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ABSTRACT

Tissue engineering of the intervertebral disc with
cultured nucleus pulposus cells using atelocollagen

scaffold and growth factors

Kwang Il Lee

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Hak-Sun Kim)

Study design:In vitro experimental study.

Objectives: To examine the cellular proliferation, synthetictiaty, and
phenotypical expression of intervertebral disc (JMi2lls seeded on types |
and Il atelocollagen scaffolds with the stimulatohTGF{1 and BMP-2.
Summary of literature review: Recently, tissue engineering is regarded as
a new experimental technique for the biologicalatreent about

degenerative IVD diseases and has been highligatec& promising

1



technique for the regeneration of tissues and @ganhuman body.
Research on cell transplantation in artificial fnlaf should be validated in
terms of cell viability and proliferation, maintamze of characteristic
phenotype, and biologically active growth factor.

Materials and Methods: Lumbar IVD were harvested from 10 New
Zealand white rabbits, with the nucleus pulposuB)(Bklls were isolated by
sequential enzymatic digestion. Each of 1% typesd Il atelocollagen
dispersions were poured into a 96-well plate (dim&mm), frozen at -
70C, and then lyophilized at -530. Fabricated porous collagen matrices
were made using the cross-linking method. Cell ensjpns were then
treated with TGH31 (10ng/ml) or BMP-2 (100ng/ml) or both. After 1, 2
and 4 week culture periods, the DNA synthesis wassured by *H]-
thymidine incorporation and newly synthesized pogtgcan was measured
by incorporation of ¥S]-sulfate. Reverse transcription-polymerase chain
reactions for the mRNA expressions of aggrecargsylp Il collagens, and
osteocalcin were performed. The inner morphologgedf seeded scaffolds
was determined by scanning electron microscopy (SEM
Results: The NP cell cultures in atelocollagen type Il wiltGF-81
demonstrated increase in proteoglycan synthesis ugrégulation of
aggrecan, types | and Il collagen mRNA expressionompared to control.

IVD cultures in type | atelocollagen scaffold wigihowth factors exhibited



an increase in DNA synthesis and up regulationypis |, 1l collagen
MRNA expressions. With all combinations of growictor, the 1VD
cultures in types | and Il atelocollagen scaffadti®wed no upregulation of
the osteocalcin mRNA expression. Furthermore tlveas no synergistic
effect of TGF81 and BMP-2 in matrix synthesis and mRNA expressibn
matrix components. The SEM images showed stableadbksion on each
matrix and releasing of extracellular matrices oell csurfaces.
Conclusion: NP cells from rabbit were viable in types | angayll
atelocollagen scaffolds. Type | atelocollagen sidffvas suitable for cell
proliferation, but type Il atelocollagen scaffolésvsuitable for extracellular
matrix synthesis. The NP cells in both scaffoldseamologically responsive
to growth factors. Taken together, NP cells inagellagen scaffolds, with

anabolic growth factors provide a mechanism fauisengineering of 1VD.

Key words: intervertebral disc, atelocollagen suaff TGF{1, BMP-2,

tissue engineering
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I.INTRODUCTION

Intervertebral disc (IVD) degeneration is causedlbys of water
content in nucleus pulposus (NP), resulting frorordased proteoglycan and
type Il collagen in IVD:" Degeneration of IVD results in several spinal
diseases which are internal disc derangement, énerhiVVD, lumboscral
radiculopathy, and spinal canal stenosis moreaweases health care costs.
Nevertheless there is only a halfway cure whickligs excision or spinal
fusion without regenerating disc itself.

Recently, tissue engineering emerges as new ditezador biological



treatment of degenerative IVD diseases and is degalas a promising
technique to regenerate tissues and organs in hbody!® Researches on
cell transplantation in artificial scaffolds haoyided valuable information
in optimal condition for tissue engineerify:®In this way, IVD cell

transplantation in artificial scaffold have to beligated in terms of cell
viability, proliferation, maintenance of characstrc phenotype, and
stimulatory effect of biologically active growth ¢aor.

To regenerate articular cartilage and IVD, grow#Hctbrs i.e.,
transforming growth factor{31 (TGF- 1) and Bone morphogenetic
protein-2 (BMP-2) proved to be effective in protBmgn synthesis, collagen
synthesis, and cell proliferatidfi*’ Moreover annulus fibrosus cell seeded
on atelocollagen scaffold demonstrated increasedepglycan synthesis
compared to cells in monolayered culttffé*

The objective of the current experimental study waselucidate
biologic effect of atelocollagen and growth factorsmatrix synthesis and
phenotypical expression of IVD cells. Thereforebbia NP cells were
transplanted in each of types | and Il atelocolageaffolds which were
made by removal of telopeptide in insoluble collagend stimulated by
TGF- 31 and BMP-2.

In this study, rabbit NP cells were transplanteéach of types | and Il

atelocollagen scaffolds which were made by remmfatelopeptide in



insoluble collagen and conditionally stimulated DGF{31 and BMP-2.
With this experimental design, we investigated NP proliferation, newly
synthesized proteoglycan, and expression of chogdnic

phenotype.



II. MATERIALS AND METHODS

All experimental protocols were approved by Ingiitnal Review

Board and Animal Experimentation Committee of thitution.

1. Materials

IVD form lumbar spines were obtained from 30 fowgek-old female
New Zealand white rabbits weighing about 3.5kg.hBoasia was induced
using ketamine HCl| 50mg/ml. The rabbits were plasegine and the
abdominal region of each animal was shaved, prdpamed draped in a
sterile fashion. The discs in the lumbar region evexxposed via a
transperitoneal approach. The spinal column wasedised from the
surrounding muscles under sterile conditions. Thaes was sectioned
between each of the lumbar discs form L1 to L7. Whescles and tendons
were removed, and the column was sectioned traseyein the middle of
each disc. The NP was removed from both halvesaoh @lisc with blunt

forceps and pooled.



2. Intervertebral disc cell culture

NP was shredded with scissors and digested in Hafh2 medium (F-
12, Gibco-BRL, Grand Island, NY) containing 1% (v/penicillin,
streptomycin, nystatin (all antibiotics from GibB&L, Grand Island, NY),
0.4% (w/v) Protease, 0.004% (w/v) DNase (Sigma, I®Lis, MO, USA)
for an hour at 3T under gentle agitation. The tissue was then waghed
times with DMEM/F-12 and digested in Ham’'s F-12 t@omng 1% (v/v)
antibiotics, 0.025% (w/v) collagenase type I, GL%®O(w/v) DNase (Sigma,
St. Louis, MO, USA) for 3 hours under the same dwos. The digested
tissue was passed through a sterile cell strafFac¢n, Franklin Lakes, NJ)
with a pore size of 100um. The filtrated was cémged at 1,500 rpm for 5
minutes to separate the cells.

The resulting cell suspensioins were placed in B-plates at *10°
cells per well and grown in 3ml Dulbecco’s modifiedgle medium and
Hams F-12 medium (DMEM/F-12, Gibco-BRL, Grand IgdlanNY)
supplemented with 10% heat activated fetal bovarara (FBS, Gibco-BRL,
Grand Island, NY), 1% (v/v) antibiotic-antimycotiand 25ug/ml ascorbic
acid at 37C in an atmosphere of 5% G@nd 95% air. Culture medium was
changed every other day for 3 weeks and fresh laiscacid was added at

each feeding. Cell viability was determined by &mpblue exclusion test.



Secondary cultures after trypsinization of primawtures were exclusively

utilized to minimize the effect of subculture or tkxpression of phenotype.

3. Production of atelocollagen scaffolds

Each 56ul of 1% type | and type Il atelocollageB(RI, Regenmed,
Seoul, Korea) dispersion was poured into a 96-pialle (diameter 5mm),
frozen at -70C, and then lyophilized at -50. The fabricated porous
collagen matrixes were crosslinked in 50mM of 1yk{B-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDSigma Chemical
Co., St. Louis, MO, USA) solution @g@-ethanol=5:95) for 24 hours. The
matrixes obtained were washed in distilled waténgig sonicator and then

relyophilized at -5@ .2

4. Preparation of BMP-2

After gene recombination of human BMP-2 by the p&BN/hygro
expression vector, recombinant pcDNA3.1/hygro/BMRy€ne was
transfected to CHO (Chinese hamster ovary) cellipgofectamine (Gibco-
BRL, Grand Island, NYJ* The transfected CHO cells were grown in

DMEM/F-12, supplemented with 10% FBS. When thescelere 80-100%



confluent, the medium was replaced with serum-flddEM/F-12 and
medium was harvested every 24 hour for 4 days.tyFeeven liters of
conditioned medium was directly applied to an 80mparin sepharose
(Pharmacia Biotech, NJ, USA) column. The resin washed with 0.15M
NaCl / 6M urea / 20mM Tris, pH 7.4, and then depelb with a linear
gradient to 1M NaCl / 6M urea / 50mM Tris, pH 7#he fractions with
highest specific activity were pooled and conceaattdy ultrafiltration with
a YM10 membrane (Millipore Corp, MA, USA). Protesoncentration was

determined by amino acid analysis and aliquots wsoged at -7Q@.

5. Cell transplantation to atelocollagen scaffolds

Atelocollagen scaffolds were soaked in 70% EtOHdegrnight. After
washing two times with DPBS, they were soaked ilucel media. Before
transplanting the cell, the culture medium was raspd perfectly. Cell
suspensions were imbibed by surface tension irtb seaffold consisting of
atelocollagen type | and type I.>A0° cells per 96-well in 30ul of
DMEM/F-12 containing 10% FBS, 25ug/ml ascorbic smmll 1% antibiotics
were seeded in each matrix, followed by gentle rdfegation of the entire
plate at 1,000 rpm for 3 minutes, which had reweéalgtimal penetration of

the cells into the pores at the air-side of therimaflhe cultures were
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incubated at 37, 5% CQ.

6. Stimulation of growth factors

After incubation in 37C, 5% CQ atmosphere for 4 hours, the each
culture medium was added with 5% FBS including TGE of 10ng/ml,
BMP-2 of 100ng/ml and the mixture of both factorsthe ratio of 1:1.
Mixed medium was changed every other day for twekse The control
group was only cell seeded type | and type |l atgllagen scaffolds without

any growth factors.

7. Cell morphology

The morphology of the rabbit NP cells seeded itoatdlagen scaffolds

was examined using light microscopy (Microscopétdigamera, Olympus

DP-12, Seoul, Korea) at each evaluation time point.

8. Cellular proliferation

DNA synthesis was measured by tfe]fthymidine incorporation. 5u

Ci/ml of [*H]-thymidine (Amersham Biosciences, Uppsala, Sweden

11



25Ci/mmol specific activity) was added to controlddreated cultures for
24h. The medium was then discarded and the celis tmgpsinized with
trypsin/EDTA. The trypsinized cells were filterecito glass fiber filters
(Whatman GF/C; Maidstone, England), and transfetoescintillation vial.

Filters were dried and counted in 3ml of scintilat cocktail solution
(Beckman Coulter Inc. USA) in a Packard scintilaticounter (Packard
#1900 TR, Mariden, CT). The results of each expexim

expressed as cpm/well, are the means of three lghratltures.

9. Newly synthesized proteoglycan

5u Ci/ml of [°S]-sulfate (Amersham Biosciences, Uppsala, Sweden;
25Ci/mmol specific activity) was added to controlddreated cultures for
24h. At the end of culture the medium was collected the beads were
dissolved with 28mM EDTA/0.15M NacCl. The cells wehen placed in an
extraction media (8M guanidine HCI solution, SmMigon acetate (pH5.8),
proteinase inhibitor) at@ for 48hours. Aliquots (200ul) of the cell extracts
were eluted on Sephadex G-25M in PD-10 columns {&h@em Biosciences,
Uppsala, Sweden) under dissociative condition. fiwas (1ml) were

colleted in scintillation vial and mixed with 6mkistillation cocktail

12



solution (Beckman Coulter Inc. USA). Five fractiongre collected per
sample, and three meddle fractions were counted iRackard liquid

scintillation counter (Packard #1900 TR, Maridem) C

10. Reverse transcription-polymerase chain reactioanalysis

Total cellular RNA was eluted by selective bindioga silica gel-based
membrane using an RNeasy mini kit. Reverse trgotsmni of RNA into
cDNA was performed incubatingull of RNA in a reaction mixture
containing 0.5mg/ml cDNA reaction product and wasdias the template to
co-amplify B-actin, aggrecan, collagen typé, II, and osteocalcin. PCR
was performed using a DNA thermal cycler. The sagaetion profile was
used for all primer sets: an initial denaturatian94C for 1 minute,
followed by 25~40 cycles of: 94 for 5 seconds; 47~50 for 5 seconds;
and 7Z2C for 30 seconds; and an additional 2 min extensiep at 72
after the last cycle. Amplification reactions sgiiedior the following cDNAs
were performedp-actin, aggrecan, collagen type |, type Il, anceosélcin.
Primer sequence of each cDNA was listed on TabRRCR products (5ul)
were analyzed by electrophoresis in 2 % agaross, geld detected by
staining with ethidium bromideThe intensity of the products was

quantified using the Biolmage Visage 110 sys{&wRad, Hercules, CA, USA).

13



11. Scanning electron microscopy (SEM)

Acellular and cellular scaffolds were observedhat 2-week time point
using SEM. Specimens for SEM were washed twice wiéile PBS and
then fixed in 4% paraformaldehyde (w/v) for 2 daydter fixation, the
samples were dehydrated in a graded series of @ti{d0-95%). The
dehydrated samples were transferred to a vacuuitcdés until completely
dry. The specimens were then gold sputter coated aiDESK 1l gold
sputter coater (Denton) and examined using a Hit@890 scanning
electron microscope (Hitachi, Tokyo, Japan) in sdeoy electron mode at

15.0 kV.

12. Statistical analysis.

The numerical data from each experiment were trerage from at
least triplicate samples. The same experiments vegreated three times to
ensure the repeatability of the methods used. W@neanalysis of variance
and Fisher’s protected LSD post-hoc test, powelyaisawere performed to
test difference in densitometric dattHJthymidine labeled DNA, and{S]-

sulfate labeled proteoglycan. Significance levelswset as p<0.05.

14



TABLE 1. Sequences of the RT-PCR primers used

Rabbit Primer Sequence Length Size(bp)

5-GCCATC CTG CGT CTG GAC CT-3 20
B-actin 227
5-GTGATGACCTGG CCGTCGGG-3' 20

5-AGG TGT TGT GTT CCACTATC-3 20
Aggrecan 605
5-CTT CGC CTG TGTAGC AGATG-3’ 20

5-AGAAGG AGT AAC CTC CAAGG-3 20
Collagen type I 321
5-ATG ACC AAAGGT GCAATATC-3’ 20

5-GCA CCCATG GAC ATT GGA GG-3' 20
Collagen type I 367
5-GAC ACG GAG TAG CAC CAT CG-3 20

5-AAG AGATCATGA GGAGCC TG-3 20

Osteocalcin 420
5-AGG AAA CAAGCACTG TGC AT-3' 20

15



TABLE 2. RT-PCR conditions
Conditions
Rabbit Primer Cycle
Denaturation Annealing  Polymerization
B-actin 94C 5 sec 58 5sec 72 30 sec 30
Aggrecan 94C 30sec 50C 30sec 72C 90 sec 35
Collagen type I 94C 5 sec 5 5 sec 72 30 sec 30
Collagentypell 94T 5sec 46 5sec 72 30 sec 30
Osteocalcin 94T 5sec 48 5sec 72 30 sec 30

16



II. RESULTS

1. Morphology of nucleus pulposus cells in atelodaben scaffolds

In the cell-seeded constructs, the nucleus pulpasiis showed a
spherical appearance, making small colonies, asoltem seen in three-
dimensional culture of human NP cells. Howeverreheere differences
between constructs in the number of colonies anduamof extracellular
matrix (ECM). Cells cultured in atelocollagen typlescaffold showed
abundant ECM-producing colonies. On the other hanthe atelocollagen
type | scaffold, most of the cells were sphericat with reduced colony

formation. (Figure. 1)

17



Fig. 1A-B. Rabbit nucleus pulposus cells cultureddr 7 days in

atelocollagen scaffolds. (A) The cells in atelocafjen type | scaffold, (B)
those in atelocollagen type Il scaffold. The cellexpress spherical
appearance with colonization most frequently seemiatelocollagen type

[l scaffold. Bar = 6um.
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2. DNA synthesis

Rabbit NP cell cultures in atelocollagen type kffold with each TGF-
B1, BMP-2, and both combination increased in DNAthgsis on 1 week
culture compared to control and type | scaffold ugrohowever DNA
synthesis of same condition in atelocollagen typealffold increased on 2, 4

weeks culture compared with control and type liffeéch group. (Figure. 2)
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Fig. 2A-C. DNA synthesis of rabbit nucleus pulposugells seeded on
atelocollagen scaffolds (*p<0.05). The rabbit NP #s were seeded on
types | and Il atelocollagen scaffolds. Percent canol of DNA synthesis
was measured by JH]-thymidine incorporation (CPM). Control; the
cultures without growth factor stimulation, TGF-81; with TGF-B1 of
10ng/ml, BMP-2; with BMP-2 of 100ng/ml, Mix; with mixture of TGF-
B1 and BMP-2 in the ratio of 1:1. The culture periodwas each 1, 2, 4

week.

3. Newly synthesized proteoglycan normalized by DNgynthesis

Rabbit NP cell cultures in atelocollagen typsdaffold with each TGF-
B1 and mixture increased in proteoglycan syntheasig,@and 4 week culture
compared with control and type | scaffold group.weéwer rabbit NP cell
cultures in atelocollagen type Il scaffold with baEGF- 31 and mixture
demonstrated no difference in proteoglycan synshasil week. NP cell
culture in atelocollagen type | scaffold with eagrlowth factor stimulation
showed decrease in proteoglycan synthesis at 4 egrakaring with control

group. (Figure 3)
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Fig. 3A-C. Newly synthesized proteoglycan of rabbihucleus pulposus
cells seeded on atelocollagen scaffolds (*p<0.09he rabbit NP cells
were seeded on types | and Il atelocollagen scaffisl. Percent control of
proteoglycan synthesis was measured by*g]-sulfate incorporation

(CPM). Control; the cultures without growth factor stimulation, TGF-

B1; with TGF-B1 of 10ng/ml, BMP-2; with BMP-2 of 100ng/ml, Mix;
with mixture of TGF-bl and BMP-2 in the ratio of 1:1. The culture

period was each 1, 2, 4 week.
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4. mRNA expression of aggrecan, collagen type I, ,lland

osteocalcin

In densitometry assay of reverse transcription-p@yase chain
reaction, Rabbit NP cell cultures in atelocollaggpe | scaffold with TGF-
B1 and the mixture of TGB1 and BMP-2 showed statistically significant
upregulation of collagen type |, aggrecan and gelfatype II mRNA
expression, compared with control. The culturesaielocollagen type I
scaffold with TGF-{31 and the mixture showed significant upregulatiébn o
aggrecan, collagen type I, and Il mRNA expresscampared with control
and culture groups of atelocollagen type | scaffolth any combination of
growth factor, NP cultures in atelocollagen typentd type 1l did not show
upregulation of osteocalcin mMRNA expression. Furtitre there was no
synergistic effect of TGEB1 and BMP-2 in mRNA expression of matrix

components. (Figure 4,5)
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Fig. 4A-B. RT-PCR of beta-actin, aggrecan, collagetype I, Il, and
osteocalcin. Total RNA was isolated from cells ansubjected to RT-PCR.
The PCR products were separated on 2% agarose get®ntaining
ethidium bromide, and then observed on an ultraviat transilluminator.
A; The PCR products of NP cultures on atelocollagertype | scaffold
with each stimulation of growth factors for 1, 2, 4weeks. B; Those of

atelocollagen type Il scaffold.
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Fig. 5A-C. Densitometry of A; aggrecan, B; collagertype |, and C;
collagen type Il mRNA expression in atelocollagen caffolds. The
expression of each PCR band was quantified using @mage analyzer.
The results are presented as the percentage of threRNA level

relative to beta-actin for each band.
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5. Scanning electron microscopy (SEM)

The SEM images of rabbit NP cells of porous atdlagen type | and
Il scaffolds are shown in figure 6, 7. When seeded both types of
atelocollagen scaffold, the cells showed stableesidin on each matrix and
releasing of extra cellular matrices on cell suggadvioreover rabbit NP cells
growing on atelocollagen scaffolds had proper cell- contact with
neighboring NP cells. From the SEM pictures, itciencluded that
atelocollagen type Il scaffolds had a higher prghgman synthesis when

compared to the atelocollagen type | scaffolds
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{18, Bum

Fig. 6A-D. Morphology of porous atelocollagen type scaffold on
scanning electron microscopy (SEM). (A) The insidef type | scaffold
(x100), (B) Rabbit NP seeded type | scaffold on 1egk-culture day
(x3,000), (C) on 2 week-culture day (x3,000), (Dnat week-culture day
(x3,000). All data were the culture groups with sthulation of mixed

growth factors.
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Fig. 7A-D. Morphology of porous atelocollagen typdl scaffold on

scanning electron microscopy (SEM). (A) The insidef type Il scaffold
(x100), (B) Rabbit NP seeded type Il scaffold on tveek-culture day
(x3,000), (C) on 2 week-culture day (x3,000), (Dnat week-culture day
(x3,000). All data were the culture groups with sthulation of mixed

growth factors.
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IV. DISCUSSION

Atelocollagen known as fibrous protein is lack @bpeptide, antigenic
component so it prevents autoimmune response lthransplantatioR®
%6 Moreover atelocollagen is suitable for gene thgrapuse of slow
releasing of DNA’ On the other hand, TGB1 and BMP-2 is well known
growth factors in accelerating the synthesis otgoglycan in IVD. These

scaffold and growth factors can provide a mechari@niivD regeneration

in terms of tissue engineeriAG*°

In this experimental study, rabbit NP cells weredszl on atelocollagen
scaffolds with growth factors. NP cellular prolif¢ion was active in
atelocollagen type | scaffold and more stimulatéthwGF-31. On the
other hand, NP cells in atelocollagen type Il solaffdemonstrated
increased proteolgycan synthesis compared to thfogelocollagen type .
TGF-31 also stimulated proteoglycan synthesis in NP scskeded
atelocollagen type Il scaffold. NP cell culturesatelocollagen type | and Il
demonstrated the upregulation of matrix componeRN# expression i.e.,
aggrecan, types | and Il collagen mRNA. Howevertwwak with each

growth factor and combination of two growth factoid not demonstrate
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osteocalcin mRNA expression.

These experimental results support the fact thett ttie atelocollagen
type | and Il scaffolds with growth factors aretable for IVD regeneration.
Therefore the following study in the future will becessary to study about
the mixture of atelocollagen type | and Il matricasl in vivo tests with

rabbit animals for stability and excellent effech diuman.

V. CONCLUSION

Atelocollagen type | scaffold was suitable for qaibliferation and type
Il scaffold was more suitable for extracellular masynthesis than type |
atelocollagen. IVD cells in both scaffolds were lbgically responsive to
growth factors. Taken together, nucleus pulposuis ¢e atelocollagen

scaffolds with anabolic growth factors provide actmenism for tissue

engineering of IVD.
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