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ABSTRACT

Multipotent stromal cells have immunomodulatory capacities and have been used in transplantation and autoim-
mune diseases. One of the effects of multipotent stromal cells involves the inhibition of dendritic cell differentia-
tion. Since interleukin-6 and interleukin-10 are known to play a role in inhibiting immature dendritic cell differen-
tiation, we hypothesized that these cytokines may also mediate the inhibitory effect of human multipotent stro-
mal cells in immature dendritic cell differentiation. In order to test this hypothesis monocytes were cultured with
interleukin-4 and granulocyte-monocyte colony-stimulating factor in the presence or absence of culture-expanded
bone marrow-derived multipotent stromal cells. Neutralization and cytokine-depletion strategies were applied to
reveal the cellular source and effect of interleukin-6 and interleukin-10. Addition of multipotent stromal cells to
monocyte cultures significantly reduced the generation of immature dendritic cells (CD14 CD1a") and resulted in
the generation of CD14*CD1a" cells that displayed a significantly reduced immunostimulatory effect. We found
that culture supernatants of co-cultures of multipotent stromal cells and monocytes contained higher concentra-
tions of interleukin-6 and interleukin-10. Multipotent stromal cells produced interleukin-6 and neutralizing this
interleukin-6 reversed the inhibitory effect of the multipotent cells. Interleukin-10 was not produced by multipo-
tent stromal cells, but exclusively by monocytes after exposure to multipotent stromal cell-produced interleukin-
6. In conclusion, through constitutive production of interleukin-6, multipotent stromal cells prevent the differen-
tiation of monocytes towards antigen-presenting immunogenic cells and skew differentiation towards an anti-

inflammatory interleukin-10-producing cell type.

Introduction

Multipotent stromal cells (MSC) are non-hematopoietic pro-
genitor cells that have been identified in different tissues and
are capable of differentiation towards adipogenic, osteogenic
and chondrogenic lineages. Importantly, MSC have
immunoregulatory properties. These properties have been the
subject of many studies over the years and make MSC interest-
ing candidates for further clinical application.

In several experimental disease models, MSC have been
shown to modulate immune responses i vivo. Administration
of MSC has been shown to prevent graft-versus-host disease'
and the development of experimental autoimmune
encephalomyelitis in mice” and results in prolonged skin graft
survival in baboons.®* The use of MSC as a cellular therapy is
currently being explored in clinical trials, including treatment of
graft-versus-host disease,* promotion of engraftment following
hematopoietic stem cell transplantation’ and treatment of
Crohn’s disease.’

The mechanisms underlying the immune suppression by
MSC are still unclear. It has been widely shown that MSC sup-
press the proliferation of T cells upon allogeneic or mitogenic
stimulation.”® Soluble factors proposed to be involved in this
effect include indoleamine 2,3-dioxygenase, prostaglandin E2,
transforming growth factor-f1, interleukin (IL)-6 and heme
oxygenase 1.7 MSC also inhibit the proliferation of B cells and

1415 and have been described

16-18

IL-2-stimulated natural killer cells
to promote the formation of regulatory T cells (Treg).

MSC can also modulate immune responses through inhibi-
tion of monocyte-derived immature dendritic cell ((iDC) differ-
entiation.”” Monocyte differentiation towards iDC can be
inhibited by IL-6 and IL-10""* and several studies have suggest-
ed that IL-6 may play a role in the inhibitory effect of MSC on
the differentiation of monocytes to dendritic cells.”” These
data are, however, derived from in vitro co-culture experiments
of MSC and monocytes in which the cellular source of
cytokine production was not identified. The specific role of
these cytokines in inhibiting MSC functionality is, therefore,
still unclear.

In this study, we investigated the mechanism of inhibition
by MSC during the differentiation of monocytes towards iDC
and focused on the exact source of the cytokines involved. To
this end we performed co-culture, transwell and supernatant-
supplemented experiments of monocytes and MSC and
applied neutralization and depletion strategies to reveal the cel-
lular interactions that are crucial for the immunomodulating
effect of MSC on monocyte differentiation.

Design and Methods

Generation of human multipotent stromal cells
Adult bone marrow was harvested from healthy donors or from
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orthopedic patients after obtaining their written informed con-
sent, according to procedures that were approved by the medical
ethical committee. Mononuclear cells were isolated and plated at
a density of 1.3x10°/cm’ in DMEM:-low glucose (Invitrogen
Corp., Paisley, UK) supplemented with 10% fetal calf serum
(Greiner Bio-one) and penicillin/streptomycin (Invitrogen Corp.).
When MSC reached confluency the cells were detached, charac-
terized by FACS analysis and used in the co-culture experiments
at passages 2-5. Further details are given in the Online Design and
Methods.

Isolation and differentiation of monocytes

Human peripheral blood mononuclear cells from healthy
donors were isolated from buffy coats obtained from Sanquin
Blood Supply. CD14* monocytes were purified with a MACS LS
column using CD14 microbeads according to the manufacturer’s
recommendations (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany).

Freshly isolated monocytes (CD14") were cultured at a concen-
tration of 1.0x10° cells/well in 6-well plates in RPMI containing
penicillin/streptomycin, L-glutamine (Invitrogen Corp.) and 10%
fetal calf serum supplemented with the growth factors IL-4 (10
ng/mL) and granulocyte-monocyte colony-stimulating factor
(GM-CSF) (5 ng/mL) (both from Invitrogen Corp.) for 6 days,
resulting in the generation of iDC (CD147/CD1a’). To examine
the effect of MSC on monocyte differentiation, irradiated MSC
(60 Gy) were added enabling direct cell-cell contact or in a trans-
well system (pore size 0.4 uM; Corning Inc., Lowell, MA, USA)
at a MSC:monocyte ratio of 1:10, as described previously.” In
some experiments IL-10 (20 ng/mL), IL-6 (100 ng/mL), anti-IL-10
(2-20 ug/mlL) or anti-IL-6 (2.5 ug/mL) (all from R&D systems
Europe Ltd., Abingdon, UK) was added. The involvement of
secreted factors was further assessed by addition of conditioned
medium from MSC alone (MSC-CM), MSC cultured with
growth factors (MSC+GF CM) and from the monocyte-MSC co-
cultures (MSC+mono CM) to the monocyte differentiation cul-
ture. In some experiments, IL-6 was depleted from the MSC-CM
using the WMACS Streptavidin kit (Miltenyi Biotec) according to
the manufacturer’s recommendations. MSC-CM was used in the
monocyte differentiation in a 2:1 ratio with fresh medium.
Further details are given in the Online Supplementary Design and
Methods.

FACS analysis
The flow cytometry analysis is described in the Online
Supplementary Design and Methods.

Analysis of cytokines

The concentrations of IL-6 and IL-10 were measured in cell-
free supernatants collected on day 6 from cultures of monocytes
with or without MSC. To distinguish between cytokines pro-
duced by MSC or monocytes, the cells from the transwell co-
cultures were separated on day 6 and cultured further in fresh
medium for an additional 2 days and IL-6 protein concentrations
were determined. Further details are given in the Online
Supplementary Design and Methods.

Gene expression

The mRNA expression of IL-6, IL-10 and B-actin was measured
in MSC and monocyte populations on day 6 of the co-culture. All
data were normalized using B-actin as a reference gene. Further
details are given in the Online Supplementary Design and Methods.

Allogeneic mixed lymphocyte reaction assay
Monocytes cultured for 6 days in the presence or absence of

MSC skew monocytes through production of IL-6

MSC in a transwell co-culture were tested for their ability to
stimulate the proliferation of allogeneic CD4'CD25 T cells that
were isolated from peripheral blood mononuclear cells by
MACS using the CD4'CD25" regulatory T cell isolation kit
(Miltenyi Biotec) according to the manufacturer’s instructions.
The CD4°'CD25™ T cells were stimulated with iDC or the mono-
cyte-derived cells from the monocyte-MSC co-culture at various
ratios. After 4 days of incubation, cells were pulsed overnight
with 0.5 uCi of ['H]-thymidine to determine T-cell proliferation.
Further details are given in the Online Supplementary Design and
Methods.

Statistical analysis

All data represent the average and standard deviation from
multiple MSC donors. Unless otherwise specified, statistical
analyses were conducted using the Student’s t test for two
groups and by a two-way ANOVA with a Bonferroni post-test
for comparison of three groups. Prism5 software (GraphPad
Software, Inc., CA, USA) was used.

Results

Multipotent stromal cells skew the differentiation
of monocytes to the formation of CD14" cells with
low allostimulatory capacity

Monocytes (purity after MACS isolation was more
than 90% CD14" cells) cultured in the presence of IL-4
and GM-CSF differentiated into CD1a*CD14" iDC.
Following addition of MSC to these cultures, monocyte
differentiation towards iDC was inhibited (Figure 1A B).
In the presence of MSC, a significantly lower fraction of
monocytes acquired CD1a (15.1+7.4% versus 70.6+8.8%,
P=0.002, n=7) and a significantly lower fraction lost
CD14 expression (52.2+8.1% versus 99.5+0.1%, P=0.001,
n=/) (Figure 1B).

The MSC were analyzed for expression of surface
markers before and after co-culture with monocytes.
MSC expressed HLA-class I, CD73, CD105 and CD90
and did not show expression of HLA-class II, CD31,
CD45 , CD80 or CD34. No changes were observed after
co-culture with monocytes.

The monocyte-derived populations, formed in the
absence or presence of MSC in transwell co-cultures,
were functionally tested for their ability to induce prolif-
eration of allogeneic T cells (Figure 1C). iDC effectively
induced proliferation of allogeneic CD4'CD25 T cells.
The monocyte-derived population that was generated in
the presence of MSC showed a significantly reduced
allostimulatory capacity compared to the iDC.

The concentrations of both interleukin-6
and interleukin-10 are increased in co-cultures
of monocytes and multipotent stromal cells

Monocytes were cultured in the presence of IL-4 and
GM-CSF and in the presence or absence of MSC and
cytokine concentrations were measured in cell-free cul-
ture supernatants of the direct co-cultures. Supernatants
from monocytes that were cultured in the presence of
MSC contained significantly higher concentrations of IL-
6 and IL-10 than control supernatants derived from cul-
tures without MSC (IL-6: 984.6+122.6 pg/mL versus
333.4£15.1 pg/mL, n=3, P<0.0001; IL-10: 221.6+30.0
pg/mL versus 11.9+4.4 pg/mL, n=3, P<0.05; Figure 2A B).
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® Cytokine expression by multipotent stromal cells formed in a transwell system (data not shown). To assess
and monocytes which population was responsible for the observed
The MSC-induced changes in surface marker phenotype increase in cytokine concentrations, the MSC and the
and cytokine concentrations in the monocyte cultures monocyte-derived cell populations from such transwell
were also observed when the experiments were per- cultures were assessed at day 6 for expression of IL-6 and
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Figure 1. MSC prevent the differentiation of iDC. (A) Representative
FACS plots of the differentiation of CD14* monocytes towards iDC
with or without MSC in a direct co-culture. (B) Cumulative data of
seven independent experiments with six different MSC donors and
) seven different monocyte donors (data are mean + SEM): signifi-
12‘ 69% 1.07% cance is relative to -MSC (*P<0.05). (C) Corrected counts per
g . vy minute (CCPM) of iDC and day 6 MDC from transwell co-cultures
that were incubated with CD4'CD25 T cells to assess their allostim-
ulatory capacity. Data are from two different MSC donors and the
experiment was performed in triplicate; significance is relative to
iDC (*P<0.05, **P<0.01, ***P<0.001).
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Figure 2. Cytokine expression in MSC and monocytes in the co-cultures. Cytokine protein levels in the supernatant of monocyte cultures at
day 6 for IL-10 (A) and IL-6 (B) in the presence or absence of MSC (IL-10: mean+SEM of three independent experiments with three different
monocyte donors and six different MSC donors; IL-6: mean of six independent experiments with six different monocyte donors and seven
different MSC donors ; *P<0.05, **P<0.01, ***P<0.001). (C) IL-6 and IL-10 mRNA expression in MSC after 6 days of culture with and without
monocytes and growth factors in a transwell co-culture system. Fold change is relative to MSC alone. (D) IL-6 and IL-10 mRNA expression
in the monocyte-derived cell population from the transwell co-culture at day 6 of differentiation in the absence or presence of MSC. Fold
change is relative to MDC differentiated in the absence of MSC. (E) IL-6 secretion of MSC after 2 days of culture in fresh medium following
6 days of culture with or without growth factors and monocytes. (F) IL-6 secretion of monocyte-derived-cells (MDC) after 2 days of culture in
fresh medium following differentiation in the absence or presence of MSC. (C-F: data are mean+SEM of three different MSC donors, *P<0.05,
**P<0.01, ***P<0.001).
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IL-10 mRNA. Neither unstimulated MSC nor MSC cul-
tured in the presence of IL-4 and GM-CSF and in the pres-
ence or absence of monocytes, were found to express IL-
10 mRNA (Figure 2C). In agreement with this observation,
IL-10 protein was not detected in culture supernatants
from unstimulated MSC or from MSC cultured in the
presence of IL-4 and GM-CSF (data not shown). Monocyte-
derived cells, however, expressed detectable levels of IL-10
mRNA (fold change of 3.47x10%+8.5x10” relative to f3-
actin) and these expression levels were considerably
increased in the presence of MSC (P<0.05; Figure 2D).
These data indicate that the IL-10 protein detected in the
supernatants of monocyte-MSC co-cultures was produced
by the monocyte-derived cell population.

Next, we analyzed expression levels of IL-6. Figure 2C
shows that unstimulated MSC express IL-6 mRNA. A 5-
fold increase in the average level of IL-6 mRNA expression
was observed in MSC from cultures containing IL-4 and
GM-CSE, but this increase did not reach statistical signifi-
cance (P=0.06), which was probably due to the high vari-
ation that was observed between the different MSC sam-
ples. No further increase in IL-6 mRNA expression was
observed in MSC that were co-cultured with monocytes.
After the 6 days of co-culture, MSC and monocytes were
separated and cultured for another 2 days to measure the
cytokine concentrations secreted by both populations
after co-culture. As for the IL-6 mRNA expression in MSC,
the concentrations of IL-6 protein in culture supernatants
of MSC cultured in the presence of IL-4 and GM-CSF and
in the presence or absence of monocytes were not signifi-
cantly increased compared to those in the culture super-

MSC skew monocytes through production of IL-6

natants of unstimulated MSC (Figure 2E).

IL-6 mRNA was also expressed in the monocyte-derived
iDC. Significantly increased expression levels (P<0.001)
were found in monocyte-derived populations that were
generated in the presence of MSC (Figure 2D).
Concordantly, the concentrations of IL-6 in the super-
natant of monocytes cultured for an additional 2 days after
the 6 days of MSC-monocyte co-culture were significantly
increased compared to those of the control culture of

monocytes with IL-4 and GM-CSF (P<0.05; Figure 2F).

Secreted factors from unstimulated multipotent
stromal cells are responsible for the inhibition
of monocyte differentiation

The observation that MSC also displayed their
inhibitory effect on the differentiation of monocytes
when the co-cultures were performed in a transwell sys-
tem showed that cell-cell contact between monocytes
and MSC was not required and that soluble factors were
responsible for this effect. We investigated whether these
soluble factors were secreted by culture-expanded MSC
or only by MSC stimulated in the co-cultures. To do this,
three types of conditioned medium were collected and
tested for their ability to inhibit monocyte differentiation:
(i) conditioned medium from unstimulated MSC (MSC-
CM), (ii) conditioned medium from MSC cultured with
the growth factors IL-4 and GM-CSF (MSC+GF CM) and
(iii) conditioned medium from the monocyte-MSC direct
co-cultures (MSC+mono CM). Figure 3 shows that the
differentiation of CD1aCD14" monocytes into
CD1a"CD14 iDC was completely inhibited in the pres-
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ence of CM derived from stimulated, but also from
unstimulated MSC. This shows that MSC constitutively
produce and secrete the essential factor(s) that cause their
inhibitory effect on monocyte differentiation to iDC.

Role of interleukin-6 and interleukin-10 in the
multipotent stromal cell-induced inhibition
of monocyte differentiation

To study the exact role of IL-6 and IL-10 in the inhibition
of monocyte differentiation by MSC, neutralizing anti-
bodies against IL-6 and IL-10 were added to the transwell
co-cultures. Addition of neutralizing antibodies against IL-
10 did not result in restored iDC formation (Figure 4A).
Addition of neutralizing antibodies against IL-6, however,
caused a partial, but significant reduction of the inhibitory
effect of MSC and resulted in increased CD1a expression
and a decrease in the expression of CD14 on monocytes
(Figure 4B,C). This neutralization of IL-6 substantially
reduced the upregulation of IL-6 mRNA and IL-10 mRNA
expression in the monocyte-derived population (Figure

T

monocyte differentia-
tion was investigated.
(A) Adding a neutraliz-
ing antibody against IL-
10 (alL-10) did not
restore iDC formation
(data are representa-
tive dotplots from two
independent experi-
ments with two differ-
ent MSC donors and
two different monocyte
donors). (B, C) The addi-
tion of a neutralizing
antibody against IL-6
(alL-6) (2.5 ug/mL) to
the transwell co-culture
significantly reduced
the inhibitory effect of
MSC (data are from
three independent
experiments with four
different MSC donors
and four different
monocyte donors.
Statistical analysis was
performed using the
Wilcoxon signed rank
test *P<0.05). (D, E)
The increase of IL-6 and
IL-10 mRNA expression
on day 6 monocytes
(fold change is relative
to iDC) (D) and protein
secretion in the co-cul-
ture on day 6 (E) was
reversed when an IL-6
neutralizing antibody
was added to the cul-
ture (data are
meanstzSD of two dif-
ferent MSC donors and
one monocyte donor;
*P<0.05).
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4D) and reduced IL-10 protein concentrations (Figure 4E)
in the monocyte cultures with MSC or MSC-CM.

We confirmed the observation that addition of either IL-
6 or IL-10 resulted in inhibition of monocyte differentiation
(Figure 5A-B). However, since MSC do not produce IL-10
(Figure 2), only IL-6 can be an MSC-derived factor that is
relevant for the inhibitory effect of MSC. Indeed, we
showed that addition of only IL-6 to the monocyte cultures
induced IL-10 expression in monocytes, similar to the
effect of MSC or MSC-CM (Figure 5A). To confirm that IL-
6 is indeed the key factor produced by MSC, we depleted
IL-6 from MSC-CM and studied the effect of this IL-6
depletion on monocyte differentiation. After depletion of
IL-6, 84-96% of the IL-6 was depleted from the MSC-CM.
Figure 5C shows that the inhibition of monocyte differen-
tiation by MSC-CM was reversed by depletion of IL-6
from the CM. IL-6 depletion completely reversed the for-
mation of a CD14* monocyte-derived population, but did
not reverse the MSC-CM-mediated inhibition of CDla
upregulation. Functional testing revealed that the MSC-
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CM-induced IL-10 secretion in the monocyte cultures was
completely abolished following IL-6 depletion (Figure 5D).
The allostimulatory capacity, however, was not restored
by depleting IL-6 from the MSC-CM (Figure 5E). Overall,
our results show that MSC-derived IL-6 is an essential fac-
tor for the inhibition of monocyte differentiation by MSC
and for inducing an IL-10-producing, monocyte-derived
CD14'CD1a" cell population. The neutralizing and deple-
tion experiments show that IL-6 is an important factor, but
not the only one, which is produced by MSC to exert an
inhibitory effect on monocyte differentiation.

Discussion

It has been acknowledged that MSC inhibit the differen-
tiation of monocytes towards iDC. The cytokines IL-6 and
IL-10 have been described to play a role in the differentia-
tion of monocytes towards iDC.”"* However, the role of
these cytokines in the MSC-induced inhibition of this
process is still unclear. In this study, we used an MSC-
monocyte co-culture system to identify the cytokines that
are crucial in this process and reveal their exact cellular
source of production. The addition of MSC to monocyte
cultures containing IL-4 and GM-CSF inhibited the mono-
cyte-derived iDC differentiation and significantly
increased the concentrations of the cytokines IL-6 and IL-

- iDC
-= MSC-CM
o |I-6 depleted

o with MSC/MSC-CM and addition of IL-6 directly
increased the IL-10 secretion by monocyte-derived
cells (A) (data are means * SD from two different
MSC; *P<0.05). (C) Depletion of IL-6 from the MSC
conditioned medium partly reversed the inhibiting
effect of MSC on the monocyte-derived iDC differenti-
ation (representative dotplot of three different MSC
donors and two different monocyte donors. (D) MSC-
derived IL-6 drives the IL-10 upregulation in the mono-
cyte-derived cell population (C, D: data are meanstSD
from two different MSC; ***P<0.001). (E) Corrected
counts per minute (CCPM) of iDC and day 6 MDC from
cultures in MSC-CM and IL-6-depleted MSC-CM that
were incubated with CD4'CD25 T cells to assess their
allostimulatory capacity. Data are from two different
MSC donors and the experiment was performed in
triplicate; significance is relative to iDC (*P<0.05,
**P<0.01, ***P<0.001).

MSC-CM

10. Transwell experiments showed that cell-cell contact
was not required for the inhibitory effect of MSC on
monocyte differentiation, indicating that soluble factors
were responsible for this effect. Subsequent experiments
with MSC-CM showed that unstimulated MSC produced
the soluble factors responsible for inhibition of monocyte
differentiation. Previous studies suggested that IL-6 plays
a role in the inhibitory effect of MSC on the differentia-
tion of monocytes to dendritic cells.”” Whether this is a
direct or indirect effect remained unclear since both mono-
cytes and MSC are capable of IL-6 production and secre-
tion. We show that IL-6 production by MSC is constitu-
tive and not significantly enhanced upon contact with
monocytes. Since the effect of MSC could be replaced by
MSC-CM, we considered MSC-derived IL-6 to be respon-
sible for the MSC-induced inhibition of monocyte differ-
entiation. Indeed, addition of neutralizing antibodies to IL-
6 significantly reversed the inhibitory effect of MSC and
depletion of IL-6 reversed the inhibitory effect of MSC-
CM. These data clearly indicate that MSC-derived IL-6
regulates in vitro monocyte differentiation, thereby skew-
ing monocytes towards an IL-10-producing cell type with
reduced allostimulatory capacity. Additional factors might
however play a role in the complete inhibition of mono-
cyte differentiation towards iDC by MSC, since the
allostimulatory capacity of the monocyte-derived cells
was not restored by depleting IL-6 from the MSC-CM.
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We found that, in spite of a number of reports making
this claim,”* MSC do not produce IL-10, but that IL-10
is exclusively produced by monocytes in this system.
Several reports claiming that the immunomodulatory
properties of MSC are mediated by IL-10 have used anti-
bodies to neutralize IL-10 in co-cultures of MSC and other
cell types, including monocytes. These studies were not,
therefore, designed to identify the cells that produce IL-10.
Many reports indicate that MSC need to be activated in
order to exert their immunomodulatory activities or to
produce IL-10.%* Our data clearly show that activation
of MSC is not required for the IL-10 induction in mono-
cytes.

Activated monocytes have been shown to increase their
IL-10 expression upon IL-10 exposure.” Such increased IL-
10 production could further enhance the immunomodula-
tory effect of MSC. Increased IL-10 secretion is a charac-
teristic of type II activated macrophages, which have an
immunomodulatory, anti-inflammatory function.**
Type-Il-activated macrophages have also been shown to
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be able to induce regulatory T cells, another potential
additional indirect immunomodulatory effect of MSC.

Taken together, we propose the hypothesis that MSC,
by inducing IL-10 production in monocyte-derived cells,
play a powerful regulatory role in multiple anti-inflamma-
tory mechanisms (Figure 6), which could explain their
clinical benefits in immunotherapy such as the treatment
of graft-versus-host disease. Thereby MSC may act as
potent modulators of the (innate) immune response induc-
ing an anti-inflammatory environment.
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