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Aims: SAR247799 is a G-protein-biased sphingosine-1 phosphate receptor-1 (S1P1)

agonist designed to activate endothelial S1P1 and provide endothelial-protective

properties, while limiting S1P1 desensitization and consequent lymphocyte-count

reduction associated with higher doses. The aim was to show whether S1P1 activa-

tion can promote endothelial effects in patients and, if so, select SAR247799 doses

for further clinical investigation.

Methods: Type-2 diabetes patients, enriched for endothelial dysfunction (flow-

mediated dilation, FMD <7%; n = 54), were randomized, in 2 sequential cohorts, to

28-day once-daily treatment with SAR247799 (1 or 5 mg in ascending cohorts),

placebo or 50 mg sildenafil (positive control) in a 5:2:2 ratio per cohort. Endothelial

function was assessed by brachial artery FMD. Renal function, biomarkers and

lymphocytes were measured following 5-week SAR247799 treatment (3 doses) to

Zucker diabetic fatty rats and the data used to select the doses for human testing.

Results: The maximum FMD change from baseline vs placebo for all treatments was

reached on day 35; mean differences vs placebo were 0.60% (95% confidence

interval [CI] −0.34 to 1.53%; P = .203) for 1 mg SAR247799, 1.07% (95% CI 0.13 to

2.01%; P = .026) for 5 mg SAR247799 and 0.88% (95% CI −0.15 to 1.91%; P = .093)

for 50 mg sildenafil. Both doses of SAR247799 were well tolerated, did not affect

blood pressure, and were associated with minimal-to-no lymphocyte reduction and

small-to-moderate heart rate decrease.
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Conclusion: These data provide the first human evidence suggesting endothelial-

protective properties of S1P1 activation, with SAR247799 being as effective as the

clinical benchmark, sildenafil. Further clinical testing of SAR247799, at sub-lympho-

cyte-reducing doses (≤5 mg), is warranted in vascular diseases associated with endo-

thelial dysfunction.
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1 | INTRODUCTION

Endothelial dysfunction is believed to contribute to the progression of

a variety of vascular diseases.1 It manifests as impaired reactivity of

the micro- and/or macro-vasculature to pharmacological or physiolog-

ical stimuli, as disruption of barrier integrity causing vascular leakage,

and as changes in the levels of plasma and/or urinary biomarkers.2

These changes are considered to play a major role in the development

of atherosclerosis, acute coronary syndromes, stroke and renal dam-

age, and are frequent complications in diabetes.3 Diabetes is a

predisposing factor for worsening cardiovascular outcomes, and indi-

ces of endothelial dysfunction can predict such risk.4

Sphingosine-1 phosphate (S1P) is a sphingolipid mediator pre-

sent at high levels in the plasma of healthy individuals, where it is

believed to play an important role in maintaining vascular health.5–

12 Endothelium and erythrocytes contribute, primarily, to the

plasma pool of S1P, and the apoM-component of high-density lipo-

protein (HDL) is the major carrier in plasma.5,13 Not surprisingly,

S1P and HDL-bound S1P are reduced in pathologies or conditions

associated with endothelial injury, including diabetes,14–21 metabolic

syndrome,22 myocardial infarction,20,21 sepsis,23,24 in-stent resteno-

sis,25 and in coronary and peripheral artery disease.26 In patients

with cardiovascular disease, higher S1P is associated with cardio-

protective settings such as preinfarction angina27 and coronary col-

lateral circulation.28

Although a large body of genetic and epidemiological evidence

implicates HDL as a cardioprotective agent, multiple outcome trials

with HDL-elevating drugs have provided disappointing results.29–31 It

has been proposed that this apparent discrepancy can be explained by

the quality (or functional capacity) of HDL particles being the critical

factor affecting cardiovascular outcomes rather than the absolute

HDL level.29,32 In this regard, the endothelial-protective properties of

HDL are mediated by its S1P cargo, acting via S1P receptor-1

(S1P1).
33–37 Interestingly, oestrogen, another component of HDL, con-

sidered to be cardio-protective, has endothelial-protective properties

mediated through S1P1 signalling.38–40 Dysfunctional HDL from ath-

erosclerosis and/or diabetes patients has reduced S1P,26 and the

endothelial barrier-promoting properties of dysfunctional HDL can be

restored by S1P1 activation.41 In preclinical models, S1P1 activation

maintains endothelial function whereas S1P1 inactivation causes

endothelial damage.42,43 Lymphocyte reduction is a clinically validated

marker of S1P1 desensitization, because in patients all S1P1 agonists

tested to date were designed as S1P1-desensitizing agents to reduce

peripheral blood lymphocytes and provide therapeutic benefit in

MS.44,45 Consequently, the effect of selective S1P1 activation, with-

out desensitization, on endothelial function in patients has not been

studied to date. Rather, S1P1-desensitizing molecules, at doses char-

acterized by marked S1P1 desensitization, demonstrate evidence of

endothelial damage based on the incidence of macular oedema, renal

dysfunction and respiratory dysfunction in various patient

populations.44–49

What is already known about this subject

• The potential endothelial pharmacology associated with

sphingosine-1 phosphate receptor-1 (S1P1) activation has

not been assessed in patients because previous mole-

cules developed for multiple sclerosis are S1P1-des-

ensitizing and have endothelial-damaging side-effects.

• SAR247799, a first-in-class S1P1 agonist that activates

S1P1 without desensitization, protects endothelium in

preclinical models without reducing lymphocytes.

What this study adds

• The results characterize the first human pharmacological

effect of S1P1 activation on the endothelium.

• Repeated administration of SAR247799 improved endo-

thelial function (flow-mediated dilation) in type-2 diabe-

tes patients without reducing lymphocytes or blood

pressure.

• SAR247799 is a novel endothelial approach that warrants

evaluation in populations with more advanced vascular

disease.
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SAR247799 is a G-protein-biased S1P1 agonist (inhibiting ade-

nylate cyclase preferentially over activation of β-arrestin and internali-

zation pathways) with endothelial-protective properties in rats and

pigs at doses that do not desensitize S1P1, namely non-lympho-

cyte-reducing doses.50,51 In healthy subjects, SAR247799 has an

attractive safety, tolerability and pharmacokinetics (PK) profile and

the dose–response relationship for lymphocyte pharmacodynamics

(PD) has been characterized.52 Although preclinical studies with

SAR247799 showed protective effects in the renal and coronary

vasculature in a preventative setting using single doses adminis-

tered prior to an insult of ischaemia/reperfusion-induced endothe-

lial injury, the effect of chronic administration of SAR247799 on

the endothelium is currently unknown. Furthermore, as previous

molecules were S1P1−desensitizing, the effect of S1P1 activation

on endothelial properties in patients has not yet been studied. In

preclinical models, SAR247799 is a biphasic molecule that can acti-

vate S1P1 with endothelial-protective properties at low doses,

while causing lymphocyte reduction, like other S1P1-desensitizing

molecules, at higher doses.50,51 Biological activities often follow the

4-parameter logistic model in which Emax is related to dose (i.e. the

bigger the dose, the larger the effect),53 and with this assumption,

many proof-of-concept trials test a single dose, at-or-close-to the

maximum tolerated dose. However, given that S1P1 desensitization

has been associated with endothelial-damaging effects, a U-shaped

dose response of SAR247799 for endothelial-protective effects

was considered pharmacologically plausible. Therefore, to reduce

the likelihood of missing the clinical efficacy of the compound in

patients, there is a need to understand the dose–response relation-

ship of SAR247799 for endothelial-protective effects, under

repeated-dosing conditions, and put this in the context of the level

of S1P1 desensitization.

The aim of the current study was to determine whether 4-week

therapy with SAR247799 improves reactivity of the dysfunction

endothelium in type-2 diabetes patients using flow-mediated dilation

(FMD). FMD is a technique that is regarded as a gold standard,54 pre-

dicts cardiovascular events55 and can reveal pharmacological

improvements in diabetes patients.56–64 We also compared the level

of response to sildenafil; a positive control with established efficacy

on FMD in this population.56,58,59 As SAR247799 is a biphasic mole-

cule, we payed close attention to choosing doses that would be

S1P1-activating, while limiting S1P1-desensitization, and performed a

5-week repeated-dosing study in a rat model of type-2 diabetes to

facilitate the selection of appropriate doses for human testing.

Zucker diabetic fatty (ZDF) rats65 have a defect in the leptin receptor

gene and were used because they closely match the pathological

characteristics of type-2 diabetes mellitus including hyperglycaemia,

insulin resistance, obesity and dyslipidaemia.66 We first used the rat

model to address whether chronic administration of SAR247799 has

endothelial-protective properties and the level of S1P1 desensitiza-

tion associated with such effects. The concentration–effect relation-

ships of SAR247799 in the rat model were used to guide selection of

doses for evaluation on endothelial function in type-2 diabetes

patients.

2 | METHODS

2.1 | Animal studies

All animal studies were performed in accordance with the European

Community standard on the care and use of laboratory animals and

approved by the IACUC of Sanofi R&D.

2.1.1 | Animals

Five-week-old (�125–150 g) male ZDF Fa/Fa rats and Zucker lean

Fa/+ rats (Lean; Charles River, France) were housed in groups of 2 in

1500 UTemp cages (Tecniplast, France) in 29/12 Plus sawdust

(Souralit) enriched with aspen bricks and play tunnels (Datesand).

They were kept in a climate-controlled environment (21–22�C, 55%

humidity) with a 12:12-hour light–dark cycle and provided with diet

and water (0.2-μm filtered tap water) ad libitum throughout the dura-

tion of the study. Control diet A04 (SAFE) was used from the arrival

of the animals up to age 9 weeks.

2.1.2 | Experimental design

At age 9 weeks, ZDF rats were randomized by body weight to a

chow formulation: control chow (SSNIFF Spezialdiäten GmbH) or

chow formulated with 1 of 3 dose strengths of SAR247799: low,

intermediate and high corresponding to 0.002, 0.007 and 0.0245%

(w/w), respectively. Twelve ZDF rats were included in each of the

control, low and high dose groups. A slightly higher number of ZDF

rats (14) were included in the intermediate dose group, as it was

predicted to be the most effective dose. Eight lean rats, fed with

control chow, were included in the study to confirm the pathologi-

cal status of ZDF rats (and the lower number was based on the

principle of reduction of 3Rs). All analyses were performed by a

blinded experimenter.

2.1.3 | Urinary evaluation

Eighteen-hour urine samples were collected at baseline and after

5 weeks of treatment using metabolic cages (Tecniplast, France). Uri-

nary protein, creatinine, chloride and sodium concentration were mea-

sured by ABX PENTRA 400 (Horiba). Creatinine clearance was

calculated as urinary creatinine X urine volume/plasma creatinine and

expressed as microliters per minute.

2.1.4 | Plasma assessments

Blood samples were collected in K2-EDTA tubes from the caudal vein

under 1.5–2% isoflurane anaesthesia at baseline and after 5 weeks of

treatment. Blood lymphocyte count was measured by MS9–5 (Melet
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Schloesing) in freshly collected blood, then blood samples were imme-

diately centrifuged at 4�C/10 min/10 000 g and the plasma was

stored at −80�C. Plasma creatinine and fructosamine were measured

by ABX PENTRA 400 (Horiba). SAR247799 concentrations were mea-

sured from 5-week plasma samples using liquid chromatography

tandem mass spectrometry.

Plasma biomarkers were measured by ELISA following 5 weeks of

treatment according to manufacturers' instructions. Soluble ICAM-1,

sE-selectin and von Willebrand Factor (vWF) were measured using

MILLIPLEX MAP Rat Vascular Injury Magnetic Bead Panel 2 (Merck),

sVCAM-1 from VCAM-1 Rat ProcartaPlex Simplex Kit (ThermoFisher

Scientific), CRP from CRP Rat ProcartaPlex Simplex Kit (ThermoFisher

Scientific) and sPECAM-1 from Rat PECAM-1 Elisa kit

(MyoBioSource). Nitrate/nitrite concentration was measured by

nitrate/nitrite fluorometric assay kit (Cayman Chemical) in plasma

samples previously filtered with Microcon-10 kDa Centrifugal Filter

Unit with Ultracel-10 membrane (Merck).

2.1.5 | Heart rate

Heart rate was measured at the end of the study under anaesthesia

(1.5–2% isoflurane) after all other assessments were completed. Heart

rate was measured from consecutive R-R intervals in the electrocar-

diogram (ECG) signals recorded from suitable electrodes connected to

Vivid E9 (GE).

2.1.6 | Statistical analysis

SAS version 9.2 for Windows 7 was used for statistical analysis. Single

comparison was performed by 2-tailed unpaired Student t-test or

Wilcoxon test, when normality was not met. Multiple comparisons

were analysed by 1-way ANOVA, following by Dunnett's posthoc test

in normally distributed and homogeneous parameters, otherwise a

Kruskal–Wallis test followed by Wilcoxon 2-tailed comparison test

was performed. A P-value of ≤.05 was considered significant. Data are

expressed as mean ± standard error of the mean for normally distrib-

uted data, otherwise as median ± interquartile range.

2.2 | Clinical study

The clinical study was conducted as a multicentre study by Profil

(2 centres in Germany: Profil Institut für Stoffwechselforschung

GmbH, Neuss and Profil Mainz GmbH & Co. KG, Mainz) and was

approved by the competent authority as well as 2 independent ethics

committees (Local Ethical Committee of Düsseldorf and Local Ethical

Committee of Mainz, Germany). The study was performed in accor-

dance with the clinical trial protocol and with ethical principles having

their origin in the Declaration of Helsinki. All patients provided writ-

ten informed consent before participating. The trial was prospectively

registered with Unique identifier NCT0346201 on 12/03/2018

(www.clinicaltrials.gov). The study dosing scheme is summarized in

Figure 3A.

2.2.1 | Patients

The study population included male and female type-2 diabetes

patients, with >6 months from diagnosis of diabetes at the time of

screening, and otherwise healthy as assessed by clinical and labora-

tory assessments and detailed medical history. Main inclusion criteria

included age 18–64, body mass index 18–35 kg/m2, haemoglobin

A1c <8.5%, flow-mediated dilation ≤7%, estimated glomerular filtra-

tion rate >60 mL/min/1.73 m2 and vital signs after 10 minutes rest in

supine position in the following ranges: systolic blood pressure

95–160 mmHg, diastolic blood pressure 45–100 mmHg, heart rate

60–100 beats/min. In addition, clinical laboratory evaluations and

ECG recording were to be normal or without any clinically relevant

findings.

Patients with reported pathologies (apart from stable type-2 dia-

betes mellitus status), which, as judged by the investigator, may affect

the patient's health, participation in, or the outcome of the study,

were excluded. Particularly, any history of clinically relevant cardio-

vascular disease (including established atherosclerosis or non-

controlled hypertension) or pulmonary, renal, hepatic,

ophthalmological or infectious diseases led to exclusion. A few com-

orbidities such as controlled dyslipidaemia, controlled hypertension,

stable and treated hypothyroidism were accepted.

Any medication which had a potential to interfere with safety, PK

or PD of SAR247799 and sildenafil or study measurements was

prohibited; this included nitrates, all calcium channel blockers, phos-

phodiesterase type 5 (PDE5) inhibitors, guanylate cyclase stimulators,

β-blockers, glucagon-like peptide-1 agonists, insulins (all types), drugs

that decrease heart rate, anticoagulants and antithrombotics (except

aspirin), antiarhythmics (such as digoxin), recent (≤3 months) use of

systemic immunosuppressive or corticosteroid therapy, any

inactivated vaccination during study treatment, any attenuated vacci-

nation within 2 months before inclusion, and any biologics (antibody

or its derivatives) given within 4 months before inclusion. The follow-

ing medications were authorized if patients were on stable therapy:

oral antidiabetics other than glucagon-like peptide-1 agonists; angio-

tensin converting enzyme inhibitors; angiotensin II receptor blockers;

statins; aspirin as antithrombotic therapy; diuretics; hormonal contra-

ception; menopausal hormone replacement therapy; and thyroid hor-

mone replacement therapy. Only patients smoking fewer than

5 cigarettes or equivalent per week were enrolled. Smoking and

tobacco were not allowed during institutionalization periods.

A patient could be withdrawn from the study at any time for any

of the following reasons: refusal to comply with the parameters of the

study; desire to withdraw; medical condition that the investigator

considered to contraindicate the continuation of the study; or the

occurrence of an adverse event (AE).

The above patient characteristics for the trial were modelled from

previously performed FMD studies.46–51
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2.2.2 | Clinical study design

The selected design was a double-blinded, double-dummy, randomized,

placebo and active-controlled study. Such design was selected to allow

comparison of SAR247799 to placebo as well as the positive control, sil-

denafil, which has been shown to improve FMD in a variety of

populations including patients with type-2 diabetes.46,48,49 The study was

performed with 27 patients per cohort (6 placebo, 6 sildenafil and 15 on a

given dose of SAR247799) who received the treatments for 28 days in a

once-a-day regimen. Two cohorts with escalating doses of SAR247799

(1 and 5 mg) were conducted and the protocol had the option for a third

cohort, which was not performed. Capsules, blisters and boxes of investi-

gational medicinal product (IMP; SAR247799, sildenafil [50 mg] or pla-

cebo) were indistinguishable to preserve the double-blind.

A decision to proceed from 1 dose to the next was made jointly

by the sponsor and the investigator on the basis of reviewing the pre-

liminary safety and PK exposure data of the previous dose.

The study comprised of a screening period of up to 26 days dur-

ing which an FMD threshold of <7% was used to enrich for patients

with dysfunctional endothelium. SAR247799, sildenafil and placebo

capsules were taken under fasted conditions each morning from day

1 to day 28 (inclusive) and there was a 14-day follow-up period up to

the end of study visit on day 42. There was a 4-day in-house period

(day −2 to day 3) followed by ambulatory conditions with various in-

house periods for FMD assessments (day 13–14, day 20–21, day

27–28, day 34–35 and day 41–42).

Patients were randomized on day 1 to receive SAR247799, pla-

cebo or sildenafil in 5:2:2 ratio if they met all inclusion/exclusion

criteria (at day −1 and/or day −2). Sanofi controlled the double-blind

key for the study. The IMP was administered under medical supervi-

sion during in-house periods and patients were instructed to take the

IMP under fasted conditions each morning during ambulatory periods

for which compliance was checked by counting the number of ret-

urned capsules at the end of the study.

2.2.3 | Endothelial function assessments by flow-
mediated dilation

Endothelial function was assessed by measuring FMD of the brachial

artery following reactive hyperaemia. FMD examinations were per-

formed exclusively by research physicians (4 at the Mainz site and

2 at the Neuss site) and were analysed centrally by 3 qualified FMD

analysts. As the FMD methodology is known to be operator depen-

dent, both the research physicians and analysts had to perform qualifi-

cation training prior to the start of the clinical trial and achieve the

following targets: each physician performed 25–30 FMD examina-

tions twice in 1 subject and also evaluated the data to be certified as

expert by an external expert; 20 of these assessments had to have a

standard deviation (SD) <1%. Each analyst had to evaluate the same

40 measurements compared to the evaluation of a qualified expert

and at least 20 of them had to have a SD of <1% compared to the ref-

erence. In practice all physicians and analysts produced SD of <0.5%.

During the clinical trial measurements were made during screening,

at baseline (day −1) and on day 14, 21, 28, 35 and 42 (Figure 1) and the

same arm (right side when possible) was used throughout. Patients were

institutionalized overnight prior to each assessment, during which

smoking and tobacco were prohibited, and measurements made in the

morning under fasted conditions. Patients were examined in a quiet

temperature-controlled room and asked to avoid caffeinated beverages

for 12 hours prior to each assessment. The brachial artery diameter

(BAD) was assessed by high-resolution ultrasound imaging above the

elbow, initially after 15 minutes rest in a supine position, and then fol-

lowing reactive hyperaemia, which was induced by 5 minutes inflation

of a pneumatic tourniquet inflated to a pressure of 200 mmHg around

the forearm and sudden cuff-deflation. The focus zone was set to the

depth of the anterior vessel wall and depth and gain settings were opti-

mized to identify the lumen vessel wall interface. The maximum brachial

artery diameter was determined by continuously imaging from prior to

cuff inflation until 2 minutes after cuff release. The ultrasound images

were recorded directly onto the hard disk of the ultrasound machine

and image a;alysis performed using an automated edge-detection soft-

ware (Vascular Research Tools 5, Medical Imaging Applications LLC,

Coralville, Iowa, USA) as previously described.67 FMD was expressed as

the percentage change in BAD following reactive hyperaemia.

2.2.4 | Other assessments

Lymphocytes and heart rate were assessed at timepoints as shown in

Figure 1. Other safety assessments were performed throughout the

study period and included AE recording, physical examinations, vital

signs, laboratory tests (haematology, urinalysis, biochemistry including

high-sensitivity c-reactive protein) and continuous ECG telemetry.

2.2.5 | PK

SAR247799 concentrations were measured from plasma samples at the

following time points: 4 and 12 hours postdose on day 1; 0 hours (pre-

dose) on days 2, 3 and 7; and at 3 hours postdose on days 14, 21 and

28. A validated liquid chromatography–tandem mass spectrometry

method with a lower limit of quantification of 5 ng/mL was used. The

following PK parameters were calculated with a Bayesian approach

using a population PK model developed for SAR247799 in healthy sub-

jects following single and repeated administration: maximum concentra-

tion observed (Cmax), time to reach Cmax, area under plasma

concentration vs time curve calculated using a trapezoid method over

24 hours (AUC0–24) and accumulation ratio (Rac [Cmax, AUC0–24]).

2.2.6 | Sample size considerations

Sample size calculations were based on previous FMD studies in

type-2 diabetes patients where sildenafil produced at least a 3%

FMD increase from baseline compared to placebo,46,48,49 and a SD
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of 2.5% was assumed (corresponding to a statistical effect size of at

least 1.2).

The sample size was calculated by assuming that 3 doses of

SAR247799 would be evaluated over 3 cohorts. To control the global

type I error rate, a 1-sided α = 1.67% (5% divided by 3 doses) was

used. A sample size of 13 evaluable patients per group would have

had 80% power to detect an increase of 3% of the change in FMD

from baseline of SAR247799 vs placebo (assuming a common SD of

2.5%) with a 1-sided 1.67% significance level. Considering that 10%

of patients may not have evaluable baseline and postbaseline FMD,

15 included patients per group was considered necessary.

As the third cohort was optional, to permit the analysis at the end

of 2 cohorts with 1-sided α = 2.5% and at least 80% power, the sam-

ple size for sildenafil and placebo was increased by 1 patient per

cohort (from 5 to 6), resulting in the following distribution of patients

randomized across the first 2 cohorts: 15 patients on 1 mg

SAR247799; 15 patients on 5 mg SAR247799; 12 patients on pla-

cebo; and 12 patients on sildenafil.

2.2.7 | Statistical analysis

SAS version 9.4 for Windows 7 was used for statistical analysis.

Demographic data were summarized in descriptive statistics by treat-

ment group. All biomarkers were also summarized in descriptive sta-

tistics by treatment group and time.

Count and percentage of patients experiencing an AE were pro-

vided for each treatment by Medical Dictionary for Regulatory

F IGURE 1 Effects of SAR247799 on
lymphocytes, heart rate and renal
parameters in diabetic rats. Zucker
diabetic fatty (ZDF) rats treated for
5 weeks with chow formulated with
control (0), low (L; 0.002% w/w),
intermediate (I; 0.007% w/w) or high (H;
0.0245% w/w) doses of SAR247799.
Age-matched lean rats treated with

control chow (0) for comparison. n = 8,
12, 14, 12 rats in lean, ZDF 0, ZDF L, ZDF
I, ZDF H groups, respectively. Bars are
mean ± standard error of the mean when
Shapiro–Wilks test did not reject
normality hypothesis (A, B) and median ±
interquartile range otherwise (C–G).
#P < .05, ##P < .01, ###P < .001 for lean vs
ZDF control group; A and B by Student t
test; E, F, G by Wilcoxon test; C and D
baseline comparisons of lean vs the
4 ZDF groups by Kruskal–Wallis followed
by Wilcoxon posthoc test; C and D
treatment comparisons of lean vs ZDF
control group by Wilcoxon test. * P < .05,
** P < .01, *** P < .001 for treated groups
vs ZDF control group; A and B by 1-way
ANOVA followed by Dunnett's test; E, F,
G and C & D (treatment) by Kruskal–
Wallis test followed by Wilcoxon
posthoc test
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Activities (MedDRA version 21.1) primary system organ classes and

preferred terms.

FMD change from baseline on days 14, 21, 28, 35 and 42 was

analysed within a repeated-measures model with fixed terms for

treatment, time, treatment-by-time interaction and with sex and base-

line FMD value as covariate and with subject as a random term with

an unstructured variance–covariance matrix. Mean difference

between treatments and their corresponding 95% confidence interval

were estimated within the model framework at each time.

Similarly, heart rate (change from baseline at 4 h) and lympho-

cytes (% change from baseline at 6.5 h) on days 1, 7, 14, 21 and

28 were analysed within the same repeated measures model as for

FMD with mean difference between treatments and their

corresponding 95% confidence interval estimated within the model

framework at each time.

2.3 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY,68 and are permanently archived in the Concise

Guide to PHARMACOLOGY 2017/18.69

3 | RESULTS

3.1 | PK, lymphocyte and heart rate effects of
SAR247799 in rats

To assess the ability of different dose strengths of SAR247799 to

desensitize S1P1, peripheral blood lymphocyte counts were assessed

following 5 weeks of oral administration to ZDF rats, alongside an

assessment of the plasma concentrations of SAR247799.

The low and intermediate dose strengths of SAR247799 (0.002

and 0.007% [w/w] chow) did not reduce lymphocytes (Figure 1A). The

high dose strength (0.0245% [w/w] chow) caused a 35% decrease in

peripheral blood lymphocytes (Figure 1A), indicating a partial desensi-

tization of S1P1 at this dose. None of the doses of SAR247799 altered

heart rate (Figure 1B).

Plasma concentrations of SAR247799 increased consistent with

dose proportionality from low to intermediate dose strength, with

mean AUC values of 2.27 and 10.2 μg h/mL, respectively (Table 1). At

the high dose strength there was a 10.5-fold increase in plasma con-

centration (106 μg h/mL) for a 3.5-fold increase in dose from the

intermediate dose.

3.2 | SAR247799 improves renal function in
diabetic rats independent of lymphocyte reduction

Compared to lean control rats, ZDF rats had higher body weight and

higher plasma fructosamine levels (consistent with their diabetic sta-

tus; Figure S1). Five-week treatment with SAR247799 (at any dose)

did not alter fructosamine levels (Figure S1B), consistent with

SAR247799 not being a classical antidiabetic drug controlling glucose

levels. To determine the efficacy of SAR247799 following repeated

administration, a variety of renal parameters were measured following

5-week SAR247799 treatment.

Urinary output was 10-fold higher in vehicle-treated ZDF rats

compared to lean rats at the end of the 5-week treatment period

(Figure 1C). SAR247799 treatment significantly blunted the increase

in urinary output at the intermediate dose (Figure 1C).

The urinary protein:creatinine ratio was 6-fold higher in dia-

betic rats compared to lean controls (Figure 1D). SAR247799 cau-

sed a dose-dependent reduction in urinary protein: creatinine

ratio, which was statistically significant at the intermediate and

high doses. The lowest dose showed a partial effect and the top

2 doses caused similar effects, suggesting that a maximal PD effect

on this parameter had been reached at the intermediate dose

(Figure 1D).

Creatinine clearance was similar in ZDF and lean rats (Figure 1E).

Five-week treatment with the intermediate dose of SAR247799 cau-

sed a 2.5-fold increase in creatinine clearance compared to vehicle-

treated ZDF rats. There was no increase at the low dose, and a lesser

(nonsignificant) increase at the high dose.

The fractional excretion of electrolytes (Na+ and Cl−) was

increased in ZDF rats compared to lean (Figure 1F, 1G). These

increases were most effectively reduced by the intermediate dose of

SAR247799, with levels similar to lean control rats, and to a lesser

extent at the high dose.

TABLE 1 Descriptive statistics of plasma pharmacokinetics parameters in diabetic rats

SAR247799 dose % (w/w) in chow Parameter Mean Median SD CV % Min Max

0.002% (low) C (μg/mL) 0.0944 0.0917 0.0188 19.9 0.0697 0.124

AUC0–24 (μg h/mL) 2.27 2.20 0.451 1.67 2.98

0.007% (intermediate) C (μg/mL) 0.423 0.432 0.172 40.6 0.154 0.768

AUC0–24 (μg h/mL) 10.2 10.4 4.23 3.70 18.4

0.0245% (high) C (μg/mL) 4.43 4.60 2.21 49.9 0.506 8.05

AUC0–24 (μg h/mL) 106 110 53.0 12.1 193

C refers to concentration at 5 weeks postdosing

AUC0–24 calculated by assuming C is the average concentration over the dosing interval (AUC0–24 = C × 24)
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Overall, the dose–response characterization on renal parameters

(Figure 1C-G) demonstrated that SAR247799 had maximal pharmaco-

logical effects on all parameters at the intermediate dose; a dose that

did not reduce lymphocytes (Figure 1A) or heart rate (Figure 1B).

There was a partial or lesser effect on most parameters at the low and

high doses (Figure 1C–G).

3.3 | SAR247799 improves endothelial biomarkers
in diabetic rats independent of lymphocyte reduction

To assess the ability of repeated administration of SAR247799 to

alter biomarkers of endothelial function the level of the following fac-

tors was assessed following 5-week treatment: vWF (coagulation),

sICAM-1, sVCAM-1 and sE-selectin (adhesion molecule shedding),

sPECAM-1 (capillary integrity), nitrite/nitrate and CRP (inflammation).

All markers showed an increase in diabetic compared to lean rats and

these achieved statistical significance except for vWF and nitrite/

nitrate (Figure 2A-G). SAR247799 treatment caused a dose-

dependent reduction in all of these markers; the reductions were sta-

tistically significant for at least 1 dose for all biomarkers except

sPECAM-1. Overall, SAR247799 showed the most effective reduction

of endothelial biomarkers at the intermediate and high doses, with lit-

tle difference between them.

Considering the combined renal function and plasma biomarker

data (Figure 1 and 2), the intermediate dose of SAR247799 provides

the best overall efficacy profile. The lesser effects at the low dose

could reflect suboptimal exposure, and at the high dose could reflect

partial S1P1 desensitization (35% reduction in lymphocytes) causing

some loss of protective effect.

3.4 | Clinical study population and safety
assessments

We performed a randomized, double-blind, multicentre, active- and

placebo-controlled clinical trial in type-2 diabetes patients to evaluate

the activity of SAR247799 on endothelial function using flow-

mediated dilation (FMD; Figure 3A). The baseline clinical characteris-

tics are shown in Table 2. Patients progressed through the clinical

trial as shown in Figure 3B. Safety analysis included all 54 enrolled

patients and is summarized in Table 3. There were no deaths, no seri-

ous or severe treatment-emergent AEs (TEAEs) and no AEs of special

interest during the study. Of the total 54 patients enrolled in the

study, 53 completed their assigned IMP for 28 days as planned. One

patient, assigned to the sildenafil group, discontinued treatment on

day 3 due to the occurrence of ventricular extrasystoles (grade

1 intensity according to NCI-CTCAE v4.03). Overall 19 of 54 patients

experienced at least 1 TEAE during the study (Table 3), with the

number of patients with TEAEs in the SAR247799 and sildenafil

treatment groups being similar and slightly higher than in the placebo

group. The most commonly reported TEAEs were headache and

nasopharyngitis, with 5 and 4 patients reporting these TEAEs,

respectively. The TEAEs were typically reported as mild, and all of

them resolved with time.

On day 1, SAR247799 caused a dose-dependent reduction in

heart rate (mean reductions of 2 and 4 beats/min at 1 and 5 mg,

respectively) compared to no change in the placebo or sildenafil

groups (Figure 4A). As the study progressed (day 7–28), there was a

mean 5–6 beats/min heart rate increase in the placebo group, a similar

(3–6 beats/min) increase in the sildenafil group, a smaller (0–4 beats/

min) increase in the 5 mg group and no increase in the 1 mg

SAR247799 group. Relative to the placebo group, the maximum heart

rate decrease was observed with 5 mg SAR247799 on day 14 (mean

difference vs placebo −6.4 beats/min; 95% confidence interval

[CI] −2.1 to −10.7 beats/min; P = .004). Relative to the placebo group,

in the 1 mg SAR247799 group a lower heart rate was sustained over

the 28-day treatment period, but in the 5 mg SAR247799 group the

heart rate effects diminished slightly on day 21 and day 28 (suggesting

the onset of S1P1 desensitization).

Systolic and diastolic blood pressure were slightly reduced over

the treatment period, but without significant differences between pla-

cebo and treatment groups (Figure S2).

3.5 | PK and lymphocyte-reducing effects of
SAR247799 in patients

To assess the ability of the 2 doses of SAR247799 to desensitize

S1P1, peripheral blood lymphocyte counts were assessed over the

28 days of oral treatment to type-2 diabetes patients. The 2 doses of

SAR247799 showed lymphocyte changes which were indistinguish-

able from placebo (Figure 4B; mean reductions vs placebo <8% at all

timepoints).

Plasma concentrations of SAR247799 increased from day 1 to day

14with an accumulation ratio of 2.5–2.9 andwere consistent with dose

proportionality between 1 and 5 mg/d (Table 4). The steady state

AUC0–24h of SAR247799 were similar between the 1-mg/d human

dose compared to the low dose in rats (2.97 vs 2.27 μg/mL, respec-

tively; Tables 1 and 4). Similarly, the steady state AUC0–24h were similar

between the 5-mg/d human dose and the intermediate dose in rat

(14.9 vs 10.2 μg/mL, respectively; Tables 1 and 4). Both human doses

(and the low and intermediate rat doses) did not significantly reduce

lymphocytes (Figure 1A and 4B). The AUC0–24h at the high dose in rats,

inducing partial S1P1 desensitization (Figure 1A), was 7.5-fold higher

than the 5-mg/d human dose (106 vs 14.9 μg h/mL, respectively;

Table 1 and Table 4).

3.6 | SAR247799 improves flow-mediated dilation
in type-2 diabetes patients

Of the 54 patients enrolled in the trial, 52 had FMD data that were

analysed (Figure 3B). One patient in the sildenafil group was discon-

tinued from treatment on day 3, as previously mentioned, and 1 fur-

ther patient (also in the sildenafil group) was excluded from the FMD
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analysis because the FMD curves during hyperaemia did not show the

typical shape of the brachial diameter curve. At baseline, the mean

FMD was well below the 7% threshold for inclusion into the study

and ranged from 3.8 to 4.3% in the 4 treatment groups (Table 2). The

prehyperaemia BAD remained unchanged in all groups over the

42-day study, indicating that the arterial vasomotor tone was not

affected and did not interfere with the FMD measurements

(Figure 2C).

Variations in FMD were first assessed by comparing the mean

placebo values over the 42-day study period. The placebo group

F IGURE 2 Effects of SAR247799 on
plasma biomarkers in diabetic rats. Zucker
diabetic fatty (ZDF) rats following 5-week
treatment with chow formulated with
control (0), low (L; 0.002% w/w),
intermediate (I; 0.007% w/w), or high (H;
0.0245% w/w) doses of SAR247799.
Age-matched lean rats treated with
control chow (0) for comparison. n = 8,

12, 14, 12 rats in lean, ZDF 0, ZDF L, ZDF
I, ZDF H groups, respectively. Bars
represent mean ± standard error of the
mean when Shapiro–Wilks test did not
reject normality hypothesis (C) and
median ± interquartile range otherwise
(A, B, D, E, F, G). ##P < .01, ###P < .001 for
lean vs ZDF control group; Student t-test
for C, or Wilcoxon test for A, B, D, E, F,
G. * P < .05, ** P < .01, for treated groups
vs ZDF control group; Kruskal–Wallis test
followed by Wilcoxon posthoc test for A,
B, D, E, F, G
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showed mean increases compared to baseline of 0.7, 0.6 and 0.7% on

days 14, 21 and 28 respectively, and minimal change at days 35 and

42 (end of study; Figure 5A). Given this variation in the placebo group,

FMD changes at each time-point were expressed as placebo-

corrected values (Figure 5B).

The mean FMD change from baseline with 50 mg sildenafil

(positive control) and 5 mg SAR247799 was higher than placebo at

all time points up to D42 (Figure 5, Tables S1 and S2). For all

3 treatment groups (1 and 5 mg SAR247799 and 50 mg sildenafil)

the maximum FMD change from baseline vs placebo occurred at

1 week after the end of treatment (day 35), indicating that an

effect had persisted after compound wash-out. On day 35, mean

differences vs placebo were 0.60% (95% CI −0.34 to 1.53%;

P = .203) for 1 mg SAR247799, 1.07% (95% CI 0.13 to 2.01%;

P = .026) for 5 mg SAR247799 and 0.88% (95% CI −0.15 to

1.91%; P = .093) for 50 mg sildenafil. Overall SAR247799 showed

a dose-dependent improvement in FMD: 5 mg > 1 mg > placebo

at days 21, 28, 35 and 42 (but not at day 14). Both doses of

SAR247799 also showed a time-dependent improvement in FMD

(day 14 < day 21 < day 28 < day 35).

4 | DISCUSSION

The study evaluated, for the first time, the pharmacological effect of

S1P1 activation on endothelial function in patients. The experiments

F IGURE 3 Design and
patient (pt) progress through
randomized, double-blinded
clinical trial to evaluate
SAR247799 on flow-mediated
dilation in type-2 diabetes
patients. (A) Study design.
(B) Flow chart of patient
progress through trial. of the

122 patients not meeting
inclusion criteria, 14 were
because flow-mediated dilation
(FMD) was >7%. # 1 patient
excluded for unusable FMD data
and 1 patient withdrawn. DSM,
dose selection meeting; PK,
pharmacokinetics; B, baseline;
EOS, end of study; BAD, brachial
artery diameter; HR, heart rate;
BP, blood pressure; PK,
pharmacokinetics
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expand on a wealth of preclinical studies implicating S1P1 in regulat-

ing endothelial function and provide the first relevance of the S1P1

mechanism-of-action to patients with endothelial dysfunction.

SAR247799 treatment progressively improved endothelial function

(FMD) over 4 weeks in type-2 diabetes patients to levels that were in

a similar range to sildenafil, and the vascular effects of SAR247799

were independent of lymphocyte reduction (unlike S1P1 functional

antagonists used for multiple sclerosis treatment) or blood pressure-

lowering.

SAR247799 showed a dose-dependent effect

(5 mg > 1 mg > placebo) at most of the time-points evaluated, and the

5-mg dose was at least as effective as 50 mg sildenafil. As

SAR247799 has an elimination half-life of 32 hours,52 day 35 corre-

sponds to >5 half-lives after the last dose on day 28 (or >30-fold

reduction in compound exposure). Therefore, an important finding of

our study was that the effect of SAR247799 persisted after the end

of treatment and compound wash-out, suggesting a potential disease-

modifying effect to the endothelium. Although it may appear surpris-

ing that the maximal FMD change was observed after the end of the

treatment period, repair of dysfunctional endothelium is considered to

be a gradual process taking weeks and includes restoring endothelial

junctions, barrier integrity and overall endothelial regeneration.70 As

the effect appeared to be both time- and dose-dependent, it is diffi-

cult to conclude whether the maximal possible effect of SAR247799

on FMD was reached. However, as SAR247799 was at least as effec-

tive as sildenafil under the conditions evaluated, a level of clinical rele-

vance of the S1P1 mechanism has been established that warrants

further evaluation in patients, including settings with longer treatment

duration and/or with more relevant clinical endpoints.

Our results are consistent with a vascular function study per-

formed in renal transplant recipients with 2.5 mg fingolimod.49 The

2.5-mg dose was 5-fold higher than the approved dose in multiple

sclerosis patients (0.5 mg), caused marked S1P1 desensitization

(70–80% lymphocyte reduction), and was associated with creatinine

clearance impairment in renal transplant recipients.48,49 The study,

performed 1.5 years post-transplant, demonstrated that FMD

improved following 3-month fingolimod discontinuation. Although the

investigators did not measure FMD prior to initiating fingolimod treat-

ment, we hypothesize that the 2.5 mg dose (which was associated

with marked S1P1-desensitization) caused endothelial damage, and

the FMD improvement seen over the 3-month fingolimod-withdrawal

period reflects a restoration of endothelial function. In combination

TABLE 2 Demographic and clinical variables at baseline

SAR247799

Variables Placebo (n = 12) 1 mg (n = 15) 5 mg (n = 15) Sildenafil (n = 12)

Age (y) Mean (SD) 56.3 (7.9) 54.7 (7.0) 56.4 (6.0) 58.6 (3.8)

Sex n females (%) 3 (25) 2 (13.3) 6 (40) 4 (33.3)

Race n (%)

• White 11 (91.7%) 14 (93.3%) 14 (93.3%) 12 (100%)

• Black or African American 0 1 (6.7%) 1 (6.7%) 0

• Multiple 1 (8.3%) 0 0 0

Ethnicity n not Hispanic or Latino (%) 12 (100%) 15 (100%) 15 (100%) 12 (100%)

Weight (kg) Mean (SD) 89.7 (13.1) 87.9 (13.9) 84.9 (13.1) 88.3 (14.4)

BMI (kg/m2) Mean (SD) 29.9 (3.5) 28.6 (3.0) 29.1 (3.0) 28.6 (3.7)

BMI n < 30 kg/m2 (%) 5 (41.7%) 9 (60.0%) 10 (66.7%) 7 (58.3%)

Haemoglobin A1c (%) Mean (SD) 7.02 (0.62) 7.64 (0.68) 6.84 (0.74) 7.3 (0.63)

SBP (mmHg) Mean (SD) 133 (14) 131 (12) 123 (14) (129 (12)

Heart rate (beats/min) Mean (SD) 64 (7) 69 (8) 64 (6) 68 (8)

FMD (%) Mean (SD) 3.88 (1.25) 4.32 (1.67) 3.87 (1.67) 4.20 (1.52)

Concurrent therapy n

• No treatment 3 0 1 1

• Oral antidiabetic treatment 8 13 14 11

• ACEi/ARB 4 4 3 7

• Statins 3 2 1 1

• Thyroid replacement therapy 1 1 4 0

• Nonsteroidal anti-inflammatory 1 1 1 1

• Diuretic 0 0 0 0

• Other 0 3 1 1

ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; BMI, body mass index; FMD, flow-mediated dilation; SBP, systolic

blood pressure; SD, standard deviation
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with the findings from the current study, S1P1 activation and desensi-

tization appear to improve and impair FMD, respectively.

PDE5 inhibitors decrease forearm vascular resistance by direct

vascular smooth muscle effects (e.g. through reduced breakdown of

cGMP) as well as endothelium-dependent effects (release of

vasodilatory factors including nitric oxide). High-dose (100 mg) silden-

afil failed to improve FMD in type-2 diabetes patients, but caused

marked vasodilation as evidenced by blood pressure-lowering and

TABLE 3 Number (%) of patients with TEAE(s) by primary system organ class and preferred term

Primary system organ class preferred term, n (%)

SAR247799 Sildenafil

Placebo (N = 12) 1 mg (N = 15) 5 mg (N = 15) 50 mg (N = 12)

Any class 3 (25.0%) 5 (33.3%) 6 (40.0%) 5 (41.7%)

Severe AE 0 0 0 0

Leading to treatment discontinuation 0 0 0 1 (8.3%)

Infections and infestations 1 (8.3%) 1 (6.7%) 2 (13.3%) 1 (8.3%)

Nasopharyngitis 0 1 (6.7%) 2 (13.3%) 1 (8.3%)

Otitis externa 1 (8.3%) 0 0 0

Nervous system disorders 1 (8.3%) 1 (6.7%) 2 (13.3%) 2 (16.7%)

Headache 1 (8.3%) 1 (6.7%) 1 (6.7%) 2 (16.7%)

Orthostatic intolerance 0 0 1 (6.7%) 0

Cardiac disorders 0 0 1 (6.7%) 1 (8.3%)

Ventricular extrasystoles 0 0 0 1 (8.3%)

Palpitations 0 0 1 (6.7%) 0

Respiratory, thoracic and mediastinal disorders 0 2 (13.3%) 0 1 (8.3%)

Oropharyngeal pain 0 0 0 1 (8.3%)

Cough 0 1 (6.7%) 0 0

Epistaxis 0 1 (6.7%) 0 0

Obstructive airways disorder 0 1 (6.7%) 0 0

Gastrointestinal disorders 0 2 (13.3%) 1 (6.7%) 3 (25.0%)

Diarrhoea 0 0 0 2 (16.7%)

Dyspepsia 0 0 0 1 (8.3%)

Gastroesophageal reflux disease 0 1 (6.7%) 0 1 (8.3%)

Nausea 0 1 (6.7%) 1 (6.7%) 0

Vomiting 0 0 1 (6.7%) 0

Skin and subcutaneous tissue disorders 0 1 (6.7%) 0 2 (16.7%)

Erythema 0 1 (6.7%) 0 2 (16.7%)

Pruritus 0 1 (6.7%) 0 0

Musculoskeletal and connective tissue disorders 0 0 3 (20.0%) 1 (8.3%)

Back pain 0 0 1 (6.7%) 1 (8.3%)

Musculoskeletal pain 0 0 1 (6.7%) 0

Neck pain 0 0 1 (6.7%) 0

General disorders and administration site conditions 0 0 1 (6.7%) 0

Vessel puncture site haematoma 0 0 1 (6.7%) 0

Injury, poisoning and procedural complications 1 (8.3%) 0 0 0

Arthropod sting 1 (8.3%) 0 0 0

Contusion 1 (8.3%) 0 0 0

Skin abrasion 1 (8.3%) 0 0 0

Traumatic haematoma 1 (8.3%) 0 0 0

AE, adverse event; TEAE, treatment-emergent AE (MedDRA version 21.1); N = number of patients treated within each group; n (%) = number and % of

patients with at least 1 TEAE in each category.

Note: An adverse event was considered as treatment-emergent if it occurred from the time of the first IMP administration up to 7 days (included) after the

last IMP administration.
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dilation of the BAD.71 Two studies with lower doses of sildenafil

(50 mg daily and 25 mg twice a day) showed 5–6% increases from

baseline FMD values in the 7–9% range, and with no evidence of

vasodilation.56,58 Thus, we selected 50 mg sildenafil daily for the cur-

rent study, confirmed no vasodilatory effect (i.e. no blood pressure-

lowering or BAD increase) and showed an increase in FMD from 4%

at baseline to about 5% with treatment. While it is not immediately

apparent why sildenafil showed a smaller effect on FMD in our study,

it is possible that the enrichment of patients for marked endothelial

dysfunction in our study (lower baseline FMD) could have influenced

the absolute effect of sildenafil. Nevertheless, the inclusion of sildena-

fil as positive control allowed us to appropriately benchmark the

F IGURE 4 Effect of SAR247799 (1 and 5 mg), sildenafil (50 mg), or placebo on heart rate (A) and lymphocytes (B) in type-2 diabetes patients.
Heart rate and lymphocytes expressed on each day (D1–D28) at time points associated with maximal pharmacodynamic effects (4 and 6.5 h,
respectively). Mean ± standard error of the mean; P values shown when < .05 (repeated-measure model as described under Methods)

TABLE 4 Descriptive statistics of plasma pharmacokinetic parameters in type-2 diabetes patients following 1.0 and 5.0 mg SAR247799
repeated once daily oral administration by dose level on days 1 and 14

Day Parameter Dose n Mean Median SD CV% Min Max

1 Tmax 1 15 2.68 2.50 0.320 11.9 2.25 3.25

(h) 5 15 2.42 2.50 0.122 5.05 2.25 2.5

Cmax 1 15 0.0574 0.0538 0.0131 22.8 0.0403 0.0907

(μg/mL) 5 15 0.310 0.315 0.0635 20.5 0.207 0.414

AUC0–24 1 15 1.03 0.983 0.232 22.5 0.750 1.69

(μg h/mL) 5 15 5.31 5.31 0.955 18.0 3.75 6.87

14 Tmax 1 15 2.24 2.25 0.0969 4.32 2.00 2.50

(h) 5 15 2.15 2.25 0.116 5.40 2.00 2.25

Cmax 1 15 0.152 0.147 0.0419 27.6 0.0998 0.271

(μg/mL) 5 15 0.779 0.760 0.186 23.9 0.500 1.13

AUC0–24 1 15 2.97 2.78 0.902 30.4 1.84 5.46

(μg h/mL) 5 15 14.9 14.8 4.03 27.0 8.74 22.3

Rac_AUC0–24 1 15 2.86 2.70 0.432 15.1 2.10 3.56

5 15 2.79 2.73 0.492 17.6 2.10 3.64

Rac_Cmax 1 15 2.66 2.50 0.443 16.7 1.89 3.41

5 15 2.54 2.46 0.468 18.4 1.86 3.49

AUC0–24, area under plasma concentration vs time curve over 24 hours; Cmax, maximum concentration observed; Rac, accumulation ratio; Tmax, time to

reach Cmax
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effect of SAR247799 to a clinical calibrator and show that this new

S1P1 mechanism-of-action can produce effects on FMD at least as

effective as PDE5 inhibition.

The improvement in FMD demonstrated with SAR247799 may

have clinical implications for cardiovascular (CV) risk reduction.

FMD, in addition to an index of endothelial dysfunction, predicts

the rate of progression of carotid intima media thickness with supe-

riority to the Framingham score.72 Furthermore, drugs that improve

FMD have proved beneficial on CV outcomes such as statins and

antihypertensive drugs (including angiotensin converting enzyme-

inhibitors, angiotensin I receptor blockers and calcium channel

blockers) with average effects for these drug classes of 1–1.5%

increase in FMD.62–64,73,74 Over a broad range of populations,

including patients with CV disease, a 1% improvement of FMD is

associated with a 12% reduction in CV events.55 As noted above,

since FMD improvement with sildenafil varied between studies, it is

difficult to extrapolate quantitatively the benefit of SAR247799 on

CV risk reduction based on the existing data alone. SAR247799 is

also expected to improve the microvasculature (as shown in animal

models) and indices of microvascular function predict CV risk inde-

pendent of FMD.55,75 The potential CV risk reduction with

SAR247799 could be underestimated by relying on the FMD

(macrovascular) contribution alone, and further studies to assess

microvascular function are needed.

The effects of SAR247799 in the current study were measured

on top of current therapy, which included, for example, antidiabetic

medicines, statins and antihypertensives. These concurrent therapies

are documented to have small effects on FMD62–64,73 and therefore

could have reduced the overall effect of the study treatments. How-

ever, as they are a mainstay of patient use, it was important in the cur-

rent, as well as in future studies, to evaluate the benefit of

SAR247799 on top of existing treatments.

All previous S1P1 functional antagonists tested in humans cause

first-dose heart rate reduction, which is time-dependently lost as

S1P1 desensitization sets in. In our clinical study, 1 mg SAR247799

caused a small and sustained level of heart rate reduction over 28 days

compared to placebo, whereas the 5-mg dose showed some evidence

for desensitization on days 21 and 28. While heart rate reduction and

endothelial protection are both activities associated with S1P1 activa-

tion, they exhibited different kinetics: heart rate reduction displayed a

rapid onset-of-action and was subject to rapid desensitization,

whereas endothelial vasoreactivity (FMD) displayed a progressive

time-dependent effect with propensity for desensitization that is not

yet characterized. As SAR247799 distributes with higher concentra-

tions in plasma compared to heart,52 the demonstration of sustained

cardiac pharmacology over 28 days with 1 mg SAR247799 suggests

that doses ≤1 mg may warrant evaluation for endothelial effects in

studies of longer duration.

Although the long-term CV safety profile of SAR247799 remains

to be established, it has been suggested that FMD trials play an

important role in de-risking new CV agents. For example, the first

cholesterylester transfer protein inhibitor, torcetrapib, unexpectedly

demonstrated an increase in CV events in the >15 000 patient ILLU-

MINATE trial, despite a substantial increase in HDL cholesterol, and

this adverse signal was subsequently associated with a pharmacologi-

cal decrease in FMD.76,77 In light of a subsequent cholesterylester

transfer protein inhibitor, dalcetrapib, being neutral on both FMD and

CV events,30,78,79 it has been proposed that demonstrating a lack of

adverse vascular effects or even vascular benefit through increasing

FMD, as demonstrated here with SAR247799, increases confidence

in the use of new treatments in large-scale clinical trials over years.80

The point is particularly noteworthy given that HDL is the main carrier

of S1P in plasma, and there is correspondingly an elusive link between

HDL-raising agents and S1P1 agonists.

F IGURE 5 Effect of SAR247799 (1 and 5 mg), sildenafil (50 mg), or placebo on % flow-mediated dilation (FMD) in type-2 diabetes patients.
FMD data expressed as change from baseline (A), or change from baseline, placebo corrected (B). Bars are mean ± standard error of the mean.
Variation in the placebo groups in B (placebo-corrected FMD change) illustrated by retaining error bars with mean zero (first group at each time
point). Precise P-values for difference vs placebo shown when P < .05; repeated-measure model as described under Methods. Number of patients
with FMD data in each histogram was as follows for placebo/1 mg SAR247799/5 mg SAR247799/50 mg sildenafil, respectively; 12/15/15/10
(D14, D21, D28 and D42) and 12/15/13/10 (D35)
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Our experiments were translational in nature as we used 2 com-

plementary experimental systems (human and rat) to study the

endothelial properties of SAR247799 in the setting of diabetes.

Since SAR247799 is a biphasic molecule, it was necessary to study

doses providing sufficient S1P1 activation to cause endothelial-

protective effects, while avoiding higher endothelial-damaging doses

by not exceeding a certain threshold of S1P1 desensitization. The

precise threshold of S1P1 desensitization (based on lymphocyte

reduction) associated with unwanted endothelial properties is cur-

rently unknown. The preclinical dose-ranging provided the founda-

tion for selecting 2 doses of SAR247799 that provided partial and

maximal efficacy (based on renal function and endothelial bio-

markers in rats), while avoiding a higher dose that was less effica-

cious and associated with a certain level of S1P1 desensitization

(35% lymphocyte reduction). In diabetes patients, we observed

that the 2 corresponding doses (1 and 5 mg, which yielded

exposures that approximated the lower 2 animal doses), produced a

similar dose-dependent endothelial effect (FMD change at

5 mg > 1 mg > placebo), while also avoiding lymphocyte reduction.

An even higher dose (corresponding to exposure at the highest rat

dose which exhibited protective effects but with 35% lymphocyte

reduction) may not have been warranted in patients, because the

5-mg dose produced moderate change in heart rate and 5–10%

lymphocyte reduction, and the objective was to avoid further S1P1

desensitization. As there was a time-dependent FMD increase with

SAR247799 over 35 days, it would be important in subsequent

studies to consider whether low doses (1 mg or less) might produce

more profound effects with longer treatment duration. However, as

lower/higher doses or longer treatment times were not evaluated in

patients, we cannot conclude whether the maximal endothelial

effect for this mechanism of action had been reached.

Although sildenafil is reported to exert endothelial effects in vari-

ous diabetic rat models,81-85 a direct comparison to SAR247799 was

not performed in ZDF rats as the objective of our preclinical studies

was simply to aid in selecting doses of SAR247799 for human testing.

The preclinical studies complement the clinical study with respect to

the mechanism of action of SAR247799. The preclinical results sug-

gest that SAR247799 could also improve renal function in patients

(based on improvements in protein:creatinine ratio, creatinine clear-

ance and fractional excretion of electrolytes) and are particularly rele-

vant given the matching concentration-effect relationships between

clinical (on FMD) and preclinical studies (on renal function and bio-

markers). The creatinine clearance improvement demonstrated with

S1P1-activating doses of SAR247799 in rats are consistent with a cre-

atinine clearance decline with S1P1-desensitizing doses of fingolimod

in renal transplant patients.48 Given the endothelial effects of

SAR247799 demonstrated herein in humans, SAR247799 is an attrac-

tive drug candidate for evaluation in renal, cardiac and other manifes-

tations of endothelial dysfunction.

The study had several limitations. Firstly, the FMD study could

have benefited from a slightly larger sample size, especially as the

number of patients in the placebo group ended up being imbalanced

due to the optional third cohort not being conducted (for strategic

reasons), and the P-value at day 35 with 5 mg SAR247799 (0.026)

slightly exceeded our significance threshold that considered

multiple-arm adjustment (α = .025). Furthermore, with 2 drop-outs

in the sildenafil group (n = 10 usable FMD data) it is not surprising

that sildenafil did not achieve statistical significance. Nevertheless,

the inclusion of a positive control (sildenafil) that had demonstrated

improvements in FMD in type-2 diabetes patients, facilitated inter-

preting the effects of SAR247799 in relation to a clinical bench-

mark. Secondly, given the finding of a time-dependent effect of

SAR247799 on FMD, in hindsight, 4-week treatment duration may

not have been optimal to characterize the maximal effects of this

new mechanism of action on endothelial properties. Thirdly, we did

not assess the direct vascular smooth muscle effects of the com-

pounds by performing an endothelium-independent vasodilation test

using sublingual nitro-glycerine administration (due to its contraindi-

cation with sildenafil). However, in none of the treatment groups

was blood pressure or BAD (prehyperaemia) altered compared to

placebo; findings consistent with an absence of blood pressure

effect with SAR247799 in healthy subjects.52 Although S1P modu-

lates blood pressure by acting on vascular smooth muscle (S1P2/3)

and endothelium (S1P1/3), a lack of functional S1P1 receptors on

vascular smooth muscle,81–83 lends further support that our FMD

results with SAR247799 are unlikely to be influenced by a direct

action on vascular smooth muscle.

Overall, these preclinical and clinical pharmacology findings in

experimental models of type-2 diabetes indicate consistent endothe-

lial properties of 4–5-week SAR247799 treatment. Endothelial

effects were observed without lymphocyte reduction and at similar

compound exposures between the human and animal systems.

Given that SAR247799 improved FMD with similar effects to sil-

denafil under the conditions evaluated, and that SAR247799 did not

lower blood pressure compared to placebo, the results support fur-

ther evaluation of S1P1 agonists in diseases associated with endo-

thelial dysfunction.
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