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Abstract

Rationale: Increased endothelial permeability and defective repair are the hallmarks of several
vascular diseases including acute lung injury (ALI). However, little is known about the intrinsic
pathways activating the endothelial cell (EC) regenerative programs.

Objective: Studies have invoked a crucial role of sphingosine-1-phosphate (S1P) in resolving
endothelial hyperpermeability through the activation of the G-protein coupled receptor,
sphingosine-1-phosphate receptor 1 (S1PR1). Here we addressed mechanisms of generation of a
population of SIPR1* EC and their pivotal role in restoring endothelial integrity.

Methods and Results: Studies were made using inducible £C-S1PRI™~ (iEC-S1PRI7") mice
and S1PR1-GFP reporter mice to trace the generation of SIPR1* EC. We observed in a mouse
model of endotoxemia that S1P generation induced the programming of S1PR1!° to SIPR1* EC,
which eventually comprised 80% of the lung EC. The cell transition was required for
reestablishing the endothelial junctional barrier. We observed that conditional deletion of SIPR1 in
EC increased endothelial permeability. RNA-seq analysis of SIPR1* EC showed enrichment of
genes regulating S1P synthesis and transport, specifically sphingosine kinase 1 (SPHK1) and
SPNS2. Activation of transcription factors EGR1 and STAT3 was required for transcribing SPHK1
and SPNS2, respectively and both served to increase S1P production and amplify SIPR1* EC
transition. Furthermore, transplantation of SIPR1* EC population into injured lung vasculature
restored endothelial integrity.
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Conclusion: Our findings show that generation of the SIPR1* EC population activates the
endothelial regenerative program to mediate endothelial repair. Results raise the possibility of
harnessing this pathway to restore vascular homeostasis in inflammatory vascular injury states.
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INTRODUCTION

The vascular endothelium regulates the transport of nutrients, protein, water, and leukocytes
across the vessel wall that is essential for maintaining tissue and fluid homeostasis and
robust immune responses.t Thus, injury of the endothelial barrier is itself considered as an
underlying mechanism of inflammation and edema formation, the hallmarks of several
diseases including acute lung injury (ALI).2-* Vascular endothelial injury induced by
inflammatory factors such as, LPS, activates signaling cascades leading to breakdown of
adherens junctions (AJs).>~7 However, the intrinsic repair pathways responsible for restoring
endothelial barrier integrity and tissue homeostasis remain unclear. Our previous studies
showed that early developmental signals involving reactivation of transcriptional factors
FoxM1 and Sox17 in injured adult microvessel EC promoted endothelial regeneration.>8
These transcription factors functioned in a multifaceted complex manner involving
expression of cyclin genes, and thus may be linked to the pathogenesis of cancer.%.10

To identify a more effective solution, we focused on the well-known endothelial barrier
reparative property of sphingosine-1-phosphate (S1P) receptor (S1PR1) expressed in EC.
11,12 51PR1 belonging to the family of seven transmembrane domain G-protein coupled
receptors (GPCRs)113 is expressed in the developing vasculature and adult tissue including
lungs, brain, and immune organs.1415 S1PR1 plays a key role in the early phase of
angiogenesis.16-18 EC specific deletion of SIPR1 was embryonically lethal due to defective
vasculature formation.1® In vascular injury models, the SIPR1 agonist, S1P, reduced lung
injury induced by ALI.12:18-21 \while these studies focused on the importance of S1P
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generation and activation of SIPR1 in repairing the endothelium®2?, a crucial unanswered
question is whether there is a population of EC expressing S1PR1 constitutively that can be
mobilized or programmed after injury to repair the damaged endothelium. Here, using EC-
S1PR1 knockout mice and S1PR1-GFP reporter mice, we identify a central role of an
S1PR1" EC population in driving vascular repair. We demonstrated that the SIPR1* EC
population was generated preceding endothelial repair and reestablished endothelial barrier
integrity. Our genetic data showed that conditional EC-specific deletion of S1IPR1 increased
vascular endothelial permeability. Adoptive transfer of SIPR1* EC integrated into the
injured intima to restore endothelial integrity. We demonstrated that transcription factors
EGR1 and STAT3 activated during EC injury, transcribed SPHK1 and S1P transporter
SPNS?2, respectively to promote the generation of S1P and efflux, and thus mediated
vascular repair. These studies identified previously unknown population of programmed
S1PR1* EC with the capacity to restore endothelial integrity in inflammatory disease states
such as ALLI.

METHODS

Data Availability.

RESULTS

Details about materials and methods used to conduct this study as well as statistical analysis
are provided in online Data Supplement and the Major Resources Table. The authors declare
that all supporting data are available within the article and its online supplementary files.

Tracing the generation of SIPR1* EC.

We first studied the effects of conditionally deleting S1IPR1 on vascular endothelial
permeability using inducible £C-S1PRI7/~ (/EC-S1PR17/") mice (Figure 1A).28 Tamoxifen
deleted 80% of S1PR1 in lung EC consistent with its predominant expression in
endothelium®:13:40.41 (Figure 1B through 1D). EC-S1PR1 deletion had no significant effect
on the expression of SIPR2 or S1PR3 in these studies (Figure 1D). EC-specific deletion of
S1PR1 in mice induced lung edema and endothelial injury as evident by increased wet-dry
weight ratio (Figure 1E) and lung transvascular albumin flux (Figure 1F).

We used S1PR1-GFP reporter mice generated by crossing H2B-GFP mice with
s1pPR1knockin mice to study generation and expansion of S1IPR1-expressing EC (Online
Figure 1A).2242 We tracked GFP* EC /i vivoin LPS model of lung vascular endothelial
injury based on the sublethal dosage of LPS (10mg/kg /.p.) coupled to a discrete phase of
endothelial repair.6” LPS induced lung endothelial injury occurring with the same kinetics
and degree as control mice (H2B-GFP mice) (data not shown). Using FACS analysis to
determine the time course of S1IPR1 activity (recorded by the increase in GFP* cells), we
found that LPS significantly increased S1PR1 activity 8h post LPS exposure; the activity
reached maximum at 16h when 23% of lung EC were GFP*(Figure 2A and 2B). At 24h,
GFP* EC number fell to baseline (Figure 2A and 2B). GFP* EC were not detected in control
mice (Figure 2A and 2B). LPS also induced lung edema at 4h and 8h consistent with
increase endothelial permeability whereas the edema declined towards basal levels at 24h
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(Figure 2C).%7 Imaging showed significantly increased S1IPR1 activity at 16h post LPS
induced injury as compared to untreated mice or H2B-GFP mice (Figure 2D and 2E).

On measuring S1P generation, we observed that it also occurred in a delayed manner after
lung endothelial injury by LPS.8 To address the possibility that increased S1IPR1 activity
was the result of S1P generation post-injury, we activated S1IPR1 by directly injecting
S1P4344 or the S1IPR1 agonist, CYM-54424546 j 1/ in SIPR1-GFP reporter mice. S1IPR1 at
baseline was expressed in only 2.5-6% of lung cells whereas S1P increased S1PR1 activity
by ~2-fold within 2h, which remained at this level upto 4h (Online Figure 1B and ID).
Compared to S1P, CYM-5442 increased S1IPR1 activity faster4>46 j.e., within 1h which
increased further by ~3-fold at 4h (Online Figure IC and 1D), indicating the ability to
pharmacologically increase the population of S1IPR1* cells. Thus, in contrast to S1P and
S1PR1 agonist, the slow rise in SIPR1 activity in SIPR1-GFP reporter mice after LPS
challenge likely reflected the observed delayed generation of S1P.6

We next studied the generation of SIPR1* EC population in response to LPS using FACS
analysis. We immunostained cells with anti-CD45 and CD31 antibodies (Online Figure 11A)
to identify S1IPR1* EC population. We found that EC (which were CD31 positive, CD45
negative) accounted for ~70-80% of GFP™ cells (termed S1PR1* EC) in lungs of S1IPR1-
GFP reporter mice after 8h to16h of LPS challenge (Figure 3A and 3B). Immunostaining
with an endothelial specific marker, VWF confirmed that SIPR1* EC were also VWF™*
(Figure 3C and 3D; and Figure 3C inset). We observed far lower S1PR1 activity in lung
hematopoietic cells (CD31*CD45*GFP*) (Online Figure I1B), alveolar epithelial cells (GFP
* EpCAM™), and fibroblasts (Online Figure 11C and 11D) as compared to EC (Figure 3A and
3B). Thus, LPS activated signaling induced the generation of SIPR1* EC population.

Bone marrow progenitor EC also have the capacity to generate S1P*, suggesting that these
EC may also be responsible for driving SIPR1* EC generation after lung injury in S1PR-
GFP reporter mice. We therefore determined GFP* cells in the bone marrow of S1IPR1-GFP
reporter mice and found that bone marrow contained only 6.2% GFP™ cells (Online Figure
I11A). We isolated bone marrow from S1PR1-GFP reporter mice and transplanted them into
irradiated WT mice. At 5 weeks, we challenged these chimeric mice with LPS as above and
harvested their lungs at 16h post injury (Online Figure I11B). FACS and confocal analyses
demonstrated that lungs from chimeric mice contained only 4% S1PR1* EC, like the
observation in SIPR1-GFP mice under basal conditions (Online Figure 111C and I1ID). Thus,
these results show that the majority of SIPR1* EC were derived from lung resident EC.

Proliferative expansion of SIPR1* EC promotes resolution of endothelial injury.

As the key question is the source of S1IPR1* EC, we speculated, that the surviving EC post-
injury expanded through proliferation to restore vascular integrity.>8 In SIPR1-GFP reporter
mice, GFP expression was only evident in the non-proliferating cells. We injected 5-
bromo-2’-deoxyuridine (BrdU), 4h before sacrificing the reporter mice after LPS challenge
to determine whether SIPR1* EC showed proliferative capacity. Immunostaining showed
that SIPR1* EC expressed BrdU at 16h in the SIPR1-GFP reporter mice lungs as compared
to baseline (Figure 3E). FACS analysis with anti-Ki-67 antibody, a proliferation marker?8,
also showed that 4-8% of SIPR1* EC were Ki-67* (Figure 3F and Online Figure IVA and
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IVB). TUNEL assay ruled out that SIPR1* EC became apoptotic (Online Figure IVC).
Thus, these results show the key role of SIPR1* EC proliferation during the repair phase of
lung EC injury.

Transcription regulation of SIPR1* EC generation.

We performed RNA-seq analysis to assess the transcriptional machinery responsible for
programming S1PR1* EC using flow sorted SIPR1* EC. We found that at 8h and 16h post
LPS challenge, 860 genes were differentially expressed in SIPR1* EC as compared to
unchallenged EC (Online Figure IVD). Ingenuity Pathway analysis showed enrichment of
proliferation and cell cycle pathways in SIPR1* EC (Online Figure VA and VB). On
screening the top 100 upregulated genes at 8h or 16h in SIPR1* EC, we found increases in
the expression of S1P generating genes*14%, SPHK1 and S1P plasma membrane transporter,
SPNS?2 (Figure 4A and Online Figure VC). We also found increase in the expression of early
growth response 1 (EGR1), the transcription factor belonging to the immediate early genes
(IEGs) family in the SIPR1* EC.%0 These findings were confirmed by gPCR using non-GFP
and S1PR1* EC flow sorted from lungs at baseline or from S1IPR1-GFP reporter mice at 8h
and 16h post LPS challenge. In contrast to non GFP-EC, S1PR1* EC showed up to 5-fold
increase in SPHK1 mRNA, but no significant difference was observed in SPHK2 mRNA
expression (Figure 4B). We also observed 1.5-fold increase in SPNS2 mRNA expression at
8h, which further increased to 3-fold at 16h (Figure 4B). In addition, there was a time
dependent increase in EGR1 mRNA in SIPR1* EC (Figure 4B). SIPR1* EC also
consistently showed increased expression of SPHK1, SPNS2 and EGR1 proteins (Figure 4C
and 4D) and 2-fold greater S1P generation than non-GFP EC (Figure 4E).

To assess whether LPS induced the expression of these genes in human lung EC, we
stimulated human lung microvascular endothelial cells (HLMVEC) with LPS. LPS
increased SPHK1 mRNA expression by 4-fold at 8h, which remained at this level till 16h
(Figure 4F). However, LPS did not increase SPHK2 mRNA expression (Figure 4F). A
gradual increase in SPNS2 and EGR1 mRNA expression was also observed post LPS
challenge (Figure 4F). Like, mouse S1PR1* EC, LPS-stimulated HLMVEC also showed
increased SPHK1, SPNS2 and EGR1 protein expression (Figure 4G and 4H).

EGR1 induces SPHK1 expression in SIPR1* EC.

We next addressed the possible role of EGR1 in mediating SPHK1 expression in EC and
increasing their potential to generate S1P and transition to the SIPR1* EC population. We
first depleted EGR1 in HLMVEC using siRNA, which decreased SPHK1 mRNA and
protein expression (Figure 5A through 5C and online figure VD through VE). Depletion of
S1PR1 similarly depleted EGR1 and SPHK1 (Figure 5D).

The SPHK1 promoter contains three EGR1 binding sites (Figure 5E). We, therefore,
performed chromatin immunoprecipitation (Ch/P) with quantitative real-time PCR to assess
if SIPR1 increased EGR1 binding to the SPHK1 promoter regions. Relative to unstimulated
cells, LPS significantly increased the binding of EGR1 to SPHK1 promoter (Figure 5F and
5G). To establish the causal role of EGR1 in inducing SPHK1 expression, we mutated EGR1
binding sites on the SPHK1 promoter and transfected WT or mutated SPHK1 promoter in
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HLMVEC, and found that LPS failed to increase SPHK1 promoter activity in EC
transducing the mutated SPHK1 promoter (Figure 5H).

To establish whether EGR1-induced SPHK1 expression was required to mediate endothelial
integrity, we determined transendothelial electrical resistance (TEER) in EGR1 depleted
HLMVEC and found that depletion of EGR1 significantly reduced endothelial barrier
function (Online Figure VIA). However, addition of S1P restored barrier function to basal
levels (Online Figure VIA) corroborating the above findings that EGR1-mediated expression
of SPHK1 was required to generate S1P that in turn ligated S1PR1 and normalized the EC
barrier function.

As ERK induces EGR1 transcriptional activity51:°2, we next addressed the role of ERK-
EGR1 signaling in the mechanism of SPHK1 expression. We found that ERK
phosphorylation, a measure of ERK activity,>3 was enhanced in SIPR1* EC that were flow-
sorted post LPS challenge as compared to baseline S1IPR1* EC (Figure 5l and 5J). LPS
similarly increased ERK activity in HLMVEC within 4h and the activity remained greater
than baseline for up to 16h post-LPS stimulation (Online Figure VIB and VIC). Inhibition of
ERK phosphorylation with SCH772984%4, a specific ERK inhibitor, reduced both basal and
LPS-induced EGR1 and SPHK1 expression (Figure 5K) demonstrating the critical role of
ERK-induction of EGRL1 in upregulating SPHK1 expression and thereby the S1P production
required for generation of the SIPR1* EC population.

STAT3 induces SPNS2 expression downstream of S1PR1.

Because EGR1 depletion did not produce any significant effect on SPNS2 expression (data
not shown), we next performed /n-silico analysis and found that STAT3 bound both S1PR1
and SPNS2 promoters. Thus, we tested that LPS increased STAT phosphorylation, a
measure of STAT activity®®, in SIPR1* EC. LPS increased STAT3 phosphorylation in
HLMVEC at 4h, which remained elevated for up to 16h post-LPS (Online Figure VIB and
VID). SIPR1* EC also showed increased STAT3 phosphorylation compared to other STAT
proteins in which phosphorylation remained essentially unaltered (Figure 6A and 6B, and
Online Figure VIE). Inhibition of ERK had no significant effect on STAT3 phosphorylation
post-LPS stimulation (Online Figure VIF and VIG), indicating S1PR1 induced STAT3
activation independent of the ERK pathway. Depletion of S1PR1 in EC prevented ERK and
STAT3 phosphorylation further indicating that LPS stimulated ERK and STAT3 via S1PR1
(Online Figure VIH through V1J).

Next, we depleted STAT3 and found that STAT3 depletion prevented SPNS2 and S1PR1
expression without altering EGR1 and SPHK1 expression (Figure 6C). The human SPNS2
promoter contains two STAT3 binding sites (Figure 6D) which was confirmed using
chromatin immunoprecipitation assay (Figure 6E and 6F). We thus mutated STAT3 binding
sites on SPNS2 promoter and transfected WT or mutated SPNS2 promoter in HLMVEC to
establish the role of STAT3 in inducing SPNS2 expression. LPS failed to increase SPNS2
promoter activity in EC transduced with the mutated SPNS2 promoter (Figure 6G).

Depletion of STAT3 or SPNS2 significantly reduced basal endothelial barrier function
(Online Figure VIK and VIL). Furthermore, S1P addition did not produce any significant
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effect on the barrier function (Online Figure VIK and VIL), confirming that STAT3 induced
expression of S1IPR1 and SPNS2 was required for S1P-mediated enhancement of EC barrier
function. These results together demonstrate that SIPR1 expression induced EGR1 and
STAT3 transcriptional activation and thereby induced S1P generation and transport by
SPHK1 and SPNS2, respectively.

S1PR1* EC mediate endothelial repair.

To examine whether the SIPR1* EC population could repair the injured endothelium, we
used EC-S1PR1 null mice in which S1PR1 was conditionally deleted in EC using tamoxifen
(Figure 1A). We transplanted ~1.0x108 S1IPR1* EC or control EC (non-GFP EC) flow
sorted under same conditions from 16h LPS exposed S1PR1-GFP reporter mice into /EC-
S1PRI~ mice and determined the endothelial injury response 24h and 48h post-
transplantation. We observed that SIPR1* EC repaired the endothelium of £C-S1PR17!~
mice (Figure 7A). Immunostaining of lung sections from £C-S1PRI7~ mice with anti-vWF
antibody showed that SIPR1* EC became integrated in the microvessels (Figure 7B and
7C).

SPHK1 and STAT3 inhibition prevents S1PR1* EC generation and augments injury.

To address the reparative role of generated SIPR1* EC /n vivo, we determined the effects of
inhibiting SPHK1 or STAT3 in S1IPR1-GFP reporter mice on S1IPR1* EC generation. Here,
PF-543, an inhibitor of SPHK1 or S31-201, a STAT3 inhibitor, was injected /.v. into mice 1h
post /0. LPS challenge. LPS failed to generate the SIPR1* EC population in SIPR1-GFP
reporter mice receiving the inhibitors of SPHK1 (Figure 8A and 8B) or STAT3 (Figure 8C
and 8D). However, inhibition of SPHK?2 activity had no significant effect on SIPR1* EC
generation (Online Figure VIIA and VIIB). Furthermore, lung vascular injury persisted in
mice receiving SPHK1 or STAT3 inhibitors (Figure 8E). In parallel, we determined the
effects of inhibiting STAT3 and SPHK1 activities on LPS-induced EC barrier injury. We
found that SPHK1 and STAT3 inhibitors augmented LPS-induced barrier loss in HLMVEC
(Online Figure VIIC). Also, LPS increased endothelial permeability in SPNS2-depleted EC
as compared to control EC (Online Figure VIID). These findings together demonstrate the
crucial role of SPHK1 and STAT30SPNS2 pathway in restoring endothelial barrier following
LPS challenge.

DISCUSSION

In the present study, we demonstrated the generation of heretofore unknown population of
S1PR1* EC showing marked regenerative capacity that restored lung vascular integrity in
LPS challenged mice. We showed that the S1IPR1* EC acquired their reparative property
through augmenting S1P generation and S1P transport into the extracellular milieu.
Furthermore, /v, injected population of SIPR1* EC integrated within injured endothelium
of EC-S1PR1 null mice. This transition from S1PR1!° EC to reparative SIPR1* EC was
mediated by the transcription factors EGR1 and STAT3, which upregulated the expression of
SPHK1 and SPNS2, respectively. SPHK1 expression enhanced S1P generation whereas
SPNS2 induced the efflux of S1P in the injury miliev which enabled S1P to function in a
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paracrine manner. Thus, our data demonstrate the fundamental endothelial barrier-protective
role of the induced S1IPR1* EC population.

The loss of vascular endothelial barrier function over time through apoptosis is a key
determinant of ALI and other acute inflammatory diseases.* Vascular repair in lungs and
other tissue is required for restoration of normal organ function and tissue homeostasis.1®> By
tracing the generation of SIPR1* EC using S1PR1-GFP reporter mice following
endotoxemia, we were able to show the importance of SIPR1* EC in mediating EC repair.
This process involved the expansion of SIPR1* EC due to activation of the transcription
factors EGR1 and STATS3.

The S1IPR1* EC population was generated within 8h coinciding with the peak of LPS-
induced injury response. About 76% of EC became S1IPR1* at 16h indicating a shift in EC
phenotype that preceded the endothelial repair phase. Injection of SIPR1* EC, /v, into EC-
S1PR1 null mice with endothelial injury resulted in integration of cells in the damaged
intima of lungs restored the endothelial barrier. The mechanisms of homing and integration
of these cells are not clear. One possibility is that SIPR1* EC adhered to the exposed
extracellular matrix following denudation of EC as in the LPS injury model.2 Another
possibility is that transition to SIPR1* EC may promote barrier re-annealing by activating
Rac1 signaling at the adherens junctions, a signaling essential for EC repair.18:43

The S1PR1* EC population mediating endothelial repair program post-LPS required 8-16h
to maximize the generation of S1P. While S1P and S1PR1 agonist, CYM-5442 increased
S1PR1* EC within 2h. LPS is known to induce SPHK1 expression in a delayed manner®:56,
a possible explanation for the 8-16h lag in the repair response. LPS is also known to activate
S1P lyase and phosphatase that may interfere with ability to rapidly generate S1P.57 We
observed that SPNS2, a S1P-specific transporter4, was also induced in a parallel manner
with SPHK1 in EC within the same time frame. Upregulation of both SPHK1 and SPNS2
appeared to contribute to endothelial repair by activating S1P transport from EC that may
augment S1PR1 signaling in an autocrine/paracrine manner.41:98:59 Thus, our findings show
a novel mechanism of generation of SIPR1* EC required for endothelial repair.

An important question is whether the mechanism of S1IPR1* EC generation can be
accelerated to facilitate endothelial repair. We showed that S1P and S1PR1 agonists induced
the generation of SIPR1* EC within hours as opposed to the endogenous generation
requiring 8-16h, suggesting a means of enhancing kinetics of SIPR1* EC generation and
the repair process. Because endothelial repair is essential for tissue survival and restoring
homeostasis, multiple mechanisms have likely evolved to repair the endothelium /n vivo.
60-64 These relied on activating transcriptional regenerative programs in EC, transcription
factors FoxM1, FoxC2 and Sox17 that induced vascular repair through proliferation of EC.
58,65 The generation of SIPR1* EC as shown in the present study also required the
coordinated activation of both EGR1 and STAT3 transcription factors. EGR1 transcribed
SPHK1 whereas STAT3 transcribed SPNS2. Inhibition of ERK prevented S1P induction of
EGR1 and SPHK1 expression indicating it acted upstream of EGR1. Our findings are also
consistent with the requirement of EGR1 activation in inducing SPHK1 expression of ERK.
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52 Inhibition of either SPHK1 or STAT3 prevented the generation of SIPR1* EC population
and thus endothelial repair.

In summary, using SIPR1-GFP reporter mice, we showed that the generation of a SIPR1*
EC population induced endothelial repair following endotoxemia. The production of S1P
and its transport by SPHK1 and SPNS2, respectively, maximized the transition of SIPR1
EC into the SIPR1* EC population. Transcription factors EGR1 and STAT3 were required to
transcribe SPHK1 and SPNS2, respectively. The generation of SIPR1* EC population
activated the endothelial regenerative program that mediated vascular repair, thereby raising
the possibility of activating this intrinsic reparative SIPR1* EC to restore vascular
homeostasis and tissue function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms:

ABC294640 3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-
ylmethyl)amide

EC Endothelial cells

HLMVEC Human lung microvascular endothelial cells

H2B-GFP Histone 2B-green fluorescent protein

OCT Optimal Cutting Temperature

PFA Paraformaldehyde

PF-543 1-[[4-[[3-methy!-5-

[(phenylsulfonyl)methyl]phenoxy]methyl]phenyl]methyl]-2R-
pyrrolidinemethanol

SCH772984 (3R)-1-[2-0x0-2-[4-[4-(2-pyrimidinyl)phenyl]-1-piperazinyl]ethyl]-
N-[3-(4-pyridinyl)-1H-indazol-5-yl]-3-pyrrolidinecarboxamide

siRNA Small interfering RNA

S31-201 2-Hydroxy-4-[[2-(4-methylphenyl)sulfonyloxyacetyl]Jamino]benzoic
acid

S1PR1*EC S1PR1 active endothelial cells
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TEER Transendothelial electrical resistance
WT Wild type
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NOVELTY AND SIGNIFICANCE
What Is Known?

. The vascular endothelium (EC) plays a crucial role in maintaining blood
vessel functions, such as maintenance of tissue-fluid homeostasis.

. An increase in endothelial permeability accumulates plasma proteins and
leukocytes in the interstitium, the hallmark of acute lung injury (ALI).

. Sphingosine-1-phosphate receptor 1 (S1PR1), belonging to the family of
seven transmembrane domain G-protein-coupled receptors, mediates vascular
repair.

. In studies in vascular injury models, the S1PR1 activation by its agonist, S1P,
reduced lung injury secondary to ALI.

What New Information Does This Article Contribute?

. We identified an unknown population of S1PR1 active endothelial cells
(S1PR1* EC) in the lung during injury.

. S1PR1* EC generation preceded lung endothelial repair, and these cells vital
for reestablishing the endothelial barrier.

. Transplantation of SIPR1* EC into the leaky vasculature of EC-specific
S1PR1 null mice induced intimal integration of the cells and repaired barrier.

. The activation of the transcription factors, EGR1 and STAT3 by S1PR1
during EC injury transcribed sphingosine kinase 1 (SPHK1) and the S1P
transporter SPNS2 to amplify generation of S1P and its efflux, to mediate the
vascular repair.

Endothelial barrier dysfunction leads to protein-rich edema formation and neutrophilic
inflammation, the hallmarks of lethal disorders such as acute respiratory distress
syndrome (ARDS). Present therapeutic measures are unsuccessful in reviving lung
vascular endothelial barrier function in ARDS. S1P generation and S1PR1 activation
have emerged as a predominant endothelial barrier repair mechanism. A crucial question
is whether a population of EC expressing S1PR1 exists or produced after an injury
capable of repairing the damaged endothelium remains unanswered. Here, we show the
generation of SIPR1* EC population during injury that reestablished endothelial barrier
integrity. Adoptive transfer of SIPR1* EC population induced integration of the cells in
damaged lung vessels to rescue integrity. Further, SIPR1 activated the transcription
factors EGR1 and STAT3 during EC injury, which transcribed SPHK1 and S1P
transporter, SPNS2, to promote S1P generation and efflux, committing vascular repair.
The present studies described a hitherto unexplored population of S1IPR1* EC with the
capacity to repair endothelial integrity, which may prevent inflammatory lung vascular
injury.
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Figure 1: Conditional deletion of SIPR1 in endothelial cell increases vascular permeability.
A, iEC-S1PRI™"~ mice were generated by crossing SIPR1f/fl mice with mice expressing

Cre under the control of tamoxifen-inducible 5° enhancer stem cell leukemia (Scl-CreERT)
promoter. Five weeks old /£C-S1PR17/~ and S1IPR1/T mice were exposed to 80 mg/kg
tamoxifen /p. for indicated time points, followed by one-week rest. B-C, Lung S1PR1
protein expression at 11t day post-tamoxifen injection. B, a representative blot from three
independent experiments. C, densitometry of SIPR1 expression calculated as fold increase
over actin. D, gPCR of indicated genes in the lungs of /£EC-S1PRI7~ and S1IPR1/fl mice
taking GAPDH as internal control and expressed as fold change relative to SIPR1%/fl. The
plot shows individual scatter with mean £SD (n=3). E-F, lung vascular injury was
determined post LPS administration (10 mg/kg /7.p.) by measuring wet-to-dry weight ratio
(E) and Evans blue albumin extravasation in lung parenchyma (F). The plots show
individual values £SD (n=7 mice/group). Statistical significance was assessed by unpaired t
test for C, D, E and F (See also Online Table Il). C, p=0.0001; D, p=4.64E-06; E,
p=5.32E-05 and F, p=0.0001 indicate significance relative to SIPR1f/fl ns= not significant.

Circ Res. Author manuscript; available in PMC 2022 July 09.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Akhter et al.

Page 16

Figure 2: Kinetics of SIPR1 activity following LPS-induced lung vascular injury.
A and B, FACS analysis of lung cell suspension obtained from S1PR1-GFP reporter mice or

H2B-GFP (control) mice following LPS (10 mg/kg, /.p.) administration. A, scatter dot plot
of GFP gated cells. B, quantification of GFP™ cells as percent of total lung cells at each time
(n=7 mice/group). C, LPS-induced (10 mg/kg 7.p.) vascular injury in SLPR1-GFP reporter
mice was determined by measuring lung wet-dry weight ratio (#7=7 mice/group). D, a
representative micrograph of GFP™ cells in the lung sections from S1PR1-GFP reporter or

H2B-GFP mice 16h post LPS challenge. E, quantification of GFP* cells from multiple lung
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sections. Scale bar 50 um (/=4 mice/group). B, C and E show individual scatter with mean
+SD. Statistical significance was assessed by one-way ANOVA followed by Post hoc
Tukey’s multiple comparisons test for B, C and E (See also Online Table Il). B, p=5E-14,
p=6.1E-14; C, p=5.1E-14, p=5E-14; E, p=3.72E-09 and p=0.0006 indicate significance
relative to Oh LPS. ns=not significant.
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Figure 3: Lung vascular injury expands the proliferative SIPR1* endothelial cell population.
A and B, GFP-gated EC (GFP*CD31*CD45™) from LPS (10 mg/kg, /.p) exposed lungs of

S1PR1-GFP reporter mice. A, representative FACS plot at indicated time points. B,
quantification of GFP*CD31*CD45~ (S1PR1* EC) as a percentage of total lung EC
(CD31*CD457) post injury (/=7 mice/group). C and D, lung sections were immunostained
with endothelial-specific marker, von-Willebrand Factor (vWF) and SIPR1* EC were
determined using confocal analysis. C, a representative micrograph. The inset shows x5
magnified vessel. Scale bar 50 pm. D, number of SIPR1* EC over vessel area in lungs of
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S1PR1-GFP reporter mice (n=4 mice/group). E, a representative micrograph showing BrdU
*S1PR1* EC in unexposed or LPS-exposed S1PR1-GFP reporter mice lungs. Mice received
LPS (10 mg/kg, 7.p) followed by BrdU (80mg/kg, 7p.) injection 4h before harvesting lungs.
Lungs sections were immunostained with anti-BrdU antibody (n=3 mice/group). Scale bar
50 um. F, a representative scatter plot of showing S1PR1* EC proliferation using
CD31*CD457Ki-67* antibodies after without or with LPS challenge (10 mg/kg, 7.0). B and
D individual data with mean +SD. Data in B were analyzed using one-way ANOVA
followed by Post hoc Tukey’s multiple comparisons test, while in D unpaired t test was used
(See also Online Table 11). B, p=0.0211, p=2.56E-15, p=4.23E-15, p=5.48E-14; and D,
p=3.14E-05 indicate significance relative to time “Oh LPS or No LPS”. ns=not significant.
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Figure 4: RNA-seq analysis of SIPR1" endothelial cells.
A, S1IPR1* EC were flow sorted from unexposed or LPS administered (10 mg/kg, /.0)

S1PR1-GFP reporter mice at indicated time points and RNA-seq analysis was performed. A,
volcano plot of genes in SIPR1* EC at 16h post LPS challenge versus Oh. B, validation of
indicated gene expression in SIPR1* EC taking GAPDH as an internal control (n=3). Gene
expression is shown as fold change relative to respective genes at Oh LPS. C-D, A
Representative immunoblot shows SPHK1, SPNS2 and EGR1 protein expression in flow
sorted SIPR1* EC post 16h LPS stimulation, while plot shows densitometric analysis of
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indicated proteins expressed as fold increase over actin (n=3). E, S1P concentration was
quantified using liquid chromatography-mass spectrometry in S1IPR1* EC versus non-GFP
EC flow sorted at 16h post LPS exposure (/=3 mice/group). F, gPCR analysis of indicated
genes in HLMVEC after with or without 1ug/ml LPS stimulation from three different
experiments. GAPDH was used as an internal control. Gene expression is shown as fold
change relative to Oh LPS. G-H, A representative immunoblot shows SPHK1, SPNS2 and
EGR1 expression in HLMVEC after stimulation with LPS (1ug/ml) and corresponding
densitometry of indicated proteins expressed as fold increase over actin (n=3). B, D, E, F
and H show individual data along with mean £SD. Data in B, F, and H were analyzed using
one-way ANOVA followed by Post hoc Tukey’s multiple comparisons test. Unpaired t test
was used in D and E (See also Online Table II). C, p=0.0001, p=1.44E-12, p=8.38E-09,
p=2.06E-05 indicate significance relative to Oh LPS; D, £=0.0004, £=0.0013, p=5.2E-05
indicate significance relative to No LPS; E, p=0.0009 indicate significance relative to EC; F,
p=1.36E-11, p=5.58E-13, p=1E-11 (SPHK1); p=8.83E-07, p=1.36E-11 (SPNS2);
p=4.2E-07, p=9.14E-13, p=9.43E-08 (EGR1) indicate significance relative to Oh LPS; H,
p=1.23E-12, p=5.36E-12, p=2.61E-14 (SPHK1); p=3.25E-8, p=6.52E-11, p=2.8E-12
(SPNS2); p=3.21E-6, p=5.63E-8 and p=3.98E-10 (EGRL1) indicate significance relative to Oh
LPS. ns=not significant.
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Figure 5: EGR1 induces transcription and expression downstream of SIPR1.

A-C, SPHK1 mRNA (A) or protein expression (B—C) following EGR1 depletion in
HLMVEC quantified as described in Figure 4B and 4D (n=3). GAPDH was used to

normalize RNA while actin was used as loading control for quantifying protein expression.
mRNA level quantified as fold change relative to cells transfected with scrambled siRNA. D,

mRNA expression of SIPR1, EGR1 and SPHK1 in control versus S1IPR1-depleted

HLMVEC was quantified taking GAPDH as internal control (n=3). mRNA level quantified

as fold change relative to cells transfected with scrambled siRNA. E, human SPHK1
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promoter region with three EGR1 binding sites. F, HLMVEC were stimulated with LPS
(1pug/ml) for indicated times and chromatin immunoprecipitation (CA/P) followed by gPCR
was performed to amplify EGR1 binding sites in SPHK1 promoter (n=3). G, a
representative gel shows gPCR-amplified product. H, HLMVEC transducing wild type
(WT) or mutated (MT) SPHKZ1 luciferase promoter constructs were stimulated with LPS
(1pug/ml) for indicated times. SPHK1 promoter activity was determined as described in
online methods (n=3). 1-J, a representative immunoblot shows ERK phosphorylation in
flow sorted SIPR1* EC versus non-GFP EC 16h post LPS stimulation of SIPR1-GFP
reporter mice (n=3), whereas plot shows densitometry of phosphorylated ERK expressed as
fold increase over total ERK. K, mRNA level of EGR1 and SPHK1 in HLMVEC stimulated
with LPS (1ug/ml) and with/without specific ERK inhibitor (5uM) (n=3). mRNA level
quantified as fold change relative to unstimulated cells. A, C, D, F, H, J and K show
individual value along with mean +SD. Data in plots F, H, and K were analyzed using one-
way ANOVA followed by Post hoc Tukey’s multiple comparisons test, whereas unpaired t
test was used for A, C, D, and J (See also Online Table I1). A, p=0.0002; C, p=0.0012,
p=0.0007; D, p=0.0012, p=0.0006, p=0.0003 indicate significance relative to siSC; F,
p=0.0012, p=2.06E-06; H, p=3.27E-08 indicate significance relative to Oh LPS; J, p=0.0003
indicate significance relative to EC; K, p=3.20E-08, p=2.43E-07 (EGR1); p=1.17E-07 and
p=1.16E-07 (SPHKZ1) indicate significance relative to No LPS. ns=not significant.
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Figure 6: STAT3 induces transcription and expression of SPNS2.
A-B, phosphorylation of STAT3 (P-STAT3) from flow sorted EC or SIPR1* EC (n=3). A, a

representative immunablot. B, densitometry of P-STAT3 expressed as fold increase over
total STAT3. C, expression of indicated genes in STAT3 depleted HLMVEC was determined
after LPS exposure (1ug/ml) using GAPDH as an internal standard (n=3). mRNA level was
quantified as fold change relative to cells transfected with scrambled siRNA. D, human
SPNS2 promoter region with two STAT3 binding sites. E-F, binding enrichment of STAT3
on SPNS2 promoter was determined by CA/P assay following without or with LPS
stimulation (1pug/ml) as described in Figure 5F and 5G (n=3). G, SPNS2 promoter activity in
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HLMVEC transfected with wild type (WT) or mutated (MT) SPNS2 promoter constructs
after with or without LPS (1pug/ml) stimulation (n=3). B, C, E and G show individual values
along with mean £SD. Data in E and G were analyzed using one-way ANOVA followed by
Tukey’s multiple comparisons test, while unpaired t test was used for B and C (See also
Online Table I1). B, p=0.0009 indicates significance relative to EC; C, p=0.0002, p=0.0002
and p=4.43E-05 indicate significance relative to siSC; E, p=0.0123, p=2.32E-05 and G,
p=2.09E-09 indicate significance relative to Oh LPS. ns=not significant.
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Figure 7: SIPR1* endothelial cells promote resolution of lung endothelial injury.
A, S1IPR1* EC (GFP*CD31*CD45") or non-GFP EC (GFP~CD31*CD457) were flow

sorted at 16h post LPS challenge (10 mg/kg 7.p.) of SIPR1-GFP reporter mice. SIPR1* EC
or EC (~1.0x106) were then injected 7 v. into SIPR/fl or EC-S1PR1 null mice.
Subsequently, lung vascular injury was determined by measuring lung wet-dry weight ratio
after 24h or 48h post transplantation (n=6 mice/group). B, a micrograph from EC-S1PR1
null lungs receiving SIPR1* EC or non-GFP EC were stained with anti-GFP and anti-vWF
antibodies to assess integration of SIPR1* EC into intima of the vessel. Micrograph of
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experiments were repeated multiple times. Scale bar 50 pm. C, respective quantification of
S1PR1* EC quantified as number of SIPR1* EC over vessel area (n=4). A and C show
individual data along with mean +SD. Data in A were analyzed using one-way ANOVA
followed by Tukey’s multiple comparisons test, whereas unpaired t test was used for C (See
also Online Table 11). A, p=9.92E-09, p= 3.62E-10 indicate significance relative to mice
receiving EC and C, p=0.0086 indicate significance relative to EC.
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Figure 8: SPHK1 and STAT3 activities are required for SIPR1* endothelial cell generation in
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SPHKZ1 inhibitor, PF-543 (5 mg/kg, 7.v) (A, B and E) or STAT3 inhibitor, S31-201 (5 mg/kg,
1.V) (C, D and E) were injected in SIPR1-GFP reporter mice. FACS analysis or lung injury
was determined as described in Figure 2. A and C show FACS dot plots of lungs from these
mice after with and without inhibitors whereas, B and D depict corresponding quantification
(n=7 mice/group). E, lung vascular injury response following treatment with indicated

inhibitors as described in Figure 1E (#=5 mice/group). B, D and E show individual data

APC-CD31

- - PF 543

— + PF 543

Page 28

Lung wet-dry weight ratio

>

LPS
r 1
8h __16h
p=T.T1E-10
p=2.94E-09
7 e
. p=2.22E-06
~ —
8 0=0.0002
6 ¢
Q.
rm
5_
4-

Circ Res. Author manuscript; available in PMC 2022 July 09.

LPS

- §31-201

+ 831-201



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Akhter et al.

Page 29

with mean £SD. Data were analyzed using one-way ANOVA followed by Post hoc Tukey’s
multiple comparisons test (See also Online Table I1). B, p=0.0003, p=1.77E-10, p=1.99E-11,
p=1.99E-11 indicate significance relative to -PF 543 (No SPHK1 inhibitor); D, p=6.38E-14,
p=5.78E-14 indicate significance relative to -S31-201 (No STAT3 inhibitor); E, p=0.0007,
p=2.94E-09, p=7.71E-10 indicate significance relative to No LPS; p=0.0002 and
p=2.22E-06 indicate significance relative to LPS exposed mice. ns=not significant.
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