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Abstract

Targeting the metastatic process to prevent disease dissemination in cancer remains challenging. 

One step in the metastatic cascade involves cancer cells transiting through the vascular 

endothelium after inflammation has increased the permeability of this cellular layer. Reducing 

inflammation-mediated gaps in the vascular endothelium could potentially be used to retard 

metastasis. This study describes the development of a novel ASR396-containing nanoparticle 

designed to activate the Sphingosine-1-Phosphate Receptor 1 (S1PR1) in order to tighten the 

junctions between the endothelial cell lining the vascular endothelium thereby inhibiting 

metastasis. ASR396 was derived from the S1PR1 agonist SEW2871 through chemical 

modification enabling the new compound to be loaded into a nanoliposome. ASR396 retained 

S1PR1 binding activity and the nanoliposomal formulation (nanoASR396) made it systemically 

bioavailable upon intravenous injection. Studies conducted in microvessels demonstrated that 

nanoASR396 significantly attenuated inflammatory mediator-induced permeability increase 

through the S1PR1 activation. Similarly, nanoASR396 inhibited gap formation mediated by 

inflammatory agents on an endothelial cell monolayer by decreasing levels of phosphorylated 

myosin light chain protein thereby inhibiting cellular contractility. In animal models, nanoASR396 

inhibited lung metastasis by up to 80%, indicating its potential for retarding the melanoma 

metastasis. Thus, a novel bioavailable nanoparticle-based S1PR1 agonist has been developed to 

negate the effects of inflammatory mediators on the vascular endothelium in order to reduce the 

metastatic dissemination of cancer cells.
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1. Introduction

Metastasis is the leading cause of cancer morbidity as well as mortality and is responsible 

for approximately 90% of cancer death (1–3). Metastasis is a general term to describe cancer 

cells traveling from primary sites to neighboring tissue or distant sites, which involves 

multiple steps including local invasion, intravasation, survival in circulation, extravasation, 

and proliferation in distant tissues (4). Each step can be rate-limiting since disruption of any 

of the multiple processes can retard metastasis (5).
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The endothelial cell (EC) lining of vessels plays important roles during intravasation and 

extravasation in the metastatic cascade (6). While quiescent, non-activated ECs can reduce 

tumor cell transmigration and metastasis, inflammation increases gaps to facilitate these 

processes to promote cancer cell metastasis (7–9). The literature shows that melanomas and 

circulating tumor cells secrete multiple factors, such as thrombin, VEGF and monocyte 

chemoattractant protein 1 (MCP1/CCL2), which can disrupt endothelial layer integrity by 

triggering actin remodeling, cellular contractility and tight junctional disassembly (10–14).

Increases in vascular permeability mediated by inflammatory mediators can cause changes 

in EC junctions through modifications in adherens and tight junctions (15). Vascular 

endothelial (VE) cadherin at the edges of ECs plays a major role intracellularly linking actin 

filaments in the cytoskeleton (16). Inflammatory factors can cause internalization of VE-

cadherin, whose absence then disrupts the cellular interactions leading to EC gap formation. 

In addition, contractile forces mediated by actin and myosin further promotes EC gap 

formation (17). The actin-myosin action depends on the phosphorylation status of myosin 

light chain (MLC) (18). Increased phosphorylated-MLC (pMLC) levels triggered by 

inflammatory mediators causes changes in the actin stress fibers leading to the formation of 

gaps in the EC layer (19).

Sphingosine-1-phosphate (S1P) is a natural lipid, and its levels in the plasma can be used as 

a biomarker for vascular barrier integrity (20). Cell culture studies showed that S1P enriched 

VE-cadherin and β-catenin at EC junctions; and enhanced adherens and tight junctional 

assembly (21). Studies in intact microvessels revealed that the effect of S1P on maintaining 

microvessel permeability occurred through the activation of EC S1PR1, and the blockage of 

S1PR1 abolished the inhibitory effect of S1P on inflammatory mediator-induced increases in 

microvessel permeability (22). Our study translates these observations to cancer treatment 

by developing a bioavailable S1PR1 agonist to enhance the endothelium barrier integrity and 

reverse the effects of inflammatory mediators, thereby inhibiting the transit of metastatic 

cells across vascular walls.

Several S1P receptor agonists have been developed for treating inflammatory diseases but 

none are useful for clinical cancer therapy (23). The most well-known S1P analog, FTY720 

(fingolimod) is FDA-approved for treating multiple sclerosis but is not useful in cancer 

because it acts as a broad spectrum S1PR1/3/4/5 agonist (24). This leads to S1PR1 

degradation and lymphopenia making it unsuitable to strengthen the endothelial barrier and 

reduce metastasis (25). SEW2871, a S1PR1-selective agonist, has been shown to fully 

replicate the action of S1P on endothelium integrity in intact microvessels, and potently 

inhibited the inflammatory mediator-induced increases in vascular permeability (22). 

Unfortunately, SEW2871 is not bioavailable requiring solubilization in a DMSO containing 

solution, which limits its clinical utility. The chemical structure of SEW2871 also prevents it 

from being incorporated into a bioavailable nanoliposomal formulation.

This report details the development of a bioavailable derivative of SEW2871 that acts as an 

agonist to S1PR1 to inhibit melanoma metastasis in preclinical models. The chemical 

structure of SEW2871 was modified to that of ASR396 so that it could be loaded into a 

nanoliposome but retained its ability to bind with and activate S1PR1. The nanoparticle 
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encapsulated ~70% of ASR396, had an average size of 69 nm, released 70% of ASR396 

within 48 hours and was stable when refrigerated for 6 weeks. NanoASR396 was 

intravenously administered, making it instantly bioavailable in the blood circulation to 

inhibit EC gap formation mediated by inflammatory mediators. Mechanistically, it acted by 

reversing the levels of phosphorylated myosin light chain to reduce EC contractility. In 

animal models of metastasis, nanoASR396 inhibited lung metastasis by up to 80%, 

suggesting its potential for retarding the metastatic spread of melanoma.

2. Materials and Methods

2.1 Source, synthesis and characterization of compounds.

4-Phenyl-5-trifluoromethylthiophene-2-carboxylic acid (Fig. 1B, compound 1) and N-

hydroxy-3-methoxy-benzamidine (Fig. 1B, compound 2) were purchased from Millipore 

Sigma. The purity of ASR396 (≥99%) was verified by analytical high-performance liquid 

chromatography (HPLC) analysis by comparing the peak areas of the product relative to any 

impurities. Specific synthesis and chemical characterization of ASR396 is described in the 

supplementary material and methods.

2.2 In silico binding assessment of ASR396 to ensure retention of interaction with 
S1PR1.

Crystal structure of S1PR1 receptor (PDB ID: 3V2W) was prepared and the active site 

pocket assigned as described previously (26). The crystal ligand in the active site pocket was 

examined with the various designed S1PR1 agonists and the docking interaction scores were 

calculated using the Glide module of the Schrodinger software.

2.3 Assessing ASR396 off-target binding.

The substructure-matching algorithm Erebus (erebus.doklab.org) was used to identify 

proteins featuring a similar or identical binding site to S1PR1. Erebus is a substructure-

matching platform that is based on a select query of interatomic distances, which define a 

structural motif on a bait protein, performs a search of the entire RCSB protein database for 

all proteins featuring a similar or identical scaffold (27). Using Erebus, off-target proteins 

from the RCSB database were identified by matching substructures with the same amino 

acids and atoms separated by the same distances (within a given tolerance) as the atoms of 

the query structure. The accuracy of a match was measured by the root-mean-square 

deviation (RMSD) or by the normal weight with a given variance.

2.4 Development of a nanoliposome containing ASR396; nanoASR396.

A 80:20 mol % L-α-phosphatidylcholine (ePC) and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] ammonium salt (DPPE-

PEG-2000) at a final concentration 25 mg/mL along with ASR396 (in methanol at 5 mg/mL) 

was utilized for manufacturing nanoASR396 (Avanti Polar Lipids) (28). The solvent from 

the mixture was evaporated under N2 gas and re-suspended in saline to make a final 

concentration of 5 mg/mL of nanoASR396. The rehydrated mixture was heated at 60°C for 

60 minutes followed by sonication and extrusion through a 100 mm polycarbonate 

membrane.
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2.5 Estimation of ASR396 encapsulation in nanoASR396.

Drug encapsulation efficiency was performed using a filter separation process as described 

previously (28). ASR396 not encapsulated in the nanoliposomes was separated by 

centrifugation for 30 minutes using a 10 kDa filter. Drug from the purified nanoASR396 was 

extracted by nanoparticle destruction through addition of a 1:1 chloroform and methanol 

solution. Precipitated lipids were removed by centrifugation and the ASR396 concentration 

was extrapolated from a standard curve using a UV-visible spectrophotometer with a λmax 

of 254 nm. Percentage of drug encapsulated was estimated as 1.00 -(free drug after filter 

separation/total drug before separation) X 100. Release kinetics were measured using 

dialysis through a 25 kDa membrane. Briefly, nanoASR396 was placed in a dialysis 

membrane and suspended in 1 L of a saline solution with constant stirring at 300 rpm for 

120 hours. A 1-mL sample was taken from the from the dialysis bag at indicated time points, 

and the concentration of ASR396 was measured by absorption at 254 nm after extracting 

with 1:1 chloroform: methanol.

2.6 Stability of nanoASR396.

Stability of the nanoliposomes containing ASR396 was performed as described previously 

(28). NanoASR396 was stored at 4°C for indicated times. The size and charge of the 

nanoliposomes were calculated using a Malvern Zetasizer. NanoASR396 were considered 

stable if there was less than a 5% change in the size and charge of the nanoliposomes.

2.7 Confirmation of nanoASR396 structure and size by Cryo-electron microscopy (cryo-
EM).

For vitrification, each TEM grid (QUANTIFOIL R 2/1, Electron Microscopy Sciences) with 

a thin layer of carbon film deposited over the holes was pre-treated by glow discharge. 

Samples (3.5 μl) were applied to the grid and vitrified using the vitrobot (Thermo Fisher) 

under the following condition: 4°C, 100% of humidity, and 3 sec of blot time. Images were 

recorded by the electron microscope Arctica (Thermo Fisher) equipped with Ceta camera 

(4096 × 4096 pixels, Thermo Fisher). The imaging condition was 92,000X in magnification, 

4 in spot size, 2.7 mm in spherical aberration, at an accelerating voltage of 200 KV.

2.8 Assessment of 15-day repeated dose toxicity of nanoASR396.

Swiss-Webster mice were treated intravenously at indicated doses of nanoASR396 daily for 

15-days and compared to control nanoliposomes lacking the agent. Changes in the animal 

body weights, motility and behavioral changes were monitored daily to measure body 

weight or behavioral related toxic effects (28). At the end of the 15-day treatment regimen, 

animals were euthanized and blood was collected to assess potential toxic effects. Serum 

samples were analyzed for levels of biomarkers that correspond to major organ functions as 

an assessment of toxic effects. Specifically, alanine aminotransferase, alkaline phosphatase, 

albumin, globulin, total protein, total bilirubin, blood urea nitrogen, glucose, creatinine, 

calcium and cholesterol were evaluated (29). Levels were compared to animals treated with 

nanoliposomes lacking ASR396, which served as the control.
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2.9 Cell lines, culture conditions and chemicals added to cell culture models.

The human melanoma cell lines, A375M-GFP, UACC 903M-GFP and 1205 Lu-GFP were 

maintained in DMEM (Invitrogen) supplemented with 5% FBS (Atlantic Biologicals) and 

GlutaMAX (Life Technologies). Human umbilical vein endothelial cells (HUVEC) were 

obtained from Lonza and maintained on gelatin-coated plates in endothelial growth media 

(EGM) supplemented with 2% FBS (Lonza). HEK293A-S1P1-GFP cells were provided by 

Dr. Tom Kirchhausen (Harvard Medical School) and maintained in DMEM with 10% FBS 

and 200 μg/ml G418 (30). Melanoma cells were used within 20 passages; HUVEC cells 

were used between passages 2–5. SEW2871 was purchased from Cayman Chemical and 

W146 was from TOCRIS. Bradykinin (BK) was obtained from Millipore Sigma and 

vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8) were from Peprotech.

2.10 HUVEC cell line monolayer model to assess gap formation.

HUVECs were seeded on coverslips coated with fibronectin (Millipore Sigma) and cultured 

to confluency. The inhibitors of VEGF (Nintedanib), ICAM-1 (A286982), 

PDE-4(Roflumilast), and mTOR (Tacrolimus), and S1PR1 agonists, SEW2871 (DMSO final 

concentration: 0.05%), ASR396 (DMSO final concentration: 0.05%) and nanoASR396 

(saline) were added to HUVECs at 5 μM for 30 minutes before cells were stimulated with 

0.5 μM BK for 30 minutes, 100 ng/mL VEGF or 150 ng/mL IL-8 for 1 hour. HUVECs fixed 

with 2% cold paraformaldehyde (Electron Microscopy Science) and treated with 0.1% triton 

X-100 (Fisher) were exposed to a human VE-cadherin antibody (Santa Cruz) followed by 

the secondary antibody conjugated with Alexa488 (Invitrogen). Coverslips were mounted to 

slides using the antifade mounting medium with DAPI (Vector Laboratories).

2.11 S1PR1 internalization assay.

HEK293A-S1P1-GFP cells were plated on collagen-coated coverslips (30). Cells were 

cultured overnight in DMEM with 2% charcoal-stripped serum. Prior to the experiment, 

cells were cultured in serum-free DMEM for 1.5 hours. Cells were treated with 5 μM W146 

for 30 minutes followed by 5 μM SEW2871 and ASR396. After washing with ice cold PBS, 

cells were fixed in 2% cold paraformaldehyde and mounted to slides using the antifade 

mounting medium with DAPI.

2.12 Quantitative measurements of permeability coefficient, hydraulic conductivity (Lp) 
in individually perfused rat mesenteric microvessels.

All animal experimentation in rats was approved by the Animal Care and Use Committee of 

Pennsylvania State University and met National Institutes of Health standards as set forth in 

the “Guide for the Care and Use of Laboratory Animals”. Experiments were undertaken on 

mesenteric venules from female Sprague-Dawley rats (2–3-month old, 220–250 g body 

weight, Sage Laboratory). Inactin hydrate was used for anesthesia through subcutaneous 

administration. The initial dosage of inactin was 180 mg/kg body weight and an additional 5 

mg/dose given as needed. After the rat reached the appropriate plane of anesthesia, 

determined by the loss of the toe pinch response and the righting reflex, a midline surgical 

incision was made in the abdominal wall. A loop of the ileum was gently extended from the 

abdominal cavity and the mesentery was spread over a pillar attached to an animal tray. The 
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upper surface of the mesentery was continuously perfused with mammalian Ringer’s 

solution at 37°C. All experiments were carried out on venules with diameters ranging 

between 40 to 45 μm. Each experiment was performed on a single vessel with one 

experiment per animal. Euthanasia was performed through bilateral thoracotomy while 

animals were under anesthesia.

Microvessel permeability was assessed by measuring one of the permeability coefficients, 

hydraulic conductivity, Lp, using the modified Landis technique. The assumptions and 

limitations of the method have been evaluated in detail (31–33). Briefly, a single venular 

microvessel was cannulated with a glass micropipette and perfused with albumin-Ringer 

solution (control) containing 1% (v/v) rat red blood cells as markers. A hydrostatic pressure 

(range 40–70 cm H2O), controlled by a water manometer, was applied through the 

micropipette to the microvessel lumen. The initial water flux (Jv) per unit area of 

microvessel wall (S), (Jv/S)0, was calculated from the velocity of the marker cell after the 

vessel was occluded, the vessel radius, and the length between the marker cell and the 

occlusion site. Microvessel Lp was calculated from the Starling equation, Lp = (Jv/S)/ΔP, 

where ΔP represents the pressure difference between the hydrostatic pressure applied to the 

microvessel and the effective oncotic pressure generated from the albumin in the perfusate, 

assuming the tissue hydrostatic and oncotic pressures are negligible (31). In each 

experiment, baseline Lp and the stimulus-induced Lp changes were measured in the same 

vessel, which allows the changes to be compared with its own control. If Lp is relatively 

constant throughout the time course, the mean Lp value for each perfusate was calculated 

from all of the occlusions during that perfusion period. If a transient increase in Lp is 

observed, Lp is reported as the means of peak and sustained values. Details are shown in 

Supplementary Figure 1.

2.13 Assessment of off-target effects mediated by nanoASR396 on key signaling 
pathways using Western blotting.

A monolayer of HUVEC cells following varying treatments were lyzed in RIPA buffer 

containing protease and phosphatase inhibitors (Pierce Biotechnologies). 20 μg of cell lysate 

was used for western blotting and probed with antibodies according to the suppliers’ 

recommendations to assess of target effects on several major signaling pathways. Antibodies 

to p-ERK, ERK, p-PI3K, PI3K, p-FAK, FAK, p-PAK1, PAK1, p-PAK2, PAK2, p-MLC, p-

NF-κB, NF-κB were used to probe western blots (Cell Signaling). α Tubulin (Millipore 

Sigma) was used as a loading control.

2.14 Assessing efficacy of nanoASR396 for inhibiting experimental metastasis.

Animal experimentation in mice was approved by the Animal Care and Use Committee of 

Pennsylvania State University and met National Institutes of Health standards as set forth in 

the “Guide for the Care and Use of Laboratory Animals”. Athymic Foxn1nu nude mice were 

intravenously injected with 15 mg/kg nanoASR396 or nanoliposome lacking the agent; 

(Lipo) vehicle control, for 6, 12 or 18 hours prior to intravenous injection of 1 million 

A375M-GFP cells in the tail vein. For control comparison purposes, groups of nude mice 

were injected with 5 mg/kg SEW2871 or DMSO control intraperitoneally. For experiments 

using UACC 903M-GFP and 1205 Lu-GFP cells, 15 mg/kg nanoASR396 were given 6 
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hours before cancer cell injection. Body weight was monitored to ensure no significant 

toxicity during the experimental metastasis assay. On day 29, whole lungs were removed and 

imaged by fluorescent microscopy to quantify the numbers of metastatic nodules in a 

double-blinded manner.

2.15 Statistical analysis.

All values of Lp and tumor metastasis were means ± SE. In vitro results were shown as mean 

± SD. Paired t-test (Nonparametric Wilcoxon matched-paired signed rank test, two-tailed) 

was used for paired experiments conducted in the same vessel, and Mann-Whitney test (two-

tailed) was used for data comparison between two groups. One- and two-way ANOVA with 

Tukey post hoc test was used to compare data among multiple groups. A probability value of 

P < 0.05 was considered statistically significant. Each “n” of microvessel perfusion 

experiment represents one experiment conducted in each rat.

3. Results

3.1 Rational for the development of ASR396 off of the chemical structure of SEW2871.

To select the best drug to target endothelial permeability, several anti-inflammatory drugs, 

including inhibitors of VEGF, ICAM-1, PDE-4 and mTOR and S1PR1 agonists were tested 

in an in vitro endothelial monolayer model and the agents’ effects for inhibiting bradykinin 

(BK)-induced permeability were measured (Supplementary Fig. 2). Most of the anti-

inflammatory drugs did not affect the gap formation induced by BK and only S1PR1 

agonists reduced the endothelial gap formation in this setting (Supplementary Fig. 2). Since 

only the activation of S1PR1 inhibits inflammatory mediator-induced increases in 

microvessel permeability (22), the objective was to make functional group alterations to 

optimize the structure of S1PR1 agonist SEW2871 (Fig. 1A left) for enhanced 

hydrophilicity; and to make the compound loadable into a nanoliposome without changing 

its S1PR1 binding activity. A series of derivative SEW2871 compounds (Fig. 1A) were 

initially proposed that could bind to S1PR1 (Supplementary Table 1). Compound ASR396 

(Fig. 1A) was selected from the in silico screen because it had a docking score of - 6.278 

compared to −2.948 for SEW2871. This occurred because the hydrophobic –CF3 on the 

phenyl ring of SEW2871 was replaced with a hydrophilic –OH group, which was predicted 

to enhance its aqueous solubility, potentially facilitating loading into a nanoliposomal 

formulation.

3.2 Synthesis of ASR396.

SEW2871 derivative ASR396 was then synthesized as shown in Figure 1B. 4-Phenyl-5-

trifluoromethyl-thiophene-2-carboxylic acid (1) was first converted in situ to the 

corresponding acid chloride by treating with oxalyl chloride in the presence of catalytic 

N,N-dimethyl formamide. The resulting thiophene carboxylic acid chloride was further 

reacted with N-hydroxy-3-methoxy-benzamidine (2) in the presence of pyridine in xylenes 

at 140°C for 1 hour yielded the corresponding oxadiazole derivative 3 at a yield of 75% (34). 

The methoxy compound 3 on further treatment with BCl3 in CH2Cl2 at room temperature 

for 12 hours resulted in the corresponding hydroxy compound ASR396 at a yield of 92% 

(Fig. 1B) (35). The structures of compounds 3 and ASR396 were characterized on the basis 
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of NMR and mass spectral data. No significant change in the binding affinity of ASR396 

and SEW2871 to S1PR1 was demonstrated using an S1P1 GPCR cell-based agonist arrestin 

biosensor assays (Eurofins DiscoverX). SEW2871 and ASR396 showed similar S1PR1 

binding kinetics (Fig. 1C) with the EC50 of 32 and 43 nM respectively, which suggested no 

change in binding due to the chemical modification.

3.3 In silico predicted off-target binding of ASR396 compared to SEW2871.

To predict whether the chemical modifications of SEW2871 resulting in ASR396 led to any 

unexpected off-target interactions, the interaction plot of ASR396 with S1PR1 was 

undertaken. This suggested that the binding scaffold of S1PR1 populated with R120, M124, 

F125, and V194 had significant interactions with ASR396. R120 and F125 have been 

reported to be important for maintaining the potency of SEW2871 (36). Hence, the side 

chain atoms of R120, M124, F125, and V194 engulfing ASR396 in the binding pocket of 

S1PR1 were extracted and submitted as a query to Erebus. To precisely identify the most 

similar binding scaffolds to our query structure, a cut-off of RMSD<= 5Å to the query was 

imposed (Supplementary Table 2). Erebus identified the query substructure itself from 

S1PR1 in the RCSB database (PDB IDs: 3V2Y, 3V2W) (Supplementary Fig. 3A), which 

highlights the accuracy of the Erebus algorithm. Further, Erebus identified only one similar 

rigid binding scaffold, which was soluble epoxide hydrolase (PDB IDs: 3WKE, 3ANT) from 

homo sapiens with RMSDs 3.83 and 4.98, respectively for two structures (Supplementary 

Fig. 3B). To test whether the identified structural scaffold from soluble epoxide hydrolase 

had any binding affinity toward ASR396, ASR396 was docked to the predicted site in 

epoxide hydrolase (PDB ID: 3WKE) using the MedusaDock suite, which is known for its 

rapid sampling efficiency and high prediction accuracy (37). The docked epoxide hydrolase–

ASR396 complex obtained from MedusaDock displayed strong interaction with ASR396 in 

the Erebus predicted binding scaffold (Supplementary Fig. 3C), which suggested off-target 

binding to ASR396. Given that the binding of ASR396 to epoxide hydrolase is competitive 

with the native ligand, the physiological effect may not be pronounced due to strong binding 

of the endogenous epoxides to epoxide hydrolase (Supplementary Table 3). Apart from these 

scaffolds, Erebus also identified similar structural scaffolds in proteins from microbial 

organisms Geobacillus thermoglucosidasius and Peptoclostridium difficile, which were 

omitted from the off-targets list since they were not mammalian.

3.4 Development and physiochemical characterization of the nanoliposomal formulation 
containing ASR396.

To identify a nanoliposomal formulation enabling optimal loading of ASR396, several 

formulations were examined and results for size, zeta potential charge, membrane potential 

and surface hydration were evaluated (data not shown). The optimal liposomal formulation 

selected contained the PEGylated nanoliposomal formulation made of 80:20 mol% ePC: 

DPPE PEG-2000 called nanoASR396. The average size of the nanoliposomes in saline was 

68.14 ± 4.42 nm with a zeta potential charge of 0.24 ± 0.02 mV. Cryo-electron microscopy 

demonstrated the spherical structure of the nanoliposmes and that the nanoparticles were not 

aggregations (Fig. 2A). Free ASR396 was solubilized during nanoliposome preparation; 

however, a small amount of the drug was predicted to be loosely bound to the outer lipid 

layer of the nanoliposome. The amount of drug in the lipid shell was measured using the 
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absorption maxima of the drug extrapolated from a standard curve generated from ASR396 

ranging from 0.01 and 0.1 mg/ml. The encapsulation efficiency for nanoASR396 after 

filtration was 67.1% compared to nanoASR396 concentration without extrusion (Fig. 2B).

The drug release kinetics of ASR396 was measured by dialyzing nanoASR396 in saline over 

120 hours, upon which the dialyzed nanoliposomes were lysed and the remaining drug 

measured by extrapolation off a standard curve (Fig. 2C). ASR396 was released from the 

nanoliposomes at a steady rate over 120 hours with approximately 70 to 75 % release at 72 

to 120 hours (Fig. 2C). The stability of refrigerated nanoASR396 was examined weekly for 

a period of 6 weeks. Size and charge of the nanoASR396 were estimated once every week. 

Both size (Fig. 2D) and charge (Fig. 2E) of nanoASR396 did not significantly vary over 6 

weeks, indicating stability of the formulation. In order to evaluate the safety of the 

nanoASR396 in animal models, a 14-day repeated range finder study was performed from 

15–50 mg/kg intravenously administered daily. Treatment with nanoASR396 did not cause 

any significant change in animal weight (Fig. 2F) or changes in blood-based biomarkers of 

major organ related toxicity (Fig. 2G). Hence, nanoASR396 appeared to be a bioavailable 

agent with potential use in animals.

3.5 NanoASR396 attenuated inflammatory mediator-induced increases in microvessel 
permeability by activation of endothelial S1PR1.

Previous studies conducted in individually perfused intact microvessels demonstrated that 

S1P had a potent inhibitory effect on inflammatory mediator-induced increases in 

microvessel permeability, mediated through the activation of S1PR1 (22,38). In this study, 

the effect and specificity of the S1PR1 agonist nanoASR396 was examined on platelet 

activating factor (PAF)-induced permeability increases and results were compared to 

SEW2871 under the same experimental conditions. Permeability was assessed by measuring 

hydraulic conductivity, Lp, in individually perfused intact rat mesenteric venules. Each 

vessel was first cannulated and perfused with the control perfusate (1% bovine serum 

albumin, BSA, in Ringer’s solution) to measure baseline Lp. The mean baseline Lp of 6 

vessels was 1.14 ± 0.16 X 10−7 cm/s/cmH2O. Perfusion of vessels with SEW2871 (10 μM) 

for 30 minutes did not change the baseline Lp. However, when each of the vessels was 

perfused with PAF (10 nM) in the presence of SEW2871, the PAF-induced Lp increase was 

significantly inhibited with the mean Lp value at 1.73 ± 0.15 times that of the control. To 

test the vessel normal response to PAF, each vessel was given a second application of PAF 

after washing out SEW2871 with albumin-Ringer perfusion for 40 minutes. Then each 

vessel showed a typical PAF response with the mean peak Lp increased to 7.50 ± 0.63 times 

that of the baseline. The time course of the Lp changes from an individual experiment was 

shown in Figure 3A and the results summary was shown in Figure 3B (n = 6). These results 

indicated that pre-perfusion of vessels with SEW2871 prevented PAF-induced increases in 

microvessel Lp, functioning in a similar manner as S1P (22,38).

The effect of nanoASR396 on PAF-induced permeability increases were examined following 

the same experimental procedures as those used for SEW2871. The mean baseline Lp of 4 

vessels was 1.72 ± 0.13 X 10−7 cm/s/cmH2O. Perfusion of nanoASR396 (100 μM) did not 

alter baseline Lp but significantly inhibited PAF-induced Lp increase with a mean peak Lp at 
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2.92 ± 0.14 times that of the control value. In contrast, perfusion of empty nanoliposome 

alone showed no effect on PAF-induced Lp increase. Overlay of two-individual experiments 

with the application of nanoASR396 and nanoliposome alone demonstrated that the 

significant inhibition of PAF-induced Lp increase was due to the effect of ASR396 and not 

empty nanoliposome (Fig. 4A).

The action of nanoASR396 as a specific S1PR1 agonist was examined in vessels that were 

pretreated with S1PR1 antagonist W146 before the application of nanoASR396 and PAF. 

Inhibition of S1PR1 with W146 (10 μM) abolished the effect of nanoASR396 on PAF-

induced Lp increases. In four W146-pretreated vessels, the PAF-induced mean peak Lp in 

the presence of nanoASR396 was 7.12 ± 1.41 times that of the control; insignificant from 

the Lp responses to PAF in the absence of nanoASR396. Figure 4B shows the time courses 

of the Lp changes in the absence and presence of W146 from two individual experiments. 

The summary results of three groups of studies were presented in Figure 4C (n = 4 per 

group).

3.6 NanoASR396 inhibited endothelial gap formation mediated by inflammatory factors 
as effectively as SEW2871 acting through the myosin light chain pathway.

The effect of ASR396 on endothelial permeability was further confirmed using a cultured 

EC monolayer model. As reported by other groups and shown in Figure 5A, vehicle treated 

ECs in this model had a continuous VE-cadherin junctional protein line between ECs. When 

treated with vascular endothelial growth factor (VEGF), ECs dissociated from each other to 

form gaps with a discontinuous distribution line of VE-cadherin (Fig. 5A). ASR396 

treatment alone showed a similar result to that observed with the vehicle treated control (Fig. 

5A). ECs when treated with both ASR396 and VEGF showed no gap formation with an 

intact VE-cadherin line at junctions between ECs (Fig. 5A). Quantitation of the gap 

formation mediated by VEGF (Fig. 5B), demonstrated that ASR396 had similar gap 

inhibitory efficacy to SEW2871.

ASR396 efficacy for inhibiting gap formation by inflammatory mediators, bradykinin (BK) 

and interlukin-8 (IL-8) was also examined (Figs. 5A, C and D). As predicted, ECs treated 

with BK (Fig. 5A), and IL-8 (Fig. 5A) had increased numbers of gaps, while treatment with 

either ASR396 or SEW2871 similarly inhibited this effect (Figs. 5C, D and E). Thus, 

ASR396 and SEW2871 similarly blocked gap formation suggesting that ASR396 retained 

the functional activity of the parent compound.

To show that ASR396 was activating the S1PR1 to prevent gap formation, HUVECs were 

treated with W146 (S1PR1 antagonist) before treatment with ASR396 and BK. W146 pre-

treatment abolished the inhibitory effect of ASR396 on BK-induced gap formation (Fig. 5E), 

suggesting that ASR396-mediated activation of S1PR1 was responsible for inhibiting gap 

formation in the EC layer.

A S1PR1 internalization assay using the HEK293A-S1P1-GFP cells was undertaken to show 

that ASR396 and SEW2871 similarly enhanced S1PR1 internalization, leading to its 

accumulation in the cytoplasm. Approximately 37% of cells in the DMSO treatment had 

internalized S1PR1 while more that 75% of cells in the ASR396 (Fig. 5F) and SEW2871 
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(Fig. 5G) treatment had internalized S1PR1 in the cytoplasm. Internalization mediated by 

ASR396 and SEW2871 could be blocked using the S1PR1 antagonist W146, suggesting 

efficacy of both agonists for activating S1PR1 (Figs. 5F and G).

MLC phosphorylation is critical in inducing endothelial barrier permeability (18). HUVECs 

were treated with BK, VEGF or IL-8 and pMLC levels were compared by western blotting 

to treatment with ASR396. ASR396 treatment alone did not increase pMLC levels but 

treatments of BK, VEGF, and IL-8 significantly increased pMLC levels (Fig. 5H). ASR396 

was able to reverse and decrease the pMLC levels suggesting that the gap formation was 

involved in the MLC signaling and reversal effect of ASR396.

NanoASR396 was able to inhibit gap formation mediated by inflammatory mediators VEGF 

(Fig. 5I), BK (Fig. 5J) and IL-8 (Fig. 5K), compared to EL, similar to that observed with 

ASR396 in DMSO. No significant difference was observed in EC gap formation between 

HUVECs treated with ASR396 or nanoASR396 prior to BK, VEGF, and IL-8 exposure. At 

the concentration of 5 μM, SEW2871, ASR396 and nanoASR396 showed similar potencies 

to inhibit gap formation Thus, the nanoliposomal lipid formulation did not affect the activity 

of the compound.

To determine whether ASR396 induced off-target effects in HUVEC cells, the effects of the 

compound were examined on several signaling pathways important in melanoma 

development, including the MAPK/ERK, PI3K/AKT, NF-κB, and the vascular permeability 

regulation pathways. No significant changes in levels or activity of biomarker proteins in 

these pathways were detected between the control and the ASR396-treated ECs 

(Supplementary Fig. 4) suggesting that ASR396 did not trigger significant off-target effects.

3.7 NanoASR396 inhibits metastasis similar to that occurring with control SEW2871.

To test the efficacy of nanoASR396 for inhibiting melanoma metastasis, an experimental 

metastasis mouse model was used and the treatment protocol summarized in Fig. 6A. Mice 

were treated with nanoASR396 intravenously prior to injecting GFP-tagged A375M, UACC 

903M or 1205 Lu melanoma cells. Control mice for the A375M cell line developed 45 

visible A375M-GFP melanoma metastatic nodules in the lung while mice treated with with 

nanoASR396 developed only 9–16 metastatic nodules, which was an 65–80% reduction 

(Fig. 6B). NanoASR396 treatment also led to a 62.7% reduction in UACC 903M-GFP (Fig. 

6C) and 79.1% reduction in 1205 Lu-GFP (Fig. 6D) melanoma cell-mediated metastasis 

confirming this efficacy. To compare the effects of nanoASR396 to SEW2871 on metastasis 

inhibition, mice were treated with SEW2871 intraperitoneally before the administration of 

A375M-GFP melanoma cells. Control mice developed 62 visible A375M-GFP melanoma 

metastatic nodules in the lungs, while mice treated with SEW2871 developed 17–27 

metastatic nodules (Fig. 6E). Thus, mice treated with nanoASR396 had melanoma 

metastasis in the lung reduced up to 80%, which was similar to that observed with 

SEW2871, suggesting it could be a potentially effective metastasis inhibitor.
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4. Discussion

S1P can potently inhibit inflammatory mediator-induced increases in microvessel 

permeability through the activation of S1PR1 (22,38). Based on those observations, we 

developed a new nanoparticle based S1PR1 agonist, called nanoASR396, to specifically 

reverse the cancer-associated vascular inflammation that promotes metastasis. Studies 

conducted in both intact microvessels and a cultured EC monolayer model demonstrated its 

potent efficacy for enhancing endothelial barrier integrity, function, inhibition of 

permeability increases, and EC gap formation mediated by a variety of inflammatory 

mediators as well as tumor cell secreted cytokines. Significantly, the effect of S1PR1 agonist 

nanoASR396 inhibited the inflammatory mediator-induced permeability increases using a 

quantitative measure of the permeability coefficient, Lp, in intact rat microvessels. 

NanoASR396 inhibited PAF-induced permeability increases similar to that observed with 

the SEW2871 control. Furthermore, the action of nanoASR396 was abolished by pretreating 

vessels with a S1PR1 antagonist, W146, which confirmed the effect of nanoASR396 

occurred through S1PR1 activation in ECs. Most importantly, systemic application of 

nanoASR396 inhibited lung metastasis by up to 80% in a melanoma metastasis animal 

model. Results demonstrated that the action of nanoASR396 not only recapitulated the effect 

of S1P on EC barrier integrity, but also minimized the potential confounding effects of S1P 

on the activation of other S1P receptors, suggesting its clinical potential for retarding the 

metastatic spread of cancer.

ASR396 was developed from SEW2871, which can be loaded into a nanoliposome for 

bioavailable intravenous delivery. The chemical structure of ASR396 was found to have 

better binding interaction in the S1PR1 active pocket with a higher docking score compared 

to SEW2871. ASR396 was also confirmed to specifically interact in the active pocket of 

S1PR1 using the Erebus algorithm. Binding of ASR396 to S1PR1 and activation of S1PR1 

was found to be similar to SEW2871. The binding of ASR396 to S1PR1 could be blocked 

using the S1PR1 antagonist W146 (like SEW2871), which functionally demonstrated that 

the new compound maintained its binding to the receptor. Thus, the data suggested that 

ASR396 was a specific S1PR1 agonist, functioning like SEW2871.

VEGF, BK and IL-8 are some of the inflammatory cytokines that are elevated in the serum 

of advanced-stage melanoma patients and in animal models containing melanomas (13). 

These cytokines can significantly alter the architecture of VE-cadherin and the 

phosphorylation status of MLC in endothelial cells leading to the detachment of these cells 

from one another to form gaps (45,46). VEGF and BK are well-known permeability 

inducers and mechanisms mediating this process has been reviewed in detail (47). The IL-8 

and CXCR1/2 complex has been shown to increase vascular permeability by transactivating 

VEGFR2 (48). It is almost impossible to target each individual inflammatory cytokine in 

order to prevent their effects on EC integrity. Therefore, our approach of directly enhancing 

the EC barrier integrity to prevent gap formation-mediated by a wide-spectrum of 

inflammatory cytokines could effectively reduce cancer cell metastasis for many cancer 

types and not just melanoma.

Chen et al. Page 13

Cancer Lett. Author manuscript; available in PMC 2022 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A major advantage of ASR396 is that it can be encapsulated into nanoliposomes while 

SEW2871 cannot. In recent years, nanotechnology has been used to more effectively deliver 

agents to treat cancer by reducing toxicity, increasing bioavailability and prolonging the time 

in the circulation (53). Nanoparticles can increase drug solubility, improve pharmacokinetics 

and minimize side-effects (53). Nanoliposomes, compared to the traditional drug delivery 

route, have some promising benefits, including better drug delivery, protection of active 

drugs from environmental factors, prevention of early degradation of the drug, cost-effective 

formulation for expensive agents and more efficient treatments with less toxicity (54). 

Moreover, the biodegradability and biocompatibility of nanoliposomes make them excellent 

therapeutic vehicles (53). Using a melanoma mouse model, our group has demonstrated the 

low toxicity, high bioavailability and prolonged release of the nanoliposomal forms of anti-

melanoma drugs, such as leelamine (55), arachidonyl trifluoromethyl ketone (56), aldehyde 

dehyrdrogenase inhibitors (57), celecoxib (58), and plumbagin (58).

NanoASR396 increased bioavailability by enabling direct injection into the vascular system 

where it would have immediate access to the ECs where it needed to act. NanoASR396 

inhibited EC gap formation in the vascular system, which led to fewer melanoma lung 

metastases. We have previously shown that melanoma cells secrete IL-8 to attract 

neutrophils which tether them to the vascular endothelial cell layer to promote metastasis 

(59). The results of this study extend this process by showing that the cytokines secreted by 

these cells can further aid this process by enabling gap formation in the EC layer through 

which the cancer cells can extravasate to promote metastasis. This process can be inhibited 

using the bioavailable nanoASR396, which releases the S1PR1 agonist at the EC layer to 

enhance vascular barrier integrity. Thus, it is possible to counteract the effects of 

inflammatory cytokines non-specifically and provide better protection against these factors 

to maintain EC homeostasis to inhibit inflammation-mediated melanoma metastasis.

In normal endothelial cells, the S1P/S1PR1 complex enhances junctional assembly (49) 

while at high concentration of S1P, the S1P/S1PR3 complex in endothelial cells disrupts the 

barrier structure (50). An S1PR1/3 agonist, FTY720, has been developed but has the side-

effects of inducing bradycardia (51), macular oedema, cardiovascular complications, and 

brain inflammation(52). This occurs following the activation of S1PR3 (51) or S1PR1 and 

S1PR3 (52). Since ASR396 is a specific agonist to S1PR1, these toxic effects would not 

likely be observed.

S1P through the S1P receptors has been reported to trigger a possible epithelial-to-

mesenchymal transition (EMT), leading to increased cell migration, invasion and metastasis 

in breast, liver and melanoma (39–41). In melanoma, the main S1P receptor regulating the 

S1P-mediated EMT and cell invasion has been reported to be S1PR3 (39), therefore, using 

the specific S1PR1 agonist nanoASR396 would likely avoid this concern. The S1PR1 

pathway has been reported to be involved in S1P-mediated lymphangiogenesis, which 

indicates a potential role in lymphatic cancer metastasis (42). A recent study showed that 

S1PR1 plays a crucial role in high-molecular-weight-hyaluronan-mediated permeability 

decrease in cancer lymphatic endothelial cell monolayer (43). Effects, if any, of ASR396 on 

melanoma lymphatic metastasis remain to be examined. However, since surgical cancer 

excision has potential to disseminate cancer around the patient’s body (44), a single 
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treatment of nanoASR396 might be sufficient for use prior to melanoma surgery to enhance 

endothelial cell junctional integrity, in order to reduce surgery-mediated cancer spread. Since 

this treatment modality would only require a single administration of nanoASR396, this 

approach could reduce the concerns related to potential EMT-mediated effects occurring 

with long-term treatment.

In summary, this report suggests that multiple inflammatory cytokines secreted from 

melanoma cells can create gaps in the EC layer, which can subsequently promote metastasis. 

To combat vascular endothelial inflammation mediated by these factors, a novel S1PR1 

agonist, called ASR396 has been developed, which could reverse the collective effect of 

these proteins. Compared to SEW2871, ASR396 exhibited several significant advantages 

including better association with S1PR1 and loadability into a nanoliposome. NanoASR396 

had an average size of 69 nm, neutral-charge in saline and was stable for 6 weeks when 

refrigerated. NanoASR396 significantly prevented permeability increases and gap formation 

in the vascular endothelium and an EC monolayer model induced by inflammatory 

cytokines. NanoASR396 enhanced endothelial cell layer integrity by decreasing the 

phosphorylation of MLC. As a result, melanoma lung metastasis development was inhibited. 

Endothelial homeostasis plays a key role in metastasis and enhancing the endothelial barrier 

integrity using the novel bioavailable S1PR1 agonist nanoASR396 was a potentially 

effective strategy to reduce metastasis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Development of a novel S1PR1 agonist, ASR396.
(A) Docking studies were performed on the active site pocket of S1PR1 to evaluate the 

binding of SEW2871 and ASR396 compounds. (B) Synthesis scheme for the ASR396 

compound. (C) Binding affinity of SEW2871 and ASR396 to S1PR1.
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Figure 2. Characterization of NanoASR396.
The nanoliposomal formulation of ASR396 was characterized by: (A) Cryogenic electron 

microscopy. The size of particles ranged from 10 nm to 80 nm in diameter. Scale bar = 100 

nm; (B) drug encapsulation; (C) release kinetics; and, (D&E) stability by examination of 

size and charge changes over a 6-week period. Drug encapsulation was calculated by 

estimating the concentration of ASR396 in the nanoliposomes before and after membrane 

filtration. In-vitro release kinetics were performed using a dialysis in a saline solution. (F) A 

15-days of continuous daily treatment with ASR396 nanoliposomes toxicity evaluation of 
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nanoASR396 demonstrated no toxicity as evidenced through behavioral or weight changes 

in animals. Treatment did not lead to animal mortality. (G) Assessment of serum biomarkers 

of major organ functions to determine toxicity, showed no difference between drug 

compared to vehicle treated animal controls following 15-days of continuous daily treatment 

with ASR396 nanoliposomes. Empty nanoliposomes (Lipo) served as the control to which 

ASR396 was compared.
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Figure 3. Activation of S1PR1 with agonist SEW2871 significantly attenuated platelet activating 
factor (PAF)-induced increases in rat microvessel permeability.
Microvessel permeability was assessed by measuring one of the permeability coefficients 

hydraulic conductivity, Lp, in individually perfused intact rat mesenteric venules. (A) An 

individual representative experiment shows the time course of the Lp changes measured in 

the same vessel. (B) Summary results of 6 experiments. Each vessel had control and all 

treatment measurements as that shown in A, and the Lp changes were compared with its 

own control. Perfusion of vessels with SEW2871 (SEW, 10 μM) did not alter baseline Lp 

but significantly inhibited PAF-induced Lp increase. After washing away SEW2871 and 

PAF with BSA-Ringer perfusion for 40 minutes, each vessel was exposed to a second 

application of PAF and showed a typical PAF-induced Lp increase, indicating each vessel 

was responsive to PAF. ns p ≥ 0.23. **** p ≤ 0.0001
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Figure 4. NanoASR396 inhibits PAF-induced permeability increases in intact rat microvessels by 
activation of endothelial S1PR1.
(A & C) Hydraulic conductivity (Lp) measured in individually perfused intact rat 

microvessels showed that the application of nanoASR396 (nanoASR, 100 μM) did not alter 

baseline Lp but significantly attenuated a PAF (10 nM)-induced Lp increase. The perfusion 

of empty nanoliposome (Lipo) alone showed no such effect. The time courses of the Lp 

changes from two individual experiments using nanoASR396 and empty nanoliposome 

alone were overlaid in (A) to show the contrasting effects on PAF-induced Lp increases. 

When each vessel was exposed to PAF alone for the second time, both vessels responded to 
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PAF to a similar magnitude, indicating the suppressed Lp response to PAF in the presence of 

NanoASR396 was due to the inhibitory effect of released ASR396, not variability in vessel 

response. (B & C) NanoASR396 effect on PAF-induced Lp increase was due to S1PR1 

activation on the endothelium. Pre-perfusing vessels with 10 μM W146, an antagonist of 

S1PR1, abolished the inhibitory effect of nanoASR396 on PAF-induced Lp increase. (B) 

The overlaid two individual experiments demonstrated the contrast of PAF-induced Lp 

increase. (C) Results summary. ns p ≥ 0.71. * p = 0.038. ** p = 0.002. *** p = 0.001. **** p 

≤ 0.0001.
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Figure 5. NanoASR396 reverses the effects of inflammatory mediators on the cultured 
endothelial cell monolayer model.
(A) Representative images showed the VE-cadherin distribution after ASR396, VEGF, BK, 

IL-8 and the combination of ASR396 plus the inflammatory mediator treatment on ECs in 

the monolayer EC model. Arrows point to the discontinuous VE-cadherin line at the EC 

membrane junction, indicating gap formation. Scale bar: 20 μm. (B, C & D) 5 μM SEW2871 

and ASR396 reduced the EC gap formation induced by: (B) 100 ng/ml VEGF, (C) 0.5 μM 

BK and (D) 150 ng/ml IL-8. SEW2871 and ASR396 alone did not affect EC gap formation. 

(E) 5 μM W146 s1PR1 antagonist blocked the effect of ASR396 on BK-mediated EC gap 
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formation, demonstrating ASR396 binding to S1PR1. (F) ASR396 and SEW2871 promoted 

S1PR1 internalization in HEK293A-S1P1-GFP cells, which was inhibited by S1PR1 

antagonist W146. (G) The quantification of S1PR1 internalization following ASR396 and 

SEW2871 treatment of HEK293A-S1P1-GFP cells. Internalization was inhibited by S1PR1 

antagonist W146. (H) Inflammatory mediators and ASR396 modulated phosphorylation of 

MLC. BK, VEGF and IL-8 increased the pMLC levels on western blots, while ASR396 

reduced the VEGF- and IL-8-triggered MLC phosphorylation. (I, J, & K) Modulation of EC 

layer gap formation by nanoASR396. NanoASR396 inhibited (H) VEGF-, (I) BK- and (J) 

IL-8 induced gap formation.
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Figure 6. NanoASR396 inhibited melanoma lung metastasis.
(A) Overview of the treatments protocol to inhibit experimental melanoma cell metastasis. 

(B) 6, 12, or 18 hours prior to A375M-GFP melanoma cell injection, animals were treated 

with 15 mg/kg nanoASR396 and 29 days later GFP-tagged metastatic lung nodules 

quantified. Left: representative images of lungs under each treatment. Right: metastatic 

nodule quantification. (C) (D) 6 hours prior to UACC 903M-GFP and 1205 Lu-GFP 

melanoma cell injections, animals were treated with 15 mg/kg nanoASR396 and 29 days 

later GFP-tagged metastatic lung nodules quantified. Left: representative images of lungs 
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under each treatment. Right: metastatic nodule quantification. (E) 6, 12, or 18 hours prior to 

A375M-GFP melanoma cell injection, animals were treated with control intraperitoneally 

administered 5 mg/kg SEW2871 and 29 days later GFP-tagged metastatic lung nodules 

quantified. Left: representative images of lungs under each treatment. Right: metastatic 

nodule quantification.
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