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A label-free impedance assay in endothelial cells
differentiates the activation and desensitization properties
of clinical S1P, agonists
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Sphingosine-1 phosphate receptor-1 (SI1P;) activation maintains endothelial
barrier integrity, whereas S1P; desensitization induces peripheral blood lym-
phopenia. The latter is exploited in the approval and/or late-stage develop-
ment of receptor-desensitizing agents targeting the S1P; receptor in multiple
sclerosis, such as siponimod, ozanimod, and ponesimod. SAR247799 is a
recently described G protein-biased S1P; agonist that activates S1P; without
desensitization and thus has endothelial-protective properties in patients
without reducing lymphocytes. As SAR247799 demonstrated endothelial-
protective effects at sub-lymphocyte-reducing doses, the possibility exists that
other S1P; modulators could also exhibit endothelial-protective properties at
lower doses. To explore this possibility, we sought to quantitatively compare
the biased properties of SAR247799 with the most advanced clinical mole-
cules targeting S1P;. In this study, we define the B-arrestin pathway compo-
nent of the impedance profile following S1P; activation in a human umbilical
vein endothelial cell line (HUVEC) and report quantitative indices of the
S1P, activation-to-desensitization ratio of various clinical molecules. In a
label-free impedance assay assessing endothelial barrier integrity and disrup-
tion, the mean estimates (95% confidence interval) of the activation-to-de-
sensitization ratios of SAR247799, ponesimod, ozanimod, and siponimod
were 114 (91.1-143), 7.66 (3.41-17.2), 6.35 (3.21-12.5), and 0.170 (0.0523—
0.555), respectively. Thus, we show that SAR247799 is the most G protein-
biased S1P; agonist currently characterized. This rank order of bias among
the most clinically advanced S1P; modulators provides a new perspective on
the relative potential of these clinical molecules for improving endothelial
function in patients in relation to their lymphocyte-reducing (desensitization)
properties.

Sphingosine-1 phosphate receptor-1 (S1P,) is a G pro-
tein-coupled receptor of the sphingolipid family [1].
S1P; activation causes GTP/GDP exchange in a Gai-de- ing
pendent manner, resulting in the inhibition of cyclic

Abbreviations

adenosine monophosphate ((CAMP) generation [2]. SIP;
can also signal through recruitment of B-arrestin caus-
receptor  internalization and  subsequent
desensitization of G protein-mediated responses.

AUC, area under curve; BBB, blood-brain barrier; BNCI, baseline normalized cell index; cAMP, cyclic adenosine monophosphate; CNS,
central nervous system; FBS, fetal bovine serum; GPCR, G protein-coupled receptor; GRK, G protein-coupled regulated kinase; HUVEC,
human umbilical vein endothelial cell; MS, multiple sclerosis; RTCA, real-time cellular assay; S1P, sphingosine-1 phosphate; S1P;, S1P

receptor-1.
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Biased S1P1 signaling by endothelial impedance

Compounds targeting this receptor have been primarily
developed as receptor-desensitizing agents with associ-
ated peripheral blood lymphopenia, and this has been
exploited in the approval of 3 drugs for multiple sclero-
sis, fingolimod (a nonselective S1P,/34/s agonist), and
more recently siponimod and ozanimod (S1P;;s ago-
nists) [3,4,5]. S1P;-desensitizing molecules in clinical
development include ponesimod (in phase 3 trials for
MS) as well as molecules that have shown efficacy in
other autoimmune diseases including inflammatory
bowel disease, lupus, and psoriasis [6,7,8]. SIP; activa-
tion has endothelial barrier-stabilizing effects through
the formation of adherens and tight junctions [9,10].
Recently, we reported the discovery of SAR247799 a G
protein-biased S1P; selective agonist capable of S1P,
activation while limiting receptor desensitization [11].
The biased properties of SAR247799 were associated, in
rat and pig models of ischemia/reperfusion injury, with
endothelial-protective properties at doses that did not
show lymphocyte reduction, and lymphopenia was only
evident at supratherapeutic doses [11]. Similarly, 5-week
sustained activation of S1P; in diabetic rats showed
improvements in renal function and endothelial func-
tion without causing receptor desensitization [12]. Fur-
thermore, these preclinical findings showed translation
to human studies, where SAR247799 showed improve-
ment in endothelial function in type-2 diabetes patients,
again at sub-lymphocyte-reducing doses [12].
SAR247799 displayed an attractive safety and tolerabil-
ity profile in humans, and supratherapeutic doses were
characterized by dose-dependent lymphocyte reduction,
a biphasic effect consistent with that observed in pre-
clinical studies [11,12,13].

As SAR247799 demonstrated endothelial-protective
effects at sub-lymphocyte-reducing doses, the possibil-
ity exists that other S1P; modulators, although devel-
oped as S1P;-desensitizing molecules, might also
exhibit endothelial-protective properties at lower doses.
To explore this possibility, we sought to quantitatively
compare the biased properties of SAR247799 with the
most advanced clinical molecules targeting SIP; in a
relevant endothelial cell-based assay.

We previously reported the biased properties of
SAR247799 by measuring the potency and efficacy for
activation of G protein pathways (inhibition of forsko-
lin-induced cAMP) relative to B-arrestin recruitment
and receptor internalization pathways [11]. SAR247799
displays more G protein-biased S1P; agonist properties
than siponimod in these receptor overexpression assays.
However, it is important to recognize the limitations of
various cell-based assays for determining ligand bias
[14]. Cell-based assays relying on receptor overexpres-
sion may not fully recapitulate the same consequences
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associated with endogenous receptor signaling. The stoi-
chiometry between receptor occupancy and intracellular
events is often altered in assays that rely on biosensors,
due to signal amplification. Gai-coupled receptors are
particularly challenging because intracellular G protein
signaling is measured indirectly by inhibition of forsko-
lin-induced cAMP production, usually in transfected
cells. Furthermore, the measurement of bias requires
comparison of two separate assays (e.g., cCAMP with -
arrestin recruitment or receptor internalization), and
differences in timepoints and assay conditions may
cause the physiochemical properties of test compounds
to influence experimental readouts to different extents.
Consequently, such systems can lead to under- or over-
reporting of receptor bias, and a previous study using
various S1P;-overexpressing cell assays did not find dif-
ferences in signaling between molecules [15]. The ideal
approach to quantify GPCR bias would be by utilizing
a single assay capable of measuring activation and
desensitization in the same setting, be performed in rele-
vant cells without receptor overexpression, and not rely
on reporter systems that introduce the possibility of sig-
nal amplification.

Endothelial barrier function can be measured by the
passage of molecules across a cell layer [16,17]. Move-
ment of ions across the endothelial layer occurs mainly
by intercellular exchange, and the integrity of cell-cell
junctions is the primary resistance to this movement
[18]. Trans-endothelial electrical resistance, or impe-
dance, is therefore an index of endothelial barrier
integrity. A real-time cellular assay (RTCA) in human
umbilical vein endothelial cells (HUVEC), utilizing a
label-free electrical impedance measurement, has been
shown to produce a Gi-mediated increase in impe-
dance following activation with S1P; agonists [19]. We
previously reported qualitative differences in the desen-
sitization properties of SAR247799 and siponimod
using such a system [11]. We now extend these obser-
vations to define the B-arrestin pathway component of
the impedance profile following S1P; activation in
HUVECs, and we report quantitative indices of the
S1P, activation-to-desensitization ratio of various clini-
cal molecules. We show that SAR247799 is the most
G protein-biased S1P; agonist currently characterized
and provide a rank order of bias among the most clin-
ically advanced S1P; modulators.

Materials and methods

Compounds

SAR247799 (4-[5-(3-chloro-phenoxy)-oxazolo [5,4-d]pyrim-
idin-2-yl]-2,6-dimethyl-phenoxy}-acetic acid), siponimod,
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and the GRK inhibitor (1H-Indazole-5-carboxylic acid [3-
(2-trifluoromethyl-benzylamino)-1,2-benzisoxazol-5-yl-
methyl]-amide) were synthesized at Sanofi. Ponesimod,
ozanimod, and S1P were purchased from Selleck Chemicals
LLC (Houston, TX, USA), Apexbio Technology LLC
(Houston, TX, USA), and Avanti Polar Lipids (Alabaster,
AL, USA), respectively.

Impedance protocol

HUVECs from pooled donors (PromoCell GmbH, Heidel-
berg, Germany, C-12203) were seeded at 10 000 cells per
well, in complete medium (C2210, C39210) containing 2%
fetal bovine serum (FBS), in 96-well collagen-I coated E-
plates. Cells were allowed to attach and proliferate for
6 h, followed by overnight serum starvation in medium
containing 0.1% FBS. Electrical impedance was measured
continuously with RTCA-MP station (xCELLigence
RTCA, ACEA-Biosciences, San Diego, CA, USA),
according to the manufacturer’s protocol, and expressed
as baseline normalized cell index (BNCI) using RrRTCA2.0
software. Impedance measurements were analyzed for
60 min following addition of test compounds or DMSO
control, and the early (peak response at 8-10 min) and
late response (at 60 min) was used for further analysis.
Cells were then washed in medium containing 0.1% FBS
for 5.5 h. The effect of each test compound to desensitize
the response to a second stimulation with the natural
ligand S1P (80 nm) was measured in the same wells and
expressed as the AUCy ¢y min Of the SI1P-induced BNCI
response. SIP (Avanti Polar Lipids) was prepared from a
125 um stock solution in 4 mg-mL~! BSA according to
the manufacturer’s instructions. The baseline for the
BNCI calculation was the respective vehicle responses for
the first (0.1% DMSO) and second stimulations
(2.5 pg'mL~" BSA). When tested, 10 pm GRK2 inhibitor
was pretreated with cells for 2 h prior to addition of test
compounds and its effect on early and late responses mea-
sured as above. All experiments were repeated on at least
3 separate occasions.

GRK assays

The biochemical potency on GRK?2 was determined using
recombinant human GRK2 (Catalogue number PR4694A,
Thermo Fisher, Les Ulis, France) in a **P-ATP flash
plate kinase assay with 3 um ATP and biotin-
RRREEEEESAAA as substrate. The cellular potency of
the GRK2 inhibitor was determined using a B-arrestin
recruitment assay in PathHunter® cells overexpressing
human S1P; (Eurofins DiscoverX Corporation, San
Diego, CA, USA; catalogue number 93-0207C2) as
described [11]. The mean ICs, from at least 3 separate
experiments was reported.
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Calculations

Effective concentration corresponding to half of the differ-
ence between the maximum and minimum effect (ECsp) of
agonists was determined with SAS procedure NLIN in SAS
system release 9.1 under UNIX via BIOSTAT(@T-SPEED-LTS v2.0
internal software using the 4-parameter logistical model.

The potency of test compounds to desensitize the S1P-in-
duced BNCI response was determined as the inhibitory
concentration corresponding to 50% of the S1P response in
the absence of test compound (ICsg) and determined using
the 4-parameter logistical model as above.

The activation-to-desensitization ratio was expressed as
1C50/ECs5q for early phase. ECs, ICsg, and activation-to-de-
sensitization ratio were reported as geometric mean with
95% confidence intervals.

Results

SAR247799 produced a sustained cell impedance
response

Electrical impedance was measured as an index of
endothelial barrier integrity and expressed as baseline
normalized cell index (BNCI). An overview of the
experimental set-up following stimulation of HUVECs
with each test compound is illustrated in the sche-
matic (Fig. 1). All compounds produced a rapid and
concentration-dependent increase in BNCI with a
peak at approximately 8-10 min (Fig. 2A-D). After
this peak response, the BNCI declined and the com-
pounds showed differences in the kinetics of sustain-
ing the BNCI response over the subsequent hour.
This biphasic response was characterized by calculat-
ing the peak BNCI response, referred to as the early
response, and the BNCI at 60 min, referred to as the
late response.

For the early response, all compounds showed a
concentration-dependent response, with similar FEp,.x
between the 4 compounds (Fig. 2E-H). The potency
of each compound in the early response was expressed
as its ECsy and was between 1 and 30 nm for the 4
compounds (Table 1).

For the late response, SAR247799 displayed concen-
tration-dependent increases that paralleled the early
response (Fig. 2E). The late response with SAR247799
gave an FE... that was 81% of that achieved in the
early phase, and the ECs, values were similar (42.8 nm
versus 26.1 nm) (Fig. 2E, Table 1).

The concentration—effect relationships in the late
response for siponimod, ponesimod, and ozanimod
were bell-shaped, with maximum BNCI achieved at
intermediate points in the concentration range
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Fig. 1. Protocol for impedance measurements.

First Stimulation Washout Second Stimulation
- SAR 247799 5.5 hours -S1P 80 nM
- Siponimod Dose response 1 hour
- Ponesimod 1 hour
- Ozanimod
Continuous impedance measurement

Early response | Late response S1P-induced

(peak response (at 60 min) response

~ 8-10 min) (AUCq.60min)
“Activation” “Desensitization”
ECs, \ﬁ ICs

07! ' 070"

06

0,5

04
303
z
o

0,2

0,1

0,0
—01 —0,1
02 T T T T 1| —*2

T = T T T T T T T T T T 1 T T T T 1
0 12 . 24 . 36 48 60 0 12 24 36 48 6 0 12 24 36 60 0 1‘2 24 36 48 60
Time (min) Time (min) Time (min) Time (min)
0.60 0.60 0.604 [ ] 0.60 4
0.45 0.45 0.45 0.45 1
& 0.30 3 0.30 g 0.304 g 0.30 1
o @ o Q
S S S 5]
c c c c
] I I ©
T 0.5 8 0.5 8 0.151 8 0.151
= aQ = =
£ g & g
0.00 0.00 0.00 0.00
#& Early response & Early response # Early response ® Early response
-0.154 0 Late response -0.154 © Late response -0.151 O Late response =0.157 o Late response
108 1077 10-¢ 105 10-1210-1110-1°10-° 108 107 10-¢ 10-10 10-° 10-8 1077 10-1° 10-° 10-® 107 10-°
SAR247799 (M) Siponimod (M) Ponesimod (M) Ozanimod (M)

Fig. 2. Early and late impedance responses of S1P; agonists. Representative impedance profiles over 60 min for first stimulation with
SAR247799 (A), siponimod (B), ponesimod (C), and ozanimod (D). Baseline responses (DMSO vehicle in absence of agonist) are denoted in
green and increasing concentrations of the test agonists are denoted by increasing color intensity. Mean and SEM of separate experiments
illustrating early and late responses of SAR247799 (E) n = 5, siponimod (F) n = 3, ponesimod (G) n = 3 and ozanimod (H) n = 3.
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Table 1. Curve parameters for early-phase, late-phase, and desensitization responses.

Desensitization

Late phase

Early phase

Activation-to-desensitization

ratio [95% ClI]

Hill

ECso (nm) Hill
slope

Hill

(nm)  [95%

ECso
Cl]

slope

Max

Min

ICs0 (M) [95% Cl]

slope [95% Cl] Min Max

Max

Min

n

Compound

114
[91.1-143]

-1.9
7.66

89.3

1.1

2980 [1820-4880]

0.045 0.425 0.7

0.527 1.0 42.8 [25.0—

0.101

26.1 [15.0-45.6]

SAR247799 5

73.3]
ND

-0.9

-38.2 793

18.4 [1.01-336]

0.468

0.175 0.582

2.41 [1.03-5.61]

3

Ponesimod

[3.41-17.2]
6.35

-1.5

-139 915

170 [25.9-1120]

0.234

1.1 ND

0.188 0.461

26.8 [4.90-147]

3

Ozanimod

[3.21-12.5]
0.170

-1.0

-16.3 96.8

0.167 [0.00279-10.02]

3 0.977 [0.200-4.76] 0.012 0.440 0.7 ND 0.150

Siponimod

[0.0523-0.555]

n, separate experiments. ECsgs, 1Cs0s, and activation-to-desensitization ratio expressed as geometric means. Other parameters expressed as arithmetic means. Curve parameters not

determined (ND) for late responses of siponimod, ponesimod, and ozanimod due to bell-shaped responses (except for maximum response which was determined manually).
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(Fig. 2F-H). Siponimod, ponesimod, and ozanimod
gave, respectively, maximum BNCI values in the late
response which were 34%, 81%, and 51% of the E,.
reached in the early response (Fig. 2F-H, Table 1).
Higher concentrations of siponimod, ponesimod, and
ozanimod displayed a concentration-dependent decline
in BNCI in the late response. The highest concentra-
tions of siponimod caused endothelial barrier disrup-
tion as the BNCI values in the late response were
below the baseline (Fig. 2F).

p-arrestin signaling contributes to the late
response and barrier disruption

The BNCI increase following S1P; agonist stimulation
has previously been shown to be Gi-mediated [19].
Given that impedance responses provide an integrated
assessment of ligand activity [20,21] we sought to
determine the contribution of B-arrestin pathway acti-
vation to maintaining the Gi-mediated BNCI
increases. We did this by inhibiting the B-arrestin path-
way with a G protein-coupled receptor kinase (GRK)
inhibitor. GRKSs cause intracellular phosphorylation of
GPCRs, a requisite step for PB-arrestin binding and
subsequent halting of G protein-mediated activation
[22]. GRK2-mediated phosphorylation of S1P; is also
a requisite step for lymphopenia induced by S1P;-de-
sensitizing agents [23]. The GRK2 inhibitor had an
ICso of 44 nm in the GRK2 kinase assay, and it inhib-
ited B-arrestin recruitment in S1P;-overexpressing cells
with an ICsy of 1.1 pm. Thus, 10 um of the GRK inhi-
bitor was used for assessing the effect of inhibiting the
B-arrestin pathway on the impedance response of S1P;
agonists. For this evaluation, we chose SAR247799
and siponimod because they displayed the most-sus-
tained and the most-transient BNCI increases, respec-
tively. In the presence of the GRK2 inhibitor, the
responses of siponimod and SAR247799 were no
longer biphasic but showed a sustained BNCI increase
with no signal decline over 60 min (Fig. 3A-E). The
GRK inhibitor had little effect on the early response
(at 10 min) of either compound (Fig. 3C,F). The late
response of SAR247799 showed a concentration-de-
pendent increase in the absence of the GRK inhibitor,
and this was increased a further 2-fold by the presence
of the GRK inhibitor (Fig. 3A—C). The late response
of siponimod showed a concentration-dependent
decrease to negative BNCI values in the absence of the
GRK inhibitor (Fig. 3D). We showed that these sipon-
imod-induced barrier-disruptive properties were due to
B-arrestin activation, because in the presence of the
GRK inhibitor the same concentrations of siponimod
demonstrated improved barrier integrity (Fig. 3E,F).
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Fig. 3. Contribution of B-arrestin pathway activation to impedance profile. Representative impedance profiles over 60 min for first
stimulation with SAR247799 and siponimod (A, D, respectively) and their influence by presence of GRK2 inhibitor (B, E). Baseline responses
(DMSO vehicle in absence of agonist) are denoted in green, and increasing concentrations of the test agonists are denoted by increasing
color intensity. Mean and SEM of 3 separate experiments for SAR247799 (C) and siponimod (F) displaying the early and late responses, in

the presence or absence of GRK2 inhibitor.

Concurrent activation and desensitization
measurements reveal differences among
compounds

To measure the ability of each compound to desensi-
tize S1P;, plates of the same compound-treated cells
used for measurement of early and late responses (first
stimulation) were washed and then tested for their
ability to mount a second BNCI response to a single
concentration of the endogenous ligand S1P (second
stimulation) (Fig. 1). As S1P, unlike most synthetic
agonists, displays sustained impedance responses
through SIP lyase-dependent receptor recycling [19],
the S1P-induced impedance response was characterized
by the area under the curve (AUC) over 60 min. At
the highest concentrations tested, preincubation of all
4 compounds fully desensitized the S1P-induced BNCI
response (Fig. 4A-H). The highest concentrations of
ponesimod caused, in the second stimulation stage, the
S1P-induced BNCI response to fall below the baseline
(Fig. 4C,G), indicating that ponesimod not only
blocked the S1P-induced barrier-promoting effect, but
caused barrier disruption. To enable a comparison of
the desensitization effect of compounds that had dif-
fering maximal effects, ICsos for the desensitization

response were calculated as the concentration causing
an absolute 50% reduction of the control S1P-induced
BNCI response (i.e., in the absence of test compound).

The desensitization 1Csgs were compared to the acti-
vation ECs, in the early response and expressed as an
activation-to-desensitization ratio (ICso/ECsg). Siponi-
mod was more potent in the desensitization assay
(ICsp = 0.167 nm) than in the early-phase activation
assay (ECso = 0.977 nm), giving an activation-to-de-
sensitization ratio of 0.170 (Fig. 4F, Table 1, Fig. 5).
Ponesimod, ozanimod, and SAR247799 were less
potent in the desensitization assay compared to the
early-phase activation assay (Fig. 4G,H,, respectively),
and the respective activation-to-desensitization ratios
were 7.66, 6.35, and 114 (Table 1, Fig. 5).

Discussion

This study describes a quantitative approach to char-
acterize the activation-to-desensitization ratio for S1P,
modulators using an endothelial electrical impedance
assay. The rank order of the 4 clinical compounds
evaluated was SAR247799>ponesimod>ozanimod>
siponimod with activation-to-desensitization ratios of
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114, 7.66, 6.35, and 0.170, respectively. Consequently,
SAR247799 had the best ability to activate S1P;, while
minimizing S1P; desensitization, and siponimod had

the best ability to desensitize SI1P;, while minimizing
S1P; activation.

A particular advantage of this method, due to the
continuous nature of impedance monitoring, was that
the same cell experiment was capable of measuring
activation and desensitization properties; the cells were
simply washed and re-stimulated between the activa-
tion and desensitization parts of the study. It is well
recognized that experimental parameters such as cell
density, cell passage, cell viability as well as compound
dilution can introduce variability to measurements in
cell-based assays. The experimental procedure con-
trolled these variables by concurrent measurement of
activation and desensitization using the same cells and
compound dilution. As a result, bias ratios were repro-
ducible between replicate experiments. Similar quanti-
tative approaches could be utilized to compare other
receptors endogenously expressed in HUVECs or, for
that matter, other cell types.
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The BNCI increase caused by S1P; modulators in
HUVEGC:s is pertussin toxin-sensitive and hence Gi-me-
diated [19], consistent with BNCI increases seen with
other Gi-coupled receptor ligands [24,25]. SAR247799
was able to sustain the impedance response over
60 min consistent with sustained Gi activation. How-
ever, the other compounds had markedly lower, and
sometimes below baseline, impedance responses at
60 min, consistent with a study performed with ponesi-
mod [19]. An inhibitor of B-arrestin pathway signaling
(GRK inhibitor) modified the BNCI profile to one of
sustained activation over 60 min, confirming that B-ar-
restin activation was responsible for reducing the late-
phase response. This finding is consistent with our pre-
vious characterization of SAR247799 relative to sipon-
imod; SAR247799 activated G protein pathways more
effectively than B-arrestin or receptor internalization
and SAR247799 was more G protein-biased than
siponimod [11]. Consequently, characterization of SI1P;
agonists for their ability to sustain impedance
responses could be a useful tool to rapidly distinguish
between the biased nature of ligands. Quantitatively,
there was a larger differential between siponimod and
SAR247799 in the HUVEC activation-to-desensitiza-
tion ratios compared to the bias ratios determined in
S1P;-overexpressing cells ((AMP versus B-arrestin or
cAMP versus internalization) [11], emphasizing some
of the limitations of recombinant assays.

The BNCI response in some cases went below the
baseline at the highest concentrations tested. This was
particularly evident in the late-phase response for
siponimod and in the S1P; desensitization setting for
ponesimod. Positive BNCI values represent a tighten-
ing of the endothelial barrier, whereas negative BNCI
represents barrier disruption. Disruption of the
endothelial barrier has been reported with high doses
of S1P;-desensitizing molecules in cell-based assays as
well as in animals, particularly in the Ilung
[11,26,27,28]. Tt is also evidenced in clinical trials
where dose-dependent lung dysfunction and macular
edema have been noted with various molecules
[3,4,5,29,30]. These safety findings are particularly rele-
vant in settings where lung endothelial barrier protec-
tion is actually desired (e.g., acute lung injury or
systemic lupus erythematosus), and the disruption of
barrier integrity assessed with BNCI values falling
below baseline could be a potential approach to pre-
dict and mitigate this.

Lymphocyte reduction through S1P; desensitization
may not be the sole mechanism contributing to effi-
cacy of SIP; modulators in multiple sclerosis patients
[31]. It has been proposed that an alternative mecha-
nism to limit the entry of inflammatory cells into the
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CNS with this drug class is through improvement of
blood-brain barrier (BBB) integrity through activation
of SIP; receptors on endothelial cells and astrocytes,
which are the main cellular constituents of the BBB
[32]. The recently approved dose of ozanimod in MS is
associated with only 55% lymphocyte reduction,
whereas fingolimod and siponimod produce 70-80%
lymphocyte reduction at their approved doses. As we
showed here that ozanimod is more biased than sipon-
imod toward S1P; activation, it is possible that a con-
tribution of non-S1P;-desensitizing mechanisms, such
as S1P;-mediated endothelial/astrocyte protection,
could explain why the efficacious doses were associated
with different levels of lymphocyte reduction.
Endothelial protection as well as lymphocyte reduc-
tion could be desirable mechanisms to target in indica-
tions beyond MS. Chronic rheumatic disorders such as
systemic lupus erythematosus, psoriasis, or systemic
sclerosis are characterized by prominent endothelial
dysfunction and marked vascular dysfunction, particu-
larly in the microcirculation, suggesting that drug tar-
geting the endothelium could find therapeutic utility in
these conditions [33,34]. However, lymphocytes clearly
play an important role in these diseases as shown by
the success of B cell depletion and IL17/IL23 pathway
inhibition in systemic lupus erythematosus and psoria-
sis, respectively [35,36]. Recently, a S1P; modulator,
cenerimod, demonstrated promising signals in a lupus
trial at lymphocyte-reducing doses [7], raising the ques-
tion about relative contributions of lymphocyte-reduc-
ing and endothelial-protective mechanisms to the
effects observed. Our approach to quantifying activa-
tion-to-desensitization ratios allows a new dimension
to understanding, rationalizing, and potentially pre-
dicting relative differences in efficacy and suitability of
various molecules targeting this pathway in the clinic.
In addition to the roles of S1P; activation and S1P;
desensitization in endothelial barrier integrity and lym-
phocyte reduction, respectively, SIP; activation also
has heart rate-reducing effects through its action on
atrial myocytes. To achieve S1P;-activating effects on

Table 2. Differences in G protein-biased pharmacology and tissue
distribution properties among clinical S1P; agonists.

S1P; activation-to-

desensitization Volume of distribution

Compound ratio in HUVEC in human (L) [Reference]
SAR247799 114 7-23 [13]

Ponesimod 7.66 160 [37]

Ozanimod 6.35 5590 [5]

Siponimod 0.170 124 [4]
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the endothelium preferentially over the heart would
require compounds with low tissue penetration or low
volume of distribution. For this reason, the activation-
to-desensitization ratios need to be considered in the
context of tissue distribution properties. Table 2 sum-
marizes both of these dimensions for the 4 compounds
evaluated. SAR247799 has the highest S1P; activation-
to-desensitization ratio, as well as the lowest volume
of distribution (7-23 L) compared to siponimod
(124 L) [4], ponesimod (160 L) [37], and ozanimod
(5590 L) [5]. It is noteworthy that ozanimod and
ponesimod, although having similar activation-to-de-
sensitization ratios, have a marked difference in their
tissue distribution properties.

In conclusion, this is the first study to compare and
distinguish between the activation-to-desensitization
properties of clinical S1P; modulators. SAR247799
had the most suitable profile for endothelial protec-
tion, whereas siponimod had the best profile for SIP;
desensitization (and resulting lymphocyte reduction).
As there are different therapeutic benefits associated
with activating and desensitizing this receptor, the
findings have clinical implications for selecting mole-
cules in the class for desired effects on the endothelium
versus on lymphocytes, respectively.

Acknowledgements

The authors thank especially Bruno Poirier for assis-
tance with preparing figures. Many thanks also to Vero-
nique Briand for graph fitting, Valerie Glenat for
performing the B-arrestin assay, Lahlou Nait-Bouda for
preparing S1P-BSA solutions, Dorothee Tamarelle for
ECso and ICsq analysis, and Antonio Almario for order-
ing compounds. This work was supported by Sanofi.

Conflict of interest

At the time of conduct of the studies, all authors were
employees of Sanofi. Authors affiliated with Sanofi
may have equity interest in Sanofi. AAP and PJ are
inventors of US patent number 9,782,411.

Data accessibility

All relevant data supporting the conclusions are pro-
vided within the paper. Raw data can be obtained from
the corresponding author upon reasonable request.

Author contributions

PG and AAP conceived and designed the studies, PG
and AB performed the experiments, PB and PJ

Biased S1P1 signaling by endothelial impedance

acquired funding and supervised the work, PG, PB,
AAP, and PJ analyzed and interpreted the results, PG
and AAP wrote the manuscript, AB, PB, PJ reviewed
and edited the manuscript, all authors were account-
able for accuracy, integrity and approval of the final
version.

References

1 Proia RL and Hla T (2015) Emerging biology of
sphingosine-1-phosphate: its role in pathogenesis and
therapy. J Clin Invest 125, 1379-1387.

2 Windh RT, Lee MJ, Hla T, An S, Barr AJ and
Manning DR (1999) Differential coupling of the
sphingosine 1-phosphate receptors Edg-1, Edg-3, and
H218/Edg-5 to the G(i), G(q), and G(12) families of
heterotrimeric G proteins. J Biol Chem 274, 27351—
27358.

3 (2020) Gilenya (fingolimod) Package Insert. Novartis
Pharmaceuticals, Basel, Switzerland.

4 (2020) Mayzent (siponimod) Package Insert. Novartis
Pharmaceuticals, Basel, Switzerland.

5 (2020) Zeposia (ozanimod) package insert. Bristol-Myers
Squibb Pharmaceuticals, New York, NY.

6 Sandborn WJ, Feagan BG, Wolf DC, D’Haens G,
Vermeire S, Hanauer SB, Ghosh S, Smith H, Cravets
M, Frohna PA et al. (2016) Ozanimod induction and
maintenance treatment for ulcerative colitis. N Engl J
Med 374, 1754-1762.

7 Hermann V, Batalov A, Smakotina S, Juif PE and
Cornelisse P (2019) First use of cenerimod, a selective
S1P1 receptor modulator, for the treatment of SLE: a
double-blind, randomised, placebo-controlled, proof-of-
concept study. Lupus Sci Med 6, ¢000354.

8 Vaclavkova A, Chimenti S, Arenberger P, Holl6 P,
Sator PG, Burcklen M, Stefani M and D’Ambrosio D
(2014) Oral ponesimod in patients with chronic plaque
psoriasis: a randomised, double-blind, placebo-
controlled phase 2 trial. Lancer 384, 2036-2045.

9 Lee MJ, Thangada S, Claffey KP, Ancellin N, Liu CH,
Kluk M, Volpi M, Sha’afi RI and Hla T (1999)
Vascular endothelial cell adherens junction assembly
and morphogenesis induced by sphingosine-1-
phosphate. Cell 99, 301-312.

10 Garcia JG, Liu F, Verin AD, Birukova A, Dechert
MA, Gerthoffer WT, Bamberg JR and English D
(2001) Sphingosine-1-phosphate promotes endothelial
cell barrier integrity by Edg-dependent cytoskeletal
rearrangement. J Clin Invest 108, 689—-701.

11 Poirier B, Briand V, Kadereit D, Schiafer M, Wohlfart
P, Philippo M, Caillaud D, Gouraud L, Grailhe P,
Bidouard J et al. (2020) A G protein-biased S1P,
agonist, SAR247799, protects endothelial cells without
affecting lymphocytes. Sci Signal 13, eaax8050.

FEBS Open Bio (2020) © 2020 Sanofi R & D, Febs Open Bio published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies 9



Biased S1P1 signaling by endothelial impedance

12

13

14

15

16

17

18

19

20

21

22

23

10

Bergougnan L, Andersen G, Plum-Moerschel L,
Evaristi MF, Poirier B, Tardat A, Ermer M, Herband
T, Arrubla J, Coester HV et al. (2020) Endothelial-
protective effects of a G-protein-biased sphingosine-1
phosphate receptor-1 agonist, SAR247799, in type-2
diabetes rats and a randomized patient trial. MedRxiv.
https://doi.org/10.1101/2020.05.15.20103101.
Bergougnan L, Armani S, Golor G, Tardat A, Vitse O,
Hurbin F, Scemama M, Poitiers F, Radzik D, Gaudin
C et al. (2020) First-in-human study of the safety,
tolerability, pharmacokinetics, and pharmacodynamics
of single and multiple oral doses of SAR247799, a
selective G-protein-biased Sphingosine-1 phosphate
receptor-1 agonist for endothelial protection. Br J Clin
Pharmacol. https://doi.org/10.1111/bcp.14422

Onaran H, Ambrosio C, Ugur 0, Koncz EM, Grdo MC,
Vezzi V, Rajagopal S and Costa T (2017) Systematic
errors in detecting biased agonism: analysis of current
methods and development of a new model-free
approach. Sci Rep 7, 44247.

Lukas S, Patnaude L, Haxhinasto S, Slavin A, Hill-
Drzewi M, Horan J and Modis LK (2014) No
differences observed among multiple clinical S1P1
receptor agonists (functional antagonists) in S1P1
receptor down-regulation and degradation. J Biomol
Screen 19, 407-416.

Monaghan-Benson E and Wittchen ES (2011) In vitro
analyses of endothelial cell permeability. Methods Mol
Biol 763, 281-290.

Wang Y and Alexander JS (2011) Analysis of
endothelial barrier function in vitro. Methods Mol Biol
763, 253-264.

Wegener J and Seebach J (2014) Experimental tools to
monitor the dynamics of endothelial barrier function: a
survey of in vitro approaches. Cell Tissue Res 355, 485-514.
Gatfield J, Monnier L, Studer R, Bolli MH, Steiner B
and Nayler O (2014) Sphingosine-1-phosphate (S1P)
displays sustained S1P1 receptor agonism and signaling
through S1P lyase-dependent receptor recycling. Cell
Signal 26, 1576-1588.

Stallaert W, Dorn JF, van der Westhuizen E, Audet M
and Bouvier M (2012) Impedance responses reveal [3,-
adrenergic receptor signaling pluridimensionality and
allow classification of ligands with distinct signaling
profiles. PLoS One 7, €29420.

Thirkettle-Watts D (2016) Impedance-based analysis of
mu opioid receptor signaling and underlying
mechanisms. Biochem Biophys Rep 6, 32-38.

Ribas C, Penela P, Murga C, Salcedo A, Garcia-Hoz
C, Jurado-Pueyo M, Aymerich I and Mayor F (2007)
The G protein-coupled receptor kinase (GRK)
interactome: role of GRKs in GPCR regulation and
signaling. Biochim Biophys Acta 1768, 913-922.

Armon T, XuY, Lo C,Pham T, An J, Coughlin S, Dorn
GW and Gyster JG (2011) GRK2-dependent SIPR1

24

25

26

27

28

29

30

31

32

33

34

35

P. Grailhe et al.

desensitization is required for lymphocytes to overcome
their attraction to blood. Science 333, 1898-1903.

Watts AO, Scholten DJ, Heitman LH, Vischer HF and
Leurs R (2012) Label-free impedance responses of
endogenous and synthetic chemokine receptor CXCR3
agonists correlate with Gi-protein pathway activation.
Biochem Biophys Res Commun 419, 412-418.
Kammermann M, Denelavas A, Imbach A, Grether U,
Dehmlow H, Apfel CM and Hertel C (2011) Impedance
measurement: a new method to detect ligand-biased
receptor signaling. Biochem Biophys Res Commun 412,
419-424.

Camp SM, Bittman R, Chiang ET, Moreno-Vinasco
L, Mirzapoiazova T, Sammani S, Lu X, Sun C,
Harbeck M, Roe M et al. (2009) Synthetic analogues
of FTY720 differentially regulate pulmonary vascular
permeability in vivo and in vitro. J Pharmacol Exp
Ther 331, 54-64.

Camp SM, Marciniak A, Chiang ET, Garcia AN,
Bittman R, Polt R, Perez RG, Dudek SM and Garcia
JGN (2020) Sphingosine-1-phosphate receptor-
independent lung endothelial cell barrier disruption
induced by FTY720 regioisomers. Pulm Circ 10, 1-10.
https://doi.org/10.1177/2045894020905521

Shea BS, Brooks SF, Fontaine BA, Chun J, Luster AD
and Tager AM (2010) Prolonged exposure to
sphingosine 1-phosphate receptor-1 agonists exacerbates
vascular leak, fibrosis, and mortality after lung injury.
Am J Respir Cell Mol Biol 43, 662—673.

Jain N and Bhatti MT (2012) Fingolimod-associated
macular edema: incidence, detection, and management.
Neurology 78, 672—680.

Budde K, Schutz M, Glander P, Peters H, Waiser J,
Liefeldt L, Neumayer H-H and Bohler T (2006)
FTY720 (fingolimod) in renal transplantation. Clin
Transplant 20, 17-24.

Bordet R, Camu W, De Seze J, Laplaud D, Ouallet J-C
and Thouvenot E (2020) Mechanism of action of S1P
receptor modulators in multiple sclerosis: The double
requirement. Rev Neurol 176, 100-112.

Spampinato SF, Obermeier B, Cotleur A, Love A,
Takeshita Y, Sano Y, Kanda T and Ransohoff RM
(2015) Sphingosine 1 phosphate at the blood brain
barrier: can the modulation of S1P receptor 1 influence
the response of endothelial cells and astrocytes to
inflammatory stimuli? PLoS One 10, ¢0133392.
Moroni L, Selmi C, Angelini C and Meroni PL (2017)
Evaluation of endothelial function by flow-mediated
dilation: a comprehensive review in rheumatic disease.
Arch Immunol Ther Exp (Warsz) 65, 463—475.

Faccini A, Kaski JC and Camici PG (2016) Coronary
microvascular dysfunction in chronic inflammatory
rheumatoid diseases. Eur Heart J 37, 1799-806.
Marcondes F and Scheinberg M (2018) Belimumab in
the treatment of systemic lupus erythematous: an

FEBS Open Bio (2020) ® 2020 Sanofi R & D, Febs Open Bio published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies


https://doi.org/10.1101/2020.05.15.20103101
https://doi.org/10.1111/bcp.14422
https://doi.org/10.1177/2045894020905521

P. Grailhe et al. Biased S1P1 signaling by endothelial impedance

evidence based review of its place in therapy. 37 Boehler M, Juif PE, Hoch M and Dingemanse J (2017)
Autoimmun Rev 17, 103-107. Absolute bioavailability of Ponesimod, a selective S1P1

36 Silfvast-Kaiser A, Pack SY and Menter A (2019) Anti-IL17 receptor modulator, in healthy male subjects. Eur J
therapies for psoriasis. Expert Opin Biol Ther 19, 45-54. Drug Metab Pharmacokinet 42, 129-134.

FEBS Open Bio (2020) © 2020 Sanofi R & D, Febs Open Bio published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies 11



	Outline placeholder
	feb412951-aff-0001
	feb412951-aff-0002

	 Mate�ri�als and meth�ods
	 Com�pounds
	 Impedance pro�to�col
	 GRK assays
	 Cal�cu�la�tions

	 Results
	 SAR247799 pro�duced a sus�tained cell impedance response
	feb412951-fig-0001
	feb412951-fig-0002
	 &bgr;-ar�restin sig�nal�ing con�tributes to the late response and bar�rier dis�rup�tion
	feb412951-tbl-0001
	 Con�cur�rent acti�va�tion and desen�si�ti�za�tion mea�sure�ments reveal dif�fer�ences among com�pounds

	 Dis�cus�sion
	feb412951-fig-0003
	feb412951-fig-0004
	feb412951-fig-0005
	feb412951-tbl-0002

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Data acces�si�bil�ity

	 Author con�tri�bu�tions
	feb412951-bib-0001
	feb412951-bib-0002
	feb412951-bib-0003
	feb412951-bib-0004
	feb412951-bib-0005
	feb412951-bib-0006
	feb412951-bib-0007
	feb412951-bib-0008
	feb412951-bib-0009
	feb412951-bib-0010
	feb412951-bib-0011
	feb412951-bib-0012
	feb412951-bib-0013
	feb412951-bib-0014
	feb412951-bib-0015
	feb412951-bib-0016
	feb412951-bib-0017
	feb412951-bib-0018
	feb412951-bib-0019
	feb412951-bib-0020
	feb412951-bib-0021
	feb412951-bib-0022
	feb412951-bib-0023
	feb412951-bib-0024
	feb412951-bib-0025
	feb412951-bib-0026
	feb412951-bib-0027
	feb412951-bib-0028
	feb412951-bib-0029
	feb412951-bib-0030
	feb412951-bib-0031
	feb412951-bib-0032
	feb412951-bib-0033
	feb412951-bib-0034
	feb412951-bib-0035
	feb412951-bib-0036
	feb412951-bib-0037


