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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



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 m?, 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 1.73m? (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).



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, malignancy, 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 m?)
Gl Normal or high 290
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 | Moderately increased Severely increased
(<30 mg/g) (30-300mg/g) (>300 mg/g)

CKD, chronic kidney disease; GFR, glomerular filtration rate; ACR, albumin creatinine ratio.



Persistent albuminuria categories
Description and range
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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).



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 m? 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 m? and doubled
at eGFR levels of 30-45 mL/min/1-73 m? 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-Ml 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
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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 Ml,
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



17

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), 250% ; 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 (AKIl).
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 | Chronic HF
CKD
Type 3 CRS Acute renocardiac | AKl resulting in AHF HF in the setting of AKI
syndrome from volume overload
Type 4 CRS Chronic CKD resulting in LVH and HF from CKD-
renocardiac chronic HF associated cardiomyopathy
syndrome
Type 5 CRS Secondary CRS Systemic disease Sepsis, cirrhosis,
resulting in HF and amylodosis
CKD

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
m?, 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 m? 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 260
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% Cl 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 Ml 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 Ml include older age, history of angina, peripheral vascular disease, dyslipidemia,
and pretransplant Ml 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 | 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 Il 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-B) signaling
(196).

The role of the SNS is essential for blood pressure control and hemodynamic stability
(188). CKD-induced activation of the B-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-B, 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-B), 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 (NFkB) 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 Il
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 (IRl) 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% Cl, 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 m?, 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 1I-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 kB (NFkB)
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-kB (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-kB signaling pathway, thus leading to the
release of IL-1B, IL-6, IL-8, TNF-a 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- a 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 Il —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-
1B 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- B1, 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-
B), 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- a, IL-
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1R, 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 TNFa 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 IFNy via receptors such as gamma-chain receptor family, also known as
IL-2Ry 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 II-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 | 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/CDS8 ratio, increased Th1l/ Th2 ratio and exhaustion of naive 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 naive T cells, decreased circulating IL-7 levels and
augmented apoptosis of both naive and central memory CD4+ and CD8+ T cells are
responsible for the reduction in naive 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 naive 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 Il 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'CD577) and CD8" T cells (CD8"KLRG1 PD1°CD577) 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 (Try) 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 Thl 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-y 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/mm?® 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
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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
naive 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-B and IL-10, competition for interleukin 1I-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 II-4 levels were significantly
lower in dialysis patients compared to healthy controls, while the proportion of CD4+T-bet+
Th1 cells and 11-10 did not differ (328). Moreover, levels of IFN-y 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-y 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 (RORy) RNA. Additionally, decreased Tregs frequency and Treg-related
cytokines such as IL-10 and TGF-betal 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 1l-2 (333). Upregulation of both IL-6 and TGF-3 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+CD45R0+ 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-y 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'CD24"8"cD38"e" 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 ymphopenia 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 naive
and memory B cell lymphopenia is associated with a defective humoral response to
infections, vaccination and immune memory despite normal immunoglobulin levels
including serum 1IgG 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, II-6, 1I-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 |l-6 for upregulation, whereas it is inhibited by II-
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 alboumin 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 II-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 m* (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 m? but not in those with a GFR higher than 75 ml/min/1.73 m? (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-18, IL-1RA,
IL-6, TNF-a, TGFpB, 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 1l-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 1I-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 Il 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-1B 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 Ml and system inflammation were derived with canakinumab, a monoclonal
antibody targeting IL-1B (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
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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
II-1B and II-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-1B 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 IRl induced increase in ROS, lead
to upregulation of NLRP3, caspase-1 activity, IL-1B, 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-1B 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 5/6"
nephrectomy together with a significant increase of circulating IL-1p levels, as compared to
sham-operated control animals. Additionally, pathological remodeling with cardiac fibrosis,
myocyte hypertrophy and wall thickening, was observed in 5/6™ 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-1f3 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-1B 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-1B 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, Ml, 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-a-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 (PKCa), 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 llI-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-kB-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-kB 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-kB pathway and upregulates IL-10 secretion, leading to attenuation of cardiac
hypertrophy and cardiac systolic dysfunction following TAC (410, 411). Similarly, blunted NF-
kB 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
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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

igh

clustered with murine Ly6Ch monocytes, whereas only CD14+CD16++ monocytes
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correspond to Ly6C™" 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).
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Figure 3. Monocyte subpopulations and atherosclerosis. CCR, CC chemokine receptors; CD,
Cluster of Differentiation; CX31,CX3C chemokine receptor 1; IL-1P, Interleukin 1-B; ROS,
reactive oxygen species; TNF, tumor necrosis factor; VEGFR, Vascular Endothelial Growth
Factor Receptor (251).
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Increased expression of the B2 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 (CCR5A32) 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 plague 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 Il 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).

CDA40, 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 Ml 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 M| while the development of coronary collaterals
is associated with increased CD14++CD16- levels (453, 454). Thus, in patients with ST-
elevation M, post-reperfusion increases in CD14+CD16- monocyte levels are predictive of
microvascular obstruction, an impaired LVEF and larger infarct size (455, 456). Direct renin
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inhibitors combined with ACEIls or ARBs have been shown to improve the extent of
myocardial salvage after Ml, an effect associated with a decrease in circulating CD14+CD16-
monocytes (457). Taking into consideration that angiotensin Il 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-kB
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-a 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 a-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-a on VSMC calcification depend on IL-6 secretion and TNF-a activation of the
NF-kB 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-a 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-a in the uremic serum
upregulates II-6 via ERK and AP-1 mediated signaling, with 1l-6 subsequently activating the
Whnt-B-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
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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-a, IL-1B, IL-6, and MCP-1 (431). Indoxyl sulphate also promotes
IL-10 and TGF-B 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 1l-6 and TNF-a, 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 Il
promotes cardiac fibrosis principally through the activation of cardiac fibroblasts through
the macrophage related TGF-B/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-kB pathway (488). Both
monocyte derived cytokines, IL-6 and TNFa, 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-a
converting enzyme and reduces theTNFa concentrations in cultured monocytes from
patients with HF (501). Likewise, carvedilol significantly dampens in vitro lipopolysaccharide
induced TNFa 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-y promoting a
switch towards the classically activated proinflammatory M1 phenotype and Th2 cytokines
including 1I-4, 1I-10 and 1I-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-kB 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-a, 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 Ml 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 Il levels.
Apparently, expression of Gpr68 was not induced in Clock mutated mice whereas under
natural conditions, high-GPR68-expressing monocytes release TNFa 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).
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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 iINOS 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 Ml explored the dynamic changes in monocyte subset
counts as well as their phagocytic and NFkB activity as reflected by intracellular levels of
inhibitory kB kinase B, with regard to MACE and LVEF (524). More prominent dynamic
reduction in the levels of intermediate CD14++CD16+ monocytes 2 weeks following Ml 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 Ml
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
NFkB 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
Ml, showed that the intermediate CD14++CD16+ monocytes are not only predictive of
MACE following M, 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 kB kinase B, the cytoplasmic marker of
activation of the NFkB signaling, were associated with tenfold lower risk of HF, thus
suggesting that the functional characteristics of the intermediate CD14++CD16+ monocytes,
including dysregulated NFkB 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-Ml
myocardial scaring on CMRI, thus indicating their participation in post-STEMI remodeling
and their influence on post-Ml 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 M.

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 Ml 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 Ml
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 Ml 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 Ml (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 M, 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 M| 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 a-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



72

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, iIMMP9 expression is
significantly increased in both animal and clinical Ml 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 Ml (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

bright

evidence of an abundance of CD56 NK cells in atherosclerotic plagues compared with

autologous peripheral blood, where they enhance inflammation by stimulating TNF-a
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bright NK cell subset is even more

production by monocytes (553). Notably, the CD56
enrichened in atherosclerotic plaques of symptomatic patients with CAD where they exhibit
a higher production of IFN-y, thus further reinforcing the possible role of CD56""" 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).
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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 plague 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-y 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 11-12 and II-18 which stimulate
NK cells to secrete IFN-y 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-y, the
increase of circulating NK cells expressing the 11-18 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 | 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 IFNy 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—y_/_ mice appear to be partially
protected from angiotensin Il induced vascular endothelial and SMC dysfunction thus
indicating that angiotensin Il induced vascular damage is to a certain extent NK-cell-
dependent (573). IFN-y receptor knockout mice did respond to angiotensin Il 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-y, 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 a-
galactosylceramide 1, synthesize various cytokines including IL-2, TNFa and IFNy (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 I, enhanced activation of the
NF-kB and TGF-B1/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 a-galactosylceramide (592).
Accordingly, mice with Ml undergoing NKT cell stimulation with a-galactosylceramide,
displayed increased myocardial infiltration of iINKT 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 Ml 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 Ja18 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 1I-10 and TNF-a 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 1l-10 levels (594). In conclusion, the protective role of iINKT
cells against HF caused by pressure overload has been shown to include a shift from Thl
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 plagues 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-y (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 Il-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 Ml 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-CD3¢ and anti-
CD28 antibodies, revealed a significant increase in INF-y 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 -y and II-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 Ml 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 Il 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 Ca’* ATPase 2a (SERCA2a), which mediates the
rate of myocardial relaxation through regulation of Ca®* 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 a-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, IFNy and T-bet, the key transcription factor that directs the differentiation and
activation of Th1l 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 af 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
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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 Il infusion via subcutaneous osmotic
minipumps as well as deoxycorticosterone acetate salt treatment failing to induce cardiac
hypertrophy in Ragl-/- 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 Il infusion in Ragl-/- 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 (0X40), 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 Il expression
following disruption of H2-Ab1 genes, which encode the light chains of the mouse MHC I,
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 a 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-y+Th1 cells were the subset that adhered to and stimulated
TGF-B 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 Ml 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 Th1l 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- Ml, as well as the specific role for T cells during the different
phases post-after Ml 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 Ml,
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 | and Il 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 IFNy 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 Ml 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-Il) that inhibits TCR
interactions with its ligand, cross-presentation of antigens, and central and peripheral T-cell
tolerance and induction (612). Thus, the OT-Il 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 -1l mRNA as well as altered
myofibroblast proliferation and differentiation, leading to cardiac rupture following ischemic
necrosis of the heart muscle (634). IFNy as the representative marker of Th1-mediated
inflammation inhibits fibrosis by blocking TGF-B (604). In addition, IFNy inhibits Th2-
mediated fibroblast activation and indirectly regulates fibrosis through activation of
macrophages with administration of IFNy neutralizing antibodies reversing the TGF-3
induction of a-smooth muscle actin expression, thus demonstrating that Th1 cells may be
indirectly regulating fibrosis (635, 636). Experimental evidence indicates a prolonged Th1
response after Ml 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 Ml and unstable angina within 24 hours following the
onset of symptoms, however in post-Ml 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
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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-Ml, 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 Ml and the second wave of CD4" T-cell
activation and transmigration observed at 8 weeks following Ml with these biphasic CD4+ T
cell kinetics including all T-cell subsets such as Thl, 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 Ml (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 Ml 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 M, 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 (PCl) 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 TNFa, INF, 11-18, and II-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 y§,
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 Il in
immunodeficient mice (648). In the setting of arterial hypertension, CD4+ T cells as well as
v6 T cells produce cytokines such as IFNy 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). IFNy is the key
cytokine in the process of CD8+ T-cells infiltration in the kidneys, where it stimulates the
IFNy 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-y and IL-17A production regulate the
pressure natriuretic response in proximal tubule sodium transport and IFN-y participates in
mechanisms enhancing distal sodium reabsorption in the setting of angiotensin Il
hypertension, with mice lacking INFy and 1l-17 production displaying an abolished BP
response (653). These findings have been replicated by clinical evidence revealing that the
hypertensive stimulus of angiotensin Il promotes accumulation of human T cells in the
kidney, aorta, and lymph nodes of humanized mice, with CD8+ T-cell IFNy 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, IFNy, and TNFa 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, Ml, 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 plagues 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-B, 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



89

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 plague 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 naive 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
plague 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 Ml (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 Ml and increased in patients with ST-
segment elevation Ml (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, Thl 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 Ml 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 M,
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-
B, a pro-fibrotic molecule and 1l-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 Ml (680). Thus, infiltration of neutrophils,
macrophages and lymphocytes as well as expression of TNF-a and IL-13 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 Ml, which should be principally ascribed to
diminished MMP-mediated degradation of collagen within the infarcted tissue (681). In
summary, increases in Tregs after M| 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



91

in the early stage of heart injury (661, 681). Treg-depleted mice exhibited reduced survival
rates, reduced fractional shortening, and accentuated myocardial dilation following Ml
(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 1I-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- 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 Il 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 llI-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 Il 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 Il 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 Il 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,



93

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 1lI-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-y (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 1gG 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 1gG 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 Ml (716, 717); nevertheless, the roles of B cells in Ml 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 Ml 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 Ml
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 Ml 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 Ml in B lymphocytes knock-out mice and wild type mice, showed
that B-cell deletion reduced the expression of the cytokines TNF-a, IL-1B, IL-6, and TGF-1p as
well as decreased the levels of mMRNA 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 Ml 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 Ml (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 Ml, 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 Ml (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 Ml 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 Ml (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 Ml 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 1I-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 Ml, revealed both polyclonal B cells
with no antigen-specificity infiltrating the heart after Ml via the CXCL13-CXCRS5 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-R1 Investigating the mechanistic basis of B cells recruitment to the injured
myocardium, Heinrichs et al. found that the CXCL13-CXCRS5 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-a 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 -NAME and NaCl in the drinking
water and angiotensin-Il 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-B and IL-6 and perpetuation of the pro-inflammatory state via
TNF-a, IL-1B, and IL-6 production by B lymphocytes induce recruitment of monocytes and
differentiation to pro-fibrotic macrophages, and increased expression of TGF-, collagen-I,
and IL-1P 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-p 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 AKl 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-1B (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
qguestion. 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.



100

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. Inalongitudinal 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 CKD 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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Patients assessed for eligibility

(n=88)
CKD patients KTRs
Exclusion criteria Exclusion criteria
coronary artery disease (n=48) (n=40) - coronaryartery disease
cerebrovascular disease - cerebrovascular disease
peripheralarterial disease - peripheral arterial disease
wngestlv.e heart failure - congestive heart failure
left ventricular EF <50% Healthy controls - left ventricular EF <50%
Vilalvu\ar hear.t d\s:ealse ‘ (n=10) - valvular heart disease
h.|stc.>r.v of atrl.alﬂbnlljat\on - history of atrial fibrillation
significant atrioventricular - significant atrioventricular
conduction disorder conduction disorder
any form of cardiomyopathy - any form of cardiomyopathy or
or pericarditis Included CKD patients Included KTRs pericarditi
history of malignancy - history of malignancy
liver disease (n=44) (n=38) - liver disease
inflammatory bowel disease - inflammatory bowel disease acute
acute or chronic infections as or chronicinfectionsas
history of recent - history of recent hospitalization
hospitalization (<1 month) L 4 (<1 month)
active autoimmune disease Peripheral blood immune cells - history of acute rejection (<1 year)
analysis by flow cytometry
Peripheralblood immune cells analysis by Peripheral blood immune cells analysis by
flow cytometry repeated at 24 months » < flow cytometry repeated at 24 months
2-D speckle
. tracking echocardiography at .
6 CKD patients excluded due to g baseli graphy 7 KTRs patients excluded due to
. . aseline . .
poor acoustic window poor acoustic window

Figure 5. Flowchart of the study design in CKD patients and kidney transplant recipients.
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Patients assessed for eligibility (N=67)

Exclusion criteria
*  malignancy
* gutoimmune disease L ‘ Enrolled ‘
* liver disease -
* chronic infections
*  immunosuppressive

medications

* recent infection \ {

Cross-sectional study arm

* recent hospitalization fer MACE | | 39 male patients 24 male CKD patients
with type Il CRS matched for eGFR
l l 10 healthy controls
: -~
Flow cytometry analysis of

Prospective arm immune cells in peripheral blood

Combined outcome of all-cause
and cardiovascular mortality

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 loannina
(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

.1.1 Inclusion criteria

Participants were eligible to be included in the study only if all the following criteria
apply:
Participants should be 218 years of age at the time of enroliment in the study.
Patients with CKD and patients with CRS type 2 should have an eGFR (CKD-EPI formula) 215
and <60 mL/min/1.73 m2 at the time of study enroliment.
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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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

Il. Active autoimmune disease requiring current treatment with steroids and/or other
immunosuppressive medications

lll. 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

Il. Active autoimmune disease

lll. 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

Il. Active autoimmune disease requiring current treatment with steroids and/or other
immunosuppressive medications

lll. 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 loannina 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 ul 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 ul of whole-blood was added to flow
cytometry tubes and incubated with 10 pl 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 ul 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 (TO) and after 24 months (T1) in CKD patients and
KTRs. Delta (A) 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.
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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 (SI)

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 (A) 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 | (hsTnl) 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 TO and T1 in CKD patients and
KTRs. Delta (A) eGFR (CKD-EPI) and the A spot urine protein to creatinine ratio (AUPCR) were
defined as their respective differences between T1 and TO. Likewise, Delta (A) of laboratory
indices was defined as their respective difference between T1 and TO.

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 2median
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 5349 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 72110 years whereas patients with CKD
had a mean age of 6610 years respectively (p=0.01). As for the presence of diabetes
mellitus, no significant differences were detected between the two patient groups. With



111

regard to indices of renal function, mean eGFR of patients with CRS and CKD patients was
37414 and 33116ml/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 (147140 mg/dl vs 184+41 mg/dl, p=0.001), LDL cholesterol (84+35 vs
110444, 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 |, 14 patients (38.1%)
had NYHA class Il and 16 patients (41%) had NYHA class Il 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.

CKD Patients

All Patients 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,
vP 71 (86) 39 (88) 32 (84) 0.558
N (%)
Transplantation
. - - 77.5 (58-111) -
vintage
eGFR (mL/min/1.73
2 42 (20-57) 24 (15-41) 55 (48-72) <0.001
m
UPCR rotein 1.31(0.23- 0.16 (0.09—
_(g P /8 0.32 (0.13-1.92) ( ( <0.001
creatinine) 2.61) 0.56)
Hemoglobin (g/dL) 129+2.0 124+1.9 13.4+£2.0 0.028
Uric acid (mg/dL) 7.1+1.7 7.4+1.38 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)
Albumin (g/dL)

Total proteins (g/dL)
Total cholesterol
(mg/dL)
Triglycerides (mg/dL)
LDL cholesterol
(mg/dL)

HDL cholesterol
(mg/dL)

Ferritin (ng/mL)
Calcium (mg/dL)
Phosphorus (mg/dL)
iPTH (pg/mL)
Cyclosporine N (%)
Tacrolimus N (%)
Statins N (%)
ACEI/ARB N ( %)

B-blockers N (%)

101 (91-115)
4.2 (4-4.5)

7.0+0.6

187 + 37

144 (113-192)

109 + 35

46 (40-55)

65 (40-108)
9.5(9.1-9.7)
3.4 (2.8-4.1)

121 (85-226)

57 (70)
48 (58)

49 (60)

100 (89-114)
4.2 (3.8-4.4)

7.1+0.6

183 +43

150 (113-
200)

108 +41

43 (36-50)

79 (48-112)
9.3 (8.8-9.6)
3.9 (3.3-4.6)

156 (88-294)

29 (66)
25 (57)

23 (52)

101 (93-118)
4.2 (4-4.5)

7.0+0.5

190 + 28

142 (113-166)

109 + 26

50 (44—62)

57 (31-104)

9.7 (9.4-10.1)
2.9 (2.7-3.5)

109 (74-169)
15 (40)

23 (60)

28 (74)

23 (60)

26 (68)

0.429

0.253

0.614

0.339

0.468

0.835

0.001

0.200

<0.001

<0.001

0.048

0.464

0.656

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 CRS patients CKD patients p-value
(N=63) (N=39) (N=24)
Age (years) 72+10 66+10 0.01
Diabetes Mellitus 31(47.7) 22 (56.4) 9 (37.5) 0.15
N, %
eGFR ml/min/1.73m2 3515 37+14 33116 0.18
UPCR (gr protein/gr ~ 0.39 (0.12-1.13) 0.19 (0.10-0.52) 1.03 (0.17-2.09)  0.02
creatinine)
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 161144 14740 184+41 0.001
(mg/dl)
Triglycerides (mg/dl) 125 (94-178) 104 (77-155) 150 (118-216) 0.006
LDL cholesterol 94+40 84+35 11044 0.01
(mg/dl)
HDL cholesterol 38+10 37+11 40£10 0.29
(mg/dl)
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.




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)/uL and 8.2 (IQR, 5.9-11.3)%]
compared to healthy controls [16 (IQR, 13-18)/uL 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)/uL] compared to healthy controls [19 (IQR, 10-21)/uL],
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)/uL and 5.6 (IQR, 3.7-
7.9)%] compared to healthy control subjects [224 (IQR, 171-261)/uL 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 Controls p-value

(N=44) (N=10)
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)/uL vs 450 (IQR, 400-500)/uL, 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)/uL vs 16 (IQR, 13-18)/uL,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)/uL vs 57 (38-68/uL 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)/uL vs 224 (171-
261/pL 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 Controls p-value

(N=39) (N=10)
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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)/uL
and 87.1 (IQR, 83.6-90.1)%] compared to their CKD counterparts [366 (IQR, 258—438)/uL
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)/uL and 3.2 (IQR, 1.9-5.4)%] compared to their CKD counterparts [25 (IQR, 19-36)/uL
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)/uL and 0.93 (IQR, 0.63-1.71)%,
respectively] compared to CKD patients [33 (IQR, 19-48)/uL 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 CKD Patients
KTRs (N = 38) p-Value
(N = 82) (N = 44)
7485 (6080— 7710 (6920-
WBC (N) 7045 (5745-8925) 0.023
9260) 10790)
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
0
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

0
1845 (1520-

Lymphocytes (N) 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 1474 (1125-
1376 (1114-1796) 1732 (1156-2228) 0.173

(N) 2053)
T-lymphocytes
79.0+£9.2 76.7 £9.6 81.4+83 0.026

(%)
B-lymphocytes
(N) 91 (48-157) 94 (61-161) 88 (33-140) 0.196
B-lymphocytes
(cy)y phocy 4.8 (3.2-7.4) 5.6 (3.7-7.9) 4.3 (1.9-6.7) 0.042

0
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 £10.2 474+96 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 (xSD) or median (IQR 25-75th percentiles). CD, cluster of
differentiation; NK, natural killer; N, number per uL; Tregs, T regulatory cells. * p refersto 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)/uL and 8 (IQR, 5.6-12)%] compared
to healthy controls [16 (IQR, 13-18)/uL and 3.67 (IQR, 2.54-4.41)%] (p<0.001 and p=0.001).
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With regard to lymphocytes subsets, both the number and the percentage of total

lymphocytes was lower in patients with type 2 CRS (1557 +691/ulL and 18.7 +8.3%)
compared to healthy control subjects [2188 +493/uL 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/uL) compared to healthy controls (1672 +387/uL)(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)/uL and 4.2 (IQR, 2.2-9.0)%] compared to healthy controls [224
(IQR, 171-261)/uL 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)/uL )

compared to healthy controls (269 (IQR, 240-305)/uL), 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 Controls p-value
(N=39) (N=10)
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) 15574691 2188 +493 0.016
Lymphocytes (%) 18.7+8.3 30.1(27.1-34.3) <0.001
T-lymphocytes (N) 12274510 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) 7321308 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 Il 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)/uL] compared to their CKD counterparts [35 (IQR, 18-43)/uL]
(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/uL) compared to the CKD cohort
(19204545/uL) (p=0.04). Finally, CRS patients displayed lower NK cell counts [148 (IQR, 103-
258)/uL] compared to CKD patients [324 (IQR, 179-368)/uL] (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 CRS patients CKD patients p-l
value
(N=63) (N=39) (N=24)
8360 (IQR 6730- 7330 (IQR 6070-
WBC (N) 7730 (IQR 6224-9495) 0.15
9940) 8830)
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) 4274167 4504184 391+132 0.14

CD14++CD16- 81.4+8.9 80.6+10 82.616.9 0.35



(%)
CD14++CD16+
(N)
CD14++CD16+
(%)
CD14+CD16++
(N)
CD14+CD16++
(%)
Lymphocytes
(N)
Lymphocytes
(%)
T-lymphocytes
(N)
T-lymphocytes
(%)
B-lymphocytes
(N)
B-lymphocytes
(%)

NK cells (N)
NK cells (%)

CD4+ T-Cells (N)
CD4+ T-cells (%)

CD8+ T-cells (N)

CD8+ T-cells (%)

Tregs (%)
T Regs (N)

38 (IQR 22-62)

7.4 (IQR 5.4-11.2)

25 (IQR 14-35)

4.6 (IQR 3.0-6.7)

16994658

21.3%8.7

13204500

79.619.7

75 (IQR 37-140)

4.7 (2.9-8.3)

182 (124-328)

1.7 (IQR 8.2-18.3)
787312
47.5+10.6

508 (IQR 353-750)

29.9 (IQR 23.5-37.9)

2.4 (IQR 1.7-3.3)
37 (IQR 25-51)
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41 (IQR 24-78)

8 (IQR 5.6-12.0)

22 (IQR 12-36)

4.2 (IQR 2.7-6.6)

15574691

18.7+8.3

12274510

81.7+8.7

68 (IQR 31-104)

4.2 (IQR 2.2-9.0)

148 (1QR 103-258)
10.7 (IQR 7.1-16.6)
7324308
48.6+10.4

411 (IQR 224-720)
28.5 (IQR 23.3-
38.0)

2.7 (IQR 2.0-3.9)
36 (IQR 24-49)

35 (IQR 18-43)

7.3 (IQR 4.7-9.6)

25 (IQR 19-32)

5.1 (IQR 4.0-6.7)

1920+545

25.318.0

1465+455

76.3110.3

87 (IQR 58-163)

5.1 (IQR 3.4-7.9)

324 (IQR 179-368)

16.5 (IQR 11.2-19.6)

8734304
45.7 +10.9
585 (IQR 447-786)

31.5 (IQR 24.4-36.8)

2.0 (IQR 1.6-2.6)
40 (IQR 26-61)

0.04

0.30

0.80

0.14

0.03

0.002

0.06

0.03

0.08

0.57

0.001
0.01
0.08
0.30
0.14

0.73

0.03
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 eGFR UPCR | Cr Urea Hb Ca Pi PTH CRP Ferritin
subsets
CD14++CD16+ / / / / / / r=0.436, / / /
(N) p =0.003
CD14++CD16+ / / / / / / r=0.410, / / /
(%) P=0.006
CD14+CD16++ / / / r=0.298, |/ / / / / /
(N) p =0.005
NK cells (N) / r=- / / r=0.319, |r=0.329, |/ r=- / r
0.302, p=003 |p=0.03 0.327,p =0.307,
p= =0.03 p=0.04
0.04
Lymphocytes r= / r=- r=-0.374, |r=0.469, |r=0.378, |/ / / /
(N) 0.388, 0.408, p=0.01 p =0.001 p=0.01
p= p=0.006
0.009
Lymphocytes = =- =- r=-0.408, |r=0.370, |r=0.478, |/ / / /
(%) 0.395, | 0.439, | 0.475,p |p=0.006 |p=0.013 |p=0.008
p= p= =0.001
0.008 0.003
T-lymphocytes r= / r=- / r=0437, |/ / / r=- /
(N) 0.328, 0.361,p 0.344,
p= =0.02 p =0.003 p=
0.03 0.02
CD4+ T-cells (N) | r= / r=- r=-0.381, |r=0.522, |r=0.371, |/ r=- / /
0.495, 0.505,p |p=0.01 p=0.01 0.324,p
p= =0.000 p =0.000 =0.03
0.001
CD8+ Tcells (N) |/ / / r=-0.345, |/ / / / / r=-
p=0.02 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.




125

Immune | eGF | UP | Cr Ure | Hb Gluc [Ca |Pi PTH [ CR | ESR |CyA |CyA |Tac
cell R CR a ose P Cco Cc2
subsets
CD14++ |/ / |/ / r=- |r=|r= |/ / / |/ / / /
CD16- 0.37, |0.33, | 0.39
(%) p=0.0 | p=0.0 |,
5 4 p=0.
014
CD14++ |/ / |/ / / / / / r=- |/ |/ / / /
CD16- 0.32
(N) 5
p=0.
04
CD14++ |/ / |/ / / / / r=0.3 |/ !/ |/ / /
CD16+ 3,
(%) p=0.
04
CD14+C |/ / |/ / / / r= |/ / /|/ / / /
D16++ 0.38
(N) 5
p=0.
01
CD14+C |/ / |/ / / / r=0. |/ / !/ |/ / / /
D16++( 38,
%) p=0
01
NK cells |/ / |/ / / / r= 1/ / [ r= |/ /
(N) 0.35 0.39
6,p 5p
5.02 (_).01
8
NK cells |/ / |/ / / / / |/ /T / / /
(%) =0.3
93,
p:
0.01
Lympho | r=0. |/ |/ / |/ / / / / /[ |/ r=- |/ /
Cytes 359 0.59
(N) p=0. 4,
02 p=0.
02
ymeho [=0. [/ [/ [/ |/ |7 [/ [r |7 /1 =17 |/
cytes 359 0.59
(%) p=0. 4,
02 p=0.




126

02

T- r=0. |/ |/ / / / / / / /A r=- |/ r=
lympho | 376 0.55 0.439
cytes p=0. 0, p= p=
(N) 02 0.04 0.03
T- /| / / / / / / !/ |/ / r=|0.419
lympho 0.60 |,
cytes 9,p= |p=
(%) 0.02 | 0.047
CD4+T- |/ / |/ / / / / / =1/ |/ / / /
cells (N) 0.34

0,p

(_7.03

CD4+T- |/ / |/ / / / / / / !/ |/ / / r=

cells (%) 0.708
,yP=
0.000

co8+T |[r= |/ |/ / r= / / / / !/ |/ / / /

cells (N) 0.36 0.358
2, , P=
p= 0.02
0.02
B- [ fr=-fr=-|r=-1/ / [ qr=- A/ |l fr= |/ /
lympho 0.3 036 |04 0.43 0.68
cytes 35, |9, 26, 0, p= 6, p
(N) p=|p= |p= 0.00 =
0.0 |0.02 | 0.0 7 0.00
39 08 7
B- / r= |/ =- |/ / / = |/ / |/ / / /
|ympho - 0.34 0.411
cytes 0.4 9,p P =
(%) 05, = 0.01
p= 0.03
0.0
1

Tregs |/ /[ |/ / / / / / / / |/ / / r=0.5
(%) 04,

Only correlations reaching statistical significance are presented. Ca, calcium; Cr, creatinine;
CO, 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 hsTnl 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)/uL versus 13
(IQR, 10-29)/uL (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)/uL versus 36 (IQR, 22-61)/uL
(p=0.01)] and non-classical CD14+CD16++ monocytes [37 (IQR, 35-49)/uL versus 21 (IQR, 12-
32)/uL (p=0.02)]. Finally, NK cells and Tregs levels were lower in patients with atrial
fibrillation compared to those without [133 (IQR, 79-173)/uL versus 260 (IQR, 151-314)/ulL
(p=0.01)] and [32 (IQR, 21-43)/uL vs 47 (IQR, 34-85)/uL (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 eGFR Hb Chol LDL HDL Triglyceri | CRP ESR
subsets Chol Chol des
Monocytes / / / / / / r=0.402 | r=0.485
(N) p=0.00 | p<=0.001
1
CD14++CD16- / r=- / / / / / r=0.353,
(N) 0.332, p=0.030
p=0.00
4
CD14++CD16 / / / / / / r=0.476 | r=0.378,
+(N) p=0.00 | p=0.020
2
CD14++CD16 / / / / / / r=0.319 /
+ (%) )
p=0.04
0
CD14+CD16+ / r=- / / / / / /
+(N) 0.385,
p=0.01
Lymphocytes | r=0.427 / / / / / / /
(N) p=0.007
T- r=0.425 / / / / / / /
lymphocytes | p=0.007
(N)
CD4+ T-cells | r=0.439 / / / / / / /
(N) p=0.005
CD8+ T cells / / / / r=0.318, / / /
(N) p=0.04
CD8+ T cells / / / / r=0.333, / / /
(%) p=0.04
B- / / r=-0.336, | r=-0.388, / / / /
lymphocytes p=0.03 p=0.01
(N)
B- / / r=0.470 | r=-0.441, / / / /
lymphocytes p=0.003 p=0.0005
(%)
Tregs (%) / / / / / 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 A
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 7118 349
TAPSE 2.5+0.43 2.5+0.4 0.05 +0.44
MAPSEsep 1.3(1.2-1.6) 1.4940.30 -0.2610.35
MAPSEIlat 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' 84128 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
S| 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; A, 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 (=0.447, p=0.004)
and the percentage of B lymphocytes (B=-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 (B=-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 AMAPSE septal was independently correlated with the
number of CD14++CD16+ monocytes (f=-0.359, p=0.007) and HDL levels ($=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 (B=0.447, p=0.004) and arterial hypertension (=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 (B=-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 Il 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. SI
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 R’ B P value
P value
RWT 0.338,
p=0.001
CD14++ 0.638 0.000 0.447 0.004
monocytes
No
*CD14++ 0.355 0.034
monocytes
%
B -0.363 0.03 -0.328 0.03
lymphocyt
es%
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WBC 0.41 0.013 -0.92 0.67
Monocytes 0.559 0.000 -0.02 0.997
No
CD14+CD1 -0.53 0.001 -0.240 0.181
6++
monocytes
%
Lymphocyt -0.317 0.06 -0.151 0.309
es %
Arterial 0.484 0.003 0.241 0.109
hypertensi
on
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 -0.451 0.006 -0.431 0.009
cells No
T cells No -0.364 0.03 0.012 0.969
*Lymphocy -0.345 0.04
tes No
Lymphocyt -0.353 0.035 -0.171 0.377
es %
Hemoglobi -0.317 0.06 -0.191 0.26
n
AMAPSE 0.360,
septal p=0.001
CD14++CD -0.468 0.004 -0.405 0.007
16+
monocytes
No
Urea -0.333 0.048 -0.263 0.074
UPCR -0.399 0.016 -0.155 0.333
Arterial -0.363 0.03 -0.276 0.07
hypertensi
on
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; A, 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 B P value
P value
LVEF (post)
CD14++CD1 -0.377 0.024
6+ No
MAPSE 0.373,
septal p=0.000
(post)
WBC -0.420 0.011 -0.244 0.107
Monocytes -0.364 0.029 -0.199 0.180
No
CD14++CD1 -0.565 0.000 -0.372 0.013
6+
monocytes
No
CD14++CD1 -0.392 0.018
6+
monocytes
%
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 AGRS 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
(B=0.405, p=0.02 and B=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 (B=-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 B P value
P value
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GRS
CD14++CD1 0.351 0.041
6+
monocytes
%
CD14++CD1 0.042 0.015
6+
monocytes
No
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 -0.416 0.016
No
Age -0.389 0.025 -0.287 0.08
GRS, global radial strain, No, number
A B
201 0 s
<07 R:=.0.367. p=0.036
a
s
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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 B P value
R2
P value
GLS post 0.327, 0.694
p=0.002
Monocytes 0.502 0.002 -0.161 0.856
No
CD14++CD1 0.428 0.009 0.320 0.036
6-
monocytes
No
Albumin -0.373 0.025 -0.156 0.354
TWIST post 0.129,
p=0.037
CD8+ T cells 0.379 0.027 0.359 0.037
(No)
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
CFR
LAVI 32.2+10.6
LVMI 99.09 (84.3-134.6)
RWT 0.46 (0.38-0.51)
EF 6517
TAPSE 2.2(1.9-2.4)
MAPSEsep 1.32+0.29
MAPSEIlat 1.6%0.3
E/A 0.91 £0.24
E' 0.088+0.018
E/E' 8.8 (7.6-9.6)
Sm 0.08 (0.07-0.09)
S| 0.09 (0.08-0.1)
St 0.14 (0.12-0.16)
GLS -21.1(-21.9--18.1)
GRS 21.9 (13.2-37.4)
GCS -28.7 7.0
TWIST 6.2 (3.4-9.5)
UNTWIST -55.0 (-88.9--34.4)

Post dipyridamole

2.68+0.80
NA
NA
NA

2.4+0.5
1.4740.22
1.6%0.2
0.82 (0.73-1.08)
0.113+0.027
7.5 (6.8-9.1)
0.10 (0.08-0.12)
0.11 (0.09-0.12)

-22.8+4.2
20.6 (14.9-30.6)
-30.17.6
9.1 (5.7-13.3)
-116+50

NA
NA
NA

10+7

0.14 +0.46
0.1440.24
0.029+0.27
-0.05 (-0.19 - 0.16)
0.023 (0.010-0.040)
-1.2 (-2.7- 0.7)
0.02 (0-0.04)
0.017 (+0.024)

-2.5¥3.3
-1.84 +21.4
-1.73+9.2
3.216.7
-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; A, 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 (B=-0.378, p=0.02) and serum albumin levels (B=0.353, p=0.03) were significant
independent correlates of the AEF 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 (B=0.559, p=0.00 and B=0.450, p=0.004 respectively), whereas
arterial hypertension was independently associated with TAPSE post dipyridamole infusion
(B=-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 ($=-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 (B=-
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 (=-0.516, p=0.01) (Table 22).

No significant association between baseline Sl and immune cells were observed. SI
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 S| 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 (3=-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 (=-0.481,
p=0.004) and NK cells count (B=-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 CO 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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2

R/Rho P VALUE Anova R B P VALUE
P value
LVEF 0.357,
p=0.002
Tregs % -0.384 0.03 -0.341 0.03
Female 0.456 0.01 0.454 0.006
gender
ALVEF 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 -0.483 0.006 -0.378 0.02
No
CD8+ T cells -0.371 0.004 -0.262 0.140
No
TAPSE 0.288,
p=0.001
CD8+ T cells 0.494 0.005 0.559 0.001
%
CD4+ T cells -0.456 0.001 -0.043 0.805
No
Glucose 0.404 0.024 0.221 0.161
MAPSE 0.483,
septal 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
%
ASm 0.266,
p=0.01
CD14+CD16+ 0.643 0.01 0.151 0.576
+ monocytes
CD14++CD16 -0.489 0.01 -0.516 0.010

- monocytes
%
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As| 0.500,
p=0.000
Age 0.439 0.03 0.137 0.405
CD14++CD16 -0.747 0.000 -0.707 0.000
- monocytes
%
C14++CD16+ 0.484 0.02 0.104 0.519
monocytes %
C14+CD16++ 0.466 0.03 -0.068 0.762
monocytes %
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 0.596 0.000 0.211 0.179
vintage
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; A, 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 R’ B P value
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 -0.358 0.048 0.053 0.854
No
NK cells % 0.416 0.02 0.351 0.076
Tregs % -0.429 0.016 -0.481 0.046
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Female 0.402 0.025 0.580 0.021
gender
TAPSE post 0510, p=0.000
CD8+ T cells 0.404 0.033 0.450 0.004
No
Arterial -0.515 0.005 -0.521 0.001
hypertension
MAPSE 0.214
septal post 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+ 0.562 0.004 -0.184 0.451
+ monocytes
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- -0.571 0.004 -0.209 0.733
lymphocytes
%
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; SI, 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 (B=-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 (B=-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 AGLS included the CD14++CD16+ monocytes (B=-0.423, p=0.009) and CD4+ T cells
(B=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 (B=-0.335, p=0.04) and the percentage of CD14++CD16+
monocytes (B=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 (=-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 (B=-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 Pvalue | ANOVAR’ B P value
P Value
GLS 0.271, p=0.01
Gender -0.443 0.017 -0.434 0.01
male
NK cells -0.447 0.01 -0.362 0.03
number
LDL 0.384 0.036 0.180 0.311
AGLS 0.271,
p=0.01
Hypertensi 0.315 0.09 0.364 0.022
on
CD14++CD 0.455 0.012 0.248 0.156
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16-
monocytes
%
CD14++CD -0.374 0.042 -0.423 0.009
16+
monocytes
%
CD4+T 0.386 0.035 0.403 0.01
cells %
CD4+T 0.386 0.034
cells No
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 -0.412 0.024 -0.335 0.04
No
CD14++CD 0.442 0.015 0.416 0.01
16+
monocytes
%
Lymphocyt -0.343 0.064 -0.03 0.874
es No
Lymphocyt -0.33 0.075
es %
UNTWIST 0.550,
p=0.009
DM 0.326 0.079 0.113 0.647
CD14++CD -0.400 0.029 -0.742 0.009
16+
monocytes
%
Ferritin -0.344 0.063 -0.360 0.116
CyA CO -0.545 0.083 -0.198 0.436

CO, trough blood levels; DM, diabetes mellitus; GCS, global circumferential strain; GLS,
global longitudinal strain; LDL, low density lipoprotein; No, number; A, 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 B P value
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 0.170,
post p=0.024
Monocytes 0.523 0.03
CD14++CD16 -0.310 0.096 -0.412 0.024
+ monocytes
%
NK cells % -0.392 0.032 -0.273 0.215
Arterial 0.366 0.047 0.229 0.215
hypertension

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/uL increase;
95% Cl 0.75-0.97; p=0.01), T-cells number (OR 0.82 per 100 cells/uL increase; 95% Cl 0.70-
0.96; p=0.01), CD4+ T-lymphocytes number (OR 0.66 per 100 cells/uL increase; 95% Cl 0.50-
0.87; p=0.004), CD8+ T-lymphocytes counts below their median value cut-off of 410/uL (OR
4.67;95% Cl 1.14-19.07; p=0.03), Tregs counts below their median value cut-off of 35/uL
(OR 6.63; 95% Cl 1.36-23.27; p=0.01) and CD14++CD16+ monocytes counts above their
median cut-off value of 40/uL (OR 4.13; 95% Cl 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% Cl 0.50-0.87; p=0.004). In contrast, no such
associations were found for age, eGFR, UPCR, hsTnl, 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.
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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.
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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.

u Tregs median value 35/l
1,0 p=0.011
IV <3540
=t =350L
—t— censored
= censoared
0,8
_g 0,67
=
A
=]
wy
=
o 0,47
0,2 I
0,0
L] | I ] I
0 20 40 60 80

months of follow-up

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
TO and T1 in the percentage of the non-classical CD14+CD16++ monocytes (4.7 £1.9% at TO
vs 7.9 +4.3%, p=0.044 at T1). Likewise, a significant increase was observed in the number of
B lymphocytes (87 +39 L at TO vs 107 53/ pL, p=0.047 at T1). Finally, a drop in the
percentage of CD4+ T cells was observed (49.3 +11.5% at TO vs 45.1 £12.3 at T1, p=0.037).
The rest immune cells subsets did not show any significant differences between TO and T1.
No significant associations were observed between the AeGFR with any of the immune cell
subsets or the laboratory indices. Likewise, no significant associations were observed
between the AUPCR 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 TO T1 p-value
eGFR (ml/min/1.73m?) 26 11 2512 0.502
UPCR (g protein/g 0.91 £0.95 2.3+2.77 0.182

creatinine)

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 26+14 0.487
Albumin (g/dl) 4.2 +0.2 4.3+0.4 0.598

Table 27. Immune cell subsets at TO and T1 in CKD patients.

Immune cells TO Tl 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) 3791134 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 79131 0.578
CD14+CD16++ (N) 22 +11 37 +19 0.104
CD14+CD16++ (%) 4.7 1.9 7.914.3 0.044
Lymphocytes (N) 1691 +515 1870 681 0.471
Lymphocytes (%) 27.345.4 25.9 7.2 0.528
T-lymphocytes (N) 1391 +431 1415 +474 0.900
T-lymphocytes (%) 81.94.7 76.5 16.1 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) 8311234 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 TO and T1 and their respective differences
are presented in Table 28. Mean eGFR declined from 58 +17 at TO to 53 +18ml/min/1.73 m’
at T1 (p=0.004). No significant changes were observed between TO and T1 in median UPCR
[0.16 (IRQ, 0.09-0.56) at TO 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 TO and 5 (IQR, 2.5-7.5) mg/L) at T1, p= 0.919], in mean ESR
(20+14 at TO 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 TO and T1 and
their respective differences are presented in Table 29. Significant differences were observed
between TO and T1 in monocytes number (653 +244 and 538 +197/uL 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/uL respectively,
p=0.04). The rest immune cells subsets did not show any significant differences between TO
and T1. The significant correlates of AeGFR and AUPCR are presented in Table 30.
Accordingly, AeGFR was correlated with the TO percentage of monocytes (r =0.359, p=
0.037), the TO number and TO 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 AeGFR and ACD14++CD16+ monocytes number (r =-0.339, p= 0.05).
Additional correlates of AeGFR included serum albumin at TO (rho=0.395, p=0.021) and
Auric acid (r =0.567, p<0.001). At stepwise linear regression analysis, CD14++CD16+
monocytes (f=0.338, p=0.04) and Auric acid (=0.477, p=0.006) remained independent
significant correlates of AeGFR. AUPCR 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 TO, and inversely
correlated with the TO percentage of T-lymphocytes (r=-0.402, p=0.02) and CD8+ T cells (r =-
0.603, p<0.001) as well as with AHemoglobin (r =-0.385, p=0.027). At stepwise linear
regression analysis, only the CD8+ T cells percentage at TO remained independently
correlated to AUPCR (B=—0.379, p=0.03).

Table 28. Main laboratory parameters in TO and T1 in kidney transplant recipients

To Tl p-value

eGFR

. ) 58 +17 53 +18 0.004
(ml/min/1.73m"?)
UPCR (g protein/g 0.16 (0.09-0.56) 0.16 (0.10-0.70) 0.489
creatinine)
Hemoglobin (g/dl) 13.5+1.8 13.2+2.0 0.182
Uric Acid (mg/dl) 6.81£1.5 7.1+1.8 0.425
ESR (mm/hour) 20114 22119 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 114432 129+30 0.259
(ng/ml)
Tacrolimus CO 6.8+ 2.3 7.01£2.2 0.744

(ng/ml)




157

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 TO 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 18974819 0.06
Lymphocytes (%) 243 18.4 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 (%) 4.31.9-6.7) 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 (%) 34.049.3 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 AeGFR and AUPCR in kidney transplant recipients.

AeGFR

AUPCR

Monocytes % (T0)
r=0.359, p=0.037
CD14++CD16+ N (T0)
r=0.502, p=0.003
CD14++CD16+ % (T0)
r=0.438, p=0.008
ACD14++CD14+
r=-0.339, p=0.05
serum Albumin (T0)

r=0.395, p=0.021

B-lymphocytes % (T0)
r=0.385,p=0.027
CD4+ T-cells% (TO)

r=0.352, p=0.044

T-lymphocytes % (T0)

r=-0.402, p=0.02
CD8+ T cells % (TO)
r=-0.603, p<0.001
AHemoglobin
r=0.385, p=0.027

Auric acid

r=0.567, p<0.001

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; A, difference between values of eGFR and UPCR between T1 and
TO 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-f 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% Cl 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 (B = 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 (=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 (B=-0.516, p=0.01 and B=-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

low

during the proliferation phase, Ly6C"" 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 Ml 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



162

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 (B =0.416, p=0.015) and
Untwist parameters (B =-0.742, p=0.009) as well as with improved GLS following
dipyridamole infusion (f=-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 TGFB 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 TNFa which among the inflammatory mediators is
considered the master regulator of inflammation. Continuous and excessive expression of
TNFa has been considered a major culprit which promotes transition from early cardiac
remodeling to overt myocardial decompensation (754). Furthermore, TNFa contributes to
the adverse cardiac remodeling that occurs in the pressure-overload TAC model, as was
demonstrated in TNFa-knockout mice (757). In contrast, strikingly, the results of the
multicenter clinical trials conducted in HF patients using medications that inhibit TNFa, such
as infliximab, an antibody against TNFa, and etanercept, a soluble recombinant receptor of
TNFa, 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 TNFa gene expression in patients with compensated
aortic stenosis compared to patients with decompensated stenosis, thus suggesting a
potential adaptive role of TNFa during the early cardiac remodeling process and
development of compensatory concentric LV hypertrophy (754). Inhibition of the TNFR (TNF
receptor) 1 in TNFa overexpressing mice attenuates myocardial hypertrophic remodeling
and protects myocardial function whereas on the other hand, inhibition of TNFR,
exacerbates dilation and HF (754). Accordingly, TNFR; activation exerts pro-inflammatory,
pro-hypertrophic effects and subsequently leads to the development of myocardial
dysfunction, whereas co-activation of TNFR, during B 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-kB
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-kB 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-kB was associated with increased risk
of LV dysfunction as well as HF development and progression (763, 764).

The altered Ca** entry is implicated in the pathological LVH development (765). An
alternative Ca** 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 TNFa triggered TNFR,-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 Ml,
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 Ca®*-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
CCR,* Ly6C™" 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)/uL and 8 (IQR, 5.6-12)% vs 16 (IQR, 13-18)/uL 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)/uL vs 35 (IQR, 18—43)/uL,
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 TNFa 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 TNFa, IL-1 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)/uL versus 36
(IQR, 22-61)/uL, p = 0.01] and CD14+CD16++ monocytes [37 (IQR, 35-49)/uL versus 21 (IQR,
12-32)/uL, 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)/uL and 87.1 (IQR, 83.6-90.1)% vs 366 (IQR, 258-438)/uL 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, aKlotho 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-1pB, 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 aKlotho 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 (Egrl) (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 B-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 aKlotho and FGFR 1, 2, and 4
receptors (772). In addition, activation of TLR1 and TLR2 and subsequent increase in IL-15
and IFNy 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-a-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)/uL vs 19 (IQR, 10-21)/uL,
p=0.044] and KTRs [25 (IQR, 19-36)/uL and 5.8 (IQR, 4.3-8.2)% vs 18 (IQR 13-28)/uL 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-a-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 Fcy-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-y, 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 naive 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 (B=-0.451, p=0.009) as well as
with the dipyridamole induced improvement of LVEF in KTRs (B=-0.378, p=0.024). Likewise,
in KTRs we found a negative correlation of CD4+ T-cells both with MAPSE (B=-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 (B= 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, IFNy 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 IFNy 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 (= 0.405, p=0.021) and
untwist (B=-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/uL vs 1672 +387/uL, p=0.025) and B lymphocytes [68 (IQR, 31-104)/uL and 4.2
(IQR, 2.2-9.0)% vs 224 (IQR, 171-261)/uL 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/uL vs 1920 + 545/uL, 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% Cl 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 (p = 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 plague 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 (B= -0.387, p=0.017) as well as with
GLS (B=-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-y 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-y 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-y and IL-17 that have been shown to be related to arterial
hypertension (515). Thus, as already previously described IFN-y knockout mice did not
respond to angiotensin Il induced hypertension and appeared protected from angiotensin Il
induced vascular and kidney dysfunction (515, 547). Yet, results from the MESA study did
not show an association between other IFN- y producing adaptive immune cells, such as Th1l
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 IFNy, 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 M1 (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)/uLvs 324 (IQR, 179-368)/uL, 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)/uL versus 260 (IQR, 151—
314)/uL (p = 0.01)]. The depleted NK cells levels in HF and advanced CKD have been ascribed
to the chronic inflammatory state and upregulation of 1l-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)/uL vs
57 (38-68/uL 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)/uL and 0.93 (IQR, 0.63-1.71)% vs 33 (IQR, 19-48)/uL 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)/uL vs. 47 (IQR, 34-85)/uL, 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 specificimmune 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 (A) 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 (B =
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) (B =-0.516, p=0.01 and B =
-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 (3 = 0.416, p = 0.01)
and untwist parameters (B = -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 (B =-0.431, p = 0.009) as well as with the dipyridamole induced improvement
of left ventricular EF in KTRs (B = -0.378, p = 0.02). Likewise, in KTRs we found a negative
correlation of CD4+ T-cells both with MAPSE (B = -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 (B = 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 (B = 0.405, p = 0.02 and B =-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
(B=-0.387, p =0.02) as well as with GLS (B =-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/uL increase; 95% Cl 0.75—
0.97; p = 0.01), T-cell number (OR 0.82 per 100 cells/uL increase; 95% Cl 0.70—0.96; p =
0.01), CD4+ T-lymphocyte number (OR 0.66 per 100 cells/uL increase; 95% Cl 0.50-0.87; p =
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0.004), CD8+ T-lymphocyte counts below their median value cut-off of 410/uL (OR 4.67; 95%
Cl 1.14-19.07; p = 0.03), Treg counts below their median value cut-off of 35/uL (OR 6.63;
95% Cl 1.36-23.27; p = 0.01), and CD14++CD16+ monocyte counts above their median cut-
off value of 40/uL (OR 4.13; 95% ClI 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% Cl 0.50—0.87; p = 0.004). In contrast, no such associations were
found for age, eGFR, UPCR, hsTnl, 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.

NepiAnyn

H SuompocApHOOCTN EVEPYOTIOLNGN TOU OVOGOTIOLNTIKOU OUOTHUATOC daiveTal va
nailel ovolaotikd podo otn maboyévela tng XNN kal Twv kapdlayyelakwy mabroswv. O
POAOG TWV CUCTATLKWY TOU AVOCOTIOLNTLKOU CUOTAUATOG oTnv maboyévela tou remodeling
Tou puokapbiouv otn XNN Kal PETA TN HETAPOOXEUON VEDPOU, TIAPAEVEL ASLEUKPIVLOTOG.
Ta 6edopéva OXETIKA e TIG TOAVEG LETABOAEG KOl SLATAPAYES TWV KUTTAPLKWY OTOLXELWY
TOU avoooToLNTIkoU cuothpatog otoug aoBeveic pe XNN og €dadog kapdlakng
avenadpkelag, SnAadn pe kapdlovedplkd cuvdpopo tumou 2 (KNZ-2) mapapévouv eAdxLoTa
HEXPL TWPOAL.

Me Bdon Ta mopandvw TPAYHATOTOONKE SLAoTPpWHUATLKN UEAETN OE LA KOOPTH
aoBevwy pe XNN xwplig eyKaTECTNUEVN KAPSLOYYELAKN VOGO KOL TTOPOLOLWE OE L KOOPTH
Anmtwv vedplkoL pooxevupatog (ANM) xwpig eykateotnuévn kapdlayyelakny vooo, e 0TOXO
Vv Slepelvnon yla mpwtn dopd otn BLBAoypadia Twv mBavwv cucKETICEWY EVOG
ETUAEYUEVOU TTAVEA UTIO-TANBUCUWY AVOCOKUTTAPWY OTO EPLPEPLKO alpa, e KAATOIKOUG
Kall vedTtepoug deikteg Asttoupylag Tou puokapdiou, cupumneplhapBavovtag Toug SeiKTeg
mapapopdwaong TG aplotepn Koliag, péow Stodlaotatng nxokapdloypadiag «speckle
tracking”. ErumAéov, e€etaotnkav ol iBavég Sltadopég otnv €kdPpacn TwV AVOCOKUTTAPWY
HeTAL Twv acBevwv pe XNN kat twv ANM. AlepeuvrnOnke n €kdpacn Tou EMAEYUEVOU
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TLAVEA TWV OVOOOKUTTAPWY OTO MEPLPEPLKO alpa O€ Lo KoopTr) acBevwyv pe KNZ-2 kabwg
Kall £ylvav oUYKploelg pe po opada acBevwyv pe XNN, xwpig eykateotnuévn kapSlayyeLokn
VOO0, EEOUOLWHEVWY WE TIPOG TO PUAO Kal TO pUBUO oTelpapatikig dtBnong (eGFR).
ErutAéov, SlepeuvnBnkav oL TBAVES KALVIKO-EPYAOTNPLOKEG CUCXETIOELS TWV
OVOOOKUTTAPWY OTLG OUASEG TV aoBevwy. To MPOONTIKO OKEAOG TNG LEAETNG £lXE WG KUPLO
otoxo0 TN Slepelivnon yla mpwtn ¢opa otn BLBAloypadia TNG MPOYVWOTLKNAG AELaG Twv
UTTOTUTTWYV TWV 0lVOCOKUTTAPWYV UE KATAANKTIKO GUVOUAOTIKO oNnUElo TNV OAKA 1
kapdLlayyelakn Bvntétnta otoug aobeveig pe KN2-2. EmutAéov, mpayuotonolnke
TUPOOTTTIKN AVAAUCH TWV UTIOTUTIWY TWV OVOCOKUTTAPWYV OTO TEPLPEPLKO alpa Twv acBevwv
pe XNN kat twv ANM og duo xpovouc (apxtkn avaAuon- TO Kot HeTA amnod 24 punves — T1) evw
SlepeuvnOnkav Kal mBavEG KALVIKEC CUCXETLOELC.

21N peAétn ocuuneplAndOnoav 44 acBeveic pe XNN Kal xwplig eykateotnuévn
kapSlayyelakn vooo, 38 ANM xwpli¢ eykateotnuévn kapdlayyelakn vooo, 39 acbeveic pe
KNZ-2 kaBwg kat 10 vyl dtopa. H avdAluon Twv UTIOTUTTWY TWV 0VOCOKUTTAPWYV OTO
TEPLDEPLKO aipa SlevepynBnKe pe KUTTOPOUETPLA porC. MeTprBnKav TO TOCOOTO TWV
CD14++CD16-, CD14++CD16+, and CD14+CD16++ LLOVOKUTTAPWV ETTL TWV OALKWV
HOVOKUTTAPWV KABwWE Kal 0 arndAuTog aplOpoc Twv UTIOTUTIWY TWV JOVOKUTTApwV. Emtiong,
HETPRONKav To mooooto twv NK kuttapwv (CD3+CD16+56+), CD3- CD19+ B-
Aepdokuttapwy, CD3+ CD4+ T Aspdokuttdpwy, CD3+CD8+ T Aepdokuttapwy, and T
puBuLoTikwy Kuttdpwv (Tregs) (CD4+CD25+ FoxP3+) emi Twv oAlkwv AgpdoKUTTAPpWY KABwG
KOl 0 AIOAUTOC aplBUOC TOUG.

To avOpWIOUETPIKA KoL Ta KAWVIKA Sedopéva kataypddnkav amnd Toug KAWVIKOUG
dakéloug Twv acBeVwWY, CUUMEPIAAUBOVOUEVWVY TWV CUVOCNPOTATWVY KOL TNG
APUAKEUTLKAC AyWYNG EVW CUYXPOVWG HETPNONKav KAaoolkol epyaotnplakol deikteg. Ta
unepnyxokapdloypadikd dedopéva, avtAnbnkav amno umeprnxoug KapdLag mou
SlevepynOnkav evtog evog Unva oo T HETPNON TWV UTTOTUTIWY TWV 0lVOGOKUTTAPWV.
Eldika, 6cov adopd toug acBeveig pe XNN kat toug ANM, petpriBnkav ol KAaoolkol Kalt ot
veotepol Seikteg mapapopdwong TG apLoTEPAG KOWLAG, CUUTIEPIAAUBAVOUEVWVY TWV
eTUNKEC (GLS), aktviko (GRS) katl kukAotepeg (GCS) strain, twist kal untwist, pe «speckle-
tracking» umepnyxokapdloypadniua otnv apxtki daon Kat LeETA TN Xoprynon dutupldapoAng
(DIPSE). Emtiong, urtoAoyiotnkav ot dtadopég (A) peTal TWV TILWV TWV
umepnxokapSLoypadIKWV MOPAUETPWY LETA KAL TIPLV TN Xopriynon SutuptdapoAng.

Ta anoteAéopata TNG LEAETNG WG TIPOG TLG SLadopEC TWV UTIOTUTIWY TWV
OVOOOKUTTAPWV METAEY TWV UTIO-OUASWVY aVESELEQV LETA OO TIPOCAPHOYN Lo
OUYXUTLKOUG TtapAyovtes Omwe NAtkia, eGFR katl mpwtewvoupia (UPCR), mwg ot ANM gixav
uPNAGTEPO MOCOOTO KAACOLKWY HoVOKUTTAPWYV (p=0.02) kot T-Aepdokuttapwyv (p=0.03)
KaBwg Kol xapnAotepo aplbuo kot mooootod Twv CD4+CD16++ pn-KAAOGLKWY LOVOKUTTAPWV
(p<0.001), Twv B-Aepdokuttapwv (p = 0.003) kat Twv Tregs (p=0.008). Ocov adopd TLg
SlapopEg petafl twv aoBevwy pe KN2-2 katl twv aoBevwv pe XNN, peta ano
povoueTaBAntr avaluon moAlvépounong Kal mpooapoyn yla 81adpopouc cuyXUTLKOUG
TapAyoVvTeG, cupmnephapBavovtag tnv nAwkia, pavnke nwg ot acBeveic pe KN2-2 eixav
vdnAotépa enineda twv npo-pAsypovwdwv CD14++CD16+ povoKuTTApwyY KabBwe Kal
xapnAotepa enineda oAikwv Aspdpokuttapwy kot NK kuttdpwy (p < 0.05 yia 6Aa ta
kuTtTtopa). Afloonueiwto elpnua eivat ta avénuéva enineda Twv mpo-PpAeypovwdwy
eVOLAUEOWV POVOKUTTAPWY 0Tou¢ aoBeveic pe KNZ-2 og olykplon He Toug acBeveic pe
XNN, evw dev SlamiotwOBnKkav onuUavtikég Stadopeg we mPog TOUC UTTOAOUTOUC KAXLOOLKOUG
Seikteg pAeypovnc, omwg n CRP 1) n taxvutnta kabilnong epuBpwv (TKE) petafl twv duo
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umo-opadwy. Emiong ta anoteAéoparta avedellav xapunAotepa emnineda twv NK kuttapwv
o€ aoBeveig pe KNZ-2 kot pe cuvuTAPXOUoA XPOVLA KOATILKY) LOPLAPUYT) CUYKPLTIKA LE TOUG
a0Beveig pe KN2-2 mou 6ev elyav KOATUKI HaPUOPUYA.

Ocov adopd TG CUCXETIOELG LETAEY TWV UTIOTUTIWVY TWV AVOCOKUTTAPWY LE TOUG
KAQLOGLKOUG KOlL TOUG VEOTEPOUG SELKTEG SUOAELTOUPYLAC TNG OPLOTEPNG KOLALAG, OTOUG
aoBeveig pe XNN mapatnpnBnke pia ansubsiag aveEdptntn cUCXETLON TOU OXETIKOU
TLAXOUG TNG apLoTePNC KolAlag (relative wall thickness — RWT), évag deiktng extipnong tou
BaBuoU cUYKEVTPLKNG UTIEPTPOdLOC TNG aPLOTEPNG KOLALAG, e Ta KAaoolka CD14++CD16-
povokuttapa (B = 0.447, p = 0.004), evw n CUCXETLON LLE TNV APTNPLAKA UTLEPTACN XAONKE
KOTA TNV TTOAUTTIOpAyoVTIKI) avaAuon. Entiong, otoug ANM, 0 aplBuog Twv KAACOLKWY
CD14++CD16- povokuttapwyv aveédelée avtiotpodn cuoxetion Ue T BeATiwon Twv SelKTwy
OUOTOALKNG KLVNTIKOTNTOG TWV TOLXWHATWY TNG apLoTEPNG KoLAlag, onwc ot medial and
lateral wall systolic velocity (S| and Sm), petd tn xopriynon dutuptdapoAng, (B = -0.516, p =
0.01 and B =-0.707, p < 0.001, avtictoixa). Eva dAAo evéladEpov eVpnUA TNG LEAETNG
amoteAel n avelpeon evog trend aveédptnNTwV CUOYXETIOEWV PETAEL TWV EVOLAUECOWV, TIPO-
dAeypovwdwv CD14++CD16+ LOVOKUTTAPWYV LLE TOUG SEIKTEG TOU puoKkapdLlakou strain
otou¢ aoBeveic pe XNN kot otoug ANM. Zuykekplpéva, tTa CD14++CD16+ povokutrapa
avédeléav ave€aptntn ocuoxETion Le uPNAOTEPEC TLUEG Tou GRS otoug acBeveic pe XNN,
evw otou¢ ANM cuoyetiotnkav apeoa pe KaAutepoug deikteg twist (B = 0.416, p = 0.01) kat
untwist (B = -0.742, p = 0.09). Mia iBavn) €€riynon yla Ta anoteAéoparta tng LEAETNG, v
Kall UTIOBETIKN, Ba NTav MW n avilotadbulotikn avénon otoug strain deikteg emidoong tou
Huokapdiou, mpowBeital og €6adoc tng xpoviag po-pAeypovwdoug e€epyaaiag tng XNN, n
omola otn cuvéxela wotoco, Ba odnyouaoe oe SelTepo XpoOvo o BAAPN Kat remodeling Tou
Huokapbiou. Ta amoteAéopaTa AUTA SLEYELPOUV EPWTHLATA WG TIPOC TLG TTOAUTIAOKEG
5L0TNTEG TWV Mpo-PpAcypovwdwv CD14++CD16+ HOVOKUTTAPWY KOl TN GUHHETOX TOUG OTN
naBoyévela tou remodeling tou puokapdiov otn XNN KaBwg Kol LETA TN PETAUOCXEVUON
vedppo.

IXETIKA LE TOUG UTIO-TIANBUOLOUG TWV AgdOKUTTAPWY, OPVNTIKH CUCXETLON
aveupeOnke Petal twv CD4+ T-AepudoKUTTAPWV Kol TOU KAAoUatog eEwBAoews TG
aplotepng koliag (EF) (B =-0.431, p = 0.009) otoug acbeveig pe XNN, 6mwg Kal emiong Kat
HE BEATIWHEVEG TIUEG TOU EF petd ) xoprynon SutuptdapudAng otoug ANM (B =-0.378, p =
0.02). Napopoiwg, otoug ANM, aveupéBnke apvntikr cuoxEtion Twv CD4+ T-
Aepdokuttdpwy pe tn mapdpuetpo MAPSE (B = -0.463, p = 0.04), évav svaicBnto deiktn
TIPWLKNG OUCTOALKAG SUCGAELTOUPYLOG TNG OPLOTEPNG KOLALAG KaL TN tapapeTtpo TAPSE,
Seiktng Aettoupylag tng 6€€LAG KOLWALOG, av KaL N CUCXETLON KE TNV TEAEUTALA TTAPAUETPO
XAONKe KATA TNV TIOAUTIAPAYOVTLKH avaAuon. 2 cupdwvia LE Ta tapanavw, ocov adopd
Touc Seikte( strain tng aplotepn koiag otoug ANM, ta CD4+ T-Aepdokutrapa, avedelfav
OPVNTLKN) CUCXETLON UE BEATIWHEVEG TIUEC TOU GLS petd tn xopriynon dutuptdapdAng (B =
0.403, p = 0.01). AcSOHEVOU TWV AVWTEPWY EUPNUATWY, OTTOLTEITOL TIEPALTEPW
XOPOAKTNPLOUOG TWV AMAVINOEWV TwV CD4+ T-AeudpoKUTTAPWVY WOTE vVa SLEVKPLVLOTOUV
TiOaveC maBoPpuCLOAOYLKEG CUOXETIOELG UE TNV OUPALULKA Huokapdlonabela, va avaluBel o
POAOC TouC WG TiBavol BlodelkTeg TNG VOOOU KOl OTN CUVEXELQ VO EKTLUNBEL n BepameuTikn
enidpacon Tn¢ avoootpornonoinong oto remodeling Tou puokapdiouv otn XNN. Ocov adopd
ta CD8+ T-AepdokuTTapa, aveupeOnkav aveEApTNTEG CUCKETIOELS UE TO twist Kal To untwist
NG aplotepn g Kowiag otoug acBeveic pe XNN (B = 0.405, p = 0.02 and B =-0.363, p = 0.03
avtiotola).
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To amoTeEAECUATO TNG TIPOOTITIKNG MEAETNC TWV a.oBevwv pe KNZ-2 avédeléav mwg
Kata tn dldpkela péong napakolovdnong 29.8 £3.4 unvwy, 23 acbeveig pe KN2-2 (59%)
ekbNAwoav To cuVSUACTIKO KATAANKTIKO ONUELO TNG LEAETNG. Katd TNV avaAuaon AOYLOTLKAG
TMaAlvépouNong, oL UTO-MANBUCHOL TWV AVOCOKUTTAPWYV TIOU GUCXETIOTNKAV E TNV OALKN )
kapdLlayyelakn Bvntétnta nTav ta oAtka Aspdokuttapa (OR 0.85 ava 100 kuttapa/uL
avénon; 95% Cl 0.75-0.97; p = 0.01), ta T-Aepdokutrapa (OR 0.82 ava 100 kuttapo/pL
avénon; 95% Cl 0.70-0.96; p = 0.01), ta CD4+ T-Aepdokuttapa (OR 0.66 ava 100
kuttapa/pL avgnon; 95% Cl 0.50-0.87; p = 0.004), ta. CD8+ T-Aepdokuttdpa xapnAdtepa
Tou erunédou cut-off tng Stdpeong Tung twv 410/ul (OR 4.67; 95% Cl 1.14-19.07; p = 0.03),
ta Tregs xapnAotepa tou enuédou cut-off tng Stadpeong tung twv 35/ul (OR 6.63; 95% ClI
1.36-23.27; p = 0.01) kaBwg kot ta CD14++CD16+ povokuttapa Avw tng SLAPEDTNG TLUAG
cut-off twv 40/uL (OR 4.13; 95% Cl 1.06-16.1; p = 0.04). To MOAUTIOPAYOVTLKO LOVTEAO
ovAAUGONG TTOU cUMTEPLEAAPE KAl TOUG £EL UTIO-MANBUGCHOUC TWV AVOCOKUTTAPWY, OVESELEE
pHovo ta CD4+ T-AepdokUTTapa va TIapaEVOV WE aVeEEAPTNTOL TIPOYVWOTIKOL TTOPAYOVTES
™¢ Bvnowotntag (OR 0.66; 95% Cl 0.50-0.87; p = 0.004). 2 avtiBeon pe ta mapanavw, Sev
aveup£Bnkav cuoxetiopol petafl tng nAtkiag, tou eGFR, tou UPCR, tng hsTnl, tou BNP 1y
TWV UTIOAOITIWY KALVIKWV KOL EPYAOTNPLAKWY SEIKTWY UE TNV OALKA KAl TNV KAPSLOYYELaKD)
Bvnowotnta. Eniong, yla toug acBeveic pe KN2-2 SievepynOnke avaluon emiBiwong
(kapmUAeg Kaplan-Meier) avaloya pe ta enineda Twv umo-mANBUCUWY TWV AVOCOKUTTAPWV
(avwTtepa n kKaTwTepA TNG SLAUESNC TIUNAG TOUC). Melwpéva eTtimeda Twv OAKWV
Aepdokuttapwy, Twv T-Aepdokuttdpwy, Twv CDA+ T-Aepdokuttapwy, Twv CD8+ T-
AepdokuTtapwy Kal Twv Tregs CUCXETIOTNKAV UE TN BvNoLUOTNTA KATA T HEON
napakoAouBnon twv 30 pnvwv (p < 0.05 yia 0Aa ta log-rank teot). Ano tnv aAAn, avénuéva
enineda twv npopAeypovwdwy evélapeocwv CD14++CD16+ HOVOKUTTAPWY AVESELEQV pLa
Taon ywa auénuévn Bvnowdtnta (p = 0.093).

H mpoomtikr mapakoAouBnon Twv UMOTUNMWY TWV 0VOCOKUTTAPWY OTO TEPLPEPLKO
aipa ANM avédelfe kata TNV avaAUon YPAUULIKAG TTAALVEpOUNOoNG, aveéApTNTN CUOXETLON
Twv CD14++CD16+ povokuTttdpwv Ue HetaBoAég Tou eGFR ($=0.338, p=0.04) kat
avtiotpodn cuoxétion twv CD8+ T-AepudokuTttdpwyV pe LETABOAEG TNG MpwTevouplag (B=—
0.379, p=0.03).

ZUUTMEPACUATIKA, TA ATOTEAECUA TNG LEAETNG TIPOBAAANOUV TIPOKATOPKTLKEG
eVOELEELG OXETIKA HE TIG aveEAPTNTEG CUOXETIOELS HETAEY TWV UTO-MANBUCUWY TWV
OVOOOKUTTAPWY, OTWE Ta KAaoolkd CD14++CD16- povokUTTapa Kal To eVOLapeca
povokuttapa, Ta NK kuttapa kabwg Kal Toug UTIOTUTIOUS TWV AEUPOKUTTAPWY, LE TOUG
UTTOKALVIKOUG Seikteg SuoAeltoupyiag Tou puokapdiou cupnephapfdavovtog Toug SeikTeg
napapopdwaong TnG aplotepn Koliag, oe aoBeveig pe XNN kat ANM xwpig eykateotnuévn
kapSlayyelakn vooo. AapBavovtag umoPn nwe avenaiodnteg HeTaBoAEG TNG KAPSLAKAG
Aewtoupylog eykaBiotavral mpwipa katd tnv €EAEN tng XNN, Ta amoteAéopaTa AUt TG
HeAETNG mapéxouv vEéa dedopéva Ta omola elonyouvtol BavO poAO CUYKEKPLUEVWY
0VOOOKUTTAPLKWY Ppatvotunwy otn puokapdiomabeia tng XNN. EmumA€oy, Ta amoteAéopota
™G HEAETNC avedel€av SLadopEC WG IPOC TNV EKPPOON TWV UTIO-TIANBUCUWVY TwV
0VOOOKUTTAPWV METAEL TwV aoBevwv pe KN2-2 kot Twv acBevwyv pe XNN xwpic
EVKATEOTNMEVN KAPSLOYYELOKS) VOGO, UTIOSELKVUOVTAC £TOL TNV EUMAOKN SLadOPETIKWY
0VOOOAOYLIKWVY UNXAVIOUWV otnv taboyevela kat otnv €€AEN tng XNN og €5adog tng
KapSLaKNC avemapKelaG. Ev TéAel, n peAétn aveédelle yia mpwtn dpopa otn BLBAoypadia to
POAO CUYKEKPLUEVWV UTIOTUTIWY TWV QVOOOKUTTAPWY WC IIPOYVWOTLKOL SeiKTEC £KBaong Twv
oo0Bevwy pe KN2-2.
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