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Multipotent mesenchymal stem cells (MSCs) are promising candidates for regenerative cell-based therapy. The
mechanisms underlying MSC differentiation and other functions relevant to therapeutic avenues remain how-
ever a matter of debate. Recent reports imply a critical role for intercellular contacts in MSC differentiation. We
studied MSC differentiation to vascular smooth muscle cells (VSMCs) in a coculture model using human
primary MSCs and VSMCs. We observed that under these conditions, MSCs did not undergo the expected
differentiation process. Instead, they revealed an increased proliferation rate. The upregulated MSC proliferation
was initiated by direct contacts of MSCs with VSMCs; indirect coculture of both cell types in transwells was
ineffective. Intercellular contacts affected cell growth in a unidirectional fashion, since VSMC proliferation was
not changed. We observed formation of so-called tunneling nanotubes (TNTs) between MSCs and VSMCs that
revealed an intercellular exchange of a fluorescent cell tracker dye. Disruption of TNTs using cytochalasin D or
latrunculin B abolished increased proliferation of MSCs initiated by contacts with VSMCs. Using specific
fluorescent markers, we identified exchange of mitochondria via TNTs. By generation of VSMCs with mito-
chondrial dysfunction, we show that mitochondrial transfer from VSMCs to MSCs was required to regulate MSC
proliferation in coculture. Our data suggest that MSC interaction with other cell types does not necessarily result
in the differentiation process, but rather may initiate a proliferative response. They further point to complex
machinery of intercellular communications at the place of vascular injury and to an unrecognized role of
mitochondria in these processes.

Introduction

Molecular and cellular mechanisms of arterial re-
sponse to injury remain, despite extensive research, not

well understood. Consequently, an integrated view of vas-
cular injury-associated diseases that could be translated to
effective treatment of these patients is still missing. Over the
past decade, stem cell-based therapy has been attracting an
increasing interest of biologists and clinicians as a new alter-
native therapeutic approach to repair injured tissues and re-
store their function. Mesenchymal stem cells (MSCs) have
emerged as the most promising candidate for these cell-based
therapeutic avenues. MSCs are adult stem cells localized
in and mobilized from bone marrow (BM), retaining self-
renewal capability and unique multilineage potential [1]. Be-
yond their ability to differentiate into multiple cell lineages,
MSCs reveal immunosuppressive and anti-inflammatory ac-
tivities contributing additionally by these ways to tissue re-
pair [2]. MSCs can be easily isolated from BM and other

tissues and expanded in vitro under standard cell culture
conditions that enhance from translational perspective bene-
fits of their potential use for therapeutic applications.

Most studies on MSC-based therapy address cancer, os-
teogenesis, chondrogenesis, adipogenesis, and cardiac repair
[3]. Despite some contradictions in the results coming from
these studies, they provide clear evidence for a high potential
and safety of MSC-based therapy for these disorders. Parti-
cipation and contribution of MSCs to vascular remodeling
and repair after vascular injury are less well explored and
understood. Although several in vitro and in vivo studies
demonstrated the ability of MSCs to differentiate to endo-
thelial cells (ECs) and vascular smooth muscle cells (VSMCs)
or VSMC-like cells and to engraft at the place of vascular
injury, the underlying molecular and cellular events remain
unresolved [4,5]. The lack of our knowledge on mechanisms
controlling the MSC functional behavior upon response-to-
vascular injury leads to limitations in the MSC use for related
therapies.
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Recent reports documented an important role of intercel-
lular contacts and communications for MSC differentiation.
Several groups have demonstrated that in coculture models,
MSC differentiation to cardiomyocytes, osteocytes, and fur-
ther lineages can be triggered via intercellular interplay [6–11].
In most, but not all of these studies, a direct intercellular
contact was found to be mandatory to induce MSC differ-
entiation. We have shown recently that human MSCs can
differentiate to VSMC-like cells in vitro and engraft at the
place of vascular injury in vivo [12]. We were interested to
investigate whether and how MSCs may utilize intercellular
communications with VSMCs for their differentiation to the
VSMC phenotype. We report here that in a coculture model,
MSCs did not undergo the expected differentiation process.
Instead, they revealed an increased proliferation rate. The
upregulated MSC proliferation was initiated by direct
contacts of MSCs with VSMCs, formation of tunneling
nanotubes (TNTs), and transfer of VSMC mitochondria
to MSCs.

Materials and Methods

Cell culture and coculture of MSCs and VSMCs

Human bone marrow MSCs and primary human coronary
artery VSMCs were obtained from Lonza (Lonza Walkersville,
Inc.), and cultivated in the medium recommended by the
suppliers, and used between passages 6 and 7. Monocultures
and cocultures of MSCs and VSMCs were grown in a
medium consisting of an MSC basal medium (MSCBM;
Lonza Walkersville, Inc.), supplemented with 2% fetal bo-
vine serum (Promocell GmbH), 4 mM l-glutamine (Lonza
Walkersville, Inc.), and 0.01% penicillin/streptomycin (Bio-
chrom AG). The medium was changed every 2 days, and
cocultures were carried out for 4 days in 6-well plates with
0.1 million cells/well (MSC:VSMC in 1:1 ratio). To induce
mitochondrial dysfunction by mitochondrial DNA (mtDNA)
mutation and depletion, VSMCs were treated with 100 ng/
mL ethidium bromide (EtBr). Cells became incapable of aer-
obic respiration and growth, unless the medium was addi-
tionally supplemented with 110mg/mL sodium pyruvate and
50 mg/mL uridine to facilitate anaerobic glycolysis. After 40
days of culture in the presence of EtBr in the supplemented
medium, mtDNA-depleted VSMCs were used for cocultures.
The efficacy of mitochondrial dysfunction was confirmed by
cell death in a medium lacking pyruvate/uridine.

Transwell cocultures were performed using 0.4-mm poly-
ester membrane 24-mm inserts (Corning Life sciences) in a
6-well plate format. Potent actin polymerase inhibitors cyto-
chalasin D and latrunculin B (Sigma-Aldrich) were used in
coculture studies at 1 and 0.5mM concentrations, respectively.

Endocytosis by transferrin- and dextran-uptake assay

VSMCs and MSCs (with or without cytochalasin D and
latrunculin B) were grown in an MSCBM supplemented with
2% fetal bovine serum. About 5mg/mL Alexa Fluor� 488-
conjugated transferrin (Molecular Probes) was added to the
medium and incubated on ice for 30 min. For internalization,
washed thrice with ice-cold medium cells were incubated at
37�C for 1 h. Cells were fixed with 4% paraformaldehyde for
15 min at room temperature (RT), and embedded in a Pro-
Long� Gold antifade reagent with 4¢,6-diamidino-2-phenyl-

indole (DAPI) (Molecular Probes). For the dextran-uptake
assay, cells were incubated with Oregon Green� 488-conjugated
dextran (70,000 MW; Molecular Probes) and incubated at 37�C
for 1 h.

Mitotracker Red and CM-DiI staining

Mitotracker Red (Molecular Probes) was used to visualize
mitochondria. Cells were stained with 200 nM Mitotracker
Red dissolved in an MSCBM for 10 min at 37�C. Excess of the
dye was washed out with the medium. About 2mmol/mL
chloromethylbenzamido (CellTrackerTM CM-DiI; Molecular
Probes) was used to stain membranes of adherent MSCs in
phosphate-buffered saline (PBS) for 5 min at 37�C and then
for 15 min at 4�C. Excess of dye was washed out with the
medium. Stained MSCs were detached and seeded for mono-
and cocultures.

Immunofluorescent confocal microscopy

Prestained MSCs and VSMCs were seeded in mono- and
cocultures on glass coverslips (20,000 cells/coverslip). At
different time points (ranging from 2 to 24 h), cells were fixed
with 4% PFA for 15 min at RT, and cells were embedded in
a ProLong Gold antifade reagent with DAPI (Molecular
Probes). The fluorescence cell images were captured using a
Leica TCS-SP2 confocal microscope (Leica Microsystems).
Images were taken with an oil-immersed 63 · objective.

Western blotting

VSMC-specific cytoskeletal protein expression in mono- and
cocultured MSCs and VSMCs was identified by western blot-
ting. Cells were lyzed with a buffer containing 50 mM Tris–
HCl, pH 7.4, 1% Triton X-100, 0.25% sodium deoxycholate,
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
1 mM phenylmethylsulfonyl fluorid, 1 mg/mL aprotinin,
1 mg/mL leupeptin, 1 mM Na3VO4, and 1 mM NaF directly on
culture dishes. Lysates were subjected to sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis. The protein was
transferred onto a polyvinylidene fluoride membrane (Roche
Diagnostics). Membranes were probed with appropriate anti-
bodies followed by incubation with horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz biotechnology).
Chemiluminescent images were captured using VersaDoc-3000
(Bio-Rad Laboratories) and quantified using Quantity One
software (Bio-Rad Laboratories).

Cell proliferation assays

xCELLigence-based assay. MSCs and VSMCs were seeded
for mono- and cocultures in a 16-well plate (E-plate 16;
Roche) (3,000 cells in 200 mL medium/well), following the
xCELLigence Real Time Cell Analyzer (RTCA) DP instru-
ment manual as provided by the manufacturer (Roche),
and the experiment was allowed to run for 120 h. Average
slopes for mono- and cocultures were calculated for at least
6 measurements from 2 replicate experiments – standard
deviation.

Flow cytometry-based assay. The fluorescein-based dye 5,6-
carboxyfluorescein diacetate succinimidyl ester (CFSE) was
used to track proliferation of MSCs and VSMCs in coculture
as described [13]. MSCs were detached from the plate using
0.04% Trypsin/0.03% EDTA (PromoCell GmbH) and then
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incubated with pretitrated 10mmol/mL CFSE in the
MSCBM, supplemented with 2% fetal bovine serum for
10 min at 37�C. The cells were then washed twice with a
6-fold CFSE volume of the medium. Mono- and cocultures
were cultured for 4 days and detached from culture plates
with 0.04% Trypsin/0.03% EDTA and resuspended in 1%
bovine serum albumin in PBS, and the flow cytometry
analysis was performed using the FACS CANTO system (BD
Biosciences) using acquisition software FACS DIVA (BD
Biosciences). Cells were gated for stained MSCs or VSMCs
according to forward scatter/side scatter and CFSE labeling.
Data are presented as a mean fluorescence intensity, which
was calculated using Summit software (Dako) – standard
deviation of at least 3 independently performed experiments.

Statistical analysis

All the experiments were performed in triplicate. Data
from all experiments are presented as mean – standard de-
viation. The Student t-test was used for statistical analysis.

Results

MSC coculture with VSMCs does not induce
MSC differentiation

MSC differentiation triggered by coculture with other cell
types has been demonstrated. To explore the role of inter-

cellular communications for MSC differentiation to a VSMC-
like phenotype, we used direct coculture of human primary
MSCs and VSMCs. We have shown previously that MSCs
we used in that model are able to undergo differentiation to
VSMCs when stimulated with transforming growth factor
(TGF)-b in monoculture [12]. The differentiation state of
MSCs cocultured with VSMCs up to 7 days was monitored
by expression of corresponding VSMC markers, such as
smooth muscle a-actin, calponin, and SM22a proteins, in
combination with cell sorting. Despite our expectations, we
did not observe any differentiation of MSCs under coculture
conditions, as conducted by flow cytometry and western blot
analyses (Fig. 1a, b), though MSCs retained differentiation
potential and underwent differentiation to VSMCs in re-
sponse to TGF-b stimulation (data not shown).

VSMCs induce upregulation of MSC proliferation

Examining MSC functional behavior upon coculture with
VSMCs, we observed unexpectedly that cell growth in co-
culture was upregulated, as monitored using the xCELLi-
gence system (Fig. 2a). This increase in cell proliferation was
time dependent with a maximum at 3–4 days of coculture.
This experimental approach did not allow, however, distin-
guishing between MSC and VSMC proliferation. Therefore,
to determine the cell type responsible for the observed in-
crease in the proliferation rate and to quantitatively analyze

FIG. 1. MSC coculture with
VSMCs does not induce
MSC differentiation. (a) Re-
presentative flow cytometric
analysis shows no change
of VSMC markers a-SMA
and calponin in MSCs and
VSMCs in mono- and cocul-
tures; n = 3. (b) Expression of
VSMC markers in MSCs and
VSMCs after cell sorting in
mono- and cocultures was
assessed by western blotting,
with GAPDH as loading
control; n = 3. MSC, mesenchy-
mal stem cells; VSMC, vascular
smooth muscle cells; a-SMA,
alpha-smooth muscle actin;
GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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the extent of cell growth, we applied the proliferation assay
based on usage of the CFSE cell proliferation dye [13].
MSCs or VSMCs were separately labeled with CFSE, used
for coculture experiments, and analyzed by flow cytome-
try after 4 days of coculture. We performed first CSFE
labeling of MSCs and found a time-dependent induction
of MSC proliferation in coculture with VSMCs. This effect
required direct contacts between both cell types, because
MSC growth in transwells, which physically separated both
cell types, was not affected (Fig. 2b, left panel). To examine
whether the upregulated proliferation rate was bidirec-
tional in coculture, we performed CFSE labeling of VSMCs,
but not MSCs. In this case, however, we observed no
change in VSMC proliferation in both direct and transwell
cocultures compared to their proliferation in monoculture
(Fig. 2b, right panel).

MSCs and VSMCs form TNT-like structures
for intercellular contacts

Since we found that direct intercellular contacts with
VSMCs were required for increase in MSC proliferation, we
next explored more carefully the mechanisms of MSC–VSMC

direct communications. To examine the role of intercellular
contacts in these processes, we analyzed intercellular transfer
of membrane compartments through cell contacts by tracing
of living cells using CellTracker (CM-DiI). MSCs were la-
beled with CM-DiI and used for coculture with unstained
MSCs or VSMCs. Cells were analyzed by flow cytometry at
different time points after coculture (Fig. 3a). Using coculture
of labeled MSCs and nonstained VSMCs, we observed the
appearance of a cell population with a transferred lipid
probe after 24 h of coculture that further increased at 48 h.
Although we observed a time-dependent CM-DiI transfer
and formation of an additional cell population in MSC
monoculture, where CM-DiI-loaded MSCs were cocultured
with unlabeled MSCs, this effect was less expressed com-
pared to the MSC and VSMC populations (Fig. 3b). Treat-
ment of cocultured cells with cytochalasin D disrupting actin
polymerization resulted in abrogation of intercellular trans-
fer. Interestingly, if cytochalasin D was washed out after the
treatment, cocultured cell populations were able to recover
their ability for intercellular contacts (Fig. 3a, b, low-right
panels).

Together, these findings point to exchange of membra-
nous structures between MSCs requiring formation of

FIG. 2. VSMCs induce in-
creased MSC proliferation.
(a) Real-time cell proliferation
of mono- and cocultures was
monitored by using the
xCELLigence Real Time Cell
Analyzer DP Instrument
(Roche). Cell proliferation in
coculture was significantly
increased when compared to
monocultures. Average slope
for mono- and cocultures was
calculated between 30 and
120 h for at least 6 measure-
ments, each from 2 replicate
experiments – standard devi-
ation. #P < 0.05; **P < 0.012.
(b) Graph showing MFI rep-
resents the cell proliferation
in CFSE-labeled MSCs and
VSMCs in direct and trans-
well cocultures after 4 days.
Cell proliferation was indi-
cated by decrease in MFI as a
result of cell divisions. Re-
duced MFI was observed in
CFSE-labeled MSCs in direct
coculture with VSMCs when
compared to monoculture
and transwell cocultures
(left panel). **P < 0.012; n = 4.
However, no change in MFI
was observed in VSMC pro-
liferation (right panel) either in
direct or transwell cocultures
when compared to monocul-
tures. MFI, mean fluorescent
intensity; CFSE, 5,6-carboxy-
fluorescein diacetate succini-
midyl ester.
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specific structures to realize this transfer. Increasing body
of recent reports describes formation of ultrathin intercel-
lular structures termed as TNTs connecting cells even over
a long distance [14]. To explore nanotubular network for-
mation, we used light microscopy and observed indeed
formation of thin TNT-like structures between MSCs and
VSMCs (Fig. 3c). TNT formation was spontaneous and time
dependent, and TNTs were clearly visible 24 h after
coculturing.

MSCs and VSMCs utilize TNT for exchange
of mitochondria

To analyze what kind of intracellular material or organ-
elles may undergo transfer via TNTs, we first examined
mitochondrial exchange, because recent reports imply an
important role for mitochondria in stem cells [15]. MSCs or
VSMCs were labeled separately with either the mitochon-
drial specific dye, MitoTracker Red, or CFSE and used for

FIG. 3. MSCs and VSMCs
form TNT-like structures
for intercellular contacts.
Flow cytometry of cocultured
MSCs and VSMCs. MSCs
were labeled with CellTrack-
erTM (CM-DiI), whereas
VSMCs were unlabeled; cy-
tochalasin D (1mM) was used
to disrupt intercellular trans-
fer. Flow cytometry analysis
was performed after 2 h (a, b,
top panels), 24 h without (a, b,
middle left panels) or with (a,
b, middle right panel) cytocha-
lasin D, and 48 h without (a,
b, bottom left panels) or with
(a, b, bottom center panels) of
mono- and coculture. Re-
covery of intercellular trans-
fers was observed after
cytochalasin D was washed
out after the treatment (a, b,
bottom right panels). (c) Re-
presentative phase-contrast
images showing TNT forma-
tion between MSC-MSC and
MSC-VSMC after 24 h of co-
culture; MSCs (white arrow),
VSMCs (black arrow). TNTs,
tunneling nanotubes.
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coculture experiments followed by confocal microscopy (Fig. 4).
Although TNT formation began already after 2 h of cocul-
ture, mitochondrial transfer was not detected at this time
point. After 24 h of co-culture, MitoTracker Red staining re-
vealed functionally active mitochondria in lumen of TNTs
connecting MSCs and VSMCs and mitochondrial transfer
between cells. Transfer of mitochondria was bidirectional
and did not reveal any preferential direction for their
movement between MSCs and VSMCs.

Transfer of mitochondria is required for MSC
proliferation induced by VSMCs

We asked whether the observed formation of the TNT
network and transfer of mitochondria between MSCs and
VSMCs might be utilized to trigger MSC proliferation ob-
served in coculture with VSMCs. Therefore, cocultures of
VSMCs with MSCs labeled with CFSE were subjected
to treatment with cytochalasin D or latrunculin B. As

FIG. 4. Intercellular ex-
change of mitochondria be-
tween MSCs and VSMCs.
MSCs or VSMCs were la-
beled with either MitoTracker
Red (red) or CFSE (green).
MitoTracker Red-labeled cells
were cocultured for 2 and
24 h with CFSE-labeled cells.
Fluorescence confocal mi-
croscopy revealed mitochon-
dria in the lumen of the TNT
formed between MSCs and
VSMCs (left panels). Right
panels show the correspond-
ing phase-contrast images. (a)
Initiation of TNT formation
was observed between MSCs
and VSMCs after 2 h of co-
culture. (b, c) Bidirectional
exchange of mitochondria
between MSCs and VSMCs
after 24 h of coculture is
shown (white arrows). Yellow
arrows show double-positive
cells with exchanged mito-
chondria; nuclear staining
is shown in blue (DAPI).
n = 3. DAPI, 4¢,6-diamidino-2-
phenylindole. Color images
available online at www
.liebertpub.com/scd
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expected and confirmed by light microscopy, this treat-
ment resulted in substantial abrogation of TNT formation
(data not shown). We observed that increase in prolifera-
tion of MSCs induced by VSMCs in control cocultures was
completely abolished by both cytochalasin D and la-
trunculin B treatment (Fig. 5a). In control experiments, it
was shown that neither cytochalasin D nor latrunculin B
affected proliferation of monocultured MSCs (Supple-
mentary Fig. S1; Supplementary Data are available online

at www.liebertpub.com/scd). To check whether cytocha-
lasin D and latrunculin B treatment may elicit any side
effects on MSC endocytosis, thus leading to changes in cell
proliferation, we performed separately endocytosis assays
using Alexa Fluor 488-conjugated transferring and Oregon
Green 488-conjugated dextran uptake. In contrast to
VSMCs, MSCs revealed a negligible potential for trans-
ferring endocytosis (Fig. 5b). Neither cytochalasin D nor
latrunculin B had any effect on the very low endocytotic
potential of MSCs (Fig. 5c). Similar results were observed
for dextran uptake (data not shown).

To provide direct evidence for the functional role of mi-
tochondria in VSMC-induced MSC proliferation, we gener-
ated VSMCs with mitochondrial dysfunction using mtDNA
depletion by long-term cell treatment with EtBr, which is
known to destroy mtDNA, but not nuclear DNA. Cells be-
came incapable of aerobic respiration and growth and could
survive only in a permissive medium with pyruvate/uridine
supplementation. After 40 days of culture in the presence of
EtBr in a supplemented medium, VSMCs with mitochondrial
dysfunction were used for cocultures followed by a prolif-
eration assay. We found that whereas increased proliferation
was observed for MSC cocultured with control VSMCs, this
effect was abrogated in cocultures with VSMCs having mi-
tochondrial dysfunction (Fig. 6). In control experiments, it
was observed that VSMCs with dysfunctional mitochondria
were able to form TNTs with MSCs frequent as normal
VSMCs (data not shown). Together, results of these experi-
ments provide direct evidence for requirement of TNT-
mediated mitochondrial transfer from VSMCs to MSCs to
induce MSC proliferation.

FIG. 5. VSMC-induced MSC proliferation requires TNT
formation. (a) Graph showing MFI represents the cell prolif-
eration in CFSE-labeled MSCs and VSMC cocultures. Increase
in MSC proliferation was completely abolished by TNT dis-
ruption with cytochalasin D (1mM) and latrunculin B (0.5mM),
when compared to the control coculture. **P < 0.01; n = 4. (b, c)
Fluorescence confocal microscopy images represent the up-
take of transferrin by endocytosis in VSMCs (b, left panel),
whereas MSCs failed transferrin uptake without (b, right
panel) or with CytD (c, left panel) or LatB (c, right panel). Color
images available online at www.liebertpub.com/scd

FIG. 6. VSMC-induced MSC proliferation requires mito-
chondrial transfer from VSMCs to MSCs. Graph showing
MFI represents the cell proliferation in CFSE-labeled MSCs
and in cocultures with control VSMCs and with VSMCs
having mitochondrial dysfunction. Cell proliferation was
indicated by decrease in MFI as a result of cell divisions.
Reduced MFI was observed in CFSE-labeled MSC cocultured
with control VSMCs, but not in cocultures with mtDNA-
depleted VSMCs. ***P < 0.0002; ###P < 0.0001, n = 4.
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Discussion

Four decades after the MSC discovery by Friedenstein et
al. [16], these cells became a leading candidate for potential
cell-based regenerative therapy. Despite increasing interest
and extensive research, many aspects of MSC biology and
applications yet remain a matter of debate. One of unre-
solved concerns is how the very low number of endogenous
MSCs mobilized into circulation and engrafted at damaged
tissue may provide the beneficial effect of MSCs in the long
term. We report here that human MSCs may undergo up-
regulated proliferation at the place of vascular injury by in-
teracting with resident vascular cells. We further show that
formation of intercellular TNTs bridging MSCs and VSMCs
and transfer of functional mitochondria from VSMCs to
MSCs are decisive for this process.

An increasing body of recent findings suggests impor-
tance of heterotypic intercellular crosstalk in the regulation
of MSC functional behavior [3]. Several studies using co-
culture models, including the three-dimensional spheroid
coculture system [11], revealed that the MSCs’ differentiation
capacity is significantly determined by their microenviron-
ment. It was demonstrated that intercellular interactions of
MSCs with cardiomyocytes [7] and osteoclasts [9] induced
MSCs to acquire the phenotypical characteristics of the in-
teracting cell type. A couple of studies documented similar
behavior of MSCs upon coculture with vascular cells, such as
ECs and smooth muscle cells [6,11]. When indirect coculture
or a conditioned medium was used, MSC differentiation
was less expressed or completely abolished, thus pointing to
direct intercellular contact as an obligatory event in MSC
reprogramming.

We have shown recently that MSCs may undergo dif-
ferentiation into VSMCs upon optimized conditions and
revealed some of the underlying molecular mechanisms
[12]. In this study, we were originally interested to inves-
tigate these mechanisms upon MSC interplay with VSMCs
under the premise that MSCs would acquire the VSMC
phenotype. Contrary to the findings of others, we could not
document MSC differentiation to VSMCs upon their co-
culture up to 7 days. MSCs did not become positive for
VSMC marker proteins, as examined by various techniques
established by us to monitor MSC-VSMC transdifferentia-
tion. Instead, we observed increased proliferation of MSCs
mediated by direct intercellular interactions with VSMCs. A
conditioned medium or indirect coculture in transwells was
ineffective to stimulate cell growth. Interestingly, the pro-
liferation process was asymmetric and directed to MSCs;
VSMC growth was not affected. We do not believe that
there is a contradiction between our data and previous
observations. One possible explanation why others did not
observe the same effect may be the specificity of the cell
origin. Thus, Wang et al. [6] used rat, but not human MSCs
and VSMCs for co-culture; moreover, VSMCs were isolated
from aorta, whereas in our study, human coronary artery
cells were used. Differences in further experimental condi-
tions may also have an outcome on MSC functional be-
havior. In support of our data, Sinclair and Burg [9] recently
found a positive effect of osteoclasts on the proliferation of
human MSCs. Further reports provide evidence that func-
tional effects upon cell-to-cell contacts can be directed, in
opposite to our observations, from MSCs to the interacting

cell type. In particular, the antiapoptotic effect of MSCs on
cardiomyocytes [17] and acute B lymphoblastic leukemia
cells [18] was shown. Collectively, these data suggest a
central role for intercellular crosstalk in regulation of MSC
functional modulations. The revealed ability of VSMCs to
induce MSC proliferation implies that this mechanism
might be utilized at the place of vascular injury as a coor-
dinated strategy to amplify the amount of engrafted MSCs
followed by their reprogramming and differentiation.

We found that disruption of TNT-like structures bridging
MSCs and VSMCs by cytochalasin D or latrunculin B abro-
gated VSMC-directed MSC growth pointing to critical role
for these structures in intercellular communications and cell
growth control. MSC ability to form highly dynamic mem-
branous structures to establish intercellular connections,
even over long distances, has been described in early report
of Wuchter et al. [19]. These structures are now referred to as
TNTs and have been recognized as a novel mechanism for
intercellular signaling via fast exchange of the cytoplasmic
material, organelles, viral and bacterial pathogens, and other
components in vitro and in vivo [20,21]. Recent studies have
demonstrated that TNTs mediated interplay of cardiomyo-
cytes [8] and renal tubular cells [22] with MSCs, resulting in
MSC differentiation. Other reports revealed a selective mul-
tiplicative effect of TNTs between endothelial progenitor
cells and ECs, providing reconstitution of the lysosomal
pool, and improved viability and function of stressed en-
dothelia [23].

We provide evidence for mitochondrial transfer between
MSCs and VSMCs via TNTs. We show further that transfer
of functional mitochondria from VSMCs to MSCs was re-
quired to stimulate MSC proliferation in cocultures. VSMCs
with mitochondrial dysfunction after mtDNA depletion
were not able to affect MSC growth. Mitochondria have long
been recognized as cellular energy centers providing neces-
sary redox control and maintaining cell survival. An in-
creasing body of evidence implies novel roles for
mitochondria, in particular in stem cells, beyond this tradi-
tional view [15,24]. Involvement of mitochondria in regulation
of stem cells growth has not been reported so far. Several
recent studies demonstrated the importance of the bioener-
getic function for differentiation potential and pluripotency of
stem cells. In particular, MSC osteogenic differentiation was
shown to correlate with increased mitochondrial biogenesis
[25]. It was demonstrated that mitochondria play a key role
in cardiac mesoangioblast differentiation, suggesting that
treatments increasing cellular mitochondrial content may be
beneficial for cardiac stem cell therapy [26]. In hematopoietic
progenitor cells, mitochondrial defects affected the differen-
tiation process [27]. One further recent report documented
reprogramming of adult cardiomyocytes back to a progeni-
tor-like state by mitochondrial transfer from and partial cell
fusion with MSCs [28]. In our coculture conditions, cell fu-
sion of MSCs with VSMCs was a rare event and not the
principle mechanism of intercellular communications. Al-
though we observed a very low endocytotic potential of
MSCs, it cannot be excluded, however, that further organ-
elles or/and macromolecules might be transferred between
VSMCs and MSCs and participate in the regeneration pro-
cess. We used coculture conditions supporting TNT forma-
tion and minimizing other cellular contacts. However, it
would be interesting to examine whether further mechanisms
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of mitochondrial transfer beyond TNTs might exist. We
observed that mitochondrial exchange was bidirectional.
Although VSMCs did not reveal any change in the prolifer-
ation rate, it remains to be investigated whether delivery of
MSC mitochondria to VSMCs may affect other functions
of these cells. Thus, it has been suggested that delivery of
stem cell mitochondria to cardiomyocytes may prolong their
survival [28].

Altogether, our findings highlight the complex nature of
MSC communications with resident vascular cells and point
to multiple functional outcomes of these interactions that
should be considered by potential MSC-based therapy aim-
ing at vascular diseases.
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