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Abstract

The translation of cell-based therapies for ischemic tissue repair remains limited by several
factors, including poor cell survival and limited target site retention. Advances in nanotechnology
enable the development of specifically designed delivery matrices to address these limitations and
thereby improve the efficacy of cell-based therapies. Given the relevance of integrin signaling for
cellular homeostasis, we developed an injectable, bioactive peptide-based nanofiber matrix that
presents an integrin-binding epitope derived from fibronectin, and evaluated its feasibility as a
supportive artificial matrix for bone marrow-derived pro-angiogenic cells (BMPAC) used as a
therapy in ischemic tissue repair. Incubation of BMPACSs with these peptide nanofibers in vitro
significantly attenuated apoptosis while enhancing proliferation and adhesion. Pro-angiogenic
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function was enhanced, as cells readily formed tubes. These effects were, in part, mediated via
p38, and p44/p42 MAP kinases, which are downstream pathways of focal adhesion kinase. In a
murine model of hind limb ischemia, an intramuscular injection of BMPACs within this bioactive
peptide nanofiber matrix resulted in greater retention of cells, enhanced capillary density,
increased limb perfusion, reduced necrosis/amputation, and preserved function of the ischemic
limb compared to treatment with cells alone. This self-assembling, bioactive peptide nanofiber
matrix presenting an integrin-binding domain of fibronectin improves regenerative efficacy of
cell-based strategies in ischemic tissue by enhancing cell survival, retention, and reparative
functions.
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Introduction

To combat the rising burden of ischemic cardiovascular disease [1], including myocardial
and critical limb ischemia (CLI), new regenerative strategies must be explored. While
endogenous repair mechanisms have been described, the preponderance of evidence
indicates a limited capacity for self-repair in the cardiovascular system. Early clinical trials
have suggested that the therapeutic application of adult stem and progenitor cells derived
from the bone marrow may improve the repair and function of ischemic tissue following
acute myocardial infarction [2-4], chronic myocardial ischemia [5], and CLI [6, 7).
Cumulatively, these findings support the consideration of cell-based therapies as a treatment
modality for ischemic cardiovascular disease [8]. However, the excitement from these early
clinical studies has been tempered by uncertainties and practical limitations that have been
encountered in the translation of cell-based therapy [9].

Evidence from preclinical tracking studies suggests that the majority of transplanted cells do
not remain at the site of injury for more than a few hours following injection [10, 11]. In
patients, only ~2% of unselected bone marrow-derived mononuclear cells and 14-39% of
CD34-enriched progenitor cells remain in the myocardium one hour following intracoronary
infusion, while the remainder localize to the spleen and liver [12, 13]. A further reduction in
the number of detectable cells is observed over the following 3-4 days [14]. The disease
microenvironment, characterized by ischemia, acidosis, oxidative stress, and inflammation,
likely contributes significantly to reduced viability and retention of transplanted cells. This
is particularly problematic for autologous cell-therapy in older patients with severe
cardiovascular disease and associated co-morbidities, as stem and progenitor cells isolated
from these patients are reduced in number, prone to apoptosis, and show impaired
functionality [15-17]. Cells are also altered during isolation through detachment from native
extracellular matrix (ECM), which can trigger anoikis and compromise viability and
therapeutic potential. Cumulatively, the number of viable cells immediately following
transplant ranges from ~30% to merely 1%, with further decline over the next 7 days
following application [18, 19]. Additionally, the effects of cell-based therapies appear to be
dose-dependent, with more transplanted cells resulting in a more robust therapeutic effect
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[20]. Taken together with the given challenges, this suggests strategies that improve
viability, retention, and bioactivity of applied stem and progenitor cells could serve to
overcome some of these obstacles in order to exploit the full regenerative potential of cell-
based therapies to treat ischemic tissue repair including CLI.

The design of bioactive biomaterials for cell delivery could be important in improving
efficacy of cell-based therapies [21-23]. In this context, a material would provide a
microenvironment for cells resembling native tissue mechanics and architecture, facilitate
cell-matrix interactions, and actively support cellular homeostasis through functional
signaling. A class of bioactive materials composed of nanofibers that emulate extracellular
matrix architecture has been developed based on synthetic self-assembling molecules known
as peptide amphiphiles (PA) [24-25]. Preclinical efforts in a variety of disease models have
demonstrated that this class of materials could have broad application to regenerative
medicine [26—-28] although their use to enhance stem cell retention and function in ischemic
tissue repair models is not yet reported.

The molecules that form these bioactive materials consist of a hydrophobic alkyl segment
attached to a customizable oligopeptide (Figure 1). This amphiphilic molecular design
guides self-assembly into nanofibers in aqueous environments. The filamentous architecture
and mechanical properties can be controlled through the use of peptide sequences that form
[3-sheet hydrogen bonds, while bioactive sequences can be inserted at the terminal end of the
peptide for display at high density on the nanofiber surface and can facilitate interaction
with soluble proteins, receptors, and biopolymers, thus enabling the creation of an active
signaling niche for cells [29-32]. The filamentous nanofibers can form three-dimensional
gels upon electrostatic screening of their charged residues by electrolytes in physiologic
fluids. Therefore, a viscous solution of PA nanofibers can be combined with cells and
delivered via syringe injection for gelation in situ, obviating surgical implantation and
minimizing associated tissue damage. The assembly and composition of PA molecules
facilitate biodegradation into natural amino acids and lipids over weeks following injection
[33]. In native ECM, integrin-matrix interactions enable a cell to communicate with its
environment and help to promote cellular homeostasis and functionality [34]. One important
ECM protein involved in cell-matrix interaction is fibronectin, which signals through
integrins to control cellular functions that are important in the context of cell-based therapy,
such as adhesion, survival, proliferation, and motility. Interestingly, fibronectin adhesion to
integrins can be recreated using only a short segment of the whole protein, the Arg-Gly-Asp-
Ser (RGDS) peptide [35]. Here we report that RGDS- PA nanofibers presenting this
integrin-binding epitope facilitate improved efficacy of cell-based therapy in a murine model
of hind limb ischemia. This represents a novel application of PA nanofiber technology to
augment cell-based therapy.

Materials and Methods

Preparation of peptide amphiphiles

PAs used in these studies were prepared identically to those reported previously [30].
Nanofiber composition consisted of 100% of a diluent sequence C16-V3A3E3 (diluent PA)
or a binary mixture consisting of 90% of this same diluent with 10% C16-V3A3K3RGDS
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(RGDS-PA), based on the optimal ratio for this system [30]. A scrambled epitope control,
C16-V3A3K3DGSR (DGSR-PA), was used at this same ratio with the diluent PA.

Bone marrow-derived proangiogenic cells (BMPAC) were grown from the bone marrow
mononuclear cell (BMNC) fraction that was harvested from 8-week old male FVB/N wild
type mice, with approval from Northwestern University ACUC. These BMPAC are
phenotypically and functionally akin to mouse bone marrow derived endothelial progenitor
cells and have been widely published. Given the uncertainty over exact definition of mouse
EPCs, we preferred to call these cells as BMPAC. Total bone marrow was isolated and the
mononuclear cell fraction was obtained by density gradient centrifugation using histopaque
(Sigma). After incubation for 2 hours on uncoated cultures dishes (Nunc), non-adherent
BMNC were plated on fibronectin-coated (Sigma) culture dishes and cultured in complete
endothelial cell growth media (EBM-2 media, with EGM-2 MV SingleQuot, Lonza) to
enrich for cells with endothelial character. On day 4, media was changed to remove non-
adherent cells. BMPACs were used for experiments on day 7. Human CD34* cells from
healthy donors were provided courtesy of Baxter Healthcare (Deerfield, IL). After thawing,
CD34* cells were suspended in IMDM media supplemented with 10% FBS, 20 Kunitz/ml
DNAsel (Sigma), and 100 U/ml streptomycin/penicillin. Prior to application, viability was
assessed by trypan blue exclusion (always =95%) and then cells were resuspended in PBS
with 0.1% BSA, with or without RGDS-PA.

Functional in vitro assays

For the following in vitro assays, a soluble concentration of 0.2 w/v% of PA nanofibers in
media was used. All experiments were repeated at least three times. Cell viability was
assessed using an MTS Assay (Promega) using 5x103 cells/well in 96-well plates. Cells
were treated for 24 hours with the various PAs or media only, following which conversion
of the MTS substrate was measured after 4 hours in triplicate per condition by absorbance at
490 nm (background 650 nm). Apoptosis was evaluated by plating BMPACSs in 4-chamber
slides at 5x10% cells/chamber and inducing apoptosis through treatment with H,05 (50 uM),
following which cells were assayed by microscopy in 3 independent high-power fields (20x)
per condition after TUNEL staining using the Fluorescein In Situ Cell Death Detection Kit
(Roche). For adhesion assays, cells were pre-treated with PA or media for 48 hours on
temperature-sensitive cell culture plates (Nunc) to preserve cell surface proteins. Pretreated
cells were then added to 96-well plates (2.5%x103/well) coated with collagen type-1, laminin,
or vitronectin, in addition to an uncoated surface. After 1 hour, the surface was washed and
adherent cells were fixed and stained with DAPI for quantification using fluorescent
microscopy in 5 high-power fields at 20x. To assess tube formation, 3x10* serum-starved
cells were seeded per well in a 48-well plate coated with growth-factor-reduced Matrigel
(BD Biosciences). The mean tube length and total number of tube-like forms were
quantified by bright-field microscopy.
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Quantitative real-time reverse transcriptase-polymerase chain reaction (RT-PCR)

RNA was isolated from cells with RNA STAT-60 (TEL-TEST Electronics Labs, Inc.)
according to the manufacturer’s instructions. Total RNA was reverse transcribed with a
Tagman cDNA Synthesis Kit (Applied Biosystems) and amplified using a Tagman 7500
analyzer (Applied Biosystems). The relative expression of each mRNA was calculated by
the comparative threshold cycle (CT) method and normalized to 18S expression.

Immunoblotting

Protein concentrations from cell lysate were determined by a Bradford assay, and equal
protein amounts were loaded. Following standard SDS PAGE using 10% Tris-HCI SDS gels
(Bio-Rad), phosphorylation of Akt and mitogen-activated protein kinase (MAPK) ERK 1/2
(p44/42) were detected using anti-Akt, anti-phospho-Akt, anti-p44/p42, and anti-phospho-
p44/p42 antibodies (all 1:1000, Cell signaling). Membranes were developed via horseradish
peroxidase-coupled secondary antibodies (1:2000, Bio-Rad) and enhanced
chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate kit, Thermo
Scientific). Protein phosphorylation levels are given as the ratio of phosphorylated to total
protein.

Scanning electron microscopy

Animals

Scanning electron microscopy (SEM) was performed using a S4800 scanning electron
microscope with a 3 kV accelerating voltage (Hitachi). Samples of cells on coverslips were
fixed with glutaraldehyde, sequentially dehydrated in ethanol, critical point dried, and
coated with osmium tetraoxide.

For cell isolation and hind-limb ischemia (HLI) studies, 8-week old male FVB/N wild type
mice (Charles-River) were used. For HLI studies using hCD34"* cells, 8-10 week old male
BALB/c nude mice (Charles-River) were used. For bioluminescence studies, hemizygous
male FVB/N-Tg(B-Actin-luc)-Xen transgenic mice (Xenogen) with a modified firefly
luciferase gene under the constitutive murine B-Actin promoter were used. For hind limb
ischemia studies, 15 mice per group were planned. Following triage of outliers and removal
of animals with severe ischemia over the course of the study, each time point includes an
average of between 7-13 mice per group. For similar reasons, bioluminescence imaging
studies included 4-10 animals per group per time point. All animal studies were approved
by the Northwestern University Animal Care and Use Committee.

Hind-limb ischemia, laser Doppler imaging, and functional limb assessment

For the HLI model [36], mice were anesthetized with isoflurane. Using a dissecting
microscope, the femoral nerve was separated from the vessel bundle. The femoral artery was
ligated and excised including all superficial and deep branches. Immediately after the
procedure, laser Doppler perfusion imaging (LDPI, MoorLDI-SIM System, Moor
Instruments) at a wavelength of 785 nm was performed to ensure ischemia, indicated by a
ratio of ischemic/non-ischemic limb of <0.20. At postoperative day 3, outliers with low
ischemia (ratio ischemic/non-ischemic =0.30) or extreme ischemia (ratio <0.10, or
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macroscopic evaluation revealing necrotic demarcation of entire limb) were removed from
the study to reduce intrinsic model variability. Blood flow recovery was assessed by
sequential LDPI on days 7, 14, 21 and 28 in the FVB model and days 7, 14 and 35 in the
BALB/c model to determine the ratio of perfusion in the ischemic/non-ischemic limbs. To
adjust for necrotic tissue loss, the mean blood flow below the inguinal ligament was
multiplied by the corresponding area for each limb. LDPI was conducted on a 37°C heating
pad to minimize effects associated with body temperature. Structural and functional limb
recovery was classified based on clinical observation and semi-quantitative scoring. With a
modified scoring system to classify limb salvage [37], tissue damage in the ischemic limb
was graded according to the following scale: full recovery (grade 6); minor necrosis or nail
loss (grade 5); partial toe amputation (grade 4); total toe amputation (grade 3); partial/total
foot amputation (grade 2); or partial/total limb amputation (grade 1). In addition, limb motor
function was scored according to the following scale: unrestricted (grade 5); no active use of
toe(s)/toe spreading (grade 4); restricted foot use (grade 3); no use of foot/limb use only
(grade 2); or no use of limb (grade 1) [37].

application of cells with PA nanofibers

For BMPAC studies, following triage of outliers at day 3, the remaining mice were
randomized and treated with a single transcutaneous intramuscular injection (25 ul) into the
gastrocnemius muscle of a cell dose (1x10°) of syngeneic BMPACs [38]. Cells were either
injected alone in a saline vehicle, or within a viscous 1.3 w/v% PA. For hCD34"* cells, mice
were similarly treated by a single transcutaneous intramuscular injection (25 pl) of 2.5x10%
cells with or without RGDS-PA.

At postoperative day 28, the gastrocnemius was harvested, fixed in methanol, paraffin-
embedded, and cross-sectioned (6um) for histological evaluation. Sections were blocked
with 10% donkey serum. Primary antibodies were diluted in PBS containing BSA. Sections
were stained for CD31 using a rat anti-CD31 antibody (BD) and smooth-muscle a-actin
(aSMA\) using a rabbit anti-aSMA antibody (Sigma). For immunofluorescent detection,
AlexaFluor-conjugated secondary antibodies were used (Invitrogen). Nuclei were stained
with DAPI (Research Organics). Using fluorescent microscopy (Zeiss), CD31" capillary
forms and CD31*/aSMA™ arterioles were quantified in 3 distinct high-power fields (20x)
from 3 independent sections in each animal.

In vivo bioluminescent imaging

For noninvasive bioluminescent imaging (BLI) of B-actin-luc* BMPAC, mice were
anesthetized with isoflurane and placed onto a heated stage within the VIS 100 imaging
system (Xenogen). Following intraperitoneal injection (100 mg/kg) of D-luciferin potassium
salt (Regis Technologies), photon emission was measured every 2 minutes from the time of
injection until peak signal (Living Image 2.50.1 software, Xenogen). All images were
acquired with an acquisition time of 1 minute in a 20 cm field of view with constant binning.
Detected photons in pseudocolor were overlayed on grayscale light images for localization.
Luminescence was quantified as the sum of all detected photons per second within a
constant region of interest using Igor Pro 4.09A image analysis software (WaveMetrics),
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with subtraction of background signal. Results are given as relative change from baseline
over time [39].

Statistical analysis

Results

Results were analyzed by means of StatView statistical software (SAS) or Graphpad Prism 5
(GraphPad Software). Unless otherwise indicated, data are shown as mean+SEM. After
ensuring data passed normality testing (Kolmolgorov-Smirnov), differences between
experimental groups were analyzed by one-way ANOVA followed by Bonferroni post hoc
test or two way repeated-measures ANOVA followed by Bonferroni post-hoc test. A two-
tailed P value of <0.05 was considered statistically significant.

Bioactive PA nanofibers enhance therapeutically relevant function of BMPACS in vitro

Preliminary studies determined that in vitro assays on BMPACSs were technically feasible at
sub-gelation concentrations of PA nanofibers, preventing confounding effects that arise from
PA-associated viscosity. SEM studies verified that cells cultured under these conditions
were clearly exposed to PA nanofibers on their surface and on the cell culture substrate
(Figure 2A). Cell functions that are particularly relevant to improving efficacy for cell-based
therapies, including protection from apoptosis, enhanced proliferation, and increased cell
adhesion, were favorably modulated in vitro by the addition of RGDS-PA, while controls of
diluent-PA and a scrambled epitope DGSR-PA did not demonstrate a similar effect (Figure
2B-D). Incubation of BMPACSs with RGDS-PA protected cells from H,0,-induced
apoptosis (TUNEL*/TUNEL ratio: control 0.60+0.07, RGDS-PA 0.22+0.02, diluent PA
0.38+0.04, DGSR-PA 0.37+0.03). RGDS-PA also enhanced BMPAC proliferation (control
100+0%, RGDS-PA 303+£134%, diluent PA 141+6%, DGSR-PA 156+3%) and pre-
treatment of the cells with RGDS-PA increased subsequent cellular adhesion to uncoated
(cell number: control 4619, RGDS-PA 130+46) and vitronectin-coated (cell number:
control 38+14, RGDS-PA 146+33) surfaces.

We also assessed the impact of RGDS-PA on more complex cellular function. The
regenerative function of many stem and progenitor cells has been at least partially
attributable to pro-angiogenic function. Using a matrigel assay (Figure 3), RGDS-PA
enhanced the total length of tube-like structures formed by BMPACs (total tube length in
pixels for control vs. RGDS-PA: 6 hrs, 0+0 vs. 1340+387; day 1, 153+88 vs. 2280+571; day
3, 1033+470 vs. 2347+765; day 5, 12194466 vs. 2563+611). Also, the total number of tube-
like structures was significantly increased (total tube number for control vs. RGDS-PA: 6
hrs, 0£0 vs. 21+7; day 1, 3+2 vs. 30£7; day 3, 15+6 vs. 27+0; day 5, 155 vs. 28+4).

RGDS-PA nanofibers activate integrin signaling cascades

Cellular homeostasis is regulated, at least in part, through integrin signaling and is mediated
via focal adhesion kinase (FAK) and several downstream cascades. Cell apoptosis and
proliferation, for example, are mediated via Akt and p44/42 pathways. The treatment of
BMPACSs with RGDS-PA activated phosphorylation of the Akt survival pathway (Figure
4A), comparable to SDF-1, a known Akt activator (15 minutes, control 100+0%, SDF-1
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581+279, RGDS-PA 319£32%; 30 minutes, control 100+0%, SDF-1 345+83%, RGDS-PA
329+87%; 60 minutes, control 100+£0%, SDF-1 235+75%, RGDS-PA 135+46%).
Additionally, mRNA expression levels of pro-apoptotic p53 mRNA (Figure 4C) were
significantly reduced in cells treated with RGDS-PA (control 32+4, RGDS-PA 19£3). The
activation of p44/42 (Figure 4B), a pro-proliferative cascade, was significantly increased
following treatment with RGDS-PA, even compared to treatment with SDF-1 (15 minutes,
control 100+£0%, SDF-1 219+36%, RGDS-PA 1886+1062; 30 minutes, control 100+0%,
SDF-1 215480, RGDS-PA 1588+411%; 60 minutes, control 100+£0%, SDF-1 203+135%,
RGDS-PA 614+492%). Accordingly, RGDS-PA resulted in higher mRNA expression of
downstream mitogenic targets (Figure 4D-F), specifically Ki67 (control 1.0+0, RGDS-PA
3.2+0.8), cyclin-A (control 1.0£0, RGDS-PA 4.2+1.2), and cyclin E (control 1.0+0, RGDS-
PA 2.0+0.2). Functionally, FAK-mediated activation is known to promote cytoskeletal
rearrangement and increased focal adhesion formation. Cells plated on RGDS-PA surfaces
showed prominent phalloidin staining (Figure 4G).

Bioactive PA nanofiber matrix enhances regenerative potency of cell-based therapy in
ischemic tissue repair

Based on the beneficial modulation of BMPAC function by RGDS-PA observed in vitro, we
evaluated the regenerative potency of this combined strategy in critical limb ischemia. When
compared to the same dose of cells alone, this combined approach demonstrated enhanced
structural and functional recovery in the ischemic limb (Figure 5). Animals that were treated
with BMPACs combined with RGDS-PA showed significantly less necrosis and fewer
amputations, as evidenced by a significant improvement in limb salvage score on day 28
(Figure 5A: HLI control 2.0£0.3, BPMAC+RGDS-PA 3.8+0.3, BMPAC 2.9+0.3, RGDS-
PA 2.3+0.4.). Similarly, animals treated with BMPACSs in the RGDS-PA matrix had
significant improvement in motor function of the ischemic limb, resulting in a greater limb
motor activity score (Figure 5B: HLI control 2.2+0.3, BPMAC+RGDS-PA 3.9+0.3,
BMPAC 2.9+0.2, RGDS-PA 2.6+0.4). The enhanced limb recovery was associated with
improved microcirculation, demonstrated by a significant increase in the number of CD31*
capillary-like structures when BMPACs were combined with RGDS-PA (Figure 5D: HLI
control 56+2/hpf, BMPAC+RGDS-PA 91+5/hpf, BMPAC 72+3/hpf, RGDS-PA 61+2/hpf).
Recovery of blood flow in the ischemic limb, measured by LDPI, was improved at day 28 in
mice that had been treated with BMPACs and RGDS-PA (Figure 5E: ischemic/non-ischemic
limb ratio: HLI control 0.34+0.04, BPMAC+RGDS-PA 0.70+0.08, BMPAC 0.53+0.02,
RGDS-PA 0.47+0.03). In a proof-of-concept experiment, we assessed whether delivery with
RGDS-PA resulted in increased viability and retention of BMPACs in the ischemic limb.
Luciferase-expressing BMPACs were injected with our without RGDS-PA following HLI.
Notably, BMPACSs delivered with RGDS-PA resulted in a higher level of luminescence than
BMPACSs alone (Figure 5F; day 1, 102+36% vs. 167+£15%; day 4, 106+40% vs. 971+215%;
day 7, 132450 vs. 692+141%; day 28, -2+-1% vs. -6£3%). This suggests that cell delivery
supported by the RGDS-PA matrix enhances the number of viable cells within ischemic
tissue, which may be due to reduced apoptosis, enhanced proliferation, and/or improved
retention, consistent with our in vitro findings. The versatility of this matrix was also
established as a delivery strategy for human-derived CD34* cells (see online supplement
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and Figure S1). Its biocompatibility and tissue stability was also assessed (see online
supplement and Figure S2).

Discussion

Clinical evidence has supported some efficacy for cell-based therapies in ischemic tissue
repair, but practical limitations, including poor cell viability and retention, have prevented
their full regenerative potency from being realized. The use of specifically engineered
biomaterials to support therapeutic stem and progenitor cells is a potential strategy to
improve cell-based therapies. Here, we demonstrate that a peptide-based nanofiber matrix
presenting the integrin-binding domain from fibronectin favorably modulates apoptosis,
proliferation, adhesion, and tube formation of cultured BMPACs. When identical doses of
BMPACs or hCD34" cells were delivered in combination with this RGDS-PA matrix, the
regenerative potency of the cell-based therapy was enhanced in an animal model of ischemic
tissue repair. This was attributable, in part, to an increase in the number of viable cells
within the therapeutic target zone for the case where cells were delivered with RGDS-PA.

An ideal biomaterial for cell-based therapy in cardiovascular disease should provide a
bioactive three-dimensional microenvironment that resembles the architecture and function
of native ECM [21]. Such a material would be designed with optimal mechanical properties,
present biological signals that improve cell function, degrade at a controlled rate into
harmless metabolites, elicit a minimal inflammatory response, and be applied through a
minimally invasive route. The PA nanofiber platform described has the ability to meet these
criteria, and could be further modified and optimized for enhanced stem and progenitor cell
support. Through molecular design, the type, number, and density of biological signals
presented on the nanofiber surface could be modified for improved bioactive signaling [40],
or multiple bioactive or matrix-derived signals could be combined within one nanofiber
[41], An example of particular relevance for ischemic tissue repair could explore epitopes
that mimic VEGF to support enhanced pro-angiogenic function in cell-based therapies [32],
It is increasingly appreciated that mechanical properties of a biomaterial can play a role in
directing cell function or lineage [42]. Along these lines, the stiffness of PA nanofibers can
be also tuned through molecular design [43], suggesting that efforts to tailor mechanical
properties of PA nanofibers for a specific therapeutic cell type could be a strategy to further
improve cell-based regenerative functions. In terms of translational potential, the immune
response is a crucial criteria affecting future implementation [44]. The present study
suggests that this synthetic matrix does not elicit a notable local or systemic immune
response. More rigorous toxicology and biodistribution studies must be performed prior to
clinical implementation, but these early pre-clinical findings are promising. The PA
nanofibers here were also designed to gel once introduced within tissue, allowing for facile
transcutaneous injection for delivery with cells. It is foreseeable that this minimally invasive
delivery approach could extend to catheter application.

This proof-of-concept study demonstrates a potential role for bioactive matrices to exploit
the full regenerative potential of cell-based therapies in ischemic tissue repair. However,

future work must thoroughly evaluate and optimize several aspects of this strategy prior to
clinical translation. Understanding the biological importance of structural characteristics in
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these biomaterials, such as epitope density and nanofiber geometry, are interesting questions
to evaluate further. We hypothesize that these parameters may be important in optimizing
cell-matrix interactions, and can thus affect efficacy. The specific features of an optimal
material likely depend on the underlying pathology along with considerations for the
specific tissue or organ to be treated. Also, the importance of material stability, degradation,
and persistence need to be optimized in the context of the particular dynamics and kinetics
of the therapeutic target. For example, our present results from histological tracking suggest
that ischemic tissue may present a harsher, more protease-rich milieu that is detrimental to
persistence of peptide-based materials. Notably, the time-course of RGDS-PA persistence
coincided with that for retention of BMPACs in the ischemic limb, assessed by in vivo
imaging. Therefore, efforts to modify the PA sequence to produce more degradation-
resistant nanofibers may afford prolonged retention of injected cells, and in turn improve
therapeutic efficacy. Finally, the clearance, metabolism, and pharmacokinetics of the
degradation products must be further elucidated in order to be confident that no toxicity
arises from the application of these materials or their degradation products.

Insights from clinical trials have raised questions about the extent of regeneration that may
be possible from a single dose of stem or progenitor cells. In light of some of the concerns
surrounding cell retention and function in diseased tissue, it appears that more sophisticated
and multi-faceted strategies are needed to improve efficacy [9]. The present study
constitutes a step in this direction, and the versatility of PA-based materials in preparing
bioactive matrices could be further leveraged to prepare a more sophisticated approach. We
would envision that in the regeneration of tissue for cardiovascular pathologies, an approach
that combines various stem, progenitor or stromal cells with paracrine factors and matrix-
derived signaling elements would improve the potency of cell-based strategies for ischemic
tissue repair.

Conclusions

Cell-based therapies have been extensively explored as a treatment for myocardial and
peripheral ischemia, but challenges associated with cell retention and survival may limit
efficacy. Self-assembling bioactive peptide nanofibers presenting the integrin-binding
domain of fibronectin support cell function and, thereby, enhance the therapeutic potency of
cell-based strategies for ischemic tissue repair. This approach, employing a specifically
designed nanofiber matrix in combination with therapeutic cell populations, is a promising
strategy to combat certain limitations encountered in the translation of cell-based therapies.
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Hydrophobic alkyl tail B-sheet domain Charged residues RGDS-epitope
Figure 1.

(A) Molecular structure of an RGDS-PA molecule, indicating the specific design elements
within the molecule. (B) In aqueous environments, PA molecules assemble into cylindrical
nanofibers, with the RGDS-epitope-bearing molecules (green) distributed throughout the
nanofiber. (C) Assembled nanofibers can form a three-dimensional nanofiber gel network,
verified by a SEM.
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(A) For Invitro studies of BMPACs, RGDS-PA nanofibers coat the BMPAC surface along
with the surface of the culture substrate by SEM. (B) Apoptosis, induced in BMPACs by
H,0,, quantified as the ratio of TUNEL+ to TUNEL- cells, n=4-10/condition. (C) MTS
assay results showing relative BMPAC cell number, indicative of proliferation, when treated
with different PAs (n=3-6/condition). (D) Adhesion (n=5 hpf/group) to control plastic,
collagen, vitronectin and laminin for BMPACs pre-treated with different PAs. Scale bars for

micrographs are 100 pum.
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A matrigel assay used to assess pro-angiogenic potential of BMPACSs cultured with or

without RGDS-PA (n=3-9/condition/timepoint). Scale bar shown is 100 um for all
micrographs.
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(A) A representative western blot, with quantification, for the ratio of phospho-Akt to Akt in
BMPACs, with SDF-1 as a positive control (n=3-4/condition/time point). (B) A
representative western blot, with quantification, for the ratio of phospho-p44/42 to p44/42

(n=3-4/condition/time point). (C) mRNA expression of the pro-apoptotic marker p53.

mRNA expression of mitogenic markers (D) Ki67, (E) Cyclin A, and (F) Cyclin E. (G)
Phalloidin staining of BMPACs incubated on control or RGDS-PA-coated surfaces. Scale
bars for micrographs are 25 pm.

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tongers et al.

Limb Salvage
[% animals]

100%
80%
60%
40%
20%

0%

HLI BMPAC+ RGDS-PA BMPAC

RGDS-P;
®necrosis ®toe part ampmmon Otoe amputation
Ofoot i Olimb

Functional Recovery
[% animals]

B 100%
80%

60%

T a0%

] 20%

LI BMPAC + RGDS-PA BMPAC
RGDS-PA

®full recovery ®no toe spreading Drestricted foot use
Bno active foot use Ono active limb use

Page 19

@

p<0.001 p<0.05
r 1T T

'S

1

N

Day 28 Limb Salvage Score
[arbitrary units]
- w

°

HLI BMPAC + RGDS-PA BMPAC
RGDS-PA BMPAC+RGDS-PA

o

p<0. 001 p<0. 05
r r

.Illl

HLI  BMPAC + RGDS-PA BMPAC
RGDS-PA BMPAC

IS

w

Day 28 Functional Recovery Score
[arbitrary units]
- 0N

p<0 001 BMPAC + RGDS-PA
D 1 4
= 1 l p<0 01 o
g >
B w0 Mp<0.05 1 | ©
% .l
o
=
)
= RGDS-PA
-3
o
o »n
5 >
o
N HLI BMPAC + RGDS-PA BMPAC
RGDS-PA
E Mp<0.001 VI p<0.05 T 1
= .
© 0.8 T 1
) 0.05
£ p< Wday 28
2
,% G os
2f
§ Soa BMPAC+RGDS-PA
=X
Bl e
@ .
e LI
R o0 7
= HLI BMPAC + RGDS-PA BMPAC
RGDS-PA RGDS-PA BMPAC
F 3
1500% ——«—- BMPAC/RGDS-PA
100000
- p<0.001 —=— BMPAC <
£ ]
@ o 80000
g 1000% Ao p<0 001
3 /|
5 /o e i 60000
5 soox 7/ &
E; p<0.05,” Y ( 0000
s e %
k] 2
=% — \
0% W 20000
day0 day1 day4 day7 day?28
Yy Y y Y y luc* BMPAC  luc* BMPAC
+ RGDS-PA
Figure 5.

In vivo evaluation of BMPACs delivered with RGDS-PA. (A) The percentage of mice with
various grades of necrosis, along with the overall limb salvage score for each group at day
28. (B) The percentage of mice with various grades of motor function, along with the overall
motor function score for each group at day 28. (C) Example gross observations of ischemia
and necrosis at day 28. (D) Quantification of CD31+ capillaries per high powered field and
representative images of CD31 and smooth muscle actin staining (n=5-9/group) with scale
bars for micrographs indicating 100 um. (E) Laser Doppler perfusion ratio (ischemic to non-
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ischemic limb perfusion) and representative LDPI images from each group (n=7-13/group).
(F) Measurement of bioluminescence in mice injected with B-actin-luc* BMPACs with and
without RGDS PA, expressed as total flux in comparison to baseline, along with
representative bioluminescence images at day 7 (n=4-10/group/timepoint).
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