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Vascular calcification is an important risk factor for cardiovascular (CV) mortality in patients with chronic kidney
disease (CKD). It is also a complex process involving osteochondrogenic differentiation of vascular smooth
muscle cells (VSMCs) and abnormal deposition of minerals in the vascular wall. In an observational, multicenter
European study, including 112 patients with CKD from Spain and 171 patients on dialysis from France, we used
serum proteome analysis and further validation by ELISA to identify calprotectin, a circulating damage-associ-
ated molecular pattern protein, as being independently associated with CV outcome and mortality. This was
confirmed in an additional cohort of 170 patients with CKD from Sweden, where increased serum calprotectin
concentrations correlated with increased vascular calcification. In primary human VSMCs and mouse aortic
rings, calprotectin exacerbated calcification. Treatment with paquinimod, a calprotectin inhibitor, as well as
pharmacological inhibition of the receptor for advanced glycation end products and Toll-like receptor 4 inhib-
ited the procalcifying effect of calprotectin. Paquinimod also ameliorated calcification induced by the sera of
uremic patients in primary human VSMCs. Treatment with paquinimod prevented vascular calcification in mice
with chronic renal failure induced by subtotal nephrectomy and in aged apolipoprotein E–deficient mice as well.
These observations identified calprotectin as a key contributor of vascular calcification, and increased circulat-
ing calprotectin was strongly and independently associated with calcification, CV outcome, and mortality in
patients with CKD. Inhibition of calprotectin might therefore be a promising strategy to prevent vascular calcifi-
cation in patients with CKD.
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INTRODUCTION
Chronic kidney disease (CKD) is a major cause of mortality and a
leading risk factor for cardiovascular (CV) complications (1). Com-
pared with the general population, patients with CKD stage 3 and 4
have a two- to threefold increased risk of CVmortality, and this risk
further increases up to 20-fold in patients with CKD stage 5 on di-
alysis (2). Common risk factors, such as diabetes, hypertension,
smoking and dyslipidemia, and disease-specific risk factors, such
as accumulation of uremic toxins, inflammation, and bone
mineral disorders, contribute to the increased risk of CV complica-
tions in patients with CKD (2). The main CKD-associated CV com-
plications are atherosclerosis, which is accelerated in this context

but not specific of CKD, and specific CKD-related vascular calcifi-
cation (2). Vascular calcification is closely associated with increased
morbidity and mortality in patients with CKD (3, 4).

After exposure to procalcific factors, including hyperphosphate-
mia or inflammation driven by CKD, vascular smooth muscle cells
(VSMCs) present in the arterial wall switch from a contractile to an
osteochondrogenic phenotype. This transdifferentiation involves
the up-regulation of osteochondrogenic transcription factors, in-
cluding Runt-related transcription factor 2 (Runx2) or Msh homeo-
box 2 (Msx2) (5). Furthermore, activation of the osteogenic enzyme
tissue nonspecific alkaline phosphatase (ALPL) inactivates the cal-
cification inhibitor pyrophosphate, allowing for the formation of
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hydroxyapatite from calcium and phosphate (5). Hydroxyapatite ac-
cumulates in the vessel wall, either in the medial layer, leading to
stiffness and eventually left-ventricular hypertrophy, or in the
intimal layer, associated with atherosclerosis, plaque rupture, and
myocardial infarction (6). Whereas intimal calcification is associat-
ed with atherosclerosis, medial calcification is characteristic of CKD
and is up to 45-fold more prevalent than in individuals without
CKD, although it is also increased in individuals with diabetes
and aging (7).

Although the close link between vascular calcification, CV com-
plications, and decline in kidney function is undeniable, the mech-
anisms of this complex interaction are still incompletely

understood. Recently, considerable effort has been devoted to iden-
tifying the plethora of contributors and predictive risk factors for
CV disease in patients with CKD. In particular, the comprehensive
evaluation of serum and plasma proteomic profiles between healthy
individuals or patients at different stages of CKD, with or without
dialysis, has substantially improved the knowledge of circulating
factors associated with the progression of renal dysfunction (8–
10). However, in most cases, these studies were not initially de-
signed to assess the potential association of identified factors with
CV outcome and/or targeted a limited number of proteins using
specific panels of candidates already known to be associated with
inflammation, CKD, or CV disease. Moreover, despite intensive re-
search efforts over the past decade, no specific treatments have been
identified to prevent or slow vascular calcification (7, 11), which has
a considerable impact on the survival of patients with CKD. A
recent randomized phase 2 study of SNF472 (hexasodium
phytate), a selective inhibitor of hydroxyapatite formation,
showed encouraging results in attenuating the progression of vascu-
lar calcification in hemodialysis patients (12). However, concerns
have been raised about the potential side effects of this drug on
bone formation and bone mineral density because hydroxyapatite
is the major physiological mineral component of bone (12). For
this reason, there is an urgent need to better understand the mech-
anisms of vascular calcification and to develop new drugs that
would target pathological extra-osseous calcification.

In this study, we identified calprotectin, a circulating damage-as-
sociated molecular pattern (DAMP) protein, as a contributor to and
therapeutic target for vascular calcification in patients with CKD.
Using serum proteome analysis and further enzyme-linked immu-
nosorbent assay (ELISA) validation, we observed that calprotectin
was independently associated with CV outcome and mortality in
283 patients with CKD or end-stage kidney failure on dialysis.
The procalcific role of calprotectin and the therapeutic potential
of paquinimod, a specific calprotectin inhibitor, were assessed in
primary human VSMCs, mouse aortic rings, and two mouse
models of vascular calcification: 5/6 subtotal nephrectomy and in
aged apolipoprotein E–deficient (ApoE−/−) mice. We further ana-
lyzed the link between calprotectin and vascular calcification in an
independent cohort of 170 patients with advanced CKD and eval-
uated in vitro the anticalcifying potential of paquinimod in re-
sponse to the human uremic milieu.

RESULTS
Baseline characteristics of the study population
For this study, we included participants with CKD stage 3 and 4
(CKD3-4) and patients with end-stage kidney failure on dialysis
(CKD5 Dialysis). Baseline demographic and clinical characteristics
of the patients are summarized in Table 1. The CKD3-4 cohort en-
rolled 112 patients from the previously described prospective, mul-
ticenter cohort study NEFRONA (13). The median age was 62 years
[interquartile range (IQR), 52 to 69 years]; 67 patients (59.8%) were
male, and the median estimated glomerular filtration rate (eGFR)
was 29.5 ml/min per 1.73 m2 (IQR, 22.2 to 37.7 ml/min per
1.73 m2). At inclusion time, per design of the NEFRONA study,
all patients with CKD3-4 were without any history of CV complica-
tions. The CKD5 Dialysis cohort included 171 patients with end-
stage kidney failure on dialysis from Toulouse and La Reunion
(France). The median age was 66 years (IQR, 54 to 75 years); 96

Table 1. Baseline demographic and biochemical characteristics of the
CKD3-4 and the CKD5 Dialysis cohorts. Quantitative variables are
presented as medians (IQR). Categorical variables are presented as n (%).
ARB, angiotensin II receptor blockers; ACEi, angiotensin-converting
enzyme inhibitors; BMI, body mass index; Ca × P, calcium phosphate
product; eGFR, estimated glomerular filtration rate; PTH,
parathyroid hormone.

Parameter CKD3-4 cohort
n = 112

CKD5 Dialysis
cohort n = 171

Age, year 62 (52–69) 66 (54–75)
Men, n (%) 67 (59.8) 96 (56.1)

BMI, kg/m2 29.5 (26.3–32.8) 25.8 (21.8–30)
CRP, mg/l 3.03 (0.9–6) 4 (1.9–8.6)
eGFR, ml/min per 1.73 m2 29 (22.2–37.7) –
Time on dialysis, year – 2.7 (1.3–8.8)
Kt/V – 1.5 (1.4–1.6)
Beta-2-microglobulin,
mg/l

– 24.6 (19.7–30.1)

Albumin, g/l 40 (36–43) 37.2 (34.7–39.2)
Hemoglobin, g/dl 12.6 (11.7–14.1) 11.2 (10.2–12)
Calcium (Ca), mM 2.3 (2.2–2.4) 2.2 (2.1–2.3)
Phosphorus (P), mM 1.2 (1.1–1.4) 1.3 (1.1–1.7)
Ca × P, mmol2/l2 2.7 (2.4–3.1) 2.9 (2.3–4.1)
PTH, pg/ml 115.5* (78.2–

165.3)
312† (169–

476.5)

Total cholesterol, mM 4.6 (3.9–5.3) –
LDL cholesterol, mM 2.7‡ (2–3.1) 2.2† (1.6–2.6)
HDL cholesterol, mM 1.1‡ (0.9–1.5) 0.9† (0.7–1.2)
Dyslipidemia, n (%) 87 (77.7) 97 (56.7)

Statin, n (%) 84 (75) 76 (44.4)

Diabetes, n (%) 54 (48.2) 93 (54.4)

Insulin, n (%) 38 (33.9) 83 (48.5)

Hypertension, n (%) 110 (98.2) 163 (95.3)

ARB/ACEi, n (%) 94 (83.9) 73 (42.7)

History of CV events, n (%) 0 (0) 70 (40.9)

Smoker, n (%) 63 (56.3) 44§ (25.7)

*Data available for 90 of the 112 patients in the CKD3-4 cohort.
†Data available for 92 of the 171 patients in the CKD5 Dialysis cohort.
‡Data available for 102 of the 112 patients in the CKD3-4 cohort.
§Data available for 144 of the 171 patients in the CKD5 Dialysis cohort.
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patients (56.1%) were male, and the median time on dialysis was 2.7
years (IQR, 1.3 to 8.8 years).

Serum proteome changes in patients with CKD3-4 with or
without CV events
For proteome analysis, we selected a case-control subset of 66 pa-
tients from the CKD3-4 cohort. Thirty-two cases who presented a
CV event and 34 control patients who did not develop a CV event
during follow-up (mean, 3.3 ± 1.2 years) were matched for age, sex,
eGFR, diabetes, and cholesterol (Table 2). Controls and cases did
not show differences for any other studied baseline characteristic
(Table 2). Outcome was a composite end point of fatal (n = 8)
and nonfatal (n = 24) CV events.

A total of 443 proteins were identified and quantified in the sera
of the patients (table S1). From these, 134 proteins displayed signif-
icant (adjusted P < 0.05) modified abundance with univariate anal-
ysis, 63 with increased and 71 with decreased abundance in patients
who developed CV events (Fig. 1A and table S1). Functional enrich-
ment analysis predicted that the 134 deregulated proteins were as-
sociated with complement and coagulation systems, negative
regulation of endopeptidase activity and proteolysis, and innate
immune response (table S2). We also performed a multivariate
analysis using random forest (RF) on the 134 deregulated proteins
to help identify themost informative proteins. The proteins with the

most important fold change (FC ≥ 2 or ≤ 0.5) included epidermal
growth factor–containing fibulin-like extracellular matrix protein 2
(EFEMP2; FC 13.7), histone H2A type 1-B (HIST1H2AB; FC 8.65),
calprotectin subunit S100A8 (FC 8.6), and dermcidin (DCD; FC
7.63) (Fig. 1B). Calprotectin subunit S100A8 displayed the most sig-
nificant adjusted P value (P = 4 × 10−12) in univariate analysis and a
high RF coefficient in multivariate analysis compared with other
protein candidates.

Calprotectin is a 24-kDa heterodimeric DAMP protein formed
by S100A8 and S100A9 subunits, twomembers of the S100 calcium-
binding proteins. The abundance of calprotectin subunit S100A9
was also significantly increased (P = 5 × 10−6) in patients who de-
veloped CV events compared with patients who did not (Fig. 1B).
We observed that both S100A8 and S100A9 subunits displayed
similar correlation patterns with the other most strongly deregulat-
ed proteins (Fig. 1C). The abundance of S100A8 was strongly cor-
related with the abundance of S100A9 in the serum proteome of
patients with CKD (Spearman r = 0.62, P < 0.0001 and r = 0.58, P
= 0.0005 in patients without and with CV event, respectively; Fig. 1,
D and E), suggesting heterodimer association of the two subunits as
calprotectin.

Table 2. Baseline demographic and biochemical parameters of the CKD3-4 subcohort used for proteome analysis. Quantitative variables are presented as
medians (IQR). Categorical variables are presented as n (%).

Parameter Subcohort n = 66 Controls n = 34 Cases n = 32 P

Age, year 66 (59–70) 66 (61–71) 64 (54–70) 0.18

Men, n (%) 47 (71.2) 25 (73.5) 22 (68.7) 0.67

BMI, kg/m2 30.11 (27.3–32.8) 29.2 (27.3–32.1) 30.9 (25.9–34.3) 0.57

CRP, mg/l 2.87 (0.9–6.5) 3.04 (0.9–6.0) 2.83 (1.4–7.0) 0.36

eGFR, ml/min per 1.73 m2 29 (22.2–37.6) 29 (22.3–37.8) 28 (21.1–37.6) 0.72

Albumin, g/l 40 (36–43) 39.5 (36–43) 40 (36–43) 0.79

Hemoglobin, g/dl 12.6 (11.9–14.6) 12.7 (11.9–14.6) 12.4 (11.6–15) 0.88

Calcium (Ca), mM 2.3 (2.2–2.4) 2.3 (2.2–2.4) 2.3 (2.2–2.4) 0.44

Phosphorus (P), mM 1.2 (1.1–1.4) 1.2 (1.0–1.4) 1.2 (1.1–1.4) 0.20

Ca × P, mmol2/l2 2.7 (2.4–3.2) 2.7 (2.4–3.1) 2.9 (2.6–3.3) 0.15

PTH, pg/ml 119* (70.5–173) 107.5 (68.5–157.5) 121 (76–200.8) 0.33

Total cholesterol, mM 4.5 (3.8–5.3) 4.4 (3.8–5.5) 4.6 (4.0–5.4) 0.87

LDL cholesterol, mM 2.7† (2–3.1) 2.6 (2–3.3) 2.8 (1.9–3.2) 0.81

HDL cholesterol, mM 1.1† (0.9–1.4) 1.1 (0.9–1.3) 1.1 (0.9–1.5) 0.52

Dyslipidemia, n (%) 53 (80.3) 27 (79.4) 26 (81.2) 0.85

Statin, n (%) 46 (69.7) 24 (70.6) 22 (68.7) 0.87

Diabetes, n (%) 41 (62.1) 22 (64.7) 19 (59.4) 0.66

Insulin, n (%) 30 (45.5) 16 (47.1) 14 (43.7) 0.79

Hypertension, n (%) 66 100 34 (100) 32 (100) –
ARB/ACEi, n (%) 59 (89.4) 29 (85.3) 30 (93.7) 0.26

Smoker, n (%) 41 (62.1) 22 (64.7) 19 (59.4) 0.66

*Data available for 55 of the 66 patients in the CKD3-4 subcohort. †Data available for 59 of the 66 patients in the CKD3-4 subcohort.
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Association of circulating calprotectin with CV outcome in
patients with CKD and on dialysis
To validate these findings, we next measured circulating calprotec-
tin using ELISA in the full CKD3-4 cohort (n = 112) and CKD5
Dialysis cohort (n = 171). In both cohorts, circulating calprotectin
concentration was positively associated with C-reactive protein
(CRP) using univariate and multivariate linear regression (tables
S3 and S4). In the CKD5 Dialysis cohort, calprotectin also
showed a significant inverse correlation with serum albumin (P =
0.003) using univariate analysis, but the association was lost in mul-
tivariate analysis because of the colinearity of serum albumin with
CRP. Calprotectin also showed a weak but significant association
with calcium phosphate product (Ca × P; P = 0.03; table S4).

The CKD3-4 cohort registered 39 CV events during follow-up
(mean, 3.5 ± 1.1 years): 9 were fatal, and 30 were nonfatal CV
events. The CKD5 Dialysis cohort registered 42 fatal or nonfatal
CV events during follow-up (mean, 1.6 ± 0.6 years). In both
cohorts, mortality and CV events were associated with higher base-
line circulating calprotectin (Fig. 2, A and B). These differences re-
mained significant after adjusting for CRP (P = 0.001) or age, male
sex, and diabetes (P < 0.001). The relationship between circulating
calprotectin and future occurrence of fatal or nonfatal events was
estimated by time-to-event analysis. Patients in the CKD3-4 and
CKD5 Dialysis cohorts were stratified according to baseline serum
and plasma calprotectin tertiles, respectively. Higher calprotectin
tertiles were associated with higher CRP concentrations in both
cohorts (P = 0.05 in CKD3-4 and P = 0.04 in CKD5 Dialysis) but

Fig. 1. Serum proteome analysis of patients with CKD3-4. (A) Volcano plot of differences in abundance in the serum proteome between patients who presented a
major CV event (n = 32) compared with those who did not present with a CV complication (n = 34). Colored dots represent proteins with increased (red) or decreased
(blue) abundance with adjusted P < 0.05 (Student’s t test adjusted using Benjamini-Hochberg). Labeled dots represent proteins with fold change ≥2 or ≤0.5 [−2 ≥
log2(fold change) ≥ 2] and adjusted P < 0.05 with Student’s t test adjusted using Benjamini-Hochberg. (B) Univariate and multivariate feature ranking using RF analysis
of the deregulated serum proteins associated with severe outcome [−2≥ log2(fold change)≥ 2 and adjusted P < 0.05]. (C) Pearson correlation plot of S100A8 and S100A9
calprotectin subunits with the other deregulated serum proteins associated with severe outcomes [−2 ≥ log2(fold change) ≥ 2 and adjusted P < 0.05]. (D) Pearson
correlation of the log10 serum proteomic abundance of S100A8 and S100A9 calprotectin subunits in patients without a major CV event. (E) Pearson correlation of
the log10 serum proteomic abundance of S100A8 and S100A9 calprotectin subunits in patients with a major CV event. Calp. sub., calprotectin subunit; RF, random forest.
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did not show any association with other baseline parameters such as
age, sex, or serum phosphate (tables S5 and S6). The cumulative
probability of mortality and CV event was significantly higher in
the third tertile of calprotectin concentration group in both
cohorts (6 events in tertile 1, 12 in tertile 2, and 21 in tertile 3,
log-rank, P = 0.002 for CKD3-4 and 11 events in tertile 1, 7 in
tertile 2, and 22 in tertile 3, log-rank, P = 0.002 for CKD5 Dialysis;
Fig. 2, C and D).

Univariate and multivariate Cox proportional hazard analyses
were performed to study the effect of calprotectin concentration,
used as a continuous variable, with or without traditional

confounding factors, on the probability of developing a major
event. In univariate Cox analysis, calprotectin was associated with
a higher risk of mortality and CV event in patients in the CKD3-4
(Fig. 2E) and CKD5 Dialysis (Fig. 2F) cohorts. Other baseline pa-
rameters associated with severe outcome were age, CRP, and diabe-
tes (Fig. 2, E and F). The association of calprotectin with outcome
was still observed after adjustment for CRP or conventional CV risk
factors (CV RFs), including age, sex, and diabetes (Fig. 2, E and F).

Last, we assessed the performance of calprotectin, CRP, and CV
RFs such as age, male sex, and diabetes as predictors of outcome in
patients with CKD. In both cohorts, calprotectin showed prognostic

Fig. 2. Circulating calprotectin associates with outcome in patients with CKD3-4 and in patients with CKD5 on dialysis. (A and B) Circulating calprotectin con-
centrations measured by ELISA in the sera of patients with CKD3-4 who presented with a major CV event (n = 39) compared with those who did not develop any CV
complications (n = 73) (A) and in the plasma of patients with CKD5 on dialysis with (n = 42) or without (n = 129) mortality or CV event (B). **P < 0.01 and ****P < 0.0001 by
unpaired Mann-Whitney U test. (C and D) Kaplan-Meier estimate of probability of a first major CV event in patients with CKD3-4 (C) and of mortality risk or CV event in
patients with CKD5 on dialysis (D) according to circulating calprotectin concentration at the time of inclusion when patients were grouped on the basis of calprotectin
tertiles. Tertile cutoff for CKD3-4: tertile 1, <1.43 μg/ml; tertile 2, 1.43 to 2.46 μg/ml; tertile 3, >2.46 μg/ml. Tertile cutoff for CKD5 Dialysis: tertile 1, <0.90 μg/ml; tertile 2,
0.90 to 1.74 μg/ml; tertile 3, >1.74 μg/ml. Number at risk: number of patients still followed at the indicated time. (E and F) Association of calprotectin with CV outcome in
patients with CKD3-4 (E) and with mortality and CV event in patients with CKD5 on dialysis (F) using univariate and multivariate Cox regression analyses. Multivariate
analyses were adjusted for C-reactive protein (CRP) or cardiovascular risk factors (CV RF), including age, sex, and diabetes. (G and H) Receiver operating characteristics
curves for prediction of CV outcome in patients with CKD3-4 (G) and of mortality and CV event in patients with CKD5 on dialysis (H) for calprotectin concentration (Calp),
CRP, and for multivariable regression models including CV RFs (age, male sex, and diabetes) without (CV RF) or with calprotectin (CV RF + Calp). HR, hazard ratio; CI,
confidence interval.
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value with an area under the receiver operating characteristic curve
(AUC) of 0.72 and 95% confidence interval (CI) of 0.62 to 0.83 in
the CKD3-4 cohort (P < 0.0001; Fig. 2G) and an AUC of 0.66 and
95% CI of 0.56 to 0.76 in the CKD5 Dialysis cohort (P = 0.002; Fig.
2H). CRP concentrations did not show any discriminatory ability
(CKD3-4: AUC, 0.57 and P = 0.24; CKD5 Dialysis: AUC, 0.54
and P = 0.43; Fig. 2, G and H). Using multivariate logistic regres-
sion, we developed additional models including CV RF alone or in
combination with calprotectin (CV RF + Calp). In the CKD3-4
cohort, CV RF predicted an outcome with an AUC of 0.65 (P =
0.008), and adding calprotectin to CV RF substantially improved
the accuracy of CV event prediction (AUC, 0.77 and P < 0.0001;
P < 0.05 compared with CV RF alone; Fig. 2G). Similar results
were obtained in the CKD5 Dialysis cohort with an AUC of 0.67
for CV RF alone (P = 0.001) and an AUC of 0.73 (P < 0.0001) for
CV RF with calprotectin (P < 0.05 compared with CV RF alone;
Fig. 2H).

Association of circulating calprotectin with vascular
calcification in patients with CKD
To obtain further clinical evidence of the association between circu-
lating calprotectin and medial vascular calcification in CKD, we
measured calprotectin concentrations in the sera of 191 patients
with CKD5 undergoing living-donor kidney transplantation. Vas-
cular calcification was assessed through Von Kossa staining in epi-
gastric artery sections collected during renal transplantation
surgery. Baseline demographic and clinical characteristics of the pa-
tients (before transplantation), as well as biochemical parameters,
are summarized in Table 3. In univariate and multivariate analysis,
circulating calprotectin showed no association with any clinical and
biochemical parameters at baseline (table S7). Baseline serum

calprotectin concentration was measured using ELISA. Patients
were then grouped according to the tertile concentration thresholds
determined in the CKD3-4 cohort. Higher concentrations of serum
calprotectin were associated with a significant increase in vascular
calcification (P = 0.01) in these patients (Table 3).

Effect of calprotectin on vascular calcification in vitro
To study the role of calprotectin in vascular calcification, we inves-
tigated whether calprotectin could promote calcification in primary
human aortic smooth muscle cells (hASMCs) and in mouse aortic
rings. Treatment with phosphate (Pi)–containing calcification
medium induced calcium deposition in hASMCs (Fig. 3A) and in
mouse aortic rings (Fig. 3B). This effect was enhanced after addi-
tional treatment with recombinant calprotectin (10 μg/ml; Fig. 3,
A and B). Calprotectin did not induce calcium deposition in
hASMCs and in mouse aortic rings cultivated in control medium
in the absence of Pi (fig. S1). To elucidate the underlying mecha-
nisms of calprotectin-induced calcification, we investigated the im-
plication of the two known receptors of calprotectin, Toll-like
receptor 4 (TLR4) and the receptor for advanced glycation end
products (RAGE). In hASMCs, blocking of TLR4 and RAGE recep-
tors using the TLR4 inhibitor TAK-242 (3 μM; Fig. 3C) or anti-
RAGE blocking antibody (10 μg/ml; Fig. 3D) abrogated calcium
deposition induced by calprotectin compared with vehicle or
isotype control immunoglobulin, respectively. Treatment of
hASMCs with TAK-242 or anti-RAGE blocking antibody did not
modify calcium deposition induced by calcification medium (Pi)
in the absence of calprotectin (Fig. 3, C and D).

Table 3. Baseline demographic and biochemical characteristics in the full CKD5 cohort or in patients grouped according to serum calprotectin
concentration. Calprotectin concentration cutoff: <1.43 μg/ml, 1.43 to 2.46 μg/ml, and >2.46 μg/ml, based on CKD3-4 tertile thresholds. Quantitative variables are
presented as medians (IQR). Categorical variables are presented as n (%).

Parameter
CKD5 cohort

Serum calprotectin

P
<1.43 μg/ml 1.43–2.46 μg/ml >2.46 μg/ml

n = 191 n = 47 n = 70 n = 74

Age, year 47 (32–55) 48 (34–55) 44 (30–57) 46 (36–55) 0.97

Men, n (%) 119 (70%) 33 (70%) 50 (71%) 57 (77%) 0.64

BMI, kg/m2 24.2 (22.5–26.5) 24 (23–26) 24 (22–27) 24 (22–28) 0.71

CRP, mg/l 0.9 (0.3–2.2) 0.8 (0.4–1.6) 0.7 (0.3–1.6) 1 (0.3–3.1) 0.59

Albumin, g/l 35 (32–37) 35 (33–37) 35 (32–37) 34 (32–38) 0.69

Hemoglobin, g/dl 11.5 (10.8–12.5) 11.6 (10.9–12.1) 11.7 (10.5–12.7) 11.3 (10.5–12.1) 0.36

Calcium (Ca), mM 2.3 (2.1–2.4) 2.3 (2.2–2.4) 2.3 (2.2–2.4) 2.3 (2.1–2.4) 0.22

Phosphorus (P), mM 1.7 (1.4–2) 1.6 (1.3–1.8) 1.7 (1.3–2.1) 1.6 (1.4–2.0) 0.27

Ca × P, mmol2/l2 3.8 (3.1–4.5) 3.6 (3.1–4.1) 4.0 (3.1–4.6) 3.5 (3.0–4.4) 0.29

PTH, pg/ml 25 (16–40) 25 (20.4–37) 27 (17–47) 21.5 (12–37.7) 0.18

Total cholesterol, mM 4.4 (3.7–5.2) 4.4 (3.6–4.9) 4.6 (3.7–5.6) 4.2 (3.5–5) 0.08

HDL cholesterol, mM 1.3 (1–1.6) 1.3 (1–1.6) 1.3 (1.1–1.6) 1.2 (1–1.6) 0.47

Diabetes, n (%) 13* (9.8%) 5 (13%) 3 (6%) 5 (11%) 0.54

Vascular calcification, n (%) 143 (75%) 29 (61%) 51 (73%) 63 (85%) 0.01

*Data available for 133 patients.

S C I ENCE TRANSLAT IONAL MED IC INE | R E S EARCH ART I C L E

Amaya-Garrido et al., Sci. Transl. Med. 15, eabn5939 (2023) 6 September 2023 6 of 15

D
ow

nloaded from
 https://w

w
w

.science.org at IN
SE

R
M

 on Septem
ber 11, 2023



Effect of calprotectin blockade with paquinimod on
vascular calcification in vitro
We next evaluated the potential of calprotectin as a possible thera-
peutic target in vascular calcification in vitro. To this end, hASMCs
and mouse aortic rings were treated with phosphate and calprotec-
tin without or with additional treatment with the calprotectin in-
hibitor paquinimod (10 μg/ml). In hASMCs, paquinimod
alleviated increased calprotectin-induced calcification assessed by
alizarin red staining (Fig. 3E), calcium content (Fig. 3F), and

ALPL activity (Fig. 3G). Similar results were observed in mouse
aortic rings using Von Kossa staining and calcium content mea-
surement (Fig. 3, H and I). Treatment of hASMCs with paquinimod
did not modify calcium deposition induced by calcification
medium (Pi) alone in the absence of calprotectin (fig. S2).

Fig. 3. Effect of calprotectin and paquinimod on vascular calcification in hASMCs and mouse aortic rings. (A and B) Calcium content in primary hASMCs (n = 19 or
20 per group) (A) andmouse aortic rings (n = 11 or 12 per group) (B) cultivated in control (Ctrl) or calcification medium (Pi) and treated or not with calprotectin (10 μg/ml;
Calp). (C andD) Calcium content in hASMCs cultivated in control (Ctrl) or calcificationmedium (Pi) and treated or not with calprotectin (10 μg/ml; Calp) and 3 μM TAK-242
(TAK) or vehicle (n = 10 to 14 per group) (C) or anti-RAGE blocking antibody (10 μg/ml; aRAGE) or isotype control immunoglobulin (n = 8 per group) (D). (E to G) Alizarin
red staining (E), calcium content (n = 16 to 19 per group) (F), and ALPL activity (n = 12 per group) (G) in hASMCs and cultivated in control (Ctrl) or calcificationmedium (Pi)
and treated or not with calprotectin (10 μg/ml; Calp) and paquinimod (10 μg/ml; Paq). (H and I) Von Kossa staining (H) and calcium content (n = 5 or 6 per group) (I) in
mouse aortic rings cultivated in control (Ctrl) or calcification medium (Pi) and treated or not with calprotectin (10 μg/ml; Calp) and paquinimod (10 μg/ml; Paq). (J)
Calcium content in hASMCs treated with normal serum collected from individuals without CKD or uremic serum collected from patients with CKD5 and with additional
treatment with vehicle or paquinimod (10 μg/ml; n = 15 or 16 per group). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by Kruskal-Wallis test with Dunn’s multiple
comparisons for (A to G), one-way ANOVA test with Šidák’s multiple comparisons for (I), or two-way ANOVA test with Tukey’s multiple comparisons for (J). Error bars
represent SDs of the mean.

S C I ENCE TRANSLAT IONAL MED IC INE | R E S EARCH ART I C L E

Amaya-Garrido et al., Sci. Transl. Med. 15, eabn5939 (2023) 6 September 2023 7 of 15

D
ow

nloaded from
 https://w

w
w

.science.org at IN
SE

R
M

 on Septem
ber 11, 2023



Effect of paquinimod on vascular calcification induced by
human uremic serum in vitro
To increase the translational value of our observations, we explored
the therapeutic potential of paquinimod in the complex uremic
milieu. hASMCs exposed to uremic serum from patients with
CKD5 or to serum collected from individuals without CKD were
treated or not with paquinimod. The calcium content was increased
in hASMCs exposed to uremic serum compared with serum from
non-CKD controls, and this effect was reduced after treatment with
paquinimod (Fig. 3J).

Effect of paquinimod on vascular calcification in a subtotal
nephrectomy mice model
The anticalcifying effect of paquinimod was further evaluated in
phosphate-fed DBA (dilute, brown, non-agouti) mice subjected to
subtotal nephrectomy (5/6 Nx), a clinically relevant model of vas-
cular calcification associated with CKD. Subtotal nephrectomy in-
creased albuminuria (Fig. 4A) and decreased measured GFR (Fig.
4B), confirming kidney disease in the 5/6 Nx mice compared with
the sham control mice. In addition, plasma calprotectin concentra-
tions were increased in 5/6 Nx mice treated with vehicle compared
with the sham control mice (Fig. 4C). Increased plasma calprotectin
concentrations were correlated to GFR decline and increasedmono-
cyte count (fig. S2). In addition, in 5/6 Nxmice, phosphate-rich diet
increased plasma calprotectin concentrations compared with

Fig. 4. Paquinimod treatment reduces vascular calcification in 5/6 Nx mice. (A) Urinary albumin/creatinine ratio (n = 14 per group), (B) GFR (n = 7 or 8 per group), (C)
plasma calprotectin concentration (n = 18 to 21 per group), (D) calcium content in the aortic cross (n = 7 or 8 per group) of sham, and 5/6 Nx mice treated with vehicle or
paquinimod. (E) Runx2 and (F) Msx2 mRNA expression (n = 15 to 22 per group) in the thoracic aortas of sham and 5/6 Nx mice treated with vehicle or paquinimod. (G)
Plasma calcium (Ca), (H) plasma phosphorus (P), (I) plasma Ca × P, (J) plasma ALPL activity, (K) plasma PTH, and (L) plasma FGF23 concentrations (n = 8 to 12 per group) of
sham and 5/6 Nx mice treated with vehicle or paquinimod. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by two-way ANOVA test with Tukey’s multiple com-
parisons for (A to K). Error bars represent SDs of the mean. ns, not significant.
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normal diet without modifying GFR or modifying monocyte count
(fig. S3). Mice with subtotal nephrectomy on a phosphate-rich diet
also showed increased calcification of the aortic arch (Fig. 4D) and
aortic mRNA expression of osteogenic markers Runx2 and Msx2
(Fig. 4, E and F). Treatment with paquinimod for 8 weeks prevented
the development of vascular calcification (Fig. 4, D to F) without
modifying renal function (Fig. 4, A and B) or plasma calprotectin
concentration (Fig. 4C). To assess the impact of 5/6 Nx and paqui-
nimod on bone mineral metabolism, we measured plasma concen-
trations of calcium (Ca), phosphorus (P), ALPL, intact parathyroid
hormone (PTH), and fibroblast growth factor 23 (FGF23; C-termi-
nal fragment; Fig. 4, G to L). Both PTH and FGF23 were increased
in the plasma of 5/6 Nxmice treated with the vehicle compared with
sham, but paquinimod did not affect any of these markers (Fig. 4, K
and L).

Effect of paquinimod on vascular calcification in old
ApoE−/− mice
We next evaluated the potential protective effect of paquinimod in a
different complex pathological context associated with vascular cal-
cification combining atherosclerosis and aging. In ApoE−/− mice,
aging was associated with increased plasma calprotectin (Fig. 5A).

To further potentiate the development of calcification, 9-month-old
ApoE−/− mice were fed a phosphate-rich diet, substantially increas-
ing plasma calprotectin (Fig. 5A), and treated or not with paquini-
mod for 8 weeks. Treatment with paquinimod did not modify
plasma calprotectin concentrations (Fig. 5B) but did reduce
calcium content of the aortic cross (Fig. 5C) compared with
vehicle. Eleven-month-old ApoE−/− mice treated with vehicle dis-
played atherosclerotic plaques complicated by intimal microcalcifi-
cations as shown by alizarin red staining of the aortic sinus (Fig.
5D). These lesions were associated with intraplaque calprotectin
staining (Fig. 5E). Treatment with paquinimod reduced plaque cal-
cification (Fig. 5D) without modifying plaque calprotectin staining
(Fig. 5E) or the size of the plaque (Fig. 5F) compared to vehicle.

DISCUSSION
CV disease is the main cause of death in patients with CKD world-
wide, and vascular calcification is a strong predictor for mortality in
these patients. In this study, we identified calprotectin as associated
with CV outcome and mortality in patients with CKD and as a po-
tential therapeutic target to prevent vascular calcification.

Fig. 5. Paquinimod treatment reduces vascular calcification in old ApoE−/− mice. (A) Plasma calprotectin concentrations measured in ApoE−/− mice fed with a
normal diet for 9 months before switching to high-phosphate diet (arrow). *P < 0.05 and ***P < 0.001 compared with 2 months old; ###P < 0.001 compared with 9
months old by Kruskal-Wallis test with Dunn’s multiple comparisons. (B) Plasma calprotectin concentrations (n = 21 per group), (C) calcium content in the aortic cross (n =
23 per group). (D to F) Representative images and quantification (n = 18 to 21 per group) of (D) alizarin red (calcium deposition), (E) calprotectin, and (F) red oil staining
(lipid accumulation) on the aortic sinus in 11-month-old ApoE−/−mice treated with vehicle (Veh) or paquinimod (Paq) for 8 weeks. Scale bars, 1 mm. **P < 0.01 and ***P <
0.001 by unpaired Mann-Whitney U test for (B to F). Error bars represent SDs of the mean.
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Calprotectin is a marker of disease activity in many autoimmune
and inflammatory diseases, including rheumatoid arthritis, inflam-
matory bowel disease, systemic lupus erythematous, or, more re-
cently, COVID-19 (14–16). Some reports have shown that
circulating calprotectin was increased in dialysis patients compared
with healthy individuals (17, 18) and that serum calprotectin was
associated with overall mortality in hemodialysis patients with ele-
vated serum phosphorus or patients on peritoneal dialysis (19, 20).
In addition, increased circulating calprotectin has been associated
with a higher incidence of CV events in patients without CKD, in-
cluding coronary events, peripheral arterial disease, and acute ische-
mic stroke (21–24). However, few reports have suggested that
calprotectin may have a direct effect on the CV system in vivo.

Primarily expressed and secreted by myeloid-derived cells such
as neutrophils and monocytes, calprotectin may be released into the
extracellular space by other cells upon activation, injury, or death
(14, 15). In the extracellular environment, calprotectin becomes a
proinflammatory mediator, serving as a DAMP or a so-called
alarmin. Calprotectin stimulates oxidative stress, production of in-
flammatory cytokines, and apoptosis upon interaction with TLR4
and RAGE (14, 15), which have both already been described to
play a role in vascular calcification (25, 26). The S100A9-RAGE
axis has also been shown to promote the release of macrophage-me-
diated mineralizing extracellular vesicles under hyperglycemic con-
ditions (27). Nevertheless, knowledge of calprotectin signaling in
VSMCs is limited. Here, we showed that calprotectin promotes cal-
cification of VSMCs through TLR4 and RAGE. We showed that the
activity of ALPL, a key end-effector induced by procalcific pathways,
was increased by calprotectin, demonstrating the effect of calprotec-
tin on osteogenic processes at the functional level. Further studies
are needed to better understand the molecular and cellular mecha-
nisms associated with calprotectin’s procalcifying effects on
VSMCs, including senescence, apoptosis, release of calcifying mi-
crovesicles, and inflammatory cytokine production.

Given the close link between calprotectin and inflammation, it
might be assumed that calprotectin accumulation may reflect or
mediate the inflammatory state that characterizes CKD and might
therefore explain the relationship between increased circulating cal-
protectin and vascular calcification and CV mortality in patients
with CKD. Chronic inflammation and the acute phase inflammato-
ry response, characterized by higher CRP and interleukin-6 and
lower albumin, are predictors of early mortality in patients with
end-stage kidney failure and dialysis (28). In our study, calprotectin
was correlated with CRP in CKD stages 3 and 4 and in dialysis pa-
tients but not in the selected group of patients with CKD5 under-
going living-donor transplantation. In addition, calprotectin was
more strongly and independently associated with CV outcome
and mortality than CRP. Our results, in accordance with previous
reports (17, 19, 20, 24), suggest that the regulation of calprotectin
and CRP respond to different mechanisms and that calprotectin
may be a more sensitive marker of the chronic inflammatory state
than CRP. In our 5/6 Nx mouse model, increased plasma calprotec-
tin was strongly correlated to renal function decline and monocyte
count. The phosphate-rich diet also increased plasma calprotectin,
independently of an effect on renal function or inflammatory cells.
Therefore, it could be hypothesized that in the context of chronic
systemic inflammation associated with renal failure and phosphate
dysregulation, higher circulating calprotectin results from decreased
renal elimination and increased production by inflammatory cells,

although additional stress factors could also have a direct effect on
other cell types to release calprotectin as an alarmin. Future studies
are needed to identify the cellular source of calprotectin during cal-
cification conditions, including inflammatory cells, VSMCs, and
endothelial cells.

Clinical management of vascular calcification in patients with
CKD currently relies on the prevention of mineral metabolism dis-
orders, but this does not result in a major change to the rate of pro-
gression (7, 11). Experimental therapies, such as bisphosphonates,
thiosulfates, or lowering pH, were successful in animal models, but
their efficacy in humans is still debated or remains to be proven (7,
11). Paquinimod (ABR 215757) is an orally administered drug be-
longing to the class of quinoline-3-carboxamides, a class of small
compounds with immunomodulatory properties (29). Paquinimod
has been granted the status of an orphan drug by the Food and Drug
Administration and has been demonstrated safe in phase 1 and 2
clinical trials in the treatment of lupus and systemic sclerosis, as
well as in several animal models of atherosclerosis, myocardial in-
farction, autoimmune encephalomyelitis, and skin fibrosis. Al-
though its mode of action remains incompletely understood, it
has been shown that paquinimod competes for the same binding
region in calprotectin as TLR4 and RAGE, without binding directly
to the receptors and without directly regulating calprotectin expres-
sion (29). This is supported by our models, where paquinimod
reduced vascular calcification without modifying calprotectin
abundance in the plasma of 5/6 Nx and ApoE−/− mice or in the ath-
erosclerotic plaque of ApoE−/− mice. Although our results suggest
that paquinimod did not aggravate bone mineral disorder associat-
ed with renal failure in the 5/6 Nx mouse model, additional studies
are warranted to explore in more detail the potential side effects of
paquinimod that may directly affect the bone formation and its
mineral density.

In addition to calprotectin, our proteomics analysis identified
more than 100 proteins associated with CV outcome in patients
with CKD. Among those, plasminogen activator inhibitor 1,
mimecan, and cathepsin D have already been shown to be associat-
ed with CKD-associated CVD (30–32). Fetuin A (alpha-2-HS gly-
coprotein), a circulating glycoprotein derived from the liver, is a
well-known and potent inhibitor of calcification, and decreased
fetuin A concentrations have been associated with an increased
risk of mortality in patients on dialysis (33). However, in our
study, although detected in serum samples of patients with
CKD3-4, fetuin Awas not associated with CV outcome, confirming
earlier studies that this association is only observed in dialysis pa-
tients (34).

This study does have several limitations. Although circulating
calprotectin showed an ability to predict CV outcome in both the
CKD3-4 and the CKD5 Dialysis cohorts, this finding should be rep-
licated in an independent validation cohort. Moreover, we did not
investigate whether changes in circulating calprotectin in CKD
could be associated with future CV events to assess the potential
predictive value of an increase in calprotectin concentration. In
the CKD5 cohort, calprotectin concentrations were associated
with vascular calcification, but it should nevertheless be expected
that the burden of CV disease in this selected group of patients,
carefully evaluated for preemptive living-donor transplantation,
could be less than in unselected patients with CKD5.

This study has identified calprotectin as a potential marker of
and therapeutic target for CKD-associated calcification. We
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believe that this study provides a comprehensive map of the CKD
proteome associated with CVD and anticipate that it will serve as a
reference for future studies to shed additional light on the patho-
physiology of CV complications in patients with CKD.

MATERIALS AND METHODS
Study design
In this study, we aimed to determine the mechanisms of CV com-
plications in CKD that may be used as starting points for therapeu-
tic targets to protect against the development of vascular
calcification. Identification of calprotectin was performed using un-
targeted mass spectrometry and ELISA in serum and plasma
samples from three independent cohorts of patients with CKD.
Functional studies were performed in vitro (primary hASMCs),
ex vivo (mouse aortic rings), and in vivo in mouse models (subtotal
nephrectomymice and aged ApoE−/− mice). Information about the
human participants is described in the “Study participants” section
and detailed in Tables 1 to 3. All mouse studies were performed in
accordance with National Institutes of Health guidelines and were
approved by a local ethics committee. Randomization, blinding, and
replication are specified in each applicable section. All sample sizes
are indicated in the figure legends.

Study participants
For this study, we included participants with CKD stage 3 and 4,
CKD stage 5 on hemodialysis, or CKD stage 5 from the following
three cohorts (Tables 1 and 3).
CKD stage 3 and 4 (CKD3-4)
The NEFRONA study is a multicenter prospective cohort study of
patients with CKD without a history of acute CV events at inclusion
and with at least 4 years of follow-up (13). Patients were recruited
from 81 primary care centers in Spain between October 2010 and
June 2012. Patients aged 18 to 74 years were eligible if they had CKD
stage 3 or higher as defined by current guidelines (eGFR < 60 ml/
min per 1.73 m2 estimated using the four-variable modification of
diet in renal disease equation). Exclusion criteria were previous CV
disease, active infections (HIV and tuberculosis), pregnancy, history
of organ transplantation, and life expectancy of less than 1 year. Of
the 2445 patients available in the NEFRONA study, we included 112
patients with CKD stage 3 or 4 (15 < eGFR < 60ml/min per 1.73m2)
and available serum samples. Demographic factors and relevant
medical history were determined at patient recruitment using a de-
tailed medical questionnaire. Biochemical parameters were ob-
tained from a routine fasting blood test. The study protocol was
approved by the local ethics committee of the Hospital Arnau de
Vilanova, Lleida, Spain (review board number 13/2010) and con-
ducted in accordance with the Declaration of Helsinki. All patients
gave informed consent.
CKD stage 5 on hemodialysis (CKD5 Dialysis)
The CKDomic cohort recruited 171 patients on maintenance he-
modialysis from the Toulouse University Hospital (Toulouse,
France) and the AURAR-Dialysis center (La Reunion, France)
and with a 2-year follow-up. Patients were included between June
2015 and January 2018. Patients underwent either hemodialysis or
online hemodiafiltration. Demographic factors, relevant medical
history, and medications were determined by medical record
review. History of CV disease was defined as a history of myocardial
infarction, unstable angina, stroke, and transient ischemic attack.

Plasma samples were collected according to standardized proce-
dures before dialysis, before anticoagulant administration. K-
EDTA-plasma samples were processed immediately after collection
and stored at −80°C. The study protocol was approved by the
French ethics committee (review board number DC-2011-1388,
CER 06-0115) and conducted in accordance with the Declaration
of Helsinki. All patients gave informed consent.
CKD stage 5 (CKD5)
The Karolinska Hospital recruited patients (KärlTx cohort; 2008/
748-31/2; 2019/01134) in the context of living-donor kidney trans-
plantation by collecting clinical data, serum, and epigastric/iliac
artery biopsies from kidney transplant recipients. This cohort en-
rolled, between March 2013 and May 2020, 255 clinically stable
adults (age >18 years) with end-stage kidney failure (CKD stage
5) selected for kidney transplantation at the time of inclusion
(35). Relevant demographics, comorbidities, medications, and
routine biochemical parameters were extracted from electronic
files. Biochemical parameters were obtained from a routine
fasting blood test. CV disease was defined on the basis of clinical
history or signs of ischemic cardiac disease, peripheral vascular
disease, and/or cerebrovascular disease. During kidney transplanta-
tion surgery, a piece of the epigastric artery was harvested. Calcifi-
cation was assessed histologically using Von Kossa staining. From
this cohort, we included 170 patients with available serum samples,
clinical data, and histological scoring of medial calcification. The
study was conducted in adherence to the Declaration of Helsinki
and approved by the ethical committees of Karolinska University
Hospital. Written informed consent was obtained from
each patient.

Outcomes of interest
Outcomes of interest during follow-up of the patients with CKD3-4
were fatal (n = 9) or nonfatal CV events (n = 30). CV mortality in-
cluded death secondary to myocardial infarction, arrhythmia, con-
gestive heart failure, stroke, aneurysm, mesenteric infarction, and
sudden death. Nonfatal CV events included transient ischemic
attack (n = 4), unstable angina (n = 11), stent (n = 4), myocardial
infarction (n = 2), cerebrovascular accident (n = 4), and other CV
event (n = 5). CV events were registered at each visit. For out-of-
hospital deaths, family members were interviewed by telephone to
better ascertain the circumstances of death. For patients with CKD5
on dialysis, the primary outcomewas a composite outcome combin-
ing all-cause mortality (n = 24) and CV events (n = 18) including
unstable angina, stent, myocardial infarction, and cerebrovascular
accident. Information about all-cause mortality and CV events
was classified on the basis of electronic medical records and re-
viewed by a physician.

Serum sample preparation for proteomic analysis
For proteomic analysis, we selected a case-control subset of 66 pa-
tients from the CKD stage 3 and 4 cohort: 32 cases and 34 matched
controls. To reduce the dynamic range of protein concentrations,
we used a strategy based on the combinatorial hexapeptide ligand
library beads (ProteoMiner, Bio-Rad). About 10 mg of proteins
(150-μl serum sample) diluted in 2 ml of phosphate-buffered
saline (PBS) 1× was incubated with 20 μl of beads for 4 hours at
room temperature on a rotor. Samples were then centrifuged. The
beads were washed three times with wash buffer PBS 1× to remove
unbound proteins. The proteins captured by the beads were eluted
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by the addition of 15 μl of Laemmli sample buffer for electrophore-
sis. Then, protein concentration was measured using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). Fifty micro-
grams of proteins was heated at 95°C for 5 min. Cysteines were al-
kylated using chloroacetamide (75 mM) for 30 min at room
temperature. Proteins were loaded onto a 12% acrylamide SDS–
polyacrylamide gel electrophoresis gel and concentrated in a
single band visualized by Coomassie staining (Instant Blue, Expe-
deon). The gel band containing the whole sample was cut and
washed several times in 50mM ammonium bicarbonate:acetonitrile
(1:1) for 15 min at 37°C. Proteins were in-gel-digested using 0.6 μg
of modified sequencing-grade trypsin (Promega) in 50 mM ammo-
nium bicarbonate overnight at 37°C. Peptides were extracted from
the gel by two incubations in 10% formic acid:acetonitrile (1:1) for
15 min at 37°C. The extracted fractions were pooled with the initial
digestion supernatant and dried under speed-vacuum. The result-
ing peptides were resuspended with 50 μl in 5% acetonitrile and
0.05% trifluoroacetic acid for nanoscale liquid chromatography–
tandem mass spectrometry (nanoLC-MS/MS) analysis.

Proteomic analysis
Each sample (5 μl) was loaded onto a C18 precolumn [300 μm
(inner diameter) × 5 mm; 5-μm particle size; 100-Å pore size;
Dionex] at 20 μl/min in 5% acetonitrile and 0.05% trifluoroacetic
acid. After 5 min of desalting, the precolumn was switched online
with the analytical C18 column [75 μm (inner diameter) × 50 cm; 3-
μm particle size; 120-Å pore size in house; packed with ReproSil
C18] equilibrated in 95% solvent A (5% acetonitrile and 0.2%
formic acid) and 5% solvent B (80% acetonitrile and 0.2% formic
acid). Peptides were eluted using a 5 to 50% gradient of solvent B
over 110 min at a flow rate of 300 nl/min. The mass spectrometer
was operated in a data-dependent acquisition mode with Xcalibur
software. Survey MS scans were acquired in the Orbitrap on the 300
to 2000 mass/charge ratio (m/z) range with the resolution set at
60,000. The 20 most intense ions per survey scan were selected
for collision-induced dissociation (CID) fragmentation, and the re-
sulting fragments were analyzed in the linear ion trap (LTQ). A
dynamic exclusion of 60 s to prevent repetitive selection of the
same peptide was applied.

Proteomic data processing
Raw nanoLC-MS/MS files were submitted to Mascot database
searches (version 2.6.2, Matrix Science) against “Human” entries
in the Swiss-Prot protein database (UniProtKB/Swiss-Prot protein
knowledgebase release 2017_10; 20239 sequences entries). Carba-
midomethylation of cysteine was set as a fixed modification,
whereas oxidation of methionine and protein N-terminal acetyla-
tion were set as variable modifications. Specificity of trypsin diges-
tion was set for cleavage after K or R, and two missed trypsin
cleavage sites were allowed. The mass tolerance was set to 10 parts
per million (ppm) for the precursor ion. It was set for fragment ions
to 0.8 daltons in collision-induced dissociation (CID) mode and to
20 milli mass units in higher energy collisional dissociation (HCD)
mode. Identification results were imported into Proline software
(http://proline.profiproteomics.fr/) for validation. Peptide spec-
trum matches (PSM) with rank equal to one were retained. False
discovery rate was then optimized to be below 1% at PSM level
using Mascot-adjusted E value and below 1% at protein level
using Mascot MudPIT score. For label-free quantification, peptide

abundances were extracted using Proline software version 1.6 with
an m/z tolerance set to 5 ppm. Alignment of LC-MS runs was per-
formed using Loess smoothing. Cross-assignment of peptide ion
abundances was performed among the samples using an m/z toler-
ance of 5 ppm and a retention time tolerance of 42 s. Protein abun-
dances were computed using the median ratio fitting of the unique
peptide abundances normalized at the peptide level. Only proteins
that were quantified in at least 50% of the biological replicates in at
least one of the groups were considered for further processing and
statistical analysis. Remaining missing values were then replaced by
a constant noise value determined independently for each analytical
run as the 1% percentile of the total protein population.

Enrichment analysis
Gene enrichment and functional annotation analyses were per-
formed using the DAVID tool (36, 37). Term enrichment was con-
sidered for analysis when adjusted P < 0.05 and at least 10 proteins
from the serum proteome analysis were annotated.

ELISA measurements
Serum and plasma calprotectin concentrations were determined in
a blinded manner with commercially available ELISA kits for
human (Bio-Techne, DS8900) or mice (Bio-Techne, DY8596-05)
according to the manufacturer’s protocol. Plasma PTH (1-84) and
FGF23 (C-term) concentrations were determined with commercial-
ly available mouse ELISA kits (Immutopics, #60-2305 and #60-
6300, respectively) according to the manufacturer’s protocols.

Culture of primary hASMCs
Primary hASMCs (Lonza, CC-2571) were maintained at 37°C in a
humidified atmosphere with 5% of CO2 in SmGMBulletKit (Lonza,
CC-3182) until confluence. For experiments, cells were split and
cultivated in Dulbecco’s modified Eagle’s medium (DMEM) Gluta-
MAX supplemented with 2.5% of fetal bovine serum (FBS), penicil-
lin (100 U/ml), and streptomycin (100 mg/ml). hASMCs frommale
and female donors (tissue acquisition nos. 26646, 25456, 35724, and
27930) were used in all experiments from passages 3 to 6 depending
on the availability of the cells. All experiments were replicated in
two to four independent cell passages, each with at least four bio-
logical replicates per group. To induce calcification, cells were
treated with 2.6 mM NaH2PO4/25 mM Hepes for 3 days (ALPL ac-
tivity) or 5 days (calcium measurement and alizarin red staining).
Where indicated, hASMCs were prestimulated with paquinimod
(10 μg/ml; DC Chemicals, DC10875), 3 μM TAK-242 (InvivoGen,
CLI-095), or anti-RAGE antibody (10 μg/ml; R&D Systems,
MAB11451) for 30 min followed by human recombinant calprotec-
tin (10 μg/ml; Bio-Techne, 8226-S8-050). Equal amounts of vehicle
or isotype immunoglobulin (R&D Systems, MAB004) were used as
controls. Fresh media with agents were added every 2 to 3 days.

For experiments with human serum, 23 patients with CKD (13
male and 7 female) on dialysis and without diabetes were selected
from the CKD5 (KärlTx) cohort and sex-matched with 16 healthy
individuals (nine male and seven female) with normal renal func-
tion, without diabetes, CKD, or major illnesses from Ghent Univer-
sity Hospital (Belgium). Ethics approval was obtained by the local
ethics committees at the Karolinska University Hospital (2008/748-
31/2; 2019/01134) and the Ghent University Hospital (2010/033;
B67020107926), and all participants gave informed consent, adher-
ing to the Declaration of Helsinki. Primary female and male
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hASMCs were cultivated with DMEM GlutaMAX and treated with
2.6 mM NaH2PO4/25 mM Hepes together with 15% of pooled
female andmale CKD/healthy serum, respectively, and paquinimod
(10 μg/ml) or vehicle for 5 days. Detailed information about quan-
tification of calcium deposition, alizarin red staining, and measure-
ment of ALPL activity are provided in the SupplementaryMaterials.

Culture of mouse aortic rings
Abdominal aortas were dissected from 12-week-old male Swiss CD-
1 mice (Janvier Labs). Connective tissue was gently removed, and
aortas were cut in four or five rings of 2-mm length. Rings from
one animal were randomly assigned to different treatment condi-
tions. Rings were cultivated in DMEM supplemented with 2.5%
of FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml) at
37°C in a humidified atmosphere with 5% of CO2. To induce calci-
fication, aortic rings were stimulated with 1.8 mM NaH2PO4/25
mM Hepes for 7 days (calcium measurement and Von Kossa stain-
ing). Where indicated, aortic rings were prestimulated with paqui-
nimod (10 μg/ml; DC Chemicals, DC10875) for 30 min followed by
mouse recombinant calprotectin (10 μg/ml; R&D Systems, 8916-S8-
050). Stimulation was performed every 2 days. Equal amounts of
vehicle were used as controls. Fresh media with agents were
added every 2 to 3 days. Detailed information about quantification
of calcium deposition and Von Kossa staining are provided in the
Supplementary Materials.

5/6 nephrectomy mouse model
Male and female DBA/2J mice (Charles River, France) were housed
in a pathogen-free, temperature-controlled environment with a 12-
hour light/12-hour dark cycle. Animals had free access to food and
tap water. At reception, mice were randomly assigned in cages (four
animals per cage), and cages were randomly assigned to four groups
(n = 24 per group): (i) sham + vehicle, (ii) sham + paquinimod, (iii)
subtotal nephrectomy (5/6 Nx) + vehicle, and (iv) 5/6 Nx + paqui-
nimod. At 12 weeks of age, subtotal nephrectomy was performed
using a two-step procedure (38). First, animals received subcutane-
ous injection of buprenorphine (Buprecare, 100 μg/kg) and were
anesthetized with 2% isoflurane. The left kidney was exposed
through midline abdominal incision. Upper and lower poles were
resected and weighed. Two weeks later, the right kidney was
exposed and removed through midline abdominal incision. In par-
allel, control animals underwent sham surgery (sham). After 1-week
recovery, diet was switched to a phosphate-rich diet (C1031-modi-
fied 0.6% calcium and 0.9% phosphorus; Altromin), and mice were
treated with paquinimod (5 μg/g per day, gavage) or vehicle 5 days a
week for 8 weeks. Paquinimod (DC Chemicals, DC10875) was pre-
pared at 0.75 mg/ml in 2.5% dimethyl sulfoxide, 10% polyethylene
glycol, molecular weight 300, 1.25% Tween-80, and 86.25% saline
solution. One group of 5/6 Nx mice did not receive the phosphate
diet (normal diet). All animal experiments were performed in a
nonblinded manner. Three animals died in the 5/6 Nx + vehicle
group, and two died in the 5/6 Nx + paquinimod group. After 7
weeks, GFR was measured (n = 8 per group), and urine samples
were collected in metabolic cages overnight (n = 14 per group).
Urine samples were centrifuged for 5 min at 1500g, and supernatant
was stored at −20°C. One urine sample in the sham + paquinimod
group was excluded from analysis because it was contaminated with
feces. After 8 weeks of treatment, mice were euthanized. Blood was
harvested from the vena cava and collected in heparinized tubes

(Microvette Hép-Lithium, Sarstedt) to avoid platelet aggregation.
Blood was then centrifuged for 5 min at 1500g, and plasma was col-
lected and immediately frozen at −80°C. All experiments were con-
ducted in accordance with National Institutes of Health guidelines
for the care and use of laboratory animals and were approved by a
local ethics committee [Regional Centre for Functional Exploration
and Experimental Resources (CREFRE)/US006 Inserm, Toulouse,
France; #16445 2018082111041911]. Detailed information about
GFR measurement, urine, and plasma biochemistry analysis and
quantification of calcium deposition are provided in the Supple-
mentary Materials.

Apolipoprotein E–deficient (ApoE−/−) mouse model
Male and female ApoE−/− mice (Charles River, France) were
housed in a pathogen-free, temperature-controlled environment
with a 12-hour light/12-hour dark cycle. Animals had free access
to food and tap water. Mice were housed in cages containing
three or four animals, and cages were randomly assigned to two
groups (n = 26 per group): (i) vehicle and (ii) paquinimod. At the
age of 36 weeks (9 months), diet was switched to a phosphate-rich
diet (C1031-modified 0.6% calcium and 0.9% phosphorus; Altro-
min), and mice were treated with paquinimod (5 μg/g per day,
gavage) or vehicle 5 days a week for 8 weeks. All animal experiments
were performed in a nonblinded manner. Three animals died in the
vehicle group, and three died in the paquinimod group. Mice were
euthanized at 44 weeks of age (11 months). Blood was harvested
from the vena cava and collected in heparinized tubes (Microvette
Hép-Lithium, Sarstedt) to avoid platelet aggregation. Blood was
then centrifuged for 5 min at 1500g, and plasma was collected
and immediately frozen at −80°C. All experiments were conducted
in accordance with National Institutes of Health guidelines for the
care and use of laboratory animals and were approved by a local
ethics committee (Regional Centre for Functional Exploration
and Experimental Resources (CREFRE)/US006 Inserm, Toulouse,
France; #16445 2018082111041911). Detailed information about
quantification of calcium deposition and histological staining are
provided in the Supplementary Materials.

RNA extraction and reverse transcription quantitative
polymerase chain reaction
Total RNA was isolated from thoracic aortic tissue using RNeasy
Mini Kit (QIAGEN) according to the manufacturer’s instructions.
RNA concentration was measured with a NanoDrop spectropho-
tometer (Thermo Fisher Scientific), and samples with low RNA
purity (260/230 ratio) were excluded from analysis. Reverse tran-
scription of total RNA was performed using Maxima First Strand
cDNA Synthesis (Thermo Fisher Scientific). Quantitative reverse
transcription polymerase chain reaction (PCR) was performed
with the ViiA 7 Real-Time PCR System (Applied Biosystems) and
Perfecta SYBRGreen SuperMix (Quanta bio) according to theman-
ufacturer’s instructions. All PCRs were performed in duplicate, and
relative mRNA expression was calculated by the 2−ΔΔCt method,
using GAPDH as housekeeping gene normalized to the control
group. The following mouse primers were used: Runx2 forward,
50 AGA GTC AGA TTA CAG ATC CCA GG 30; Runx2 reverse, 50
AGG AGG GGTAAG ACT GGT CATA 30; Msx2 forward, 50 TTC
ACCACATCC CAG CTTCTA 30;Msx2 reverse, 50 TTG CAG TCT
TTT CGC CTTAGC 30; GAPDH forward, 50 AGG TCG GTG TGA
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ACG GAT TTG 30; and GAPDH reverse:, 50 TGT AGA CCA TGT
AGT TGA GGT CA 30.

Statistical analyses
Serum proteome abundances were log-transformed, whereas other
variables were not transformed. In the 112 patients of the CKD3-4
cohort, the number of missing values ranged from 0 to 3 for each
clinical parameter, except for PTH (22 missing values), low-density
lipoprotein (LDL) cholesterol (10 missing values), and high-density
lipoprotein (HDL) cholesterol (10 missing values). In the 171 pa-
tients of the CKD5 Dialysis cohort, the number of missing values
ranged from 0 to 4 for each clinical parameter, except for PTH
(79 missing values), LDL cholesterol (79 missing values), HDL cho-
lesterol (79 missing values), and smoking status (27 missing values).
Missing values were handled using the available case approach
(pairwise deletion), meaning that missing values were ignored
when analyzing the respective variable. Spearman rank correlation
was used to determine correlations between variables. For proteome
data, P values were adjusted for multiple testing using the Benjami-
ni-Hochberg procedure. Multivariate feature ranking of the most
prominent serum proteome changes was based on importancemea-
surement (mean decrease in accuracy) extracted from a tuned RF
model [tunegrid-based mtry optimization using repeated cross-val-
idation on accuracy metric, ntree optimization to stabilize out-of-
bag (OOB) error rate; final tuning: mtry = 10, ntree = 2000, OOB
rate = 1.5%]. Univariate and multivariate linear regression analyses
were applied to quantify the association of circulating calprotectin
with clinically relevant variables at baseline, including age, sex, body
mass index, CRP, eGFR (for CKD3-4) or time on dialysis (for CKD5
Dialysis), albumin, Ca × P product, dyslipidemia, diabetes, and hy-
pertension. Analysis of covariance (ANCOVA) using CRP or age
(per 10 years), male sex, and diabetes as covariates was used to
assess the differences between groups for calprotectin. Survival
analyses were displayed using Kaplan-Meier curves and compared
using log-rank test. Patients were censored as free of outcome when
they reached the planned end of study without experiencing the
outcome of interest or were lost to follow-up. Univariate and mul-
tivariate Cox proportional hazard models were built to estimate
impact of baseline parameters on survival. Proportional hazard hy-
pothesis and model’s performance using Harrell’s C index were ver-
ified for every model. Results were presented as hazard ratio and
95% CIs. To study the ability of baseline parameters to predict
CV outcome, conventional CV RFs were combined with or
without calprotectin using a logistic regression model. Performanc-
es were assessed by calculating the AUC and 95% CI (DeLong
method). Comparisons between model performances were done
using the DeLong test. Data normality was analyzed using the
Shapiro-Wilk normality test. For normally distributed data, statisti-
cal analysis was performed with two-sided Student’s t test for com-
parison between two groups, one-way analysis of variance
(ANOVA) test followed by Šidák’s multiple comparisons, and
two-way ANOVA test followed by Tukey’s multiple comparisons
for effects of two variables. The Mann-Whitney U test or Kruskal-
Wallis test with Dunn’s multiple comparisons were used for non-
normally distributed data. For categorical variables, Fisher’s exact
test or the chi-square test was used as appropriate. Outliers were de-
tected using the robust regression and outlier removal method and
excluded from analysis. A P < 0.05 was considered as significant.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S3
Tables S1 to S7
STROBE Checklist

Other Supplementary Material for this
manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist
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