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ABSTRACT

Human intervertebral disc engineering with atelocollagen

scaffold and by adenovirus-mediated gene transfer

Mei Lan Nan

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Seong-Hwan Moon)

Tissue engineering is regarded as a new experimental technique for the
biological treatment about degenerative intervertebral disc (IVD) diseases.
Among artificial scaffolds, atelocollagen has an advantage in safety over others.
And growth factors were known to stimulate matrix synthesis of IVD cells,
among of them, transforming growth factor- B 1 and bone morphogenetic

protein-2 are the best candidates for IVD regeneration. Gene transfer to IVD



cells provided sustained mechanism for matrix synthesis. Hence, the object of
this study was to examine the cellular proliferation, proteoglycan (PG)
synthesis, and phenotypical expression of IVD cells transduced by adenovirus
transforming growth factor beta-1(Ad/TGF- B 1) construct and adenovirus
bone morphogenetic protein-2(Ad/BMP-2) construct and seeded on type I
atelocollagen scaffolds.

The IVD cells were isolated by sequential enzymatic digestion.
Atelocollagen scaffold were prepared by lypophilization and cross-linking
method. Ad/TGF-B1 or Ad/BMP-2 treated IVD cells were cultured for 7days.
At 3 and 7 days, cellular proliferation, newly synthesized proteoglycan, mRNA
expressions and the inner morphology of cell seeded scaffolds was determined
by scanning electron microscopy (SEM).

As result, transduced IVD cultures in atelocollagen type I with Ad/TGF-B1
and mixture group demonstrated increase in proteoglycan synthesis, but did not
show significant change in mRNA expressions, compared to control. On the
other hand, the IVD of transduced with Ad/ TGF-B1 in types I atelocollagen
scaffolds decresed in cellular proliferation compared with others. And there
were not showed osteocalcin mRNA expression in any groups.

Human IVD cells were viable in type I atelocollagen scaffolds. Type I

atelocollagen scaffold was suitable for cell proliferation, extracellular matrix



synthesis. And Ad/TGF-B 1 and Ad/BMP-2 combination was potential for
IVD regeneration. Taken together, IVD cells in atelocollagen scaffolds, with

therapeutic gene, provide a mechanism for tissue engineering of IVD.

Key words: gene therapy, tissue engineering, intervertebral disc, atelocollagen

scaffold, Ad/TGF-81, Ad/BMP-2
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I. INTRODUCTION

Intervertebral disc (IVD) degeneration is a chronic process that the
nucleus pulposus(NP) has been changed on account of multiple
factors(malnutrition, mechanical stress and apoptosis, among others) '. Healthy
NP is rich in proteoglycans(PG) and type II collagen, with a water content of
over 85% 2. But in adults, PG content decreases, and type I collagen becomes
more prevalent. High concentration of PG in the NP helps to maintain disc
height and contribute to the load-bearing ability of the disc * *. Therefore,

decreased PG directly affects the biomechanical function of IVD.



Current treatment for IVD degeneration, includes conservative
managements such as bed rest, NSAIDs, analgesia, and physical therapy and
surgical operations. Rather than traditional treatment, by the technique of tissue
engineering, composite IVD implants are fabricated as novel materials for disc
replacement. Collagen is the most frequently used material for mammal cell
culture carriers > °. Atelocollagen removed the antigenic telopeptide region, so
it’s immunogenic and safety for transplantation ’.

And gene therapy is accounted to be a potential application in treatment
of IVD disorders. The delivery of exogenous gene to target cells results in gene
expression and subsequent production of proteins which makes up for the weak
of protein injection. Including the growth factors, transforming growth factor-
B 1(TGF-B 1) *° and bone morphogenetic protein-2(BMP-2) '® are the best
applicant for IVD regeneration. IVD engineering by BMP-2 and TGF-B 1
using atelocollagen and rabbit IVD cells were attempted '', nevertheless,
human IVD cells and gene transfer approach was not tried before.

Hence, in this study, we elucidated the effect of adenoviral TGF-B 1 and

BMP-2 gene transfer to human IVD cells cultured in atelocollagen scaffolds.



II. MATERIALS AND METHODS

All of the experimental protocols were approved by the human subjects

Institutional Review Board.

1. Materials

Lumbar IVD tissue was obtained from 3 patients (Age range 50-65 years)
during surgical discectomy performed for herniated lumbar disc. Classification
of the IVD of each patient was performed based in the literature '%. IVDs with
grade III and IV degeneration were exclusively harvested to minimize the
effect of IVD degeneration on transgene expression and PG synthesis. An
attempt was made by the surgeons (HML, SHM) to carefully obtain tissue
from the central aspect of the disc to optimize harvest of only the nucleus
pulposus and the inner annulus fibrosus.

The IVD tissue specimens were transported in sterile GBSS (GBSS,
Gibco-BRL, Grand Island, NY, USA) to the laboratory, less than 20 minutes
after surgical removal and then washed with GBSS to remove blood and bodily

fluid contaminants.



2. Intervertebral disc cell culture

IVD was shredded with scissors and digested in Ham’s F-12 medium (F-
12, Gibco-BRL, Grand Island, NY, USA) containing 1% (v/v) penicillin,
streptomycin, nystatin (all antibiotics from Gibco-BRL, Grand Island, NY,
USA), 0.2% (w/v) Protease, 0.004% (w/v) DNase (Sigma, ST. Louis, MO,
USA) for an hour at 37°C under gentle agitation. The tissue was then washed 2
times with DMEM/F-12 and digested in Ham’s F-12 containing 1% (v/v)
antibiotics, 0.02% (w/v) collagenase type 11, 0.004% (w/v) DNase (Sigma, St.
Louis, MO, USA) for 2 to 3 hours under the same conditions. The digested
tissue was passed through a sterile cell strainer (Falcon, Franklin Lakes, NJ,
USA) with a pore size of 70um. The filtrated was centrifuged at 1,500 rpm for
5 minutes to separate the cells. The resulting cell suspensioins were placed in
T-25 at 1><X10° cells per well and grown in 7ml Dulbecco’s modified eagle
medium and Hams F-12 medium (DMEM/F-12, Gibco-BRL, Grand Island, NY,
USA) supplemented with 10% heat activated fetal bovine serum (FBS, Gibco-
BRL, Grand Island, NY, USA), 1% (v/v) antibiotic-antimycotic, and 25ug/ml
ascorbic acid at 37C in an atmosphere of 5% CO, and 95% air. Culture
medium was changed every other day for 3 weeks and fresh ascorbic acid was

added at each feeding. Cell viability was determined by trypan blue exclusion



test. Secondary cultures after trypsinization of primary cultures were
exclusively utilized to minimize the effect of subculture on the expression of

phenotype.

3. Production of the adenoviral vector

Three different adenoviral constructs were prepared for this study:
Adenovirus-lacZ construct(Ad/lacZ), adenovirus TGF-B81 construct(Ad/TGEF-
31) and adenovirus BMP-2 (Ad/BMP-2). Each recombinant adenoviral vectro
originated from replication-deficient Type 5 adenovirus, which lacked the El
and E3 regions of genome . All of the genes were cloned into the E1 region
under the control of the human cytomegalovirus early promoter. Recombinant
virus was grown in transformed human embryonic kidney 293 cells and
purified by CsCL density gradient purification. Titers were determined by

14,15

optical density at 260 nm (OD 260) and standard plaque assay

4. Production of type | atelocollagen scaffold

Fifty six ul of 1% type I atelocollagen (Dalim Tissen, Seoul, Korea)

dispersion was poured into a 96-well plate (diameter Smm), frozen at -70C,



and then lyophilized at -50C. The fabricated porous collagen matrixes were
crosslinked in 50mM of 1-ethyl-(3-3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC, Sigma Chemical Co., St. Louis, MO, USA) solution
(H,O-ethanol=5:95) for 24 hours. The matrixes obtained were washed in

distilled water using a sonicator and then relyophilized at -50°C ¢ 1.

5. Gene transfer to intervertebral disc cell

At confluence, NP cells were organized into five groups: 1) control group,
2)Ad/lacZ group, 3) Ad/BMP-2 group, 4) Ad/TGF-B1 group, 5) Ad/BMP and
Ad/ TGF-31 1:1 mixture group. In group 1, 2ml of HBSS without adenovirus
was added to the culture plate. In group 2 to 5, 2ml of HBSS with different
adenovirus (100MOI) were added. Group 1 was used as the saline control. All
cultures were incubated at 37 C, 5% CO, humidity under gentle agitation for 1
hour. Culture medium (DMEM-F12 containing 5% FBS 25ug/ml ascorbic

acid) 10ml was then added and the transduced cells were further incubated.

6. Cell transplantation to atelocollagen scaffolds

Atelocollagen scaffolds were Yy-irradiation for 10 minutes for sterilization.



After sterilization, they were soaked in culture media. Cell suspensions were
imbibed by surface tension into each scaffold. 1<X10° cells per 96-well size
scaffold in 30ul of DMEM/F-12 containing 5% FBS, 25ug/ml ascorbic acid
were seeded and incubated for 4 hours at 37C, 5% CO,. After 4 hours
incubation, DMEM-F12 containing 5% FBS, 25ug/ml ascorbic acid were

added and cultured for 7 days.

7. Cellular proliferation

Cellular proliferation was measured by Alamar Blue assay (AbD Serotec,
Oxford, UK). Initial experiments were carried out to follow % AB reduction
over time. AB was directly into culture media at a final concentration of 10%
and the plate was returned to the incubator. Optical density of the plate was
measured by ELISA at 570nm and 600nm with a standard spectrophotometer
at 7day. The calculated % AB reduction is a cumulative value. As a negative

control, AB was added to medium without cells.

10



8. Newly synthesized proteoglycan

5u Ci/ml of [*S]-sulfate (Amersham Biosciences, Uppsala, Sweden;
25Ci/mmol specific activity) was added to control and treated cultures for 24h.
At the end of culture the medium was collected and the beads were dissolved
with 28mM EDTA/0.15M NaCl. The cells were then placed in an extraction
media (8M guanidine HCI solution, 5SmM sodium acetate (pHS5.8), proteinase
inhibitor) at 4C for 48hours. Aliquots (200ul) of the cell extracts were eluted
on Sephadex G-25M in PD-10 columns (Amersham Biosciences, Uppsala,
Sweden) under dissociative condition. Fractions (1ml) were colleted in
scintillation vial and mixed with 6ml scintillation cocktail solution (Beckman
Coulter Inc., Fullerton, CA, USA). Five fractions were collected per sample,
and three meddle fractions were counted in a Packard liquid scintillation

counter (Beckman Coulter Inc., Fullerton, CA, USA)

9. Reverse transcription-polymerase chain reaction analysis

Total cellular RNA was eluted by selective binding to a silica gel-based
membrane using an RNeasy mini kit(QIAGEN, GmbH, Hiden, German).

Reverse transcription of RNA into cDNA was performed incubating 1ul of

11



RNA in a reaction mixture containing 0.5mg/ml cDNA reaction product and
was used as the template to co-amplify [-actin, aggrecan, collagen type I,
II, and osteocalcin. PCR was performed using a DNA thermal cycler.
Amplification reactions specific for the following cDNAs were performed: -
actin, aggrecan, collagen type I, type I, and osteocalcin. Primer sequence of
each ¢cDNA was listed on Table 2. PCR products (5ul) were analyzed by
electrophoresis in 1.5 % agarose gels, and detected by staining with ethidium
bromide. The intensity of the products was quantified using the Biolmage

Visage 110 system (BioRad, Hercules, CA, USA).

10. Scanning electron microscopy (SEM)

Cellular and cellular scaffolds were observed at the 3 and 7 -day time
point using SEM. Specimens for SEM were washed twice with sterile PBS and
then fixed in 4% paraformaldehyde (w/v) for 2 days. After fixation, the
samples were dehydrated in a graded series of ethanol (10-95%). The
dehydrated samples were transferred to a vacuum desiccator until completely
dry. The specimens were then gold sputter coated with a DESK II gold sputter
coater (Denton) and examined using a Hitachi 3500 scanning electron

microscope (Hitachi, Tokyo, Japan) in secondary electron mode at 15.0 kV.

12



11. Statistical analysis.

The numerical data from each experiment were the average from at least
triplicate samples. The same experiments were repeated three times to ensure
the repeatability of the methods used. One-way analysis of variance and
Fisher’s protected LSD post-hoc test, power analysis were performed to test
difference in densitometric data, Alamar Blue assy, and [**S]-sulfate labeled

proteoglycan. Significance level was set as p<0.05.

13



TABLE 1. Sequences of the RT-PCR primers used

Human Primer Sequence Length Size(bp)

5’-GCC GGA CTATGA CTT AGT TG-3’ 20

[B-actin 238
5’-AAA CAA CAATGT GCA ATC AA-3’ 20
5’-GAATCT AGCAGT GAGACGTC-3’ 20

Aggrecan 541
5’-CTG CAG CAG TTG ATT CTG AT-3’ 20
5’-CCT GTC TGC TTC CTG TTAAC-3’ 20

Collagen type | 182
5’-AGA GAT GAATGC AAA GGAAA-3’ 20
5’-AAGATG GTC CCAAAG GTGCTCG-3’ 22

Collagen type 11 500
5’-AGCTTC TCC TCT GTCTCCTTG C-3’ 22
5’-CAC TCC TCG CCC TAT TGG CC-3’ 20

Osteocalcin 866
5-GCCAAATCG TCA CAG TCC GG-3’ 20

14



TABLE 2.

RT-PCR conditions

Conditions
Human Primer Cycle
Denaturation  Annealing Polymerization

B-actin 94C 5 sec 53C 5sec 72°C 30 sec 28
Aggrecan 94C 30sec  477C 30sec 72°C 30 sec 30
Collagen type I 94C 5 sec 52C 5sec 72C 30 sec 25
Collagen type II 94C 45 sec 54C 1 min 72C 1 min 35
Osteocalcin 94C 5 sec 46C 5 sec 72°C 30 sec 30

15



Ill. RESULTS

1. DNA synthesis

There were no statistical differences between control and experimental

groups in DNA synthesis at 3 days, but Ad/TGF- B 1 group was decreased at 7

days compared with control (Figure 1-A, -B).

A
3 Day OControl  @AdlacZ @ AIBMP-2
160% - O AdTGF-B1 @ Mix
0
140% |- T
120% r -|' T
S 100% |- T
=
3
- 80(y 7
g 0
2
5 60% I
40% r
20% r
0%
Control Ad/lacZ Ad/BMP-2 Ad/TGF-B1 Mix
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7 Day
0O Control B Ad/lacZ
o B Ad/BMP-2 0 Ad/TGF-fl1

140% OMix

120% |

100% [ T
E
= o, L T
g 80% T
=
S 60% I [
©
=%

40%

20%

0%

Control Ad/lacZ Ad/BMP-2 Ad/TGF-B1 Mix

Fig.1A-B. DNA synthesis of transduced 1D cells seeded on atelocollagen
scaffolds (*p<0.05). Percent control of DNA synthesis was measured by
Alamar Blue assay. Control; human nucleus puplosus cells only, Ad/lacZ;
transduced with Ad/lacZ (100MOI), Ad/TGF-B1; transduced with
Ad/TGF-B1(100MOI), Ad/BMP-2; transduced with Ad/BMP-2
(100MOI), Mix; transduced with mixture of Ad/TGF-B1 and Ad/BMP-2)at
the ratio of 1(50MOI):1(50MOI). The culture period was three and seven

days each.
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2. Newly synthesized proteoglycan normalized by DNA synthesis

Human NP cell cultures in atelocollagen type I scaffold with each Ad/TGF-
Bl (5.4 fold increases) and mixture (4.3 fold increase) increased in
proteoglycan synthesis at 3 and 7 days compared with control. But there’s no

significant change on Ad/BMP-2 group. (Figure 2)

3 Day
O Control B Ad/lacZ B Ad/BMP-2
300% - O AdTGF-f1@Mix
250% r ‘r
.l_
200% r
)
=]
=
3
£ 150% I
o
5 [
100% r 1
50%
0%
Control Ad/lacZ Ad/BMP-2 Ad/TGF-B1 Mix
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7 Day
O Control B Ad/lacZ @ Ad/BMP-2
500% r O AdTGF-f1E@Mix
450% r T
400% *
350%
£ 300% r
S
e 250%
(]
2
2 200% r T
150% r
100% [ T
50% r
0%
Control Ad/lacZ Ad/BMP-2 Ad/TGF-B1 Mix

Fig. 2A-B. Newly synthesized proteoglycan of human nucleus pulposus
cells seeded on typel atelocollagen scaffolds (*p<0.05). Percent control of
proteoglycan synthesis was measured by [*°S]-sulfate incorporation (CPM).
Control; human nucleus puplosus cells only, Ad/lacZ; transduced with
Ad/lacZ (100MOI), Ad/TGF-81; transduced with Ad/TGF-B1(100MOI),
Ad/BMP-2; transduced with Ad/BMP-2 (100MOIl), Mix; transduced
with mixture of Ad/TGF-81 and Ad/BMP-2)at the ratio of

1(50MOI):1(50MOl). The culture period was three and seven days each.
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3. mRNA expression of aggrecan, collagen type I, 11, and osteocalcin

In densitometry assay of reverse transcription-polymerase chain reaction,
Ad/BMP-2 transduced human NP cell cultures in atelocollagen type I scaffold
showed no statistically significant increase of mRNA expression of collagen
type I, IT and aggrecan compared with control. However Ad/TGF-B1 group
showed up-regulation of collagen type I, aggrecan mRNA expression, on the
other hand, there were not shown osteocalcin mRNA expression in any

groups.(Fig3, 4)

20



3 Day

Fig.3. RT-PCR of beta-actin, aggrecan, collagentactin, aggrecan,
collagen type I, Il and osteocalcin. Total RNA was isolated from

cells and subjected to RT-PCR. The PCR products were separated

on 1.5% agarose gels containing ethidium bromide, and then

observed on an ultraviolet transilluminater. 1: Control, 2,:Ad/lacZ

3:Ad/TGF- B 1,4:Ad/BMP-2,5:Mix

21
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Fig.4A-D. Densitometry of A; aggrecan, B; collagen type I, C; collagen
type Il, and D; osteocalcin mRNA expression in atelocollagen scaffolds.
The expression of each PCR band was quantified using an image analyzer.
The results are presented as the percentage of the mRNA level relative to

beta-actin for each band.

4. Scanning electron microscopy (SEM)

The SEM images of human IVD cells of porous atelocollagen type I were
shown in figure5. When seeded on atelocollagen type I scaffold, the cells
showed stable adhesion on each matrix and releasing of extra cellular matrixes
on the surfaces. On the other hand, ttransduced human IVD cells growing on
atelocollagen scaffold had the best cell to cell contact with neighboring cells,

compared with control.
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Fig.5A-D. Morphology of porous atelocollagen type | scaffold on scanning
electron microscopy (SEM). (A) control, (B) Ad/BMP-2 (C) Ad/TGF-B1
(D) Mix; 1(X50), 2(X2000) were on 3 days and 3(X50), 4(X2000) were on 7

days.
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IV. DISCUSSION

IVD is a well-encapsulated, avascular organ consisting of nucleus
pulposus(NP) scattered within an extracellular matrix and collagen fiber
annulus fibrosus(AF) surrounding NP. The healthy NP is abundant in PG and
type Il collagen. But when got on in years, PG contents decrease, and type 1
collagen becomes more prevalent. The PG and collagens are produced by
cells within the AF, NP, or chondrocytes from the endplates remains.
However, chondrocytes when cultured in monolayer are known to express a
fibroblastic differentiated morphology and lose their ability to synthesize
matrix of collagen distribution '®'. Human IVD cells are known to possess

20,21

chondrocyte phenotype , so IVDs also express fibroblastic morphology in

monolayer but regain in a three-dimensional environment ****.

Recently, several groups have attempted to produce IVD-like materials
for implantation ** ** ® Among of them, PG synthesis proportion in
atelocollagen is better *. Atelocollagen is a collagen gel that removed the
antigenetic telopeptide region by pepsin digestion and differential salt
precipitation during purification. So atelocollagen was chosen as a cell carrier

because of the advantages of immunogenic and safety to transplant. Moreover

29



atelocollagen is suitable for gene therapy cause of slow releasing of DNA 2"

28, 29

On the other hand, TGF-31 and BMP-2 is well known for accelerating the
synthesis of PG in IVD. TGF-£31 and BMP-2 both function in the TGF-family
pathway, nevertheless, after receptor activation, Smad2 and Smad4 for TGF-
B1, Smadl and Smad4 for BMP-2 were activated and formed Smad4
complexion *. Therefore, the same signal molecular pathway will enhance
the biological response such as PG synthesis. This demonstrates the ability of

the gene therapy for disc regeneration.

In this experimental study, transduced human IVD cells were seeded on
atelocollagen scaffolds. In the final result, cellular proliferation was not active
in mixture group, on the other hand newly synthesized proteoglycan was rich
in mixture group. In the same way Ad/TGF-B1 group stimulated
proteoglycan synthesis. All of transducer culture groups did not show
significant change in ECM component mRNA expression. Moreover in any
combination of growth factor, they did not show up-regulation of osteocalcin
mRNA expression. Therefore It can be concluded that Ad/TGF-81 and
Ad/BMP-2 gene therapy render only increased synthesis of chondrogenic

matrix without an osteogeneic effect on IVD cells in atelocollagen scaffold.
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These experimental results demonstrated that transduced cells seeding on
the atelocollagen type I scaffolds are suitable for IVD cell transplantation.
Therefore the following study in the future will be necessary to experiment of

IVD cell based tissue engineering in vivo.

V. CONCLUSION

Atelocollagen type 1 scaffold was suitable for cell proliferation and
extracellular matrix synthesis. And Ad/TGF- B 1 and Ad/BMP-2
combination was potential for IVD regeneration. Taken together, [IVD cells in
atelocollagen scaffolds, with therapeutic gene, provide a mechanism for tissue

engineering of IVD.
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