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Introduction: Soluble urokinase plasminogen activation receptor (suPAR) is an immune-derived patho-
genic factor for kidney and atherosclerotic disease. Whether the association between suPAR and cardio-
vascular (CV) outcomes is dependent on the severity of underlying kidney disease is unclear.

Methods: We measured serum suPAR levels in 4994 participants (mean age 60 years; 60% men; 36% with
diabetes mellitus; mean estimated glomerular filtration rate (eGFR) 49 ml/min per 1.73 m?, SD 18) of the
German Chronic Kidney Disease (GCKD) cohort and examined its association with all-cause death, CV death,
and major CV events (MACE) across the range of eGFR and urine albumin-to-creatinine ratio (UACR).

Results: The median suPAR level was 1771 pg/ml (interquartile range [IQR] 1447-2254 pg/ml). SuPAR
levels were positively and independently correlated with age, eGFR, UACR, and parathyroid hormone
levels. There were 573 deaths, including 190 CV deaths and 683 MACE events at a follow-up time of 6.5
years. In multivariable analyses, suPAR levels (log,) were associated with all-cause death (hazard ratio
[HR] 1.36, 95% confidence interval [CI] 1.21-1.563), CV death (HR 1.27, 95% CI 1.03-1.57), and MACE (HR
1.13, 95% CI 1.00-1.28), and were not found to differ according to diabetes mellitus status, baseline eGFR,
UACR, or parathyroid hormone levels. In mediation analysis, suPAR’s direct effect on all-cause death, CV
death, and MACE accounted for 77%, 67%, and 60% of the total effect, respectively; whereas the effect
mediated through eGFR accounted for 23%, 34%, and 40%, respectively.

Conclusion: In a large cohort of individuals with chronic kidney disease (CKD), suPAR levels were asso-
ciated with mortality and CV outcomes independently of indices of kidney function, consistent with its
independent role in the pathogenesis of atherosclerosis.
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being explored as a central component of the common
pathophysiology of CVD and CKD.’ suPAR may be an
important actor of that pathway.

suPAR is an immune-derived signaling glycoprotein
involved in the pathogenesis of kidney disease.
suPAR levels have been shown to be strongly associ-
ated with CVD risk factors and outcomes in various
populations,”'*'” " and have been hypothesized to be
a common link between kidney and cvDp.* 7!
Recently, suPAR has been shown to be causally
involved in atherosclerotic disease.”” Whether the as-
sociation between suPAR and CV outcomes is depen-
dent on kidney function is unclear.

We leveraged the GCKD cohort to better characterize
the link between serum suPAR levels, indices of kidney
function, and CV outcomes. We hypothesize that suPAR
levels are associated with CV outcomes independent of
indices of kidney function. GCKD is a large prospective
cohort of participants with known CKD who underwent
long-term follow-up for CV outcomes and extensive
clinical characterization for CVD and indices related to
kidney function, including eGFR, UACR, blood phos-
phate, and intact parathyroid hormone (iPTH) levels.

METHODS

Study Design and Cohort

We measured suPAR levels in serum samples collected at
enrollment of adult participants of the GCKD cohort; a
large prospective observational study of outpatients
referred to a nephrologist or at a participating university-
affiliated medical center between March 2010 and
2012.°* Out of 5217 participants, 4994 (96%) had
enough blood samples for suPAR measurements. Patients
were enrolled in GCKD if their creatinine-derived eGFR
ranged between 30 and 60 ml/min per 1.73 m” or if they
had a urinary albumin excretion of 300 mg/g of creatinine.
Glomerular filtration rate values were estimated using the
Chronic Kidney Disease Epidemiology Collaboration for-
mula.”” Recipients of organ transplants and patients with
cancer or severely symptomatic heart failure (New York
Heart Association class IV) were excluded. There were
otherwise no restriction or enrollment stratification based
on the underlying cause of kidney disease. The study was
approved by local ethics committees and registered in the
national registry for clinical studies (DRKS 00003971) and
conducted in accordance with the principles of the
Declaration of Helsinki. Informed written consent was
obtained from all participants.

Follow-up and Outcomes

Patients underwent annual interviews by trained
personnel in alternating phone visits and face-to-face
interactions. For the purpose of this analysis, data
extraction from the main GCKD database was performed
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in February 2022. The median follow-up time was 6.5
years; 499 (2.3 %) participants had been lost to follow-up,
and 311 (5.9%) of participants opted out of the study.
Data on all-cause mortality, and CV events were collected
and adjudicated based on medical reports obtained from
hospitalizations, death certificates, and autopsies. The
outcomes examined were all-cause death; CV death (fatal
myocardial infarction, sudden cardiac death, and death
due to nonhemorrhagic stroke); and MACE, defined as
the composite of CV death, nonfatal myocardial infarc-
tion, hospitalization due to angina or heart failure, cardiac
surgery, stroke, and peripheral arterial disease (PAD)
events (amputation due to PAD, including diabetes-
related secondary disease, surgical or percutaneous
revascularization due to PAD, or death due to PAD).

suPAR Measurements

We measured plasma levels of suPAR using the human
suPAR Quantikine ELISA Kit (R&D systems, Minneap-
olis, MN) according to the manufacturer’s protocol
(Catalog Number DUP00). The minimal detectable
suPAR concentration was 33 pg/ml. The intraassay co-
efficients of variation for low (mean 836 pg/ml), medium
(1593 pg/ml), and high (2412 pg/ml) suPAR levels were
2.1%, 4.1%, and 7.5%, respectively. SUPAR measure-
ments have been shown to be stable in long-term storage
(over 5 years) and are minimally affected by repeated
freezing and thawing cycles.}6 Technicians measuring
suPAR were blinded to clinical data.

Statistical Analysis

Clinical Characteristics, Kidney Function, and suPAR
Levels

We described the cohort using mean values and SDs for
normally distributed variables, and median values and
IQRs (25th — 75th percentile) for nonnormally distrib-
uted variables. Categorical variables were presented as
frequency distributions with percentages. Descriptive
analyses were performed for both the overall cohort
and for strata defined by MACE occurrence and suPAR
quintiles. We used boxplots depicting suPAR levels
across eGFR categories (<30, 3045, 46—60, >60 ml/min
per 1.73 m®) and severity of albuminuria (<30 mg/l,
30-300 mg/1, or >300 mg/l). We reported the Spearman
rank correlation between suPAR, eGFR, UACR, and
iPTH. To identify determinants of suPAR levels, we
used linear regression modeling of log,(suPAR)
(dependent variable), including the following cova-
riates in the model: age, gender, body-mass index,
eGFR, UACR, smoking, hypertension, diabetes melli-
tus, coronary artery disease, PAD, history of stroke,
statin therapy, low density lipoprotein cholesterol, and
high-density lipoprotein cholesterol levels. Missing
data was <1% for the aforementioned variables.
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suPAR and Outcomes

Time-to-event outcomes were defined as follows: If
patients failed to complete the 6-year follow-up period,
censoring was performed at the time of the last follow-
up; for example, when participants were lost to follow-
up or refused to further participate in the study. We
plotted cumulative incidence functions for each of the
analyzed outcomes by applying the Aalen-Johansen
estimator.

After checking that the proportional hazard
assumption was not violated (supremum test, including
multiple comparisons by the
Bonferroni-Holm method), we used Cox proportional
hazards regression to characterize the association be-
tween suPAR levels at enrollment and the 3 outcomes,
namely all cause death, CV death, and MACE as pre-
viously defined. Due to its skewed distribution, suPAR
levels were examined both as a continuous variable
(log, transformed) and as a categorical variable (quin-
tiles). The following nested models were examined:
Model 0 included suPAR alone; model 1 included
suPAR in addition to demographics and CV risk fac-
tors: age, gender, body-mass index, current smoking,
hypertension, diabetes mellitus, low density lipopro-
tein, and high-density lipoprotein. In model 2, we
added coronary artery disease, stroke, and PAD. Model
3 included in addition indices of kidney function,
namely eGFR and UACR. Lastly, model 4 included
phosphate and iPTH levels. HRs obtained from Cox

a correction for

Table 1. Cohort characteristics stratified by MACE
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regression were presented with 95% CI. We created a
forest plot depicting the HR of suPAR in each model.

Sensitivity and Mediation Analyses

To assess whether the association between suPAR and
outcomes differed according to subgroups of patients
with CKD, we tested the interaction between the log,-
transformed suPAR level and the variables of interest,
and computed HR for each outcome in the following
subgroups: patients with and without diabetes melli-
tus, patients stratified according to eGFR (<30, 3045,
4660, >60 ml/min per 1.73 m°) and albuminuria (<30
mg/l, 30-300 mg/l, >300 mg/l). In order to ascertain
whether the influence of suPAR on all-cause mortality,
CV mortality, and MACE was mediated by eGFR and
UACR, a causal mediation analysis was conducted
employing the variables from model 4. To accomplish
this, we utilized the 'mediate()’ function available in
the ‘mediation’ package in R. In this process, we
deployed a model-based strategy, which encompassed
1000 simulations and leveraged a quasi-Bayesian
approach for the estimation of standard errors. In our
report, we detailed estimates of the average causal
mediation effect, a numerical measure denoting the
extent of the mediator’s influence on the overall effect
of the exposure-outcome association. In addition, we
provided estimates of the average direct effect, the
average total effect, and the proportion mediated.

MACE-free Survivors MACE
Characteristics All (N = 4994) (N =431) (N = 683)
Age (yrs), mean (SD) 60 (12) 59 (12) 65 (8)
Male, n (%) 3001 (60.1) 2484 (49.7) 517 (75.7)
Body mass index (kg/m?), mean (SD) 30 (6) 30 (6) 31 (6)
History of smoking, n (%) 2951 (59.1) 2486 (57.7) 465 (68.1)
eGFR (ml/min per 1.73 m?), mean (SD) 49 (18) 50 (19) 44 (15)
UACR, urine (mg/g), (median; 25th-75th percentile) 50.9 (10-387) 49 (9-375) 530 (47-510)

Albuminuria n (%)

<30 mg/l 2363 (48.1) 2066 (47.9) 297 (43.5)

30-300 mg/I 1412 (28.7) 1210 (28.0) 202 (29.6)

>300 mg/I 1141 (23.2) 966 (22.4) 175 (25.6)
Hypertension, n (%) 4807 (96.3) 4132 (95.8) 675 (98.8)
Diabetes mellitus, n (%) 1791 (35.9) 1387 (32.2) 404 (59.2)
Peripheral arterial disease, n (%) 471 (9.4) 319 (7.3) 152 (22.3)
Coronary artery disease, n (%) 988 (19.8) 705 (16.3) 283 (41.4)
Stroke, n (%) 481 (9.6) 348 (8.1) 133 (19.5)
Heart failure, n (%) 884 (17.7) 699 (16.2) 185 (27.1)
Statin freatment, n (%) 2359 (47.2) 1945 (38.9) 414 (60.6)
LDL (mg/dl), median;(25th-75th percentile) 114 (89-143) 115 (91-144) 103 (80-135)
HDL (mmol/l), median;(25th—75th percentile) 48 (39-61) 49 (40-62) 44 (35-55)

Phosphate (mmol/l), median (25th-75th percentile)
iPTH (pg/ml), median (25th-75th percentile)
SUPAR (pg/ml), median (25th-75th percentile)

111 (0.97-1.24)
37.1 (24.0-58.1)
1771 (1447-2254)

1.10 (0.97-1.23)
36.5 (23.8-56.5)
1745 (1426-2219)

1.11 (0.97-1.24)
44.25 (29.5-71.8)
1959 (1608-2479)

eGFR, estimated glomerular filtration rate; HDL, high density lipoprotein cholesterol; iPTH, intact parathyroid hormone; LDL, low density lipoprotein cholesterol; MACE, major adverse
cardiovascular events; suPAR, soluble urokinase plasminogen activator receptor; UACR, urine albumin-to-creatinine ratio.
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Table 2. Cohort characteristics stratified by soluble urokinase plasminogen activator receptor quintiles
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SUPAR SUPAR SUPAR SUPAR
Quintile 1 Quintile 2 SuPAR Quintile 3 Quintile 4 Quintile 5
<1378 >1378 - <1636 >1636 - <1929 >1929 - <2417 >2417
Characteristics (N = 999) (N = 1000) (N = 998) (N = 999) (N = 998)
Age (yrs), mean (SD) 58 (12) 60 (12) 61 (12) 62 (11) 60 (13)
Gender, male n (%) 669 (67.0) 602 (60.2) 566 (56.7) 585 (58.6) 579 (58.0)
Body mass index (kg/m?), mean (SD) 29 (5) 30 (6) 30 (6) 30 (6) 30 (7)
History of smoking, n (%) 556 (55.6) 566 (56.6) 561 (56.2) 654 (65.5) 614 (61.5)
eGFR (ml/min per 1.73 m?), mean (SD) 61 (20) 52 (17) 47 (15) 44 (16) 43 (17)
UACR (mg/g), median (25th-75th percentile) 24 (6-192) 33 (8-223) 51 (11-383) 85 (14-593) 99 (13-685)
Albuminuria, n (%)
<30 mg/l 552 (56.4) 536 (54.6) 459 (47.0) 417 (42.3) 399 (40.5)
30-300 mg/I 253 (25.9) 270 (27.3) 298 (30.5) 292 (29.6) 299 (30.3)
>300 mg/l 173 (17.7) 182 (18.4) 220 (22.5) 278 (28.2) 288 (29.2)
Hypertension, n (%) 935 (93.6) 963 (96.5) 963 (96.5) 980 (98.2) 966 (96.8)
Diabetes mellitus, n (%) 252 (25.2) 300 (30.0) 375 (37.6) 436 (43.6) 428 (42.9)
Peripheral arterial disease, n (%) 52 (5.21) 74 (7.41) 97 (9.72) 120 (12.0) 128 (12.8)
Coronary artery disease, n (%) 132 (13.2) 170 (17.0) 222 (22.2) 248 (24.6) 216 (21.6)
Stroke, n (%) 67 (6.71) 95 (9.51) 93 (9.32) 118 (11.8) 108 (10.8)
Heart failure, n (%) 123 (12.3) 171 (17.1) 179 (17.9) 211 (21.1) 200 (20.0)
Statfin freatment, n (%) 411 (41.1) 453 (45.3) 494 (49.5) 530 (53.1) 471 (47.2)
LDL (mg/dl), median (25th-75th percentile) 118 (96-146) 117 (92-143) 114 (87-143) 110 (86-142) 109 (84-139)
HDL (mmol/l), median (25th-75th percentile) 50 (41-61) 49 (40-62) 48 (40-62) 47 (38-60) 47 (37-61)

Phosphate (mmol/l), median (25th-75th percentile)
iPTH (pg/ml), median (25th-5th percentile)

1.08 (0.96-1.20)
29.2 (20.1-41.5)

1.10 (0.96-1.22)
33.9 (22.3-50.9)

1.09 (0.96-1.22)
38.9 (24.9-58.6)

1.11 (0.99-1.25)
42.3 (27.9-67.7)

1.14 (0.99-1.28)
46.5 (27.0-72.0)

eGFR, estimated glomerular filtration rate; HDL, high density lipoprotein cholesterol; iPTH, intact parathyroid hormone; LDL, low density lipoprotein cholesterol; suPAR, soluble urokinase
plasminogen activator receptor; UACR, urine albumin-to-creatinine ratio.

Analyses were performed using SAS 9.4 2002—2012
(SAS Institute Inc., Cary, NC) and R version 3.4.3 (R
Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Cohort Characteristics

A total of 4994 participants of the GCKD cohort were
included in this analysis (Table 1). The cohort consisted
of 60.1% men. Over a third of participants (35.9%) had
diabetes mellitus, and 19.8% had known coronary artery

disease. The mean eGFR of the cohort was 49.4 (SD 18.3)
ml/min per 1.73 m?, and 23.2% of participants had >300
mg/l of albuminuria. The median serum phosphate level
was 1.10 mmol/l (IQR 0.97-1.24), and the median intact
parathormone level was 37.1 pg/ml (IQR 24.0-58.1).
Detailed clinical characteristics are listed in Table 1.

suPAR Level and Their Determinants
The median suPAR level of the cohort was 1771 pg/ml
(IQR, 1447-2254). SuPAR levels tended to be higher in
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Figure 1. Estimated glomerular filtration rates (eGFR) and urine albumin-to-creatinine ratio (UACR) stratified by suPAR quintiles. Box plots
depicting the distribution of eGFR and UACR stratified by suPAR quintiles. Panel A shows the distribution of eGFR across suPAR quintiles. Panel
B shows the distribution of UACR across suPAR quintiles. The box represents the interquartile range (IQR), with the line inside the box indicating
the median value. Whiskers extend to 1.5 times the IQR. suPAR, soluble urokinase plasminogen activation receptor
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Table 3. Determinants of suPAR levels in GCKD
SuPAR, log-transformed

Variables Estimate 95% ClI P value

Age, per yr —0.0052 (—0.0070 to —0.0035) <0.001

Male gender 0.0999 (-0.1410 to —0.0587) <0.001

Body mass index, per 1 0.0004 (—0.0029 to 0.0037) 0.81
kg/m?

Current smoking 0.0081 (—0.0290 to 0.0452) 0.67

€GFR, per T ml/min per —0.0082 (—0.0093 to —0.0070) <0.001
1.73 m?

UACR, per 1 mg/g 0.0001 (0.000 to 0.0001) <0.001

Hypertension 0.0571 (—0.0378 t0 0.1519) 024

Diabetes mellifus 0.0838 (0.0427 t0 0.1250) <0.001

Peripheral arterial disease 0.0855 (0.0239 t0 0.1472) 0.007

Coronary artery disease 0.0218 (—0.0276 10 0.0712) 0.38

Stroke 0.0449 (—0.0158 to 0.1057) 0.15

Heart failure 0.0303 (—0.0197 to 0.0803) 0.06

Low density lipoprotein, —0.0006 (—0.0011 to —0.0002) 0.005
per 1 mg/dl

High density lipoprotein, 0.0006 (—0.0005 to 0.0017) 0.29
per 1 mg/dl

Phosphate, per 1 mmol/I 0.0796 (—0.0116 10 0.1708) 0.09

iPTH, per 1 pg/ml 0.0015 (0.0010 to 0.0020) <0.001

Cl, confidence interval, eGFR, estimated glomerular filtration rate; GCKD, German
Chronic Kidney Disease cohort; HDL, high density lipoprotein cholesterol; iPTH, intact
parathyroid hormone; LDL, low density lipoprotein cholesterol; suPAR, soluble urokinase
plasminogen activator receptor; UACR, urine albumin-to-creatinine ratio.

women; active smokers; and patients with hyperten-
sion, diabetes mellitus, and atherosclerotic disease
(Table 2). We found a negative correlation between
suPAR levels and eGFR (rs = -0.38), and a weak posi-
tive correlation with UACR (ry = 0.17), phosphate (r; =
0.10) and iPTH (ry =0.24). Participants in the highest
suPAR quintile (>2417 pg/ml) had a lower mean eGFR
(43 [SD 17] ml/min per 1.73 mz) and higher median
UACR (99 mg/g IQR[13-685]) compared to those in the
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lowest suPAR quintile (<1378 pg/ml), with an eGFR of
61 (SD 20) ml/min per 1.73 m” and UACR of 23 mg/g
(IQR 6-192) (Table 2). The increase in suPAR levels
across eGFR and albuminuria categories was stepwise
(Figure 1). In multivariable analysis adjusting for
clinical characteristics and indices of kidney function,
we found suPAR levels to be independently associated
with age, diabetes mellitus, eGFR, UACR and iPTH
(Table 3).

Outcomes in GCKD

Overall, there were 573 deaths, including 190 CV
deaths and 683 MACE events after a median follow-
up time of 6.5 years. Participants who experienced a
MACE at follow-up were older, more likely to be
male, with a history of smoking, and a higher
prevalence of comorbidities (Table 1). The median
suPAR level was higher in participants who experi-
enced MACE (1959 pg/ml [IQR 1608-2479]),
compared to 1745 pg/ml (1426-2219) in MACE-free
survivors. In multivariable analysis, independent
predictors of MACE included age, gender, smoking,
diabetes mellitus, coronary artery disease, PAD, a
history of stroke, high-density lipoprotein, LDL,
UACR, eGFR, iPTH, and suPAR levels (Table 4).
Predictors of all-cause death and CV death and their
estimates are also provided in Table 4.

suPAR and Outcomes

In univariable analysis (model 0), we noted a stepwise
increase in the risk of MACE, all-cause death and CV
death associated with suPAR quintiles (Figures 2 and
3). The highest suPAR quintile (>2417 pg/ml) was

Table 4. Independent predictors of all-cause death, cardiovascular death, and MACE

Hazard ratio, (95% Cl)

All cause death

Cardiovascular death MACE

Variables (n = 573)

SUPAR, per log-base 2
Age, per yr
Female vs. male

Body mass index, per 1 kg/m?

Current smoking

eGFR, per 1 mi/min per 1.73 m?

UACR, per 1 mg/g
Hypertension

Diabetes mellitus
Peripheral arterial disease
Coronary arfery disease
Stroke

Heart failure

Low density lipoprotein cholesterol, per T mg/dl
High density lipoprotein cholesterol, per T mg/dl

Phosphate, per 1 mmol/I
iPTH, per 1 pg/ml

1.36 (1.21-1.53)
1.06 (1.05-1.07)
0.56 (0.44-0.70)
1.00 (0.99-1.02)
2.05 (1.57-2.69)
0.99 (0.98-1.00)
1.00 (1.00-1.00)
1.15 (0.47-2.82)
1.89 (1.56-2.29)
1.35 (1.08-1.70)
1.32 (1.09-1.60)
1.46 (1.17-1.82)
1.72 (1.42-2.10)
1.00 (1.00-1.00)
1.00 (0.99-1.01)
0.98 (0.63-1.52)
1.00 (1.00-1.01)

(n = 190)
1.27 (1.03-1.57)
1.06 (1.03-1.08)
0.48 (0.32-0.73)
1.02 (0.99-1.04)
1.19 (0.73-1.95)
0.98 (0.97-0.99)
1.00 (1.00-1.00)
0.67 (0.16-2.78)
2.37 (1.68-3.34)
1.38 (0.94-2.03)
2.09 (1.51-2.89)
1.36 (0.92-2.00)
1.48 (1.07-2.07)
1.00 (1.00-1.01)
0.99 (0.97-1.00)
1.26 (0.59-2.69)
1.00 (1.00-1.01)

(n = 683)
1.13 (1.00-1.28)
1.04 (1.03-1.05)
0.58 (0.48-0.72)
1.00 (0.99-1.02)
1.64 (1.29-2.08)
0.99 (0.99-1.00)
1.00 (1.00-1.00)
1.31 (0.62-2.79)
1.90 (1.60-2.26)
2.15 (1.77-2.60)
1.84 (1.55-2.19)
1.64 (1.35-2.01)
1.12 (0.93-1.35)
1.00 (1.00-1.00)
0.99 (0.99-1.00)
1.35 (0.90-2.02)
1.00 (1.00-1.00)

Cl, confidence interval; eGFR, estimated glomerular filtration rate; iPTH, intact parathyroid hormone; LDL, low density lipoprotein cholesterol; suPAR, soluble urokinase plasminogen
activator receptor; UACR, urine albumin-to-creatinine ratio.
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Figure 2. Cumulative incidence of outcomes stratified by suPAR
quintiles. (a) shows the cumulative incidence of all-cause death
according to suPAR quintiles. (b) shows the cumulative incidence of
cardiovascular death according to suPAR quintiles. (c) shows the
cumulative incidence of MACE according to suPAR quintiles. MACE,
major adverse cardiovascular events; suPAR, soluble urokinase
plasminogen activation receptor.

suPAR in quintiles

associated with a 2.9-fold (95% CI 2.2-3.8) increase in
the risk of MACE, 5.5-fold (95% CI 3.9-7.7) increase in
the risk of all-cause death, and 7.4-fold (95% CI 3.8—
14.4) increase in the risk of CV death compared to the
lowest quintile (<1378 pg/ml) (Figure 3). The
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association between suPAR levels and outcomes
exhibited minimal attenuation after adjusting for de-
mographics and CV risk factors or phosphate and iPTH
levels (Figure 3). The strongest attenuation of the as-
sociation occurred after adjusting for eGFR and UACR.
Overall, suPAR levels remained associated with all-
cause death, CV death and MACE after full adjust-
ment for demographics, CV risk factors, prior CVD, and
indices of kidney function (Figure 3).

Sensitivity and Mediation Analysis

We found no interaction between suPAR and diabetes
status, baseline eGFR, UACR, or iPTH in the association
with all-cause death, CV death and MACE (P > 0.1 for
all interaction terms).

In unadjusted mediation analysis, the total effect of
suPAR for all-cause death was 0.063 (95% CI 0.050—
0.080), 0.019 for CV death [95% CI 0.011—0.030) and
0.032 for MACE (95% CI 0.019-0.050). SuPAR’s direct
effect on all-cause death, CV death and MACE
accounted for 77%, 67%, and 60% of the total effect
,;respectively; whereas the effect mediated through
eGFR accounted for 23%, 34%, and 40%, respectively.
After accounting for all the aforementioned con-
founders (model 4), the proportion of the effect medi-
ated by eGFR and UACR remained small, whereas
suPAR’s direct effect on all-cause death, CV death, and
MACE accounted for 97%, 89%, and 89% of the total
effect, respectively and relative to eGFR (Table 5). Re-
sults were similar for UACR (Table 5).

DISCUSSION

In this large prospective CKD cohort study, we
comprehensively characterize the association between
suPAR, mortality and CV outcomes in patients with
CKD. Our study includes nearly 5000 participants with
long-term follow-up and accounts for several indices of
kidney function, including eGFR, UACR, and iPTH.
SuPAR levels were significantly associated with all-
cause death, CV death, and MACE, independent of
clinical characteristics and the aforementioned indices
of kidney function. Importantly, the association did
not differ according to baseline eGFR or UACR.
Furthermore, mediation analysis revealed that less than
one-third of the effect of suPAR on all-cause death and
CV death was mediated through eGFR. The findings
confirms that suPAR’s link to adverse CV outcomes is
only partially related to its involvement in the patho-
physiology of kidney disease and supports recent
findings of suPAR’s independent role in atherosclerotic
disease.”

The association between kidney disease and
atherosclerotic disease is well-established, with both
conditions sharing several risk factors, including

Kidney International Reports (2023) 8, 2265-2275
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Figure 3. Forest plots depicting the association between suPAR levels and outcomes. 3-panel forest plot depicting the hazard ratios and 95%
confidence interals of the association between each quintile of suPAR (the reference being quintile 1), and (a) all-cause death, (b) cardio-
vascular death, and (c) major adverse cardiovascular events. Model 0 included suPAR alone; model 1 included suPAR in addition to de-
mographics and CV risk factors: age, gender, body mass index, current smoking, hypertension, diabetes mellitus, LDL, and HDL. In model 2, we
added coronary artery disease, stroke and PAD. Model 3 included indices of kidney function eGFR and UACR. Lastly, model 4 included
phosphate and iPTH levels. CV, cardiovascular; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; iPTH, intact parathyroid
hormone; LDL, low-density lipoprotein; PAD, peripheral artery disease; suPAR, soluble urokinase plasminogen activation receptor; UACR, urine

albumin-to-creatinine ratio.

hypertension, dyslipidemia, and diabetes.’”* Patients

with CKD have an increased risk of developing CVD,
and CVD is a leading cause of morbidity and mortality
in this population.””*’ Several studies have shown that
CKD is an independent predictor of adverse CV out-
comes, such as myocardial infarction and stroke, even
after adjusting for common risk factors.””"’ Mecha-
nistically, CKD is associated with several abnormalities
in lipid metabolism, endothelial function, and vascular
calcification that contribute to the development and
progression of atherosclerosis. Well-established thera-
pies for CVD such as statins and antiplatelet agents

have debatable effectiveness in reducing the CV risk of
patients with CKD, which remains high despite opti-
mization of risk factors in this patient population.
Therefore, the identification of novel biomarkers and
therapeutic targets that can reduce the burden of
atherosclerotic disease in patients with CKD represents
a critical unmet need in nephrology research.
Inflammation is a common pathophysiologic link
between renal and CVDs and is being explored as a
therapeutic target for both disease states."' SuPAR
has been identified as an inflammatory mediator of
renal-CV interactions due to its involvement in the

Table 5. Causal mediation analysis of suPAR on all-cause death, cardiovascular death, and MACE

Estimate, (95% CI)

Variables Mediator Total effect
All-cause death eGFR 0.0431 (0.0283; 0.0579)
UACR 0.0412 (0.0270; 0.0548)
CV death eGFR 0.0123 (0.0049; 0.0191)
UACR 0.0121 (0.0051; 0.0189)
MACE eGFR 0.0169 (0.0037; 0.0303)
UACR 0.0165 (0.0036; 0.0301)

ACME

0.0012 (-0.0011; 0.0035)
0.0017 (0.0003; 0.0031)
0.0014 (0.00001; 0.0029)
0.0007 (—0.0002; 0.0017)
0.0019 (—0.0005; 0.0046)
0.0015 (0.0001; 0.0030)

ADE

0.0419 (0.0275; 0.0566)
0.0395 (0.0250; 0.0538)
0.0109 (0.0032; 0.0178)
0.0114 (0.0045; 0.0184)
0.0150 (0.0014; 0.0287)
0.0165 (0.0036; 0.0301)

Proportion Mediated

0.0274 (—0.0290; 0.0927)
0.0402 (0.0079; 0.0845)
0.1115 (0.0004; 0.3531)

0.0576 (—0.0181; 0.2014)

0.1090 (—0.0317; 0.5965)
0.0904 (0.0039; 0.4151)

ACME, average causal mediation effect; ADE, average direct effect; Cl, confidence interval, CV, cardiovascular; eGFR, estimated glomerular filtration rate; MACE, major adverse
cardiovascular events; suPAR, soluble urokinase plasminogen activator receptor; UACR, urine albumin-to-creatinine ratio.
The model included age, gender, body-mass index, current smoking, hypertension, diabetes mellitus, low-density lipoprotein levels, high-density lipoprotein levels, coronary artery
disease, stroke, peripheral arterial disease, phosphate and intact parathormone.
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6-16,32
The uro-

pathogenesis of both disease states.
kinase receptor system is versatile and involved in
the regulation of various aspects of innate and
adaptive immune activity including cell prolifera-
tion, differentiation, adhesion and migration, with
levels of suPAR thought to reflect the aggregate of
its activity.”” SuUPAR levels have been consistently
associated with atherosclerotic disease and CV out-
comes across patient populations,'”?"***** and
more strongly than several other inflammatory and
CV  biomarkers, including C-reactive protein,
interleukin-6, and NT-proBNP.”*** Although suPAR
was initially perceived to be a biomarker of
inflammation and decreased renal function, recent
genetic and experimental evidence strongly supports
a pathogenic role for suPAR in atherosclerotic dis-
ease through the modulation of monocyte and
macrophage physiology, that is distinct from its
involvement in kidney disease.”® Our analysis from
the GCKD cohort provides additional supportive
evidence through showing that suPAR levels remain
associated with CV events across the spectrum of
eGFR and UACR. Mediation analysis showed that
most of the effect is direct, rather than mediated
through eGFR. This is consistent with a previous
study in patients on dialysis, in whom suPAR was
also predictive of CV outcomes despite the absence
! Only a small proportion of
suPAR is cleared by the kidney,47 implying that the
increase in suPAR in patients with CKD is likely
due to an active pathogenic process rather than
decreased clearance. Together, these data place
suPAR as a pathogenic link between CKD and
atherosclerotic disease, with rising suPAR levels in
patients with CKD leading to both a decline in
kidney function as well as CV events.

.3
of renal function.

Strengths and Limitations

There are several strengths to our study. The GCKD
cohort study enrolled participants with CKD and a
range of kidney function, who are under nephrological
care, across 9 large regions in Germany. The large
sample size and long follow-up allows for adjustment
for important confounders and performing subgroup
analyses. Biological sample collection was prespecified
within the study and therefore occurred systematically
for all participants. All parameters were measured in a
central laboratory. The main limitation of the cohort is
in the lack of non-White representation in the cohort,
limiting generalizability across race. SuPAR was
measured using the Quantikine assay, which may have
led to underestimation of the effect size of the associ-
ation between suPAR and outcomes as recently
shown.”®*” We are unable to differentiate between the
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different subphenotypes of CKD in GCKD, which may
have some implications because the strength of the
association between suPAR and kidney disease may
differ by these phenotypes.

In conclusion, suPAR levels are associated with CV
outcomes independent of indices of kidney function
and across the range of eGFR and UACR levels.
Mediation analysis confirms a predominantly direct
effect of suPAR on CV death. Our findings are in line
with recently published work on suPAR’s causal role
in atherosclerosis independent of its known involve-
ment in CKD. With the advent of anti-suPAR thera-
pies, our study contributes to a better understanding
of the complex interplay between suPAR and CV
outcomes in patients with CKD and highlights the
potential clinical implications of targeting suPAR as a
therapeutic approach to reduce CV risk in this
population.”’”’
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