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ABSTRACT

Background - Chronic kidney disease (CKD) is associated with a high cardiovascular mortality
due to increased rates of vascular lesions and thrombotic events, as well as serum accumulation
of uremic toxins. A subgroup of these toxins (AGEs and S100 proteins) can interact with the
receptor for advanced glycation end-products (RAGE). Objective - In this study, we analyzed the
impact of CKD on platelet function and arterial thrombosis, and the potential role of RAGE in
this process. Materials and methods - Twelve weeks after induction of CKD in mice, platelet
function and time to complete carotid artery occlusion were analyzed in four groups of animals
(sham-operated, CKD, Apoe™, and Apoe”/Ager’- mice). Results - Analysis of platelet function
from whole blood and platelet-rich plasma showed hyperactivation of platelets only in CKD
Apoe”- mice. There was no difference when experiments were done on washed platelets.
However, pre-incubation of such platelets with AGEs or S100 proteins induced RAGE-mediated
platelet hyperactivation. In vivo, CKD significantly reduced carotid occlusion times of Apoe™
mice (9.2+1.1 vs 11.1+0.6 min for sham, p<0.01). In contrast, CKD had no effect on occlusion
times in Apoe”-/Ager” mice. Moreover, carotid occlusion in Apoe”- CKD mice occurred
significantly faster than in Apoe”-/Ager’- CKD mice (p<0.0001). Conclusion - Our results show
that CKD induces platelet hyperactivation, accelerates thrombus formation in a murine model of
arterial thrombosis, and that RAGE deletion has a protective role. We propose that RAGE ligands

binding to RAGE is involved in CKD-induced arterial thrombosis.
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INTRODUCTION

Individuals with chronic kidney disease (CKD) have a 10- to 20-fold higher risk of death due to
cardiovascular complications than the general population 2. The risk of cardiovascular events
increases steadily with declining glomerular filtration rate 2. Underlying factors include
accelerated atherosclerosis, increased arterial stiffness and pathological arterial thrombosis, with
related increases in the risk of myocardial infarction and stroke 3-6. Arterial thrombosis is one of
the key features of uremic vasculopathy but the pathophysiology is not completely understood.
Indeed, the modifications of the vascular wall cannot totally account for this increased risk of
arterial thrombosis. In addition, platelet dysfunction has been described in CKD patients,
including defects in adhesion, secretion of alpha granule content, arachidonic acid and
prostaglandin metabolism, and calcium mobilization ’. Furthermore, platelets from patients with
CKD have been reported to be hyperreactive, with increased expression of P-selectin and o33
integrin 7. The uremic milieu may play a role in CKD-related platelet dysfunction.

Aside from increased cardiovascular risk, CKD is also characterized by the retention of various
solutes that are normally excreted by the kidneys 8. Those solutes have emerged as key factors in
CKD-related cardiovascular disease and are collectively named uremic toxins % 0. Recent
findings suggest that uremic toxins may play a role in CKD-related platelet hyperactivation and
arterial thrombosis !> 12, For instance, indoxyl sulfate, a typical uremic toxin derived from
tryptophan, has been reported to enhance platelet response and arterial thrombosis in uremic mice
!, Similarly, carbamylated low-density lipoproteins (cLDL), resulting from post-translational
modification of LDL by carbamylation, is particularly increased in uremic conditions.
Intravenous injection of cLDL in animal models accelerated platelet aggregation and arterial

thrombus formation '>. Among the uremic toxins, Advanced Glycation End products (AGEs) are
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long-lived heterogeneous protein adducts produced from a non-enzymatic chemical reaction
between sugars and the amino groups of proteins (Maillard reaction) '3. AGEs are of particular
interest because they have established cardiovascular toxicity and are binding partners for the
Receptor for Advanced Glycation End products (RAGE) 415, RAGE is a multiligand, cell
surface receptor of the immunoglobulin superfamily involved in various processes, such as cell
migration, adhesion, and proliferation '3-18, Other RAGE ligands are also elevated in CKD, such
as S100 family proteins and serum amyloid A (SAA) '%2°. RAGE engagement by its ligands
initiates a pro-inflammatory response '42!-22, and RAGE signaling is also involved in uremia-
induced atherosclerosis and atherosclerotic plaque vulnerability 2. We and others have
previously reported that RAGE is a key player in CKD-related atherosclerosis and vascular
calcification 1%-20:24.25 However, the role of RAGE in platelet behavior and arterial thrombus
formation has not been widely explored. Here, we used ex vivo and in vivo approaches to
investigate the role of CKD and RAGE in modulating platelet function and the formation of

arterial thrombus.
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METHODS

Reagents and antibodies

Horm collagen was purchased from Nycomed. ADP was obtained as Multiplate reagents from
Roche Diagnostics. Rhodamine 6G, apyrase, prostaglandin E; (PGE,), ferric chloride (FeCly),
and thrombin were obtained from Sigma. D-Phe-Pro-Arg chloromethyl ketone dihydrochloride
(PPACK) was obtained from Calbiochem. PE-coupled anti-mouse activated GPIIb/IIla (clone
JON/A), GPIb,, (clone Xia.B2), and CD62P (clone Wug.E9) antibodies, and FITC-coupled anti-
mouse o, (clone Sam.G4), GPIbg (clone Xia.C3), and GPVI (clone JAQ1) antibodies were
obtained from Emfret Analytics. PE-coupled anti-CD36 (clone CRF D-2712) and FITC-coupled
anti-oyy, (clone MWReg30) antibodies were obtained from BD Biosciences. Glycated-human

serum albumin (HSA) and non-glycated-HSA were produced as previously described 2°.

Animals

Apolipoprotein E knockout (Apoe”") mice on a C57BL/6 background were purchased from
Charles River Laboratories. Apoe”/Ager’- (RAGE knockout) mice were generated using a
backcross-intercross scheme in the animal facility of New York University (Prof AM
Schmidt)!*2427, Embryos from the F3 generation were rederived and mice arising from the
rederivation process transferred to the animal facility of Reims France (IFR53 Péle Santé, Reims,
France). Animals were housed in a barrier- and pathogen-free animal facility with a 12-h light-
dark cycle and fed a regular chow diet. All experiments were approved by the ethics committee

for the use and care of animals of Reims Champagne Ardenne (CEEA-RCA-56).

Induction of uremia
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Twelve-week-old Apoe” or Apoe”-/Ager’- mice were randomly assigned to CKD or sham-
operated groups (Sham). A two-step surgical procedure was used to induce CKD '°. Surgery was
performed under isoflurane (Axience). The two poles of the left kidney were excised, and one
week later the right kidney was removed, resulting in a 75% reduction of total renal mass.
Control animals underwent sham operations involving decapsulation of both kidneys. All mice
were sacrificed 12 weeks after surgery. All surgeries were done by the same operator blinded to

the genotype of the mice.

Biochemical and hematological analysis

The serum concentration of urea, total cholesterol, triglycerides, calcium, and phosphorus were
measured by automated assays using a Modular® analyzer (Roche Diagnostics). Complete blood
counts, hematocrit, and hemoglobin were determined with a hematology cell counter ADVIA

2120 (Siemens).

Whole blood platelet aggregation

Mice were anesthetized with 25% urethane (Sigma). Whole blood was collected from the inferior
vena cava in 0.129 M sodium citrate (1/6, v/v). Whole blood aggregation was monitored by
impedance aggregometry at 37°C under stirring using the Multiplate analyzer®. Whole blood was
diluted in physiological saline (1:1) and platelet aggregation was induced by adding Horm
collagen (2.5 pg/mL), ADP (5 uM) or thrombin (10 mU/mL). Curves were recorded for 6 min
and platelet aggregation was determined as the area under the curve (AUC) in arbitrary units

(AU*min).

Page 8 of 39
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Platelet-rich plasma aggregation

Blood was collected from mice as described above. Whole blood (700 uL) was mixed with
Tyrode buffer (500 pL). Diluted platelet-rich plasma (PRP) was separated by centrifugation at
100 x g for 10 min at 22°C. Diluted platelet-poor plasma (PPP) was prepared by further
centrifugation at 800 x g for 2 min. Platelets were counted and adjusted to 2.10%/mL. Platelet
aggregation was monitored by measuring light transmission through the stirred suspension of
diluted PRP at 37°C with a Soderel® aggregometer. Thrombin was used as platelet agonist for
homogeneity with whole blood and washed platelet aggregation experiments. Aggregations were
triggered by 50 and 100 mU/mL thrombin since low concentrations of thrombin (< 10 mU/mL)

were without effect.

Washed platelet aggregation

Mouse platelets were prepared as described previously 8. Using this protocol, platelet
suspensions were estimated to be more than 99% pure >® . Briefly, whole blood was collected
from the inferior vena cava and mixed with 80 uM PPACK and 10% (v/v) ACD-C buffer (124
mM sodium citrate, 130 mM citric acid, 110 mM dextrose, pH 6.5). PRP was obtained by
centrifuging whole blood for 7 min at 160 x g. Platelets were obtained from PRP after
centrifugation for 10 min at 670 x g and washed in the presence of apyrase (100 mU/mL) and
PGE, (1 uM) to minimize platelet activation. The number of platelets was adjusted to 2.10%/mL
in modified Tyrode-HEPES buffer (137 mM NaCl, 2 mM KCl, 0.3 mM NaH,PO,, 5.5 mM
glucose, 5 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, 12 mM NaHCO;, 2 mM
CaCl,, pH 7.3). Platelet aggregations in response to thrombin were measured with a Soderel®

aggregometer. To evaluate RAGE involvement in washed platelet aggregation, HSA was used to
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produce glycated albumin, enriched in carboxymethyllysine (CML), a well-characterized RAGE
ligand. Briefly, 0.5 g of HSA were dissolved in 10 mL of 0.5 M sodium phosphate buffer (pH
7.4) containing 0.05% NaNj; and 3 g of D-glucose. Non-glycated albumin was prepared similarly,
except that glucose was omitted, and used as control. The solution was sterilized by ultrafiltration

(0.45 pm filter) and incubated at 37 °C for 90 days. The samples were then dialyzed against PBS

26

Flow cytometry

Activated GPIIb/IIIa (JON/A) and CD62P (P-selectin) were used as markers of platelet activation
and secretion, respectively. Platelet surface expression of selected markers was also evaluated
such as GPIb,, GPIbg, GPIV (also known as CD36), GPVI, and integrin o, and oy, chains.
Diluted whole blood or washed platelets (2.10%/mL) were stimulated with a range of agonists, as
indicated. After incubation for 5 min at room temperature without stirring, whole blood or
washed platelets were incubated with appropriate fluorophore-conjugated antibodies for 10 min
at room temperature. The reaction was stopped by adding 500 uL of PBS, and immediately
analyzed with a FC500 flow cytometer (Beckman Coulter). The platelet population was gated
using their forward and side scatter characteristics. Acquisition and processing data from 10,000
platelets were collected and analyzed using CXP software (Coulter). The Mean fluorescence

intensity (MFI) of the whole platelet population was used.

Carboxymethyllysine quantification by Liquid Chromatography-MS/MS
For plasma AGE measurements, CML was measured in plasma samples using mass spectrometry

coupled with liquid chromatography (LC-MS/MS). Total AGEs (free adducts and protein-linked)
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were measured as previously described ?°. Briefly, samples were subjected to acid hydrolysis by 6
M hydrochloric acid for 18 h at 110 °C. Hydrolysates were evaporated to dryness under a nitrogen
stream. Dried samples were resuspended in 100 pL of 125 mM ammonium formate containing 1
uM d7-citrulline, 1 uM d2-CML, and 65 uM d8-lysine [used as internal standards (ISs)] and
filtered using Uptidisc PTFE Filters (4 mm, 0.45 um; Interchim). Samples were then 10-fold diluted
in 125 mM ammonium formate containing the three ISs. A second dilution at 1:20 (vol/vol) was
performed in 5 mM ammonium formate buffer (pH 2.9) containing ISs. Diluted hydrolysates were
subjected to LC-MS/MS analysis (API4000; ABSciex) to quantify CML and Lys residues. LC was
performed using a Kinetex HILIC Column (100 % 4.6 mm, 2.6 pm; Phenomenex) with 5 mM
ammonium formate (pH 2.9) as mobile phase A and 100% acetonitrile as mobile phase B. The flow
rate was constant at 0.9 mL/min throughout separation. Parameters of HPLC and MS for CML and

Lys assays have been described elsewhere 2°.

Mouse model of carotid artery thrombosis

Mice were anesthetized with 25% urethane. Rhodamine 6G (4mg/kg) was used to label
endogenous platelets and leukocytes. The carotid artery was isolated from surrounding tissue by a
black plastic sheet. Vascular injury was performed by applying a piece of filter paper (2 x 1 mm,
1 mm thick) saturated with 7.5% FeCl; onto the carotid artery for 1 min. After removing the filter
paper, thrombus formation was monitored in real time with an epifluorescent microscope
(Nikkon Eclipse E400) connected to a digital camera. Time to complete occlusion was defined as

the arrest of blood flow for at least 1 min 3°.

Statistical analysis

Results are expressed as the mean + SEM. Statistical analysis was performed using GraphPad

10
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Prism software 7.0. Groups were compared using a two-tailed Mann-Whitney test. P values of

less than 0.05 were considered statistically significant.

11
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RESULTS

We previously demonstrated that the Apoe”~ background is needed for the development of CKD
induced vasculopathy '%27. Therefore, this well-established uremic mouse model was used in this
study to evaluate the role of CKD and RAGE in platelet aggregation and arterial thrombosis.
Apoe’- and Apoe”-/Ager’- mice were subjected to a sham operation (sham) or surgically-induced
chronic kidney disease (CKD). Twelve weeks after surgery, CKD induction in both genotypes
was associated with significantly higher urea, creatinine, and cholesterol levels. Triglyceride,
calcium, and phosphorus levels were unmodified. As expected, the number of red blood cells,
hemoglobin level and hematocrit were significantly lower in the uremic versus sham-operated

group (Table 1).

Uremia induces platelet hyperactivation

We first investigated the effect of CKD-induced uremia on platelet activation in whole blood by
measuring platelet ay,3; activation using the monoclonal antibody JON/A specific for the
activated conformation of the mouse integrin, and P-selectin surface expression, by flow
cytometry. At resting state and relative to Apoe”- sham mice, CKD had no effect on the activation
level of ayp,B; and P-selectin surface expression (Fig. 1A). Platelet activation by low thrombin
concentration (10 mU/mL) led to significantly higher expression of activated a3 (MFI,
3.1£0.6 vs 1.9£0.5; p<0.05) and P-selectin (MFI, 7.0£1.4 vs 3.4+0.7; p<0.05) in whole blood
from CKD than sham mice (Fig. 1A). We next assessed the effect of CKD on whole blood
platelet aggregation induced by two different agonists, ADP and collagen. As shown in Fig. 1B,
CKD-induced uremia significantly increased whole blood platelet aggregation by 2.6-fold

(»<0.01) in response to 5 uM ADP and 1.7-fold (p<0.01) in response to 2.5 pg/mL collagen

12
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compared to Apoe”~ sham animals. Of note, a second wave of aggregation was systematically
observed in the CKD condition during ADP-induced platelet aggregation, indicative of dense
granule secretion. The effect of CKD on thrombin-induced platelet aggregation in PRP was also
evaluated (Fig. 1C). Again, platelet aggregation was significantly higher in the CKD condition in
response to both low (50 mU/mL) and high (100 mU/mL) thrombin concentrations. Platelet
aggregation induced by low doses of thrombin was not sustained and reversible, and aggregation
percentages were 41+7% for the CKD group vs 214+6% for the Apoe” sham group (p<0.05). In
contrast, platelet aggregation induced by high doses of thrombin was stable and sustained, and
the aggregation reached 82+3% for the CKD group vs 62+6% for the Apoe”~ sham group
(»<0.01). Overall, these data show that CKD-induced uremia affects platelet function by

increasing both platelet activation and aggregation in whole blood and PRP.

Deletion of RAGE limits uremia-induced platelet hyperactivation

The effects of RAGE deletion on both platelet activation and aggregation parameters were
evaluated in whole blood and PRP. As shown in Fig. 1 A, activation of a5 and P-selectin
surface exposure were similar between the Apoe”’/Ager’- CKD and Apoe”-/Ager’- sham-operated
groups, both in the basal state and after stimulation with low doses of thrombin (10 mU/mL).
However, stimulation with higher doses of thrombin (50 mU/mL) induces platelet
hyperactivation in Apoe”/Ager’- CKD compared to Apoe’/Ager’- Sham mice (supplementary
Fig. S1). Platelet aggregation in whole blood was significantly higher in the CKD group than in
the sham-operated group in response to 5 uM ADP (575+£80 vs 97+46 AU*min; p<0.01) and 2.5
pg/mL collagen (571+£61 vs 241+£72 AU*min; p<0.01) (Fig. 1B). Again, a second wave of

aggregation was systematically observed in the CKD group during ADP-induced platelet

13
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aggregation. Using PRP, we observed that CKD did not further increase aggregation of Apoe™
/Ager”- platelets in response to low doses (50 mU/mL) of thrombin compared to the sham-
operated group (Fig. 1C), whereas CKD increased platelet aggregation at the higher
concentration of thrombin (100 mU/mL) (70«1 vs 50+4%; p<0.01) (Fig. 1C). Interestingly, a
spontaneous disaggregation occurring after 5 minutes was observed in the Apoe”/Ager’- sham-
operated group (62.5% of cases, Table 2). When comparing thrombin-induced o, 33 activation
and P-selectin cell surface expression between the Apoe’/Ager’- and the Apoe”~ groups for the
CKD condition, RAGE deletion led to significantly lower values (55%, p=0.05, and 80%,
p<0.05, lower, respectively) (Fig. 1A). There was no difference between the two groups under
sham condition.

We next performed flow cytometry analysis and measured platelet expression levels of GPIb,,
GPIbg, CD36 (GPIV), GPVI, a, and oy,3; for both genotypes (Apoe”~ and Apoe’/Ager™).
Platelet surface expression of these receptors was comparable between both genotypes and CKD-
induced uremia had no effect (Fig. 2). In addition, the number of circulating platelets and mean
platelet volume were comparable (Table 3). Taken together these observations suggest that
RAGE deletion decreases the effects of CKD on platelet activation and that RAGE participates in

CKD-induced platelet hyperactivation.

Effect of CKD and RAGE deletion on washed platelet function

We further investigated whether CKD-induced uremia and/or RAGE directly affect platelet
function by evaluating the impact of uremia and RAGE deletion on washed platelet activation
and aggregation. Washed platelet aggregation induced by various concentrations of thrombin

(Fig. 3A), as well as the levels of oyypP5 activation (Fig. 3B) and P-selectin cell surface expression

14
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(Fig. 3C), were similar for both genotypes. Moreover, there was no observable difference
between the CKD and sham conditions. Overall, these data show that the effects of CKD and
RAGE on platelet function are abolished when platelets are isolated from their plasma

environment.

RAGE ligands accumulate in the uremic serum and are involved in platelet hyperactivation
Because our results suggested that the uremic milieu is a critical component of CKD-mediated
platelet hyperactivation, we next analyzed the serum concentration of carboxymethyllysine
(CML), known to be associated with CKD 3!, in Apoe”-sham and CKD mice. Indeed, uremia is
associated with the retention of various solutes that are normally excreted by the kidneys,
including potential binding partners for RAGE, such as AGEs and S100 proteins. As shown in
Fig. 4A, CML concentration was significantly higher in the serum of CKD than sham mice (0.26
+0.02 vs 0.20 + 0.01 mmol/mol lysine, respectively; p<0.01). In contrast, the concentration of
CML in Apoe”-/Ager’- CKD sera was numerically, albeit non-significantly higher than that in
Apoe”-/Ager’- sham sera, (0.21 + 0.02 versus 0.18 £ 0.01 mmol/mol lysine, respectively; p =
0.06). There was no observable difference between the two genotypes for the sham condition.

To definitively demonstrate that RAGE ligands may directly modulate platelet function, we
evaluated the effects of ex vivo incubation of two different AGEs on washed Apoe”- and Apoe™”
/Ager”- platelet aggregation, using glycated-HSA and S100A12, a typical calcium-binding
protein belonging to the S100 protein family 32. Incubation of washed platelets with glycated-
HSA or S100A12 did not induce platelet activation or aggregation (data not shown). However,
pre-incubation of washed Apoe”- platelets with glycated-HSA (100 pug/mL) for 10 minutes before

stimulation by thrombin (25 mU/mL) led to a significant, 2.5-fold increase in aggregation relative

15
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to pre-incubation with non-glycated-HSA (p = 0.028) (Fig. 4B). Similar effects were observed
with SI00A12 (Fig. 4C). Increasing the concentration of SI00A12 led to potentiation of washed
platelet aggregation in response to thrombin. For instance, at 60 pg/mL S100A 12, platelet
aggregation was 1.7-fold higher than the control. These potentiating effects of glycated-HSA and
S100A 12 were abolished in washed Apoe”/Ager’ platelets (Fig. 4B, 4C). Overall, these results
strongly suggest that the potentiating effects of glycated-HSA and S100A12 on washed platelet

aggregation induced by thrombin involve RAGE.

Uremia accelerates arterial thrombosis in vivo and RAGE deletion is protective

We finally explored the impact of CKD-induced uremia and RAGE on in vivo thrombosis using
the FeCls-induced carotid thrombosis model 3°. Mice were injected with Rhodamine 6G and
thrombus development and complete vessel occlusion were monitored in real time, under a
microscope, after application of a patch containing 7.5% FeCl;. Time to complete arterial
occlusion was significantly shorter in Apoe”- CKD than Apoe”~ sham mice (9.2+1.1 vs 11.1+1.2
min; p<0.01; Fig. 5A, 5B). Deletion of RAGE (Apoe”/Ager’- sham) significantly delayed
occlusion times (13.1£1.5 min) relative to Apoe”- sham mice, and induction of CKD in these
mice (Apoe”/Ager”) had no further effect (14.5+3.2 min). Interestingly, the mean arterial
occlusion time of Apoe’/Ager’- CKD mice was longer than that of Apoe”- CKD mice (14.6+3.2
min vs 9.2+1.1 min; p<0.0001). In addition, the percentage of carotid arteries showing
embolization before complete occlusion was 6.5 times higher in Apoe”/Ager’- CKD than Apoe™
CKD mice (54.5% vs 8.3%; Fig. 5C). These observations strongly suggest that CKD-induced

uremia accelerates arterial thrombus formation and that RAGE is involved in this phenomenon.
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DISCUSSION

Individuals with CKD have a much higher risk of death due to cardiovascular complications than
the general population? 3. Vascular disease in these patients is characterized by accelerated
vascular ageing, including vascular calcification affecting the medial layer of vessels, and
extensive atherosclerosis %333, This vascular disease is also associated with thrombotic events 2.
The underlying mechanisms involved in arterial thrombosis are not fully understood and
therefore constitute a critical barrier for providing therapy. Recently, we and others reported that
the pro-inflammatory receptor RAGE is involved in specific CKD-related vascular changes, such
as uremic atherosclerosis and uremic vascular calcification 1% 20-25.34 Indeed, CKD is considered
to be a condition associated with increased activation of RAGE. Various solutes that are normally
excreted by the kidneys accumulate in the sera with declining kidney function. Among them,
AGE:s and other RAGE ligands, such as S100 family proteins, accumulate during CKD, leading
to increased engagement of this pro-inflammatory receptor and subsequent vascular remodeling ®
35

Here, we investigated the impact of CKD on platelet function and arterial thrombus formation,
and the involvement of RAGE in this phenomenon. We report that uremia induces platelet
hyperactivation and accelerates arterial thrombus formation in a murine model of arterial
thrombosis 3°, We show that RAGE-ligand accumulation and RAGE engagement during CKD is
involved in arterial thrombus formation, at least partially through increased platelet activation.
We analyzed platelet activation markers and platelet aggregation in whole blood and PRP. Both
methods showed increased platelet aggregation in the CKD condition. This platelet
hyperactivation was associated with increased o35 activation and P-selectin exposure.

Importantly, RAGE deletion inhibited CKD effects when low doses of agonists were used.
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Furthermore, platelet aggregation was less stable when RAGE was deleted. This suggests that 1)
in CKD, RAGE modulates platelet sensitivity in the presence of small doses of agonists but this
mechanism is overridden in the presence of higher doses of agonists, and 2) RAGE deletion is
sufficient to inhibit the effects of CKD. In addition, isolation of platelets of either genotype from
their plasma environment abolished this hyperactivation associated with CKD condition,
suggesting that platelets are not intrinsically modified by CKD or RAGE deletion, but rather a
priming effect of the uremic environment. We further explored this hypothesis using RAGE
ligands and demonstrated that pre-incubating platelets isolated from Apoe”- mice with RAGE
ligands, such as AGEs (Glycated-BSA) or S100 proteins, induced increased platelet aggregation
in response to low dose of thrombin. Moreover, deletion of RAGE prevented these effects,
suggesting that this receptor is a central player in the modulatory effect in response to AGEs and
S100. These data are consistent with recent studies showing that platelet aggregation in response
to weak agonists, such as serotonin and ADP, increases in response to AGEs 3638, For instance,
Gawlowski et al. reported increased platelet aggregation after stimulation with food-derived AGE
or AGE isolated from human sera 3¢. This platelet hyperactivation was associated with CD62,
CD63, and RAGE overexpression on the platelet surface. Similarly, Herczenik ef al. reported a
pro-aggregatory effect on platelets exposed to modified proteins with amyloid properties 3. They
further established a potential link with RAGE using sSRAGE to inhibit the interaction of amyloid
proteins with RAGE. RAGE-mediated activation of platelets was also suggested by Ahrens et al.
39, They reported an interaction of RAGE with HMGBI1 (high mobility group box 1), involved in
platelet activation and the atherosclerosis process. In the present study, we did not analyze the
role of HMGBI1. However, HMGBI serum levels have been reported to be significantly

increased in CKD patients and negatively correlated with eGFR, and positively correlated with
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markers of inflammation and nutrition 4°. Hence, our results are in agreement with these previous
reports.

Our study highlights a new role for RAGE in the modulation of platelet function and arterial
thrombosis during CKD. We found that the induction of uremia in Apoe”~ mice accelerates
arterial thrombosis formation in vivo. This is the first report on a specific prothrombotic effect of
CKD in vivo in a mouse model of carotid-artery thrombosis. Here, we addressed the question of
arterial thrombosis and focused our experiments on platelet activation and aggregation. However,
platelet hyperactivation may also increase thrombogenicity in venous conditions. For instance,
overexpression of P-selectin may have an impact on neutrophil and monocyte adhesion and
activation which play a major part in venous thrombogenicity 4. Therefore, further investigation
is needed to test the relevance of our results on venous thrombogenicity. Moreover, we focused
on a specific subclass of uremic toxins. However, our results strengthen recent findings by Holy
et al. showing the prothrombotic effect of another uremic by-product, the carbamylated low
density lipoprotein (cLDL) %, in a murine model of arterial thrombosis after carotid
photochemical injury. Overall, their results suggest that the post-translational modification of
proteins can induce platelet hyperaggregability, leading to arterial thrombosis. Indeed, protein
carbamylation is highly elevated in CKD and considered as a hallmark of uremia. Taken together,
these results suggest a critical role of the uremic milieu on platelet hyperactivation promoting
arterial thrombosis. These findings are consistent with previous publications from CKD patients
reporting the propensity of the uremic milieu to induce thrombosis. For instance, in the context of
percutaneous coronary intervention, one-year mortality related to stent thrombosis is higher in
CKD patients (15.2%) and those on dialysis (10.0%) than in non-CKD patients (1.9%) 4> 43, A
potential explanation has been put forward by Chitalia et al. *4, who reported the modulation of

cell function by uremic serum. They showed increased expression of tissue factor during the
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incubation of primary cultures of human vascular smooth muscle cells with uremic serum and
isolated uremic toxins, such as indole-3-acetic acid. Overall, these results suggest a pro-
thrombotic state in some patients, related to CKD and mediated by the uremic milieu. Another
example comes from Jain et al. who reported greater response to ADP in platelets from CKD
patients compared to platelets from matched controls 4. Furthermore, they reported higher
residual platelet responsiveness in clopidrogel-treated CKD patients than control patients, again
demonstrating that the uremic milieu is able to increase platelet activation and aggregation.

In summary, we report a novel mechanism by which RAGE ligand accumulation, due to uremia,
increases RAGE-dependent platelet hyperactivation. This may contribute to creating a pro-
thrombotic state in which circulating CKD platelets are primed for activation, leading to
enhanced thrombus formation. These results constitute a reasonable basis for designing
preclinical studies aiming at targeting the RAGE/ RAGE-ligand axis as a promising approach to

preventing thrombotic complications associated with CKD.
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TABLES
Table 1. Biological characteristics
Data are reported as mean = SEM. RBC, red blood cell; Hb, hemoglobin; Hct, hematocrit,
*p<0.05; **p<0.01; ns, non-significant.
Apoe™ Apoe’-/Ager-
Sham ECKD Sham ECKD

5 5
Urea (mmol/L) 98 = 043 523.7 + 205 *F |94 =+ 047 521.3 + 170 **
Creatinine (nmol/L) 109 + 0.73 Ezz.s + 131 * 115 £ 077 517.7 + 227 *
Triglyceride (mmol/L) 0.9 = 0.04 51.4 + 019 S (11 % 01 51.2 + (.10 DS
Cholesterol (mmol/L) 82 =+ 0.73 516.0 + 151 ** o1 = 09 514.3 + 227 **

! !
Calcium (mmol/L) 20 = 0.09 51.9 + 009 DS (19 =+ 0.08 52.2 + 0.06 ns
Phosphorus (mmol/L) 22 = 027 52.6 + 0.09 DS |26 + 0.25 52.8 + 0.15 B
RBC (M/mm3) 78 £ 02 56.2 + 02 * |84 =+ 03 56.6 £ 02 ks
Hgb (g/dL) 108 = 02 59.1 + 02 * [11.8 + 04 Es.s £ 0.3 ks
Het (%) 368 + 0.4 530.5 + 01 * |394 + 13 530.1 £ 0.6  wwwx

; |
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Table 2. Effect of RAGE deletion of the stability of platelet aggregation

The table shows the disaggregation observed 5 min after stimulation with 100 mU/mL of

thrombin. Results are expressed as the percentage of disaggregation out of total aggregation.

Thrombin 100 mU/mL
Apoe-/- Apoe’/Ager”
Sham CKD Sham CKD
Disaggregation at 5 min: 12.5% 0% 62.5% 0%
% (n/total) (/8) (0/8) (5/8) (0/4)

Table 3. Platelet characteristics

Data are reported as mean = SEM, (n =5 to 9). PLT: platelets. MPV: mean platelet volume

Apoe™ Apoe’-/Ager’-

Sham ECKD Sham ECKD
PLT (m/mm3)|1027.2 + 103.3 51188.8 + 234.5 |[1100.8 + 133.1 51396.6 + 209.7
MPV (fL) 6.5 + 0.1 56.4 + 0.1 6.3 + 0.1 56.1 + 0.2
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FIGURE LEGENDS

Figure 1. CKD increases platelet activation and RAGE deletion limits these effects. (A)
Histograms of a representative flow cytometry assay to assess platelet activation via allf3
activation and surface exposure of P-selectin in whole blood for Apoe”-and Apoe’/Ager’ mice.
Platelets were labelled with PE-conjugated JON/A (left panel, top) and anti-P-selectin (left panel,
down), fluorescence is represented in count per fluorescent intensity (FI). Platelet activation was
induced by thrombin (10 mU/mL) and compared to basal condition. The right panel shows the
mean fluorescence intensity (MFI) for each group of mice + SEM (n = 7 per group for Apoe”
mice, n =5 to 8 per group for Apoe”-/Ager’-mice). *p<0.05. (B) Platelet aggregation was
measured in whole blood by impedance using a Multiplate analyzer®. Platelet aggregation was
induced by 5 uM ADP or 2.5 pug/mL collagen. The bar graph shows the mean amplitude of
aggregation expressed as the area under the curve (AUC*min) = SEM (n = 6 per group for Apoe-
/~and Apoe”"/Ager’-mice). ¥*p<0.05; **p<0.01. Representative curves from Apoe” or Apoe”
/Ager”’- uremic (CKD) mice (in grey) and Apoe” or Apoe”/Ager’- sham mice (in black) are
shown in the left panel. (C) Platelet aggregation was measured in platelet-rich plasma by
turbidimetry using a Soderel® aggregometer. Platelet aggregation was induced by 50 or 100
mU/mL thrombin. The bar graph shows the mean amplitude of aggregation expressed as a
percentage of light transmission using control PPP + SEM (n = 8 per group for Apoe”" mice, n =
4 per group for Apoe”/Ager’-mice). ¥*p<0.05; **p<0.01; NS, non-significant. Representative
curves from Apoe” or Apoe”/Ager’ uremic (CKD) mice (grey) and Apoe” or Apoe”/Ager’

sham mice (black) are shown in the left panel. Scale bar: 1 minute.
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Figure 2. Platelet receptor cell surface expression. Surface expression of a,, GPIb,, GPIbg,
GPVI, ayp,, and GPIV in each group of mice determined by flow cytometry with FITC-

conjugated anti-mouse o, mAb (Sam.G4), GPIbg mAb (Xia.C3), GPVI mAb (JAQ1), and oy,
mAb (MWReg30) and PE-conjugated anti-mouse CD36 mAb (CRF D-2712) and GPIb, mAb

(Xia.B2). Results are expressed as the mean fluorescence intensity (MFI) relative to isotype

controls MFI (MFI mAb — MFI isotypes) = SEM (n = 3 per group).

Figure 3. Uremia and RAGE deletion have no effect on washed platelet function. (A) Platelet
aggregation was induced by 25, 50, or 100 mU/mL of thrombin. The bar graphs show the mean
amplitude of aggregation expressed as the percentage of light transmission using Tyrode buffer
alone as a control = SEM (n = 3 per group) for Apoe”-and Apoe”/Ager’- mice. Activation of
amPs (B) and surface exposure of P-selectin (C) of washed platelets were determined by flow
cytometry after addition of 25 or 50 mU/mL of thrombin. The lefts panels show a representative
histogram of flow cytometry assay for Apoe” (top) and Apoe’/Ager’- (down) mice. Data

represent the mean fluorescent intensity (MFI) = SEM (n = 3 per group).

Figure 4. RAGE ligands accumulate during uremia and are involved in uremia-induced
platelet hyperactivation. (A) Serum samples were collected from Apoe”’- and Apoe”’/Ager’-
sham and CKD mice and the CML concentration was determined by LC-MS/MS. Results are
expressed as the ratio of CML concentration to total lysine concentration (mmol/mol); **p<0.01;
NS, non-significant. (B, C) Washed platelets from Apoe’~ and Apoe’/Ager’- mice were
incubated with RAGE ligands for 10 min (before the arrow) and then assessed for aggregation in

response to 25 mU/mL of thrombin (indicted by the arrow). Representative curves from different
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conditions are shown in the top panels. Scale bar: 5 minutes. (B) Platelets were incubated with
glycated-HSA (G) or non-glycated-HSA (NG-HSA) as a control. The bar graphs show the
aggregation results expressed as the mean percentage of the amplitude of aggregation (i.e.
maximal aggregation of each condition normalized to the control condition + SEM (n = 3 per
group). *p<0.05. (C) Platelets were incubated with increasing concentrations of SI00A12. The
bar graph shows the aggregation results expressed as mean percentage of the amplitude of
aggregation (i.e. maximal aggregation of each condition normalized to the control condition +

SEM (n =3 to 5 per group). *p<0.05; **p<0.01.

Figure 5. Uremia accelerates arterial thrombus formation and RAGE deletion provides
protection. (A) Representative images of the progression of thrombus formation induced by
FeCl; injury to the carotid artery of Apoe”- and Apoe”’/Ager’- sham or CKD mice. Mice were
injected with Rhodamine 6G (4mg/kg), and thrombus development and complete vessel
occlusion were monitored in real time, under a microscope, after application of a patch
containing 7.5% FeCls. (B) Dot plots showing the time to complete occlusion for each animal.
Means are indicated by the horizontal bars + SEM (n = 5 to 8§ per group). *p<0.05; **p<0.01;
*#%%p<0.0001; NS, non-significant. Time scale is expressed in minutes. (C) Embolic carotids
observed during thrombus formation. Results are expressed as the percentage of carotids with

reported emboli out of the total analyzed carotid arteries.
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Figure 1 Ortillon et al.
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Figure 2 Ortillon et al.
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Figure 3 Ortillon et al.
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Figure 4 Ortillon et al.
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Figure 5 Ortillon et al.
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