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Abstract

Biomaterial-mediated controlled release of soluble signaling molecules is a tissue engineering
approach to spatially control processes of inflammation, microvascular remodeling, and host cell
recruitment and to generate biochemical gradients in vivo. Lipid mediators, such as sphingosine 1-
phosphate (S1P), are recognized for their essential roles in spatial guidance, signaling, and highly
regulated endogenous gradients. S1P and pharmacological analogs such as FTY720 are
therapeutically attractive targets for their critical roles in the trafficking of cells between blood and
tissue spaces both physiologically and pathophysiologically. However, the interaction of locally
delivered sphingolipids with the complex metabolic networks controlling the flux of lipid species
in inflamed tissue has yet to be elucidated. In this study, complementary in vitro and in vivo
approaches are investigated to identify relationships between polymer composition, drug release
kinetics, S1P metabolic activity, signaling gradients, and spatial positioning of circulating cells
around poly lactic-co-glycolic acid (PLGA) biomaterials. Results demonstrate that biomaterial-
based gradients of S1P are short-lived in the tissue due to degradation by S1P lyase, an enzyme
that irreversibly degrades intracellular S1P. On the other hand, in vivo gradients of the more stable
compound, FTY720 enhance microvascular remodeling by selectively recruiting an anti-
inflammatory subset of monocytes (S1P3"9M to the biomaterial. Results highlight the need to
better understand the endogenous balance of lipid import/export machinery and lipid kinase/
phosphatase activity in order to design biomaterial products that spatially control the innate
immune environment to maximize regenerative potential.
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1. Introduction

Soluble chemotactic gradients allow long distance cell communication and guided cell
trafficking that are essential for development, homeostasis, pathology, and regeneration [1-
3]. Many goals in tissue engineering rely on modulating cellular localization and
polarization of cell signaling, including inflammation and foreign body reaction,
microvascular growth and remodeling, and recruitment of host stem and progenitor cells to
regenerate tissues. Biomaterial-based release of chemotactic molecules and signaling
molecules provides a method to spatially control these processes and generate gradients in
vivo. While secreted protein signals such as stromal cell derived factor-1a (SDF-1a) [4],
fractalkine [5], monocyte chemotactic protein-1 (MCP-1) [6] and vascular endothelial
growth factor (VEGF) [7] are well-known chemotactic and growth cues, lipid mediators
such as sphingosine-1-phosphate (S1P) have more recently become recognized for their
essential roles in spatial guidance, signaling, and ability to modify the sensitivity of cells to
other chemokines and growth factors [8-11]. S1P plays a critical role in microvascular
physiology and the movement of cells between blood and tissue spaces both physiologically
and pathophysiologically [12] making it an attractive signaling axis to target therapeutically.
Endogenous S1P gradients are highly regulated and maintained between blood, lymphoid
organs, and other tissues. S1P concentration in tissue is maintained relatively low compared
to the blood plasma due to greater net activity of the irreversible degradation of S1P through
the S1P lyase enzyme intracellularly or reversible degradation through the S1P phosphatases
at the cell membrane [13]. Decreased storage and secretion of S1P in tissue relative to blood
and plasma results in lower tissue S1P levels [14]. Conversely, low activity of intracellular
S1P lyase in the blood maintains the plasma concentration of S1P in the low micromolar
range [13, 15]. S1P is the endogenous ligand for five known high-affinity G-protein coupled
receptors: S1P receptor 1 through 5 (S1P1_g) [16]. Since many circulating cells express one
or more of the S1P receptors (S1PRs), the establishment of S1P gradients between the
microvasculature and tissue represents a critical determinant of cell trafficking throughout
the body [17]. S1P plays a particularly important role in the trafficking of immune cells by
regulating compartmentalization and egress from lymphoid organs, adhesion and migration
of circulating monocytes and osteoclastic precursors, pericyte recruitment during embryonic
development and regeneration, and the mobilization of hematopoietic stem cells into
peripheral blood [8, 17]. S1P gradients play a role in instructing lymphocytes from regions
of low S1P concentration within primary and secondary lymphoid organs into blood
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circulation [18]. In addition to the chemotactic potential of S1P through the S1PRs, S1P also
provides spatial guidance cues through the regulation of secondary signaling pathways that
may modify the production of other soluble cues or the sensitivity of the cellular response to
such signals [8, 10-12].

Recently, our laboratory has shown that release of the S1PR selective drug, FTY720, from
degradable polymers enhances recruitment of anti-inflammatory S1P3"9" monocytes from
circulation and localizes these cells within a vascular niche along peri-implant microvessels
and enhances the expansion and maturation of regenerative vasculature [12]. Utilizing the
dorsal skinfold window chamber as a model of soft tissue inflammatory vascular
remodeling, the entire history of a growing vascular network and biomaterial interactions
can be scrutinized over time [19, 20]. Surgical removal of dorsal skin and implantation of a
biomaterial in the chamber window presents a persistent inflammatory stimulus that
significantly and dynamically increases local concentrations of inflammatory and
regenerative cytokines such as MCP-1 and SDF-1a [12, 21]. FTY720 increases the secretion
of local SDF-1q, strengthening this important chemokine gradient, and enhancing the
sensitivity/chemotaxis of anti-inflammatory monocytes to a SDF-1a stimulus [12]. Ongoing
discoveries of new selective agonists and antagonists of S1P receptors and sphingolipid
metabolizing enzymes suggest exciting new opportunities for tuning lipid chemokine
gradients in vivo [22]. The network of sphingolipid metabolism that produces endogenous
S1P and preceding sphingolipid metabolites such as sphingosine and ceramide [23] is
complex and absolute determination of S1P concentration and that of S1PR targeted drugs
following their local delivery is challenging. Many in vitro and in vivo models have been
employed to investigate how protein chemokine concentration gradients regulate cell
trafficking and tissue remodeling [24-28]; however, alteration of lipid signaling gradients
affecting host responses to implanted biomaterials has not been rigorously characterized.

This study takes a combination of in vitro and in vivo approaches to identify relationships
between polymer composition, drug release kinetics and the tissue S1P metabolic activity on
S1P signaling gradients from biomaterials. Complementary in vitro and in vivo drug release
profiles help to define the gradient release profiles of different polymer compositions. The
spatial cues conferred to circulating cells for spatial positioning in relation to the biomaterial
are also investigated. End-point collection of tissue from the dorsal skinfold window
chamber with known spatial relationship to the biomaterial allows the interrogation of in
vivo gradients relative to the implant. This model system provides valuable insight into the
local perturbations to concentration and production of S1P and how these perturbations may
be exploited for tuning growth and remodeling of microvessels around polymeric implants
and for spatial positioning of therapeutic cells from circulation. We report that poly lactic-
co-glycolic acid (PLGA) release of the S1PR agonist FTY 720 produces an in vivo gradient
that preferentially recruits anti-inflammatory subset monocytes to the biomaterial film and
enhances microvascular remodeling. These studies can inform the design of biomaterial
products that spatially control the innate immune environment surrounding the implant to
harness endogenous “immuno-regenerative” potential.
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2. Materials and methods

2.1. Fabrication of Unloaded and Loaded Polymeric Thin Films

PLGA formulations were purchased from Lakeshore Biomaterials (Birmingham, AL): 1)
50:50 DLG 2A: low molecular weight acid-capped 13.5 kDa (L-A), and 2) 50:50 DLG 5E:
high molecular weight ester-capped 71 kDa (H-ME). PLGA films were fabricated unloaded
or with S1P, FTY720, FTY720-P, or NBD-FTY720 (Cayman Chemical, Ann Arbor, MI) as
previously described [26]. Briefly, drugs were solubilized in dichloromethane in a water
bath at 65°C and vortexed until dissolved. Solutions were solvent cast in Teflon molds,
stored at —20°C until solvent had evaporated. A biopsy punch was used to generate 1mm
diameter thin films. Final loading of drug is 1:400 (w/w) and 1:200 (w/w) drug:polymer
ratio. For NBD-FTY720 imaging, NBD-FTY720 was loaded as 10% of the total FTY720 in
the polymer. Biopsy punched 1mm films were imaged on an epi-fluorescence Zeiss Axio
Imager.D2 microscope. For S1P lyase inhibitor studies 4-deoxypyridoxine (DOP) was
loaded in H-ME polymer with or without S1P. Note: Unless specifically stated, all drugs
implanted in vivo were encapsulated in H-ME 50:50 PLGA, which is referred to simply as
‘PLGA’.

2.2 Quantification of S1P, Sphingosine, FTY720 or FTY720-P Release from PLGA

2.2.1 Radiolabeled S1P measurements—The in vitro release of [P33]-S1P from
PLGA was quantified by scintillation counting of P33 in the bathing solution (specific
activity: 3000 Ci/mmol; Perkin-Elmer, Waltham, MA). Bathing solution was simulated body
fluid (SBF, pH 7.2; 7.996g NaCl, 0.35 g NaHCOg3, 0.3 g KCI, 0.136 g KHyPQy4, 0.095 ¢
MgCl,, 0.278 g CaCl,, 0.06 g MgSOy4 to 1 L deionized water) with 4% fatty acid free
bovine serum albumin (FAF-BSA). At each time point, the release solutions were replaced
with fresh solution and combined with 5 mL EcoScint, a biodegradable scintillation solution
(National Diagnostics, Atlanta, GA). To calculate the release of S1P from PLGA films in
vivo into the tissue space of the dorsal skinfold window chamber, a 1mm tissue biopsy
punch through the subreticular dermis was collected immediately adjacent to the edge of the
1mm PLGA film post-mortem. Quantification of [P33]-S1P was performed using a Beckman
Coulter LS 6500 liquid scintillation counter. The counts per minute (CPM) were measured
and converted to a quantity of total S1P (ug) using the specific activity (CPM/mol).

2.2.2 High-performance Liquid Chromatography-Mass Spectrometry (HPLC-
MS) Measurements—Total S1P, sphingosine, FTY720, and FTY720-P were extracted by
sphingolipid extraction procedure and quantified using high performance liquid
chromatography and mass spectrometry as previously described [29]. The in vitro release of
FTY720 and FTY720-P was quantified with HPLC-MS. In FTY720 vs FTY720-P release
study, loading was 1:70 (w/w) from 1.5mm diameter films. All other studies were 1mm
PLGA films with 1:200 or 1:400 w/w loading as indicated. For release studies, films were
incubated in 0.5 mL with 4% FAF-BSA (w/v) and maintained at 37°C with constant
agitation. SBF was collected at the desired time-points and replaced with fresh SBF.
FTY720 was extracted from the SBF by sphingolipid extraction and HPLC-MS as
previously described [29].
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2.3 Dorsal Skinfold Window Chamber

2.3.1 Window chamber surgery and imaging—Animal experiments were performed
using sterile techniques in accordance with an approved protocol from the University of
Virginia Animal Care and Use Committee. Male C57BL/6 mice (Harlan, Indianapolis, IN),
age-matched and weighing between 18 and 25 grams, were surgically fitted with dorsal
skinfold window chambers (APJ Trading Company, Inc., Ventura, CA) as previously
described [30]. Briefly, hair was removed from the dorsal skin and the skin was removed
down to the layer of the sub-reticular dermis with sterile surgical scissors in a 12mm
diameter circle. Control or drug-loaded films were implanted into each window chamber and
sterile cover-glass was fixed above the surgical site. For intra-vital imaging, vessels were
maximally dilated by application of Ringer’s solution with 1 mM adenosine in order to
determine the effect of PLGA polymer films on the maximal blood column width or luminal
diameter of local arterioles. Intra-vital microscopy images were photo-merged into montages
of entire vascular windows and analyzed using a combination of Adobe Photoshop CS and
ImageJ software as previously described [30]. After the final imaging of the dorsal skinfold
window chamber on Day 3 or 7, window chamber tissue was dissected by biopsy punch for
sphingolipid extraction. Mice were euthanized prior to tissue harvest of the window chamber
area. Blood was collected for sphingolipid extraction and hemavet analysis by cardiac
puncture post-mortem.

2.3.2 Adoptive transfer—Adoptive transfer was performed as previously described [12].
Briefly, primary monocytes were isolated from mouse bone marrow, stained for CD45,
Ly6C, GR1 (Biolegend; San Diego, CA), and CD11b (eBioscience; San Diego, CA) and
sorted by FACS into CD45*CD11b*Ly6CN9NGR1Ni9 inflammatory monocytes (IM) and
CD45*CD11b*Ly6CoWGR1!oW anti-inflammatory monocytes (AM). Cells were labeled
with Dil (1:200 v/v) in serum-free media at 37°C for 20 minutes and then washed three
times with PBS prior to injection. Cells were delivered intra-venously 16-18 hours prior to
dorsal skin-fold window chamber placement. For adoptive transfer, images were captured in
bright-field and rhodamine filter fluorescence. Distance of transferred monocytes from the
film was measured in 2D using Zeiss Zen analysis software.

2.3.3. Polymer swelling—Swelling of polymer films was assessed by a change in area of
the films after placement in the window chamber from Day 0, 3, and 7 photo montages
using ImageJ software.

2.4 Blood cell analysis

Circulating cell populations were analyzed by the Hemavet950FS Hematology analyzer.
Briefly, blood was collected from the retro-orbital sinus under isoflurane anesthesia into
heparinized tubes and analyzed by Hemavet. Data are represented as percentages of total
white blood cells for each cell type.

2.5 Statistical Analyses

All statistical analyses were performed using Minitab 15 statistical software (Minitab, Inc.,
State College, PA) or Graphpad Prism version 6.0 (La Jolla, CA). Results are presented as
mean + standard error of the mean (SEM). Comparisons used one-way or two-way ANOVA
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according to experimental design, followed by Tukey’s test for pairwise comparisons.
Diameter analysis was performed using a General Linear Model (GLM) ANOVA with an
unbalanced nested design, followed by Tukey’s test for pairwise comparisons. Significance
was asserted at p < 0.05. Power calculation was performed with a=0.05, power=0.8 to
determine statistically significant sample size.

3.1 Tunable polymer release kinetics of S1P receptor targeting compounds

In order to generate localized gradients in vivo, PLGA biodegradable polymers were loaded
with S1PR targeting compounds as a sustained release vehicle. The molecular weight and
end cap chemistry of the PLGA polymers were varied to achieve distinct degradation
kinetics. Since PLGA polymers are degraded by hydrolysis of the ester linkages between the
lactic and glycolic acid units, water penetration into the polymer matrix is a metric
associated with degradation of the polymer [31]. Significant swelling occurred in the
hydrophilic low MW-carboxylic acid-capped “L-A” polymer. The more hydrophobic high-
MW-methyl-ester-capped “H-ME” polymer did not undergo swelling suggesting slower
degradation than the L-A formulation (Figure 1A). PLGA hydrolysis into lactic and glycolic
acid can affect the pH of the environment surrounding of the polymer film. After 7 days in
vitro the H-ME formulation did not significantly affect pH compared to control; however, L-
A films caused a progressive and significant acidification compared to control, culminating
ata pH of 2.6 = 0.1 after 7 days, suggesting an increase in acidic degradation products from
the L-A polymer (Figure 1B).

Consistent with the different degradation properties of the polymers, L-A and H-ME films
differentially release S1P in vitro. Cumulative S1P release was greater over 7 days in the
faster degrading L-A polymer than the H-ME polymer (Figure 1C). Increase in the loading
proportion of S1P from 1:400 w/w to 1:200 w/w (S1P:PLGA) results in a greater cumulative
release and increased burst release of S1P (Figure 1D). The S1PR agonist FTY720 is also
differentially released from L-A and H-ME polymers. In both polymer groups, FTY720 was
released with an initial burst in the first hours of incubation in vitro, followed by a delay and
a second phase of release between 3 and 5 days (Figure 2A). The burst release was more
substantial in the L-A polymer compared to the H-ME polymer. Linear regression analysis
was used to determine whether the release of FTY720 from the different polymers was
correlated with the swelling of the polymer (Figure 2B). In days 0-3 where the initial burst
release occurs, swelling and release were not significantly correlated (R?= 0.35); however,
in the second phase from days 4-7, drug release was significantly correlated to polymer
swelling with an R? of 0.88. These findings are consistent with previous observations of a
two-phase release from PLGA polymers: a surface burst release and a secondary polymer
degradation-based release that depends on polymer hydrolyzation for drug release [31-33].
Fluorescently labeled NBD-FTY720 loaded in H-ME and L-A films distributes differently
within the polymer films, which may contribute to the difference in release (Figure 2C).

Acta Biomater. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ogle et al.

Page 7

3.2 In vivo release of S1P from PLGA thin films

Utilizing the distinct release profiles of different polymer and loading conditions, we
examined the ability to generate an S1P release gradient from PLGA films in vivo. To
investigate the total S1P/sphingosine balance in the local tissue, we analyzed tissue S1P and
sphingosine by HPLC-mass spectrometry in a 1.5mm diameter biopsy punch surrounding
the Imm implant 3 days after film implantation. Tissue S1P and sphingosine levels in
animals treated with the H-ME polymer (black bars) and L-A polymer (white bars) were not
different (Figure 3A). No significant difference in percent change of vascular diameter from
day 0 to day 3 was observed between the H-ME and L-A polymers releasing S1P after 3
days (Figure 3B). To measure total S1P release, P33-labeled S1P was loaded into polymers
(S1P33:L-A, 1:400; S1P33:H-ME, 1:400; and S1P33:H-ME, 1:200) and implanted into the
dorsal skinfold window chamber. A 1 mm diameter circle of tissue directly adjacent to the
film was excised and analyzed for P33 concentration at 7 days (Figure 3C). Consistent with
in vitro release profiles, the L-A polymer trends toward releasing more S1P33 in vivo than
the slow degrading H-ME. Doubling the loading ratio of S1P in H-ME polymer also
enhances the amount of S1P33 in the tissue surrounding the polymer film (Figure 3C).

3.3 Sphingolipid metabolic environment in tissue controls efficacy of S1P receptor

compounds

3.4 Polymer-

Homeostatic and pathological S1P cellular and tissue concentrations are maintained in
balance by the complex cellular sphingolipid metabolic network. In order to determine
whether intracellular degradation of S1P affects the sustained delivery of S1P from polymer
films, the S1P lyase inhibitor DOP, was released locally in the dorsal skin tissue from H-ME
PLGA films with or without S1P (DOP or DOP+S1P, respectively). As expected, blocking
the cellular catabolism of S1P through S1P lyase inhibition increased the local concentration
of S1P in the peri-implant tissue compared to S1P alone. S1P release in combination with
DOP significantly augmented the local S1P and sphingosine concentrations, indicating that
the total pool of tissue sphingolipid is increased by the film releasing S1P (Figure 3D).
These data suggest that S1P lyase is an active method of S1P clearance in the peri-implant
region (Figure 3D, E). In the absence of activity of the lyase pathway, the increase in local
sphingosine concentration may be the result of dephosphorylation of the film-released S1P
to sphingosine through S1P phosphatases (Figure 3E). Vascular network remodeling
increased in parallel with the increase of S1P in the peri-implant region consistent with the
known effects of S1P on vascular remodeling with a trend at day 3 and significant increase
at day 7 (Figure 3F-H) [26, 30, 34-37]. White arrows indicate arterioles (Figure 3H).
Interference with the S1P lyase can locally stabilize the released S1P and enhance vascular
remodeling outcomes (Figure 3F-H).

mediated delivery of an in vivo gradient of FTY720

To investigate the in vivo gradient produced by H-ME PLGA film release of S1P receptor
targeting compounds, FTY720 and FTY720-P were released from 1mm diameter thin films
in the dorsal skin-fold window chamber for 3 days. Fluorescent NBD-FTY720 was loaded
into H-ME films to visualize the release gradient (Figure 4A). Fluorescence intensity
dissipates rapidly from the edge of the polymer into the tissue. To achieve more sensitive
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measurements of the drug gradient, concentric circles of tissue surrounding the implant
(Figure 4A) were collected by biopsy punch through the sub-reticular dermis and analyzed
for FTY720, FTY720-P, sphingosine, and S1P by HPLC-MS/MS three days after surgery.
Total drug release, as measured by the sum of FTY720 (white bar) and FTY720-P (black
bar), was greater from the films loaded with FTY720 compared to FTY720-P in both the
1.5mm tissue ring and the 4mm tissue ring (Figure 4B, C). Both FTY720 and FTY720-P
produce a gradient of the drugs in the tissue at 3 days (Figure 4D-E). In vitro release studies
demonstrate that FTY720 and FTY720-P are released from the film with differing kinetics,
with FTY720 being released more rapidly (Figure 4F). The phosphorylated form of the drug,
FTY720-P, exhibited less release over 3 days both in vitro and in vivo (Figure 4B, C, F).
Tissue sphingosine and S1P concentrations were enhanced closer to the polymer film but no
significant difference was observed between FTY720 and FTY720-P releasing films (Figure
4G—-H). Analysis of localized arteriolar remodeling surrounding the polymeric implant
demonstrates a significant increase in the diameter of arterioles after 3 days as a result of
FTY720 release that was not observed with FTY720-P release which may be a product of
differing release and gradient (Figure 4l, J).

3.5 Local release of S1PR agonists at the site of injury does not alter lymphocyte

circulation

S1P is elevated in the blood after dorsal skinfold inflammatory injury (Figure 5A). Release
of FTY720 or FTY720-P from polymer films did not significantly alter the increase in blood
S1P. FTY720, but not FTY720-P, was transiently detected in the blood stream after local
release (Figure 5B—C). Circulating lymphocytes, monocytes, and neutrophils were measured
by a Hemavet analyzer and the percentage of cells out of total white blood cells was not
significantly different between groups, although there was an observed trend of decreasing
circulating neutrophils from 1-3 days. (Figure 5D-F).

3.6 In vivo gradient at site of inflammatory injury positions cells within local tissue

Release of FTY720 from PLGA enhances the recruitment of anti-inflammatory monocytes
from circulation to the injured region after 3 days and enhances vascular remodeling [12].
We sought to further investigate the relationship between the in vivo gradient of FTY720
released from a polymer film and the spatial positioning of monocytes relative to the film.
Inflammatory (IM) and anti-inflammatory (AM) sub-sets of monocytes were labeled with
Dil and adoptively transferred intravenously prior to dorsal skin-fold window chamber
surgery and film implantation. On day three, the localization of transferred cells in the
region of interest relative to the perimeter of the film was assessed by fluorescence in vivo
imaging (Figure 6A-B). Overlay of the bright-field and fluorescence and intra-vital images
demonstrate proximity of the labeled cells to the vasculature (Figure 6B) as previously
described [12]. FTY720 release did not change the average positioning of IM cells with
respect to the film edge, but did significantly reduce the average distance of AM transferred
cells to the film (Figure 6 C, D). The proportion of total cells identified within the “peri-
implant” region (0—1mm from the film edge) demonstrates that a smaller proportion of the
IM labeled cells were concentrated within the first Imm radius than AM cells (Figure 6E).
FTY720 release did not significantly alter the distribution of IM cells surrounding the films
(Figure 6A, E), however, FTY720 did significantly enhanced the proportion of AM cells
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located within 1mm from the edge of the film (Figure 6E). These data suggest that the
FTY720 gradient produced from the FTY720 film recruits a selective population of
monocytes to peri-implant positions.

4. Discussion

Sphingolipids and sphingolipid receptor targeting compounds have been widely investigated
as therapeutic agents, however the interaction of locally delivered sphingolipids with the
intricate metabolic networks controlling the flux of lipid species in inflamed tissue has yet to
be elucidated. Total tissue S1P concentration is determined by a complex combination of
metabolism and inter-compartmental transport. Extracellular S1P can be dephosphorylated
by three different cell surface lipid phosphate phosphatases [38]. This dephosphorylation
appears to be critical for lipid entry into the cell, likely because the polar phosphate group
inhibits trans-bilayer movement [39]. Intracellular S1P can be de-phosphorylated to
sphingosine by S1P-specific phosphatases [40] or degraded to hexadecenal and
ethanolamine phosphate by ER-resident S1P lyase [41]. Alternatively, intracellular S1P can
be exported from the cell by transporters such as Spns2 [42]. Using radio-labeled S1P33,
released S1P is detectable indirectly by the presence of P33 whether the lipid has been
metabolized or not. The differing release properties of H-ME (slow-release) and L-A (fast-
release) PLGA polymers in vitro were used to assess whether in vivo local drug
concentrations replicate the relative drug release properties of each polymer. Total release in
the peri-implant tissue measured by P33 levels suggests that polymer release of S1P in vivo
follows the same relative trends as in vitro. The L-A polymer released more than H-ME and
there was a dose dependent release from H-ME based on initial loading (Figure 1, 2). The
HPLC-MS measurement accounts for both extracellular and intracellular S1P from the
tissue. Total tissue S1P measurements indicate that despite differing release of S1P from H-
ME and L-A polymers, there is no difference in total tissue S1P or sphingosine between the
fast degrading and slow degrading polymers in the peri-implant tissue suggesting that the
S1P metabolic processes occur much faster than the release from either polymer (Figure 3).
Co-delivery of local S1P lyase inhibitor DOP substantially increases the local tissue S1P
concentration as well as the sphingosine concentration (Figure 3). Since the lyase
catabolizes S1P into hexadecenal and ethanolamine phosphate rather than sphingosine and
phosphate [43], the lyase inhibitor pushes the breakdown of S1P through the reversible
phosphatase reaction, thus enhancing the sphingolipid pool in the tissue. S1P lyase is an
intracellular enzyme, acting at the ER membrane, so the changes in S1P measured by
HPLC-MS after DOP treatment reflect both intracellular and extracellular S1P pools.
Consistent with this model, the sphingosine tissue concentration increases in the animals
treated simultaneously with DOP and S1P (Figure 3E). These findings suggest a tissue level
equilibration of the sphingolipid metabolic environment involving irreversible S1P
catabolism. Therefore, endogenous S1P lyase activity is a major barrier to successful
delivery of S1P in a localized tissue gradient; when designing a drug release tool for S1P
receptor compounds, the interaction of the local metabolic environment with the drug must
be considered in addition to the polymer properties.

Targeting S1P receptors in wounded tissue has been shown to enhance vascular remodeling
outcomes through angiogenic and arteriogenic processes [26]. Daily injection of S1P into
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full-thickness dorsal wounds of diabetic mice enhanced the rate and extent of wound closure
and stimulated neovascularization in the wound area [44]. Intramuscular S1P injection to the
mouse hindlimb resulted in blood flow recovery and dose-dependent increases in
intramuscular capillary density [37]. Additionally, sphingosine kinase-1 (SPHK1) transgenic
mice, that overexpress the S1P-synthesizing enzyme SPHK1, showed accelerated blood
flow recovery and increased capillary density, due to a 1.8-fold increase in intramuscular
S1P levels [37]. Taken together, local increases in available S1P, regardless of delivery
mode, stimulate therapeutic neovascularization in an ischemic zone. Changes in arteriolar
diameter remodeling with release of S1P, DOP alone, or DOP:S1P functionally support the
finding of enhanced local S1P concentrations with inhibition of S1P lyase since the extent of
remodeling parallels the concentration of S1P in the local tissue (Figure 3).

FTY720 is a potent immunosuppressive compound that has FDA-approved indications for
the treatment of relapsing-remitting multiple sclerosis when delivered systemically due to its
lymphocyte sequestering activity [45]. However, localized administration of FTY720 has
more recently been implicated in recruitment of specific monocyte cell types concurrent
with regeneration of vascular and bone structures and therefore the interaction of FTY720
with a local tissue injury environment is important to understand [12, 26-29]. The
phosphorylated form of the drug FTY720-P is primarily responsible for receptor mediated
signaling and has much lower threshold effective concentrations than FTY720 at all of the
S1PRs [45, 46]. FTY720-P, the small molecule analog of S1P is not catabolized by S1P
lyase [47] and therefore is more stable in tissue than S1P. Similar to S1P, FTY720-P must
first be dephophosphorylated by lipid phosphate phosphatase 3 [48] to enter the cell while
FTY720 does not face this barrier [49]. Once inside the cell, FTY720 can be phosphorylated
by sphingosine kinase 2 (SPHK2) [50] and subsequently exported from the cell by Spns2
[51]. The ability of the drug to be reversibly phosphorylated allows it to undergo multiple
cycles of signaling in the tissue contributing to a sustained gradient. The relative impact of a
local gradient of FTY720 compared to FTY720-P has not previously been characterized.
The current study compared the nature of a gradient of the two forms of the drug and how
the tissue metabolism of the compounds affects the resulting gradient.

Both polymer formulation and drug chemistry affected the release of sphingolipid receptor
targeting compounds and present opportunities to tune the release therapeutically. Previous
studies suggest an interaction between PLGA and FTY720 [28]. Modification of the
hydrophobicity of the polymer influences the drug-polymer interaction (Figure 1, 2). To
visualize differences in distribution, NBD-FTY720 was loaded into each polymer. The more
hydrophilic L-A polymer appears to contain droplets or aggregates of NBD-FTY 720, while
the more hydrophobic H-ME polymer has aggregates as well as diffuse distribution of the
drug (Figure 2C). This localization suggests that NBD-FTY720 may interact more favorably
with a more hydrophobic polymer matrix. The fluorescent modification makes NBD-
FTY720 more hydrophilic than un-modified FTY720, which may alter how the drug
interacts with the polymer.

FTY720 and FTY720-P release at different rates in vivo and in vitro suggesting a potential
for differential interaction with the polymer or differential distribution within the polymer
[28]. The critical micelle concentration (CMC) is a measure of water solubility of
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surfactants; higher CMC correlates with higher partitioning into hydrophilic versus
hydrophobic solvents [52]. The addition of the phosphate group to sphingosine to make S1P
increases the CMC from about 1 uM for sphingosine to 14 uM for S1P [53]. The CMC of
FTY720 is measured at about 75 uM [54] and while the CMC of FTY720-P is not known,
based on the sphingosine and S1P relationship, FTY720-P may have an even higher CMC
than the unphosphorylated form. Therefore FTY720 is likely more hydrophobic than
FTY720-P, which may determine the way in which the drugs interact with the polymer. The
discrepancy in release is reflected in the total FTY720 + FTY720-P in the tissue between
FTY720 and FTY720-P releasing films (Figure 4 B-C). Interestingly, the FTY720-film
produced gradients of both FTY720 and FTY720-P in the tissue (Figure 4D-E) supporting
the idea that FTY720 can be phosphorylated by cells in vivo [50]. In the 1.5mm tissue
sample, FTY720-films generate a nearly equal tissue concentration ratio of
FTY720:FTY720-P; however, FTY720-P-films generate a 3:1 tissue ratio of
FTY720:FTY720-P suggesting that the two compounds are metabolized by the tissue
differently (Figure 4B). While the reason for this phenomenon is unknown, the differences
may reflect the balance of lipid import/export machinery, lipid kinases, and phosphatases
that interact with FTY720 versus FTY720-P.

FTY720 is also known to interact with multiple points in the sphingolipid metabolic network
including ceramide synthase [55], sphingosine kinase [56], sphingomyelinase [57], and S1P
lyase [47]. This makes the net effect of FTY720 on sphingolipid metabolism difficult to
predict. Thus, we investigated the impact of FTY720/FTY720-P release on the local S1P
and sphingosine concentrations (Figure 4G-H) [47]. While the FTY720-P tissue samples
were more variable, the local concentrations of S1P and sphingosine were equivalent in
tissue surrounding FTY720 and FTY720-P releasing films suggesting that there is no net
difference in the overall impact on S1P metabolism. We cannot exclude the possibility that
there is some impact of FTY720 on the local S1P concentration that is already saturated in
the FTY720-P animals and therefore no difference is seen between the two gradients.
Additionally, the interpretation is complicated by the fact that the FTY720-P films release
less total compound and therefore may have a greater effect at a lower total concentration
(Figure 4B, C, F).

The functional difference in arteriolar diameter remodeling is striking. FTY720 films induce
significant remodeling while FTY720-P films yield minimal diameter expansion. The
differential release properties and unequal gradients of FTY720 and FTY720-P partially
confound the evaluation of which molecule is a better candidate for in vivo modulation of
sphingolipid signaling and metabolism. The disparity in functional vascular changes
between the two compounds could reflect the total concentration of drug in the tissue;
however, the different signaling effects, slope/strength of the gradient, or ratio of
phosphorylated/un-phosphorylated drug may also contribute to the functional outcome.
FTY720-P has been shown to act as a functional antagonist for the S1P receptors,
irreversibly internalizing and degrading bound S1P receptors rather then recycling them
back to the cell surface as is the case with S1P ligands [58]. Taken together with the dose-
dependent effect of local S1P on vascular remodeling (Figure 3F), the concentration of the
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drug is likely to play a role in the reduced remodeling response seen with release of the
active form of FTY720-P (Figure 41).

S1P signaling is well known for guiding localization and spatial control of many cell types
[8, 12, 59]. Depending on the S1PR expression profile of a cell, it may respond differently to
an S1P gradient. We have recently demonstrated that a pro-regenerative/anti-inflammatory
AM population of monocytes expresses a high level of S1P3, which allows these cells to
respond to FTY720 differently than their inflammatory IM counter-part [12]. AM cells are
more readily recruited to the dorsal skinfold window chamber in the presence of a FTY720-
releasing film compared to PLGA alone. One of the migration cues for AM cells is SDF-1a;
FTY720 selectively enhances the migration of AM but not IM toward SDF-1a and the effect
requires S1P3 [12]. Results from the current study suggest that local FTY 720 administration
does not alter circulation of lymphocytes (Figure 5D), a key phenomenon of systemic
FTY720 [59]. However, a localized FTY 720 gradient does enhance the migration of the AM
monocyte population, known to respond to FTY720, to induce directed migration up the
FTY720 gradient (Figure 6). The powerful role of S1P gradients in trafficking of
endogenous circulating cells provides insight for developing sustained delivery methods for
controlling local concentration of S1P receptor targeting drugs and/or sphingolipid
metabolizing enzymes for a pro-regenerative therapeutic goal.

5. Conclusion

Delivery of therapeutic compounds from biodegradable polymers such as PLGA can be
integrated as a cotherapy with medical devices or transplant tissue, such as stents [60],
neuro-electrodes [61], artificial intraocular lens [62], or bone allografts [29], to produce in
vivo localized drug delivery. Polymeric delivery provides spatial control of a desired
response that cannot be achieved by systemic or bolus drug delivery methods. The
manipulation of local S1P gradients in vivo remains an exciting target in regenerative
medicine for the recruitment of endogenous stem, progenitor, and effector immune cells to
promote tissue repair as well as the spatial positioning of exogenously supplied cells for
tissue engineering. The current study assesses the local in vivo gradients of lipid mediators
produced in inflamed tissue surrounding a biomaterial releasing S1P or S1P analogs and the
coordinated events of vascular remodeling and recruitment of S1P3"9" monocytes to the in
vivo gradient. Results demonstrate that biomaterial-based gradients of S1P are short-lived in
the tissue due to degradation by S1P lyase, however stabilization of the gradient by
inhibition of S1P catabolism or release of a more stable S1P analog promotes vascular
remodeling and local recruitment of regenerative immune cells. Thus, the rational design of
biomaterial-mediated delivery of pharmacological gradients should consider spatial control
of cell signaling processes and guidance of cell localization in the tissue space of interest.
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Figure 1. Polymer properties tune the release of S1P receptor compounds
PLGA polymers of differing molecular weight and end-cap chemistry (Low MW- acid

capped polymer (L-A), high-MW ester capped polymer (H-ME)) undergo distinct
degradation profiles as is evident by the percent of polymer swelling (A) and change in pH
of the surrounding environment (B). In vitro release studies show differential release of S1P
from the faster degrading L-A and the slower degrading H-ME (C). Release is related to the
amount of drug initially loaded into the polymer (D). (Data are mean with SEM; #, p<0.05

d3

vs d7; *, p<0.05 compared to H-ME at same time-point)
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Figure 2. Two-phase release of FTY720 from PLGA is consistent with non-homogenous
distribution of drug in the polymer scaffold

Polymer composition tunes release kinetics of FTY720 (A). Inset shows close-up of H-ME.
Release of FTY720 was correlated with the percent swelling of the polymer film during later
time-points but not the first three days (B). Fluorescently labeled FTY720 (NBD-FTY720)
was loaded into H-ME or L-A PLGA and 1mm diameter thin films were imaged (C). NBD-
FTY720 was visible in the polymer and 20x magnification images demonstrate differential
distribution of the drug between the two polymers.
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Figure 3. Polymer release properties and local metabolism control peri-implant S1P presentation

in vivo

Total tissue concentration of S1P and sphingosine were measured by HPLC-MS/MS ina 1.5
mm diameter tissue biopsy around the film at 3 days (B, n=3-7 per group) (A).
Representative dorsal skin-fold window chamber images from un-loaded and S1P loaded
polymer films show no significant difference in vascular remodeling from day O to day 3
(B). S1P release was measured in a 1mm tissue biopsy that was harvested directly adjacent
to the film after 7 days in the dorsal skin-fold window chamber (C, left) and quantified by
P33 concentration (C, n=4-12 per group). S1P (D) and sphingosine (E) were measured after
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release of the S1P lyase inhibitor DOP or a combination of DOP+S1P for 3 days and percent
change in arteriolar diameter was quantified after 3 (F) or 7 days (G) (* p<0.05 compared to
PLGA control). Representative images from days 0, 3, and 7 (H). White arrowheads indicate
arterioles.
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Figure 4. Polymer release of FTY720 generates a local in vivo gradient
Tissue biopsies of 1.5 and 4mm diameter centered over the origin of the film (A) were

analyzed by HPLC-MS/MS for lipid species of 3 days after surgery and film implantation.
NBD-FTY720 film shows release of fluorescent FTY720 in a gradient from the edge of the
film outward in vivo (A). FTY720 films release more total compound (white=FTY720,
black=FTY720-P) in both the 1.5mm (B) and 4mm (C) tissue regions in vivo.
Concentrations of FTY720 (D) and FTY720-P (E) in the tissue at varying distances from the
film demonstrate differential gradients between the FTY720 and FTY720-P films. FTY720
and FTY720-P release at different rates in vitro (F). Sphingosine (G) and S1P (H) were
measured in the tissue segments illustrated in A. Change in arteriolar diameter with FTY720
or FTY720-P 3 days after surgery (I; n=5-8). Representative images of vascular changes
from day 0 to day 3, white arrows indicate arterioles (J). (*p<0.05 compared to FTY720
film)
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Figure 5. Local release of S1PR agonists at the site of injury does not alter systemic circulating

S1P is elevated in the blood after dorsal skinfold inflammatory injury (A; *p<0.05 compared
to day 0). FTY720 was transiently detected in the blood stream but not FTY720-P after local
release (B—C). Circulating lymphocytes, monocytes, and neutrophils were not significantly

different between groups (% of total white blood cells) (D-F).
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Figure 6. In vivo gradient positions cells within local tissue
Mice were injected i.v. with Dil labeled monocytes of either inflammatory (IM) or anti-

inflammatory (AM) profile prior to dorsal skinfold injury and implantation of either H-ME
or FTY720 films. Proximity of labeled cells to the film was characterized by intravital
microscopy on day 3 (A, B white arrowheads= Dil-labeled cells). Enlarged view of the
bright-field and fluorescent channels of a representative peri-implant region shows labeled
cells (white arrowheads) were found in proximity to vessel structures (B). The average
distance of each cell type from the edge of the film (C, D). A higher proportion of AM cells
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were found within the peri-implant region 1mm from the edge of the film out of total cells in
the region of interest and this effect was enhanced by FTY720 (E). (*p<0.05, H-ME vs
FTY720; #p<0.05, IM vs AM)
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