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Abstract

Humans demonstrate limited spontaneous endothelialisation of prosthetic bypass grafts. However
the local application of growth factors to prosthetic grafts or to injured blood vessels can provide an
immediate effect on endothelialisation. Novel chimeric proteins combining potent angiogens with
extracellular matrix binding domains may localize to exposed matrices and provide sustained activity
to promote endothelial regeneration after vascular interventions. We have ligated a thrombin-
resistant mutant of FGF-1 (R136K) with a collagen binding domain (CBD) in order to direct this
growth factor to sites of exposed vascular collagen or selected bioengineered scaffolds. While FGF-1
and R136K are readily attracted to a variety of matrix proteins, R136K-CBD demonstrated selective
and avid binding to collagen ~4x that of FGF-1 or R136K alone (P<.05). The molecular stability of
R136K-CBD was superior to FGF-1 and R136K. Its chemotactic activity was superior to R136K and
FGF-1 (11%%1% vs. 6%+2% and 4%x1%; P<.01). Its angiogenic activity was similar to R136K and
significantly greater than control by day 2 (P<.01). After day 3, FGF-1 treated ECs’ sprouts had
regressed back to levels insignificant compared to the control group (P=.17), while both R136K and
R136K-CBD continued to demonstrate greater sprout lengthening as compared to control (P<.0002).
The mitogenic activity of all growth factors was greater than control groups (20% PBS); in all
comparisons (P<.0001). This dual functioning angiogen provides proof of concept for the application
of designer angiogens to matrix binding proteins to intelligently promote endothelial regeneration
of selected matrices.
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1. Introduction

Cardiovascular interventions such as angioplasty or endarterectomy have the unintended effect
of disrupting the target vessel’s endothelium and disturbing its underlying internal elastic
lamina [1,2]. Injury to the endothelium exposes the extracellular matrix (ECM) and results in
thrombin deposition. This causes a chronically thrombogenic environment where platelets
cluster and vascular smooth muscle cells (VSMC) transition to a synthetic phenotype,
predisposing these vessels to thrombosis and myointimal hyperplasia [3-5]. Drug eluting stents
deliver sustained local release of cytotoxic or antiproliferative drugs to the injured vessels; they
have been shown to limit myointimal hyperplasia, but they also retard re-endothelialisation
[6]and require prolonged anticoagulation to limit thrombotic complications [7,8]. Since injured
vessels and bypass grafts have an intrinsically limited capacity to re-endothelialize after
vascular interventions [9], therapeutic approaches that promote endothelialisation of injured
vessels would likely lessen the frequency and magnitude of post-interventional complications
[10]. Support for this idea has been demonstrated clinically by the superior long term patency
rates of endothelial cell (EC) seeded prosthetic grafts compared to unseeded grafts [11,12].

The targeted delivery of EC-specific growth factors to injured vessels at the time of intervention
could help to promote a rapid and complete re-endothelialisation [13,14]. Certain members of
the fibroblast growth factor (FGF) family exhibit potent angiogenic activity that may be utilized
as the basis for the design of molecular agents that promote endothelialisation [15-19]. FGF-1
in particular can promote endothelialisation of injured arteries and synthetic grafts [18,20,
21]. FGF-1 binds to four high-affinity FGF receptors and a low-affinity heparan sulfate
proteoglycan receptor [22,23], leading to immediate ERK 1/2 phosphorylation (PMAPK 1 and
2), but mitosis requires sustained ERK activation for 4-8 hours through continuous exposure
of FGF-1 to these receptors [24]; heparin and its analogues may augment this sustained activity
in ECs [25-29].

We have engineered a thrombin-resistant mutant of FGF-1 through a lysine (K) for arginine
(R) base substitution at residue 136 (termed R136K), the primary thrombin induced cleavage
site, and demonstrated that R136K has superior chemotactic activity compared to FGF-1 on
ECs in a thrombin rich environment while retaining FGF-1’s mitogenic activity on ECs [30].
In the present study we ligate R136K to a collagen-binding domain (CBD) to generate R136K-
CBD (Figure 1) in order to target this growth factor to collagen in order to increase its
bioavailability and thereby chemotactic recruitment and proliferation of EC. Similar prototypes
of growth factor-CBD have demonstrated mitogenic activity in vivo provided proof of concept
for this approach. [31] Here we characterize R136K-CBD’s ability to bind to collagen and
direct endothelialisation via EC migration, proliferation, and angiogenesis.

2. Experimental Methods

2.1 Materials

Chemicals and biologicals were obtained as follows: oligonucleotide primers used for
polymerase chain reaction (PCR) were purchased from Biosource International, Inc.
(Camarillo, CA); Platinum PCR supermix, pCR2.1-TOPO® cloning vector, low melt agarose
from Invitrogen Life Technologies (Carlsbad, CA); EcoRI, Ndel, Aat Il, Bg I, Il restriction
endonucleases and Quick Ligase kit from New England Biolabs (Beverly, MA); Minelut Gel

Biomaterials. Author manuscript; available in PMC 2009 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

LPetal.

Page 3

Extraction kit from Qiagen, Inc. (Valencia, CA); Wizard Plus SV Miniprep kit from Promega
Life Science (Madison, WI); pET 3C and Escherichia coli strain BL21 (pLysS) from Novagen
(Madison, WI); heparin sepharose from Pharmacia Biotech (Piscataway, NJ); 0.05% trypsin/
0.53 mM EDTA and collagenase from Gibco (Grand Island, NY); fibronectin, human
thrombin, FGF-1 from the American Red Cross (Rockville, MD); thiopental sodium from
Abbott Laboratories (Morris Plains, NJ); bovine lung heparin from Pharmacia and Upjohn
(Kalamazoo, MI); anti-von Willebrand factor (vWF) antibody from Dako Corp (Carpenteria,
CA); sodium dodecyl sulfate (SDS), activated MMP-2, and diethanolamine from Sigma
Chemical Company (St. Louis, MO); tritiated thymidine from NEN Life Science Products
(Boston, MA); methanol, trichloroacetic acid, acetic acid, sucrose, Tris-HCL, CaCl2, NaCl,
and scintillation fluid from Fisher Scientific (Fair Lawn, NJ), Ultrafree-MC Centrifugal Filter
Units from Millipore, Inc. (Billerica, MA), Collagenase A from Roche Diagnostics
(Indianapolis, IN), insoluble type I collagen from Worthington (Lakewood, NJ), soluble type
I collagen, and BIOCOAT Cell Culture Inserts from BD Biosciences (Bedford, MA), Gamma
5500B gamma counter and Z1 Beckman coulter counter from Beckman Coulter (Fullerton,
CA), Eppendorf Centrifuge 5403 from Brinkmann Instruments (Westbury, NY), Human
umbilical vein endothelial cells (HUVEC) from ATCC (Manassas, VA), BIACORE 3000 from
Biacore, Inc. (Uppsala, Sweden), Tween 20 from J.T. Baker (Phillipsburg, NJ), and (KKK-
H2N-[(Hyp)GP](8)KKK-OH) from New England Peptide, Inc. (Gardner, MA).

The media used were as follows: HUVEC growth medium (GM) consisted of EBM basal
media, 10% FBS, and 0.1% gentamycin/amphotericin B; its quiescent media (QM) consisted
of EBM basal media, 0.5% FBS, 5U/mL heparin, and 0.1% gentamycin/amphotericin B.

2.2 Construction and purification of the R136K-CBD chimera

The collagen binding domain (CBD) was provided by Professor Osamu Matsushita (Kagawa
Medical Center). R136K was amplified to remove its stop codon with primers that introduced
aNdel (5') and an EcoRlI (3') site. After PCR amplification and purification, this construct was
ligated into the TOPO vector. Next the R136K and CBD were digested with restriction
enzymes, ligated, and transformed into HB101 cells (Figure 1). Miniprep DNA purification
was used on selected colonies, and positive clones were identified via restriction endonuclease
mapping and DNA sequencing. The R136K-CBD Pet3c construct was then transformed into
BL21 (pLysS) cells for expansion, induced with 50 nmol/L isopropyl thiogalactose, cultured
for 16h at room temperature (RT) and 250 RPM, and the cells were collected by centrifugation
(50009). The cell pellet was thawed, resuspended in 100 mmol/L glucose, and the DNA was
sheared by sonication. R136K-CBD was then purified by affinity-based chromatography using
heparin sepharose chromatography and reversed phase HPLC. Its construction and purity were
confirmed by SDS-PAGE and amino acid analysis.

2.3 Protein lodination

FGF-1 and R136K-CBD were iodinated using lodobeads according to instructions provided
by the manufacturer (Pierce Chemical Co., Rockford, IL). Radioactivity was sampled in
gamma counter, and sample integrity was verified by TCA precipitation and the concentrations
were determined using the proteins’ respective extinction coefficient at 280 nM absorbance.

2.4 Binding Assays

2.4.1 lodinated R136K-CBD binding assays—In duplicate, Ultrafree-MC filters with
5mg of type | collagen were hydrated with 200 pL of collagen buffer (CB) (50mmol/L Tris-
HCI, 5mmol/L CaCl2, 1.5 mol/L NaCl) at RT, centrifuged at 13,000g, and the filters were
incubated with 0.1 mmol/L of 125]-R136K-CBD in CB to a total volume of 60 pL. The filters
were centrifuged at 13,000g again, and both the filters and filtrates were quantified as
disintegrations per minute (DPMs) using a gamma counter (Beckman, Gamma 5500B). The
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filters were then subsequently washed with 60 uL of PBS followed by increasing NaCl
solutions (0.5-2.0 mol/L), centrifuged, and recounted in the gamma counter. Filters without
collagen served as negative controls. To compare R136K-CBD’s selectivity of binding to
collagen, 5 mg collagen was incubated with either 1251-R136K-CBD or 125|-FGF-1, or 125]-
CBD or 125]-R136K at 5nmol/L. Replicate samples of collagen with their native structure
degraded until it was amorphous by collagenase A (0.1% wi/v) prior to incubation with the
iodinated growth factors were used to compare selectivity of this binding for intact collagen.
The selectivity of binding to intact collagen type | was tested by dividing the bound growth
factor radioactivity on intact collagen by the bound growth factor radioactivity on collagen that
was degraded with collagenase, and the results were expressed in the following fashion: >100%
represented selective binding to intact collagen; <100% represented selective binding to
degraded collagen; =100% demonstrates no selectivity for either native or degraded collagen.

2.4.2 BlAcore activity assay—The affinity and binding kinetics of CBD, R136K and the
R136K-CBD chimera were measured by surface plasmon resonance in a BIAcore-3000
(Molecular Interaction Facility, University of Nebraska Medical Center, Omaha, NE). A CM-1
chip was used in this particular study and the collagen binding peptide (P1) sequence is as
follows: H2N-P(Hyp)GP(Hyp)GP(Hyp)GP(Hyp)GP(Hyp)GP(Hyp)GP(Hyp)GP(Hyp)
GKKK-OH; this was immobilized on the CM-1 using N-hydroxysuccinimide-N-ethyl-N'-
(dimethylaminopropyl)-carbodiimide chemistry as per manufacture’s instructions. On an
average, a residual resonance unit (RU) of 280 units was obtained after the immobilization of
the peptide. All the analytes were diluted to a concentration in the range of 800 to 25 nm in
HBS-E (10 mmol/L HEPES, 150 mmol/L NaCl, 3 mmol/L EDTA, pH 7.2) buffer containing
0.1 mg/ml of carboxymethyl dextran sodium salt. A pre-programmed method was used to run
the samples on the BlAcore instrument. The association/disassociation constant was measured
under continuous flow of 30 ul/min. All the resultant profiles were analyzed using the
BlAevaluation™ software. All samples were assayed in duplicate and a minimum of five
dilutions were run for each analyte. The equilibrium dissociation constant (Kgy) was calculated
as Kost/Kon-

2.5 Retention of Growth Factors and Proteolytic Resistance

2.5.1 Retention of growth factors in 3-D matrix—Equimolar (10nmol/L) amounts

of 125.1-R136K-CBD and 125-|-FGF-1 were suspended in fibrin glue that was prepared as
similarly described in 2-D [32] and incubated in GM. After 5 days of incubation the media and
the fibrin glue’s radioactivity were quantified as DPMs using a gamma counter (Beckman,
Gamma 5500B).

2.5.2 Proteolytic resistance—The resistance to thrombin digestion was tested in vitro
using 5umol/L of FGF-1, R136K, or R136K-CBD suspended in 240uL of buffer solution with
2 U/mL thrombin at 37°C for serial time points, where 30 puL samples were collected (t=0, 4,
8, 24, and 30h). Proteins were then separated by SDS-PAGE electrophoresis, stained with
Coumassie brilliant blue, and protein integrity was examined visually. Resistance to MMP-2
digestion used the above assay but substituting 200ng/mL of activated MMP-2 in place of
thrombin.

2.6 R136K-CBDs Activity on ECs

2.6.1 Angiogenesis assay—Since regeneration of the endothelium can be induced through
the addition of potent angiogens via biological matrices, we utilized our 3-dimensional
angiogenesis assay [33], but modified it for human ECs. Here 2,250 HUVECs are incubated
in 150 pL of media in nonadhesive plates to form a cell pellet. This pellet was then embedded
in fibrin glue with 6 nmol/L FGF-1, R136K, or R136K-CBD and supported by a nylon mesh
ring. The pellets were incubated in GM without exogenous growth factors, and the average
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length of sprouts was determined by digital imagery (Scion Image software) at serial time
points out to sprout stagnation (5 days). There were three replicate samples per treatment group,
and the experiment was repeated twice with consistent results. The results are expressed as
average length of sprout (um) + standard deviation.

2.6.2 EC migration assay—HUVEC migration was evaluated using a modified Boyden
chamber that was pre-coated with type I collagen (BIOCOAT, BD Biosciences, Bedford, MA).
12,000 HUVECs were seeded into the upper well and then stimulated with 20nmol/L of soluble
FGF-1, R136K, or R136K-CBD diluted in GM via the lower well. Replicate wells used these
growth factors after thrombin incubation (2U/mL for 12 h). The plates were incubated for 4 h,
and then the cells on the top and bottom of the insert membrane were trypsinized and counted
intriplicate using a Z1 Beckman Coulter counter. There were three replicate wells per treatment
group, and the experiment was repeated twice with similar results. Results are expressed as
percent of migrating cells + standard deviation.

2.6.3 EC proliferation assay—HUVEC or adult human dermal microvascular ECs
(HDMECs) were plated onto 96-well type I collagen coated plates, grown to 80% confluence,
quiesced by serum starvation in quiescence media (QM), then stimulated with either FGF-1,
R136K, R136K-CBD, or CBD alone. 20% PBS was the negative control, and 20% fetal bovine
serum (FBS) was the positive control. Proliferation was quantified by tritiated thymidine
incorporation (1 pCi/well) using a scintillation counter (Packard, 2500TR). There were four
replicate wells per treatment group, and all assays were repeated two times with similar results.
All percentages are listed as percent positive control (20% FBS) + standard deviation.

2.6.4 ERK 1/2 activation—Mitogen activation of ERK was quantified in ECs at selected
time points after stimulation (2 minutes out to 24h) with 0.6 nmol/L R136K-CBD, R136K, or
FGF-1in QM. Again 20% PBS was the negative control, and 20% FBS was the positive control.
After stimulation, the wells were washed with PBS and lysed with lysis buffer [34]. Cell lysates
were sonicated, and the intracellular proteins collected after centrifugation. Protein
concentration of the samples was determined using the BCA protein assay reagent kit (Pierce,
Rockford, IL), and 10ug of each sample were subjected to SDS-PAGE prior to electrical
transfer to nitrocellulose membranes. These membranes were probed with antibodies to ERK
1/2 (Santa Cruz Biotechnology; Santa Cruz, CA) and pMAPK (Promega, Madison, WI) at RT
for 2h. Primary antibody binding was detected with horseradish peroxidase-conjugated (goat
anti-rabbit) secondary antibody, and immunodetection was visualized by enhanced
chemiluminescence (Amersham, Arlington Heights, IL). Densitometry was performed using
UN-SCAN-IT™ software (Silk Scientific, Inc., Orem, UT), and the results were replicated at
least twice with similar results.

2.7 Statistics

3. Results

Normalized data (e.g. percent of positive or negative control, percent initial DPM) was used
to compare the difference between treatment groups. At the level of alpha=0.05, a two-tailed
Students t test (Excel Software, Microsoft, Redmond, WA) was used to determine significance
between two groups; this level was corrected for multiple measures with an alpha=0.02 for
comparison between three growth factors (FGF-1, R136K, and R136K-CBD).

3.1 Binding of R136K-CBD to Collagen

Quantitative analysis of the equilibrium binding kinetics of R136K, R136K-CBD, or CBD
towards a collagen mimetic surface having covalently immobilized (KKK-H2N-[(Hyp)GP](8)
KKK-OH) was measured by surface plasmon resonance (BlAcore) analysis. Here both CBD
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and R136K-CBD exhibited classical Langmuir binding behavior (Figure 2a,b) with similar
values for their dissociation constant (Kq). This is in contrast to R136K (Figure 2c), which did
not exhibit Langmuir model binding behavior. The residual binding units (RU) were as follows:
a value of 111.46+19.22 was obtained for R136K-CBD; a value of 61.88+ 1.96 was obtained
for CBD alone, and a value of zero (indicating a lack of binding) was obtained with R136K.
FGF-1’s non-specific surface binding behavior along with its proclivity towards self-
aggregation precluded its quantitative analysis by surface plasmon plasmon resonance.

3.2 Binding of R136K-CBD to type | collagen

Following incubation with collagen and after subsequent salt elutions, 12°1-R136K-CBD had
significantly greater binding to 5mg collagen supported on a Millipore® filter than to these
filters without collagen (P<.01) (Figure 3a). When comparing binding of 12°1-R136K-CBD
and 125]-FGF-1 to collagen supported on a Millipore® filter, 1251-R136K-CBD demonstrated
significantly greater binding than 1251-FGF-1 after elution with 2 mol/L NaCl (46% +/— 4%
vs. 33% +/-1%; P=.04). Selectivity was defined as the ratio of protein binding to collagen
divided by the protein binding to collagenase-degraded collagen. This was utilized to
demonstrate the selectivity of these growth factors for intact collagen as compared to its
denatured matrix. Here, both 1251-R136K-CBD and 12°1-CBD exhibited selectivity for collagen
relative to collagenase-degraded collagen; 1251-FGF-1 and 1251-R136K did not. For

example, 1251-CBD exhibited a 2.5-fold increase in selectivity compared to R136K (257%+7%
vs. 118%+8% at 2mol/L NaCl; P=.003). Similarly 1251-R136K-CBD exhibited a 3.5-fold
increase in selectivity compared to 1251-FGF-1 (366%+36% versus 92%25% at 2mol/L NaCl;
P<.0001; Figure 3b).

3.3 Resistance to proteolytic degradation and retention in fibrin hydrogel

Protein molecular stability when exposed to thrombin and matrix metalloprotease-2 proteases
was evaluated by SDS-PAGE at various exposure durations. R136K-CBD exhibited greater
molecular stability out to 24 H after incubation with human thrombin (2U/mL) relative to both
FGF-1 and R136K (Figure 4). R136K-CBD also demonstrated similar extended molecular
stability after incubation with matrix metalloprotease-2 (data not shown). There was increased
retention of radiolabeled R136K-CBD to FGF-1 within this fibrin gel formulation. Here
more 125]-R136K-CBD was retained in the fibrin gel as compared to 12°|-FGF-1 at the 5 day
time point (46%+2% versus 14%+1%; P=.0001).

3.4 Angiogenic Activity

The angiogenic differentiation of HUVECs that were embedded in fibrin gel suspensions
containing either R136K-CBD, R136K, FGF-1, or normal saline alone (untreated control) was
monitored over a 5 day culture period (Figure 5). At day 2, R136K-CBD and R136K, but not
FGF-1, stimulated greater lengths of EC sprouting than the untreated control group (R136K-
CBD: 287um+44um, P=.007; R136K: 295um+47um, P=.005; FGF-1: 247um+68um, P=.14;
control: 188um=57um). By day 3, all growth factor containing treatment groups showed
differentiation that was greater than the untreated control (P<.0001). After day 3, FGF-1 treated
ECs’ sprouts had regressed back to levels insignificant compared to the control group (P=.17),
while both R136K and R136K-CBD continued to demonstrate greater sprout lengthening as
compared to control (P<.0002; Figure 5b). Sprout regression in R136K and R136K-CBD was
not seen until day 6.

3.5 Chemotactic Activity

The chemotactic activity of these growth factors before and after treatment with thrombin was
measured using a modified Boyden’s chamber in which cells migrate through a collagen coated
migration barrier. The percent relative migration response is defined as the percentage of cells
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appearing on the lower side of the migration barrier. The relative migration response of growth
factors was R136K-CBD>R136K (11%+1% vs. 6%+2%; P=.0001); R136K>FGF-1(6%+2%
vs. 4%+1%; P=.009); and FGF-1 >growth media alone (4%%1% vs. 2%+1%; P=.01). After
treatment of the growth factors with thrombin, the relative migration response of R136K-CBD
and R136K was unchanged, but FGF-1 no longer demonstrated chemotactic activity compared
to control (Figure 6).

3.6 Mitogenic Activity and ERK activation

The proliferative effect of FGF-1, R136K, and R136K-CBD on HUVECS and HDMECs
during cell culture in vitro was measured. All of the growth factors exhibited heparin dependent
mitogenic activity for both ECs. After serum starvation, R136K-CBD demonstrated robust
mitogenic activity on HUVECs beginning at 0.6 nmol/L that was 109% * 21% positive control
(20% fetal bovine serum). This was comparable to that of R136K (103% + 21%; P=.59) and
FGF-1 (96% =+ 13%;P=.16) respectively (Figure 7a). The proliferative response to all growth
factor dosed treatment groups was greater than non-dosed treatment groups (20% PBS); (P<.
0001 in all comparisons). R136K-CBD, R136K, and FGF-1 also demonstrated similar
mitogenic activity on HDMECs at 0.6nmol/L (Figure 7b) that was significantly greater than
in non-dosed negative control cultures (P<.0001 for all comparisons). Importantly, the
iodinated forms of these proteins used in the above binding studies retained their mitogenic
effects on ECs, while CBD itself elicited no mitogenic effect on ECs.

ERK-1 and ERK-2 activation (0MAPK 1 and 2) was measured as a corroborating indicator of
mitogenesis signaling induced by these same cell culture treatment groups on HUVECs. Early
activation was quantified at 2, 10, 20, and 60 minutes (Figure 7c,d). At all time points after
stimulation with R136K-CBD, HUVECs had increased activation of ERK 1 and 2 (pERK 1
and pERK?2) compared to that of the negative control (P<.020; Figure 7c, d). The basal ERK
1 and 2 expression were not different between groups at any time point (P>.2). When R136K-
CBD’s pMAPK 1 and 2 levels were compared to that of FGF-1 and R136K, both FGF-1 and
R136K respectively, had ~1.5 to 2 fold greater pMAPK 1 and 2 activation than R136K-CBD
that persisted at all time points but was not significant (P>.05). Since proliferation requires
sustained ERK activation, we examined late pMAPK 1 and 2 activation at 6, 12, and 24h. Here
the R136K-CBD treatment group had a sustained elevation of pMAPK 1 and 2 levels at 6 and
24h that was significantly greater than that of the negative control (P<.02). Again at these time
points, there was ~1.5 fold increase in R136K and FGF-1 activation of ERK 1 and 2 compared
to that of R136K-CBD, but again this increase was not significant (P>.05) for any comparisons
(Figure 7e,f). Further basal ERK 1 and 2 expression were not significantly different between
time points or treatment groups at any time point (P>.52).

4. Discussion

Recombinant derivatives of this CBD have been reported to bind to collagen and effect
sustained activity by a variety of naturally occurring growth factors [35-38]. Such growth
factors can be designed to exploit beneficial properties through focused mutations (here
thrombin resistant activity) to intelligently direct endothelial regeneration [10,39]. Here we
demonstrate that R136K-CBD improves upon or retains the angiogenic, chemotactic, and
mitogenic advantage of R136K over FGF-1 and that the addition of R136K to the CBD does
not negatively influence the selective binding activity of CBD.

Pragmatically, this selectivity may be utilized to bind R136K-CBD to exposed collagen in the
extracellular matrix after endothelial injury or to bioengineered collagen matrices. This would
provide delivery of the growth factor to where it is needed most (i.e. the injured vessel) and
minimize the amount of growth factor that is released into the circulation or adsorbed non-
specifically along uninjured portions of the vessel. R136K-CBD binding to type I collagen was
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shown to have kinetics consistent with specific, high affinity binding sites as measured by
surface plasmon resonance. In contrast R136K showed non-Langmuir adsorption behavior not
consistent with structured and specific binding sites existing within collagen. R136K-CBD’s
dissociation binding constant (Kg) of 8x10~° was comparable to that of CBD alone (Kd=
3x1079), indicating that the R136K-CBD collagen binding behavior is decidedly due to the
presence of the CBD structure. Thus, we quantitatively have established that R136K-CBD
would have an engineered propensity to create a depot of growth factor specifically at collagen
surfaces, as opposed to reservoirs at non-collagenous surfaces (e.g. intact endothelium
surrounding site of injury). This high affinity binding may result in the release of low growth
factor concentrations near collagen surfaces with steeper local concentration gradients than
what would be expected for R136K alone.

Importantly, our studies have shown that the addition of the CBD to R136K did not diminish
R136K’s thrombin resistance, rather it demonstrated superior molecular stability compared to
FGF-1 in the presence of thrombin and MMP-2. This may be exploited in order to sustain the
beneficial effects of R136K-CBD during the thrombogenic reaction to vascular interventions
[40]. Increased proteolytic stability of R136K-CBD in combination with selective collagen
binding conferred by the CBD would be expected to enhance and prolong growth factor depot
effects upon chemotactic and angiogenic activity for ECs; this effect was seen relative to FGF-1
and R136K. As expected R136K retained its chemotactic activity after incubation with
thrombin, however FGF-1 lost its chemotactic activity when exposed to thrombin. While a
prolongation of chemotactic activity was expected with R136K-CBD and R136K, the impact
of lower bulk concentrations as well as steeper concentration gradients near the collagen
surface due to the high affinity binding of the chimera was not predictable. The greater
chemotactic activity observed for R136K-CBD through a collagen-coated diffusion barrier
relative to R136K implies that chemotaxis of ECs may be more efficiently driven by steep local
concentration gradients rather than by higher bulk concentrations that would appear for the
more soluble R136K.

R136K-CBD demonstrated similar mitogenic activity on ECs compared to FGF-1 and R136K;
this activity correlated with an early and persistent increase in pPMAPK 1 and 2 activation over
24h. Suprisingly pMAPK levels were less than that stimulated by FGF-1 and R136K. This may
be due in part to peculiarities of FGF-1 signaling, in that sustained ERK 1/2 activation and cell
cycle progression requires the internalization of FGF-1 or a truncated portion of it [41]. This
internalization begins quickly after FGF-1 exposure with ¥z of exogenous FGF-1 internalized
within the cytosol by 30 minutes; this is reported to be necessary for the later signaling events
required for cell proliferation [41,42], but the exact nature of the relationship between the
internalization of FGF-1 and sustained ERK activation remains unclear. The 24kDa CBD may
limit the degree or retard the efficiency of R136K-CBD internalization (or the cytosolic
proteolytic processing involved in this process). However, since the angiogenic, chemotactic,
and mitogenic activities of R136K-CBD were not diminished compared to FGF-1 or R136K,
the practical importance of this relative decrease in pMAPK 1 and 2 is not known. Further
although sustained ERK activation is a requirement of cell proliferation, its importance in cell
migration or angiogenesis is not known. Since both chemotaxis and angiogenic sprouting are
evident in a short time period (4h in this study for cell migration), sustained ERK activation
(or other the late signaling events promulgated by FGF-1 internalization) do not seem to be
necessary for these cellular activities; thus, even if R136K-CBD internalization is limited, it
may have no effect on its chemotactic and angiogenic activity.

Angiogenesis has a particularly important role in the endothelialisation of injured arteries or
synthetic grafts because it can promote endothelialisation via angiogenic induction from the
adventitial vasculature (vasa vasorum) or from that of the tissue surrounding synthetic grafts.
This can occur at multiple points circumferentially along the length of a non-endothelialized
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artery, after angioplasty or operation, or bypass grafts after implantation. [43] This is because
the radial distance for capillary induction from the adventitia toward the lumen is biologically
compatible with EC behavior (um), whereas the considerable lengths necessary for coverage
with ECs via migration and proliferation from the edge of injury is not (cm-m) [44,45]. The
sustained angiogenic response of R136K-CBD in our 3-D fibrin gel was due in part to resistance
to thrombin proteolysis (R136K) as well as increased retention in the gel secondary to its
increased size (43kDa compared to 17kDa). For this reason R136K-CBD is particularly
exciting for application in vivo to regenerate endothelium in injured vessels and for promoting
endothelialization of selected biomatrices.

To date we have been able to promote re-endothelialisation in vivo by suspending growth
factors within a fibrin gel matrix for localized delivery to injured vessels and synthetic grafts
[39,46]. Unfortunately since fibrin gel is comprised of thrombin and fibrinogen, which are both
bioactive materials, this delivery system may have unintended effects that could hypothetically
contribute to myointimal hyperplasia [47,48]. However R136K has demonstrated EC-specific
chemotactic activity through a modified Boyden chamber with a fibrin gel barrier [30]. By
ligating R136K to the ECM-binding CBD, we circumvent the necessity of a delivery vehicle
such as fibrin gel for R136K, lessen the complexity of the delivery system, and allow better
control of the variables of growth factor delivery.

5. Conclusion

This work demonstrates that R136K-CBD has many of the intended beneficial characteristics
of its design, including both avid and selective binding to collagen and potent angiogenic,
mitogenic and chemotactic activity for ECs. These qualities may be useful in promoting
vascular regeneration of injured arteries or endothelialisation of selected collagen-based
bioengineering scaffolds.
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Figure 2. R136K-CBD exhibits Langmuir binding to collagen

a—c. At 100, 200, and 400 nmol/L, BlAcore analysis of R136K-CBD (a) and CBD (b)
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demonstrated Langmuir binding with similar dissociation constants, while R136K did not (c).
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Figure 3. R136K-CBD binds to collagen avidly and selectively

a. Binding of 1251-R136K-CBD to collagen in Millipore filter system was significantly greater
than binding to filter system itself after initial incubation and all subsequent salt elutions.
b.125]-R136K-CBD, but not 1251-FGF-1, binds selectively to intact collagen as compared to
collagenase-degraded collagen; this is signified on the Y-axis by a percentage ratio >100%,
i.e. more binding to intact collagen than collagenase-degraded collagen. Although significantly
greater with 125]-R136K-CBD after an initial washing with PBS, this difference becomes more
prominent with each increasingly stringent salt elution (366% at 2 mol/L NaCl).
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Molecular stability in thrombin
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Figure 4. R136K-CBD is resistant to thrombin degradation

a. To determine the effect of ligating the CBD to R136K on its molecular integrity, R136K-
CBD was incubated with thrombin for 30 hours. A representative gel demonstrates the band
density of R136K-CBD (Mr 41kDa), FGF-1 (Mr 17kDa), and R136K (Mr 17kDa). Lanes 3,4
and 5 illustrate the decrease in band intensity bands over time for both FGF-1 and R136K as
compared to R136K-CBD.

b. This was quantified by densitometry where R136K-CBD’s integrity as a function of
degradation over time was superior to both FGF-1 and R136K.
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Growth Factor Mediated HUVEC Migration
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Figure 6. R136K-CBD is a thrombin-resistant chemotaxin for HUVECs

R136K-CBD was significantly greater than that of R136K (#), and both R136K and R136K-
CBD demonstrated greater chemotactic activity than FGF-1 (*). Thrombin pre-treatment did
not affect R136K-CBD or R136K activity. However FGF-1’s chemotactic activity was
abrogated by thrombin incubation.

Biomaterials. Author manuscript; available in PMC 2009 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

LP etal. Page 19

Human L ical Vein ial Cell Prolif Human Dermal Mi I jial Cells F
140% - 160%
BFGF-1 F-
120% - | 1 1a0% 1| BFGF1
WR136K
o | s SR
O R136K-CBD
100% OR136K-CBD
80%
80%
60% -
60% -
40% -
40%
1 20%
0% - 0% T T
A © 0.6nmollL nmol/L B o 0.6 nmollL 6 nmollL
Early pMAPK 1 Negative
1600% - - control FGF-1 R136K R136K-CBD
B 1400% @2 minutes
b= i = 10 minutes
3 520 mi g omin - — —
o — |___|0160 minutes min. [
@ 1000% T W — —
® 800% - T
g |
2 600% i
g 400% i
S 200% .
€ A0 min S e ..
3
FGF-1 R136K R136K-CBD
Early pMAPK 2 - -
2500% 20 mi
° @2 minutes min.
£2000% =10 mi - -_— wew
8 ] 120 minutes
21500% I (060 minutes|
®
Froo0% I [ 60 min. e e
e -
§ s00% - =
)
o
0%
FGF-1 R136K R136K-CBD
C Late pMAPK 1 D
800% o)
= 6 h
g 7o0% |m12 ﬁﬁ'frs| Negative
§ 600% I 0124 hours control FGF-1 R136K  R136K-CBD
@ 500%
= I
§ o f e -
 300% .
2 b
= 6 hrs.
g 200% W
£ 100%
o
0%
FGF-1 R136K R136K-CBD
Late pMAPK 2 12 hrs.
- = -
1400%
= @6 hours
£ 1200% -12 hours|
8 1000% I 124 hours e
2 -
= 24 hrs.
= - L
g -
=
b=
£
g
e
]
o

FGF-1 R136K R136K-CBD I 1

=

Figure 7. R136K-CBD retains FGF-1’s mitogenicity in human ECs

a—b. Mitogenic activity of growth factors expressed as percent positive control (20% FBS) and
compared to negative control (20% PBS). R136K-CBD stimulates HUVEC (a) and HMEC (b)
proliferation to a similar degree as FGF-1 and R136K beginning at 0.6 nmol/L, and all of the
growth factors demonstrate mitogenic activity similar to positive control and significantly
greater than negative control.

c—d. Early pMAPK 1 and 2 activation compared to negative control. Bar graph shows mean
pPMAPK 1 and 2 levels + SD at various time points up to 60 minutes. Representative Western
blots from HUVEC lysates demonstrate relative increase in pMAPK 1 (top:44kDa) and 2
(bottom:42kDa) levels compared to negative control.
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e—f. Late pMAPK 1 and 2 activation compared to negative control. Bar graph shows mean
PMAPK 1 and 2 levels £ SD at selected time points up to 24 hours after growth factor
stimulation. Representative Western blots from HUVEC lysates demonstrate persistently
increased pMAPK 1 and 2 levels compared to negative control out to 24 hours.
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