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Due to their immunomodulatory and chemotactic properties, hMSC are being explored to treat immune-related diseases. For their
use in human therapies, it is necessary to culture hMSC in xeno-free conditions. In this study, the impact that a xeno-free medium
based on a human plasma derivate has on these properties was analysed. Bone marrow-derived hMSC preserved their
immunosuppressive and immunostimulatory properties, as observed with in vitro assays with hMSC cocultured with mixed
leukocyte reactions or with mitogen-stimulated leukocytes. Moreover, hMSC expanded in xeno-free medium were recruited by
macrophages in both migration and invasion assays, which indicates that the cells maintained their chemotactic properties.
These data suggest that xeno-free expanded hMSC preserved their immunomodulatory and chemotactic properties, indicating
that the described xeno-free medium composition is a potential candidate to culture and expand hMSC for human cell therapies.

1. Introduction

Human mesenchymal stem/stromal cells (hMSC) are a
promising tool in regenerative medicine and for treatment
of immune-mediated diseases [1]. There are currently more
than 600 clinical trials evaluating the use of hMSC for
different therapies (search of term “Mesenchymal Stem/
Stromal Cell”) [2]. Some of these therapies are related
with the differentiation capacity of hMSC to promote
bone repair or to regenerate cartilage [3, 4], while others
are related with the immunomodulatory properties, the
capacity to secrete trophic factors, to promote vascularization
and to inhibit cell death, such as in graft-versus-host-
disease (GvHd), kidney transplant rejection, ischemic

cardiomyopathy, and progressive multiple sclerosis amongst
other applications [5–8].

hMSC exert immunomodulatory effects on cells of both
the adaptive and innate immune systems, in a way that
depends on the source of hMSC, the number of passages in
culture, the specific niche where hMSC are [9] the type
of culture (in suspension or attached) [10, 11], and the
confluence of the culture [12, 13]. The balance between
the stimuli received by hMSC determines the acquisition of
an immunosuppressive or an immunostimulatory behaviour
[14]. The mechanism through which hMSC exert their
immunomodulatory action is not fully understood but it
is known that hMSC must be primed to produce immuno-
suppressive mediators. Proinflammatory factors secreted
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by immune cells, such as tumor necrosis factor alpha
(TNF-α) and interferon gamma (IFN-γ), can prime hMSC,
inducing synthesis of prostaglandin E2 (PGE2) and activat-
ing the production of indoleamine 2,3-dioxygenase (IDO).
These two molecules play an important role in hMSC immu-
nosuppressive properties [15–18].

Many of the currently explored clinical strategies take
advantage of the hMSC capacity of homing to an injury or
inflammation site. And indeed, recruitment of MSC to a bone
injury has been correlated with its repair [19, 20]. Some
studies have tackled which mediators, including cytokines,
stimulate and regulate this recruitment [21, 22]. And it has
become clear that inflammatory mediators lead to increased
MSC migration, by directly recruiting the cells, or by stim-
ulating production of matrix-degrading enzymes [23] or
even promoting expression of homing-related molecules
by the MSC [24]. Thus, immune cells that produce these
mediators, such as NK cells, macrophages, and T cells, can
attract MSC [25–27, 22]. Macrophages are one of the most
abundant cell types in an injury area and are particularly
strong recruiters of hMSC, through their secretion of soluble
mediators [22, 28].

An important point to consider regarding the application
of hMSC in clinical therapies is their expansion under
xeno-free conditions. hMSC are usually cultured in media
supplemented with foetal bovine serum (FBS), which is
inherently risky, as cells are exposed to bovine immuno-
genic proteins. Furthermore, FBS presents high variability
between lots and its availability is limited [29]. Different
human-derived supplements, such as human serum or
human platelet lysate, are thus being developed to substitute
the use of FBS in the culture of hMSC [30–35]. Supplementa-
tion with human autologous serum is an interesting approach
but that nevertheless presents some disadvantages such as
donor variability and its availability [36, 37]. The use of
platelet lysate has led to promising results on hMSC
expansion [38], but, again with variability depending on
the donor and if the supplement is made from one single
or a low number of donations [39]. Moreover, the impact
of platelet lysate on the immunomodulatory properties of
hMSC is controversial, with some studies suggesting that
it dampens the immunossupressive capabilities of the cells
[40, 41], besides affecting expression of adipogenic and oste-
ogenic markers [42, 43]. A promising chemically defined
medium was approved by FDA (StemPro MSC SFM, Invitro-
gen) to isolate and expand hMSC. Different studies were done
to show its suitability to culture hMSC [36, 44], but due to the
lack of standardization of the protocols, the results obtained
are difficult to compare. Some studies reported a reduction
on the potential for hMSC differentiation and on expression
of some proteins, when compared with FBS-supplemented
medium [36]. Bobis-Wozowicz and colleagues made a com-
parative study of different commercially available xeno-free
media for hMSC expansion [45]. It was found that each
medium had a different impact on hMSC properties, and
thus, media for hMSC expansion should be chosen depend-
ing on the characteristics needed for a specific therapy [45].

With the objective of expanding hMSC for human cell
therapies, the pharmaceutical company Grifols has developed

a supplement for cell culture (SCC) [46]. SCC is derived
from a human plasma specifically collected for the produc-
tion of plasma-derived therapeutic products, following
GMP rules. Plasma pools from over 1000 healthy donors
undergo a cold ethanol industrial fractionation to obtain
different drugs, including SCC [47]. Previous reports have
shown that medium supplemented with SCC can be suc-
cessfully used to culture hMSC, iPSC, ES, and other mam-
malian cell lines [48–50]. It has been shown that hMSC
cultured with SCC remain undifferentiated in culture and
preserve their adipogenic, osteogenic, and chondrogenic
differentiation potential [50], but the impact on immuno-
modulation and chemotaxis remains unknown.

hMSC expanded in SCC-containing medium maintain
their adherence to plastic, phenotype, and multipotentiality
[50]. Here, we went further to investigate the influence that
SCC has on two properties of hMSC that are important for
cell therapy. First of all, we investigated the immunomodula-
tory properties of xeno-free expanded hMSC. hMSC can
prime or suppress different cells of the immune system to
modulate an immune response and facilitate tissue recovery
[51, 52]. To investigate hMSC immunomodulation, prolifer-
ation of resting or stimulated leukocytes was quantified when
cultured with hMSC. Secondly, the chemotactic properties of
xeno-free expanded hMSC were also addressed. If hMSC are
used for cell therapy, it is important that the hMSC injected
go to the site of injury; thus, hMSC need to be recruited
by cells and cytokines present in the inflamed tissue.
Here, hMSC motility and chemotaxis promoted by mac-
rophages were analysed by time-lapse microscopy and using
transwell systems.

2. Material and Methods

2.1. Xeno-Free Medium Preparation. The xeno-free medium
used for this study was similar to the one used by Díez
et al. [50], but in this present study, platelet lysate and basic
fibroblast growth factor were not added. Thus, the final com-
position used was DMEM (Life Technologies) supplemented
with 15% supplement for cell culture (SCC, Grifols), 10mg/L
insulin (Life Technologies), 6.7μg/L sodium selenite (Sigma-
Aldrich), 2μL/L ethanolamine (Sigma-Aldrich) [ISE], and
10 g/L penicillin/streptomycin (Gibco)—“XF-Medium” [50].
SCC is supplied in a freeze-dried format, which was reconsti-
tuted in 50mL DMEM. After reconstitution, medium was
filtered with 0.4μm and 0.2μm filters. Control medium was
the commonly used to expand hMSC: DMEM supplemented
with 10% hMSC-qualified FBS (Hyclone) and 1% penicillin/
streptomycin (Gibco)—“FBS-Medium”.

2.2. Origin and Culture of hMSC. hMSC were isolated from
human bone marrow by density gradient centrifugation
and selection of adherent cells as in Almeida et al. [25]. Bone
marrow collection was approved by “Comissão de Ética do
Centro Hospitalar de S. João”. After written consent, bone
marrow was obtained from discarded bone tissues of 3
different patients (females, 40, 52, and 56 years old) undergo-
ing total hip arthroplasty at the Hospital of São João (Porto),
whom did not present known inflammatory diseases. After
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isolation and expansion in FBS-Medium for two passages,
cells were resuspended in media with 10% DMSO and placed
in a Mr. Frosty freezing container which was placed at −80°C
for approximately 24 hr, before transferring the cells to liquid
nitrogen. Before performing any assay and due to practical
reasons, cells were moved to a −80°C freezer, where they
stayed for a maximum period of one month.

To perform the following studies, frozen aliquots of
hMSC were thawed and firstly cultured in FBS-Medium for
one passage: hMSC were grown at 37°C and 5% CO2 until
reaching 80% confluence, when they were detached by
treatment with xeno-free trypsin (TrypLE™ Express, Life
Technologies) and counted using Trypan Blue. hMSC were
then seeded in T-150 flasks at 3000 cells/cm2 in either FBS-
Medium, as control, or XF-Medium and expanded between
one and four passages before any assay was performed.
Assays were performed with hMSC in passages ranging from
5 to 10.

2.3. Cell Growth Kinetics-Population Doubling Time. To
calculate population doubling time (PDT), 5× 104 hMSC
were seeded in T-25 flasks and passaged every 4 days for
two passages in XF-Medium or FBS-Medium. At each pas-
sage, hMSC were detached using xeno-free trypsin and
counted by Trypan Blue exclusion. Briefly, cells were washed
with PBS and incubated with 1mL trypsin for 2 minutes
at 37°C. Then, 1mL of medium was added to stop the reac-
tion and cells were centrifuged. PDT was determined by the
formula PDT=1/[3.32 (log NH− log N1)/(t2− t1)], where
N1 is the inoculated cell number, NH is the cell number
at harvest, t1 is the time at seeding, and t2 is the time
at harvesting [53].

2.4. Immunomodulatory Properties

2.4.1. Immunoregulation Assay—MLR. An immunosuppres-
sion assay was implemented to study hMSC capacity of
immunomodulation after expansion in XF-Medium. Each
mixed leukocyte reaction (MLR) was performed with periph-
eral blood mononuclear cells (PBMCs). PBMCs from one
randomly selected donor were used as responder cells, whose
proliferation was evaluated. As stimulator cells, we used
PBMCs from 5 different donors to increase the likelihood
to induce an immune response by the responder cells
(Supplementary Figure 1 available online at https://doi.org/
10.1155/2017/2185351). The stimulator cells were treated
with a mitosis inhibitor to avoid their proliferation and thus
interference in the analysis of proliferating responder cells
[54–56]. PBMCs were isolated from buffy coat residues of
unrelated healthy volunteers (following the approval and
recommendations of the Ethics Committee for Health from
Centro Hospitalar S. João (Porto—References 259/11 and
260/11)) by density-gradient centrifugation (Lymphoprep™;
Axis-Shield). Briefly, buffy coats were diluted in PBS and
overlaid carefully on Lymphoprep at a 2 : 1 ratio. Tubes were
then centrifuged during 30min at 800g with no break and
lowest acceleration at room temperature. The PBMC layer
was collected and washed 3 times by adding cold PBS up to

40mL and centrifuging at 300g during 10min. Finally, cells
were resuspended in 10mL PBS.

To obtain a stock of stimulator cells, PBMCs from 5 dif-
ferent donors were mixed, with the same quantity of cells
from each donor, at a final concentration of 5× 108 cells/mL
in PBS and 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich).
Aliquots were frozen and stored at −80°C until required. For
the MLR, proliferation of stimulator cells was inhibited with
mitomycin C (Sigma-Aldrich). First, the stimulator stock
vial was thawed and washed and 5× 107 cells were resus-
pended in 1mL PBS. Mitomycin C was then added at a final
concentration of 50μg/mL and incubated for 20min at 37°C.
After the incubation time, an excess of RPMI supplemented
with 5% FBS was added. The suspension was washed in this
medium 3 times to ensure that there was no remaining mito-
mycin C in the sample. Finally, cells were resuspended in
serum-free RPMI (GIBCO, RPMI-1640 Medium (1×) +
GlutaMax; Life Technologies). Freshly isolated PBMCs from
another donor were used as responder cells, which were
labelled with CFSE (CellTrace™ CFSE; Life Technologies)
by incubating 107 cells/mL in PBS with 0.5μM CFSE for
15min at 37°C (concentration optimized in our laboratory).
After washing twice with PBS supplemented with 20% FBS,
cells were resuspended in 1mL RPMI.

To study hMSC immunomodulatory properties, 5× 104
hMSC were seeded in a 24-well flat-bottom tissue culture
plate in XF-Medium or FBS-Medium and cultured overnight.
Then, 5× 105 CFSE-labelled PBMCs (responder cells, R) and
5× 105 PBMCs (stimulator cells, S) were added to hMSC-
containing wells, or to new wells, in RPMI-1670 with 2mM
L-glutamine (Life Technologies) supplemented with 10%
FBS or 15% SCC (depending on the media used for hMSC
expansion). After 6 days of culture at 37°C and 5% CO2,
supernatants were kept at −80°C for future quantification
of cytokines. Cells were harvested with trypsin and fixed
using a 4% solution of paraformaldehyde (PFA, Sigma-
Aldrich). Fixed samples were filtered using a 100μm pore
size nylon membrane and analysed by flow cytometry in a
FACSCalibur instrument. Data obtained were analysed using
FLowJo software.

2.4.2. Immunoregulation Assay—Mitogenic Stimulation (PHA).
The immunomodulatory properties of hMSC on mitogen-
stimulated responder cells were also studied. The protocol
used was similar to the MLR: hMSC were seeded and incu-
bated overnight and the day after, responder cells were added.
When indicated, 5μg/mL phytohemagglutinin (PHA, Sigma-
Aldrich) was added to the medium. In this way, the hMSC
immunosuppressive properties were studied towards mitogen-
stimulated responder cells, whereas the immunostimulatory
properties were studied upon coculture with nonstimulated
responder cells.

2.4.3. Cytokine Quantification. The medium of the different
conditions was collected at the end of the assay and cen-
trifuged at 400g for 10min. Supernatants were collected
and stored at −80°C until ELISA analysis. TNF-α was
measured with a human TNF-alpha ELISA Kit (RayBio).
Immunoassays were performed according to manufacturer’s
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instructions. Absorbance of ELISA plates was read on a
microplate reader (Sunrise™ Tecan).

2.5. Monocyte Isolation and Differentiation to Macrophages.
Monocyte-enriched populations were obtained from human
buffy coats from 4 different healthy donors (kindly provided
from Centro Hospitalar S. João), by negative selection using a
Tetrameric Antibody Complexes kit (RosetteSep, StemCell
Technologies) as in Almeida et al. [25]. Macrophages were
obtained by allowing in vitro differentiation of the isolated
monocytes: 2× 105 monocytes/well were plated in 24-well
companion plates (Falcon) and cultured at 37°C, 5% CO2
during 10 days in RPMI medium supplemented with 10%
FBS. The purity of macrophages was determined examining
cell morphology under the microscope and by analysis of
CD14 and human leukocyte antigen- (HLA-) DR expression
by flow cytometry, which was found to be 70–85%.

2.6. Migration and Invasion Assay. Recruitment assays were
performed in 24-well plates using inserts with a membrane
with 8μm pores (BD Biosciences). Membranes were incu-
bated before the assay with 100μL of bovine gelatine (0.1%
in PBS) for 1 h at 37°C and washed with PBS. Invasion assays
were performed with an insert with the same characteristics,
but Matrigel coated (Corning® BioCoat™ Matrigel™). These
membranes were incubated with DMEM for 1 h at 37°C.
After the incubation time, the lower compartments of the
chambers were filled with 750μL DMEM, to evaluate basal
motility, DMEM with 30% FBS, which contains a mix of
soluble stimuli that recruit different cells types, as a posi-
tive control, or DMEM with macrophages (approximately
2× 105 cells/well), as an inflammatory stimuli. Macrophages
were not harvested with the recruitment assay being per-
formed in the same plate where monocytes were platted
and allowed to differentiate. Then, 4× 104 hMSC previously
expanded in XF-Medium and FBS-Medium were seeded into
the upper compartment in 500μL DMEM, obtaining a 1 : 5
hMSC :macrophage ratio. hMSC from 3 different donors
were used.

Chambers were incubated at 37 °C, 5% CO2 for 7 hours,
in the case of migration assays, and 24 hours for invasion
assays. After incubation, membranes were washed with PBS
and cells were fixed with 4% PFA for 15min at RT, followed
by a washing step with PBS. Inserts were kept in PBS at 4°C
until analysis. For analysis, cells on the top part of the
membrane were removed with a cotton swab, and the mem-
brane was cut and mounted on a slide with 4μL Vectashield-
mounting medium with DAPI (Vector Laboratories). Cells
that migrated were counted on an inverted fluorescence
microscope at ×200 fields of view. An average of the number
of cells in ×10 fields of view was calculated for each mem-
brane. Chemotactic indexes were calculated by dividing the
average number of hMSC that crossed the membrane in the
experimental condition by the average number of hMSC that
crossed the membrane in the negative control.

2.7. Time-Lapse Assay. To study the influence that SCC had
on hMSC motility, 5000 hMSC from three different donors
expanded in XF-Medium or FBS-Medium were seeded in a

24-well plate in serum-free DMEM medium (without SCC,
FBS, or ISE). After overnight incubation, image acquisition
was performed every 10 minutes during 12 hours at 37°C
and 5% CO2 using the IN Cell Analyser 2000 (GE Health-
care). Images from four randomized positions per well were
obtained in brightfield with a 10x objective. The percentage
of motile cells was calculated by dividing the number of
motile cells by the total number of cells that appeared in each
video. Cell velocity of three randomly selected cells in each
video was measured using Fiji program.

2.8. Morphological Evaluation. Morphometric analysis of
hMSC in the different media was performed from 50x
microscope images. Cells in contact with the border were
discarded. The area and “circularity” of each cell were
determined with ImageJ software. Circularity is calculated
by ImageJ software using the formula 4pi(area/perimeter2).
A circularity value of 1 indicates a perfect circle and as
it approaches 0, it indicates an increasingly elongated
polygon [57].

2.9. Statistical Analysis. Statistical analysis was performed
using GaphPad Prism software, v5.01. Normal distribution
of populations was verified with D’Agostino-Pearson omni-
bus test. The comparison of two populations was performed
using the parametric paired or unpaired t-test or Mann-
Whitney test (unpaired test). The comparison of three or
more samples was done using the nonparametric Kruskal-
Wallis test, followed by Dunn’s multiple comparison test.
Differences between samples were considered statistically
significant when p values were <0.05 (*), <0.01 (**), and
<0.001 (***).

3. Results

3.1. Xeno-Free hMSC Preserve Their Immunomodulatory
Properties. In order to determine the impact of XF-medium
onMSC immunomodulatory properties, cells were expanded
in medium-containing SCC, similar to the one used by Díez
et al. [50]. However, here, basic fibroblast growth factor and
platelet lysate were not added as the later might impact on
MSC immunomodulation. The population doubling time
(PDT) of cells expanded in this medium was calculated
with hMSC from two different donors. The average PDT
was 2.7 days for cells in FBS-Medium and 7.4 days for cells
in XF-Medium, indicating that hMSC can be expanded in
the xeno-free conditions defined here, even though taking 4
to 5 days more to duplicate their population when compared
to the control.

The immunomodulatory capability of hMSC was then
analysed by quantifying inhibition of proliferation of allor-
eactive T-lymphocytes in mixed leukocyte reactions (MLR;
Supplementary Figure 1). The results obtained were diverse,
but two distinct patterns could be observed (Figure 1(a)),
corresponding to the two MSC types defined by Waterman
et al.: MSC1, for immunostimulatory MSC, and MSC2, for
immunosuppressiveMSC [58]. Generally, even though differ-
ences were not statistically significant, when the percentage
of proliferative responder cells was higher than 30% in the
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Figure 1: Immunomodulation by xeno-free MSC. (a) Analysis of the percentage of proliferative responder cells (PRC) present in a mixed
leukocyte reaction (MLR) in the absence (continuous line) or in the presence of MSC (discontinuous line, indicated by “+MSC”).
Representative comparative histograms (top) and bar graphs (bottom) of immunosuppression (i) and immunostimulation (ii) (n = 4–18,
with 3 different hMSC donors; paired t-test). (b) Immunosuppression—proliferation of R cells was stimulated with PHA. (iii) Histograms
show examples of hMSC immunosuppression (expanded in FBS- or XF-Medium). (iv) Summary of the collected data—the percentage of
proliferative R is indicated (n = 8−9, with 3 different hMSC donors; paired t-test). (c) Immunostimulation—proliferation rate of resting
PBMCs compared with the one obtained when coculturing the same cells with hMSC. (v) Histograms of these two conditions with hMSC
expanded in FBS-Medium or XF-Medium. (vi) Summary of the collected data—the percentage of proliferative R is indicated (n = 8, with 3
different hMSC donors, paired t-test). (d) TNF-α production in different cultures. Supernatants of resting PBMCs (responder cells, R) or
PBMCS stimulated with 5μg/mL PHA (R + PHA) in coculture or not with hMSC were collected and analysed by ELISA. Assays were
done in FBS-containing medium when hMSC were expanded in FBS-Medium or in SCC-containing medium for hMSC expanded in
XF-Medium (MSC1: hMSC with immunostimulatory properties; MSC2: hMSC with immunosuppressive properties) (n = 4, Kruskal-Wallis
test followed by Dunn’s multiple comparison test).
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control MLR (without hMSC), adding hMSC resulted in
suppression of this proliferation (43.71± 21.23% reduction
of proliferative cell number) (Figure 1(a), i). On the other
hand, when the percentage of proliferative cells was lower
than 30% in the control MLR, hMSC did not affect T cell
proliferation or acted as immunostimulatory agents and
led to an increase in the percentage of proliferative cells
(208.2± 451.2%) (Figure 1(a), ii). This trend was observed
both for hMSC expanded in XF-Medium and for hMSC
expanded in FBS-Medium (Figure 1(a)).

As the MLR did not always lead to high proliferation of
responder cells, and in order to obtain more reproducible
data, the capacity of hMSC to suppress proliferation was
studied against mitogen-stimulated PBMCs, as performed
elsewhere [16, 59]. As shown in Figure 1(b), hMSC cultured
in xeno-free conditions were able to inhibit proliferation
of mitogen-stimulated PBMCs. When cells were stimulated
with 5μg/mL PHA, the mean percentage of proliferative
cells was 70± 21% (medium-containing FBS) and 76± 16%
(medium-containing SCC) and the presence of MSC led
to a mean reduction of 43± 13% for cells expanded in XF-
Medium and 46± 23% when using FBS-Medium (no statisti-
cally significant differences, paired t-test). On the other hand,
immunostimulation was observed when culturing resting
PBMCs with hMSC (Figure 1(c)). The presence of xeno-
free hMSC increased 260± 153%, the number of proliferative
PBMCs, and the control hMSC increased 280± 167% (no
statistically significant differences, paired t-test).

We further analysed the levels of TNF-α in these cultures
(Figure 1(d)). TNF-α levels were low in resting PBMCs (R),
independently of their coculture with hMSC and medium
used. Mitogen-stimulated PBMCs secreted higher levels of
TNF-α when compared with resting PBMCs (p < 0 05, n = 4,
Kruskal-Wallis test followed by Dunn’s multiple comparison

test). In the presence of hMSC, the levels of TNF-α were
no longer different from the unstimulated control (R).
And although it is not statistically significant, there was
a tendency of hMSC to decrease the production of TNF-α
by mitogen-stimulated PBMCs (19± 12% reduction in XF-
hMSC and 40± 29% in FBS-hMSC). Generally, TNF-α levels
were lower in XF-Medium than those in FBS-Medium.

Taken together, these data indicate that expansion of
hMSC in XF-Medium did not interfere with the immunosup-
pressive and immunostimulatory properties of the cells.

3.2. Xeno-Free Expanded hMSCAre Attracted byMacrophages.
The capacity of hMSC to be recruited to an inflammation
area is important for many of its clinical applications. It
has been shown that hMSC can be recruited by immune
cells, such as macrophages, NK cells, and T cells [25–27,
22]. To study whether hMSC expanded under xeno-free
conditions can be recruited by macrophages, a migration
and an invasion assays were performed. These assays are
based on the Boyden chamber principle, with hMSC cul-
tured on the top chamber and macrophages on the bottom
chamber (Figure 2(a)). The transwell system used for the
invasion assay was coated with Matrigel, giving us informa-
tion about both the migratory capacity and also the capacity
of hMSC to degrade and invade through extracellular
matrix. This invasion ability of hMSC is important for the
cells to reach the place of injury and/or inflammation. In
migration assays, membranes are coated with gelatine at a
very low concentration, so that adhesion is promoted but
a matrix is not formed, giving us a measure of cell migra-
tion alone.

Macrophages were able to recruit hMSC cultured in XF-
Medium in both migration and invasion assays, showing that
xeno-free expanded hMSC maintain their chemotactic and
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Figure 2: hMSC expanded in XF-Medium maintain their chemotactic properties towards macrophages. Recruitment assays were performed
in 24-well plates using a transwell chamber (a). The lower compartment was filled with serum-free medium (negative control) or serum-free
medium with macrophages. hMSC expanded in FBS-Medium or XF-Medium were added to the upper compartment and allowed to migrate
for 7 hours in the migration assay (b) or for 24 hours in the invasion assay performed with the membrane coated with Matrigel (c). No
statistical differences were observed amongst the different media used (n = 4, Mann-Whitney test). The dashed line indicates the
chemotactic index in the negative control (1).
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matrix remodelling properties (Figures 2(b) and 2(c)). No
significant differences were observed between the use of
XF-Medium or FBS-Medium to expand hMSC (Man-
Whitney test). Although hMSC expanded under xeno-free
conditions showed a chemotactic response towards macro-
phages, the number of cells that crossed the membranes in
both the negative control and the experimental condition
was reduced (69–90% reduction in the migration assay, and
54–74% reduction in the invasion assay), which was also
verified with a positive control (Figures 3(a) and 3(b)). To
clarify whether xeno-free hMSC present an impaired motil-
ity, we performed time-lapse microscopy analysis by

imaging for 12 hours for three different hMSC donors.
Quantification of the number of motile cells and the cells
velocity showed impairment in the motility of hMSC
expanded in XF-Medium (Figures 3(d) and 3(e)). Careful
observation of the movies indicated that the front of
hMSC expanded in XF-Medium could not adhere to the
substrate and thus cells did not move in a certain direc-
tion (Figure 3(c)).

Careful observation suggested that the morphology of
cells cultured in this medium was slightly different from the
one observed in FBS-Medium (Figures 4(a) and 4(b)). It
was observed that cells in FBS-Medium presented a more
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7Stem Cells International



elongated shape with sharp ramifications, while cells in XF-
Medium were more heterogeneous, including cells with
elongated shape but also polygonal and circular cells. This
observation was corroborated by morphological quantifica-
tion: 94% of the hMSC cultured in FBS-Medium presented
a circularity factor lower than 0.5, while hMSC cultured in
XF-Medium presented a more heterogeneous morphology,
only 50% of the cells presenting a circularity factor lower
than 0.5 (Figure 4(c)). This change in morphology could
be related with differences on cell polarization, which
might be linked with differences on hMSC motility. There-
fore, xeno-free expanded hMSC maintained their chemotac-
tic and immunoregulatory properties but showed impaired
motility in comparison with hMSC expanded in FBS.

4. Discussion

There is a need for developing new animal-free media to
expand hMSC for use in human therapies. Previous studies
have shown that a human plasma-derived supplement for
cell culture (SCC) is a potential candidate to substitute
FBS. Díez et al. showed that this product can be used to
expand hMSC, maintaining their phenotype and multipo-
tentiality [50]. In this present study, we have shown that

SCC does not interfere with human hMSC chemotactic
and immunomodulatory properties.

Díez and colleagues reported a higher growth rate of
hMSC when compared with hMSC expanded in the recom-
mended commercial medium, which was not observed here
[50]. Despite of the different proliferation rate, here, it was
found that hMSC could be successfully expanded in XF-
Medium without platelet lysate. In Díez et al., medium
included platelet lysate and basic fibroblast growth factor;
the reference medium used was different from the one used
here; and hMSC donors were younger [50]. It is important
to consider that the age of hMSC donors, especially in thera-
pies using autologous cells, is normally high, as most people
in need of these therapies are the elderly.

The immunomodulatory properties of hMSC are of
high interest to treat immune-related diseases. Other studies
performed in xeno-free conditions only studied hMSC immu-
nosuppression and showed that hMSC expanded in medium-
containing platelet lysate have reduced immunosuppressive
properties than hMSC expanded in FBS-containing medium
or serum-free medium [41, 60, 61]. Here, we studied not
only the immunosuppressive hMSC properties but also the
immunostimulatory ones. For this, hMSC were cocultured
with resting PBMCs, with mitogen-stimulated PBMCs, or
with a mixed leukocyte reaction. The results obtained
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are highlighted in blue (discontinuous line). (c) Frequency distribution of hMSC circularity of cells expanded in FBS- or XF-Medium
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demonstrate that hMSC were able to suppress proliferation
of mitogen-stimulated PBMCs independently of their expan-
sion medium (XF- or FBS-Medium). Furthermore, xeno-free
expanded hMSC and control MSC were able to stimulate
proliferation of resting PBMCs, thus maintaining their
immunostimulatory properties. The results obtained in the
mixed leukocyte reaction were diverse, with hMSC acting
as immunosuppressors or immunostimulators depending
on the PBMC response. Our results agree with the current
view that the immunomodulatory properties of hMSC
depend on the niche; in an inflammatory niche, cytokines
prime hMSC, so they can act as immunosuppressor agents,
but in a niche where no proinflammatory cytokines are pres-
ent, hMSC act as immunostimulatory agents [14, 15, 62].

Activation of PBMC proliferation with a mitogen
(PHA) led to increased TNF-α level. Introducing hMSC
into this proinflammatory culture led to a decrease in
TNF-α level, both with xeno-free and control-expanded
hMSC. These results agree with the idea that activated T
lymphocytes secrete TNF-α, which then prime hMSC to
act as immunosuppressors and block TNF-α release [63, 64].
TNF-α levels did not change when PBMCs were resting,
suggesting that TNF-α is only related with hMSC immuno-
suppressive properties but not the immunostimulatory ones.
TNF-α levels were overall lower when using SCC as supple-
ment than when using FBS, suggesting that XF-Medium
might be affecting cytokine production by the PBMC.

hMSC chemotactic response towards cells of the immune
system is crucial in therapies where the hMSC are implanted
systemically or far from the site of inflammation. Cells
involved in the immune response (such as macrophages
and NK cells) are able to attract hMSC [25]. Here, xeno-
free expanded hMSC maintained their capacity to be
attracted by macrophages. We analysed not only the chemo-
tactic response of xeno-free expanded hMSC (migration
assay) but also their ability to degrade the matrix, using
Matrigel to cover the membrane (invasion assay). MSC
showed a higher chemotactic index in the invasion assay than
in the migration assay. The chemotactic index is obtained by
dividing the number of cells that migrated in the experimen-
tal condition by the number of cells that migrated in the
negative control. As it is more challenging for the cells to
cross theMatrigel on the invasion assay, hardly any cell could
cross the membrane in the absence of macrophages. We can
speculate that the strong effect seen in the presence of macro-
phages might be due to the fact that besides producing the
chemoattractants that are important to stimulate migration,
these cells also produce MMPs that contribute to matrix
remodelling. In the case of the migration assay, without any
Matrigel, a few more cells can cross the membrane in the
negative control; thus, the difference with the number of
cells recruited by macrophages is lower, and the resultant
chemotactic index is reduced.

Although the chemotactic properties of xeno-free expanded
hMSC were preserved, the motility of hMSC was impaired,
as found in time-lapse assays. This impairment in cell
motility may be related with the morphological changes
observed as the most common motility process used by
mammalian cells involves polarized actomyosin-driven shape

change [65]. It is important that future studies with xeno-free
media consider its impact on the cell motility as new formula-
tions should promote not only the cell immunomodulatory
properties but also their homing capacity.

It has previously been shown that hMSC grown in
SCC-containing medium maintain their hMSC characteris-
tics, including expression of typical hMSC proteins and
differentiation potential into adipocytes, chondrocytes, and
osteoblasts [50]. In Díez et al. [50], commercial bone
marrow-derived hMSC were expanded in the same medium
used here but with additional platelet lysate and fibroblast
growth factor. Platelet lysate supplementation is controver-
sial, and its effect on immunomodulatory MSC properties is
not clear, with some studies showing that it reduces hMSC
immunosuppressive properties [40, 41, 61, 66]. Therefore,
in this work, we tested the effect of SCC-based medium
without platelet lysate. The addition of platelet lysate,
together with fibroblast growth factor, may have led to a
higher proliferation rate in the previous study. Also, this
proliferation may have been affected by the age of the MSC
donors. Here, we opted to use cells from older donors, as it
is likely that most people in need of therapies using autolo-
gous cells are the elderly. Notwithstanding, and despite these
differences, hMSC in XF-Medium without platelet lysate
could be successfully expanded in vitro, while maintaining
their immunomodulatory properties.

Apart from preserving hMSC immunomodulatory and
chemotactic properties, SCC-based xeno-free medium pre-
sents some advantages compared with other available
xeno-free media. SCC is a GMP product that undergoes
different safety steps to avoid the transmission of any disease
and that is produced from more than 10,000 donations,
reducing the variability between lots, while being. Platelet
lysate would also be an interesting xeno-free supplement,
but high variability is expected if the number of donors is
low and it might impact on immunomodulation. As Bobis-
Wozowicz et al. showed, different media can have different
effects on each hMSC; thus, it is highly recommended to
test which is best for each particular application [45].

5. Conclusion

Here, we report expansion of hMSC in a xeno-free medium
without platelet lysate while preserving the cell immunomod-
ulatory and chemotactic properties. As SCC is an industrial
GMP product from human origin obtained from a large
number of healthy donors, and with an improved safety
margin, SCC can be a potential candidate to culture hMSC
for human cell therapies.

Abbreviations

DMSO: Dimethyl sulfoxide
FBS: Foetal bovine serum
GvHd: Graft-versus-host-disease
hMSC: Human mesenchymal stem/stromal cells
IDO: Indoleamine 2,3-dioxygenase
IFN-γ: Interferon gamma
MLR: Mixed leukocyte reactions

9Stem Cells International



PBMC: Peripheral blood mononuclear cells
PFA: Paraformaldehyde
PGE2: Prostaglandin E2
PHA: Phytohemagglutinin
PRC: Proliferative responder cells
SCC: Supplement for cell culture
TNF-α: Tumor necrosis factor alpha
XF: Xeno-free.

Conflicts of Interest

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Acknowledgments

The authors would like to thank the Hospital of São João
for the buffy coats and bone marrow samples. The authors
want to thank Susana Santos for critical input and Grifols for
SCC supplying. This work was supported by the European
Union 7th Framework Programme under the Marie Curie
Initial Training Programme Network IB2 (MC ITN-EID
no. 317052).

References

[1] Y. Shi, G. Hu, J. Su et al., “Mesenchymal stem cells: a
new strategy for immunosuppression and tissue repair,”
Cell Research, vol. 20, no. 5, pp. 510–518, 2010.

[2] “Home - ClinicalTrials.gov,” May 2016, http://www.
clinicaltrials.gov.

[3] F. Veronesi, G. Giavaresi, M. Tschon, V. Borsari, N. Nicoli
Aldini, and M. Fini, “Clinical use of bone marrow, bone mar-
row concentrate, and expanded bone marrow mesenchymal
stem cells in cartilage disease,” Stem Cells and Development,
vol. 22, no. 2, pp. 181–192, 2013.

[4] J. T. Vilquin and P. Rosset, “Mesenchymal stem cells in bone
and cartilage repair: current status,” Regenerative Medicine,
vol. 1, no. 4, pp. 589–604, 2006.

[5] C. B. Portmann-Lanz, A. Schoeberlein, A. Huber et al.,
“Placental mesenchymal stem cells as potential autologous
graft for pre- and perinatal neuroregeneration,” American
Journal of Obstetrics and Gynecology, vol. 194, no. 3,
pp. 664–673, 2006.

[6] F. Casiraghi, N. Perico, M. Cortinovis, and G. Remuzzi,
“Mesenchymal stromal cells in renal transplantation: opportu-
nities and challenges,” Nature Reviews. Nephrology, vol. 12,
no. 4, pp. 241–253, 2016.

[7] S. Golpanian, A. Wolf, K. E. Hatzistergos, and J. M. Hare,
“Rebuilding the damaged heart: mesenchymal stem cells,
cell-based therapy, and engineered heart tissue,” Physiological
Reviews, vol. 96, no. 3, pp. 1127–1168, 2016.

[8] A. Dulamea, “Mesenchymal stem cells in multiple sclerosis –
translational to clinical trials,” Journal of Medicine and Life,
vol. 8, no. 1, pp. 24–27, 2015.

[9] S. Ma, N. Xie, W. Li, B. Yuan, Y. Shi, and Y. Wang,
“Immunobiology of mesenchymal stem cells,” Cell Death
and Differentiation, vol. 21, no. 2, pp. 216–225, 2014.

[10] A. N. Gornostaeva, E. R. Andreeva, I. V. Andrianova, and
L. B. Buravkova, “Immunosuppressive effects of multipotent

mesenchymal stromal cells in cultures with different O2
content in the medium,” Bulletin of Experimental Biology
and Medicine, vol. 151, no. 4, pp. 526–529, 2011.

[11] A. N. Gornostaeva, E. R. Andreeva, and L. B. Buravkova,
“Human MSC immunosuppressive activity at low oxygen
tension: direct cell-to-cell contacts and paracrine regulation,”
Human Physiology, vol. 39, no. 2, p. 136, 2013.

[12] M. W. Lee, D. S. Kim, S. Ryu et al., “Effect of ex vivo culture
conditions on immunosuppression by human mesenchymal
stem cells,” BioMed Research International, vol. 2013, Article
ID 154919, p. 10, 2013.

[13] D. S. Kim, M. W. Lee, K. H. Yoo et al., “Gene expression
profiles of human adipose tissue-derived mesenchymal stem
cells are modified by cell culture density,” PloS One, vol. 9,
no. 1, article e83363, 2014.

[14] M. Mounayar, E. Kefaloyianni, B. Smith et al., “PI3kα
and STAT1 interplay regulates human mesenchymal stem
cell immune polarization,” Stem Cells, vol. 33, no. 6,
pp. 1892–1901, 2015.

[15] R. Meisel, A. Zibert, M. Laryea, U. Göbel, W. Däubener,
and D. Dilloo, “Human bone marrow stromal cells inhibit
allogenic T-cell responses by IDO- mediated tryptophan
degradation,” Blood, vol. 103, no. 12, pp. 4619–4621, 2004.

[16] M. Krampera, L. Cosmi, R. Angeli et al., “Role for interferon-
gamma in the immunomodulatory activity of human bone
marrow mesenchymal stem cells,” Stem Cells, vol. 24, no. 2,
pp. 386–398, 2006.

[17] P. S. A. Sotiropoulou, A. D. Gritzapis, C. N. Baxevanis, and
M. Papamichail, “Interactions between human mesenchymal
stem cells and natural killer cells,” Stem Cells, vol. 24, no. 1,
pp. 74–85, 2006.

[18] G. Ren, L. Zhang, X. Zhao et al., “Mesenchymal stem cell-
mediated immunosuppression occurs via concerted action of
chemokines and nitric oxide,” Cell Stem Cell, vol. 2, no. 2,
pp. 141–150, 2008.

[19] S. Kumar and S. Ponnazhagan, “Mobilization of bone marrow
mesenchymal stem cells in vivo augments bone healing in a
mouse model of segmental bone defect,” Bone, vol. 50, no. 4,
pp. 1012–1018, 2012.

[20] F. Granero-Molto, J. A. Weis, M. I. Miga et al., “Regenerative
effects of transplanted mesenchymal stem cells in fracture
healing,” Stem Cells, vol. 27, no. 8, pp. 1887–1898, 2009.

[21] A. L. Ponte, E. Marais, N. Gallay et al., “The in vitro migration
capacity of human bone marrow mesenchymal stem cells:
comparison of chemokine and growth factor chemotactic
activities,” Stem Cells, vol. 25, no. 7, pp. 1737–1745, 2007.

[22] K. Anton, D. Banerjee, and J. Glod, “Macrophage-associated
mesenchymal stem cells assume an activated, migratory, pro-
inflammatory phenotype with increased IL-6 and CXCL10
secretion,” PloS One, vol. 7, no. 4, article e35036, 2012.

[23] T. Tondreau, N. Meuleman, B. Stamatopoulos et al., “In
vitro study of matrix metalloproteinase/tissue inhibitor of
metalloproteinase production by mesenchymal stromal cells
in response to inflammatory cytokines: the role of their
migration in injured tissues,” Cytotherapy, vol. 11, no. 5,
pp. 559–569, 2009.

[24] G. Ren, X. Zhao, L. Zhang et al., “Inflammatory cytokine-
induced intercellular adhesion molecule-1 and vascular cell
adhesion molecule-1 in mesenchymal stem cells are critical
for immunosuppression,” The Journal of Immunology,
vol. 184, no. 5, pp. 2321–2328, 2010.

10 Stem Cells International

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov


[25] C. R. Almeida, D. P. Vasconcelos, R. M. Gonçalves, and M. A.
Barbosa, “Enhanced mesenchymal stromal cell recruitment via
natural killer cells by incorporation of inflammatory signals in
biomaterials,” Journal of the Royal Society, Interface, vol. 9,
no. 67, pp. 261–271, 2012.

[26] J. L. Spees, C. A. Gregory, H. Singh et al., “Internalized
antigens must be removed to prepare hypoimmunogenic
mesenchymal stem cells for cell and gene therapy,” Molecular
Therapy, vol. 9, no. 5, p. 747, 2004.

[27] C. R. Almeida, H. R. Caires, D. P. Vasconcelos, and M. A.
Barbosa, “Neutrophil-activating protein (NAP)-2 secreted by
human natural killer cells can stimulate mesenchymal stem/
stromal cell recruitment,” Stem Cell Reports, vol. 6, no. 4,
pp. 466–473, 2016.

[28] H. R. Caires, T. Esteves, P. Quelhas, M. A. Barbosa, M.
Navarro, and C. R. Almeida, “Macrophage interactions with
polylactic acid and chitosan scaffolds lead to improved
recruitment of human mesenchymal stem/stromal cells: a
comprehensive study with different immune cells,” Journal of
the Royal Society, Interface, vol. 13, no. 122, Article ID
20160570, 2016.

[29] S. A. Kuznetsov, M. H. Mankani, and P. G. Robey, “Effect
of serum and human bone marrow stromal cells: ex vivo
expansion and in vivo bone formation,” Transplantation,
vol. 70, no. 12, pp. 1780–1787, 2000.

[30] M. P. Mojica-Henshaw, P. Jacobson, J. Morris et al., “Serum-
converted platelet lysate can substitute for fetal bovine serum
in human mesenchymal stromal cell cultures,” Cytotherapy,
vol. 15, no. 12, pp. 1458–1468, 2013.

[31] K. Prata, G. C. Santis, M. D. Orellana, P. V. Palma, M. S.
Brassesco, and D. T. Covas, “Cryopreservation of umbilical
cord mesenchymal cells in xenofree conditions,” Cytotherapy,
vol. 14, no. 6, pp. 694–700, 2012.

[32] H. Miwa, Y. Hashimoto, K. Tensho, S. Wakitani, and M.
Takagi, “Xeno-free proliferation of human bone marrow
mesenchymal stem cells,” Cytotechnology, vol. 64, no. 3,
pp. 301–308, 2012.

[33] K. Chieregato, S. Castegnaro, D. Madeo, G. Astori, M.
Pegoraro, and F. Rodeghiero, “Epidermal growth factor, basic
fibroblast growth factor and platelet-derived growth factor-
bb can substitute for fetal bovine serum and compete with
human platelet-rich plasma in the ex vivo expansion of
mesenchymal stromal cells derived from adipose tissue,”
Cytotherapy, vol. 13, no. 8, pp. 933–943, 2011.

[34] S. Mimura, N. Kimura, M. Hirata et al., “Growth factor defined
culture medium for human mesenchymal stem cells,” The
International Journal of Developmental Biology, vol. 55, no. 2,
pp. 181–187, 2011.

[35] G. Astori, E. Amati, F. Bambi et al., “Platelet lysate as a
substitute for animal serum for the ex-vivo expansion of
mesenchymal stem/stromal cells: present and future,” Stem
Cell Research & Therapy, vol. 7, no. 1, p. 93, 2016.

[36] S. Jung, K. M. Panchalingam, L. Rosenberg, and L. A. Behie,
“Ex vivo expansion of human mesenchymal stem cells in
defined serumfree media,” Stem Cells International, vol. 35,
no. 13, pp. 4046–4057, 2012.

[37] V. Tunaitis, V. Borutinskaité, R. Navakauskiené et al.,
“Effects of different sera on adipose tissue-derived mesen-
chymal stromal cells,” Journal of Tissue Engineering and
Regenerative Medicine, vol. 5, no. 9, pp. 733–746, 2011.

[38] C. Capelli, M. Domenghini, G. Borleri et al., “Human platelet
lysate allows expansion and clinical grade production of

mesenchymal stromal cells from small samples of bone
marrow aspirates or marrow filter washouts,” Bone Marrow
Transplantation, vol. 40, no. 8, pp. 785–791, 2007.

[39] M. Lohmann, G. Walenda, H. Hemeda et al., “Donor age of
human platelet lysate affects proliferation and differentiation
of mesenchymal stem cells,” PloS One, vol. 7, no. 5, article
e37839, 2012.

[40] H. Abdelrazik, G. M. Spaggiari, L. Chiossone, and L. Moretta,
“Mesenchymal stem cells expanded in human platelet lysate
display a decreased inhibitory capacity on T- and NK-cell
proliferation and function,” European Journal of Immunology,
vol. 41, no. 11, pp. 3281–3290, 2011.

[41] I. B. Copland, M. A. Garcia, E. K. Waller, J. D. Roback, and
J. Galipeau, “The effect of platelet lysate fibrinogen on the
functionality of MSCs in immunotherapy,” Biomaterials,
vol. 34, no. 32, pp. 7840–7850, 2013.

[42] C. Lange, F. Cakiroglu, A. N. Spiess, H. Cappallo-
Obermann, J. Dierlamm, and A. R. Zander, “Accelerated
and safe expansion of human mesenchymal stromal cells in
animal serum-free medium for transplantation and regenera-
tive medicine,” Journal of Cellular Physiology, vol. 213, no. 1,
pp. 18–26, 2007.

[43] R. Gruber, F. Karreth, B. Kandler et al., “Platelet-released
supernatants increase migration and proliferation, and decrease
osteogenic differentiation of bone marrow-derived mesenchy-
mal progenitor cells under in vitro conditions,” Platelets,
vol. 15, no. 1, pp. 29–35, 2004.

[44] P. Wuchter, M. Vetter, R. Saffrich et al., “Evaluation of
GMP-compliant culture media for in vitro expansion of
human bone marrow mesenchymal stromal cells,” Experi-
mental Hematology, vol. 44, no. 6, pp. 508–518, 2016.

[45] S. Bobis-Wozowicz, K. Kmiotek, K. Kania et al., “Diverse
impact of xeno-free conditions on biological and regen-
erative properties of hUC-MSCs and the extracellular
vesicles,” Journal of Molecular Medicine, vol. 95, no. 2,
pp. 205–220, 2017.

[46] J. I. Jorquera, M. Costa, and J. M. Díez, “Mammalian cell culture
media which comprise supernatant from Cohn fractionation
stages and use thereof,” U.S. Patent 8,252,590 B2, 2012.

[47] E. J. Cohn and L. E. Strong, “Preparation and properties of
serum and plasma proteins; a system for the separation
into fractions of the protein and lipoprotein components
of biological tissues and fluids,” Journal of the American
Chemical Society, vol. 68, no. 3, p. 459, 1946.

[48] R.-P. Y. Rodríguez-Pizà and R. Vassena, “Reprogramming of
human fibroblasts to induced pluripotent stem cells under
xeno-free conditions,” Stem Cells, vol. 28, no. 1, pp. 36–44, 2010.

[49] J. M. Díez, R. Gajardo, and J. I. Jorquera, A New Pharmaceuti-
cal Grade Xeno-Free Cell Culture Supplement Derived from
Human Plasma for the Growth (Ex Vivo Expansion) of Human
Mesenchymal Stem Cells, Poster Session Presented at the
Global Technology Community 8th Stem Cell Summit,
Boston, MA, USA, 2012.

[50] J. M. Díez, E. Bauman, R. Gajardo, and J. I. Jorquera, “Culture
of human mesenchymal stem cells using a candidate phar-
maceutical grade xeno-free cell culture supplement derived
from industrial human plasma pools,” Stem Cell Research
& Therapy, vol. 6, no. 1, p. 28, 2015.

[51] M. A. Cassatella, F. Mosna, A. Micheletti et al., “Toll-like
receptor-3-activated human mesenchymal stromal cells sig-
nificantly prolong the survival and function of neutrophils,”
Stem Cells, vol. 29, no. 6, pp. 1001–1011, 2011.

11Stem Cells International



[52] M. E. Bernardo and W. E. Fibbe, “Mesenchymal stromal cells:
sensors and switchers of inflammation,” Cell Stem Cell, vol. 13,
no. 4, pp. 392–402, 2013.

[53] J. A. McAteer and J. M. Davis, “Basic cell culture technique
and the maintenance of cell lines,” in Basic cell culture. A
practical approach, J. M. Davis, Ed., p. 138, Oxford University
Press, New York, 2001.

[54] Y. Tanaka, H. Tashiro, T. Onoe, K. Ide, K. Ishiyama, and
H. Ohdan, “Optimization of immunosuppressive therapy
based on a multiparametric mixed lymphocyte reaction assay
reduces infectious complications and mortality in living donor
liver transplant recipients,” Transplantation Proceedings,
vol. 44, no. 2, pp. 555–559, 2012.

[55] K. V. Bromelow, W. Hirst, R. L. Mendes et al., “Whole blood
assay for assessment of the mixed lymphocyte reaction,” Journal
of Immunological Methods, vol. 247, no. 1-2, pp. 1–8, 2001.

[56] A. Bartholomew, C. Sturgeon, M. Siatskas et al., “Mesenchy-
mal stem cells suppress lymphocyte proliferation in vitro and
prolong skin graft survival in vitro,” Experimental Hematology,
vol. 30, no. 1, pp. 42–48, 2002.

[57] ImageJ, “Circularity,” September 8, https://imagej.nih.gov/ij/
plugins/circularity.html.

[58] R. S. Waterman, S. L. Tomchuck, S. L. Henkle, and A. M.
Betancourt, “A new mesenchymal stem cell paradigm:
polarization into a proinflammatory MSC1 or an immu-
nosuppressive MSC2 phenotype,” PloS One, vol. 5, no. 4,
article e10088, 2010.

[59] D. D. Carrade, M. W. Lame, M. S. Kent, K. C. Clark,
N. J. Walker, and D. L. Borjesson, “Comparative analysis
of the immunomodulatory properties of equine adult-derived
mesenchymal stem cells,” Cell Medicine, vol. 4, no. 1,
pp. 1–11, 2012.

[60] A. Oikonomopoulos, W. K. van Deen, A. R. Manansala et al.,
“Optimization of human mesenchymal stem cell manufactur-
ing: the effects of animal/xeno-free media,” Scientific Reports,
vol. 5, p. 16570, 2015.

[61] S. Gottipamula, K. M. Ashwin, M. S. Muttigi, S. Kannan,
U. Kolkundkar, and R. N. Seetharam, “Isolation, expansion
and characterization of bone marrow-derived mesenchymal
stromal cells in serum-free conditions,” Cell and Tissue
Research, vol. 356, no. 1, pp. 123–135, 2014.

[62] K. Le Blanc, L. Tammik, B. Sundberg, S. E. Haynesworth, and
O. Ringdén, “Mesenchymal stem cells inhibit and stimulate
mixed lymphocyte cultures and mitogenic responses indepen-
dently of the major histocompability complex,” Scandinavian
Journal of Immunology, vol. 57, no. 1, pp. 11–20, 2003.

[63] S. Aggarwal and M. F. Pittenger, “Human mesenchymal stem
cells modulate allogeneic immune cell responses,” Blood,
vol. 105, no. 4, pp. 1815–1822, 2005.

[64] R. E. Newman, D. Yoo, M. A. LeRoux, and A. Danilkovitch-
Miagkova, “Treatment of inflammatory diseases with mesen-
chymal stem cells,” Inflammation & Allergy Drug Targets,
vol. 8, no. 2, pp. 110–123, 2009.

[65] P. Friedl and W. Katarina, “Plasticity of cell migration: a
multiscale tuning model,” The Journal of Cell Biology,
vol. 188, no. 1, pp. 11–19, 2010.

[66] A. Flemming, K. Schallmoser, D. Strunk, M. Stolk, H. D. Volk,
and M. Seifert, “Immunomodulative efficacy of bone marrow-
derived mesenchymal stem cells cultured in human platelet
lysate,” Journal of Clinical Immunology, vol. 31, no. 6,
pp. 1143–1156, 2011.

12 Stem Cells International

https://imagej.nih.gov/ij/plugins/circularity.html
https://imagej.nih.gov/ij/plugins/circularity.html

	Human Bone Marrow Mesenchymal Stem/Stromal Cells Preserve Their Immunomodulatory and Chemotactic Properties When Expanded in a Human Plasma Derived Xeno-Free Medium
	1. Introduction
	2. Material and Methods
	2.1. Xeno-Free Medium Preparation
	2.2. Origin and Culture of hMSC
	2.3. Cell Growth Kinetics-Population Doubling Time
	2.4. Immunomodulatory Properties
	2.4.1. Immunoregulation Assay—MLR
	2.4.2. Immunoregulation Assay—Mitogenic Stimulation (PHA)
	2.4.3. Cytokine Quantification

	2.5. Monocyte Isolation and Differentiation to Macrophages
	2.6. Migration and Invasion Assay
	2.7. Time-Lapse Assay
	2.8. Morphological Evaluation
	2.9. Statistical Analysis

	3. Results
	3.1. Xeno-Free hMSC Preserve Their Immunomodulatory Properties
	3.2. Xeno-Free Expanded hMSC Are Attracted by Macrophages

	4. Discussion
	5. Conclusion
	Abbreviations
	Conflicts of Interest
	Acknowledgments

