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ORIGINAL RESEARCH REPORTS

Inactivated Mesenchymal Stem Cells Maintain
Immunomodulatory Capacity

Franka Luk,1 Samantha F.H. de Witte,1 Sander S. Korevaar,1 Marieke Roemeling-van Rhijn,2

Marcella Franquesa,1 Tanja Strini,1 Sandra van den Engel,3 Madhusudhana Gargesha,4

Debashish Roy,4 Frank J.M.F. Dor,3 Edwin M. Horwitz,5 Ron W.F. de Bruin,3

Michiel G.H. Betjes,1 Carla C. Baan,1 and Martin J. Hoogduijn1

Mesenchymal stem cells (MSC) are studied as a cell therapeutic agent for treatment of various immune diseases.
However, therapy with living culture-expanded cells comes with safety concerns. Furthermore, development of
effective MSC immunotherapy is hampered by lack of knowledge of the mechanisms of action and the therapeutic
components of MSC. Such knowledge allows better identification of diseases that are responsive to MSC treatment,
optimization of the MSC product, and development of therapy based on functional components of MSC. To close in
on the components that carry the therapeutic immunomodulatory activity of MSC, we generated MSC that were
unable to respond to inflammatory signals or secrete immunomodulatory factors, but preserved their cellular
integrity [heat-inactivated MSC (HI-MSC)]. Secretome-deficient HI-MSC and control MSC showed the same
biodistribution and persistence after infusion in mice with ischemic kidney injury. Both control and HI-MSC induced
mild inflammatory responses in healthy mice and dramatic increases in interleukin-10, and reductions in interferon
gamma levels in sepsis mice. In vitro experiments showed that opposite to control MSC, HI-MSC lacked the
capability to suppress T-cell proliferation or induce regulatory B-cell formation. However, both HI-MSC and control
MSC modulated monocyte function in response to lipopolysaccharides. The results of this study demonstrate that, in
particular disease models, the immunomodulatory effect of MSC does not depend on their secretome or active cross-
talk with immune cells, but on recognition of MSC by monocytic cells. These findings provide a new view on MSC-
induced immunomodulation and help identify key components of the therapeutic effects of MSC.

Introduction

Mesenchymal stem cells (MSC) are present in most
adult human tissues and can be easily obtained from

adipose tissue and bone marrow. They are characterized by
their ability to adhere to plastic, their rapid proliferation in
culture, and their capacity to differentiate into osteoblasts,
adipocytes, myocytes, and chondrocytes [1]. In addition, MSC
possess immunosuppressive properties as demonstrated in
experimental inflammatory disease models for autoimmune
diseases, graft-versus-host disease (GvHD), and allograft re-
jection [2–9]. The promising results obtained from these
models have triggered the investigation of MSC therapy in
clinical trials for a range of immune disorders, including
GvHD, Crohn’s disease, diabetes mellitus, systemic lupus er-
ythematosus, and allograft rejection [10–15].

While some clinical trials have described positive effects
of MSC treatment, others have not been able to demonstrate

amelioration of disease symptoms [16,17]. The indistinct
efficacy of MSC immunotherapy is debit to the lack of
understanding of the mechanisms of action of MSC after
administration, which hampers rational timing and dosing of
MSC therapy and identification of disease conditions that
can potentially benefit from MSC therapy.

First, the homing characteristics of MSC after adminis-
tration are not fully elucidated. Some studies have reported
homing of infused MSC to sites of injury [18,19], but others
showed poor homing capabilities of MSC [20]. We previ-
ously reported that intravenously (IV) infused MSC do not
pass the lung barrier and have a half-life between 12 and
24 h [21]. Second, the exact nature of the interaction be-
tween MSC and immune cells after administration is not
clear. In vitro studies show that under the influence of in-
flammatory cytokines such as interferon gamma (IFN-g) and
tumor necrosis factor alpha (TNF-a), MSC inhibit the prolif-
eration of immune cells by soluble mechanisms such as
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transforming growth factor beta (TGF-b), prostaglandin E2
(PGE2), and indolamine 2,3-dioxygenase [22–29]. It is there-
fore proposed that MSC mediate their immunomodulatory
effect through their secretome [30]. There is, however, no
conclusive evidence that the anti-inflammatory secretome is
responsible for the immunomodulatory effects of exogenously
administered MSC. The entrapment of IV-infused MSC in the
lung capillaries and the short half-life of MSC after infusion
[31,32] raise the questions whether administered MSC localize
to the right location and live long enough to become activated
by inflammatory conditions to exert their therapeutic effects
through their secretome.

It has become clear that MSC exert at least some of their
effects after infusion through intermediate cells. For exam-
ple, it has been shown that MSC have a stimulatory effect on
cardiac infarct repair by activation of macrophages, since
macrophage depletion partially reduced the therapeutic ef-
fect of MSC [33]. We have recently demonstrated that in-
fusion of MSC triggers an immediate and mild systemic
inflammatory response, which may be the initiator of sub-
sequent immunosuppression [34]. It is unknown how MSC
trigger such responses by host cells.

In this study, we investigated whether MSC that lost the
capacity to respond to inflammatory stimulation and lost
the ability to secrete factors maintain their capacity to
modulate immune responses. We show that such MSC
maintain the ability to modulate sepsis immune responses
and indicate that MSC can act as passive immunomodula-
tory vehicles. Our results are a step toward the development
of immunomodulatory therapy based on subcellular com-
ponents of MSC.

Materials and Methods

Isolation and culture of human MSC

Human MSC were isolated from subcutaneous adipose
tissue that was surgically removed from the abdominal inci-
sion of healthy kidney donors. Adipose tissue was collected
after written informed consent, as approved by the Medical
Ethics Committee of the Erasmus University Medical Center
Rotterdam (protocol No. MEC-2006-190). MSC were iso-
lated from the adipose tissue as described previously [35,36].
In short, the tissue was mechanically disrupted and washed
with phosphate-buffered saline (PBS). The adipose tissue was
then digested enzymatically with 0.5 mg/mL collagenase
type IV (Life Technologies, Paisley, UK) in RPMI 1640
Medium with glutaMAX (Gibco BRL, Life Technologies,
Paisley, UK) for 30 min at 37�C under continuous shaking.
The stromal vascular fraction was resuspended in minimum
essential medium Eagle alpha modification (MEM-a; Sigma-
Aldrich, St. Louis, MO) containing 2 mM L-glutamine
(Lonza, Verviers, Belgium) and 1% penicillin/streptomycin
solution (P/S; 100 IU/mL penicillin, 100 IU/mL streptomy-
cin; Lonza). MSC were cultured in a 175-cm2 cell culture
flask in MEM-a supplemented with 2 mM L-glutamine, P/S,
and 15% fetal bovine serum (FBS; Lonza) and kept at 37�C,
5% CO2, and 20% O2. The medium was refreshed once a
week and MSC were passaged at around 80% confluence
using 0.05% trypsin-EDTA (Life Technologies, Bleiswijk,
the Netherlands). All MSC used in experiments were between
passage 2–8.

Isolation and culture of mouse MSC

Mouse MSC were isolated from the adipose tissue of male
C57BL/6 mice as described previously [34] and cultured as the
human MSC. The cells were frozen in 10% DMSO at -150�C
at passage 1. Cells were later thawed in MEM-a supplemented
with 2 mM L-glutamine, P/S, and 10% FBS and transferred to a
175-cm2 cell culture flask to expand. MSC used in experiments
were between passage 2–9 as mouse-derived MSC maintain
their capacities up to high passages (passage 10) [37].

Inactivation of MSC

MSC were inactivated in suspension in PBS in parafilm-
sealed tubes by 30 min incubation at 50�C in a temperature-
regulated water bath. The inactivated cells were then washed
and used for further experiments or resuspended in MEM-a
supplemented with 2 mM L-glutamine, P/S, and 15% FBS
and seeded in a culture plate.

Immunophenotyping of human MSC

MSC were trypsinized, washed with FACSflow (BD Bio-
sciences, San Jose, CA), and stained with CD13-PeCy7 (clone
L138), CD31-V450 (clone WM59), CD45-APC-H7 (clone
2D1), CD73-PE (clone AD2; all BD Biosciences), CD90-APC
(clone Thy-1A1), and CD105-FITC (clone 166707; all R&D
Systems, Minneapolis, MN). Measurements were done on a
FACSCanto II flow cytometer (BD Biosciences) and analyzed
using FlowJo 7.6 software (Tree Star, Inc., Ash-land, OR).

Protein analysis by multiplex assay

Levels of vascular endothelial growth factor (VEGF), FGF2,
granulocyte colony-stimulating factor (G-CSF), monocyte
chemotactic protein-1 (MCP-1), and interleukin (IL)-1Ra,
IFN-g, IL-1b, IL-10, IL-6, and IL-8 were measured in a con-
ditioned medium of human MSC after 24 h of culture in MEM-
a supplemented with 2 mM L-glutamine and P/S without FBS.
In mouse serum samples, levels of IL-6, IL-10, MCP-1,
CXCL1, CXCL5, G-CSF, IFN-g, and TNF-a were measured.
Cytokine and chemokine levels were quantified using a
‘‘Human cytokine/chemokine magnetic bead panel multiplex
assay’’ (Merck Millipore, Billerica, MA) for the supernatant
samples or a ‘‘Mouse cytokine/chemokine magnetic bead
panel multiplex assay’’ (Merck Millipore) for the mouse serum
samples. The samples were measured on a Luminex 100/200
cytometer (Luminex, Austin, TX) using Xponent software.

Cell viability measurements

The viability of MSC was analyzed by measuring the ability
of cells to reduce MTT to formazan. Briefly, 20mL of 5 mg/mL
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide
(MTT; Sigma-Aldrich, Munich, Germany) was added to 5,000
MSC seeded in a flat-bottom 96-well plate and incubated for
5 h at 37�C. The culture medium was then removed and formazan
crystals were dissolved in 100mL DMSO. The absorbance
was measured at 550 nm using a Victor Wallac 2 multilabel
microplate reader (Perkin Elmer, Life Sciences, Boston, MA).

Proliferation measurement

The proliferation of MSC over time was measured using
PKH26 Red Fluorescent Cell Linker Kit for General Cell
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Membrane Labeling (Sigma-Aldrich Chemicals, Steinheim,
Germany). Briefly, control and heat-inactivated mesenchy-
mal stem cells (HI-MSC) were stained for 3 min with
PKH26 dye. The cells were washed with FBS and 1 · 104

control or HI-MSC was seeded in a 12-well plate for 7 days
at 37�C. Dye dilution was measured on a FACSCanto II
flow cytometer (BD Biosciences).

Apoptosis staining

Early and late apoptosis of MSC was assessed by staining
with Annexin V and 7-amino-actinomycin D (7-AAD) using
the PE Annexin V Apoptosis Detection Kit I according to the
manufacturer’s guidelines (BD Biosciences). Flow cytometric
analyses were performed using a FACSCanto II flow cytometer
(BD Biosciences).

Mixed lymphocyte reaction

Inactivated and control MSC were plated in round-bottom
96-well plates in MEM-a supplemented with 2 mM L-
glutamine, P/S, and 10% heat-inactivated (30 min, 57�C)
human serum in various numbers; 20, 10, 5, and 2.5 · 103

MSC/well. The next day, 5 · 104 carboxyfluorescein succi-
nimidyl ester (CFSE)-labeled healthy donor-derived pe-
ripheral blood mononuclear cells (PBMC) and 5 · 104

g-irradiated (40 Gy) HLA-mismatched PBMC were added to
the MSC. After 7 days, PBMC were harvested and stained
for 30 min with CD3-PERCP (clone SK7; BD Biosciences).
Cell proliferation was determined by CFSE dilution mea-
sured on a FACSCanto II flow cytometer (BD Biosciences).

MSC–B-cell cocultures

Splenocytes were isolated from spleens of deceased organ
donors (Biobank Erasmus MC protocol No. MEC-2012-022)
by Ficoll density gradient separation (GE Healthcare, Uppsala,
Sweden). Quiescent B cells were obtained by negative selec-
tion using anti-CD43 magnetic beads (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). B cells were cultured for 7 days
in Iscove’s modified Dulbecco’s medium (Lonza) supple-
mented with 10% HI FBS and stimulated with F(ab)2 anti-IgM
(Jackson, ImmunoResearch laboratories, Inc., West Grove.
PA), IL-2 (103 IU, Proleukin; Prometheus Laboratories, Inc.,
San Diego, CA), and 5 mg/mL anti-CD40 agonistic monoclo-
nal antibody (Bioceros, Utrecht, The Netherlands). Inactivated
and control MSC were added to the culture at day 0 in a MSC:B
cell ratio of 1:5. IL-10 levels in the supernatant were measured
using a human IL-10 ELISA kit (U-Cytech, Utrecht, The
Netherlands) according to the manufacturer’s protocol.

MSC-monocyte cocultures

PBMC were isolated from the blood of healthy volunteers
using Ficoll density gradient separation. Monocytes were
obtained by positive selection using CD14 magnetic beads
(Miltenyi Biotec GmbH). Monocytes (40,000) were co-
cultured overnight with 40,000 control or inactivated MSC in
round-bottom 96 wells in RPMI 1640 Medium with gluta-
MAX (Gibco BRL, Life Technologies, Paisley, UK) sup-
plemented with P/S and 10% heat-inactivated FBS.
Lipopolysaccharides (LPS; Sigma Aldrich, Gillingham, UK)
were added the next day at a concentration of 100 ng/mL.
TNF-a levels in the supernatant were measured 7 h after ad-

dition of LPS using a human TNF-a ELISA kit (U-Cytech)
according to the manufacturer’s protocol.

Infusion of MSC

Healthy 8-week-old female C57BL/6 mice were purchased
from Charles River (Lyon, France). The mice were housed in
a facility with a 12-h light–12-h dark cycle and allowed free
access to food and water. All animal studies were approved by
an independent institutional ethics committee on animal care
and experimentation (DEC protocol EMC No. 127-12-14). In
these studies, syngeneic mouse MSC were used to avoid
xenogeneic and allogeneic responses. C57BL/6 adipose tissue-
derived MSC were trypsinized and resuspended in PBS, and
one batch was inactivated by heating as described above. The
MSC were then put through a 40mm sieve and 0.3 · 106 cells in
200mL PBS infused in the tail vein. Control mice received
200mL of PBS. After 2 h, mice were sacrificed by cervical
dislocation and blood was collected in serum separation tubes
(Minicollect; Greiner Bio-One, Alphen a/d Rijn, The Nether-
lands) and spun down at 3,000 rpm for 10 min. Lungs were
collected, snap frozen in liquid nitrogen, and stored at -80�C.

LPS infusion

Female C57BL/6 mice were injected with 2.5 mg/kg body
weight LPS (LPS; Sigma-Aldrich, Gillingham, UK) dis-
solved in PBS through the tail vein. After 1 h, mice received
0.3 · 106 living or inactivated MSC through the tail vein.
Animals were sacrificed by cervical dislocation 6 h after
LPS infusion and blood was collected in serum separation
tubes (Minicollect; Greiner Bio-One).

Kidney ischemia/reperfusion injury model

Unilateral ischemia/reperfusion injury (IRI) was surgically
performed as described previously [38]. Briefly, female
C57BL/6 mice were anaesthetized by isoflurane inhalation
(5% isoflurane initially and then 2%–2.5% with 1:1 air/oxygen
mixture for maintenance). Mice were kept on 37�C heating
pads during the whole procedure to maintain body tempera-
ture. A midline abdominal incision was made and the left
renal artery was occluded using atraumatic microvascular
clamps. The incision was covered with PBS-soaked gauze
and the animal was covered with aluminum foil to maintain
the right body temperature. After 37 min, the clamp was re-
leased and restoration of blood flow was macroscopically
confirmed by the kidney returning to normal color. The ab-
dominal wound was closed in two layers using 5/0 sutures and
animals were given 0.5 mL PBS and 0.05 mg/kg buprenor-
phine as analgesic subcutaneously. Six or 24 h after clamp
removal, the mice were either sacrificed by cervical dislocation
and both kidneys collected, snap frozen in liquid nitrogen, and
stored at -80�C or whole mice were frozen in Tissue-Tec
O.C.T. Compound (Sakura Finetek Europe B.V., Alphen aan
den Rijn, The Netherlands) for MSC tracking.

MSC tracking

One batch of MSC was labeled with fluorescent Qtracker
605 beads (control MSC; Life Technologies, Grand Island,
NY). Another batch of MSC was labeled with Qtracker 655
beads and heat inactivated as described previously. Inactivated
and control MSC were mixed 1:1 and in total, 0.3 · 106 cells
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were injected in the tail vein of healthy mice or mice with
unilateral ischemic kidney injury. After 2 and 24 h, whole mice
were frozen in Tissue-Tec O.C.T. Compound and 3D ana-
tomical and molecular fluorescence videos were generated by
CryoViz� imaging. CryoViz imaging allows 3D visualization
of the distribution of MSC and identification of single cells.

mRNA expression analysis

Human MSC were snap frozen directly after trypsinization,
immediately after or 4 h after heat inactivation. RNA was iso-
lated from frozen mouse lung and kidney tissues using Trizol
reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA)
and cDNA was synthesized from 1,000 ng RNA with random
primers (Promega). Quantitative gene expression was deter-
mined using TaqMan gene expression master mix (Life Tech-
nologies, Carlsbad, CA) and assay-on-demand primer/probes
for Hsp27 (Hs03044127_g1), Hsp70 (Hs00359163_s1), BAX
(Hs00180269_m1), kidney injury molecule-1 (KIM-1;
Mm00506686_m1), MCP-1 (Mm00441242_m1), macro-
phage inflammatory protein-1a (MIP1a; Mm00441258_m1),
IL-10 (Mm00439614_m1), TGF-b (Mm01178820_m1),
IL-1b (Mm01336189_m1), and housekeeping gene HPRT
(Mm01545399_m1; all assay on demand primers are from:
[Applied Biosystems, Foster City, CA]). Results were ex-
pressed as copy numbers (efficiency-DCT) ratio to HPRT.

Neutrophil gelatinase-associated lipocalin ELISA

Neutrophil gelatinase-associated lipocalin (NGAL) levels
were measured in the serum of mice that underwent IRI to
determine acute kidney injury. Serum samples were diluted
10,000· and a mouse NGAL ELISA Kit (BioPorto Diag-
nostics, Hellerup, Denmark) was used according to the man-
ufacturer’s protocol.

Statistical analysis

Data were analyzed using Prism software v5.04 (GraphPad
Software, Inc., La Jolla, CA). Unpaired two-tailed t-tests
were performed unless otherwise stated. P values were indi-
cated as * for P < 0.05; **P for <0.01; and *** for P < 0.001.
Two-tailed P values are stated.

Results

Heat inactivation of MSC

Human MSC were isolated from subcutaneous adipose
tissue. To study the contribution of MSC-immune cell cross

talk to the immunomodulatory effects of MSC, we generated
inactivated MSC by heating human MSC for 30 min to 50�C.
HI-MSC lost their capacity to adhere to plastic, whereas the
majority of control MSC attached to plastic within 24 h after
seeding (Fig. 1a). To determine the metabolic activity of MSC
after heat inactivation, the ability of cells to reduce MTT to
formazan was measured. Twenty-four hours after heat inac-
tivation, the metabolic activity of HI-MSC was not detectable
(Fig. 1b). The ability of MSC to secrete cytokines and growth
factors was determined in conditioned medium of MSC and
HI-MSC cultured for 24 h. Although control MSC secreted
IL-8, MCP-1, VEGF, G-CSF, and very low levels of IL-10, as
well as various other cytokines, inactivated MSC were inca-
pable of secreting these cytokines (Fig. 1c and data not
shown). To examine whether heat inactivation induced cel-
lular stress and apoptosis, we measured mRNA expression of
heat shock proteins Hsp27 and Hsp70 and proapoptotic Bax
immediately and 4 h after heat exposure. There were no sig-
nificant differences in expression of these genes between
control MSC and HI-MSC (Fig. 1d), suggesting that HI-MSC
are unable to respond to environmental stimuli. Moreover,
staining with the apoptosis marker Annexin V and viability
dye 7-AAD demonstrated that there was only minor induction
of apoptosis in HI-MSC and the membrane integrity of ma-
jority of HI-MSC was intact as most of the cells were negative
for Annexin V and 7-AAD, whereas DMSO-incubated MSC
were 92% positive for Annexin V and 7-AAD (Fig. 1e). After
24 h, the majority of HI-MSC became positive for Annexin V
and 7-AAD (Fig. 1e). FACS analysis of MSC surface markers
CD13, CD73, CD90, and CD105 at 0 and 24 h after heat
inactivation showed no difference between control and
HI-MSC, indicating that the immunophenotype of MSC was
preserved after heat inactivation (Fig. 1f). All used MSC
cultures were negative for pan leukocyte marker CD45 and
endothelial marker CD31 (Fig. 1f). These results demonstrate
that heating of MSC to 50�C generates MSC that lost meta-
bolic, proliferative, and secretory activity, but maintained
cellular integrity.

MSC do not recover from heat inactivation

To determine whether the effects of heat inactivation were
reversible, human MSC were heat inactivated and cultured for
7 days. HI-MSC did not recover their ability to attach to
plastic within 7 days of culture (Fig. 2a). Moreover, the ma-
jority (96.7%) of HI-MSC became positive for Annexin V and
7-AAD (Fig. 2b) and lacked the metabolic activity 7 days

FIG. 1. Heat inactivation abolishes human MSC proliferation, metabolic activity, and cytokine secretion, but preserves
MSC integrity and immunophenotype. (a) Plastic adherence of control and HI-MSC 24 h after seeding. (b) Metabolic
activity of control and HI-MSC was measured 0 and 24 h after heating by the ability of MSC to reduce MTT to formazan.
Experiments were performed with MSC of seven donors; bars indicate mean – SEM. (c) IL-8, MCP-1, VEGF, and G-CSF
secretion by control and HI-MSC after 24-h culture measured by multiplex assay. Experiments were performed with MSC
of five donors; bars indicate mean – SEM. (d) Gene expression of heat shock proteins 70 and 27 and apoptotic activator Bax
in control and HI-MSC 0 and 4 h after heating depicted as ratio to HPRT. Bars indicate mean – SEM. (e) Representative
FACS plots depicting Annexin V and 7-AAD staining of control and HI-MSC directly and 24 h after heating. DMSO
incubation (5 min) was used as a positive control. (f) FACS plots of cell surface markers on control MSC (solid line and
percentage top line) and HI-MSC (dotted line and percentage bottom line) compared to the unstained control (gray) directly and
24 h after heat incubation. FACS experiments were performed three times with MSC from different donors each time. 7-AAD,
7-amino-actinomycin D; G-CSF, granulocyte colony-stimulating factor; HI-MSC, heat-inactivated mesenchymal stem cells; IL,
interleukin; MCP-1, monocyte chemotactic protein-1; VEGF, vascular endothelial growth factor. P values were indicated as
* for P < 0.05; **P for < 0.01; and *** for P < 0.001.

‰
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after heat inactivation (Fig. 2c). To determine the ability of
MSC to proliferate, control MSC and HI-MSC were labeled
with PKH26 and cultured for 7 days. FACS analysis showed
dilution of PKH26 dye, indicating proliferation of control
MSC, whereas HI-MSC lost the ability to proliferate (Fig. 2d).
Finally, FACS analysis demonstrated that HI-MSC main-
tained MSC marker expression on their cell surface after
7 days of culture (Fig. 2e). Thus, MSC do not recover from
heat inactivation and HI-MSC provide a useful tool for
studying the mechanisms of immunomodulation by MSC.

Control and HI-MSC show the same biodistribution
and persistence after intravenous infusion
and do not migrate to sites of inflammation

The biodistribution and persistence of IV-infused control
and HI-MSC was examined in healthy C57BL/6 mice. To
avoid xenoreactivity, these studies were performed with
syngeneic MSC. C57BL/6 adipose tissue MSC were labeled

with fluorescent Qtracker 605 beads (control MSC) or
Qtracker 655 beads before heat inactivation (HI-MSC). The
beads were readily taken up by MSC and remained present
in control MSC for at least 24 h (Fig. 3a). HI-MSC stayed
intact and maintained the beads for at least 24 h as well
(Fig. 3a). Control and HI-MSC were mixed at a 1:1 ratio
and a total of 0.3 · 106 cells was IV injected in healthy
C57BL/6 mice and mice imaged by CryoViz. Two hours
after MSC infusion, the majority of control MSC were found
in the lungs (Fig. 3b and Supplementary Video S1; Supple-
mentary Data are available online at www.liebertpub
.com/scd). After 24 h, there was a >99% reduction in the
number of MSC detected (Table 1). Interestingly, HI-MSC
showed the same distribution pattern as control MSC (Fig. 3b
and Table 1). After 24 h, >99% of HI-MSC was undetectable.

To examine whether inflammatory tissue injury would
provide a trigger for MSC migration, unilateral kidney IRI
was induced in C57BL/6 mice. Gene expression analysis in
healthy and injured kidney tissue showed that expression of

FIG. 2. Heat inactivation-induced changes in MSC are irreversible. MSC were heat inactivated for 30 min at 50�C and
cultured for 7 days. (a) Plastic adherence ability of control and HI-MSC after 7 days of culture 7. (b) Viability of control and
HI-MSC after 7 days measured by Annexin V and 7-AAD staining. (c) Metabolic activity of control and HI-MSC at 7 day
measured by the ability of MSC to reduce MTT to formazan. Bars indicate mean – SEM. Experiments were performed with
MSC from four different donors. (d) Proliferation of HI-MSC (dotted line and percentage bottom line) and control MSC
(solid line and percentage top line) was assessed at day 7 by PKH26 label dilution. (e) Representative FACS plots of MSC
surface markers on HI-MSC (dotted line) and control MSC (solid line) compared to the unstained control (gray) on day 7
after heat incubation. FACS experiments were performed three times with MSC from different donors each time.
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KIM-1 and MCP-1 was highly upregulated in the IRI kidney,
confirming the injury and inflammatory state of the kidney
(Fig. 3c). In accordance with this, NGAL, a marker for kidney
injury, was increased in the serum of mice with kidney injury
compared to healthy controls (Fig. 3d). One hour after in-
duction of IRI, mice were infused with 0.15 · 106 labeled
control MSC mixed with 0.15 · 106 HI-MSC. Imaging
showed that the distribution of control MSC and HI-MSC was
the same as in control mice; there was no recruitment of either

control or HI-MSC to the injured kidney after 2 h (Fig. 3e,
Table 1, and Supplementary Video S2). After 24 h, the ma-
jority of control and HI-MSC was no longer detectable and
there was no recruitment to the injured kidney. Control MSC
numbers in the healthy and injured kidney were 17 and 11,
respectively (Table 1). These data indicate that administered
MSC do not actively migrate to injured kidney and there is no
difference in the persistence of control MSC and HI-MSC
after intravenous infusion.

FIG. 3. Control MSC and HI-MSC distribute in the same way after infusion and do not migrate to distant sites of inflam-
mation. MSC were labeled with fluorescent Qtracker605 beads (control MSC) or Qtracker655 beads before heat inactivation
(HI-MSC) and IV infused in healthy C57BL/6 mice. (a) Beads remained visible in MSC and HI-MSC after culturing for 24 h.
(b) Visualization of the distribution pattern of control MSC (left) and HI-MSC (right) 2 h after infusion by CryoViz imaging. (c)
Gene expression of KIM-1 and inflammatory MCP-1 in healthy and injured kidneys depicted as ratio to HPRT. (d) NGAL
levels were measured with ELISA in the serum of LPS or PBS-treated mice. Bars indicate mean – SEM. (e) CryoViz imaging of
control MSC (green) and HI-MSC (blue) in a kidney IRI model 2 h after infusion, demonstrating the majority of MSC in the
lungs. IRI, ischemia/reperfusion injury; IV, intravenously; LPS, lipopolysaccharides; KIM-1, kidney injury molecule-1; PBS,
phosphate-buffered saline. Color images available online at www.liebertpub.com/scd
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Control and HI-MSC induce similar
immunomodulatory effects after infusion
in healthy mice

As described previously, MSC induce an immunomodula-
tory response after IV infusion in healthy mice that can be
measured both locally in the lungs and systematically in the
serum [34]. To investigate whether this response is dependent
on the viability of MSC, we infused 300,000 syngeneic control
MSC or HI-MSC or PBS as a control into the tail vein of
healthy C57BL/6 mice. Control MSC induced upregulated
gene expression of proinflammatory MCP-1, MIP1a, and
IL-1b and anti-inflammatory IL-10 and TGF-b in lung tis-
sue (Fig. 4a). Furthermore, control MSC increased serum
levels of G-CSF, CXCL1, CXCL5, MCP-1, IL-6, and IL-10
(Fig. 4b). Interestingly, HI-MSC induced very similar changes
in circulating cytokine levels and cytokine gene expression in
the lung (Fig. 4a, b). IFN-g was not detected in serum of mice
treated with control MSC or HI-MSC (data not shown). These
data suggest that the immune response observed after MSC
infusion does not depend on the active immunomodulatory
activity of MSC, but is derived from other cells that are merely
triggered by the presence of exogenously administered MSC.

HI-MSC dampen inflammation
in an LPS-induced sepsis model

To investigate whether HI-MSC possess some of the anti-
inflammatory properties that have been reported for control
MSC, C57BL/6 mice were given 2.5 mg/kg LPS to induce
nonlethal sepsis, followed by infusion of 300,000 control
MSC or HI-MSC after 1 h. LPS induced a strong increase in
serum IFN-g levels (Fig. 5). After treatment with control
MSC, IFN-g was significantly decreased. MSC also triggered
a 18.4-fold increase in serum levels of IL-10 with an average
of 14,000 pg/mL. TNF-a levels were threefold increased after
MSC treatment. Interestingly, HI-MSC modulated the LPS-
induced immune response in a similar manner as control
MSC; infusion of HI-MSC significantly decreased levels of
IFN-g and increased IL-10 and TNF-a (Fig. 5). Thus, without
being able to respond to inflammatory stimulation and secrete
anti-inflammatory factors, HI-MSC modulate LPS-induced
immune responses in a similar way as control MSC.

HI-MSC do not inhibit T-cell proliferation

To determine how HI-MSC modulate immune responses,
we examined the interaction between HI-MSC and different

immune cell subsets in vitro. Traditionally, MSC have been
demonstrated to have potent inhibitory effects on T-cell pro-
liferation. Thereto, the effect of HI-MSC on T-cell prolifera-
tion was examined in mixed lymphocyte reactions. In the
absence of MSC, a strong proliferative activity of allogeneic-
stimulated T cells was measured (Fig. 6a). Coculture with
third-party MSC inhibited T-cell proliferation in a dose-
dependent manner. In contrast, HI-MSC did not inhibit T-cell
proliferation (Fig. 6a, b). At a ratio of 1:2.5, control MSC
inhibited T-cell proliferation by 36.7% (–SD 14.1), whereas
HI-MSC even stimulated T-cell proliferation (-5.5% inhibi-
tion, –SD 12.3) (Supplementary Table 1). These data indicate
that HI-MSC are not able to suppress T-cell proliferation.

HI-MSC do not induce regulatory B-cell formation

To examine whether HI-MSC are able to induce forma-
tion of IL-10-producing transitional B cells, as previously
demonstrated for control MSC [39], control and HI-MSC
were cocultured with quiescent B cells obtained from human
splenocytes. B cells were activated by anti-IgM, anti-CD40
agonistic antibody, and IL-2. In contrast to control MSC, HI-
MSC did not induce IL-10-producing regulatory B cells (Fig. 6c).

HI-MSC modulate monocyte function

To determine whether the observed immunomodulatory
effects of HI-MSC were mediated by monocytes, CD14+

monocytes were isolated from PBMC. Monocytes were
cocultured with control and HI-MSC for 18 h. After 18 h,
LPS was added to stimulate TNF-a secretion by monocytes.
Control MSC significantly decreased LPS-induced TNF-a
production by monocytes (Fig. 6d). Interestingly, monocytes
cocultured with HI-MSC also produced significantly less
TNF-a in response to LPS (Fig. 6d). These results demon-
strate that HI-MSC can modulate monocyte function and
indicate that in vivo immunomodulating effects of HI-MSC
may be mediated by monocytes.

Discussion

MSC are widely studied as a potential treatment option
for a range of immune disorders. However, surprisingly,
little is known about the mechanisms of immunomodulation
by MSC after infusion. It is generally considered that the in
vitro immunomodulatory effects of MSC translate to their
effects after in vivo administration and MSC thus play an
active role in immunomodulatory processes by responding

Table 1. Heat-Inactivated Mesenchymal Stem Cells Show Similar Migration Properties

as Control Mesenchymal Stem Cells

Time
point—treatment

Control MSC HI-MSC

Injected
Recovered

total
Injured
kidney

Healthy
kidney Injected

Recovered
total

Injured
kidney

Healthy
kidney

2 h—control 150,000 47,186 — 52 150,000 82,082 — 10
24 h—control 150,000 210 — 0 150,000 959 — 0
2 h—kidney injury 150,000 36,801 126 129 150,000 137,723 17 13
24 h—kidney injury 150,000 3,134 11 17 150,000 11,320 0 2

Number of detected MSC recovered in whole animals and in the kidneys 2 and 24 h after infusion of 150,000 control MSC and 150,000
HI-MSC in healthy animals and in animals with IRI in the left kidney.

HI-MSC, heat-inactivated mesenchymal stem cells; IRI, ischemia/reperfusion injury.
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FIG. 5. HI-MSC dampen inflammation in an LPS-induced sepsis model. C57BL/6 mice received 2.5 mg/kg LPS 1 h
before treatment with control MSC (0.3 · 106 cells), HI-MSC (0.3 · 106 cells), or PBS (n = 12, n = 9, and n = 11 mice,
respectively). Control animals (n = 4) did not receive LPS. Animals were sacrificed 6 h after infusion of LPS. Levels of IFN-
g, IL-10, and TNF-a were determined by Multiplex assay. Bars indicate mean – SEM. IFN-g, interferon gamma; TNF-a,
tumor necrosis factor alpha. P values were indicated as * for P < 0.05; **P for < 0.01; and *** for P < 0.001.

FIG. 4. Control and HI-MSC induce the same immunomodulatory effect after infusion in healthy mice. Control MSC
(0.3 · 106 cells), HI-MSC (0.3 · 106 cells), or PBS was infused IV in healthy C57BL/6 mice (n = 15, n = 10, and n = 13 mice,
respectively). Animals were sacrificed 2 h after infusion. (a) Gene expression of MCP-1, MIP1a, IL-10, TGF-b, and IL-1b
in the lungs depicted as a ratio to HPRT. (b) Serum levels of IL-6, G-CSF, CXCL1, CXCL5, MCP-1, and IL-10 were
determined with Multiplex assay. Bars indicate mean – SEM. MIP1a, macrophage inflammatory protein-1a; TGF-b,
transforming growth factor beta. P values were indicated as * for P < 0.05; **P for < 0.01; and *** for P < 0.001.
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FIG. 6. HI-MSC modulate monocyte function. (a) T-cell proliferation was assessed through measurement of CFSE label dilution
in an MLR with or without control MSC or HI-MSC at a 1:2.5 ratio. Representative histograms shown. Solid histograms represent
unstimulated T cells. (b) Average inhibition of T-cell proliferation by control and HI-MSC in an MLR of 4 different experiments.
Bars indicate mean – SEM. (c) Effect of control MSC and HI-MSC on the induction of IL-10-producing B cells. B cells were
stimulated with anti-IgM, anti-CD40, and IL-2 and MSC added at a 1:5 ratio. IL-10 levels in supernatants were measured by ELISA.
Bars indicate mean – SEM. (d) Effect of control MSC and HI-MSC on CD14+ monocytes. MSC were cocultured with CD14+
monocytes at a 1:1 ratio and after 24 h, 100 ng/mL LPS was added. TNF-a levels were measured by ELISA. Bars indicate
mean – SEM. CFSE, carboxyfluorescein succinimidyl ester; MLR, mixed lymphocyte reaction. P values were indicated as * for
P < 0.05; **P for < 0.01; and *** for P < 0.001.
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to inflammatory challenge with the production of anti-
inflammatory factors. In this study, we demonstrate that
MSC that are unable to respond to inflammatory stimulation
or secrete anti-inflammatory factors are effective in vivo
immune modulators.

One of the controversies in the field of MSC is the effects
mediated by secreted molecules versus those mediated by cell
membrane contact. Secreted molecules can easily be studied
using a transwell system and then contact-dependent effects
are inferred. However, directly demonstrating the effects of
membrane contact, separate from secreted molecules, has not
been possible. We have developed a system to specifically
assess the role of the MSC surface membrane. By heat in-
activating MSC, the cells have ceased normal function, but
the plasma membrane remains intact. Hence, the cell has
become a ‘‘bag’’ of cytoplasm. This model affords the op-
portunity to specifically investigate the role of MSC mem-
brane contact without the possibility of confounding effects
due to secreted molecules. While HI-MSC are on a course to
overt cell death, they remain intact during the time frame of
our assays, validating our experimental model to assess the
role of the membrane.

Up to now, the disease-modulating activity of MSC was
credited primarily to the secretion of anti-inflammatory factors.
In vitro lymphocyte proliferation assays in transwell culture
systems or with MSC-conditioned medium demonstrate that
the suppression of T-cell proliferation is to a large extent
dependent on soluble factors [23,26,40]. Moreover, the MSC-
conditioned medium has been shown to enhance ischemic
cardiomyocyte recovery in vitro and limit infarct size in rat
hearts [41], and offers protection against acute kidney injury
[42]. Our data confirm that the ability of MSC to respond to
inflammatory stimulation and secrete anti-inflammatory fac-
tors is instrumental for the suppression of T-cell proliferation
and induction of regulatory B cells in vitro. Our data, however,
also demonstrate that the in vivo immunomodulatory effects of
MSC depend on very different mechanisms. HI-MSC were
equally efficient as control MSC in modulating the LPS-
induced inflammatory response. This demonstrates that the
observed immunomodulatory effects of MSC were indepen-
dent of soluble factors. Furthermore, it demonstrates that MSC
do not have to be able to respond to environmental challenges
to mediate their effects. In contrast, it suggests that other cells
can obtain immunomodulatory properties merely by encounter
with MSC.

This study contributes to understanding the in vivo im-
munomodulatory effect of MSC by suggesting that MSC act
as a fast trigger for immunomodulation, which is subse-
quently carried on by other cells. Other groups have already
indicated that macrophages may play a role in the immuno-
modulatory effect of MSC. Phagocytosis of dead MSC by
macrophages has been demonstrated to induce an immuno-
suppressive phenotype [43]. Nemeth et al. have shown that
the therapeutic effects of MSC in a sepsis model depend on
reprogramming of macrophages to release lower amounts of
TNF-a and increased amounts of IL-10 by MSC-produced
PGE2 [44]. Our data demonstrated that control as well as
inactivated MSC dramatically increased systemic IL-10
levels in LPS-induced sepsis mice. In coculture experiments,
control MSC did not induce IL-10 production by LPS-
activated monocytes, whereas inactivated MSC marginally
increased IL-10 production (data not shown). In this setup,

however, TNF-levels were significantly decreased, suggest-
ing that monocytes are able to adapt their function in response
to inert MSC and may carry on some of the immunosup-
pressive effects of MSC after infusion.

A recurring matter of concern in the field of MSC therapy is
the short half-life of MSC after infusion [31,45]. Furthermore,
there is debate about the ability and necessity of MSC to
migrate to sites of inflammation. In this study, we investigated
the persistence and distribution of MSC after infusion
by CryoViz imaging of whole mice and compared it with
HI-MSC. We found no difference in the distribution of
HI-MSC and control MSC in mice with unilateral kidney IRI,
indicating that MSC are distributed by passive mechanisms.
Less than 10% of the administered control or HI-MSC were
detected 24 h after administration. As the labeling beads can
only be detected by the CryoViz imaging system when they
are concentrated in the MSC, the loss of signal indicates that
MSC either fell apart or were phagocytosed by host cells.

In conclusion, we show that HI-MSC induce immuno-
modulatory responses in vivo. These responses are similar to
those induced by control MSC. This indicates that at least part
of the immune modulatory response induced by MSC is in-
dependent on activation of MSC by inflammatory challenge
and subsequent production of anti-inflammatory factors. In-
stead, passive interactions with host cells, potentially mono-
cytes, are likely to mediate these effects. This has implications
for the development of MSC immune therapy. First, it suggests
that MSC surface phenotype is determinative of the clinical
effect of MSC. Second, the possibility to use inactivated cells
could reduce recurring concerns about the stability of thera-
peutic MSC. Finally, understanding the immunomodulatory
mechanisms of MSC provides tools for the development of
effective MSC immune therapy by allowing the induction of
key properties of MSC to generate optimal effective cells.
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