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Therapeutic approaches using multipotent mesenchymal stromal cells (MSCs) are advancing in regenerative
medicine, transplantation, and autoimmune diseases. The mechanisms behind MSC immune modulation are still
poorly understood and the prediction of the immune modulatory potential of single MSC preparations remains
a major challenge for possible clinical applications. Here, we highlight galectin-9 (Gal-9) as a novel, important
immune modulator expressed by MSCs, which is strongly upregulated upon activation of the cells by interferon-
g (IFN-g). Further, we demonstrate that Gal-9 is a major mediator of the anti-proliferative and functional effects
of MSCs not only on T cells but also on B cells. Here, Gal-9 and activated MSCs contribute to the suppression of
antigen triggered immunoglobulin release. Moreover, we determined that Gal-9 expression could serve as a
marker to predict a higher or lower immune modulatory potential of single cell preparations and therefore to
distinguish the therapeutic potency of MSCs derived from different donors. Also in vivo co-administration of
MSCs or murine Gal-9 resulted in significantly reduced IgG titers in mice immunized with human coagulation
factor VIII (FVIII). In conclusion, Gal-9 acts as an immune modulator interfering with multiple cell types
including B cells and Gal-9 may serve as a predictive indicator for clinical MSC therapy.

Introduction

Mesenchymal stromal cells (MSCs) are multipotent
mesenchymal stem cells, which can be isolated from

various tissues such as bone marrow or cord blood. MSCs can
be enriched to near-homogeneity via plastic adherence [1,2].
Because of the easy expandability, they have the potential to
differentiate into different lineages of the mesenchyme and
seem to be a promising tool for cell therapeutic approaches
[3]. In addition to their potential in bone and cartilage re-
construction [4], or their ability to home into different organs
and support regeneration [5], human MSCs have a high im-
mune modulatory potential [6]. Because of their immuno-
suppressive properties, MSCs are very interesting for
therapeutic approaches like acute graft-versus-host disease
(GvHD) [7] or autoimmune diseases [8]. In fact, third party
MSCs were successfully transplanted to prevent and treat
GvHD [9] after allogenic stem cell transplantation. Le Blanc
et al. demonstrated a positive outcome in 70% of MSC
transplanted GvHD patients [10]. Evidence has been provided

that, even when MSCs are generated under seemingly similar
controlled conditions, their immunosuppressive potential can
vary significantly. The possibility that differences in MSC po-
tency contributed to the reported variation in clinical outcomes
has been suggested, but suitable ad hoc assays predicting
in vivo activity are lacking, so far. Therefore, we wanted to
further explore the immune modulatory function of MSCs and
identify markers, which could predict MSC immune suppres-
sive potency. We were wondering, how the immune sup-
pressive potency differed between MSC preparations? In fact,
in most cases of successful GvHD therapy a pool of MSCs has
been used [11]. In the recent years, different mechanisms be-
hind the immunomodulatory character of MSCs have been
postulated [12]. MSCs consecutively produce the suppressive
molecules hepatocyte growth factor (HGF) [13], tumor growth
factor-b (TGF-b) [13], prostaglandin E2 (PGE2) [14], or in-
doleamine 2,3-dioxygenase (IDO) [15]. Further, it has been
described that immunosuppression by MSCs is enhanced via
stimulation with interferon-g (IFN-g) [16]. Recently, galectin-1
and -3 have been added to this group [17,18].
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Galectins are a b-galactoside-binding family that is ex-
pressed in various tissues [19]. These lectins form lattices on
the cell surface [20] to interact with immune cells for example,
T cells. These interactions may allow new insights into MSC
versus T cell ‘‘communication.’’ Among the 15 known mam-
malian members, galectin-9 (Gal-9) is a 36 kDa tandem-repeat
galectin, which can be found in immune cells, endothelial cells,
or fibroblasts. It is a known inducer of T cell suppression and
apoptosis [21]; these effects are mediated via the Tim-3 re-
ceptor or protein disulfide isomerases (PDI) [22,23]. In addi-
tion, Gal-9 expression is upregulated via IFN-g stimulation in
endothelial cells or fibroblasts [24,25]. In mice, Gal-9 was used
to successfully treat GvHD in a bone marrow model [26].

Here, we identified Gal-9 as an important regulator of
MSC immunosuppression. We could verify that Gal-9 is the
only upregulated galectin in MSCs after activation with IFN-
g. Additionally, we introduce Gal-9 as a novel MSC related
immune modulator not exclusively for T cells but more im-
portantly for B cells. An in vivo model for alloimmune an-
tibody formation in hemophilia A supports these findings,
where activated MSCs and Gal-9 reduced the IgG response
against FVIII in mice. Additionally, we introduce Gal-9 as a
potential marker to distinguish between potent and less
potent donor preparations.

Materials and Methods

Culture and analysis of MSCs

MSCs of different healthy donors under the age of 35 were
derived from dispensable material (filters) of standard bone
marrow harvests after informed consent and approvement of
the local ethics committee. MSCs were isolated using stan-
dard protocols. In short, they were cultured in low glucose
DMEM (1g/l; PAA) supplemented with 20% MSC qualified
FCS (Invitrogen), 1% penicillin/streptomycin and 10 ng/mL
hFGF (Peprotech). In short, MSCs were gained from dis-
pensable materials of bone marrow sections. Bone marrow
filters were flushed with DPBS and cells were separated by
centrifugation. Isolation of MSCs was performed by plastic
adherence. To maintain consistent and comparable experi-
mental conditions MSC were used from passage 4 until 9.
After passage 3, cells were analyzed for commonly known
MSC characteristics. Differentiation and surface markers
were performed as described before [17] and fluorescence
activated cell sorting (FACS) data were analyzed via the
Flowjo software (Stanford University).

After MSC characterization, four donors (MSC1-4) were
randomly chosen for all further experiments. For cell culture
experiments, 105 MSCs of different donors were seeded into
six-well plates and grown until 80% confluence. In the
presence of 20 ng/mL IFN-g (Peprotech), MSCs were incu-
bated for 24 h.

Lymphocyte isolation

Human peripheral blood mononuclear cells (PBMCs) were
enriched from Buffy coats of healthy blood donors. PBMCs
were isolated via Biocoll (Biochrome AG) separation. For
each experiment, cells from a new donor were isolated.

For isolation of murine cells, C57Bl/6 mice were sacrificed
and spleens were harvested.

Quantitative RT-PCR

Isolation of mRNA was performed according to the
RNeasy-kit� protocol from Qiagen. mRNA translation into
complementary DNA (cDNA) was performed by using the
Applied Biosystems High-capacity cDNA reverse transcriptase
kit protocol. cDNA was amplified by specific primers (Table 1,
galectin primer sequences were adapted from [17]) using the
Power SYBR Green master mix protocol (Applied Biosystems).
b-actin was used as control. Probes were analyzed in an
RT-PCR Step One Plus cycler (Applied Biosystems).

MSC transfection

Cells were nucleofected using the Amaxa Cell Line Opti-
mization MSC Nucleofector Kit (Lonza). Transfection was
performed according to the Amaxa manufacturing protocol
with 5mg Gal-9 cDNA (Thermo Fischer-Open Biosystems) or
5 mg His-tagged Gal-9 (GeneCopoeia). Control cells were
transfected with 2 mg GFP coding pcDNA3.1 plasmid DNA.

Gal-9 analysis in MSCs

Fluorescence staining was performed as previously de-
scribed [27]. (Transfected) MSCs were eventually mixed with
immune cells, which were stimulated with 2mg/mL PHA-P
(Sigma-Aldrich) and 2mg/mL LPS (Sigma-Aldrich) and in-
cubated for 48 h. The anti-human Gal-9 Ab (Acris) was used
as the primary antibody, followed by the appropriate Alexa-
Fluor 488-coupled or Alexa-Fluor594-coupled secondary Ab
(Invitrogen). His-tagged Gal-9 was detected by a anti-His

Table 1. Primer Sequences of Screened Galectins and Chemokine Receptors

Forward primer Reverse primer

CXCR1 TTTGTTTGTCTTGGCTGC CCAAGAACTCCTTGCTGAC
CXCR2 ACATGGGCAACAATACAGCA CCTCCTCTGCTTCCTGTGAC
CXCR4 ATCCCTGCCCTCCTGCTGACTATTC GAGGGCCTTGCGCTTCTGGTG
CXCR5 CTTCGCCAAAGTCAGCCAAG TGGTAGAGGAATCGGGAGGT
CXCR7 GCTGCTGGCCTTCTGCGTGTCTCT CTTCCGGCTGCTGTGCTTCTCCTG
Gal-11 GGTCTGGTCGCCAGCAACCTGAAT TGAGGCGGTTGGGGAACTTG
Gal-31 CCAAAGAGGGAATGATGTTGCC TGATTGTACTGCAACAAGTGAGC
Gal-41 TGTGCCTCCCACAGGCAAGAG GCCACAGCGAATGGACAGATC
Gal-81 CTTTAATGTTGACCTACTAGCAGG TTGTACTCCAGGCTGTGTACGC
Gal-91 CAGTGCTCAGAGGTTCCACA TGAGGCAGTGAGCTTCACAC
b-actin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG
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Alexa Fluor 594 coupled Ab (MBL). As control, MSCs were
stained only with the secondary antibody. Dapi (Santa Cruz
Biotechnology) was used to stain nuclei.

For Gal-9 ELISA MSCs were lysed 24 h after stimulation
with RIPA (Thermo Fischer) buffer. Supernatants were re-
duced in 10 kDa MWCO concentration tubes (Sartorius) 1:10.
Gal-9 ELISA was arranged as described by MBL. In short,
Anti-Gal-9 monoclonal antibody (ECA8; MBL) was coated
on 96-well plates. Reduced supernatants or cell lysate sam-
ples were added and incubated overnight at 4�C. Re-
combinant Gal-9 (R&D Systems) served as standard. Then,
samples were incubated with Anti-Gal-9 biotinylated (Ab-
cam) followed by HRP-conjugated streptavidin (Biolegend).
Gal-9 levels were detected via o-phenylendiamine (Roth)
solution at 492 nm via an ELISA reader.

Proliferation assays

2 · 104 MSCs of different donors were seeded in 24-well
plates or 6.5 mm transwells� with 0.4mm pore size (Corning)
and incubated with 20 ng/mL IFN-g (Peprotech) for 24 h. Wells
were thoroughly washed with phosphate buffered saline (PBS).
For analysis of human cells either 105 PBMCs or T cells or B cells
were added into the wells and incubated for 3 days. PBMCs and
T cells were stimulated with 2mg/mL PHA-P (Sigma-Aldrich)
and 2mg/mL LPS (Sigma-Aldrich). B cells were stimulated with
2mg/mL CD40L (Abbiotec) and PHA-P (Sigma-Aldrich).
Moreover, the influence of MSC expressed Gal-9 on immune
cells was tested by adding 2mg/mL of a Gal-9 blocking
monoclonal antibody (ECA8; MBL). To determine the impact of
Gal-9 on all three cell types, they were incubated with varying
concentrations of recombinant Gal-9 (R&D Systems). Stimu-
lated immune cells without MSCs were used as positive control.
Immune cells were incubated with MSCs for 3 days and then
thoroughly transferred into 96-well plates. To detect the pro-
liferation rate, immune cells were mixed with BrdU and incu-
bated for 22 h. BrdU incorporation was measured according to
the Calbiochem�BrdU cell proliferation assay. Results were
normalized for each single set of experiments.

ELISPOT

Ninety-six-well multiscreen immobilon-p PVDF mem-
brane plates (Millipore) were coated with mouse anti-human
k chain specific antibody (SouthernBiotech) for 24 h at 4�C.
Plates were thoroughly washed with PBS and MSCs of dif-
ferent donors were added to each well and incubated with or
without 20 ng/mL IFNg (Peprotech) for 24 h. Wells were
thoroughly washed with PBS to reduce any residual IFN-g.
Then, 1:5 B cells were added and stimulated with 2 mg/mL
CD40L (Sigma Aldrich) and 2 mg/mL VZV gE protein (Ab-
cam). For blocking Gal-9, 25 mM of lactose were added. The
cell mix was incubated for 6 days. Afterward, cells were
washed off the plate and HRP conjugated anti-Human-IgG
(SouthernBiotech) was added and incubated overnight at
4�C. Spots were developed with AEC-solution (Sigma-
Aldrich). Results were calculated with the A.EL.VIS (Hann-
over) ELISPOT reader and software.

Western blot

Cell extracts and Supernatants of (IFN-g activated) MSCs
were prepared and processed at the indicated times. Probes

were blotted via SDS-page on Biorad 4–10% gels. Immobilon-
FL PVDF-membranes (Millipore) were incubated with a
monoclonal rabbit anti-Gal-9 Ab (Abcam) in PBST. As sec-
ondary Ab, an anti-rabbit IRDey-700CW (LI-COR, Lincoln) was
used and analyzed on an Odysee reader (LI-COR, Lincoln).

In vivo immune modulation

All animal procedures have been approved by the local
animal care, protection, and use authorities (University and
Regierungspräsidium Darmstadt). 8–10 week old female
C57Bl/6 mice were simultaneously injected with 80U/kg
recombinant Factor VIII (FVIII, Kogenate, Bayer) and fol-
lowed by injection with either 5 · 105 activated MSCs or 3 mg
murin Gal-9 (R&D Systems) or 3mg polyclonal anti-Gal-9
antibody against murine Gal-9 (Acris) in PBS per mouse.
Highest effective doses were adapted as previously de-
scribed [26]. Mice were treated once a week. The treatment
was repeated weekly for four times. 24 h after treatment and
7 days after the last treatment blood, samples (120mL) were
taken and analyzed for murine anti-FVIII IgG1 antibodies via
ELISA. Then, mice were sacrificed and spleens were taken
for the analysis of immune cells.

Fluorescence activated cell sorting

For analysis of mice immune cells, spleens were homog-
enized and investigated for B cells and T cells. Further, we
investigated the distribution of CD8 + and CD4 + (CD25 + )-
positive T cells. Moreover, CD4 + CD25 + cells were seg-
mented into Th1 (IFN-g), Th2 (IL-4), and Treg–cells (FoxP3) by
intracellular staining. For B-cell detection, we stained with
CD19 and B220. Distribution of cells was then monitored
with a BD FACSCantoII and analyzed with the Flowjo
software. Anti-CD3e, anti-IFN-g, anti-CD8a, anti-CD25, anti-
IL-4, and anti-CD45R/B220 were all obtained from BD
Pharmingen, anti-CD19 was from ABR, anti-CD4 was from
Thermo Scientific, and anti-FoxP3 as well as the kit for fix-
ation and permeabilization was purchased from eBioscience.

T-cell subset apoptosis assay

2*105 MSCs of nine different MSC donors were seeded
into six-wells and incubated with or without IFN- g for 24 h.
Then, CD4 + T cells were added 1:5 and incubated for 72 h. T
cells were stimulated with 2mg PMA (Abcam) and ionomy-
cin (Abcam). After 64 h, brefeldin (Abcam) was added 1:1000
to each well. T cells were then investigated for T-cell subsets
such as TH1(CD3, CD4, IFN-g), TH2(CD3, CD4, IL-4), and
Treg(CD3, CD4, CD25, CD127, and Fox-P3) as well as an-
nexin (all purchased from eBioscience) staining via FACS in
separate preparations. T helper cells were first gated for CD3,
then for CD4 until the gate for the intracellular staining was
applied. Tregs were subsequently gated for CD3 and CD4
positivity, then CD4 and CD25 high. The last gate excluded
CD127 + cells to validate the Fox-P3-positive cells.

Anti-FVIII ELISA

For murine anti-FVIII ELISA plasma was isolated from
murine blood samples and ELISA was performed as de-
scribed before [28].
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Statistics

Student’s t-test or ANOVA with the Dunnett test or Tukey
test for multiple comparisons were used to validate signifi-
cance of the results. Data were analyzed with the InStad
Version 3.06 software. Data were considered as significant
when P < 0.05.

Results

IFN-c and B cells enhance Gal-9
expression in MSCs

To investigate whether there are donor-specific differences
between MSC populations, we focused on potential markers
of MSC potency and established an mRNA profile. Chosen
markers consisted of several chemokine receptors, as dem-
onstrated by Ciuculescu et al. [29] and galectins. At first we
established and characterized MSC preparations of four
different donors for further investigation (Supplementary
Fig. S1A, B; Supplementary Data are available online at
www.liebertpub.com/scd). We then generated an mRNA
expression profile of known galectins (Fig. 1A). From all
markers included in our analysis, only Gal-9 mRNA showed
a significant increase after IFN-g activation, as simulta-
neously demonstrated by Gieseke et al. [30]. As described,
we observed a minor increase by stimulation with TNF-a
(Data not shown). Gal-9 expression was increased around 22-

fold (Fig. 1B). Additionally, we confirmed Gal-9 upregula-
tion by immunofluorescence staining. IFN-g stimulation of
MSCs resulted in a strong increase of Gal-9 expression (Fig.
1C). Fluorescence labeling demonstrated that Gal-9 is dis-
tributed over the whole MSC membrane/cytoplasm with a
modest-to-strong perinuclear accumulation in all cell lines.
Further, co-incubation with PBMCs, T cells and, most im-
portantly, B cells demonstrated increased Gal-9 protein
production in MSCs. Co-incubation of stimulated PBMCs
and T cells enhanced Gal-9 in naı̈ve and activated MSCs (Fig.
1D, E), whereas stimulated B cells only enhanced Gal-9
protein levels significantly when MSCs were pretreated with
IFN-g and then co-incubated with B cells (Fig. 1E).

Gal-9 is responsible for B-cell modulation

Because of the prominent Gal-9 upregulation in activated
MSCs, we first focused on the functional role of Gal-9.
Therefore, we added different concentrations of the recom-
binant protein to PBMCs, T cells, and B cells and performed
proliferation assays. In agreement with published results
[31], Gal-9 reduced the proliferation of PBMCs (Fig. 2A) and
T cells (Fig. 2B) at increasing concentration. Rather unex-
pected, we observed a comparable effect on the proliferation
of B cells, which resulted in the same extent as for T cells (Fig.
2C). Therefore, we wondered whether Gal-9 is not only a
suppressor of B-cell proliferation but also might influence the
functionality of B cells, for example, antibody release. We

FIG. 1. Galectin-9 (Gal-9) as an enhanced immunomodulatory agent in interferon-g (IFN-g)-activated mesenchymal stromal
cells (MSCs). (A) mRNA of MSC donors was isolated after activation with or without IFN-g and analyzed by RT-PCR for the
expression of human galectins. (B) Expression change of chemokines and galectins was also analyzed after activation with
IFN-g. (C) MSCs were treated with IFN-g, or medium as control. Cells were labeled using rabbit anti–Gal-9 Ab and detected
by an Alexa488 conjugated secondary Ab. Nuclei were stained via DAPI. (D–F) MSCs were preactivated with IFN-g and
cultivated for 24 h. Activated and naı̈ve MSCs were either mixed with stimulated peripheral blood mononuclear cells
(PBMCs) (D), T cells (E), or B cells (F) and cultivated for 48 h. Lysates were monitored for Gal-9 protein level by ELISA. Data
are shown as mean ( – SEM) (n = 3), *P < 0.05 according to Student’s t-test.
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consequently performed ELISPOT assays to demonstrate
that Gal-9 could reduce varicella zoster virus (VZV) trig-
gered IgG release as depicted in figure 2D. In conclusion,
Gal-9 decreases B- and T-cell proliferation and, more im-
portantly, B-cell activation.

Galectin-9 is an immune modulator
of activated MSCs

To determine the importance of Gal-9 among the multiple
immune modulatory mechanisms of activated MSCs, we mixed
stimulated T or B cells of several donors with either untreated or
preactivated MSCs and monitored the cell proliferation of
stimulated immune cells. Unstimulated immune cells served as
negative control (not shown). Reduction of T-cell proliferation
by IFN-g activated MSCs exceeded the effect of nonactivated
MSCs. As demonstrated for T cells the activation of MSCs
achieve a stronger suppressive effect on B-cell proliferation. As
expected, T-cell proliferation could be restored almost com-
pletely after blocking Gal-9 in activated MSCs with a mono-
clonal anti-Gal-9 antibody (Fig. 3A). Surprisingly, B-cell
proliferation was elevated to normalized levels by blocking Gal-
9, when coincubated with naı̈ve MSCs but did not reach nor-
malized levels when MSCs were activated previously (Fig. 3B).
Because Gal-9 co-incubation reduced the IgG release of VZV
triggered B cells, we also wanted to investigate the influence of
activated MSCs. As Figure 4C depicts, nonactivated MSCs had
no influence on IgG release. In contrast, activation of MSCs with
IFN-g decreased the IgG release by around 50% compared with
the control group. As expected, addition of lactose, a previously
described natural inhibitor of Gal-9, to block Gal-9 activity,
abolished the Gal-9 suppressive effect of activated MSCs to a
high extent.

To confirm that Gal-9 mediates MSC-related immune
suppression, we overexpressed the protein in MSCs and
measured inhibition of T- and B-cell proliferation. Transfec-
tion with a GFP-expressing construct was used as transfec-

tion and negative control. The MSC transfection efficacy was
around 70%. Successful transfection of MSCs with the Gal-9
encoding pCMV plasmid was monitored via mRNA isola-
tion and SYBR Green RT-PCR. We detected a 6000-fold in-
crease of Gal-9 mRNA (Supplementary Fig. S2A). Gal-9
overexpressing MSCs were then employed in T cell (Fig. 3D)
and B cell (Fig. 3E) proliferation assays. MSCs were mixed at
a 1:5 ratio with immune cells and incubated for 3 days. Gal-9
overexpression resulted in a significant higher inhibition of
B cell proliferation compared with GFP-transfected control
MSCs. This Gal-9 mediated anti-proliferative effect on T and
B cells was completely abolished by blocking Gal-9 with a
monoclonal antibody.

Immune modulation of MSCs via Gal-9
is mediated by cell–cell contacts

Since we could clearly demonstrate the Gal-9 dependent
immune modulation of activated MSCs, we further wanted to
determine whether these effects are based on cell–cell contacts
or by secreted Gal-9. Therefore, supernatants and lysates of
MSCs were investigated for Gal-9 via ELISA (Fig. 4A) and
western blot (Supplementary Fig. S2B). In contrast to superna-
tants of untreated MSCs, only lysates of naı̈ve MSCs (1 ng)
showed good detectable levels of Gal-9. Activation increased
the levels in lysates (2 ng) and minor amounts of Gal-9 were
detected in concentrated supernatants (0.3 ng). Therefore, we
performed a proliferation assay where we physically separated
MSCs from T cells (Fig. 4B). Interestingly, we could not detect a
significant decrease in proliferation when MSCs were separated
by a semipermeable transwell. Further, the addition of Gal-9
overexpressing MSC supernatants had no influence on immune
cell proliferation. To enlighten the immune modulatory mech-
anism we overexpressed a His-tagged Gal-9 in MSCs and mixed
them with PBMCs. After 24 h, immune cells were clustered onto
the MSCs (Supplementary Fig. S2C) and immunofluorescence
staining depicted that detectable amounts of His-tag-Gal-9

FIG. 2. Proliferation of im-
mune cells and antibody for-
mation is inhibited by Gal-9.
Stimulated PBMCs (A), T
cells (B), and B cells (C) were
incubated with varying con-
centrations of Gal-9. Pro-
liferation was measured at
day 4. Gal-9 decreased pro-
liferation in a concentration-
dependent manner. (D) B
cells were seeded into ELI-
SPOT plates and stimulated
with VZV antigen. Cells were
incubated in the presence of
different concentrations of
Gal-9. After 6 days IgG re-
lease was measured. Devel-
oped spots were counted and
analyzed. Data are shown as
mean ( – SEM) (n = 3),
*P < 0.05 according to ANO-
VA using Dunnett’s test for
multiple comparisons.
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were traceable in immune cells, which are in close proximity to
successful transfected MSCs (Fig. 4C).

Galectin-9 is upregulated donor dependent

Although we depicted Gal-9 as an immune suppressor in
MSCs, the question still remains whether there are donor-
dependent differences in Gal-9 expression and whether Gal-9
might serve as a marker for MSC potency with respect to
their immune modulation. Initially, randomly selected do-
nors were compared for their Gal-9 expression at mRNA and
protein level. Similar Gal-9 protein levels were detected in all
donors by ELISA (Fig. 5A). As immune modulation of T and
B cells was enhanced by IFN-g, we also investigated Gal-9
levels of each donor after activation. Donor MSC4 (black
box) showed decreased protein and mRNA levels upon
stimulation (Fig. 5A, B). The expression pattern did not
change over subsequent passages of MSCs, for example,
from passage 4–7. Consequently, we performed proliferation
assays with these donors. Again, nonstimulated MSCs
showed minor differences in their immune modulative po-
tential regarding PBMCs, T and, most importantly, B cells.
Interestingly, MSC stimulation with IFN-g resulted in a sig-
nificant decrease of PBMC, T, and B-cell proliferation in all
donors except MSC4 (Black box, Fig. 5C).

Here, we distinguished between donors according to their
Gal-9 expression after activation. To confirm these initial re-

sults, we broadened our investigation and included nine ad-
ditional characterized donors (Supplementary Fig. S3A). We
measured changes of Gal-9 protein level after activation with
IFN-g. As depicted in Fig. 5D, MSC donor 9 (MSC9) did not
exhibit any increase of Gal-9 in response to stimulation. As
seen with donor MSC4, this donor did not decrease B cell
proliferation after MSC activation (Fig. 5E). Because Gal-9 is a
know modulator of TH1 cells we investigated CD4-cell sub-
sets. TH1 cell counts are decreased by Gal-9 and co-
incubation with most MSCs donors. These suppressive effects
were much more enhanced by MSC activation. As predicted,
Treg cell counts were slightly enhanced by MSC co-incubation.
Interestingly, Treg cell counts were decreased by activated
MSCs below control levels and by Gal-9. As predicted, donor
MSC9 did not influence TH1 and Treg cell counts after IFN-g
activation compared to the naı̈ve state (Fig. 5F, G). Apoptosis
rates of CD4 + -cells remained unchanged after activation
(Supplementary Fig. S3C). As expected Gal-9 or MSC activa-
tion had no effect on TH2 cell counts.

MSCs and Gal-9 inhibit antibody formation in mice

Because we identified Gal-9 as a regulator of human T and
B cells, we strived to investigate the effect of Gal-9 and ac-
tivated MSCs in vivo. As disease model with a determined
antigen, we chose antibody formation against FVIII. We
immunized mice with human FVIII and tested the effect of

FIG. 3. Gal-9 is a mediator of immune suppression by IFN-g-activated MSCs. Stimulated T cells (A) or B cells (B) were
mixed with (activated) MSCs (light gray bar). For Gal-9 blocking a monoclonal anti-Gal-9 Ab was added (dark gray bar). (C)
MSCs were investigated for their influence on B cell IgG release via ELISPOT. For blocking Gal-9 influences on B cells 25 mM
lactose (Lac) were added. MSCs were transfected with Gal-9 cDNA or a GFP (negative) control plasmid and then mixed with
stimulated T cells (D) or B cells (E), in absence or presence of a Gal-9 blocking Ab, respectively. Gal-9 blocking annihilates the
effect of IFN-g activated or Gal-9 overexpressing MSCs. Data are shown as mean ( – SEM) of quadruplicates (n = 4). *P < 0.05
**P < 0.01 according to ANOVA using Tukey’s test for multiple comparisons.
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murine Gal-9 (mGal-9), a polyclonal mGal-9 inhibiting anti-
body, and IFN-g-activated human MSCs. In mice, which
were treated with MSCs in addition to FVIII immunization,
we monitored a significant reduction of anti-FVIII-IgG for-
mation. Also, mGal-9 co-treated animals developed reduced
antibody titers against FVIII compared with blocking of Gal-
9 or FVIII alone. Anti-FVIII titers rapidly increased after 7
days and exceeded the impact of immunized-only mice
many fold (Fig. 6A). Only MSCs stabilized the equilibrium of
T and B cells in spleen cells after spleen sections, whereas
Gal-9 co-treatment, and Gal-9 blocking, resulted in elevated
B cell counts (Fig. 6B). Further, primarily mGal-9 decreased
Th1, TH2, and Treg cell counts. MSCs application, in contrast,
significantly increased Th1, TH2, and Treg cell counts. Block-
ing Gal-9 primarily increased TH2 cells (Fig. 6C).

Discussion

The mechanisms behind MSC-mediated immune modu-
lation remain controversial and most likely are the result of
multifactorial pathways [32]. Known contributing factors
include PGE2 [33], HGF [13], IDO [15], or TGF-b [13], which
are connected with T cell or dendritic cell function. Recently,
Gieseke et. al. [17] introduced Gal-1 as another immuno-
modulator expressed by MSCs, moving the group of im-
mune regulatory galectins into focus. Shortly after, the role of
galectin-3 was analyzed for its potential to suppress PBMC
proliferation upon TLR activation [18]. Coinciding with our

observations Gieseke et al. demonstrated the inducebility of
Gal-9 in MSCs by pro-inflammatory stimuli [30] and deliv-
ered a possible explanation how MSCs might improve tissue
regeneration and influence inflammatory tissue environment
after transplantation [34]. Here, we confirmed these results
for pooled MSC populations and added B cells as a new
target to the immune modulation with Gal-9. We confirmed
that exclusively Gal-9 is strongly increased following stim-
ulation with IFN-g and other pro-inflammatory stimuli.
Further, not only co-incubation with T cells but, more im-
portantly, with B cells increased Gal-9 expression in acti-
vated MSCs, which indicates a crosstalk between these cells.
MSCs inhibited T and B cells without IFN-g activation but
the efficacy can be substantially enhanced by previous acti-
vation with IFN-g [35,36]. Moreover, a very low MSC-T cell
ratio of 1:2 or 1:3 is commonly used in most in vitro exper-
iments to achieve strong effects [33] and the immune sup-
pressive potency decreases with declining ratios [30]. The
time-dependent upregulation of Gal-9 by IFN-g had been
described for endothelial cells. In the endothelium, Gal-9 acts
as a chemoattractant for eosinophils and increased adhesion
[25]. This process is supported by HDAC3, which induced
the interaction of phosphoinositol 3-kinase (PI3K) and IFN
response factor 3(IRF3), resulting in phosphorylation of IRF3,
its nuclear translocation, and increased Gal-9 expression [37].
Whether this signaling cascade is responsible for enhanced
Gal-9 expression in MSCs as well, still has to be elucidated.
Nevertheless, activation of MSCs seems to be crucial for

FIG. 4. MSCs mediate Gal-9 im-
mune modulation through cell–cell
contacts. (A) MSCs were cultured
until 80% confluence. Then they
were incubated with or without
IFN-g for 24 h. Afterward, super-
natants and lysates were analyzed
for Gal-9 level via ELISA. (B) Fol-
lowing predicament with or with-
out IFN-g MSCs were cocultured
with PBMCs or separated by
transwells. PBMCs were used as
control. Proliferation of PBMCs was
measured by BrdU incorporation.
(C) MSCs were transfected with
his-tagged Gal-9 and GFP as a
control. Untransfected MSCs were
used as negative control. Then
PBMCs were added for 24 h. Con-
focal immunofluorescence staining
was performed to detect His-tag
and Gal-9 in immune cells and
MSCs. Insets highlight His-tag-Gal
9 staining traceable in immune cells
in close proximity to MSCs. Nuclei
were stained via DAPI. Data
are shown as mean ( – SEM) of
quadruplicates (n = 4). *P < 0.05.
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enhanced immunosuppression as it was described for the
successful treatment of GvHD in mice [38]. Additionally,
only activated MSCs have an elevated potential for the reg-
ulation of human PBMCs and T cells, but their immune
modulatory potency depends on the cytokine milieu that is
provided by stimulated immune cells [39]. The suppressive
mechanism involved after IFN-g stimulation is still contro-
versial; exemplarily by studies on the role of IDO, which is
upregulated after activation and immune cell proliferation
can be partially restored by an antagonist [16]. On the other
hand, MSCs can inhibit immune cell proliferation indepen-
dently of IFN-gR1 and, moreover, independent of IDO [40].
In agreement with these findings, we demonstrated that the
induction of Gal-9 in MSCs led to an enhanced immuno-
suppression of stimulated PBMCs, T cells, and B cells. In-
terestingly, T and B cells seem to increase Gal-9 levels in
MSCs by different pathways. Stimulated T cells and PBMCs
might increase Gal-9 levels by pro-inflammatory mediators

[30], whereas B cells only significantly enhanced Gal-9 levels
when MSCs were activated before.

Because soluble factors and cell–cell contacts are believed
to be responsible for these actions [41], we could depict that
MSC-derived Gal-9 can be found in immune cells which are
in close proximity. Further, to modulate immune cells, very
high level of recombinant Gal-9 are necessary compared to
levels measured in MSC preparations. A possible explana-
tion could be the N-glycan-binding character of galectins.
They can bind a variety of surface glycoproteins, which do
not entirely contribute to cell viability [20,42]. Therefore, we
identified cell–cell contacts as the most probable scenario for
MSC/Gal-9 immune modulation. Here, MSCs could directly
influence T or B cells by Gal-9 transfer and interaction with
glycan proteins. Blocking of endogenous or overexpressed
Gal-9 restored the proliferation of T and B cells, which con-
firmed our hypothesis. Gal-9 is a known inducer of apoptosis
of CD4 + and CD8 + T cells via the calcium-calpain-caspase-1

FIG. 5. Immune suppression of IFN-g activated MSCs is donor and Gal-9 increase dependent. (A) Lysates of subconfluent
cultures of (IFN-g activated) donors MSC1-4 were taken and analyzed via ELISA. (B) Also, mRNA was isolated and
investigated via RT-PCR. (C) PBMCs, T cells, or B cells were added to (activated) MSCs and stimulated as described
previously. Stimulated immune cells without MSCs were used as positive controls. The black box highlights single MSC
preparations with only mild to absent Gal-9 response upon activation with IFN-g. (D) Therefore, 9 more donors were
investigated for Gal-9 changes after activation. Only donor preparation MSC9 showed no increase in Gal-9 after activation.
(E) Also, the suppressive influence on B cells in the proliferation assay was compared. To investigate donor individual
influences on T-cell subpopulations CD4 + -cells were purified and incubated with ionomycin and PMA for 3 days. MSCs
were analyzed via FACS for their influences on TH1 (F) and Treg (G) cell numbers. MSC9 (black box) showed low increases in
Gal-9 levels and low effect on cell proliferation or cell counts. Data are shown as mean ( – SEM) of quadruplicates (n = 4).
*P < 0.05 **P < 0.01 according to ANOVA using Dunnett’s test for multiple comparisons.
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pathway [43]. More precisely, it was demonstrated that ap-
optosis of Th1-cells is induced via the Tim-3/Gal-9 pathway
[44]. As predicted, Gal-9 does not inhibit Th2 cell counts. This
is due to different glycosylation patterns of membranes of
responsive cells. Th2 cells express significant amounts of a-
2,6-linked sialic acid, which blocks Gal-9 binding to glycan
receptors such as those required to induce cell death [31].
Additionally, T cells express the Gal-9 binding PDI on their
surface, which promotes apoptosis of Th1 but induces the
migration of Th2 cells [23]. Here, we demonstrated that co-
incubation with Gal-9 or activated MSCs results in decreased
cell counts of TH1 but not in Th2 cells. For Treg cells the de-
scribed effects are rather different. As described in various in
vitro and in vivo models MSCs increased Treg levels via Gal-9
independent mechanisms such as TGF-b or PGE2 [45,46].
Surprisingly, Gal-9 and activated MSCs restored or even
decreased Treg cell counts. Because apoptosis rates did not
differ between naı̈ve and stimulated MSCs, Gal-9 appear to
mediate its effect via altering functional pathways. In gen-
eral, Gal-9 may bind to more than nine cell surface receptors
[23,31] and might influence intracellular molecules as well.
These multipotent binding properties of Gal-9 have been
assigned to its two N- and C- terminal carbohydrate recog-
nition domains (CRD). This bi-domain character of Gal-9
enables it to mediate different functions in innate and
adaptive immunity [47]. In this study, we describe a formerly
unknown property of Gal-9, which is the influence of Gal-9
on B cell proliferation and IgG release in vitro and in vivo.

Although, no interaction partner has been described, CD45
or CD44 could serve as receptor for Gal-9 binding on B cells
[23,48], whereas CD44 is upregulated in stimulated B cells
[49]. Moreover, we could demonstrate that specifically Gal-9
is one important regulator in MSC-mediated immune mod-
ulation of human B cells (eg, proliferation or IgG release). For
MSCs, it has been demonstrated that they inhibit B cell
proliferation and IgG, IgM, or IgA release [50]. Moreover,
IgG-release is believed to depend on the concentration of the
antigen. Only at high antigen concentrations, mixed B cell/
MSC cultures resulted in a diminished IgG production [51].
Herein, we demonstrated a decrease of IgG production at
comparable low antigen concentrations by activating MSCs,
which we definitely could attribute to MSC-expressed Gal-9.
Although the suppression of terminal B cell differentiation
and IgG1 and IgM release had been assigned to MSCs, the
mechanisms behind were still unclear [52]. Also, clearly in-
creased Gal-9 levels seem to be essential to maximize the
immunomodulatory potential of MSCs not only on T cells
but also on B cell.

For clinical applications, it is essential to distinguish be-
tween ‘‘good’’ or ‘‘bad’’ human MSC donors for immune
modulation [53]. Our detailed investigation, for the first time,
identifies Gal-9 as a potential marker for single donor
preparations. In vitro, MSCs that express high changes in
Gal-9 mRNA and protein levels after IFN-g activation tend to
be more potent suppressors of TH1 and Treg cells and B cells.
We, so far, identified two donors (MSC4 and MSC9), which

FIG. 6. MSCs and Gal-9 inhibit anti-FVIII antibody response in vivo. (A) Female C57Bl/6 were immunized with FVIII and
simultaneously injected with either 3 mg/mice anti-murin-Gal-9 or 106 activated MSCs or 3 mg/mice mGal-9 four times once a
week. PBS or only FVIII injected mice served as controls. After 5 weeks spleens were taken to investigate immune cell
distribution by FACS analysis. (B) Spleen cells were analyzed for distribution of CD3 + T cells and CD19 + B cells. (C) CD4 + /
CD25 + T cells were gated and investigated for Th1, Th2, and Treg cell counts. Data are shown as mean ( – SEM) of triplicates
(n = 3). *P < 0.05 according to ANOVA using Dunnett’s test for multiple comparisons. For in vivo data 12 mice per group were
used.
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had very low effects on immune cell proliferation and pre-
sented only minimal Gal-9 response. General differences
between donors may be connected with a different sensi-
tivity of all these immune subtypes. To further validate Gal-9
as a new MSC-driven immune regulator, we extended our
investigation and analyzed MSCs and Gal-9 in vivo in a
disease model of allo immunization. Immunization against
FVIII is the most frequent complication in hemophilia A
treatment and FVIII triggers a profound IgG response in
mice [54]. Because Rafei et al. [55] demonstrated that MSC
application support the clearance of anti-FVIII titers in mice,
we wanted to know whether activated MSCs were capable of
suppressing FVIII immune response simultaneously. As ex-
pected, activated MSCs prolonged the antibody-free time
and suppressed high titers in mice. Interestingly, blocking
mGal-9 boosted the IgG response, but coadministration of
mGal-9 significantly reduced IgG1 development. These
findings are supported by recent publications, where Gal-9
reduced anti-dsDNA antibodies and induced TIM-3 inde-
pendent apoptosis of plasma cells in a systemic lupus er-
ythematosus model [56]. Unexpectedly, MSCs did not
influence Th2 cell counts but boosted Treg cells, whereas
mGal-9, in contrast to an inflammation model [57], reduced
the number of all relevant immune cells. In this context, we
assume that Gal-9 might be a potent regulator for (auto/
allo)-immune diseases but the murine system might only
deliver limited relevance to what happens in human. Inter-
estingly, Gal-9 has been demonstrated to support the sup-
pression of allergic symptoms [58,59] in vivo. At the time of
this study, there are 15 active clinical trials running for the
MSC-based treatment of autoimmune diseases such as type 1
diabetes, multiple sclerosis, or lupus nephritis, listed at
www.clinicaltrials.gov. Because of severe adverse effects that
come along by patient’s exposition to IFN-g, such as a cyto-
kine storm, activated MSCs are cautiously applied in clinical
trials [60]. The construction of a Gal-9 overexpressing MSC
lines might maximize the benefit and potential of MSC-
mediated immune modulation. Anyhow, the immune mod-
ulative potency of individual MSC preparations might be
predicted by the increase of Gal-9 levels after activation. In
this context, Gal-9 represents an interesting target for the
characterization of the immune modulative potential of single
MSC preparations.
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