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Abstract

Chronic kidney disease (CKD), characterized by sustained inflammation and progressive fibrosis, 

is highly prevalent and can eventually progress to end-stage kidney disease. However, current 

treatments to slow CKD progression are limited. Sphingosine 1-phosphate (S1P), a product of 

sphingolipid catabolism, is a pleiotropic mediator involved in many cellular functions, and drugs 

targeting S1P signaling have previously been studied particularly for autoimmune diseases. The 

primary mechanism of most of these drugs is functional antagonism of S1P receptor-1 (S1P1) 

expressed on lymphocytes and the resultant immunosuppressive effect. Here, we documented the 

role of local S1P signaling in perivascular cells in the progression of kidney fibrosis using primary 

kidney perivascular cells and several conditional mouse models. S1P was predominantly produced 

by sphingosine kinase 2 in kidney perivascular cells and exported via spinster homolog 2 (Spns2). 

It bound to S1P1 expressed in perivascular cells to enhance production of proinflammatory 
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cytokines/chemokines upon injury, leading to immune cell infiltration and subsequent fibrosis. A 

small-molecule Spns2 inhibitor blocked S1P transport, resulting in suppression of inflammatory 

signaling in human and mouse kidney perivascular cells in vitro and amelioration of kidney 

fibrosis in mice. Our study provides insight into the regulation of inflammation and fibrosis by 

S1P and demonstrates the potential of Spns2 inhibition as a treatment for CKD and potentially 

other inflammatory and fibrotic diseases that avoids the adverse events associated with systemic 

modulation of S1P receptors.

INTRODUCTION

Chronic kidney disease (CKD) is a condition characterized by deterioration of kidney 

function with sustained inflammation and progressive fibrosis in the kidneys that affects 

nearly 10% of the population worldwide (1, 2). CKD is a major public health problem 

because it can eventually progress to end-stage kidney disease, which requires dialysis or 

kidney transplantation, and it is also a strong risk factor for cardiovascular disease (3, 

4). The precise mechanisms of CKD progression remain poorly understood, and current 

treatments to slow CKD progression are limited and nonspecific (5). Consequently, the 

outcomes in patients with CKD remain poor (6).

Sphingosine 1-phosphate (S1P), a product of cell membrane sphingolipid catabolism, is a 

pleiotropic mediator involved in a variety of cellular functions such as adhesion, migration, 

inflammation, and proliferation in many cell types (7-9). S1P is generated from sphingosine 

intracellularly by sphingosine kinases 1 and 2 (SphK1 and SphK2). S1P is exported from 

cells by spinster homolog 2 (Spns2) (10) or major facilitator superfamily 2b (Mfsd2b) (11) 

and acts on five G protein–coupled S1P receptors, S1P1 to S1P5, to affect various cellular 

functions. S1P signaling is a validated drug target: Fingolimod (FTY720), which is an 

S1P1, S1P3, S1P4, and S1P5 agonist, was approved in 2010 by the U.S. Food and Drug 

Administration as the first oral drug for treatment of relapsing-remitting multiple sclerosis 

(12, 13). Fingolimod induces sustained internalization and degradation of lymphocyte S1P1, 

resulting in decreased S1P1 expression (14). Because sensing the S1P gradient between 

the lymph and secondary lymphoid organs via S1P1 is critical for lymphocyte egress into 

lymphatic circulation (15), S1P receptor modulators such as fingolimod inhibit the egress 

of auto-reactive lymphocytes from secondary lymphoid organs and suppress their migration 

into the inflamed tissue to slow the progression of autoimmune diseases.

Fingolimod has also been investigated as a treatment for kidney diseases. The drug 

is effective against acute kidney injury (AKI) (16-18) and kidney fibrosis (19, 20) in 

different animal models. However, fingolimod failed in late-stage clinical trials of kidney 

transplantation due to decreased graft function and increased rates of adverse effects 

compared with standard care (21-23). Serious adverse effects of fingolimod include initial 

dose bradycardia and, infrequently, macular edema. The former is due to the initial agonistic 

effect of fingolimod on S1P1, resulting in activation of the G protein–coupled inwardly 

rectifying potassium channels on atrial myocytes (24), whereas the latter has been ascribed 

to decreased vascular barrier function by functional antagonism of endothelial S1P1 (25). 

Thus, alternative strategies are desirable for the development of drugs targeting S1P 

Tanaka et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2023 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



signaling for patients with kidney disease. One such strategy is inhibition of SphK2. Our 

group and others have shown that Sphk2−/− or wild-type mice treated with an SphK2 

inhibitor were protected against kidney fibrosis (26, 27); however, the mechanism whereby 

SphK2 contributes to the progression of kidney fibrosis—and why its blockade is protective

— remain uncertain.

Bone marrow chimera studies have suggested that Sphk2 deletion in kidney resident cells 

contributes to the protection against kidney fibrosis in Sphk2−/− mice (27). Thus, we 

hypothesized that SphK2 in proximal tubular epithelial cells or perivascular cells (pericytes/

fibroblasts) contributes to kidney fibrosis progression, because those populations play a 

critical role in this context (28, 29). In the current study, our results in conditional mouse 

models suggested that SphK2 in kidney perivascular cells is important for the progression 

of kidney fibrosis. In vitro, both genetic ablation and inhibition of SphK2 suppressed 

production and release of proinflammatory cytokines/chemokines from primary mouse 

kidney perivascular cells when they were stimulated with Toll-like receptor 2/4 (TLR2/4) 

agonists or damage-associated molecular patterns (DAMPs) released from injured kidneys. 

Furthermore, we identified Spns2 as the S1P transporter expressed in kidney perivascular 

cells and found that S1P in the extracellular space binds to S1P1 expressed in these cells 

to enhance inflammatory signaling on injury. We also used a small-molecule inhibitor of 

Spns2 that suppressed inflammatory signaling in kidney perivascular cells in vitro and 

ameliorated kidney fibrosis in vivo. The anti-inflammatory effect of SphK2 inhibition and 

Spns2 inhibition was recapitulated in primary human kidney perivascular cells.

Together, we demonstrated that the SphK2/S1P/Spns2/S1P1 axis enhanced inflammatory 

signaling in perivascular cells after injury, which aggravated immune cell infiltration and 

subsequent fibrosis in the mouse kidney. Our study provides insight into the regulation of 

inflammation and fibrosis by S1P and suggests that Spns2 inhibition could be a promising 

therapy for the treatment of kidney fibrosis and potentially other inflammatory and fibrotic 

diseases.

RESULTS

SphK2 in kidney perivascular cells plays an important role in the progression of kidney 
fibrosis

Proximal tubular epithelial cells and perivascular cells (pericytes/fibroblasts) play a critical 

role in the progression of kidney fibrosis (28, 29). To investigate the contribution of 

SphK2 in proximal tubule and perivascular cells to the progression of kidney fibrosis, we 

crossed Sphk2flox mice (30) with Pepck-Cre (31) and Foxd1-Cre (29) mice to selectively 

delete Sphk2 in proximal tubular epithelial cells and perivascular cells in the kidney, 

respectively. First, Pepck-Cre;Sphk2fl/fl (Sphk2PTECKO) mice and Cre-negative littermate 

controls (Sphk2PTECWT) (fig. S1, A and B) were subjected to unilateral (left) kidney 

ischemia-reperfusion injury (IRI), followed by contralateral (right) nephrectomy on day 

13, and collection of the IRI (left) kidney and blood on day 14 (fig. S1C). IRI kidneys of 

Sphk2PTECWT and Sphk2PTECKO mice had the same extent of increased collagen deposition 

as assessed by Masson’s trichrome (fig. S1D) and picrosirius red staining (fig. S1E) 

compared with sham-operated kidneys. Transcription expression of fibrosis markers Acta2 
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[α–smooth muscle actin (αSMA)], Col1a1 (collagen type I α1 chain), and Col3a1 (collagen 

type III α1 chain) was also increased in IRI kidneys of Sphk2PTECWT and Sphk2PTECKO 

mice to a similar degree (fig. S1F). Furthermore, elevated plasma creatinine concentrations 

were similar in Sphk2PTECWT and Sphk2PTECKO mice (fig. S1G). Together, these results 

demonstrated that SphK2 in proximal tubular epithelial cells does not play an important role 

in the progression of kidney fibrosis.

Next, we investigated a potential role of SphK2 in kidney perivascular cells (fibroblasts/

pericytes) in the progression of kidney fibrosis using Foxd1-Cre;Sphk2fl/fl (Sphk2PVCKO) 

mice and littermate controls (Sphk2PVCWT) (fig. S2, A to E). In the unilateral kidney IRI 

model (Fig. 1A), kidney fibrosis was ameliorated in Sphk2PVCKO mice compared with 

Sphk2PVCWT mice as shown by decreased collagen deposition (Fig. 1, B and C) with a 

decrease in expression of fibrosis markers (Fig. 1D) and in plasma creatinine concentrations 

(Fig. 1E).

Immune cells have a critical role in the progression of kidney fibrosis, and the protective 

effects of fingolimod in kidney fibrosis suggest that impairing S1P generation and signaling 

in these cells affect kidney outcomes (19, 20). We therefore sought to determine the 

specificity of Foxd1-Cre to the perivascular compartment and specifically to exclude 

the possibility that Foxd1-Cre was expressed in immune cells. We confirmed that Cre 

recombination did not occur in the bone marrow cells of Sphk2PVCKO mice (fig. S3). We 

also subjected Pdgfrβ-CreERT2;Sphk2fl/fl mice to unilateral IRI. Platelet-derived growth 

factor receptor-β is another established marker of perivascular cells with no expression 

in immune cells in adult mice (32, 33), and Pdgfrβ-CreERT2 mice have been previously 

validated (34-36). Pdgfrβ-CreERT2;Sphk2fl/fl mice showed attenuated kidney fibrosis 

compared with littermate control mice (fig. S4, A to C), recapitulating the phenotype of 

Foxd1-Cre;Sphk2fl/fl mice subjected to unilateral IRI-induced fibrosis. We further confirmed 

that neither plasma S1P concentrations (fig. S5A) nor the number of immune cells (B 

cells, CD4+/CD8+ T cells, and monocytes) in peripheral blood (fig. S5B) was different 

between Sphk2PVCWT and Sphk2PVCKO mice. The spleen (fig. S5, C and D) and inguinal 

lymph nodes (fig. S5, E and F) also showed no difference in terms of weight and fraction 

of immune cells (B cells, CD4+/CD8+ T cells, macrophages, and monocytes). The gating 

strategy is shown in fig. S6 (A and B). Last, staining of perivascular and endothelial cells 

excluded the possibility that the protection against kidney fibrosis in Sphk2PVCKO mice was 

attributed to alterations in vascular patterning at baseline (fig. S2, D and E). Together, these 

findings suggested an important role for SphK2 in kidney perivascular cells, not in immune 

cells, in IRI-induced kidney fibrosis.

The severity of the initial episode(s) of AKI is closely correlated with the extent of kidney 

fibrosis (CKD) that subsequently develops in animal models, such as after kidney IRI (37) 

and folic acid injection (38), and in humans (39, 40). Thus, we investigated whether the 

reduced kidney fibrosis in Sphk2PVCKO mice in the unilateral IRI model was attributed to 

reduced kidney injury in the acute phase of IRI. In a bilateral kidney IRI model (fig. S7A), 

Sphk2PVCKO mice showed the same severity of AKI [as assessed by histological injury score 

(fig. S7B), Havcr1 (kidney injury molecule-1, a representative marker of tubular injury) 

expression in the kidney (fig. S7C), and plasma creatinine concentrations (fig. S7D)] as 
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Sphk2PVCWT mice. There was also no difference in kidney Havcr1 expression at 24 hours in 

the unilateral IRI model between these two genotypes (fig. S7, E and F). These findings 

demonstrated that Sphk2 deletion in kidney perivascular cells ameliorates IRI-induced 

kidney fibrosis without affecting the severity of kidney injury in the acute phase.

We further confirmed the role of SphK2 in kidney perivascular cells in the progression of 

kidney fibrosis with the folic acid model of kidney fibrosis. Injection of folic acid (250 

mg/kg) into mice induces AKI and subsequent kidney fibrosis (27). Consistent with the 

unilateral IRI model, at 14 days after folic acid injection (Fig. 2A), Sphk2PVCKO mice 

exhibited a reduced kidney fibrosis than Sphk2PVCWT mice, as shown by decreased collagen 

deposition (Fig. 2, B and C), lower transcriptional expression of fibrosis markers (Fig. 

2D), and lower blood urea nitrogen (BUN) concentrations (Fig. 2E). Folic acid injection 

did not increase plasma creatinine at day 14 [0.10 ± 0.05 mg/dl (Sphk2PVCWT/vehicle, 

n = 4) versus 0.07 ± 0.03 mg/dl (Sphk2PVCKO/vehicle, n = 4) versus 0.11 ± 0.01 mg/dl 

(Sphk2PVCWT/folic acid, n = 13) versus 0.12 ± 0.02 mg/dl (Sphk2PVCKO/folic acid, n = 11)]. 

In contrast, at 24 hours after folic acid injection (fig. S8A), Sphk2PVCKO mice showed a 

similar severity of AKI compared with Sphk2PVCWT mice based on histology (fig. S8B), 

Havcr1 expression in the kidney (fig. S8C), and plasma creatinine concentrations (fig. S8D). 

In another subset of mice, no difference in plasma creatinine was observed on day 2 (0.44 

± 0.14 mg/dl versus 0.49 ± 0.19 mg/dl) and day 3 (0.41 ± 0.18 mg/dl versus 0.38 ± 0.04 

mg/dl) between Sphk2PVCWT versus Sphk2PVCKO mice (n = 4 to 6). Together, the data from 

the two AKI/CKD models suggested that SphK2 expressed in perivascular cells contributed 

to the progression of kidney fibrosis.

SphK2 enhances inflammatory signaling in kidney perivascular cells on injury and 
promotes macrophage infiltration and fibrosis in the kidney

To investigate the mechanism by which SphK2 in perivascular cells contributes to the 

progression of kidney fibrosis, primary perivascular cells were isolated from the kidneys 

of Sphk2PVCWT and Sphk2PVCKO mice. At baseline, Sphk2 showed greater transcription 

than Sphk1 (18.1 ± 3.6 times, n = 5 each) in primary wild-type kidney perivascular cells, 

and Sphk2-deficient perivascular cells had lower concentrations of S1P in cells and media 

than wild-type cells (Fig. 3A). Because kidney perivascular cells are the major source of 

myofibroblasts in fibrotic kidneys (29), Sphk2 deletion in kidney perivascular cells could 

prevent transdifferentiation into myofibroblasts and be responsible for the attenuation of 

kidney fibrosis observed in Sphk2PVCKO mice. However, genetic deletion (fig. S9A) or 

pharmacological inhibition (SLM6031434) (fig. S9B) (41) of Sphk2 in primary kidney 

perivascular cells did not affect αSMA expression, suggesting that transdifferentiation 

into myofibroblasts was not affected. Perivascular cells are also major innate immune 

sentinels in the kidney and produce proinflammatory cytokines/chemokines on injury in 

a TLR2/4-dependent manner to promote immune cell infiltration (especially monocytes/

macrophages) (42, 43), leading to persistent inflammation and progression of kidney fibrosis 

(44). Thus, we hypothesized that Sphk2 deletion suppresses inflammatory signaling in 

kidney perivascular cells, resulting in less kidney immune cell infiltration and ameliorated 

fibrosis. SphK2 but not SphK1 was up-regulated in kidney perivascular cells by treatment 

with lipopolysaccharide (LPS) (Fig. 3B and fig. S10A) or by IRI (fig. S10, B and C), 
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indicating that SphK2 may be involved in injury-induced inflammatory signaling in these 

cells. Consistent with our hypothesis, LPS stimulation resulted in increased transcription of 

proinflammatory cytokines and chemokines (Ccl2, Il6, Cxcl1, and Cxcl2) in perivascular 

cells, and this response was suppressed in Sphk2-deficient cells (Fig. 3C). We also 

stimulated cells with TLR2 agonists and kidney DAMPs released from injured kidneys 

[obtained by collecting extracellular molecules 24 hours after unilateral IRI (42, 45)]; Sphk2 
deficiency suppressed inflammatory transcript expression induced by these stimuli (Fig. 

3D). We further confirmed these findings by using enzyme-linked immunosorbent assay 

(ELISA) and found suppressed secretion of monocyte chemoattractant protein-1 (MCP-1), 

interleukin-6 (IL-6), and CXCL-1 from Sphk2-deficient cells (Fig. 3E). Nuclear factor 

κB (NF-κB) activation induced by LPS treatment was suppressed in Sphk2-deficient cells 

(Fig. 3F), possibly explaining the decreased production of proinflammatory cytokines and 

chemokines in these cells. In contrast, transcription and secretion of those proinflammatory 

molecules induced by LPS treatment were not different between primary tubular epithelial 

cells isolated from intact Sphk2PVCWT and Sphk2PVCKO mice (fig. S11, A and B). This 

result suggested that Sphk2 deletion in kidney perivascular cells did not affect inflammatory 

signaling in adjacent tubular epithelial cells on injury. Furthermore, treatment of wild-type 

kidney perivascular cells with a selective SphK2 inhibitor [SLM6031434 (41)] before LPS 

treatment recapitulated the phenotype of Sphk2-deficient cells (Fig. 3G). Pharmacological 

inhibition of SPHK2, the predominant isoform in human perivascular cells (fig. S12A), 

reduced S1P in the supernatant (fig. S12B) as well as transcription and secretion of 

proinflammatory molecules induced by treatment with TLR2/4 agonists (fig. S12, C and 

D) in primary human kidney perivascular cells. Together, these results suggested that SphK2 

enhanced inflammatory signaling in primary kidney perivascular cells when stimulated with 

TLR2/4 agonists or kidney DAMPs.

To confirm that SphK2 enhanced inflammatory signaling after injury in kidney perivascular 

cells in vivo, perivascular cells were isolated from IRI kidneys of Sphk2PVCWT and 

Sphk2PVCKO mice, and mRNA was immediately extracted and analyzed. Kidney IRI 

increased the expression of proinflammatory cytokines and chemokines in perivascular cells, 

and this response was suppressed in Sphk2PVCKO mice (fig. S13A), consistent with the 

results of ex vivo stimulation with TLR2/4 agonists and kidney DAMPs (Fig. 3, C and 

D). Less macrophage infiltration was seen in IRI kidneys of Sphk2PVCKO mice compared 

with Sphk2PVCWT mice (fig. S13B), confirming suppression of inflammatory signaling in 

Sphk2PVCKO mice (42).

To investigate the contribution of suppressed inflammatory signaling in kidney perivascular 

cells and decreased macrophage infiltration in the kidney to ameliorated kidney fibrosis 

in Sphk2PVCKO mice, we depleted phagocytic monocytes and macrophages with liposome 

clodronate beginning 2 days after unilateral IRI (fig. S14A). We previously showed that 

monocyte and macrophage depletion with this protocol ameliorated kidney fibrosis in the 

same model (46). As expected, treatment with liposome clodronate ameliorated kidney 

fibrosis with suppressed macrophage infiltration in Sphk2PVCWT mice, whereas there was 

no additional effect of Sphk2 deletion in perivascular cells in macrophage-depleted mice 

(fig. S14, B to F). These results showed that Sphk2 deletion in kidney perivascular cells 
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ameliorated kidney fibrosis through suppression of perivascular cell inflammatory signaling 

and kidney macrophage infiltration.

S1P/S1P1 signaling mediates inflammatory response in perivascular cells

Next, we hypothesized that S1P produced and secreted by kidney perivascular cells binds 

to its receptors expressed in perivascular cells to enhance inflammatory signaling. S1P 

supplementation to the medium of Sphk2-deficient cells almost completely reconstituted the 

proinflammatory cytokine response to LPS (Fig. 4A), further supporting our hypothesis. 

Next, we sought to identify which receptor(s) among S1P1 to S1P5 play a critical role. 

Kidney perivascular cells expressed S1pr1/2/3 (Fig. 4B), and this pattern was conserved 

in human cells (fig. S15A). Knockdown of S1pr1, but not S1pr2 or S1pr3 (fig. S15B), 

suppressed proinflammatory cytokine/chemokine production in LPS-treated wild-type cells 

(Fig. 4C), whereas these effects were not observed in Sphk2-deficient cells (Fig. 4D). 

S1P supplementation to the medium of Sphk2-deficient cells enhanced the inflammatory 

response to LPS, and S1pr1 knockdown almost completely blocked the effect of S1P 

supplementation (Fig. 4E), further supporting the role of the SphK2/S1P/S1P1 axis in 

enhancing inflammatory signaling. To confirm the importance of S1P/S1P1 signaling in 

kidney perivascular cells in vivo, we crossed S1pr1flox mice (47) with Foxd1-Cre mice 

to selectively delete S1pr1 in perivascular cells in the kidney, and Foxd1-Cre;S1pr1fl/fl 

(S1pr1PVCKO) mice and Cre-negative littermate controls (S1pr1PVCWT) were subjected to 

unilateral kidney IRI (Fig. 5A). S1pr1PVCKO mice showed amelioration of kidney fibrosis 

compared with control mice, as demonstrated by the decrease in collagen deposition (Fig. 

5, B and C), expression of fibrosis markers (Fig. 5D), and plasma creatinine concentrations 

(Fig. 5E), accompanied by suppressed macrophage infiltration (Fig. 5F), recapitulating the 

phenotype of Sphk2PVCKO mice. Together, these results suggested that S1P, predominantly 

produced by SphK2 in kidney perivascular cells, was transported into the extracellular space 

and then bound to S1P1 expressed in perivascular cells to enhance inflammatory signaling 

on injury.

Spns2 exports S1P from perivascular cells and Spns2 inhibition suppresses inflammatory 
response and ameliorates kidney fibrosis

Last, we investigated whether the S1P exporter expressed in kidney perivascular cells 

enables “inside-out” signaling of S1P. Spns2 was expressed in primary kidney perivascular 

cells in mice (Fig. 6A) and humans (fig. S16A), and genetic knockdown of Spns2 (fig. 

S16B) decreased S1P in the medium (Fig. 6B), suggesting that Spns2 is an S1P exporter 

in these cells. Treatment with LPS up-regulated Spns2 expression in perivascular cells (Fig. 

6C). This is consistent with recent single-cell RNA sequencing data of mouse injured 

kidneys showing robust Spns2 expression in activated fibroblasts (48) and implies an 

involvement of Spns2 in the inflammatory response in these cells. Knockdown of Spns2 
expression suppressed the inflammatory response to LPS in wild-type cells and S1P 

supplementation to the medium almost completely blocked the suppression (Fig. 6D). S1pr1 
knockdown in the setting of Spns2 knockdown and S1P supplementation suppressed the 

inflammatory response as well (Fig. 6D). These results suggested the inside-out signaling 

cascade involving SphK2, S1P, Spns2, and S1P1. To explore further the role of Spns2 in 

kidney perivascular cells in vivo, we crossed Spns2flox mice (49) with Foxd1-Cre mice to 
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delete Spns2 in kidney perivascular cells selectively, and Foxd1-Cre;Spns2fl/fl (Spns2PVCKO) 

mice and Cre-negative littermate controls (Spns2PVCWT) were subjected to unilateral kidney 

IRI (Fig. 6E). Spns2PVCKO mice showed decreased collagen deposition (Fig. 6F) and lower 

plasma creatinine concentrations (Fig. 6G) in IRI kidneys compared with control mice.

Because our observations suggested that S1P exported via Spns2 is an initial step in the 

inside-out signaling of S1P in kidney perivascular cells to enhance inflammatory response, 

Spns2 may be a drug target candidate. To explore this idea, we used a small-molecule 

Spns2 inhibitor [SLF1081851 (50) and fig. S17A] that evokes dose-dependent peripheral 

blood lymphocytopenia and a decrease in plasma S1P in mice (fig. S17, B and C), which 

is consistent with the phenotype of Spns2-deficient mice (49). Further, the compound is 

devoid of S1P1 agonist activity and its half-maximal inhibitory concentration (IC50) for 

release of S1P from U-937 monocytes is about 1 μM (fig. S17D). In mouse primary kidney 

perivascular cells, SLF1081851 inhibited S1P export in a concentration-dependent manner, 

as demonstrated by decreased S1P concentrations in the medium, whereas S1P intracellular 

concentrations were not affected (Fig. 7A) [in contrast to decreased S1P intracellular 

concentrations in Sphk2-deficient cells (Fig. 3A)]. Further, SLF1081851 treatment inhibited 

the inflammatory response to LPS in perivascular cells (Fig. 7B). In human perivascular 

cells, SLF108151 reduced inflammatory response to LPS measured by reduction in the 

production of proinflammatory cytokines/chemokines (fig. S17E), suggesting that the 

Spns2-mediated inflammatory response is conserved between mouse and human. To 

determine whether SLF1081851 was efficacious in vivo, wild-type mice underwent kidney 

unilateral IRI (day 0) and were administered either SLF1081851 (5 or 10 mg/kg) or vehicle 

intraperitoneally once daily from day 4 to day 13, followed by contralateral nephrectomy 

at day 13 and euthanasia at day 14 (Fig. 7C). This delayed administration of the inhibitor 

was intended to avoid potential effects on the acute phase of IRI. SLF1081851 treatment 

decreased collagen deposition in the kidney (Fig. 7D) and decreased plasma creatinine (Fig. 

7E) in a dose-dependent manner. We also tested fingolimod in the same unilateral IRI 

model. First, dose-response data showed that fingolimod at doses as low as 0.03 mg/kg 

caused profound lymphopenia (fig. S18A). Fingolimod treatment, at 0.1 or 1 mg/kg, failed 

to protect from kidney fibrosis as assessed by collagen deposition in the kidney and plasma 

creatinine (fig. S18, B to D). Further, SLF1081851 was protective against kidney fibrosis 

in the folic acid model, as demonstrated by kidney collagen deposition and BUN (fig. S19, 

A to C). Administration of SLF1081851 did not affect body weight or plasma aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT) concentrations in the unilateral 

IRI model (fig. S19, D and E) or the folic acid model (fig. S19, F and G).

DISCUSSION

Here, we present evidence for the important pathological role of local S1P signaling in 

perivascular cells in the progression of kidney fibrosis—S1P produced by SphK2 in kidney 

perivascular cells is transported into the extracellular space through Spns2 and then binds to 

S1P1 expressed in perivascular cells to enhance production and release of proinflammatory 

cytokines/chemokines on injury, leading to infiltration of immune cells and subsequent 

fibrosis (fig. 20). Current models of immune cell regulation by S1P signaling emphasize 

direct interaction between S1P and S1P receptors expressed on immune cells, but our data 
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suggest that S1P signaling in perivascular cells indirectly regulates immune cell recruitment 

and kidney fibrosis.

Our results suggest that export of S1P from kidney perivascular cells and its binding to S1P1 

expressed on perivascular cells enhance inflammatory response and fibrosis progression. 

S1P exported from perivascular cells could also affect other adjacent cells such as 

endothelial cells, tubular epithelial cells, and immune cells in a paracrine manner. However, 

S1P/S1P1 signaling has been shown to be protective in endothelial cells (51), which is not 

consistent with the protective phenotype observed when S1P/S1P1 signaling is disrupted 

in Sphk2PVCKO and Spns2PVCKO mice. In this study, we also showed that LPS-induced 

inflammatory response in primary tubular epithelial cells isolated from Sphk2PVCWT and 

Sphk2PVCKO mice was comparable, making it unlikely that Sphk2 deletion in kidney 

perivascular cells modulated inflammatory signaling in adjacent tubular epithelial cells 

to confer protection. The function, localization, and survival of immune cells are also 

regulated by S1P signaling (8). Pericytes in the thymus release S1P, which interacts with 

S1P1 expressed in thymocytes to promote T cell egress from thymus (52). However, it is 

unlikely that S1P exported from kidney perivascular cells directly affects the infiltration of 

immune cells from circulation because immune cells in circulation have been exposed to 

high concentrations of S1P and therefore may be desensitized to S1P. It is possible that 

S1P exported from perivascular cells could affect immune cells that have infiltrated into 

the injured kidney and resensitized to S1P or resident immune cells. However, S1pr1PVCKO 

mice showed protection against kidney fibrosis with suppressed macrophage infiltration, 

which recapitulated the phenotype of Sphk2PVCKO and Spns2PVCKO mice, suggesting that 

S1P/S1P1 signaling in kidney perivascular cells contributes to the progression of kidney 

fibrosis. The molecular mechanism of this highly localized regulation of S1P/S1P1 signaling 

in kidney perivascular cells is yet to be determined.

The salient mechanism of action of fingolimod (and other S1P receptor modulators) is 

functional antagonism of the S1P1 receptor, which is expressed on lymphocytes. With 

fingolimod treatment, lymphocytes cannot sense the high S1P environment of efferent 

lymph/blood and thus cannot egress properly from secondary lymphoid tissues, resulting 

in peripheral blood lymphopenia. Mouse genetic studies indicate that lymph S1P is extruded 

from lymph endothelium via Spns2 (49). Thus, it is possible that Spns2 inhibitors, by 

flattening the lymph S1P gradient, may recapitulate the effects of S1P receptor modulators. 

Although a definitive answer to this issue awaits the discovery of a suite of high quality 

Spns2 inhibitors, initial results indicate some curious inconsistencies. For example, Spns2 

inhibition blocks egress of lymphocytes from lymph nodes (directed by lymph S1P) but does 

not affect egress of lymphocytes from the spleen (directed by blood S1P), which is probably 

due to a modest decrease in blood S1P concentrations with Spns2 inhibition (49, 53), 

whereas fingolimod treatment blocks egress of lymphocytes from both compartments. S1P 

receptor modulator class adverse events such as first-dose bradycardia and macular edema, 

which are via S1P1 receptors on myocytes and retinal endothelial cells, respectively, might 

be lessened because Spns2 inhibitors do not directly act on S1P1 receptors and cause only 

a modest decrease in blood S1P concentrations. There was no difference in lung vascular 

permeability between endothelial Spns2 knockout mice and littermate controls, whereas 

fingolimod treatment increased lung vascular permeability (49). Our results also showed 
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that SLF1081851, but not fingolimod, protected against kidney fibrosis in the unilateral IRI 

model. The inconsistency with previous studies that showed beneficial effects of fingolimod 

in kidney fibrosis may be due to different models and perhaps, more importantly, different 

fingolimod administration protocols. Administration of SLF1081851 or fingolimod started 

4 days after IRI surgery in our protocol, whereas fingolimod administration started on the 

same day of surgery in previous studies (20). With the latter protocol, ameliorated fibrosis 

may be due to the protective effects of fingolimod on AKI, which has been previously 

shown (16). Furthermore, our protocol (administration starting at day 4) is more clinically 

relevant. Thus, although there is a concern about Spns2 blockade [for example, worsened 

hypertension and cardiac hypertrophy in mice with endothelial Spns2 deletion (54)], these 

findings suggest that Spns2 inhibitors might be promising in renal disease.

Our data show a proinflammatory role of the SphK2/S1P/Spns2/S1P1 axis in perivascular 

cells. This is consistent with recent findings that Spns2 expressed in brain microglia (55) 

and proximal tubular epithelial cells (56) enhances proinflammatory cytokine/chemokine 

expression in vitro. On the other hand, S1P1 signaling has been shown to be tissue-

protective and anti-inflammatory in endothelial cells. Endothelial S1P1 signaling maintains 

tight junctions to promote barrier function (51) and suppresses endothelial expression of the 

leukocyte adhesion molecules (intercellular adhesion molecule–1 and vascular cell adhesion 

molecule–1) (57-59). The consequences of S1P1 signaling seem to depend highly on cell 

type; S1P1 signaling up-regulates production of proinflammatory cytokines/chemokines in 

macrophages (60-63), astrocytes (64), and melanoma cells (65). Overexpression of S1pr1 
in cardiac fibroblasts enhances cardiac fibrosis in vivo and increases production of IL-6 in 

vitro (66). It is still not known what causes the different consequences of S1P1 signaling 

in different cell types. S1P1 signaling is intricately regulated by many factors—β-arrestin 

coupling, receptor modulators, and endocytosis. These factors might contribute to cell type–

specific changes induced by S1P1 activation.

Limitations of our work include the uncertainty about the transferability of the importance 

of the SphK2/S1P/Spns2/S1P1 axis from animals to humans. Although we show the data of 

primary human kidney perivascular cells, future studies need to confirm the importance of 

this axis using human kidney tissue. Another limitation is that the effect of pharmacological 

Spns2 inhibition was examined by a single molecule. Testing multiple, well-characterized 

Spns2 inhibitors with distinct chemical scaffolds would be warranted to mitigate a risk of 

off-target effects.

In summary, our study provides evidence for S1P-mediated regulation of inflammatory 

signaling in renal perivascular cells. Targeting this S1P signaling pathway, enabling control 

of S1P concentrations in the local microenvironment, is a promising strategy for the 

treatment of kidney fibrosis and potentially other inflammatory and fibrotic diseases that 

can perhaps avoid the adverse events associated with systemic modulation of S1P receptors.
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MATERIALS AND METHODS

Study design

The objective of this study was to determine how SphK2 contributes to the progression 

of kidney fibrosis and how blockade of SphK2 might be protective. We hypothesized that 

SphK2 in kidney perivascular cells plays an important role in the progression of kidney 

fibrosis. To test this hypothesis, we designed a study using several models of kidney injury 

in mice in which Sphk2 was deleted in kidney perivascular cells or in proximal tubular 

epithelial cells. Next, we performed in vitro experiments using primary perivascular cells 

isolated from mouse kidneys and primary human kidney perivascular cells purchased from 

Cell Biologics to show that SphK2 in perivascular cells enhances inflammatory signaling 

on injury. Then, we hypothesized that S1P signaling (SphK2/S1P/Spns2/S1P1 axis) in 

perivascular cells is critical in this context. To test this hypothesis, we designed a study 

using mouse and human primary kidney perivascular cells and mice in which S1pr1 or 
Spns2 was deleted in kidney perivascular cells. Last, to explore the idea that Spns2 is a 

potential drug target, we used a small-molecule Spns2 inhibitor (SLF1081851) in in vitro 

(mouse and human primary kidney perivascular cells and U-937 cells) and in vivo (wild-

type mice) experiments. Sample sizes were determined on the basis of previous pilot and 

published experiments (27, 46). The number of biological replicates is indicated in the figure 

legends. No data were excluded from the analysis. Animal experiments were performed 

using littermates, which facilitates appropriate randomization. Within the littermate groups, 

animals were selected at random for each experimental group (IRI or sham surgeries). 

IRI surgeries were performed by an operator masked to experimental settings and to the 

mouse genotype. Plasma creatinine and BUN measurements and histological analyses were 

performed by investigators masked to experimental setting.

Study approval

All animal procedures were performed in adherence to the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals. All animal protocols were 

approved by the University of Virginia Institutional Animal Care and Use Committee.

Animals

Male mice (8 to 12 weeks of age) were used for all experiments except for the 

experiments to determine the effect of SLF1081851 on blood lymphocytes and plasma 

S1P concentrations (described below). Mice with a floxed Sphk2 allele (Sphk2flox mice; 

exons 4 to 6 flanked by loxP sites) were made under contract by Ingenious Targeting 

Laboratories on a C57BL/6 background (30). Pepck-Cre mice provided by V. Haase 

(Vanderbilt University) (31) were crossed with Sphk2fl/fl mice. The PepckCre/+ Sphk2fl/+ 

progeny were crossed with Sphk2fl/fl mice to obtain PepckCre/+ Sphk2fl/fl mice, which were 

then crossed with Sphk2fl/fl mice to generate the Pepck-Cre;Sphk2fl/fl (Sphk2PTECKO) mice 

and the littermate control Sphk2fl/fl (Sphk2PTECWT) mice. Similarly, Foxd1-Cre;Sphk2fl/fl 

(Sphk2PVCKO), Foxd1-Cre;S1pr1fl/fl (S1pr1PVCKO), Foxd1-Cre;Spns2fl/fl (Spns2PVCKO), 

and Pdgfrβ-CreERT2;Sphk2fl/fl mice and their littermate controls were generated 

by crossing Foxd1tm1(GFP/cre)Amc/J(Foxd1-Cre) (29) or Pdgfrβ-CreERT2 [The Jackson 

Laboratory, #030201 (34)] with Sphk2fl/fl, S1pr1fl/fl (provided by R. Proia, NIH) (47), 
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or Spns2fl/fl (49) mice. Wild-type C57BL/6J mice were purchased from The Jackson 

Laboratory (#000664). Sphk2PTECKO, Sphk2PTECWT, and Pdgfrβ-CreERT2;Sphk2fl/fl mice 

(and their littermate controls) and wild-type mice were on the C57BL/6J background, and 

the other mice were on a mixed background. Mice were maintained in standard vivarium 

housing (up to five mice per cage, 12-hour light/dark cycle) on a chow diet, and water was 

freely available.

Kidney IRI (unilateral and bilateral)

Mice were anesthetized with an intraperitoneal injection of ketamine (120 mg/kg) and 

xylazine (12 mg/kg) and underwent unilateral (left kidney) or bilateral kidney IRI, as 

previously described (67, 68). Briefly, unilateral or bilateral flank incision was performed, 

and either the left pedicle or both renal pedicles were cross clamped for 26 min [wild-

type, Sphk2PTECKO, Sphk2PTECWT, and Pdgfrβ-CreERT2;Sphk2fl/fl (and their littermate 

controls)], 30 min (Sphk2PVCKO, Sphk2PVCWT, S1pr1PVCKO, and S1pr1PVCWT), or 34 min 

(Spns2PVCKO and Spns2PVCWT). Tamoxifen was prepared as previously described (69) and 

intraperitoneally injected (2 mg per mouse) to delete Sphk2 in Pdgfrβ-CreERT2;Sphk2fl/fl 

mice (and their littermate controls). Clamp time was optimized for each mouse line based 

on pilot experiments because susceptibility to kidney IRI is different depending on the 

genetic background. The clamps were then removed, and the wound was sutured after 

restoration of blood flow was visually observed. Sham-operated mice underwent the same 

procedure except that the renal pedicles were not clamped. Mice received buprenorphine 

sustained release (0.5 mg/kg, sc) as a postoperative analgesic. In unilateral IRI experiments, 

mice were reanesthetized and subjected to right nephrectomy on day 13, 24 hours before 

euthanasia to reveal changes in kidney function of the operated, ischemic left kidney 

assessed by measuring plasma creatinine. In some unilateral IRI experiments, neutral 

clodronate liposomes or control liposomes (FormuMax Scientific) were intraperitoneally 

injected (200 μl on day 2 and 100 μl on days 6 and 10 after unilateral IRI) to deplete 

phagocytic monocytes and macrophages (46). In another subset of experiments, mice 

underwent unilateral IRI (day 0) and were administered Spns2 inhibitor (SLF1081851, 

5 or 10 mg/kg, ip), fingolimod (0.1 or 1 mg/kg, ip), or vehicle (5% hydroxypropyl-β-

cyclodextrin) once daily from day 4 to day 13. In bilateral IRI experiments and a subset 

of unilateral IRI experiments, kidneys were allowed to reperfuse for a period of 24 hours. 

Mice were euthanized with an overdose of ketamine and xylazine, and blood (400 to 600 

μl) was collected from the retroorbital sinus. The kidneys were harvested for histology 

and RNA extraction. The person performing the surgical procedures (the renal clamp and 

nephrectomy) had no knowledge of experimental setting including genotype.

Folic acid injection

Male mice were injected with folic acid (250 mg/kg ip in a vehicle of 0.3 M sodium 

bicarbonate) and euthanized 1 day (AKI model) or 14 days (kidney fibrosis model) later. In 

some folic acid experiments, mice were administered Spns2 inhibitor (SLF1081851, 5 or 10 

mg/kg, ip) or vehicle (5% hydroxypropyl-β-cyclodextrin) once daily from day 4 to day 13. 

Another subset of mice was followed up to 3 days after injection, and blood was collected 

from the tail vein on day 2 and day 3.
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Cell culture

Perivascular cells and tubular epithelial cells were isolated from the kidneys of 

male untreated Sphk2PTECKO, Sphk2PVCKO, and the respective littermate control mice 

and cultured as previously described (18, 46). In some experiments, Sphk2PVCWT 

and Sphk2PVCKO mice underwent unilateral IRI or sham; 6, 24, or 72 hours later, 

kidney perivascular cells were isolated, and then immediately, mRNA or protein was 

extracted and analyzed. Human primary kidney perivascular cells (H-6016) and human 

histiocytic lymphoma cells (U-937 and CRL-1593.2) were purchased from Cell Biologics 

and American Type Culture Collection, respectively, and cultured according to the 

manufacturer’s protocol. Primary tubular epithelial cells migrate out of the tubules and form 

a confluent monolayer by days 7 to 10, which was used for experiments. Perivascular cells 

(passages 3 to 6) were cultured in 100-mm gelatin-coated dishes (for S1P measurement) 

or in 12-well gelatin-coated plates at a density of 2 × 106 cells per dish or 0.1 × 106 

cells per well for 24 hours in the perivascular cell medium containing 10% fetal bovine 

serum (FBS). Then, cells were washed with phosphate-buffered saline and incubated for 

2 hours with FBS-free medium containing 0.5% fatty acid–free bovine serum albumin 

(BSA) (GoldBio) and stimulated with transforming growth factor–β (10 ng/ml; Thermo 

Fisher Scientific), LPS (100 ng/ml; Sigma-Aldrich), Pam3Cys-Ser-(Lys)4 (Pam3CSK4, 10 

ng/ml; InvivoGen), Pam2CGDPKHPKSF (FSL-1, 10 ng/ml; InvivoGen), or kidney DAMPs 

(20%) for 2, 6, or 24 hours. Kidney DAMPs were collected from injured (left) kidneys of 

wild-type mice 24 hours after unilateral IRI under sterile conditions as previously described 

(45). Supernatants collected from normal kidneys were used as controls. Cytokine and 

chemokine concentrations in the supernatants were determined using ELISA kits (Thermo 

Fisher Scientific or R&D Systems). NF-κB activity in the nucleus was quantified as per 

the manufacturer’s protocol (Active Motif). In some experiments, cells were treated with a 

selective SphK2 inhibitor (SLM6031434) (41) or Spns2 inhibitor (SLF1081851) beginning 

2 hours before stimulation. In another subset of experiments, S1P (100 nM; Avanti Polar 

Lipids) or vehicle (0.4% fatty acid–free BSA) was supplemented to the medium at the same 

time of LPS stimulation. For gene silencing, small interfering RNAs (siRNAs) (control: 

D-001810-01, S1pr1: J-051684-07/08, S1pr2: J-063765-06/08, S1pr3: J-040957-05/07, and 

Spns2: J-172375-07/08) from Dharmacon were transfected into perivascular cells at 50 

nM using TransIT-siQUEST transfection reagent (Mirus) 48 hours before the experiment 

following protocols from the manufacturer.

Characterization of SLF1081851 (Spns2 inhibitor)

To determine whether SLF1081851 was efficacious in vivo, SLF1081851 was dissolved in 

water containing 5% hydroxypropyl-β-cyclodextrin and administered (0, 10, or 30 mg/kg, 

ip) to 8- to 9-week-old female, C57BL/6 mice. After about 16 hours, blood was drawn from 

the retro-orbital sinus. Some of the recovered blood was used to determine total lymphocyte 

numbers using a Heska Element HT5 veterinary blood analyzer, whereas another portion 

was used to prepare plasma for S1P measurement. Dose response of fingolimod (0, 0.03, 

0.1, 0.3, or 1 mg/kg, ip) on total peripheral blood lymphocyte numbers was determined 

similarly. To determine the IC50 of SLF1081851, human histiocytic lymphoma cells (U-937) 

were collected by centrifugation and resuspended at 1.3 × 106 cells/ml in culture media 

(RPMI 1640) containing 0.2% fatty acid–free BSA (and 0 to 5 μM SLF1081851). After 3.5 
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hours at 37°C, medium from 1.5 ml of cell culture was cleared of cells by centrifugation, 

and after the addition of an internal standard [2.5 pmol of d7S1P (Avanti Polar Lipids)], 

protein was precipitated by addition of 10
1

 volume of cold 100% trichloroacetic acid, 

collected by centrifugation, and, after washing with water, the bound S1P was eluted into 

0.3 ml of methanol with bath sonication. After clarification by centrifugation, the amounts of 

recovered S1P were measured by liquid chromatography–mass spectrometry as previously 

described (30). To assess liver toxicity, plasma AST and ALT were determined using a 

colorimetric activity assay kit (Cayman Chemical).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0.2 software. All datasets were 

tested for normality using the Shapiro-Wilk test. All values are expressed as means and 

SEM. When no error bar is shown, this is because the data were not normally distributed 

and a nonparametric test was used. Unpaired two-sided Student’s t test or two-sided Mann-

Whitney test was used for comparisons between two groups. One- or two-way analysis of 

variance (ANOVA), followed by the Tukey’s or Sidak’s test was used to compare multiple 

groups. P < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Sphk2 deletion in renal perivascular cells ameliorates kidney fibrosis in the unilateral IRI 
mouse model.
(A) Protocol for unilateral IRI to induce kidney fibrosis (for B to E). Sphk2PVCWT and 

Sphk2PVCKO mice underwent left renal pedicle clamp for 30 min (day 0) and right 

nephrectomy at day 13 and were euthanized at day 14. (B) Representative Masson’s 

trichrome staining of collagen in kidney sections at day 14. (C) Picrosirius red staining 

of kidney (polarized microscopy, right) with quantification of red/yellow birefringence of 

mature collagen fibers as a percentage of the total surface area of kidney section at day 

14 (left). n = 4 to 9 per group. (D) Acta2, Col1a1, and Col3a1 transcript expression (from 

whole kidney) at day 14. n = 4 to 9 per group. a.u., arbitrary units. (E) Plasma creatinine 

concentrations at day 14. n = 4 to 9 per group. Scale bars, 1 mm (B) and 200 μm (C). 

Data are represented as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001; two-way 

ANOVA followed by post hoc multiple comparisons test (Tukey’s). a.u., arbitrary units.
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Fig. 2. Sphk2 deletion in renal perivascular cells ameliorates kidney fibrosis in the folic acid 
mouse model.
(A) Protocol for inducing kidney fibrosis by injecting folic acid (for B to E). Sphk2PVCWT 

and Sphk2PVCKO mice were given folic acid (250 mg/kg, ip) and euthanized at day 14. 

(B) Representative Masson’s trichrome staining of collagen in kidney sections at day 14. 

(C) Picrosirius red staining of kidney (polarized microscopy) with quantification of red/

yellow birefringence of mature collagen fibers as a percentage of the total surface area of 

kidney section at day 14. n = 4 to 13 per group. (D) Acta2, Col1a1, and Col3a1 transcript 

expression (from whole kidney) at day 14. n = 4 to 13 per group. (E) Blood urea nitrogen 

(BUN) concentrations at day 14. n = 4 to 13 per group. Scale bars, 1 mm (B) and 200 μm 

(C). Data are represented as means ± SEM. *P < 0.05 and **P < 0.01; two-way ANOVA 

followed by post hoc multiple comparisons test (Tukey’s).
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Fig. 3. SphK2 inhibition suppresses inflammatory signaling in mouse perivascular cells.
(A to G) Experiments were performed using primary kidney perivascular cells isolated from 

Sphk2PVCWT (WT) and Sphk2PVCKO [Sphk2 knockout (KO)] mice. (A) S1P concentrations 

in perivascular cells and in media. (B and C) Time course of transcript expression of Sphk1/
Sphk2 (B) and proinflammatory cytokines and chemokines (Ccl2, Il6, Cxcl1, and Cxcl2) 

after LPS treatment. (D) Transcript expression of Ccl2, Il6, Cxcl1, and Cxcl2 at 2 hours after 

treatment with TLR2 agonists (Pam3CSK4 and FSL-1) or kidney DAMPs. (E) MCP-1, IL-6, 

and CXCL-1 concentrations in supernatants of kidney perivascular cells treated with LPS 
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or kidney DAMPs for 24 hours. (F) NF-κB activity at 1 hour after treatment with LPS. (G) 

Dose response of a selective SphK2 inhibitor (SLM6031434) on MCP-1, IL-6, and CXCL-1 

concentrations in supernatants of wild-type kidney perivascular cells at 24 hours after LPS 

treatment. n = 4 to 5 (A), n = 5 (B to F), or n = 6 (G) per group. Data are represented as 

means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by unpaired two-sided Student’s t 
test (A) or two-way ANOVA followed by post hoc multiple comparisons test (Tukey’s) (D to 

G). *P < 0.05 and ***P < 0.001 (versus WT at 0 hours); †P < 0.05, ††P < 0.01, and †††P 
< 0.001 (WT versus Sphk2 KO at the same time point); ‡‡‡P < 0.001 (versus Sphk2 KO at 

0 hours) by two-way ANOVA followed by post hoc multiple comparisons test (Tukey’s) (B 

and C).
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Fig. 4. S1P produced by SphK2 is exported to the extracellular space and binds to S1P1 to 
enhance inflammatory signaling in perivascular cells.
(A to E) Experiments were performed using primary kidney perivascular cells isolated from 

Sphk2PVCWT [wild-type (WT)] and Sphk2PVCKO (Sphk2 KO) mice. (A) MCP-1, IL-6, and 

CXCL-1 concentrations in supernatants of primary kidney perivascular cells treated with 

LPS (100 ng/ml) for 24 hours with or without S1P supplementation (100 nM). (B) S1pr1-5 
transcript expression at baseline. (C and D) MCP-1, IL-6, and CXCL-1 concentrations 

in supernatants of WT (C) and Sphk2 KO (D) kidney perivascular cells at 24 hours 

after treatment with LPS (100 ng/ml). Cells were treated with control, S1pr1, S1pr2, or 
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S1pr3 siRNA before LPS stimulation. (E) MCP-1, IL-6, and CXCL-1 concentrations in 

supernatants of Sphk2 KO kidney perivascular cells treated with LPS (100 ng/ml) for 24 

hours with or without S1P supplementation (100 nM). Cells were treated with control or 

S1pr1 siRNA before LPS stimulation. n = 6 (A, C, D, and E), n = 5 (B) per group. Data are 

represented as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way (A to D) 

or one-way (E) ANOVA followed by post hoc multiple comparisons test (Tukey’s).
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Fig. 5. S1pr1 deletion in renal perivascular cells ameliorates kidney fibrosis in the unilateral IRI 
mouse model.
(A) Protocol for unilateral IRI to induce kidney fibrosis in mice (for B to F). S1pr1PVCKO 

(Foxd1-Cre;S1pr1fl/fl) mice, in which S1pr1 is deleted in kidney perivascular cells, and 

Cre-negative littermate control (S1pr1PVCWT) mice underwent left renal pedicle clamp for 

30 min (day 0) and right nephrectomy at day 13 and were euthanized at day 14. (B) 

Representative Masson’s trichrome staining of collagen in kidney sections at day 14. (C) 

Picrosirius red staining of kidney (polarized microscopy, left) with quantification of red/

yellow birefringence of mature collagen fibers as a percentage of the total surface area 
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of kidney section at day 14 (right). (D) Acta2, Col1a1, and Col3a1 transcript expression 

(from whole kidney) at day 14. (E) Plasma creatinine concentrations at day 14. (F) 

Macrophage staining (F4/80, red, left) of kidney with quantification of F4/80-positive 

area as a percentage of the total surface area of kidney section at day 14 (right). Auto, 

autofluorescence (green). Scale bars, 1 mm (B), 200 μm (C), and 100 μm (F). n = 4 to 7 

per group. Data are represented as means ± SEM. *P < 0.05, **P < 0.01, and ***P<0.001; 

two-way ANOVA followed by post hoc multiple comparisons test (Tukey’s).
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Fig. 6. Spns2 is an S1P transporter expressed in perivascular cells and enhances inflammatory 
signaling and fibrosis on injury.
(A) Mfsd2b and Spns2 transcript expression at baseline in primary kidney perivascular cells 

isolated from Sphk2PVCWT (WT) and Sphk2PVCKO (Sphk2 KO) mice. ND, not detected. 

(B) S1P concentrations in the supernatant of wild-type kidney perivascular cells treated with 

control or Spns2 siRNA. (C) Spns2 transcript expression over time after LPS treatment in 

primary kidney perivascular cells isolated from Sphk2PVCWT(WT) and Sphk2PVCKO (Sphk2 
KO) mice. (D) MCP-1, IL-6, and CXCL-1 concentrations in supernatants of wild-type 

kidney perivascular cells treated with LPS (100 ng/ml) for 24 hours with or without S1P 
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supplementation (100 nM). Spns2 and/or S1pr1 were knocked down before LPS stimulation. 

(E) Protocol for unilateral IRI to induce kidney fibrosis (for F and G). Spns2PVCKO (Foxd1-
Cre;Spns2fl/fl) mice, in which Spns2 is deleted in kidney perivascular cells, and Cre-negative 

littermate control (Spns2PVCWT) mice underwent left renal pedicle clamp for 34 min 

(day 0), right nephrectomy at day 13, and were euthanized at day 14. (F) Representative 

Masson’s trichrome staining of collagen in kidney sections at day 14. (G) Plasma creatinine 

concentrations at day 14. Scale bar, 1 mm. n = 3 (A), n = 3 to 4 (B), n = 5 (C), n = 6 (D), 

or n = 3 to 8 (E to G) per group. Data are represented as means ± SEM. *P < 0.05, **P < 

0.01, and ***P < 0.001 by one-way ANOVA followed by post hoc multiple comparisons test 

(Tukey’s) (B and D). ***P < 0.001 (versus WT at 0 hour); †††P < 0.001 (WT versus Sphk2 
KO) by two-way ANOVA followed by post hoc multiple comparisons test (Tukey’s) (C). *P 
< 0.05 and **P < 0.01 by two-way ANOVA followed by post hoc multiple comparisons test 

(Tukey’s) (G).
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Fig. 7. Pharmacological inhibition of Spns2 suppresses S1P transport and inflammatory 
signaling in perivascular cells and ameliorates kidney fibrosis.
(A) Dose response of a selective Spns2 inhibitor (SLF1081851) on S1P concentrations 

in wild-type kidney perivascular cells and media. (B) MCP-1, IL-6, and CXCL-1 

concentrations in supernatants of wild-type kidney perivascular cells treated with LPS 

(100 ng/ml) for 24 hours. Cells were treated with 3 μM SLF1081851 or vehicle (0.1% 

fatty acid–free BSA) before stimulation. (C) Timeline of experiments (D and E) to 

investigate the effect of SLF1081851 on kidney fibrosis in wild-type mice. Mice underwent 

unilateral IRI (day 0) and were administered SLF1081851 (5 or 10 mg/kg, ip) or vehicle 
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(5% hydroxypropyl-β-cyclodextrin) once daily from day 4 to day 13, followed by right 

nephrectomy at day 13 and euthanasia at day 14. (D) Representative Masson’s trichrome 

staining of collagen in kidney sections at day 14. (E) Plasma creatinine concentrations at 

day 14. Scale bar, 1 mm. n = 4 (A), n = 6 (B), or n = 4 to 9 per group (C to E). Data are 

represented as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way (A) or 

two-way (B and E) ANOVA followed by post hoc multiple comparisons test (Tukey’s).
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