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Abstract

It is advantageous to use biomaterials in tissue engineering that stimulate extracellular matrix
(ECM) production by the cellular component. Connective tissue growth factor (CTGF) stimulates
type | collagen (COL1AL1) transcription, but is functionally limited as a free molecule. Using a
matrix-binding domain (MBD) from microfibril-associated glycoprotein-1, the fusion protein
MBD-CTGF was targeted to the ECM and tested for COL1AL transcriptional activation. MBD-
CTGF produced by the ECM-synthesizing fibroblasts, or provided exogenously, localized to the
elastic fiber ECM. MBD-CTGF, but not CTGF alone, led to a two-fold enhancement of COL1A1
expression. This study introduces a targeting technology that can be used to elevate collagen
transcription in engineered tissues and thereby improve tissue mechanics.
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Introduction

The primary principle of tissue engineering is schematized as a “triad” — interactions of
cells, scaffold, and signals that lead to a final engineered tissue. Combining two of these
components by targeting signals to the scaffold, such as the extracellular matrix (ECM)
synthesized by seeded cells, could simplify the engineering process and improve the
outcome. As yet, the ECM has been underutilized as a destination for targeted cargo, which
is surprising since in vivo it serves as a reservoir of signaling molecules such as growth
factors,[1] modulators of angiogenesis,[?] and proteins that alter cellular adhesion.[3!

A peptide sequence has been described that is necessary and sufficient for targeting
microfibril-associated glycoprotein-1 (MAGP-1) to the 10-12 nm microfibril ECM.[4 This
“matrix-binding domain” (MBD) has also been shown to bind to a 8-cysteine motif in the
microfibril component fibrillin-2, suggesting how the MBD can target to microfibril-rich
tissues.[®] Therefore, the MBD of MAGP-1 is a promising homing sequence for stimulatory
growth factors in the context of engineering tissues with abundant microfibrils such as blood
vessels, skin, and tendon.[6: 7]
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Growth factors have shown great utility in the production of engineered tissues. In line with
the notable roles of transforming growth factor-p (TGF-B) in dermal wound healing and
stimulation of extracellular matrix production,[® 9 TGF-p doping of fibrin scaffolds has
been shown to promote production of two ECM components important for vascular tissue,
collagen and elastin.[10-13] Retention of TGF-B in a fibrin scaffold has been examined,14]
but TGF-B can also have anti-proliferative and pro-contractile effects undesirable in a tissue
engineering scaffold.[1> 161 Vvascular endothelial growth factor and epidermal growth factor
have also been explored as stimulatory signals for engineered tissue both in synthetic [17-20]
and natural [21-23] polymeric scaffolds. Connective tissue growth factor (CTGF) presents a
promising strategy for tissue engineering: it promotes cell migration, adhesion and survival
as well as enhanced ECM production.[24]

CTGF (also called CCNZ2) is a 38 kD growth factor produced by a variety of cells including
skin fibroblasts, mesangial cells, and osteoblasts.[25-271 CTGF is a ligand for the low density
lipoprotein receptor-related protein; after binding to its receptor, CTGF is rapidly
internalized and degraded.[28] Of primary importance to tissue engineering, CTGF is
consistently associated with elevated type | collagen expression, both in fibrotic human
diseases including scleroderma and renal fibrosis [2% 301 and in in vitro experiments on a
variety of cell types.[30-33] Stimulated collagen transcription is crucial to engineering tissues
since collagen fibers can confer the requisite tissue stiffness and strength, as well as cellular
guidance cues. [23. 34, 35]

The central hypothesis of this study was that adding the MBD to CTGF would anchor it to
the ECM without compromising its ability to stimulate collagen transcription. In these
studies, neonatal human dermal fibroblasts were used for functional analysis of MBD-
CTGF, since they have served as the cellular component of fibrin-based engineered heart
valves and arteries.[35-37] Comparisons of MBD-CTGF to free CTGF produced by
transfected fibroblasts demonstrated that the MBD was necessary for localization to the
ECM and that the matrix-bound growth factor was able to stimulate COL1A1 expression by
the fibroblasts.

Experimental Part

Antibodies

Plasmids

Mouse monoclonal anti-v5 IgG (Invitrogen), mouse monoclonal anti-human tropoelastin
(BA4, Abcam), Alexa 488-conjugated donkey anti-mouse 1gG, Alexa 594-conjugated goat
anti-rabbit 1IgG (Molecular Probes), and horseradish peroxidase (HRP)-conjugated sheep
anti-mouse 1gG (Amersham) were commercially available. Rabbit polyclonal anti-mouse
recombinant tropoelastin antibody (MRT 617) was described previously.[38]

All CTGF expression plasmids used the pcDNA 3.1 (Invitrogen) vector system to allow
production of protein with a C-terminal v5-6xHis epitope/purification tag. To generate the
CTGF-v5His plasmid, primers f2CTGF and rCTGF (Table I) were used to amplify the
human connective tissue growth factor (CTGF) cDNA from template DNA (a generous gift
from Leah Allen, Fibrogen) including sequence encoding residues Met; through Alazsg.
This PCR product was cloned in frame 5’ to the coding sequence for v5-His in pcDNA3.1.
To generate MBD-CTGF-Vv5His plasmid, primers fCTGF and rCTGF (Table I) were used
along with template CTGF cDNA to amplify the sequence encoding residues Gluy7 through
Alazsg. This PCR product was cloned in frame in between the coding sequence for MAGP-1
exons 7+8 and the v5-his epitope tag located in MAGP7+8v5His.[4 All plasmids were
verified by DNA sequencing. The collagen reporter plasmid pColLuc was previously
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described;[39 briefly, it consists of the human COL1A1 promoter inserted upstream of a
modified firefly luciferase gene, luc2, in the pGL4.14 vector (Promega).

Cell Culture

Rat lung fibroblasts (RFL-6, ATCC CCL-192) were cultured in Ham’s F-12 nutrient mixture
(Invitrogen) supplemented with 1.176 g/L sodium bicarbonate, 10 U/ml penicillin, 10 U/ml
streptomycin, 2 mM L-glutamine, non-essential amino acids, and 20% Cosmic Calf serum
(CCs, Hyclone). Chinese hamster ovary cells (CHO-K1) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with antibiotics, 2 mM L-glutamine,
non-essential amino acids, and 10% CCS. Neonatal human dermal fibroblasts (NHDF,
Clonetics) were cultured in DMEM/F12 (Invitrogen) supplemented with antibiotics and 10%
fetal bovine serum (FBS, Hyclone). Selection media were supplemented with 500 ug/ml
G418 (Invitrogen).

Transfection

Cells were transiently transfected with Lipofectamine 2000 or LTX (Invitrogen) according
to the manufacturer’s protocol. Briefly, cells were plated in a 35 mm dish and allowed to
reach confluence. Fresh antibiotic-free medium was given one day prior to transfection, then
medium was switched to Opti-MEM (Gibco). For each transfected dish, 4 ug plasmid and 10
pL of Lipofectamine 2000, or 5 pL of Lipofectamine LTX, were used. 4-5 hours after
transfection, medium was exchanged with fresh antibiotic-free culture medium to wash out
transfection agents. To obtain stably transfected cells, cultures were split 48 hours post-
transfection (1:2.25) and changed to selection media after 24 additional hours. Complete
death of non-transfected cells occurred within five days.

Indirect Immunofluorescence

Cells were grown on a 22x22 mm coverslip in a 35 mm dish or on a Permanox LabTek
chamber slide (Nalge Nunc). The cells were rinsed with PBS and fixed in cold (—20°C)
methanol. After rinsing with PBS, the cells were incubated for ten minutes in block (PBS-
TG: PBS pH 7.4, 0.1% Tween-20, 1% coldwater fish gelatin) followed by one hour in
primary antibody solution (1:500 primary antibody in PBS-TG). Cells were washed three
times in PBS-TG followed by one hour in secondary antibody solution (1:1000 secondary
antibody in PBS-TG, Molecular Probes). Finally, the cells were washed in PBS-TG and PBS
before mounting on a slide using Gel/Mount (BioMeda). Pictures were taken at 400X using
a Zeiss fluorescence microscope and AxioVision software.

Bioluminescence Measurement

72 hours post-transfection, the medium was replaced with 1 mM VivoGlo (Promega) in
Hank’s Buffered Saline (HBSS, Invitrogen). The bioluminescence of each well was then
obtained by imaging the culture plate in a Xenogen system (I1VIS, Caliper) using a 30
second exposure time, bin 4, followed by downstream quantification using ImageJ as
described previously.[3°]

Immunoblotting

Equal volumes of conditioned medium were suspended in reducing SDS-PAGE loading
buffer, separated by 12.5% SDS-PAGE at 25 mA, transferred to Protran (Whatman), and
blocked for 1 hour in PBS + 0.1% Tween-20 + 2.5% dry milk. Blots were incubated 1 hour
with mouse anti-v5 primary antibody (1:1000 in block), washed in block, and incubated 1
hour with HRP-conjugated sheep anti-mouse IgG secondary antibody (1:2000, Amersham).
Blots were washed in block and PBS and developed by enhanced chemiluminescence.
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The MAGP-1 MBD Directs Organization of Recombinant CTGF by Fibroblasts

The MBD of human MAGP-1 directs localization of GFP to the ECM of RFL-6 cells in
vitro.[4l Therefore, a fusion protein consisting of the MAGP-1 MBD and the growth factor
CTGF was predicted to similarly localize to the ECM. All constructs had a N-terminal signal
sequence and C-terminal v5-6xHis tag for efficient secretion, rapid identification, and easy
purification (Figure 1A). Transiently transfected RFL-6 cells showed substantial matrix
incorporation of MBD-tagged CTGF (Figure 1B). There were no qualitative differences
between the immunofluorescence pattern obtained with the fusion protein and either the
published pattern of MBD alone or the pattern of full-length MAGP-1 transfected in another
well in the same assay ([4] and data not shown). Notably, this staining pattern overlapped
with that for tropoelastin, another molecule that localizes to microfibrils in this system. The
highest levels of MBD-CTGF matrix staining occurred in areas surrounding cells strongly
expressing the transgene, suggesting a concentration effect on matrix incorporation. Other
areas also showed matrix staining, but at an intermediate level, suggesting that protein
released into the medium could be incorporated in trans following diffusion. In contrast to
the transfections performed with MBD-CTGF, cells transfected to produce CTGF alone
(henceforth referred to as “free CTGF”) did not localize CTGF to elastic fibers (Figure 1C).
These cells instead showed a hazy pericellular staining pattern. Comparison of these two
staining patterns indicates that the MAGP-1 MBD is necessary for matrix localization of
CTGF in this system.

MBD-CTGF Leads to Enhanced Expression of Type | Collagen by Fibroblasts

To determine if the matrix-binding CTGF had signaling capability that differed from free
CTGF, expression of type | collagen (COL1A1) was measured in NHDF co-transfected with
pColLuc, a reporter plasmid previously described to be useful in monitoring collagen
production in tissue-engineered constructs.[3%] Typically, CTGF signaling leads to enhanced
expression of COL1A1.1321 NHDF transfected with MBD-CTGF show a CTGF staining
pattern similar to that seen with RFL-6 cells (Figure 2A), and similar to the staining pattern
for tropoelastin (Figure 2B). As was the case for RFL-6 cells, free CTGF does not show
ECM localization (Figure 2C).

Bioluminescence was measured 72 hours post-transfection, to allow full expression of the
transiently-transfected CTGF plasmid, its matrix incorporation and/or binding to cells,
induction of downstream signaling, and expression of the luciferase transgene. Transfection
with free CTGF failed to induce collagen expression above the levels of cells similarly
transfected with the control vector pcDNA 3.1 (Figure 2D). However, transfection with the
MBD-CTGF construct led to a nearly twofold increase in luciferase activity. Therefore,
MBD-CTGF not only retains the ability to promote collagen expression, despite the addition
of a peptide tag, but it also shows enhanced signaling function versus a similar transfection
with free CTGF.

Fibroblasts Organize Exogenous Protein Produced by Co-cultured Epithelial Cells

To test whether MBD-CTGF added exogenously to a fibroblast-generated ECM would
result in its ECM localization, stable CHO-K1 cell lines were generated as a source of
recombinant proteins. Each cell line produced a recombinant protein of the expected size
and in a similar amount in both normal and selection medium (Figure 3A). The amount of
protein produced was equal between MBD-CTGF and CTGF transfections. This suggests
that the fibroblasts also produce equal amounts of CTGF and MBD-CTGF when transfected
with equal amounts of DNA; quantification in that system is difficult since the protein
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partitions differently into media and cell/matrix fractions depending on matrix-binding
ability.

Stably transfected CHO-K1 cells were co-cultured with RFL-6 cells and allowed to grow
past confluence. The fibroblasts’ ability to assemble ECM was unimpaired in co-culture, as
judged by the formation of a normal tropoelastin matrix (Figure 3B). Co-culture with CHO-
K1 cells expressing MBD-CTGF resulted in similar matrix incorporation of the recombinant
protein compared to the case where the fibroblasts were expressing the transgene directly
(Figure 1B), validating the hypothesis that MBD-CTGF can diffuse and incorporate in trans
into the ECM. In agreement with earlier results, CHO-K1 expression of free CTGF did not
result in significant matrix incorporation of the CTGF, although a pericellular pattern was
once again apparent.

Discussion

This study shows that the MBD of MAGP-1 is sufficient to direct incorporation of
functional recombinant CTGF into a microfibrillar ECM scaffold. MBD-CTGF stimulated
collagen transcription twofold in the NHDF system, equivalent to previous studies using 50
ng/ml CTGF in the growth medium of hepatic stellate cells.[32] Without the MBD,
recombinant CTGF failed to localize to the ECM or enhance collagen transcription. This
lowered potency of the free CTGF could be due to diffusion into the culture medium and
therefore a lowered local concentration near the cellular membrane where it can bind to its
receptor. Alternately, free CTGF may be more rapidly endocytosed and degraded by the
cell, terminating the signal before it leads to significant transcriptional activation. Likely
matrix binding by MBD-CTGF is dependent on the presence of fibrillin in the ECM, since
there is evi[gl]ence for a direct interaction between the matrix-binding domain of MAGP-1 and
fibrillin-2.

While the molecular mechanism was not probed in this study, the elevated COL1A1
expression caused by MBD-CTGF is promising for tissue engineering. We previously
showed that COL1A1 expression, monitored by the luciferase system, correlated strongly
with collagen deposition by neonatal rat vascular smooth muscle cells in fibrin-based tissue
constructst39 and that collagen content strongly correlates with tissue stiffness and
strength.[40] NHDF, which responded to MBD-CTGF with increased collagen expression in
this study, are a promising cell source for tissue-engineered arteries[37] and heart valves,[41]
therefore it is likely that MBD-CTGF treatment during culture could improve the
mechanical properties of these tissues.

One intriguing consequence of generating matrix-bound CTGF is that it may synergize with
latent TGF- on fibrillin microfibrils. Human deficiencies in fibrillin, such as Marfan’s
syndrome, can lead to altered TGF-f signaling, leading to the hypothesis that fibrillin is
important for sequestering TGF-B and modulating its activity.[42-441 MAGP-1 itself has
been hypothesized to modulate growth factor interactions with the microfibril.[43] Since
some of the fibrogenic signals regulated by TGF-p require CTGF signaling [3%, and owing
to the usefulness of TGF-B in tissue engineering,[12. 16 401 simultaneous co-localized activity
of the two molecules could synergize, leading to enhanced collagen production. Positive
feedback could emerge from this strategy, since binding of TGF-p to collagen can prolong
its activity.[46]

While the current study employed transfection as the source of recombinant matrix-binding
growth factor, it could also be used to dope the scaffold in other ways. Recombinant protein
could be produced and purified in a bacterial or eukaryotic expression system then later
added exogenously to the target cells or tissue. Purified recombinant CTGF has been
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effective at activating collagen transcription in previous studiest3°-32] and bacterially
produced proteins, including MAGP-1[47] and tropoelastin,38] incorporate into the ECM
when provided exogenously. Alternately, transfected cells could be co-entrapped into the
tissue construct, providing a (potentially inducible) source of MBD-CTGF.

Conclusion

A new fusion protein was engineered in this study for stimulation of fibroblasts within a
ECM scaffold. The protein was bifunctional, targeting to the elastic fiber ECM via the
microfibril-associated glycoprotein-1 domain and activating type | collagen transcription via
the CTGF domain. Notably, matrix localization of CTGF resulted in increased collagen
transcription. Co-culture studies demonstrated that the fusion protein could also be delivered
exogenously to a fibroblast scaffold. Based on the results of this study, the MBD-CTGF
fusion protein could be used to dope engineered tissues during culture to increase collagen
production by resident tissue cells.
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A

CTGF-v5His (41 kD)

MBD-CTGF-v5His (48 kD)
B C

MBD-CTG CTGF

Figure 1. The MAGP-1 matrix binding domain (MBD) sequesters recombinant human
connective tissue growth factor into the extracellular matrix of fibroblasts

A) Schematic of constructs used in this study. Abbreviations: ss, signal sequence; MAGP-1
MBD, coding sequence for the matrix binding domain of MAGP-1; CTGF, coding sequence
for CTGF; v5, v5 epitope followed by a 6x histidine repeat. Expected molecular weights are
given in kilodaltons (kD).

B,C) MBD-CTGF fusion protein incorporates into the microfibrillar matrix but CTGF
lacking the MBD is not. RFL-6 cells were transiently transfected with the MBD-CTGF- (B)
or CTGF-v5His (C) plasmid. Indirect immunofluorescence for recombinant protein (v5,
green) and tropoelastin (MRT617, red) antibodies is shown, as well as Hoechst 33342
nuclear staining (5 ug/ml, blue). Results are representative of four independent experiments.
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Figure 2. Expression of MBD-CTGF, but not CTGF alone, elevates transcription of type |
collagen by fibroblasts
A-C) NHDF transfected with a MBD-CTGF, but not a CTGF plasmid, demonstrate ECM

incorporation of recombinant protein. 8 days post-transfection NHDF were analyzed by
indirect immunofluorescence as in Figure 1B for recombinant protein (v5, green) and
Hoechst 33342 (5 pg/ml, blue) for nuclear visualization. B) Tropoelastin staining (BA4,
green) was similar to the pattern for MBD-CTGF.

D) Bioluminescence, measured 72 hours post-transfection, showed a two-fold increase in
COL1A1 expression when fibroblasts were transfected with matrix-binding CTGF (p < 0.05
using the student’s t-test compared to either vector control or CTGF transfectants). Results
are representative of four independent transfections, n=3-4 transfected wells per sample.
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Figure 3. MBD-CTGF secreted by CHO-K1 cells is incorporated into the ECM of co-cultured
fibroblasts
A) Conditioned media from confluent stable CHO-K1 transfectants grown in Ham’s F-12

(Ham) or DMEM with or without G418 for 72 hours was analyzed by immunoblotting for
recombinant protein (v5 antibody). Arrows indicate the expected molecular weights of
recombinant CTGF and MBD-CTGF.

B) Untransfected CHO-K1 cells or cells stably transfected with CTGF- or MBD-CTGF
plasmids were co-cultured with RFL-6 cells in Ham’s F-12 medium. After 48 hours of
culture cells were analyzed by indirect immunofluorescence as in Figure 1B. Results are
representative of four independent experiments.
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Primers used in this study

fCTGF 5 TAA GGA TCC ACAGAACTG CAGCGG GC 3
f2CTGF | 5" TAAGGT ACC ATG AGG GCC TGG 3’
rCTGF 5 TAA CTC GAG CCATGT CTC CGT ACATCT TCC 3’

“f” and “r” denote sense and antisense primers, respectively.
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