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Abstract

Aims Extracellular vesicles (EVs) are small double-membrane plasma vesicles that play key roles in cellular crosstalk and
mechanisms such as inflammation. The role of EVs in combined organ failure such as cardiorenal syndrome has not been in-
vestigated. The aim of this study is to identify EV proteins that are associated with renal dysfunction, heart failure, and their
combination in dyspnoeic patients.
Methods and results Blood samples were prospectively collected in 404 patients presenting with breathlessness at the
emergency department at National University Hospital, Singapore. Renal dysfunction was defined as estimated glomerular fil-
tration rate < 60 mL/min/1.73 m2. The presence of heart failure was independently adjudicated by two clinicians on the basis
of the criteria of the European Society of Cardiology guidelines. Protein levels of SerpinG1, SerpinF2, Cystatin C, and CD14
were measured with a quantitative immune assay within three EV sub-fractions and in plasma and were tested for their asso-
ciations with renal dysfunction, heart failure, and the concurrence of both conditions using multinomial regression analysis,
thereby correcting for confounders such as age, gender, ethnicity, and co-morbidities. Renal dysfunction was found in 92 pa-
tients (23%), while heart failure was present in 141 (35%). In total, 58 patients (14%) were diagnosed with both renal dysfunc-
tion and heart failure. Regression analysis showed that Cystatin C was associated with renal dysfunction, heart failure, and
their combination in all three EV sub-fractions and in plasma. CD14 was associated with both renal dysfunction and the com-
bined renal dysfunction and heart failure in all EV sub-fractions, and with presence of heart failure in the high density lipopro-
tein sub-fraction. SerpinG1 and SerpinF2 were associated with heart failure in, respectively, two and one out of three EV
sub-fractions and in plasma, but not with renal dysfunction.
Conclusions We provide the first data showing that Cystatin C and CD14 in circulating EVs are associated with both renal
dysfunction and heart failure in patients presenting with acute dyspnoea. This suggests that EV proteins may be involved in
the combined organ failure of the cardiorenal syndrome and may represent possible targets for prevention or treatment.
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Introduction

Heart failure and renal failure commonly coexist: patients with
heart failure have a higher chance of developing renal failure
and vice versa.1,2 Declines in renal function are associated with
development of ventricular dysfunction and worsening progno-
sis in heart failure.3,4 Such adverse interactions between the
heart and kidneys comprise the cardiorenal syndrome (CRS).1,2

However, the underlying pathophysiological mechanisms in
cardiorenal crosstalk are not fully understood.1 Identifying com-
mon underlyingmechanisms affecting both organs will help elu-
cidate the pathophysiology of CRS.

Plasma extracellular vesicles (EVs) are small
double-membrane vesicles abundant in plasma.5 EVs are impor-
tant in communication between cells and are involved in key
processes including inflammation and coagulation.5,6 EVs are
produced by all cell types and contain proteins, (micro)RNA,
and surface molecules from their parent cells.5 The release of
EVs increases under hypercoagulable and inflammatory condi-
tions, and the number and content of EVs have been associated
with cardiovascular diseases.6–8 Pertinent to cardiorenal
crosstalk, it has been reported that EVs released fromone organ
may induce dysfunction in remote organs.9

Previously, we reported that EV protein levels of Cystatin
C, CD14, SerpinG1, and SerpinF2 were associated with heart
failure in dyspnoeic patients.10 Given the relevance of renal
dysfunction, inflammation, and the coagulation system in
the development of cardiovascular diseases, we extended
previous work on Cystatin C, CD14, SerpinG1, and SerpinF2
within circulating EVs to explore their possible associations
with the CRS. Cystatin C is a marker for renal dysfunction,
and it has been associated with increased risk of cardiovascu-
lar events.11,12 CD14 is a pro-inflammatory protein involved in
the innate immune system and serves as co-receptor for
toll-like receptors.13 SerpinG1 is also known as C1-inhibitor
and inhibits several proteases in the complement, coagula-
tion, and fibrinolysis systems.14 SerpinF2, also known as α2-
antiplasmin, is the main inhibitor of plasmin and thereby re-
duces fibrinolysis.15 EV levels of these four proteins have
been associated with heart failure, but their role in
cardiorenal crosstalk has not been investigated. EV proteins
associated with both conditions may indicate that these pro-
teins are involved in aetiology of both diseases and point to
associated signalling pathways as possible targets for future
prevention and treatment options.

The primary aim of this study is to investigate the associa-
tion between the selected EV proteins (Cystatin C, CD14,
SerpinG1, and SerpinF2) with both renal dysfunction and
heart failure in patients with acute dyspnoea.

Methods

This is an observational study in 404 patients presenting with
recent onset breathlessness at the Emergency Department of

the National University Hospital Singapore. This is a
sub-analysis of the Biomarkers Beyond BNP in Breathlessness
(“4B”) study, a prospective, single-centre cohort study. The
study was approved by the Domain Specific Review Board
of National Health Group of Singapore (reference number:
2012/0090) and conforms to the Declaration of Helsinki.
Written informed consent was obtained from all patients.

Study population

Patients attending the Emergency Department of the Na-
tional University Hospital Singapore during daytime between
2010 and 2013 with the primary complaint of shortness of
breath were included in the 4B study. Patients who required
immediate intensive care or intubation and patients who
were unable or unwilling to give informed consent were not
included. Exclusion criteria were age under 21 years, short-
ness of breath related to trauma, and current haemodialysis.
In total, 607 patients were recruited, and owing to sample
availability, 404 are included in the current analysis.

Data collection

On admission to the emergency department, blood was
drawn and information on patient history, symptoms, and
clinical findings was collected according to a standardized
protocol. All blood samples were collected in EDTA tubes
and spun at 4000 g for 10 min at 4°C to obtain plasma.
Plasma samples were stored at �80°C prior to further analy-
sis. EVs were precipitated in sub-fractions from the plasma
according to a uniform protocol. After precipitation, the EVs
were lysed in order to release their content, and four empir-
ically selected proteins were measured quantitatively with
commercial immunoassays. Those undertaking the laboratory
procedures were blinded to the adjudicated diagnoses.

Isolation of extracellular vesicle plasma
sub-fractions

Precipitation of low-density lipoprotein (LDL) and
high-density lipoprotein (HDL) plasma fractions was per-
formed as previously described.10 In the supplementary data
of Zhang et al.10 they showed by using electron microscopy,
density gradient centrifugation, and subsequent CD9 West-
ern blotting and immunobead assay that CD14, SerpinF2,
SerpinG1, and Cystatin C are in the EV fraction. For SerpinF2,
this is also shown in our manuscript in the International Jour-
nal of Molecular Sciences.16 For detailed methods of precipi-
tation, we refer to Zhang and Wang; in brief, EVs were
isolated from three precipitates: (i) the total EV (TEX) fraction
was isolated from the precipitate of 125 μL of EDTA plasma.
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The precipitated pellet was dissolved in 125 μL of Roche lysis
buffer and used in the quantitative magnetic bead assays as
the TEX fraction. (ii) In another 125 μL EDTA plasma, LDL
was precipitated using MnCl2 and dextran sulfate. The LDL
pellet with the co-precipitated EVs was dissolved in 125 μL
of Roche lysis buffer and used in the quantitative magnetic
bead assays as the LDL fraction. (iii) The supernatant was
used to precipitate the HDL fraction and the co-precipitated
EVs by increasing the MnCl2 and dextran sulfate concentra-
tion in the LDL supernatant. The pellet was dissolved in
125 μL of Roche lysis buffer and used in the quantitative mag-
netic bead assays as the HDL fraction.

Quantitative protein assay

Quantitative analysis of the selected proteins was performed
as previously described.10 In brief, MagPlex-C Microspheres
(Luminex #MC100xx-01) were conjugated with the selected
antibodies to provide bead-capture antibody complexes.
Samples were incubated with the bead-capture antibody
complex and subsequently with the biotinylated antibodies
to detect the captured protein. Streptavidin–phycoerythrin
(SA-PE; BD Biosciences #554061) was added to quantify the
concentration of captured protein. Standard curves were cor-
related with PE signal and dilution of homologous recombi-
nant proteins. The Bio-Plex1 200 Systems (Bio-Rad #171–
000201) was used for readout and data processing. Individual
concentrations of CD14, SerpinG1, Cystatin C, and SerpinF2
proteins in all three EV sub-fractions (HDL, LDL, and TEX
sub-fraction) and in plasma were used in the current
analyses.

Outcomes

Endpoints for this study were the presence of heart failure
and renal dysfunction (categorical variables) and estimated
glomerular filtration rate (eGFR) and N-terminal pro-brain na-
triuretic peptide (NT-proBNP) concentrations (continuous
variables). The diagnosis of heart failure was adjudicated by
two clinicians [an emergency department specialist (S. O.)
and cardiologist (A. M. R.)] according to the European Society
of Cardiology criteria.17 Adjudicators independently reviewed
all available information on each patient and attributed
breathlessness to heart failure or another cause. They could
access medical records, case report forms, and other test re-
sults including cardiac imaging, if available, but were blinded
to plasma concentrations of NT-proBNP and multiple other
markers assayed as part of the main 4B study objectives.18

In case of disagreement between the two adjudicators, a
third adjudicator gave the final diagnosis. Renal dysfunction
was defined as eGFR < 60 mL/min/1.73 m2.

Potential confounding factors

Age, gender, ethnicity, diabetes, hypertension, and ischaemic
heart disease (IHD) were considered as potential confounders
and therefore included in multivariable analyses. IHD was de-
fined as history of coronary artery disease, myocardial infarc-
tion, percutaneous coronary intervention, or coronary artery
bypass grafting as indicated by the patient and verified in
medical records.

Data analysis

Baseline characteristics were analysed for the entire cohort
and for four separate patient groups: (i) patients with no re-
nal dysfunction and no heart failure, (ii) patients with heart
failure without renal failure, (iii) patients with renal dysfunc-
tion without heart failure, and (iv) patients with both condi-
tions concurrently. Descriptive statistics employed included
mean values with standard deviations and medians with in-
terquartile ranges (25th to 75th percentiles) calculated for
continuous variables, normally and non-normally distributed,
respectively. Categorical data were displayed in percentages.

Median levels of Cystatin C, CD14, SerpinG1, and SerpinF2
in the (HDL, LDL, and TEX) EV sub-fractions and in plasma
were compared between patients with heart failure and/or
renal dysfunction using Kruskal–Wallis tests. To present me-
dian protein levels graphically, standardized median protein
levels were calculated by dividing the medians of patients
with heart failure, renal dysfunction, and the combination
of both conditions by the median of patients with no heart
failure and no renal dysfunction.

The sample concentrations of Cystatin C, CD14, SerpinG1,
and SerpinF2 in all EV sub-fractions and in plasma were
tested for associations with heart failure and renal dysfunc-
tion using univariable and multivariable logistic regression
analyses. We also examined the association between the pro-
tein concentrations and continuous levels of NT-proBNP and
eGFR using linear regression analyses. After separate consid-
eration of renal dysfunction and heart failure, we repeated
the analyses for the combination of these two diagnoses,
using a categorical outcome variable including the same four
categories as described above: (i) no renal dysfunction and no
heart failure, (ii) heart failure without renal failure, (iii) renal
dysfunction without heart failure, or (iv) the combination of
both conditions. The association between the protein levels
and this categorical endpoint was analysed using multinomial
regression analyses.

In all univariable and multivariable regression analyses,
protein levels were transformed using log transformation
for Cystatin C, CD14, SerpinG1, and NT-proBNP and square
root transformation for SerpinF2 in order to fulfil the assump-
tions of normality and homoscedasticity. Transformed pro-
tein levels were then standardized by dividing the centred
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protein levels by their standard deviations to compare the ef-
fect sizes of different proteins with each other. The following
variables were considered as potential confounders and
therefore included in the multivariable analyses: age, gender,
ethnicity, diabetes, hypertension, and IHD.

For the analyses addressing renal dysfunction and heart
failure as separate outcomes, we corrected for multiple test-
ing using the Bonferroni method resulting in a level of signif-
icance of 0.025. For the multinomial analyses, level of
significance of 0.05 was used. Results are presented as beta
coefficients for the linear regression analyses and odds ratios
(ORs) for the logistic regression models, with their accompa-
nying 97.5% or 95% confidence intervals. All statistical analy-
ses were performed in Rstudio using R software for statistical
computing version 3.4.2.19

Results

The study sub-cohort analysed comprised 404 patients with a
mean age of 56 years and differing ethnic background. Half
were Chinese, 28% Malay, and 17% Indian. Differences in
baseline characteristics in patients with heart failure and/or
renal dysfunction are shown in Table 1.

Median protein levels

Median protein levels of Cystatin C, CD14, SerpinG1, and
SerpinF2 in patients with heart failure and/or renal dysfunc-
tion are shown in Table 2. Median levels of Cystatin C and
CD14 were the highest in patients with both heart failure
and renal dysfunction in all three EV sub-fractions. The same
was true for plasma Cystatin C, but not for plasma CD14. Dif-
ferences in median SerpinG1 and SerpinF2 levels were ob-
served in some but not all EV sub-fractions (Table 2).

Heart failure

In total, 141 patients (35%) were diagnosed with heart fail-
ure. Cystatin C was significantly associated with increased
risk of heart failure in all three EV sub-fractions and in plasma
(Table 3). Higher CD14 levels were also associated with in-
creased risk of heart failure in the HDL and in TEX sub-
fraction. Higher SerpinG1 was directly associated with in-
creased risk of heart failure in TEX sub-fraction and in plasma,
but, inversely associated in the LDL fraction. Higher SerpinF2
levels were also associated with decreased risk of heart fail-
ure in LDL sub-fraction and in plasma (Table 3).

Table 1 Baseline characteristics

All (n = 404) No HF/RD (n = 222) Only HF (n = 83) Only RD (n = 34) HF + RD (n = 58)

Age in years, mean (SD) 55.9 (14.5) 51.4 (14.4) 57.5 (9.7) 66.3 (12.2) 67.0 (10.8)
Male gender 268 (66) 142 (64) 67 (81) 19 (56) 38 (66)
Patient ethnicity

Chinese 195 (48) 104 (47) 39 (47) 17 (50) 32 (55)
Indian 67 (17) 43 (19) 14 (17) 3 (9) 7 (12)
Malay 112 (28) 58 (26) 25 (30) 12 (35) 14 (24)
Other 30 (7) 17 (8) 5 (6) 2 (6) 5 (9)

Body mass index, median (IQR) 27 (23–31) 26 (23–31) 27 (24–33) 28 (25–30) 27 (23–30)
Current or past smoker 118 (29) 65 (30) 34 (41) 7 (21) 11 (19)
Patient history

Myocardial infarction 70 (17) 23 (10) 23 (28) 5 (15) 19 (33)
Diabetes 138 (34) 45 (20) 33 (40) 17 (50) 43 (74)
Hypertension 225 (56) 99 (45) 55 (66) 29 (85) 42 (72)
Chronic renal impairmenta 39 (10) 0 (0) 4 (5) 14 (41) 21 (37)
COPD 25 (6) 14 (6) 5 (6) 2 (6) 4 (7)
Cerebrovascular accident 24 (6) 6 (3) 7 (8) 5 (15) 6 (10)
Congestive heart failure 57 (14) 0 (0) 28 (34) 0 (0) 29 (50)
Ischaemic heart diseaseb 153 (38) 54 (24) 43 (52) 16 (47) 40 (70)

Medication
Aspirin 116 (29) 41 (18) 37 (45) 4 (12) 34 (60)
Beta-blocker 121 (30) 41 (18) 35 (42) 7 (23) 38 (69)
Statin 144 (36) 55 (25) 40 (48) 12 (36) 37 (67)
ACE-inhibitor 71 (18) 16 (7) 29 (35) 7 (23) 19 (35)
Diuretics 78 (19) 7 (3) 33 (40) 5 (15) 33 (60)

Haemoglobin in g/dL, mean (SD) 13.3 (2.0) 13.8 (1.8) 13.6 (2.1) 12.4 (2.0) 11.9 (1.6)

Baseline characteristics are shown for all patients, patients with no heart failure and no renal dysfunction, patients with only heart failure,
patients with only renal dysfunction, and patients with both heart failure and renal dysfunction, separately. Values are numbers of pa-
tients (with corresponding percentages in parentheses) unless otherwise stated.
Abbreviations: COPD, chronic obstructive pulmonary disease; HF, heart failure; IQR, interquartile range; RD, renal dysfunction; SD, stan-
dard deviation.
aChronic renal impairment was defined as a glomerular filtration rate < 60 mL/min/1.73 m2.
bIschaemic heart disease was defined as a history of coronary artery disease, myocardial infarction, percutaneous coronary intervention, or
coronary artery bypass grafting.
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In addition to the binomial outcome of heart failure, we in-
vestigated the association between the protein levels and
continuous NT-proBNP levels. These analyses showed similar

results. The only difference was that CD14 was now signifi-
cantly associated with increase in NT-proBNP levels in all
three EV sub-fractions (Table S1).

Table 2 Median protein levels in patients with heart failure and/or renal dysfunction

No HF/RD (n = 222) Only HF (n = 83) Only RD (n = 34) HF + RD (n = 58) P-valuea

Cystatin C
HDL 35 (26–46) 50 (35–67) 76 (54–113) 89 (61–113) <0.001
LDL 152 (89–256) 207 (153–325) 294 (208–439) 348 (213–492) <0.001
TEX 535 (376–693) 664 (463–937) 1243 (801–1721) 1446 (1107–2022) <0.001
Plasma 2535 (2085–3175) 3125 (2413–4212) 4410 (2860–7062) 4931 (3440–7558) <0.001

CD14
HDL 11 (8–14) 13 (10–16) 15 (10–18) 17 (13–20) <0.001
LDL 87 (67–103) 86 (71–116) 95 (85–139) 101 (78–133) 0.001
TEX 158 (124–204) 169 (137–224) 197 (166–260) 213 (170–289) <0.001
Plasma 1187 (978–1485) 1185 (971–1331) 1158 (952–1328) 1119 (994–1284) 0.626

SerpinG1
HDL 193 (140–275) 163 (120–230) 199 (142–259) 188 (133–269) 0.291
LDL 1156 (781–1767) 828 (604–1308) 937 (646–1285) 679 (448–1076) <0.001
TEX 328 (233–511) 364 (241–613) 297 (197–626) 434 (274–686) 0.047
Plasma 990 (788–1245) 1299 (922–2660) 921 (748–1318) 1216 (917–2133) <0.001

SerpinF2
HDL 72 (35–124) 74 (34–131) 89 (39–121) 66 (41–118) 0.932
LDL 1021 (618–1491) 877 (399–1164) 935 (619–1579) 781 (361–1187) 0.012
TEX 904 (528–1336) 792 (406–1249) 964 (518–1649) 907 (529–1246) 0.237
Plasma 6247 (3089–9627) 4104 (2615–6368) 4961 (2548–6815) 4901 (2735–7198) 0.015

Abbreviations: HDL, high-density lipoprotein; HF, heart failure; LDL, low-density lipoprotein; RD, renal dysfunction; TEX, total extracellular
vesicles.
Median protein levels of Cystatin C, CD14, SerpinG1, and SerpinF2 levels in HDL, LDL, and TEX sub-fractions and in plasma are shown in
ng/mL for patients with no heart failure and no renal dysfunction, patients with only heart failure, patients with only renal dysfunction,
and patients with both conditions. Values in parentheses are interquartile ranges (25th–75th percentiles).
aP-values result from the comparison median protein levels in the four patients groups, derived from Kruskal–Wallis analysis. Values in
bold are statistically significant (P < 0.05).

Table 3 Association between extracellular vesicle and plasma protein concentrations and heart failure

Univariable Multivariablea

OR 97.5% CI P-value OR 97.5% CI P-value

Cystatin C
HDL 2.43 1.85 3.27 <0.001 1.86 1.38 2.56 <0.001
LDL 2.02 1.55 2.68 <0.001 1.63 1.22 2.23 <0.001
TEX 2.09 1.61 2.75 <0.001 1.61 1.19 2.20 <0.001
Plasma 1.97 1.47 2.72 <0.001 1.46 1.10 2.00 0.004

CD14
HDL 1.94 1.49 2.56 <0.001 1.65 1.23 2.25 <0.001
LDL 1.28 1.01 1.63 0.021 1.20 0.91 1.59 0.137
TEX 1.48 1.17 1.90 <0.001 1.38 1.04 1.83 0.012
Plasma 0.84 0.65 1.07 0.102 0.79 0.59 1.05 0.072

SerpinG1
HDL 0.88 0.70 1.12 0.232 0.89 0.68 1.17 0.335
LDL 0.57 0.43 0.74 <0.001 0.64 0.47 0.85 <0.001
TEX 1.34 1.06 1.71 0.006 1.50 1.14 1.99 <0.001
Plasma 2.03 1.52 2.76 <0.001 2.03 1.48 2.87 <0.001

SerpinF2
HDL 0.97 0.77 1.23 0.788 0.96 0.74 1.25 0.721
LDL 0.71 0.56 0.90 0.001 0.74 0.56 0.97 0.012
TEX 0.85 0.67 1.07 0.11 0.85 0.64 1.11 0.165
Plasma 0.70 0.54 0.91 0.003 0.66 0.48 0.88 0.001

Abbreviations: 97.5% CI, 97.5% confidence interval; HDL, high-density lipoprotein; EV, extracellular vesicle; LDL, low-density lipoprotein;
OR, odds ratio; TEX, total extracellular vesicles.
Results of univariable and multivariable logistic regression analyses for the association between Cystatin C, CD14, SerpinG1, and SerpinF2
levels (in HDL, LDL, and TEX sub-fractions and in plasma) and heart failure. All protein levels were standardized prior to analyses; shown
odds ratios therefore represent odds ratios for one standard deviation increase in the corresponding protein level. Values in bold are sta-
tistically significant (P < 0.025).
aCorrected for age, gender, ethnicity, diabetes, hypertension, and ischaemic heart disease.
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Renal dysfunction

In total, 92 patients (23%) were classified as having renal dys-
function. As shown in Table 4, both Cystatin C and CD14 were
associated with increased risk of renal dysfunction in all three
EV sub-fractions. The ORs were higher for Cystatin C (5.48,
3.35, and 6.18) compared with the ORs for CD14 (1.95,
1.60, and 1.77 in HDL, LDL, and TEX sub-fractions, respec-
tively). Cystatin C in plasma was also associated with in-
creased risk of renal dysfunction (OR of 2.89), whereas
CD14 in plasma was not. Except for SerpinG1 in LDL sub-
fraction, which was associated with decreased risk of renal
dysfunction, no other significant associations were found.
The same proteins were associated with continuous GFR
levels, as shown in Table S2.

Heart failure and renal dysfunction

As shown in Figure 1, Cystatin C was associated with heart
failure, renal dysfunction, and the combination of both condi-
tions in all three EV sub-fractions and in plasma, with the
highest ORs for patients with both heart failure and renal dys-
function. Similar results were found for CD14 in EV sub-
fractions. In the HDL fraction, CD14 was associated with an
OR of 1.57 [95% confidence interval (95% CI): 1.16–2.13] for
heart failure, OR of 1.87 (95% CI: 1.18–2.96) for renal

dysfunction, and OR of 2.78 (95% CI: 1.78–4.32) for the com-
bination of both conditions. CD14 was also associated with in-
creased risk of renal dysfunction and the combination of
renal dysfunction and heart failure in LDL and TEX
sub-fraction (Figure 1). These results were not found for
CD14 in plasma.

SerpinG1 was associated with heart failure, depicted by
significant ORs for heart failure and the combination of heart
failure and renal dysfunction in LDL and TEX sub-fraction and
in plasma. The same was true for SerpinF2 in plasma. Both
SerpinG1 and SerpinF2 were not associated with renal dys-
function in any sub-fraction or in plasma (Figure 1). Full re-
sults of univariable and multivariable multinomial analyses
are provided in Table S3.

Discussion

In this cross-sectional cohort study, we showed that EV levels
of CD14 and Cystatin C are associated with both renal dys-
function and heart failure in patients presenting with dys-
pnoea. To our knowledge, this is the first study that has
identified EV proteins associated with both heart failure and
renal dysfunction, indicating that Cystatin C and CD14 in
EVs are shared markers for dysfunction of the heart and
kidneys.

Table 4 Association between extracellular vesicle and plasma protein concentrations and renal dysfunction

Univariable Multivariablea

OR 97.5% CI P-value OR 97.5% CI P-value

Cystatin C
HDL 6.70 4.31 11.1 <0.001 5.48 3.32 9.81 <0.001
LDL 3.21 2.26 4.75 <0.001 3.35 2.17 5.47 <0.001
TEX 9.22 5.61 16.4 <0.001 6.18 3.69 11.3 <0.001
Plasma 4.05 2.71 6.37 <0.001 2.89 1.90 4.64 <0.001

CD14
HDL 2.37 1.73 3.32 <0.001 1.95 1.34 2.93 <0.001
LDL 1.67 1.26 2.24 <0.001 1.60 1.13 2.29 0.003
TEX 2.15 1.62 2.91 <0.001 1.77 1.23 2.57 <0.001
Plasma 0.87 0.66 1.14 0.235 0.93 0.66 1.29 0.635

SerpinG1
HDL 1.07 0.82 1.41 0.565 1.06 0.76 1.47 0.703
LDL 0.54 0.39 0.72 <0.001 0.65 0.45 0.93 0.009
TEX 1.26 0.96 1.64 0.054 1.15 0.83 1.61 0.335
Plasma 1.18 0.89 1.56 0.183 1.14 0.82 1.59 0.378

SerpinF2
HDL 0.99 0.76 1.30 0.962 1.02 0.74 1.42 0.880
LDL 0.90 0.69 1.17 0.357 1.00 0.71 1.41 0.974
TEX 1.12 0.86 1.49 0.337 1.16 0.82 1.65 0.343
Plasma 0.81 0.61 1.08 0.108 0.82 0.56 1.17 0.214

Abbreviations: 97.5% CI, 95% confidence interval; EV, extracellular vesicle; HDL, high-density lipoprotein; LDL, low-density lipoprotein;
OR, odds ratio; TEX, total extracellular vesicles.
Results of univariable and multivariable logistic regression analyses for the association between Cystatin C, CD14, SerpinG1, and SerpinF2
levels (in HDL, LDL, and TEX sub-fractions and in plasma) and renal dysfunction. All protein levels were standardized prior to analyses;
shown odds ratios therefore represent odds ratios for one standard deviation increase in the corresponding protein level. Values in bold
are statistically significant (P < 0.025).
aCorrected for age, gender, ethnicity, diabetes, hypertension, and ischaemic heart disease.
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Cystatin C

High levels of Cystatin C were strongly associated with an in-
creased risk of renal dysfunction in all three EV sub-fractions
in our study. The same was true for plasma Cystatin C. This

was expected because Cystatin C is known as a marker for re-
nal failure with higher levels of Cystatin C corresponding with
more renal dysfunction.11 Even more interestingly, we found
that Cystatin C was associated with heart failure in all three
sub-fractions and in plasma as well. Although Cystatin C was

Figure 1 Odds ratios from multinomial regression analyses. Results from multinomial regression analyses for the association between protein levels
and heart failure, renal dysfunction, and the combination of both conditions. Odds ratios with corresponding 95% confidence intervals were depicted
both as symbols and in numbers for Cystatin C, CD14, SerpinG1, and SerpinF2 in HDL, LDL, and TEX sub-fractions and in plasma. Patients who did not
have heart failure or renal dysfunction were chosen as reference category. All analyses were corrected for age, gender, ethnicity, diabetes, hyperten-
sion, and ischaemic heart disease. Abbreviations: 95% CI, 95% confidence interval; HDL, high-density lipoprotein; HF + RD, heart failure and renal dys-
function; HF, heart failure; LDL, low-density lipoprotein; RD, renal dysfunction; TEX, total extracellular vesicles.
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more potent marker for renal dysfunction, our study showed
that the association for EV and plasma levels of Cystatin C
with heart failure remained significant in patients with nor-
mal GFR levels. This supports the hypothesis that Cystatin C
may be a marker for heart failure independently of renal
function, as described previously.20 The results of our study
are in line with previously published elevated risk of (future)
cardiovascular events and mortality in patients with high
plasma values of Cystatin C12,21–23 and high vesicle levels of
Cystatin C.8 In the current study, we found no difference be-
tween EV and plasma levels of Cystatin C, suggesting that the
protein itself and not specific EV Cystatin C is important in the
combined organ failure of the CRS.

CD14

CD14 is important in innate immune system as co-receptor
for different toll-like receptors.13 It is a pro-inflammatory pro-
tein, and high levels of CD14 both in plasma and in EVs have
been associated with increased risk of cardiovascular events
and mortality in previous studies.8,24 Similarly, we found an
increased risk of both heart failure and renal dysfunction in
patients with higher EV CD14 levels. In this, our multinomial
model showed the highest OR for patients with both heart
failure and renal dysfunction, indicating that elevated EV
CD14 levels associate with higher risk of the concurrence of
both conditions than with either heart failure or renal dys-
function in isolation. This was not found for plasma CD14
levels, identifying a specific role for CD14 in EVs in the path-
ophysiology of both heart failure and renal dysfunction.
CD14 is a membrane anchored protein with also a soluble
form. This is in contrast to Cystatin C, which has no
membrane-binding domains. Although we cannot discrimi-
nate between soluble and membrane CD14 in our immunoas-
say, our data suggest that EV-bound membrane CD14 and
not the soluble plasma CD14 is important in heart failure
and kidney dysfunction.

SerpinG1 and SerpinF2

SerpinG1 is an acute-phase protein that regulates comple-
ment activation and SerpinF2 reduces fibrinolysis by inhibi-
tion of plasmin.14,15 In the current study, we found that
both SerpinG1 and SerpinF2 were associated with heart fail-
ure. Our multinomial models showed an association for
SerpinG1 in the LDL and TEX sub-fractions and in plasma with
heart failure and concurrent heart failure and renal dysfunc-
tion, but not with renal dysfunction alone. Similarly, SerpinF2
levels in LDL EV sub-fraction and in plasma were associated
with heart failure, but there was no association between
SerpinF2 and renal dysfunction in any EV sub-fraction or in
plasma. According to these results, SerpinG1 and SerpinF2

seem to be markers for heart failure rather than for renal dys-
function, suggesting that the complement and fibrinolysis
pathways may be more important pathophysiologically in de-
velopment of heart failure than renal dysfunction. Interest-
ingly, patients with heart failure have lower SerpinF2 levels
as compared with those without heart failure. Because
SerpinF2 reduces fibrinolysis by inhibiting plasmin, this sug-
gests that there may be increased fibrinolytic activity in pa-
tients with heart failure; however, how/if this relates to the
relative risks of bleeding versus thrombosis in heart failure re-
mains to be investigated.

Common denominators for renal and cardiac
dysfunction

In the CRS, dysfunction of the heart or kidneys may induce
dysfunction of the other organ.2 Conventionally, the main un-
derlying mechanism of CRS has been thought to be impaired
renal blood flow as result of cardiac dysfunction. However,
CRS is bidirectional and involves complex interactions be-
tween the heart and kidneys.1,2,25 Not only hemodynamic
but also neural, hormonal, biochemical, and immunologic fac-
tors play a role in the pathophysiology of CRS.1,2,25 Inflamma-
tion may be crucial in this process, as atherosclerosis is an
inflammatory process and inflammation plays a role in
aetiology of both heart failure and renal dysfunction.25,26 In
the current study, vesicle levels of pro-inflammatory CD14
were elevated in patients with heart failure, renal dysfunc-
tion, and the combination of both conditions. This suggests
that CD14 in EVs may reflect toll-like receptor involvement
in both heart failure and renal dysfunction, although the ex-
act underlying mechanisms of this finding remain unclear.
One possible explanation is that a general increased inflam-
matory status, including elevated EV CD14 levels, as result
of cell injury in patients with classic risk factors, contributes
to development of dysfunction of both the heart and kidneys.
EVs enriched with CD14 are possibly not cleared as well in pa-
tients with impaired renal function as compared with those
with normal GFR levels. Circulating CD14 EVs may then in-
crease inflammatory processes in the blood vessels and
heart, resulting in higher risk of heart failure. Our data can
only be hypothesis generating and need to be further vali-
dated and mechanisms need to be explored in future studies.

In addition to CD14, we found that Cystatin C both in EVs
and in plasma was associated with both renal dysfunction
and heart failure. Cystatin C is a known marker of renal
dysfunction11 but was also found to be an independent risk
factor for heart failure in older adults.27 How Cystatin C asso-
ciates with risk of heart failure in patients with normal renal
function remains unclear, but other reports suggest that
again inflammation may an important linking mechanism.28

Identifying common markers for heart failure and renal
dysfunction, such as EV CD14 and Cystatin C, is of interest
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because of the multifactorial feedback pathways linking the
heart and kidneys. It contributes to our understanding of
the pathophysiology of CRS and provides possible targets
for future investigation hopefully leading to effective inter-
vention or prevention strategies.

Strengths and limitations

Strengths of this study include the fact that our data were
collected prospectively and that the total study population
consisted of patients with dyspnoea. This means that our
controls (patients with no renal dysfunction and no heart fail-
ure) were not healthy controls but similarly symptomatic pa-
tients compared with those with heart failure or renal
dysfunction. Furthermore, we used plasma samples to ana-
lyse the EV protein levels, which is preferred above serum
samples because the process of serum collection may cause
vesicle release due to activation of platelets and other cells.

This study also has several limitations. There could be
some misclassification of heart failure diagnosis as conse-
quence of blinding of the two assessors to NT-proBNP levels.
However, analyses of the association between protein levels
and NT-proBNP levels showed similar results as the
results of analyses where heart failure was used as outcome
(Table S1), suggesting that the effect of possible misclassifica-
tion is limited. Another limitation is the fact that we only have
measurements of proteins at one point in time. To investigate
causal relationships, it is preferred to perform a follow-up
study over longer period of time with multiple blood sample
measurements in association with other mechanistic experi-
ments. Finally, we corrected for most important risk factors
for cardiovascular diseases, but an uncertain potential for re-
sidual confounding remains.

In short, more research is needed to examine the mecha-
nisms underlying the observed results and to investigate the
origin of the EVs. However, this study is the first indication
that EV levels of CD14 and Cystatin C may be common
markers for heart failure and renal dysfunction.

Conclusions

EV levels of CD14 and Cystatin C are associated with both re-
nal dysfunction and heart failure in patients presenting with
dyspnoea at the emergency department. These data suggest

that EV proteins may be involved in the combined organ fail-
ure of the CRS and may represent possible targets for preven-
tion or treatment.
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