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Abstract

Introduction Infrapatellar fat pad (IPFP) is a possible source of
stem cells for the repair of articular cartilage defects. In this
study, adherent proliferative cells were isolated from digests of
IPFP tissue. The effects of the expansion of these cells in
fibroblast growth factor-2 (FGF-2) were tested on their
proliferation, characterisation, and chondrogenic potential.

Methods IPFP tissue was obtained from six patients undergoing
total knee replacement, and sections were stained with 3G5,
alpha smooth muscle actin, and von Willebrand factor to identify
different cell types in the vasculature. Cells were isolated from
IPFP, and both mixed populations and clonal lines derived from
them were characterised for cell surface epitopes, including
3G5. Cells were expanded with and without FGF-2 and were
tested for chondrogenic differentiation in cell aggregate
cultures.

Results 3G5-positive cells were present in perivascular regions
in tissue sections of the IPFP, and proliferative adherent cells
isolated from the IPFP were also 3G5-positive. However, 3G5

expression was on only a small proportion of cells in all
populations and at all passages, including the clonally expanded
cells. The cells showed cell surface epitope expression similar
to adult stem cells. They stained strongly for CD13, CD29,
CD44, CD90, and CD105 and were negative for CD34 and
CD56 but were also negative for LNGFR (low-affinity nerve
growth factor receptor) and STRO1. The IPFP-derived cells
showed chondrogenic differentiation in cell aggregate cultures,
and prior expansion with FGF-2 enhanced chondrogenesis.
Expansion in FGF-2 resulted in greater downregulation of many
cartilage-associated genes, but on subsequent chondrogenic
differentiation, they showed stronger upregulation of these
genes and this resulted in greater matrix production per cell.

Conclusion These results show that these cells express
mesenchymal stem cell markers, but further work is needed to
determine the true origin of these cells. These results suggest
that the expansion of these cells with FGF-2 has important
consequences for facilitating their chondrogenic differentiation.

Introduction
Cartilage is frequently damaged by trauma and in disease and
has a poor ability to heal. Cartilage defects that extend into the
subchondral bone show some signs of repair with the forma-
tion of neocartilage [1], probably due to the infiltration of the
defect with bone marrow-derived stem cells from the underly-
ing subchondral bone [2]. This principal is employed in the sur-
gical technique of subchondral drilling and microfracture to
stimulate cartilage repair. However, this can result in the for-

mation of fibrocartilage with properties mechanically inferior to
articular hyaline cartilage [3]. Autologous chondrocytes har-
vested from low-weight-bearing areas of articular cartilage and
expanded ex vivo are being used for the repair of focal hyaline
cartilage defects [4], but evidence suggests that this may fail
to halt progression of degenerative changes in the joint [5].

There has been a recent interest in cell-based therapies for
cartilage repair using adult stem cells or undifferentiated
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progenitor cells. Stem cells have been reported to be present
in many adult human tissue types, including bone marrow, sub-
cutaneous adipose tissue, and the infrapatellar fat pad (IPFP)
[6-9]. Compared with bone marrow, IPFP is reported to give a
higher yield of stem cells and there is reduced pain and mor-
bidity associated with the harvest of cells [8]. In preliminary
work, we identified perivascular cells in the IPFP tissue which
stained with a monoclonal antibody, 3G5 [10]. The antigen
recognised by 3G5 is a cell surface ganglioside characteristic
of retinal vascular pericytes, which have been shown to have
multidifferentiation potential [11-15]. It has been suggested
that, if distributed widely with vascular capillaries, pericytes
may account for stem cells in other tissues [16-18]. In support
of this theory, a subendothelial network of pericyte-like cells
has been identified using 3G5 in the vascular bed in many
human tissues [19], and indeed many of the tissues from
which stem cells have been isolated have good vascularisa-
tion. A minor population of bone marrow-derived mesenchymal
stem cells has also been found to be positive for 3G5 [20].

The defining properties of stem cells are self-renewal and
multipotency. Unfortunately, these crucial properties in adult
stem cells show donor variability and may become limited on
expansion in monolayer culture [21,22]. As expansion is invar-
iably needed to increase the cell number for clinical applica-
tions, it is important to achieve expansion without a significant
compromise of differentiation potential. Fibroblast growth fac-
tor-2 (FGF-2) is a potent mitogen for a variety of cell types
derived from the mesoderm, including chondrocytes [23,24].
It has been shown to enhance proliferation and differentiation
of bone marrow-derived stem cells [25-28]. FGF produces
diverse and sometimes paradoxical effects on cell proliferation
and differentiation which are cell-type-dependent [29]. This
highlights the need for caution in extrapolating the effects of
FGF-2 from one cell type to another. We have previously
shown that IPFP-derived cells are able to undergo chondro-
genic differentiation [30], but the effect of FGF-2 on the
expansion and subsequent chondrogenesis in these cells has
not been previously investigated.

In our investigation of the potential of IPFP-derived cells from
elderly osteoarthritic patients undergoing joint replacement,
we characterised the cells and investigated the chondrogenic
response to expansion in FGF-2 in chondrogenic cultures. To
further explore the cell surface characterisation, single cells
were clonally expanded and stained for a panel of stem cell
markers, including 3G5. To allow for the effect of inherent var-
iability in the differentiation potential of cells between individu-
als [31], we carried out a patient-matched comparison of the
chondrogenic potential of cells expanded with and without
FGF-2.

Materials and methods
The IPFP was obtained with ethical approval and fully informed
consent from six patients undergoing total knee replacement
for osteoarthritis.

Immunohistochemical staining of tissue sections and 
cell aggregates
The IPFP tissue and cell aggregates were fixed for 2 hours in
4% formaldehyde (BDH Ltd, Poole, UK)/Dulbecco's phos-
phate-buffered solution (DPBS) (Cambrex, Wokingham, UK).
The samples were then washed in 70% industrial methylated
spirit (BDH Ltd) and placed in a Shandon Citadel 2000 tissue
processor (Thermo Electron Corporation, Runcorn, UK). Par-
affin-embedded sections (5 μm) were taken and mounted on
slides precoated with Superfrost Plus (Menzel Glaser GmbH,
Braunschweig, Germany), dried in air, and left at 37°C over-
night. All incubations were performed in a humidity chamber at
20°C to 21°C, and all washes and dilutions were done in
DPBS unless otherwise stated.

3G5 staining of tissue sections
The slides were placed in 0.01 mmol citrate buffer (BDH Ltd)
for 10 minutes in a microwave at mid-power followed by cool-
ing to 30°C on ice. Sections were immunostained for 1 hour
in undiluted mouse anti-3G5 IgM prepared from a 3G5 hydri-
doma line (courtesy of Ann Canfield, University of Manchester,
UK) followed by washing and incubation for 1 hour in rabbit
anti-mouse biotin-conjugated secondary antibody (1:40 with
1% bovine serum albumin [BSA]; Dako, Ely, UK). Mouse IgG
antibody was used as a control (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Endogenous peroxidase activity was
quenched for 5 minutes with 3% hydrogen peroxide (Sigma-
Aldrich, Poole, UK) in methanol (BDH Ltd). Nonspecific bind-
ing was blocked with 10% normal rabbit serum (Sigma-
Aldrich) diluted in 1% BSA for 1 hour.

Alpha smooth muscle actin staining of tissue sections
Wash 1 was made up with 500 mL DPBS, 0.15 M NaCl, and
0.5% BSA, and wash 2 was made up with 500 mL DPBS,
0.15 M NaCl, and 0.1% BSA. Sections were immunostained
for 1 hour in mouse anti-human alpha smooth muscle actin
(αSMA) (1:400 in wash 1; courtesy of A. Canfield) followed by
washing in wash 1 for 1 hour and incubation for 1 hour in rab-
bit anti-mouse biotin-conjugated secondary antibody (1:50 in
wash 1). Mouse IgG antibody was used as a control. The
slides were then placed in wash 2 for 1 hour. Endogenous per-
oxidase activity was quenched for 30 minutes by placing the
slides in wash 1.

von Willebrand factor staining of tissue sections
Blocking solution was made up with 20% normal donkey
serum (Sigma-Aldrich). Sections were immunostained for 1
hour in serum-protein-absorbed rabbit anti-human von Wille-
brand factor (vWF) IgG (1:250 with 0.1% BSA in blocking
solution; Dako) followed by washing and incubation for 1 hour
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in donkey anti-rabbit biotin-conjugated antibody (1:300 with
0.1% BSA in blocking solution; Dako). Rabbit IgG was used
as a control (Santa Cruz Biotechnology). Endogenous peroxi-
dase activity was quenched for 30 minutes with 0.3% hydro-
gen peroxide in methanol. Nonspecific binding was blocked
for 10 minutes with the blocking solution.

Collagen type I, type II, and aggrecan staining of cell 
aggregate sections
Sections were preincubated at 37°C with 0.1 U/mL chondroi-
tinase ABC (Sigma-Aldrich) for 1 hour and then immunos-
tained for 16 hours at 4°C with goat anti-human collagen type
I (C-18 polyclonal), collagen type II (N-19 polyclonal) (both
from Santa Cruz Biotechnology), or rabbit anti-human aggre-
can (BR1) (all at 1:100 dilution) followed by washing and incu-
bation for 30 minutes in donkey anti-goat IgG biotin-
conjugated secondary antibody (Santa Cruz Biotechnology)
for collagen type I and collagen type II and donkey anti-rabbit
IgG biotin-conjugated secondary antibody for aggrecan (all at
1:250 dilution). Goat IgG antibody (Santa Cruz Biotechnol-
ogy) was used as a control for collagen, and rabbit IgG was
used as a control for aggrecan. Endogenous peroxidase activ-
ity was quenched for 5 minutes with 3% hydrogen peroxide in
methanol. Nonspecific binding was blocked for 1 hour with
10% normal donkey serum diluted in 1% BSA.

For visualisation, sections were incubated for 30 minutes in
streptavidin-peroxidase complex (1:500; Dako), rinsed in dis-
tilled water, and incubated in fast-DAB (3,3'-diaminobenzi-
dine) peroxidase substrate (Sigma-Aldrich) for 5 minutes and
counterstained in diluted filtered haematoxylin (Sigma-Aldrich)
for 15 seconds. Images were then taken with an Axioplan 2
microscope with the use of an Axiocam HRc camera and Axio-
Vision 4.3 software (all from Carl Zeiss Ltd, Welwyn Garden
City, UK).

Cell isolation and culture
The IPFP tissue was dissected and cells were isolated by
digestion with 0.2% (vol/vol) collagenase I (Invitrogen, Paisley,
UK) for 3 hours at 37°C with constant agitation. The released
cells were sieved (70-μm mesh) and washed in basic medium,
namely Dulbecco's modified Eagle's medium supplemented
with 20% (vol/vol) foetal calf serum, 100 U/mL penicillin, and
100 μg/mL streptomycin (all from Cambrex), with L-glutamine
(2 mM). The stromal cells were separated from the adipocytes
(floating) by centrifugation at 300 g for 5 minutes and were
counted and plated at 100,000 cells per square centimetre in
monolayer culture in basic medium with and without 10 ng/mL
rhFGF-2 (Sigma-Aldrich) supplementation. Cultures were
maintained at 37°C with 5% CO2 and normal oxygen (20%).
Cultured cells from passage 2 were used for cell proliferation
rate studies, cell surface epitope characterisation, and cell
aggregate culture.

Cell proliferation rates
Cell proliferation rates were measured for passage 2 cells
plated with and without FGF-2-supplemented medium at
10,000 cells per square centimetre in a six-well plate. Cells
were trypsinised and collected at days 2, 4, 6, 8, and 10 after
plating, and the cell number was determined by counting with
a haemacytometer. The viability of the cells was determined by
staining with Trypan blue.

Isolation of clonal populations
Clonal cell populations were derived from single cells obtained
by limiting dilution. Freshly isolated cells obtained from a single
mixed parent IPFP population (mixed parent population is the
original, supposedly heterogenous, population of cells from
which the clonal cell lines were derived) were plated at a den-
sity of 0.33 cells per well in two polystyrene 96-well flat-bot-
tomed cell culture microplates (Corning Inc., supplied through
Fisher Scientific, Loughborough, UK). Based on Poisson dis-
tribution statistics, the probability of a clonal population being
derived from a single cell at this density is greater than 95%
[32]. Thirteen wells where a single cell had been noted initially
were identified, and the cell progressed to form a single col-
ony. These colonies were selected as they were thought to
arise from a single cell. Wells containing more than one colony
were excluded. The selected cell populations were trypsinised
on confluence and serially plated in a well of a six-well plate
(9.6 cm2), a T75 cell culture flask (75 cm2), and later a T225
cell culture flask (225 cm2) (all from Corning Inc.). Only 4 of
these 13 expandable clones reached confluence in T225
flasks. The remaining cells from the mixed parent IPFP-derived
population were plated at a concentration of 100,000 cells per
square centimetre in a T75 flask followed by a T225 flask on
confluence.

Cell surface epitope characterisation
Confluent passage 2 cells expanded with and without FGF-2,
and the four clonal and mixed parent populations were stained
with a panel of antibodies for cell surface epitopes. This
included antibodies against the following: CD13 (aminopepti-
dase N), CD44 (hyaluronan receptor), CD90 (Thy-1), LNGFR
(low-affinity nerve growth factor receptor), STRO1 (marker for
bone marrow-derived stem cell), and CD56 (neural cell adhe-
sion molecule, NCAM) from BD Biosciences (Oxford, UK);
CD29 (β1 integrin), CD105 (SH2 or endoglin), and CD34
(marker for haematopoetic cells) from Dako; and 3G5 (marker
for vascular pericytes). The cells were incubated for 1 hour
with the primary mouse antibodies (undiluted 3G5 and 1:100
dilution for others) followed by fluorescein isothiocyanate-con-
jugated anti-mouse IgM secondary antibody (1:40 dilution;
Dako). For controls, nonspecific monoclonal mouse IgG anti-
body was substituted for the primary antibody. The cells were
incubated with 4',6-diamidino-2-phenylindole stain (1:100
dilution) for 5 minutes, and images were captured with an Axi-
oplan 2 microscope using an Axiocam HRc camera and Axio-
Vision 4.3 software.
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Cell aggregate culture
Three-dimensional cell aggregates (500,000 cells [33]) were
cultured at 37°C in 1 mL of chondrogenic media for 14 days
(medium changed every 2 days) in a normoxic humidified envi-
ronment. The chondrogenic culture media contained basic
media (as above, but without serum) with 1 × insulin-transfer-
rin-selenium supplement (ITS+1; final concentration 10 μg/mL
bovine insulin, 5.5 μg/mL transferrin, 5 ng/mL sodium selenite,
4.7 μg/mL linoleic acid, and 0.5 mg/mL BSA), 37.5 μg/mL
ascorbate 2-phosphate, 100 nM dexamethasone, 10 ng/mL
transforming growth factor (TGF)-β3, and 100 ng/mL insulin-
like growth factor-1 (all from Sigma-Aldrich).

Gene expression analysis
Quantitative real-time gene expression analysis was per-
formed for the following: aggrecan, versican, perlecan, colla-
gen type I (COL1A2), collagen type II (COL2A1), collagen
type IX (COL9A1), collagen type X (COL10A1), collagen type
XI (COL11A2), L-SOX5, SOX6, and SOX9. Total RNA was
extracted with Tri Reagent (Sigma-Aldrich) from passage 2
cells in monolayer and from cell aggregates at 14 days which
had been ground with Molecular Grinding Resin (Geno Tech-
nology Inc., St. Louis, MO, USA). cDNA was generated from
10 to 100 ng of total RNA by using reverse transcription fol-
lowed by poly(A) polymerase chain reaction (PCR) global
amplification [34]. Globally amplified cDNAs were diluted
1:1,000 and a 1-μL aliquot of the diluted cDNA was amplified
by quantitative real-time PCR in a final reaction volume of 25
μL by using an MJ Research Opticon with an SYBR Green
Core Kit (Eugentec, Seraing, Belgium). Gene-specific primers
were designed within 300 base pairs of the 3' region of the rel-
evant gene with the use of ABI Primer Express software
(Applied Biosystems, Foster City, CA, USA). Gene expression
analyses were performed relative to β-actin and calculated
using the 2-ΔΔCt method [35]. All primers (Invitrogen) were
based on human sequences: aggrecan, 5'-AGGGCGAGT-
GGAATGATGTT-3' (forward) and 5'-GGTGGCTGT-
GCCCTTTTTAC-3' (reverse); β-actin, 5'-AAGCCACCC
CACTTCTCTCTAA-3' (forward) and 5'-AATGCTATCAC-
CTCCCCTGTGT-3' (reverse); COL1A2, 5'-TTGCCCAAA
GTTGTCCTCTTCT-3' (forward) and 5'-AGCTTCTGT-
GGAACCATGGAA-3' (reverse); COL2A1, 5'-
CTGCAAAATAAAATCTCGGTGTTCT-3' (forward) and 5'-
GGGCATTTGACTCACACCAGT-3' (reverse); COL9A1, 5'-
CGGTTTGCCAGGAGCTATAGG-3' (forward) and 5'-
TCTCGGCCATTTTTCCCATA-3' (reverse); COL10A1, 5'-
TACCTTGTGCCTCCCATTCAA-3' (forward) and 5'-TACAG-
TACAGTGCATAAATAAATAATATATCTCCA-3' (reverse);
COL11A2, 5'-CCTGAGCCACTGAGTATGTTCATT-3' (for-
ward) and 5'-TTGCAGGATCAGGGAAAGTGA-3' (reverse);
L-SOX5, 5'-GAATGTGATGGGACTGCTTATGTAGA-3' (for-
ward) and 5'-GCATTTATTTGTACAGGCCCTACAA-3'
(reverse); SOX6, 5'-CACCAGATATCGACAGAGTGGTCTT-
3' (forward) and 5'-CAGGGTTAAAGGCAAAGGGATAA-3'
(reverse); SOX9, 5'-CTTTGGTTTGTGTTCGTGTTTTG-3'

(forward) and 5'-AGAGAAAGAAAAAGGGAAAGGTAAG
TTT-3' (reverse); and versican, 5'-TGCTAAAGGCTGCGAAT
GG-3' (forward) and 5'-AAAAAGGAATGCAGCA AAGAAG
A-3' (reverse).

DNA and glycosaminoglycan assays
The wet mass of cell aggregates was recorded at 14 days and
the aggregates were digested overnight at 60°C in 20 μL of
10 U/mL papain (Sigma-Aldrich), 0.1 M sodium acetate, 2.4
mM EDTA (ethylenediaminetetraacetic acid), and 5 mM L-
cysteine at pH 5.8. DNA in the papain digest was measured
with PicoGreen (Invitrogen) with standard double-stranded
DNA (Invitrogen), and sulphated glycosoaminoglycan (GAG)
was assayed with 1,9-dimethylmethylene blue (Sigma-Aldrich)
with shark chondroitin sulphate (Sigma-Aldrich) as standard
[33,36].

Statistical analysis
Experiments were performed separately with cells from six
patients and all experiments were in triplicate. Cell proliferation
data, gene expression data, wet mass, GAG assay, and GAG
per DNA results are presented as a mean and standard error
of the mean. Student paired t test and a one-way analysis of
variance followed by Bonferroni correction were used to ana-
lyse the results from two and four culture conditions, respec-
tively, and determine the level of significance. Statistical
analyses were conducted with SPSS statistical software (ver-
sion 11.5) (SPSS Inc., Chicago, IL, USA). Significance was
set at a P value of less than 0.05.

Results
Immunohistochemical staining of the vasculature in 
infrapatellar fat pad
IPFP tissue contained large areas of fat-rich adipocytes per-
meated by a vascular bed of arterioles, venules, and capillar-
ies, which were easily identified in the histological sections.
The antibody recognising vascular pericytes, 3G5, predomi-
nantly stained cells in the tunica adventitia, which formed the
supporting layer of the arterioles (Figure 1a,b), whereas anti-
vWF (endothelial cell marker) stained endothelial cells in the
tunica intima (Figure 1c,d) and anti-αSMA (smooth muscle cell
marker) stained cells in the tunica media, forming the muscular
wall of the arteriole (Figure 1e,f). All three antibodies were
therefore localised to cells in different regions of the small arte-
rioles. The positive staining for 3G5 in the perivascular cells
suggested the presence of pericytes in the IPFP tissue.

Cell isolation and expansion
Typically, the dissected IPFP tissue from one patient weighed
about 20 g, from which 5 g was usually taken to isolate 7.5 mil-
lion cells. Many of these died in early culture but others
attached and proliferated, and at 10 days it was clear that the
cells expanded with FGF-2 proliferated more rapidly to give
1.6 times more cells than those without FGF-2 (Figure 2a).
Passage 2 flasks without FGF-2 contained 8.6 ± 1.6 million
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cells, and flasks expanded with FGF-2 contained 13.6 ± 0.5
million cells (P = 0.02). The proliferation rate of cells without
FGF-2 was 0.13 ± 0.02 doublings per day, and with FGF-2 it
was 0.18 ± 0.01 doublings per day (P = 0.04). In spite of the
faster growth rate, the cells with FGF-2 did not become con-
fluent earlier than the control flasks, which appeared to be due
to the smaller size of the FGF-2-supplemented cells (Figure
2b,c). These results appeared to be comparable to those of
Wickham and colleagues [9] (2003), who reported 10 to 30
mL of tissue yielding 20 to 35 million cells after two passages.

Surface epitope characterisation of infrapatellar fat pad 
cells
IPFP cells at passage 2 expanded with and without FGF-2
stained strongly for CD13, CD44, CD90, and CD105 (mark-
ers for mesenchymal stem cells) and for CD29 (β1 integrin)
(Figure 3). The cells stained poorly for LNGFR and STRO1,
which are markers on freshly isolated bone marrow-derived

stem cells, and stained sparsely for 3G5, the marker for vascu-
lar pericytes. Staining for the haematopoetic cell marker CD34
and for the neural marker CD56 (NCAM) was negative. This
pattern of cell surface staining showed the IPFP cell
population to be fairly homogeneous and to express a group
of epitopes commonly found on other adult stem cells.

Clonally expanded infrapatellar fat pad cells
Freshly isolated IPFP cells were cultured at clonal densities,
and four selected clones survived expansion to beyond 20 cell
doublings. These cells retained cell surface staining similar to
the original parent population, with consistent staining for the
various markers identified above (data not shown). The stain-
ing for 3G5 was very characteristic as, even in the clonally
expanded cells, the proportion of cells positive for 3G5 varied
between 1% and 20% (Figure 4). This suggested that the con-
ditions in monolayer culture did not favour 3G5 epitope
expression.

Figure 1

3G5, von Willebrand factor (vWF), and alpha smooth muscle actin (αSMA) staining in the infrapatellar fat pad (IPFP) tissue vasculature3G5, von Willebrand factor (vWF), and alpha smooth muscle actin 
(αSMA) staining in the infrapatellar fat pad (IPFP) tissue vasculature. 
3G5 (a, b) staining predominantly the tunica adventitia consisting of 
supporting tissue in the vasculature, vWF (c, d) staining predominantly 
the tunica intima consisting of the endothelial layer and the basement 
membrane, and αSMA (e, f) staining predominantly the tunica media 
consisting of the muscular layer of the arteriole are shown at × 10 (left 
panels) and × 40 (right panels) magnifications in the IPFP tissue.

Figure 2

Effects of fibroblast growth factor-2 (FGF-2) expansion on cell prolifer-ation rates and morphologyEffects of fibroblast growth factor-2 (FGF-2) expansion on cell prolifer-
ation rates and morphology. (a) Cell proliferation rates for passage 2 
infrapatellar fat pad-derived cells expanded in normal medium (black 
bars) and FGF-2-supplemented medium (white bars) at days 2, 4, 6, 8, 
and 10 are shown. Data are mean ± standard error of the mean (n = 6). 
*P <0.05 (Student paired t test). Phase-contrast microscopy of cells 
expanded in normal (b) and FGF-2-supplemented (c) media shows that 
the latter were smaller, more fibroblastic, and less flattened.
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Effect of fibroblast growth factor-2 expansion on 
subsequent chondrogenic differentiation
In monolayer culture, the expression of genes characteristic of
chondrocytes, such as aggrecan, collagen type II, IX, and XI,
SOX5, and SOX9, was significantly lower in cells expanded
with FGF-2 compared with those without (P < 0.05) (Figure

5). On subsequent chondrogenic culture, cells expanded with
or without FGF-2 showed a chondrogenic response with
increased levels of the chondrogenic genes (P < 0.05). How-
ever, the cells expanded with FGF-2 showed greater
increases in gene expression for collagen type I, II, X, and XI
compared with cells expanded without FGF-2 (P < 0.05). The

Figure 3

Cell surface characterisation of infrapatellar fat pad (IPFP) cellsCell surface characterisation of infrapatellar fat pad (IPFP) cells. Cell surface staining on passage 2 IPFP cells expanded in the absence (a) and 
presence (b) of fibroblast growth factor-2 (FGF-2) was performed using a panel of antibodies and fluorescein isothiocyanate-conjugated secondary 
antibody (green) and DAPI (4'-6-diamidino-2-phenylindole) (blue). Results showed strong staining for CD13, CD29, CD44, CD90, and CD105, 
weak staining for 3G5, and negative staining for LNGFR, STRO1, CD34, CD56, and the IgG control. The FGF-2-expanded cells are morphologically 
different from cells expanded in the absence of FGF-2 but show a similar cell surface expression.
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chondrogenic cultures showed that the cell aggregates from
the FGF-2-expanded cells were heavier (Figure 6a) and the
GAG content (13.9 ± 1.2 μg) was twofold greater than the
non-FGF-2 controls (7.1 ± 1.3 μg) (P = 0.01) (Figure 6b). The
GAG per DNA ratios were also higher for the FGF-2-
expanded cells (P = 0.02) (Figure 6c). Immunohistochemical
analysis showed significant production of cartilage-like matrix,
including collagen type II and aggrecan, in all cell aggregates
placed in chondrogenic medium for 14 days, whether
expanded in FGF-2 or not (Figure 7). Staining for collagen type
I and II and aggrecan was slightly more enhanced for cells
expanded in the presence of FGF-2. Although cell aggregates
derived from cells expanded in the presence of FGF-2 stained
for collagen type I, the immunostaining was increased at the
peripheries and was less homogeneously distributed than for
collagen type II or aggrecan.

Discussion
Cell culture and characterisation of infrapatellar fat pad-
derived cells
The rate of proliferation of the IPFP-derived cells in monolayer
culture was significantly increased by FGF-2. A comparison of
their proliferation rate with other studies is difficult as the only
previous study plated cells at lower densities than those used
here (10,000 cells per square centimetre [37]) and it was
shown that the proliferation rate varied with cell density. No
previous study has reported cell surface staining of IPFP-
derived cells. It was therefore interesting that they showed a
pattern of expression on a high proportion of the IPFP-derived
cells and of epitopes commonly abundant on adult stem cells
derived from bone marrow and other tissues [20,21,38,39]
and that this expression was unaffected by FGF-2 and was
maintained in extended culture.

The pericyte marker 3G5 showed a consistent pattern of
expression as it was only ever present on a small proportion of
cells (typically less than 20%). As this was true even on the
progeny derived from a clonally expanded single cell, it sug-
gested that it did not reflect heterogeneity in the cell popula-
tion but was an epitope expressed by all cells, but only during
part of the cell cycle. It is thus possible that IPFP-derived cells
were a homogenously 3G5-positive population but that the
signals required for consistent expression of 3G5 were absent
from monolayer culture. It has previously been noted that the
expression of the 3G5 ganglioside varies in culture [40]. The
pattern of 3G5 expression has some similarities with STRO1
and LNFGR expression on bone marrow-derived stem cells,
which are positive when 'fresh' but become negative with fur-
ther culture [41-44]. Another possibility is that the expression
of 3G5 could be due to culture conditions and not the reminis-
cence and the demonstration of a cell origin, and further work
is needed before any firm conclusions are drawn. The pattern
of expression of CD13, CD29, CD44, CD90, and CD105 was
consistent during the initial culture on plastic and with pas-
sage, suggesting a fairly homogenous population of cells. The
effects of FGF-2 were interesting as, although FGF-2 resulted
in altered morphological appearance, the cell surface epitope
characterisation remained unaltered.

Clonal IPFP-derived cells retained the cell surface 
characteristics of the parent IPFP cells, which were 
similar to mesenchymal stem cells
The clonal populations of IPFP-derived cells appeared pheno-
typically homogenous and expressed a cell surface epitope
profile similar to that of the parent population. It was also nota-
ble that the clonal cells continued to express these markers
during a long period of cell expansion in culture involving at
least 20 cell doublings. The results showed that primary cul-
tures from IPFP-derived cells contained cells that can be
grown as clones after limiting dilution and that some clonally
expanded cells had high proliferative potential. The lack of
CD34 and CD56 expression suggested that none of the

Figure 4

Cell surface characterisation for 3G5 in clonally expanded infrapatellar fat pad (IPFP) cellsCell surface characterisation for 3G5 in clonally expanded infrapatellar 
fat pad (IPFP) cells. Cell surface staining of four clonally expanded IPFP 
cells (a-d) and the parent IPFP population (e) using 3G5 and fluores-
cein isothiocyanate-conjugated secondary antibody (green) and DAPI 
(4'-6-diamidino-2-phenylindole) (blue) is shown. Results show a heter-
ogenous expression of 3G5 in the mixed IPFP population and also in 
the clonal IPFP cells.
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Figure 5

Gene expression in chondrogenic cultures of infrapatellar fat pad (IPFP) cellsGene expression in chondrogenic cultures of infrapatellar fat pad (IPFP) cells. Relative gene expression for proteoglycans (a), collagens (b), and 
SOX genes (c) in monolayer with and without FGF-2-supplemented medium to determine basal levels and following subsequent chondrogenesis for 
14 days is shown. Data are mean ± standard error of the mean (n = 6). *P < 0.05, **P < 0.001 (analysis of variance with Bonferroni correction).
Page 8 of 11
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clonal cell lines was derived from haematopoetic, neural, or
myogenic progenitors or stem cells.

Evidence for pericytes in the IPFP tissue and IPFP-
derived cells
3G5 distinctively stains pericytes and these cells have been
shown to have multidifferentiation potential [14]. Histological

analyses showed that the IPFP tissue was well vascularised
and 3G5 stained cells around small blood vessels but not
endothelial cells or smooth muscle cells in sections of the
IPFP. These results provided prima facia evidence in support
of the hypothesis that cells comparable to vascular pericytes
were present in the IPFP tissue.

Chondrogenic differentiation of infrapatellar fat pad 
cells
The in vitro chondrogenic differentiation in IPFP-derived cells
has not previously been analysed using quantitative RT-PCR
[8,9,37]. This revealed the massive induction of gene expres-
sion in going from monolayer culture through chondrogenic
differentiation in cell aggregates. It was not surprising to see
increased gene expression for collagen type X in chondro-
genic culture as the presence of TGF-β in cell culture media
has previously been associated with increased collagen type
X expression in mesenchymal stem cells [45]. This occurred
despite the fact that TGF-β inhibits the terminal differentiation
of chondrocytes in vivo [46].

Figure 6

Chondrogenic cultures of infrapatellar fat pad (IPFP) cells and effects of fibroblast growth factor-2 (FGF-2) expansionChondrogenic cultures of infrapatellar fat pad (IPFP) cells and effects 
of fibroblast growth factor-2 (FGF-2) expansion. Wet weight (a), gly-
cosoaminoglycan (GAG) content (b), and GAG per DNA (c) per cell 
aggregate in chondrogenic cultures after 14 days are shown. Data are 
mean ± standard error of the mean (n = 6). *P < 0.05 (Student paired t 
test).

Figure 7

Immunohistochemistry of chondrogenic cultures of infrapatellar fat pad (IPFP) cellsImmunohistochemistry of chondrogenic cultures of infrapatellar fat pad 
(IPFP) cells. Immunohistochemical staining for collagen type I and II, 
aggrecan, and control IgG in cell aggregates following chondrogenic 
differentiation for 14 days in IPFP cells expanded with and without 
fibroblast growth factor-2 (FGF-2)-supplemented medium is shown.
Page 9 of 11
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FGF-2-supplemented expansion potentiated subsequent
chondrogenic differentiation as the FGF-2-expanded cells
showed a much greater increase in type II collagen expression
than non-FGF-2-expanded cells. Previous studies on in vitro
cartilage formation have resulted in tissue of low collagen
content [47]. The use of FGF-2 may therefore be of particular
benefit in increasing the production of matrix in cartilage tis-
sue-engineered in vitro. The inhibition of actin stress fibres by
FGF-2 in adult human chondrocytes results in an upregulation
of SOX9 (S.R. Tew and T.E. Hardingham, unpublished data)
and, although there was no direct effect of FGF-2 expansion
on SOX9 expression in IPFP-derived cells in monolayer, it may
have suppressed subsequent actin stress fibre formation dur-
ing chondrogenesis.

Chondrogenic differentiation resulted in an increase in total
GAG and a greater GAG per DNA ratio in the cell aggregates
formed from cells cultured with FGF-2. This is comparable to
reports of the effects of FGF-2 on bone marrow-derived mes-
enchymal stem cells [25-27] and has important implications
for the role of FGF-2 in tissue engineering applications of
these cells. There was some decrease in total DNA in the
chondrogenic cultures, which was previously reported during
in vitro chodrogenesis in mesenchymal stem cells [48]. FGF-
2 is routinely used in the culture of bone marrow-derived mes-
enchymal stem cells, and we have determined a baseline for
the use of FGF-2 in the culture of fat pad-derived cells.

Conclusion
The present study showed that IPFP tissue contained cells
that expressed markers in common with other mesenchymal
stem cell markers. The study suggested that pericytes are can-
didate stem cells in human IPFP tissue, but further work is
needed to determine the true origin of these cells. Expansion
of these cells with FGF-2 has important consequences for
facilitating their chondrogenic differentiation.
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