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ABSTRACT

Background: Bone marrow-derived mesenchymal stem cells (BMSCs) are ideal candidates for cell-based therapy due to their
self-renewal and multilineage differentiation ability. During in vitro expansion, BMSCs tend to lose their proliferation rate and
multipotency limiting their clinical use. Hence, supplementation of basic fibroblast growth factor (bFGF) during in vitro culture
might positively influence the biological and phenotypic properties of expanded BMSCs.

Aim: This study was aimed to evaluate the supplementation of bFGF on selected biological and phenotypic characteristics of
BMSCs.

Methods: Plastic-adherent BMSCs were cultured without (0 ng/mL) and with (5 ng/mL and 10 ng/mL) bFGF up to five passages
and analyzed for their morphology, viability, proliferation rate, population doubling time (PDT), colony forming unit-fibroblast
(CFU-F) assay, senescence activity, genetic stability and cell surface marker expression.

Results: BMSCSs exhibited a small, spindle-shape morphology in bFGF supplemented groups as compared to elongated
fibroblast-like cells in control. No significant difference in viability and PDT was observed. However, noticeable differences were
observed in proliferation rate and CFU-F ability between bFGF supplemented group and control. Further, the senescence activ-
ity of BMSCs was considerably decreased under the influence of bFGF. BMSCs had a normal karyotypein both bFGF supple-
mented and control groups. Lastly, addition of bFGF in expansion media slightly modified the phenotypic markers expression in
BMSCs, corresponding to the concentrations used.

Conclusion: Supplementation of BFGFat10 ng/mL could be considered as an optimal and efficient concentration for expanding
BMSCs in culture before their use in cell-based therapy.
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INTRODUCTION quired for cell therapy purposes®. However, prolonged in vit-
ro culture expansion of MSCs reduces proliferation potential
and multipotency, and further leading to senescence which is
undesirable for cell therapy®.Strategies such as modification
of media composition, cell culture conditions, and the use of
growth factors to enhance the proliferation of MSCs have

been proposed to minimize the detrimental features.

Bone marrow is considered as the most commonly used tis-
sue source of mesenchymal stem cells (MSCs)'. MSCs de-
rived from bone marrow (BMSCs) are ideal candidates for
cell therapy due to their ability of self-renewal and multilin-
eage differentiation®.It is known that, occurrence of MSCs
in the bone marrow is in low amount (0.001-0.01%), and

ex vivo expansion is indispensable to obtain sufficient cell ~Among the growth factors being employed, basic fibroblast

number for clinical applications and tissue engineering pur-
poses®. It is observed that for cartilage tissue engineering,
8-10x107 cells/mL of tissue are needed initially*, and based
on different nature of defects, a large number of cells are re-

growth factor (bFGF) has been shown to be involved in the
promotion of self-renewal ability, maintenance of stemness,
and suppression of senescence in vitroin MSCs derived from
different tissue sources”. The supplementation of bFGF in
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culture medium enhanced the proliferation of BMSCs and
periodontal ligament stem cells, and preservedtheir differ-
entiation ability'®'%.In addition, BMSCs grown under the in-
fluence of bFGF have displayed to maintain their stem cell
features with enhanced proliferation rate and a greater pro-
pensity towards osteogenesis and chondrogenesis® 114,

To further understand the influence of bFGF on BMSCs for
cell-based therapeutic applications, we investigated its sup-
plementation at 0, 5 and 10 ng/mL on selected biological and
phenotypic characteristics, such as morphology, viability,
proliferation rate and doubling time, colony-forming unit-
fibroblast (CFU-F) ability, genetic stability, senescence ac-
tivity and cell-surface markers expression. The results might
offer additional support to the prospective utility of ex vivo
expanded BMSCs supplemented with bFGF for cartilage tis-
sue regeneration.

MATERIALS AND METHODS

Isolation and culture of BMSCs

Bone marrow sample collection and in-vitro procedures were
approved by the Institutional Ethics Committee and Institu-
tional Committee for Stem Cell Research (IC-SCR). Human
bone marrow aspirates were collected and processed after
obtaining informed consent from patients (n=3), who were
undergoing knee arthroscopy procedure for ligament injury
with cartilage damage. Under local anaesthesia, about 15-
20 mL of bone marrow suspension was harvested from the
posterior iliac crest and collected in a 50 mL tube containing
the same volume of heparinized (10 U/mL) phosphate-
buffered saline (PBS, Gibco, Life Technologies, Grand Is-
land, NY, USA).

The establishment of cell cultures was performed by fol-
lowing previously published protocol with minor modi-
fications". Briefly, mononuclear cells from bone marrow
aspirate were collected by density gradient solution (Ficoll-
Paque PLUS; 1.077 g/mL, GE Healthcare Life Sciences,
Uppsala, Sweden). The cells were washed twice in PBS and
culturedin Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Life Technologies) with 10% fetal bovine serum
(FBS, Gibco, Life Technologies), 100 U/mL penicillin, and
100 pg/mL streptomycin (Gibco, Life Technologies) at 37°C
in a humidified atmosphere and 5% CO, in air.For culturing
the adherent cells, the basal medium consisting of DMEM,
10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomy-
cin without (Control) or with bFGF (5 ng/mL and 10 ng/mL,
Biolegend, CA, USA) was changed twice a week until the
cells reached 80-90% confluency.Once reached confluency,
all BMSCs were dissociated using a 0.25% (w/v) trypsin-
ethylene-diaminetetraacetic acid (EDTA)(Gibco, Life Tech-
nologies) and sub-passaged five times for subsequent analy-
ses.

Morphology

The morphology of BMSCs was assessed using phase-con-
trast microscope (Olympus, Tokyo, Japan) and any changes
in morphological features during different time points of cul-
ture and also at various passages were recorded.

Viability assay

Cell viability was performed by 0.4% trypan blue (Gibco,
Life Technologies) exclusion assay with a hemocytometer.
The viability was assessed at every sub-passage of BMSCs.

Proliferation rate and population doubling time
(PDT)

BMSCswere plated at 2x10° cells/cm? in 12-well plates in
a basal medium and cultured for 12 days. The culture me-
dium was refreshed every 3 days. Cells in every three wells
were detached with 0.25% trypsin-EDTA on day 3, 6, 9 and
12, and counted using a hemocytometer. The average cell
numbers for every three wells in every replicate were deter-
mined and the proliferation rate was calculated. PDT was
calculated using a formula; PDT= t(log2) / (log Nt-log No),
where t represents culture time, and No indicate the cell
numbers before seeding and Ntrepresent the cell numbers
after seeding.

Colony-forming unit-fibroblast (CFU-F) ability
CFU-F ability of BMSCs was determined by seeding at a cell
density of 0.5x10%cells per well in 6-well culture plate, and
cultured for 2 weeks with regular change of a fresh medium
at every 3 days intervals. The cells were subsequently fixed
in ice-cold ethanol for 5 min and the assay was performed
using Crystal violet (Sigma-Aldrich, St. Louis, MO, USA)
staining. All stained colonies which were made up of more
than 25 cells were recorded as CFUs.

Senescence activity

The senescence activity in BMSCs was analyzed using se-
nescence associated (SA)-B-Gal staining kit (Cell Signaling
Technology, MA, USA) by following the manufacturers’ in-
structions. Briefly, the cells were washed with PBS and incu-
bated for 15 min with 3.7% formaldehyde (Sigma-Aldrich),
and again washed twice with PBS. Color development was
observed by incubating the cells for overnight at 37°C with
the kit-supplied staining solution (40mM citric acid/sodium
phosphate pH 6.0, 150 mMNaCl, 2 mM MgCl,, 5 nM potas-
sium ferricyanide, and 1 mg/ml X-gal in dimethyl sulphox-
ide). Cell culture plates were then observed for the develop-
ment of blue colour by microscopic examination.

Karyotype analysis
Genetic stability was assessed by GTG-banded karyotype
on metaphase spreads from cultured BMSCs at passage 4.
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GTG banding was carried out using trypsin (0.05%) and 1%
Giemsa stain. Well banded metaphase spreads were analyzed
using a fluorescence microscope (Olympus, Tokyo, Japan).

Phenotypic marker analysis by flow cytometry
Standard flow cytometry analysis was employed for de-
termining the cell surface marker profile of BMSCs. Cells
were analyzed for the expression of MSC-specific markers
(CD29, CD73, and CD90) and the absence of CD34 and
CD45 markers using Fluorescence-Activated Cell Sorter
(FACSCalibur, Becton Dickinson, NJ, USA). Briefly, BM-
SCs at ~80% confluence were washed twice in PBS and in-
cubated with 0.1% bovine serum albumin (Sigma-Aldrich)
for 30 min to block nonspecific binding. Then, the cells were
incubated with unconjugated anti-human mouse antibodies,
such asCD29 (eBioscience, CA, USA, 1:100), CD73 (Bio-
legend, 1:100), CD90 (eBioscience, 1:100), CD34 (Bioleg-
end, 1:100) and CD45 (eBioscience, 1:100) for 2 hrs at 37°C.
Cells were washed twice in cell staining buffer (Biolegend),
and incubated with fluorescein isothiocyanate (FITC)-conju-
gated anti-mouse IgG (eBioscience, 1:100) for 1 hr at room
temperature. A minimum of 10,000 FITC-labeled cells were
acquired (Forward scatter/Side scatter)and analyzed with
Cell Quest software (Becton Dickinson). The corresponding
isotype-matched (negative) control (eBioscience) was also
used. The experiment was performed in duplicates and aver-
age data were obtained.

Statistical analysis

All data were expressed as the mean += SD from at least
three independent experiments. SPSS software (SPSS Inc,
Chicago, USA) was used for one way analysis of variance
(ANOVA) with Tukey’s post-hoc test. P values less than 0.05
were considered significant.

RESULTS

Primary culture establishment and morphology
MSCs were successfully isolated from low-density mono-
nuclear cell population of bone marrow based on their se-
lective attachment to plastic culture dishes when compared
to hematopoietic cells. BMSCs at primary culture in basal
medium were supplemented with bFGF (5 and 10ng/mL) in
comparison to control (0 ng/mL). Readily adhered BMSCs
reached 80-90% confluency in 15 days and used for analyses
until passage 5.

BMSCs showed slightly elongated and fibroblast-like mor-
phology in control (0 ng/ml bFGF, Figure 1A). Whereas in
bFGF supplemented groups, cells showed small, spindle-
shaped morphology (5ng/mL bFGF, Figure 1B and 10 ng/
mL bFGF, Figure 1C). BMSCs supplemented with 10ng/mL
bFGF exhibited more homogeneous and denser cell popula-

tion than 5 ng/mL bFGF, despite exhibiting similar morpho-
logical features.

Viability, proliferation rate and PDT

Viability of BMSCs from all the groups at different passages
was determined and any changes in viability during culture
expansion were also recorded. No significant differences in
percentage viability between control and bFGF supplement-
ed BMSCs were observed. Cell viability was found more
than 95% in all the three groups (Figure 2A). The prolifera-
tion of BMSCs in the initial days of culture (Day 0 to Day
3) was comparatively slow but increased remarkably from
Day 6 to Day 12 (Figure 2B). A significant(p=0.001)differ-
ence was observed in terms of proliferation rate between 10
ng/mL bFGF and control BMSCs, whereas no significant
(p=0.08)difference was found between 5 ng/mL bFGF and
control. Moreover, no significant (p=0.17) difference in PDT
was observed among all BMSCs, although PDT was slightly
lower in 10 ng/mL bFGF supplemented group (Figure 2C).

Colony forming unit-fibroblast (CFU-F) ability
CFU-F ability of BMSCs between control and bFGF supple-
mented groups were determined at passage 3. Crystal violet
stained colonies were recorded in 6-well culture plates with
an initial seeding density of 0.5x10° cells/well. CFU-F assay
was performed on 14" day of culture, and a higher number of
colonies (more than 25 cells) was visualized in bFGF supple-
mented groups (both in 5 ng/mL bFGF and 10 ng/mL bFGF)
than in control (Figure 3A-C).

Senescence associated B-galactosidase (SA-B-
Gal) staining

BMSCs at passage 5 were subjected for senescence activity
by SA-B-Gal assay and the results were recorded microscop-
ically. BMSCs cultures showed a significantly lower num-
ber of senescent cells in bFGF supplemented groups when
compared to control (Figure 4). However, no significant
(p=0.10) difference was observed between 5Sng/mL and 10
ng/mL bFGF supplemented BMSCs.

Karyotyping
Genetic stability of BMSCs was analyzed by GTG-band-
ing. BMSCs from control and bFGF supplemented groups
showed normal karyotype without any chromosomal aberra-
tions (Figure 5).

Phenotypic marker analysis

BMSCs were phenotypically characterized by flow cytom-
etry analysis with a panel of five markers at passage 3 af-
ter culture with or without bFGF. Flow cytometry analysis
showed that the BMSCs from all the groups had a positive
expression of MSC-specific markers, such as CD29, CD73
and CD90 in contrast to hematopoietic cells markers, CD34
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and CD45, which showed<1% expression (Figures 6 & 7).
CD29 and CD73 showed significantly (p<0.05) higher ex-
pression in bFGF supplemented BMSCs than in control.
Whereas, CD90 had lower expression in BMSCs cultured
with bFGF (Figure 7). Data indicated that BMSCs supple-
mented with 10 ng/mL bFGF showed slightly higher expres-
sion of MSC-specific markers.

DISCUSSION

The application of effective cytokines and growth factors to
maintain the self-renewal ability and induce specific cell lin-
eage of MSCs is one of the important factors in cell-based
therapy. It is known that bFGF is involved in the stimula-
tion of proliferation, protection from senescence, apopto-
sis and genetic damages, and conservation of multilineage
differentiation ability of BMSCs®. Moreover, production of
large scale MSCs is required for clinical applications in re-
generative medicine'®. During this process, it is necessary to
ensure that BMSCs preserve the biological properties, such
as morphology, growth, self-renewal ability, genetic stabil-
ity and marker expression specific to BMSCs. Hence, the
present study evaluated the effect of bFGF on in vitro culture
of BMSCs derived from patients with cartilage disorders as
a promising source for autologous therapy.

In this study, BMSCs cultured under the influence of bFGF
exhibited a small, spindle-shaped features, while cells grown
without bFGF showed elongated fibroblast-like morphology.
These observations are in agreement with previous studies>!.
Nawrocka et al’ recorded similar results in adipose-derived
MSCs, where bFGF supplemented at Sng/mL and 10ng/
mL showed thinner, spindle-shaped, reduced cytoplasm and
achieved higher cell densities as compared to control cells.
Another study on placenta-derived MSCs reported a smaller
sized, stronger plastic-adhered morphology in bFGF supple-
mented group, while bigger sized, less defined, polygonal-
shaped cells in non-supplemented group'®. It is suggested
that these results depend on the type and source of MSCs
used in the study.

Cell death during in vitro culture is a common phenomenon
which may be due to minor manipulation of cells by culture
media, expansion conditions, trypsinization etc. and any re-
duction in viability leads to a detrimental effect on cell biol-
ogy and therapeutic properties. In this study, cell viability
was observed above 90% in bFGF supplemented and control
groups with no significant difference in values. Similarly, a
previous study demonstrated that bFGF had no significant
effect on cellular viability of BMSCs grown in spheroid
culture system'’. Also, Zeng et al'® reported that 10ng/mL
bFGF supported the proliferation of MSCs derived from gin-
giva by increasing the cell viability'’.

In general, in vitro expansion of BMSCs reduces the rep-
licative potential. In the present study, utilization of bFGF
(both 5 ng/mL and 10 ng/mL) supported the replication of
BMSCs by amplifying the proliferation rate and lowering
the time required for population doubling. During 12 days of
culture under the influence of bFGF, slow proliferation was
recorded in initial days, which increased drastically from day
6 onwards and proved its mitogenic action on BMSCs. Ear-
lier studies have also reported the role of bFGF in augment-
ing the proliferation rate of BMSCs>'*!?. Although doubling
time was slightly lowered by bFGF, it was not significant in
this study as observed previously on lowering of PDT with
higher proliferation'2.

BMSCs are capable of forming colonies when seeded at
low density and colony-forming ability is one of the salient
features of MSCs. In this study, supplementation of bFGF
increased the colony-forming efficiency of BMSCs as com-
pared to control. It has been documented that bFGF has a
role in enhancing the colony formation ability of MSCs
along with increase in size of colonies’ %20, Moreover,
when BMSCs expand ex vivo for a longer period, they un-
dergo reduction in proliferation potential due to replicative
stress and reach the senescent state with growth arrest, but
remain metabolically active *?'. At present SA-B-Gal staining
assay is one of the well-established methods to assess cell
senescence activity. In the present study, we observed that
senescence activity of BMSCs was considerably decreased
under the influence of bFGFwhen compared to control. Sup-
plementation of 5 ng/mL bFGF to the culture markedly low-
ered the number of senescent cells, and no difference was
observed with the addition of 10ng/mL bFGF. Earlier results
highlighted that bFGF suppresses the MSCs cellular senes-
cence depending on the length of culture through down-reg-
ulation of transforming growth factor-beta2 expression®. It
appears that BMSCs cultured with bFGF show minimal se-
nescent cells, and as a safety measure, the expansion should
be reduced as much as possible®.

Ex vivo expansion of MSCs in the laboratory for a longer pe-
riod is more prone to genetic alterations, mutations, deletions
and other chromosomal abnormalities® ¢, Cells with genetic
defects can lead to transformation, which is highly undesir-
able for their use in regenerative and tissue engineering ap-
plications. Therefore, it was essential to assess the effect of
bFGF supplementation on the cytogenetic stability of BM-
SCs. We observed that BMSCs had a normal karyotype and
did not carry any chromosomal abnormalities in both bFGF
supplemented and control groups. Thus, it was found safer
to use bFGF in culture medium in-vitro as a growth factor to
obtain the ideal characteristics of BMSCs.

MSCs are known to express specific surface markers, such
as CD29, CD73, CD44, CD90, and CD105, but not hemat-
opoietic cell markers, including CD14, CD34 and CD45%-2!,
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In this study, the addition of bFGF in expansion media modi-
fied the immunophenotype of BMSCs, corresponding to the
concentrations used. Amongst the analyzed markers CD29
and CD73 showed significantly higher expression in bFGF
supplemented groups, but not for CD90. Both hematopoietic
markers, CD34 and CD45, were not altered by the addition of
bFGF. However, BMSCs displayed a typical feature of bear-
ing positive markers and lacking hematopoietic cell mark-
ers. Previously, Zenget a/'® showed an increase in STRO-1
marker expression in gingival tissue-derived MSCsby bFGF.
A study on BMSCs showed that bFGF had no effect on the
expression of cell surface markers, except for CD29 and
HLA-DR'"™. On a similar note,no effect of bFGF on CD44
expression was observed in Wharton’s jelly-derived MSCs?,
Supplementation of bFGF at 10 ng/mL could be considered
an optimal and efficient concentration for expanding BMSCs
in culture before their use in cell-based therapeutic applica-
tions.

CONCLUSION

Our study findings showed an important role of bFGF in in-
vitro culture of BMSCs. Compared to the supplementation of
5 ng/mL bFGF, BMSCs cultured with 10ng/mL bFGF result-
ed in enhanced proliferation and colony-forming efficiency,
prevention of cells from senescence, and maintenance of cy-
togenetic stability and higherexpression of selected surface
markers. Further evaluation on preservation of multilineage
differentiation ability especially towards chondrogenesis for
the clinical use of BMSCs expanded by bFGF could be fur-
ther investigated.
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Figure 2: Viability, proliferation rate and PDT of BMSCs. A.
Percentage cell viability between the control and bFGF supple-
mented BMSCs showed no significant differences (p=0.152).
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tion rate between 10 ng/mL bFGF supplementation and control ol R B g i asl
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Figure 5: Karyotyping of BMSCs. Genetic stability was de-
termined by GTG-banding karyotype and the chromosomal
spreads exhibited a normal ploidy in BMSCs at passage 4 cul-
tured without (control) or with bFGF supplementation.
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Figure 3: Colony-forming unit-fibroblast (CFU-F) analysis of
BMSCs. Macroscopic images showing the ability of CFU-F
which was higher in bFGF (5 ng/mL and 10 ng/mL) supple-
mented BMSCs (B & C) than in control (A) as assessed by 1%
Crystal violet staining.
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Figure 6: Cell surface marker analysis of BMSCs by flow cy-
tometry. Blue histograms represent the extent of positivity of
cells for the markers analysed as indicated. Dark lines or red
histograms represent isotype control. Al BMSCs showed the
positivity for markers, such as CD29, CD73 and CD90 and
negative for CD34 and CD45.
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Figure 7: Percentage expression of cell surface markers in
BMSCs by flow cytometry. Mean percentage value of each
surface antigen showed the significant difference in the ex-
pression of markers as indicated by the superscripts a, b, and
¢ (p<0.05). Expression of CD34 and CD45 markers was less
than 1% in all BMSCs.
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