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S1PR1-biased activation drives the resolution
of endothelial dysfunction-associated
inflammatory diseases by maintaining
endothelial integrity
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G protein-coupled sphingosine-1-phosphate receptor 1 (SIPR1), a drug target
for inflammatory bowel disease (IBD), enables immune cells to egress from
lymph nodes, but the treatment increases the risk of immunosuppression. The
functional signaling pathway triggered by S1IPR1 activation in endothelial cells
and its therapeutic application remains unclear. Here, we showed that SIPR1 is
highly expressed in endothelial cells of IBD patients and positively correlated
with endothelial markers. Gi-biased agonist-SAR247799 activated S1IPR1 and
reversed pathology in male mouse and organoid IBD models by protecting the
integrity of the endothelial barrier without affecting immune cell egress. Cryo-
electron microscopy structure of SIPR1-Gi signaling complex bound to
SAR247799 with a resolution of 3.47 A revealed the recognition mode for the
biased ligand. With the efficacy of SAR247799 in treating other endothelial
dysfunction-associated inflammatory diseases, our study offers mechanistic
insights into the Gi-biased SIPR1 agonist and represents a strategy for endo-
thelial dysfunction-associated disease treatment.

In recent years, there has been a growing appreciation for the role of  play a crucial role in various physiological processes, including organ
abnormal vessel endothelial barrier, and their immune function regeneration, fibrosis, and cancer development, while also serving as
involvement have received increasing attention in chronic inflamma-  an anti-adhesive and selectively permeable exchange barrier’~. ECs
tory diseases, notably inflammatory bowel disease (IBD)"% Endothelial ~ dysfunction impairs barrier integrity, leading to vascular dysplasia,
cells (ECs), as primary components of blood and lymphatic vessels, enhanced leukocyte permeability, increased adhesion molecular
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expression, and dysregulated nitric oxide excretion, thus aggravating
the inflammatory response in chronic inflammatory disease*®. The
endothelium expansion observed in IBD angiogenesis is a hallmark of
active gut disease and correlates closely to disease severity’™ It is
increasingly clear that microvascular ECs play a pivotal role in IBD. A
number of drugs exhibiting efficacy in treating IBD have been found to
affect the endothelium'®™?, thus calling for treatments that target IBD
through the maintenance of ECs’ function.

The inflammatory response in chronic inflammatory diseases
often damages host tissue and results in organ dysfunction™™. IBD,
including ulcerative colitis (UC) and Crohn’s disease (CD), manifests as
chronic inflammation of the gastrointestinal tract'® and various
immunomodulatory therapies have been developed targeting its
inflammatory response, including TNF-a and IL-12/IL-23p40 anti-
bodies, Janus kinase (JAK) inhibitors, and sphingolipid 1 phosphate
receptor (SIPR) modulators®™. Despite the clinical efficacy of these
immunotherapies, challenges persist, with remission rates are as low as
20-30% and unresolved complications, such as infections, flu-like
symptoms, and heart palpitations'. ECs play a crucial role in IBD
pathophysiology and are garnering interest for therapeutic targeting
in IBD treatment'**. Therefore, the discovery of novel therapeutic
strategies for preventing endothelial barrier disruption in IBD is of
great importance.

The S1PRI gene, encoding a G protein-coupled receptor for the
endogenous sphingolipid 1 phosphate (SIP) ligand, recently emerged
as a therapeutic target in IBD**¥. The SIP-SIPR1 ligand-receptor
interaction plays a significant role in lymphocyte egress and chemo-
taxis, regulating multiple immunologic and cardiovascular effects®®?’,
cell proliferation and survival, tumor angiogenesis and metastasis®’",
Particularly, the FDA-approved fingolimod and ozanimod, classified as
S1PR1 modulators, were proven effective for treating UC by reducing
circulating lymphocytes®***. However, these modulators exhibit low
specific SIPRI affinity and potential adverse effects, such as cardio-
vascular disease, abnormal liver function, and heightened infection
risk®**, Recent studies showed that SIPRI expression in vascular
endothelial cells inhibits angiogenic sprouting and promotes vascular
stabilization®*~®, suggesting that targeting SIPR1 in endothelial cells
could show promise in treating IBD.

Here, we demonstrated that SIPRI is mainly expressed in
colonic endothelial cells of IBD patients and a DSS (Dextran Sul-
fate Sodium) -induced colitis mouse model. We also identified
SAR247799, a Gi signaling-biased allosteric modulator of S1PRI,
which was highly effective in the therapeutic treatment of colitis
in mice. Despite previous assessments on the impact of
SAR247799 on macrovascular endothelial function of the brachial
artery with flow-mediated dilation (FMD) among type 2 diabetes
mellitus (T2DM) patients***°, the mechanism of S1PR1 allosteric
modulation at the structural level and its function in maintaining
endothelial integrity in inflammatory diseases remain elusive.
Here, we found SAR247799 primarily influences mainly the
endothelial barrier rather than peripheral immune cells. By
employing single particle cryo-electron microscopy (cryo-EM), we
determine the structure of SIPR1 bound to SAR247799 and its
biased Gi signaling. Further, we demonstrated that orally bioa-
vailable Gi-biased SIPR1 agonist SAR247799 ameliorated endo-
thelial dysfunction-associated inflammatory diseases by
suppressing vessel permeability and inflammatory cell infiltration.

Results

S1PR1 expression correlates with improved IBD outcomes

To survey SIPRI expression levels in patients with IBD, we analyzed
publicly available RNA-sequencing (RNA-seq) data generated from
intestine biopsies collected from UC or CD patients as well as from
healthy individuals (GSE66407, GSE59071). As expected, SIPRI
mRNA was elevated in both UC and CD patient samples (Fig. 1a and

Supplementary Fig. 1a, b) and positively correlated with endothelial
barrier function by measuring the relative expression of human
endothelial markers SELE, ITGBI, ICAM1, ICAM2, VCAMI and CDHS
(Fig. 1b and Supplementary Fig. 1c, d). We characterized the altera-
tions in SIPR1 during colonic inflammation by following a time
course in the DSS-induced colitis mouse model (E-MTAB-9850),
showing that Siprl increased during the intestinal inflammation
stage and receded at the restoration stage (Fig. 1c), positively cor-
related with mouse endothelial markers Sele, Pecaml, Icam1, Icam2,
VcamlI and Cdhs5 (Fig. 1d). To identify the cell types expressing SIPR1,
we surveyed publicly available single-cell RNA-seq (scRNA-seq) data
from healthy and UC samples (GSE114374, GSE231993), as well as
scRNA-seq data from a DSS-induced colitis mouse model
(GSE148794). Here, we observed that SIPRI/SIprl was mainly
expressed by endothelial cells and positively correlated with endo-
thelial markers (Fig. 1le, f and Supplementary Fig. le-h). Immuno-
fluorescent (IF) staining showed that the SIPR1 levels were robustly
increased in UC patients’ colon and co-localized with CD31, a vascular
endothelial marker in IBD patients (Fig. 1g), consistent with immu-
nofluorescence staining in the DSS-induced colitis mouse
model (Fig. 1h).

To test the effects of receptor activation in endothelial cells dur-
ing colitis, we challenged C57BL/6 mice with 2.5% DSS and con-
comitantly administered S1PR1-selective agonist SAR247799 or IBD
therapeutic drugs FTY720 in carboxymethyl cellulose (CMC) solution
orally once daily (Fig. 1i). Compared to immunosuppressant FTY720,
treatment with 1 mg/kg SAR247799 was most effective in alleviating
the progression of colitis with respect to colon length, weight loss,
disease activity index (DAI) score, murine endoscopic index of colitis
severity (MEICS) score (Fig. 1j-1 andSupplementary Figs. 2 and 3a), led
to attenuated colonic vascular permeability in colitis mice (Fig. Im),
significantly mitigating tissue damage (Supplementary Fig. 3b)and
reduced the infiltration of inflammation cells in colons of colitis mice,
without decreasing total leukocyte and lymphocyte percentage
(Fig. In, o and Supplementary Fig. 4).

Together, these data indicated that SIPR1, mainly expressed in the
endothelial cells, positively correlated with the degree of IBD disease
and endothelial markers, targeting endothelial SIPR1 in the resolution
of vascular permeability in IBD.

SAR247799 administration ameliorates colitis in mice

Since our data suggested that the agonist SAR247799 could alle-
viate the DSS-induced colitis mouse model, we next investigated
its therapeutic potential. Mice were treated with 2.5% DSS and
monitored for disease onset. Once disease onset was confirmed
using fecal blood and diarrhea scores, mice received vehicle only
or vehicle with FTY720, ozanimod, 5-ASA or SAR247799 daily for
one week (Fig. 2a and Supplementary Fig. 5a). Mice consistently
showed rapid recovery from weight loss with 1 mg/kg SAR247799
(Fig. 2b and Supplementary Fig. 5b). In comparison to FTY720,
ozanimod and 5-ASA, mice receiving 1 mg/kg SAR247799 showed
improved DAI, colon length and endoscopic scores (Fig. 2c-e and
Supplementary Fig. 5c, d). Histopathological analysis revealed that
SAR247799 treatment reduced tissue damage and improved
endothelial barrier integrity and colonic fibrosis (Fig. 2f and Sup-
plementary Fig. Se, f).

Based on our findings that SIPR1 was expressed at high levels in
patients with CD (Fig. 1a), we examined whether SAR247799 also
affected a widely used CD mouse model. We induced experimental
colitis in mice by intrarectal administration of 2,4,6-trinitrobenzene
sulfonic acid (TNBS)* (Fig. 2g). Compared to the negative control
group, mice treated with TNBS displayed severe body weight loss and
colon shortening (Fig. 2h, i). Compared to FTY720, treatment with
SAR247799 showed a superior therapeutic effect, almost rescued
C57BL/6 mice from weight loss (Fig. 2h) and decreased the DAI score

Nature Communications | (2025)16:1826


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57124-x

Healthy control UC patient CD patient
a GSE66407 (Colon) b GSE66407 (Colon)
p<0.0001 @ <
p=0.36 e cor P [
5 2] SELE 0413 <0.0001 @
=28 £
= = —ITGB1 0.114 0.098
o ® o —ICAM1 0.685 0.000
2 £ 2
524 3 — ICAM2 0.742 0.000 o
o < Py
S T VCAM10.737 0.000 3
24 —CDH5_0.715_<0.0001
2.0 8 s
()
0 2
Scale(S1PR1) 8
w
E-MTAB-9850 (Colon) d E-MTAB-9850 (Colon) -
c “009 W
p= 0026 a—, cor P
£=0.001 23 Sele 0749 0.003
—_ 6 (] o
< £, Pecam10.903 <0.0001 2
T p=0.27 = — Itgb1  0.596 0.028 ta
24 ™2 ]
o £ 1 — lcam1 0.824 0.005
> ° — Icam2 0.912 <0.0001
S 2 w
39, Vcam1 0.921 <0.0001 g
] = Cdh5 _0.881 <0.0001 T
0 a1 T
RN 6 1 2 3
&, \<\" 3@05 Scale(S1pr1)
e Qe®
_ GSE114374 (Colon) _ GSE148794 (Colon)
[ . [
8 5,
52?: 8
173 % [73
3 82
gy g
2 o W .
& 2 .
& 01= @0 —
S \\'9 \\’° \\"’\\‘°Q'°\o e?b;\ ’\oe\\(o\a’l« ?}\9\:\\\0
@ 0 30x¢ AT & S
& 2% & Ko
& 60@ 9\@ P @?:@g;%iv‘o@\%?}\ e
<& NS (}&\"’ oF
" |
Prophylactic
- 0 5 8 (day)
| DSS 2.5% H,0 £
=
| SAR/FTY720 k]
*
o =
J (em) 0123456 7 8 5
= = em—— =
i 1
Ctri+Veh . —— - ,EJO i
it i 5 00001
2 . 8(da
DSS+Veh W_‘_H_« z 8 L mm (day)
e —
DSS+FTY720 Wr ; - R . oo 80
i = s > o
i = I o & e < N .
DSS+SAR Wﬁ sS4 10 o 8 0 | am
Z 1 0001 i) wk * ——
T T o F=00001 s ) 32 4
m o T s 840" = &%
Ctrl+Veh DSS+Veh DSS+FTY720 DSS+SAR -g 5 5“ °% > £
= Al - - » . o . =0
o 2 le ¥ 2 20 S
T s
0 & o s ; r .QI A -
Ly;n# Mon# Eés# Neu% Lym% Mon% Eos%
. 100 ol
g oot o
(em) 01 2 3 456 7 8 80 — 3 s
s S o rewn_pass = PR A=
2 : . 50 P00t * 2% 4 o
Ctrl+Veh 2 08 . 2 20001 H <0001
2 3 i = P200001 b4 A
o + $ 40 == & £ dc £ e
DSS+Veh " 0 ®0.6 g < PR .
58 s $,let 2 3
> A - 2
ISS+FTY720 0 Q041 g =t . | S
DSS SAR’ 2 024 ° 0 T T T T T T
+ K 2] &) 5 \2] 5 5
2 gl PBMC LPMC S & & s & &
R S P SRS N 3
& J F P > &
) . @) S O [¢) 9 @)
—— Ctrl+Vehicle —4—DSS+Vehicle DSS+FTY720 —4— DSS+SAR
PBMC LPMC

(Fig. 2i), improved colon length and endoscopic scores (Fig. 2j, k).
Histopathological analysis revealed reduced tissue damage and
improved endothelial barrier integrity (Fig. 2I).

These data indicated that the SIPRI receptor selective agonist
SAR247799 could ameliorate progressing colitis and tissue damage in
DSS and TNBS-induced colitis model mice.

SAR247799 maintains endothelial barrier in colitis mice

To further investigate the SAR247799 mechanisms of action in colitis
mice, RNA-seq was performed to evaluate the gene expression profile
in DSS-induced colitis tissue after treatment with FTY720, SAR247799,
or solvent control, compared with healthy control (Supplementary
Fig. 6a). Performing differential expression gene analysis among
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Fig. 1| SIPR1 expression correlates with improved IBD outcomes. a SIPRI
expression in the IBD gene array expression dataset (GSE66407) from colon
biopsies of UC (n=101) and CD (n = 57) patients, compared to healthy control (HC,
n=55). The definition of the box plots can be found in the ‘Methods’ section.

b Correlation between SIPRI expression and endothelial markers (left) with sta-
tistical analysis (right) in GSE66407. ¢ SIprl expression in the E-MTAB-9850 dataset
from DSS-induced colitis mice during inflammatory (Inf mid (n=2), Inf_hi (n=3))
and recovery stages (n =3), compared to HC (n =3). d Correlation between SIprl
expression and endothelial markers (left) with statistical analysis (right) in dataset
E-MTAB-9850. e SIPRI expression from scRNA-seq analysis of UC (n=2) and HC
(n=2) patients colon biopsies, showing cell type-specific clusters (GSE114374).

f SIpri expression from scRNA-seq analysis of colitis mice colon biopsies cell
(n=10), type-specific cluster from dataset GSE148794. g immunofluorescence (IF)
showing S1PR1 (violet) in ECs of IBD patients, co-staining CD31 (red) and CD3
(green) (n=3). Scale bar, 20 pm. h IF showing S1pr1 (violet), in IEC of colitis mice

(arrows) with co-staining CD31(red) and CD3 (green) (n=5). Scale bar, 20 m.

i Schematic of DSS-induced colitis mouse model treated with SAR247799 (1 mg/kg)
or FTY720 (0.3 mg/kg) via intragastric gavage. j, Reesentative colon (left), and
colon length quantification (right) (n = 6). k Body weight percentage, and (1), dis-
ease activity index (DAI) (n=6). m Colonoscopy images (top), colon length (left
bottom), Evans blue dye leakage from blood vessels (bottom right) after DSS
treatment. n Blood routine test showing neutrophil, [ymphocyte, monocyte, and
eosinophil (right) and percentages (left) (n = 6). 0 Percentage and counts of CD3" in
CD45%, CD4" and CD8" cells in CD3" populations in PBMCs and LPMCs (n = 6). Data
are presented as mean + SEM; Statistical analysis: two-sided Student’s ¢ test

(a, ¢, j, m-0); Spearman’s rank correlation analysis (b, d). Two-way ANOVA with
multiple comparisons (k, I). For (k, I), the significance of Ctrl+Vehicle vs. DSS +
Vehicle is shown as red, DSS + Vehicle vs. DSS + FTY720 or DSS + SAR is shown as
cyan and blue p-value respectively. All experiments were repeated three times with
consistent results.

different treatment groups (Supplementary Fig. 6b), Sipr1 expression
was elevated in the DSS and FTY720 groups but unchanged in the
SAR247799 group compared to the control group (Fig. 3a) and the
Slprl expression pattern correlated positively with endothelial mar-
kers (Fig. 3b). Compared to the FTY720 group and the DSS group, the
SAR group exhibits a greater number of downregulated endothelial-
related pathways, with its changes being opposite to those observed in
the DSS group (Fig. 3¢ and Supplementary Fig. 6c). Gene Ontology
(GO) analysis revealed that the DEG clusters of molecular functions
regulated by SAR244779 were related to leukocyte migration and
proliferation, and cell-cell adhesion (Supplementary Fig. 6d, e). Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis revealed that the
pathways regulated by SAR247799 were cytokine-cytokine receptor
interaction, PI3k-Akt signaling pathway, and metabolism (Supple-
mentary Fig. 6f, g). Gene Set Variation Analysis (GSVA) confirmed that
SAR247799 group endothelial-related pathways and immune-related
pathways are more inclined towards the control group level than the
DSS and FTY720 group (Fig. 3d and Supplementary Fig. 6h). The
murine Microenvironment Cell Population (mMCP) counter score
indicated a similarly decreased infiltration of T cells and CD8" T cells in
the SAR244779 group and the FTY720 group compared to DSS group,
while the stromal cell infiltration of SAR244779 group was similar to
that of the control group, and the stromal cell infiltration of FTY720
group was similar to that of the DSS group (Fig. 3e). The heatmap of
endothelial-related genes showed that the SAR247799 group was
similar to control groups, Pecaml, Vcaml, CdhS, Sele, and Icaml
expression was downregulated compared to DSS and FTY720 groups
(Fig. 3f), consistent with qRT-PCR results (Fig. 3g). To further investi-
gate the effects of SAR247799 on endothelial cell-cell interactions,
immunofluorescence (IF) staining of Vcaml, CD4 and CD31 was per-
formed, and the results showed that DSS-induced colitis irregular and
tortuous vascular network was associated with a loss of Vcaml and
CD31 integrity at cell-cell junctions (Fig. 3h). The SAR247799 group
displayed a regular vascular network and less immune cell infiltra-
tion (Fig. 3h).

To further confirm that SAR247799 ameliorates colitis primarily
by maintaining the endothelial barrier, lymphocytes were assessed by
collecting blood, spleen, and mesenteric lymph nodes from WT mice
administered with varying concentrations of SAR247799. Unlike
FTY720, which significantly reduced CD3" T cells in CD45" immune
cells and altered the proportion of CD4* and CD8' T cells in peripheral
blood, SAR247799 showed no effect on lymphocyte populations.
(Supplementary Fig. 7). Rag2” mice were performed DSS induced
colitis to investigate the therapeutic effects of SAR247799 in the
absence of T cells (Supplementary Fig. 8a). Compared to FTY720,
treatment with SAR247799 showed a superior therapeutic effect,
attenuated weight loss and DAI scores (Supplementary Fig. 8b, c),
improved colon length (Supplementary Fig. 8d). Histopathological and
colonoscopy analysis revealed reduced tissue damage (Supplementary

Fig. 8e, f) and improved endothelial barrier integrity independent with
CD3" T cells (Supplementary Fig. 8g). In addition, CD4" CD25 T cell
transfer colitis model (Supplementary Fig. 9a) showed SAR247799
treatment significantly ameliorates weight loss, DAI scores, colon
length, histopathological damage and colonoscopy scores (Supple-
mentary Fig. 9b-f). The homing of T cells to the spleen and intestinal
lymph nodes was not affected (Supplementary Fig. 9g).

Our results showed that SAR247799 primarily mediates the
endothelial barrier to counteract progressing colitis and tissue damage
in colitis mouse models by maintaining the endothelial barrier.

SAR247799 protects the endothelial barrier in human colon
crypts and human umbilical vein endothelial cells (HUVEC)

Our previous in vivo results indicated that SAR247799 protects the
endothelial barrier by maintaining the integrity of the endothelial cell
connection (Fig. 3). To further understand the effects of SAR247799
treatment, we purified human colon crypts from tissue samples obtained
from colectomies or biopsies from IBD patient tissue. Crypt fragments
were cultured in a three-dimensional matrigel matrix for 10-12 days
(Supplementary Fig. 10a). We monitored Icaml, Vcaml, E-selectin, and
CD231 expression in the colon crypts induced by TNF-a with SAR247799
and FTY720. The result showed that SAR247799 significantly reduced the
expression of adhesion molecules in human colon crypts (Fig. 4a). GSVA
results of RNA-seq data suggested that the endothelial and immune-
related pathways’ GSVA score of SAR247799 treated TNF-a induced
crypts was similar to blank crypts (Fig. 4b-d). The KEGG and GOBP
showed that SAR247799 treatment significantly affected the cAMP sig-
naling pathway, cell adhesion molecules, and Thl and Th2 cell differ-
entiation (Fig. 4e, f and Supplementary Fig. 10b, c).

To ascertain the effect of SAR247799 on the endothelial cells, we
constructed S1PR1 knockdown HUVEC cell lines (Fig. 4g). The qRT-PCR
results indicated that SAR247799 had no effect on the expression of
endothelial related genes, ICAMI, VCAMI and SELE in SIPR1 knockdown
HUVEC (Fig. 4h).

Taken together, SAR247799 activating SIPR1 affected the
expression of tight binding and adhesion molecules on endothelial
cells, thereby recuperating the integrity of the endothelial barrier and
alleviating the occurrence and development of IBD.

Pharmacological investigation of SAR247799 and overall struc-
ture of SAR247799 bound S1PR1-Gi complex

S1PR1 engages distinct cellular signaling pathways, including the Gi
and the B-arrestin pathways, when sensing extracellular stimuli. Unlike
endogenous ligand S1P, current drugs, such as FTY720 and siponimod,
activate SIPR1 and induce sustained internalization of SIPR1 through
its B-arrestin signaling pathway, which prevents the migration of
lymphocytes in the treatment of multiple sclerosis*.. Recent studies
have shown that SAR247799 barely induces SIPR1 internalization®’,
suggesting a weak B-arrestin signaling effect of SAR247799. This
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Fig. 2 | SAR247799 administration ameliorates colitis in mice. a Schematic
representation of DSS-induced colitis mouse model with SAR247799 (1 mg/kg) and
FTY720 (0.3 mg/kg) treatments (intragastric gavage, i.g.). b, ¢ Body weight per-
centage and disease activity index (DAI) (n = 6). d Representative images of colon
(left) and quantification of colon length (right) (n = 6). e Representative colono-
scopy images (left) and MEICS scores (right) (n = 6). f Representative images of H&E
(left) and histological activity index (HAI) analysis (right). Scale bar, 200 pm (n = 6).
g Schematic representation of TNBS-induced mouse colitis with SAR247799 (SAR,
1mg/kg) and FTY720 (0.3 mg/kg) treatments (intragastric gavage, i.g.). h, i Body
weight percentage and disease activity index (DAI) (n =5). j Representative images
of colon (left) and quantification of colon length (right) (n = 5). k Representative

coloscopy images (left) and MEICS scoring (right) (n = 5). 1 Representative images of
H&E (left) and HAI analysis (right). Scale bar, 200 uM (n = 5). Data are presented as
mean + SEM; Statistical analysis: two-sided Student’s ¢ test (d-f, j-I), Two-way
ANOVA with multiple comparisons (b, ¢, h, i). For (b and c), the significance of Ctrl
+Vehicle versus DSS + Vehicle was shown as red, DSS + Vehicle versus DSS + FTY720
or DSS + SAR was shown as cyan and blue p-value respectively; For (h and i), the
significance of Crtl + Vehicle versus TNBS + Vehicle was shown as red, TNBS +
Vehicle versus TNBS + FTY720 or TNBS + SAR was shown as cyan and blue p-value
respectively. All biological experiments were repeated three times and yielded
consistent results.
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particular signaling bias may be related to its ability to exert a ther-
apeutic effect on IBD, yet the molecular mechanism of this biased
activation is unclear.

To characterize the pharmacological features of SAR247799, we
conducted G protein dissociation and bioluminescence resonance
energy transfer (BRET)-based B-arrestin2 recruitment assays on SIPR1
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respectively. Compared to fingolimod-

expressing CHO cells,
phosphate (FTY720-P), SAR247799 induced a comparable activation
of Gil signaling, but had a weaker ability of B-arrestin2 recruitment
(Fig. 5a, b and Supplementary Tables 1 and 2), which indicates that
SAR247799 exhibited a Gi-biased agonist for SIPR1 relative to FTY720-
P (Fig. 5¢).
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Fig. 3 | SAR247799 maintains endothelial barrier in colitis mice. a mRNA
expression of SIprl in colon of DSS-induced colitis mouse with SAR247799 and
FTY720 treatments, Ctrl: Ctrl + Vehicle (n=3), DSS: DSS + Vehicle (n=3), FTY720:
DSS +FTY720 (n=3), SAR: DSS + SAR247799 (n =3). b mRNA expression of endo-
thelial markers shows a positive correlation (Spearman) with SIprl expression
(n=3). ¢ Summary of the count of immune- and endothelial-related pathways in all
pairwise comparisons of GOBP enrichment results. d Heatmap illustrating GSVA
scores for pathways related to endothelial functions (n = 3). e mMMCP scores for the

four groups (n=3). f Heatmap of genes involved in endothelial-related pathways
identified through GOBP enrichment analysis (17 =3). g mRNA level of Pecam,
Vcami, Cdhs, Sele and Icaml, (n = 6). h Representative IF for Vcaml(red), CD3
(green) and CD31 (violet) colon of colitis mice(n = 6). Scale bar, 50 um. Data are
presented as mean + SEM; Statistical analysis: two-sided Student’s ¢ test (a, e, g) and
Spearman’s rank correlation analysis (b). All biological experiments were repeated
three times and yielded consistent results. Source data are provided as a Source
Data file.

SAR247799 has a significantly different chemical skeleton com-
pared to FTY720-P. The mechanism of how it interacts with the
receptor to mediate Gil-biased activation is poorly characterized. To
elucidate this question, we solved the structure of the SAR247799-
bound SIPR1-Gil complex with a resolution of 3.47 A by single-particle
cryo-EM technique (Fig. 5d, Supplementary Fig. 11a-c¢ and Supple-
mentary Table 3). The overall architecture is similar to that of other
resolved SIPR1-Gi complexes. Still, the densities of the N-terminus of
S1PR1, as well as the N-termini of Gf3 and Gy, are not clear (Fig. 5d and
Supplementary Fig. 11d). The ligand has a pronounced continuous
density within the transmembrane (TM) helices core and was unam-
biguously modeled in the orthosteric binding pocket of SIPR1 (Fig. 5d).
We also further confirmed the stability of SAR247799 in this binding
pose by the results of the molecular dynamic (MD) in duplicate (Sup-
plementary Fig. 11e). As observed with class A family GPCRs**¢, the
significant hallmark of the structural feature of SIPR1 activated by
SAR247799 is the outward movement of TM6 (Supplementary Fig. 11f).

Mechanisms of SAR247799 in S1PR1
In the complex structure, the SAR247799 molecule occupies the
orthosteric binding pocket (OBP) (Fig. 6a). The acetic acid and 2,6-
dimethylphenoxy moieties of SAR247799 are embedded in the outer
pocket formed among TM3, TM7, ECL1, and ECL2; the oxazolo-pyrimidin
moiety is sandwiched by TM3 and TMé6, and the remaining chlor-
ophenoxy moiety penetrates deep into the interior of the pocket,
between TM3 and TM7 (Fig.6a and Supplementary Fig. 12a). Although the
overall configuration of SAR247799 is similar to that of FTYP720-P**,
the chemical backbone of SAR247799 within the pocket, unlike the long
hydrophobic alkane chain of FTY720-P, contains aromatic and polar
moieties, which may play different roles in activation of SIPR1 (Fig. 6b).
To systematically assess how SAR247799 and FTY720-P differ in
their interactions with SIPR1, we used Protein Atlas Contact* to cal-
culate and evaluate residues on SIPR1, which potentially interact non-
covalently with SAR247799 and FTY720-P, respectively (Fig. 6¢ and
Supplementary Fig. 12b). We found nine residues (referred core-resi-
dues, hereafter) in contact with both ligands that mainly clustered near
the center of the ligands (Fig. 6¢, d). Moreover, eight residues inter-
acted with SAR247799, and five residues acted only with FTY720-P,
mostly localized on either side of the ligands (Fig. 6¢ and Supple-
mentary Fig. 12c). These different action modes between FTY720-P and
SAR247799 on SIPR1 may provide insights into understanding the
biased mechanism of SIPR1 action. Combined with alanine substitu-
tion and signal transduction experiments (Supplementary Fig. 13 and
Supplementary Tables 1 and 2), we found that core-residues R120*%A
and E121>%A, which significantly abolished the agonism of FTY720-P,
but moderately affected upon SAR247799 activation (Fig. 6f and
Supplementary Tables 1 and 2). In addition, L128**A and L272°%'A
mutants completely abolish SAR247799 and FTY720-P induced f-
arrestin2 recruitment, with relatively small or moderate effects on the
Gi protein pathway (Supplementary Fig. 12e, Supplementary
Table 1 and 2). At the same time, our data suggest that a mutant of
M124>*2A may affect expression, and we attempted to increase the cell
surface expression levels of this mutant consistent with WT, but the
effect was not significant. Moreover, mutation of the five contact
residues only with FTY720-P reduced both Gi dissociation and (-

arrestin2 recruitment stimulated by FTY720-P but had no or little
effect on SAR247799 (Supplementary Fig. 13b, ¢ and Supplementary
Tables 1 and 2). In addition, for the residues specifically in contact with
SAR247799, we found that three mutants S129>¥A, V194£%A, and
L174*3A, significantly reduced the Gi signaling efficacy but slightly
reduced or enhanced the [-arrestin2 recruitment-induced by
SAR247799, indicating the B-arrestin2 biased characteristics of these
mutants relative to wild-type SIPR1 (Fig. 6g, Supplementary Fig. 12d
and Supplementary Table 1). When activated by FTY720-P, the three
mutants showed un-biased effects on G protein and B-arrestin2 sig-
naling (Fig. 6g, Supplementary Fig. 12d, and Supplementary Table 2).
Meanwhile, we also found that the L297”*A mutant significantly
affected SAR247799 and FTY720-P induced B-arrestin2 recruitment
signaling of S1PR1, yet slightly influenced Gi protein signaling (Sup-
plementary Fig. 12e and Supplementary Tables 1 and 2).

These results revealed that the interactions between S129°%,
V19452 and L174*%¢ of SIPR1 and SAR247799 are essential for the
SAR247799-activated Gi-biased signaling of SIPR1. And combined with
previous studies*®, we hypothesized that the network of hydrophobic
interactions between residues L128%3¢, L2725, and L2977’ in the SIPR1
binding pocket is important for SAR247799 and FTY720-P transmitting
B-arrestin2 signaling to the PIF and NPxxY motifs (Supplementary
Fig. 12f).

Biased SAR247799 S1PRI1-Gi activation is essential for endothe-

lial barrier therapy

To further validate the Gi-biased activation of SIPR1, crucial for eluci-
dating the role of SAR247799 in maintaining the vascular endothelial
barrier, Gi inhibitor pertussis toxin (PTX) conditional knock-in mice
(ToxI cKI) were established (Supplementary Fig. 14a, b). The effect of
SAR247799 depended on Gi signaling, as evidenced by the phenotype
of the ToxI*“® mice, SAR247799 treatment countered weight loss
(Fig. 7a), reduced the DAI score (Fig. 7b), improved colon length
(Fig. 7c), lowered endoscopic scores (Fig. 7d), and diminished histo-
pathological damage (Fig. 7e) in DSS-induced colitis of ToxI*“* mice.
Meanwhile, colonic vascular permeability improvement was
decreased (Fig. 7f).

In addition, Arrb2*“® mice were generated to monitor SIPRI
b-arrestin signaling on the endothelial barrier function during
SAR247799 therapy for IBD (Supplementary Fig. 14c, d). The results
showed that S1PR1 (-arrestin signaling was not involved in SAR247799
alleviating DSS-induced colitis. SAR247799 treatment maintained
the improvement of weight loss (Fig. 7a), the DAI score (Fig. 7b),
colon length (Fig. 7c), endoscopic scores (Fig. 7d), histopathological
damage (Fig. 7e) and colonic vascular permeability (Fig. 7f) in
DSS-induced colitis of Arrb2*“® mice, compared to DSS-induced
colitis of Arrb2” mice.

These results showed that Gi signaling of SIPR1 is essential for
SAR247799-mediated endothelial barrier maintenance, alleviating
DSS-induced colitis.

SAR247799 treatment has a protective effect in inflammatory
lung disease mouse model

Endothelial injury and the ensuing vascular permeability are
problematic consequences of the response to idiopathic
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pulmonary fibrosis (IPF) and chronic obstructive pulmonary dis-
ease (COPD) tissue injury*>*'. We analyzed public databases and
found that S1PR1 was highly expressed in IPF (Supplementary
Fig. 15a, b) and COPD (Supplementary Fig. 15¢) patient’s lung
endothelial cells. To test whether SAR247799 treatment had a
protective effect in mouse models of IPF and COPD, we

administered 3.0 mg/kg bleomycin intratracheally to induce lung
injury, based on intratracheal administration of bleomycin as the
most widely used model of pulmonary fibrosis in mice® (Fig. 8a).
SAR247799 treatment significantly alleviated bleomycin-induced
weight loss (Fig. 8b), down-regulated the mRNA levels of fibrosis
markers (Fig. 8c), and markedly decreased the content of
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Fig. 4 | SAR247799 protects the endothelial barrier in human colon crypts and
human umbilical vein endothelial cells (HUVEC). a Representation IF staining
Icam (cyan), Vcaml (orange), E-selectin (light yellow) CD31 (red) of induced human
ulcerative colitis organoid (HUCO) generation protocol followed by TNF-a
administration (Negative group) with SAR247799 (SAR group) and FTY720 (FTY720
group) treatment (n = 3); Scale bar, 200 uM. b Summary of the count of DEGs
identified in all pairwise comparisons of differential expression analysis using Gfold
with RNA-seq data, with each group containing one sample. ¢, d Box-plot illus-
trating GSVA scores for pathways related to endothelial functions or related to
immune. Each point represents the GSVA score of a pathway. The definition of the

box plots can be found in the ‘Methods’ section. e, f The KEGG enrichment results.
The figures depict pathways that ranked among the top 10 in at least one set of
pairwise comparisons. g, qRT-PCR analysis of SIPRI expression levels in HUVEC
cells after transfection with SIPR1 shRNA and overexpression SIPRI plasmid (n = 3).
h RT-PCR analysis of endothelial and chemokine markers in knockdown and
overexpression SIPR1 HUVEC cells (n =3). Data are presented as mean + SEM; Sta-
tistical analysis: GFOLD (b), two-sided Student’s ¢ test (c and d, g, and h), and
Hypergeometric Test (e and f). All biological experiments were repeated three
times and yielded consistent results. Source data are provided as a Source Data file.
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Fig. 5 | Pharmacological features and structural characterization of SIPR1
protein with Gi protein. a, b Concentration-dependent response curves of SIPR1
in response to ligands by Gai -Gy dissociation assay and B-arrestin recruitment.
Data represent mean + SEM from three independent experiments. ¢ Internalization
of SIPR1 in CHO cells treated with SAR247799 and FTY720-P. Data represent

mean = SEM from three independent experiments. d Overview of the cryo-EM
density (left) of the SIPR1-Gi complex with SAR247799 and the model (right) of the
complex structure. Light green, SIPR1; gray, SAR247799; sandy brown, Gail; light
pink, GB; medium purple, Gy.

hydroxyproline (HYP) (Fig. 8d). Histology of the lungs at day 14
demonstrated increased fibrosis by H&E staining, and increased
collagen deposition, as shown by Masson’s trichrome staining
(Fig. 8e, f). The COPD-like chronic pulmonary inflammation model
was generated by porcine pancreatic elastase (PPE) combined
with low-dose lipopolysaccharide (LPS) to investigate the ther-
apeutic effects of SAR247799 (Fig. 8g). The results showed that
SAR247799 could effectively alleviate the weight loss caused by
the disease model (Fig. 8h), and H&E staining showed a significant
reduction in disease severity (Fig. 8i). Periodic acid-Schiff staining
showed that SAR247799 treatment markedly decreased poly-
saccharide production (Fig. 8j).

These results implied that SAR247799 has great promise for the
treatment of chronic inflammatory endothelial-dysfunction-associated
lung diseases.

Discussion

In recent decades, nonsteroidal anti-inflammatory drugs (NSAIDs) have
been the first choice for the treatment of clinical pathologies, including
pain inflammatory disease, as well as cancer prevention and
treatment>, Despite the prevalent use, NSAIDs have been associated
with several severe side effects, including gastrointestinal tract toxicity,
acute kidney injury, hypertension, and cardiovascular effects™. Con-
currently, immunotherapy stands out as a primary therapeutic modality
in oncology and other autoimmune diseases* ™, but such treatment
benefits are not applicable to the majority of patients® . Certain
immunotherapy approaches like IL-2 and immunotoxin therapies carry
the risk of vascular leak syndrome (VLS), leading to increased vascular
permeability and potentially complications such as interstitial edema
and organ failure®. Notably, endothelial dysfunction is a potential
contributing factor in the etiology of IBD and other inflammatory-
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related diseases®. During the inflammatory process, functional and
structural alterations occur within the vascular endothelium®, char-
acterized by increased leukocyte adhesiveness, diapedesis, heightened
vascular smooth muscle tone, and procoagulant activity®. In addition,
the excessive accumulation of extracellular matrix components in the
intestinal wall was characterized in IBD, leading to thickening and

(Gi versus Barr2)

scarring® . More research efforts are directed towards understanding
the role of endothelial cells in inflammatory diseases and as potential
therapeutic target>” . The application of endothelial cell adhesion
molecule E-selectin inhibitor demonstrated effectiveness in improving
acute myeloid leukemia therapy by disrupting vascular niche-mediated
pro-survival signaling”®, and the therapeutic effects of anti-ICAM1L
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Fig. 6 | Structural basis of signal bias in SIPR1. a The orthosteric binding pocket
of SAR247799 in SIPR1. SAR247799 is shown in. Gray. b Superposition of
SAR247799 and FTY720-P binding modes. ¢ Residue distribution by functional
relevance and its impact on efficacy and potency. The ligands contact with residues
of SIPR1 within 4.2 A. Polar interactions are highlighted as red dashed lines.

d Schematic of interactions between SAR247799 and SIPR1. Residues contacting
with both SAR247799 and FTY720-P are shown in pink ovals, and only with
SAR247799 are displayed in blue ovals. e Key residues are shown in sticks and

colored in light green (SAR247799-bound S1PR1) and orange (FTY720-P-bound
S1PR1). fRepresentative curve for effects of the SIPR1 R120*%® and E121**° mutations
on SAR247799 and FTY720g-P induced GGy, dissociation assay and (-arrestin2
recruitment in CHO cells. Data represent mean + SEM from three independent
experiments. g Bias factors of representation residues in SIPR1 relative to wild-type
induced by SAR247799 and FTY720-P. Data represent mean = SEM from three
independent experiments. All biological experiments were repeated three times
and yielded consistent results.
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Fig. 7| Biased SAR247799 SIPR1-Gi activation is essential for endothelial barrier
therapy. a DSS-induced ToxI*“®mice and Arrb2°“®S mice colitis with
SAR247799(1 mg/kg) and FTY720 (0.3 mg/kg) treatments (intragastric
gavage, i.g.) body weight percentage (n=6). b disease activity index (n=6).
¢ Representative images of colon (left) and quantification of colon length
(right) (n=6). d Representative coloscopy images (top) and MEICS scores

(bottom). e Representative images of H&E (left) and HAI analysis (right)
(n=6). f Quantification of Evans blue dye leakage from blood vessels (n=6).
Data are presented as mean + SEM; Statistical analysis: Two-way ANOVA with
multiple comparisons (a, b), two-sided Student’s ¢ test (c-f). All biological
experiments were repeated three times and yielded consistent results.

antibodies in relapsing colitis have been assessed in several experi-
mental models with mixed results”. Vedolizumab blocks the a4f7
integrin, which recognizes MAdCAM-1 expressed on the endothelial in
the lamina propria of the gut, reducing the Mayo Clinic score and
maintaining clinical remission”.

GPCRs are targeted by about a third of all therapeutic drugs, with
cell communication through heterotrimeric G protein signaling and
arrestin binding. Biased agonizts in GPCR drug discovery, such as a p-
opioid receptor, ATIR, B2AR, and TGR5>®°, have garnered great
interest due to their potential to produce safer drugs®’. SIPR1, a classic
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Fig. 8 | SAR247799 protects the endothelial barrier in a lung fibrosis

mouse model. a Schematic representation of bleomycin-induced mouse fibrosis
model with SAR247799 (1 mg/kg) and pirfenidone (300 mg/kg) treatments (intra-
gastric gavage, i.g.). b Body weigh percentage (n = 6). ¢ mRNA level of fibrosis
markers a-Sma, Tgf-f, and Collal (n=6). d hydroxyproline level in lung tissues
(n=6). e Representative images of H&E (n = 6). Scale bar, 2 um (above),100 pm
(below). f Masson’s trichrome staining representative images (n = 6), Scale bar,

2 pum (above),100 um (below). g Schematic representation of LPS and PPE-induced

mouse COPD-like model with SAR247799 (1 mg/kg) treatments (intragastric
gavage, i.g.). h Body weigh percentage. i Representative images of H&E staining
(n=6).Scale bar, 2 um (above), 100 um (below). j Representative images of Periodic
acid-Schiff staining (n = 6). Data are presented as mean + SEM; Statistical analysis:
Two-way ANOVA with multiple comparisons (b, h), two-sided Student’s ¢ test (c, d).
All biological experiments were repeated three times and yielded consistent
results.

GPCR ubiquitous in the immune, epithelial, tumor, and mesenchymal
stromal cells, acts as a regulator of lymphocyte trafficking®>*. Defi-
ciency of SIPR1 remarkably decreases circulating lymphocytes®**, An
intrinsic requirement for SIPR1 was established by adoptive cell
transfer experiments in mice, showcasing its distinctive roles in the

egress of T and B cells from lymphoid organs and facilitating the entry
of these cells into secondary lymphoid organs®*%, Previous studies
mentioned that SIPR1 signaling regulates blood flow and pressure and
that SIPR1* endothelial cells promote the restoration of vascular
integrity***>*°. Here, we found that SIPRI is highly expressed in
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endothelial cells and positively correlated with the expression of
endothelial markers (Fig.1). Moreover, Gi-biased agonist SAR247799,
upon activation of SIPR1, reversed the pathology in both mouse and
organoid IBD models, by protecting the integrity of the endothelial
barrier without perturbing immune cell egress (Figs. 1-4). Further-
more, we determined a cryo-EM structure of SAR247799-bound S1PR1
in the complex at a resolution of 3.4 A (Fig. 5). We showed that the
agonist FTY720-P binds to the receptor’s orthostatic site, which
enables downstream activation of both Gil and f-arrestin signaling
(Fig. 6). As for the physiological function, FTY720, also known as fin-
golimod, a chemically modified version of myriocin, underscores the
prominent of S1P signaling in regulating immune cell trafficking”~
Due to its role in inhibiting lymphocyte egress, FTY720 was shown to
reduce circulating lymphocytes by 70% (Fig.1). In contrast, SAR247799
demonstrated a comparable ability in activate downstream
Gil signaling, but does not recruit B-arrestin like FTY720 (Fig. 6).
Moreover, using ToxI*“® mice and Arrb22"> mice, we confirmed that
biased SAR247799 S1PR1-Gi activation is essential in endothelial barrier
therapy for IBD treatment, (Fig. 7). Also, this SAR247799 binding
pocket key amino acid S is conserved in amniotes (Supplementary
Fig. 16a). SAR247799 can activate Mus musculus and Homo sapiens
SIPR1 but not in Carcharodon carcharias fish SIPR1 (featuring A) Gi
signaling (Supplementary Fig. 16b-d). In conjunction with our reci-
procal mutation experiments, this suggested that S of SIPRI is an
important component for the SAR247799 binding pocket and acti-
vating Gi signaling (Supplementary Fig. 16b-d).

The spectrum of endothelial dysfunction-associated inflamma-
tory diseases includes IBD, IPF, diabetes, psoriasis, hypertension,
heart failure, renal failure, and atherosclerosis®®?>"*, Endothelial
dysfunction is set off by inflammation, an increase of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), cellular
death, and decreased production of vasodilators, and is accom-
panied by enhanced generation of vasoconstrictors and vascular
remodeling®>*®®. Targeting immune cells by immunosuppressive
therapy is a common strategy for treating autoimmune or other
inflammatory diseases”’%, but the use of immunosuppressive drugs
can increase infection susceptibility, decrease cancer immuno-
surveillance, and lower antibody production®”*. Our study con-
firmed that SAR247799 can also protect the endothelial barrier in
other endothelial dysfunction-associated inflammatory diseases,
such as IPF and COPD, without the aforementioned side effects
(Fig. 8). Moreover, our study offers mechanistic insight into Gi-biased
S1PR1 agonists and demonstrates that SAR247799, a Gi-biased S1PR1
agonist, is a feasible approach for endothelial dysfunction-associated
disease treatment.

Methods

Patients and samples

The collection and utilization of paraffin-embedded colon sections
from individuals with inflammatory bowel disease (IBD) and heal-
thy controls were approved by the local Ethics Committee and
Review Board of West China Hospital (Approval No. 2024[500]).
The Ethics Review Committee waived the requirement for
informed consent, as the study involved minimal risk to partici-
pants. Anonymization of samples was conducted by the Pathology
Department of West China Hospital, and strict measures were
taken to ensure privacy and confidentiality, none of our authors
were involved in the collection of the paraffin-embedded tissues.
The collection and use of colonic biopsies from IBD patients for
the generation of organoids were approved by the local Ethics
Committee and Review Board of West China Hospital (Approval
No. 2023[1081]). Informed consent was written from all patients
for the use of their tissue in this research. The basic information
from the patients, including age, sex, and colitis location, is sum-
marized in Supplementary Table 4.

Animals

Male C57BL/6 ] wild-type mice, aged 6-8 weeks, were purchased from
GemPharmatech Co., Ltd, Chengdu, China. Tox?” mice were con-
structed by Cyagen Biosciences Inc., China, and Arrb2” and Rag2” mice
were constructed by GemPharmatech Co., Ltd, China with male mice
aged 6-8 weeks used. The mice were housed in plastic cages with five
animals per cage and fed with standard chow and water ad libitum in
specific pathogen-free grade animal rooms. Mice were kept under a
12 h light/dark cycle-controlled atmosphere. The Animal Care and Use
Committee of West China Hospital, Sichuan University approved all
animal experimental procedures.

HUVEC culture and treatment

Human umbilical vein endothelial cells (HUVEC) obtained from the
American Type Culture Collection (ATCC) were cultured in DMEM/F12
medium containing 10% fetal bovine serum and 1% penicillin/strepto-
mycin at 37 °C under an atmosphere of 5% CO,. The drug intervention
group was treated with 1 uM SAR247799 for 18 h and then stimulated
with 200 ng/ml TNF-a (novoprotein, Cat. No. CO08). shRNA sequence:
CAAGAGTATGTTTGTCGAAACAAACATACTCCCTTCCCGC. Cells were
collected for mRNA detection after 24 h of treatment. Three biological
replicates were performed.

Mouse colitis models, monitoring, and endoscopy

Colitis was induced with an oral administration of 2.5% (W/V) dextran
sodium sulfate (DSS, MP Biomedicals, UK) in drinking water for the
indicated period, after which the water containing DSS was replaced
with normal drinking water. In TNBS experiments, colitis was induced
in mice by intrarectal administration of 2.5% (w/v) TNBS (Sigma,
p2297) in 50% ethanol. Mice were immunized with TNBS (150 pl) pre-
sensitization solution dissolved in acetone and olive oil in a 4:1 volume
ratio by vortexing rigorously.

In the T cell adoptive transfer colitis model, naive CD4" T cells
were purified with fluorescence-activated cell sorting, labeled with
fluorescent antibodies, and sorted for CD4*, CD45RBhigh, and CD25
cells as the non-activated, naive T cell population. Inject 2 x 10° naive
CD4" T cells intraperitoneally (i.p.) into the recipient Rag2” mice in a
200 pL volume of sterile PBS and monitoring disease progression for
4-6 weeks. Body weight and DAI scores were measured and recorded
daily for each group of mice'®. In all DSS experiments involving 5-ASA
100 mg/kg, FTY720 0.3 mg/kg, ozanimod 1 mg/kg (Selleck, China), and
SAR247799 (Hebei Yaocheng Pharmaceutical Technology Co., Ltd)
treatment, mice were assigned randomly to the vehicle or drug-treated
groups. As determined from the multiple experiments conducted for
colitis models, the effect sizes were very robust and good statistical
outcomes were achievable. Colonoscopy was performed on experi-
mental mice using a flexible video mini-endoscopic system (URF-V3;
Olympus). Murine endoscopic index of colitis severity (MEICS) was

used to score for colitis'®.

Bleomycin-induced pulmonary fibrosis-like mice model

To induce pulmonary fibrosis, C57BL/6 )] mice (6-8 weeks old) were
intratracheally injected with saline or bleomycin (Selleck, S1214) at a
dose of 3 mg/kg body weight'®. After the instillation, the anesthetized
mice were kept 30 min on a warm bed for recovery. The experimental
animals were monitored daily for adverse clinical signs, including body
weight, appearance, hydration status, and behavioral changes. Fol-
lowing bleomycin injury, SAR247799 (1mg/kg) and pirfenidone
(300 mg/kg) were delivered by intragastric administration once
per day for 14 days. On day 14, mice were sacrificed, lung tissues were
collected for further measurements.

LPS and PPE induced COPD-like mice model
Mice were exposed to LPS and PPE to induce COPD-like injury'®.
Briefly, mice were lightly anesthetized with isoflurane prior to
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intranasal delivery of PPE (1.2 U in 50 pl phosphate buffer saline [PBS]
i.n.) and LPS (7 pg in 50 pl PBS i.n., both from Sigma-Aldrich) on day 1;
this treatment regimen was performed for four consecutive weeks as
shown in Fig. 8g. Control mice received the same volume of PBS on the
indicated days. SAR247799 (1 mg/kg) administration was started 1 day
before LPS/PPE injection and was administered by oral gavage daily for
four weeks. Subsequently, the lungs were carefully excised after per-
fusion with ice-cold PBS and fixed in 4% paraformaldehyde for further
use. Weight changes in mice were monitored daily during the
experiments.

Quantitative real-time PCR (qQRT-PCR)

Total RNA was extracted with TRIzol (Thermo Fisher Scientific)
according to the manufacturer’s protocol, followed by capillary elec-
trophoresis quality control (NanoDrop 2000; Thermo Fisher Scien-
tific). RNA (1pg) was reverse transcribed using a PrimeScript RT
reagent kit with gDNA Eraser (Takara Bio; RRO47A). RT-PCR reactions
were carried out with gene-specific primers (Qing Ke Bio, see Supple-
mentary Table for primer sequences) mixed with SYBR Green PCR
Master Mix (Takara Bio; RR820), according to the manufacturer’s
protocol. Samples were run in triplicates in a LightCycler 96 PCR sys-
tem (Roche). mRNA expression was normalized using ACTB. Analysis
was performed using the AACt method. Primer was listed in Supple-
mentary Table 5.

Histology, immunofluorescence staining

Human and mouse tissues were fixed with 4% paraformaldehyde in
PBS, embedded in paraffin, sectioned, and stained. The collection and
utilization of paraffin-embedded colon sections from individuals with
IBD and healthy controls were approved by the local Ethics Committee
and Review Board of West China Hospital (Approval No. 2024[500]).
Histopathological analysis of paraffin-embedded was performed in
lung sections stained with Masson’s trichrome staining and periodic
acid-Schiff (PAS) staining using standard procedures. Immuno-
fluorescence was performed on formalin-fixed, paraffin-embedded
colon tissues. For immunofluorescence, samples were cryosectioned,
blocked, and then stained with SIPR1 (MA5-32587, Invitrogen), CD31
(ab281583, Abcam), CD3 (17617-1-AP, proteintech), Vcaml (MA5-11447,
Invitrogen), Icaml (ab171123, Abcam) and E-selectin (PA5-106911, Invi-
trogen) antibody. Images were captured using an Olympus BX600
microscope (Olympus Corporation, Tokyo, Japan) and SPOT Flex
camera (Olympus Corporation, Tokyo, Japan) and were analyzed with
ImagePro Plus (version 6.0, Media Cybernetics) software. The scores of
inflammatory infiltrations, lesion depth, crypt destruction, and lesion
range were evaluated”’.

Evans blue assay for endothelial permeability

Evans blue dye (Sigma-Aldrich, 20 mg/kg in 100 ul PBS) was
injected via the tail vein of the mice. After 30 min of injection,
mice were anesthetized with isoflurane, and the distal two-thirds
of the colons were examined using a small-animal video endo-
scope (URF-V3, Olympus). The colon tissues were then harvested,
weighted and incubated in 1 mL of formamide (Sigma-Aldrich) at
55°C overnight. The Evans blue dye was extracted from colon
tissues with formamide and was measured by absorbance at
620 nm according to a standard curve. Vascular endothelial per-
meability was calculated as the weight of Evans blue dye in one
gram of colon tissues.

Hydroxyproline assay

Hydroxyproline levels in the upper lobe of the right lungs were
determined by alkaline hydrolysis using a kit from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China) according to the manu-
facturer’s instructions.

Flow cytometry

After the animal experiment, lamina propria mononuclear cells (LPMC)
were isolated from mice with fresh colonic lamina propria suffering
from different treatments as previously described'®*. In brief, the
colons were exercised, cut along the intestinal axis, washed with cold
PBS twice, and cut into small pieces. Then the small colon specimens
were incubated in Ca/Mg-free Hank’s balanced salt solution (HBSS,
Sigma-Aldrich) containing 30 mM ethylenediminetetraacetic acid
(EDTA, Sigma-Aldrich) and 1.5 mM dithiothreitol (DDT, Sigma-Aldrich)
three times at 37 °C for 10 min under shaking. After that, LPMCs were
isolated from the remaining tissue. The tissues were digested in a
shaker with RPMI (Gibco) medium contain 20% FBS, 1mg/mL col-
lagenase IV, and 0.05mg/mL DNAase at 37°C for 30 min. Subse-
quently, the samples were filtered through 40 pm cell strainers,
washed using PBS, resuspended in 4 mL 40% Percoll (Sigma-Aldrich),
and slowly added over an 80% Percoll solution. The mononuclear cell
suspensions from 40-80% Percoll interface were harvested, and
LPMCs were obtained by centrifugation at 500 x g and 4 °C for 8 min.
Finally, the cells were blocked and stained with fluorescently label
monoclonal antibodies for 30 min at 4 °C in the dark, and the anti-
bodies as follows: anti-CD45-BV510, anti-CD3-AF700, anti-CD4-BV650,
anti-CD8-BV785, anti-FVS-APC-cy7 (all antibodies from eBioscience).
The final cells were measured on a Cytek Aurora (BD, Biosciences) and
analyzed with FlowJolO software. To evaluate immunophenotypic
analyses of PBMCs from mouse peripheral blood, the cells were
stained using the antibodies described above.

Colonic biopsies organoid culture

De-identified endoscopic tissue biopsies were collected from grossly
unaffected (macroscopically regular) areas of the colon in patients
undergoing endoscopy for gastrointestinal complaints. The collection
and use of colonic biopsies from IBD patients for the generation of
organoids were approved by the local Ethics Committee and Review
Board of West China Hospital (Approval No. 2023[1081]). Informed
consent was written from all patients for the use of their tissue in this
research. Tissue was digested in 2 mg/ml collagenase I for 40 min at
37 °C followed by mechanical dissociation, and isolated crypts were
resuspended in growth factor-reduced Matrigel (Becton Dickinson)
and polymerized at 37 °C. Organoids were grown in expansion med-
ium consisting of advanced DMEM F12 supplemented with L-WRN
conditioned medium (50% vol/vol, ATCC, caft. no. CRL-3276), gluta-
max (Thermo, 35050061), 20 mM HEPES (Gibco, 15630130), murine
epidermal growth factor (50 ng/ml), N2 supplement, B27 supplement,
10 nM human [Leul5]-gastrin I, 1 mM n-acetyl cysteine, 10 mM nicoti-
namide, 10 pM SB202190, 500 nM A83-01'%,

mRNA sequencing

RNA from tissues was extracted using the peqGOLD total RNA kit (VWR
International). RNA integrity and quantity were assessed using the
Nanodrop. Qubit RNA HS assay and the Bioanalyzer 2100 system
(Agilent Technologies). A total amount of 1pg RNA per sample was
used as input material for the RNA sample preparations. Sequencing
libraries were generated using NEBNext Ultra RNA Library Prep Kit for
Illumina (New England Biolabs) following the manufacturer’s recom-
mendations and index codes were added to attribute sequences to
each sample. PCR was performed with Phusion High-Fidelity DNA
polymerase (New England Biolabs), Universal PCR primers, and Index
Primer. PCR products were purified (AMPure XP system), and library
quality was assessed on the Agilent Bioanalyzer 2100 system. The
clustering of the index-coded samples was performed on a cBot
Cluster Generation System using PE Cluster Kit cBot-HS (Illumina)
according to the manufacturer’s instructions. After cluster generation,
the library preparations were sequenced on an Illumina platform, and
paired-end reads were generated.
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Clean data (clean reads) were obtained by removing reads con-
taining adapter and poly-N sequences and reads with low quality from
raw data. At the same time, Q20, Q30, and GC content of the clean data
were calculated. All downstream analyses were based on clean data
with high quality. Reference genome and gene model annotation files
were downloaded from the genome browser website (National Center
for Biotechnology Information, University of California Santa Cruz or
Ensemble). Paired-end clean reads were mapped to the reference
genome using HISAT2 software (version 2.0.5). featureCounts (version
1.5.0-p3) was used to count the read numbers mapped for each gene.
Transcript per Kilobase per Million mapped reads (TPM) of each gene
were calculated on the basis of the length of the gene and reads counts
mapped to this gene. TPM considers the effect of sequencing depth
and gene length for the read counts at the same time and is currently
the most commonly used method.

RNA-seq and scRNA-seq analysis

Differential gene expression analysis for expression profiling by
array with Student’s ¢ test and for raw counts with DESeq2 (ver-
sion 1.38.3) in R (version 4.2.3). concurrently, non-duplicate
samples were analyzed using GFOLD (version 1.1.4) for differ-
ential gene expression analysis. The cutoff criteria for identifying
differentially expressed genes (DEGs) were set as follows: P< 0.05
and |logFC|=1 or |GFOLD|>2 and E-FDR=1 (for non-duplicate
samples). GOBP and KEGG enrichment analyses were carried out
by clusterProfiler (version 4.6.2) package of R. Download the
GOBP datasets from MSigDB (Molecular Signatures Database),
and used RNA-seq data for GSVA analysis using the R package
GSVA (version 1.46.0). We utilized the mMCP-counter (version
1.1.0) package in R to estimate the composition of immune and
stromal cells in murine samples, aiming to assess the infiltration
of stromal and immune cells in the RNA-seq data. scRNA-seq data
were processed and analyzed with the R package Seurat (ver-
sion 4.0.5).

Constructs

The truncated human SIPRI genes (UniProt code: P21453) with resi-
dues 1-338 were cloned into the pFastBacl vector for protein expres-
sion. To facilitate SIPR1 receptor expression and purification, A
haemagglutinin (HA) signal sequence, a Flag epitope tag sequence, and
T4 lysozyme (T4L) were sequentially fused at the N-terminus of the
receptor'®. The human full-length Gay; with four dominant-negative
mutations (S47N, G203A, E245A, A326S) were cloned into the pFast-
Bacl vector'®”'°, Human full-length GB; with the N-terminal hex-
ahistidine-tag and the human full-length Gy, were cloned into the
pFastBac-Dual vector (Invitrogen). For the BRET-based Gil dissociation
assay, the full-length human SIPR1 genes were cloned into the
pcDNA3.1 vector, with the hemagglutinin (HA) signal peptide and Flag
tag in the N terminus of the receptor. NanoLuc (Nluc) was fused to
Ga;-Nluc, and mVenus was fused at the N terminus of Gy,. For the
NanoBiT B-arrestin2 recruitment assay, Nluc was split into a large
fragment (LgBiT) and a small fragment (SmBiT). The LgBiT and SmBiT
was fused to the C-terminus of SIPR1 and to the N terminus of -
arrestin2, respectively. The mutants of SIPR1 for functional assays were
generated using the ClonExpress Il One Step Cloning Kit (Vazyme
Biotech, C214-01).

Expression and purification of SIPR1-Gi complexes

The Bac-to-Bac Baculovirus Expression System was used to gen-
erate high-quality recombinant baculoviruses and express the
SIPR1-Gi complexes in this study. The Spodoptera frugiperda Sf9
insect cells were coinfected the S1PR1, Ga;; and GB/Gy, baculo-
viruses at a 1:1:1 ratio when cell density was 2.7 x 10° cells per mL
and cultured at 27 °C, 140 rpm for 48 h. Then, the infected cells
were collected by centrifugation at 2000 x g for 10 min, and the

pellets were stored at — 80 °C for further purification. To prepare
the SIPR1-Gi complexes, the pellets were resuspended with lysis
buffer containing 20 mM HEPES pH 7.5, 50 mM NacCl, 5 mM CacCl,,
5mM MgCl,, 25mU/ mL apyrase (NEB), protease inhibitors
(100 pg/mL leupeptin, 160 pg/mL benzamidine) and 40 uM
SAR247799 and incubated for 2 h at room temperature. The cell
pellets were collected at 22,000 x g centrifugation for 10 min and
solubilized in buffer containing 20 mM HEPES pH?7.5, 100 mM
NaCl, 25 mU/mL apyrase, protease inhibitors,10% (w/v) glycerol,
1% (w/v) lauryl maltose neopentyl glycol (LMNG), 0.2% (w/v)
cholesteryl hemisuccinate (CHS) and 40 uM SAR247799 for 2 h at
4°C. After centrifugation at 65,000 xg for 20 min, the super-
natant was collected and incubated with M1 anti-FLAG antibody
resin (Sigma-Aldrich) for 2 h at 4 °C. The resin was washed with 20
column volumes of wash buffer containing 20 mM HEPES pH 7.5,
100 mM NacCl, 0.00375% (w/v) LMNG, 0.00075% (w/v) CHS, 5%
glycerol, 40 pM SAR247799 and protease inhibitors. The complex
was eluted with the wash buffer supplemented with 10 mM EDTA
and 0.2 mg/mL Flag peptide followed by concentration and sub-
jected into a Superpose 6 Increase 10/300 GL (Cytiva) size-
exclusion chromatography (SEC) column with SEC buffer con-
taining 20 mM HEPES pH7.5, 100mM NaCl, 0.00375% (w/v)
LMNG, 0.00125% (w/v) GDN, 0.00075% (w/v) CHS, 5% glycerol,
40 uM SAR247799, and protease inhibitors. The peak fractions of
S1PR1-Gi complexes from SEC were collected and concentrated
using an Amicon Ultra Centrifugal Filter (MWCO, 100 kDa).

Cryo-EM specimen preparation

For cryo-EM grids preparation, three microliters of the purified
SAR247799-S1PR1-Gi complex were applied onto glow-discharged
holey carbon grids (300 mesh R1.2/1.3, Quantifoil). After a 2.5 s bolt-
ing with the paraments of 100% humidity at 4 °C, the grids were
plunge-frozen into liquid ethane using Vitrobot Mark IV (Thermo
Fisher).

The prepared grid was transferred to Titan Krios cryo-electron
microscope (Thermo Fisher) equipped Gatan K2 Summit detector. The
micrographs were collected at 300 kV with a nominal magnification of
x 165,000 and a pixel size of 0.85 A. The total exposure dose was 65.1
e/A?, with a defocus ranging from -1.0 ym-18pm, and 40 frames
were recorded for each movie stack.

Data processing and map construction

For the SAR247799-S1PR1-Gi complex, 4652 movie stacks were motion-
corrected using MotionCor2'” and estimated the Contrast Transfer
Function(CTF) parameters by Gctf". Particles were auto-picked using
RELION-4.0", yielding 1,974,519 particles. After a round of 2D classi-
fication, 1,479,292 particles were retained. The retained particles
underwent rounds of Ab-Initio reconstruction and heterogeneous
refinement in cryo-SPARC™. The best class characterized by high-
quality complex density containing 215,808 particles, was selected for
non-uniform refinement and local refinement, resulting in a map with a
global resolution of 3.47 A at a Fourier shell correlation of 0.143. The
process procedure is shown in Supplementary Fig. 11.

Model building and structure refinement

The initial model for the SIPR1-Gi complex was generated using the
cryo-EM structure of the siponimod-bound S1PR1-Gi complex (PDB ID:
7EVY). After model fitted into the corresponding EM density maps
using UCSF chimera X', the real-space refinement and manual
adjustment were performed by Coot™ and Phenix™. The structural
diagrams in Figs were performed by PyMol and UCSF Chimera X.

Molecular dynamics (MD) simulation
The initial model of receptor-ligand complex for MD simulation was
taken from this paper. Two pseudo positions of ligand were also used
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for simulation. All models were oriented by running PPM 2.0 (PMID:
21890895) and embedded into 75%  palmitoyl-oleoyl-
phosphatidylcholine (POPC)-25% cholesterol lipid bilayers in cuboid
shapes with dimensions of approximately 7.5nm x7.5nm x10.0 nm.
The simulation systems were supplemented with an ion concentration
of 0.15M Na(l, solvated in the TIP3P water model, and neutralized by
replacing water molecules with ions. All the MD simulation systems
were constructed using the CHARMM-GUI"*' web interface utilizing
the CHARMM36m"® force field and performed GROMACS 2022.3
package'’. Every atom was assigned a velocity randomly and inde-
pendently in the systems. The steepest descent algorithm was
employed to minimize the energy of the system. To equilibrate the
system, an NVT ensemble was run for 2500 ps with a time step of 1fs,
followed by an NPT ensemble at 310.15K and 1bar. The final systems
were undergoing an MD simulation for 200,000 ps at 310.15K and
1bar. The gmx rms utility was used to analyze the RMSD and distance of
the trajectory.

BRET-based Ga;;-Gy, dissociation assay

S1PR1-mediated Gay; protein signaling was monitored by BRET-based
Ga;-Gy, dissociation assay'®. In brief, CHO cells (American Type Cul-
ture Collection, ATCC) were transfected with a mixture of the receptor,
pcDNA3.1-Ga;-Nluc, pcDNA3.1-Gf3; and pcDNA3.1-Gy,-mVenus using
PEI transfection reagent (YEASEN, 40816ES02). After one day of
transfection, cells were seeded into white flat-bottom 96-well plates.
The next day, the medium was removed and replaced with HBSS buffer
(containing 20 mM HEPES, 5uM coelenterazine h). The BRET signals
were measured by the Synergy H1 microplate reader (BioTek) after
incubation for 30 min at room temperature. The BRET signal was cal-
culated as the ratio of light emission at 540 nm/460 nm. Data analysis
was performed using a simulation dose-response in GraphPad
Prism 9.0.

NanoBiT B-arrestin recruitment assay

S1PR1-mediated B-arrestin recruitment was measured by the NanoBiT
B-arrestin recruitment assay'”’. The C-terminal of SIPR1 was linked with
LgBiT, and the B-arrestin2 was inserted into SmBIiT at the N-terminus.
These vectors were transfected into CHO cells at a ratio of 1:1. After one
day of growth, the transfected cells were seeded into 96-well white
plates. The next day, the growth medium was substituted with HBSS
buffer (containing 20 mM HEPES, pH 7.4, with 5 uM coelenterazine h).
After a 30 min incubation, the luminescence signals were measured by
the Synergy H1 microplate reader (BioTek). Data were processed using
GraphPad Prism 9.0.

NanoBiT-based internalization assay

Agonist-induced SIPR1 internalization was examined by a
NanoBiT-based internalization assay'’®. The assay required mod-
ification of the N-terminus of the FYVE domain with LgBiT and
modification of the N-terminus of B-arrestin2 with SmBiT. After
24 h transient transfection with SIPR1 wild-type, pcDNA3.1-LgBiT-
FYVE, and pcDNA3.1-SmBIiT-B-arrestin2, cells were replated into
96-well plates. The following day, the culture medium was
removed and HBSS buffer (containing 20 mM HEPES, pH 7.4, with
5HUM coelenterazine h) was added. After incubating for 1h at
room temperature, the luciferase intensity was read on the
Synergy H1 microplate reader (BioTek) using the luciferase pro-
gram. Data were processed using the nonlinear regression dose-
response curves in GraphPad Prism 9.0.

Enzyme-linked immunosorbent assay (ELISA)

To measure the cell surface expression of SIPR1 and mutants, ELISA
assay was performed. Briefly, SIPR1 wild-type and mutants with a FLAG
tag attached to the N-terminus were expressed in CHO cells. Cells were
seeded in Poly-L-Lysine coated 96-well plates and grown overnight at

37 °C, 5% CO,. The next day, cells were washed with PBS twice and fixed
with 4% (w/v) formaldehyde for 10 min. Then, cells were blocked with
5% (w/v) BSA at room temperature for 1h. Next, anti-FLAG M2-HRP
conjugate was added to the plates (1:2,000, Sigma-Aldrich). After 1h
incubation, cells were washed with PBS and incubated with HRP sub-
strate 3,3’,5,5-tetramethyl benzidine (TMB). The reaction was termi-
nated by 2M H,SO,. The luminescence was measured using the
Synergy H1 microplate reader (BioTek). Values were normalized to the
wild-type receptor and graphed as a percentage of wild-type using
GraphPad Prism 9.0.

Statistical analysis

Box plots in this study represent display the median (horizontal
line), the 25th percentile (lower bound of the box), and the 75th
percentile (upper bound of the box). Whiskers represent 1.5 times
the interquartile range (IQR), and individual data points are
shown as jittered dots. Statistical significance between groups is
indicated by horizontal lines and p-values. Data points are color-
coded based on group identity. Except for the RNA-seq data and
scRNA-seq data analyzed using R for downstream analysis, all
data were presented as means * standard error of the mean (SEM)
and analyzed using GraphPad Prism 9.0 program (GraphPad
Software, San Diego, Canada). Data between two groups were
compared using a two-sided Student’s ¢ test, and data from more
than two groups were compared using two-way ANOVA with
multiple comparisons. Spearman’s rank correlation analysis was
used for correlation analysis. The adjusted P below 0.05 was
considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The single-particle cryo-EM coordinates and density map of
SAR247799-S1PR1-Gi have been deposited at the PDB and the Electron
Microscopy Data Bank under accession codes 8YIC and EMD-39313,
respectively. Microarray and scRNA-seq data were obtained from the
Gene Expression Omnibus (GEO), with the following accession codes:

GSE66407 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE66407), GSE59071, GSE114374, GSE148794, GSE231993,

GSE132771 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE132771), GSE213017, GSE17154.

The RNA-seq data from E-MTAB-9850 were obtained from
ArrayExpress. The RNA-seq data for mouse colons and human intest-
inal organoids generated in this study have been deposited in the
Genome Sequence Archive (GSA) database under the accession codes
“CRA017842” (https://ngdc.cncb.ac.cn/gsa/search?searchTerm=
CRA017842) and “HRA008746” (https://ngdc.cncb.ac.cn/search/
specific?db=hra&q =HRA008746), respectively. The data supporting
the findings from this study are available within the manuscript and its
supplementary information. Source data are provided in this paper.

Code availability

All code used to generate and analyze the data in this study utilizes
standard commands with publicly available platforms; no custom code
was utilized.
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