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ABSTRACT

The potential of human adipose stem cells (ASCs) for regenerativemedicine has received recognition
owing to their ease of isolation and their multilineage differentiation capacity. Additionally, low im-
munogenicity and immunosuppressive propertiesmake thema relevant cell sourcewhen considering
immunomodulation therapies and allogeneic stem cell treatments. In the current study, immunoge-
nicity and immunosuppression of ASCs were determined through mixed lymphocyte reactions. The
immunogenic response was analyzed after cell isolation and expansion in fetal bovine serum (FBS),
human serum (HS)-supplemented medium, and xeno-free and serum-free (XF/SF) conditions. Addi-
tionally, the immunophenotype and the secretion of CXC chemokine ligand 8 (CXCL8), CXCL9, CXCL10,
C-C chemokine ligand 2 (CCL2), CCL5, interleukin 2 (IL-2), IL-4, IL-6, IL-10, IL-17A, tumor necrosis factor-
a, interferon-g, transforming growth factor-b1, indoleamine 2,3-deoxygenase, Galectin-1, and
Galectin-3 were analyzed. The results showed that ASCs were weakly immunogenic when expanded
in any of the three conditions. The significantly strongest suppression was observed with cells ex-
panded in FBS conditions, whereas higher ASC numbers were required to display suppression in
HS or XF/SF conditions. In addition, statistically significant differences in protein secretion were ob-
served between direct versus indirect cocultures and between different culture conditions. The char-
acteristic immunophenotype of ASCs wasmaintained in all conditions. However, in XF/SF conditions,
a significantly lower expression of CD54 (intercellular adhesionmolecule 1) and ahigher expression of
CD45 (lymphocyte common antigen) was observed at a low passage number. Although culture con-
ditions have an effect on the immunogenicity, immunosuppression, and protein secretion profile
of ASCs, our findings demonstrated that ASCs have low immunogenicity and promising immunosup-
pressive potential whether cultured in FBS, HS, or XF/SF conditions. STEM CELLS TRANSLATIONAL

MEDICINE 2014;3:1220–1230

INTRODUCTION

Human adipose tissue possesses an abundant
source of multipotent mesenchymal stem cells
(MSCs) known as adipose stem cells (ASCs). They
are promising candidates for clinical applications
because of their ability to differentiate toward
several cell types of mesodermal origin [1, 2].
ASCs also have low immunogenicity [3], and they
are capable of immunomodulation [4], which
makes them an even more relevant cell source
when considering clinical applications.

Several ongoing clinical trials are studying the
suitability of ASCs in tissue repair and in treat-
ment of autoimmune diseases or immunological
disorders. For instance, the potential of ASCs
is being evaluated in clinical trials for the treat-
ment of craniofacial injuries of bone and soft
tissue (NCT01633892), articular cartilage de-
fects (NCT02090140), and urinary incontinence
(NCT01799694;NCT01804153) (http://clinicaltrials.
gov/). There is also a growing interest in clinical

applications using the potential of ASCs to mod-
ulate immunity and inflammation, as reviewed
by Casteilla et al. [5]. Specifically, the poten-
tial of ASCs is currently being evaluated in
clinical trials for the treatment of Crohn’s dis-
ease (NCT01157650; NCT01011244), osteoar-
thritis (NCT01739504; NCT01585857), graft
versus host disease (GVHD) (NCT01222039),
and multiple sclerosis (NCT01453764) (http://
clinicaltrials.gov/).

The immunomodulatory capacity of ASCs has
been studied by many research groups [4, 6–9],
and interestingly, ASCs are considered immuno-
logically privileged, lacking the expression of ma-
jor histocompatibility complex (MHC) class II
molecules, as well as T- and B-cell costimulatory
molecules CD80, CD86, and CD40 [3, 9], required
for complete T-cell activation. Nevertheless, im-
munological privilege of MSCs may not be abso-
lute [10], and consequently the ability of MSCs
to escape the immune system remains under
debate. Still, ASCs have been shown to have
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immunomodulatory properties, such as regulation of T-cell func-
tions and modulation of cytokine secretion [3, 4, 7, 11, 12]. As
shownbyMcIntosh et al. [3], the immunogenic properties of ASCs
may also change as the passage increases. They showed that the
stromal vascular fraction is more immunogenic when compared
with higher passages that are also capable of immunosuppres-
sion. The immunomodulatory effect has also been demonstrated
in vivo [8, 13, 14], where ASCs have been shown to suppress
allogeneic lymphocytes and prolong allotransplant survival [8,
14]. In addition, thepotential ofMSCs to treat patientswithGVHD
has been reported in several clinical studies [15–18].

Themechanisms behind the immunosuppressive capacity are
being investigated, so far mainly using bone marrow-derived
mesenchymal stem cells (BMSCs). MSCs have been shown to ac-
tively inhibit the functions of several immune cells through cyto-
kine secretion [19–21], and several soluble mediators have been
suggested to be involved in the suppression process. Thesemedi-
ators include transforming growth factorb (TGF-b) [22] and pros-
taglandin E2 [23], both of which modulate interleukin 2 (IL-2)
synthesis and T-cell activation, indoleamine 2,3-deoxygenase
(IDO) [24, 25], and galectin-1 and -3 [26, 27]. In addition to soluble
factors, direct cell-cell contact is an essential part of the interac-
tion, but the mechanism has not been completely defined. Ren
et al. [28] demonstrated that cell-cell adhesionmediated by inter-
cellular adhesionmolecule 1 (ICAM-1, CD54) and vascular cell ad-
hesion molecule 1 (VCAM-1, CD106) is critical for MSC-mediated
immunosuppression. In addition, the inflammatory environment
has been shown to affect the suppression process, enhancing the
immunosuppressive capacity of ASCs [4, 19, 24, 29]. Conse-
quently, soluble factors, direct cell-cell contacts, and the inflam-
matory environment are all involved in the process, but more
studies are required to fully determine the suppression mecha-
nisms and to receive a comprehensive picture of the immuno-
modulatory potential of ASCs and other MSCs.

As the number of clinical therapies using ASCs increases, fur-
ther requirements regarding the safety and efficiency of the cells
arise. In fact, several reports have been published to fully charac-
terize ASCs and to develop safe and efficient in vitro culture
protocols for clinical cell therapies [30–34]. Completely defined
xeno-free and serum-free (XF/SF) isolation and expansion proto-
colswere recently developed for ASCs by our team [30] to replace
traditional fetal bovine serum (FBS)-based culturing protocols,
which should be avoided in clinical treatments because of safety
concerns [35, 36]. Cells cultured in thepresenceof animal-derived
components may transfer xenogeneic antibodies into the
human body and trigger severe immune responses [37, 38]. By
contrast, novel XF/SF culture conditions meet the current good
manufacturing practice (GMP) requirements, and cells are cul-
tured in fully defined media using only GMP grade reagents.

In this study, we evaluated the effect of the cell culture me-
dium on the immunologic properties of ASCs. To our knowledge,
this is a novel approach, and the aspect of the culturemedium on
cell immunologic properties has not been reported previously.
However, in our previously published reports, we demonstrated
that the culture conditions have an effect on the proliferation
rate, as well as on the differentiation potential of the cells [30],
and we hypothesized that the immunomodulatory properties
alsodiffer betweencells isolatedandexpanded indifferent serum
conditions and inXF/SF conditions. The isolation andexpansionof
ASCs was carried out in parallel in three different culture condi-
tions: in an FBS-containing medium, in a human serum (HS)-

containing medium, and in XF/SF conditions. After cell expansion
in these conditions, ASCs were cocultured with peripheral blood
mononuclear cells (PBMCs) in mixed lymphocyte reactions
(MLRs) to evaluate the immunogenic properties of the cells in
low (passage 2) and high (passage 5) passage numbers.

MATERIALS AND METHODS

The collection of adipose tissue and peripheral blood was ap-
provedby theethics committeeof thePirkanmaaHospital District
in Tampere, Finland (R03058). Adipose tissue samples were
obtained from Tampere University Hospital, and the buffy coat
samples were from the Finnish Red Cross Blood Service. All anal-
yses were performed separately with four or five donor cell lines
isolated in FBS, HS, and XF/SF conditions. The same five patient
cell lines were used for MLR assays and for flow cytometric anal-
yses (donors 1–5), whereas the protein secretion studies were
performed with four different ASC lines (donors 6–9).

Isolation and Culture of ASCs

ASCs were isolated from adipose tissue samples (n = 9) collected
from female donors (age 416 10 years) undergoing elective sur-
gical procedures in the Department of Plastic Surgery, Tampere
University Hospital, Tampere, Finland. ASCs were isolated under
three different culturing conditions: medium containing FBS, HS,
or XF/SF culture conditions.

Isolation of ASCs from adipose tissue samples was carried out
using a mechanical and enzymatic method as described previ-
ously [2, 31, 39]. Briefly, the adipose tissue was minced manually
into small fragments and digested with collagenase NB 6 GMP
Grade (SERVA Electrophoresis GmbH, Heidelberg, Germany,
http://www.serva.de) in a water bath at 37°C under shaking con-
ditions. The digested tissue was centrifuged and filtered in se-
quential steps through a 100-mm pore size filter to separate
the ASCs from the surrounding tissue.

For FBS and HS conditions, Dulbecco’s modified Eagle’s
medium (DMEM)/F-12 1:1 (Life Technologies, Rockville, MD,
http://www.lifetech.com) was supplemented with 1% L-analyl-
L-glutamine (GlutaMAX I; Life Technologies), 1% antibiotics
(p/s; 100 U/ml penicillin, 0.1 mg/ml streptomycin; Lonza, Wal-
kersville, MD, http://www.lonza.com) and either 10% FBS (Life
Technologies) or 10%HS (human serum typeAB; Lonza). ASCs iso-
lated and expanded in FBSmediumwere detached using 1% tryp-
sin (Lonza), and ASCs isolated in HSmediumwere detached using
TrypLE Select (Life Technologies).

For XF/SF conditions, the cells were isolated under XF/SF
conditions and seeded in carboxyl-coated flasks (PureCoat Car-
boxyl T75; BD Biosciences, Franklin Lakes, NJ, http://www.
bdbiosciences.com) and expanded in STEMPRO MSC SFM (Life
Technologies) supplemented with 1% GlutaMAX I, 0,3% antibiot-
ics, and 10% StemPro MSC SFM Xeno-Free supplement as de-
scribed previously [30]. From passage 1 onwards, XF/SF cells
were expanded in STEMPRO MSC medium supplemented with
CELLstart CTS coating (Life Technologies) according to the manu-
facturer’s instructions. ASCs isolated and expanded in SF/XF me-
dium were detached using TrypLE Select.

Isolation of PBMCs

Allogeneic human PBMCs were isolated from buffy coat samples
(n = 7) by density gradient centrifugation using Ficoll-Paque PLUS
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(density 1.077 g/ml; GE Healthcare, Little Chalfont, U.K., http://
www.gehealthcare.com) according to manufacturer’s instruc-
tions, aliquoted, and cryopreserved in the nitrogen gas phase un-
til cocultures.

Immunogenicity and Immunosuppression Analyses

The one-way and two-way MLR assays were used to determine
the immunogenic properties of ASCs after cell isolation and ex-
pansion in different culture conditions, in FBS, HS-containing
medium, or XF/SF conditions. MLRs were performed separately
with four to five ASC donor cell lines (donors 1–5) in passages 2
and 5. The MLRs were seeded on 96-well plates using DMEM/
F-12 1:1 supplemented with 1% GlutaMAX I (Life Technologies),
1% antibiotics (p/s; 100 U/ml penicillin, 0.1 mg/ml streptomy-
cin; Life Technologies), and 10%HS (PAA Laboratories, Pasching,
Austria, http://www.paa.at). 10% HS (PAA Laboratories) me-
dium was chosen to serve as a constant environment for MLR
cultures because of low viability of PBMCs when cultured in
XF/SF condition (data not shown). Therefore, prior to MLR
assays, ASCs isolated and expanded in three different culture
conditions, FBS, HS, (Lonza), and XF/SF conditions received
the same treatment of medium change and were allowed to ad-
just in HS medium (PAA Laboratories) for 24 hours prior to
coculture.

One-Way MLR Measuring the Immunogenicity of ASCs

PBMCs derived from three different donors were seeded at
2.53 105 cells per well and acted as responder cells. In addition to
PBMC responders, various stimulator cells were added to the
reactions: autologous PBMCs (baseline response) and alloge-
neic PBMCs (positive-control response), both plated at 1.0 3
104 cells per well, and the test ASCs, plated at 0.5 3 104, 1.0 3
104 and 2.0 3 104 cells per well. Stimulator PBMCs and ASCs
were irradiated with g-rays (40 Gy) prior to the coculture to in-
hibit the proliferation of the stimulator cells. ASCs in medium
alone were plated as control cultures. In addition, control cul-
tures of PBMCs alone were added as well as PBMCs supple-
mented with mitogen phytohemagglutinin (PHA, 1 mg/ml) to
activate the responder PBMC lines to serve as a maximal positive
control response in the one-way reaction. Quadruplicate reac-
tions were performed from each treatment, and the cultures
were incubated at 37°C in 5% CO2 for 5 days in HS medium
(PAA Laboratories). One-way MLRs were performed as de-
scribed previously by McIntosh et al. [40].

Two-Way MLR Measuring the Immunosuppression
of ASCs

Two different MLR combinations were formed from three differ-
ent PBMC lines. For eachMLR combination, cells from twodonors
were mixed at a time in equal amounts to activate the prolifera-
tive response of each PBMC line, and a total 2.53 105 cells were
seeded per well. After seeding theMLRs, ASCs were added to the
reactions at cell densities of 0.53 104, 1.03104 or 2.03 104 cells
per well. In addition, control wells containing only MLR combina-
tions without ASCs, and ASCs alone were also seeded. Quadrupli-
cate reactions were performed from each treatment group, and
the cultures were incubated at 37°C in 5% CO2 for 5 days in HS
(PAA Laboratories) medium. Two-way MLRs were performed as
described previously by McIntosh et al. [40].

Proliferation Assay

On day 4 of the MLRs, 10 mM bromodeoxyuridine (BrdU) was
added to mono- and cocultures, and the cells were incubated
for additional 16 hours at 37°C. On day 5, PBMC proliferation
was assessed by BrdU enzyme-linked immunosorbent assay
(ELISA) (Roche Applied Science, Penzberg, Germany, https://
www.roche-applied-science.com) according to the manufac-
turer’s instructions using a microplate absorbance reader (Victor
1429 Multilabel Counter; Wallac, Turku, Finland, http://www.
perkinelmer.com).

Performed Calculations From Proliferation Assay’s
Absorbance Values

Prior to statistical analysis, the following calculations were per-
formed for the raw absorbance data of BrdU ELISA. The average
absorbance values of ASC control wells were calculated. Medium
background was subtracted from the average ASC control values.
These modified ASC control values were then subtracted from
MLR absorbance values taking into account the used ASC num-
bers. Finally, these corrected MLR values were divided by the av-
erage autologous PBMCs value that was considered as baseline
response in one-wayMLR or by the average control value of wells
containing only MLR cultures without ASCs, considered as base-
line response in two-wayMLR. According to the performed calcu-
lations, in one-way MLRs, the value 1 indicates the baseline
response, and values above 1 indicate activation. Respectively,
in two-way MLRs, a value of 1 represents a baseline response,
and reaction values below 1 indicate suppression. Performed cal-
culations are modified from the protocols described byMcIntosh
et al. [40].

Flow Cytometric Analyses

ASCs expanded in FBS, HS, and XF/SF media (n = 4–5, donors 1–5,
passages 2 and 5)were analyzed by flow cytometry (FACSAria; BD
Biosciences) to determine whether different culturing conditions
affect the immunophenotype of the cells.Monoclonal antibodies
against CD11a-allophycocyanin (APC), CD80-phycoerythrin (PE),
CD86-PE, CD105-PE (R&D Systems Inc., Minneapolis, MN,
http://www.rndsystems.com), CD-3 (PE), CD14-phycoerythrin-
cyanine (PECy7), CD19-PECy7, CD45RO-APC, CD54-fluorescein
isothiocyanate, CD73-PE, CD90-APC (BD Biosciences), and
CD34-APC, HLADR-PE (Immunotools GmbH, Friesoythe, Ger-
many, http://www.immunotools.de) were used. Analysis was
performedon10,000 cells per sample, andunstained cell samples
were used to compensate for the background autofluorescence
levels.

Quantitative Protein Measurements

Two-way MLR assay was used to evaluate the secreted protein
expression in 24-well plate format. Four different donor PBMC
lines were used as responder cells, in two different MLR combi-
nations. PBMCs from two donors were mixed at a time in equal
amounts to activate the proliferative response of each PBMC line,
and a total cell number of 8.03 105 PBMCs was seeded per well.
After seeding theMLRs, ASCswere addedat densities of 3.03104

cells per well (donors 6–9) either in direct coculture or using
a semipermeable membrane inserts to prevent direct cell-cell
contacts between ASCs and PBMCs. When using the inserts,
PBMCs were pipetted into the inserts (pore size, 0.4 mm;
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ThinCert, Greiner Bio-One, Frickenhausen, Germany, http://
www.gbo.com/en), whereas ASCs remained on the bottom of
the wells. In addition, control wells containing MLR cultures with
no ASCs or ASCs alone were seeded. Similarly to immunogenicity
assays, the reactions were performed with ASCs isolated and ex-
panded in three different culture conditions (FBS, HS, and XF/SF
conditions), and were subsequently let to adjust to the 5% HS
(PAA Laboratories) medium for 24 hours prior to coculture. HS
lot (PAA laboratories) was changed prior to cytokine studies,
and5%HSwas chosenas a standard culturing condition to control
excess cell growth during cytokinemeasurements. Quadruplicate
reactions were performed from each treatment. Cell culture
supernatants from mono- and cocultures were collected on day
5 and stored in 220°C until analysis. Cytokines and chemokines
secreted by the cells were analyzed using Cytometric Bead Arrays
(CBAs; BD Biosciences); human chemokine kit (CXC chemokine li-
gand8 [CXCL8/IL-8], -9 [CXCL9/MIG], -10 [CXCL10/IP-10], C-C che-
mokine ligand 2 [CCL2/MCP-1], and -5 [CCL5/RANTES]), human
Th1/Th2/Th17 cytokine kit (interleukin 2 [IL-2], -4 [IL-4], -6 [IL-
6], -10 [IL-10], and -17A [IL-17A]; tumor necrosis factor a [TNF-
a]; and interferon g [IFN-g]) and human TGF-b1 Single Plex Flex
Set (TGF-b1). IDO and Galectin-1 and -3 were analyzed using col-
orimetric ELISA assays; ELISA kit for IDO (Cloud-Clone Corpora-
tion, Uscn Life Science Inc., Wuhan, People’s Republic of China,
http://www.uscnk.com), Human Galectin-1 Quantikine ELISA
Kit (R&D Systems), and Human Galectin-3 Quantikine ELISA Kit
(R&D Systems). Each colorimetric ELISA reactionwas done in trip-
licate, and averages of the parallel reactions were then taken into
account in statistical analysis. Substantially high concentrations
of IL-6, CXCL8, CXCL9, CCL2, and CXCL10 were detected from
the culture media, exceeding the detection limits of the human
chemokine and human Th1/Th2/Th17 cytokine kits. As a conse-
quence, the cell culture supernatants were diluted 1:150, and
these cytokines were reanalyzed using multiplexed Flex Set array
(BD Biosciences). CBA output data were analyzed using FCAP Ar-
ray software version 3.0 (BD Biosciences) according to the man-
ufacturer’s instructions.

Statistical Analyses

Statistical analyses were performed with SPSS version 19 (IBM
Corp., Armonk, NY, http://www.ibm.com). A nonparametric
Kruskal-Wallis test with Mann-Whitney U post hoc test was used
to compare different culture conditions and their effect on immu-
nogenic proliferative response in one-way and two-way MLR, as
well as for determining the effect of different culture conditions
on cell surface protein expression of cytometric data. The cyto-
kine secretion datawere analyzed using a regression analysiswith
ranked values. The effect of culture condition on cytokine secre-
tionwas analyzed using amodel inwhich the FBS orHS conditions
were defined as reference. Secretion values of other two condi-
tions were then compared with reference condition separately in
direct and indirect cocultures. Differences in cytokine secretion
between direct versus indirect cultures, as well as between cocul-
tures and monocultures, were analyzed using a different model.
In this model, monocultures (ASCs alone or MLR without ASCs)
and indirect cocultures were compared with direct cocultures
that were defined as reference. The results of MLRs, cytokine se-
cretion studies, and flow cytometric analyses were reported as
means and SD. When three different culturing conditions were
compared, a Bonferroni correction was performed to avoid the

problemofmultiple comparisons. As a consequence, the p values
were multiplied by 3 before the interpretation of statistical data.
The results were considered statistically significant when the
p value was under 0.05.

RESULTS

ASCs Elicited aWeak Immunogenic Response on PBMCs
in All Culture Conditions

One-way MLR assays were performed to assess the immunoge-
nicity of ASCs (Fig. 1A, 1B). In Figure 1A and 1B, a value of 1 indi-
cates the baseline response of PBMCs without ASCs, and values
above 1 indicate activation.

ASCs expanded in the FBS-containing medium induced the
lowest immunogenic response on PBMCs in both passages 2
and 5 (Fig. 1A, 1B). In passage 2, a significantly lower immuno-
genic response on PBMCs was observed in the FBS medium
(p, .05)when comparedwithASCs expanded inHSor XF/SF con-
ditions, with 1.03 104 and 2.03 104 stimulator ASCs (Fig. 1A, a).
In passage 5, a significantly lower PBMC immunogenic response
was observed in the FBSmedium (p, .05) comparedwith the HS
medium, with 1.03 104 stimulator ASCs (Fig. 1B). Furthermore,
the immunogenic response inpassage5was significantly stronger
in the HSmedium (p, .05), with 2.03 104 stimulator ASCs, com-
pared with both FBS and XF/SF conditions (Fig. 1B, b). However,
although the different culture conditions of the ASCs had a signif-
icant effect to the immunogenicity of the cells, theASCs expanded
in all of the studied conditions elicited only a weak immunogenic
response compared with the maximal positive control response
of PBMCs activated with PHA mitogen (Fig. 1A, 1B).

ASCs Showed a Suppressive Effect on
PBMC Proliferation

Differences between culture conditionswere also evident regard-
ing the suppression potential of ASCs (Fig. 1C, 1D). Coculture
results in two-way MLRs were standardized using values from
MLRs without ASCs. Therefore, in Figure 1C and 1D, a value
of 1 represents the baseline, and values below 1 indicate
suppression.

ASCs expanded in the FBS medium efficiently suppressed the
proliferationof PBMCs stimulated inMLR inbothpassages2and5
(Fig. 1C, 1D). ASCs expanded in the HS medium showed suppres-
sion of PBMCs in passage 2 (Fig. 1C) with 1.03 104 and 2.03 104

cells per well and in passage 5 (Fig. 1D) with 2.0 3 104 cells per
well. By contrast, ASCs expanded in XF/SF conditions were not
able to suppress the PBMC proliferation in passage 2 and sup-
pressed the proliferation in passage 5 with only 1.0 3 104 or
2.0 3 104 cells per well (Fig. 1C, 1D). Some of these differences
proved to be statistically significant. In passage 2, FBS showed sig-
nificantly stronger suppression (p , .05), with 0.5 3 104 stimu-
lator ASCs (Fig. 1C, a–c) compared with HS and XF/SF
conditions that were not capable of inducing suppression. In ad-
dition, XF/SF-expanded ASCs were significantly less suppressive
(p , .05) compared with HS and FBS conditions in passage 2
(Fig. 1C, c). In passage 5 (Fig. 1D), ASCs expanded in the FBS me-
dium showed significantly stronger suppression (p , .05), with
a cell number of 0.5 3 104 (Fig. 1D, a), compared with HS and
XF/SF conditions. With a cell number of 1.03 104, a significantly
stronger suppression was also observed in the FBS medium
(p , .05) when compared with the HS medium. Therefore, the
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suppressionpotential ofASCswasdependenton theASCnumber,
as well as the culture condition.

Protein Secretion Profile Was Altered Depending on
Direct Versus Indirect Cocultures and Expansion
Conditions of ASCs

Apanel of secreted proteinswas analyzed from cell culture super-
natants either in direct or indirect cocultures after the expansion
of ASCs in different serum conditions: FBS, HS, and XF/SF condi-
tions. Altered secretion profiles were observed between the dif-
ferent expansion conditions of the ASCs, but more evident was
the effect of direct versus indirect contact between ASCs and
PBMCs (Fig. 2).

Direct Cocultures

The secretion of IL-6 was increased in cocultures with ASCs ex-
panded in FBS conditions compared with ASCs expanded in HS
and XF/SF conditions, but no statistical significances were ob-
served because of the large standard deviation. A significantly
higher secretion of IFN-g was detected in XF/SF conditions
(p , .05) compared with cocultures with FBS- and HS-
expanded ASCs. TNF secretion was higher in XF/SF conditions
comparedwith the FBS andHSmedia, but no statistical significan-
ces were observed. However, statistically significant differences
were seen between different culture conditions for the secretion
of TGF-b1. Direct cocultures containing ASCs expanded in XF/SF
conditions had the lowest TGF-b1 concentrations (p, .05) com-
pared with either FBS or HS conditions. There was no significant
difference between FBS and HS conditions.

The chemokine CCL2 secretion was significantly higher in
cocultures with FBS-expanded ASC (p , .05) compared with
HS-expanded ASCs. A significantly lower secretion of chemokine

CCL5 was measured in HS conditions (p , .05) compared with
XF/SF and FBS conditions. The secretion of chemokines CXCLX9
and -10 was strong in each culture condition, and the secretion
of chemokine CXCL10 was significantly higher in cocultures with
XF/SF-expanded ASCs (p , .05) compared with HS conditions.
The chemokine CXCL8 was strongly secreted in cocultures with
ASCs expanded in all of the studied conditions.

Statistically significant differences were also seen between
different culture conditions for the secretion of IDO. Direct cocul-
tures containing ASCs expanded in FBS conditions had the lowest
IDO concentrations compared with either HS (p , .05) or XF/SF
(p , .001) conditions. There was no significant difference be-
tween HS and XF/SF conditions. The concentration of galectin-1
was highest in the direct coculture containing ASCs expanded
in HS conditions, but no statistically significant differences
were seen between different culture conditions for galectin-1
or galectin-3.

Reactions containing only ASCs or PBMCs showed a signifi-
cantly lower secretion of cytokines and chemokines IL-6, CCL2,
CCL5, CXCL8, CXCL9, and CXCL10 (p, .001) comparedwith direct
cocultures. IFN-g and TNF-a secretion was not detected in reac-
tions containing only ASCs. Therefore, a significantly lower secre-
tion of IFN-g and TNF-a (p , .001) was measured in reactions
containing only ASCs, and a significantly lower secretion of IFN-
g (p , .05) was measured in reactions containing only PBMCs.
A significantly lower secretion of TGF-b1 was detected in reac-
tions containing PBMCs only compared with direct cocultures
(p, .05). The secretionof TGF-b1wasalso lower in reactions con-
taining ASCs alone, but there was no significant difference com-
pared with direct cocultures. Concentrations of IDO, galectin-1,
and galectin-3 were significantly lower (p , .001) in reactions
containing ASCs alone compared with direct cocultures. In addi-
tion, the concentration of galectin-1 (p, .001) was significantly

Figure 1. Immunogenicity and immunosuppression of adipose stem cells (ASCs). The immunogenicity (A, B) and suppression potential (C, D)of
ASCs are presented in passages 2 (A, C) and 5 (B, D). ASCs expanded in FBS, HS, and XF/SF conditions elicited only aweak immunogenic response
comparedwith themaximal positive control response activated with PHA. Suppression potential was dependent on the ASC number, as well as
the culture condition. The dashed line represents a baseline response; values above 1 indicate activation (A, B), and values below 1 indicate
suppression (C,D). The results arepresentedasmeans6 SD. a,p, .05whenFBS is comparedwithHSandXF/SF conditions; b,p, .05whenHS is
comparedwith FBS and XF/SF conditions; c, p, .05when XF/SF is comparedwith FBS andHS conditions; p, p, .05when FBS in comparedwith
HS but not XF/SF conditions. Abbreviations: act., activated; FBS, fetal bovine serum; HS, human serum; PBMC, peripheral blood mononuclear
cells; PHA, phytohemagglutinin; XF/SF, xeno-free/serum-free.
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lower in reactions containing only PBMCs when compared with
direct cocultures. However, there was no significant difference
between direct cocultures and reactions containing PBMCs alone
for the secretion of IDO and galectin-3. The secretion of cytokines
IL-2, IL-4, IL-10, or IL-17Awasnotdetected in cocultures or in reac-
tions containing only ASCs or PBMCS in any of the studied culture
conditions.

Indirect Cocultures

Compared with direct cultures, the secretion of IL-6 was signifi-
cantly decreased (p , .001) in indirect cocultures when culture
conditions were not assessed separately in the regressionmodel.
By contrast, the secretion of IFN-g (p, .05) and TNF-a (p, .001)
was significantly increased in the indirect coculture, when com-
paredwith the direct cultures. Therewas no significant difference
in TGF-b1 secretion between direct and indirect cocultures. How-
ever, statistically significant differences in TGF-b1 secretion
were also seen between different culture conditions in indirect
cocultures. Similarly to direct cocultures, cultures containing
ASCs expanded in XF/SF conditions had the lowest TGF-b1
concentrations (p, .05) compared with either FBS or HS condi-
tions. There was no significant difference between FBS and HS
conditions.

The chemokine CCL2 secretion was significantly lower (p ,
.001) in each culture condition when separating membranes

were used. Chemokine CCL5 secretion was altered depending
on the culture conditions. The secretionwas decreased in indirect
cultures in XF/SF and FBS conditions, whereas higher concentra-
tions were measured in the HS medium in the indirect culture.
Significantly lower secretion (p , .001) of chemokines CXCLX9
and -10 was measured in indirect cultures compared with the
strong secretion that wasmeasured in direct cocultures. Similarly
to direct cultures, the secretion of chemokine CXCL10 was signif-
icantly higher in indirect cocultures with XF/SF-expanded ASCs
(p , .05) compared with HS conditions. The chemokine CXCL8
was also strongly secreted in indirect cocultures with ASCs
expanded in all of the studied conditions. Significantly higher
secretion of CXCL8 was measured in XF/SF conditions (p , .05)
compared with the HS medium using the indirect coculture.

Statistically significant differences in the secretion of IDO
were also observed between different culture conditions in indi-
rect cocultures. Cultures containing ASCs expanded in FBS condi-
tions had the lowest IDO concentrations comparedwith either HS
or XF/SF (p, .05) conditions. There was no significant difference
between HS and XF/SF conditions.

Comparedwith direct cultures, the concentration of galectin-
3 was significantly higher (p, .001) in indirect cocultures when
culture conditions were not assessed separately in the regression
model. By contrast, galectin-1 concentration was significantly
lower (p , .001) in the indirect coculture compared with
direct cultures. The concentration of galectin-1 was highest in

Figure 2. Protein secretion. Secreted proteins analyzed in direct cocultures and using separating membranes between ASCs and peripheral
blood mononuclear cells. Prior to the cocultures, ASCs were expanded in different culture conditions: FBS, HS, and XF/SF. Altered secretion
profiles were observed between the different expansion conditions of the ASCs. TGF-b1 and IDO amounts of medium alone were subtracted
fromquantitated concentrations of TGF-b1 and IDO inmono- and cocultures. The results are presented asmeans6 SD. p, p, .05; pp, p, .001.
Abbreviations: ASC, adipose stem cell; CCL2 and -5, C-C chemokine ligands 2 and 5; CXCL8, CXCL9, and CXCL10, CXC chemokine ligands 8, 9, and
10; FBS, fetal bovine serum; HS, human serum; IDO, indoleamine 2,3-deoxygenase; IFN-g, interferon g; IL-6, interleukin 6;MLR, mixed lympho-
cyte reaction; TGF-b1, transforming growth factor b1; TNF-a, tumor necrosis factor a; XF/SF, xeno-free/serum-free.
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cocultures containingASCs expanded inHS conditions, but no sta-
tistically significant differences were observed between different
culture conditions for galectin-1 or for galectin-3.

Flow Cytometric Analyses

The cell surface marker expression of ASCs was analyzed by flow
cytometry to compare the expression profile of cells expanded in
different culture conditions, in FBS, HS, and XF/SF media. In
general, the characteristic immunophenotype of ASCs was main-
tained in every condition, with some minor differences observed
between XF/SF conditions and the serum-containing media, and
in the expression of specific markers between passages 2 and 5.
Flow cytometric results were very similar to our previously pub-
lished results [30].

The largest variation between different culture conditions
was seen in the expression of lymphocyte common antigen
CD45 and the immune-related marker CD54 (Fig. 3). On average,
ASCs lacked the expression (,2%) of CD45 in all conditions, ex-
cept the average low expression (2% to # 10%) in XF/SF condi-
tions in both passages and in FBS conditions in passage 5. A
significantly higher expression of CD45 was observed in XF/SF
conditions (p, .05) comparedwith HS and FBS conditions in pas-
sage 2. Furthermore, the average moderate expression (10%
to # 25%)ofCD54wasobserved inFBSandHSconditions,whereas
in XF/SF conditions, the cells lacked the expression in passage 2
and showed low expression in passage 5. A statistically significant
difference between FBS and XF/SF conditions (p , .05) was ob-
served in passage 2 for the expression of CD54.

DISCUSSION

Previous studies have demonstrated that MSCs are not strongly
immunogenic and that theyhave an immunosuppressive capacity
against T-cell functions and cytokine secretion [4, 7, 12]. The im-
munomodulatory properties of MSCs have been described both
in vitro and in vivo; however, markedly more studies have been
performed with BMSCs than with ASCs [17, 41–44]. In our previ-
ous study, we showed that culture conditions affect the prolifer-
ation rate and the differentiation potential of the cells [30]. In the
current study, we demonstrate that different cell expansion con-
ditions also affect the immunogenicity, immunosuppressive ca-
pacity, and immunogenicity-related protein secretion of ASCs.
To our knowledge, this is a novel approach, and the effect of cul-
ture media on cell immunogenicity has not previously been
reported.

Traditionally, the ASC culture medium has been supple-
mented with FBS, which is not a preferred option for clinical cell
therapies because of safety concerns [35, 36]. Different alterna-
tives to FBS have therefore been studied, such as human albumin
[45], platelet-rich plasma [46], autologous HS [47], and a com-
pletely defined XF/SF culture medium [30, 31, 33, 48].

Our results show that ASCs elicit only a low immunogenic re-
sponse to PBMCs in a one-wayMLR, whether cultured in FBS, HS,
or XF/SF conditions. This result is consistent with earlier studies
performed with cells expanded in FBS medium [3, 9, 49]. How-
ever, statistically significant differences were observed between
different culture conditions, and cells cultured in FBS medium
proved the least immunogenic. It can be speculated that the rea-
son for the low immunogenicity in the FBS medium is that FBS is
harvested from the blood of bovine fetuses whose immune

system is not fully mature at the point of harvest [50], and there-
fore immunomodulatory factors in the FBS medium may differ
from theHS-supplementedmedium. Nevertheless, a significantly
lower activation of PBMCs was measured in MLR cultures with
ASCs expanded in any of the studied conditions, when compared
with a positive control response measured in PBMCs activated
with PHAmitogen. This result suggests that ASCs elicit only a very
low immunogenic response toward allogeneic PBMCs, and the
different culture conditions do not affect the result substantially.
Because of the low immunogenicity of ASCs, allogeneic stem cell
treatments may be conceivable in the future, although in vivo
studies are still required to systemically confirm the in vitro
results shown in this study.

In addition to low immunogenicity, our present study con-
firms that ASCs have the potential for immunosuppression, as
has been demonstrated previously [3, 4, 7, 8]. Our results
revealed that the suppressive potential was affected by the cul-
ture condition of ASCs and that the suppression functioned in
a dose-dependent manner. Two different MLR combinations
were used in a two-wayMLR assay, and these combinations were
not identically reactive. This biological variation in the intensity of
each MLR can be seen as the larger standard deviation after the
coculture with ASCs. However, the strongest suppression was
seenwith ASCs cultured in FBS conditions, whereas ASCs cultured
in HS or XF/SF conditions suppressed PBMC proliferation only
with higher cell numbers. It was somewhat surprising that FBS-
expanded ASCs elicited the strongest suppression on PBMC pro-
liferation, but there are previous published studies that may
explain this result. Certain adhesion molecules, such as ICAM-1
(CD54) and VCAM-1 (CD106), have been shown to play a key role
in mesenchymal stem cell-mediated immunosuppression [4, 28,
51]. CD54 is reported to be present in endothelial cells, antigen-
presenting cells, and some stromal cells. In our present study,
a significantly higher expression of CD54 was observed on FBS-
expandedASCs, comparedwith cells cultured in XF/SF conditions,
as detected by the flow cytometric analyses. In our previous pub-
lished studies [24, 30]we have seen similar resultswhenASCs cul-
tured in FBS- or HS-containing media have shown a significantly

Figure 3. Surface-marker expressions of adipose stem cells. The ex-
pression of lymphocyte common antigen CD45 and immune-related
marker CD54 on cells expanded in three different culture conditions
(FBS, HS, and XF/SF) was investigated in passages 2 (A) and 5 (B). A
significantly higher expression of CD45 was observed in XF/SF condi-
tions (p, .05) comparedwith HS and FBS conditions in passage 2. By
contrast, significantly lower expression of CD54 was observed in XF/
SF conditions (p, .05) compared with FBS conditions in passage 2.
The data in the diagrams are presented as means 6 SD; p, p , .05.
Abbreviations: FBS, fetal bovine serum; HS, human serum; XF/SF,
xeno-free/serum-free.
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higher expression of CD54 compared with XF/SF conditions.
These findings are consistent with previous studies recognizing
the importance of CD54 and CD106 in MSC-mediated immuno-
suppression. As demonstrated by Ren et al. [28, 51], CD54 and
CD106 are required for lymphocyte-BMSC adhesion, and with
the help of chemokines they induce immunosuppression medi-
ated by BMSCs. Moreover, when the functions of these adhesion
moleculeswere inhibitedbygeneknockout, BMSC-mediated sup-
pression was significantly reversed, as shown by an in vivo study
[52]. In contrast to BMSCs, ASCs have been shown to be negative
for CD106 [31, 53], and thus it is likely that immunosuppression of
ASC is CD54- but not CD106-mediated.

Previous studies have suggested that MSC-mediated immu-
nosuppression would not be stable but rather induced by the in-
flammatory environment and cytokines, such as IFN-g, TNF-a,
and IL-6 [29]. Production of these cytokines is greatly increased
under inflammatory conditions [24], and MSCs may respond to
this increase by changing their immunomodulatory functions.
IFN-g has been shown to induce expression of MHC-I and to
a lesser extent alsoMHC-II, increasing the antigen-presenting ca-
pacity and hence immunogenicity ofMSCs [54]. Low levels of IFN-
gmay induceMSCs to expressMHC-II as antigen-presenting cells,
whereas high levels canmediate a decreased expression ofMHC-
II [42]. These studies indicate the importance of local inflamma-
tory conditions in the regulation of MSC plasticity. In our present
study, we observed that the production of IFN-g, TNF-a, and IL-6
was increased after coculture in a two-way MLR, as compared
with monocultures of PBMCs and ASCs. IFN-g and TNF-a levels
were higher in the indirect culture compared with the direct co-
cultureofASCsandPBMCs. The result suggests that direct contact
betweenASCs andPBMCs inhibits the secretion of IFN-g and TNF-
a.Wu et al. [55] reported a similar phenomenonof reduced IFN-g
and TNF-a secretion of CD4+T cells after coculture with MSCs. In
their study, T cells were activated for higher IFN-g and TNF-a se-
cretion by PHA/IL-2 exposure, and reduced secretion of these fac-
torswas observed after coculturewithMSCs. It can be speculated
that similarly to PHA/IL-2, the indirect contact between PBMCs
and ASCs changes the local inflammatory environment and acti-
vates PBMCs for higher secretion, as demonstrated by Crop et al.
[24]. However, direct contact will reduce that activation.

In contrast to IFN-g and TNF-a, direct contact between ASCs
and PBMCs was required for higher production of IL-6, whereas
lower levels of IL-6 were detected when the cells were separated
by a membrane. Melief et al. [56] have shown that through pro-
duction of IL-6, MSCs prevent monocyte differentiation toward
antigen-presenting immunogenic cells and drive differentiation
toward an anti-inflammatory IL-10-producing cell type. IL-6 can
act to either support or suppress the inflammation depending
on the context [57], and the anti-inflammatory effect is mediated
through inhibition of TNF-a [58]. In our study, IL-6 secretion was
significantly higher in FBS-expanded ASCs compared with XF/SF-
expanded cells, which is in line with the stronger suppression
potential observed in FBS conditions, as compared with XF/SF
conditions. In addition, the secretionof TNF-awas low in FBS con-
ditions compared with the higher secretion observed in XF/SF
conditions. These results support the hypothesis proposed by
Melief et al. [56], which suggests a connection between IL-6
and the anti-inflammatory environment.

Furthermore, signaling protein TGF-b1hasmultiple functions
in controlling cell growth, proliferation, differentiation, and apo-
ptosis, and in addition, it is an important factor in maintaining

immune tolerance [59]. Proliferation and activation of T cells
can be diminished by the effect of TGF-b1 [60, 61]; similarly, it
can downregulate many cytokines, including IFN-g and TNFa
[62]. The medium used in the MLRs contained a relatively large
amount of TGF-b1, which may have obscured some of our results.
Although therewasadifferencebetweenreactionscontainingFBS-
and HS-expanded ASCs, this was not significant. However, the sig-
nificantly lower expression of TGF-b1 in cocultures containing
XF/SF-expanded ASCs is in line with the proliferation assay results,
andhigher IFN-g andTNFaand lower IL-6concentrations thatwere
measured in cocultures containing XF/SF-expanded ASCs.

Inflammatory mediators also induce the expression of CXCLX
chemokines, and, for example, chemokineCXCL10 is secreted in re-
sponse to higher IFN-g levels. Accordingly, the significantly higher
secretion of IFN-g that we observed in XF/SF conditions induced
significantly higher CXCL10 secretion inXF/SF-expandedASCs com-
paredwith FBS andHSconditions. Aswe showed in this study, ASCs
expanded in XF/SF conditions elicited a stronger immunogenic re-
sponse in a one-way MLR compared with FBS conditions and
proved tobe less immunosuppressive in a two-wayMLRcompared
with FBS and HS conditions. Thus, there may be a link between
higher IFN-g and CXCL10 levels in XF/SF conditions and theweaker
suppression potential that was measured by the two-way MLR in
XF/SF conditions, as compared with the HS and FBS media.

On the other hand, chemokines are needed to promote T-cell
chemotaxis, and once T cells have made contact with MSCs, the
function of T cells may be blocked by the combined action of sol-
uble factors and direct cell-cell contact [20]. The expression of
several chemokines has been shown to increase when ASCs are
cultured in MLRs. Crop et al. [24] have demonstrated a strong in-
crease in the expression of T-cell attractants; chemokine ligands
CXCL9 and -10, as well as ligands with CC-motives CCL2 and -5,
increased after MLR culture when compared with the control
cultures of ASCs. In our studies, the secretion of chemokine
ligands CXCL9 and -10, as well as CCL2, was increased after cocul-
ture in MLR, and significantly stronger secretion was observed in
direct cocultures. This result suggests that direct contact between
ASCs and PBMCs stimulates cells for stronger chemokine
secretion to strengthen T-cell recruitment. Thus, the final deter-
mination of inflammatory responses may be elicited through
a combined action of cell-cell contacts and soluble factors.

The secretion of CCL2 and CCL5 was significantly lower in HS
conditions compared with FBS conditions (CCL2) and when
compared with FBS and XF/SF conditions (CCL5). In addition,
significantly lower secretion of CXCL8 was observed in the HS
medium when compared with XF/SF conditions. Chemokines
CCL2 andCCL5have been shown tobe involved inMSCchemotaxis
and cell migration to the sites of injury or inflammation [41]. The
increase in the production of chemokines such as CXCL8, CCL2,
and CCL5 may also induce extracellular matrix degradation. These
chemotactic factors are produced by immune cells, and the phe-
nomenon is facilitated by the increased migration of humanMSCs
through the extracellular matrix. Based on our results, it is still dif-
ficult to conclude how the lower levels of CCL2 and CCL5 that we
observed in HS conditions may affect the immunogenicity of ASCs.
The effect of CCL2 and CCL5 on cell homing to inflammation sites
could probably be better demonstrated in vivo.

Similarly to TGF-b1, the reaction medium contained a rela-
tively large amount of IDO. Our results still show a significantly
higher secretion of IDO in cocultures comparedwith reactions con-
taining ASCs only. In reactions in which ASCs were cultured alone,
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the measured IDO was lower than in the medium controls, which
suggests that ASCs do not readily express IDO without activation
[63]. When considering the potent immunosuppressive effects of
IDO, our results are somewhat opposed to the two-wayMLR assay
results. The lowest levels of IDO were in the cocultures containing
ASCs expanded in the FBSmedium, although the stronger suppres-
sion potential was also observed in FBS conditions. This might be
due to the high initial concentration of IDO or due to the fact that
complete secretion of IDOwould have required a longer coculture,
and thus other factors have a stronger effect than IDO in the reac-
tions performed here [64].

Galectin-1 and -3 were included in the secreted protein
panel because of their reported importance in regulating im-
mune reactions and reported function as mediators of immune
suppression caused byMSCs [26, 65]. Galectin-1 is clearly linked
to immunosuppression, and galectin-3 also has T-cell prolifera-
tive functions in addition to suppressive functions [66]. Thus, it
is not surprising that our results on galectin-1 and -3 are partially
opposing. Galectin-1 was low in the reactions containing only
PBMCs, and although ASCs alone expressed some galectin-1,
the expression was higher in direct and indirect cocultures.
Galectin-1 induces apoptosis in T cells and suppresses immune
responses, which is in line with the suppression of proliferation
andelevated galectin-1 concentrations in the cocultures. Similar
to galectin-1, galectin-3was upregulated in cocultures and com-
paredwith reactionswithASCs alone; therewereno significant dif-
ferences between the cocultures containing ASCs expanded in
different conditions. Unlike with galectin-1, the galectin-3 concen-
tration was relatively high in the reactions with PBMCs only, and it
was also higher in indirect cocultures than in direct cocultures. The
higher concentrations of galectin-3 that were measured in cocul-
tures are the opposite of the proliferation assay results, but might
well be due to the relatively high expression seen already in reac-
tionswithPBMCsonlyand thevery lowexpression in reactionscon-
taining only ASCs. These results might also be partially explained
by the differences in overall expression patterns and functions
between the two galectins [67], but according to our results,
galectin-3 expression is not as good an indicator of immune sup-
pression as galectin-1: galectin-1 concentrations correlated well
with the proliferation assay results. Figure 4 summarizes the key
signaling proteins investigated in the present study. The increase
or decrease inprotein secretion is presented in the direct coculture
compared with the indirect culture and vice versa.

Furthermore, flow cytometric analyses revealed that the cell
surface marker expression profile of ASCs was largely similar in
cells grown under different culture conditions. However, statisti-
cally significant differences were still found for the expression of
CD45,whichwasmoreexpressed inXF/SF conditions inpassage2.
CD45 is a receptor-linked protein-tyrosine phosphatase that is
expressed on all leukocytes playing a crucial role in the function
of these cells, and the expression has been shown to be essential
for differentiation and antigen receptor-mediated signal trans-
duction in leukocytes [68, 69]. XF/SF-expanded ASCs showed
a higher expression of CD45, and in line with higher expression,
they also proved to be less immunosuppressive in XF/SF condi-
tions in passage 2. However, because of large patient variation,
no significant differences were seen in passage 5, andmore stud-
ies are needed to draw a conclusion and show a link between im-
munosuppression capacity and the expression of CD45 in ASCs.

The suppression capacity of MSCs holds promise for the fu-
ture treatments of severe immunological disorders, such as

GVHD. Several recognized clinical studies have thus been per-
formed to investigate the potential of BMSCs for the treatment
ofGVHD[15, 70–73]. In addition, bothpreclinical andclinical stud-
ies have been performed to evaluate the use of ASCs to prevent
acute GVHD, as reviewed by Leto Barone et al. [74]. Nonetheless,
if ASCs are used for patients for immunomodulatory purposes, it
is important to carefully assess the risk for the possibility of tumor
formation connected with ASC-mediated suppression. There is
evidence that tumors are potential sites for inflammatory cyto-
kine andchemokineproduction,whichmayenableMSCs tohome
in on tumor sites and as a result immunomodulate the tumor en-
vironment [75, 76]. Furthermore, ifMSCsmay play a role in tumor
growth and metastasis as has been stated [77, 78], there is a po-
tential risk in the use of MSCs in cell-based therapies. Compte
et al. have shown that tumor angiogenesis in particular may be
enhanced by MSCs, which is critical considering tumor develop-
ment [79]. Taking these previous results into account, the possi-
ble supportive effect on the pathogenesis and progression of
tumors should be clarified carefully before further clinical appli-
cations of immunomodulation.

CONCLUSION

Our findings demonstrated that the isolation and expansion con-
ditions of ASCs have an effect on immunogenicity, suppressive
potential, and protein secretion profile of the cells. Nevertheless,
ASCs elicit only a low immunogenic response whether cultured in
FBS, HS, or in XF/SF conditions, and suppressive potential is de-
tectable in every condition with high ASC numbers.

The strongest immunosuppression and lowest immunogenic-
ity was observed with ASCs expanded in the FBS-supplemented
medium. High IL-6 and low IFN-g secretion was observed in
FBS conditions, whichmay have a link to stronger suppressive po-
tential. By contrast, ASCs expanded in XF/SF conditions induced
the strongest proliferative response in PBMCs and showed less
immunosuppressive potential, that was in line with low IL-6

Figure 4. Schematic overviewhighlighting the key signaling proteins
of our study. The increase or decrease in protein secretion is pre-
sented in direct coculture comparedwith indirect culture. All changes
in secretion between direct versus indirect cocultures were statisti-
cally significant (p , .05). Abbreviations: ASC, adipose stem cell;
CCL2, C-C chemokine ligand 2; CXCL9 and CXCL10, CXC chemokine
ligands 9 and 10; IFN-g, interferon g; IL-6, interleukin 6; PBMC, pe-
ripheral blood mononuclear cell; TNF-a, tumor necrosis factor a.
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andTGF-b1andhigh IFN-g andTNF-a secretion inXF/SFconditions.
However, the differences between culture conditions were minor,
especially for immunogenicity. In addition to low immunogenicity,
the safety and efficacy of allogeneic ASC treatments should be eval-
uatedbasedon theproliferationanddifferentiationpotential of the
cells in thesedifferent conditions. Therefore, considering allogeneic
stemcell treatments, FBSmay not be the optimal culture condition
for clinical use. For immunosuppressive purposes, FBS-expanded
cells may have potential, but there are several factors affecting
the immunosuppression process. The mechanism behind the sup-
pressive capacity involves direct cell-cell contact, secretion of sol-
uble factors, and the modulation inflammatory environment.
Moreover, by increasing the ASC number, suppression can also
be achieved with HS- or XF/SF-expanded cells. In conclusion, ASCs
have potential for immunomodulation therapies and allogeneic
stemcell treatments in the future. Still, theeffect of thecultureme-
diumoncell characteristics shouldnot bedisregardedwhenclinical
applications are considered.
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47 Thesleff T, Lehtimäki K,NiskakangasTet al.

Cranioplasty with adipose-derived stem cells and
biomaterial: A novel method for cranial recon-
struction. Neurosurgery 2011;68:1535–1540.
48 Dromard C, Bourin P, André M et al. Hu-
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