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Summary

Objective: Mesenchymal stromal cells (MSC) are a promising tool for tissue engineering of the intervertebral disc (ID). The IDs are charac-
terized by hypoxia and, after degeneration, by an inflammatory environment as well. We therefore investigated the effects of inflammation
induced with interleukin (IL)-1p and of hypoxia (2% O,) on the chondrogenic differentiation of MSC.

Methods: Bone-marrow-derived MSC (bmMSC) were cultured in a fetal-calf-serum-free medium and characterized according to the minimal
criteria for multipotent MSC. Chondrogenic differentiation of MSC was induced following standard protocols, under hypoxic conditions, with or
without IL-1B supplementation. After 28 days of differentiation, micromasses were analyzed by histochemical staining and immunohistochem-
istry and by determining the mRNA level of chondrogenic marker genes utilizing quantitative RT-PCR.

Results: Micromasses differentiated under IL-1B supplementation are smaller and express less extracellular matrix (ECM) protein. Micro-
masses differentiated under hypoxia appear larger in size, display a denser ECM and express marker genes comparable to controls. The
combination of hypoxia and IL-1B supplementation improved chondrogenesis compared to IL-1B supplementation alone. Micromasses differ-
entiated under standard conditions served as controls.

Conclusion: Inflammatory processes inhibit the chondrogenic differentiation of MSC. This may lessen the regenerative potential of MSC in
situ. Thus, for the cell therapy of IDs using MSC to be effective it will be necessary to manage the inflammatory conditions in situ. In contrast,
hypoxic conditions exert beneficial effects on chondrogenesis and phenotype stability of transplanted MSC, and may improve the quality of the
generated ECM.

© 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction exacerbates degeneration of the ID. This process is accom-
. . ) . panied by a progressive loss of cells and proteoglycans®?®
Degeneration of the intervertebral disc (ID) is one of the in the nucleus pulposus (NP), an increased risk for disrup-
most widespread health problems in the industrialized tions of the annulus fibrosus (AF) and changes in the bio-
world, causing substantial economic damage’+?. Histologi- mechanical properties of the ID.
cally, a healthy ID is characterized by_ low cell density vyith Current therapeutic options to prevent further degenera-
a high proportion of extracellular matrix (ECM) and is with- tion of traumatized IDs include reduction of inflammation
oyt blood and lymphatic vessels or mnervat.lon . Avascular and pain by drugs, physical therapy, removal of extruded
discs have no access to regenerative cells in case of dam- tissue or implantation of artificial discs. Most of these thera-
age, and the low intrinsic regenerative capacity further pies focus on the treatment of symptoms®. Cell-based ther-
apies for the biological reconstruction of the injured tissue
&Tel: 49-7071-2981240. are largely in a developmental stage. Cells suitable for
PTel: 49-7071-2981665. use in a cell therapy include autologous cells of the ID'
Tel: 49-7472-926-0. and adult mesenchymal stromal cells (MSC)”. In animal
9Tel: 49-7121-51530827. models, a retardation of disc degeneration was reported af-
“Address correspondence and reprint requests to: Wilhelm K. ter implantation of cells from the NP into the ID®°. However,
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of autologous cells into a degenerated or injured ID is the
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increase the risk of dedifferentiation of the chondrocytes
into a fibroblast-like phenotype'®. Such cells regenerate
a fibrous, scar-like tissue rather than the proteoglycan-rich
tissue needed for regeneration of the NP. In addition, the
regenerative power of autologous cells isolated from a de-
generated disc would probably not be sufficient. Because
of these problems, adult MSC are attracting increasing in-
terest as an alternative strategy for cellular regeneration'.

MSC are characterized by a high proliferation capacity
and the ability to differentiate into several lineages. MSC dif-
ferentiated along the chondrogenic lineage display a pheno-
type similar to that of cells in the ID'2. In particular, the gene
expression of important ECM components of the ID, such
as type Il collagen or aggrecan, is significantly increased
in chondrogenically differentiated MSC'2. Furthermore, co-
cultures of human MSC and NP-cells with cell—cell contact
facilitated the differentiation of MSC into an NP-cell like phe-
notype'®. Again, one limiting factor for the translation of
such a strategy into clinical success could be the quality
and numbers of autologous NP-cells available from affected
discs. We therefore focused this study on improving the
chondrogenic differentiation of MSC only.

During expansion in vitro up to the point of injection into the
NP, MSC are exposed to unphysiological conditions. Once in
situ, they are likely to face a hypoxic environment (as low as
1% 0,)"*~ 7 and in some cases, an inflammatory one as well.
In the degenerated ID the expression of matrix-degrading
proteases such as matrix metalloproteinase (MMP)-1, -3,
and -13 was noted in the NP and in the inner AF'®. This would
certainly have an impact on the chondrogenic capacity of any
transplanted cells. To achieve adequate survival rates of the
transplanted MSC and sufficient chondrogenic capacity, it is
necessary to analyze the influences to which the MSC are ex-
posed in situin order to develop strategies to prepare the cells
for those conditions. Inflammatory mediators such as inter-
leukin (IL)-1p or tumor necrosis factor (TNF)-o have unfavor-
able effects on differentiated chondrocytes orMSC. The gene
expression of key components of the ECM in ID, i.e., type Il
collagen and aggrecan, was particularly affected'®2°, In con-
trast, hypoxia has been shown to have beneficial effects on
phenotype stability of bovine articular chondrocytes®'. Hyp-
oxia facilitated chondrogenesis of rat MSC?2 and human ad-
ipose-derived stem cells?®24, In this study we investigated
the influences of inflammatory and hypoxic conditions sepa-
rately and in combination on the chondrogenic differentiation
of human bone-marrow-derived MSC (bmMSC).

In order to reach the ultimate goal of establishing cell
therapies for patients, it is important to develop Good
Manufacturing Practice (GMP)-compatible protocols for
the isolation, expansion and differentiation of the cells.
The use of fetal calf serum (FCS) in cell cultures represents
a fundamental problem. Its use in tissue engineering is as-
sociated with many risks, including viral and prion transmis-
sion or disadvantageous immune responses, making FCS
unsuitable for therapeutic applications®® 2. In order to
meet GMP requirements, it has been suggested that human
serum should be used in place of FCS?®~°°, In this study we
used a GMP-compatible expansion medium containing
human plasma and platelet concentrate®.

Materials and methods
ISOLATION OF HUMAN MSC AND CELL CULTURE

Bone-marrow aspirates were obtained from the BGU Center for Trauma-
tology, Tubingen from the femur shaft of 28 patients undergoing total hip
replacement after approval by the ethics committee of the University of
Tubingen. The age of the donors ranged from 45 to 83 years. Human

MSC were isolated using Ficoll density gradient fractionation (Ficoll-paque
plus, Amersham Biosciences, 400g, 30 min, room temperature, RT).
Mononucleated cells in the interphase were collected, washed with phos-
phate buffered saline (PBS) (Lonza, Basel, Switzerland) and seeded in
75 cm? cell culture flasks (BD Bioscience, Heidelberg, Germany), at a den-
sity of 2 x 10° cells/cm?. After 24 h of incubation at 37°C, 5% CO, in humid-
ified atmosphere, non-adherent cells were removed. MSC were expanded
in medium as described by Mueller et al.?°. This fresh frozen plasma plate-
let (FFPP) medium is composed of low-glucose DMEM (Dulbecco’s Modi-
fied Eagle Medium, Lonza) supplemented with 5% human fresh frozen
plasma (FFP), 108/ml platelets (University of Tiibingen, Blood Donor Cen-
ter), 2 mM glutamine (Lonza), 1000 IU heparin sodium (Roth, Karlsruhe,
Germany), 100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen,
Karlsruhe, Germany). The expansion medium was changed twice
a week. When MSC reached 80% of confluence, the cells were detached
with accutase (PAA, Pachingen, Austria) and seeded at an inoculation den-
sity of 3 x 10° cells/cm2. A commercially available MSC medium served as
control medium in some experiments (MSCGM, Lonza).

CHARACTERIZATION OF HUMAN MSC

MSC were characterized according to defined minimal criteria for multipo-
tent MSC®'. To determine the proliferation capacity of MSC in FFPP, MSC
were expanded in FFPP and compared to MSC expanded in commercially
available medium (MSCGM, Lonza) over four consecutive passages
(4 weeks’ total), followed by induction of differentiation into the adipogenic,
osteogenic and chondrogenic lineages.

For adipogenic differentiation 5 x 10* cells/well were seeded in 6-well
plates (Greiner Bio One, Essen, Germany) and cultured in adipogenic induc-
tion medium containing DMEM high glucose (Invitrogen, Karlsruhe, Ger-
many), 10% FCS (Biochrom, Berlin, Germany), 100 IU/ml penicillin,
100 pg/ml streptomycin (Invitrogen), 0.2 mM indomethacin (Calbiochem,
San Diego, USA), 0.01 mg/ml insulin, 1 uM dexamethasone and 0.5 mM
3-isobutylxanthine (both SIGMA-Aldrich, Steinheim, Germany). After 28
days of incubation in adipogenic induction medium, the monolayer cultures
were stained with Oil Red O solution (SIGMA-Aldrich) and examined by light
microscopy.

For osteogenic differentiation 5 x 10* cells/well were seeded in 6-well
plates and cultured in osteogenic induction medium containing DMEM high
glucose 10% FCS, 100 IU/ml penicillin, 100 ug/ml streptomycin, 10 mM B-
glycerophosphate (Merck, Darmstadt, Germany), 1uM dexamethasone
and 0.17 mM ascorbic acid 2-phosphate (SIGMA-Aldrich). After 28 days in
osteogenic induction medium, the monolayer cultures were stained with aliz-
arin red S (SIGMA-Aldrich) and using the von Kossa staining protocol®2.

Micromass cultures were used for chondrogenic differentiation. In this pro-
cedure, 4 x 10° cells were seeded in 20 pl chondrogenic induction medium
containing DMEM high glucose, 0.17 mM ascorbic acid 2-phosphate,
100 IU/ml penicillin, 100 pg/ml streptomycin, 0.1 uM dexamethasone, an in-
sulin, transferrin, sodium selenite, and linoleic acid, 1x ITS + 1 supplement
(SIGMA-AIdrich), 0.35 mM L-proline (SIGMA-Aldrich) and 10 ng/ml trans-
forming growth factor (TGF)-B3 (R&D Systems, Minneapolis, USA) in a round
well of a 96-well plate (Greiner Bio One). After 2 h, 200 pul chondrogenic
induction medium was added to the adherent cells. For chondrogenic
differentiation under inflammatory conditions, the chondrogenic induction
medium was supplemented with 2 ng/ml recombinant interleukin-1 beta
(rhIL-1B, R&D Systems). Chondrogenic differentiation under hypoxia was
performed using a reduced oxygen concentration (2% O,, 37°C, humidified
atmosphere, Hypoxia Workstation, Ruskinn, Bridgend, UK). After 28 days,
micromass pellets were harvested and characterized by Alcian blue
(SIGMA-AIdrich) and immunostaining of type | and type Il collagens (mono-
clonal antibodies (mAB) for collagen type | and collagen type Il, MP Biomed-
icals, Eschwege, Germany) on cryoslides. In addition, mRNA expression of
relevant marker genes, especially collagen-1a2, collagen-2a1, collagen-10,
aggrecan, BMP-2 (bone morphogenetic protein-2), IL-1B, CD-RAP (carti-
lage-derived retinoic acid-sensitive protein) as a regulator of chondrogene-
sis®®, SRY (sex determining region Y)-box 6 (SOX-6) and SOX-9, and
MMP-1, -3 and -13 were analyzed by quantitative reverse transcription fol-
lowed by polymerase chain reaction (QRT-PCR).

EXPRESSION OF CELL SURFACE ANTIGENS

The expression of CD90, CD14, CD11b (R&D Systems), CD105, CD73,
CD45 and CD34 (BD Pharmingen, San Diego, USA) on MSC was analyzed
by flow cytometry. Cells were detached gently using Accutase. Unspecific
binding of antibodies via Fc-receptors was blocked with Gamunex (Talecris
Biotherapeutics, Frankfurt, Germany). Then the MSC were washed twice
with PFEA buffer (PBS, 2% FCS, 2 mM EDTA, 0.01% sodium azide) and in-
cubated for 20 min at 4°C with phycoerythrin (PE)-conjugated or allophyco-
cyanin (APC)-conjugated mAB. Unbound antibodies were washed away
twice with PFEA buffer and the cells were analyzed by flow cytometry (BD
LSRII, San Diego, USA). Unstained cells served as controls. Data were eval-
uated using the software FlowJo (Tree Star, Inc., Ashland, Oregon, USA).
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TRANSCRIPT ANALYSIS

For RNA extraction micromass pellets were disrupted in mercaptoethanol so-
lution (SIGMA-AIdrich) using a plastic pestle. RNA was isolated with the RNeasy
Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. Re-
verse transcription into cDNA was performed on 1 ug total RNA using the
Advantage RT for PCR Kit (Clontech, Mountain View, USA). Gene-specific
cDNA was enumerated by quantitative RT-PCR (gqRT-PCR, LightCycler,
Roche, Mannheim, Germany) utilizing commercially available primer pairs for
collagen-102, collagen-2a1, collagen-10, aggrecan, BMP-2, IL-1B, CD-RAP,
SOX-6, SOX-9, MMP-1, MMP-3 and MMP-13 (SearchLC, Heidelberg, Ger-
many). Serial dilutions of recombinant DNA standards served as controls. -
actin served as the reference gene in each PCR is explained in gRT-PCR
above.

STATISTICAL ANALYSIS

The mean values and standard deviations (SDs) were computed from the
individual experiments utilizing MS Excel. A test for analysis of variance
(ANOVA, Kruskal—Wallis, GraphPad InStat3) and post-hoc test were per-
formed for statistical evaluation. P values below 0.05 were considered to
be statistically significant. Data on mRNA expression represent the ratio to
the reference gene B-actin and are expressed as means + SD from individ-
ual experiments.

Results

CHARACTERIZATION OF MSC UPON EXPANSION
IN FFPP MEDIUM

To characterize MSC expanded in FFPP medium, we com-
pared their morphology, proliferation rate, differentiation ca-
pacity and expression of surface antigens. MSC expanded
either in FFPP medium or in MSCGM containing FCS were
able to adhere to plastic but displayed morphological differ-
ences. MSC expanded in MSCGM appeared more spread
out than MSC expanded in FFPP medium (not shown).
Furthermore, the number of MSCs generated in FFPP medium
(passage 4: mean 1.9 x 107 + 1.91 x 10°) was significantly
higher than the number of MSCs after expansion in MSCGM
(passage 4: median 4.8 x 10°+1.64 x 10%; P < 0.001,
Fig. 1). The MSC are classified by the expression of a number
of cell surface antigens. On MSC expanded in FFPP medium
the expression of CD73, CD90 and CD105 was detected by
flow cytometry. At the same time the expression of CD11b,
CD45 and CD34 in these cells was low or completely absent.
A similar expression profile of surface antigens was found on
MSC expanded in MSCGM (Fig. 2).
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Fig. 1. Proliferation of MSC. Displayed are mean values and SD of
numbers of MSC from three donors expanded over four passages
either in FCS-free FFPP medium (red line) or in FCS-containing
MSCGM medium (black line). MSC expanded in FCS-free FFPP
medium are characterized by significantly higher proliferation rates
than MSC expanded in FCS-containing MSCGM medium.

DIFFERENTIATION OF MSC IN VITRO

After 4 weeks of expansion, differentiation of MSC was
induced and analyzed by cytochemical staining, histochem-
ical staining and immunostaining. MSC expanded for 4
weeks in either MSCGM or FFPP medium maintained their
ability to differentiate into the adipogenic, osteogenic and
chondrogenic lineages. After 28 days in adipogenic induc-
tion medium MSC were filled with lipid vesicles and were
positive for oil-red staining [Fig. 3(a) and (b)]. The accumu-
lation of calcium in cells after 28 days of osteogenic induc-
tion was detected by von Kossa staining [Fig. 3(c) and (d)]
and alizarin red (not shown). The deposition of proteogly-
cans during the chondrogenic differentiation was detected
by Alcian blue staining [Fig. 3(e) and (f)]. Expansion of
MSC in FFPP did not change their differentiation capacity
in vitro compared to MSC expanded in MSCGM. We there-
fore continued our experiments with MSC expanded in the
GMP-compatible FFPP medium only.

CHONDROGENIC DIFFERENTIATION UNDER INFLAMMATORY
AND HYPOXIC CONDITIONS

Chondrogenic differentiation of MSC in the presence of IL-
1B produced micromass pellets that were smaller [Fig. 4(b); &
mean 0.95 mm + 0.13 mm] than those generated by stan-
dard differentiation [Fig. 4(a); ©@ mean 1.69 mm £ 0.26 mm].
Minute tissue fragments (& < 100 um) were observed in the
presence of IL-1B and the tissue was frequently disrupted
when microsections were prepared [Fig. 4(b)]. This indicated
that the generated ECM was not of sufficient mechanical
strength. Chondrogenic differentiation in the presence of IL-
1B under hypoxia resulted in slightly increased dimensions
of the pellets [Fig. 4(c); & mean 1.05 mm +0.18 mm]
when compared to differentiation in presence of IL-18 under
normoxia [Fig. 4(b)]. In contrast, larger dimensions of carti-
lage micromasses were observed after differentiation
of MSC under hypoxic conditions [Fig. 4(d); & mean
2.13 mm £ 0.28 mm] when compared to differentiation ac-
cording to the standard protocol [Fig. 4(a)].

The accumulation of proteoglycan and of type | and type
Il collagens in micromasses generated under different con-
ditions was investigated by histological and immunological
staining. The addition of IL-1 to differentiation media under
normoxia generated micromasses with a weak Alcian blue
staining, a sign of weak accumulation of ECM, especially
of proteoglycans [Fig. 4(f)]. Differentiation in the presence
of IL-18 under hypoxia resulted in more intense Alcian
blue staining [Fig. 4(g)] than differentiation with IL-1f under
normoxia [Fig. 4(f)], but less intense staining than that of the
controls [Fig. 4(e)]. In samples differentiated under hypoxia
we detected a more intense Alcian blue staining [Fig. 4(h)]
compared to controls [Fig. 4(e)]. Similar staining patterns
were achieved by immunohistochemistry with mAB to type
I and type Il collagens; after differentiation of MSC in the
presence of IL-13 we did not detect any staining of type |
and type Il collagens [Fig. 4(j) and (n)]. Differentiation in
the presence of IL-1B under hypoxia generated pellets
that contained some type | collagen at the rim and a rather
weak type Il collagen staining all over the micromass
[Fig. 4(k) and (0)]. Hypoxic differentiation of MSC yielded
cells that produced type | and type Il collagens throughout
the micromass [Fig. 4(l) and (p)], and signal intensity was
stronger than in the controls [Fig. 4(i) and (m)].

For a specific analysis of the influences of inflammatory
and/or hypoxic conditions, we investigated the mRNA ex-
pression of chondrogenic marker genes (Table I). Under
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Fig. 2. Immunophenotype. Flow cytometric analysis of cell surface antigens of MSC expanded in FCS-free FFPP medium revealed expres-
sion of CD73, CD90, CD105 and a lack of expression of CD11b, CD34 and CD45. The histograms display the fluorescence profiles of MSC
stained with the mAB (red lines) and the unstained controls (green lines).

standard conditions, the expression of type | collagen was
significantly augmented (P<0.01) after chondrogenic
differentiation compared to MSC. Furthermore, expression
of type Il and type X collagens, aggrecan, and CD-RAP
was raised 10°- to 10°-fold (P < 0.001; Table ). A robust,
10- to 100-fold increase was also observed for the expres-
sion of SOX-6 (P<0.01), SOX-9 (P<0.001) and BMP-2
(P < 0.05). Comparing transcript levels in cells after chon-
drogenic differentiation under standard conditions and in
cells after differentiation under inflammatory conditions
revealed a significant reduction of mRNAs encoding type |
(P<0.01), type Il and type X collagens (P < 0.05), aggre-
can (P<0.01), SOX-6 (P<0.01) and SOX-9 and CD-
RAP (P <0.001). Transcripts encoding BMP-2 remained
high, whereas IL-1f was increased 10-fold (Table I). Chon-
drogenic differentiation under a combination of inflamma-
tory and hypoxic conditions yielded a 10- to 100-fold
increase of transcript levels of type Il collagen (P < 0.05),
aggrecan and CD-RAP (P < 0.001) compared to chondro-
genic differentiation under inflammatory conditions alone.
Transcript levels of type | and X collagens, BMP-2, IL-1
and SOX-6 did not reveal any significant variation. Under
hypoxia, mRNA expression of most factors was not signifi-
cantly changed compared to standard conditions.

Expression of IL-1B was detectable at low levels in MSC
(five of eight donors) and in differentiated cells using the
standard protocol (three of eight donors). A 10-fold increase
in the IL-13 mRNA level was observed under inflammatory
conditions alone and in combination with hypoxia (eight of
eight donors). With chondrogenic differentiation under hyp-
oxia alone, IL-13 mRNA expression was detectable in only
two of eight donors (Table I). The mRNA expression of the
proteinases MMP-1 and -3 was significantly increased
by IL-18 (MMP-1: P< 0.01; MMP-3: P < 0.05), but this in-
crease was ameliorated by hypoxia (Table I). Furthermore
MMP-1 expression levels were lower under hypoxia than
under normoxia. MMP-13 showed a significantly increased
mRNA expression after chondrogenic differentiation
(P < 0.05) but minor differences between the several differ-
entiation conditions. The lowest expression of MMP-13 was
found under hypoxia (Table I).

Discussion

For tissue engineering of the ID, adult MSC could be an
alternative to autologous cells from the ID tissue itself'”.
The generation of sufficient numbers of cells for
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Fig. 3. Differentiation capacity of MSC. MSC were expanded in FFPP or MSCGM medium without induction of differentiation. On day 28 of

expansion differentiation was induced. A similar differentiation into adipogenic (a, b), osteogenic (c, d) and chondrogenic (e, f) lineages was

observed from MSC expanded in FCS-free FFPP medium (a, ¢, e) and FCS-containing MSCGM medium (b, d, f): Oil Red O staining (a, b)

shows adipocytes filled with lipid vesicles. Von Kossa staining (c, d) indicates calcified areas generated by osteoblasts. Alcian blue staining (e,
f) illustrates proteoglycan distribution of prepared 7 um cryosections in micromasses. Scale bars =200 um.

transplantation is one of the main problems impeding the
use of autologous cells for therapy. This problem could be
solved by utilizing MSCs, which are characterized by high
proliferation capacity. To investigate this possibility, we first
examined a novel, FCS-free and GMP-compatible medium
supplemented with pooled human plasma and platelet con-
centrate for the expansion of MSC?°. Platelet-derived
growth factors have been shown to have a positive effect
on the proliferation of stromal cells®*. We confirm that pro-
liferation of MSC in FFPP medium is higher than in
MSCGM. Accelerated growth of differentiation-competent
MSC reduces the time span required to generate the quan-
tities of MSC needed for clinical applications. In addition to
faster availability, MSC can be utilized at lower passages,
which has a beneficial effect on their differentiation and re-
generative capabilities®. Applying the minimal criteria for

defining MSC?', we conclude that the GMP-compatible
MSC expansion medium used in this study is a suitable re-
placement for media containing FCS.

Degeneration of IDs is frequently accompanied by inflam-
matory processes. Among other cytokines, the inflamma-
tory cytokine IL-18 is involved in the destruction of
cartilage matrix in chondrodestructive diseases®® and is
therefore in the focus of this study. IL-1p displays a clear ef-
fect on the chondrogenic differentiation of MSC. IL-1B in-
duced its own expression, a significantly weaker mRNA
expression of ECM components of IDs, and higher expres-
sion of ECM-degrading proteases. Decreased mRNA ex-
pression of SOX-9, Col2A1 and aggrecan was reported
after IL-1pB treatment of chondrogenic differentiated human
multipotential mesenchymal cells'®, corroborating our
results.
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Fig. 4. Characterization of chondrogenically differentiated micromass pellets under influence of IL-1B, under hypoxia in presence of
IL-1B, and under hypoxia. Morphology of generated micromass pellets. Pictures of micromasses were taken in cell culture wells after 4
weeks of chondrogenic differentiation (a—d; scale bars =200 um). The expression of proteoglycan in micromasses was detected in frozen
sections by Alcian blue staining (e—h; scale bars =200 um). Note that IL-1B reduced Alcian blue staining intensity to a pale blue, indicating
low aggrecan expression (f). The expression of type | (i—I) and type Il (m—p) collagens was investigated in frozen sections by immunohisto-
chemistry. Nuclei were counterstained with 4‘,6-Diamidino-2-phenylindole (DAPI). The figure presents the overlay of micrographs utilizing the

PE and DAPI channels (i—

The weaker mRNA expression of ECM components and
the elevated expression of ECM-degrading proteases are
mirrored by histochemical staining and immunostaining of
micromasses: in the presence of IL-1p a weak accumulation
of proteoglycans, type | and type Il collagens was noted. As
a consequence, micromass pellets remained smaller than
controls and also displayed disruption of the ECM structure.
In several cases the inner part of the pellet failed to com-
pletely regenerate an ECM (not shown). We conclude that
the inflammatory processes have a negative effect on either
the chondrogenic differentiation potential of MSC or on the
matrix production of cells in this environment. For any cell
therapy of the IDs using MSC to be effective, it will therefore
be necessary to develop strategies to ensure the steady ex-
pression of ECM proteins by limiting inflammatory stimuli.
Potential strategies for reducing IL-1B activity using, for

p) (size bars =200 um).

example, IL-1 receptor antagonist, IL-1 mAB, the IL-1
Trap and inhibitors of IL-1B-converting enzyme are in
progress>"38

In contrast to inflammatory processes, hypoxia, the sec-
ond factor investigated in this study, elicits positive effects
on the chondrogenic differentiation potential of MSC. Re-
cent studies using different species have shown a hyp-
oxia-induced enhancement of chondrogenesis by
induction of gene expression of ECM components and
chondrogenic transcription factors, as well as augmented
deposition of type | and type Il collagens and proteogly-
can??7243940 There is evidence that hypoxia-inducible fac-
tor (HIF)-1alpha J}Iaxs a key role in the effects of hypoxia on
chondrogeneS|s and expressmn of HIF-1alpha could be
stimulated by growth factors in vitro*'. In addition to the ef-
fects of low oxygen on chondrogenic dlfferentiation of MSC




1374 T. Felka et al.: MSC at inflammation and hypoxia
Table |
mRNA expression of marker genes after chondrogenic differentiation under influence of IL-18
Collagen-102 Collagen-2a.1 Collagen-10 Aggrecan SOX-6 SOX-9

Msc 1.92E+00 8.64E—-07 6.99E—04 3.34E-04 7.10E—-05 1.24E-03
SD 8.22E-01 1.20E-06 5.66E—04 4.78E—04 3.88E—05 1.01E-03
N 1.22E+ 01 2.59E+-01 1.15E+00 8.88E—01 2.36E-03 7.97E-02
SD 9.92E+00 4.36E+01 9.78E—01 1.10E+00 1.79E-03 3.68E-02
1 2.26E+00 3.19E-04 2.04E-02 7.64E—04 7.71E-05 5.45E-03
SD 2.32E+00 3.59E—04 2.88E-02 6.84E—04 5.60E-05 2.27E-03
HI 4.26E+00 2.27E-02 2.45E-02 8.42E-03 1.38E—04 1.04E-02
SD 3.24E+00 3.63E-02 1.34E-02 4.78E-03 6.22E-05 2.19E-03
H 7.37E+-00 8.68E+00 1.01E+00 3.95E-01 1.89E-03 9.78E—-02
SD 3.08E+00 7.24E4-00 1.33E+00 3.03E-01 1.89E-03 1.28E-01
Comparison P values

MSC vs N P = 0.0025 P = 0.0002 P = 0.0002 P = 0.0003 P = 0.0037 P = 0.0002
MSC vs | P>0.9999 P=0.0578 P=0.0504 P=0.1206 P=0.8169 P=0.0548
MSC vs Hli P=0.2788 P=0.0512 P=0.0512 P=0.0516 P=0.1833 P=0.0509
MSC vs H P = 0.0386 P = 0.0002 P = 0.0003 P = 0.0003 P =0.0112 P = 0.0002
N vs | P =0.0011 P = 0.0239 P = 0.0263 P = 0.0027 P = 0.0026 P = 0.0201
N vs HI P=0.0848 P=0.0521 P=0.0598 P=0.0512 P=0.0524 P=0.0523
Nvs H P=0.2345 P=0.3823 P=0.0535 P=0.3823 P=0.3357 P=0.4418
| vs HI P=0.3758 P =0.0126 P=0.3758 P = 0.0009 P=0.1939 P = 0.0093
lvsH P =0.0195 P = 0.0002 P=0.0503 P = 0.0241 P = 0.0391 P =0.0121
Hlvs H P=0.1939 P=0.0512 P = 0.0167 P =0.0601 P=0.0516 P=0.0610

BMP-2 CD-RAP IL-1B MMP-1 MMP-3 MMP-13

mMsc 2.97E-04 2.21E-05 7.89E—06 2.61E-04 5.01E-04 1.39E-04
SD 2.64E—04 2.79E-05 1.01E-05 2.86E—04 9.84E—-04 7.28E—-05
N 1.88E-02 5.49E-02 1.97E-05 1.17E-03 1.33E-02 4.56E—02
SD 7.60E—03 5.32E-02 3.23E-05 2.62E-03 7.95E-03 2.30E-02
1 4.57E-02 5.50E—04 1.80E—-04 4.30E-02 2.74E-01 1.38E-01
SD 3.23E—-02 5.14E—04 3.93E-04 3.76E-02 2.54E-01 1.08E-01
HI 3.12E-02 6.51E-03 2.91E-04 1.05E-02 1.24E-01 1.05E-01
SD 1.21E-02 2.63E-03 4.51E—04 6.83E—-03 1.78E-01 5.35E-02
H 2.37E-02 6.48E—02 5.87E—-06 2.84E—-04 1.70E—-02 1.87E-02
SD 1.38E—02 4.91E-02 1.65E—-05 2.95E-04 1.85E-02 1.57E-02
Comparison P values

MSC vs N P = 0.0368 P = 0.0003 P=0.9153 P=0.6991 P=0.0556 P =0.0129
MSC vs | P = 0.0003 P =0.0513 P=0.0507 P = 0.0225 P =0.0128 P = 0.0043
MSC vs HI P=0.0667 P=0.0567 P=0.1333 P=0.0538 P=0.0538 P = 0.0097
MSC vs H P = 0.0484 P = 0.0003 P=0.2189 P=0.6623 P=0.0643 P=0.0503
Nvs | P=0.0830 P=0.0535 P =0.0501 P = 0.0043 P = 0.0226 P=0.4286
N vs HI P=0.1939 P=0.0532 P=0.1343 P=0.0714 P=0.0514 P=0.0952
NvsH P=0.8865 P=0.5054 P=0.5516 P=0.4286 P=0.9307 P=0.0519
I vs HI P=0.4970 P = 0.0009 P=0.7758 P=0.1958 P=0.2619 P> 0.9999
lvs H P=0.1893 P =0.0212 P =0.0193 P = 0.0403 P =0.0173 P=0.0952
Hlvs H P=0.6667 P=0.0586 P=0.0542 P=0.0557 P=0.3929 P=0.0557

Transcript levels of marker genes including SD normalized to B-actin of bmMSC before (MSC) and after chondrogenic differentiation under
standard conditions (N), in presence of IL-B (1), in presence of IL-B and under hypoxia (HI), or under hypoxia (H). The mean values of the
normalized transcript levels (bold italics) + SD (italics) were computed from the individual experiments, and an ANOVA test (Kruskal—Wallis)
and post-hoc test were performed for statistical evaluation. P values below 0.05 were considered to be statistically significant (bold).

derived from different origins®2* hypoxia also supports the
chondrogenic potential of mature articular chondrocytes
during expansion®'.

A comparison of the chondrogenic differentiation at hyp-
oxia vs normoxia reveals enhanced deposition of ECM
components in micromasses under hypoxia. This did not
correlate with an increased mRNA expression of ECM com-
ponents or other chondrogenic factors. Instead, the chon-
drogenic benefits of hypoxia correlated with a slightly
reduced expression of IL-1f, which in turn would block its
autocrine regulation and effects on the expression of
MMP-1 and MMP-3. In the presence of IL-1B, hypoxia did
not significantly regulate the expression of IL-1B, but it did
allay the IL-1B-associated reduction of type Il collagen, ag-
grecan, SOX-9 and CD-RAP expression and in addition it

lowered the expression of the cartilage-degrading prote-
ases MMP-1 and MMP-3. The chondrogenic benefit of hyp-
oxia in our experiments did not seem to be associated with
an up-regulation of the expression of chondrogenic factors,
but rather with the reduction of the pro-inflammatory effects
caused by IL-1B.

MSC differentiated under normoxic or hypoxic conditions
expressed increased amounts of type | and Il collagens, but
also displayed increased expression of type X collagen
mRNA. Type X collagen is a marker of chondrocyte hyper-
trophy, and its expression is associated with endochondral
ossification*>*3. Our results indicate that the chondrogenic
differentiation of MSC under hypoxia does not prevent the
expression of type X collagen. Induction of type X collagen
is dependent on methylation patterns of its promoter** and
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its expression can be suppressed in vitro by modification of
the tissue culture vessels*®, but not by hypoxia.

Prior to any clinical application of MSC in ID regeneration,
other issues must be addressed in addition to IL-1 and hyp-
oxia. Among these are the cellular microenvironment and
paracrine signals influencing chondrogenic differentiation in
situ. Furthermore, expansion of MSC in co-culture with NP-
cells or culture of MSC in suitable scaffolds improved chon-
drogenic differentiation of MSC'36~%8 However, in this
study we focused on effects of hypoxia and inflammation
on MSC differentiation. In summary, we conclude that hyp-
oxia stabilizes the chondrogenic differentiation processes
even in an inflammatory environment.

Conflict of interest

There is no conflict to be declared.

Acknowledgements

We thank Michaela Weis-Klemm, MS and Anita Hack, MTA
for excellent technical support, and Diane Blaurock, MS for
her invaluable assistance in the preparation of the manu-
script. This study was supported by the German Ministry
of Education and Research (BMBF Grant 0313755), and
in part by grants of the DFG and the Landesstiftung
Baden-Wdrttemberg to WKA.

References

1. Ganey TM, Meisel HJ. A potential role for cell-based therapeutics in the
treatment of intervertebral disc herniation. Eur Spine J 2002;11:
206—14.

2. Urban JP, Roberts S. Degeneration of the intervertebral disc. Arthritis
Res Ther 2003;5:120—30.

3. Maroudas A, Stockwell RA, Nachemson A, Urban J. Factors involved in
the nutrition of the human lumbar intervertebral disc: cellularity and dif-
fusion of glucose in vitro. J Anat 1975;120:113—30.

4. Buckwalter JA. Aging and degeneration of the human intervertebral disc.
Spine 1995;20:1307—14.

5. Kraemer J. Natural course and prognosis of intervertebral disc diseases.
International Society for the Study of the Lumbar Spine Seattle, Wash-
ington, June 1994. Spine 1995;20:635—9.

6. Colombini A, Lombardi G, Corsi MM, Banfi G. Pathophysiology of the
human intervertebral disc. Int J Biochem Cell Biol 2008;40:837—42.

7. Sakai D, Mochida J, Iwashina T, Watanabe T, Nakai T, Ando K, et al.
Differentiation of mesenchymal stem cells transplanted to a rabbit de-
generative disc model: potential and limitations for stem cell therapy in
disc regeneration. Spine 2005;30:2379—87.

8. Nishimura K, Mochida J. Percutaneous reinsertion of the nucleus pulpo-
sus. An experimental study. Spine 1998;23:1531—9.

9. Okuma M, Mochida J, Nishimura K, Sakabe K, Seiki K. Reinsertion of
stimulated nucleus pulposus cells retards intervertebral disc degener-
ation: an in vitro and in vivo experimental study. J Orthop Res 2000;
18:988—-97.

10. Kluba T, Niemeyer T, Gaissmaier C, Grunder T. Human anulus fibrosis
and nucleus pulposus cells of the intervertebral disc: effect of degen-
eration and culture system on cell phenotype. Spine 2005;30:2743—8.

11. Raghunath J, Salacinski HJ, Sales KM, Butler PE, Seifalian AM. Ad-
vancing cartilage tissue engineering: the application of stem cell tech-
nology. Curr Opin Biotechnol 2005;16:503—9.

12. Steck E, Bertram H, Abel R, Chen B, Winter A, Richter W. Induction of
intervertebral disc-like cells from adult mesenchymal stem cells. Stem
Cells 2005;23:403—11.

13. Richardson SM, Walker RV, Parker S, Rhodes N, Hunt JA,
Freemont AJ, et al. Intervertebral disc cell-mediated mesenchymal
stem cell differentiation. Stem Cells 2006;24:707—16.

14. Bartels EM, Fairbank JC, Winlove CP, Urban JP. Oxygen and lactate
concentrations measured in vivo in the intervertebral discs of patients
with scoliosis and back pain. Spine 1998;23:1—8.

15. Bibby SR, Urban JP. Effect of nutrient deprivation on the viability of in-
tervertebral disc cells. Eur Spine J 2004;13:695—701.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

. Ishihara H, Urban JP. Effects of low oxygen concentrations and meta-

bolic inhibitors on proteoglycan and protein synthesis rates in the in-
tervertebral disc. J Orthop Res 1999;17:829—35.

. Urban JP, Smith S, Fairbank JC. Nutrition of the intervertebral disc.

Spine 2004;29:2700—9.

. Le Maitre CL, Freemont AJ, Hoyland JA. Localization of degradative en-

zymes and their inhibitors in the degenerate human intervertebral
disc. J Pathol 2004;204:47—54.

. Majumdar MK, Wang E, Morris EA. BMP-2 and BMP-9 promotes chon-

drogenic differentiation of human multipotential mesenchymal cells
and overcomes the inhibitory effect of IL-1. J Cell Physiol 2001;189:
275—-84.

Mohamed-Ali H. Influence of interleukin-1 beta, tumour necrosis factor
alpha and prostaglandin E2 on chondrogenesis and cartilage matrix
breakdown in vitro. Rheumatol Int 1995;14:191—-9.

Egli RJ, Bastian JD, Ganz R, Hofstetter W, Leunig M. Hypoxic expan-
sion promotes the chondrogenic potential of articular chondrocytes.
J Orthop Res 2008;13:1159—71.

Kanichai M, Ferguson D, Prendergast PJ, Campbell VA. Hypoxia pro-
motes chondrogenesis in rat mesenchymal stem cells: a role for
AKT and hypoxia-inducible factor (HIF)-1alpha. J Cell Physiol 2008.

Khan WS, Adesida AB, Hardingham TE. Hypoxic conditions increase
hypoxia-inducible transcription factor 2alpha and enhance chondro-
genesis in stem cells from the infrapatellar fat pad of osteoarthritis pa-
tients. Arthritis Res Ther 2007;9:R55.

Malladi P, Xu Y, Chiou M, Giaccia AJ, Longaker MT. Hypoxia inducible
factor-1alpha deficiency affects chondrogenesis of adipose-derived
adult stromal cells. Tissue Eng 2007;13:1159—71.

Medicinal and other products and human and animal transmissible
spongiform encephalopathies: memorandum from a WHO meeting.
Bull World Health Organ 1997;75:505—13.

MacDermott RP, Bragdon MJ. Fetal calf serum augmentation during cell
separation procedures accounts for the majority of human autologous
mixed leukocyte reactivity. Behring Inst Mitt 1983;122—8.

Kievits F, Boerenkamp WJ, Ivanyi P. H-2-dependent binding of xenoge-
neic beta 2-microglobulin from culture media. J Immunol 1988;140:
4253—5.

Skottman H, Dilber MS, Hovatta O. The derivation of clinical-grade hu-
man embryonic stem cell lines. FEBS Lett 2006;580:2875—8.

Muller |, Kordowich S, Holzwarth C, Spano C, Isensee G, Staiber A,
et al. Animal serum-free culture conditions for isolation and expansion
of multipotent mesenchymal stromal cells from human BM. Cytother-
apy 2006;8:437—44.

Yamamoto N, Isobe M, Negishi A, Yoshimasu H, Shimokawa H,
Ohya K, et al. Effects of autologous serum on osteoblastic differenti-
ation in human bone marrow cells. J Med Dent Sci 2003;50:63—9.

Dominici M, Le Blanc K, Mueller |, Slaper-Cortenbach I, Marini F,
Krause D, et al. Minimal criteria for defining multipotent mesenchymal
stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006;8:315—7.

Béck P. Romeis Mikroskopische Technik, 1989.

Tscheudschilsuren G, Bosserhoff AK, Schlegel J, Vollmer D, Anton A,
AltV, et al. Regulation of mesenchymal stem cell and chondrocyte dif-
ferentiation by MIA. Exp Cell Res 2006;312:63—72.

Lucarelli E, Beccheroni A, Donati D, Sangiorgi L, Cenacchi A, Del
Vento AM, et al. Platelet-derived growth factors enhance proliferation
of human stromal stem cells. Biomaterials 2003;24:3095—100.

Banfi A, Muraglia A, Dozin B, Mastrogiacomo M, Cancedda R, Quarto R.
Proliferation kinetics and differentiation potential of ex vivo expanded
human bone marrow stromal cells: implications for their use in cell
therapy. Exp Hematol 2000;28:707—15.

van den Berg WB, Bresnihan B. Pathogenesis of joint damage in rheu-
matoid arthritis: evidence of a dominant role for interleukin-I. Baillieres
Best Pract Res Clin Rheumatol 1999;13:577—-97.

Dinarello CA. Therapeutic strategies to reduce IL-1 activity in treating
local and systemic inflammation. Curr Opin Pharmacol 2004;4:
378-85.

Alten R, Gram H, Joosten LA, van den Berg WB, Sieper J,
Wassenberg S, et al. The human anti-IL-1 beta monoclonal antibody
ACZ885 is effective in joint inflammation models in mice and in
a proof-of-concept study in patients with rheumatoid arthritis. Arthritis
Res Ther 2008;10:R67.

Risbud MV, Albert TJ, Guttapalli A, Vresilovic EJ, Hillibrand AS,
Vaccaro, et al. Differentiation of mesenchymal stem cells towards
a nucleus pulposus-like phenotype in vitro: implications for cell-based
transplantation therapy. Spine 2004;29:2627—32.

Koay EJ, Athanasiou KA. Hypoxic chondrogenic differentiation of human
embryonic stem cells enhances cartilage protein synthesis and bio-
mechanical functionality. Osteoarthritis Cartilage 2008;16:1450—6.

Gelse K, Muhle C, Knaup K, Swoboda B, Wiesener M, Hennig F, et al.
Chondrogenic differentiation of growth factor-stimulated precursor
cells in cartilage repair tissue is associated with increased HIF-1alpha
activity. Osteoarthritis Cartilage 2008;16:1457—65.




1376

T. Felka et al.: MSC at inflammation and hypoxia

42.

43.

44

45.

Mueller MB, Tuan RS. Functional characterization of hypertrophy in
chondrogenesis of human mesenchymal stem cells. Arthritis Rheum
2008;58:1377—88.

Pelttari K, Steck E, Richter W. The use of mesenchymal stem cells for
chondrogenesis. Injury 2008;39:58—65.

. Zimmermann P, Boeuf S, Dickhut A, Boehmer S, Olek S, Richter W.
Correlation of COL10A1 induction during chondrogenesis of mesen-
chymal stem cells with demethylation of two CpG sites in the
COL10A1 promoter. Arthritis Rheum 2008;58:2743—53.

Mwale F, Girard-Lauriault PL, Wang HT, Lerouge S, Antoniou J,
Wertheimer MR. Suppression of genes related to hypertrophy and os-
teogenesis in committed human mesenchymal stem cells cultured on

novel nitrogen-rich plasma polymer coatings. Tissue Eng 2006;12:
2639—47.

46. Kavalkovich KW, Boynton RE, Murphy JM, Barry F. Chondrogenic differ-
entiation of human mesenchymal stem cells within an alginate layer
culture system. In Vitro Cell Dev Biol Anim 2002;38:457—66.

47. Steinert A, Weber M, Dimmler A, Julius C, Schutze N, Noth U, et al.
Chondrogenic differentiation of mesenchymal progenitor cells encap-
sulated in ultrahigh-viscosity alginate. J Orthop Res 2003;21:1090—7.

48. Cho JH, Kim SH, Park KD, Jung MC, Yang WI, Han SW, et al. Chondro-
genic differentiation of human mesenchymal stem cells using a ther-
mosensitive poly(N-isopropylacrylamide) and water-soluble chitosan
copolymer. Biomaterials 2004;25:5743—51.




	Hypoxia reduces the inhibitory effect of IL-1beta on chondrogenic differentiation of FCS-free expanded MSC
	Introduction
	Materials and methods
	Isolation of human MSC and cell culture
	Characterization of human MSC
	Expression of cell surface antigens
	Transcript analysis
	Statistical analysis

	Results
	Characterization of MSC upon expansion in FFPP medium
	Differentiation of MSC in vitro
	Chondrogenic differentiation under inflammatory and hypoxic conditions

	Discussion
	Conflict of interest
	Acknowledgements
	References


