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Sequential Delivery of Basic Fibroblast Growth Factor
and Platelet-Derived Growth Factor for Angiogenesis

Jillian E. Tengood, B.S.? Ryan Ridenour? Ross Brodsky*
Alan J. Russell, Ph.D.>*® and Steven R. Little, Ph.D."*

An externally regulated delivery model that permits temporal separation of multiple angiogenic factors was
used for the delivery of basic fibroblast growth factor (bFGF) and platelet-derived growth factor (PDGF). While
bFGF plays a significant role in the sprouting of new capillaries, PDGF plays a role in the recruitment of mural
cells, which stabilize neovessels. However, these two factors have been shown to inhibit each other, when
presented together. Using the externally regulated model, sequential delivery of bFGF and PDGF led to not only
increased endothelial cell migration, but also endothelial cell and vascular pericyte colocalization. More im-
portantly, this delivery strategy was able to induce red blood cell-filled neovessels, suggesting integration of

angiogenesis with the existing vasculature.

Introduction

WIDE RANGE OF BIOMEDICAL research focuses on bio-
logical processes where cell surface-bound and secreted
biomolecules control cellular action. It is becoming apparent
that combinations of these various biomolecules can form
organized sets of instructions that can be accentuated or even
inverted depending upon the temporo-spatial organization of
the stimuli (see examples from adaptive immuni’cy,1 immu-
nological tolerance,” pancreatic insulin regulation,’ lipolysis,*
and osteocoupling,5 as just a few emerging examples). Con-
sequently, it is not surprising that the complexity of these
biological processes dwarfs the complexity of current treat-
ments intending to direct, accelerate, or repair them. A pro-
minent example of a biological process that is currently
over-simplified by existing treatments is angiogenesis (the
growth of neovasculature from existing vasculature).
Specifically, angiogenesis is an organized series of events
involving multiple angiogenic growth factors that become
important at varying stages throughout the process.® First,
endothelial cells residing in existing vessels receive instruc-
tions causing their cell-cell and cell-basement membrane
contacts to loosen.””” This event is followed by the prolifera-
tion and migration/invasion of these endothelial cells, ulti-
mately aligning to form a capillary lumen.®” Once the vessel is
formed, endothelial cells receive signals that cause them to
halt proliferation as well as migration and secrete new base-
ment membrane.®” Finally, vascular pericytes are recruited to
the vessels, where they adhere to endothelial cells.®
Considering the temporal complexity of this process, it is
not surprising that strategies focusing on delivery only a

single angiogenic factor'”'® or even two angiogenic factors

simultaneously'*'> have met limited success. One possible
strategy for more effective treatments would involve stage-
wise delivery of growth factors known to support cellular
action during the corresponding stage of angiogenesis. Yet,
only recently has delivery technology (layer-by-layer films,®
rational design of bio-erodible systems'”'®) developed to the
point where engineers soon will be capable of precisely con-
trolling the temporal separation of these instructions.

To gain information regarding the most relevant time-
frames, concentrations, and growth factors to be used in
therapeutic sequential delivery strategies, we recently devel-
oped a simple and modular, externally regulated delivery
model."” This model consists of a porous hollow fiber that
extends into an in vivo acellular site, permitting external
control over presence and absence of angiogenic growth fac-
tors at any time." The fiber wall microstructure is controlled
through the fiber fabrication process to ensure that large
proteins could be effectively released to the surrounding
matrix.?>** The ends of the hollow fiber remain exposed,
providing access to the contents of the lumen of the fiber (and
consequently what is delivered) over the course of experi-
mentation. Using this system, we were able to achieve se-
quential delivery of two different angiogenic instructions: (1)
vascular endothelial growth factor (VEGF; involved in vas-
culature permeability/destabilization** and endothelial cell
recruitment®) and (2) sphingosine-1-phosphate (S1P; pro-
moting vessel stabilization in vivo™* and involved in a re-
duction in endothelial cell migration®”?®). In this prior study,
when VEGF delivery was followed by delivery of S1P, we
observed significantly greater endothelial cell migration as
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well as substantial increases in vessel maturity, when com-
pared to single or dual delivery of these factors.'” These data
suggest that attempting to sequentially stimulate various
stages of angiogenesis via the presence and absence of an-
giogenic factors is a step toward the development of more
complex and relevant angiogenic therapies.

Importantly, recent literature suggests that the concept of
stage-wise delivery for angiogenesis has broader application
than only VEGF and S1P. Specifically, basic fibroblast growth
factor (bFGF; 17 kDa) has been shown to play a major role in
the initiation (sprouting) of new capillaries in vivo.” Platelet-
derived growth factor (PDGF; 25kDa) promotes the matura-
tion of blood vessels through the recruitment and support of
mural cells, the supporting structure for blood vessels***’,
among other actions.®"*?> However, when bEGF and PDGF
are presented simultaneously in a modified Boyden chamber
assay, bFGF was shown to significantly inhibit PDGF-induced
smooth muscle cell migration and proliferation via the PDGF
and bFGF receptors.'> Conversely, in a chick chorioallantoic
membrane assay, it has been shown that PDGF inhibits bFGF-
induced angiogenesis.'* Taken together, these data suggest
that not only the presence but also the absence of bFGF and
PDGF expression play a role in vascular remodeling.

For this reason, we utilized our model of sequential de-
livery to explore the sequence and delivery schedule of bFGF
and PDGF, delivered alone, in sequence or together. Ac-
cordingly, we hypothesized that sequential delivery (bFGF
followed by PDGF) would impact the significance and ma-
turity of angiogenesis.

Materials and Methods
Hollow fiber fabrication

Cellulose acetate hollow fibers were prepared using a
double injection nozzle as described previously.19 Briefly, 20%
cellulose acetate (molecular weight =30kDa; Aldrich) was
pumped through the outer core of the nozzle and deionized
water was pumped through the center core. The cellulose
solution and deionized water were extruded into a deionized
water bath where the cellulose solution precipitates in the
form of a porous hollow fiber. Lyophilized hollow fiber cross
sections were sputter coated with 3.5nm of gold—palladium
and imaged at 5kV using a JEOL 9335 SEM.

In vitro release

In vitro release from cellulose hollow fibers was carried out
as described previously.19 Briefly, wells of a six-well cell cul-
ture plate were filled with 5mL Dulbecco’s phosphate buff-
ered saline, or phosphate-buffered saline (PBS; Invitrogen). A
cellulose hollow fiber was cut to fit the well, injected with
10 uL of rh-bFGF (R&D Systems) and rh-PDGF (R&D Sys-
tems) using a 28G2 insulin syringe (1/2 cc Lo-Dose U-100
insulin syringe, Becton Dickinson) and submerged in the PBS
bath. Hollow fibers were injected first with bFGF (200 pg/mL,
2ng bFGEF total). Release of bFGF into a PBS bath was mea-
sured by sampling the supernatant and measuring using
a bFGF ELISA kit (R&D Systems). After 24h, the fiber
was rinsed five times with PBS and lumen contents were re-
placed with an aqueous solution of PDGF (300 ng/mL, 3ng
PDGEF total). Again, release was measured by sampling the
supernatant and measuring using a PDGF ELISA kit (R&D
Systems).
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Murine Matrigel plug assay

A modified murine Matrigel plug assay was utilized as
described previously.' Briefly, growth factor-reduced
Matrigel (500 uL) was injected (~1cm in diameter) into the
subcutaneous space on the dorsal side of C57BL/6 mice (8-10
weeks old; Charles River) on both the left and right flank, after
anesthesia with 2%-3% inhaled isoflurane. A 14G catheter
was used to thread cellulose hollow fibers through the skin
and Matrigel plugs (one fiber per Matrigel plug; two plugs per
animal including an internal negative control). Hollow fibers
were fixed in place using tissue glue and an Elizabethan collar
was used to prevent mice from extracting the hollow fiber. See
Supplementary Figure S1 (Supplementary Data are available
online at www liebertonline.com/tea) for a photograph of
hollow fiber insertion. On the day of implantation, and every
day for the next 6 days, hollow fibers on the left side were
injected with sterile saline and hollow fibers on the right side
were injected with 10 pL of an angiogenesis promoting factor:
200 pg/mL bFGF (R&D) and/or 500 pg/mL PDGF. The in-
ternal negative control (which includes the Matrigel plug,
hollow fiber, and saline injection) serves the purpose of con-
trolling for variation between mice (e.g., potentially any var-
iable growth factor secretion due to inflammation caused by
the Matrigel injection or hollow fiber implantation). For mice
in the sequential delivery groups, factor switching occurred
on the third day after implantation, after five rinses with sa-
line. Seven days postimplantation, implants were extracted,
fixed in 2% paraformaldehyde for 5h and 30% sucrose over-
night, and snap-frozen in liquid nitrogen. Frozen sections
(8 pm) were stained with hematoxylin and eosin (H&E) and
analyzed for endothelial cell migration, vessel formation, and
red blood cell presence in vessel-like structures where the
lumen is >100 pm.

Immunofluorescence

Frozen Matrigel Plug sections (8pum) were incubated
with primary antibodies rabbit anti-CD31 (Abcam) and Cy3-
conjugated mouse anti-o-smooth muscle actin (¢(SMA; Sigma)
and secondary antibody goat anti-rabbit Alexa Fluor 488%
(Jackson Immuno). Sections were also counterstained with
Hoescht (Sigma) to identify all mononuclear cells. CD31-
labeled cross-sectional images were taken at 40x. These images
were analyzed using threshold analysis on Metamorph to
quantify the percent of each image occupied by CD31 staining,.
These values were averaged to obtain a representative percent
for each cross section and normalized to the internal positive
control in which only saline was delivered. Negative control
plug percent areas (saline injection, left flank) for each mouse
was subtracted from the Experimental Group percent areas
(right flank) for a normalized percent area for each mouse.
CD31 and aSMA-labeled cross-sectional images were taken at
60x. These images were analyzed by counting the number
of CD31+ areas (vessel equivalents) and the number of these
areas that are colocalized with «SMA labeling.

Statistical analysis

Analysis of variance was performed when assays con-
tained more than one experimental group, as in the tubular
formation assay (n=3) and Murine Matrigel plug assay
(n=3). A power analysis based on a previous, yet similar,
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experiment was performed to determine N for in vivo ex-
periments. Subsequently, a post hoc multiple comparison test
was performed to compare means of different experimental
groups (Holm-Bonferroni, o=0.05, k=4).

Results

Sequential bFGF and PDGF release
from cellulose hollow fibers

Cellulose hollow fibers were fabricated with an inner di-
ameter of 971 +129um and wall thickness of 81 +18um
(Fig. 1a). These fibers were used to sequentially release bFGF
and PDGEF in vitro, via manual injection of the growth factors at
the desired time points. Porous fibers were loaded with bFGF
for an initial period of release, rinsed, and then subsequently
loaded with PDGF. Egress of these molecules through the
fibers and into a surrounding saline is represented in Figure 1b.
Importantly, when growth factors are exchanged (corre-
sponding with saline flushing before administration of a new
factor, depicted by the dotted line), bFGF release is no longer
detectable and PDGEF is subsequently detectable in the super-
natant. These results are in agreement with previous results,'’
suggesting that our fibers are capable of detectable release of a
growth factor-sized protein over at least 24h as well as se-
quential delivery of two factors, as determined empirically.

Recruitment of endothelial cells to Matrigel plugs
in response to various treatment schedules

A modified murine Matrigel plug assay was utilized to
measure angiogenesis in response to various delivery regi-
mens in vivo. Specifically, a subcutaneous Matrigel plug
serves as a cell-free matrix that is amenable to cellular inva-
sion. A fiber is threaded through this plug to create a source
for factor release through the Matrigel to the surrounding
environment. The ends of the hollow fiber remain exposed,
giving access to the contents of the lumen of the fiber (and
consequently what is released into the cell-free matrix) over
the course of experimentation. We explored delivery of (1)
bFGF alone (Fig. 2b), (2) bFGF followed by PDGF (Fig. 2¢), (3)
PDGEF alone (Fig. 2d), (4) PDGF followed by bFGF (Fig. 2e),
and (5) dual delivery of bFGF and PDGF (Fig. 2f). Each ex-
perimental group contained an internal negative control
where saline alone was administered through an implanted
fiber (Fig. 2a) over the course of experimentation (7 days). In
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the sequential delivery groups, factor exchange (when rele-
vant) occurred at 3 days postimplantation. CD31-stained
Matrigel plug sections (Fig. 2a—f) reveal endothelial cell in-
filtration in all plugs where growth factors (bFGF and/or
PDGEF) are delivered. However, greater amounts of CD31+
staining were observed in plugs where bFGF was followed by
PDGF as compared to all other groups (Fig. 2c). A semi-
quantitative method for endothelial cell migration was also
performed using CD31 staining of Matrigel plug sections. The
percent area of images that were labeled with Alexa Fluor 488
(secondary antibody) was used to quantify CD31 expression
in each sample. Images representing the entire periphery of
the plug were recorded and normalized to the internal neg-
ative control, and an average percent area was determined
(Fig. 2g). Basic FGF was shown to be active when delivered,
demonstrated by an increase in endothelial cell recruitment
compared to a saline injection (Fig. 2b, g). It is evident that
statistically more CD31+ cells are observed in sections of the
Matrigel plug treated with the bFGF-then-PDGF regimen
than in any other experimental group.

Vessel maturation in response to various
treatment schedules

A quantitative method was used for determining the mat-
uration level of a vessel using CD31 and aSMA staining of
Matrigel plug explants (CD31 is present on endothelial cells
and aSMA is present on mural cells). The colocalization of
these two cell types is indicative of mature vessels.*®> This
method involves immunohistochemical analysis of CD31 and
aSMA-stained tissue sections and is a common and validated
measure of vessel maturity’”**2°. Five 60x areas in which
CD31+ cells have arranged in a capillary-like structure were
examined, and the percent of *SMA+ colocalization was re-
corded as the maturation index.>® In general, fluorescent im-
ages illustrate that ®SMA colocalization with CD31 can be
observed in all plugs where PDGF was delivered (Fig. 3b—e).
In the plugs where only bFGF was delivered, we could detect
only CD31+ cells and no «SMA+ cells (Fig. 3a). The matu-
ration index (percent of vessels co-localized with aSMA+
cells) associated with the sequential delivery groups was
statistically higher than all other groups in our study, specif-
ically when bFGF delivery is followed by PDGF delivery (Fig.
3g), which is in agreement with the overall hypothesis put
forth in this article.

FIG. 1. Externally regulated
- delivery model is capable of pro-
ducing sequential release of bFGF
and PDGF. (a) Scanning electron
micrographs of a cellulose hollow
ok fiber fabricated using a double-
" PDGF extrusion process. (b) Sample
) release profile illustrating how two
3000 different growth factors can be se-
quentially delivered. At time=0h,
bFGF (200 pg/mL) is injected. At
time =24 h, fiber is rinsed five times

2000

with PBS (dotted line), resulting in mo more detectable bFGF. At time =24 h (following rinse), PDGF (300 pg/mL) is injected
into the fiber lumen. bFGF, basic fibroblast growth factor; PDGF, platelet-derived growth factor.
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CD31 quantification as normalized to
an internal control (saline injected g 45

plug) using Metamorph threshold 4
analysis. Percent areas of images cov- 35
ered by CD31 staining are averaged
across all plugs. *Significant differences
when compared to all other groups

*
5
(ANOVA, followed by Holm-Bonfer- 2
roni correction for t-test of multiple 1.5
comparisons, k=4, o.=0.05). ANOVA, 1
analysis of variance. 0.5
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FIG. 3. Delivery of bFGF followed by

PDGEF results in greater colocalization of - - -
CD31 and aSMA in vivo than other deliv-

ery schedules. (a-e) Immunoflourscent

staining of CD31 (green), aSMA (red), and

nuclei (blue) in cross sections of Matrigel

plugs (scale bar =100 pm) treated with (a)

bFGF (200 pg/mL), (b) bFGF (500 ng/mL),

followed by PDGF (500 pg/mL), (¢) PDGF

(500 pg/mL), (d) PDGF (500 pg/mL), fol-

lowed by bFGF (200 pg/mL), (e) bFGF
(200 pg/mL) and PDGF (500 ug/mL), and f 8o0%
(f) maturation index calculated by the 70%
percent of CD31+ cellular structures that
are co-localized with «SMA staining.
*Significant differences when compared to
all other groups (ANOVA, followed by
Holm-Bonferroni correction for t-test of
multiple comparisons, k=4, o =0.05).
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FIG. 2. Delivery of bFGF followed by
PDGEF results in greater recruitment of
CD31+ cells in vivo than other delivery
schedules. (a—f). Immunofluorescent
staining of CD31 (green) and nuclei
(blue) in Matrigel plug cross sections
(scale bar =100 pm) treated with (a)
saline, (b) bFGF (200 pg/mL), (c) bFGF
(200 pg/mL), followed by PDGF

(500 pg/mL), (d) PDGF (500 pg/mL),
(e) PDGF (500 pig/mL), followed by
bFGF (200 pg/mL), (f) bFGF (200 ug/
mL) and PDGF (500 pg/mL), and (g)

60%

50%

40%

Maturation Index

bFGF bFGF, then PDGF PDGF, then bFGF & PDGF
PDGF bFGF
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Integration of neovasculature with native vasculature

H&E-stained sections (Fig. 4a—f) reveal detectible cellular
infiltration in all groups (purple nuclear stain). However,
cellular infiltration into the Matrigel is more prevalent in the
plugs in which an angiogenic factor has been delivered (Fig.
4b, f). Cells that have infiltrated into the Matrigel plug have
arranged in tubular, vessel-like structures in plugs where
PDGEF is delivered alone (Fig. 4d), following bFGF (Fig. 4c) or
at the same time as bFGF (Fig. 4f). However, when bFGF is
delivered alone (Fig. 4b) or following PDGF (Fig. 4e), these
vessel-like structures are not observed. More importantly,
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tubular, vessel-like structures are filled with red blood cells
only in groups where bFGF delivery is followed by PDGF
(indicated by filled in arrow), suggesting integration with
native vasculature (Fig. 4c). The presence of red blood cells in
the lumen of invading vessels was quantified by random se-
lection of 10 vessel-like structures (lumen exceeding 100 pm in
diameter) using multiple wide-field 20x images from each
experimental group. The number of these vessel-like struc-
tures filled with red blood cells in each group was identified,
and statistical analysis was performed to estimate the percent
of invading vessels that are functionalized (i.e., integrated
with existing vasculature) (Fig. 4g). It was quite obvious from

FIG. 4. Sequential delivery of bFGF and
PDGEF results in cellular recruitment and
functional angiogenesis in vivo. (a—f) He-
matoxylin and eosin images of murine
Matrigel plugs (scale bar =500 um). (a)
Saline, (b) bFGF (200 ng/mL), (c) bFGF
(200 pg/mL), followed by PDGF (500 ug/
mL), (d) PDGF (500 ng/mL), (e) PDGF
(500 pg/mL), followed by bEGF (200 pg/
mL), and (f) bFGF (200 pg/mL) and PDGF
(500 pg/mL). = indicates red blood cell-
filled vessels. = indicates empty vessels.
(g) Percent of vessel-like structures (lumen
>100 pm) filled with red blood cells. *Sig-
nificant differences when compared to all
other groups (ANOVA, followed by
Holm-Bonferroni correction for t-test of
multiple comparisons, k=3, o= 0.05).
Color images available online at www
Jliebertonline.com/tea

9100% "
80% I
60%
40%
20%
PDGF bFGE then  PDGF,then bFGF & PDGF
PDGF bFGF
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both visual inspection of numerous H&E images (Fig. 4a, f) as
well as quantitative data (Fig. 4g) that when bFGF delivery is
followed by PDGF delivery, there are dramatically higher
numbers of red blood cell-filled lumens than in any other
schedules in which vessel-like structures (lumen >100 um)
were observed.

Discussion

There are many factors, both chemical and physical, in-
volved in the process of angiogenesis. Aside from angiogenic
growth factors, there are a number of angiogenesis inhibitors
that play a role in the angiogenic switch.”’” These factors,
which include AGM-1470, angiostatin, BB-94, and endo-
statin,®® are also being investigated for the treatment of
tumors, where the goal is to target the source of nutrient
supply to the growing tumor.”” Additionally, there are
physical modulators that play a role in vascular function and
angiogenesis. Cell growth has been known to activate the
endothelial cell nitric oxide synthase pathway, upregulating
the production on nitric oxide.* This pathway also responds
to changes in blood pressure, platelet activation, and angio-
genesis, where nitric oxide, the product of this pathway, can
modulate the production of various growth factors involved
in angiogenesis.*” For the purpose of this study, we will focus
on the presence of specific growth factors involved in the
regulation of angiogenesis.

While the physiological effects of many growth factors are
generally known, in some specific tissues, the combination
and interactions of the growth factors are only recently being
explored. In recent literature, the most cited of these tissues is
bone, where researchers are exploring delivery of angiogen-
esis inducing factors as well as bone morphogenic pro-
teins.**? In the context of angiogenesis, it has recently been
shown that delivery of an early-stage, endothelial cell re-
cruitment factor, VEGF, before delivery of a late-stage, mural
cell recruitment factor, S1P, results in more overall endothelial
cell recruitment as well as a higher vessel maturity, than when
these factors are delivered ’together.19 Accordingly, VEGF and
S1P may act as a series of instructions to sequentially promote
separate stages of the process. Yet, it is likely that other known
angiogenic growth factors, as well as the equally important
angiogenic inhibitors, are involved in this series of sequential
instructions as well. The goal of this study was to extend our
sequential delivery model to study two other factors that have
been implicated in stage-wise stimulus of blood vessel
growth, namely, bFGF and PDGEF. Consequently, the knowl-
edge gained from this research could serve as valuable ad-
ditions to our understanding of the stage-wise process of
angiogenesis as well as advancing therapeutic approaches to
promoting angiogenesis.

Although the externally regulated delivery model used in
this study is not autonomously capable of sequential delivery
itself, it provides a flexible format for temporal separation of
various growth factors over any desired timeframe. Thus, a
primary benefit of the model system discussed here is to in-
form the design of future systems that are capable of auton-
omously delivering these growth factors over a successful
delivery schedule. Furthermore, the system allows for the
introduction of a growth factor in a more gradual method
than via bolus injection (a method previously proven to be
effectivelg), where uniform distribution of a growth factor at
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nontoxic levels would be extremely difficult. A second feature
of this model system is the internal negative control. Specifi-
cally, a matching Matrigel plug with implanted hollow fiber is
present on the left flank of each animal enrolled in this study.
This Matrigel plug was analyzed for angiogenesis in the same
fashion as the Matrigel plugs in the experimental groups so
that the level of angiogenesis cause by the Matrigel injection
as well as the hollow fiber implantation can be monitored.
Although endothelial cell migration levels in the internal
controls are consistently very low and often negligible
(Fig. 2A), the level of endothelial migration observed in each
mouse was used to normalized all reported results (Fig. 2G).

Basic FGF has been implicated in endothelial cell migration
and has also been known to induce a proangiogenic pheno-
type in endothelial cells.'* This paradigm is consistent with
our data suggesting that endothelial cell migration occurs to a
greater extent when bFGF is delivered for 7 days as compared
to saline controls (Fig. 2a, b), despite the fact that bFGF is
found to be unstable in the presence of many proteases ex-
pected to be present under inflammatory conditions.*>*
However, it has been shown that bFGF can inhibit PDGEF-
induced smooth muscle cell migration and proliferation via
the PDGF and bFGF receptors,' events that correspond with
late-stage angiogenesis. In agreement with these prior find-
ings, our results suggest that exclusive, persistent delivery of
bFGF results in endothelial cell migration (marked by CD31+
cells, Fig. 2b) without colocalization with vascular pericytes
(marked by «SMA+ cells, Fig. 3a). These data suggest that
delivery of bFGF alone is not sufficient to sustain (and may
even inhibit the progress) of growing neovasculature, a theory
supported by a recent study in mice.* It is possible that the
role of bFGF may be primarily limited to promotion of early
stage angiogenic events.

PDGEF, in contrast, is known to promote the maturation of
blood vessels through the recruitment and support of mural
cells."*?* Likewise, we observe that in all groups where PDGF
is delivered, there is an increased presence of aSMA+ and
CD31+ cell colocalization, regardless of the time-frame of
delivery (Fig. 3). These data are important given that the
process of pericyte coverage is imperative to the stability and,
in turn, the fate, of newly forming vessels.® Importantly, al-
though newly forming vessels can be transient, and often re-
gress,*®* such blood vessels are known to not contain
aSMA+ cells that (wWhen present) interact with, and stabilize
endothelial cells and inhibit regression.*® Pericyte coverage
begins only once endothelial cells have been recruited and
new basement membrane is secreted.’ It is not surprising then
that the presence of PDGF, through its binding to PDGF-Ra
on endothelial cells, negatively affects the action of bFGF-
mediated recruitment.'*

For the reasons described above, we hypothesized that the
delivery of bFGF should precede delivery of PDGF to best
promote the growth of stable and mature neovasculature.
Although it is likely that during angiogenesis in vivo there is
some degree of overlap between bFGF and PDGF presenta-
tion (and correspondingly overlap between the proposed
stages of angiogenesis) it is evident in the data presented in
this study (as well as other studies in the literature)'*!® that
there is at least some conflicting functionality between bFGF
and PDGF. Indeed, in the model system described herein, it
is clear that the temporal separation of the two factors pro-
vides an advantage over dual delivery of the same factors.
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Specifically, using our simple and flexible hollow fiber model
for sequential delivery, a temporally separated delivery
schedule (bFGF, followed by PDGF) could be compared to
delivery of each factor alone, dual delivery of both factors, as
well as the reverse schedule (PDGF, followed by bFGF). In
concept, a sequential delivery schedule (in contrast to dual
delivery) would support bFGF-induced endothelial cell mi-
gration and proliferation without inhibition by PDGEF, followed
by PDGF-induced vessel maturation, without inhibition by
bFGF. Accordingly, this delivery schedule resulted in both
greater overall endothelial cell presence in a Matrigel plug after
7 days (Fig. 2) as well as a higher maturation index of vessels
formed by these endothelial cells (Fig. 3).

It was observed that delivery of bFGF and PDGF alone, as
well as together, induced similar levels of endothelial cell re-
cruitment (Fig. 2g). Although bFGF and PDGF may have
conflicting effects on the recruitment and organization of both
endothelial cells and vascular pericytes, complete inhibition of
angiogenesis is not observed when both factors are added
together (Figs. 2f and 3f). This can possibly be explained by
the pluripotency of PDGF.**?° Although PDGF has been
shown to be involved in mural cell recruitment and other late
stage angiogenesis events,” it is also the only growth factor
involved in FDA-approved treatment for nonhealing wounds,
suggesting that its effects may not be limited to one stage of
angiogenesis.”® Regardless, this treatment is only 30% effec-
tive®® and likely not capable of optimally directing a multi-
stage process without the direction of other biomolecules.

The need for additional biomolecular input for functional
angiogenesis is evident from our data. Endothelial cells are
recruited to the Matrigel plug when PDGF is delivered
during early angiogenesis (first 3 days, Fig. 2d, f), but these
vessels are not interconnected with existing vessels (as in-
dicated by their lack of red blood cells in the vessels) (Fig. 4d,
f, g). Although endothelial cell migration and vessel matu-
ration are important in angiogenesis, vessels do not become
functional until they are integrated with the native vascula-
ture and capable of carrying red blood cells, an important
sign functional vascular topography.”*®® Only in plugs
where PDGF delivery follows bFGF delivery (Fig 4c, g) did
we consistently observe red blood cells in the lumen of these
structures. This suggests that this growth factor delivery
schedule allows for more proper formation of vessels that are
integrated with the native vasculature, allowing oxygen and
nutrient delivery to newly forming tissue. It is possible that
constitutive delivery of PDGF does not allow for destabili-
zation of native vessels to the extent necessary to allow
juncture with newly forming vessels. Although PDGF may
not be capable of inhibition of endothelial cell migration and
proliferation (as seen in Fig. 2d), PDGF might block the act of
basement membrane destabilization.'*

Because our model is modular and easily tuned, sequential
delivery of a wide variety of factors is possible. To date, bFGF
and PDGEF is now the second set of growth factors that have
been shown to be temporally relevant in mature angiogenesis
using our sequential delivery model. Additional growth fac-
tors can be explored in other wound healing models, as
temporal relevance of growth factors is likely not unique to
angiogenesis. For example, PDGF and bone morphogenetic
protein 2 have been implicated as playing a major role in the
osteogenic processes; however, each protein appears to ac-
complish different tasks during different stages in the regen-
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eration of bone.’*®® For instance, PDGF appears to aid in
cellular recruitment, differentiation, and proliferation, as well
as angiogenesis, whereas bone morphogenetic proteins seem
to play a key role in the development of mature osteoblasts
and bone tissue formation.’® Furthermore, PDGF has been
shown to actually inhibit mature osteoblast activity in the
later stages of bone formation.*' Hence, an ideal delivery
strategy would first present early stage factors to induce an-
giogenesis and recruit osteoprogenitors and then present later
stage factors to differentiate cells and induce mineralized
tissue formation.

Conclusion

We have created a flexible model for the study of sequen-
tially delivered angiogenic factors. When using this system to
explore sequential delivery of bFGF and PDGF, we observed
that delivery of bFGF for 3 days followed by delivery of PDGF
for 4 days resulted in recruitment of more endothelial cells
and a higher maturation index than the reverse sequential
delivery schedule, single factor delivery or dual delivery.
Additionally, sequential delivery of bFGF followed by PDGF
resulted in vasculature that has integrated with the native
vasculature, allowing for oxygen delivery to a previously cell-
free environment. This approach could be likewise utilized to
explore any number of delivery schedules and the resulting
therapeutic responses as well as for studying the basic bio-
logical signals that accompany stage-wise regeneration of
tissues.
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