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Abstract

This study was to investigate the effects of Insulin-
Transferrin-Selenium (ITS) on the proliferation and
quantitative gene expression of adult human nasal septum
chondrocytes in monolayer culture expansion and the
formation of tissue engineered hyaline cartilage. Effects of
ITS on human nasal septum chondrocytes monolayer
culture expansion and gene expression were evaluated in
various culture media either added with 2% fetal bovine
serum (FBS) or Ing/mL basic fibroblast growth factor plus
Ing/mL transforming growth factor or both serum and
growth factors supplementation in comparison with
medium added with 10%FBS. Chondrocytes cultured in
medium added with 2% fetal bovine serum and growth
factors either supplemented with or without ITS were then
mixed with pluronic F-127 hydrogel for in vivo tissue
engineered cartilage formation in nude mice model.
Engineered tissues were removed after 8 weeks of
implantation and evaluated with histological staining,
immunohistochemistry, transmission electron microscopy
and quantitative gene expression analysis. ITS promoted
human chondrocytes proliferation and reduced
chondrocytes dedifferentiation in media supplemented with
serum and growth factors. ITS with 2% FBS and growth
factors provided 15-fold increased in chondrocytes number
by the end of the culture period compared to the standard
culture medium used in chondrocytes culture (medium
added with 10% FBS). Engineered tissue resulted from ITS
supplementation demonstrated higher quality of cartilage
formation. In conclusion, our study has demonstrated the
benefits of ITS supplementation in human chondrocytes
monolayer culture and tissue engineering cartilage
formation.

Key Words: Tissue engineering, Insulin-Transferrin-
Selenium, human nasal septum chondrocytes, monolayer
expansion, hydrogel, hyaline cartilage, transforming growth
factor, basic fibroblast growth factor, quantitative gene
expression.

Address for correspondence:
Ruszymah Binti Haji Idrus, MD, PhD
Department of Physiology, Faculty of Medicine
Universiti Kebangsaan Malaysia
Jalan Raja Muda Abdul Aziz
50300 Kuala Lumpur
Malaysia.
Telephone: 603-40405428
Fax: 603-26939687
E-mail: ruszy@medic.ukm.my

58

Introduction

Human nasal septum cartilage is a good starting material
for tissue engineering in constructing a new autologous
graft for head and neck reconstructive surgery. This
cartilage has superior mechanical integrity compared to
auricular cartilage and it is easily accessible by the
surgeons in a sterile manner with minimum morbidity.
Previous study has shown that nasal septum cartilage is
high in cell density and chondrocytes with excellent
proliferation capacity can be isolated from a broad range
of human age (Rotter et al., 2001). Since only a small
amount of cartilage can be harvested without inducing
morbidity at the donor site, this limited number of isolated
chondrocytes need to be culture-expanded before a clinical
size engineered tissue can be made. The number of
chondrocytes can be increased by monolayer culture,
direct seeding into resorbable polyglycolic/polylactic acid
polymer scaffolds or in three-dimensional alginate
encapsulation system (Homicz et al., 2003). Homicz et
al. (2003) has demonstrated that human septal
chondrocytes were most effectively culture expanded in
monolayer system compared to alginate or resorbable
polymer scaffold. Large number of chondrocytes can be
obtained in a short period of time with monolayer culture
system. However, chondrocytes cultured in monolayer
have a tendency to dedifferentiate due to the cytoskeleton
modification in two-dimensional culture environment
(Loty et al., 2000). Study by Homicz et al. (2002) also
showed that serial expanded human septal chondrocytes
gradually dedifferentiated by reducing the production on
type II collagen in monolayer culture. Chondrocytes with
dedifferentiated characteristics may limit the mechanical
stability of neocartilage constructed and resulted in the
formation of an inferior quality engineered cartilage.

Previous studies have shown that by encapsulating the
dedifferentiated human auricular chondrocytes in alginate
beads in the in vitro culture system, the culture expanded
chondrocytes can redifferentiate by increasing the
production of type II collagen (van Osch et al., 2001;
Mandl et al., 2002). These results showed that, three-
dimensional environment can significantly improved the
redifferentiation capacity of human chondrocytes.
Nevertheless, it will be very beneficial if human
chondrocytes can be expanded in monolayer culture whilst
remaining its differentiated property.

The combination of insulin-transferrin-selenium (ITS)
has been added into the alginate beads culture system to
increase the event of redifferentiation in expanded
chondrocytes (van Osch et al., 2001; Mandl et al., 2002).
However, the role of ITS was not clearly explained in the
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experiment. In addition to that, ITS has not been
investigated in human nasal septum chondrocytes
monolayer culture for the ability of retaining the
differentiated characters of isolated chondrocytes.

Studies have shown that serum provides growth
promoting factors (Choi et al., 1980) as well as inhibitors
on human cells proliferation (Harrington and Godman,
1980). The regulatory effects of ITS in human chondrocytes
monolayer culture supplemented with serum was also not
been investigated in previous studies. ITS may enhance
the growth promoting effects of serum and reduce the
inhibitor action in chondrocyte culture. Proliferation of
chondrocytes can also be accelerated by growth factors
supplementation in the medium. For example, basic
fibroblast growth factor and transforming growth factor
were previously showed to promote the proliferation of
chondrocytes (Pei et al., 2002). Since recently,
transforming growth factor beta 2 (TGF-B2) was showed
to be more potent as mitotic agent compared to other
member in the family for human articular chondrocyte
culture (Olney et al., 2004), TGF-B2 was used as growth
factor in this study. Whether ITS will react in synergistic
or antagonistic with other growth factors in the culture
medium is still unclear at the moment.

Our objectives in this study were to investigate the
effects of ITS on human nasal septum chondrocytes
monolayer culture expansion and quantitative gene
expression for serial passages in various culture media.
Interaction of ITS with serum was evaluated with 2% fetal
bovine serum supplementation into the culture medium.
Same lot of serum was used in the study to eliminate the
variation of biochemical properties in the serum. Interaction
of ITS with growth factors (1ng/mL basic fibroblast growth
factor plus Ing/mL transforming growth factor) was
evaluated either with or without 2% serum
supplementation. Culture medium supplemented with 10%
fetal bovine serum was used in this study as control medium
since most of the chondrocytes studies were referred this
as standard medium for chondrocytes culture. Real-time
PCR was used to quantify the expression of genes encoding
the cartilage extra-cellular matrixes (type II collagen and
aggrecan core protein), chondrocytes dedifferentiation
(type I collagen) and chondrocytes hypertrophy (type X
collagen).

In order to evaluate the effects of ITS on the quality of
tissue engineered cartilage, a culture medium which can
provide high number of cultured chondrocytes was selected
for large scale culture. This medium was either
supplemented with or without ITS in the large scale culture
system for tissue engineered cartilage formation. The
cultured chondrocytes were then harvested and suspended
in a co-polymer of 30% polypropylene and 70%
polyethylene pluronic F-127 for in vivo implantation. This
hydrogel has been proven in other studies as a better
biomaterial for minimizing the inflammatory response in
immunocompetent animal models (Cao et al., 1998; Saim
et al., 2000).
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Table 1. Supplements to the human nasal septum
chondrocytes culture medium

Group
A

Supplements
2%FBS
ITS

2%FBS +1ITS
Ing/mL bFGF + Ing/mL TGF-p2
Ing/mL bFGF + Ing/mL TGF- 32 + 2%FBS
Ing/mL bFGF + Ing/mL TGF- B2 +1TS
Ing/mL bFGF + 1ng/mL TGF- 2 +ITS + 2%FBS

T OO m = 9 N W

10%FBS

Note:

FBS - fetal bovine serum (Gibco)

ITS - 10pug/mL insulin + 5.5ug/mL transferrin + 6.7ng/
mL sodium selenite (Gibco)

bFGF - Basic fibroblast growth factor (Gibco)
TGF-beta 2 - Transforming growth factor beta 2
(Sigma, St. Louis. MO)

Materials and Methods

Human Nasal Septum Chondrocytes Isolation

Nasal septum cartilage was obtained from six consented
patients aged range from 25 to 46 years after elective
septoplasty. These specimens would usually be discarded
and their used in the study has been approved by the Ethical
Committee of Medical Faculty, Universiti Kebangsaan
Malaysia. Each cartilage was cleaned from perichondrium,
minced into small pieces (1mm?), washed with phosphate
buffer saline (PBS; pH7.2; Gibco, Grand Island, NY)
containing 100U/mL of penicillin (Gibco), 100ug/mL of
streptomycin (Gibco) and 0.25ug/mL of amphotericin B
(Gibco) and digest with 0.6% collagenase 11 (Gibco) at
37°C for 12 hours. After digestion, suspension containing
isolated chondrocytes was centrifuged at 6,000 rpm for 5
minutes. The resulting cell pellet was washed twice with
PBS to remove remained digestive enzyme before being
resuspended in PBS for total cell quantification with
hemocytometer (Weber Scientific International Ltd.
Middlx, England). Viability of chondrocytes was
determined with trypan blue vital dye exclusion test
(Gibco).

Chondrocytes Monolayer Culture

Isolated chondrocytes were seeded in six-well tissue
culture plate (Falcon, Franklin Lakes, NJ) with a density
of 5,000 cells/cm? in a equal volume mix of Ham’s F12
medium and Dulbecco’s Modified Eagle Medium
(F12:DMEM; Gibco) supplemented with various factors
in eight study groups as shown in table 1. Each culture
medium also contained 200mM L-glutamine, 100U/mL
of penicillin, 100pg/mL of streptomycin, 0.25pg/mL of
amphotericin B (Gibco) and 50pg/mL of ascorbic acid
(Sigma). All cultures were maintained in 5% CO, incubator
(Jouan, Duguay Trouin, SH) at 37°C with culture medium
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Table 2. Description of primer sequences used in real-time PCR for quantitative gene expression analysis

Gene Access no, Primer 5'—>3' PCR product (bp)

GAPDH BC020308 F: tee ctg age tga acg goa ag 217
R: gga goa gtg gat gto got gt

Type I collagen NM 000088 F: agg gel coa acg agateg agatee g 222
R: tac agg aag cag aca ggg cea acg

Type II collagen | NM 001844 F: cta tet gga cga age age tgg ca 209
R: atg got gea atg tea atg alg g

Type X collagen |INM 000493 F: age cag got toe cag gac ca 385
R: tit tee cac tee agg agg gc

Aggrecan core NM 001135 F: cac tgt tac cge cac ttc co 183

protein R: ace age gga agt cee ctt cg

changed twice a week. Cell morphologic feature was
examined everyday by inverted light microscope (Olympus,
Shinjuku-ku, Tokyo). Chondrocytes at primary culture (P0O)
were grown until confluent and then released from culture
plate using 0.05% trypsin-EDTA (Gibco). Harvested
chondrocytes were washed and re-suspended in PBS for total
cell number and viability determination using
hemocytometer (Weber Scientific International Ltd). Then,
cultured chondrocytes from each medium were passage three
times (P1, P2 and P3) with the same cell density, culture
medium and growth environment. Chondrocytes growth rate
(average increase of chondrocyte number in one day/cm?),
number of cell doubling and viability in different groups
were calculated for statistical analysis.

Total RNA Extraction for Quantitative Gene
Expression Analysis

Total RNA from cultured chondrocytes in different groups
was extracted using TRI Reagent (Molecular Research
Center, Cincinnati, OH) according to the manufacturer’s
instruction. Polyacryl Carrier (Molecular Research Center)
was added in each extraction to precipitate the total RNA.
Extracted RNA pellet was then washed with 75% ethanol
and dried before dissolved in Rnase and Dnase free distilled
water (Invitrogen, Carlsbad, CA). Yield and purity of the
extracted RNA was determined by spectrophotometer (Bio-
Rad, Hercules, CA). Total RNA was stored at -80°C
immediately after extraction.

Quantitative Gene Expression Analysis by Real-Time
PCR

Gene expression for chondrocytes differentiation (type II
collagen and aggrecan core protein), dedifferentiation (type
I collagen) and hypertrophy (type X collagen) was
quantitatively analyses with real-time PCR technique. The
expression level of each targeted gene was then normalized
to GAPDH. Primers for human GAPDH, type I, II, X
collagen, aggrecan core protein were designed with Primer
3 software and blasted with GeneBank database sequences
in order to obtain primers with high specificity. The
efficiency and specificity of each primer set was confirmed
with standard curve (Ct value versus serial dilution of total
RNA) and melting profile evaluation. The primers sequences
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used in this study were as shown in Table 2. Real-time
PCR reaction was performed with 100ng of total RNA,
400nM of each primer and iScript One-Step RT-PCR kit
with SYBR Green (Bio-Rad) according to the
manufacturer’s instruction. Reactions were run using
Bio-Rad iCycler with reaction profile of; cDNA synthesis
for 30 min at 50°C; pre-denaturation for 2 min at 94°C;
PCR amplification for 38 cycles with 30 sec at 94°C, 30
sec at 60°C and 30 sec at 72°C. This series of cycles was
followed by a melt curve analysis to check the reaction
specificity. Expression level of each targeted gene was
normalized to GAPDH and chondrocyte differentiation
index (the ratio of mRNA expression of type II collagen
to type I collagen, CII/CI index) was then calculated for
statistical analysis.

Chondrocytes Culture for Cartilage Tissue
Engineering

Only culture media supplemented with 2%FBS and
growth factors (1ng/mL bFGF + 1ng/mL TGF-32) were
able to support high proliferation and provided sufficient
number of cells for cartilage tissue engineering. In order
to test the effects of ITS on the quality of engineered
tissues, F12:DMEM + 2%FBS + Ing/mL bFGF + 1ng/
mL TGF-B2 medium either added with ITS or without
ITS was used as culture medium for large-scale
chondrocyte culture in 175¢m? culture flasks (Falcon) at
5,000cells/cm? cell density. When confluence, the culture
was trypsinized with 0.05% trypsin-EDTA (Gibco) and
the harvested chondrocytes were suspended in a hydrogel
as scaffold material for engineered tissue formation.

Engineered Tissue Formation and Implantation
Cultured chondrocytes were suspended into a 30% (wt/
vol) of a co-polymer of polyethylene oxide and
polypropylene oxide, Pluronic F-127 (BASF, Mount
Olive, NJ) at 4°C with a cell density of 3 x 107 cells/mL.
The resulted admixer was then injected subcutaneously
at the dorsal part of the nude mice at 8 weeks of age
under general anesthesia (ketamine, xylazil and zoletil).
Care of the nude mice was carried out following the
animal facility guideline of the Animal Unit, Institute of
Medical Research Malaysia.
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Figure 1: Human nasal septum chondrocytes primary culture (P0) for 10 days showed different morphologic feature
in F12:DMEM supplemented with different factors. Same magnification was used in all pictures, bar scale equivalent
to 0.1mm. (a) ITS. (b) 2%FBS. (¢) ITS + 2%FBS. (d) GFs + ITS. (e) GFs + 2%FBS. (f) GFs + ITS + 2%FBS. ITS
= Insulin-transferrin-selenium. GFs = Ing/mL bFGF + Ing/mL TGF-b2.

Harvest of the Engineered Tissues and Evaluation
The engineered tissues were harvested after 8 weeks of in
vivo implantation. The nude mice were sacrificed by
anesthetic overdose and engineered tissues were carefully
dissected free from surrounding soft tissue. The engineered
tissue was divided into two equal half with one part fixed
in 10% phosphate buffered formalin (Fisher Scientific, Fair
Lawn, NJ) and processed into paraffin embedded block.
Paraffin blocks were then sectioned and the slides sections
were stained with Hematoxylin & Eosin (H&E staining)
and Safranin O staining. For immunohistochemical
analysis on type Il collagen production, slide sections were
incubated with proteinase K (Sigma) at 37° C for 45
minutes. Mouse antihuman type II collagen antibody
(sigma) at concentration of 1:100 was then applied on the
section for 30 minutes follow by anti-mouse streptavidin-
peroxidase complex (Dako, Glostrup, Denmark) for 15
minutes and color development with DAB substrate (Dako)
as chromogen. Another half of the excised tissue was
digested with collagenase enzyme and total RNA was
extracted for quantitative gene expression analysis as
mentioned earlier. Native human nasal septum cartilage
was use as normal control for comparison.

Transmission Electron Microscopy

Engineered tissues were cut into Ilmm?® blocks, fixed in
2.5% glutaraldehyde (Sigma) for 24 hours. Tissues blocks
were then post-fixed in 1% osmium tetraoxide for 2 hours,
dehydrated, infiltration with resin, embedding, ultra-thin
sectioned, stained with 2% uranyl acetate and examined
with CX-2000 transmission electron microscope (JEOL,
Tokyo, Japan).

Statistical Analysis
Data for chondrocytes growth rate, number of cell doubling
and viability in each medium at every passage (PO, P1, P2
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and P3) were collected from six samples. Values were
presented as mean + standard error of mean (SEM).
ANOVA and Student’s t test was used to compare data
between groups. Differences at the 5% level were
considered significant.

Results

Cartilage Harvest and Chondrocytes Isolation

The average wet weight of the human nasal septum
cartilage harvested was 250 + 65 mg. The average isolated
chondrocytes yield was 2.2 x 10° + 0.5 x 10° cells per mg
of cartilage. Viability of the isolated chondrocytes was 94.2
+5.7%.

Chondrocytes Morphologic Feature in Monolayer
Culture

Human nasal septum chondrocytes cultured in F12:DMEM
supplemented with various factors exhibited different
morphologic feature in monolayer. Chondrocytes cultured
in F12:DMEM with additional ITS showed minimal
proliferation activity with only one or two cell doubling.
Chondrocytes were relatively bigger and polygonal in
shape on day 10 of primary culture (Figure 1a).
Chondrocytes in this medium stopped proliferating after
2 weeks of primary culture and were unable to reach
confluence. The culture was terminated without further
passage.

Chondrocytes cultured in both F12:DMEM + 2%FBS
and F12:DMEM + 2%FBS + ITS were slow in
proliferation and appeared polygonal in shape at primary
culture (Figure 1b and 1c). Both cultures reached about
50% confluency on day 10 of primary culture. Medium
added with ITS (Figure 1c¢) demonstrated higher cell
density compared to medium added with only 2%FBS
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Figure 2: Human nasal septum chondrocytes culture
at third passage (P3) for 10 days showed different
morphologic feature in F12:DMEM supplemented with
different factors. Same magnification was used in all
pictures, bar scale equivalent to 0.1mm. (a) 2%FBS.
(b) ITS + 2%FBS. (c) GFs + 2%FBS. (d) GFs + ITS +
2%FBS. ITS = Insulin-transferrin-selenium. GFs =
Ing/mL bFGF + 1ng/mL TGF-B2.

Prevention of human chondrocyte dedifferentiation

O Medium + 2% FBS

B Medium +ITS + Z%FBS

O Medium + 2% FBS + 1bFGF + 1TGFB2

£ Medium +ITS + 2% FBS + 1bFGF + 1TGFB2
® Medium + 10%FBS

P1 Passage P2 P3

Figure 3: Growth rate (average increase in cell number
per day/cm?) of human nasal septum chondrocytes
cultured in medium supplemented with different
factors at primary culture (P0), passage 1 (P1), passage
2 (P2) and passage 3 (P3). Values were showed as mean
+ SEM (n = 6). * Growth rate in medium + ITS +
2%FBS was significantly higher than medium +
2%FBS (p<0.05). # Growth rate in medium + 10%FBS
was significantly higher than medium + 2%FBS
(p<0.05). $ Growth rate in both media added with Ing/
mL bFGF and TGF-B2 were significantly higher than
medium + 10%FBS (p<0.05). ITS = Insulin-
transferrin-selenium.

(Figure 1b). Primary cultures in both media reached
confluence at second week and were able to be passaged
until the third passage (P3). Chondrocytes appeared more
clongated in shape as it undergo passaged. At P3,
chondrocytes were spindle and fibroblastic in shape,
demonstrating the dedifferentiation morphology (Figure
2a and 2b). On day 10 of P3 culture, F12:DMEM + 2%FBS
+ ITS medium (Figure 2b) supported higher cell density
compared to F12:DMEM + 2%FBS medium (Figure 2a).
Chondrocytes cultured in F12:DMEM supplemented with
only Ing/mL bFGF + Ing/mL TGF-B2 (GFs) did adhered
on the culture plate, but were unable to proliferate.
F12:DMEM + GFs + ITS supported better chondrocyte
growth in primary culture and managed to reach confluence
on day 10 of culture period (Figureld). Chondrocytes in
this medium appeared in polygonal shape and were
relatively bigger compared to other cultures (Figure 1d).
However, chondrocytes were unable to grow beyond P1
and the culture was terminated.

Chondrocytes cultured in both F12:DMEM + GFs +
2%FBS medium and F12:DMEM + GFs + 2%FBS + ITS
medium adhered fast to the culture plate and demonstrated
high mitotic activity. Chondrocytes cultured in both media
were relatively smaller compared to other cultures and
appeared polygonal in shape at primary culture (Figure le
and 1f). Primary cultures in both media reached confluence
on day 10 of culture and exhibited almost the same cell
density (Figure le and 1f). Chondrocytes maintained high
proliferation activity throughout the culture period until
P3. Chondrocytes at P3 appeared slightly elongated in
shape and remained small in size (Figure 2¢ and 2d).

Expansion of Chondrocytes in Monolayer Culture
Human nasal septum chondrocytes cultured in F12:DMEM
+ 2%FBS medium and F12:DMEM + 2%FBS + ITS
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medium exhibited moderate growth rate (average increase
in cell number per day/cm?). Chondrocytes growth rate in
both media decreased gradually from primary culture (P0)
to third passage (P3) (Figure 3). F12:DMEM + 2%FBS +
ITS medium supported higher chondrocytes growth rate
compared to F12:DMEM + 2%FBS medium throughout
the culture period but only significant (p>0.05) at PO and
P1 (Figure3). Chondrocytes growth rate in both media were
lower than F12:DMEM + 10%FBS medium as shown in
Figure 3. However, the difference was only significant at
P3.

Chondrocytes cultured in both media supplemented
with 1ng/mL bFGF, Ing/mL TGF-f2 (GFs) and 2%FBS
demonstrated significant higher growth rate compare to
other groups (Figure 3). Medium supplemented with GFs,
2%FBS and ITS exhibited the highest growth rate in the
study. Chondrocytes growth rate in medium supplemented
with GFs, 2%FBS and ITS was 2.6 times higher at PO,
4.8 times higher at P1, 5.8 times higher at P2 and 5.2 times
higher at P3 compare to medium + 10%FBS. Although
addition of ITS in the medium consisted of GFs and
2%FBS increased chondrocytes growth rate, but no
significant result was obtained when compared to medium
without ITS supplementation (Figure 3). All cultures in
the study scored viability greater than 90% and no
significant difference was noted in the various groups.

Chondrocytes culture in F12:DMEM + 2%FBS
medium from primary culture (P0) to passage 3 (P3) scored
lowest cell doubling (7.0 of cell doubling) with only 132
fold increase in total cell number. With the addition of ITS
(F12:DMEM + 2%FBS + ITS medium), chondrocyte
culture from PO to P3 scored higher cell doubling (8.1 cell
doubling) with 271 fold increase in total cell number.
F12:DMEM + 10%FBS medium exhibited more cell
doubling (scored 11.6 cell doubling) with 3,126 fold
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Table 3. Ratio of mRNA expression levels of type I1 to type I collagen (CII/ CI) in human nasal septum chondrocytes
monolayer culture (mean of six different specimens = SEM).

Type of supplements Primary culture (P0) Passage 1 (P1) Passage 2 (P2) Passage 3 (P3)
ITS 11.98 + 2.84 x x X

2%FBS 472+ 1.09 0.094 + 0.024 0.005 + 0.001 0.0002 + 0.00005
*1TS +2%FBS 979+1.79 0982+ 0.235 0.168 £ 0.061 0.0068 + 0.0023
10%FBS 223071 0.010 % 0.003 0.0008 + 0.0002 0.00006 + 0.00001
GFs 1.600+ 0.53 X X X

ITS + GFs 764220 0.071 £0.024 X X

2%FBS + GFs 155056 0.015 = 0.004 0.0017 £ 0.0005 00002 £ 0.00005
"ITS +2%FBS + GFs 586+ 2.00 0.063 £ 0.015 0.0145 £ 0.0041 0.0029 + 0.0001

* CII'/ Clindex in ITS + 2%FBS group was significantly higher than 2%FBS group and 10%FBS group, p<0.05.
#CIl / CI index in ITS + 2%FBS + GFs group was significantly higher than 2%FBS +GFs group and 10%FBS

group, p<0.05.

FBS - fetal bovine serum; ITS - 10pg/mL insulin + 5.5pg/mL transferrin + 6.7ng/mL sodium selenite; GFs — 1ng/
mL basic fibroblast growth factor + Ing/mL transforming growth factor beta 2

increase in total cell number. Chondrocytes cultured in
both media supplemented with 1ng/mL bFGF and Ing/
mL TGF-B2 (GFs) scored the highest cell doubling from
PO to P3 compared to other groups. Culture in F12:DMEM
+ GFs + 2%FBS medium scored 15.3 cell doubling with
41,476 fold increase in total cell number and culture in
F12:DMEM + GFs + 2%FBS + ITS medium scored 15.5
cell doubling with 47,644 fold increase in total cell number.

Quantitative Gene Expression of Human Nasal Septum
Chondrocytes in Monolayer Culture

In general, the mRNA expression level of type II collagen
in various groups was decreased during passaging in
contrast with type I collagen, which increased during
passaging. This has contributed to the decrease of the ratio
of mRNA expression levels of type II to type I collagen
(CII / CI) in various groups during passaging (Table 3).
The CII/ Clindex in ITS + 2%FBS group was significantly
higher than both 2%FBS group and 10%FBS group in

every passage (Table 3). In the growth factor supplemented
groups, CII / Cl index in ITS + 2%FBS + GFs group was
significantly higher than 2%FBS + GFs group and
10%FBS group in every passage (Table 3). CII / CI index
in the most proliferative group (ITS +2%FBS + GFs) was
2-fold higher at PO, 6-fold higher at P1, 18 fold higher at
P2 and 48-fold higher at P3 when compared to the group
supplemented with 10%FBS (Table 3). The mRNA
expression level of aggrecan core protein was decreased
during passaging in all groups (Table 4). Although addition
of ITS into the culture medium increased the mRNA
expression level of aggrecan core protein, no significant
differences was noted when the mRNA expression level
of aggrecan core protein in ITS + 2%FBS group was
compared to 2%FBS group as well as when ITS +2%FBS
+ GFs group was compared to 2%FBS + GFs group.
However, real-time PCR analysis showed ITS + 2%FBS
+ GFs group promoted significantly higher mRNA
expression of aggrecan core protein compared to the

Table 4. Aggrecan core protein mRNA expansion of human nasal septum chondrocytes in monolayer culture
normalized to GAPDH (mean of six different specimens + SEM).

Type of supplements  Primary culture (P0) Passage 1 (P1) Passage 2 (P2) Passage 3 (P3)
ITS 0.042 £ 0.007 x X X
2%FBS 0.018 + 0.004 0.0038 + 0.0013 0.0007 + 0.0004 0.0003 + 0.00004
ITS +2%FBS 0.034 £ 0.008 0.0059 £ 0.0014 0.0009 £ 0.00041 0.0005 £ 0.0002
10% FBS 0.008 + 0.004 0.0015 + 0.0002 0.0005 + 0.0001 0.0001 + 0.00003
GFs 0.036 £ 0.006 X X X

ITS + GFs 0.069+0.012 0.0053 £ 0.0016 X X
2%FBS +GFs 0.027 £ 0.006 0.0023 £ 0.0005 0.0005 £ 0.0001 0.0002 + 0.00004
ITS +2%FBS + GFs # 003420012 # 0040000 0.0000 £ 0.0002 0.0003 £ 0. 0001

FBS - fetal bovine serum; ITS - 10png/mL insulin + 5.5pg/mL transferrin + 6.7ng/mL sodium selenite; GFs — Ing/
mL basic fibroblast growth factor + Ing/mL transforming growth factor beta 2
# Significant higher Aggrecan core protein mRNA expression compared to 10%FBS group, p<0.05.
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Figure 4: One step RT-PCR analysis on the gene
expression of human nasal septum chondrocytes at
primary culture (P0), passage 1 (P1) passage 2 (P2)
and passage 3 (P3). Chondrocytes cultured in medium
supplemented with ITS (Top gel photo) showed higher
expression of type II collagen gene compared with
chondrocytes cultured in medium without ITS
supplementation (Lower gel photo). Lane M: 100bp
DNA marker. Lane C: B-actin gene fragment (Control;
495bp). Lane I: Type I collagen gene fragment (396bp).
Lane II: Type II collagen gene fragment (294bp). ITS
= Insulin-transferrin-selenium.

medium added with 10%FBS at PO (6.8-fold) and P1 (3.3-
fold). The chondrocyte hypertrophic marker, type X
collagen, was either not detected or present in a very low
level in real-time PCR analysis in all experimental groups.

Histological Evaluation on Engineered Tissues
Engineered tissues which were made by using the best
medium for monolayer growth; F12:DMEM + GFs +
2%FBS + ITS medium were glistening white in color and
firm in consistency. Hematoxylin & Eosin staining
demonstrated the tissue consisted of evenly spaced lacunae
cells embedded in a basophilic matrix (Figure 5a). The
lacunae cells vary from round to oval shape with slight
pleomorphism. Safranin O staining was positive,
demonstrating the tissue was abundant in proteoglycans
production (Figure 5c). A fibrous capsule resembling
perichondrium surrounded the engineered tissue was also
noted.

Engineered tissues resulted from medium without ITS
supplementation (F12:DMEM + GFs + 2%FBS medium)
exhibited slightly more translucent in appearance compared
to tissues resulted from ITS supplementation. Hematoxylin
& Eosin staining demonstrated the presence of immature
lacunae cells with reactive nucleus in the tissue (Figure
5b). Safranin O staining showed less area of positive
staining, correlating with less proteoglycans production
in the tissue (Figure 5d).

Immunohistochemical staining for type II collagen
demonstrated positive staining in the matrix of engineered
tissues that consisted of lacunae cells (both with and
without ITS supplementation after 8 weeks of implantation,
Figure 6).

Transmission Electron Microscopy Examination

Transmission electron micrographs showed cells in the
engineered tissues resulted from F12:DMEM + GFs +
2%FBS +ITS culture medium were cuboidal in shape with
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Figure 5: Histological sections of engineered tissues
stained with Hematoxylin & Eosin (a) & (b) and
Safranin O (c) & (d). Bar scale in picture (a) & (b) is
30pum. Bar scale in picture (c) & (d) is 0.Imm.

Engineered tissue resulted from medium
supplemented with Ing/mL bFGF + 1ng/mL TGF-B2
+2%FBS + ITS (a & c¢) demonstrated better quality
compared to engineered tissue resulted from medium
without ITS supplementation (b & d). ITS = Insulin-
transferrin-selenium.

cytoplasm processes extended into the extracellular matrix
(Figure 7a). The cells were rich with mitochondria and
endoplasmic reticulum for protein production. The
presence of abundant collagen fibrils was noted as the
major component in the extracellular matrix. Ultra-
structure of the cells in engineered tissue resulted from
medium without ITS supplementation was elongated in
shape with reaction nucleus, demonstrating fibroblastic and
immature cell characteristic (Figure 7b).

Quantitative Gene Expression in Tissue Engineered
Cartilage

Tissue engineered cartilage without ITS supplementation
expressed 9.2-fold higher type I collagen and 2.9-fold
higher type II collagen but 2.4-fold lower type X collagen
and 5.2-fold lower aggrecan core protein mRNA compared
to native human nasal septum cartilage (Table 5). Tissue
engineered cartilage without ITS supplementation scored
3.4 fold lower CII/CI index compared to native human
nasal septum cartilage. Tissue engineered cartilage with
ITS supplementation expressed 7.8-fold higher type I
collagen and 4-fold higher type II collagen but 2-fold lower
type X collagen and aggrecan core protein mRNA
compared to native human nasal septum cartilage (Table
5). Tissue engineered cartilage with ITS supplementation
scored 2.1-fold lower CII/CI index compared to native
human nasal septum cartilage. ITS supplementation has
resulted significant higher mRNA expression of type II
collagen, aggrecan core protein and higher CII/CI index
in tissue engineered cartilage formation (Table 5).
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Figure 6: Immunohistochemical staining of type II
collagen on the section of engineered tissues showed
positive staining in the matrix. Bar scale 30um.
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Figure 7: Transmission electron micrographs showed
cells in the engineered tissues resulted from medium
added with ITS was cuboidal in shape (a) compared to
cells in engineered tissues resulted from medium
without ITS was more elongated (b). Ultra-structure
sections demonstrated cell cytoplasm processes
extended into the extracellular matrix and abundant
fibril collagen secretion. Bar scale Spm.

Discussion

Tissue engineering technology offers an approach in
constructing autologous graft for transplantation starting
from a minimal donor tissue from the same patient. The
amount of chondrocytes that can be harvested from
patient’s own nasal septum is too limited in number for
the construction of a new graft for the transplantation
purpose. A culture medium, which consists of essential
factors for the efficient propagation of human chondrocyte
is necessary to make this technology more viable for future
clinical application. We showed that human chondrocytes
were unable to grow in serum free medium either
supplemented with ITS or with the growth factors, 1ng/
mL bFGF plus 1ng/mL TGF-B2 (GFs). Supplementation
of 2%FBS in the culture medium (F12:DMEM + 2%FBS)
allowed chondrocyte to grow until P3. This minimum
amount of serum has provided essential growth agents for
human chondrocytes to proliferate. Higher serum
supplementation in the medium (F12:DMEM + 10%FBS)
supported higher growth rate and provided 24 times higher
total cell number compared to 2%FBS medium. This serum

stimulation effect was also reported by other studies on
human articular chondrocytes (Choi et al., 1980; Hu et
al., 2002). However, the addition of serum also caused
chondrocytes to change its morphologic features to become
more fibroblastic and dedifferentiate in the monolayer
culture as demonstrated by the real-time PCR analysis.
The commercially available ITS used in this study was
formulated for the purpose of supporting cell growth in
low serum culture medium. Our results showed that
supplementing ITS in 2%FBS culture medium was able
to further enhance chondrocyte growth and significantly
reduced the dedifferentiation process of cultured
chondrocytes by demonstrating higher index of CII/CI and
higher mRNA expression of aggrecan core protein.
Although ITS + 2%FBS culture medium enable the
chondrocyte number to double compared to medium added
with 2%FBS only, the amount of chondrocytes harvested
from this culture medium is still inadequate for constructing
an engineered cartilage.

A more efficient culture medium, which contain 1ng/
mL bFGF, Ing/mL TGF-B2 (GFs) and 2%FBS has
dramatically increased human chondrocytes growth rate

Table 5. Quantitative gene expression in native human nasal septum cartilage and tissue engineered cartilage (mean

of six different specimens + SEM).

Type of tissues Type I collagen  Type II collagen
Nasal septum 3. 4000 166+ 005
cartilage

Engineered

tissue without  0.120+ 0.010 479+ 0.06

ITS

Engineered 10110011 +6.5650.12
tissue + ITS ’ o R

CI/CI Aggrecan core
Index Type X collagen protein

1431 +196 0.012 + 0.006 0.745+ 0.150
427 +52 0.0049 + 0.0022 0.142+0.024
*68.3+7.6 0.0057 £ 0.0025 *0.371 £ 0.071

* Significant higher value in engineered tissue + ITS compared to engineered tissue without ITS supplementation,

p<0.05.
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in the monolayer culture. Our study has showed the
beneficial effects of supplementing both bFGF and TGF-
B2 by providing sufficient chondrocytes for engineered
cartilage construction compared to the conventional culture
medium. The growth factors supplemented medium has
provided sufficient number of chondrocytes for tissue
engineered cartilage formation. The growth stimulation
effect by both growth factors on chondrocytes has also
been reported by Bujia et al. (1994; human nasal septal
chondrocytes) and de Haart et al. (1999; bovine articular
chondrocytes) in 10% fetal calf serum supplemented
medium. However, supplementation of both growth factors
into the culture medium also has caused the cultured
chondrocytes to lose the differentiation property in a faster
rate. Our results showed that the addition of ITS into the
culture medium was necessary to reduce the chondrocyte
dedifferentiation process (higher index of CII/CI and higher
mRNA expression of aggrecan core protein) although the
growth promoting effects of ITS was not prominent in the
presence of both growth factors. Cultured chondrocytes
in all our experiment groups did not show the tendency of
being hypertrophy in the monolayer culture.

Since the cultured chondrocytes from ITS + 2%FBS +
GFs medium retained better differentiation property during
monolayer culture, these has resulted better quality of tissue
engineered cartilage formation after 8§ weeks of
implantation in the nude mice model. Grossly, the harvested
engineered cartilage resulted from ITS supplemented
medium was larger and exhibited more cartilage-like
appearance. Results from the histological analysis of the
tissue engineered cartilage confirmed that the tissue
consisted of lacunae cells with abundant proteoglycans
production resembling human native cartilage.
Immunohistochemical staining of the tissue engineered
cartilage also demonstrated the presence of human type I1
collagen in the engineered tissues matrix surrounding the
lacunae cells. The ultra-structure features of the lacunae
cells in the engineered tissues showed active protein
synthesis with abundant collagen fibrils secreted into the
extracellular space. Results from the quantitative gene
expression analysis demonstrated the engineered cartilage
with ITS supplementation have not fully developed into
mature cartilage. The tissues showed high mRNA
expression of both type I collagen and type II collagen
and with the differentiation index and aggrecan core protein
mRNA level that is still lower than the native human nasal
septum cartilage. Tissue engineered cartilage in this study
did not show tendency of being hypertrophy since type X
collagen was detected at a low level. Real-time PCR results
also verified that ITS supplementation resulted in higher
quality of engineered cartilage formation by scoring higher
differentiation index. Engineered cartilage resulted from
medium without ITS supplementation has demonstrated
either neocartilage or fibrocartilage formation in the
histological and transmission electron microscopy
evaluation. The engineered cartilage without ITS
supplementation consisted of immature lacunae cells with
more elongated shape and less cartilage proteoglycans
production. However, these engineered cartilage may
develop into a mature and functional cartilage with longer
period of in vivo implantation.
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In this study, F12:DMEM supplemented with 2%FBS,
ITS, Ing/mL bFGF and Ing/mL TGF-B2 has provided
valuable implications on constructing human cartilage graft
for clinical implantation in head and neck reconstructive
surgery such as for the repair of nasal bridge, trachea and
ear. This medium has reduced the risk of immune reaction
against engineered tissue by reducing the amount of animal
serum used in the medium from 10% to 2%. It also
provided the starting step for further studies on formulating
a serum free medium for human chondrocyte monolayer
expansion.

Conclusion

Our study has concluded that Insulin-transferrin-selenium
with 2% serum supplementation in the medium can
promoted higher chondrocyte growth rate and better
differentiation properties in monolayer culture either with
or without additional of recombinant growth factors.
F12:DMEM + ITS + 2%FBS + 1ng/mL bFGF + Ing/mL
TGF-B2 medium could provide large number of
chondrocytes in shorter period of time compared to the
conventional medium supplemented with 10% serum.
Engineered cartilage resulted from this medium
demonstrated higher quality in morphological appearance,
histological analysis, ultra-structure examination and
quantitative gene expression evaluations. Our results
suggested that ITS should be added into human
chondrocytes monolayer culture for the production of
higher quality engineered cartilage for future clinical
application.
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Discussion with Reviewers

F. Mwale: Would the levels of proteoglycan and collagen
contents be similar to native cartilage levels? This is the
minimum requirement for the formation of a “high quality
tissue engineered human hyaline cartilage”.

Authors: The quantitative mRNA expression results
showed that the engineered cartilage has not reached the
fully mature level as compared to the native cartilage, since
both type I and type II collagen mRNA were expressed at
higher levels compared to the native cartilage. However,
ITS supplementation did promote the production of higher
quality engineered cartilage.

F. Mwale: 1t is not clear why TGF-P 2 was used? Would
TGF-B 1 have similar effects?
Authors: TGF-B 2 was used because it is more potent
than other members in the same family (Olney et al., 2004).
Thus, we did not use TGF-§ 1.

F. Mwale: The authors describe the morphology of the
cells grown under different conditions in detail, but do not
explain what constitutes the desired morphology. It is also
not clear what the EM micrograph adds to the paper.
Authors: Chondrocytes appeared in polygonal shape at
differentiation state (early culture) and became elongated
when dedifferentiated, changing it to fibroblastic-like
characteristic. EM micrograph was used to describe the
ultra-structural organization and extra-cellular matrix
arrangement in engineered cartilage with or without ITS
supplementation.

F. Mwale: Do the authors envisage a paracrine effect in
the nude mice?

Authors: The experiment on paracrine effect in the nude
mice was not done.



