yamashita, S.; et al. Circulating intermediate 

CD14++CD16+monocytes are increased in patients with atrial fibrillation and reflect the 

functional remodelling of the left atrium. Europace 2017, 19, 40–47.S 

https://pubmed.ncbi.nlm.nih.gov/33986294/
https://pubmed.ncbi.nlm.nih.gov/33986294/


221 
 

   
 

524. Boidin M, Lip GYH, Shantsila A, Thijssen D, Shantsila E. Dynamic changes of monocytes 

subsets predict major adverse cardiovascular events and left ventricular function after 

STEMI. Sci Rep. 2023 Jan 2;13(1):48. 

525. Shantsila E, Ghattas A, Griffiths HR, et al. Mon2 predicts poor outcome in ST-elevation 

myocardial infarction. J. Intern. Med. 2019;285:301–316. 

526. Weber C, Shantsila E, Hristov M et al. Role and analysis of monocyte subsets in 

cardiovascular disease. Joint consensus document of the European Society of Cardiology 

(ESC) Working Groups “Atherosclerosis & Vascular Biology” and “Thrombosis”. Thromb 

Haemost 2016; 116: 626–3 

527. Bosch X, Jáuregui B, Villamor N, et al. Monocyte subsets are differently associated with 

infarct size, left ventricular function, and the formation of a potentially arrhythmogenic scar 

in patients with acute myocardial infarction. J. Cardiovasc. Transl. Res. 2020;13:722–730. 

528. Baci D, Bosi A, Parisi L, Buono G, Mortara L, Ambrosio G, Bruno A. Innate Immunity 

Effector Cells as Inflammatory Drivers of Cardiac Fibrosis. Int J Mol Sci. 2020 Sep 

28;21(19):7165. 

529. Zeng S, Yan LF, Luo YW, et al. Trajectories of circulating monocyte subsets after ST-

elevation myocardial infarction during hospitalization: latent class growth modeling for high-

risk patient identification. J. Cardiovasc. Transl. Res. 2018;11:22–32. 

530. Shantsila E, Wrigley B, Tapp L, et al. Immunophenotypic characterization of human 

monocyte subsets: Possible implications for cardiovascular disease pathophysiology. J. 

Thromb. Haemost. 2011;9:1056–1066 

531. Urbanski K, Ludew D, Filip G, et al. CD14(+)CD16(++) "nonclassical" monocytes are 

associated with endothelial dysfunction in patients with coronary artery disease. Thromb. 

Haemost. 2017;117:971–980. 

532. Sager HB, Hulsmans M, Lavine KJ, et al. Proliferation and recruitment contribute to 

myocardial macrophage expansion in chronic heart failure. Circ. Res. 2016;119:853–864. 

533. Bucala R., Spiegel L.A., Chesney J., Hogan M., Cerami A. Circulating fibrocytes define a 

new leukocyte subpopulation that mediates tissue repair. Mol. Med. 1994;1:71–81. doi: 

10.1007/BF03403533. 

534. Frangogiannis N.G., Dewald O., Xia Y., Ren G., Haudek S., Leucker T., Kraemer D., Taffet 

G., Rollins B.J., Entman M.L. Critical role of monocyte chemoattractant protein-1/CC 

chemokine ligand 2 in the pathogenesis of ischemic cardiomyopathy. Circulation. 

2007;115:584–592. 

535. Liu Y., Niu X.H., Yin X., Liu Y.J., Han C., Yang J., Huang X., Yu X., Gao L., Yang Y.Z., et al. 

Elevated Circulating Fibrocytes Is a Marker of Left Atrial Fibrosis and Recurrence of 

Persistent Atrial Fibrillation. J. Am. Heart Assoc. 2018;7 

536. Bajpai G., Bredemeyer A., Li W., Zaitsev K., Koenig A.L., Lokshina I., Mohan J., Ivey B., 

Hsiao H.M., Weinheimer C., et al. Tissue Resident CCR2- and CCR2+ Cardiac Macrophages 

Differentially Orchestrate Monocyte Recruitment and Fate Specification Following 

Myocardial Injury. Circ. Res. 2019;124:263–278 

https://pubmed.ncbi.nlm.nih.gov/36593308/
https://pubmed.ncbi.nlm.nih.gov/36593308/
https://pubmed.ncbi.nlm.nih.gov/36593308/
https://pubmed.ncbi.nlm.nih.gov/32998408/
https://pubmed.ncbi.nlm.nih.gov/32998408/


222 
 

   
 

537. Shen J.Z., Morgan J., Tesch G.H., Fuller P.J., Young M.J. CCL2-dependent macrophage 

recruitment is critical for mineralocorticoid receptor-mediated cardiac fibrosis, 

inflammation, and blood pressure responses in male mice. Endocrinology. 2014;155:1057–

1066. 

538. Smigiel K.S., Parks W.C. Matrix Metalloproteinases and Leukocyte Activation. Prog. 

Mol. Biol. Transl. Sci. 2017;147:167–195. 

539. Halade G.V., Jin Y.F., Lindsey M.L. Matrix metalloproteinase (MMP)-9: A proximal 

biomarker for cardiac remodeling and a distal biomarker for inflammation. Pharmacol. Ther. 

2013;139:32–40. 

540. Getz GS, Reardon CA. Natural killer T cells in atherosclerosis. Nat Rev Cardiol 2017; 

14(5): 304-14. 

541. Selathurai A, Deswaerte V, Kanellakis P, et al. Natural killer (NK) cells augment 

atherosclerosis by cytotoxic-dependent mechanisms. Cardiovasc Res 2014; 102(1): 128-37. 

542. Whitman SC, Rateri DL, Szilvassy SJ, Yokoyama W, Daugherty A. Depletion of natural 

killer cell function decreases atherosclerosis in low-density lipoprotein receptor null mice. 

Arterioscler Thromb Vasc Biol 2004; 24(6): 1049-54. 

543. Kumrić M, Kurir TT, Borovac JA, Božić J. The Role of Natural Killer (NK) Cells in Acute 

Coronary Syndrome: A Comprehensive Review. Biomolecules. 2020 Nov 5;10(11):1514. 

544. Whitman SC, Rateri DL, Szilvassy SJ, Yokoyama W, Daugherty A. Depletion of natural 

killer cell function decreases atherosclerosis in low-density lipoprotein receptor null mice. 

Arterioscler Thromb Vasc Biol 2004; 24(6): 1049-54. 

545. Hak Ł, Myśliwska J, Więckiewicz J, et al. NK cell compartment in patients with coronary 

heart disease. Immun Ageing 2007; 4: 3. 

546. Hou N, Zhao D, Liu Y, et al. Increased expression of T cell immunoglobulin- and mucin 

domain-containing molecule-3 on natural killer cells in atherogenesis. Atherosclerosis 2012; 

222(1): 67-73. 

547. Szymanowski A, Li W, Lundberg A, et al. Soluble Fas ligand is associated with natural 

killer cell dynamics in coronary artery disease. Atherosclerosis 2014; 233(2): 616-22. 

548. Jonasson L, Backteman K, Ernerudh J. Loss of natural killer cell activity in patients with 

coronary artery disease. Atherosclerosis 2005; 183(2): 316-21. 

549. Li W, Lidebjer C, Yuan XM, et al. NK cell apoptosis in coronary artery disease: relation to 

oxidative stress. Atherosclerosis 2008; 199(1): 65-72. 

550. Backteman K, Ernerudh J, Jonasson L. Natural killer (NK) cell deficit in coronary artery 

disease: no aberrations in phenotype but sustained reduction of NK cells is associated with 

low-grade inflammation. Clin Exp Immunol 2014; 175(1): 104-12. 

551.  Zuo J, Shan Z, Zhou L, Yu J, Liu X, Gao Y. Increased CD160 expression on circulating 

natural killer cells in atherogenesis. J Transl Med 2015; 13: 188 

552. Lynch L.A., O’Connell J.M., Kwasnik A.K., Cawood T.J., O’Farrelly C., O’Shea D.B. Are 

natural killer cells protecting the metabolically healthy obese patient? Obesity. 

2009;17:601–605. 

https://pubmed.ncbi.nlm.nih.gov/33167533/
https://pubmed.ncbi.nlm.nih.gov/33167533/


223 
 

   
 

553. Dalbeth N., Gundle R., Davies R.J., Lee Y.C., McMichael A.J., Callan M.F. CD56bright NK 

cells are enriched at inflammatory sites and can engage with monocytes in a reciprocal 

program of activation. J. Immunol. 2004;173:6418–6426. 

554. Bonaccorsi I., Spinelli D., Cantoni C., Barillà C., Pipitò N., De Pasquale C., Oliveri D., 

Cavaliere R., Carrega P., Benedetto F., et al. Symptomatic Carotid Atherosclerotic Plaques 

Are Associated with Increased Infiltration of Natural Killer (NK) Cells and Higher Serum 

Levels of NK Activating Receptor Ligands. Front. Immunol. 2019;10:1503. 

555. Knorr M., Münzel T., Wenzel P. Interplay of NK cells and monocytes in vascular 

inflammation and myocardial infarction. Front. Physiol. 2014;5:295. 

556. Backteman K., Andersson C., Dahlin L.G., Ernerudh J., Jonasson L. Lymphocyte 

subpopulations in lymph nodes and peripheral blood: A comparison between patients with 

stable angina and acute coronary syndrome. PLoS ONE. 2012;7:e32691. 

557. Laskarin G., Persic V., Ruzic A., Miletic B., Rakic M., Samsa D., Raljevic D., Pehar V. 

Perforin-mediated cytotoxicity in non-ST elevation myocardial infarction. Scand. J. Immunol. 

2011;74:195–204. 

558. Nour-Eldine W., Joffre J., Zibara K., Esposito B., Giraud A., Zeboudj L., Vilar J., Terada 

M., Bruneval P., Vivier E., et al. Genetic Depletion or Hyperresponsiveness of Natural Killer 

Cells Do Not Affect Atherosclerosis development. Circ. Res. 2018;122:47–57. 

559. Ogata K., Yokose N., Tamura H., An E., Nakamura K., Dan K., Nomura T. Natural killer 

cells in the late decades of human life. J. Clin. Immunol. Immunopathol. 1997;84:269–275. 

560. Martínez-Rodríguez J.E., Munné-Collado J., Rasal R., Cuadrado E., Roig L., Ois A., 

Muntasell A., Baro T., Alameda F., Roquer J., et al. Expansion of the NKG2C+ natural killer-

cell subset is associated with high-risk carotid atherosclerotic plaques in seropositive 

patients for human cytomegalovirus. Arterioscler. Thromb. Vasc. Biol. 2013;33:2653–2659. 

561. Szymanowski A., Li W., Lundberg A. Soluble Fas ligand is associated with natural killer 

cell dynamics in coronary artery disease. Atherosclerosis. 2014;233:616–622. 

562. Blanco-Colio, L.M. · Martin-Vendura, J.L. · de Teresa, E, et al. Increased soluble Fas 

plasma levels in subjects at high cardiovascular risk Arterioscler Thromb Vasc Biol. 2007; 

27:168-174 

563. Knorr M., Münzel T., Wenzel P. Interplay of NK cells and monocytes in vascular 

inflammation and myocardial infarction. Front. Physiol. 2014;5:295. 

564. Kunikata T., Torigoe K., Ushio S., Okura T., Ushio C., Yamauchi H., Ikeda M., Ikegami H., 

Kurimoto M. Constitutive and induced IL-18 receptor expression by various peripheral blood 

cell subsets as determined by anti-hIL-18R monoclonal antibody. Cell. Immunol. 

1998;189:135–143. 

565. Peraldi MN, Berrou J, Métivier F, Toubert A. Natural killer cell dysfunction in uremia: 

the role of oxidative stress and the effects of dialysis. Blood Purif 2013; 35(Suppl. 2): 14-9. 

566. Lin D, Lavender H, Soilleux EJ, O’Callaghan CA. NF-κB regulates MICA gene transcription 

in endothelial cell through a genetically inhibitable control site. J Biol Chem 2012; 287(6): 

4299-310. 



224 
 

   
 

567. Strassheim D., Dempsey E.C., Gerasimovskaya E., Stenmark K., Karoor V. Role of 

Inflammatory Cell Subtypes in Heart Failure. J. Immunol. Res. 2019:2164017. 

568. Ong S., Rose N.R., Čiháková D. Natural killer cells in inflammatory heart disease. Clin. 

Immunol. 2017;175:26–33. 

569. Vredevoe DL, Widawski M, Fonarow GC, Hamilton M, Martínez- Maza O, Gage JR. 

Interleukin-6 (IL-6) expression and natural killer (NK) cell dysfunction and anergy in heart 

failure. Am J Cardiol 2004; 93(8): 1007-11. 

570. Ong S, Ligons DL, Barin JG, et al. Natural killer cells limit cardiac inflammation and 

fibrosis by halting eosinophil infiltration. Am J Pathol 2015; 185(3): 847-61. 

571.  Boukouaci W, Lauden L, Siewiera J, et al. Natural killer cell crosstalk with allogeneic 

human cardiac-derived stem/progenitor cells controls persistence. Cardiovasc Res 2014; 

104(2): 290-302. 

572. Taherzadeh Z., Vanbavel E., De Vos J., Matlung H.L., Van Montfrans G., Brewster L.M. 

Strain-dependent susceptibility for hypertension in mice resides in the natural killer gene 

complex. Am. J. Physiol. Heart Circ. Physiol. 2010;298:H1273–H1282. 

573. Kossmann S., Schwenk M., Hausding M., Karbach S.H., Schmidgen M.I., Brandt M. 

Angiotensin II-induced vascular dysfunction depends on interferon-gamma-driven immune 

cell recruitment and mutual activation of monocytes and NK-cells. Arterioscler. Thromb. 

Vasc. Biol. 2013;33:1313–1319. 

574. Marko L, Kvakan H, Park JK, Qadri F, Spallek B, et al. Interferon-gamma signaling 

inhibition ameliorates angiotensin II-induced cardiac damage. Hypertension. 2012;60:1430–

1436. 

575. Burfeind KG, Funahashi Y, Munhall AC, Eiwaz M, Hutchens MP. Natural Killer 

Lymphocytes Mediate Renal Fibrosis Due to Acute Cardiorenal Syndrome. Kidney360. 2024 

Jan 1;5(1):8-21 

576. Zhang ZX Wang S Huang X, et al. NK cells induce apoptosis in tubular epithelial cells and 

contribute to renal ischemia-reperfusion injury. J Immunol. 2008;181(11):7489–7498. 

577. Kim HJ Lee JS Kim JD, et al. Reverse signaling through the costimulatory ligand CD137L 

in epithelial cells is essential for natural killer cell-mediated acute tissue inflammation. Proc 

Natl Acad Sci U S A. 2012;109(1):E13–E22. 

578. Uchida T, Ito S, Kumagai H, Oda T, Nakashima H, Seki S. Roles of natural killer T cells 

and natural killer cells in kidney injury. Int J Mol Sci. 2019;20(10):2487. 

579. van Puijvelde GHM, Kuiper J. NKT cells in cardiovascular diseases. Eur J Pharmacol 

2017; 816: 47-57. 

580. Cochain C, Koch M, Chaudhari SM, et al. Cd8+ t cells regulate monopoiesis and 

circulating ly6c-high monocyte levels in atherosclerosis in mice. Circ Res 2015; 117(3): 244-

53. 

581. Aslanian AM, Chapman HA, Charo IF. Transient role for CD1drestricted natural killer T 

cells in the formation of atherosclerotic lesions. Arterioscler Thromb Vasc Biol 2005; 25(3): 

628-32 



225 
 

   
 

582. Ström A, Wigren M, Hultgårdh-Nilsson A, et al. Involvement of the CD1d-natural killer T 

cell pathway in neointima formation after vascular injury. Circ Res 2007; 101(8): e83-9. 

583. Kyriakakis E, Cavallari M, Andert J, et al. Invariant natural killer T cells: linking 

inflammation and neovascularization in human atherosclerosis. Eur J Immunol 2010; 40(11): 

3268-79. 

584. To K, Agrotis A, Besra G, Bobik A, Toh BH. NKT cell subsets mediate differential 

proatherogenic effects in ApoE-/- mice. Arterioscler Thromb Vasc Biol 2009; 29(5): 671-7. 

585. Rogers L, Burchat S, Gage J, et al. Deficiency of invariant V alpha 14 natural killer T cells 

decreases atherosclerosis in LDL receptor null mice. Cardiovasc Res 2008; 78(1): 167-74. 

586. Li Y, To K, Kanellakis P, et al. CD4+ natural killer T cells potently augment aortic root 

atherosclerosis by perforin- and granzyme Bdependent cytotoxicity. Circ Res 2015; 116(2): 

245-54. 

587. Kyaw T, Winship A, Tay C, et al. Cytotoxic and proinflammatory CD8+ T lymphocytes 

promote development of vulnerable atherosclerotic plaques in apoE-deficient mice. 

Circulation 2013; 127(9): 1028-39. 

588. van Puijvelde GH, van Wanrooij EJ, Hauer AD, de Vos P, van Berkel TJ, Kuiper J. Effect of 

natural killer T cell activation on the initiation of atherosclerosis. Thromb Haemost 2009; 

102(2): 223-30. 

589. Subramanian S, Turner MS, Ding Y, et al. Increased levels of invariant natural killer T 

lymphocytes worsen metabolic abnormalities and atherosclerosis in obese mice. J Lipid Res 

2013; 54(10): 2831- 41. 

590. Andoh Y, Fujii S, Iwabuchi K, et al. Lower prevalence of circulating natural killer T cells 

in patients with angina: a potential novel marker for coronary artery disease. Coron Artery 

Dis 2006; 17(6): 523-8. 

591. Liu LL, Lu JL, Chao PL, Lin LR, Zhang ZY, Yang TC. Lower prevalence of circulating 

invariant natural killer T (iNKT) cells in patients with acute myocardial infarction undergoing 

primary coronary stenting. Int Immunopharmacol 2011; 11(4): 480-4. 

592. Wang HX, Li WJ, Hou CL, et al. CD1d-dependent natural killer T cells attenuate 

angiotensin II-induced cardiac remodelling via IL-10 signalling in mice. Cardiovasc Res 2019; 

115(1): 83-93. 

593. Sobirin, M. A., Kinugawa, S., Takahashi, M., Fukushima, A., Homma, T., Ono, T.,Tsutsui, 

H. (2012). Activation of natural killer T cells ameliorates postinfarct cardiac remodeling and 

failure in mice. Circulation Research, 111, 1037–1047. 

594. Takahashi M, Kinugawa S, Takada S, Kakutani N, Furihata T, Sobirin MA, Fukushima A, 

Obata Y, Saito A, Ishimori N, Iwabuchi K, Tsutsui H. The disruption of invariant natural killer T 

cells exacerbates cardiac hypertrophy and failure caused by pressure overload in mice. Exp 

Physiol. 2020 Mar;105(3):489-501. 

595. Croxford, J. L., Miyake, S., Huang, Y. Y., Shimamura, M., & Yamamura, T. (2006). 

Invariant Vα19i T cells regulate autoimmune inflammation. Nature Immunology, 7, 987–994. 

596. Saigusa R, Winkels H, Ley K.N. T cell subsets and functions in atherosclerosis. at Rev 

Cardiol. 2020 Jul;17(7):387-401. 

https://pubmed.ncbi.nlm.nih.gov/31957919/
https://pubmed.ncbi.nlm.nih.gov/31957919/
https://pubmed.ncbi.nlm.nih.gov/32203286/


226 
 

   
 

597. Hansson GK et al. Localization of T lymphocytes and macrophages in fibrous and 

complicated human atherosclerotic plaques. Atherosclerosis 72, 135–141 (1988). 

598. Winkels H et al. Atlas of the Immune Cell Repertoire in Mouse Atherosclerosis Defined 

by Single-Cell RNA-Sequencing and Mass Cytometry. Circ. Res 122, 1675–1688 (2018) 

599. Fernandez DM et al. Single-cell immune landscape of human atherosclerotic plaques. 

Nat. Med 25, 1576–1588 (2019). 

600. Emeson EE, Shen M-L & Bell CGH Inhibition of Atherosclerosis in CD4 T-Cell-Ablated 

and Nude (nu/fu) C57BL/6 Hyperlipidemic Mice. Am. J. Pathol 149, 675–685 (1996). 

601. Zhou X, Robertson A-KL, Rudling M, Parini P & Hansson GK Lesion Development and 

Response to Immunization Reveal a Complex Role for CD4 in Atherosclerosis. Circ. Res 96, 

427–434 (2005). 

602. Buono C et al. T-bet deficiency reduces atherosclerosis and alters plaque antigen-

specific immune responses. Proc. Natl. Acad. Sci 102, 1596–1601 (2005). 

603. Frostegård J et al. Cytokine expression in advanced human atherosclerotic plaques: 

dominance of pro-inflammatory (Th1) and macrophage-stimulating cytokines. 

Atherosclerosis 145, 33–43 (1999). 

604. Wolf D & Ley K Immunity and Inflammation in Atherosclerosis. Circ. Res 124, 315–327 

(2019). 

605. Silveira A et al. Plasma IL-5 concentration and subclinical carotid atherosclerosis. 

Atherosclerosis 239, 125–130 (2015). 

606. Binder CJ et al. IL-5 links adaptive and natural immunity specific for epitopes of oxidized 

LDL and protects from atherosclerosis. J. Clin. Invest 114, 427–437 (2004). 

607. Sämpi M et al. Plasma Interleukin-5 Levels Are Related to Antibodies Binding to 

Oxidized Low-Density Lipoprotein and to Decreased Subclinical Atherosclerosis. J. Am. Coll. 

Cardiol 52, 1370–1378 (2008). 

608. Cardilo-Reis L et al. Interleukin-13 protects from atherosclerosis and modulates plaque 

composition by skewing the macrophage phenotype. EMBO Mol. Med 4, 1072–1086 (2012). 

609. Laroumanie F, Douin-Echinard V, Pozzo J, Lairez O, Tortosa F, Vinel C, Delage C, Calise 

D, Dutaur M, Parini A, Pizzinat N. CD4+ T cells promote the transition from hypertrophy to 

heart failure during chronic pressure overload. Circulation. 2014 May 27;129(21):2111-24. 

610. Fukunaga T, Soejima H, Irie A, Sugamura K, Oe Y, Tanaka T, Kojima S, Sakamoto T, 

Yoshimura M, Nishimura Y, Ogawa H. Expression of interferon-gamma and interleukin-4 

production in CD4+ T cells in patients with chronic heart failure. Heart Vessels. 

2007;22:178–183. 

611. Kaya Z, Göser S, Buss SJ, Leuschner F, Ottl R, Li J, Völkers M, Zittrich S, Pfitzer G, Rose 

NR, Katus HA. Identification of cardiac troponin I sequence motifs leading to heart failure by 

induction of myocardial inflammation and fibrosis. Circulation. 2008;118:2063–2072. 

612. Hofmann U, Beyersdorf N, Weirather J, Podolskaya A, Bauersachs J, Ertl G, Kerkau T, 

Frantz S. Activation of CD4+ T lymphocytes improves wound healing and survival after 

experimental myocardial infarction in mice. Circulation. 2012;125:1652–1663. 

https://pubmed.ncbi.nlm.nih.gov/24657994/
https://pubmed.ncbi.nlm.nih.gov/24657994/


227 
 

   
 

613. Nevers T, Salvador AM, Grodecki-Pena A, Knapp A, Velázquez F, Aronovitz M, Kapur NK, 

Karas RH, Blanton RM, Alcaide P. Left Ventricular T-Cell Recruitment Contributes to the 

Pathogenesis of Heart Failure. Circ Heart Fail. 2015 Jul;8(4):776-87. 

614. Yndestad A, Holm AM, Müller F, Simonsen S, Frøland SS, Gullestad L, Aukrust P. 

Enhanced expression of inflammatory cytokines and activation markers in T-cells from 

patients with chronic heart failure. Cardiovasc Res. 2003;60:141–146. 

615. Bradshaw AD, DeLeon-Pennell KY. T cell regulation of fibroblasts and cardiac fibrosis. 

Matrix Biol. 2020 Sep;91 92:167-175. 

616. C. Groschel, A. Sasse, C. Rohrborn, S. Monecke, M. Didie, L. Elsner, V. Kruse, G. Bunt, 

A.H. Lichtman, K. Toischer, W.H. Zimmermann, G. Hasenfuss, R. Dressel, T helper cells with 

specificity for an antigen in cardiomyocytes promote pressure overload-induced progression 

from hypertrophy to heart failure, Sci. Rep. 7 (1) (2017) 15998. 

617. Mäki JM. Lysyl oxidases in mammalian development and certain pathological 

conditions. Histol Histopathol. 2009;24:651–660. 

618. Tarrio ML, Grabie N, Bu DX, Sharpe AH, Lichtman AH. PD-1 protects against 

inflammation and myocyte damage in T cell-mediated myocarditis. J Immunol. 

2012;188:4876–84. 

619. Z.G. Ma, J. Dai, Y.P. Yuan, Z.Y. Bian, S.C. Xu, Y.G. Jin, X. Zhang, Q.Z. Tang, T-bet 

deficiency attenuates cardiac remodeling in rats, Basic Res. Cardiol. 113 (3) (2018) 19. 

620. 594. H. Wang, D. Kwak, J. Fassett, L. Hou, X. Xu, B.J. Burbach, T. Thenappan, Y. Xu, J.B. 

Ge, Y. Shimizu, R.J. Bache, Y. Chen, CD28/B7 Deficiency Attenuates Systolic Overload-

Induced Congestive Heart Failure, Myocardial and Pulmonary Inflammation, and Activated T 

Cell Accumulation in the Heart and Lungs, Hypertension 68 (3) (2016) 688–696. 

621. M. Kallikourdis, E. Martini, P. Carullo, C. Sardi, G. Roselli, C.M. Greco, D. Vignali, F. Riva, 

A.M. Ormbostad Berre, T.O. Stolen, A. Fumero, G. Faggian, E. Di Pasquale, L. Elia, C. Rumio, 

D. Catalucci, R. Papait, G. Condorelli, T cell costimulation blockade blunts pressure overload-

induced heart failure, Nat. Commun. 8 (2017) 14680 

622. Liu Y, Lu H, Zhang C, Hu J, Xu D. Recent advances in understanding the roles of T cells in 

pressure overload-induced cardiac hypertrophy and remodeling. J Mol Cell Cardiol. 2019 

Apr;129:293-302. 

623. A.M. Salvador, T. Nevers, F. Velazquez, M. Aronovitz, B. Wang, A. Abadia Molina, I.Z. 

Jaffe, R.H. Karas, R.M. Blanton, P. Alcaide, Intercellular adhesion molecule 1 regulates left 

ventricular leukocyte infiltration, cardiac remodeling, and function in pressure overload-

induced heart failure, J. Am. Heart Assoc. 5 (3) (2016) e003126. 

624. Ngwenyama N, Salvador AM, Veláázquez F, Nevers T, Levy A, Aronovitz M, Luster AD, 

Huggins GS, Alcaide P.CXCR3 regulates CD4+ T cell cardiotropism in pressureoverload-

induced cardiac dysfunction .JCI Insight 4 : 125527, 2019. 

625. Liu Y, Lu H, Zhang C, Hu J, Xu D. Recent advances in understanding the roles of T cells in 

pressure overload-induced cardiac hypertrophy and remodeling. J Mol Cell Cardiol. 2019 

Apr;129:293-302. 

https://pubmed.ncbi.nlm.nih.gov/26022677/
https://pubmed.ncbi.nlm.nih.gov/26022677/
https://pubmed.ncbi.nlm.nih.gov/30641087/
https://pubmed.ncbi.nlm.nih.gov/30641087/
https://pubmed.ncbi.nlm.nih.gov/30641087/
https://pubmed.ncbi.nlm.nih.gov/30641087/


228 
 

   
 

626. S. Ahmad, F. Cesana, E. Lamperti, H. Gavras, J. Yu, Attenuation of angiotensin II induced 

hypertension and cardiac hypertrophy in transgenic mice overexpressing a type 1 receptor 

mutant, Am. J. Hypertens. 22 (12) (2009) 1320–1325 

627. A. Kirabo, V. Fontana, A.P. de Faria, R. Loperena, C.L. Galindo, J. Wu, A.T. Bikineyeva, S. 

Dikalov, L. Xiao, W. Chen, M.A. Saleh, D.W. Trott, H.A. Itani, A. Vinh, V. Amarnath, K. 

Amarnath, T.J. Guzik, K.E. Bernstein, X.Z. Shen, Y. Shyr, S.C. Chen, R.L. Mernaugh, C.L. Laffer, 

F. Elijovich, S.S. Davies, H. Moreno, M.S. Madhur, J. Roberts 2nd, D.G. Harrison, DC isoketal-

modified proteins activate T cells and promote hypertension, J. Clin. Investig. 124 (10) 

(2014) 

628. C. Li, X.N. Sun, M.R. Zeng, X.J. Zheng, Y.Y. Zhang, Q. Wan, W.C. Zhang, C. Shi, L.J. Du, T.J. 

Ai, Y. Liu, Y. Liu, L.L. Du, Y. Yi, Y. Yu, S.Z. Duan, mineralocorticoid receptor deficiency in T cells 

attenuates pressure overload-induced cardiac hypertrophy and dysfunction through 

modulating T-cell activation, Hypertension 70 (1) (2017) 137–147 

629. Q.Q. Wu, Y. Yuan, X.H. Jiang, Y. Xiao, Z. Yang, Z.G. Ma, H.H. Liao, Y. Liu, W. Chang, Z.Y. 

Bian, Q.Z. Tang, OX40 regulates pressure overload-induced cardiac hypertrophy and 

remodelling via CD4+ T-cells, Clin. Sci. 130 (22) (2016) 2061–2071. 

630. L. Yuan, X. Chen, L. Cheng, M. Rao, K. Chen, N. Zhang, J. Meng, M. Li, L.T. Yang, P.C. 

Yang, X. Wang, J. Song, HDAC11 regulates interleukin-13 expression in CD4+ T cells in the 

heart, J. Mol. Cell. Cardiol. 122 (2018) 1–10. 

631. Komai K, Ito M, Nomura S, Shichino S, Katoh M, Yamada S, Ko T, Iizuka-Koga M, 

Nakatsukasa H, Yoshimura A. Single-Cell Analysis Revealed the Role of CD8+ Effector T Cells 

in Preventing Cardioprotective Macrophage Differentiation in the Early Phase of Heart 

Failure. Front Immunol. 2021 Oct 20;12:763647. 

632. L. Schirone, M. Forte, S. Palmerio, D. Yee, C. Nocella, F. Angelini, F. Pagano, S. Schiavon, 

A. Bordin, A. Carrizzo, C. Vecchione, V. Valenti, I. Chimenti, E. De Falco, S. Sciarretta, G. Frati, 

A review of the molecular mechanisms underlying the development and progression of 

cardiac remodeling, Oxidative Med. Cell. Longev. 2017 (2017) 3920195. 

633. T. Nevers, A.M. Salvador, F. Velazquez, N. Ngwenyama, F.J. Carrillo-Salinas, M. 

Aronovitz, R.M. Blanton, P. Alcaide, Th1 effector T cells selectively orchestrate cardiac 

fibrosis in nonischemic heart failure, J. Exp. Med. 214 (11) (2017) 3311–3329. 

634. Blanton RM, Carrillo-Salinas FJ, Alcaide P, T-cell recruitment to the heart: friendly 

guests or unwelcome visitors?, Am J Physiol Heart Circ Physiol 317(1) (2019) H124–H140. 

635. Yan X, Zhang H, Fan Q, Hu J, Tao R, Chen Q, Iwakura Y, Shen W, Lu L, Zhang Q, Zhang R, 

Dectin-2 Deficiency Modulates Th1 Differentiation and Improves Wound Healing After 

Myocardial Infarction, Circ Res 120(7) (2017) 1116–1129. 

636. Shao DD, Suresh R, Vakil V, Gomer RH, Pilling D, Pivotal Advance: Th-1 cytokines inhibit, 

and Th-2 cytokines promote fibrocyte differentiation, Journal of leukocyte biology 83(6) 

(2008) 1323–33. 

637. Cheng X, Liao YH, Ge H, Li B, Zhang J, Yuan J, Wang M, Liu Y, Guo Z, Chen J, Zhang J, 

Zhang L, TH1/TH2 functional imbalance after acute myocardial infarction: coronary arterial 

inflammation or myocardial inflammation, J Clin Immunol 25(3) (2005) 246–53. 

https://pubmed.ncbi.nlm.nih.gov/34745139/
https://pubmed.ncbi.nlm.nih.gov/34745139/
https://pubmed.ncbi.nlm.nih.gov/34745139/


229 
 

   
 

638. Yu HT, Park S, Shin EC, Lee WW. T cell senescence and cardiovascular diseases.Clin Exp 

Med 16: 257–263, 2016. 

639. Kumar V, Prabhu SD, Bansal SS. CD4+ T-lymphocytes exhibit biphasic kinetics post-

myocardial infarction. Front Cardiovasc Med. 2022 Aug 25;9:992653. 

640. Kondo H, Hojo Y, Tsuru R, Nishimura Y, Shimizu H, Takahashi N, Hirose M, Ikemoto T, 

Ohya K, Katsuki T, Yashiro T, Shimada K, Elevation of plasma granzyme B levels after acute 

myocardial infarction, Circ J 73(3) (2009) 503–7 

641. Ilatovskaya DV, Pitts C, Clayton J, Domondon M, Troncoso M, Pippin S, DeLeon-Pennell 

KY, CD8(+) T-cells negatively regulate inflammation post-myocardial infarction, Am J Physiol 

Heart Circ Physiol 317(3) (2019) H581–H596. 

642. Barbul A, Breslin RJ, Woodyard JP, Wasserkrug HL, Efron G, The effect of in vivo T 

helper and T suppressor lymphocyte depletion on wound healing, Annals of surgery 209(4) 

(1989) 479–83. 

643. Boag SE, Das R, Shmeleva EV, Bagnall A, Egred M, Howard N, Bennaceur K, Zaman A, 

Keavney B, Spyridopoulos I, T lymphocytes and fractalkine contribute to myocardial 

ischemia/reperfusion injury in patients, J Clin Invest 125(8) (2015) 3063–76. 

644. Marriott JB, Goldman JH, Keeling PJ, Baig MK, Dalgleish AG, McKenna WJ. Abnormal 

cytokine profiles in patients with idiopathic dilated cardiomyopathy and their asymptomatic 

relatives. Heart 75: 287–290, 1996. 

645. Mathes D, Weirather J, Nordbeck P, Arias-Loza AP, Burkard M, Pachel C, Kerkau T, 
Beyersdorf N, Frantz S, Hofmann U. CD4 Foxp3 T-cells contribute to myocardial ischemia-
reperfusion injury. J Mol Cell Cardiol 101 : 99–105, 2016. 
646. Benson LN, Guo Y, Deck K, Mora C, Liu Y, Mu S. The link between immunity and 

hypertension in the kidney and heart. Front Cardiovasc Med. 2023 Mar 9;10:1129384. 

647. de Miguel C, Guo C, Lund H, Feng D, Mattson DL. Infiltrating T lymphocytes in the 

kidney increase oxidative stress and participate in the development of hypertension and 

renal disease. Am J Physiol - Ren Physiol. (2011) 300(3):F734–42. 

648. Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S, et al. Role of the T cell 

in the genesis of angiotensin II-induced hypertension and vascular dysfunction. J Exp Med. 

(2007) 204(10):2449–60. 

649. Liu Y, Rafferty TM, Rhee SW, Webber JS, Song L, Ko B, et al. CD8+ T cells stimulate Na-Cl 

co-transporter NCC in distal convoluted tubules leading to saltsensitive hypertension. Nat 

Commun. (2017) 8:14037. 

650. Benson LN, Liu Y, Wang X, Xiong Y, Rhee SW, Guo Y, et al. The IFNγ-PDL1 pathway 

enhances CD8T-DCT interaction to promote hypertension. Circ Res. (2022) 130(10):1550–64. 

doi: 10.1161/CIRCRESAHA.121.320373 

651. Benson LN, Liu Y, Deck KS, Mora C, Mu S. Interferon Gamma contributes to the immune 

mechanisms of hypertension. Kidney360. Published online October 26, 

2022:10.34067/KID.0001292022. 

https://pubmed.ncbi.nlm.nih.gov/36093172/
https://pubmed.ncbi.nlm.nih.gov/36093172/


230 
 

   
 

652. Carnevale D, Carnevale L, Perrotta S, Pallante F, Migliaccio A, Iodice D, et al. Chronic 3D 

vascular-immune interface established by coculturing pressurized resistance arteries and 

immune cells. Hypertens (Dallas, Tex 1979). (2021) 78 (5):1648. 

653. Kamat NV, Thabet SR, Xiao L, Saleh MA, Kirabo A, Madhur MS, et al. Renal transporter 

activation during angiotensin-II hypertension is blunted in interferon- γ-/- and interleukin-

17A-/- mice. Hypertension. (2015) 65(3):569–76. 

654. Itani HA, McMaster WG, Saleh MA, Nazarewicz RR, Mikolajczyk TP, Kaszuba AM, et al. 

Activation of human T cells in hypertension: studies of humanized mice and hypertensive 

humans. Hypertension. (2016) 68(1):123–32. 

655. Youn JC, Yu HT, Lim BJ, Koh MJ, Lee J, Chang DY, et al. Immunosenescent CD8+ T cells 

and C-X-C chemokine receptor type 3 chemokines are increased in human hypertension. 

Hypertension. (2013) 62(1):126–33. 

656. Winterberg PD, Robertson JM, Kelleman MS, George RP, Ford ML. T Cells Play a Causal 

Role in Diastolic Dysfunction during Uremic Cardiomyopathy. J Am Soc Nephrol. 2019 

Mar;30(3):407-420. 

657. Betjes MG, Meijers RW, de Wit LE, Litjens NH. A killer on the road: circulating 

CD4(+)CD28null T cells as cardiovascular risk factor in ESRD patients. J Nephrol. 2012 Mar-

Apr;25(2):183-91 

658. Betjes MG, de Wit EE, Weimar W, Litjens NH. Circulating pro-inflammatory 

CD4posCD28null T cells are independently associated with cardiovascular disease in ESRD 

patients. Nephrol Dial Transplant. 2010 Nov;25(11):3640-6. 

659. Wikby A, Johansson B, Olsson J et al. Expansions of peripheral blood CD8 T-lymphocyte 

subpopulations and an association with cytomegalovirus seropositivity in the elderly: the 

Swedish NONA immune study. Exp Gerontol 2002; 37: 445–453 

660. Ducloux D, Courivaud C, Bamoulid J, Bisaccia V, Roubiou C, Crepin T, Gaugler B, 

Laheurte C, Rebibou JM, Chalopin JM, Saas P. Alloimmune responses and atherosclerotic 

disease after kidney transplantation. Transplantation. 2015 Jan;99(1):220-5. 

661. Meng X, Yang J, Dong M, Zhang K, Tu E, Gao Q, Chen W, Zhang C, Zhang Y. Regulatory T 

cells in cardiovascular diseases. Nat Rev Cardiol. 2016 Mar;13(3):167-79. 

662. Meng, X. et al. Regulatory T cells prevent plaque disruption in apolipoprotein 

E‑ knockout mice. Int. J. Cardiol. 168, 2684–2692 (2013). 

663. Mallat, Z. et al. Induction of a regulatory T cell type 1 response reduces the 

development of atherosclerosis in apolipoprotein E‑ knockout mice. Circulation 108, 1232–

1237 (2003). 

664. Feng, J. et al. Regulatory T cells ameliorate hyperhomocysteinaemia-accelerated 

atherosclerosis in apoE‑ /- mice. Cardiovasc. Res. 84, 155–163 (2009). 

665. Lin, J. et al. The role of CD4+CD25+ regulatory T cells in macrophage-derived foam-cell 

formation. J. Lipid Res. 51, 1208–1217 (2010). 

666. Sharma M, Schlegel MP, Afonso MS, Brown EJ, Rahman K, Weinstock A, Sansbury BE, 

Corr EM, van Solingen C, Koelwyn GJ, Shanley LC, Beckett L, Peled D, Lafaille JJ, Spite M, 

https://pubmed.ncbi.nlm.nih.gov/30728178/
https://pubmed.ncbi.nlm.nih.gov/30728178/
https://pubmed.ncbi.nlm.nih.gov/22135034/
https://pubmed.ncbi.nlm.nih.gov/22135034/
https://pubmed.ncbi.nlm.nih.gov/20400452/
https://pubmed.ncbi.nlm.nih.gov/20400452/
https://pubmed.ncbi.nlm.nih.gov/20400452/
https://pubmed.ncbi.nlm.nih.gov/25286052/
https://pubmed.ncbi.nlm.nih.gov/25286052/
https://pubmed.ncbi.nlm.nih.gov/26525543/
https://pubmed.ncbi.nlm.nih.gov/26525543/


231 
 

   
 

Loke P, Fisher EA, Moore KJ. Regulatory T Cells License Macrophage Pro-Resolving Functions 

During Atherosclerosis Regression. Circ Res. 2020 Jul 17;127(3):335-353. 

667. Gaddis DE, Padgett LE, Wu R, McSkimming C, Romines V, Taylor AM, McNamara CA, 

Kronenberg M, Crotty S, Thomas MJ, et al. Apolipoprotein AI prevents regulatory to 

follicular helper T cell switching during atherosclerosis. Nat Commun. 2018;9:1095. 

668. Serhan CN, Chiang N. Resolution phase lipid mediators of inflammation: agonists of 

resolution. Curr Opin Pharmacol. 2013;13:632–640. 

669. Sokolov, V. O., Krasnikova, T. L., Prokofieva, L. V., Kukhtina, N. B. & Arefieva, T. I. 

Expression of markers of regulatory CD4+CD25+foxp3+ cells in atherosclerotic plaques of 

human coronary arteries. Bull. Exp. Biol. Med. 147, 726–729 (2009). 

670. de Boer, O. J., van der Meer, J. J., Teeling, P., van der Loos, C. M. & van der Wal, A. C. 

Low numbers of FOXP3 positive regulatory T cells are present in all developmental stages of 

human atherosclerotic lesions. PLoS ONE 2, e779 (2007). 

671. Dietel, B. et al. Decreased numbers of regulatory T cells are associated with human 

atherosclerotic lesion vulnerability and inversely correlate with infiltrated mature dendritic 

cells. Atherosclerosis 230, 92–99 (2013). 

672. George, J. et al. Regulatory T cells and IL‑10 levels are reduced in patients with 

vulnerable coronary plaques. Atherosclerosis 222, 519–523 (2012). 

673. Emoto, T. et al. Regulatory/effector T cell ratio is reduced in coronary artery disease. 

Circ. J. 78, 2935–2941 (2014). 

674. Zhang, W. C. et al. Impaired thymic export and increased apoptosis account for 

regulatory T cell defects in patients with non-ST segment elevation acute coronary 

syndrome. J. Biol. Chem. 287, 34157–34166 (2012). 

675. Ghourbani Gazar, S., Andalib, A., Hashemi, M. & Rezaei, A. CD4(+)Foxp3(+) Treg and its 

ICOS(+) subsets in patients with myocardial infarction. Iran J. Immunol. 9, 53–60 (2012). 

676. Wigren, M. et al. Low levels of circulating CD4+FoxP3+ T cells are associated with an 

increased risk for development of myocardial infarction but not for stroke. Arterioscler. 

Thromb. Vasc. Biol. 32, 2000–2004 (2012). 

677. Ammirati, E. et al. Circulating CD4+CD25hiCD127lo regulatory T Cell levels do not 

reflect the extent or severity of carotid and coronary atherosclerosis. Arterioscler. Thromb. 

Vasc. Biol. 30, 1832–1841 (2010). 

678. Sharir, R. et al. Experimental myocardial infarction induces altered regulatory T cell 

hemostasis, and adoptive transfer attenuates subsequent remodeling. PLoS ONE 9, e113653 

(2014). 

679. Saxena, A. et al. Regulatory T cells are recruited in the infarcted mouse myocardium 

and may modulate fibroblast phenotype and function. Am. J. Physiol. Heart Circ. Physiol. 

307, H1233–H1242 (2014). 

680. Tang, T. T. et al. Regulatory T cells ameliorate cardiac remodeling after myocardial 

infarction. Basic Res. Cardiol. 107, 232 (2012). 



232 
 

   
 

681. Weirather J, Hofmann UD, Beyersdorf N, Ramos GC, Vogel B, Frey A, Ertl G, Kerkau T, 

Frantz S, Foxp3+ CD4+ T cells improve healing after myocardial infarction by modulating 

monocyte/macrophage differentiation, Circ Res 115(1) (2014) 55–67. 

682. Bansal SS, Ismahil MA, Goel M, Zhou G, Rokosh G, Hamid T, Prabhu SD. Dysfunctional 

and proinflammatory regulatory T-lymphocytes are essential for adverse cardiac remodeling 

in ischemic cardiomyopathy. Circulation 139: 206–221, 2019. 

683. Kassan, M., Wecker, A., Kadowitz, P., Trebak, M.& Matrougui, K. CD4+CD25+Foxp3 

regulatory T cells and vascular dysfunction in hypertension. J. Hypertens. 31, 1939–1943 

(2013). 

684. Kassan M, Galan M, Partyka M, Trebak M, Matrougui K. Interleukin-10 released by 

CD4+CD25+ natural regulatory T cells improves microvascular endothelial function through 

inhibition of NADPH oxidase activity in hypertensive mice. Arterioscler Thromb Vasc Biol. 

2011;11:2534–2542. 

685. Kasal, D. A. et al. T regulatory lymphocytes prevent aldosterone-induced vascular 

injury. Hypertension 59, 324–330 (2012). 

686. Liu, Z. et al. Treatment with telmisartan/rosuvastatin combination has a beneficial 

synergistic effect on ameliorating Th17/Treg functional imbalance in hypertensive patients 

with carotid atherosclerosis. Atherosclerosis 233, 291–299 (2014). 

687. Barhoumi, T. et al. T regulatory lymphocytes prevent angiotensin II induced 

hypertension and vascular injury. Hypertension 57, 469–476 (2011). 

688. Kvakan, H. et al. Regulatory T cells ameliorate angiotensin II‑ induced cardiac damage. 

Circulation 119, 2904–2912 (2009). 

689. M. Katsuki, Y. Hirooka, T. Kishi, K. Sunagawa, Decreased proportion of Foxp3+ CD4+ 

regulatory T cells contributes to the development of hypertension in genetically 

hypertensive rats, J. Hypertens. 33 (4) (2015) 773–783 

690. M.O. Mian, T. Barhoumi, M. Briet, P. Paradis, E.L. Schiffrin, Deficiency of T-regulatory 

cells exaggerates angiotensin II-induced microvascular injury by enhancing immune 

responses, J. Hypertens. 34 (1) (2016) 97–108. 

691. M.T. Piccoli, S.K. Gupta, J. Viereck, A. Foinquinos, S. Samolovac, F.L. Kramer, A. Garg, J. 

Remke, K. Zimmer, S. Batkai, T. Thum, Inhibition of the cardiac fibroblast- enriched lncRNA 

Meg3 prevents cardiac fibrosis and diastolic dysfunction, Circ. Res. 121 (5) (2017) 575–583 

692. X. Meng, J. Yang, K. Zhang, G. An, J. Kong, F. Jiang, Y. Zhang, C. Zhang, Regulatory T cells 

prevent angiotensin II-induced abdominal aortic aneurysm in apolipoprotein E knockout 

mice, Hypertension 64 (4) (2014) 875–882 

693. Cao, Y., Xu, W. & Xiong, S. Adoptive transfer of regulatory T cells protects against 

Coxsackievirus B3induced cardiac fibrosis. PLoS ONE 8, e74955 (2013). 

694.  Kanellakis, P., Dinh, T. N., Agrotis, A. & Bobik, A. CD4(+)CD25(+)Foxp3(+) regulatory T 

cells suppress cardiac fibrosis in the hypertensive heart. J. Hypertens. 29, 1820–1828 (2011). 

695. Lu Y, Xia N, Cheng X. Regulatory T Cells in Chronic Heart Failure. Front Immunol. 2021 

Sep 22:12:732794. 

https://pubmed.ncbi.nlm.nih.gov/34630414/


233 
 

   
 

696. Hammer A, Sulzgruber P, Koller L, Kazem N, Hofer F, Richter B, et al. The Prognostic 

Impact of Circulating Regulatory T Lymphocytes on Mortality in Patients With Ischemic 

Heart Failure With Reduced Ejection Fraction. Mediators Inflammation (2020) 

2020:6079713. 

697. You Y, Huang S, Liu H, Fan C, Liu K, Wang Z. Soluble Fibrinogenlike Protein 2 Levels are 

Decreased in Patients With Ischemic Heart Failure and Associated With Cardiac Function. 

Mol Med Rep (2021) 24(2):1–9. 

698. Tang, T. T. et al. Defective circulating CD4CD25+Foxp3+CD127(low) regulatory T cells in 

patients with chronic heart failure. Cell Physiol. Biochem. 25, 451–458 (2010). 

699. Tang, T. T. et al. Impaired thymic export and apoptosis contribute to regulatory T cell 

defects in patients with chronic heart failure. PLoS ONE 6, e24272 (2011). 

700. Okamoto, N. et al. Prognostic value of circulating regulatory T cells for worsening heart 

failure in heart failure patients with reduced ejection fraction. Int. Heart J. 55, 271–277 

(2014). 

701. Jianbin Zhang,  Gan Hua, Xiaogang Zhang, Ruyan Tong, Xiaogang DU, Zhengrong Li. 

Regulatory T cells/T-helper cell 17 functional imbalance in uraemic patients on maintenance 

haemodialysis: a pivotal link between microinflammation and adverse cardiovascular 

events. Nephrology (Carlton). 2010 Feb;15(1):33-41. 

702.  Pattarabanjird T, Li C, McNamara C. B Cells in Atherosclerosis: Mechanisms and 

Potential Clinical Applications. JACC Basic Transl Sci. 2021 Jun 28;6(6):546-563. 

703. Caligiuri G, Nicoletti A, Poirier B, Hansson GK. Protective immunity against 

atherosclerosis carried by B cells of hypercholesterolemic mice. J Clin Invest 2002;109:745–

53. 

704. Major AS, Fazio S, Linton MF. B-lymphocyte deficiency increases atherosclerosis in LDL 

receptor-null mice. Arterioscler Thromb Vasc Biol 2002;22:1892–8. 

705. Kyaw T, Tay C, Hosseini H, et al. Depletion of B2 but not B1a B cells in BAFF receptor–

deficient ApoE mice attenuates atherosclerosis by potently ameliorating arterial 

inflammation. PLoS One 2012;7:e29371. 

706. Rosenfeld SM, Perry HM, Gonen A, et al. B-1b Cells secrete atheroprotective IgM and 

attenuate atherosclerosis. Circ Res 2015;117:e28–39. 

707. Srikakulapu P, Hu D, Yin C, et al. Artery tertiary lymphoid organs control multilayered 

territorialized atherosclerosis B-cell responses in aged mice. Arterioscler Thromb Vasc Biol 

2016;36: 1174–85 

708. Kyaw T, Tay C, Khan A, et al. Conventional B2 B cell depletion ameliorates whereas its 

adoptive transfer aggravates atherosclerosis. J Immunol 2010;185:4410–9. 

709. Tsimikas S, Brilakis ES, Lennon RJ, et al. Relationship of IgG and IgM autoantibodies to 

oxidized low density lipoprotein with coronary artery disease and cardiovascular events. J 

Lipid Res 2007;48:425–33. 

710. Huan T, Zhang B, Wang Z, et al. A systems biology framework identifies molecular 

underpinnings of coronary heart disease. Arterioscler Thromb Vasc Biol 2013;33:1427–34. 

https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+J&cauthor_id=20377769
https://pubmed.ncbi.nlm.nih.gov/?term=Hua+G&cauthor_id=20377769
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+X&cauthor_id=20377769
https://pubmed.ncbi.nlm.nih.gov/?term=Tong+R&cauthor_id=20377769
https://pubmed.ncbi.nlm.nih.gov/?term=DU+X&cauthor_id=20377769
https://pubmed.ncbi.nlm.nih.gov/?term=Li+Z&cauthor_id=20377769
https://pubmed.ncbi.nlm.nih.gov/34222726/
https://pubmed.ncbi.nlm.nih.gov/34222726/


234 
 

   
 

711. Meeuwsen JAL, van Duijvenvoorde A, Gohar A, et al. High levels of (un)switched 

memory B cells are associated with better outcome in patients with advanced 

atherosclerotic disease. J Am Heart Assoc 2017;6:e005747. 

712. Upadhye A, Srikakulapu P, Gonen A, Hendrikx S, Perry HM, Nguyen A, McSkimming C, 

Marshall MA, Garmey JC, Taylor AM, et al. Diversification and CXCR4-dependent 

establishment of the bone marrow B-1a cell pool governs atheroprotective IgM production 

linked to human coronary atherosclerosis. Circ Res. 2019;125:e55–e70. 

713. Döring Y, Jansen Y, Cimen I, et al. B-Cell– specific CXCR4 protects against 

atherosclerosis development and increases plasma IgM levels. Circ Res 2020;126:787–8. 

714. Yla-Herttuala S, Palinski W, Butler SW, Picard S, Steinberg D, Witztum JL. Rabbit and 

human atherosclerotic lesions contain IgG that recognizes epitopes of oxidized LDL. 

Arterioscler Thromb 1994;14:32–40. 

715. Prasad A., Clopton P., Ayers C. Relationship of autoantibodies to MDA-LDL and ApoB-

immune complexes to sex, ethnicity, subclinical atherosclerosis, and cardiovascular events. 

Arterioscler Thromb Vasc Biol. 2017;37:1213–1221. 

716. Ma J, Wang X, Jia Y, Tan F, Yuan X, Du J. The roles of B cells in cardiovascular diseases. 

Mol Immunol. 2024 Jul;171:36-46. 

717. Zouggari Y, Ait-Oufella H, Bonnin P, Simon T, Sage AP, Guérin C, Vilar J, Caligiuri G, 

Tsiantoulas D, Laurans L, Dumeau E, Kotti S, Bruneval P, Charo IF, Binder CJ, Danchin N, 

Tedgui A, Tedder TF, Silvestre JS, Mallat Z.N B lymphocytes trigger monocyte mobilization 

and impair heart function after acute myocardial infarction. Nat Med. 2013 

Oct;19(10):1273-80. 

718. Horckmans M, et al., Pericardial Adipose Tissue Regulates Granulopoiesis, Fibrosis and 

Cardiac Function After Myocardial Infarction. Circulation, 2017. 

719. Adamo L, et al., Modulation of subsets of cardiac B lymphocytes improves cardiac 

function after acute injury. JCI Insight. 3(11). 

720.  Mo F, et al., Are activated B cells involved in the process of myocardial fibrosis after 

acute myocardial infarction? An in vivo experiment. BMC Cardiovasc Disord, 2021. 21(1): p. 

5. 

721. Wu L, Dalal R, Cao CD, Postoak JL, Yang G, Zhang Q, Wang Z, Lal H, Van Kaer L. IL-10-

producing B cells are enriched in murine pericardial adipose tissues and ameliorate the 

outcome of acute myocardial infarction. Proc Natl Acad Sci USA. 2019;116:21673–21684 

722. Yan X, Shichita T, Katsumata Y, Matsuhashi T, Ito H, Ito K, Anzai A, Endo J, Tamura Y, 

Kimura K, Fujita J, Shinmura K, Shen W, Yoshimura A, Fukuda K, Sano M. Deleterious effect 

of the IL-23/IL-17A axis and γδT cells on left ventricular remodeling after myocardial 

infarction. J Am Heart Assoc. 2012;1:e004408. 

723. Goodchild TT, Robinson KA, Pang W, Tondato F, Cui J, Arrington J, Godwin L, Ungs M, 

Carlesso N, Weich N, et al. Bone marrow-derived B cells preserve ventricular function after 

acute myocardial infarction. JACC Cardiovasc Interv. 2009;2(10):1005–16. 

https://pubmed.ncbi.nlm.nih.gov/24037091/
https://pubmed.ncbi.nlm.nih.gov/24037091/


235 
 

   
 

724. Jiao J, He S, Wang Y, Lu Y, Gu M, Li D, Tang T, Nie S, Zhang M, Lv B, Li J, Xia N, Cheng X. 

Regulatory B cells improve ventricular remodeling after myocardial infarction by modulating 

monocyte migration. Basic Res Cardiol. 2021 Jul 24;116(1):46. 

725. Heinrichs M, et al., The healing myocardium mobilizes a distinct B-cell subset through a 

CXCL13-CXCR5-dependent mechanism. Cardiovasc Res, 2021. 117(13): p. 2664–2676. 

726. Bermea K, Bhalodia A, Huff A, Rousseau S, Adamo L. The Role of B Cells in 

Cardiomyopathy and Heart Failure. Curr Cardiol Rep. 2022 Aug;24(8):935-946. 

727. Wu L, et al., P2y12 Receptor Promotes Pressure Overload-Induced Cardiac Remodeling 

via Platelet-Driven Inflammation in Mice. Hypertension. 70(4): p. 759–769. 

728. Yu M, et al., TNF-α-secreting B cells contribute to myocardial fibrosis in dilated 

cardiomyopathy. J Clin Immunol, 2013. 33(5): p. 1002–8. 

729. Guo Y, et al., Increased circulating interleukin 10-secreting B cells in patients with 

dilated cardiomyopathy. Int J Clin Exp Pathol, 2015. 8(7): p. 8107–14. 

730. Jiao J, et al., Defective Circulating Regulatory B Cells in Patients with Dilated 

Cardiomyopathy. Cell Physiol Biochem, 2018. 46(1): p. 23–35. 

731. Cordero-Reyes AM, et al., Full Expression of Cardiomyopathy Is Partly Dependent on 

B‐Cells: A Pathway That Involves Cytokine Activation, Immunoglobulin Deposition, and 

Activation of Apoptosis. Journal of the American Heart Association, 2016. 5(1): p. e002484. 

732. Adamo L, et al., Proteomic Signatures of Heart Failure in Relation to Left Ventricular 

Ejection Fraction. J Am Coll Cardiol, 2020. 76(17): p. 1982–1994. 

733. Chan CT, Sobey CG, Lieu M, Ferens D, Kett MM, Diep H, Kim HA, Krishnan SM, Lewis CV, 

Salimova E, Tipping P, Vinh A, Samuel CS, Peter K, Guzik TJ, Kyaw TS, Toh B‐H, Bobik A, 

Drummond GR. Obligatory role for B cells in the development of angiotensin II‐dependent 

hypertension. Hypertens Dallas Tex 1979 2015; 66: 1023–1033. 

734. Tania N, Salvador Ane M, Anna G‐P, Andrew K, Francisco V, Mark A, Kapur Navin K, 

Karas Richard H, Blanton Robert M, Pilar A. Left ventricular T‐cell recruitment contributes to 

the pathogenesis of heart failure. Circ Heart Fail 2015; 8: 776–787. 

735. García-Rivas G, Castillo EC, Gonzalez-Gil AM, Maravillas-Montero JL, Brunck M, Torres-

Quintanilla A, Elizondo-Montemayor L, Torre-Amione G .The role of B cells in heart failure 

and implications for future immunomodulatory treatment strategies..ESC Heart Fail. 2020 

Aug;7(4):1387-1399. 

736. Vernier ICS, Neres-Santos RS, Andrade-Oliveira V, Carneiro-Ramos MS. Immune Cells 

Are Differentially Modulated in the Heart and the Kidney during the Development of 

Cardiorenal Syndrome 3. Cells. 2023 Feb 13;12(4):605. 

737. Adamo L., Rocha-Resende C., Prabhu S.D., Mann D.L. Reappraising the role of 

inflammation in heart failure. Nat. Rev. Cardiol. 2020;17:269–285. doi: 10.1038/s41569-019-

0315-x. 

738. Lin J, Tang B, Feng Z, Hao W, Hu W. Decreased B lymphocytes subpopulations are 

associated with higher atherosclerotic risk in elderly patients with moderate-to-severe 

chronic kidney diseases. BMC Nephrol. 2021 Nov 30;22(1):396. 

https://pubmed.ncbi.nlm.nih.gov/34302556/
https://pubmed.ncbi.nlm.nih.gov/34302556/
https://pubmed.ncbi.nlm.nih.gov/35689723/
https://pubmed.ncbi.nlm.nih.gov/35689723/
https://pubmed.ncbi.nlm.nih.gov/36831272/
https://pubmed.ncbi.nlm.nih.gov/36831272/
https://pubmed.ncbi.nlm.nih.gov/36831272/
https://pubmed.ncbi.nlm.nih.gov/34844574/
https://pubmed.ncbi.nlm.nih.gov/34844574/
https://pubmed.ncbi.nlm.nih.gov/34844574/


236 
 

   
 

739. Lin J, Tang B, He G, Feng Z, Hao W, Hu W. B lymphocytes subpopulations are associated 

with cardiac remodeling in elderly patients with advanced chronic kidney disease. Exp 

Gerontol. 2022 Jun 15;163:111805. 

740. Molina M, Allende LM, Ramos LE, Gutiérrez E, Pleguezuelo DE, Hernández ER, Ríos F, 

Fernández C, Praga M, Morales E. CD19+ B-Cells, a New Biomarker of Mortality in 

Hemodialysis Patients. Front Immunol. 2018 Jun 15;9:1221. 

741. Mewhort HE, Lipon BD, Svystonyuk DA, Teng G, Guzzardi DG, Silva C, Yong VW, Fedak 

PW. Monocytes increase human cardiac myofibroblast-mediated extracellular matrix 

remodeling through TGF-β1. Am J Physiol Heart Circ Physiol. 2016 Mar 15;310(6):H716-24. 

742. Wang KT, Liu YY, Sung KT, Liu CC, Su CH, Hung TC, Hung CL, Chien CY, Yeh HI. Circulating 

Monocyte Count as a Surrogate Marker for Ventricular-Arterial Remodeling and Incident 

Heart Failure with Preserved Ejection Fraction. Diagnostics (Basel). 2020 May 8;10(5):287. 

743. Glezeva N, Voon V, Watson C, Horgan S, McDonald K, Ledwidge M, Baugh J. 

Exaggerated inflammation and monocytosis associate with diastolic dysfunction in heart 

failure with preserved ejection fraction: evidence of M2 macrophage activation in disease 

pathogenesis. J Card Fail. 2015 Feb;21(2):167-77. 

744. Bowe B, Xie Y, Xian H, Li T, Al-Aly Z. Association between Monocyte Count and Risk of 

Incident CKD and Progression to ESRD. Clin J Am Soc Nephrol. 2017 Apr 3;12(4):603-613. 

745. Loperena R, Van Beusecum JP, Itani HA, Engel N, Laroumanie F, Xiao L, Elijovich F, 

Laffer CL, Gnecco JS, Noonan J, Maffia P, Jasiewicz-Honkisz B, Czesnikiewicz-Guzik M, 

Mikolajczyk T, Sliwa T, Dikalov S, Weyand CM, Guzik TJ, Harrison DG. Hypertension and 

increased endothelial mechanical stretch promote monocyte differentiation and activation: 

roles of STAT3, interleukin 6 and hydrogen peroxide. Cardiovasc Res. 2018 Sep 

1;114(11):1547-1563. 

746. Shimoni S, Meledin V, Bar I, Fabricant J, Gandelman G, George J. Circulating CD14(+) 

monocytes in patients with aortic stenosis. J Geriatr Cardiol. 2016 Jan;13(1):81-7 

747. Castagna, A.; Polati, R.; Bossi, A.M.; Girelli, D. Monocyte/macro phage proteomics: 

Recent findings and biomedical applications. Expert Rev. Proteom. 2012, 9, 201–215. 

748. Mongirdienė A., Liobikas J. Phenotypic and Functional Heterogeneity of Monocyte 

Subsets in Chronic Heart Failure Patients. Biology. 2022;11:195. 

749. Ruder AV, Wetzels SMW, Temmerman L, Biessen EAL, Goossens P. Monocyte 

heterogeneity in cardiovascular disease. Cardiovasc Res. 2023 Sep 5;119(11):2033-2045. 

750. Martins S, António N, Rodrigues R, Carvalheiro T, Tomaz C, Gonçalves L, Paiva A. Role of 

monocytes and dendritic cells in cardiac reverse remodelling after cardiac resynchronization 

therapy. BMC Cardiovasc Disord. 2023 Nov 15;23(1):558. 

751. Heinzmann D., Fuß S., Ungern-Sternberg S.V., Schreieck J., Gawaz M., Gramlich M., 

Seizer P. TGFβ Is Specifically Upregulated on Circulating CD14++ CD16+ and CD14+ CD16++ 

Monocytes in Patients with Atrial Fibrillation and Severe Atrial Fibrosis. Cell Physiol. 

Biochem. 2018;49:226–234. 

https://pubmed.ncbi.nlm.nih.gov/35405247/
https://pubmed.ncbi.nlm.nih.gov/35405247/
https://pubmed.ncbi.nlm.nih.gov/29963040/
https://pubmed.ncbi.nlm.nih.gov/29963040/
https://pubmed.ncbi.nlm.nih.gov/26801303/
https://pubmed.ncbi.nlm.nih.gov/26801303/
https://pubmed.ncbi.nlm.nih.gov/32397256/
https://pubmed.ncbi.nlm.nih.gov/32397256/
https://pubmed.ncbi.nlm.nih.gov/32397256/
https://pubmed.ncbi.nlm.nih.gov/25459685/
https://pubmed.ncbi.nlm.nih.gov/25459685/
https://pubmed.ncbi.nlm.nih.gov/25459685/
https://pubmed.ncbi.nlm.nih.gov/28348030/
https://pubmed.ncbi.nlm.nih.gov/28348030/
https://pubmed.ncbi.nlm.nih.gov/29800237/
https://pubmed.ncbi.nlm.nih.gov/29800237/
https://pubmed.ncbi.nlm.nih.gov/29800237/
https://pubmed.ncbi.nlm.nih.gov/26918018/
https://pubmed.ncbi.nlm.nih.gov/37161473/
https://pubmed.ncbi.nlm.nih.gov/37161473/
https://pubmed.ncbi.nlm.nih.gov/37968611/
https://pubmed.ncbi.nlm.nih.gov/37968611/
https://pubmed.ncbi.nlm.nih.gov/37968611/


237 
 

   
 

752. Zhang H., Wang S.L., Sun T., Liu J., Li P., Yang J.C., Gao F. Role of circulating 

CD14++CD16+ monocytes and VEGF-B186 in formation of collateral circulation in patients 

with hyperacute AMI. Heliyon. 2023;9:e17692. doi: 10.1016/j.heliyon.2023.e17692. 

753. Hulsmans M., Sager H.B., Roh J.D., Valero-Munoz M., Houstis N.E., Iwamoto Y., Sun Y., 

Wilson R.M., Woitkewicz G., Tricot B., et al. Cardiac macrophages promote diastolic 

dysfunction. J. Exp. Med. 2018;215:423–440. 

754. Besse S, Nadaud S, Balse E, Pavoine C. Early protective role of inflammation in cardiac 

remodeling and heart failure: focus on TNFα and resident macrophages. Cells. 

2022;11(7):1249. 

755. Peng H., Sarwar Z., Yang X.-P., Peterson E.L., Xu J., Janic B., Rhaleb N., Carretero O.A., 

Rhaleb N.-E. Profibrotic Role for Interleukin-4 in Cardiac Remodeling and Dysfunction. 

Hypertension. 2015;66:582–589. 

756. Levine B., Kalman J., Mayer L., Fillit H.M., Packer M. Elevated Circulating Levels of 

Tumor Necrosis Factor in Severe Chronic Heart Failure. N. Engl. J. Med. 1990;323:236–241. 

757. Sun M., Chen M., Dawood F., Zurawska U., Li J.Y., Parker T., Kassiri Z., Kirshenbaum L.A., 

Arnold M., Khokha R., et al. Tumor Necrosis Factor-Alpha Mediates Cardiac Remodeling and 

Ventricular Dysfunction after Pressure Overload State. Circulation. 2007;115:1398–1407. 

758. Anker S.D., Coats A.J.S. How to RECOVER from RENAISSANCE? The Significance of the 

Results of RECOVER, RENAISSANCE, RENEWAL and ATTACH. Int. J. Cardiol. 2002;86:123–130. 

759. Mann D.L. Inflammatory Mediators and the Failing Heart: Past, Present, and the 

Foreseeable Future. Circ. Res. 2002;91:988–998. 

760. Mann D.L. Stress-Activated Cytokines and the Heart: From Adaptation to 

Maladaptation. Annu. Rev. Physiol. 2003;65:81–101. 

761. Diwan A., Dibbs Z., Nemoto S., DeFreitas G., Carabello B.A., Sivasubramanian N., Wilson 

E.M., Spinale F.G., Mann D.L. Targeted Overexpression of Noncleavable and Secreted Forms 

of Tumor Necrosis Factor Provokes Disparate Cardiac Phenotypes. Circulation. 

2004;109:262–268. 

762. Hajjar R.J., Leopold J.A. Inflammation and Heart Failure: Friend or Foe? Circulation. 

2021;144:1241–1243. 

763. Qu Y.-C., Du Y.-M., Wu S.-L., Chen Q.-X., Wu H.-L., Zhou S.-F. Activated Nuclear Factor-

KappaB and Increased Tumor Necrosis Factor-Alpha in Atrial Tissue of Atrial Fibrillation. 

Scand. Cardiovasc. J. 

764. Mishra A., Srivastava A., Mittal T., Garg N., Mittal B. Role of Inflammatory Gene 

Polymorphisms in Left Ventricular Dysfunction (LVD) Susceptibility in Coronary Artery 

Disease (CAD) Patients. Cytokine. 2013;61:856–861. 

765. Keck M., Flamant M., Mougenot N., Favier S., Atassi F., Barbier C., Nadaud S., Lompré 

A.-M., Hulot J.-S., Pavoine C. Cardiac Inflammatory CD11b/c Cells Exert a Protective Role in 

Hypertrophied Cardiomyocyte by Promoting TNFR 2—and Orai3- Dependent Signaling. Sci. 

Rep. 2019;9:6047. 

766. Putko B.N., Wang Z., Lo J., Anderson T., Becher H., Dyck J.R.B., Kassiri Z., Oudit G.Y., 

Alberta HEART Investigators Circulating levels of tumor necrosis factor-alpha receptor 2 are 



238 
 

   
 

increased in heart failure with preserved ejection fraction relative to heart failure with 

reduced ejection fraction: Evidence for a divergence in pathophysiology. PLoS ONE. 

2014;9:e99495. 

767. Markousis-Mavrogenis G., Tromp J., Ouwerkerk W., Devalaraja M., Anker S.D., Cleland 

J.G., Dickstein K., Filippatos G.S., van der Harst P., Lang C.C., et al. The clinical significance of 

interleukin-6 in heart failure: Results from the BIOSTAT-CHF study. Eur. J. Heart Fail. 

2019;21:965–973. 

768. Lu W., Zhang Z., Fu C., Ma G. Intermediate monocytes lead to enhanced myocardial 

remodelling in STEMI patients with diabetes. Int. Heart J. 2015;56:22–28. 

769. Westermann D., Lindner D., Kasner M., Zietsch C., Savvatis K., Escher F., Von 

Schlippenbach J., Skurk C., Steendijk P., Riad A., et al. Cardiac inflammation contributes to 

changes in the extracellular matrix in patients with heart failure and normal ejection 

fraction. Circ. Heart Fail. 2011;4:44–52. 

770. Švachová V, Krupičková L, Novotný M, Fialová M, Mezerová K, Čečrdlová E, Lánská V, 

Slavčev A, Viklický O, Viklický O, Stříž I. Changes in phenotypic patterns of blood monocytes 

after kidney transplantation and during acute rejection. Physiol Res. 2021 Nov 29;70(5):709-

721. 

771. Kestenbaum B., Sampson J.N., Rudser K.D., Patterson D.J., Seliger S.L., Young B. et al. 

Serum phosphate levels and mortality risk among people with chronic kidney disease. J. Am. 

Soc. Nephrol. 2005, 16, 520–528 10. 

772. Voelkl J, Egli-Spichtig D, Alesutan I, Wagner CA. Inflammation: a putative link between 

phosphate metabolism and cardiovascular disease. Clin Sci (Lond). 2021 Jan 15;135(1):201-

227. 

773. Benz K., Hilgers K.F., Daniel C. and Amann K. (2018) Vascular calcification in chronic 

kidney disease: the role of inflammation. Int. J. Nephrol. 2018, 10.1155/2018/4310379. 

774. Navarro-Gonzalez J.F., Mora-Fernandez C., Muros M., Herrera H. and Garcia J. Mineral 

metabolism and inflammation in chronic kidney disease patients: a cross-sectional study. 

Clin. J. Am. Soc. Nephrol. 2009, 4, 1646–1654 10.2215/CJN.02420409 

775. Hu MC, Shi M, Cho HJ, Adams-Huet B, Paek J, Hill K, Shelton J, Amaral AP, Faul C, 

Taniguchi M, Wolf M, Brand M, Takahashi M, Kuro-O M, Hill JA, Moe OW. Klotho and 

phosphate are modulators of pathologic uremic cardiac remodeling. J Am Soc Nephrol. 2015 

Jun;26(6):1290-302. 

776. Yamazaki-Nakazawa A, Mizobuchi M, Ogata H, Kumata C, Kondo F, Ono N, Koiwa F, Uda 

S, Kinugasa E, Akizawa T. Correction of hyperphosphatemia suppresses cardiac remodeling 

in uremic rats. Clin Exp Nephrol. 2014 Feb;18(1):56-64. 

777. Touchberry C.D., Green T.M., Tchikrizov V., Mannix J.E., Mao T.F., Carney B.W. et al. 

FGF23 is a novel regulator of intracellular calcium and cardiac contractility in addition to 

cardiac hypertrophy. Am. J. Physiol. Endocrinol. Metab. 2013, 304, E863–E873 

10.1152/ajpendo.00596.2012 

https://pubmed.ncbi.nlm.nih.gov/34505523/
https://pubmed.ncbi.nlm.nih.gov/34505523/
https://pubmed.ncbi.nlm.nih.gov/33416083/
https://pubmed.ncbi.nlm.nih.gov/33416083/
https://pubmed.ncbi.nlm.nih.gov/25326585/
https://pubmed.ncbi.nlm.nih.gov/25326585/
https://pubmed.ncbi.nlm.nih.gov/23740131/
https://pubmed.ncbi.nlm.nih.gov/23740131/


239 
 

   
 

778. Elchinova E., Teubel S.I., Fernandes M.A., Lupon J., Galvez-Monton C., de Antonio M., 

Moliner P., Domingo M., Zamora E., Nunez J., et al. Circulating Monocyte Subsets and Heart 

Failure Prognosis. PLoS ONE. 2018;13:e0204074. 

779. Gnakamene JB, Safar ME, Levy BI, Escoubet B. Left ventricular torsion associated with 

aortic stiffness in hypertension. J Am Heart Assoc. 2018 Feb 28;7(5):e007427. 

780. Vaduganathan M., Ambrosy A.P., Greene S.J., Mentz R.J., Subacius H.P., Maggioni A.P., 

Swedberg S., Nodari S., Zannad F., Konstam M.A., et al. Predictive value of low relative 

lymphocyte count in patients hospitalized for heart failure with reduced ejection fraction: 

Insights from the EVEREST trial. Circ. Heart Fail. 2012;5:750–758. 

781. Charach G, Grosskopf I, Roth A, Afek A, Wexler D, Sheps D, Weintraub M, Rabinovich A, 

Keren G, George J. Usefulness of total lymphocyte count as predictor of outcome in patients 

with chronic heart failure. Am J Cardiol. 2011;107:1353–1356. 

782. Sakatani T, Hadase M, Kawasaki T, Kamitani T, Kawasaki S, Sugihara H. Usefulness of 

the percentage of plasma lymphocytes as a prognostic marker in patients with congestive 

heart failure. Jpn Heart J. 2004;45:275–284 

783. Levy WC, Mozaffarian D, Linker DT, Sutradhar SC, Anker SD, Cropp AB, Anand I, 

Maggioni A, Burton P, Sullivan MD, Pitt B, Poole-Wilson PA, Mann DL, Packer M. The Seattle 

Heart Failure Model: prediction of survival in heart failure. Circulation. 2006 Mar 

21;113(11):1424-33. 

784. S. Van Linthout, C. Tschöpe. Inflammation - Cause or Consequence of Heart Failure or 

Both? Curr. Heart Fail. Rep., 14 (4) (2017), pp. 251-265. 

785.A.S. Maisel, K.U. Knowlton, P. Fowler, A. Rearden, M.G. Ziegler, H.J. Motulsky, P.A. Insel, 

M.C. Michel. Adrenergic control of circulating lymphocyte subpopulations. Effects of 

congestive heart failure, dynamic exercise, and terbutaline treatment. J. Clin. Invest., 85 (2) 

(1990), pp. 462-467. 

786. Levey A.S., Cattran D., Friedman A., Miller W.G., Sedor J., Tuttle K., Kasiske B., Hostetter 

T. Proteinuria as a surrogate outcome in CKD: Report of a scientific workshop sponsored by 

the National Kidney Foundation and the US Food and Drug Administration. Am. J. Kidney 

Dis. 2009;54:205–226. 

787. Duni A, Vartholomatos G, Balafa O, Ikonomou M, Tseke P, Lakkas L, Rapsomanikis KP, 

Kitsos A, Theodorou I, Pappas C, Naka KK, Mitsis M, Dounousi E. The Association of 

Circulating CD14++CD16+ Monocytes, Natural Killer Cells and Regulatory T Cells 

Subpopulations With Phenotypes of Cardiovascular Disease in a Cohort of Peritoneal Dialysis 

Patients. Front Med (Lausanne). 2021 Oct 20;8:724316. 

788. Turner JE, Rickassel C, Healy H, Kassianos AJ Natural Killer Cells in Kidney Health and 

Disease.  Front Immunol. 2019 Mar 26;10:587. 

789. Sun K, Li YY, Jin J. A double-edged sword of immuno-microenvironment in cardiac 

homeostasis and injury repair. Signal Transduct Target Ther. 2021 Feb 22;6(1):79. 

790. Burfeind KG, Funahashi Y, Munhall AC, Eiwaz M, Hutchens MP. Natural Killer 

Lymphocytes Mediate Renal Fibrosis Due to Acute Cardiorenal Syndrome. Kidney360. 2024 

Jan 1;5(1):8-21. 

https://pubmed.ncbi.nlm.nih.gov/16534009/
https://pubmed.ncbi.nlm.nih.gov/16534009/
https://pubmed.ncbi.nlm.nih.gov/30972076/
https://pubmed.ncbi.nlm.nih.gov/30972076/
https://pubmed.ncbi.nlm.nih.gov/33612829/
https://pubmed.ncbi.nlm.nih.gov/33612829/
https://pubmed.ncbi.nlm.nih.gov/38037228/
https://pubmed.ncbi.nlm.nih.gov/38037228/


240 
 

   
 

791. Abouzeid S, Sherif N. Role of alteration in Treg/Th17 cells’ balance in nephropathic 

patients with type 2 diabetes mellitus. Electron Physician 2015; 7: 1613–1618. 

 


