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Regeneration of hepatic sinusoidal vasculature is essential for non-fibrotic liver regrowth and
restoration of its metabolic capacity. However, little is known about how this specialized vascular
niche is regenerated. Here we show that activation of endothelial sphingosine-1-phosphate
receptor-1(S1P)) by its natural ligand bound to HDL (HDL-S1P) induces liver regeneration and
curtails fibrosis. In mice lacking HDL-S1P, liver regeneration after partial hepatectomy was impeded
and associated with aberrant vascular remodeling, thrombosis and peri-sinusoidal fibrosis.
Notably, this “maladaptive repair” phenotype was recapitulated in mice that lack S1P, in the
endothelium. Reciprocally, enhanced plasma levels of HDL-S1P or administration of SEW2871,

a pharmacological agonist specific for S1P, enhanced regeneration of metabolically functional
vasculature and alleviated fibrosis in mouse chronic injury and cholestasis models. This study
shows that natural and pharmacological ligands modulate endothelial S1P, to stimulate liver
regeneration and inhibit fibrosis, suggesting that activation of this pathway may be a novel
therapeutic strategy for liver fibrosis.

Introduction
Liver diseases that culminate in cirrhosis pose a major health problem worldwide (1-7). Effective strate-
gies to stimulate liver regeneration may provide a novel therapeutic option. The liver has the capacity
to regenerate after damage (8-19), and resection of 70% of liver mass in mammals by partial hepatec-
tomy (PH) induces rapid regrowth of functional liver tissue. Liver regeneration requires complex interac-
tions between replicating hepatocytes and expanding non-parenchymal cells such as stellate cells (1, 2,
18, 20), vascular endothelial cells (ECs) (21-27), and hematopoietic cells (6, 28, 29). Disruption of the
hepatocyte-endothelium crosstalk in the injured liver frequently results in impaired regeneration and mal-
adaptive healing (3, 30-35), which is characterized by the formation of scar tissue (fibrosis) (1, 2, 28, 29,
36-38), ultimately leading to the clinical condition of cirrhosis. Therefore, identification of key cellular
and molecular mechanisms involved in hepatic regeneration is an important goal in the development of
novel strategies to control liver-related diseases (39-41).

The regenerating liver relies on regrowth of functional sinusoidal vascular network that distributes
the blood flow between systemic and portal circulation. Dysfunctional hepatic vascular system not

doi:10.1172/jci.insight.87058 1



. RESEARCH ARTICLE

70% partial Liver

B —e— Wild-type (WT) C —— WT
hepateclomy Regeneration 1.4 A * /-
_— = —o— Apom ~ 307 —=— Apom
w3 212 . C
\ £1.0 £ 25
VEGFR3 TN £08 220
VE-cadherin® = 06 oy
liver sinusoidal —_— o - B 15
endothelial cell ™ 504 8
(LSEC) & 02 l/—>+——— 10 +tmrm—————
Qx % 0 2 4 6 8 0 2 4 6 8
e Day after PH Day after PH
D —-wr E PH Day 5 F PHDays5 G PH Day 5
2110 =O- Apom =030 — ggg P<0.02 P<0.02
= oletel 2 2 2 2 £ - = : = £
B o ; 5 £0.25 2 700 - >
2 80 : 55" 2 500 Z
3 70 S g % 0.15 4001 .
€ 60 S00 % £ 0.10 = 3001 2
= o 20.05 & 100 0
< 02 46 8 3 e =
Day after PH wTt Apom
H |
S 607 p<0.05
50
Liver E 40
30
(PH Day 8) g s
VEGFR3 % 10
B4-isolectin &
DAPI

W
o o

-
o

% of VEGFR3Isolectin®
(perfused LSEC) area
[3%]

o

WT Apom”

Figure 1. Regeneration of liver mass and vascular structure in mice deficient of HDL component ApoM after partial hepatectomy (PH). (A) Strategy to
test liver regeneration in mice with genetic depletion of ApoM (Apom™"). Both Apom™- and wild-type (WT) control mice were subjected to surgical resection
of 70% liver mass (partial hepatectomy, PH). To perform PH, three most anterior lobes (right medial, left medial and left lateral lobes) (which comprise
70% of the liver weight) were resected without injuring the blood supply to the caudate and the right lobes. Restoration of functional liver mass and
vascular architecture after PH was analyzed in both mouse genotypes. Histological analysis of the liver from WT and Apom™- mice after sham operation

is shown in Supplemental Figure 1A. (B-G) Recovery of liver weight (B), body weight (C), mouse survival rate (D), restoration of hepatic function (E), and
extent of liver parenchymal injury (F and G) in Aporn”- and WT mice at indicated time points after PH. Levels of plasma bilirubin and serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) were measured to examine hepatic function and liver damage. N = 6-8 mice per group. Each
dot in the dot plot indicates individual animal throughout all figures. Statistical difference was determined by One way ANOVA throughout Figure 1. (H and
1) Sinusoidal vascular regeneration in hepatectomized mice. Expression of VEGFR3, a specific marker of liver sinusoidal endothelial cell (LSEC) was tested
by immunostaining. To examine functional sinusoidal vessels that are perfused, 2 mg/kg B4-Isolectin binding to endothelial cell surface was intravenously
(i.v.) injected into the mice after PH. Representative image of immunostaining is shown in H, and percentage of VEGFR3* and isolectin® vascular area was

quantified in (I). Note the increased lumen size in non-perfused isolectin"VEGFR3" liver sinusoidal vasculature of Apom?- mice after PH. N = 5 mice per
group. Scale bar =50 pm.

only suppresses metabolic activity of the liver (42—44) but also induces thrombotic (45, 46) and fibrotic
responses (3, 33, 47-50). In particular, hepatic sinusoids are lined with specialized liver sinusoidal endo-
thelial cells (LSECs). As such, functional remodeling of replicated LSEC to connect with the existing
vascular system is crucial for liver regeneration. However, how hepatic sinusoidal vascular expansion
and remodeling are regulated during liver regeneration and fibrogenesis is not well defined.
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Figure 2. Sinusoidal vascular regeneration is impaired in Apom”- mice, compared to control groups. (A) Accumulation of platelets in WT and Apom™
groups after PH. Deposited platelets on LSEC was tested by immunostaining of platelet marker CD41 and endothelial VE-Cadherin. Scale bar = 50 um.
Quantification of platelet distribution is shown in Supplemental Figure 2A. (B) Ultrastructure of LSEC in WT and Apom- groups after PH was analyzed by
transmission electron microscopy. Note that after PH, Apom~- mice exhibited distorted morphology of LSECs, increased LSEC-hepatocyte distance (dashed
line), and higher level of perivascular matrix protein (inset). Black arrow and red arrowhead indicate the borders of LSEC and hepatocyte, respectively. Scale
bar = 5 um. (C and D) Protein levels of fibronectin and fibrin f-chain was examined by immunoblot and quantified by optical density analysis. N = 6-8 mice
per group. Statistical difference was determined by One way ANOVA. (E) Loss of HDL component ApoM in mice leads to “maladaptive vascular remodel-
ing” in the liver after PH, prohibiting liver regeneration and causing fibrotic injury. This vascular response is characterized by increased peri-sinusoidal
deposition of matrix protein, platelet cells, and fibrin clots.

The lipid mediator S1P regulates diverse endothelial functions such as barrier function, vascular matu-
ration and flow signaling (51-58). Plasma S1P is chaperone-bound and signals via S1P receptors to elicit
downstream effects. SIP receptor 1 (S1P)) is highly expressed in ECs. HDL-bound S1P acts as a biased
agonist of endothelial S1P , triggering unique signaling response coupled to p-arrestin to inhibit vascular
inflammation and pathology (53). This tissue-protective, homeostatic role of HDL-S1P-endothelial S1P,
pathway led us to hypothesize that ligand-dependent modulation of endothelial S1P, drives regenerative
remodeling of LSEC and prevents fibrosis after PH and liver injury.

Results

Deficiency of HDL constituent ApoM in mice (Apont””) inhibited liver regeneration after PH. To test the contribution
of HDL-bound S1P in liver regeneration, we first utilized PH model that induces regeneration of residual
hepatic lobes without perturbing the integrity of LSEC (Figure 1A) (24). We subjected Apom’- mice, which
lack HDL S1P-binding component, Apoliprotein M, and control wild-type (W7T) mice to PH. Liver tissue
from Apom’- mice exhibited similar morphology to control liver after sham operation (Supplemental Figure
1A; supplemental material available online with this article; doi:10.1172/jci.insight.87058DS1). In contrast,
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Figure 3. Fibrosis in Apom knockout (Apom™) and transgenic mice (Apom TG) after bile duct ligation (BDL)-induced biliary epithelial injury. (A)
Approach to test the influence of ApoM on fibrosis in mouse BDL model. BDL injury was induced by ligating and resecting common bile duct. Fibrosis was
analyzed at indicated time points after BDL. (B and C) After BDL, hepatic damage was assessed in WT, Apom~- and Apom TG mice overexpressing 10-fold
of physiological ApoM level. Sirius red staining (B) and serum levels of AST and ALT (C) were used examine collagen deposition and liver injury of indicated
mouse groups, respectively. Scale bar = 50 um in Figure 2. N = 6-8 mice per group. Statistical difference was determined by One way ANOVA. (D) Tile scan
confocal image of stained liver section of WT, Apom~- and Apom TG mice 21 days after BDL. Fluorescently labeled B4-Isolectin was i.v. injected into mice

5 minutes before sacrificing to label perfused blood vessel. Liver cryosection was stained with antibody recognizing a-smooth muscle actin (SMA). Global
distribution of fluorescence in the liver section was analyzed by tile scan confocal microscopy.

regenerative responses after PH were significantly inhibited in Apom’- mice compared to the control group,
as evidenced by decreased liver weight, increased animal lethality, and elevated levels of plasma bilirubin and
serum Aspartate aminotransferase (AST) and Alanine aminotransferase (ALT) (Figure 1, B-G, and Supple-
mental Figure 1B). These data suggest that HDL-S1P promotes functional recovery of liver mass after PH.

Impaired new vascular formation in hepatectomized Apom™’~ mice is associated with perivascular fibrosis and
thrombosis. We and others previously showed that one of the key steps of liver regeneration is the repli-
cation of LSEC to expand the hepatic sinusoidal vascular network (24, 25). More importantly, nascent
LSECs need to assemble into perfused sinusoidal vessels to allow hepatic blood circulation, which requires
complex interactions between existing vascular system and surrounding parenchymal and stromal cells. We
therefore characterized the nascent LSEC in Apom”’- and WT mice after PH.

To measure whether the hepatic vasculature is perfused by blood after PH, 2 mg/kg of Griffonia
simplicifolia lectin (B4-isolectin) was intravenously (i.v.) injected into hepatectomized mice. Isolectin
signal was visualized in liver cryosections after co-staining with LSEC marker VEGFR3 (Figure 1H).

insight.jci.org  doi:10.1172/jci.insight.87058
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Figure 4. Fibrosis and vascular structure in WT, Apom™”-, and Apom TG mouse liver after BDL. (A-C) Hepatic SMA protein level in indicated mouse groups
was tested by immunoblot. Representative immunoblot image is presented in (A), and quantification is shown in (B) and (C). N = 6-8 mice per group.
Statistical difference was determined by One way ANOVA throughout Figure 4. (D-F) Peri-sinusoidal accumulation of SMA, vascular ultrastructure, and
deposition of platelets after BDL were examined by immunostaining of VEGFR3 and SMA (D), transmission electron microscopy (E), and CD41 staining (F).
Arrow in panel E indicates LSEC in the injured liver. Scale bar = 5 um (E), 50 um (D and F). Quantification of SMA and platelet deposition in the injured liver
are shown in Supplemental Figure 2, B and C. (G and H) Vascular perfusion in Apom TG and control mice after BDL. B4-Isolectin was i.v. injected to identify
perfused sinusoidal vessel. Percentage of isolectin*VEGFR3* vascular area is quantified (H). Scale bar = 50 pm; N= 4-6 mice per group.
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The emergence of functional LSECs perfused by hepatic blood flow was determined by identifying
VEGFR3* LSECs bound by isolectin (VEGFR3*Isolectin® LSECs). After PH, the liver of Apom’- mice
exhibited morphologically distorted and functionally non-perfused VEGFR3" sinusoidal vasculature
(Figure 1I). Therefore, ApoM contributes to the regeneration of perfused liver vasculature and restora-
tion of functional liver tissue.

The aberrant growth of hepatic sinusoidal vasculature led us to analyze the vascular ultrastructure
after PH by transmission electron microscopy (TEM). Compared to control mouse liver exhibiting prop-
erly positioned LSECs and hepatocytes, LSEC morphology of Apom”’- mice appeared fragmented with
enlarged sinusoidal lumen size (Figure 2A). In addition, increased LSEC-hepatocyte distance and perivas-
cular deposition of extracellular matrix (ECM) were observed, suggesting that lack of HDL-bound S1P
could cause liver fibrosis. Indeed, immunostaining showed that LSECs of hepatectomized Apom’- mice
were closely associated with the ECM protein fibronectin and higher accumulation of platelets and fibrin
clots (Figure 2, B-D, and Supplemental Figure 2A). Therefore, Apom”’- mice that lack HDL-bound S1P
show attenuated hepatic sinusoidal vascular regeneration after PH, leading to a “vascular maladaptive
remodeling” phenotype with characteristics of perivascular fibrosis, thrombosis, and formation of non-
functional dilated sinusoidal vasculature (Figure 2E).

doi:10.1172/jci.insight.87058 5
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mice, resulting in S1P,-GFP reporter mouse. Then S1P,-GFP reporter mouse underwent PH and sham procedures. (C) After PH, S1P, signaling (GFP) was
mainly localized in VEGFR3* LSECs, suggesting the role of LSEC S1P, pathway in modulating liver regeneration. Scale bar = 50 um.
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ApoM exhibits anti-fibrotic function in mice after biliary injury. The phenotype in Apom”’- mice after PH sug-
gests an anti-fibrotic role of ApoM and HDL-bound S1P in liver repair. We therefore used the bile duct liga-
tion (BDL), a clinically relevant liver cholestasis model, to define how ApoM affects fibrosis in the injured
liver, especially phenotypes accompanying aberrant LSEC remodeling (Figure 3A). Common bile duct was
ligated and resected to cause biliary epithelial damage. There was significant collagen deposition, enhanced
serum levels of AST and ALT, and upregulation of a-smooth muscle actin (SMA) in the control mouse
liver after BDL, as measured by Sirius red staining, SMA immunostaining and immunoblot (Figure 3, B-D,
and Figure 4, A-D). Notably, hepatic expression of collagen and SMA protein were markedly upregulated
in Apom”’- mice but drastically lower in Apom transgenic mice (Apom TG) and control liver (Supplemental
Figure 2B). As such, circulating ApoM reduces fibrogenic response during BDL-induced cholestatic injury.

We then set out to analyze hepatic vascular ultrastructure by TEM in WT and Apom TG mice after
BDL. In WT mice, hepatic sinusoidal structure was perturbed by BDL, with a disruption of LSEC layer
and compromised cellular structure (Figure 4E). This morphological change was alleviated in Apom TG
mice. There was also markedly lower extent of platelet deposition and fibrin clot accumulation in Apom TG
liver than that of control mice (Figure 4F, and Supplemental Figure 2C). In fact, sinusoidal vascular perfu-
sion was improved in Apom TG mice, with ameliorated hepatic damage compared to control group (Figure
4, G and H). Therefore, higher level of HDL-bound S1P which is carried by ApoM, prevents “vascular
maladaptive remodelling”, alleviating fibrosis after liver cholestatic damage.

Activation of ApoM-SIP, pathway in LSEC is essential for endothelial regeneration without causing fibrosis.
The influence of ApoM on sinusoidal vascular phenotype implicates that ApoM promotes liver repair
via modulating LSEC function. S1P bound to ApoM-containing HDL acts as a biased agonist for endo-
thelial S1P, signaling (53). Thus, we tested activation of S1P signaling in LSEC after PH with a S1P| sig-
naling reporter mouse (Figure 5, A and B) (59). This reporter mouse measures signaling by endogenous

insight.jci.org  doi:10.1172/jci.insight.87058 6
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Figure 6. ApoM-S1P, pathway prevents Rho activation in mouse LSEC after PH and BDL injury. (A and B) Activation of Rho pathway in LSEC after PH (A)
and BDL (B) was determined by co-staining of phosphorylated myosin light chain (p-MLC) and VE-cadherin. Loss of ApoM (Apom™") causes Rho activation
in LSEC after PH, and overexpressing ApoM (Apom TG) decreases endothelial Rho activity in BDL-injured liver (B); Scale bar = 50 um. (C) ApoM-endothelial
S1P, pathway prevents activation of Rho signaling in LSEC during liver repair.

S1P, — a readout that integrates S1P, expression and ligand availability. In this system, genomic S1P is
replaced with S1P linked at the C terminus to the tetracycline-controlled transactivator (tTA). The link-
age possesses a Tobacco Etch Virus (TEV) protease cleavage site, and the mice also express a f-arrestin/
TEV protease fusion protein. Activated S1P, recruits the B-arrestin/ TEV protease fusion, which releases
the tTA, and in turn stimulates expression of a stable histone 2B (H2B)-GFP. Using this S1P, signaling
reporter, we uncovered that PH preferentially stimulated S1P, (GFP) signaling in VEGFR3* LSECs
(Figure 5C). implicating the possible contribution of endothelial S1P, signaling in hepatic and LSEC
regeneration following PH.

Since S1P, activation strongly induces the small GTPase Rac, which is antagonistic to the stimuli that
activate the Rho GTPase (60, 61), we studied the involvement of Rho pathway in ApoM-endothelial S1P,
signaling in LSECs. Phosphorylation of myosin light chain (p-MLC), a key downstream target of endo-
thelial Rho pathway activation (62) was tested in VE-cadherin* LSEC after both PH and BDL. Compared
to control mice, Apom”’- mice showed markedly enhanced level of p-MLC in LSEC at day 4 and 6 after PH
(Figure 6A). Reciprocally, p-MLC level in LSEC of Apom TG mice was substantially lower than control
animals following BDL injury (Figure 6B). These data suggest that HDL-bound S1P activation of endo-
thelial cell suppresses the Rho pathway, driving pro-regenerative endothelial remodelling and bypassing
fibrotic and thrombotic injuries (Figure 6C).

Mice with endothelial cell-specific SIP, deficiency (S1prI“*/“¥) recapitulates phenotype of Apom’ mice after
PH. Thus, we sought to formally explore the functional influence of endothelial S1P, in liver regenera-
tion and repair. Endothelial cell (EC)-specific knockout of Siprl mice were generated by breeding floxed
Slprl (SIprl”") mice with mice carrying tamoxifen-responsive Cre®*? recombinase driven by EC-specific
VE-cadherin/Cdh5 promoter (Cdh5-(PAC)-Cref®™2) (27). To induce EC-specific genetic deletion of Siprl,

insight.jci.org  doi:10.1172/jci.insight.87058 7
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Figure 7. Liver regeneration is suppressed in mice with inducible endothelial cell-specific deletion of S1pr1 (STpr1E</1AE€), (A) Generation of inducible EC-
specific deletion of S7pr1in adult mice. Floxed S7pr7 (S1pr1"f) mice were bred with Cdh5-Cre®®™ mice carrying tamoxifen response-Cre driven by EC-specific
Cdh5/VE-cadherin promoter. Treatment of resultant mouse offspring with 200 mg/kg tamoxifen led to selective deletion of S7pr7in ECs (STpr1AE/iAEC) Sqpr1f
mice without Cre were similarly treated with tamoxifen and used as control group. Histology of the liver from control and S1pr14E/4EC mice that received
sham operation is presented in Supplemental Figure 3A. (B-D) Recovery of liver mass (B), body weight (C) and survival rate (D) of hepatectomized control
and S1prTAEC/iAEC mice. N= 7-8 animals per group. Statistical difference was determined by One way ANOVA throughout Figure 7. (E-G) Levels of plasma
bilirubin and serum AST and ALT in STpr14E/4EC and control mice after PH. N=7-9 animals per group. (H-}) Sinusoidal vascular perfusion in S7pr7AE/4€¢ gnd
control mice after PH. Perfused vasculature was identified by examining distribution of i.v. injected B4-isolectin and VEGFR3 staining in the liver. Represen-
tative image and quantification of VEGFR3*isolectin* LSECs area are shown in (I) and (J), respectively. Scale bar = 50 um. N= 6-7 animals per group. (K) Rho
pathway was activated in LSEC of S1pr7“E/AEC mice after PH, as evidenced by increased level of p-MLC in VE-cadherin* LSEC. Scale bar = 50 pum.

resultant S/pr1”'Cdh5-(PAC)-Cre®®? mice were intraperitoneally treated with 200 mg/kg tamoxifen. This
procedure generated mice with inducible EC-specific deletion of Siprl (S1prI*E/EC), Tamoxifen-treated
SIpr1”'Cre mice (sex/age/weight matched littermate mice) were utilized as controls (Figure 7A).

Compared to control mice, liver mass recovery in SIpr[*E/“E€ mice was significantly attenuated, which
was accompanied by higher levels of plasma bilirubin, serum AST and ALT, as well as lower survival rate
after PH (Figure 7, B-G). Of note, there is negligible difference in liver morphology between control and
S1prI“E¢/2EC mice (Supplemental Figure 3, A and B). Density of perfused LSEC (VEGFR3*isolectin®)
and activation of Rho pathway were compared between hepatectomized control and S1prI*F*/“EC mice
by immunostaining (Figure 7, H-K). Moreover, livers from S1prI“**/“FC mice exhibited markedly higher
p-MLC level in LSEC and lower number of functional LSEC than those from control mice after PH, sug-
gesting the essential role of endothelial SIP| signaling in suppression of the Rho pathway and stimulating
the regeneration of functional LSEC.

We then examined the fibrotic and thrombotic injury in Sipr/*E<AEC mice after PH. The maladaptive remod-
eling of hepatic sinusoidal vasculature was observed in SIpr/*E¢/“EC mice by transmission electron microscopy
(Figure 8A). Immunostaining and immunoblot of fibronectin, platelet marker CD41, and fibrin f-chain further
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Figure 8. Development of fibrosis in hepatectomized S7pr7*t%/*E¢ mice. (A and B) Distribution of peri-sinusoidal matrix protein in hepatectomized
S1pr1E/AEC gnd control mice. Transmission electronic microscopy was used to examine the morphology of liver sinusoids after PH (A), and peri-sinusoidal
matrix protein expression was determined by immunostaining of both VEGFR3 and fibronectin (B). Scale bar = 5 um (G), 50 um (B). (C-E) Accumulation of
platelet cells, fibrin clots, and fibronectin protein in the liver of indicated mouse groups after PH. Immunostaining of CD41 and immunoblot of fibrin and
fibronectin were used to measure thrombosis and matrix deposition in the liver. Protein levels were quantified (E), and statistical difference was deter-
mined by One way ANOVA. Scale bar = 50 um. N = 7-8 mice per group. Quantification of platelet distribution is shown in Supplemental Figure 3D.

demonstrated the increased peri-sinusoidal fibrosis and thrombosis in hepatectomized SIpr/*E</“EC€ mice (Fig-
ure 8, B-E and Supplemental Figure 3, C and D). Therefore, hepatic sinusoidal vascular regeneration in
S1pr[AEC/AEC mice recapitulates “vascular maladaptive remodeling” phenotype of Apom’ mice after PH.

S1P, agonist administration enhanced functional hepatic mass regeneration and suppressed fibrosis in Apom”
mice. The similar phenotypes observed in both Apom’- and S1prIi*E“/*E€ mice after PH suggested a direct
relationship between HDL-bound S1P with endothelial S1P, signaling. Thus, we hypothesized that the
defective liver regeneration seen in Apom’- mice could be attributable to the impaired endothelial S1P,
signaling caused by the absence of HDL-bound S1P. If this is true, activation of S1P  with pharmaco-
logical agonists will likely rescue the phenotype of Aponr’- mice. Indeed, administration of S1P, agonist
SEW2871 enhanced the restoration of liver weight, prolonged animal survival, and augmented hepatic
function recovery in Apom”’- mice after PH (Figure 9, A—C). Of importance, the regeneration of hepatic
sinusoidal vasculature was also augmented by SEW2871, which was associated with decreased fibrosis
and thrombosis (Figure 9, D-F, and Supplemental Figure 3E). These data suggest that ApoM*HDL is
epistatic to endothelial S1P, to promote liver regeneration.

Effect of S1P, agonist SEW2871 on BDL-induced fibrosis was then tested in Aponr’- mice. Oral admin-
istration of SEW2871 prevented the disruption of sinusoidal vasculature in Apom’- mice after BDL (Figure
9G). Sinusoidal vascular perfusion was also preserved in Apom’- mice after SEW2871 treatment (Figure
9H), implicating the pro-regenerative function of S1P, downstream of ApoM in hepatic vascular re-growth.
These pharmacological and genetic “loss and gain of function” studies strongly suggest the critical contri-
bution of endothelial S1P, to hepatic sinusoidal vascular regeneration. Loss of this essential pro-regenera-
tive pathway leads to a dysfunctional endothelial niche, resulting in maladaptive vascular remodeling that
provokes fibrosis and thrombosis in the liver (Figure 91).

Effect of SIP, agonist SEW2871 in WT mice after cholestasis and chronic liver injury. To fully establish the
translational value of endothelial S1P, signaling in hepatic repair, we tested the efficacy of SEW2871 in
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Figure 9. Effect of S1P, agonist SEW2871 on liver regeneration and fibrosis in Apom’- mice. (A-C) Mouse survival rate (A), recovery of liver weight (B),

and restoration of hepatic function (C) were tested in Apom™ mice after oral gavage of S1P, agonist SEW2871 or vehicle after PH. Plasma bilirubin level
was measured to examine the functional recovery of liver mass. N = 6-8 mice per group. 10 mg/kg/day SEW2871was administered via oral gavage for
seven days immediately after BDL and another seven days between day 14 and day 21. P < 0.05 between vehicle and SEW2871 treated groups in B and C.
Statistical difference was determined by One way ANOVA. (D-F) Sinusoidal vascular structure and platelet cell deposition in hepatectomized ApoM/-

mice treated with SEW2871. Vascular perfusion and platelet distribution in the liver were determined by staining of LSEC marker VEGFR3, i.v. injected
B4-isolectin (D and E), and platelet marker CD41 (F). Immunostaining image is shown in (D), and perfused LSEC number was measured by quantification of
VEGFR3Isolectin® area percentage (E). SEW2871improved the perfusion of VEGFR3* LSEC in Apom”~ mice. Note that S1P, agonist treatment also reduced
platelet cell number in the liver of Apom/- mice (Supplemental Figure 3E), suggesting the alleviated thrombosis. N = 5 mice per group. Scale bar = 50 um.
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(G and H) SEW2871 reduced maladaptive vascular remodeling and associated fibrosis in Apom”- mouse liver after BDL. Vascular morphology alteration in
treated Apom™- mice was assessed by electron microscopy (G), and collagen deposition was measured by Sirius red staining (H). BDL disrupted the sinu-
soidal vasculature structure in Apom’- mice, and SEW2871 attenuated this maladaptive vascular remodeling, resulting in a sinusoidal structure displaying
unperturbed cell junction (arrow) and endothelial morphology. Scale bar = 5 pm (G), 50 um (H). (I) HDL-bound S1P and pharmacological agonist specific for
S1P, modulates liver regeneration. Perturbation of this pro-regenerative endothelial S1P, pathway prohibits sinusoidal vascular regeneration and evokes a
maladaptive vascular remodeling instigating fibrosis and thrombosis.

normal WT mice in BDL model. Treatment of WT mice with SEW2871 promoted activation of endo-
thelial S1P, activation (GFP expression in S1P -GFP mice) (Figure 10A) and attenuated Rho activation
in LSEC as determined by p-MLC staining (Figure 10B). SEW2871 also prevented hepatic parenchymal
damage after BDL, as demonstrated by lower levels of serum ALT, AST and bilirubin than vehicle treated
mice (Figure 10C). Consequently, both thrombosis and fibrosis in the damaged liver were alleviated by
administration of SEW2871 after BDL (Figure 10, D and F).

The anti-fibrotic effect of SEW2871 was subsequently assessed in a repeated liver injury model. Hep-
atotoxin carbon tetrachloride (CCl,) was intraperitoneally (i.p.) administered to WT mice for ten times
to induce chronic liver injury (Figure 11A). Fibrosis and vascular perfusion were compared between
SEW2871 and vehicle-treated animals. SEW2871 improved hepatic vascular perfusion and reduced SMA
protein level in the CCl -injured livers (Figure 11, B and C). Improved vascular function by SEW2871 was
associated with reduced liver fibrosis (Figure 11, D and E). As such, administered SEW2871 activates
S1P, signaling in LSEC after liver injury, enhances regeneration of sinusoidal vasculature, and ameliorates
hepatic damage and associated fibrosis.

Discussion

Regeneration of the liver requires formation of perfused vascular system. Our study demonstrates that
activation of the endothelial S1P, receptor by either its natural ligand (HDL-bound S1P) or pharmaco-
logical agonist SEW2871 promotes hepatic regeneration and attenuates fibrosis. The contribution of HDL
constituent ApoM in this process underscores the delicate control of sinusoidal vessel assembly by S1P, in
liver regeneration. HDL-bound S1P was recently shown to act as a biased agonist of endothelial S1P, to
initiate B-arrestin-dependent anti-inflammatory responses (53). In the current study, we provide evidence
that ApoM*HDL stimulates the formation of new sinusoidal vessel after PH and BDL, and endothelial
S1P, is needed for the circulating HDL-bound S1P to drive the assembly of nascent LSECs into metaboli-
cally functional vasculature.

Here we show that lipoprotein HDL regulates the formation of perfused and metabolically functional
LSECs. Endothelial S1P, responds to the circulating HDL-bound S1P to drive the formation and remod-
eling of functional LSECs. Requirement of both HDL and S1P in this process underscores the complex
control of sinusoidal vessel assembly in liver regeneration. Considering that liver is the major metabolic
organ that synthesizes HDL, it is likely that HDL produced by expanding hepatocytes stimulates regenera-
tion via activation of S1P, on sinusoidal vessels (63, 64). This finding might advance our understanding
of hepatocyte-LSEC signaling crosstalk (24, 25, 65) that promotes regeneration and prevents fibrosis, and
targeting of maladapted vascular system might spur regeneration and prevent fibrosis (31, 66—69).

There might be multi-step feed-forward loops involved in the drastically exacerbated fibrosis in Apom
knockout mice after injury. First, immediately after BDL, lack of Apom in mice (absence of HDL-bound
S1P) causes more severe vascular dysfunction and occlusion in the damaged liver (due to impaired endo-
thelial S1P, signaling). Then, this vascular dysfunction exacerbates the existent cholestic liver injury by
triggering more vascular damage, including fibrin clot formation, vascular occlusion, and deposition of
perivascular matrix protein. Subsequently, increased vascular stress reinforces the existent liver injury to
impose more damage to the liver, increasing fibrosis progression rate. As a result, enhanced fibrosis in
the damaged Apom’ liver markedly disrupts vascular perfusion. The improved hepatic repair in injured
Apom knockout mice by S1P, agonist SEW2871 also helped to establish the epistatic relationships between
ApoM and S1P, signaling in liver regeneration.

Here we have found that S1P, agonist SEW2871 reduces liver damage and fibrosis in both cholestasis
and chronic hepatotoxin-mediated injury models. SEW2871 also restores the defective liver regeneration
in mice lacking ApoM after PH. The beneficial effect of SEW2871 in all these tested liver repair models
suggests that S1P1 signaling is largely connected to limiting liver damage regardless of etiology. Thus,
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Figure 10. SEW2871 promotes liver repair in WT mice after BDL injury. (A) Activation of S1P, signaling by SEW2871in mouse LSEC after BDL. S1P1-GFP
mice were treated with SEW2871 and subjected to BDL, GFP was co-stained with LSEC marker VEGFR3. Scale bar = 50 um. (B-F) SEW2871 reduced Rho
activation in LSEC (B), prevented liver damage (C), decreased thrombosis (D) and fibrosis (E and F) in WT mice following BDL. Rho activation was tested
by staining of p-MLC, thrombosis was assessed by immunostaining of CD41, and liver fibrosis was determined by sirius red staining and measurement of
hydroxyproline level; Scale bar = 50 um. N = 11 mice per group in panel € and F, and statistical difference was determined by One way ANOVA.

triggering this important hepatogenic ApoM-endothelial S1P, pathway might provide effective therapeu-
tic avenues for fibrosis-related hepatic diseases. In contrast to other S1P receptor-targeted compounds
that suppress immune cell trafficking by functional antagonism of lymphocyte S1P, receptor, SEW2871
is a much less potent as a functional antagonist (70). In the future, this finding can be extended by testing
new generations of biased S1P, agonist in broader scenario of liver repair.

Whether HDL-S1P affects S1P receptors on other liver cell types such as stellate cells (1, 2, 18, 20)
are not known at present. In this context, it was shown that signaling via S1P, and S1P, receptors in these
cells may drive fibrogenic responses (71). These two receptor subtypes are coupled to distinct downstream
signaling effectors and therefore drive the expression of pro-fibrogenic genes such as Ctgfvia the Hippo/
Yap signaling pathway (72, 73).

Thus, the generation of S1P and its chaperones in the liver, together with signaling by HDL-bound S1P
on S1P receptors expressed in various liver cell types constitutes a finely balanced signaling system involved
in maintaining metabolic homeostasis, inducing regeneration, as well as preventing pathological remodel-
ing events (63, 74). Ligand-based pro-regenerative property of endothelial S1P, is pharmacologically trac-
table and could help to design novel treatments for fibrosis-related liver disorders.

Methods

Endothelial cell (EC)-specific gene deletion strategy. C57BL/6J mice were obtained from Jackson Laboratories.
SIprI" mice were previously described (54) and crossed with Cdh5-(PAC)-Cre®*™? mice (27) to establish the
Cre*S1pr!”’ mice and control SIpr!”/ mice. To induce endothelial cell-specific knockdown of Sipl, gener-
ated Cre*SIprl"/ mice and control Sipr// mice were treated with tamoxifen. Briefly, 6-week-old male and
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Figure 11. SEW2871 decreases liver fibrosis in WT mice after repetitive injection of carbon tetrachloride (CCI,). (A) Chronic liver injury was induced in
mice by injection of CCl, every three days for 10 injections. Mice were sacrificed at day 40 after first injection. SEW2871was given to mice after third injec-
tion. (B-E) SEW2871 restored vascular perfusion and prevented liver fibrosis after repeated CCl, injection. Vascular perfusion was tested by visualization
of i.v. injected B4-isolectin (B and C), and fibrosis was determined by measuring levels of SMA (B and C), Collagen (D), and hydroxyproline (E) in the injured
liver. Veh, vehicle. Scale bar = 50 pm. N = 11 mice per group in panel C and E, and statistical difference was calculated by One way ANOVA.

female mice were treated with tamoxifen intraperitoneally at a dose of 200 mg kg™' in sunflower oil for 6
days, and interrupted for 3 days after the third dose. After 3 days of rest, the fourth dose was injected for an
additional 3 days. After three weeks of tamoxifen treatment, deletion of target genes in ECs was corrobo-
rated by quantitative PCR, and mice were used for PH, BDL, and CCl, treatment.

Mouse liver regeneration model. Mouse PH model was used to induce liver regeneration (24). Mice were
anaesthetized by 100 mg/kg intraperitoneal ketamine and 10 mg/kg xylazine. Midline laparotomy was
performed in the anaesthetized mice, and three most anterior lobes (right medial, left medial and left lateral
lobes) containing 70% of the liver weight were surgically removed. Briefly, after opening the upper abdo-
men and the exposure of the liver, the left lobe to be removed was lifted. A 5-0 silk suture tie (Roboz) was
placed under the lobe and positioned to the origin of the lobe. After three knots were tied, the tied lobe
distal to the suture was resected by a microdissecting scissor. This surgical procedure was then repeated for
the other median lobes to complete PH procedure. Following surgical removal of 70% of liver mass, the
peritoneum was re-approximated, and the skin was closed. Sham-operated mice underwent laparotomy
without lobe resection.

Regeneration of liver mass and function was assessed by measuring the weight of residual liver lobes and
mouse body weight and levels of plasma bilirubin, serum AST and ALT at indicated time points after PH.

Liver injury and fibrosis models. Six to eight-week-old mice were subjected to bile duct ligation to induce
mouse cirrhotic liver injury model (31). To perform BDL, mice were subjected to a mid-abdominal inci-
sion, under general anesthesia. The common bile duct was ligated in two adjacent positions approximately
1 cm from the porta hepatis. The duct was then severed by incision between the two sites of ligation.
Repeated injections of CCl, were used to induce chronic liver injury (31). CCl, was diluted in oil to yield
a concentration of 40% (0.64 mgml™") and injected to mice every three days at a dose of 1.6 mg/kg. Mice
were sacrificed 10 days after the 10th CCl, injection, and the livers were harvested for analysis of morphol-
ogy and fibrosis.

To selectively induce S1P, activation, 10 mg/kg/day SEW2871 was administered via oral gavage.
Stock solution of SEW2871 was dissolved in 10% DMSO/25% Tween 20 (v/v). This solvent was used
as vehicle for comparison. 10 mg/kg/day SEW2871 was administered to both Apom knockout and WT
mice via oral gavage for seven days immediately after BDL and another seven days between day 14
and day 21. 10 mg/kg SEW2871 was also administered into W7 mice after third injection of CCl, and
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every two days thereafter till last injection. At indicated days, mice were killed and whole liver tissues
were harvested for fibrosis analysis. Collagen I deposition was tested by Sirius red staining, and SMA (5
png/ml, Abcam, CA, catalogue number ab5694), fibronectin (5 pg/ml, Abcam, CA, catalogue number
ab2413) protein levels were measured by immunoblot. Fibrin f-chain was detected by monoclonal anti-
body Clone 350 from American Diagnostica (5 pg/ml), which recognizes fibrin neotope on beta-chain.

Measurement of fibrosis. Liver fibrosis was assessed after CCl, injection and BDL. Collagen deposition
was determined by Sirius red staining, and hepatic hydroxyproline level was measured (31, 66). Liver
lobes were weighed, homogenized, and baked in 12 N hydrochloric acid. Obtained samples were added to
1.4% chloramine T in 0.5 M sodium acetate/10% isopropanol (Sigma) and then incubated with Erlich’s
solution at 65 °C. Absorbance at 540 nm wavelength was measured and comparing to hydroxyproline
standard curve, Content of hydroxyproline in tissue lysate was quantified based on the liver weight. Sirius
red staining on liver section was carried out, following the protocol of Lilai Biology (Chengdu, China)
and Histoserv (Germantown, MD) (24, 65, 75, 76).

Immunostaining and histological analysis of liver cryosections. Liver tissues were harvested for histological
analysis (24, 31). Mouse tissues were fixed with 4% PFA and cryopreserved in OCT. For immunofluo-
rescent (IF) microscopy, the liver sections (10 um) were blocked (5% donkey serum/0.3% Triton X-100)
and incubated in primary Abs: anti-CD41 (mAb, 5 pg/ml, BD Biosciences, CA, Clone MWReg30), anti-
VE-cadherin polyclonal Ab (10 pg/ml, R&D Systems, MN, Catalogue number: AF1002), anti-VEGFR3
(mADb, 5 pg/ml, Imclone, NY, Clone mF4-31C1), anti-fibronectin (5 pg/ml, Abcam, CA, Catalogue number:
ab2413), anti-SMA (5 pg/ml, Abcam, CA, Catalogue number: ab5694), and anti-pMLC (5 ug/ml, Cell
Signaling, Catalogue number: 3674S). After incubation in fluorophore-conjugated secondary antibodies (2.5
ug/ml, Jackson ImmunoResearch, PA), sections were counterstained with DAPI (Invitrogen, CA).

Image acquisition and analysis. Histology analysis and Sirius red staining of liver slides were captured
with Olympus BX51 microscope (Olympus America, NY), and fluorescent images were recorded on Axio-
Vert LSM710 confocal microscope (Zeiss). Co-staining of VE-cadherin with SMA and desmin was car-
ried out. Digital images were analyzed using Image J (NIH, MD). Investigators that performed mouse
liver regeneration and repair experiments and who determined the extent and pattern of cell proliferation
and activation were randomly assigned with animal samples from different experimental groups and were
blinded to the genotype of samples.

Statistics. All data were presented as the mean + standard error of mean (S.E.M). Comparisons between
different groups were made using One way ANOVA. Statistical significance was set at P<0.05.

Study Approval. All animal experiments were performed under the guidelines set by the Institu-
tional Animal Care and Use Committee at Weill Cornell Medicine, New York, and Sichuan University,
Chengdu, China.
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