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Abstract
Background aims. Mesenchymal stromal cells (MSCs) have powerful immunosuppressive activity. This function of MSCs
is attributed to plethora of the expressed immunosuppressive factors, such as galectin-1 (Gal-1), a pleiotropic lectin with
robust anti-inflammatory effect. Nevertheless, whether Gal-1 renders or contributes to the immunosuppressive effect of MSCs
has not been clearly established. Therefore, this question was the focus of a complex study. Methods. MSCs were isolated
from bone marrows of wild-type and Gal-1 knockout mice and their in vitro anti-proliferative and apoptosis-inducing effects
on activated T cells were examined.The in vivo immunosuppressive activity was tested in murine models of type I diabetes
and delayed-type hypersensitivity. Results. Both Gal-1-expressing and -deficient MSCs inhibited T-cell proliferation. Inhi-
bition of T-cell proliferation by MSCs was mediated by nitric oxide but not PD-L1 or Gal-1. In contrast, MSC-derived
Gal-1 triggered apoptosis in activated T cells that were directly coupled to MSCs, representing a low proportion
of the T-cell population. Furthermore, absence of Gal-1 in MSCs did not affect their in vivo immunosuppressive effect.
Conclusions. These results serve as evidence that Gal-1 does not play a role in the systemic immunosuppressive effect of
MSCs. However, a local contribution of Gal-1 to modulation of T-cell response by direct cell-to-cell interaction cannot be
excluded. Notably, this study serves a good model to understand how the specificity of a pleiotropic protein depends on
the type and localization of the producing effector cell and its target.
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Introduction

Mesenchymal stromal cells (MSCs) represent
multipotent adult stem cells. Because of their plas-
ticity in differentiation to mesodermal lineages such
as bone, cartilage and adipose tissue and because of
their powerful immunosuppressive function [1], MSCs
have recently been implicated in various therapeutic
approaches [2].Various immunological pathologies can
be efficiently treated by MSC transplantation [3–6],
and therefore, the exact nature of their anti-
inflammatory function must be correctly defined.
Allogeneic and autoimmune/inflammatory responses
are dampened [7] by identified soluble and cell-

bound factors, such as transforming growth factor
(TGF)-β, nitric oxide (NO), indoleamine 2,3-
dioxygenase (IDO), prostaglandin E2 (PGE2),
hepatocyte growth factor (HGF), human leukocyte
antigen (HLA)-G, programmed death ligand 1 (PD-
L1) [8,9]; however, the precise role of the individual
factors and other mechanisms in the immunosup-
pressive activity has not yet been suitably clarified.

Recently, the production and secretion of an im-
munosuppressive factor, galectin-1, has also been
identified in MSCs [10–14]. Although Gal-1 has been
suggested to contribute to MSCs’ immunosuppres-
sive potential [14–16], its true function in their anti-
inflammatory activity has been poorly examined.
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Nevertheless, the immunoregulation by recombi-
nant, soluble Gal-1 has been confirmed in multiple
in vitro and in vivo experimental systems [17]. It has
been revealed that Gal-1 reverses the clinical symp-
toms in animal models of autoimmune and chronic
inflammation [18] by various mechanisms, affecting
T cells [19], dendritic cells [20], macrophages [21]
and extravasation of leucocytes [22]. Gal-1 induces
cell death of activatedT cells either in soluble [23–25]
or in cell-bound form [26], with an increased selec-
tivity toward Th1 and Th17 cells in vitro [27], a
phenomenon that explains its therapeutic effect in au-
toimmune inflammatory animal models.

Despite the tremendous in vitro and in vivo data
confirming the immunoregulatory functions of Gal-
1, the exact role of Gal-1 in MSCs’ immunosuppressive
functions has not been thoroughly determined. In this
study, we have clearly defined that Gal-1 does not con-
tribute to the systemic immunoregulatory functions
of MSCs because the in vitro inhibition of T-cell pro-
liferation was not affected by the presence or absence
of Gal-1 in MSCs. Moreover, we show that the ther-
apeutic impact of MSCs on autoimmune diabetes and
delayed-type hypersensitivity (DTH) in animal models
does not depend on their Gal-1 expression. Never-
theless, activated T cells in an intimate cell-to-cell
interaction with MSCs undergo apoptosis via a Gal-
1-dependent mechanism. Our results may serve an
explanation for an important biological problem: how
a pleiotropic protein (Gal-1) exerts its specific func-
tion (immunosuppression) depending on the type
(MSCs) and localization (systemic or tissue) of the
producing effector cell and communication with its
target (T cells).

Methods

Cells

Bone marrow MSCs were isolated from male C57BL/6
or Gal-1 knockout (strain: B6.Cg-Lgals1tm1Rob/J, 006337,
Jackson Laboratory) mice as described previously [28].
Briefly, bone marrow cells were collected from
femurs and tibias of 8- to 10-week-old male mice
and seeded in plastic flask in Dulbecco’s Modified
Eagle’s Medium/Ham’s F-12 medium (Invitrogen),
complemented with 10% fetal bovine serum (FCS,
Invitrogen), 10% horse serum (Invitrogen), 50 U/
mL penicillin, 50 μg/mL streptomycin (Sigma-Aldrich),
and 2 mmol/L L-glutamine (Invitrogen). Non-adherent
cells were removed after 72 h, and then the cell culture
medium was changed twice a week. All MSC cul-
tures were free from hematopoietic contamination and
used after 10–15 passages. Wild-type and Gal-1-
deficient MSCs were designated as wtMSCs and
MSCgal1−/−, respectively. The cells were cultured in
Dulbecco’s Modified Eagle’s Medium (Gibco,

Invitrogen) supplemented with fetal calf serum (10%
FCS, Gibco, Invitrogen), penicillin (100 IU/mL), strep-
tomycin (100 μg/mL) and L-glutamine (2 mmol/L) and
characterized as described previously [28].

Murine lymphocytes were isolated from the in-
guinal and mesenteric lymph nodes or the spleen.
Homogenized lymphoid tissues were cleared up from
erythrocytes by lysis with ammonium-chloride-
potassium buffer (150 mmol/L NH4Cl, 10 mmol/L
KHCO3, 0.1 mmol/L ethylenediaminetetraacetic acid).
T cells were purified with magnetic bead separation
using BD IMag Mouse T Lymphocyte Enrichment
Set-DM and BD IMagnet Cell Separation Magnet
(BD Biosciences) according to the manufacturer’s in-
structions and were then tested for purity with flow
cytometry using anti-CD3 fluorescein isothiocyanate
(FITC; BioLegend). The enriched cell population
contained 98% of CD3+ T cells (Supplementary
Figure S1), which were then cultured in RPMI-
1640 (Gibco, Invitrogen) supplemented with FCS
(10%), penicillin (100 IU/mL), streptomycin (100 μg/
mL), L-glutamine (2 mmol/L) and β-mercaptoethanol
(50 μmol/L). All cells were kept in a humidified in-
cubator with 5% CO2 at 37°C.

Proliferation assay

MSCs were plated into 96-well cell culture plates
(Costar, Corning) at different densities and allowed
to adhere to the plastic surface. After 3 h, lymph node
cell-suspension (2 × 105/well) or enrichedT cells (105/
well) were added to the wells. Lymph node cells and
T cells were stimulated in the MSCs/lymphocyte co-
cultures for 72 h with 7.5 μg/mL Concanavalin A (Con
A) and with Dynabeads Mouse T-activator CD3/
CD28 (2 μL beads/well, Invitrogen), respectively. For
the thymidine incorporation assay, cells were pulsed
with 1 μCi of 3H-thymidine (American Radiolabeled
Chemicals) for 16 h before harvesting, and then the
incorporated 3H-thymidine was measured with liquid
scintillation counter.Alternatively, cell proliferation was
measured based on labeling theT cells with CellTrace
CFSE Cell Proliferation Kit (2.5 μmol/L, Molecular
Probes, LifeTechnologies) before co-cultures accord-
ing to the manufacturer’s instruction.T cells blocked
with mitomycin C (8 μg/mL) served as non-proliferating
control cells. Fluorescence intensity of the cellular
carboxyfluorescein succinimidyl ester (CFSE) was ana-
lyzed with flow cytometry.

MSC-derived factors responsible for the inhibi-
tion of T-cell proliferation were analyzed as follows:
(i) For the analysis of the anti-proliferative effect of
MSC-derived soluble factors,Transwell inserts (pore
size 0.4 μm, Costar, Corning) were used in 24-well
plates (Costar, Corning). (ii) The inhibition of PD-
L1 was carried out by adding neutralizing antibody

Immunomodulation by MSC-derived galectin-1 361



(LEAF Purified anti-mouse CD274, BioLegend) or
appropriate isotype control (Rat IgG2b κ Isotype
Control Functional Grade Purified, eBioscience) to
MSCs 1 h before co-cultures. (iii) The NO produc-
tion was blocked with a competitive inhibitor of NO
synthases, NG-methyl-L-arginine acetate salt (L-
NMMA; Sigma-Aldrich), which was used in 50 μmol/L
concentration.

Flow cytometry

The CFSE-labeled cells were washed in ice-cold phos-
phate buffered saline (PBS) supplemented with 1%
FCS and 0.1% sodium-azide (fluorescence-activated
cell sorting [FACS] buffer). Dead cells were ex-
cluded from the analysis with propidium-iodide (10 μg/
mL) staining. The cells were then analyzed with
FACSCalibur flow cytometer using CellQuest or
Modfit software (Becton Dickinson; Supplementary
Figure S2). PD-L1 expression of MSCs was trig-
gered with recombinant mouse IFN-γ (20 ng/mL,
R&D Systems) treatment for 48 h, then visualized using
anti-mouse CD274 (BioLegend) and anti-rat immu-
noglobulin (Ig)G FITC (Sigma-Aldrich).

Detection of apoptosis

The apoptosis of activated T cells in co-culture with
MSCs was examined as described previously [26].
Briefly, MSCs (5 × 103/sample) were plated on round
coverslips (12 mm diameter, Menzel Gläser,Thermo
Scientific) in 24-well plates. To remove cell surface
Gal-1, wtMSCs were treated with 100 mmol/L
thiodigalactoside (TDG, Carbosynth) for 30 min at
4°C, and then washed extensively with cell culture
medium. Splenocytes (2 × 105 cells/sample) were ac-
tivated with Con A for 72 h and then labeled with
Hoechst 33342 (100 ng/mL for 30 min at 37°C) before
co-culturing with MSCs. The cells were co-cultured
for 16 h, fixed with 4% paraformaldehyde in PBS for
4 min at room temperature, and then the protein
binding sites of the cover slips were saturated in FACS
buffer. For the detection of phosphatidylserine expo-
sure on the outer cell membrane, samples were washed
with Annexin binding buffer (10 mmol/L 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid,
140 mmol/L NaCl and 2.5 mmol/L CaCl2) and labeled
with Annexin V-Alexa Fluor 488 (Molecular Probes,
Life Technologies). For detection of intracellular
ceramide release, cells were fixed and permeabilized
with permeabilization buffer (PB, FACS-buffer con-
taining 0.1% Triton X-100), and then sequentially
incubated with anti-ceramide mAb (Alexis Biochemi-
cals), biotinylated anti-mouse IgM (DAKO) and
streptavidin FITC (DAKO).To analyze the depolar-
ization of the mitochondrial membrane, non-fixed
samples were loaded with JC-1 dye (Fluka) for 10 min

at 37°C and then washed with PBS. The active
(cleaved) form of caspase-3 was detected after 24 h
of T-cell/MSC co-cultures. Briefly, cells were fixed in
4% paraformaldehyde, permeabilized with PB and
treated with rabbit anti-caspase-3 (recognizing the
cleaved form, Cell SignalingTechnology) and then anti-
rabbit IgG-TRITC (DAKO). DNA fragmentation was
detected in 24 h co-culture with the DeadEnd Colo-
rimetric TUNEL System (Promega) according the
manufacturer’s instructions. Finally, the cover slips were
mounted with a drop of Fluoromount-G (Southern
Biotech).

To determine the apoptosis rate, samples were ana-
lyzed with Axioskop 2Mot (Carl Zeiss) fluorescence
microscope using AxioCam camera, AxioVision 3.1
software and 20× objective magnification. Image con-
trast was adjusted using Adobe Photoshop CS4
extended 11.0. In all cases at least 100 cells/samples
were analyzed, and the rate of apoptosis was deter-
mined as follows: % of apoptotic cells = annexin V
positive cells/total cell number × 100.

Quantitative polymerase chain reaction

The tissue culture medium on MSC cell culture was
replaced either with conditioned medium harvested
from T cells that had been activated via CD3 and
CD28 as described earlier or tissue culture medium
as control, and then the cells were further cultured
for 3 h. Total RNA was extracted from the samples
using RNeasy Plus RNA isolation kit (QIAGEN) ac-
cording to manufacturer’s instruction. cDNA was
obtained using GoScriptTM Reverse Transcriptase
(Promega Corporation) from 2 μg of template total
RNA per reaction. To perform quantitative poly-
merase chain reaction, Nos2 (Mm01309902_m1) or
Gapdh (Mm99999915_g1) TaqMan Gene Expres-
sion Assays were combined with TaqMan Gene
Expression Master Mix (Applied Biosystems) and
samples were run in triplicates on Rotor-Gene 3000
instrument (Corbett Life Science).The relative quan-
tification of gene expression was determined by the
comparison of threshold values, and all results were
normalized to Gapdh (ΔCt = CtGapdh − CtNos2).

Animal models

All mouse studies were done in strict accordance with
national and international laws and regulations of
animal experiments and were reviewed and ap-
proved by the Institutional Animal Care and Use
Committee of the Biological Research Center of the
Hungarian Academy of Sciences, and also by the
Animal Care and Use Committee of the National
Medical Center, Budapest, Hungary.

Streptozotocin-induced type I diabetes model: the
induction of diabetes with streptozotocin (STZ) and
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the therapy with MSCs and bone marrow hemato-
poietic progenitor cells were carried out as described
previously [29]. Briefly, 8- to 10-week-old female
C57BL/6 mice (National Institute of Oncology,
Hungary) were injected intraperitoneally with 50 mg/
kg of body weight STZ in every 24 h on 5 consecutive
days. Blood glucose was measured with an Accu-
Chek Active blood glucose meter (F. Hoffmann-La
Roche).Those animals were considered diabetic whose
blood glucose levels were higher than 10 mmol/L on
2 consecutive days, day 14 and 15 of the experi-
ment. Subsequently, the diabetic mice were sublethally
irradiated (250 cGy) and transplanted by tail vein
injection with syngeneic bone marrow cells (BMC,
106 cells/animal) together with wtMSCs or MSCgal1−/−

(105 cells/animal). Glucose tolerance test was carried
out after overnight fasting, when mice were injected
intraperitoneally with 2 g/kg of body weight glucose.
Glucose disposal was analyzed by measuring blood
glucose at different time points.

DTH model: sensitization of C57BL/6 mice (6–8
weeks old, male) was induced by subcutaneous injec-
tion of 100 μg ovalbumin (OVA) emulsified in complete
Freund’s adjuvant (CFA). The solvent, PBS in CFA,
was used as a control. Simultaneously, mice were in-
jected with 106 wtMSCs or MSCgal1−/− intraperitoneally.
After 4 days, DTH was triggered by injecting 2% heat
aggregated OVA into the right hind footpad. The left
hind footpad was injected with PBS as a negative control.
The thickness of footpads (D) was measured with a
precision caliper at time points 0 h and 48 h, and
the changes were determined as follows: change in paw
diameter = (Dright 48h − Dleft 48h) − (Dright 0h − Dleft 0h).

Statistical analyses

Mean and SD were determined with Microsoft
EXCEL software from the results of at least three in-
dependent experiments, each conducted in duplicate
or triplicate samples, unless indicated otherwise in the
figure legends. Statistical analysis was performed using
one-way analysis of variance test (ANOVA) in
GraphPad Prism Version 6.03. When significant by
ANOVA (P < 0.05), pairwise comparisons of exper-
imental groups were carried out using Fisher’s least-
significant difference (LSD) method as a post hoc test
(set at *P < 0.05, **P < 0.01, ***P < 0.001).

Results

MSCs from wild-type and Gal-1 knockout mice
similarly affect T-cell proliferation

To investigate the precise function of Gal-1 in the
immunomodulatory effect of MSCs, we compared
MSCs isolated from the bone marrow of wild-type or
Gal-1 knockout mice. The detailed characterization

regarding the expression of Gal-1, cell surface markers
and differentiation potential of wtMSCs and MSCgal1−/−

was previously described [28]. The optimal MSC/T-
cell ratio was determined to be 1:10 (Supplementary
Figure S3), which was then used in all co-culture ex-
periments. Both wtMSCs and MSCgal1−/− inhibited
similarly the proliferation of Con A activated lymph
node T cells (Figure 1A) or purified T cells stimu-
lated with CD3/CD28 mAbs (Figure 1B).

Proximity of MSCs and T cells is compulsory for the
inhibition of T-cell proliferation

The immunosuppressive effect of MSCs is based on
the expression of multiple soluble (such asTGF-β, NO,
IDO,PGE2,HGF,HLA-G) and cell-bound factors (PD-
L1). To examine the requirement of the proximity
between MSC and T cells for the inhibition of T-cell
proliferation by MSCs, we cultured MSCs and puri-
fied T cells either in direct co-cultures or separated in
Transwell inserts (Figure 2).When MSCs and T cells
were sequestered by a membrane, the anti-proliferative
effect of both wtMSC and MSCgal1−/− were diminished
(Figure 2), suggesting the necessity of close proximity
of target (T cells) and effector (MSCs) cells.

The contribution of Gal-1 in MSC-mediated in-
hibition of T-cell proliferation could be excluded due
to the similar anti-proliferative effect of wtMSC and
MSCgal−1 (Figures 1 and 2). Therefore, the potential
role of another MSC cell surface protein, PD-L1
(CD274, B7-H1), which acts in direct cell-to-cell
contact [30], was examined. Cell surface PD-L1 was
not detected on resting MSCs, but it was expressed
on stimulation with an inflammatory cytokine, inter-
feron (IFN0-γ; Figure 3A). Because a neutralizing
antibody against PD-L1 did not influence the inhib-
itory effect of IFN-γ-treated MSCs on T-cell
proliferation (Figure 3B), the regulatory function of
PD-L1 could be ruled out.

We then examined another anti-proliferative mes-
senger produced by murine MSCs, NO [31], which
is considered a short-lived, highly reactive com-
pound, diffusing away only 100–200 μm from the
producing cell [32]. Of note, supernatants harvested
from activated T cells induced Nos2 gene expression
in both wtMSC and MSCgal1−/− (Figure 3C). The in-
hibitor of NO synthesis, L-NMMA, decreased the anti-
proliferative effect of MSCs regardless of their Gal-1
expression (Figure 3D), suggesting an important role
of NO in the immunosuppressive effect.

MSC-derived Gal-1 triggers apoptosis of activated T
cells in direct cell-to-cell contact

It has been substantially verified that Gal-1 induces
apoptosis of activated T cells, either in soluble
form [23,24] or in direct cell-to-cell contact with
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Gal-1-secreting effector cells [26]. Indeed, mouse
MSCs induced the apoptosis of activated T cells in a
Gal-1-dependent fashion because wtMSCs but not
MSCgal1−/− triggeredT-cell death (Figure 4).The mech-
anism ofT-cell apoptosis was similar to that of human-
activated T cells induced by Gal-1 expressing human

tumor cells in co-culture [26] or by soluble recom-
binant Gal-1 [24]. This was characterized by the
extracellularly exposed phosphatidylserine (Figure 4A),
ceramide release (Figure 4B), decreased mitochon-
drial membrane potential (Figure 4C), caspase
activation (Figure 4D) and DNA fragmentation
(Figure 4E). All of these events were diminished with
Gal-1 deficiency in MSCgal1−/− (Figure 4A–E) or with
the presence of Gal-1 inhibitor TDG, a lactose ana-
logue that competes with cell surface glycoconjugates
(Figure 4A). Apoptosis was strictly dependent on direct
MSC–T-cell contact because it was only detected with
fluorescence microscopy on MSC-coupled T cells,

Figure 1. MSC-derived Gal-1 does not play a role in the inhibi-
tion ofT-cell proliferation by MSCs. (A) CFSE-labeled lymph node
(LN) cells were activated with Con A in the presence or absence
of wtMSCs or MSCgal1−/− for 72 h and were then analyzed with flow
cytometry. Bars show mean ± SD of data pooled from three inde-
pendent experiments, each conducted in triplicates. (B) Purified
T cells were activated with anti-CD3/CD28 beads in the pres-
ence or absence of wtMSCs or MSCgal1−/− for 72 h. Cells were pulsed
with 1 μCi of 3H-thymidine for the last 16 h of activation, and then
the incorporation of 3H-thymidine was measured. Bars show
mean ± SD of data pooled from seven independent experiments,
each conducted in triplicates. Statistics: ANOVA (P < 0.05), fol-
lowed by Fisher’s least significant difference method, ***P < 0.001,
n.s., not significant; CPM, counts per minute.

Figure 2. MSCs require direct co-culture withT cells for their anti-
proliferative effect. CFSE-labeled T cells were activated with anti-
CD3/CD28 beads and were then co-cultured with wtMSCs or
MSCgal1−/− in direct co-cultures (gray bars) or in indirect co-
cultures physically separated by a Transwell insert (TW, dark bars).
See experimental scheme (upper panel). CFSE fluorescence in-
tensity of the samples was analyzed with flow cytometry after 72 h.
The percentage of proliferating T cells in the various culture con-
ditions is presented as mean ± SD of data pooled from three
independent experiments. Statistics: ANOVA (P < 0.05), fol-
lowed by Fisher’s least significant difference method, *P < 0.05,
**P < 0.01, n.s., not significant.
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whereas the overall apoptosis rate in the whole T-cell
population in co-culture could not be confirmed by
cytofluorometry (data not shown).

MSC derived Gal-1 does not play a role in MSCs’
immunosuppressive effects in vivo

As our in vitro results showed, MSC-derived Gal-1 was
an effective apoptosis-inducing factor for activated

T cells in direct cell-to-cell contact. On the other
hand, Gal-1 deficiency in MSCs did not affect the
proliferation inhibition of T cells in the co-culture.
Whether Gal-1 played a role in the systemic immu-
nosuppressive effects of MSCs in vivo remained a
relevant question because many studies have re-
ported an immunosuppressive and therapeutic effect
of either MSCs [33] or soluble Gal-1 [17,18] in au-
toimmune and chronic inflammatory diseases.

Figure 3. Nitric oxide synthase and its product NO, but not PD-L1, contribute to the immunosuppressive effect of wtMSCs or MSCgal1−/−.
(A) PD-L1 expression of wtMSC (left panel) and MSCgal1−/− (right panel) was triggered with recombinant mouse IFN-γ (20 ng/mL) for
48 h, and then visualized using anti-mouse CD274 and anti-rat IgG FITC. Dashed line: isotype control antibody; black line: PD-L1 ex-
pression of unstimulated MSCs; gray line: PD-L1 expression of IFN-γ-stimulated MSCs. (B) MSCs were pre-treated with neutralizing
PD-L1 (dark bars) or isotype matched antibody (control, white bars) for 1 h and then co-cultured with CFSE-labeled T cells in the pres-
ence of anti-CD3/CD28 beads. CFSE fluorescence intensity was analyzed with flow cytometry after 48 h.The mean ± SD of the percentage
of cells with decreased CFSE is presented, pooled from two independent experiments, each conducted in triplicates. (C) Supernatants
from activated T cells were added to wtMSCs (white bars) or MSCgal1−/− (dark bars) for 3 h, or both of these cells were left unstimulated.
Relative quantity (RQ) of Nos2 mRNA compared with Gapdh mRNA was detected with quantitative polymerase chain reaction (ΔCt = CtGapdh

- CtNos2). Mean ± SD of data from three independent experiments are shown. (D) CFSE-labeled T cells were activated with anti-CD3/
CD28 beads in the absence or presence of wtMSCs or MSCgal1−/− with (gray bars) or without (white bars) Nos2 inhibitor, L-NMMA, and
then analyzed with flow cytometry.The percentage of cells with decreased CFSE fluorescence intensity represent dividing cells, presented
on the graph as mean ± SD of the data pooled from two independent experiments, each conducted in triplicates. Statistics: ANOVA (P < 0.05),
followed by Fisher’s least significant difference method, ***P < 0.001.
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Therefore, the therapeutic effects of wtMSCs or
MSCgal1−/− was examined in two experimental immu-
nological disorders, type I diabetes and DTH. In a
previous study, we showed that wtMSCs had thera-
peutic effects on STZ-induced diabetic mice and
suppressed the T-cell-mediated immune response
against newly formed pancreatic β-islet cells [29].The
function of wild-type and Gal-1-deficient MSCs were
compared in the preceding model (Figure 5A). Both
wtMSCs and MSCgal1−/− successfully increased the sur-
vival of STZ-treated mice (Figure 5B) and restored
the blood glucose level to normal values (Figure 5C),
suggesting that MSCs’ immunosuppressive effect was
not dependent on their Gal-1 production.

Next, we tested the role of MSC-derived Gal-1 in
a DTH mouse model, induced by OVA, because
wtMSCs were described as potent inhibitors of paw
edema in a recent study [31]. Wild-type or Gal-1-
deficient MSCs were injected at the time of OVA
sensitization (Figure 6A). Both wtMSCs and MSCgal1−/−

significantly diminished the OVA-induced paw edema

in hind limbs (Figure 6B), indicating that the inhibi-
tion of DTH reaction by MSCs was independent of
their Gal-1 production.

Discussion

MSCs express a plethora of immunosuppressive factors;
hence, these cells are considered potential therapeu-
tic tools in immune disorders. One of these potent anti-
inflammatory factors is galectin-1, which is abundantly
expressed in MSCs as shown by transcriptomic and
proteomic approaches [10,11].Although Gal-1 in MSCs
has been implicated in inhibitory effects onT-cell pro-
liferation [14–16], the role of Gal-1 in MSCs from an
immunoregulatory point of view has not yet been pre-
cisely clarified.The in vitro studies that have examined
this issue used various methods: inhibition of Gal-1
with thiodigalactoside, which blocks Gal-1 binding to
carbohydrate ligands [14], blocking of Gal-1 with spe-
cific antibodies [15] and generation of stable Gal-1
knockdown in MSC clones [16]. All of these methods

Figure 4. MSC-derived Gal-1 induces apoptosis of activated T cells. T cells were activated with 7.5 μg/mL Con A for 72 h, and then the
nuclei were labeled with Hoechst 33342 (blue). Activated T cells were then co-cultured with wtMSCs or MSCgal1−/− for 16 h (A–C) or
24 h (D, E). (A) The cells were fixed, stained with Annexin V-Alexa Fluor 488 (green) and analyzed with fluorescence microscope. For
removal of cell-surface Gal-1, wtMSCs were pre-incubated with TDG before co-cultures. (B) Detection of ceramide levels was carried out
by incubating the samples with anti-ceramide mAb and then with biotinylated anti-mouse IgM and streptavidin-FITC (green). (C). Changes
in the mitochondrial membrane potential (MMP) (red: high MMP, green: low MMP) was detected with JC-1 fluorescence dye labeling.
(D) Caspase-3 activation was visualized with anti-cleaved caspase-3 antibody and anti-rabbit IgG-TRITC (red). (E) DNA fragmentation
was observed with terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay (brown). Samples were analyzed with
fluorescence and light microscopy. Scale bar represents 10 μm.The bars show mean ± SD of the percentage of positive cells, counted from
at least 100 cells in 5 non-overlapping fields of view and two independent experiments.

366 R. Fajka-Boja et al.



have their drawbacks: thiodigalactoside does not react
solely with Gal-1 but may interact with other lectins
as well, and blocking antibodies may only be partially
effective [14,15]. Furthermore, the generation of stable
galectin-1 knockdown MSC clones [16] bears the pos-
sibility for off-target effect of the knockdown construct

and also raises the problem of generating less potent
MSC clones from the substantially heterogenic MSC
population, irrespective of their Gal-1 expression [34].
To avoid these disadvantages, we used wild-type and
Gal-1-deficient MSCs isolated from wild-type and Gal-1
knockout mice, respectively. Both wtMSCs and
MSCgal1−/− display the same characteristics including
cell surface markers, differentiation capacity [28] and
expression of the main immunosuppressive genes,Nos2,
Cox2 and Tgfβ (Figure 3; see also Augello et al.) [30].
Despite its Gal-1 deficiency, MSCgal1−/− is as effective
in the inhibition of T-cell proliferation as the wild-
type MSCs (Figure 1). Furthermore, both wild-type

Figure 5. Galectin-1 expression does not play a role in the ther-
apeutic effects of MSCs on STZ-induced diabetes. (A) Type I
diabetes was induced in C57BL/6 mice by serial low-dose injec-
tion of STZ. On day 15, mice were irradiated with dose of 250 cGy
and then transplanted with syngeneic BMCs (106 cells/animal) and
wtMSCs or MSCgal1−/− (105 MSCs/animal). n = 5/group. (B) Sur-
vival of diabetic mice treated with BMCs and wtMSCs (black line)
or MSCgal1−/− (gray line), or untreated (dashed line) was followed
up to 180 days. (C) Glucose tolerance test was carried out with
mice fasting overnight and then injected with 2 g/kg of body weight
glucose intraperitoneally. Blood sugar levels of control mice (white
bars), STZ-induced diabetic mice (striped bars), diabetic mice treated
with BMCs and wtMSCs (black bars) or MSCgal1−/− (gray bars) were
measured at the indicated time points after glucose loading.

Figure 6. MSCs inhibit delayed-type hypersensitivity in a Gal-1 in-
dependent fashion. (A) Mice (C57BL/6) were sensitized with
subcutaneous OVA injection or received PBS as control. At the same
time point, mice were injected with wtMSCs, MSCgal1−/− or PBS
intraperitoneally. Four days later, the DTH reaction was trig-
gered by injecting heat-aggregated OVA into the right hind limb,
and the left hind limb was injected with PBS. (B) Paw edema was
followed by measuring the diameter of hind limbs 48 h after trig-
gering DTH. The change in the paw diameter was calculated as
described in the Methods section. Bars are drawn to the means,
and each square is a single replicate. n = 14–15. Statistics: ANOVA
(P < 0.05), followed by Fisher’s least significant difference method,
**P < 0.01, ***P < 0.001, n.s., not significant.
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and Gal-1 knockout MSCs upregulate their Nos2 ex-
pression in response to inflammatory cytokines
produced by activatedT cells, and the Nos2 inhibitor
L-NMMA reverts the proliferation to the level of T
cells without MSCs (Figure 3).These results show that
NO, a messenger which acts at short distances but does
not require direct cell interaction between the effec-
tor and target cells, mediates proliferation inhibition.
In contrast, Gal-1 acting via intimate cell-to-cell contact
[26,35] on activated T cells is not able to modify cell
growth at low MSC/T-cell ratio (such as 1:10), where
only a small portion ofT cells are activated at the be-
ginning of co-culture and liaise strong interaction with
the stromal cells, whereas the majority of the T cells
do not attach directly to the MSCs.

While MSC-produced Gal-1 is not involved in MSC-
mediated inhibition of Con A induced proliferation,
apoptosis induction of activated T cells depends on
MSC-produced Gal-1(Figure 4). These apparently
controversial activities of Gal-1 are explained by two
facts: (i) cell-bound Gal-1 triggers apoptosis only on
those T cells that are activated (aT-cells) and directly
couple to the Gal-1 expressing effector cells (MSCs).
The MSC-coupled aT-cells represent only a small frac-
tion of all target cells in the co-culture; therefore,
significant Gal-1-dependent T-cell death in the entire
T-cell population cannot be detected. (ii) An assay of
T-cell proliferation represents a different experimental
condition because resting T cells are activated in the
presence of MSCs.Therefore, the proliferation is stimu-
lated in the presence of the inhibitory cellular component
(MSC) whereas apoptosis occurs only on thoseT cells
that are already activated and have intimate interac-
tion with MSCs. The latter can be a rare event at the
cell population level under the conditions of the pro-
liferation experiment. The molecular mechanism
(Figure 4) of the apoptosis is identical to that previ-
ously described by our laboratory for recombinant or
tumor cell–derived Gal-1 [25,26].

Our in vitro studies resulted in an important con-
clusion: Gal-1 in MSCs does not contribute to the
immunosuppressive function of MSCs unless MSCs
and T cells in an activated state come into close and
intimate contact.To extend and validate these results,
Gal-1 dependence of the in vivo immunosuppressive
potential of MSCs has been analyzed in two mouse
models,OVA-induced DTH [31] and STZ-induced type
I diabetes [29], in which the therapeutic effect of wild-
type MSCs has been previously reported. Supporting
the in vitro results, both wtMSCs and MSCgal1−/− suc-
cessfully reduced the OVA-induced paw edema in a DTH
model (Figure 6) and healed STZ-induced type I di-
abetes (Figure 5) irrespective of the Gal-1 expression
by MSCs.The experiments presented here support our
theory that Gal-1 does not participate in the systemic
immunosuppressive function of MSCs; however, it may

fulfill its immunoregulatory role locally when direct cell-
to-cell interaction between MSCs and T cells occurs.

There is no doubt that Gal-1 exerts an immuno-
suppressive function under certain circumstances.The
cellular delivery of Gal-1 by Gal-1 transgenic den-
dritic cells (Gal-1tgDC) results in a therapeutic effect
on diabetes in NOD mice [36]. Perone et al. [36]
clearly showed that dendritic cells (DCs) localize in
the lymph nodes and spleen, the sites of immune re-
sponses, and Gal-1 in DCs operates as a pro-apoptotic
factor on activated antigen-specific T cells. In this sit-
uation, the antigen-presenting DCs and the antigen-
specific T cells establish a close interaction, resulting
in Gal-1tgDC-induced T-cell apoptosis in a Gal-1-
dependent fashion. In contrast, MSCs used as
therapeutic means in diabetes model do not localize
in the immune organs or in the damaged pancreas in
the diabetic animals [29], indicating that their role in
tissue regeneration is accounted for an indirect rather
than a local effect. Indeed, a recent study suggested
that MSCs polarized tissue-resident macrophages, mi-
croglia cells, into an immunosuppressive M2
phenotype, rendering MSCs’ anti-inflammatory func-
tion an indirect and long-term effect [37]. We have
recently demonstrated another function of MSC-
derived Gal-1 in solid tumors, where MSCs resided
within the tumor tissue and promoted angiogenesis
and thus tumor growth in a Gal-1–dependent
fashion, but they did not contribute to the tumor
immuno-privilege [28].Thus, as we show here, the im-
munosuppressive function of MSCs does not rely on
their Gal-1 expression because Gal-1 can function only
in direct cell-to-cell contact.

Our results may serve a useful model to explain
an important biological problem: how a pleiotropic
protein (Gal-1) exerts its specific function (immuno-
suppression) depending on the type (MSCs) and
localization (systemic or tissue) of the producing ef-
fector cell and communication with its target (T cells).
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Supplementary data to this article can be found online
at doi:10.1016/j.jcyt.2015.12.004.
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