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Abstract

Hydrogels composed of crosslinked, chemically modified hyaluronic acid (HA), gelatin (Gtn) and
heparin (Hp) were preloaded with vascular endothelial growth factor (VEGF), angiopoietin-1
(Ang-1), keratinocyte growth factor (KGF) or platelet derived growth factor (PDGF) either
individually or in combination with VEGF and implanted into the Balb/c mouse ear pinna. At 7 and
14 days post-surgery, elicited vascular maturity levels were quantified using immunohistochemical
(IHC) staining techniques and reported as a vascular maturity index (VMI). At both time points, it
was discovered that the dual cytokine combinations elicited greater maturity levels than either
cytokine administered individually. For example, VEGF and KGF-containing HA:Hp implants at
day 7 yielded VMI values of —0.1375 and —0.092, respectively, whereas their combination resulted
inaVMI of 0.176 (p < 0.007). At day 7, only one of the seven HA:Hp experimental cases yielded a
positive VMI (VEGF+KGF), whereas four of the seven HA:Hp cases yielded positive VMI values
at day 14, indicating a sustained maturity response. The same general trends were found to exist in
tissue treated with HA:Hp:Gtn experimental implants. Differences in elicited maturity also existed
between tissue treated with HA:Hp and HA-containing hydrogels (VMI = 0.176 for HA:Hp-VEGF
+KGF vs. —0.064 for HA-VEGF+KGF, p < 0.012), and these differences are thought to result from
differences in characteristic cytokine release rates. This result also suggests that the presentation of
multiple GFs on immobilized Hp may actively contribute to cytokine related signal transduction; a
characteristic that may be exploited in the future to improve the efficacy of cytokine-loaded implants
towards tissue regeneration therapeutic strategies.
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1. INTRODUCTION

A simple and effective technology for sustaining in vivo tissue regeneration would offer the
possibility of new approaches to treatment of many types of diseases, such as pathologies of
bone, blood vessels, heart and skeletal muscle, liver and many other tissues and organs [1]. At
present, however, implanted cell and tissue growth is limited by inadequate vascularization
and the resulting insufficient respiratory gas transport [2]. Delivery of appropriate factors along
with the implanted cells, to induce a supporting angiogenic response, has the potential to
overcome this difficulty. It has been shown by many investigators that angiogenesis can be
achieved through therapeutic cytokine delivery [3-5]. However, the long term viability and
functionality of capillary networks elicited by exogenous cytokines has not been demonstrated

[6].

The primary impediments to controlling localized microvessel growth arise from the intricacy
of angiogenesis and the complexity of the signals by which vessel growth is regulated. Natural
capillary development is a central aspect of many physiologic and pathologic functions,
including tissue and organ growth, wound healing, female reproductive function, and tumor
formation [7]. Formation of new microvessels from existing vessel beds is typically initiated
within oxygen depleted tissue [8]. Vascular endothelial growth factor (VEGF) originating from
hypoxic sites imparts a strong mitogenic effect on endothelial cells of the neighboring
microvasculature, mediated through a receptor tyrosine kinase (RTK) signal cascade [9].
VEGF has also been shown to upregulate the endothelial cell-associated production of matrix
metalloproteinase enzymes (MMPs) [7]. These MMPs degrade the surrounding basement
membrane and extracellular matrix (ECM), allowing proliferating endothelial cells to migrate
towards the site of hypoxia and form new capillary sprouts. These sprouts eventually
anastomose to form new perfusable microvessel loops [10].

As nascent loops begin to take shape, microvascular endothelial cells also begin producing
platelet derived growth factor (PDGF). PDGF binds to specific smooth muscle pericyte
receptors, stimulating pericyte migration and proliferation [11]. New pericytes stabilize the
nascent microvasculature by orchestrating the formation of an extensive basement membrane
[12]. Pericytes are also responsible for the production of Angiopoetin-1 (Ang-1), a ligand for
the Tie-2 RTK receptor found on endothelial cells that promotes endothelial cell survival and
continued pericyte association [13]. New vessels reach maturity when contiguous vessels
connect, a new basement membrane is formed and smooth muscle pericytes associate with this
basement membrane [12]. Extensive research suggests that nascent microvessels are complete
and stable once fully ensheathed by pericytes [14-16].

One of the primary hypotheses underlying our studies is that implantation of devices capable
of releasing appropriate sequences of growth factors (GFs) in situ with desired timing can
promote angiogenesis and thereby elicit enduring, mature blood vessel networks. Hydrogels
fabricated from chemically modified hyaluronic acid (HA) can serve as ideal biocompatible
substrates for release of cytokine combinations in vivo [17-21]. HA consists of repeating
disaccharide units (B-1,4-0-glucuronic acid—p-1,3-N-acetyl-o-glucosamine) with an overall
molecular weight between 100 kDa and 5000 kDa. The macroporous nature of hydrogels based
on HA provides a means for storage and delivery of cytokines, while the glycosaminoglycan
structure mimics native ECM. Moreover, the small oligosaccharides released as HA breaks
down are strong angiogenic promoters [22]. Consequently, HA-based films actively participate
in the tissue response, rather than merely serving as passive conveyance mechanisms. In
addition to these properties, it has been shown that addition of small amounts of chemically
modified heparin (Hp) to HA-based gels results in sustained growth factor release [20,23,24].
N- and O-sulfated residues of heparin interact with lysine and arginine residues of GFs [20,
25,26]. Presumably, heparin in the ECM plays a storage role for GFs, slowing their release
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while retaining their bioactivity. Heparin binding is also thought to stabilize GFs against
thermal denaturation as well as degradation by ECM proteinases [25].

In this study, it was hypothesized that in vivo implantation of crosslinked, chemically-modified
HA and HA+Gelatin (Gtn) hydrogels pre-loaded with two cytokines and containing small
quantities of immobilized and co-crosslinked Hp (0.3% w/w) would elicit the growth of more
stable and mature microvessel beds than in the absence of Hp. The gels were loaded with one
factor selected to initiate an angiogenic response, VEGF, and a second to promote neovessel
maturation, either PDGF-AA, keratinocyte growth factor (KGF) or Ang-1. Each of these has
been linked to pericyte recruitment, proliferation and/or endothelial cell association [11,27,
28]. The hypothesis was tested by quantifying the levels of tissue microvessel maturity at fixed
times post-implantation, using established immunohistochemical (IHC) staining techniques
based on the degree of circumferential pericyte ensheathement [14-16].

2. MATERIALS AND METHODS

2.1 Materials

Fermentation-derived hyaluronic acid (sodium salt, My, = 750 kDa) (HA) was from
Novozymes Biopolymers (Copenhagen, Denmark). Heparin (sodium salt from porcine
mucosa, unfractionated, Myy = 15 kDa) (Hp) and gelatin (bovine skin, type B, gel strength
approximately 225 Bloom) (Gtn) were purchased from Sigma Chemical Co. (St. Louis, MO).
Polyethylene glycol (Myy = 3400 Da) (PEG), 1-ethyl-3-[3-(dimethylamino)propyl]
carbodiimide (EDCI), hydrazine hydrate and 3,3’-dithiobis(propanoic acid) (DTP) were
acquired from Aldrich Chemical Co. (Milwaukee, WI). Dithiothreitol (DTT) was from
Diagnostic Chemicals Limited (Oxford, CT). Vascular endothelial growth factor (human
recombinant, 165 amino acid, Myy = 38.2 kDa) (VEGF), keratinocyte growth factor (human
recombinant, 163 amino acid, My, = 18.9 kDa) (KGF) and platelet derived growth factor
(human recombinant, 250 amino acid, Myy = 28.5 kDa) (PDGF) were purchased from
Peprotech, Inc. (Rocky Hill, NJ). Angiopoietin-1 (human recombinant, 476 amino acid, Myy
=66 kDa) (Ang-1) was purchased from Sigma Chemicals Co. (St. Louis, MO). Smooth muscle
a-actin (a-SMA) rabbit monoclonal antibody was purchased from Epitomics (Burlingame,
CA). Rabbit polyclonal antibody to von Willebrand factor (vWF) was provided by Oregon
State University Veterinary Medicine Diagnostic Laboratory, and purchased from Dako
(Glostrup, Denmark). Male Balb/c AnNCr mice age approximately 5-6 weeks were purchased
from NCI (Frederick, MD).

2.2 Chemical syntheses

2.3 Hydrogel

Thiol-modified HA, gelatin and heparin were synthesized as previously reported [29]. Briefly,
these hydrogel components were modified with 3,3’-dithiolbis(propanoic hydrazide) in an
EDCI-mediated condensation reaction, followed by DTT reduction and dialysis. The structures
were confirmed and tested for purity using *H-NMR and GPC. The degree of thiol substitution
for each hydrogel component was determined by a modified DTNB method [30], and was 42%,
56% and 37% of available carboxylate groups for HA-DTPH, Hp-DTPH and Gtn-DTPH,
respectively. Poly(ethylene glycol)-diacrylate (PEGDA) was synthesized from PEG by
previously described procedures [31].

film preparation

Two different sets of HA-based hydrogels were prepared, either including or omitting modified
gelatin as a matrix component. All gels incorporated the same quantity of modified heparin,
0.3% Hp-DTPH wi/w relative to HA-DTPH, or in the gelatin-containing gels, 0.3% Hp-DTPH
wi/w relative to HA-DTPH + Gtn-DTPH. For gels lacking gelatin, HA-DTPH and Hp-DTPH
were dissolved together in PBS in an amount to achieve 1.25% w/v (g/mL) HA-DTPH.
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Separately, PEGDA was dissolved in PBS to achieve 4.4% w/v (g/mL) PEGDA. Both solutions
were broughtto pH 7.4. Prior to crosslinking, the appropriate cytokine or cytokine combination
was added to the HA:Hp solution in a quantity to achieve 100 ng of each cytokine per implant.
The PEGDA solution was then added to the HA:Hp:cytokine solution in a 1:4 volume ratio
(PEGDA:HA), giving a 1:2 ratio of acrylate to thiol functionalities. The resulting solution was
maintained under gentle agitation on an orbital rotator for 24 hours, then dehydrated at 37°C
to form a durable, flexible 1-mm thick film. At the time of surgery, the film was retrieved from
4°C storage and 4-mm diameter disks were cut for implantation.

An identical procedure was followed for synthesizing gelatin-containing gels, save that half of
the HA-DTPH was replaced with Gtn-DTPH (Figure 1).

2.4 Surgical and experimental procedure

All procedures were carried out with the full approval of the Oregon State University
Institutional Animal Care and Use Committee. Male Balb/c AnNCr mice aged 5-6 weeks were
anesthetized with 2.5% isoflurane by volume using an inhalation anesthesia system (Summit
Medical Equipment Inc., Bend, OR). Once a deep general anesthetic plane had been reached,
a shallow 4-5mm incision was made through the superficial skin on the posterior pinna of the
right ear. A blunt probe was inserted through the incision, and a 5-mm pocket was created
under the skin. If the animal was to receive an implant, the 4-mm cytokine-loaded HA- or
HA:Gtn film was placed inside the pocket and the incision was closed without sutures. Mice
recovered from this brief procedure without incident within minutes, and the incision healed
in 5-7 days.

On days 7 or 14 days post-implantation, the mice were anesthetized by overdose with isoflurane
(5%) and immediately sacrificed by cervical dislocation. The surgical and contralateral ears
were retrieved and fixed in formalin overnight, then embedded in paraffin. Tissue blocks were
thin-sectioned in planes parallel to the plane of the pinna and double stained by
immunohistochemical techniques, using antibodies against a-SMA and VWF proteins [see ref
32 for details]. Briefly, primary a-SMA monoclonal antibody diluted 1:100 was applied
followed by HRP-conjugated secondary antibody and the chromagen DAB for visualization.
High temperature antigen retrieval for vVWF was then performed. A primary polyclonal vWF
antibody diluted 1:400 was applied, followed by HRP-conjugated secondary antibody and
Nova Red for visualization.

Identification marks on each slide were covered so that the observer was blind to the treatment
group. The slide was then viewed under light microscopy at 100x magnification to determine
consistency of staining and overall distribution of stained microvessels, including the extent
of intense localized neovascularization. Five 250 um? fields were chosen for quantification,
with a representative number of the five fields devoted to these highly dense and often primitive
microvascular networks. The remaining fields were devoted to areas of relatively mature
microvasculature.

Microvessels in each field were counted directly at 400x magnification. The maturity of each
microvessel was evaluated according to the visible integrity of its endothelial border, indicated
by VWF staining (red), as well as by the degree of circumferential pericyte ensheathement,
shown by a-SMA (brown). Vessels were assigned to one of three bins, with each bin
representing a population of microvessels displaying a distinct level of maturity (Figure 2).

2.5 Data Analysis

A total of three animals received implants for each treatment case, at each time point (n = 3).
To account for both the number of microvessels present prior to surgery and nonspecific new
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microvessel growth secondary to surgical probing, so that the influences of the film and/or
growth factor(s) on new microvessel formation would be identifiable, a dimensionless
neovascularization index (NI) was defined as

B

i=1 i=1

Surgical ear Sham ear

B

i=1

Contralateral ear (1)

where i represents bin number and n; represents the number of microvessels in the it bin. In
3

particular, *=! “susicarcar represents the total microvessel count in all bins in the surgical ear,
averaged over all animals in a given treatment group, and the other sums represent the total
count in the sham control that underwent pocket formation but received no implant and the
contralateral ear, respectively. Accordingly, NI represents the number of additional vessels
present post-implant in a treatment group, minus the additional number due to the surgical
procedure alone, normalized by the contralateral count [17-20].

Toaccount for the microvascular maturity levels present before surgery as well as those induced
by the surgical procedure, so that the effect of the film and/or cytokine(s) could be identified,
a corresponding dimensionless vascular maturity index (VMI) was defined as

3 3
YT YT
i=1 i=1

3 3

S S

Surgical ear i=1 Sham ear

Contralateral ear (2)

Specifically, the ratio * =!  “susicacar represents the microvessel maturity level found in the
treated ear, calculated as the weighted sum of microvessel counts over all bins (1-3) divided
by the total microvessel count, averaged over the animals in a treatment group. Similarly, the
other sums represent the maturity level in the sham control and contralateral ears. Thus defined,
VMI represents the total microvessel maturity response elicited in a treatment group, minus the
maturity of vessels healing from surgical manipulation of the ear, normalized to the static
microvessel maturity levels of the contralateral ear.

NI and VMI values were determined at both 7 and 14 days post film implantation. All data sets
were compared using two-tailed, unpaired t-tests; values of p < 0.05 were considered
significant. Data are presented as mean * standard deviation.
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3. RESULTS

New in vivo microvessel development and maturation was assessed in an ear pinna model for
a series of experimental conditions including (i) an HA:Hp film preloaded with VEGF; (ii) an
HA:Hp film preloaded with Ang-1; (iii) an HA:Hp film preloaded with KGF; (iv) an HA:Hp
film preloaded with PDGF-AA; and (v-vii) HA:Hp films all preloaded with VEGF along with
KGF, Ang-1 or PDGF-AA. In addition, the same seven experimental cases were studied using
films containing equal parts HA and Gtn (HA:Hp:Gtn) (viii—xiv). Control cases included a
sham surgery in which a pocket was formed but no implant was delivered (xv), HA (xvi) and
HA:Hp (xvii) films without preloaded cytokines, and HA films preloaded with both VEGF
and KGF (xviii), or VEGF and Ang-1 (xix). These controls allow for direct evaluation of the
neovascular and maturity effects attributable to the individual film components, as well as to
interaction between preloaded cytokines and immobilized and co-crosslinked heparin.

Representative photographic images of microvasculature at 7 days post-surgery show
significant differences that characterized the tissue response to each treatment condition
(Figure 3). Contralateral ear sections had a similar appearance for all animals (Figure 3a). No
evidence of any systemic response to the implant was observable at either experimental time
point for any of the treatment cases. Chondrocytes were widely distributed in this tissue, along
with numerous hair follicles and sebaceous and other glands. Contralateral ears exhibited
relatively low vessel densities, however, the existing vasculature was very well developed.

Ears implanted with VEGF pre-loaded HA:Hp disks continued to show the chondrocytes, hair
follicles and glands typical of ear pinnas. However, there were large numbers of primitive,
high density, incomplete microvessel networks (Figure 3b). These vessels lacked a complete
endothelial border, which created the appearance of hyperfused microvascular lumina. In
general, tissue treated with VEGF-loaded HA:Hp films exhibited high microvessel density
with poorly defined borders and little to no pericyte ensheathement.

By far the most mature vasculature elicited in the HA:Hp experimental cases at 7 days post
implantation was found in ears treated with VEGF+KGF (Figure 3c). These microvessels
exhibited clearly defined endothelial borders with extensive pericyte ensheathement. The
surrounding tissue showed a normal distribution of chondrocytes, hair follicles and glands.
Both the tissue and the elicited microvasculature appeared mature and fully developed for this
treatment.

Microvascular density was analyzed quantitatively through the neovascularization index
(Figure 4 and Figure 5). For both NI and VM, positive values indicate a tissue response greater
than that of sham control ears, while negative values indicate a lesser response than sham. At
7 days post implantation (Figure 4a), HA:Hp-VEGF treated tissue exhibited the highest levels
of neovascular density (NI = 3.06), followed by the HA:Hp-KGF and HA:Hp-Ang-1 treatment
cases (NI = 2.44 and 1.81, respectively). There was a significant difference in the tissue
response to heparinized VEGF+KGF treatment compared to the non-heparinized case (NI =
—0.174 and 1.57, respectively; p < 0.05), but that difference was not maintained for other dual
growth factor combinations.

On day 14 (Figure 4b), although the HA:Hp-VEGF case again yielded the highest neovascular
response (NI = 0.90), it was the only case to show significantly more vascularization than the
sham control (p < 0.04). Moreover, the response to this treatment was substantially less than
at day 7. In fact, a decrease in NI from 7 to 14 days post implantation was evident in nearly all
control and experimental tissues, including those treated with HA:Hp:Gtn films (Figure 5).

The maturity of elicited microvessel beds was assessed quantitatively through VMI values
(Figure 6). At 7 days post film-implantation (Figure 6a), the only treatment case exhibiting
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greater maturity than sham surgery was HA:Hp-VEGF+KGF (VMI = 0.176). Accordingly,
treatment with VEGF+KGF produced a microvascular maturity response statistically
significantly superior to all other treatments (p < 0.03). In general, higher levels of vascular
maturity were achieved in tissue treated with a dual cytokine combination when compared to
the response elicited by either cytokine individually. For example, the HA:Hp-VEGF+KGF
treated tissue was significantly superior to both HA:Hp-VEGF (VMI =-0.138; p < 0.004) and
HA:Hp-KGF (VMI = —0.092; p < 0.008). The heparinized VEGF+KGF dual cytokine case
also yielded significantly higher VMI values than its corresponding non-heparinized control
(VMI = -0.064; p < 0.01).

Microvasculature was much more mature for all experimental and control cases at 14 days than
at 7 days post-surgery, as reflected by striking increases in VMI values over the second week
(Figure 6b). HA:Hp films containing the VEGF+KGF and VEGF+PDGF dual cytokine
combinations elicited the most mature vasculature at day 14 (VMI = 0.103 and 0.159,
respectively). Many of the trends evident at day 7 continued to exist at day 14. Specifically,
the dual cytokine combinations continued to elicit microvasculature that was more mature than
either cytokine delivered individually. Figure 6b also shows that the heparinized VEGF+Ang-1
experimental dual cytokine treatment yielded significantly lower VMI values compared to the
non-heparinized control (VMI =—0.41 and 0.126, respectively; p < 0.05).

Figure 7 presents VMI values from cytokine-loaded HA:Hp:Gtn treated tissue at both 7 days
(left) and 14 days (right) post film-implantation. The most mature vasculature at 7 days was
found in the VEGF+PDGF dual cytokine treated tissue (VMI = 0). The 14 day Gtn treatments
yielded results that were consistent with those seen at 7 days post-implantation, in that VEGF
and VEGF+PDGF again elicited maturity responses that were among the least and most
favorable, respectively (VMI = —0.090 and 0.128). As with non-gelatinized cases, VMI
increased from day 7 to day 14 for all treatments. In general, the Gtn-containing experimental
films at both time points yielded microvascular maturity responses that were statistically
indistinguishable from the corresponding HA:Hp gels.

4. DISCUSSION

The capacity of HA hydrogel film implants to induce the development of new capillary
networks in vivo by localized delivery of pre-loaded cytokines has been well demonstrated in
previous experiments [17-20]. Vessel development is amplified by the ability of HA and
growth factors to potentiate each other’s activity, which leads to a strong angiogenic response
even when the growth factors are delivered in very low ng doses. Furthermore, heparin
regulation of multiple growth factor delivery produces neovessel beds without inappropriate
permeability or extravasation of red cells at two weeks post-implantation [17,20].

The IHC approach used here to characterize elicited neovascular density gave results that were
consistent with previous experiments using hematoxylin and eosin staining in many important
ways. For example, Riley et al. found NI values to decrease from 7 to 14 days post implantation
[17], a trend also realized in the current study. In addition, at 14 days post heparinized film
implantation, Riley et al. found NI to increase in the order HA:Hp, HA:Hp-Ang-1, HA:Hp-
VEGF and HA:Hp-VEGF+Ang-1. A very similar pattern was also realized in the present
experiment (Figure 4b). Such a correspondence is not as automatic as might be thought, since
H&E staining visualizes microvessels indirectly, primarily by highlighting contiguous red
blood cell chains. However, treated tissue can exhibit considerable RBC extravasation, which
leads to the possibility of overestimating neovascular density. In contrast, IHC staining for the
constitutive endothelial cell marker vVWF marks vessel walls directly. As a result, it is not
surprising that previous studies [17] reported generally higher NI values than were found here.
More importantly, however, many similar trends were nevertheless evident in the data.
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One of the most striking results of this study is that at day 7, all the control cases and all but
one of the experimental cases showed maturity less than sham ears (Figure 6a). In contrast, by
day 14 all the control cases and four of the seven experimental cases showed greater vessel
maturity than sham ears (Figure 6b). This pattern would be expected for tissue recovering from
the surgical procedure and responding successfully to many of the treatments.

Inclusion of heparin in the film had a cytokine-dependent influence on microvessel maturity
levels, improving maturation in some cases but inhibiting maturation in others. For example,
a significant improvement was found for the maturity of vessel beds elicited by co-release of
the dual growth factors VEGF+KGF from heparin-containing films compared to their release
from non-heparinized films (VMI =0.176 and —0.064 respectively at 7 days post-implantation,
p < 0.01, Figure 6a). Thus, the inclusion of heparin in the gels had a significant positive
influence on vessel maturation for this particular treatment. This effect has been demonstrated
in other related studies [33]. Conversely, release of the growth factor combination VEGF
+Ang-1 from heparin-containing gels produced vessels with significantly less maturity than
their release from non-heparinized gels (VMI = —0.41 and 0.126 respectively at day 14, p <
0.05, Figure 6b), suggesting that the inclusion of heparin had a negative influence.

The maturity levels of new microvessels are produced by the simultaneous effects of both
physical and biologic processes. Physically, at early times following implantation, diffusional
transport of growth factors out of the gel can be expected to deplete the gel perimeter and
establish growth factor concentration gradients around and within the implant (Figure 8). Such
VEGF chemotactic gradients have been found to guide proliferating microvascular tip cells in
vivo [34]. At the same time, endogenous tissue-resident hyaluronidase begins to break down
the gel, creating pathways for microvascular invasion. Furthermore, migratory tip cells are
known to secrete PDGF-. Elicited PDGF can be expected to promote the concomitant migration
of pericytes into the gel along with the endothelial cells [35]. Accordingly, it is not unreasonable
to anticipate the initiation of microvascular growth around and into the gels.

Endothelial cell proliferation (neoangiogenesis) and pericyte division and vessel coverage
(maturation) are separate stages of the angiogenic response. Since they are driven by separate
cytokine signals, vessel maturation depends on exposure to the secondary growth factor.
However, the amounts of early and late stage cytokine available at the hydrogel perimeter are
dictated by the characteristic rates at which each is released from the hydrogel matrix. In
vitro release measurements performed as part of a different study indicate that heparin-
containing gels release different GFs at specific rates unique to the GF [20,23]. For example,
KGF was released from the gels in vitro at 5-10x the rate of Ang-1 [23]. The maturity of vessel
networks elicited in vivo by co-delivery of VEGF+KGF from heparinized gels exceeded that
elicited by VEGF+Ang-1 at both time points (VMI = 0.176 and —0.088 respectively at day 7
and 0.103 and —0.041 at day 14, Figure 6). Part of that difference in response may result simply
from the difference in the rates of release of KGF and Ang-1 from the gels.

In addition, KGF was released in vitro from a Hp-matrix more rapidly than was VEGF [23],
whereas rates of release from a non-Hp matrix may be assumed to be more comparable. Thus
the ratio of primary/secondary GF, ie VEGF/secondary GF, present at the perimeter of the
hydrogel may have been significantly different in the Hp and non-Hp cases. This ratio should
affect the response in the adjacent tissue, and could explain the significantly superior VMI
values attained in the Hp versus non-Hp VEGF+KGF cases (Figure 6a). Ang-1 was released
in vitro from a Hp-matrix much less rapidly than was VEGF. The VEGF/Ang-1 ratio around
the gel may explain the opposite trend found to exist between the Hp and non-Hp VEGF+Ang-1
cases.
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Biologically, many fibroblast growth factors (FGFs), KGF included, require interaction with
heparin to bind effectively to their associated cell surface receptors [36,37]. In fact, KGF is
almost completely inactive in the absence of Hp [37]. The mitogenic effects of KGF on
pericytes can therefore be expected to be strongly amplified by the presence of heparin in the
gels, allowing KGF to increase maturity in elicited in-grown microvessels (Figure 8a, top).
This expectation was reflected by the maturity indices atday 7 (VM1 =0.176 for HA:Hp-VEGF
+KGF vs. —0.064 for HA-VEGF+KGF, p < 0.012, Figure 6a). In the non-heparinized gel, the
effects of KGF were clearly attenuated at day 7, leading to decreased VMI values (Figure 8b,
top). The difference in maturity response was not nearly as strong at day 14, when VMI was
positive for co-delivery of VEGF and KGF in both the presence and absence of heparin in the
gel. Presumably, at later times, when the gel is nearly degraded, endogenous heparin has a
much stronger interaction with the delivered KGF than it does at early times.

In contrast to KGF, Ang-1 is thought to exhibit limited Hp binding capacity [38]. Consequently,
the activity of exogenously delivered Ang-1 may be largely unaffected by the composition of
the gel in which it is delivered. However, VEGF is activated by Hp [25,39,40], and this
activation, in general, leads to both endothelial cell proliferation and pericyte regression [41].
Thus the maturity of elicited in-grown microvessels would be expected to be compromised by
co-delivery of VEGF+Ang-1 from heparin-containing gels, but not by their delivery from non-
heparinized gels. Both of these expectations were reflected in the VMI measurements (Figure
6a, b).

A separate mechanism by which the maturation effects of Ang-1 may be inhibited involves its
indirect suppression by VEGF. Zhang et al. showed that Ang-2 expression in human umbilical
vein endothelial cells increased significantly upon the introduction of exogenous human
VEGF, and that this increase was due to VEGF-specific signal transduction rather than
enhanced transcript stability [42]. In support of this, expression profiles of VEGF and Ang-2
have been found to be very tightly correlated temporally in ischemia induced angiogenesis
[43]. Ang-2 competes with Ang-1 for Tie-2 binding sites [44], and when it is bound, Tie-2
signal transduction is inhibited. Inhibition of the Tie-2 signal leads to pericyte regression and
decreased levels of perceived microvascular maturity [45]. The functional activity of Ang-1
may therefore be attenuated when it is co-delivered with VEGF from heparinized hydrogels,
as the upregulation of VEGF activity in these hydrogels may lead to an elevation in the levels
of Ang-2.

In the present experiment, the highest levels of microvessel maturity were produced by co-
delivery of VEGF and PDGF from heparinized gels (VMI =—0.014 at day 7 and 0.159 at day
14, figure 6). This finding was surprising, in that PDGF-AA was previously found to be released
from these gels in vitro at a much slower rate than either KGF or Ang-1 [23]. In addition,
PDGF-AA is not known to demonstrate heparin-mediated signal transduction [46]. It seems
most likely that in the presence of HA and VEGF in vivo, PDGF acts with much greater potency
than KGF or Ang-1. Interestingly, the first FDA-approved angiogenesis-stimulating medicine
in the U.S. was the wound-healing gel Regranex. It contained recombinant PDGF, and was
approved in 1997 to treat diabetic foot ulcers [47].

In contrast to the HA:Hp films, the HA:Hp:Gtn-VEGF+Ang-1 and VEGF+KGF dual cytokine
treatments elicited comparable levels of microvascular maturity (p <0.95 at day 7 and p < 0.90
at day 14). The reason for this is not readily apparent. However, release rates from gelatinized
and non-gelatinized matrices in vitro have been shown to differ significantly [23]. Interestingly,
KGF is released at only 3-5x the rate of Ang-1 from a HA:Hp:Gtn matrix, a two-fold decrease
from rates achieved in the non-gelatinized HA:Hp matrix.

Biomaterials. Author manuscript; available in PMC 2009 May 1.
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Although HA:Hp films may effectively induce a controlled angiogenic response, in the absence
of a protein component they do not support cell attachment and growth [48]. As a result, by
themselves they are unsuitable for tissue regeneration. Accordingly, vascularization was also
investigated for gelatin-containing gels, which have been shown to successfully foster cell
attachment and growth over several weeks both in vitro and in vivo [48,49]. Almost all the
HA:Hp:Gtn cases were statistically indistinguishable from the corresponding HA:Hp cases
utilizing the same cytokine load. It is apparent that in general, the incorporation of Gtn into the
film matrix did not adversely affect the levels of elicited microvascular maturity.

5. CONCLUSIONS

Levels of microvascular density and maturity elicited by implantation of heparinized HA-based
hydrogel films pre-loaded with cytokine growth factors have been investigated in vivo in a
mouse ear pinna model. Tissue samples retrieved at fixed times post-implantation were IHC
stained for both a-SMA and VWF, and analyzed based on their staining response using
separated graded indices for neovascularization (NI) and vessel maturity (VMI). It was found
that the introduction of dual cytokines, one to initiate angiogenesis and the other to induce
maturation, produced microvessel networks that were more mature than those produced by
administration of either cytokine independently. In tissue treated with dual cytokine-loaded
implants, the inclusion of heparin did not invariably lead to increased levels of microvascular
maturity relative to the non-heparinized films. Instead, the inclusion of heparin had a cytokine-
specific effect, promoting maturity for co-delivery of VEGF+KGF, but inhibiting maturity for
delivery of VEGF+Ang-1. Characteristic Hp-mediated cytokine release rates and/or activation
are thought to be responsible for these results. For nearly all treatment cases, VMI increased
from day 7 to day 14 post-surgery. This provides further evidence that HA, HA:Hp and
HA:Hp:Gtn films may be suitable matrices for cell encapsulation and tissue regeneration
strategies. A gelation technology based on chemical modification of HA, heparin and gelatin
is evidently capable of eliciting microvasculature with sustained levels of maturity, an
important step in its effective application towards regenerative therapeutic strategies.
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Chemical structure of crosslinked HA-DTPH, Hp-DTPH and Gtn-DTPH.
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Figure 2.
Microvasculature representative of the three bins used to categorize levels of maturity, IHC

double stained for a-SMA (brown) and VWF (red). Bin 1 microvasculature (a) often exhibited
a primitive honeycombed appearance with extensive hyperfusion (arrows), and an absence of
clearly defined endothelial borders. Bin 2 microvessels (b) were distinguishable from bin 1
vessels primarily by the existence of clearly defined borders. Some of the bin 2 microvessels
displayed a-SMA signal over less than 1/3 of the total perimeter. Bin 3 microvessels (c)
exhibited both clearly defined endothelial borders and extensive a-SMA signal. Bin 3
microvessels were completely circumscribed by pericytes.
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Figure 3.
Representative images of microvasculature at 7 days post-surgery, IHC double stained for a-

SMA (brown) and vVWF (red), 400x. The contralateral ear (a) exhibited mature vasculature
(bin 3 microvessels indicated by long arrows). There were no hyperfused capillary networks
in these ears and, in general, vascular densities were relatively low. Time related variations in
vasculature were minimal to non-existent. HA:Hp-VEGF treated tissue exhibited the least
mature vasculature at 7 days post surgery (b). All hyperfused vessels in this field (short arrows)
were characterized as bin 1, due to the lack of both clearly defined endothelial borders as well
as pericyte association. HA:Hp-VEGF+KGF treated tissue (c) exhibited, by far, the most
mature vasculature of all 7 day experimental cases (all vessels belonging to bin 3 are indicated
by long arrows).
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NI values attained from tissue treated with HA:Hp cytokine loaded experimental gels at 7 days
(a) and 14 days (b) post-implantation. NI is defined in text, Eq. (1). Mean £s.d., n=3; T p <
0.05 vs. sham control; ¥ p < 0.05 for pairwise comparison between experimental (HA:Hp) and
control (HA) treatments utilizing the same cytokine combination.
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NI values attained from tissue treated with HA:Hp:Gtn cytokine loaded experimental gels at
7 and 14 days post-implantation. NI is defined in text, Eq. (1). Mean = s.d., n=3; T p <0.05 vs.
sham control.
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Figure 6.

VMI values attained from tissue treated with control and cytokine loaded HA:Hp films at 7
days (a) and 14 days (b) post surgical implantation. VMI is defined in the text, Eq. (2). Mean
+s.d., n=3; *p<0.05 vs. all other treatment cases; T p <0.05 vs. sham control; $ p <0.05 for
pairwise comparison between experimental (HA:Hp) and control (HA) treatments utilizing the
same cytokine combination.
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VMl values attained from tissue treated with cytokine loaded HA:Hp:Gtn gels at 7 and 14 days

post surgical implantation. VMI is defined in the text, Eq. (2). Mean £s.d.,n=3; t p<0.05

vs. sham control.
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Figure 8.

Schematic depiction of microvascular growth and maturation in tissue treated with heparinized
and non-heparinized VEGF+KGF loaded hydrogels. In tissue treated with heparinized VEGF
+KGF hydrogels (a), elevated levels of microvascular maturity may occur in VEGF induced
in-growth due to Hp-mediated KGF activation (top). In addition, elevated levels of maturity
may also exist in the adjacent tissue, and this response may be characterized by a relative
abundance of KGF (bottom). KGF exists in higher concentrations than does VEGF due to its
characteristically rapid release from Hp-matrix, as visualized by the representative
concentration gradients for VEGF and KGF, at left. In tissue treated with non-heparinized
VEGF+KGF hydrogels (b), decreased VMI values occur by virtue of KGF inactivity (top),
and/or comparable VEGF and KGF matrix release (bottom).
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