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Received 8 August 2012; Accepted 8 August 2012
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Since their discovery in the end of the 1960s and the
beginning of the 1970s by Alexander Friedenstein, mesenchymal stromal cells (MSCs) have attracted the interest of the
scientific community because of their ubiquitous presence in
the organism, the ease of their procurement, and potential
to diﬀerentiate into other tissues. As a nonhematopoietic
cell population, first described in the bone marrow, MSCs
comprise a pool of progenitor cells with diﬀerent proliferative, diﬀerentiation, immunosuppressive, and hematopoietic
engraftment-promoting potential. To bring more insights
into cellular and molecular mechanisms of action of MSCs
and their potential for clinical use, stem cells international
set out to launch and publish a special Issue on this topic.
In this issue, distinguished researchers from all over the
world contributed with their experience and knowledge to
highlight the latest developments in this emerging field of
research.
The conundrum of the MSC origin remains unresolved
due to the lack of a specific cell surface marker. Identification
of such markers could undoubtedly help the scientists to
develop new methodologies for prospective isolation and
expansion of MSCs in their “native” state (undiﬀerentiated)
for clinical application.
S. A. E. Boxall and Jones in the UK (in “Markers for characterization of bone marrow multipotential stromal cells”)
have focused on description of the most important markers,

which have been reported so far for the characterization and
prospective isolation of progenitor cells for MSCs. In the
first part of this paper, the authors discussed surface and
molecular markers that were proposed as the indicators of
MSC potency, in terms of their proliferative potential or the
ability to diﬀerentiate into desired lineages. In the second
part of this paper, the authors discussed critically surface
markers of uncultured (i.e., native) bone marrow-(BM-)
derived MSCs. Although no formal consensus has yet been
reached on which markers may be best suited for prospective
BM-MSC isolation, the authors suggest that markers that
cross-react with MSCs of animal models (such as CD271 and
W8-B2/MSCA-1) may have the strongest translational value.
As the number of progenitor cells for MSCs in BM
and other organs is pretty low, MSCs should be ex vivo
expanded in order to achieve a suﬃcient number for clinical
application. Historically, large-scale clinical expansions of
MSCs have been performed by using a basal medium supplemented with fetal bovine serum (FBS). Because of the illdefined nature of FBS (presence of xenogeneic components)
and lot-to-lot inconsistency of performance, development
of a more defined serum-free MSC culture medium has
become absolutely necessary. Therefore, S. Jung et al. in
Canada (in “Ex vivo expansion of human mesenchymal
stem cells in defined serum-free media”) reviewed herein
current cell culture media for hMSCs and discussed medium
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development strategies. In addition to the serum-containing
and serum-free MSC-culture medium supplemented with
platelet lysates the authors compared properties of a serumfree, chemically defined MSC-culture medium (PPRF-msc6)
developed in their laboratory with the commercially available
serum-free media.
MSCs after their in vivo administration show their antiinflammatory and regenerative eﬀects either by secretion
of long-distance acting soluble molecules or by migrating
and homing to the damaged tissues. S. k. Kang et al. in
South Korea in their review (in “Journey of mesenchymal
stem cells for homing: strategies to enhance eﬃcacy and safety
of stem cell therapy”) outline the current understanding of
MSC migration and discuss strategies for enhancing both
the environmental and cellular conditions that give rise to
eﬀective homing of MSCs. According to the authors, this may
allow MSCs to quickly find and migrate to injured tissues,
where they may best exert clinical benefits resulting from
improved homing and the presence of increased numbers of
MSCs.
Extensive experimental research during the past decades
profoundly influenced the understanding of the mechanism
of MSC-action and consequently its potential use in regenerative medicine. P. Babei et al. in Iran (in “Transplanted
bone marrow mesenchymal stem cells improve memory in rat
models of alzheimer’s disease”) demonstrated in the rat model
that MSC treatment significantly increased learning ability
and memory in both age-induced and chemically induced
memory impairment.
In addition, stem cell-based therapy represents a rapidly
growing alternative for cardiovascular diseases as the leading
cause of death worldwide. M. T. Elnakish et al. in USA (in
“Mesenchymal stem cells for cardiac regeneration: translation
to bedside reality”) focussed on therapeutic applications of
MSCs and their transition from experimental bench side to
clinical bedside. Based on the reports published so far, they
conclude that in addition to embryonic stem cells, induced
pluripotent stem cells (iPSCs), endothelial progenitor cells,
hematopoietic stem cells, and skeletal myoblasts that were
used in the treatment of ischemic heart disease and myocardial infarction, MSCs due to their distinctive properties
represent an innovative approach for cardiac regeneration.
In line with this, N. A. Kouris et al. in USA (in “Directed
fusion of mesenchymal stem cells with cardiomyocytes via
VSV-G facilitates stem cell programming”) in their original
article demonstrated that expression of the fusogen of
the vesicular stomatitis virus (VSV-G) in human MSCs
(vMSCs) increased their fusion capacity with cardiomyocytes
(CMs). The fused cells adopted a CM-like phenotype and
morphology in vitro. Furthermore, the authors found that
the vMSCs delivered to the damaged mouse myocardium,
via a collagen patch, were able to home to the myocardium
and fuse to cells within the infarct and peri-infarct region of
the myocardium and exerted functional benefit via multiple
mechanisms.
H. Thaker and A. K. Sharma in USA (in “Engaging stem
cells for customized tendon regeneration”) outlined in their
review the use of MSCs together with poly(1,8-octanediol
co-citrate) scaﬀolds (POCs) to develop a fibroelastic network

Stem Cells International
guided by cytokines and growth factors in order to be used as
a consistent therapeutic approach to tendon injury repair.
R. Nuzzi et al. in Italy (in “Eﬀect of in vitro exposure of
corticosteroid drugs, conventionally used in AMD treatment,
on mesenchymal stem cells”) in their research article found
that steroid drugs, often used to treat age-related macular
degeneration (AMD), demonstrate a negative eﬀect on MSCs
as a potential candidate for treatment of AMD. This eﬀect
was reduced in the presence of supernatant of a human
retinal pigment epithelial cell line (ARPE-19).
As MSCs exert a very potent immunomodulatory eﬀect,
they are often used clinically to suppress the adverse eﬀects
of graft versus host disease (GvHD) after hematopoietic stem
cell transplantation. Because of a broad immunosuppression,
the patients are at risk of bacterial and viral infections. G.
Lucchini et al. in Italy (in “Mesenchymal stromal cells do not
increase the risk of viral reactivation nor the severity of viral
events in recipients of allogeneic stem cell transplantation”)
in their clinical study analyzed viral reactivation episodes
by a whole blood PCR in 24 patients receiving MSCs for
the treatment of GvHD. In their cohort of patients, viral
reactivation after MSC infusion occurred in 45% of the
cases, which did not significantly diﬀer from the incidence
in a historical cohort of patients aﬀected by steroid-resistant
GvHD and treated with conventional immunosuppression.
In addition to the bone marrow, during the last decade
the adipose tissue is being recognized not only as an energy
reservoir, but also as a rich source of multipotent cells. P.
C. Baer and H. Geiger in Germany (in “Adipose-derived
mesenchymal stromal/stem cells: tissue localization, characterization, and heterogeneity”) and H. Orbay et al. in Japan
(in “Mesenchymal stem cells isolated from adipose and other
tissues: basic biological properties and clinical applications”)
in their review articles made an overview about the sources
and methods of isolation, phenotype as well as the potential
of adipose tissue-derived MSCs to give rise to the tissues
of three germ layers. In line with this, R. k. Chan et al.
in USA (in “Development of a vascularized skin construct
using adipose-derived stem cells from debrided burned skin”)
have exploited autologous stem cells from the adipose layer
of surgically debrided burned skin (dsASC) to generate in
vitro an epithelial layer, a vascularised dermal layer, and a
hypodermal layer. The authors conclude that this technique
may provide an alternative approach for cutaneous coverage
after extensive burn injuries.
Regulatory issues concerning the safety of clinical use of
MSCs are strongly required for their broad clinical application. Y. Wang et al. in China (in “Safety of mesenchymal
stem cells for clinical application”) in their review focussed
on safety issues of MSCs, in particular their genetic stability
in long-term in vitro expansion, their cryopreservation,
banking, and the role of serum in the preparation of
MSCs. Based on hundreds of clinical trials using MSCs
that have been registered, the authors conclude that the
production of safe cell products requires an entire process of
supervision in order to assure that the cells maintain overall
phenotype, functional potential, and to ensure that cultured
cells remain untransformed and without microbiological
contaminations.
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In summary, we hope that the reader of this special issue
will gain more insights into the advancements and challenges
faced by this rapidly expanding field of medicine.
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Large body surface area burns pose significant therapeutic challenges. Clinically, the extent and depth of burn injury may mandate
the use of allograft for temporary wound coverage while autografts are serially harvested from the same donor areas. The paucity of
donor sites in patients with burns involving large surface areas highlights the need for better skin substitutes that can achieve early
and complete coverage and retain normal skin durability with minimal donor requirements. We have isolated autologous stem
cells from the adipose layer of surgically debrided burned skin (dsASCs), using a point-of-care stem cell isolation device. These
cells, in a collagen—polyethylene glycol fibrin-based bilayer hydrogel, diﬀerentiate into an epithelial layer, a vascularized dermal
layer, and a hypodermal layer. All-trans-retinoic acid and fenofibrate were used to diﬀerentiate dsASCs into epithelial-like cells.
Immunocytochemical analysis showed a matrix- and time-dependent change in the expression of stromal, vascular, and epithelial
cell markers. These results indicate that stem cells isolated from debrided skin can be used as a single autologous cell source to
develop a vascularized skin construct without culture expansion or addition of exogenous growth factors. This technique may
provide an alternative approach for cutaneous coverage after extensive burn injuries.

1. Introduction
Burns are a significant problem in combat casualty care and
severe thermal injury accounts for approximately 5% of all
combat casualties [1, 2]. In 2011, the American Burn Association approximated that 450,000 people suﬀer from burn
injuries requiring medical treatment, an increase of 340%
since 1995 [3, 4]. Of these, 45,000 require hospital admission,
and only 55% (24,750 admissions) will enter one of the 125
hospitals with specialized burn care centers [3, 4]. From
a clinical standpoint, the total body surface area (TBSA)
aﬀected, depth of burn, location on the body, and nature of
the burn injury determines the need for tissue-grafting, tissue substitutes, all of which directly aﬀect the resulting morbidity and mortality. In particular, as the TBSA increases,

mortality increases proportionately as a result of the inability
to achieve skin closure [5, 6]. Currently, large-body-surfacearea burns pose significant therapeutic challenges with
implications for early hemodynamic instability and sepsis, as
well as later complications of scarring, contracture, and longterm disability. Patients generally receive definitive care from
burn surgeons which includes escharotomy, escharectomy,
debridement, grafting, and reconstruction [7–9]. From a
clinical standpoint, the extent and severity of burn injury
determines the need for tissue-grafting or tissue substitutes.
Though autografting remains the treatment of choice for
excised burn wounds, this option may be severely limited in
patients with extensive burns because of limited donor site
availability [10–12]. Furthermore, repeat harvesting of split
thickness skin grafts from the same donor area can result in
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morbidity, loss of dermal thickness, excessive scarring, and
increased pain.
When the extent of a burn exceeds the ability to perform
a single-stage autograft, many burn centers have adopted the
use of an allograft as a temporizing measure while they await
further availability of autografts [10–12]. Although a wide
variety of skin substitutes have been developed [13–15], the
time required for revascularization and for cell expansion has
limited the clinical utility of this option. Presently, available
skin substitutes can be divided into those that replace the
epidermis or the dermis [15, 16]. Epidermal substitutes such
as cultured epithelial autograft are only several cell layers
thick and lack much of the normal dermal organization and
are therefore prone to frequent breakdown and infection,
even years later. While dermal replacements are available,
(e.g., Integra, Alloderm) their usage is limited by the time
required for incorporation and revascularization, therefore
increasing their propensity for infection, desiccation, and
eventual graft loss [17]. The addition of cellular elements
to dermal scaﬀolds have demonstrated superiority with
respect to revascularization, but the lack of an available and
convenient autologous cell source from a severely burned
patient has not made this practical.
The requirements for an ideal substitute include minimal
donor site morbidity, availability, and the ability to reconstitute the diﬀerent functions and layers of skin. Products based
on autologous cultured keratinocyctes and fibroblasts are
more likely to contribute to actual skin restitution [18–20].
Still, challenges involved with these products are the need
for culture expansion and the extensive cultivation time.
Moreover, such products require donor biopsy of normal
skin to obtain the requisite cell types when normal tissue
accessibility has proportionately decreased with percentage
increase in TBSA [16].
Alternatively, developing a tissue engineered skin substitute using stem cells proves to be a potential option
to regenerate skin for the treatment of extensively burned
patients [21]. In particular, adipose-derived stem cells
(ASCs) have been shown to possess immense potential to
regenerate skin because of their substantial plasticity to
diﬀerentiate into multiple cell lineages [22]. Unfortunately,
after severe burn injury, the source(s) of adipose tissue can
be limited because of the availability of uninjured viable
tissue and the fear of causing additional morbidity from
subcutaneous liposuction. Because tangential debridement
of skin often leads to debridement of some viable tissue,
we have shown that stem cells can be isolated in adequate
quantities from the adipose layer of discarded burn skin
(dsASCs). Furthermore, these cells are able to integrate
within the excision wound bed of an athymic rat [21]. Unlike
other cell types, such as fibroblasts, keratinocyctes, and
endothelial cells that definitively require culture expansion,
dsASCs can be isolated in proportionally large numbers
from patients with an increasing percentage of TBSA burn.
We have previously shown that dsASCs possess multilineage
diﬀerentiation ability. In this study, we demonstrate that
dsASCs can be isolated from discarded burned skin obtained
after debridement using a “good manufacturing practice”
grade processing technique. These stem cells can then be used
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along with collagen and fibrin-based scaﬀolds to develop
epithelial, dermal-vascular, and hypodermal layers, which
can then be used to develop a complete full-thickness skin
equivalent.

2. Materials and Methods
2.1. Burn Patients, Surgical Procedure, and Allograft Usage.
Under an approved protocol (# H-11-003), the burn registry
at the US Army Institute of Surgical Research (USAISR)
was queried to determine the number of active-duty service
members who have sustained burn injuries, including the
TBSA during Operation Iraqi Freedom and Operation
Enduring Freedom. The hospital’s electronic medical record
system was used to obtain information about the number of
operations performed and the use of cryopreserved allograft
(CPA) skin.
2.2. Discarded Burn Tissue and Patient Population. Injured
skin from burn patients that was discarded after burn wound
debridement was obtained from the USAISR Burn Center.
Tissue samples were collected in accordance with a protocol
reviewed and approved by the US Army Medical Research
and Materiel Command Institutional Review Board (no.
HSC20080290N). Discarded skin samples were brought to
the laboratory immediately after debridement and 5 mm
punch biopsies were taken from the sample and either fixed
in 10% neutral buﬀered formalin (NBF) for histological
analysis or were cryopreserved by using gradient sucrose
cryopreservation technique [23]. Briefly, the tissue biopsies were treated with 4% paraformaldehyde (PFA, EMS,
Hatfield, PA, USA) for 20 minutes, washed with Hank’s
balanced salt solution (HBSS, Invitrogen, Carlsbad, CA,
USA) and treated serially with increasing concentrations of
sucrose (from 5% and 20%), and then incubated overnight
with 20% sucrose (Sigma-Aldrich, St. Louis, USA). The
sucrose-treated biopsies were embedded in a 20% SucroseHistoprep mixture (2 : 1) (Fisher, Pittsburgh, PA, USA).
The embedded samples were frozen by immersing them in
isopentane, cooled by liquid nitrogen and stored at −80◦ C
for immunohistochemical analysis.
2.3. Stem Cell Isolation from Discarded Skin Tissue. The
debrided skin samples were washed three to four times with
HBSS to remove adherent blood clots. The hypodermal layer
(10 to 12 g) was dissected, transferred to a petri dish, and
finely minced with sterile scissors or manual lipoaspirate.
Stem cells were isolated using the point-of-care Transpose RT
System (InGeneron, Inc., Houston, TX, USA) according to
the manufacturer’s instructions. Briefly, the minced adipose
tissue was transferred to a 50 mL conical tube containing
20 mL of lactated Ringer’s (LR) solution. To this mixture,
2.5 mL of Matrase enzyme (InGeneron) was added and the
tube inverted several times to mix the minced tissue and
enzyme solution thoroughly. The tubes were then placed
in the Transpose RT system processing unit (Figure 3(e)),
and tissue was subjected to enzymatic dissociation. After
45 minutes, the dissociated tissue was filtered and washed,
and cells were pelleted in the Transpose RT system. The cell
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pellet was washed twice with phosphate-buﬀered saline and
the resulting stromal vascular fraction (SVF) recovered. The
SVF cell pellet was resuspended in growth medium (MesenPRO RS basal medium), supplemented with MesenPRO
RS growth supplement, antibiotic-antimycotic (100 U/mL
of penicillin G, 100 μg/mL of streptomycin sulfate, and
0.25 μg/mL of Amphotericin B), and 2 mM of L-glutamine
(Invitrogen). Cells (1.5 to 2.0 × 106 ) were seeded in a T75
tissue culture flask (BD Falcon, NJ, USA) and maintained
in an incubator humidified with 5% carbon dioxide (CO2 )
at 37◦ C. After 4 hours in culture, the growth medium was
replaced in the flasks to remove any floating debris. The
remaining attached cells are designated as dsASCs.
2.4. Histological Methods. Histological analysis was performed on the 10%-buﬀered formalin-fixed discarded skin
biopsies. The fixed samples were paraﬃn-embedded, and
5- to 7-μm sections were cut and stained with Masson’s
trichrome stain (MTS) and/or hematoxylin and eosin
(H&E). A “blinded” trained pathologist analyzed the MTS
and/or H&E stained sections of the discarded human skin
biopsies to assess tissue viability and burn depth.
2.5. Immunohistochemical and Immunocytochemical Analysis.
Frozen sections (∼8 to 10 μm) of discarded skin biopsies, collagen gels with dsASCs diﬀerentiated to keratinocyctes, and
polyethylene glycol (PEG)-fibrin-collagen-dsASCs bilayer
gels were cut with a freezing microtome (Leica Microsystems,
Nussloch, GmbH) and lifted onto glass slides. The sections
were washed once with HBSS and fixed with 4% PFA for
20 minutes at room temperature. Nonspecific Fc receptormediated sites were blocked by incubating the sections for 2
hours with 1% bovine serum albumin (BSA) or 5% donkey
serum in HBSS. The sections of discarded tissue, collagen gel
with dsASCs diﬀerentiated to keratinocyctes, and bilayer gels
with dsASCs were then incubated at 4◦ C overnight with antihuman monoclonal primary antibodies—platelet-derived
growth factor beta (PDGFRβ, 10 μg/mL, BD Bioscience, San
Jose, CA, USA), pan cytokeratin (5 μg/mL, Abcam, Cambridge, MA, USA), 10 μg/mL of neuron glial antigen 2 (NG2)
(Billerica, MA, USA), and STRO-1 (10 μg/mL, R&D Systems,
Minneapolis, USA), respectively. The unconjugated primary
labeled sections were washed twice (5 minutes) with HBSS
and incubated with 5 μg/mL of Alexafluor 488 or Alexafluor
594 labeled secondary antibodies of the corresponding Ig
isotype for 45 minutes at 4◦ C. The nuclei were stained
with Hoechst 33342 at a concentration of 10 μg/mL for 20
minutes at room temperature (Invitrogen, Life Technologies,
Grand Island, NY, USA). Nonspecific fluorescence was
determined by using tissue sections incubated with respective
fluorophore-labeled secondary antibodies alone.
Immunocytochemistry was performed on P1 dsASCs,
cultured on a two-well chambered slide (20,000 cells/well)
(Nalgene Nunc, LabTek Chamber Slide, Noperville, IL, USA)
for 48 hours maintained in a 5% CO2 humidified incubator
at 37◦ C. The cells were washed twice with HBSS, fixed with
4% PFA for 20 minutes at room temperature. The cells
were then incubated overnight at 4◦ C with 10 μg/mL of
mouse antihuman PDGFRβ monoclonal primary antibody
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(BD Bioscience). The cells were then incubated with secondary antibodies with fluorescently labeled IgG1 Alexafluor
594 labeled secondary antibody and Hoechst 33342 as
described above.
2.6. Flow Cytometry. Passage 1 dsASCs were washed twice
with HBSS, trypsinized and resuspended in fluorescence
activated cell sorting (FACS) cell staining buﬀer (Biolegend,
San Diego, CA, USA) to a final concentration of 5 × 105
cells/100 μL. Cells were immunostained with labeled primary
mouse antihuman PDGFRβ-PE (10 μg/mL, BD Biosciences,
San Jose, CA, USA) for 45 minutes. After incubation,
the cells were washed twice and then resuspended in
500 μL of cell staining buﬀer. FACS analysis was performed
using a FACS Aria flow cytometer (Becton, Dickinson and
Company, Mountain View, CA, USA). Prior to analysis,
the forward scatter channel (FSC) and side scatter channel
(SSC) properties were determined for each sample using
appropriate unstained cells to eliminate dead cells and
cell debris. Autofluorescence signals were eliminated by
adjusting the signal outputs from designated channels, and
the sensitivity was adjusted to collect a gated population of
cells. Total percentage of cells staining positive for individual
markers from the gated population was determined. Results
were quantitated by FACS Diva software (BD Biosciences,
Mountain View, CA, USA). Percent positive stem cells within
the gated population were analyzed by collecting 20000
events.
2.7. Epithelial Diﬀerentiation. Type 1 collagen from rat tail
tendon (5 mg/mL) was obtained from Travigen (Gaithersburg, MD, USA) and fibrillated according to the manufacturer’s instructions by adjusting the pH to 6.8–7.0 using
100 μL of Dulbecco’s phosphate buﬀered saline (DPBS,
Sigma-Aldrich) and 23 μL of 1N sodium hydroxide (NaOH)
per mL of collagen solution. The fibrillated collagen was
added to culture plate inserts with an 8 m pore size
membrane (six-well format, BD Falcon) and incubated for
30 to 40 minutes at 37◦ C. Following complete gelation of
the collagen matrix, passage 2 (P2) dsASCs (75,000 cells/gel)
were seeded over individual collagen gels and incubated
for 36 hours with MesenPRO RS Basal Medium supplemented with MesenPRO RS Growth Supplement, antibioticantimycotic, and L-glutamine (Invitrogen) in a 5% CO2
humidified incubator at 37◦ C. Following this culture period,
gels were switched to low glucose Dulbecco’s modified minimal essential media (L-DMEM, Invitrogen) containing 5%
fetal bovine serum (FBS, Invitrogen) supplemented with alltrans-retinoic acid (ATRA, 1 μM/mL, Sigma-Aldrich). Four
days after ATRA treatment, fenofibrate (75 μM/mL, Alexis,
San Diego, CA, USA) was added; 24 hours later, the gels were
exposed to air (air-lifting) by removing the media within the
inner chamber of the cell culture insert. Passage 2 dsASCs
cultured over collagen gels under similar conditions without
any inducers were used as no treatment controls. All the
collagen gels were observed for 12 days, and light microscopic
pictures were taken on days 4 and 12 with an Olympus IX71
inverted microscope (Olympus America, Center Valley, PA,
USA).
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3. Results
3.1. Burn Wound Severity and Debridement. Military service
members treated at the USAISR burn center were identified
through the burn registry. The number of operations
performed, TBSA, and use of CPA for temporary wound coverage of 844 military patients over a period of 10 years were
analyzed. The age distribution of burns within this population has been previously described [26] and Figure 1(a) represents their relationship to TBSA and probable incidences
of CPA usage. The most burn admissions are concentrated
towards lower TBSA range (<30%) while the majority of
CPA usage is seen when TBSA is greater than 40%, which
highlights the need for both temporary and permanent
skin substitutes when donor sites are scarce. The surgical
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2.9. Adipogenic Diﬀerentiation. Collagen-dsASCs (50,000
cells/mL of gel mixture) gels were prepared as described
above. The cells were induced with adipogenic diﬀerentiation medium composed of DMEM with 10% FBS,
2 mM L-glutamine, and antibiotic-antimycotic (Invitrogen),
supplemented with 1 μM of dexamethasone, 200 μM of
indomethacin, 10 μM of insulin, 0.5 μM of isobutylmethylxanthine (IBMX) (Sigma-Aldrich, St. Louis, MO, USA), and
were maintained in a 5% CO2 humidified incubator at 37◦ C
and observed for 14 days [25]. To observe the staining of
neutral lipids in the diﬀerentiated cells, the collagen gels were
rinsed with HBSS, fixed with 4% PFA, and stained with Oil
Red O. Undiﬀerentiated dsASCs in collagen matrix served as
controls. Light microscopic pictures were taken at days 7 and
14 with an Olympus IX71 inverted microscope.

300
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Number of operations

2.8. Dermal-Vascular Diﬀerentiation. To develop the vascularized dermal layer, a collagen-PEGylated-fibrin gel construct was developed according to our previously described
procedure [24] with slight modifications. Briefly, P2 dsASCs
(50,000 cells/mL of gel mixture) were trypsinized and mixed
with type 1 collagen (5 mg/mL; Trevigen, Gaithersburg,
MD, USA) and fibrillated as described above. The collagendsASCs mixture was added to a six-well culture insert and
incubated for 30 min in a 5% CO2 humidified incubator
at 37◦ C to complete gelation. To prepare the PEGylatedfibrin-dsASCs layer, PEG-fibrinogen solution mixture was
incubated for 20 minutes at 37◦ C. After incubation, dsASCs
(50,000 cells/mL of gel mixture) and thrombin were added to
the PEG-fibrinogen, and the solution mixture was carefully
transferred on to the top of the collagen-dsASCs gels. The
entire gel preparation was incubated for 10 minutes in a
5% CO2 humidified incubator at 37◦ C to obtain a collagenPEGylated-fibrin-dsASCs bilayer hydrogel construct. The
bilayer gels were incubated with alpha minimal essential
media supplemented with 10% FBS, antibiotic-antimycotic
(100 U/mL of penicillin G, 100 μg/mL streptomycin sulfate,
and 0.25 μg/mL amphotericin B), and 2 mM L-glutamine
(Invitrogen) and maintained in a 5% CO2 humidified
incubator at 37◦ C. The stem cells within the gels were
observed for 12 days, and light microscopic pictures were
taken at days 6 and 12 with an Olympus IX71 inverted
microscope.
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Figure 1: (a) Burn incidence superimposed onto the concurrent
use of skin allograft in relation to TBSA. (b) Number of operations
performed during the acute burn hospitalization as a function of
TBSA. TBSA: total body surface area; CPA: cryo-preserved allograft.

burden substantially increased as TBSA burns increased
(Figure 1(b)), which inevitably requires escharotomy of
necrotic and nonviable tissue and grafting using autologous
skin, allografts, and skin substitutes, which are part of the
standard clinical burn wound treatments.
The discarded skin tissue after burn wound debridement
also contained some viable wound beds, including the
hypodermis, which was subjected to further analysis. In
the present study, a total of 75 discarded skin samples
were collected from patients varying in age from 16 to 90
(Figure 2(a)) with a mean age of 45. The discarded burn
tissue (Figure 2(b)) had regions of both necrotized and
viable adipose tissue. Histological analysis of the biopsied
samples stained with H&E (Figure 2(c)) showed complete
necrosis of epidermal and dermal region with infiltration of
inflammatory cells and loss of vascular patency (inset). MTS
sections of the debrided burn skin samples (Figure 2(d))
showed altered morphological appearance of the dermis with
widespread hyalinization of collagen bundles. Both partially
intact (asterisk, inset) and collapsed tissue layer (arrows)
with granular cytoplasm and notable loss of clear vacuoles
were observed within the adipose tissue.

Patient age group
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Figure 2: (a) Total number of discarded skin samples collected per age group for the patient population included in this study. (b) Discarded
burn tissue. (c) Hematoxylin and eosin staining of burn tissue showing the loss of epidermal and dermal layers of the discarded burn skin.
The inset figure is the magnified field of the section showing presence of collapsed blood vessel within the hypodermal layer (asterisks). (d)
Masson’s trichrome stained adipose tissue sections of discarded burn tissue showing collapsed and viable hypodermis (arrows). The figure
inset is the magnified field view of the viable hypodermis (asterisks). Original magnification: ×100 (c, d) and ×400 (figure insets).

3.2. Stem Cell Isolation Process. The discarded tissue
(Figure 3(a)), which was to be subjected to the cell isolation
process, was first characterized for the presence of stem cells
in situ. The debrided tissue stained positive for PDGFRβ
(Figure 3(b), stained green with Alexafluor 488), indicating
the presence of resident stem cell population within the
hypodermal adipose tissue layer. Figure 3(c) shows total cell
nuclei stained (Hoechst) within this region, and Figure 3(d)
shows an overlay of PDGFRβ and nuclei.
Cell isolation of the viable adipose tissue using the
Transpose RT tissue processing system (Figure 3(e)) yielded
a heterogeneous population of cells, SVF consisted of a
mixture of mononuclear cells, and CD45+ blood-related
cells. After isolation, the SVF was plated and the adherent
cell population isolated and characterized. The SVF, when
resuspended and plated in a tissue culture plate overnight,
yielded ≈7 to 9 × 105 adherent cells/10 gm of adipose tissue
processed (data not shown). FACS analysis of passage 1 (P1)
dsASCs showed that more than 80% of the adherent cell

population (5 × 105 dsASCs) were PDGFRβ+ . Furthermore,
P1 dsASCs grown in chamber slides for 24 to 48 hours
stained positive for PDGFRβ (Figure 3(g), stained red with
Alexafluor 594), demonstrating that the cells isolated from
the adipose layer of the debrided tissue are of the same stem
cell population originally identified in situ (Figure 3(c)).
Figure 3(h) shows cell nuclei stained with Hoechst, and
Figure 3(i) shows an overlay of cell nuclei and PDGFRβ.
3.3. Development of the Layers of Skin Substitute Using
dsASCs. Figure 4 depicts the strategy adopted to develop a
skin substitute. In this process, dsASCs in combination with
a collagen hydrogel were used to develop an epithelial and a
hypodermal layer. Simultaneously, to reconstruct a vascularized dermal layer, a collagen-PEGylated-fibrin bilayer
hydrogel construct was implemented.
3.4. Epithelial Construct. To develop the epithelial construct,
dsASCs were seeded on top of a collagen hydrogel and
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Figure 3: (a) Discarded burn skin. (b–d) Immunohistochemical images of section from discarded skin biopsies: (b) stained with PDGFRβ
(Alexa fluor 488), (c) Hoechst for nuclei, and (d) overlay of PDGFRβ and Hoechst. (e) Stem cell isolation process from the adipose tissue
layer of discarded burn skin (dsASCs) using the Transpose RT tissue processing system. (f) Fluorescent-activated cell sorting (FACS) analysis
of P1 dsASCs stained with phycoerythrin-labeled PDGFRβ. (g–i) Immunocytochemical images of P1 dsASCs: (g) stained with PDGFRβ
(Alexafluor 594), (h) Hoechst for nuclei, and (i) overlay of PDGFRβ and Hoechst. Original magnification: ×200 (b–d and dsASCs in (e))
and ×600 (g–i).
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Figure 4: Development of diﬀerent layers of skin substitute using dsASCs and hydrogel-based matrices. Epithelial and hypodermal
constructs are developed using collagen hydrogel and the vascularized dermal construct using collagen-PEGylated-fibrin-based bilayered
hydrogel.

initially induced with ATRA. The dsASCs seeded over the
collagen matrix started to align into squamous cell-like
morphology by day 4 (Figure 5(a)) and, after air-lifting and
fenofibrate induction, were able to diﬀerentiate into epithelial-like cuboidal cell morphology by day 12 (Figure 5(b)).
Immunocytochemical analysis of frozen sections of the
epithelial diﬀerentiated dsASCs on the collagen gel showed

positive staining for pan cytokeratin (red, Figure 5(c); nuclei
are blue). These results indicate that dsASCs could be
diﬀerentiated into epithelial-like phenotype on a collagen
matrix without using growth factors.
3.5. Vascularized Dermal Construct. A vascularized dermal construct was developed by seeding dsASCs within
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Figure 5: (a and b) Diﬀerentiation time course of dsASCs into epithelial-like cells on a collagen hydrogel showing (a) squamous cell-like
morphology by day 4 and (b) epithelial-like cuboidal cell morphology by day 12. (c) Immunocytochemical image of section from dsASCs
diﬀerentiated into epithelial-like cells on collagen gel (day 12) stained with pan cytokeratin. (d, e, g, and h) Diﬀerentiation time course of
dsASCs in PEGylated-fibrin-collagen bilayer gels exhibiting bidirectional diﬀerentiation into fibroblast-like morphology in collagen layer
(d; day 6) and tubular structures (g; day 6) in the PEGylated-fibrin layer. By day 12, collagen layers showed an increase in fibroblast-like
cells (e) and complex networks in PEGylated-fibrin layers (h). Immunocytochemical image of section from bilayered hydrogel (day 12)
depicting dsASCs to maintain stromal phenotype with collagen layer, stained with α-smooth muscle actin (f) and diﬀerentiated to vascular
phenotype, stained with NG2 (i). (j and k) Diﬀerentiation time course of dsASCs into adipocytes on collagen showing appearance of oil
vesicles by day 7 (j) and significant accumulation of oil droplets over time (k: day 14). (l) Oil Red O. staining of diﬀerentiated dsASCs (day
14) confirming formation of mature adipocytes within collagen gel. Bright field images original magnification: ×100 (a–h and l) and ×200
(j, k). Immunofluorescence original magnification ×400 (c, f, and i).

a collagen-PEGylated-fibrin bilayer hydrogel. This strategy
allows for a simultaneous, bidirectional diﬀerentiation of
dsASCs within the bilayer construct. The dsASCs exhibited fibroblast-like morphology within the collagen layer
by day 6 (Figure 5(d)); and by day 12, the dsASCs remained

fibroblast-like and had proliferated and populated the entire
gel (Figure 5(e)). In contrast, within the PEGylated-fibrin
layer of the bilayered gel, the dsASCs formed distinct tubular
networks by day 6 (Figure 5(g)) and eventually formed
dense networks by day 12 (Figure 5(h)). Immunostained
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sections of the day 12 bilayered gels showed presence of
α-smooth muscle positive cells (Figure 5(f)) within the
collagen layer indicating maintenance of stromal phenotype
by dsASCs. Tubular networks within the PEGylated-fibrin
layer stained positive for NG2, indicating PEGylated-fibrin
gel supports dsASCs diﬀerentiation toward a pericyte lineage
(Figure 5(i)). These results show that dsASCs within the
bilayer hydrogel may be used as vascularized dermal equivalent.
3.6. Hypodermal Construct. The hypodermal construct was
developed by diﬀerentiating dsASCs within a collagen gel
using adipogenic diﬀerentiation media. Early during the
induction of diﬀerentiation, the dsASCs proliferate within
collagen gel; but only a few cells exhibited the presence
of oil vesicles by day 7 (Figure 5(j)). However, by day
14, the dsASCs showed a significant accumulation of lipid
droplets (Figure 5(k)). Lipid accumulation by the diﬀerentiated dsASCs within the collagen matrix on day 14 is
shown with the positive staining with Oil Red O. (Figure 5(l))
confirming the commitment of dsASCs to form mature
adipocytes within the collagen matrix.

4. Discussions
In this study, we have shown that stem cells isolated from
discarded tissue can be used as a single viable cell source
for epithelial, stromal, vascular, and adipose cells for the
development of an autologous skin equivalent. These cell
types in combination may allow for reconstitution of any
or all of the individual layers of excised skin, including the
epidermis, vascularized dermis, and hypodermis. The use of
split-thickness skin graft is today’s standard in the coverage of
acute burn wounds after escharectomies. It provides reliable
coverage of a large surface with relatively limited donor
morbidity. However, when the TBSA is greater than 40%,
donor sites become the limiting factor and preclude singlestage coverage with autograft alone. In this situation, an
allograft is used for temporary coverage while donor sites are
allowed to reepithelialize before repeat harvesting is possible.
This technique, although standard, adds an approximate 2
weeks to the treatment timeline.
The ability to use excised fat as a cell source, in combination with an extracellular matrix scaﬀold to regenerate the
various layers of skin, has an inherent advantage of achieving
coverage without the limitation of donor site availability.
While our current method of using temporizing allograft
can lead to successful coverage, the increased number of
operations as well as time in the intensive care unit adds to
the overall length of stay in the hospital. Furthermore, the
use of split-thickness autograft does not actually replace all
of the missing dermis or any of the hypodermis. This directly
leads to fragile, nonpliable grafted skin for the patient. The
ability to reconstitute all the layers of excised skin adheres to
the sound principle that “form and function” are inextricably
linked.
Our group has previously shown that the discarded burn
skin contains epidermis and dermis along with portions of
the hypodermal adipose tissue deemed nonviable because
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of necrotized vasculature. However, this discarded tissue
also contains viable perivascular structures. We have shown
previously that this perivascular niche contains viable population of PDGFRβ+ cells [21]. Mounting evidences show
that ASCs occupy the perivascular region [27, 28] and can
be isolated and expanded as a rich population of multipotent
stem cells [29–31]. ASCs have generally been isolated
from lipoaspirates of healthy donors [32, 33]; however, in
cases of extensive burn injury, liposuction may increase
infectious complications of an already traumatized and
immunologically compromised patient. Therefore, isolation
of stem cells from adipose tissue layers of debrided burn
skin is a practical way to obtain an adequate quantity of
stem cells for reconstructive applications. The Transpose RT
system used in this study to isolate dsASCs is a specialized
device that provides a “good manufacturing practice” grade
enzymatic tissue processing protocol that can be used in an
operating room. More than 80% of the adherent dsASCs
were PDGFRβ+ , demonstrating the feasibility of obtaining
stem cells by using the Transpose RT processing system.
To reconstitute the three layers of skin using dsASCs,
we utilized the inherent cues of three-dimensional matrix
microenvironments consisting of collagen and PEGylatedfibrin-based hydrogel matrices. At this time, epidermal
substitutes are usually developed by culture expanding
normal human keratinocyctes from skin biopsies to develop
cell sheets [16, 34–36] or cell sprays [37, 38]. The main
drawback of these approaches, however, is the amount of
time required (≈3 to 4 weeks) for culture expansion and
the need to use special culture media and growth factors.
In our present approach, chemical inducers approved by the
US Food and Drug Administration (fenofibrate and ATRA)
are used to diﬀerentiate dsASCs on a collagen hydrogel into
epithelial-like cells within 12 days. The diﬀerentiated cells
expressed pan cytokeratin and stratified keratin markers
specific for epidermal keratinocyctes (unpublished data).
Using this same approach, dsASCs may also be used in
conjunction with other available collagen-based matrices to
develop an epithelial substitute.
One of major reasons for the failure of existing dermal
or skin equivalents is the inability to become revascularized
within a short period of time when applied to a wound bed
[39–41]. Recent studies demonstrate the development of an
endothelialized dermal equivalent using ASCs [42], but this
approach involved diﬀerentiation of ASCs to endothelial cells
prior to their incorporation into the matrix, which involves
the use of growth factors and adds to the overall timeframe
in generating the dermal substitute. Our current approach to
regenerate skin involves the simultaneous development of an
epithelialized, vascularized dermal substitute that is mainly
driven by the inherent ability of the ASC to take cue from
its surrounding biomatrix. To accomplish this process, we
utilized a collagen-PEGylated-fibrin-based bilayered hydrogel. This bilayered hydrogel is designed to overcome the need
to prediﬀerentiate cells before they are incorporated into
a bioscaﬀold and is expected to provide a viable environment for host cells, leading to better wound regeneration.
Fibrin and collagen have been used for various biomedical
and wound healing applications [41, 43]. Fibrinogen-based
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products are routinely used for clinical purposes since
they promote wound healing by initiating early cellular
and molecular events essential for tissue connection and
angiogenesis [43, 44]. Fibrin was used here in constructing
the dermal layer to take advantage of its inherent ability
of providing a three-dimensional provisional matrix for
dsASCs to promote vasculogenesis when applied to the
wound bed. PEGylated-fibrin gels promoted dsASCs diﬀerentiation into tubular networks expressing NG2, demonstrating its commitment to develop vascular phenotype
lineage, similar to our previous observation with rat ASCs
[24]. Within the collagen layer of the hydrogel construct,
dsASCs maintained their fibroblast like phenotype, morphology, and expressed alpha smooth muscle actin (αSMA).
It has been shown previously that αSMA is present in the
microfilament bundles of pericytes [45] and localizes with
CD31 expressed by endothelial cells [28, 46]. Furthermore,
dsASCs also expressed STRO-1 (data not show), confirming
the stromal cell phenotype commitment within the collagen
hydrogel. In this study, we show that dsASCs phenotype
can be dictated by the matrix microenvironment as the
dsASCs maintain their stromal phenotype in collagen and
diﬀerentiate into a vascular phenotype in PEGylated fibrin.
Therefore, bilayer matrices can direct stem cell phenotypes,
as well as act as a template for the creation of vascularized
dermal substitute.
Finally, the hypodermis can also be reconstituted using
a combination of dsASCs with collagen hydrogels. Traditionally, this layer of skin has been disregarded, as it is not
simply replaced through grafting of split- or full-thickness
skin. Currently available skin substitutes are also targeted
at replacing the epidermis and/or dermis alone with little
attention paid to the hypodermis [39, 41]. However, several
studies have now demonstrated the beneficial eﬀects of adipose tissue in conjunction with soft-tissue reconstructions
[47, 48]. In cases of deep full-thickness burns, replacement
of the hypodermis has the obvious advantage of replenishing
bulk and diminishing the contour irregularity. It may also
have potential benefits of improving dermal skin quality and
improved thermoregulation. When dsASCs in the collagen
matrix were induced with adipogenic media, they were
able to diﬀerentiate into adipocytes and showed positive
staining with Oil Red O. Within the collagen matrix, dsASCs
showed a three-dimensional pattern of oil droplets, and
this phenomenon is directly influenced by the surrounding
microenvironment. A collagen gel is a prototypical hypodermal substitute; and we speculate that dsASCs, when
combined with currently available acellular collagen matrices
[41, 49–51], could be similarly diﬀerentiated in situ using
adipogenic inducers for the creation of a hypodermal skin
substitute.
The skin substitute developed in this study, using
diﬀerent natural biomaterials and autologous stem cells, is
intended to be used for extensive burn wound regeneration. In the current study, 1 × 105 dsASCs are suﬃcient
to cover a wound with a total surface area of ≈2 cm2 ,
therefore using 1 × 106 dsASCs would allow the coverage
of larger, up to 20 cm2 , surface area wounds. In addition,
our collagen-PEGylated-fibrin-based bilayer hydrogel that
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improves revascularization can be applied in conjunction
with FDA approved skin substitutes to improve vascularization, integration, and remodeling of the matrix substitute
by the host to heal the wound bed. We have also recently
developed a PEGylated-fibrin gel construct, embedded with
silver sulfadiazine loaded microspheres that possesses both
antimicrobial and angiogenic properties [52]. We envision
developing an engineered skin substitute that also possesses
antimicrobial properties, since current products cannot be
placed on infected wounds due to their lack of infection
control.

5. Conclusion
The theoretical advantages of replacing all three anatomic
layers of missing skin is to improve the quality of grafted
skin long term, with need for fewer surgical revisions. While
additional studies are needed to demonstrate the feasibility
of this approach, we have demonstrated that viable stem cells
can be harvested from the excised burn eschar and that, when
exposed to the appropriate stimuli, they will diﬀerentiate into
the various mesenchymal cell types, corresponding to the
three layers of skin. When mixed with the appropriate scaffolds and inducers, this source of stem cells can potentially
be utilized for immediate wound coverage without the need
for cell expansion. Furthermore, this approach will allow for
the entire procedure to be performed within the operating
room immediately after burn eschar excision for permanent
wound coverage. Alternatively, the autologous cells can be
stored to be used for secondary revisional procedures. By
introducing additional complexity into the coverage of a
burn wound, the risks of failure naturally increase. However,
the potential benefits of achieving better long-term outcomes
combined with fewer operations needed for early coverage
or for secondary revisions can easily outweigh that risk. Our
bilayer collagen-PEGylated-fibrin hydrogel has the advantage
of inducing robust vascularization, facilitates incorporation,
and consequently may also lower the risks of infection.
Further demonstration of this methodology in a preclinical
model is under way.
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The present study aims to evaluate the eﬀect of bone marrow mesenchymal stem cells (MSCs) grafts on cognition deficit in
chemically and age-induced Alzheimer’s models of rats. In the first experiments aged animals (30 months) were tested in Morris
water maze (MWM) and divided into two groups: impaired memory and unimpaired memory. Impaired groups were divided
into two groups and cannulated bilaterally at the CA1 of the hippocampus for delivery of mesenchymal stem cells (500 × 103 /μL)
and PBS (phosphate buﬀer saline). In the second experiment, Ibotenic acid (Ibo) was injected bilaterally into the nucleus basalis
magnocellularis (NBM) of young rats (3 months) and animals were tested in MWM. Then, animals with memory impairment
received the following treatments: MSCs (500 × 103 /μL) and PBS. Two months after the treatments, cognitive recovery was assessed
by MWM in relearning paradigm in both experiments. Results showed that MSCs treatment significantly increased learning ability
and memory in both age- and Ibo-induced memory impairment. Adult bone marrow mesenchymal stem cells show promise in
treating cognitive decline associated with aging and NBM lesions.

1. Introduction
Alzheimer’s disease (AD) has been called the disease of the
century with significant clinical and socioeconomic impacts.
Epidemiological studies point out that AD aﬀects 5% of the
population over 65 [1], and, parallel with increasing lifespan,
the incidence of disease will rise dramatically. Clinically AD is
characterized by a progressive learning capacity impairment
and memory loss, especially memories of recent events [2–
4]. One of the major pathological outcomes of both aging
and Alzheimer’s disease is loss of neurons and function in the
basal forebrain [5–7] especially NBM, the main cholinergic
input to the neocortex [8–10]. It is obvious that classical
pathological hallmarks of AD are plaques and tangles, which
both are exceptionally rare in animals, particularly in small
laboratory rodents. In animal populations, as in humans,
age-associated cognitive decline correlates with the degeneration of basal forebrain nuclei [1, 10]. Experimentally
excitotoxic lesion of the NBM induces memory impairment
in several tasks [11–13] and it is considered as a suitable

approach to study cognitive deficit and dementia in animals
[1, 12].
The current drug therapies for AD treatment are hindered due to poor eﬃcacy and side eﬀects [14, 15]. Adult
neural tissues have limited sources of stem cells, which makes
neurogenesis in the brain less likely. Stem cells transplantation seems to be a promising strategy for treatment of several
central nervous system (CNS) degenerative diseases such
as AD, amyotrophic lateral sclerosis (ALS), and Parkinson’s
disease [16, 17].
Bone marrow stem cells are an example of self-renewing
multipotential cells with the developmental capacity to give
rise to certain cell types [18, 19]. These cells seem to be
able to diﬀerentiate into hepatocytes [20], skeletal muscle
[21], cardiomyocytes [22], and neural cells [23–25] in vitro.
Studies showed that implanted mesenchymal cells at the site
of injury are able to survive and integrate in the host brain
[1, 23, 26]. In this context Lee and coworkers [27] used
human umbilical cord blood mesenchymal stem cells in AD
mice and demonstrated cognitive rescue with restoration of
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learning and memory function. Also Nivet and coworkers
[28] showed that human olfactory mesenchymal stem cells
are able to restore learning and memory in hippocampus
lesion model.
The ultimate goal for cell therapy in AD is functionality.
Few studies have examined cognitive function with conflicting results: improvement [29, 30] and no change [31, 32].
Regarding the fact that using autologous cell transplantation circumvents ethical and immunological problems, the
present study was aimed to evaluate the therapeutic eﬀects of
MSCs in restoring cognitive function in two diﬀerent models
of AD in rats.

2. Materials and Methods
2.1. Animals. All of the animals used in these experiments
were housed in Cellular and Molecular Research Center animal facility. Animals were housed with free access to food and
water in a 12 h light/dark cycle and constant temperature of
22◦ C. They were kept 4-5 in a cage. All procedures concerning animal care were in accordance with Guilan University
of Medical Sciences Ethical Committee Article.
Experiment 1. Forty aged (30 months) and 10 young (3
months) male Wistar rats were used in this experiment. The
mean weights were 500 ± 50 for old and 200 ± 20 g for
young. Animals received four trials per day for 4 consecutive
days in the Morris water maze (MWM) [33], using a 20 min
intertrial interval. A probe trial during which the platform
was removed was carried out on the fifth day. Rats above the
mean average of latency designated as impaired were divided
into grafted (n = 10) and nongrafted control groups (n =
10). Animals were placed in a computerized stereotaxic apparatus (Neurostar, Germany) and cannulated at CA1 region
(at coordinates AP: −3 mm, L: ±2 mm from bregma and V:
−2.8 mm from the skull surface) [34]. Performance of aged
grafted animals was compared with aged nongrafted and
young control groups.
Experiment 2 (NBM Lesion). Forty male Wistar rats (3
months old, weighing 200 ± 20 g) were used in this part
of study. To establish cognitive deficit, we infused Ibo into
the NBM. On the day of surgery, the animals were anesthetized with ketamine/xylazine (50 mg/kg, i.p.) and placed
in stereotaxic apparatus. The incisor bar was set at −1.14 mm
posterior and ±2.46 mm lateral to the bregma and 7.9 below
the top of the skull to reach the nucleus basalis magnocellularis [12], then guide cannula was implanted bilaterally for
further infusions. Another cannula for stem cell transfusion
was implanted in the CA1 at coordinates mentioned in
Experiment 1. Rats received bilateral infusions of 0.5 μL of
Ibo (10 μg/μL) using a 5 μL Hamilton syringe. After 14 days,
rats were tested in MWM in order to test learning ability.
Animals that showed memory impairment were distributed
into two groups: Ibo+MSCs (n = 10) and Ibo+PBS (n = 10).
2.2. Bone Marrow Stem Cells Isolation. Rat bone marrow was
obtained by aspiration from tibia. This study was approved
by the Institutional Ethical Committee of Guilan University
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of Medical Sciences. Bone marrow was collected and centrifuged with ficoll for 10 min at 1500 xg; the white blood
cells buﬀy coat was recovered and plated in 75 cm flasks containing with Dulbecco’s Modified Eagle’s Medium (DMEM)
and 10% fetal bovine serum (FBS). Cells were then incubated
at 37◦ C in humidified atmosphere containing 95% air and
5% CO2 . On reaching confluence, the adherent cells were
detached by 0.05% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA) for 5–10 min at 37◦ C, harvested
and washed with DMEM, and resuspended in medium
containing 10% FBS. After the first passage, the morphologically homogeneous population of MSC was analyzed for
the expression of cell surface molecules using flow cytometry
procedures for CD105, CD90, and CD44+. The ability of
MSCs to diﬀerentiate to adipogenic lineages was assayed
using adipogenic media (acid ascorbic 50 μg/mL, dexametazon 100 nM, indometacin 5 μg/mL, and insulin 5 μg/mL).
Viability of cells was determined by Trypan blue dye exclusion test. Briefly, cells were incubated with Trypan blue dye
for 1 min. Blue positive and white negative cells was counted
in ten 20× fields, and the percent of viable cells was
calculated.
Both grafted groups received infusion of 1 μL (500 ×
103 /μL) cells from passage 2, and controls received the same
volume of PBS into the CA1 of the hippocampus. The syringe
was allowed to remain in place for 5 min after the injection
to allow diﬀusion into the surrounding tissue.
2.3. Behavioral Tests. Two months after transplantation,
rats performed relearning task (the place of platform was
diﬀerent from the previous experiment) in Morris water
maze. The Morris water maze consisted of a black pool
(148 cm diameter) filled with water (26 ± 2◦ C). A circular
black platform was submerged 2 cm below the water surface,
in the middle of the target quadrant. The behavior of the
rats in the pool could be tracked with a camera connected
to Ethovision system (Ethovision XT 7, Noldus inc., The
Netherlands) allowing us to measure swim speed, distance,
and latency to find the platform. Rats were trained with a
protocol of four trials per day, with an interval of 20 min,
for 4 consecutive days. A probe trial was administered on
the fifth day, when each subject was placed into the water
diagonally opposite the target quadrant and allowed 90
seconds to search the water, from which the platform had
been removed.
2.4. Statistical Analysis. The data is expressed as means ±
SEM. Group diﬀerences in the escape latency of probe task in
the Morris water maze were analyzed using one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test.
ANOVA repeated measure for multiple group comparison
was used to analyze group diﬀerences of the data collected
during the training days.

3. Results
3.1. Stem Cells Characterization. Mesenchymal stem cells
were successfully cultured and expanded. A morphologically
homogeneous population of fibroblast-like cells (Figure 1)
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time needed to find the platform (F = 64.689, P < 0.0001).
Tukey’s post hoc test showed that the Ibo+MSCs significantly
reduced the latency to find the platform compared with
Ibo + PBS group (14 ± 2.4 versus, 34 ± 3.4 s, Figure 6). Total
time spent in the target quadrant also significantly increased
in Ibo + MSCs compared with Ibo + PBS (28.6 ± 2.4 versus
12.8 ± 2.08 s, P < 0.0001).
The results showed that stem cell treatment attenuated
Ibo-induced learning and memory impairment in the Morris
water maze test.

5. Discussion
Figure 1: Inverted microscope photomicrograph shows morphological characteristic of MSCs (spindle shape) derived from rat bone
marrow in passage 3. Scale bar: 20 μm.

with more than 90% confluence was seen after 14 days. Cells
after the first passage grew exponentially, requiring weekly
passages. Flow cytometric analysis was used to assess the
purity of MSC cultures, which appeared uniformly positive
for CD44, CD105, and CD90 (Figure 2).

4. Behavioral Tests
4.1. Age-Induced Memory Impairment. During the training
sessions in the MWM, unimpaired, impaired + PBS, and
impaired + MSCs groups showed significant trial eﬀects in
learning procedure (F2, 445 = 5.138, P < 0.0001) (Figure 3).
Since none of the groups diﬀered in swimming speed (22.3 ±
0.8 versus 23 ± 1.9 cm/s; P > 0.05), the latency to find
platform was used as an indicator of learning performance.
There was no interaction between the trials and the groups
(F2, 445 = 1.273, P = 0.273). Impaired + MSCs rats learned
to find the platform more rapidly than impaired + PBS
(F2, 25 = 36.799, P < 0.001, n = 9, Figure 3). One rat from
the cell transplanted group died after one month due to brain
infection.
There was significant diﬀerence in probe latency between
impaired + MSCs and impaired + PBS animals (11.5 ± 0.88
versus 33.4 ± 8.48 s, P = 0.006, Figures 4 and 7). Although
the impaired + MSCs group showed improvement in latency
to target quadrant, they did not reach the young group score
(11.5 ± 0.88 versus 4 ± 0.45 s).
4.2. Ibo-Induced Memory Impairment. Acquisition of the
Morris water maze task in Ibo-lesioned groups is demonstrated in Figure 5. During the experiment, the latency to
escape diminished over time in lesioned and sham operated
groups (F2,445 = 26.310, P < 0.001). There was no
interaction between the group and the trials (F2,445 =
1.349, P = 0.212). Ibotenic acid severely impaired the latency
to platform in the probe test compared to sham group (37 ±
1.5 versus 3.8 ± 0.6 s P < 0.0001). Ibotenic acid had no significant eﬀect on speed of swimming (20 ± 0.82 versus 21.8 ±
1.5 cm/s). Two months after grafting the MSCs, rats learned
to find the platform quickly. As expected, the rats showed less

The purpose of this study was to evaluate the therapeutic eﬀects of transplanting MSCs in memory impairment
induced by aging and excitotoxic lesion of NBM. The aged
animals used in our experiment showed sever impairment in
spatial learning, attention, and memory. According to previous findings, cognition deficit in these animals correlates
with the degenerative decline of basal forebrain nuclei [8, 9].
It seems that using aged animals is appropriate to evaluate
memory function.
In the second part of our study, the infusion of Ibo into
the NBM produced significant disruption of the working
memory, which is in agreement with other studies indicating
association of this nucleus with working memory [35–37].
Cholinergic neurons of NBM projecting to the hippocampus
play major role in cognitive performance such as attention,
learning, and memory. It has been shown that infusion of
Ibo decreases cholinergic activities in the hippocampus and
frontal cortex [38] via hyperstimulation of the N-methyl-Daspartate receptor [39, 40].
Our data from both animal models shows that there is a
significant improvement in learning and memory following
MSCs transplantation. These results confirm the ultimate
objective of stem cells transplantation, which is achievement
of cognitive functional recovery. Since Ibo leads to specific
loss of somata of various neuron types without aﬀecting on
other surrounding cells, such as glia and endothelial cells or
even neural axons [39, 40], our data indicates that transplanted stem cells probably diﬀerentiated to neurons in hippocampus. It has been known that this area is a very sensitive
region of the brain that plays a pivotal role in encoding,
consolidating, and retrieving learning and memory [41].
Improvement of learning and memory in our study is in
agreement with previous studies using other sources of stem
cells including neural [42–44], olfactory [28], and umbilical
cord blood stem cells [27]. Nivet et al. [28] indicated that
transplanted olfactory MSCs not only stimulate endogenous
neurogenesis but also restore synaptic transmission and
enhance long-term potentiation. A study conducted by Lee
et al. [27] demonstrated that human umbilical cord blood
mesenchymal stem cells transplantation reduces glial activation, oxidative stress, and apoptosis in AD mouse brain and
consequently improves memory and learning.
Although the present study does not aim to study the
mechanisms underlying memory improvement, several
mechanisms could possibly contribute to the improvement
in learning and memory after stem cell transplantation in our
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Figure 2: Flow cytometry analysis of CD 105, CD 90, and CD 44 in rat MSCs. Results represent three independent experiments.
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Figure 3: Comparisons of the acquisition performance on the Morris water maze task among the three groups. The results are the mean
swimming time traveled per trial toward the platform. The mean values of the 16 trials for 4 days for each group are shown. Repeated
measures of ANOVA for the swimming time among the groups were followed by Tukey’s test. ∗ P < 0.05 and ∗∗ P < 0.01 as compared with
the corresponding data from the impaired +PBS group. Performance was assessed two months after the treatments.

experiments. One is the capability of these cells to add to the
pool of functioning neurons [24, 45–48] and integrating with
neighboring cells [1, 23, 26]. This mechanism needs to be
supported in the future studies by electrophysiological integration of the stem cells into the host circuitry. We initiated

behavioral tests two months after transplantation, which
provides enough time for mesenchymal stem cells to
develop synapses and electrophysiological response based on
observations in previous studies in other neurodegenerative
diseases and in vitro studies [45, 48]. Second possibility is
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(a)

(b)

Figure 7: Example of computer tracking from probe trial (90 s
duration). (a): “aged-impaired + PBS”; (b): “aged-impaired +
MSCs”. The rat of “aged-impaired” swims in a concentric pattern.

that stem cells may provide therapeutic utility by enhancing
the survival and activity of the existing neurons [46, 49]. Wu
et al. [17] in their review article stated that neural stem cells
release diﬀusible factors that may improve the survival of
aged and degenerating neurons in human brains [17].
Mesenchymal stem cells are very attractive in view of a
possible cell therapy approach in neurodegenerative diseases
because of their great plasticity. Recently, MSCs therapy has
been shifted to be used in some clinical trial models like
ALS [48, 49]. A phase I clinical trial conducted by Mazzini
confirmed that MSCs transplantation into the spinal cord of
ALS patients is safe and that MSCs might have a clinical use
for future ALS cell-based clinical trials [48].
In conclusion, MSC grafts reverse progressive cognitive
decline associated with aging and Ibo lesion in animal
models.
From a clinical point of view, considering low risk of
tumourigenesis [48, 50, 51] and less ethical issues with bone
marrow mesenchymal stem cells, these cells represent as
a valuable candidate source for transplantation therapy in
Alzheimer’s disease.
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Human mesenchymal stem cells (MSCs) communicate with other cells in the human body and appear to “home” to areas of injury
in response to signals of cellular damage, known as homing signals. This review of the state of current research on homing of MSCs
suggests that favorable cellular conditions and the in vivo environment facilitate and are required for the migration of MSCs to
the site of insult or injury in vivo. We review the current understanding of MSC migration and discuss strategies for enhancing
both the environmental and cellular conditions that give rise to eﬀective homing of MSCs. This may allow MSCs to quickly find
and migrate to injured tissues, where they may best exert clinical benefits resulting from improved homing and the presence of
increased numbers of MSCs.

1. Introduction
The promise of regeneration is what has sparked an international eﬀort to expand the field of stem cell research.
In particular, the study of mesenchymal stem cells (MSCs)
and their eﬀects on cellular degenerative diseases is rapidly
increasing. The role of MSCs in the modulation of the
immune response, immune system activity, and the body’s
response to inflammation and disease has been widely studied for many years [1–5]. Multiple studies have demonstrated
that cultured MSCs have the ability to diﬀerentiate into
bone and cartilage [6, 7] as well as other cell types and
tissues both in vitro and in vivo [2, 6, 8]. Among other
researchers, Ankrum and Karp demonstrated that MSCs
diﬀerentiate into osteocytes, adipocytes, neural cells, and
vascular endothelial cells [2].
Recent research, however, has shown that the environment plays a crucial role in limiting or expanding the
diﬀerentiation capacity of MSCs [9–13]. Lavasani et al. [13]
demonstrated that muscle stem cells from young mice conferred significant lifespan and healthspan extension in progeroid mice, which have stem cells defective in proliferation

and multilineage diﬀerentiation. Furthermore, microenvironmental changes regulate the potential of MSCs to
diﬀerentiate into specific cell types [14–17], and this eﬀect
on diﬀerentiation seems to be characterized by a variety of
factors not yet well understood, such as the length of telomeres of cells in the microenvironment [10, 18]. While bone
marrow MSCs (BMMSCs) were shown to have a decreased
lifespan, rate of population doubling time [19], actual bone
formation as patient age increased [14], adipose tissuederived MSCs (AdMSCs) do not appear to undergo the
same senescence pattern as BMMSCs [10, 18]. Mirsaidi et al.
[18] demonstrated that murine AdMSCs derived from senile
osteoporotic SAMP6 mice showed maintenance of telomere
length, telomerase activity, and osteogenic diﬀerentiation. In
addition, Chen et al. [10] demonstrated that human AdMSCs
from elderly (mean age: 71.4 years) and young (mean age:
36.4 years) donors showed similar increases in proliferation
rate, osteogenic diﬀerentiation potential, and senescence
marker patterns, while BMMSCs from the same cohorts
showed reduced proliferation rate, decreased diﬀerentiation
potential, and increased senescence. Ultimately, however,
the relationship between MSCs and their environment is

2
reciprocal. Just as the microenvironmental eﬀects on MSCs
can constrict their response to a bodily insult, MSCs can activate or deactivate immune system within the environment
[1, 5]. MSCs are sometimes referred to as “balancers” due to
the extensive research linking the presence and activity of
in vivo MSCs and homeostasis [20].
The notion of balance is somewhat circuitous; MSCs
appear to both rely upon and cocreate a network that facilitates constant communication between normal and damaged cells in the body [20]. MSCs are dispatched by what
might be metaphorically compared to a fire alarm, through
a signaling system that has been extensively studied but
remains not fully understood. In particular, the factors that
trigger MSC responses and the tools required for MSCs
to respond in a positive way to a particular insult to the
body remain largely unknown [21–25]. To eﬀectively fight
the fires in our bodies, an adequate supply of MSCs with
high potential are needed to, metaphorically, act as firefighters. Properly culture-expanded and engineered MSCs with
enhanced homing capability can ensure removal of the
damaged cells and increase the rate of regeneration when the
balance is disrupted in the body. Furthermore, strategies to
modulate the physiological barrier of blood vessels and the
lung, the inflammatory microenvironment of the body, and
the chemotactic signals from the damage site will enhance
MSC homing. A variety of strategies have been suggested
to enhance the homing of MSCs based on their well-known
characteristics.
In this paper, we will review the current understanding
of MSC migration and discuss strategies for enhancing their
traﬃcking to injured tissues to improve the clinical benefits
of MSC transplantation.

2. Characterization and Phenotype of MSCs
To explore the migration and homing of MSCs, first it
is necessary to describe the diﬀerences among the types
of MSCs and to identify the taxonomy of MSCs and
the range of their environments and behaviors. MSCs
are defined as multipotent cells with self-renewal capacity,
capable of diﬀerentiating into a variety of cells [26]. Since
the first isolation of MSCs from the bone marrow by
Friedenstein and colleagues [27], MSCs have been derived
from multiple tissues [2]. Since diﬀerent methods have
been employed to culture MSCs from multiple tissues,
to assess their diﬀerentiation potential and to evaluate
their capacity for self renewal, it is critical to set accepted
criteria for defining MSCs. Given the lack of universally
accepted criteria for defining MSCs, the Mesenchymal and
Tissue Stem Cell Committee of the International Society
for Cellular Therapy proposed a set of standards to define
MSCs for both laboratory-based scientific investigations
and preclinical studies [28]. These are: (1) plastic adherence ability; (2) lack of hematopoietic markers, such as
CD45, CD34, CD14, CD11b, CD79α, CD19, and HLADR; (3) tripotential mesodermal diﬀerentiation potency
into osteoblasts, chondroblasts, and adipocytes. Along with
mesodermal diﬀerentiation capability, MSCs were shown
to diﬀerentiate into cells of the ectodermal lineage such
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as neurons [29–31], keratocytes [32], and keratinocytes
[33], but also into cells of the endodermal lineage such as
hepatocytes [34, 35] and pancreatic β-cells [36]. Although
the diﬀerentiation capability of MSCs into cells of the
ectodermal and endodermal lineages has been demonstrated
in previous studies, MSC diﬀerentiation to these lineage cells
requires further investigation. Besides cellular diﬀerentiation, through an interaction with a series of signals from local
tissue, engrafted MSCs can secrete diverse cytokines, possess trophic and immunomodulatory functions, and subsequently contribute to tissue repair and/or regeneration [2].
MSCs are found in various tissues and organs, including
fat, periosteum, synovial membrane, synovial fluid, muscle,
dermis, deciduous teeth, pericytes, trabecular bone, infrapatellar fat pad, articular cartilage, umbilical cord and cord
blood [37, 38], and the placenta [39]. BMMSCs were first
isolated and used in disease indications [40]. Aspirating bone
marrow from patients is an invasive procedure [41] and
yields only low numbers of cells (about 1–10 cells per 1 × 105
cells or 0.0001–0.01% of all bone marrow nucleated cells),
requiring longer and more complex in vitro cellular expansion procedures [42]. However, Ohgushi et al. [43] demonstrated that BMMSCs cultured from 3 mL of aspirated bone
marrow obtained by noninvasive needle aspiration under
local anesthesia showed therapeutic eﬀects in treating osteoarthritis [43]. The therapeutic potential of BMMSCs was
influenced by donor age, showed declining diﬀerentiation
capacity, and reduced vitality in vitro with increasing donor
age [44]. Adipose tissue is an attractive source of MSCs for
stem cell therapy because it is easily obtainable in suﬃcient
quantities by a minimally invasive procedure [45, 46].
Furthermore, adipose tissue contains more MSCs than does
the bone marrow (about 100,000 MSCs per gram of fat) [47],
while diﬀerentiation and immunomodulatory potencies of
AdMSCs are equivalent to those of BMMSCs [46]. Of interest, a comparative study on the diﬀerentiation capability
between BMMSCs and AdMSCs was performed using cells
from the same donor rat. Hayashi et al. clearly demonstrated
an excellent osteogenic diﬀerentiation capability of BMMSCs
compared with AdMSCs derived from the same donor rat
[48].

3. Distribution of MSCs after Systemic Infusion
The distribution and migratory properties of systemically
injected MSCs is helpful in determining the metrics of homing eﬃciency. After intravenous delivery, MSCs are found
at low or very low frequencies in most target organs, as
shown by fluorescent protein labeling [49–52], transduction
of MSCs with reporter genes [53, 54], detection of human
genes in animal recipients [55–58], sex-linked chromosome gene for sex mismatch [59, 60], histology [51, 61],
immunohistochemistry [53, 54, 56, 57], real-time PCR [49,
59], and fluorescent in situ hybridization [59, 60]. For
instance, in baboons, by detecting transplanted cell-specific
DNA, Devine et al. [49] demonstrated a high number of
transplanted cells observed in gastrointestinal tissues and a
relatively high number of cells also observed in the kidney,
lung, liver, thymus, and skin. The levels of engraftment in
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these tissues were estimated, ranging from 0.1% to 2.7%
of the administered cells. In noninjury models, by detecting enhanced green fluorescent protein (GFP)-transfected
murine MSC, Deak et al. [52] demonstrated that the most
frequently GFP-positive organs were the lungs, liver, kidney,
skin, and gut among investigated tissues 24 h after MSC
transplantation. However, the aforementioned methods are
invasive and static, meaning the cells are not dynamically
tracked. To overcome these problems, non- or minimallyinvasive and eﬃcient real-time imaging techniques are
required. The development of noninvasive techniques such
as magnetic resonance imaging (MRI) on superparamagnetic iron oxide (SPIO) nanoparticle-labeled MSCs [62–64],
combined single-photon emission CT (SPECT)/CT scanning
[65], and quantum dot tracking [66, 67] has enhanced our
ability to investigate MSC homing as well as the behavior
and organ-specific accumulation of transplanted MSCs. MRI
cell tracking using SPIO is thought to be the lowest risk
alternative for monitoring stem cell activity in humans due
to the widely available data regarding the risk of MRI and the
fact that SPIOs are Food and Drug Administration approved.
Hsiao et al. [62] reported that MSCs were successfully labeled
with Ferucarbotran, a clinically used ionic SPIO, without the
aid of a transfection agent, and did not aﬀect cell viability,
proliferation, mitochondrial membrane potential change,
reactive oxygen species production, or diﬀerentiation capacity. Approximately 45.2% of labeled MSCs can be detected at
a single-level 3D gradient echo sequence and four repetitions
using 1.5T MRI. Reagan and Kaplan [64] reviewed the
details of MRI methods used to track cells and the potential
and challenges for each technique in clinical translation.
Using SPECT/CT imaging in an acute myocardial infarction
model, Kraitchman et al. [65] demonstrated that the initial
localization of BMMSCs was observed in the lung and the
cells moved to nontarget organs such as the liver, kidney,
and spleen within 24 to 48 h after infusion. An increase
in MSCs found in the infarcted heart tissue was observed
with a simultaneous decrease in the initial concentration of
MSCs in the lung 24 h after infusion, and MSCs persisted
until 7 days after injection. In addition, the labeling of
BMMSCs with bioconjugated quantum dots does not alter
the self-replication and diﬀerentiation potential of MSCs
into chondrogenic, osteogenic, and adipogenic cells [66],
and is very useful not only for tracking MSCs but also in
investigating the behavioral changes of cells when MSCs are
injected in combination with chemical compounds such as
drugs like heparin [67]. By imaging mice with acute liver
failure, Yukawa et al. [67] reported that within 10 min almost
all transplanted AdMSCs accumulated in the lungs in the
absence of heparin treatment. However, when heparin was
used in combination with AdMSCs, the accumulation of
the transplanted stem cells was found not only in the lungs
but also in the liver, and the accumulation increased by
about 30% in the injured liver. Collectively, studies using
diﬀerent methods for tracking MSCs have shown an initial
concentration of MSCs in the lung after transfusion [52, 65,
67–69], after which most MSCs moved gradually to injured
sites [52, 65, 67, 69] or to the liver, spleen, kidney, and bone
marrow [68].
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4. Migration and Homing Potential of MSCs to
Sites of Injury after Systemic Infusion
The ability to regenerate damaged tissues is a common characteristic of multicellular organisms. A cycle of apoptosis
and tissue regeneration exists in organisms, and stem cells
in and around damaged tissues play among the most critical
roles in wound healing and tissue regeneration [20]. It was
generally assumed that factors released upon tissue damage
or apoptosis mobilize and recruit stem and progenitor cells
to the damaged site, where they proliferate and diﬀerentiate, eventually replacing the damaged tissues [22, 25].
However, a lack of data exists concerning the mechanisms
driving MSC traﬃcking after intravenous, intraarterial, or
local intra-tissue application compared with the relatively
well-characterized leukocyte homing cascade [70]. Recently,
Karp and Leng Teo [24] defined MSC homing as the
“arrest of MSCs within the vasculature of the respective
tissue,” followed by transmigration across the endothelium.
Chemokines, cytokines, and growth factors released upon
injury provide migratory cues for systemically or locally
administered stem cells. The cues induce upregulation of
selectins and activation of integrins on the stem cell surface,
enabling cells to interact with the endothelium. Stem cells
subsequently adhere and transmigrate across the endothelial
layer into tissues. Regarding the homing capability of MSCs,
numerous studies have confirmed that systemically infused MSCs can migrate to injured, inflamed tissues and
exert therapeutic eﬀects [21, 23]. BMMSCs, delivered intravenously to rats following myocardial infarction localize in
the infarct region and improve ventricular function, while
MSCs delivered intravenously to noninfarcted rats localize
to the bone marrow [71]. In addition, localized abdomen
irradiation has been shown to significantly enhance MSC
homing specifically to radiation-injured tissues in mice [72].
Human AdMSCs infused by tail vein mobilized to celldamaged areas in an allergic rhinitis animal model [73].
Evidence confirms the involvement of chemokines or
growth factors as migratory cues in MSC traﬃcking to the
injured region [24]. The interactions of stromal cell-derived
factor-1α (SDF-1α) and C-X-C chemokine receptor type 4
(CXCR4) were found to mediate the traﬃcking of transplanted BMMSCs in a rat model of left hypoglossal nerve
injury. Inflammatory cytokines, transforming growth factor
(TGF)-β1, interleukin (IL)-1β, and tumor necrosis factor
(TNF)-α upregulate the production of matrix metalloproteinases (MMPs) in MSCs, resulting in a strong stimulation
of chemotactic migration through the extracellular matrix,
while the chemokine SDF-1α exhibited minor eﬀects on
MMP/tissue inhibitor of metalloproteinase (TIMP) expression and cell invasion [74]. BMMSCs are mobilized by
chemokines that are present in the supernatants of primary
cultures of human pancreatic islets culture in vitro and in
vivo [75]. Human AdMSCs migrate in response to a variety
of growth factors and cytokines including platelet-derived
growth factor (PDGF)-AB, TGF-β1, TNF-α, and SDF-1α
[76]. Of interest, in a previous study, human AdMSCs prestimulated with TNF-α showed enhanced migratory activity
compared to the nonpretreated control group [76]. These
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results indicate that enhancement of the homing capacity
of MSCs can be achieved by modulating the response of
MSCs to a variety of growth factors and cytokines, thereby
improving their therapeutic potential.

5. Homing Strategies to Enhance Efficacy and
Safety of MSC Therapy
Locally or systematically introduced MSCs have been used
for cellular therapy for a variety of indications. BMMSCs
have been used in a number of published interventions for
a range of therapeutic applications [77, 78]. Among other
applications, BMMSCs have been used to reduce clinical
symptoms of osteogenesis imperfecta [79] and to treat large
bone defects [80], in regenerative treatments to enhance
repair of pancreatic islets [81], and in infarcted myocardium
[82–84]. Furthermore, BMMSCs have been applied in a
variety of immunomodulatory treatments of autoimmune
diseases, including Crohn’s disease [85, 86], multiple sclerosis
(MS) [87], and rheumatoid arthritis (RA) [88].
Like BMMSCs, AdMSCs have been demonstrated in
clinical trials to be safe and suitable for introduction into the
human body following culturing [89–91]. Local or systemic
administration of AdMSCs was reported to have therapeutic
eﬃcacy in treating myocardial infarction [92], liver injury
[93], hypoxia-ischemia-induced brain damage [94], allergic
rhinitis [73], and muscular dystrophy [95]. Furthermore, the
immune regulatory ability of AdMSCs has warranted their
therapeutic application to treat immune-related diseases
including graft versus host defense (GVHD) [96], rheumatic
disease [97], and thyroiditis [98]. Systemic infusion of AdMSCs before transplantation of haploidentical hematopoietic
stem cells (HSCs) controls lethal GVHD reaction of allogenic
HSCs in mice [96]. Human AdMSCs reduced disease severity
in experimental autoimmune thyroiditis via downregulation
of Th1 cytokines and improved Th1/Th2 balance [98].
In humans, systemic administration of autologous human
AdMSCs is a promising alternative to treat patients with
autoimmune diseases including autoimmune ear disease,
MS, polymyositis, atopic dermatitis, and RA [99]. In each
of these therapeutic applications, the ability of stem cells
to home to the site of injury was critical to their in vivo
eﬀects on the symptoms or underlying pathologies of these
diseases.
Homing may provide an important clinical application of
MSCs in the future as a cellular vehicle for anticancer therapeutics in tumors [89]. Maestroni et al. [100] reported that
BMMSCs induced significant reductions in size and metastasis of lung cancer cells or melanoma cells in mice. Because
tumors release a range of cytokines and preferentially recruit
MSCs, stem cells may be used to deliver antitumor drugs in
a preclinical setting. Studeny et al. [101, 102] demonstrated
that BMMSCs transfected with IL-1β migrated to tumors
and exerted an anticancer eﬀect by secreting IL-1β. Khakoo
and his team [103] reported that a single injection of human
BMMSCs into the tail vein of immunocompromised mice
bearing Kaposi’s sarcoma suppressed tumor growth by more
than 50%, and two injections suppressed the growth even
further. Hakkarainen et al. [104] loaded MSCs derived from
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bone marrow and adipose tissue with oncolytic adenovirus
and injected the stem cells into the tail vein of mice bearing
lung and breast cancer cells. The authors found that the stem
cells did not home to tumors but increased the therapeutic
eﬃcacy in lung and breast cancer cells compared to the control group injected with the virus alone. In 2007, Kucerova
et al. [105] subdermally and systemically injected AdMSCs
overexpressing a cancer cell cytotoxic prodrug, cytosine
deaminase (CD), into mice bearing HT-29 colon cancer.
Direct migration of CD-AdMSCs to the colon cancer cells
was observed in vitro, and a significant inhibition of tumor
growth was observed by subcutaneously or intravenously
administered CD-AdMSCs in immunocompromised mice
treated with 5-fluorocytosine. Qiao et al. [106] reported
that human MSCs significantly inhibited the proliferation,
colony-forming ability, and oncogene expression growth in
malignant liver cancer cell lines, H7402 and Hep2, both in
vitro and in vivo through Wnt signaling pathway. There were
no cases of recurrence during the 100-day observation period
that followed. In 2009, Cousin et al. [107] demonstrated that
human AdMSCs strongly inhibit the proliferation of pancreatic ductal adenocarcinoma both in vitro and in vivo
through altering cell cycle progression, thereby inducing
tumor cell death. Canine adipose-derived stem cells loaded
with interferon-β in combination with an anticancer drug,
cisplatin, was shown to inhibit the growth of melanoma cells
in mice [108].
Although there may be a plateau between the number of
delivered cells and improvement of clinical outcome [54], a
higher number of infused MSCs are expected to give rise to a
higher number of engrafted MSCs and better functional outcomes [109, 110]. Below, several factors that aﬀect the homing potential of MSCs will be discussed, including the quality
of MSCs per se, the ability of MSCs to respond to migratory
stimuli, the physiological barrier blocking MSC migration,
and the inflammatory microenvironment of the body. A
variety of strategies are suggested to enhance the homing of
MSCs given their known homing characteristics.
5.1. Cultivating MSCs with Enhanced Migratory Ability by
Optimizing Cell Culture Conditions. Highly active MSCs or
progenitors are naturally attracted to signals that come from
sites of injury [25]. Thus, the culture process of MSCs
should maintain the characteristics of the donor/recipient’s
MSCs, that is, their homology. It has been demonstrated that
cell culture conditions including the passage number, confluency of the passaged cells, and oxygen concentration have
a significant impact on the expression of cell surface receptors of MSCs responding to migratory signals. The passage
number of MSCs aﬀects homing as MSCs have been shown
to gain or lose certain surface receptors during culture.
Freshly isolated MSCs display enhanced homing ability compared to their culture-expanded counterparts [111]. Homing receptors CXCR4, a chemotactic receptor for SDF-1α that
is upregulated in the bone marrow and in ischemic tissues,
is usually absent on the surface of culture-expanded MSCs
[8, 112–114]. However, treatment of MSCs with a cocktail of
cytokines in culture has been shown to induce high surface
expression of CXCR4 [115].
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The confluency of cultured MSCs prior to therapeutic
infusion also aﬀects migration potential. Lee et al. [116]
investigated the diﬀerences between low-passage and lowdensity cultures versus MSCs from expanding, near-confluent cultures. Six surface markers were found preferentially
expressed on early passage MSCs in low confluency cultures:
podocalyxin-like protein PODXL, CD49f, CD49d, cMet,
CXCR4, and CX3CR1. Sorting PODXLhi/CD49fhi cells with
specific antibodies resulted in selection of early MSC progenitors that were less prone to produce lethal pulmonary
emboli and increased homing to the heart in a murine
myocardial infarction model. De Becker et al. [117] demonstrated that high culture confluence inhibited transendothelial migration in MSCs by increasing the production of a
natural matrix MMP inhibitor, TIMP-3.
The oxygen level in cell culture conditions also influences
cell homing [118, 119]. Exposure of MSCs to hypoxic conditions increased CXCR4 and CX3 chemokine receptor 1
(CX3CR1) expression, which leads to increased migration
in response to SDF-1α. Grafting experiments using xenotypic chick embryo showed that cultured MSCs under
hypoxic conditions engrafted more eﬃciently compared with
cells from normoxic cultures [119]. Rosová et al. [120]
demonstrated that MSCs cultured in hypoxia activated the
Akt signaling pathway while maintaining their viability
and cell cycle rates. Hypoxic preconditioning also induced
expression of cMet, the major receptor for hepatocyte growth
factor, and enhanced cMet signaling. Migration rates are
also increased in hypoxia, and hypoxic preconditioning
increased MSC migration in Matrigel by upregulating MMPs
[121].
Although a number of strategies have been discussed
to improve culture conditions, the most critical aspect for
clinical application of MSCs is the safety of cultured cells.
Ex vivo expansion of MSCs for long-term culture alters the
characteristics of MSCs, including their proliferative capacity
[122], diﬀerentiation potential [123], and trophic activity
[124]. We previously provided substantial guidelines for
evaluating the safety of cultured MSCs by conducting in
vitro and in vivo assays under good laboratory practices [91].
These assays include sterility, immunophenotyping, diﬀerentiation potential, genetic stability test, in vivo toxicology, and
tumorigenicity tests in laboratory animals and in vivo safety
tests in the spinal cord of patients receiving 400 × 106 stem
cells intravenously.
5.2. Enhancing the Ability of MSCs to Respond to Migratory
Stimuli. To respond to migratory signals released in sites
of injury, MSCs must express surface receptors capable of
sensing those signals. Various studies to modify MSCs or to
enhance expression of surface markers have been explored
to enhance MSC migration. A key player in MSC migration
is the CXCR4-SDF-1α axis [24]. Many studies have focused
on ways to enhance the functional expression of CXCR4
in MSCs to migrate toward chemotactic SDF-1α secreted
at injury sites. Modification of CXCR4 expression with
retroviral overexpression, mRNA transfection of CXCR4GFP [125], and cytokine pretreatment especially TNF-α
resulted in increased migration toward SDF-1α in vitro [76,
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126]. Maijenburg et al. [127] investigated gene expression
profiles involved in the process of MSC migration and
found 12 diﬀerentially expressed genes in migratory MSCs
compared to nonmigrating MSCs. Among them, the nuclear
receptors Nur77 and Nurr1 showed the highest expression
in migratory MSCs. The expression of these receptors
rapidly increased under stimulation with SDF-1α and PDGFBB. Genetically engineered MSCs overexpressing Nur77 or
Nurr1 showed enhanced migration toward SDF-1α and
decreased cell proportion in S-phase cell cycle. Monocyte
chemoattractant (MCP)-1 is typically expressed at sites
of inflammation and can thus represent a model homing
chemokine [128]. GFP-labeled MSCs expressing the MCP1 receptor, chemokine receptor (CCR) 2, on the cell surface
were systemically infused into transgenic mice expressing
MCP-1 specifically in the myocardium. A higher frequency of
GFP-positive cells (20 cells/microscopic field) was observed
in the myocardium of the transgenic mice compared to
the hearts of control mice 7 and 14 days later. In another
study, the upregulation of the α4 subunit of the VLA-4integrin on MSCs using an adenovirus vector resulted in
successful dimerization with β1-integrin and increased the
homing ability of MSCs to the bone marrow by more than
10 fold as compared to nontransduced MSCs [129]. Since
human MSCs do not express E-selectin ligands, Sackstein
and colleagues enzymatically modified the native CD44 glycoform on MSCs into hematopoietic cell E-selectin/Lselectin ligand, resulting in increased MSC migration to the
bone marrow [117].
5.3. Modulating Physiological Barriers Blocking MSC Migration into the Site of Injury. Noninvasive administration of
stem cells is more convenient and compassionate than
invasive methods for cell therapy, particularly when the
patient suﬀers from degenerative conditions or has an autoimmune indication. Blood vessels are the primary route
through which MSCs circulate in the body. The vessels need
to be clear of debris and broken capillaries must be fixed in
order for the cells to travel to the appropriate sites in the
body. Thus, the body’s revascularization capacity must be
adequate. If the injured area is in need of further therapy,
more infused cells may be required. In these cases, the blood
vessels must be clot-free, allowing cells to reach the area
of injury during subsequent infusions. Furthermore, MSCs
must pass through physical lung barriers and transmigrate
into the tissue of injury. To solve the problems induced by
microvessels and the lung, Yukawa et al. [67] proposed a
combination of MSCs and heparin. When only MSCs were
injected systemically in the mice, almost all transplanted
MSCs were accumulated in the lungs. However, when the
mice were treated with heparin, accumulations decreased in
the lung and increased in the acute injured livers of these
mice.
When cultured MSCs are infused into the body, what
kinds of conditions can impair the ability of cells to reach
their final location at the injury site? Modulating the harmful
environment can improve the migration of MSCs into target
tissues. Sites of tissue damage undergo chronic or acute
immune responses, and MSCs migrating to these sites will
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encounter various immune cells in the local environment.
Thus, MSC cellular regeneration can be influenced by
immune cells in the damaged sites [130]. Liu et al. [130] presented findings that provide novel insight into how the host
immune systems communicate via interferon (IFN)-γ and
TNF-α with transplanted MSCs during bone formation and
repair. The authors demonstrated that systemic infusion of
regulatory T cells or local administration of aspirin markedly
enhanced the survival of BMMSCs and improved bone
regeneration of transplanted MSCs through suppression of
IFN-γ and TNF-α in damaged bone sites.
5.4. Stimulating the Target Site to Recruit MSC Mobilization.
In the acute phase of injury, factors released from damaged
tissues recruit blood cells and MSCs to repair the injured
site. In this regard, substantial evidence indicates that infused MSCs have higher engraftment eﬃciencies within sites
of inflammation or injury. François et al. [58] applied
total body irradiation (TBI) or TBI in combination with
additional local irradiation into the abdominal area or hind
leg of mice. The authors found that the engraftment level of
systemically infused MSCs was higher in mice subjected to
TBI compared to nonirradiated mice. Cho et al. [73] also
demonstrated that inflammatory stimuli of allergic rhinitis
induced the homing of intravenously administered hAdMSCs to cell-damaged areas. Taken together, the evidences
indicate that signals are required to recruit MSCs with high
eﬃciency, which is critical for improving the clinical benefits
of MSCs. However, in a variety of clinical indications, MSCs
are administered to damaged tissues at the subchronic or
chronic phases of injury, in which the migratory signals for
MSCs may be minimal or absent. Thus, exogenous stimuli
are necessary to recruit infused MSCs into subchronic or
chronic phases of injury sites for high eﬃcacy of MSC
therapy.
In this regard, electric stimuli can be a good candidate
directing MSCs migration to injured sites. Evidence demonstrates that electrical stimulation (ES) induces the migration
and stimulation of adult cells, including stem cells, and
improves the clinical benefit. Electrical current applied to
wounded tissue activates and migrates fibroblasts, which
play a critical role in wound healing [131, 132]. Gardner
et al. [133] performed a meta-analysis on the eﬀect of ES
on chronic wound healing in human patients and reported
that ES increased the rate of chronic wound healing to 144%
that of the control in 24 studies. In an animal model of
spinal cord injury, application of an electrical field (EF)
resulted in functional improvement [134]. On the basis of
the eﬀects of EFs on functional improvement in animal
models of spinal cord injury (SCI), Shapiro et al. [135]
applied weak EF stimulation in human SCI in a phase I trial
and reported considerable clinical benefit. Perry et al. [136]
applied degenerate electrical waveforms in the treatment of
skin scarring in 30 patients with over 140 scars with longterm pain and itching. After monitoring for 6 months, the
authors reported that ES treatment resulted in a clinically
and statistically significant reduction of symptoms and scar
scores. Zhao et al. [137] demonstrated that physiological EF
of ∼25 mV/mm in vitro directed the migration of cultured
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BMMSCs mainly to the anode. Increasing the EFs enhanced
the migration of the MSC and peaked the response at
300 mV/mL at a rate of 42 ± 1 μm/h, around double the
migration rate of the control (no EF). Of importance, EF did
not influence cell senescence, phenotype, or the osteogenic
potential of MSCs, regardless of passage number within the
range tested (P3–P10). Recently, it has been demonstrated
the combination of MSC transplantation with ES can be a
therapeutic tool to improve the eﬃcacy of transplantation.
Wu et al. [138] demonstrated that implanted spike wave
ES improved the survival of BMMSCs after transplantation
compared to BMMSCs transplantation or ES treatment alone
using an in vivo rat model of spinal cord injury. Furthermore, analysis of functional parameters demonstrated
improved functional recovery in the BMMSCs + ES groups.
Taken together, it can be hypothesized that applying ES
around injured sites can direct migration of exogenously
infused MSCs and enhance the migration of MSCs during the healing process. This hypothesis requires further
verification.

6. Conclusions
The eﬀorts of researchers to establish the safety of MSC
infusion and their eﬀects in vivo have led to the application
of MSCs for the treatment of various tissue degenerative indications in humans [99]. Thus far, most of the
procedures involve local administration or direct injection [http://www.clinicaltrials.gov/]. However, for conditions such as Alzheimer’s, Parkinson’s, liver disease, renal
failure, and autoimmune diseases, the delivery of MSCs by
systemic infusion can be minimally invasive and convenient.
To make a systemic infusion eﬃcacious, more MSCs are
needed by comparison to local delivery. MSCs can be
expanded via in vitro culture, which unfortunately presents
high costs. Thus, further research is required to understand
the factors aﬀecting the eﬃciency of MSC migration and to
determine strategies to remove harmful factors and improve
homing of MSCs to the area of injury. New strategies could
mean smaller quantities of MSCs necessary for infusion,
thereby attaining the intended therapeutic goal with greatest
eﬃciency and eﬃcacy. To achieve this goal, cell migration
and tracking studies must be conducted in various in
vivo environments along with in vitro laboratory studies.
Through these studies, optimized culture conditions can be
established to cultivate MSCs with enhanced homing ability
and expressing the appropriate homing receptor. This is also
essential to improve vascular conditions, so that introduced
cells can easily migrate to damaged sites. In addition, it is
critical to determine exogenous stimuli such as ES to recruit
infused MSCs into the subchronic or chronic injury sites.
Ultimately, the future of stem cell therapy depends, as does
so much of science in general, on understanding the nature
of responses to illness. Just as bees are naturally attracted to
flowers and men are attracted to women, the philosophy of
research of MSC migration and homing should focus on the
nature of life.
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Cardiovascular disease (CVD) is the leading cause of death worldwide. According to the World Health Organization (WHO), an
estimate of 17.3 million people died from CVDs in 2008 and by 2030, the number of deaths is estimated to reach almost 23.6
million. Despite the development of a variety of treatment options, heart failure management has failed to inhibit myocardial
scar formation and replace the lost cardiomyocyte mass with new functional contractile cells. This shortage is complicated by the
limited ability of the heart for self-regeneration. Accordingly, novel management approaches have been introduced into the field of
cardiovascular research, leading to the evolution of gene- and cell-based therapies. Stem cell-based therapy (aka, cardiomyoplasty)
is a rapidly growing alternative for regenerating the damaged myocardium and attenuating ischemic heart disease. However,
the optimal cell type to achieve this goal has not been established yet, even after a decade of cardiovascular stem cell research.
Mesenchymal stem cells (MSCs) in particular have been extensively investigated as a potential therapeutic approach for cardiac
regeneration, due to their distinctive characteristics. In this paper, we focus on the therapeutic applications of MSCs and their
transition from the experimental benchside to the clinical bedside.

1. Introduction
Ischemic heart disease and congestive heart failure together
are identified as the leading cause of death worldwide [1].
Myocardial infarction (MI, aka heart attack) occurs as a
result of cardiomyocytes death leading to loss of viable
myocytes, which lack endogenous repair mechanisms. If left
untreated, it will lead to fibrous scar formation replacing
the damaged myocardium with subsequent congestive heart
failure (CHF) [2]. Despite, the development of a wide array
of treatment options, heart failure management has failed
to replace the lost cardiomyocyte mass with new contractile
cells. The main challenge facing treatment options is the

limited ability of the heart for self-regeneration [3]. This
led to the introduction of gene- and cell-based therapeutic
approaches to treat the damaged heart [4].
In an attempt to replace cardiomyocytes lost after
ischemia, cellular therapy/cardiomyoplasty has been rigorously investigated in the last few years due to the potential
benefits in patients with a variety of cardiac diseases such as
acute MI, stable coronary artery disease, and heart failure
[5]. The goals of cell-based therapies for cardiac diseases
are reliant on the primary pathology, whether it is myocardial ischemia, cardiac dysfunction, or both. In myocardial
ischemia, cellular transplantation is expected to provide a
renewable source of proliferating, functional cardiomyocytes
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and simultaneously trigger neovascularization in order to
provide a novel network of blood vessels to support and
nourish the newly forming cardiomyocytes [4]. Experimental evidence has recognized numerous stem, progenitor, and
mature cells that can induce these mechanisms in vivo,
including embryonic stem cells (ESCs), unfractionated bone
marrow cells (BMCs) and mononuclear cells (BMMNCs),
hematopoietic stem cells (HSCs), mesenchymal stem cells
(MSCs), endothelial progenitor cells (EPCs), cardiac progenitor cells, skeletal myoblasts, fetal cardiomyocytes, and
induced pluripotent stem cells (IPSCs) [6].
Embryonic stem cells (ESCs) are derived from the inner
mass of the developing embryo during the blastocyst stage.
Being the prototypical stem cell, these cells have exhibited
the highest potential for organ regeneration including the
heart [7, 8]. Recently, it has been reported that ESCs
can diﬀerentiate into cardiac precursor cells and stimulate
myocyte development [9]. On the other hand, their native
propensity for pluripotent proliferation increased the risk
of teratoma formation [10]. Another potential challenge for
their clinical use is immunological incompatibility as a result
of their allogenic origin [11]. In addition, some social and
ethical concerns have been raised due to the methods by
which they are obtained [8].
Unlike pluripotent embryonic stem cells, adult stem
cells exhibit a limited capability of diﬀerentiation. The
bone marrow represents a classic adult stem cell source,
containing diverse cell populations (e.g., HSCs, EPCs and
MSC) that are able to migrate and transdiﬀerentiate into
distinct phenotypes. However, the ability of these cells to
diﬀerentiate into cardiac myocytes is indecisive [12–15].
Additionally, hematopoietic stem cells (HSCs) are normally
recognized by the expression of CD34+ and CD133 cell
surface markers. HSCs have been broadly investigated and
successfully used clinically for bone marrow transplantation in a variety of hematologic disorders [16]. On the
other hand, endothelial progenitor cells (EPCs) represent
a heterogeneous population of cells that mainly exist in
the bone marrow (BM). These cells are thought to induce
neovascularization, possibly playing a vital role in vascular
homeostasis and even myogenesis [17].
Skeletal myoblasts (SM) were the first cells to evolve into
clinical trials and injected into the ischemic myocardium
[18]. Despite the great potential that these cells had on
MI patients, the clinical trial was shut down due to the
development of serious ventricular arrhythmias in the
myoblast-injected hearts [19]. Even though enhancements in
left ventricular (LV) function and volumes were reported,
they were not sustained [20–22]. Cardiac stem cells or
progenitor cells are the other cell types that have been
identified in human and mammalian hearts; these cells can
be obtained from surgical or endomyocardial biopsies and
clonally expanded in vitro. The exact origin of these cells
whether intracardiac or extracardiac is unknown and needs
to be precisely determined by lineage tracing experiments
[23–27]. These cells exhibit a high proliferative potential, but
this does not seem to be suﬃcient to heal extensive injuries as
that of MI [28, 29]. Recently a novel population of stem cells,
known as induced pluripotent stem cells (iPSCs), with the
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characteristic properties of embryonic stem cells (ESCs) but
derived from regular somatic cells such as adult fibroblasts
were discovered. These human-stimulated pluripotent stem
cells are developed through nuclear reprogramming, transduction of stemness factors, and the ectopic expression of
pluripotency genes into fibroblasts [30–35]. This innovative
approach oﬀers an alternative source of stem cell lines with
cardiogenic potential without the conflicts of using eggs or
embryos [16]; however the clinical applications need to be
further established [36, 37].
As described above stem cell-based therapy displays
exciting promises for regenerating the damaged myocardium
and treating heart failure. However, the optimal cell type
to achieve this goal needs to be further investigated. MSCs,
due to their distinctive characteristics properties, have been
extensively investigated as an appealing therapeutic approach
for cardiac regeneration. In this paper we will focus on the
therapeutic applications of MSCs and their transition from
the experimental benchside to the clinical bedside.

2. Mesenchymal Stem Cells
In the 1970s, Friedenstein et al. showed that the bone
marrow contains a population of HSCs and an infrequent
population of stromal cells, which are now known as
mesenchymal stem cells (MSCs) [38]. They were the earliest
researchers to display the capability of MSCs to diﬀerentiate into mesoderm-derived tissue and to recognize their
significance in regulating hematopoiesis [39]. In the 1980s,
diﬀerent research groups further established that MSCs can
diﬀerentiate into osteoblasts, chondrocytes, and adipocytes
[40, 41]. Later in the 1990s, Wakitani et al. demonstrated
that MSCs can diﬀerentiate into a myogenic phenotype [42].
In 1999, Kopen et al. revealed that MSCs are even able
to transdiﬀerentiate into ectoderm-derived tissue [43]. In
the same year, Makino et al. reported for the first time
the ability of mouse BM-derived MSCs to specifically form
cardiomyocytes in vitro [44], and later on Toma et al. showed
the same findings in vivo [45].
Furthermore, MSCs also exert immunomodulatory
eﬀects, and they do not elicit an immune response on
allogenic transplantation due to the inhibition of T-cell
proliferation [46]. MSCs are shown to express HLA (human
leukocyte antigen) class I, but not HLA class II on their
cell surface membrane [47]. Undiﬀerentiated as well as
diﬀerentiated MSCs do not show proliferative lymphocytic
immune responses upon allogenic transplantation [47].
MSCs have also been recognized for their possible role in
prophylaxis and treatment of graft versus host disease [48,
49]. The immunomodulatory properties of MSCs further
permit them for their clinical large-scale production and
allogenic transplantation [50].
2.1. Sources, Definitions, and Types of Mesenchymal Stem Cells.
MSCs have been identified in almost every tissue type such as
brain, spleen, liver, kidney, lung, BM, muscle, skin, adipose
tissue, thymus, aorta, vena cava, and pancreas of adult mice.
MSCs might be located in all postnatal organs [51, 52]; yet
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the most abundant source is the BM [53]. So far, there is no
exact definition for MSCs; consequently, MSCs are generally
defined functionally, rather than by the existence of specific
surface markers [53]. MSCs adhere to cell culture dishes
without expressing the surface markers that distinguish
the HSCs [54]. Despite the variation in characterizing a
particular phenotype among diﬀerent studies, it is normally
accepted that MSCs are negative for CD11b, CD14, CD31,
CD34, and CD45. However, they are positive for CD29,
CD44, CD73, CD105, CD106, and CD166 [2, 55–58]. MSCs
are an infrequent population in the BM, representing about
0.001–0.01% of total nucleated cells [59]. In culture they
possess a spindle-shaped fibroblast-like appearance and the
capability of expanding noticeably in culture, sustaining
their multilineage potential [2]. These adherence criteria in
culture and potential of multilineage are the most frequently
established definitions of MSCs [53].
MSCs comprise several subpopulations, including, recycling stem (RS) cells, multipotent adult progenitor cells
(MAPCs), human BM-derived multipotent stem cells (hBMSCs), and cardiac stem cells known as cardiac stromal cells
(CStCs). Recycling stem (RS) cells represent the smallest,
highly dividing group of MSCs and are thought to be
the more primitive form [53]. Unlike MSCs, RS cells do
not express hematopoietic stem cell surface markers, but
they are unique compared to other MSCs in expressing
the stem cell factor receptor (c-kit) [60]. The multipotent
adult progenitor cells (MAPCs) are distinct from other MSCs
in being immortal in culture. MAPCs share with human
BM-derived multipotent stem cells (hBMSCs) their ability
to produce cell types from all three germ layers [61, 62].
hBMSCs were shown to engraft and diﬀerentiate to multiple
lineages in a rodent model of postinfarcted heart failure [63].
Recently, a trend towards using tissue specific stem cells has
led to the identification of a novel type of cardiac stem cells
known as cardiac stromal cells (CStCs) [64]. Rossini et al.
were able to exhibit the diﬀerentiation abilities of these CStCs
and the conventionally used bone-marrow-derived MSCs
[64]. In this study, they showed that despite the fact that
CStCs were less able to acquire the osteogenic and adipogenic
phenotypes, they were able to express cardiovascular markers
more eﬃciently. Moreover, CStC showed longer survival of
transplanted cells into the infarcted heart and better ability to
diﬀerentiate into cardiomyocytes than bone-marrow-derived
MSCs [64].
2.2. Therapeutic Applications of Mesenchymal Stem Cells in
Cardiac Regeneration. During the last decade, there has
been growing interest in MSCs as a therapeutic approach
for treating MI, in comparison with the other cell types
considered for cardiomyoplasty. MSCs have exclusive properties that may translate into convenient and extremely
eﬀective cell therapy [2]. MSCs can be easily isolated with
a high expansion potential in culture providing the large
numbers of cells required for transplantation within a
short period of time. Their characteristic properties include
the following: (1) genetic stability, (2) compatibility with
tissue engineering principles, (3) reproducibility of features
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between diﬀerent bone marrow isolates, (4) their potential to
trigger regeneration in various fundamental tissues including
the myocardium and neovascularization, (5) they have the
ability to home to the damaged tissue or inflammatory sites,
and (6) moreover their immunoregulatory properties could
allow their use as an allogenic treatment. MSCs can be
delivered systemically, for example, via IV injection, which
simplifies administration without the necessity for cardiac
catheterization laboratories. These cells can be readily transduced by a range of vectors and retain transgene expression
after in vivo diﬀerentiation, which might be used eventually
to enhance cell engraftment or the degree of diﬀerentiation
[2, 4, 53].

3. Mesenchymal Stem Cell Therapy: Benchside
In the field of MSC transplantation into cardiac tissue,
animal models mostly focus on fate, eﬃcacy, regenerative
mechanisms, and the safety of transplanted MSCs. In line
with the increased incidence of myocardial infarction, both
small and large animal models have been used in large
numbers, providing the proof of functional eﬀectiveness,
pathomechanisms, and safety of MSC transplantation [65].
In this context, it has been reported that BM cells were used
for the first time for cardiomyoplasty in 1999 by the laboratories of Tomita et al. [66]. In this paper, rats received autologous BMCs via direct intramyocardial injection at 3 weeks
after cryoinjury. Eight weeks postcryoinjury researchers were
able to identify transplanted BMCs in all animals. They
found that these cells expressed muscle-specific proteins that
were absent prior to implantation. Moreover, they reported
improvements in systolic and diastolic functions in animals
that received cells pretreated with the DNA-demethylating
agent 5-azacytidine (5-Aza), which has been established
to augment myogenic diﬀerentiation of pluripotent stem
cells [44]. Thereafter, numerous preclinical studies reported
improvement of left ventricular (LV) function, decreased
infarct size, and decreased mortality rate after transplantation of MSCs in mice [65, 67–71], rats [72–79], swine [80–
92], canine [93, 94], and sheep [78, 95] after acute or chronic
MI. These enhancements were observed even with minimal
percentage of cells exhibiting cardiomyocytes diﬀerentiation
[65, 70, 94] (Table 1).
Due to the anatomical similarity to the human heart,
swine heart has been chosen as a model for studies related
to MI and general cardiovascular studies [96]. This model
has been used to acquire significant information on the
tracking of transplanted MSCs in healthy and infracted
myocardium and the immediate and long-term eﬀects after
engraftment [97]. In the swine model, Shake et al. reported
strong engraftment of labeled MSCs along with coexpression of numerous muscle-specific proteins as early as two
weeks after intramyocardial implantation. This study proposed that the diﬀerentiation of MSCs into cardiomyocytelike cells occurs two weeks after transplantation, followed
by a significant improvement of contractile dysfunction
and wall thinning [92]. A similar study by Schuleri et
al. showed that intramyocardial transplantation of MSCs
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Table 1: Eﬀects of MSC therapy on both small and large animal models of MI. MI, myocardial infarction; DI, direct intramyocardial
injection; IV, intravenous infusion; IS, in situ injection; TESI, transendocardial stem cell injection; IC, intracoronary infusion; LV, left
ventricular; EF, ejection fraction; ESV, end-systolic volume; EDV, end-diastolic volume; ↑, increase; ↓, decrease. ∗ The monolayered cell
graft was placed on a plastic sheet and applied face down onto the surface of the infarct area. The plastic sheet was then carefully removed,
leaving the monolayered cell graft on the surface of the heart.
Species/model

Dose

Results

Reference

Mice
0.5–5 × 105 (DI)

↓ Both infarct size and fibrosis at 2 weeks

Kudo et al. [68]

Acute MI

5

3 × 10 (DI)

↑ Cardiac function at 4 weeks

Fazel et al. [65]

5

Acute MI
Acute MI

5 × 10 (DI)

↓ Infarct size; ↑ cardiac function at 3 days

Noiseux et al. [70]

Acute MI

1 × 106 (DI)

↑ LVEF at 2 and 4 weeks

Nakamura et al. [69]

Acute MI

6

1 × 10 (DI)

↑ Cardiac function at 1 month

Shiota et al. [71]

Acute MI

2 × 105 (DI)

↑ LVEF and LV function at 2 weeks

Grauss et al. [67]

Acute MI

5 × 106 (DI)

↓ Cardiac remodeling; ↑ cardiac performance at 2 weeks

Mangi et al. [77]

6

Rats
Acute MI

5 × 10 (IV)

↑ Cardiac function; ↓ infarct size at 4 weeks

Nagaya et al. [79]

Acute MI

2 × 106 (DI)

Transient global LV function improvement at 4 weeks

Dai et al. [73]

Acute MI

2 × 106 (DI)

↓ Fibrosis; ↑ cardiac function at 8 weeks

Berry et al. [72]

Acute MI

Cell graft∗

Reversed wall thinning; ↑ cardiac function at 8 weeks

Miyahara et al. [78]

Acute MI

6

6 × 10 (DI)

↑ LVEF; ↓ infarct size at 3 weeks

Li et al. [76]

Acute MI

1 × 106 (IS)

↑ LVEF; ↓ infarct size at 30 days

de Macedo Braga et
al. [74]

Acute MI

5 × 106 (DI)

↑ LVFS; ↓ fibrosis at 4 weeks

Imanishi et al. [75]

6 × 107 (DI)

↓ Wall thinning in the scar area; ↑ cardiac function at 4 weeks

Shake et al. [92]

Swine
Subacute MI

8

Acute MI

2 × 10 (TESI)

↓ Necrotic myocardium; ↑ cardiac performance over 8 weeks

Amado et al. [80]

Chronic MI

2 × 108 (DI)

Preserved LVEF at 60 and 90 days post-MI

Makkar et al. [86]

Acute MI

2 × 108 (TESI)

↓ Infarct size at 1 and 8 weeks; restored contractile function

Amado et al. [81]

8

Acute MI

3.2 × 10 (IV)

↑ LVEF; ↓ hypertrophy at 3 months

Price et al. [87]

Subacute MI

6.3 × 105 (TESI)

↓ Scar size; ↓ EDV; ↑ LVEF at 10 days

Gyongyosi et al. [82]

Chronic MI

1–10 × 106 (IV)

Acute MI

0.24–4.4 × 108 (TESI)
7

↑ Vasculogenesis; ↑ regional perfusion; no change in LVEF at

12 weeks
↓ Scar size; no change in LVEF at 12 weeks

Halkos et al. [83]
Hashemi et al. [84].

Acute MI

1 × 10 (IC)

↑ EF; ↓ scar size at 8 weeks

Qi et al. [88]

Acute MI

2 × 108 (TESI)

↑ Myocardial blood flow at 1 week; ↑ LV function at 8 weeks

Schuleri et al. [90]

Chronic MI

2 × 108 (TESI)

↓ Scar size; ↑ EF; ↑ regional contractility; ↑ myocardial
perfusion over 12 weeks

Quevedo et al. [89]

Chronic MI

0.2–2 × 108 (DI)

↓ Scar size; ↑ EF; ↑ regional contractility; ↑ myocardial
perfusion at 12 and 24 weeks

Schuleri et al. [91]

Acute MI

0.75–1 × 108 (TESI)

↓ Scar size; ↑ EF at 2 and 8 weeks

Hatzistergos et al.
[85]

Chronic
ischemia

1 × 108 (DI)

↓ Fibrosis; ↑ LVEF at 60 days

Silva et al. [94]

Subacute MI

1 × 108 (IC/TESI)

↑ EF; ↓ myocardial ischemia; ↓ EDV and ESV at 21 days
post-MI

Perin et al. [93]

25–450 × 106 (DI)

↓ Infarct expansion; ↑ vascular density in the border zone; ↑
EF; ↓ EDV at 8 weeks

Hamamoto et al. [95]

Canine

Sheep
Acute MI
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resulted in a significant increase of LV function eight
weeks after transplantation [90]. These improvements were
preceded by an early enhancement of resting myocardial
blood flow after one week, which was confirmed by an
increase in vessel size in the MSC group versus the control
groups. These observations suggest that transplantation of
MSCs can ameliorate cardiac function by reducing infarct
size, triggering neovascularization and cardiomyogenesis
(Table 1).
The optimization of safety and possible procedures
for cell delivery are central issues to be considered in
cardiomyoplasty. By using large animal models (i.e., swine,
dogs, sheep), the majority of investigators have revealed
that the intramyocardial injection of progenitor cells across
the infarcted region is safe and possible [97]. For example,
experiments on the swine model showed that intramyocardial injection of MSCs (range: 104 –108 cells) is safe and
does not result in any obvious immune or toxic response
[92, 96, 98–100]. On the other hand, studies on dosedependent eﬀects have displayed no relevant results to date
[84]. Also, “oﬀ the shelf ” application of allogenic MSCs in a
swine safety study with repeated intramyocardial injections
of high doses of MSCs (up to 800 × 106 cells) was devoid of
adverse eﬀects in terms of sustained ventricular arrhythmia,
anaphylaxis, or myocardial damage [101]. Additionally, the
procedural safety of the intramyocardial injection process
was demonstrated in a canine chronic ischemia model. Dogs
that received intramyocardial injections of MSCs (1 × 108
total cells) tolerated the procedure without exhibiting any
complications such as cardiac arrhythmias or myocardial
damage [94].
On the other hand, intravenous infusion of MSCs in
swine changed the electrophysiological properties of the
myocardium [87]. In this study, there was significant increase
in cardiac function and decrease in eccentric hypertrophy;
however, there was also a shortening in epicardial eﬀective
refractory periods in MSC-treated animals in comparison
with placebo. Shortened eﬀective refractory periods might
trigger ventricular tachycardia [102] and increase the possibility of MSCs to trigger proarrhythmic remodeling. In
contrast to these observations in swine, intravenous infusion
of allogenic MSCs in humans with acute MI revealed fewer
ventricular arrhythmias than in those with placebo infusion
[103]. These studies revealed that intravenous allogenic
MSCs are safe in patients with acute MI. Likewise, MSC
therapy in other clinical trials was not associated with any
adverse eﬀects [104, 105].
In addition to cardiac arrhythmia and myocardial damage, a number of reports have raised concerns about tumor
formation as a result of using BM-cultured MSCs. In these
reports murine-derived BM-MSCs exhibited chromosomal
abnormalities that led to tumor formation in many organs
[106, 107]. In addition, a recent report revealed that both
MSCs and BM-derived stem cells have been associated with
calcification and probably ossification of the heart in a
murine model of MI [108]. In contrast to these observations,
numerous large-animal preclinical studies displayed the
safety of MSCs therapy and are devoid of tumor formation or
ectopic tissue growth [80, 81, 83–87, 90, 91, 94]. Moreover,
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data from early-phase human studies using MSCs showed
no evidence of ectopic tissue growth [103–105]. Even so,
the data of tumorigenesis in murine models emphasizes
the necessity of persistent long-term monitoring of patients
treated with MSCs. Furthermore, other reports have shown
that intracoronary injection of MSCs in canine and swine
models of MI resulted in microinfarctions and slow coronary
arterial flow, respectively [109, 110]. Microvascular obstruction with intracoronary MSCs injection may be explained
by the fact that the size of MSCs is larger than other stem
cell types and their characteristic adherence to plastic in vitro
[53]. Nonetheless, this does not appear to be a problem in
the limited clinical experience, so far [53].
In summary, MSC therapy has been shown to be safe
and eﬀective in improving LV function, decreasing scar size,
and increasing myocardial tissue perfusion and angiogenesis
in post-MI small and large animal models. Yet, it is hard
to evaluate the impact of these preclinical studies on MI
patients. In regard to eﬀectiveness of MSCs, data displaying
a time-dependent retention, engraftment, migration, and
diﬀerentiation support the notion that MSC implantation is
an alternative therapeutic approach for ischemic heart failure
[97]. Considering procedural safety, it could be presumed
that the reliable security findings displayed by the swine
studies may be applicable to humans [111]. Nevertheless, it
is clear that further studies are needed.
3.1. Modification of Mesenchymal Stem Cells for Cardiac
Therapy. Regardless of the benefits of MSCs, clinical application of MSC-based therapy is restricted. This restriction
is attributed to the poor viability of the transplanted cells
in the myocardium [29]. Recent reports on a swine model
of MI displayed that only 5% of implanted MSCs can
survive for 14 days in the infracted myocardium [109]. In
addition, Toma et al. showed that the survival rate of the
implanted hMSCs in an intact mouse heart is less than 0.5%
at 4 days after transplantation [45]. Analogous outcomes
were also obtained from studies using diverse cell types.
Accordingly, cell viability posses a major obstacle for any cellbased therapeutic strategy in the infarct heart [29]. Secondly,
reactive oxygen species (ROS) is known to be a key mediator
in cardiac dysfunction. ROS is known to hinder cell adhesion
and stimulate cell detachment and death [112–115]. Third,
the grafted cell may encounter ischemic conditions lacking
nutrients and oxygen and consequently aﬀecting cell viability
[116, 117]. On the other hand, myocardial injury has
been shown to generate a strong inflammatory response
followed by production of oxygen-derived free radicals and
inflammatory cytokines that trigger cell death and initiate
apoptosis [118]. Despite all these, MSCs may react diﬀerently
in the allogenic settings due to their previously described
immunomodulatory eﬀects on inflammatory cells [29].
To overcome the low cellular survival and transdiﬀerentiation strength of MSCs after transplantation, several
strategies have been proposed for MSCs manipulation
(Figure 1). Pretreatment with growth and diﬀerentiation
factors to expand the stem cells and facilitate their engraftment into cardiac tissues has been attempted [25, 119–
121]. Also pretreatment with pharmacological agents such as
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estrogen, which influences myocardial remodeling through
stimulating growth hormone production in BM-MSCs and
EPCs [122] or through atorvastatin which enhances cell
survival and diﬀerentiation into cardiomyocytes [123]. More
recently, our group has demonstrated that combined treatment of rats with stem cells and pharmacological hyperbaric
oxygen (HBO) treatment led to enhanced cell engraftment
and decreased fibrosis at four weeks after transplantation
[55, 124]. Furthermore, stem cell preconditioning prior to
transplantation, such as hypoxic preconditioning, has been
shown to activate the Akt signaling pathway and the heat
shock protein (Hsp-70), therefore, maintaining cell viability
and cell cycle rates [125, 126]. Moreover, overexpression of
anti-cell-death signals or signals that improve cell adhesion
resulted in better recovery and adhesion after transplantation
[76, 77, 127–137].
Additionally, recent studies have shown that microRNAs
(miRNAs) are one of the key modulators in stem cell
diﬀerentiation. MiRNAs regulate gene expression in stem
cells that control its fate, function, and behavior. The
most important change in ESCs by miRNAs is the cell
diﬀerentiation, it was shown that miR-21, miR-134, and miR470 target certain genes to promote cell diﬀerentiation [138–
140]. At the same time, stem cell transcription factors and
silencing complexes bind to miRNAs promoter region and
regulate their expression during early cellular diﬀerentiation.
In murine ESCs, the most abundant miRNAs was miR-17-92
cluster and miR-302 that have been key regulators of cellular
proliferation [141–143]. It is worth mentioning that these
miRNAs are involved in maintaining DNA methylation and
facilitating repression and overexpression of certain genes
through diﬀerentiation and development [144]. Recent findings have shown that miR-150 regulates the mobilization and
migration of bone marrow mononuclear cells by targeting
CXCR4 [145].

4. Mesenchymal Stem Cell Therapy: Bedside
For any particular type of cell-based therapy to be translated
from the preclinical benchside to the clinical bedside, Murry
et al. [146] proposed specific criteria; first preclinical revelation of safety and eﬃcacy should be evident reproducibly
in manifold laboratories. The inability of professionals in
a well-controlled laboratory to reproduce certain finding
means that the probability of such treatment to succeed
in the more capricious world of human clinical trials is
low, understanding the mechanisms of action to a logical
extent is also necessary, and especially the mechanisms by
which cell therapy causes functional improvements will help
in designing rational experimental and/or clinical studies
to improve the treatment eﬀectiveness. Cell-based therapy
should be validated in a scaled-up, physiologically pertinent
large animal model whenever possible. Regardless of the
advantages of small animals, several features of human
cardiovascular physiology cannot be reproduced in these
animal models. For instance, recognition of pacemaker
activity in stem cell transplants could be prevented by the
high heart rate of mice or rats, while implanting the same
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cells into a larger animal model such as dogs, pigs, or sheep
could allow the detection of such complications [146].
Although the exact mechanisms of MSCs therapy are
not well defined, prosperity of preclinical studies showing the feasibility, eﬃcacy, and safety of such therapy as
mentioned above paved their way to enter the clinical
trials for human cardiac regeneration. However, variations
among diﬀerent laboratories in using diverse sources of
tissues, methods of extraction, protocols for culturing, and
tools for characterization led to many debates about the
characteristics and potencies of MSCs. These disparities may
cause isolation and expansion of distinct subpopulations of
cells or may alter the cell characteristics [147]. For example,
comparing MSCs cultivated in human supplements to those
cultured in fetal bovine serum (FBS) demonstrated that FBS
modifies the expression of genes involved in diﬀerentiation
and adhesion/extracellular matrix to some extent [50, 147].
Furthermore, insuﬃciency of MSCs regularly necessitates ex
vivo expansion; however, widespread expansion may result in
futile or collapsed cells [148].
Further, clinical trials using MSCs that are obtained and
characterized by a number of diverse protocols may limit
the reproduction or the elucidation of the clinical findings
[149]. Therefore, the challenge for researchers intending to
produce MSCs for clinical trials is to delineate the finest
cell culture conditions for eﬃcient isolation and ex vivo
expansion of homogenous MSCs along with maintaining
the cellular characteristics needed for the planned clinical
application and diminishing possibilities of undesirable
side eﬀects at the same time [50]. This requires that the
whole MSC manufacturing process from starting material
until potency testing for the planned clinical application
should be extremely standardized to obtain the required and
reproducible cellular characteristics and potencies [50]. In
this regard, using adult stem cell types in clinical studies,
normally, needs formal approval by the respective regulatory
body. This approval entails that cellular products should
be manufactured, processed, and tested according to the
present national guidelines, including present good tissue
practice (GTP), good manufacturing practice (GMP), and
good clinical practice (GCP). Applying these regulatory
frameworks on the cellular products will guarantee the safety,
purity, and potency of these products and the feasibility of
their use in clinical application [50].
In comparison with the BMCs, the clinical involvement
of MSCs for cardiac regeneration remains in its early stages
and only a few number of phase I/II clinical studies have
been reported [150]. Table 2 summarizes some of the MSC
clinical trials in diﬀerent cardiac pathologies including MI,
chronic ischemia, and heart failure. In 2004, Chen et al. [104]
investigated for the first time the outcomes of intracoronary injection of autologous BM-MSCs (8–10 × 109 cells)
in acute MI patients. At three-month followup, marked
enhancements in myocardial perfusion, LV ejection fraction,
and LV chamber dimensions were evident in MSC-treated
patients in comparison with placebo. Notably, this paper
displayed that MSC therapy is safe and devoid of deaths
and arrhythmias during the follow-up period. Similarly,
in 2005, Katritsis et al. [151] investigated the eﬀect of
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(I) Gene overexpression

(1) ↑ Capillary density; ↓ infarct size and apoptosis
(2) ↑ Antiapoptotic genes and angiogenesis

1

(3) ↑ Adhesion and cell survival

Viral transduction

Transfection:
1
(1) Bcl-2 (Li et al., 2007)
(2) FGF-2 (Song et al., 2005)
(3) tTG (Song et al., 2007)
(4) VEGF (Markel et al., 2008)
(Yang et al., 2007)

(4) ↑ Myocardial recovery and ↑ myocardial perfusion

(1) ↓ Infarct size; ↑ cardiac function and cell survival
(2) ↑ Functional and structural improvements

(1) Akt (Mangi et al., 2003)
(2) Akt, Ang-1 (Shujia et al., 2008)
(3) CXCR4 (Cheng et al., 2008)
(4) HO-1 (Zeng et al., 2008)
(5) ILK (Song et al., 2009)
(6) TNFR (Bao et al., 2008)
(7) VEGF (Gao et al., 2007)
(Matsumoto et al., 2005)

(3) ↑ Cardiac function and cell survival
(4) ↓ Apoptosis; ↑ microvessel and cardiac function

2

3

(5) ↑ Adhesion; ↓ infarct size

(III) Preconditioning

Intramyocardial delivery
(1) ↑ Cardiac protection and function
(2) ↑ Survival of engraftment

3

Infarct heart

4

(I) Pretreatment

(1) ↓ Infarct size and apoptosis; ↑ cardiac function
(2) ↑ Antiapoptosis, angiogenesis, and cardiac function
(3) ↑ Engraftment, di ﬀerentiation and cardiac function
(4) ↓ Apoptosis; ↑ engraftment and vascular density
(1) ↑ Cell survival
(2) ↓ Remodeling and fibrosis
(3) ↑ Engraftment and cardiac function

5

(1) Hypoxia (Gnecchi et al., 2006)

(7) ↑ Angiogenesis; ↓ infarct size

(2) Heat shock (Maurel et al., 2005)

2

(6) ↑ Cardiac function

4

5

Modulated factors

Pharmacological

(1) BMP-2, IGF-1, FGF2
(Hahn et al., 2008)
(2) HGF (Guo et al., 2008)
(3) IGF-1 (Kofidis et al., 2004)
(4) SDF-1 (Pasha et al., 2008)

(1) Atorvastatin (Yang et al., 2008)
(2) Estrogen (Ray et al., 2008)
(3) Hyperbaric oxygen therapy
(Khan et al., 2009, 2012)

Figure 1: Illustration of MSC modifications and its eﬀect after transplantation on engraftment, cell survival, apoptosis, cardiac function,
fibrosis, and angiogenesis in animal models of MI.

Table 2: MSC clinical trials in MI, chronic ischemia, and heart failure. MI, myocardial infarction; IC, intracoronary infusion; DI, direct
intramyocardial injection; IV, intravenous infusion; TESI, transendocardial stem cell injection; EMG; electromechanical guidance; LV, left
ventricular; EF, ejection fraction; ESV, end-systolic volume; EDV, end-diastolic volume; ↑, increase; ↓, decrease.
Group

Condition

Dose (cells)

Followup
(months)

Chen et al. [104]

Acute MI

8–10 × 109 (IC)

3

↑ Myocardial perfusion, ↑
LVEF, and ↓ LV chamber

4

↓ Wall motion score index
and ↑ myocardial viability

Results

dimensions
Katritsis et al. [151]

Anteroseptal MI

2–4 × 106 (IC)

and contractility
Mohyeddin-Bonab et al.
[153]
Osiris therapeutics [146]
Hare et al. [103]
Williams et al. [105]
Bartunek et al. [154]
(C-CURE)

Old MI
Acute MI
Acute MI

2.1–9.1 × 106 (IC)/(DI)
(IV)
0.5, 1.6, and 5 ×

6
106

(IV)

Chronic ischemic
10 repeated injections of 0.5 mL
cardiomyopathy secondary to MI
of cell suspension (TESI)
Heart failure secondary to
ischemic cardiomyopathy

6–18

6–12 × 108 (EMG)

3
3–12
6

↓ Perfusion defect and ↑

LVEF
↑ Heart function and ↓

arrhythmic events
↑ LVEF and ↓ ventricular

arrhythmia
↓ Cardiac remodeling, ↓
ESV and EDV, and ↑
regional contractility
↑ LVEF and ↓ ESV and EDV
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a combination of intracoronary transplantation of BMderived MSCs and EPCs (2–4 × 106 cells) on tissue repair
in myocardial scars of patients with an anteroseptal MI. At
four-month followup, they reported a significant decrease
in wall motion score index and significant increases in
myocardial viability and contractility in stem-cell treated
patients compared to untreated controls. Moreover, the
investigators chose only five patients into their series who
had implantable cardioverter defibrillator (ICD) to examine
the potential proarrhythmic eﬀect of MSC therapy [152]. At
16–36-month followup, assessment of the ICD showed that
none of the MSCs-treated exhibited either sustained or nonsustained ventricular arrhythmia. Finally, they concluded
that intracoronary transplantation of MSCs and EPCs is
feasible, safe, and may participate in regional myocardial
regeneration following MI.
Mohyeddin-Bonab et al. [153] investigated the safety and
feasibility of MSCs therapy in a pilot study of eight patients
with old MI. MSCs (2.1–9.1 × 106 cells) were injected
either intracoronary in patients undergoing revascularization by percutaneous coronary intervention or by direct
epicardial injection in patients undergoing revascularization
by coronary artery bypass graft surgery. At 6–18-month
followup, they revealed smaller perfusion defect, better LV
ejection fraction, and enhanced heart failure functional class
without reporting any adverse side eﬀects. Therefore, MSC
therapy was described to be safe and feasible in patients
with old MI. In 2008, Osiris Therapeutics [146] announced
the preliminary results of the first clinical trial of MSC
transplantation for cardiac regeneration in the United States.
Patients received allogenic MSCs transplants by intravenous
infusion. At 6-month followup, MSC-treated patients exhibited improvement in the heart and lung function along with
decreased arrhythmic events compared to placebo group.
The researchers reported that such allogenic cell products
did not necessitate prolonged cell pretreatment handlings;
however they are readily accessible to fulfill the clinical
community requirements [150]. A recent study by Hare
et al. [103] performed a double-blind, placebo-controlled,
dose-ranging (0.5, 1.6, and 5 × 106 cells/kg) safety trial of
intravenous allogenic MSCs in acute MI patients. Results
of this study demonstrated the safety of such intervention
in post-MI patients. It also demonstrated a decrease in
ventricular arrhythmias, enhanced pulmonary function, and
increased LV ejection fraction in MSC-treated patients after
3 months.
In 2011, Williams et al. [105] examined the functional
eﬀects of transendocardial injection of MSCs in patients
with chronic ischemic cardiomyopathy secondary to MI. In
this study MSC-treated patients exhibited decreased cardiac
remodeling and enhanced regional contractility along with
decreased end-diastolic and end-systolic volumes, at 3
months following stem cell injection and continued up to
one year. Notably, there was no evidence of ectopic tissue
growth or sustained arrhythmias at one year after transplantation. This data indicates not only the safety of MSC
therapy for post-MI transplantation but also the eﬃcacy of
such therapy in modulating cardiac structure and function.
Most recently, Bartunek et al. [154] reported the results
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of the C-CURE clinical trial for the treatment of ischemic
cardiomyopathy. In this study, guided cardiopoietic-MSC
therapy was delivered to viable but defective myocardium
by electromechanical guidance. At 6-month followup, the
results showed significant enhancements in clinical performance and ejection fraction, compatible with improvement
in end-diastolic and end-systolic volumes in cardiopoieticMSC therapy group compared to controls. Importantly,
evidence of cardiopoietic MSC-induced arrhythmias or
toxicity was absent.
Furthermore, a number of other clinical trial eﬀorts
are on track. Consistent with the registered data from
http://www.clinicaltrials.gov, a web-based service by the
National Institutes of Health of the United States, there are
ten ongoing phase I/II trials to evaluate the eﬃcacy and/or
safety of MSCs therapy for cardiac regeneration in diverse
places in the world including the United States, Europe, and
East and South Asia (Table 3). These studies are using diﬀerent interventions for applying autologous and/or allogenic
MSCs in the treatment of diﬀerent cardiac pathologies such
as acute MI, chronic ischemic LV dysfunction secondary to
MI, and nonischemic dilated cardiomyopathy.

5. Future Perspectives of Mesenchymal Stem
Cell Therapy
Overall, preclinical and clinical data from animal models and humans have demonstrated the feasibility, safety,
and eﬃciency of MSCs therapy for cardiac regeneration.
Accordingly, MSC therapy assures myocardial repair for a
large number of heart failure patients; yet, there are several
aspects that still need to be resolved. This will need rigorous
investigation in the years to come [53]. Future studies should
focus on the eﬃciency of MSC therapy in animals at diﬀerent
ages (adult and old), instead of young adult animals only.
Investigating the eﬃcacy of MSC treatment combined with
standard post-MI therapies, such as angiotensin converting
enzyme inhibitors and beta-blockers, is also necessary to
maximize the therapeutic benefits. Subsequently, dose escalation studies will be required to optimize MSC therapy
before being considered as a potential clinical treatment. It
is also important to consider the potential benefits of MSC
therapy in nonischemic heart failure models rather than the
commonly used post-MI model [53]. Approaches to improve
engraftment and diﬀerentiation are required due to the low
retention of cardiac stem cells regardless of the delivery
method used. Moreover, the precise mechanism of action of
MSCs needs to be specifically defined; it is still not clear if
they work through paracrine signaling, cell fusion, cell-cell
interaction, diﬀerentiation to cardiomyocytes, neovascularization, and/or a combination of some or all of these eﬀects.
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Table 3: Ongoing clinical trials on MSCs: condition, intervention/dose, and followup in patients around the world
(http://www.clinicaltrials.gov).
World

Condition

Intervention

Time frame

Phase/Status

Chronic ischemic LV
dysfunction secondary to MI

10 and 20 intramyocardial injections
of 2 million MSCs (low dose) or 20
million (high dose)/0.25–0.5 cm3 for a
total of 20 million or 200 million cells,
respectively

6–18 months

Phase I/II (unknown)

Chronic ischemic LV
dysfunction and heart failure
secondary to MI

Transendocardial injection of
autologous human cells (bone marrow
or mesenchymal). 40 million cells/mL
delivered in either a dose of
0.25 mL/injection for a total of 100
million × 10 injections or a dose of
0.5 mL/injection for a total of 200
million × 10 injections

6–18 months

Phase I/II (unknown)

Chronic ischemic LV
dysfunction secondary to MI

Transendocardial injection of
autologous versus allogeneic MSCs. 40
million cells/mL delivered in either a
dose of 0.5 mL/injection × 1 injection
for a total of 20 million, a dose of
0.5 mL/injection × 5 injections for a
total of 100 million, or a dose of
0.5 mL/injection × 10 injections for a
total of 200 million MSCs

6–13 months

Phase I/II (active)

Nonischemic dilated
cardiomyopathy

Transendocardial injection of
autologous versus allogeneic MSCs. 20
million cells/mL delivered in a dose of
0.5 mL/injection × 10 injections for a
total of 100 million of MSCs

6–12 months

Phase I/II (active)

Chronic ischemic LV
dysfunction secondary to MI

10 and 20 intramyocardial injections
of 2 million MSCs (low dose) or 20
million (high dose)/0.25–0.5 cm3 for a
total of 20 million or 200 million of
autologous human MSCs, respectively

6–18 months

Phase I/II (unknown)

Chronic ischemic LV
dysfunction secondary to MI

Transendocardial injection of
autologous versus allogeneic MSCs. 40
million cells/mL delivered in either a
dose of 0.5 mL/injection × 1 injection
for a total of 20 million, a dose of
0.5 mL/injection × 5 injections for a
total of 100 million, or a dose of
0.5 mL/injection × 10 injections for a
total of 200 million MSCs

6–13 months

Phase I/II (active)

France (Europe)

Chronic myocardial ischemia;
LV dysfunction

Transendocardial intramyocardial
injections of 60 million autologous
MSCs

30 days–2 years

Phase I/II (active)

China (East Asia)

ST-elevation MI

Intracoronary human umbilical
WJ-MSC transfer

4 months–1 year

Phase II (active)

Korea (East Asia)

Acute MI

Intracoronary injection of single dose
of autologous bone-marrow-derived
MSCs (I million) cells/kg

6 months

Phase II (completed)

India (South Asia)

ST-elevation acute MI

A Single Dose of Intravenous infusion
of Allogenic MSCs

6 months

Phase I/II (active)

Florida (USA)

Maryland (USA)
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Mesenchymal stem cells (MSCs) spontaneously fuse with somatic cells in vivo, albeit rarely, and the fusion products are capable
of tissue-specific function (mature trait) or proliferation (immature trait), depending on the microenvironment. That stem
cells can be programmed, or somatic cells reprogrammed, in this fashion suggests that stem cell fusion holds promise as a
therapeutic approach for the repair of damaged tissues, especially tissues not readily capable of functional regeneration, such
as the myocardium. In an attempt to increase the frequency of stem cell fusion and, in so doing, increase the potential for cardiac
tissue repair, we expressed the fusogen of the vesicular stomatitis virus (VSV-G) in human MSCs. We found VSV-G expressing
MSCs (vMSCs) fused with cardiomyocytes (CMs) and these fusion products adopted a CM-like phenotype and morphology in
vitro. In vivo, vMSCs delivered to damaged mouse myocardium via a collagen patch were able to home to the myocardium and
fuse to cells within the infarct and peri-infarct region of the myocardium. This study provides a basis for the investigation of the
biological impact of fusion of stem cells with CMs in vivo and illustrates how viral fusion proteins might better enable such studies.

1. Introduction
Mesenchymal stem cells (MSCs) show promise for therapeutic recovery of function of damaged myocardium [1–
5]. MSCs home to injured tissues [6, 7] and contribute to
the structure or functional recovery of the myocardium via
(1) secretion of paracrine factors that can inhibit immune
responses [8] and/or facilitate angiogenesis [7, 9, 10], (2)
transdiﬀerentiation/metaplasia [11, 12], and (3) nuclear
reprogramming through fusion with resident cardiomyocytes (CMs) [13]. The latter has been largely dismissed since
the frequency at which fusion is detected is low relative to
the number of transplanted MSCs. However, recent studies
by us [14] and others [15–17] suggest that despite the low
frequency cell fusion still may exert a dramatic impact on
stem cell programming or reprogramming in the heart.

Cell fate determination was once thought to be unidirectional [18], that is, as progenitor cells diﬀerentiate
there is a progressive and permanent inactivation of specific
genes that allow for their potency. However, technological
advances suggest this is not strictly the case. Pioneering
experiments of nuclear reprogramming utilized cell fusion to
demonstrate that cytoplasmic elements of one fusion partner
can impact nuclear transcription factors of the other fusion
partner, inducing programming or reprogramming [19–21].
Later studies pinpointed specific transcription factors that,
when activated exogenously, can fully reprogram somatic
cells to an embryonic-like state [22–26]. Though successful
reprogramming has been realized with this tailored in vitro
approach, programming may require greater temporal control. Spontaneous physiologic cell-cell fusion is a temporally
and spatially regulated process essential for programming or
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diﬀerentiation of certain cell types [27, 28]. Thus cell fusion
may also confer a regulated transfer of transcriptional control
necessary to drive stem cell or progenitor cell diﬀerentiation
for repair of tissues in mature animals.
Cell-cell fusion occurs when the plasma membranes
of neighboring cells fuse to form a multinucleated cell.
To fuse, lipid bilayers of cell membranes must come into
very close contact, in the range of several angstroms. To
achieve this degree of close proximity, the two surfaces must
become at least partially dehydrated as water bound to the
membrane enhances polar repulsion of membranes. Next,
one or both bilayers must be destabilized in some way,
inducing a localized rearrangement of the bilayers. If both
bilayers are destabilized, an aqueous bridge is formed and the
cytoplasmic contents of both cells mix.
Destabilization of membranes can occur as the result of
physical stress (e.g., electrofusion) or chemical interference
(e.g., polyethylene glycol). Electrofusion utilizes short pulses
of electricity to mechanically disrupt the lipid bilayer of a
cell to form pores and if two disrupted membranes come
into contact, cell fusion may occur [29]. Unfortunately, this
process is toxic and the cells must be in contact with one
another at the time the electric field is administered. Laser
trapping prior to electrofusion has been used to more eﬀectively position fusion partners, however the process is low
throughput and cytotoxic [30, 31]. A less toxic, but also less
eﬀective and less reproducible approach uses polyethylene
glycol (PEG) [32, 33]. The exact mechanism of PEG-induced
fusion is unknown but is theorized to be due to either local
dehydration leading to unfavorable molecular packing of
the bilayer or to dehydration of the “water shell” near the
lipid bilayer, causing the water molecules between cells to
be displaced, thereby forcing the two membranes together
and subsequently fusing the cells [34]. This technique has
proven useful, but fusion only occurs during the time of
administration of PEG, thus cell delivery with PEG would
induce fusion immediately and nonselectively. A mechanism
that would better regulate fusion either to specific cells or
specific regions within tissues is necessary to study fusion in
vivo.
In nature, destabilization of cell membranes and subsequent membrane fusion utilizes the activation of specific
integral membrane proteins, termed fusogens. The primary
source of information about fusogen architecture, receptor
binding, and activation are from viruses. The most extensively characterized fusogens are influenza hemagglutinin
(HA) and human immunodeficiency virus type 1 envelope
protein (HIV-1 Env). Both fusion peptides are hydrophobic
and require proteolytic cleavage, but HA is activated under
acidic pH during endocytosis, while HIV-1 Env fuses at
neutral pH (reviewed in [35–37]). Less well-studied are the
fusogens required for eukaryotic cell fusion such as the fusion
of osteoclasts, myoblasts, and trophoblasts. The greatest
challenge has been establishing which proteins are true
fusogens and which proteins facilitate fusion by placing cells
in close proximity. Many putative fusogens have been shown
to be supporting proteins (i.e., essential for adhesion or
migration). The identification of true fusogens is so diﬃcult
that groups have proposed ranking schemes to clarify the
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nature and function of these proteins [28]. Because putative
fusogens for spontaneous stem cell fusion have not been
identified, developing alternative strategies to direct stem cell
fusion could augment our understanding of the biological
impact of such fusion.
Here we utilize viral machinery from vesicular stomatitis
virus (the glycoprotein, VSV-G), of the Rhabdoviridae family,
to induce heterotypic fusion between human MSCs and
mouse CMs in vitro and in an in vivo mouse model
of myocardial infarction. Following MSC-CM fusion, we
tracked the phenotype and morphology of fusion products
for one week in vitro and 3 weeks in vivo. VSV-G was
selected because it does not require proteolytic cleavage, is
the sole mediator of receptor binding and fusion, and is pH
dependent [38, 39]. In particular, VSV-G does not require
facilitating proteins to either dock to the host membrane
prior to fusion, or enzymes to prompt the activation of
the fusogen. Furthermore, the pH dependence of VSV-G
is advantageous as the local heart pH after acute ischemic
injury [40–42] is within the acidic range needed to initiate
a conformational change in VSV-G [38, 39]. In this way,
selective activation of VSV-G on transfected MSCs (vMSCs)
at the site of myocardial injury should induce local fusion
in situ, thereby increasing donor cell engraftment and
integration within the tissue and potentially facilitate cardiac
diﬀerentiation.

2. Materials and Methods
2.1. Cell Culture. MSCs derived from human embryonic
stem cells (MSCs from WA-09, a gift of Dr. Peiman Hematti)
and HL-1 cardiomyocytes (a gift of Dr. William Claycomb)
were expanded and cultured as previously described [43, 44].
Briefly, MSCs were cultured on a 0.1% gelatin (SigmaAldrich, St. Louis, MO, USA) pretreated flask containing
α-minimum essential medium- (MEM-) complete. AlphaMEM-complete consisted of α-MEM (Invitrogen, Carlsbad
CA, USA), 10% fetal bovine serum (Hyclone, Logan UT),
0.1 mM nonessential amino acids (Invitrogen), and 2 mM Lglutamine (Invitrogen). MSC cultures were allowed to grow
to 60–70% confluency and were replated at a concentration
of 1,500 cells/cm2 . CMs were cultured on fibronectin/gelatin
(1.25 mg fibronectin/100 mL 0.02% gelatin) (Sigma-Aldrich)
pretreated flasks containing Claycomb-complete. Claycombcomplete medium was comprised of Claycomb medium
(SAFC Biosciences, St. Louis, MO, USA), 10% fetal bovine
serum qualified for CMs (SAFC Biosciences), 100 U/mL:
100 μg/mL penicillin-streptomycin (Lonza, Walkersville,
MD, USA), 0.1 mM norepinephrine (Sigma-Aldrich), and
2 mM L-glutamine (Invitrogen). CMs were passaged at 100%
confluence and split 1 : 2. Experiments were performed using
passages 7–10 and 60–110 for MSCs and CMs, respectively.
All cultures were maintained at 37◦ C in 5% CO2 .
2.2. Transfection and Analysis. MSCs were transfected with a
pCVSV-G-1 plasmid [45] that encodes VSV-G under a CAG
promoter using the Neon Transfection System (Invitrogen),
according to manufacturer’s protocol. Briefly, 5 × 105 cells
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were transfected with 2 μg of plasmid with one 1,300 V
pulse for 20 msec and plated in 6-well plates. To determine
transfection eﬃciency, electroporated cells were cultured for
24 h and immunocytochemistry (ICC) was performed to
detect VSV-G protein expression. Briefly, cells were washed
with two rinses and two incubations of 1X PBS. Cell fixation
was performed with 4% PFA, followed by another set
of washes, and probed with the 1 : 50 dilution of FITCconjugated anti-VSV-G antibody (GeneTex, San Antonio TX,
USA) in 3% BSA for 60 min. Cultures were washed a final
time and mounted in DABCO/DAPI mounting medium
(2.5% 1,4-diazabicyclo[2.2.2]octane (Sigma-Aldrich), 50%
glycerol (Fisher Scientific, Forest Lawn, NJ, USA), and
0.005% 4 ,6-diamidino-2-phenylindole (Sigma-Aldrich) in
PBS). The transfection eﬃciency was calculated as the
number of cells positive for VSV-G (green) divided by the
total number of cells. To determine if the cell dissociation
reagent altered VSV-G expression, duplicate VSV-G transfected MSC (vMSC) cultures were harvested with 0.25%
trypsin (Mediatech, Inc. Manassas, VA, USA) or 1X Accutase
(Innovative Cell Technologies, Inc. San Diego, CA, USA)
containing 0.5 mM EDTA, inactivated with culture medium,
washed with 1X PBS, probed with the anti-VSV-G antibody
(as above), and washed a final time with 1X PBS. vMSCs
were analyzed via FACSCalibur (BD Biosciences San Jose,
CA, USA) at the University of Wisconsin Carbone Cancer
Center Flow Cytometry Facility (UWCCC).
2.3. Flow Cytometry Analysis. VSV-G expression level per cell
was determined using the Quantum MESF kit (Molecules of
Equivalent Soluble Fluorochrome, Bangs Laboratories, Inc.
Fishers, IN) and FACSCalibur cytometer (BD Biosciences).
The Quantum MESF kit consists of 5 populations of microspheres with increasing surface-labeled fluorochrome, which
have been standardized to specific concentrations of pure
fluorophore per microsphere. Each population was analyzed
via flow cytometry and a standard curve was generated by
plotting population (i.e., concentration of fluorophore per
microsphere) versus intensity. QuickCal software was used
to verify the linearity of the standard curve. Next, vMSCs
and corresponding control populations were labeled with an
anti-VSV-G-FITC antibody and analyzed via flow cytometry.
Using the standard curve and the measured intensity value
for vMSC populations and corresponding controls, the
number of fluorophores per cell was determined. This value
was divided by the average number of fluorophores (4.2) that
bind to a single antigen to determine the number of proteins
expressed per cell. Ten thousand cells and three replicates
were analyzed per population. Populations included vMSCs
with anti-VSV-G antibody, MSCs with anti-VSV-G antibody
and vMSCs without antibody.
2.4. Cell Fusion Induction. To determine if vMSCs fuse
more readily with cardiomyocytes than untreated MSCs,
vMSCs and MSC controls were cocultured with CMs and
analyzed for incidence of fusion. To distinguish cell types
in cocultures, MSCs and CMs were stained with 1 μm CellTracker Green CMFDA and 20 μm Red CMTPX (Molecular
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Probes Eugene, OR, USA), respectively, according to the
manufacturer’s protocol. Following labeling, 5 × 105 CMs
were plated and cultured for 4 h followed by the addition
of 1.5 × 105 MSCs or vMSCs per well in 6-well plates
(BD Biosciences). After 14 h of coculture, suspensions were
washed with 1X PBS and then bathed for 2 min in fusion
media [46] of varying pH (i.e., pH 5.5, 6.5, or 7.5 that
correspond to active and inactive forms of the VSV-G fusion
protein) adjusted with HCl. For long-term characterization
of fusion products, medium was changed 1 day and 4 days
after coculture.
2.5. Quantification of Fusion Products. Cocultures of CMs
with MSCs or vMSCs were maintained in culture medium
for 4 h after incubation with fusion medium, followed by
imaging and flow cytometry. Images were acquired with
a 20X UPlanFluor objective (NA = 0.5), FITC and Texas
Red filters, on an IX71 inverted deconvolution fluorescence
microscope (Olympus Center Valley, PA, USA) and analyzed
with Slidebook software (Intelligent Imaging Innovations
Denver, CO, USA) and ImageJ (Fiji; open source software,
http://pacific.mpi-cbg.de/wiki/index.php/Fiji). Images were
normalized using unstained controls. Cells were analyzed at
the UWCCC Flow Cytometry Facility on a FACSCalibur flow
cytometer (BD Biosciences). Events were live/dead gated with
forward scatter and side scatter plots. Fusion products were
quantified by gating the region positive for FL1 and FL2
channels, corresponding to CellTracker Green CMFDA and
Red CMTPX, respectively.
2.6. Optical Analysis of Cell and Fusion Product Phenotype.
MSCs or CMs in monolayer were stained for proteins
characteristic of MSCs (CD73, CD90, and CD105), as well as
proteins characteristic of CMs (sarcomeric myosin (MF20)).
Cell cultures were fixed with 4% paraformaldehyde for
10 min, followed by two washes with phosphate buﬀered
saline (Fisher Scientific). Cells were probed with goat antiCD73 (V-20, Santa Cruz Biotech, Santa Cruz, CA, USA),
rabbit anti-CD90 (RB3970, Abgent, San Diego, CA, USA),
goat anti-CD105 (GKY02, R&D Systems, Minneapolis, MN,
USA), and mouse anti-MF20 (IgG2b, Developmental Studies Hybridoma Bank, Iowa City, IA) diluted 1 : 25, 1 : 50,
1 : 50, and no dilution, respectively, in diluting buﬀer (5%
BSA (Fisher Scientific), 0.02% NaN3- (Acros Organics) in
phosphate buﬀered saline (Fisher Scientific)) and incubated
for 30 min at room temperature or overnight at 4◦ C, followed by incubation with fluorescent secondary antibodies:
donkey anti-goat Alexa Fluor (AF488, Invitrogen), goat
anti-rabbit Alexa Fluor (AF647, Invitrogen), and donkey
anti-mouse (AF546, Invitrogen) at a 1 : 200 dilution in
preadsorption solution (90% diluting buﬀer, 5% human
serum (Pelfreez, Brown Deer, WI, USA), and 5% mouse
serum (Equitech-Bio, Inc, Kerrville, TX, USA)) for 45 min
at room temperature. Samples were counterstained with
DABCO/DAPI mounting solution. Fluorescence emission
was detected on an IX71 inverted deconvolution fluorescence
microscope (Olympus). Images were acquired with a 20X
UPlanFluor objective (NA = 0.5), and analyzed using
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Slidebook software (Intelligent Imaging Innovations Denver,
CO, USA) and with ImageJ (Fiji; open source software,
http://pacific.mpi-cbg.de/wiki/index.php/Fiji). Images were
thresholded to a secondary antibody only control. Validation
of method is shown in Supplementary Figure 1A available
online at doi:10.1155/2012/414038.
MSC-CM or vMSC-CM cocultures were probed with
antibodies against CM marker (MF20) and MSC marker
(CD105) to evaluate the morphology of fusion products and
the phenotype of cells within coculture. Positive events for
fusion were calculated as the percentage of CD105 and MF20
positive cells containing a nucleus divided by total number
of nuclei obtained from analysis of at least eight optical fields
per sample. Fields (3–10 fields) were selected based on cell
number (minimum of 3 cells) and position within the wells
(center of wells) n = 2.
2.7. Induction of Myocardial Infarction in Mice. Myocardial
infarction was induced in C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA) by left coronary artery ligation
as previously described [47, 48] and as is routinely performed
in the University of Wisconsin Cardiovascular Physiology
Core Facility. All animal procedures were performed in
accordance with the guidelines of the American Association for Laboratory Animal Science and the University of
Wisconsin-Madison Animal Care and Use Committee.
2.8. Delivery of MSCs or vMSCs via the TissueMend Matrix
to the Murine Myocardium. TissueMend (TEI Biosciences)
was prepared and cells were seeded as previously described
[48]. Briefly, TissueMend matrices (2 mm × 2 mm ×
0.8 mm) were placed in wells of 24-well plates containing αMEM-complete culture medium. Following electroporation,
vMSCs were seeded on the TissueMend sections at a concentration 3 times greater than MSCs (cell control due to 30%
cell viability after electroporation, yielding 1 × 106 cells/mL.
Medium was changed at 24 and 48 h, at which point the
TissueMend matrix containing ∼2.3 × 104 MSCs, vMSCs, or
unseeded (matrix control) was tacked to the myocardium at
each corner of the matrix. The matrix was placed such that
it was in contact with both the infarct and the peri-infarct
regions of the myocardium [48].
2.9. Optical Analysis of Heart/Tissue Explants. Murine hearts
were harvested three weeks after matrix implantation to
assess the occurrence and, if detected, the frequency of in
vivo fusion. Hearts were bisected longitudinally through
the matrix. The tissues were immediately placed into 10%
buﬀered formalin (pH = 7.2; Fisher Scientific) for 24 h
followed by 24 h of fresh 10% buﬀered formalin, and a final
24 h of 70% ethanol. Samples were further processed for
paraﬃn embedding and sectioning as previously described
[49]. Fluorescent in situ hybridization (FISH) tissue digestion kit with all human centromere probe (red) and all
mouse centromere probe (green) (Kreatech, Amsterdam,
the Netherlands) was performed on sections to detect
fusion events. Samples were processed by the Cytogenetics
Laboratory (WiCell Research Institute, Madison, WI, USA)
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according to manufacturer’s protocol. Briefly, slides with
paraﬃn embedded sections were baked for 4 h at 56◦ C.
Specimens were incubated with pepsin for 70 min for tissue
digestion prior to sequential hybridization of the human
probe followed by mouse probe. Images were acquired with
a 60X UPlanSApo (NA = 1.35 Oil), DAPI, Green, and
Orange filters, on an Olympus BX41 Upright Fluorescence
Microscope (Olympus Valley, PA, USA), and analyzed with
FISHView Version 5.5 software (Applied Spectral Imaging,
Vista CA). Fusion events were defined as nuclei with positive
staining for both human centromeres (red) and mouse
centromeres (green). The frequency of fusion events was
reported as the number of fusion events per total nuclei
for a given region of the heart tissue: myocardium (myo),
myocardial infarct (MI), border region (border), within
Tissuemend patch (TM), and in the healthy myocardium
(healthy). Five to twelve fields were selected for each location
and the number of hearts analyzed were, n = 1 for TM only
and n = 3 for TM + vMSC.
2.10. Statistical Analysis. For comparison of VSV-G expression, fusion frequency, and fusion product morphology
versus controls, a normal distribution was assumed and oneway analyses of variance and Student’s t-test were used. Data
were analyzed with Microsoft Excel (Microsoft, Redmond,
WA, USA).

3. Results
3.1. Expression of VSV-G in MSCs. MSCs were induced
to express VSV-G via transfection by electroporation. Low
transfection eﬃciency would limit the ability of VSV-G to
promote fusion and so VSV-G expression on MSCs was
determined following electroporation. Twenty-four hours
after transfection control MSCs and MSCs transfected
with VSV-G (vMSCs) were probed with an anti-VSV-G
antibody conjugated to fluorescein isothiocyanate (FITC)
and visualized with fluorescence microscopy to determine
the percentage of cells expressing VSV-G. The average
transfection eﬃciency was 32% ± 5% (n = at least 6 optical
fields per sample per trial for 3 trials, Figure 1(a)). Since
vMSCs will be harvested for in vivo studies, we also assessed
VSV-G expression via flow cytometry after removal from
culture plates with trypsin. We found expression of VSVG plummeted to 5% ± 2% (n = 1 replicate per sample
per trial for 3 trials, Figure 1(b)). This is perhaps not
surprising as others have reported decreased stability of
VSV-G with trypsin treatment [50, 51]. Trypsin is a serine
protease that cleaves carboxyl groups on the cell surface
to remove cells from a culture surface. VSV-G is a cell
surface protein that would be exposed to the dissociation
reagent [52]. The disruption to VSV-G by trypsin was
corroborated by evaluating the number of VSV-G proteins
per cell. The administration of trypsin significantly reduced
the number of VSV-G proteins on the cell surface of vMSCs
(Figure 1(d)). Thus we replaced trypsin with Accutase,
a mixture of proteases and collagenases that has been
shown to improve cell viability compared to trypsin [53].
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Figure 1: Expression of VSV-G in MSCs. VSV-G expression was analyzed via immunofluorescence using an anti-VSV-G-FITC antibody.
(a) Representative image analysis of untransfected MSCs and vMSCs; VSV-G (green); DAPI (blue). Scale bar = 25 μm. (b) Transfection
eﬃciency was defined as the number of VSV-G-positive cells divided by the total number of nuclei and is reported as the mean ± standard
deviation. A low level of nonspecific binding was associated with the anti-VSV-G antibody and is reflected in the percentage of positive cells
reported in the untransfected population of MSCs (2.3% ± 3.4%). (c) Dissociation reagent impacts VSV-G expression. Trypsin treatment
reduces detection of VSV-G expressing cells to that of untransfected MSCs. Accutase treatment retains a significantly greater number of cells
expressing VSV-G than treatment with trypsin; ∗∗ P < 0.005. (d) Dissociation reagent impacts the number of VSV-G proteins per cell. The
number of VSV-G proteins expressed per cell is significantly reduced with trypsin treatment as compared with Accutase treatment, which
was quantified utilizing Quantum Simply Cellular standards; ∗∗ P < 0.005.

With Accutase treatment, the average number of cells expressing VSV-G after cell harvest was 21% ± 7%, a significant
improvement over treatment with trypsin and at a level high
enough to discern whether expression of VSV-G can impact
MSC-CM fusion (n = 1 replicate per sample per trial for 3
trials).
Fusogens such as VSV-G are most potent on the cell
surface when there are adequate amounts of protein to facilitate fusion, but a low enough amount to avoid immune
responses. Thus VSV-G protein expression per cell was
determined using a Quantum MESF kit (Bangs Laboratories,
Inc.), on the FACSCalibur. Using this method, the average
number of VSV-G proteins per cell was 8 × 104 ± 2 × 104
with trypsin and 1 × 106 ± 8 × 103 with Accutase (n = 1
replicate per sample per trial for 3 trials, Figure 1(c)). Thus,

all further experiments were performed using Accutase as the
dissociation reagent to prevent VSV-G cleavage.
3.2. VSV-G Mediates Stem Cell Fusion. To determine whether
MSCs expressing VSV-G are better equipped to fuse with
CMs than unmanipulated counterparts, vMSCs or MSCs
were cocultured with CMs. To distinguish cell types in
cocultures, MSCs and vMSCs were stained with Red CellTracker, while CMs were stained with Green CellTracker
fluorescent probes prior to being combined. Since VSV-G
undergoes a conformational change from its inactive form
to its active form at pH < 6.2 [54, 55], cocultures were
briefly incubated (2 min) with fusion medium of pH = 5.5.
Image analysis of vMSC-CM cocultures treated with fusion
medium of pH = 5.5 revealed cells with colocalization of
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green and red fluorescence, indicating fusion events, while
MSC-CM cocultures under the same pH condition exhibited
limited colocalization (Figure 2(a)). To accurately assess
the amount of cell fusion, cocultures were harvested 24
hours after seeding and analyzed via flow cytometry (double
positive cells correspond to fusion events). vMSCs treated
with acidic medium (pH 5.5) had significantly higher rates
of fusion with CMs (4.7% ± 1.1%) than MSCs treated
in the same way (i.e., spontaneous fusion, 1.4% ± 0.2%)
(P < 0.05) (Figure 2(b)). Further, the percentage of fusion
products identified in vMSC-CM cocultures exposed to
fusion medium of pH = 6.5 or 7.5 (maintaining VSV-G in the
inactive form) did not diﬀer from MSC-CM cultures (n = 3
replicates per sample per trial for 3 trials, Figure 2(c)).
3.3. Impact of Microenvironment on Phenotype of MSCCM Fusion Products. Many studies have demonstrated that
stem cell programming is influenced by the microenvironment [56–58]. To determine whether the phenotypic fate
of vMSC-CM fusion products could be regulated by the
microenvironment, following treatment with fusion media,
we cultured vMSC-CM fusion products under either MSCspecific or CM-specific culture conditions and examined the
incidence of fusion and morphology of MSC-CM fusion
products. At days 5 and 7 following the induction of cell
fusion, cocultures were probed with CM and MSC specific
antibodies (anti-MF20 and anti-CD105, respectively, n = 1
replicate per sample per trial for 3 trials). At day 5, vMSCCM cocultures contained a relatively high number of cells
that expressed both MF20 and CD105 and the percentage
of MF20+ /CD105+ cells relative to the total cell number was
significantly greater than that of MSC-CM cocultures for
both culture conditions (P < 0.005) (Figure 3(a)). Of note,
the percentage of MF20+ /CD105+ cells was much higher
than the percentage of double positive cells detected using
CellTracker dyes and flow cytometry (Figure 2(b)). This
could reflect the loss of VSV-G sustained by cell harvest,
the diﬀerent analytical approach (i.e., flow cytometry versus
image analysis) and/or the behavior of fusion products
between day 1 and day 5 (i.e., proliferation). By day 7, the
percentage of MF20+ /CD105+ cells decreased to levels not
statistically diﬀerent from controls for both culture conditions. At the same time, the number of cells expressing MF20
alone increased substantially for both culture conditions. The
change in percentage of MF20+ /CD105+ cells from day 5 to
day 7 could reflect death of fusion products, or programming
of the MSC fusion partner to a cardiomyocyte phenotype
or both. If death of fusion products occurred, one would
expect unfused CMs and MSCs to proliferate to fill the voids
of the culture space. Interestingly, only the CM population
increased from day 5 to day 7 and at rates significantly
higher than that of control cultures, suggesting at least a
portion of fusion products were maintained, and ultimately
adopted a cardiomyocyte-like phenotype. This result was
observed independent of the culture conditions. Of note,
this experimental approach does not exclude the possibility
that metaplasia rather than fusion occurred, that is, MSCs
diﬀerentiate into CMs as a consequence of soluble factors
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in the coculture medium and maintain (at least transiently)
expression of each cell type. However, MF20+ /CD105+ cells
were rare in MSC-CM cocultures, suggesting metaplasia
alone cannot account for coexpression of MF20+ /CD105+
or subsequent loss of MF20+ /CD105+ cells. In addition,
MF20+ /CD105+ cells exhibited two distinct morphologies;
some were long and spread, displaying MSC-like morphology (MSC medium = 16.59% ± 6.32%; CM medium =
14.03% ± 1.59%) while the majority (P < 0.05) were round
and cobblestone-like, indicative of CM-like morphology
(MSC medium = 80.49% ± 10.45%; CM medium = 85.97% ±
1.60%) (Figures 3(b) and 3(c), Supplementary Figure 1B).
These results further support the possibility that CM
nuclear material and cytoplasmic elements direct programming of MSC-CM fusion products independent of culture
conditions.
3.4. vMSCs Fuse In Vivo. To determine whether MSCs expressing VSV-G could fuse with cardiac cell types in vivo,
vMSCs were delivered to the damaged myocardium via a
TissueMend patch. We have previously demonstrated that
MSCs delivered in this way are maintained in the patch
and in the tissue between the patch and the myocardium
up to 3 weeks after delivery at higher percentages than
with conventional delivery modalities [48]. Furthermore,
Laflamme et al. have found one of the major factors for
cell loss during transplantation is anoikis [59], and thus
providing anchorage support to transplanted cells increases
viability and retention. In this study, we sought to determine
whether VSV-G expressing MSCs (donor) would be able to
migrate to the damaged myocardium and fuse with recipient
cardiac cell types. Thus, one day following induction of
infarction via ligation of the left anterior descending artery,
a patch containing vMSCs was applied to the heart in
contact with healthy and damaged tissue. Three weeks
after cell transplantation, heart excision, and histology
were performed on left ventricular tissue as previously
reported [48]. Histological sections were probed using FISH
for human-specific and mouse-specific centromeres and
all nuclei containing both probes were considered fusion
products. Human cells were found in the TissueMend patch
and in the “border region” (the area between the patch and
the myocardium). Donor-host cell fusion was evident in the
TissueMend patch, the border zone, and in the infarcted
myocardium of hearts receiving TissueMend with vMSCs.
No human cells or fusion products were found in the healthy
cardiac tissue of hearts receiving TissueMend with vMSCs.
In addition, no human cells or fusion products were found in
the TissueMend patch, border zone or infarcted myocardium
of hearts receiving TissueMend only. In regions of hearts
receiving TissueMend with vMSCs and selected for high
density of fusion events, the frequency of cell fusion relative
to the total number of nuclei in a given region was 22% ±
16%, TissueMend patch (n = 3 hearts, 12 fields); 14% ± 10%,
border zone (n = 3 hearts, 5 fields); 19% ± 10%, infarcted
myocardium (n = 3 hearts, 8 fields). Though these levels
represent the maximum amount of fusion per region, they
are substantially higher than those previously reported for
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Figure 2: VSV-G facilitates vMSC-CM fusion. Four hours after pH-induced fusion, samples were harvested and analyzed using fluorescence
deconvolution microscopy and flow cytometry for events displaying both CellTracker fluorescent probes. (a) Representative vMSC-CM
fusion event (white arrow). CMs were labeled with CellTracker green and vMSCs were labeled with CellTracker red. Scale bar = 50 μm.
(b) Eﬀect of VSV-G on vMSC-CM fusion at pH = 5.5. Fusion events were increased 3.5-fold with VSV-G at low pH. (c) Eﬀect of pH on
VSV-G-mediated MSC-CM fusion. vMSC-CM fusion was inhibited by pH = 6.5 and 7.5 (inactive form of VSV-G) ∗ P < 0.05.

spontaneous fusion following MSC transplantation, wherein
one fusion event per field or image containing hundreds
of nuclei was rare [13, 60, 61] (Figure 4). These results
demonstrate that expression of viral fusogen VSV-G can
be used to induce fusion of MSCs, and potentially other
clinically relevant cell types, to enable study of the biologic
and therapeutic impact of cell fusion in the heart.

4. Discussion
Fusion of transplanted stem cells with recipient cardiomyocytes has been observed in murine [13, 60] and porcine
model systems [49]. But since these first observations, few
have sought to unravel the mechanisms that govern stem cell
fusion or to study the implications of cell fusion for stem
cell programming. Lack of study reflects the overwhelming
opinion that cell fusion occurs too infrequently to be of
relevance for stem cell programming and, by corollary,
for tissue repair. However, this opinion fails to appreciate
the possibility that (1) detection methodologies may be
insuﬃcient to accurately gauge the contribution of cell
fusion following stem cell transplantation and/or (2) that
we might be able to control or increase the frequency of
cell fusion to more eﬀectively induce programming of stem
cells following transplantation. We have begun to explore
this second possibility by co-opting the well-described fusion

machinery of viruses. We find that mesenchymal stem cells
modified to express viral fusogen VSV-G are more apt to fuse
with cardiomyocytes in a pH-dependent manner. vMSCCM fusion products formed in this way are prone to adopt
cardiomyocyte phenotype and morphology. In addition,
vMSCs delivered to the myocardium of mice following
infarction can fuse with resident cardiac cell types at rates
much higher than previous reports of spontaneous fusion
[13, 61] and are more apt to fuse at the site of infarction than
in the healthy myocardium.
Increasing the frequency of MSC-CM cell fusion will aid
in the study of cell fusion in vitro and may improve the therapeutic benefit of MSCs in vivo. One way that the therapeutic
benefit may be improved is via induction of programming of
MSCs to a cardiomyocyte fate. Diﬀerentiation of MSCs into
CMs can be initiated in vitro via soluble factors including
5-azacytidine [62–64] or with exposure to insoluble factors
including laminin [65]. However, functional diﬀerentiation
of MSCs to cardiomyocytes has only been accomplished
to date via cell fusion with mature cardiomyocytes. This
result has been demonstrated in vitro [66] and in vivo
wherein MSC-CM fusion products take on a cardiomyocyte
morphology, express cardiomyocyte markers, and couple to
adjacent cardiomyocytes [60]. Here we find that when MSCCM fusion is induced with viral fusogens, the CM fusion
partner is dominant in that the majority of fusion products
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Figure 3: Phenotypic and morphologic characteristics of vMSC-CM fusion products. After pH-induced fusion, fusion products display two
distinct morphologies: CM-like (round) and MSC-like (spread). Fusion products were probed for markers indicative of MSC (CD105) and
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(c) Representative morphologies of MF20+ /CD105+ cells. White arrows indicate MF20+ /CD105+ cells. Scale bar = 25 μm.
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Figure 4: Fusion of VSV-G-expressing human mesenchymal stem cells (donor) with cardiomyocytes (host) in vivo. (a) Fluorescence in situ
hybridization with species-specific centromeric probes to detect fusion products in the murine myocardium. Human MSCs (red), mouse
cells (green), all nuclei (blue), and fusion products (FP; red and green signal in the same nucleus) are found within the border and TM
regions, while typically only mouse cells are found in the myocardium, “myo.” Insets display (b) human (arrow) and mouse (arrowhead)
cells, (c) representative fusion product, and (d) fusion product undergoing anaphase, indicative of proliferation.

(regardless of medium type) adopt a CM-like morphology
and maintain expression of MF20 and lose CD105. These
data further support the exciting possibility that induction of
fusion with viral fusogens could enhance MSC programming
to a CM fate in vivo. Of note, the CMs utilized here
are HL-1 CMs. This cell line was used to enable largescale and long-term studies. However, the heterogeneity and
immortal nature of these cells may account for the seeming
dominance of the CM phenotype and future studies will
utilize primary fetal cardiomyocytes or induced pluripotent
stem cell-derived cardiomyocytes.
Our results suggest that the diﬀerentiation of MSCs to
a CM fate can be promoted by cell-cell fusion. However,
in certain circumstances in vitro, MSC-CM fusion products
can reenter the cell cycle and proliferate suggesting cell-cell
fusion can also promote reprogramming of the CM [67–69].
Proliferation of fusion products may be as advantageous for
cardiac tissue repair as diﬀerentiation of functional cell types
since more cells could be produced to replace lost cells. In
addition, recent evidence has demonstrated that MSC-CM
fusion includes mitochondrial exchange, which is essential
for somatic reprogramming [69]. Understanding cell-cell
fusion in conjunction with mitochondrial preservation may
provide alternate, simple, and direct mechanisms to rescue
cells following ischemia-induced damage. There is evidence
indicating that the fusion product’s proliferative capacity is
regulated by the stem cell while the developmental direction
is dictated by the somatic cell [70–72], and the combination

of both outcomes presented herein are means to repopulate
the myocardium for functional improvement.
While we have utilized vMSCs to both understand and
exploit the physiological role of MSC-CM fusion, induction
of fusion of another stem cell, progenitor, or even mature cell
types may augment our ability to repopulate and repair the
damaged myocardium [59, 73–79]. In the case of mature or
progenitor cell transplantation, the induction of fusion may
be less beneficial from a diﬀerentiation standpoint and more
beneficial from an engraftment or retention standpoint. One
of the primary challenges for stem cell delivery is the ∼90%
cell loss after transplantation [80–82] that has prompted the
development of new methods to deliver and maintain cells
in the heart [48, 83, 84]. This is particularly problematic for
cardiac therapy as the heart is mechanically active, rapidly
flushing cells from the intended target region. If stem cells
transiently express a viral fusogen, they might rapidly adhere
and so be maintained long term in the heart. The added
advantage of pH sensitive fusogens, such as VSV-G, is the
ability to control activity such that cells only fuse at pH
lower than 6.5. This has major implications for inducing
temporally (the window during ischemia) and spatially (the
ischemic region) regulated fusion in vivo. In fact, vMSCs
delivered to the heart were found in the patch and in
damaged myocardium fused with mouse cells. The ability for
VSV-G to induce fusion in the patch may be due to close
proximity to the ischemic region, causing the environment
to be more acidic or by the remodeling of the collagen
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patch [48]. Collagen remodeling has been shown to occur
via MSC secretion of matrix metalloproteinases (matrixins),
serine proteases, and cysteine proteases [85]. While matrixins
are active at neutral pH, serine and cysteine proteases are
active at acidic pH, indirectly demonstrating cells are able to
make the microenvironment acidic [86]. Taken together, the
induction of cell fusion in the heart could exert functional
benefit via multiple mechanisms.
A primary limitation of this approach is introducing
viral machinery to an already damaged recipient. The entire
virion, VSV, is known to be immunogenic and, at high
enough concentrations, is lethal to mice [87]. Purified VSVG or VSV-G reconstituted in lipid bilayers administered
to in vitro cell culture is mitogenic (>0.8 μg/mL) [88].
Interestingly, if the lipid concentrations were increased, while
VSV-G concentration was held constant, the mitogenicity
decreased, suggesting that the spacing of VSV-G in the
membrane plays a role. Confirming the importance of VSVG arrangement, Ochsenbein et al. demonstrated that 1,000
times more antibody is produced by C57BL/6 mice against
highly organized VSV-G on the nucleocapsid of intact VSV
versus poorly organized VSV-G in micelles [89]. The amount
of viral proteins we delivered (based on the mass of the
protein [39], the proteins expressed per cell combined with
the number of cells delivered) is 7 orders of magnitude below
the reported amount to elicit an immune response [88] and
we express only the fusogen and not the entire virion. Even if
methods were developed to increase expression levels per cell
and/or in combination with high numbers of cells, spacing
could be evaluated to avoid immune responses. However,
based on the reported concentration required to elicit a
response, delivery of vMSCs as prepared in this study would
not trigger a response.
While vMSCs may not be immunogenic, transfection
itself may cause adverse genetic eﬀects. For instance, stable
transfection with most viral systems causes integration of
the gene at a random site in the genome [90–92]. When
mutagenesis occurs, integration may occur at a site that
interferes with cells ability to regulate itself, resulting in
deregulation of proliferation and tumorigenesis [93, 94].
In addition to experimental evidence of malignancy, this
has been seen clinically ([95, 96], reviewed in [97]). Here,
transfection is largely transient and only rarely integrates into
the genome. Clinical use would require further safeguards,
perhaps including liposomal delivery of the protein.

5. Conclusion
The data presented support the utility of VSV-G-mediated
fusion to study the eﬀects of stem cell fusion on cell reprogramming and functional improvement of tissues including
the heart. Future studies may also employ VSV-G to rescue
damaged cells of other ischemic tissues in the body, or
even selectively target cells for destruction. For example, the
microenvironment of tumors and the overactive osteoclasts
in Paget’s disease are below the pH threshold necessary to
activate the conformational change in VSV-G. Local administration of VSV-G in liposomes containing toxic factors or
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highly acidic pH to this microenvironment may fuse with
these poorly regulated cells and dampen their detrimental
eﬀect.
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Mesenchymal stromal cells (MSC) are tested in clinical trials to treat graft versus host disease (GvHD) after stem cell transplantation (SCT). In vitro studies demonstrated MSC’s broad immunosuppressive activity. As infections represent a major risk
after SCT, it is important to understand the role of MSC in this context. We analyzed 24 patients (pts) receiving MSC for GvHD
in our Unit between 2009 and 2011. We recorded viral reactivations as measured in whole blood with polymerase chain reaction
for 100 days following MSC administration. In patients with a documented viral reactivation in the first 3 days following MSCs
infusion the frequency of virus-specific IFNgamma-producing cells was determined through enzyme-linked immunospot assay. In
our cohort of patients viral reactivation after MSC infusion occurred in 45% of the cases, which did not significantly diﬀer from the
incidence in a historical cohort of patients aﬀected by steroid resistant GvHD and treated with conventional immunosuppression.
No patient presented severe form of infection. Two cases could be checked for immunological response to viral stimulus and
demonstrated virus specific T-cytotoxic lymphocyte activity. In our experience MSC infusion did not prove to trigger more
frequent or severer viral reactivations in the post transplantation setting.

1. Introduction
Mesenchymal stromal cells (MSCs) are multipotent cells
endowed with several immunomodulatory properties. Firstly
isolated from human bone marrow and characterized by
their ability to self-renew and diﬀerentiate into mesodermic
tissues, in the last decade their immunological potential has
been widely exploited in the attempt to treat inflammatory,
autoimmune, and alloimmune diseases [1]. Many groups
have focused their attention on the use of MSC to manage
graft versus host disease (GvHD) in stem-cell-transplanted

patients after the first report of clinical success was documented by Le Blanc et al. in 2004 [2].
Recent studies in vitro and in mouse models [3–6] have
demonstrated that MSCs exert a pleiotropic immune suppressive action on ongoing immune alloreaction. Previous
considerations by several groups have established that MSCs
inhibit T-cell proliferation in response to alloantigens and
nonspecific mitogens. This process is thought to be mediated
both by the secretion of soluble factors, such as indoleamine
2,3 dioxygenase, HLA-G, prostaglandin E2, and nitric oxide
and by cell-to-cell contact. MSCs are able to inhibit T- and
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B-cell proliferation and to impair NK and dendritic cell
activity [7]. Interestingly, in vitro studies demonstrated that
MSCs strongly suppress alloantigen induced T-cell responses
without interfering with the antiviral T-cell activity [8, 9].
Moreover, it has been demonstrated that the ability of MSC
to inhibit T-cell alloresponse is independent from the major
histocompatibility complex [10].
As viral complications in immunocompromised hosts
aﬀected by resistant GvHD still represent a major clinical
concern [11], we tried to understand if the immunosuppressive activity exerted by MSC upon in vivo infusion could have
some impact on the risk for viral reactivations and on the
correct mounting of antiviral immune responses.
The present report analyzes the risk of viral infection
for cytomegalovirus (CMV), Epstein Barr virus (EBV), and
adenovirus (ADV) in a cohort of patients infused with bonemarrow-derived third-party MSC, expanded with platelet
lysate (PL) under Good Manufacturing Practices (GMP)
conditions, as previously described in details by our group
[12].

2. Patients and Methods
All patients received MSC for steroid resistant GvHD at
two partner institutions (Ospedale San Gerardo, Monza and
Ospedali Riuniti, Bergamo) from July 2009 to December
2011 and were monitored twice a week for CMV, EBV, or
ADV reactivation, as measured by Polymerase Chain Reaction (PCR) assay in whole blood. Viral reactivation was
defined as evidence of viral load ≥1000 copies/mL in peripheral blood. Only reactivations occurring for the first time
after MSC infusion were documented and patients already
receiving antiviral treatment at the time of MSC infusion
were excluded from the analysis. For the purpose of the
present paper, viral detections occurring between day 0
and day +100 after MSC infusion were recorded. According to local policies patients received or did not therapy
with Ganciclovir or Foscavir, antiCD20moAb, or Cidofovir,
respectively for CMV, EBV, and ADV.
Any patient was analyzed in search for symptoms of viral
overt disease if presenting with fever or organ involvement
associated with viral reactivation.
In order to allow a retrospective comparison, all patients
receiving allogeneic stem cell transplantation between January 2007 and December 2008 were analyzed, and those
who had developed viral reactivations after steroid resistant
GvHD, but had not received MSC, were considered as control
group.
Type of transplantation, T-cell depletion, conditioning
regimen, and number of immunosuppressive lines administered at the time of viral reactivation were recorded, as well
as GvHD grading.
In 2 patients reactivating CMV, the frequency of virusspecific cells, secreting IFN-γ in response to a cocktail of
CMV-specific peptides [13] was measured by ELISPOT assay
(EBioscience, San Diego CA, USA), before and at diﬀerent
time points after MSC infusion.
MSCs were obtained from third-party donors after
expansion with PL, as elsewhere described [12]. Patients
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received MSC after giving informed consent and being registered in a phase I, bicentric, prospective trial, which had been
approved by local and national authorities. Each MSC infusion aimed at delivering a median dose of 1 × 106 /kg body
weight of the recipient, and a minimum of 2 infusions were
given to each patient.

3. Results
3.1. Clinical Monitoring. From July 2009 till December 2011,
24 patients received MSCs on top of the ongoing immunosuppressive therapy to treat steroid resistant GvHD. Of
these, 11 (45%) developed a viral reactivation for the first
time after MSC infusion. Other 2 (8.3%) patients had developed viral reactivation before MSC infusion and were not
analyzed in detail for the purpose of the present study.
All analyzed patients received an allogeneic transplantation for malignant (10 cases) or nonmalignant disease (1
case). Patient number 4 and 14 received a graft from a mismatched donor, whereas all other patients received the graft
from either matched related [2] or unrelated [7] donors.
Among our cohort of patients 9 received a fully myeloablative conditioning, in 4 cases TBI based and 2 got a reduced
intensity conditioning according to local policies. No one of
the analyzed patients received a T-cell depleted graft, but 9
patients received in vivo T-cell depletion as part of GvHD
prophylactic regimen (Table 1). All the described patients
had suﬀered acute GvHD grade II to IV involving 1 (6
cases) or more organs (5 cases). All patients were receiving
immunosuppressive treatment at the time of viral reactivation. Seven out of 11 patients developed a reactivation from
a single viral agent (Table 2).
CMV was the most common pathogen occurring in 4
seropositive patients who received seronegative graft, as well
as in 3 patients who showed a more favorable serology pattern (donor and recipient CMV IgG positive). All patients
developing CMV infection were treated with Ganciclovir or
Foscavir according to local guidelines. Two patients (UPN
#14 and 16) received a combined Ganciclovir and Foscavir
treatment because of a CMV-related colitis, documented
through gut biopsies. Both patients had developed gut
GvHD. Another patient (UPN #10) switched to Foscavir
treatment to avoid bone marrow toxicity after prolonged
Ganciclovir exposure.
EBV positivity was detected in 6 patients. Four of them
were treated with anti CD20 monoclonal antibodies, but
none of the considered patients developed signs or symptoms
of EBV-related posttransplant lymphoproliferative disorder
(PTLD).
ADV reactivation occurred in 3 patients and was documented in stool as well as in blood, whilst in one case (UPN
#16) gut biopsy also revealed ADV positivity. GvHD had
involved gut in all three patients. All of them successfully
received treatment with Cidofovir.
CMV was the most rapid raising infection in our cohort
with a median time of appearance after the first MSC infusion of 2 days (range 1 to 31 days) followed by ADV (median
7 days, range 3 to 40 days) and by EBV (median 21 days,
range 1 to 100). Overall, the viral reactivations occurred at

Stem Cells International

3
Table 1: Patients characteristics.

UPN

Diagnosis

Conditioning regimen

GvHD prophylaxis

GvHD

1
4
7
9
10

ALL
ALL
MDS
MNGIE
ALL

TBI + VP16
TBI + VP16
BU + CY + MEL
BU + FLU
TBI + VP16

CSA + MTX + ATG
CSA + MTX + ATG
CSA + MTX + ATG
CSA + MTX + ATG
CSA + MTX + ATG

Acute skin grade II
Acute skin + liver grade III
Acute gut grade III
Acute gut grade III
Acute skin grade II

11

AML

BU + CY + MEL

CSA + MTX + ATG

Acute skin + gut + liver grade IV

13
14
15

ALL
ALL
AML

TREO + FLU
TT + BU + FLU
TREO + FLU

CSA + MTX + ATG
CSA + MMF + EDX
CSA + MTX

Acute skin grade II
Acute gut + liver grade III
Acute Skin + gut + liver grade III

16

ALL

TBI + CY

CSA + mPDN + ATG

Acute gut + liver grade IV

17

AML

BU + CY

CSA + mPDN

Acute gut grade IV

IS treatment at viral
reactivation
CSA
mPDN, MMF
mPDN, MMF
mPDN
mPDN, CSA
mPDN, MMF,
ETANERCEPT
CSA
mPDN, CSA
mPDN, CSA
CSA, mPDN, ECP,
PENTOSTATIN
IMATINIB, CAMPATH
mPDN, CSA

IS: immunosuppression, ALL: acute lymphoblastic leukemia, AML: acute myeloid leukemia, MNGIE: mitocondrial neurogastrointestinal encephalomyopathy,
TBI: total body irradiation, BU: busulfan, CY: cyclophosphamyde, MEL: melphalan, TREO: treosulfan, FLU: fludarabine, TT: Thiotepa, CSA: cyclosporine A,
MTX: methotrexate, ATG: antithymocyte globulin, mPDN: methylprednisolon, MMF: mofetilmycophenolate, ECP: extracorporeal photopheresis. GvHD is
graded according to NIH criteria.

Table 2: Viral reactivations details.
UPN Virus
1
4
7
9
10
11
13
14
15
16
17

Sample

EBV
Blood
CMV
Blood
EBV
Blood
ADV
Blood + stool
CMV
Blood
CMV
Blood
ADV
Blood + stool
EBV
Blood
EBV
Blood
CMV Blood + gut biopsy
CMV
Blood
EBV
Blood
EBV
Blood
CMV Blood + gut biopsy
ADV Blood + gut biopsy
CMV
Blood

Days from MSC
infusion
100
13
40
7
1
2
3
44
1
7
1
1
1
1
40
31

Treatment
Rituximab
Ganciclovir
Rituximab
Cidofovir
Ganciclovir
Ganciclovir then Foscavir
Cidofovir
Rituximab
Rituximab
Ganciclovir+ Foscavir
Ganciclovir
None
None
Ganciclovir + Foscavir
Cidofovir
Ganciclovir

Outcome
Alive, no GvHD
Alive, no GvHD
Alive, no GvHD
Died on day +456 from SCT from sepsis
Alive, no GvHD
Died on day +90 from SCT from GvHD
Alive, no GvHD
Died on day +129 from SCT from sepsis
Died on day +168 from SCT from septic shock
Died on day +225 from SCT from GvHD
Died on day +136 from SCT from disease recurrence

EBV: Epstein Barr Virus, CMV: Cytomegalovirus, ADV: Adenovirus, GvHD: Graft versus Host Disease, and SCT: stem cellstransplantation.

a median time of 17 days after the beginning of steroid therapy in these patients.
All the described patients received multiple MSC infusions (range 2 to 8), and viral reactivation was detected in 3
cases after the first infusion and in 8 cases after further infusions. None of the patients in our cohort died for viral-related causes. Overall survival in this cohort of patients was
45,5% with a median followup of 20 months after MSC infusion (range 6 to 31 months). Concerning MSC and GvHD
treatment, 2 patients of this cohort presented a complete
response to treatment, 4 a partial response, 3 did not respond

to MSC treatment, and in 2 cases response to MSC was not
evaluable because of death before day + 28 after the last
MSC infusion, which represented the evaluation time point
according to the present protocol.
3.2. Immunological Monitoring. Trying to understand if,
upon in vivo infusion, MSC could influence virus-specific Tcell-mediated immune responses, we evaluated by ELISPOT
assays the frequency of virus-specific T cells circulating in
the peripheral blood (PB) of 2 patients experiencing CMV
reactivation soon after MSC infusion (UPN #9 and 14). Both
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Figure 1: Frequency of CMV-specific T cells, secreting interferon gamma (IFN-γ) in response to a cocktail of CMV-specific peptides, as
measured by ELISPOT assay in two patients reactivating CMV after having received mesenchymal stem cells (MSCs) for the treatment
of steroid refractory graft versus host disease. Dotted lines on top of the panels indicate Ganciclovir administration. In the upper panel
overall GvHD grading according to NIH criteria is shown. In the central panel Cytomegalovirus (CMV) reactivation trend as measured in
copies/milliliter of peripheral blood (PB) is shown. In the lower panel the number of CMV-specific IFN-γ producing cells in relation to
MSC infusions as measured in IFN-γ spots/100.000 peripheral blood-mononucleated cells (PBMC) is shown. Black arrows indicate MSC
infusions.

patients showed an increase of CMV-specific IFN-γ producing cells in the PB along with CMV reactivation, despite
the concomitant infusion of multiple MSC doses (Figure 1).
In particular, in UPN #9 CMV-specific cells increased 18
times at day 44 after HSCT, upon CMV reactivation (16700
CMV DNA copies/mL of PB), compared to day 35 (preinfection levels). Virus-specific cells then started to decrease
along with the resolution of CMV infection and raised again
upon a second episode of CMV reactivation at day 86.
Similarly, in UPN #14, CMV-specific T cells increased up to
4 times along with CMV reactivation at day 80 after HSCT.
3.3. Comparison with Historical Cohort of Patients. Between
January 2007 and December 2008, 52 patients received allogeneic stem cell transplantation at San Gerardo Hospital
(Monza). 14 of them received stem cell from an HLA identical related donor, 4 from a related mismatched donor,
and the remaining patients from an HLA-matched-unrelated
donor. Six patients received stem cells from cord blood, 42
from bone marrow, and 4 from peripheral stem cells. Only
one graft was T-cell depleted. GvHD prophylaxis included ATG in 35 cases. Among this group of patients 20
developed acute-or chronic-steroid-resistant GvHD of grade
II or severer. All of them received further lines treatment after
steroid according to GvHD and patient characteristics (2 to
6 lines of treatment). 10 of those patients (50%) presented
with viral reactivation after GvHD onset. 5 of them presented
with a combined EBV and CMV reactivation, one patient

presented with isolated EBV, and 4 with isolated CMV
reactivation. None of these patients exhibited a PTLD nor
CMV disease. Median time from start of GvHD treatment to
viral reactivation was 13 days (range 2 to 39). Eight of these
10 patients are alive with a median followup of 48 months
from HSCT (range 34 to 62 months), none of those patients
died from viral-related causes.

4. Discussion
MSC proved to be a useful tool in managing GvHD resistant
to conventional treatment. According to diﬀerent published
observations, the response rate varies from 52 to 70% and
diﬀers between adults and children [14, 15].
In spite of the clinical evidence of eﬃcacy, it is still unrevealed how these cells are able to tune the alloreactivity in the
recipient. We recently demonstrated that MSCs, upon infusion, are able to convert an inflammatory environment to a
more physiological one, both at the cellular level, promoting
the increase of T-reg cells circulating in the peripheral blood
and at the molecular level, diminishing the concentration of
inflammatory cytokines [16]. However, concerns are recently
arising about the possibility that MSCs could, through their
immunosuppressive action, impair anti-viral T-cell responses [17].
The question whether these cells could also influence
other immunological activities of the eﬀector T cells, namely
antiviral and antibacterial capacity, was firstly addressed by
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Karlsson et al. [9]. In a very detailed series of assessments,
they documented in 2 diﬀerent patients, that eﬀector function of virus-specific T cells could be retained after MSC
infusions. No other clinical detailed data are available, to our
knowledge, to support this initial observation. Meisel et al.
[18] reported in vitro antimicrobial activity of MSC, without further assessment on antiviral properties. The only
phase III randomized study, which was so far conducted on
MSC administration, also reported a general note on unaltered infection rate between the experimental and the control
group of the cohort [19].
A recent report [17] by Ringdén et al. describes a cohort
of 31 patients treated with MSC infusion for aGVHD or
hemorrhagic cystitis describing a high incidence of CMV
reactivations and mild disease (31% of CMV-related disease).
This high frequency was expected in patients with steroidrefractory GVHD, which represents a high-risk group for
developing viral diseases. Accordingly, they reported that
CMV disease occurred in a similar number of patients in the
same cohort before MSC infusion.
In our described population the overall viral reactivation
rate after MSC infusion was 45%, with only 8.3% of CMVrelated disease (i.e., colitis). In our cohort, as well as in the
one reported by Ringdén, patients were receiving already at
least one line of immunosuppression at the time of MSC
administration. For this reason it is impossible to restrict the
significance of our data to MSC administration. It is anyhow relevant to underline that our viral infectious rate was
similar to what reported by other groups in patients receiving
experimental treatments for resistant GvHD other than
MSC [20], and that all patients in our cohort were able to
overcome the viral reactivation with conventional treatment,
without reporting any viral-infection-related death. Moreover, a retrospective comparison with a group of patients
who developed viral reactivation after steroid refractory
GvHD and did not receive MSC treatment also revealed
similar percentage of viral reactivations (50% versus 45% in
the MSC treated group) and similar latency between the start
of the steroid therapy and the viral reactivation.
To support our clinical data, we demonstrated, through
immunological monitoring, how patients exposed to CMV
reactivation after MSC infusions were able to mount a physiological antiviral immune response. It is important to note
that both analyzed patients were at the same time responding to MSC infusions, as demonstrated by the progressive
attenuation of the GVHD overall clinical score. In particular,
the observation that every episode of viral reactivation is
accompanied by an increase of CMV-specific T cells and that
this increase, along with the adopted antiviral drug therapy,
results in the clearance of the infection, demonstrates that
MSCs do not interfere with the antiviral response. These
results, in line with data already obtained by other authors,
support the concept that MSCs are able, upon in vivo infusion, to suppress GVHD promoting alloantigen induced
T-cell responses sparing somehow virus-specific immune
responses [9]. This data holds true in our patients even after
repeated expositions to MSC, thus allowing a safe repeated
use of these cells.

5
The present paper confirms safety data on the possible
use of MSC in transplanted patients. Our experience suggests
that no augmented risk of viral reactivation or disease is present for MSC-infused patients, and that those who develop
viral reactivation do not present more severe course of disease since the capacity to expand virus-specific T cells is not
impaired.
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Age-related macular degeneration (AMD) is a leading cause of legal blindness in individuals over 60 years of age, characterized
by the dysfunction of retinal pigmented epithelium cells, specifically in the macular area. Despite several treatment options,
AMD therapy remains diﬃcult, especially for exudative AMD. Multipotent mesenchymal stem cells (MSCs), with great plasticity
and immunomodulant properties, are a promising cell source for cellular therapy and tissue engineering. We evaluated the
eﬀects of steroid drugs, often used to treat AMD, in association with MSCs, in view of a possible application together to treat
AMD. Morphology, viability, growth kinetics, and immunophenotype were evaluated on healthy donors’ MSCs, treated with
triamcinolone acetonide, alcohol-free triamcinolone acetonide, micronized intravitreal triamcinolone and dexamethasone at
diﬀerent concentrations, and in a human retinal pigment epithelial cell line supernatant (ARPE-19). The morphological analysis
of MSCs in their standard medium showed a negative correlation with drug concentrations, due to the numerous crystals.
Dexamethasone was the least toxic corticosteroid used in this study. ARPE-19 seemed to help cells preserve the typical MSC
morphology. In conclusion, this in vitro study demonstrated that high doses of corticosteroid drugs have a negative eﬀect on
MSCs, reduced in the presence of a conditioned media.

1. Introduction
Age-related macular degeneration (AMD) is a leading cause
of legal blindness in developed countries in individuals over
60 years of age [1]. It is characterized by the dysfunction
of Retinal Pigmented Epithelium (RPE) cells, specifically in
the macular area. As a result, debris accumulates within
these cells and also form drusen, discrete deposits of proteins
and lipids between Bruch’s membrane and the RPE, [2].
Secondly, the photoreceptor cells degenerate, due to the loss
of RPE function and nutritional support. Two types of AMD
are known. The dry or non-exudative form accounts for
about 90% of all cases and it is characterized by a gradual
and progressive loss of visual function up to the development

of geographic atrophy. The wet or exudative form is associated with the development of choroidal neovascularization
(CNV) that leads to a sudden and dramatic central visual
activity loss.
There are few treatment options for the dry form and
mainly consist of a high-dose of an oral combination of the
antioxidants ascorbic acid (vitamin C), tocopherol (vitamin
E), and beta-carotene, in addition to copper and zinc. Therefore, therapeutic approaches for AMD are almost exclusively
focused upon the exudative form and are only of limited benefit to most patients. Despite the recent advent of several
treatment options, AMD treatment remains diﬃcult, especially for exudative AMD.

2
Photodynamic therapy utilizes the production of a selective cytotoxic eﬀect that causes nonthermal photo-thrombosis on pathological vessels [3, 4]. Corticosteroids have a
number of positive eﬀects in the treatment of neovascular
lesions, having a strong anti-inflammatory, antiproliferative,
and antiangiogenetic action [5] and may also be useful to
limit some adverse events caused by photodynamic therapy.
In ophthalmology, despite their treatment benefits, side
eﬀects, including ocular toxicity, have been observed especially when intraocular delivery is used.
Conventional steroid drugs such as Triamcinolone acetonide (9a-fluoro-16a-hydroxyprednisolone, TA), a synthetic
crystalline corticosteroid with potent anti-inflammatory
properties, Intra Vitreal Triamcinolone (IVT), a micronized
formulation approved for surgical use, and Ozurdex (Allergan, Inc. Irvine, CA, USA), a pharmaceutical formulation
with 0.7 mg of dexamethasone, are used in ophthalmological
therapy by periorbital injection, and today represent an
adjuvant treatment in exudative AMD and proliferative
vitreoretinopathy [6–9].
In addition to the standard treatments for AMD, new
emerging therapies such as stem cell therapy are being developed. Stem cell transplantation is a promising approach for
degenerative diseases such as Retinitis Pigmentosa, Stargardt
disease, AMD, and other retinal degeneration that are still
incurable in most cases.
Multipotent mesenchymal stem cells (MSCs) are a promising cell source for cellular therapy and tissue engineering
because of their great plasticity [10, 11] and ability to provide
the host tissue with growth factors or modulate the host
immune system [12]. MSCs can easily be isolated from bone
marrow thanks to their capacity to adhere and proliferate
and expand in culture while maintaining their immunophenotypical characteristics and functions as multipotent cells
[13]. They can also produce multiple cytokines, growth
factor, and adhesion molecules, all important factors which
influence the hematopoietic microenvironment.
MSCs are also known to exert immunosuppressive effects, and to secrete neurotrophic factors [14], and have antiinflammatory and antiproliferative eﬀects on microglial cells
and astrocytes, resulting in the induction of a neuroprotective microenvironment [15]. They can be safely cultured in
vitro with no risk of malignant transformation [16].
In vitro and in vivo studies showed that MSCs can differentiate into retinal neurons [17], and that the sub-retinal
transplantation of MSCs delays retinal degeneration and
preserves retinal function [18]. Inoue demonstrated that
MSC transplantation into the sub-retinal space of RCS rats (a
retinal degeneration model) delays retinal degeneration and
preserves retinal function in the RCS rats, suggesting that
MSCs are a useful cell source for cell-replacement therapy
for some forms of retinal degeneration [19]. Furthermore,
umbilical-derived mesenchymal stem cells proved eﬀective in
sustaining visual function for several months after injection
into the sub-retinal space of RCS rats [20].
Given the lack of treatments for dry AMD, and the timeconsuming and expensive nature of treatment for wet AMD,
AMD is a perfect candidate for the application of stem cell
therapy. Previous studies for other nonocular diseases have
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tested the use of stem cells in combination with corticosteroids, pointing to positive eﬀects on cell adhesion, proliferation, and viability. Corticosteroids can induce cell fate
and diﬀerentiation cascades, with strong evidence in both
clinical and basic science experiences. These drugs may
therefore stimulate the proliferation and diﬀerentiation of
MSCs according to the complex environmental conditions
[21], that play an essential role in inducing cell fate and
diﬀerentiation cascades of stem cells in culture. Exploring the
impact of these drugs on MSCs holds promise in revealing
important details of stem cell biology and in finding new
fields of possible therapeutic applications.
In order to evaluate the possibility to treat AMD by MSCs
associated with conventional steroid, in this study, we evaluated the eﬀects of steroid drugs, very common drugs often
used to treat AMD, in association with MSCs. We tested morphology, viability, growth kinetics, and immunophenotype.

2. Material and Methods
2.1. Isolation and Expansion of MSCs. MSCs were isolated
from bone marrow (BM) collected from healthy donors bone
marrow (BM) harvested from the iliac crest of adult or pediatric Caucasian donors who underwent bone marrow collection for a related patient after written informed consent.
Whole BM was layered on Percoll (Sigma Aldrich, St. Louis,
MO, USA) gradient (density: 1.073 g/mL) and centrifuged
at 1,100 g for 30 minutes. The cells in the interphase were
washed twice with PBS1X (200 g for 10 minutes) and seeded
at a density of 800,000/cm2 in MSC Medium (Lonza, Basel,
Switzerland) at 10% of Fetal Bovine Serum (FBS, Lonza) in
75 or 150 cm2 T-flasks (Falcon) and maintained at 37◦ C with
an atmosphere of 5% CO2 . After 3 days, the nonadherent
cells were removed and the cultures re-feeded every 3-4 days.
At confluence, after about 15 days, the adhered monolayer
was detached with trypsin/EDTA (Lonza) for 5 minutes
at 37◦ C, and the trypsin action was blocked with trypsin
neutralizing solution (Lonza) for 5 minutes at 37◦ C. The
cells were then seeded at a density of 8,000/cm2 and detached
every 7 days for 2-3 passages in order to expand the isolated
cells.
MSCs were characterized according to the International
Society for Cellular Therapy (ISCT) Guide Lines [13]. To
test MSC diﬀerentiative potential, MSCs were cultured in
osteogenic, adipogenic, and chondrogenic media and analyzed as previously reported [22].
2.2. Drugs. Triamcinolone acetonide (TA, Kenacort, BristolMeyers Squibb), alcohol-free Triamcinolone acetonide (AFTA, obtained by microfiltration of TA and dilution in physiological solution), micronized intravitreal triamcinolone
(IVT, Sooft Italia), Dexamethasone 21-fosfato disodico (Dex,
Decadron phosphate, Merck Sharp & Dohme) were tested
in vitro at diﬀerent concentrations (0.01 mg/mL, 0.1 mg/mL,
and 1.0 mg/mL).
2.3. Drug Evaluation on MSCs. MSCs were seeded with the
drugs at diﬀerent concentrations after 4 culture passages.
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Figure 1: Characterization of MSCs according to ISCT guidelines. Panel 1: spindle-shaped cells typical of MSCs after 24 hrs, 72 hrs, and
5 days from seeding. Panel 2: immunophenotypic analysis of MSCs showing the negativity of CD34, CD45 and CD14 expression and
the positivity of CD90, CD73, CD105, and CD29. Panel 3: diﬀerentiative potential of a representative MSC: presence of calcium ossalates
observed in Van Kossa staining (a) after osteogenic induction; presence of lipid intracytoplasmic vacuoles stained with Oil Red O (b) after
adipogenic induction and presence of hjaluronic acid by Alcian Blue staining (c) after chondrogenic induction. Original magnification 40×
(a, c) and 20× (b).

After 24, 72 hours, and 5 days, the morphology, viability,
and immunophenotype were evaluated by cytofluorimetric
analysis.
2.4. Drug Evaluation on MSCs in the Presence of Retina Cells.
The human retinal pigment epithelial cell line ARPE-19
[23] (ATCC, LGC Standards; Milan Italy) was maintained
in Dulbecco’s modified Eagle’s medium in Ham’s F12
(DMEM/F12). The cells were detached every 5–7 days with

trypsin/EDTA (Lonza) for 5 minutes at 37◦ C, and the supernatant (SN) was collected, filtered and stocked at −20◦ C.
MSCs at 2–4 passages were cultured with 50% or 100%
ARPE-19 SN and maintained in culture changing medium
every 3-4 days.
We evaluated the toxicity of steroid drugs at diﬀerent
concentrations on MSCs with or without the supernatant of
retinal cell culture ARPE-19 at 50% or 100% concentrations.
After 24, 72 hours, and 5 days, the morphology, viability,

4
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Figure 2: Morphological analysis of MSCs in the presence of drugs at 1 mg/mL concentration. Basal MSCs at 24 hrs, 72 hrs, and 5 days (a,
f, k); TA at 24 hs, 72 hs, and 5 days (b, g, l); AF-TA at 24 hs, 72 hrs, and 5 days (c, h, m); IVT at 24 hrs, 72 hrs, and 5 days (d, i, n); DEX at
24 hrs, 72 hrs, and 5 days (e, j, o). Original magnification 20×.

and immunophenotype were evaluated by cytofluorimetric
analysis.
2.5. MSC Analysis. The immunophenotype analysis on
MSCs was performed by flow cytometry on 200,000 cells,
which were incubated for 20 minutes at 4◦ C with fluorescein(FITC-) or phycoerytrin-(PE-) conjugated monoclonal antibodies anti-CD45, CD14 (Becton Dickinson, San Jose, CA,
USA), CD90, CD29, CD73, and CD105 (Caltag Laboratories,
Burlingame, CA, USA), as ISCT guidelines suggest [13]. After
1 wash in PBS 1X, the cells were resuspended in 200 µL of PBS
1X and analysed on Epics-XL cytometer (Beckman Coulter,
CA, USA). The positive cell percentage was calculated using
cells stained with Ig FITC/PE as a negative control.
2.6. Immunofluorescence. MSCs cultured in presence of
ARPE-19 SN were evaluated by immunofluorescence for
retinal markers RPE65, Opsin, and PKC, after 7 and 14 days.
The cells were fixed and permeabilized with acetonemethanol (1 : 1) for 20 minutes at −20◦ C. The fixed cells were
washed with PBS 1X (Cambrex, Belgium), and nonspecific
binding was blocked with 0.1% human albumin (HSA) in
PBS for 1 hour at room temperature (RT). The cells were
incubated with the primary antibody anti RPE65 (mouse),
Opsine (rabbit), and PKC (rabbit) and then with CY3
anti-rabbit (Immunological Sciences, Rome, Italy; 1 : 1000),
or AlexaFluor 488-coupled anti-mouse (1 : 500, Southern
Biotechnology, Birmingham, AL, USA). Positive cells were
counted and compared to total cell counts labelled with

4 ,6-diamidino-2-phenylindole (DAPI, Molecular Probe).
The cells were examined under epifluorescence microscopy
(Axiovert 200, Carl Zeiss, AG, Germany) and analysed by
AxioVision Rel 4.2 (Carl Zeiss, AG, Germany). Magnification
20× e 40×.

3. Results
MSCs were isolated from BM and characterized according
to the ISCT Guide Lines (Figure 1). In order to evaluate
the possibility to treat AMD by MSCs associated with
conventional steroid, we tested the morphology, viability,
growth kinetics, and immunophenotype which were then
evaluated on MSCs treated with the diﬀerent drugs, (TA, AFTA, IVT, and Dex).
3.1. Morphology. Phase contrast microscopy showed a
clumping of TA crystals. The morphological analysis of
MSCs in MSC medium showed a high level of toxicity
in correlation with the drug concentration, because of the
presence of numerous crystals, especially when the cells were
treated with 1 mg/mL AF-TA. The same phenomenon was
evident with TA in alcohol solution after 72 hours and 5 days,
in a more marked way with 1 mg/mL formulations (both
with and without alcohol). With 1 mg/mL IVT and, above
all, with Dex, the morphology was better preserved and fewer
precipitates were present, compared to TA (Figure 2).
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Figure 3: Morphological analysis of MSCs in the presence of drugs at 1 mg/mL concentration and ARPE-19 SN. Panel 1: MSCs with TA
1 mg/mL at 24 hrs (a, b, c), 72 hrs (g, h, i), and 5 days (m, n, o); AF-TA 1 mg/mL at 24 hrs (d, e, f), 72 hrs (j, k, l), and 5 days (p, q, r); Panel 2:
IVT 1 mg/mL at 24 hrs (a, b, c), 72 (g, h, i), and 5 days (m, n, o); DEX 1 mg/mL at 24 hrs (d, e, f), 72 hrs (j, k, l), and 5 days (p, q, r). Original
magnification 20×.

When MSCs were maintained with drugs and ARPE-19
SN, the morphology analysis revealed a smaller presence of
drug crystals (Figure 3).
3.2. Viability. TA showed no toxic eﬀects at 0.01 mg/mL:
viability was 94.20%, 97.10%, and 98.50% after 24, 72 hours,
and 5 days, respectively. TA 0.1 mg/mL involves a fall of
viability at 24 hours (65.50%) and a restoration of cultures
after 72 hours (91%) and 5 days (93%).
AF-TA involves a slight fall of viability at 0.01 mg/mL,
while at 0.1 mg/mL viability falls to 76.50% and 77% after
24 and 72 hours, respectively, with a resumption after 5 days.
IVT was toxic only after 5 days of culture at 0.1 and
1 mg/mL.

Dexamethasone was very toxic at 1 mg/mL after 24 and
72 hours, while at 0.01 mg/mL and 0.1 mg/mL the cells
remained viable at each time of analysis. All these data are
showed in Figure 4.
3.3. Growth Kinetics. The cellular expansion growth rate of
MSCs was evaluated by cell count in a Burker chamber at
each passage and expressed in terms of fold increase.
All drugs had a negative eﬀect on cellular growth.
Dexamethasone inhibits MSC growth rate especially at 0.1
and 1 mg/mL after 5 days’ culture (P < 0.05) (Figure 5).
3.4. Immunophenotype. During the experiments, MSCs were
negative for the haematopoietic antigen (CD34, CD45 and
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Figure 4: Viability conditions at diﬀerent concentrations of triamcinolone acetonide (a), alcohol-free triamcinolone (b), IVT (c), and
Dexamethasone (d).

CD14), and expressed high percentages of CD90, CD105,
CD29, and CD73 (data not shown). Immunophenotype
analysis showed a negative eﬀect, after 24 hours of TA
and AF-TA on mesenchymal antigen expression, mostly at
0.1 mg/mL. However, after 72 hours and 5 days of culture
there is a restoration of antigen expression, with slight
decreases on the fifth day. IVT at 1 mg/mL exposition
induced a decreased expression of MSC antigens after
24 hours (P < 0.05), and after 72 hours and 5 days.
Dexamethasone did not show a negative eﬀect on antigens
expression. All drugs at 1 mg/mL, however, induced an
altered morphology of cells that did not permit the cytofluorimetric analysis, even after 24 hours.
3.5. Immunofluorescence. MSCs cultured with ARPE-19 SN
were evaluated by immunofluorescence analysis for the
expression of retinal markers RPE65, Opsin, and PKC, after
7 and 14 days. Figure 6 shows that, after 14 days, basal MSCs
express retinal marker levels comparable to those of ARPE 19
cells, used as controls.
3.6. Drug Evaluation on MSCs in the Presence of Retina Cells.
On the bases of the previous results we decided to test if in

a “retinal like microenvironment” it would be possible to
observe a protective eﬀect of humoral substance on MSCs.
To these purpose we tested the previous described culture
condition of MSCs and steroid drugs, using conditioned
medium obtained from the retinal cell line ARPE-19. We
also tested diﬀerent percentage of conditioned medium. In
the presence of ARPE-19 SN the viability was better with
all drugs. With TA, the eﬀect of ARPE-19 SN was evident
at 0.1 mg/mL after 24 hours, with AF-TA at 0.01 mg/mL
after 24 and 72 hours. There was no eﬀect on IVT and
dexamethasone, but, at 1 mg/mL, the toxic eﬀect after 24 and
72 hours was mitigated after retinic SN exposure (Figure 7).
Where the eﬀect of SN was evident, this was higher with 50%
of SN than 100% of SN.
As far as cellular growth is concerned, in the presence of
TA, the most advantageous condition was at 0.1 mg/mL with
50% of SN. With AF-TA 0.01 mg/mL the eﬀect of SN was
positive in the presence of 100% SN, while at 0.1 mg/mL the
best eﬀect was with 50% SN. With IVT, the cellular growth
was advantageous at 0,01 and 0,1 mg/mL in the presence
of SN 50%, and at 1 mg/mL with 100% SN. The eﬀect of
50% SN on cultures with Dexamethasone was positive at
0,01 and 0,1 mg/mL (Figure 8). The growth of MSCs in the
presence of IVT or Dexamethasone seemed more correlated
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Figure 5: Growth rate at diﬀerent concentrations of triamcinolone acetonide (a), alcohol-free triamcinolone (b), IVT (c), and
Dexamethasone (d). After 5 days’ culture the cellular growth decreases at 0.1 and 1 mg/mL dexamethasone (P = 0.02, and P = 0.03 resp.).
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Figure 6: Immunofluorescence analysis of MSCs (a) for the expression of retinal markers Opsin (b), RPE65 (c), and PKC (d), after 14 days
of culture, compared to ARPE 19 cells, used as controls (e, f, g, h). Original magnification 20× (a, d, e, h) and 40× (b, c, f, g).

with the culture microenvironment (MSC medium versus
ARPE-19 SN), with the presence of SN 50% resulting more
advantageous.
The expression of MSCs antigens did not change in the
presence of ARPE-19 SN.

4. Discussion
The use of MSCs in regenerative medicine is a promising
therapeutic approach for diseases characterized by a loss of
retinal epithelium pigmented cells and photoreceptors, such

100
90
80
70
60
50
40
30
20
10
0

(%)

Stem Cells International

(%)

8

24 h

72 h

5 gg

100
90
80
70
60
50
40
30
20
10
0

24 h

100
90
80
70
60
50
40
30
20
10
0
24 h

72 h

5 gg

24 h

72 h

5 gg

100
90
80
70
60
50
40
30
20
10
0

24 h

24 h
Medium
50% SN
100% SN

72 h

(d1)

5 gg

72 h

24 h

5 gg

5 gg

(%)

100
90
80
70
60
50
40
30
20
10
0

24 h
Medium
50% SN
100% SN

72 h

(d2)

72 h

5 gg

(c3)

(c2)

(%)

(%)

(c1)
100
90
80
70
60
50
40
30
20
10
0

72 h
(b2)
100
90
80
70
60
50
40
30
20
10
0

(%)

(%)

(%)
24 h

5 gg

100
90
80
70
60
50
40
30
20
10
0

(b1)
100
90
80
70
60
50
40
30
20
10
0

72 h
(a2)

(%)

(%)

(a1)

5 gg

100
90
80
70
60
50
40
30
20
10
0

24 h
Medium
50% SN
100% SN

72 h

5 gg

(d3)

Figure 7: Viability conditions at diﬀerent concentrations of drugs in the presence of ARPE-19 SN. (a1) TA 0.01 mg/mL; (a2) TA 0.1 mg/mL;
(b1) AF-TA 0.01 mg/mL; (b2) AF-TA 0.1 mg/mL; (c1) IVT 0.01 mg/mL; (c2) IVT 0.1 mg/mL; (c3) IVT 1 mg/mL; (d1) DEX 0.01 mg/mL;
(d2) DEX 0.1 mg/mL; (d3) DEX 1 mg/mL.

as AMD. There are few treatment options for the dry form of
AMD, while for the exudative form they are time consuming,
expensive, and only of limited benefit to most patients.
Therefore, the possible scope of a cell-based therapy is rather
vast. AMD is a perfect candidate for the application of stem
cell therapy in order to replace missing cells or to delay their
degeneration. This study aimed at observing the behavior of
MSCs in diﬀerent culture media and in combination with
corticosteroid drugs commonly used in clinical practice, to
evaluate the toxicity, and then highlight the beneficial dose.
Previous studies for other nonocular diseases tested the use

of stem cells in combination with corticosteroids, pointing to positive eﬀects on cell adhesion, proliferation, and
viability.
These drugs may thus stimulate the proliferation and differentiation of MSC according to the complex environmental
conditions [21]. However, very little is known about the
initial events directed by corticosteroids that set the process
in motion. Therefore, exploring the impact of these drugs on
MSCs holds promise, for revealing important details of stem
cell biology and for finding new fields of possible therapeutic
applications.
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In this work we evaluated the toxicity of Triamcinolone
acetonide, with or without alcohol, micronized intravitreal
triamcinolone, and dexamethasone at diﬀerent concentrations on MSCs with or without the retinal cell culture
supernatant ARPE-19, studying their morphology, viability,
cellular growth, and immunophenotype.
The data demonstrated that MSCs cultured with corticosteroid drugs maintain their peculiar characteristics,
despite viability being compromised. These data match those
in Shaikh’s study on ARPE-19 cells, reporting a correlation
between TA concentration and cell loss [8], and those in Oh’s
study, which showed that even short periods of exposure to

TA inhibited the proliferation of fibroblasts and RPE cells,
resulting significantly toxic to confluent RPE cells [7].
A data evaluation of our study on morphology, viability,
cell growth, and immunophenotype showed a diﬀerent behavior of MSCs in the presence of the three drugs used, tested
at the same concentrations and under the same culture
conditions. The data showed a toxic eﬀect of the drugs, mainly due to the higher concentration.
Comparing all the drugs, dexamethasone was the least
toxic corticosteroid used in this study. Dexamethasone is
a synthetic glucocorticoid frequently used in the treatment
of severe inflammatory diseases with positive eﬀects on
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the diﬀerentiation of mesenchymal progenitor cells into
osteoblasts. In our study, dexamethasone at low concentrations was the least toxic drug, according to data from Song
and Denis’s study [24], showing that dexamethasone reduces
or eliminates cell density-related apoptosis on MSCs.
The microenvironment is also important. The use of
the ARPE-19 retinal cell culture SN was an attempt to
create a specific microenvironment in which to study the
characteristics of MSCs and the eﬀect of drugs compared
with control cultures in MSC Medium. The presence of
corticosteroid drugs and the lack of a culture medium typical
of MSCs (100% SN), was first, a brake on cell growth, but
also a factor that promotes diﬀerentiation. After 5 days, the
most advantageous condition for MSC growth was culture
with retinal SN 50%, irrespective of the drugs used. The most
beneficial eﬀect of 50% SN compared to 100% SN might be
explained by considering that a lack of the standard culture
medium for MSCs, might limit cell growth but promote
diﬀerentiation in retinal direction, favored by the presence
of a tissue-specific environment. Our study seems to confirm
that a specific extra-cellular environment can protect MSCs
from drug toxicity.
The presence of ARPE-19 cell line SN 50% and 100%,
then the presence of trophic factors released by the retinal
cells, seemed to help the cells to better preserve the typical
morphology, and the precipitates were lower compared to
standard culture media.
The use of immunofluorescence staining allowed us to
identify the expression of specific markers expressed by
retinal pigment epithelium cells (RPE65, opsin and PKC)
on MSCs cultured with retinal SN, proving there is real
potential for diﬀerentiation towards a retinal lineage when
there is a suitable environment. Studies on the diﬀerentiation potential of MSCs are controversial. Although one
study found that MSCs diﬀerentiated into cells resembling
microglia rather than retinal neurons [17], other studies
have shown that MSCs diﬀerentiate into retinal neurons in
vivo and in vitro [18]. Moreover, animal studies have also
demonstrated that the sub-retinal transplantation of MSCs
delays retinal degeneration and preserves retinal function
[19].
MSCs might be useful in cell therapy, particularly to
slow down the loss of function through the production of
neurotrophic factors and promote the survival of photoreceptors. MSCs seem to confirm a role in supporting cell
expansion, cell reactivation of immunosuppression and neuroprotection. All these features might be supported by the
concomitant use of specific drugs, such as corticosteroids.
The corticosteroid drugs tested in this study induce cell
death only at high concentrations. Cell growth, viability and
the functional properties of MSCs were good in the presence
of low concentrations of drugs.
Recently, some reports demonstrated the clinical feasibility of the intravitreal administration of autologous
bone-marrow-derived mononuclear cells in patients with
advanced degenerative retinopathies [25, 26]. Siqueira conducted a prospective phase I trial to investigate the safety
of intravitreal ABMC in patients with RP or cone-rod
dystrophy, with promising results [27].
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Our in vitro study demonstrated that high doses of
corticosteroid drugs have a negative eﬀect on MSCs. This
eﬀect was reduced on low pharmacological doses and in the
presence of a conditioned media. Further studies are needed
to improve our in vitro studies, and new drugs need to be
tested, to understand the mechanism of interaction between
MSCs and retina cells. Finally, for the purposes of a future
clinical application, in vivo studies are necessary to study the
potential role of MSCs for the treatment of AMD.

Conflict of Interests
Authors do not have any actual potential conflict of interest.

Acknowledgments
The authors are also grateful to Andrew Martin Garvey, BA
(Hons), LTCL (TESOL), PGCPolSci, for editorial assistance.
This work was supported by Regione Piemonte.

References
[1] R. Klein, Age-Related Macular Degeneration, Mosby, St. Louis,
Mo, USA, 1999.
[2] A. Rattner and J. Nathans, “Macular degeneration: recent
advances and therapeutic opportunities,” Nature Reviews
Neuroscience, vol. 7, no. 11, pp. 860–872, 2006.
[3] S. Michels and U. Schmidt-Erfurth, “Sequence of early
vascular events after photodynamic therapy,” Investigative
Ophthalmology and Visual Science, vol. 44, no. 5, pp. 2147–
2154, 2003.
[4] U. Schmidt-Erfurth and T. Hasan, “Mechanisms of action of
photodynamic therapy with verteporfin for the treatment of
age-related macular degeneration,” Survey of Ophthalmology,
vol. 45, no. 3, pp. 195–214, 2000.
[5] T. A. Ciulla, M. H. Criswell, R. P. Danis, and T. E.
Hill, “Intravitreal triamcinolone acetonide inhibits choroidal
neovascularization in a laser-treated rat model,” Archives of
Ophthalmology, vol. 119, no. 3, pp. 399–404, 2001.
[6] J. B. Jonas, I. Akkoyun, B. Kamppeter, I. Kreissig, and
R. F. Degenring, “Branch retinal vein occlusion treated by
intravitreal triamcinolone acetonide,” Eye, vol. 19, no. 1, pp.
65–71, 2005.
[7] J. Oh, Y. S. Jung, G. S. Kim, I. K. Oh, B. K. Rho, and K.
Huh, “The eﬀect of short-term exposure of triamcinolone
acetonide on fibroblasts and retinal pigment epithelial cells,”
Acta Ophthalmologica Scandinavica, vol. 85, no. 7, pp. 786–
790, 2007.
[8] S. Shaikh, S. Ho, L. A. Engelmann, and S. W. Klemann, “Cell
viability eﬀects of triamcinolone acetonide and preservative
vehicle formulations,” British Journal of Ophthalmology, vol.
90, no. 2, pp. 233–236, 2006.
[9] C. Takata, A. Messias, M. S. Folgosa et al., “Intravitreal
injection versus subtenon infusion of triamcinolone acetonide
during cataract surgery in patients with refractory diabetic
macular edema,” Retina, vol. 30, no. 4, pp. 562–569, 2010.
[10] M. F. Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science,
vol. 284, no. 5411, pp. 143–147, 1999.
[11] Y. Chen, J. Z. Shao, L. X. Xiang, X. J. Dong, and G. R.
Zhang, “Mesenchymal stem cells: a promising candidate in

Stem Cells International

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

regenerative medicine,” International Journal of Biochemistry
and Cell Biology, vol. 40, no. 5, pp. 815–820, 2008.
S. Garbuzova-Davis, A. E. Willing, S. Saporta et al., “Chapter
14 Novel cell therapy approaches for brain repair,” Progress in
Brain Research, vol. 157, pp. 207–222, 2006.
M. Dominici, K. Le Blanc, I. Mueller et al., “Minimal criteria
for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement,” Cytotherapy, vol. 8, no. 4, pp. 315–317, 2006.
L. Crigler, R. C. Robey, A. Asawachaicharn, D. Gaupp, and D.
G. Phinney, “Human mesenchymal stem cell subpopulations
express a variety of neuro-regulatory molecules and promote
neuronal cell survival and neuritogenesis,” Experimental Neurology, vol. 198, no. 1, pp. 54–64, 2006.
A. Uccelli, L. Moretta, and V. Pistoia, “Mesenchymal stem cells
in health and disease,” Nature Reviews Immunology, vol. 8, no.
9, pp. 726–736, 2008.
M. E. Bernardo, N. Zaﬀaroni, F. Novara et al., “Human
bone marrow-derived mesenchymal stem cells do not undergo
transformation after long-term in vitro culture and do not
exhibit telomere maintenance mechanisms,” Cancer Research,
vol. 67, no. 19, pp. 9142–9149, 2007.
M. Tomita, T. Mori, K. Maruyama et al., “A comparison of
neural diﬀerentiation and retinal transplantation with bone
marrow-derived cells and retinal progenitor cells,” Stem Cells,
vol. 24, no. 10, pp. 2270–2278, 2006.
A. Kicic, W. Y. Shen, A. S. Wilson, I. J. Constable, T. Robertson,
and P. E. Rakoczy, “Diﬀerentiation of marrow stromal cells
into photoreceptors in the rat eye,” Journal of Neuroscience, vol.
23, no. 21, pp. 7742–7749, 2003.
Y. Inoue, A. Iriyama, S. Ueno et al., “Subretinal transplantation of bone marrow mesenchymal stem cells delays retinal
degeneration in the RCS rat model of retinal degeneration,”
Experimental Eye Research, vol. 85, no. 2, pp. 234–241, 2007.
R. D. Lund, S. Wang, B. Lu et al., “Cells isolated from umbilical
cord tissue rescue photoreceptors and visual functions in a
rodent model of retinal disease,” Stem Cells, vol. 25, no. 3, pp.
602–611, 2007.
G. C. B. Medrado, C. B. Machado, P. Valerio, M. D. Sanches,
and A. M. Goes, “The eﬀect of a chitosan-gelatin matrix and
dexamethasone on the behavior of rabbit mesenchymal stem
cells,” Biomedical Materials, vol. 1, no. 3, pp. 155–161, 2006.
M. J. Carson, J. M. Doose, B. Melchior, C. D. Schmid, and
C. C. Ploix, “CNS immune privilege: hiding in plain sight,”
Immunological Reviews, vol. 213, no. 1, pp. 48–65, 2006.
K. C. Dunn, A. E. Aotaki-Keen, F. R. Putkey, and L. M.
Hjelmeland, “ARPE-19, a human retinal pigment epithelial
cell line with diﬀerentiated properties,” Experimental Eye
Research, vol. 62, no. 2, pp. 155–169, 1996.
I. H. Song and J. E. Denis, “Dexamethasone inhibition of
confluence-induced apoptotis in human mesencymal stem
cells,” Journal of Orthopaedic Research, vol. 27, pp. 216–221,
2009.
T. V. B. N. Johson, D. P. Hunt, N. Marina, S. I. Tomarev, and K.
R. Martin, “Neuroprtctive eﬀects of intravitreal mesenchymal
stem cell transplantation in experimental glaucoma,” Investigative Ophthalmology & Visual Science, vol. 51, pp. 2051–
2059, 2010.
J. B. Jonas, M. Witzens-Harig, L. Arseniev, and A. D. Ho,
“Intravitreal autologous bone-marrow-derived mononuclear
cell transplantation,” Acta Ophthalmologica, vol. 88, no. 4, pp.
e131–e132, 2010.

11
[27] R. C. Siqueira, A. Messias, J. C. Voltarelli, I. U. Scott, and
R. Jorge, “Intravitreal injection of autologous bone marrowderived mononuclear cells for hereditary retinal dystrophy: a
phase i trial,” Retina, vol. 31, no. 6, pp. 1207–1214, 2011.

Hindawi Publishing Corporation
Stem Cells International
Volume 2012, Article ID 652034, 4 pages
doi:10.1155/2012/652034

Review Article
Safety of Mesenchymal Stem Cells for Clinical Application
Youwei Wang,1 Zhi-bo Han,1 Yong-ping Song,2 and Zhong Chao Han1, 2
1 State

Key Laboratory of Experimental Hematology, Institute of Hematology and Hospital of Blood Diseases, Chinese Academy of
Medical Sciences and Peking Union of Medical College, Tianjin 300020, China
2 Department of Hematology, Aﬃliated Tumor Hospital of Zhengzhou University, Zhengzhou 450052, China
Correspondence should be addressed to Zhong Chao Han, hanzhongchao@hotmail.com
Received 18 February 2012; Accepted 13 March 2012
Academic Editor: Selim Kuçi
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Mesenchymal stem cells (MSCs) hold great promise as therapeutic agents in regenerative medicine and autoimmune diseases,
based on their diﬀerentiation abilities and immunosuppressive properties. However, the therapeutic applications raise a series of
questions about the safety of culture-expanded MSCs for human use. This paper summarized recent findings about safety issues of
MSCs, in particular their genetic stability in long-term in vitro expansion, their cryopreservation, banking, and the role of serum
in the preparation of MSCs.

1. Introduction
It has been shown that the transplantation of mesenchymal stem cells (MSCs) could be an eﬀective therapy for
many diseases including blood disease, acute respiratory
distress syndrome, spinal cord injury, liver injury, and
critical limb ischemia [1–4]. To date, hundreds of clinical
trials using MSCs have been registered in the database
(http://www.clinicaltrials.gov/) of the US national institutes
of health. Furthermore, a number of nonregistered clinical
studies using MSCs are being performed in many countries.
The general practice includes the isolation of MSCs
from various tissues (including bone marrow, adipose tissue,
placenta umbilical cord, umbilical cord blood, peripheral
blood, and dental pulp) and the cell expansion under in
vitro culture conditions. The complications in the utilization
of MSCs as therapeutic tools in vivo arose due to the
experimental artifacts introduced by inconsistent cell culture
protocols. Actually, most MSCs used for clinical trials are
prepared in research laboratories, lacking suﬃcient preclinical studies and manufacturing quality control. Moreover,
laboratories around the world lack an internationally standardized practice for in vitro expansion of MSCs, resulting in
heterogeneous populations of cells and inconsistent results,
both in experimental studies and clinical trials.

In addition, although MSCs have been used in both
autologous and allogeneic settings, most clinical applications
of MSCs are in fact personalized therapies in which the
patient receives administration of MSCs provided by different donor and/or diﬀerent preparation. This necessitates
the establishment of standardized manufacture guidelines
for the isolation, expansion, preservation, and delivery of
MSCs that display minimal variability in their production
and assumes large-scale produced MSCs as “cell medicine”
for safety evaluation and clinical applications.

2. Expansion and Genetic Stability of MSCs
Primary MSCs are rare in human tissues. The frequency of
MSCs is approximately 1/106 nucleated cells in adult bone
marrow and 1/104 nucleated cells in umbilical cord [5].
The number of MSCs has been noted to decrease with age.
When grouped by decade, a significant decrease in MSCs per
nucleated bone marrow cell could be observed, with 10-fold
decrease from birth to teens and another 10-fold decrease
from teens to elderly [6].
Despite limited number, MSCs can be expanded to a high
level in long-term culture system, which permits a large-scale
production of MSCs for clinical application. Usually, the
adult bone marrow MSCs (BMMSCs) can grow identically
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in culture for 6–10 passages, whereas placenta umbilical cord
MSCs can undergo 30 to 40 passages. It is known that prolonged culture of human embryonic stem cells (ESCs) can
lead to adaptation and acquisition of chromosomal abnormalities [7–12]. The induced pluripotent stem cells (iPSCs)
undergo deletions of tumor-suppressor genes during the
process of reprogramming, while duplications of oncogenic
genes aroused in culture [13]. It remains unclear whether the
“culture-adapted” MSCs undergo adaptive transformation
during long-term passaging in vitro.
Previous data obtained from high-resolution analysis
show that the in vitro expanded human BMMSCs are
devoid of DNA copy number aberrations [14, 15]. However,
senescence-associated modification at specific CpG sites has
been observed in MSC during culture expansion. The key
evidence for transformation based on DNA fingerprinting
has not been presented in the studies in which the authors
claimed that MSCs underwent malignant transformation in
cultivation [16–25]. More data are therefore needed to evaluate the genomic stability of MSCs during prolonged culture
in vitro. The highresolution of genetic analysis including
balanced and unbalanced genetic change is an important
method to determine the possibility of transformation of
MSCs. If CNV or SNP change is detected after long-term
cultivation, it refers not only to the occurrence of mutation
but also to the mutation providing a survival (senescence
or apoptosis resistance) or growth advantage more or less.
Even if there is no diﬀerence between early- and late-passage
MSCs in genome, it does not imply the absence of genomic
alteration during long-term cultivation. The mutated MSCs
without survival or growth advantage will be diluted in
the process of cultivation and become undetectable after
long-term cultivation. By contrast, the mutated MSCs with
growth advantage or senescence resistance are of more risk
for clinical application.

3. Tumor Formation
Stem cells posses some features of cancer cells including long
lifespan, relative apoptosis resistance, and ability to replicate
for extended periods of time. In addition, similar growth
regulators and control mechanisms are involved in both
cancer and stem cell maintenance. Therefore, stem cells may
undergo malignant transformation which is often seen as
a key obstacle to the safe use of stem-cell-based medicinal
products.
Some previous studies have described spontaneous
transformation of MSCs in vitro. However, almost all of them
have not provided solid evaluation of the same origin of
normal MSCs and their transformed counterparts. Actually,
most of the spontaneous malignant transformed MSCs are
cross-contained by HT1080, HEla, or other tumor cell lines
[16, 17, 20, 21, 23–25]. There is no enough evidence for
tumorigenicity of MSCs expanded in vitro.
To address the safety issues, we conducted several
GLP-compliant in vivo toxicity studies using NOD mice,
NOD/SCID mice, guinea pigs, rabbits, and monkey models.
UC-MSCs from master MSCs bank (passage 2, P2) were
thawed and cultured for additional five passages (P7)
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and eleven passages (P13). At the end of P7 or P13, an
approximate number of 6 × 109 or 5 × 1012 UC-MSCs were,
respectively, harvested, allotted, and cryopreserved until use.
For tumorigenic study, UC-MSCs at a dose of 1 × 107 /mouse
were subcutaneously transplanted into both NOD mice and
NOD/SCID mice. No tumor formation was observed two
months after cell transplantation in these animals. The eﬀect
of transplanted UC-MSCs on tumor growth was then studied
using the Nod mice which were previously injected with
K562 cells to induce leukemic tumors. Two injections (twoweek interval) of diﬀerent doses of UC-MSCs resulted in
a significant inhibition of K562 tumor growth in the mice
bearing leukemic tumors. These in vivo results are consistent
with our in vitro results showing a potent inhibitory eﬀect
of UC-MSCs on the proliferation of K562 and HL-60 cells
without inducing apoptosis [26].
In an eﬀort to evaluate the overall toxicology of UCMSCs, we have performed an in vivo study in cynomolgus
monkeys receiving repeated administrations of UC-MSC.
The administration of UC-MSC was done by intravenous
injection once every two weeks for six weeks, with a dose
of 2 × 106 or 1 × 107 cells/kg body weight. All animals survived until scheduled euthanasia. No significant
MSCs-related changes were found in body weights, clinical
signs, hematological/biochemical values, organ weights, or
histopathological findings. The results of this toxicity study
indicated that the transplantation of UC-MSC did not aﬀect
the general health of cynomolgus monkeys [27].
Moreover, the vast majority of clinical trials conducted
with MSCs in regenerative medicine applications have not
reported major health concerns. Centeno et al. report that
two groups of patients (group 1: n = 50; group 2: n = 290)
between 2006 and 2010 were treated for various orthopedic
conditions with culture-expanded, autologous BMMSCs.
Cells were cultured in monolayer culture flasks using an
autologous platelet lysate technique and reinjected into
peripheral joints or into intervertebral discs with use of
c-arm fluoroscopy. Using both intensive high-field MRI
tracking and complications surveillance in 339 patients,
no neoplastic complications were detected at any stem
cell reimplantation site [28]. MSCs-based therapy has also
already been used in other human disease settings, such
as graft-versus-host and cardiac disease, with initial reports
indicating a good safety profile. These findings indicate the
lack of solid evidence for malignant transformation in vivo
following implantation of MSCs for clinical use. Further
studies will be required to determine if MSCs can help
tumor formation and related mechanisms. Although MSCs
with chromosomal alterations did not show any sign of
malignant transformation either in vitro or in vivo [29],
it remains uncertain that acquired mutations will induce
cellular transformation during the prolonged culture. There
exists the possibility that MSCs gain copy number variation
during prolonged expansion. Thus, it is necessary to conduct
aCGH or SNP array to evaluate the genomic integrity of
MSCs before clinical application.
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4. Cryopreservation and Banking of MSCs
To isolate and produce in large scale the MSCs for clinical
use, standardized preparation processes and long-term storage of MSCs isolated from diﬀerent sources are needed for
future clinical applications [30–32].
Since HLA-matched adult organ donors are not always
available, stem cells derived from several birth-associated
perinatal tissues—including cord blood, placenta, and
umbilical cord—can be banked as a safeguard against future
life-threatening conditions. The clinical grade production
and preservation of perinatal MSCs necessitates adhering
to cGMP (current Good Manufacture Practices) to insure
the delivery of a “cell drug” that is not only safe but
also reproducible and eﬃcient. Cryopreservation of cells
permits the transportation of cells between sites, as well
as completion of safety and quality control testing. Taken
together, banking of perinatal MSCs includes the donor
determination and sample collection, primary cell isolation
and microbiological testing, the master stem cell selection,
cell expansion, cryopreservation and banking, and the largescale cell expansion and preparation of final stem cell
products. Strict standards and management are vital to
make stem cell bank work well. Validated SOPs (Standard
Operation Procedures) with quality assurance programs are
the key factor of a well-designed bank of MSCs. Maintenance
of viability, biological characteristics, and sterility makes the
banked MSCs safety and “ready to use.”
It has been demonstrated that cryopreservation does
not change the biological behavior of MSCs such as differentiation, growth, and surface marker [33]. Serum and
dimethyl sulfoxide (DMSO) are used in research laboratory
as cryoprotectant. The major challenge of freezing MSCs is
the toxicity of cryoprotectant in clinical use. The toxicity of
DMSO is overestimated as it could be weakened by diluting
cyropreserved MSCs before clinical use. FBS (fetal bovine
serum), BSA (bovine serum albumin), or HSA (human
serum albumin) should not be an alternative cyroprotectant
for DMSO because of a risk of contamination with human or
animal viruses.

5. Serum-Containing and
Serum-Free Cultivations
In vitro expansion of MSCs is conventionally achieved in
medium containing FBS and is increased by addition of
growth factors. However, for widespread clinical applications, contact of MSCs with serum must be minimized since
it is a putative source of prion or virus transmission. Serum
is the most uncertain factor in the expansion of clinical
grade MSCs. Considering the batch-to-batch variability and
possibility of viral contamination, some replacement of
FBS such as human AB serum or platelet lysates cannot
be considered as better choice for producing MSCs for
clinical use [34]. Chemical-defined, xeno-free, serum-free
medium (SFM) may conquer all the problems of FBS.
Furthermore, comparing serum-contained medium, some
evidence supported that SFM provided an adjuvant for
maintenance of chromosomal stability in BMMSCs and
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adipose-derived MSCs [35]. Another study focus on mouse
embryo fibroblasts showed that predominantly diploid karyotype was maintained in serum-free culture even at PD60.
Aneuploid karyotype was induced by the addition of serum
[36]. Probably the uncontrolled mitogenic stimulation in
serum can lead to strong genetic instability. However,
expansion of MSCs in SFM remains an unsolved question.
SFM has its own shortcoming in the preparation of clinical
grade MSCs. The attachment of MSCs in SFM needs the
coating of fibronectin or other substrates which contained
components of human origin and batch-to-batch variability
and cannot be well defined chemically.
In fact, SFM is not as well as that some commercial
companies claimed. Based on our own data, UC-MSCs
proliferate more slowly in SFM than in FBS-contained
media. Sometimes, UC-MSCs cannot be expanded in SFM. A
number of studies have revealed that MSCs can be expanded
in FBS contained medium without transformation [14]. If
MSCs are expanded in SFM, the similar safety studies are
needed to determine if the serum-free system aﬀects the
genetic stability of MSCs and cause tumor formation.
In summary, the safety remains one of the main concerns
in cell therapy. The production of safe cell products requires
an entire process supervising to make sure the cells maintain
overall phenotype, functional potential, and to ensure the
cultured cells remain untransformed and no microbiological
contaminations. Therefore, MSCs banking and cell products
manufacturing and corresponding quality control system
procedures must be applied for assuring the safety and
eﬃciency of the final cell products. Moreover, we cannot
only rely on biologists to produce MSCs which fulfils all of
the requirements for clinical application. Cell engineering
technologies are needed in the translation from expansion of
MSCs in laboratory to large-scale manufacture in cell factory.
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The need for a consistent therapeutic approach to tendon injury repair is long overdue. Patients with tendon microtears or full
ruptures are eligible for a wide range of invasive and non invasive interventions, often subjectively decided by the physician. Surgery
produces the best outcomes, and while studies have been conducted to optimize graft constructs and to track outcomes, the data
from these studies have been inconclusive on the whole. What has been established is a clear understanding of healthy tendon
architecture and the inherent process of healing. With this knowledge, tissue regeneration eﬀorts have achieved immense progress
in scaﬀold design, cell line selection, and, more recently, the appropriate use of cytokines and growth factors. This paper evaluates
the plasticity of bone-marrow-derived stem cells and the elasticity of recently developed biomaterials towards tendon regeneration
eﬀorts. Mesenchymal stem cells (MSCs), hematopoietic progenitor cells, and poly(1,8-octanediol co-citrate) scaﬀolds (POC) are
discussed in the context of established grafting strategies. With POC scaﬀolds to cradle the growth of MSCs and hematopoietic
progenitor cells, developing a fibroelastic network guided by cytokines and growth factors may contribute towards consistent graft
constructs, enhanced functionality, and better patient outcomes.

1. Introduction
Sports-related tendon and ligament injuries account for a
significant portion of patient presentations, accounting for
many physician hours in primary care, radiology, orthopedics, and physical therapy. The function of concentrating
muscle force renders tendons and ligaments susceptible to
overuse syndromes and stress injuries, with pathologies
spanning across three grades [1]. These are overstretching
(grade I, no pain and,no joint instability), partial tears
(grade II, severe pain with joint instability), and complete
tears (grade III, severe pain during injury, followed by
no pain). Complete tears occur most often within the
substance of collagen fibers, particularly during episodes
of fast loading onto tendons and ligaments. In addition,
degeneration and rupture of tendons have been associated
with hypovascularity in certain regions of tissues like the
posterior tibial tendon [2]. Osseous insertion points are
hypervascular, in contrast to other regions prone to stress

and pressure, which are avascular. This explains the tendency
of tendons to rupture within the substance
1.1. Inflammatory Cells and Cytokines Drive Tendon Healing.
Upon tissue damage, blood vessels rupture and the exposed
endothelium trigger the coagulation cascade at the site of
injury, producing a hematoma. The hematoma serves to
concentrate fibrin and platelets, with the latter releasing
platelet-derived growth factor (PDGF), transforming growth
factor beta (TGF-β), insulin-like growth factor-1,-2 (IGF-1,
-2), and various cytokines to initiate localized inflammation
and establish a chemotatic gradient. In response to the
chemoattractants, neutrophils undergo diapedesis, augment
the levels of TGF-β, and concurrently release additional
factors such as basic fibroblast growth factor (bFGF) and
vascular endothelial growth factor (VEGF). Meanwhile,
histamine and bradykinin from platelets and neutrophils
promote the formation of prostaglandins (PGE1 and PGE2),
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which collectively present as symptoms of pain and tenderness [3]. After the acute inflammatory phase, the level of
concentrated growth factors allows the transition into the
reparative stage, occurring through either an extrinsic or
intrinsic pathway.
In the extrinsic tendon repair scheme, the tear repairs
itself through granulation tissue formation [4]. A scar develops after initial macrophage phagocytosis of debris, followed
by activation of dormant fibroblasts, fibroblast migration
and collagen deposition at day three after injury. Lactate
from tissue hypoxia is the impetus for collagen deposition
[5]. Macrophages respond to high lactate levels and stimulate
fibroblasts to lay down extracellular matrix components,
either directly or through TGF-β. By day seven, angiogenesis
driven by VEGF is noticeable in order to support fibroblast
activity [6]. Unfortunately, collagen fibers deposited under
the extrinsic repair pathway lack organization [7] due to
abnormal cross-linking and a predominance of type III
collagen. The high level of retained glycosaminoglycans
results in a weaker, fibrotic tendon that is less able to glide
smoothly within its sheath [8].
In contrast, the intrinsic repair mechanism mimics
embryonic tendon formation [9]. In this system, fibroblasts migrate to the site of defect and are responsible for
synthesizing collagen fibrils of a single variety. Procollagen
from the rough endoplasmic reticulum is cleaved into
tropocollagen, and, instead of linking to form collagen
fibers directly, they are added to collagen fibril segments
first. These fibril segments are larger than tropocollagen
molecules, which upon incorporation into damaged collagen
at the ruptured ends, maintain the original and intended
orientation of subunits, as seen in organized embryonic
fibrillogenesis [10–13]. The final stages of repair start 6–
8 weeks after injury and last for months thereafter. Type
III collagen is replaced by type I collagen, and a reduction
in cellularity and water content allows the healing tendon to approach the morphology of normal functioning
tissue.
Nutrition to the tendon is critically important in both
normal physiology and healing after pathology [14]. Typically, intrasynovial tendon are supported by intrinsic cells
found in the single-cell-layered synovial membrane. This
membrane exists over the tendon (endotenon), on the
parietal surface of the tendon sheath (epitenon), and within
the adventitia (paratenon). Extrasynovial tendons receive
nourishment from growth factors and cytokines available
in the paratenon and systemic vasculature. These factors
include IGF-1, PDGF, bFGF, each especially vital in the early
and immediate stages of healing. They initiate and guide
fibroblast activation, proliferation, and migration. TGF-β
and VEGF display their importance in the remodeling phase,
prompting angiogenesis [3].

2. Current Therapeutic Strategies
The approach to treatment in acute soft tissue trauma
relies heavily on the patient’s history, signs, and symptoms
including the grade of injury, and their goals of usage after
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therapy. Initially, clinical evaluation determines the grade of
injury and the level of instability to the joint. Radiologic
techniques of ultrasound and magnetic resonance imaging
assist the diagnosis, after which the patient is considered for
conservative or surgical treatment. For all injuries, initial
management is aimed at controlling edema, increasing stability and decreasing pain and inflammation. These goals can
be achieved by protection, rest, ice, compression, elevation
and support.
2.1. Non Surgical Approach. For small tears or overuse
injuries, physicians opt for conservative therapy to
strengthen and stretch the tendon. After all, older patients
with co morbidities and arthritis are less eligible for surgery,
particularly if the therapeutic intent is achieving stability
over high-intensity, sport-related joint use [15]. Some
injuries are even considered irreparable [16]. Non surgical
rehabilitation involves immobilization and strengthening
of the muscles around the joint. This approach relies
on the intrinsic and extrinsic mechanisms of repair as
discussed above. While movement, stretching or heat is not
recommended during the inflammatory phase (weeks 0–3),
a gradual progression towards controlled weight-bearing
exercise and plyometrics is allowed for the reparative
and remodeling stages (weeks 3–12). At a cellular level,
stretching and strengthening encourage collagen synthesis
[17]. Without appropriate physical therapy, collagen fibrils
are not arranged linearly and yield a weak scar prone to
further injury. Early mobilization of the joint followed by
late passive or active motility prevents complications like
adhesions to the synovium [18].
2.2. Surgical Approach. For young patients hoping to achieve
pre injury conditions of use, surgical interventions can
reconstitute function up to 98%. Surgery, however, is not
without diﬃculties. Suture techniques are numerous, and
selecting an appropriate graft is a further challenge. For
anterior cruciate ligament injuries, gracilis hamstring autografts are commonly harvested, but great attention must
be given to attain appropriate tension and fixation of the
graft in surgery. A flaccid graft, or one over-tightened,
would compromise stability and range of motion. Still,
surgery remains an optimal choice. In Achilles tendon
ruptures, surgical treatment was associated with a lower
risk of re rupture compared to other interventions [19].
In addition, complications such as infection, nerve damage,
adhesions, and disturbed skin sensibility must be considered with open surgery [20–23]. Recent insights have
revealed that percutaneous approaches to tendon repair
tend to minimize infection and improve patient satisfaction despite the inability of the surgeon to visualize the
defect [24]. While the cosmetic diﬀerence between the
open and percutaneous method is noteworthy, there is still
contention as to whether the percutaneous approach has
an eﬀect on the rates of tendon re rupture, the residual
gap between blunted ends, or the level of nerve injury
[25–27].
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Recently, therapies using autologous platelet-rich plasma
(PRP) injections are being explored. PRP mimics the high
concentration of platelets in the hematoma surrounding
the site of injury [28]. A bolus of PRP includes platelets
(up to six times more concentrated than in blood), TGFβ, PDGF, VEGF, IGF-1, fibrin, fibronectin, vitronectin,
thrombospondin, osteonectin, and osteocalcin [29]. While
this appears mechanistically ideal, randomized controlled
trials have shown little to no improvement on disease
progress [30, 31]. The appropriate dosage of PRP for soft
tissue injuries remains unknown, and the eﬀects rely heavily
on anatomical site and grade of injury as well [29].
For certain patient populations, especially those with
complete ruptures, surgery is the standard of care for tendon
and ligament injuries [32]. Even with advances in surgery,
there still remains an inherent need to establish physiological
function with a high degree of reproducible outcomes for
patients. While the lack of clear post operative rehabilitation
protocols may contribute to this [33], findings from a metaanalysis by Mohtadi et al. [34] elaborate on the issue.
In comparing the outcomes of anterior cruciate ligament
repairs with autologous hamstring or patellar tendons, no
diﬀerences were found in function or rates of rerupture.
However, patellar grafts were shown to produce a more
stable knee, at the expense of anterior knee discomfort and
decreased range of extension. Patients with a hamstring
graft had weaker knees and a decreased range of flexion
range and strength. Evidently, neither graft is optimal.
Looking forward, the open surgical strategy invites the
use of biomaterials and autologous stem cells to enhance
native repair mechanisms, a reconstruction strategy that may
address this uncertainty in patient outcomes.

3. Mesenchymal Stem Cells as a Candidate for
Tendon and Ligament Repair
Tenocytes, or elongated fibroblast cells resident to the
tendon, are responsible for the generation of collagen fibers
in fibrillogenesis but remain fairly dormant in normal
usage conditions. Upon injury, they are activated by the
inflammatory response for collagen deposition. To conduct
this function, tenocytes are assisted by tendon-derived stem
cells (TDSCs). Studies have shown that TDSCs induce
tenocyte diﬀerentiation upon mechanical stimulation [35].
From the regenerative standpoint, ligaments and tendons
can be considered structurally similar. Type I collagen predominates in both fibroelastic structures, with the remaining
substance consisting of fibroblasts, ground substance, elastin,
and water [36]. Ligaments have a slightly reduced collagen
fibril percentage, but a higher elastin and proteoglycan
component compared to tendons. Moreover, within the
category of tendons, no significant diﬀerences have been
documented in construct or elasticity between males and
females [37]. Nonetheless, their major diﬀerence is in
function, not composition. By healing the collagen fibers
similarly in tendons and ligaments, construction of grafts
becomes more eﬃcient to reinstate sustained tensile loads
after injury.
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The regenerative capacity of mesenchymal stem cells
is now well established in a multitude of fields, including
orthopedics [38–42]. Although rare in the bone marrow,
occurring at a rate of one in 100,000 nucleated cells [43],
MSCs possess a high, though not indefinite, proliferation
capacity that compensates for their rarity. They are capable
of dividing 24–40 times to expand the cell population to
well above one million cells [44]. MSCs express cell surface
markers CD29, CD44, CD105 and CD166 and are negative
for hematopoietic markers such as CD14, CD34, and CD40.
MSCs are also negative for leukocyte common antigen CD45,
suggesting that these stem cells cannot stimulate allogeneic
lymphocyte proliferation and will thus avoid immune
rejection [45]. Their distinction from hematopoietic cells
of the bone marrow allows ease of isolation through flow
cytometry, making MSCs readily available for use [46].
One great advantage of MSCs, as described by Pittenger
et al. [47], is that they do not diﬀerentiate spontaneously
during in vitro culture. This permits a controlled micro
environment, such as the target tissue itself, to dictate the
diﬀerentiation of MSCs after implantation. From a regeneration perspective, MSCs display an immunomodulatory
eﬀect [48] that includes the secretion of cytokines to initiate
tissue regeneration [49]. At present, multipotent MSCs have
been diﬀerentiated into neural [50], cardiac, osteogenic,
and adipogenic lineages. The plasticity inherent in MSCs
makes this cell a prime candidate for soft tissue regeneration,
particularly since they support orthopedic healing with
minimal complications [51].
3.1. MSCs Appear Similar to TDSCs. In a characterization
study, undiﬀerentiated TDSCs were compared to bonemarrow-derived mesenchymal stem cells (BM-MSCs) as
also important in regeneration. TDSCs were found to
have a higher clonogenicity and proliferation rate, and
expression profiles revealed a higher level of tenomodulin,
scleraxis, COL1A1, alkaline phosphatase, COL2A1, and
biglycan mRNA expression compared to BM-MSCs [52].
While TDSCs appear more suited for regeneration of soft
tissue, these soft tissue-specific mRNAs were not absent
from MSCs, indicating their capacity to act like TDSCs. A
summary comparing TDSCs and MSCs presented in Table 1.
Given the capacity of MSCs to be influenced by their
microenvironment, it is expected that MSCs in the context of
the tendon sheath would up regulate relevant protein content
to that found in TDSCs. Direct and compelling evidence
has already shown the ability of MSCs to diﬀerentiate into
tenocytes [53, 54]. In addition, MSCs are more easily isolated
and banked from bone marrow compared to TDSCs, which
are harvested from fragile peritendinous connective tissue
[55]. From a therapeutic perspective, isolating connective
tissue from the site of injury requires two invasive procedures
at the same site, whereas bone marrow aspiration will not
aggravate the healing process at the tendon rupture location.
In an eﬀort to reconstitute flexor tendon tissue, Kryger
et al. [55] demonstrated the similarities between diﬀerentiated epitenon tenocytes and BM-MSCs. Morphologically,
BM-MSCs and tenocytes were both spindle shaped, and both
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Table 1: Immunohistochemical comparison of MSCs and TDSCs.

Cellular marker

Bone-marrow-derived mesenchymal stem cells [47, 114–116] Tendon-derived stem cells [117, 118]

CD18
CD31

−

−

−

−

CD34
CD40

−

−

−

−

CD44
CD45
CD90

+

+

−

−

+

+

CD90.2
CD105
CD106

−

+
+

CD117
CD144

−

−

+

−

CD146
Sca-1
Oct-4

+

+
+
+

SSEA-4
Stro-1

+
+

−

−

+
+

+
+

−

Nucleostemin
Flk-1
Tenomodulin

−

+

+
+

−

++

Scleraxis
Cartilage oligomeric protein (Comp)

+
+

++
++

Tenascin
Sox-9
Runx2

+
+
+

++
+
+

COL1
COL2

+

++

−

−

α-smooth muscle actin
Fibronectin

++
+

+
+

stained strongly for collagen 1 and 3 [56]. Like BM-MSCs,
tenocytes showed no senescence across multiple passage
rounds, illustrating the long-term capacity of both cell
types to support regeneration in grafts. If growth was not
sustained over the course of healing, applications of MSCs
would be stunted from arrested growth in the more complex
synovial environment. When seeded upon acellular tendon
grafts, both cell types retained their collagen architecture
in vivo with an inflammatory response equal to that of
controls. These characteristics support the use of BM-MSCs
for tendon regeneration, particularly when part of seeded
scaﬀolds [57–59]. Like TDSCs, MSCs have been induced
to diﬀerentiate to tenocytes through the Wnt signaling
pathway and cyclic mechanical stimulation that mimics
normal processes [60]. Interestingly, platelet-rich plasma
(PRP) was found to stimulate both MSCs and TDSCs. PRP
enhanced MSC proliferation towards soft tissue lineages and
induced TDSC diﬀerentiation into tenocytes [61, 62]. True
validation that MSCs are a viable candidate would illustrate

a tenocyte-like mRNA and protein profile, as well as active,
yet controlled, collagen deposition.

4. Elastomeric Scaffolds and
Biomimetic Materials
It is now well appreciated that seeded grafts vastly improve
outcomes over unseeded grafts [57–59]. When Langer and
Hubbell began using biomimetic self-assembling scaﬀolds,
they determined that a successful graft must display several
properties: (a) the scaﬀold should support cell adherence,
(b) local growth factors should accumulate and be released
when appropriate, and (c) the scaﬀold should be resistant to
matrix proteases [63–66]. The success of many scaﬀolds has
lent credence to these core concepts and should thus be an
integral aspect of scaﬀold design.
The inception of soft tissue regeneration eﬀorts began
with using small intestinal submucosa (SIS) as substitute
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for graft material harvested from the patient. SIS is a
xenogenic membrane harvested from porcine jejunum [67].
Mechanical removal of the muscularis and mucosa yields
a thin, translucent submucosa. Decellularization produces
a dense, native collagen matrix that is readily usable for
a multitude of tissue engineering fields. Since the recent
Food and Drug Administration approval of this material,
SIS has been used for rotator cuﬀ reconstructions [68].
The collagen matrix in SIS is immediately ready for graft
purposes, and the extracellular proteins (elastin, laminins,
fibronectins, and proteoglycans) confer an additional layer of
stability to the product. By removing cellular contents with
peracetic acid, cytokines and growth factors of the digestive
organ are removed to allow better acceptance in other sites
like synovium. This strategy, however, violates current trends
of using autologous sources of tissue. Harvesting SIS can
elicit an immunologic reaction and diminish its applicability
for patients since an amplified inflammatory response can
lead to tissue damage and poor wound healing. SIS has been
shown to undergo contracture in vivo, and the high batchto-batch variability limits the potential in therapeutics.
Recently, collagen matrices cultured with MSCs have
appeared on the horizon for tendon repair [69–71]. The
promising technique of isoelectric focusing aligns collagen
fibers to the parameters of the target tissue, adjusting to the
density, alignment, and strength of dense connective tissue.
These electrochemically aligned collagen (ELAC) matrices
support a higher proliferation rate of MSCs compared to
randomly oriented collagen. The mere orientation of ELAC
upregulates scleraxis and tenomodulin in MSCs, supporting
the shift towards tenogenic diﬀerentiation of MSCs when
presented with an aligned and dense collagen substrate.
ELAC scaﬀolds, however, only fulfill the mechanical prerequisites of scaﬀold design. While collagen orientation and
MSC adherence is important, ELAC does not support the
incorporation of growth factors and cytokines needed in
healing.
4.1. Poly(1,8 octanediol-co-citrate) Scaﬀolds for Tendon Regeneration. Currently, the versatility of synthetic polymers
shows great promise in tissue engineering. A novel material,
first established in therapeutics by Ameer et al. [72], and
subsequently by Sharma et al. [73], is presented here for
consideration in tendon regeneration. Poly(1,8 octanediolco-citrate) scaﬀold (POC) is a highly reproducible elastomeric material [72, 73] capable of being used as a synthetic
scaﬀold to support cell growth. By means of comparison, a
similar material called poly(lactide-co-glycolic acid) (PLGA)
has been previously utilized to deliver stem cells for tendon
regeneration eﬀorts [74]. PLGA is capable of achieving an
elastic modulus comparable to tendons (750 MPa), with a
degradation pattern lasting seven weeks in vitro.
The selection of POC over other compounds such as
PLGA or poly-glycolic acid (PGA), however, stems beyond
their composition. Both PLGA and POC are porous enough
to support cell growth, and both degrade to similar nontoxic
byproducts. Yet, POC is thinner allowing greater oxygen
and fluid exchange (hence a greater delivery of nutrients
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to developing tissue) across opposing faces, which benefit
cell proliferation in the long run. POC scaﬀolds can also
be customized to a higher degree than PLGA, allowing the
dynamics of elasticity to better reflect native ligament and
tendon dynamics. Despite exhibiting equal support of robust
cell growth, the three-dimensional PLGA structure does not
suture well onto living tissue.
POC scaﬀolds provide adhesion substrates for anchoring cells and delivering growth factors through controlled
release upon scaﬀold degradation [75]. POC scaﬀolds
are biodegradable and resorbable—they degrade by nonenzymatic hydrolysis into CO2 and H2 O. These polymers
form highly adaptable and labile scaﬀolds due to their
ester bonding scheme and are rapidly reproducible as
well. While POC scaﬀolds lack any biological property, the
polymerization conditions can be optimized so that POC
scaﬀolds mimic the tensile strength and Young’s modulus
of collagen-based elastic tissue. Briefly, when equimolar
amounts of citric acid and 1,8 octanediol are combined,
melted, and cooled to make a prepolymer, polymerization
dynamics can be thereafter adjusted based on temperature
and time parameters [76]. High temperatures with short
polymerization times yield denser thin films, while low
temperatures and long polymerization times produce lower
cross-linked films. These properties make POC a superior
scaﬀold to non degradable constructs for two reasons. First,
a second surgery to remove the device is not necessary,
and non degradable scaﬀolds tend to not reproduce the
mechanical behavior of the target tissue. Tables 2(a) and 2(b)
exhibit the scaﬀolds presently available for therapeutic or
experimental use [69, 73, 77–86].
The physical properties of POC can be exquisitely tailored for a variety of tissue morphologies and functions. For
example, a thin layer of POC would have no diﬃculty serving
as a graft for both round (Achilles) and flat (rotator cuﬀ)
tendons. Moreover, POC scaﬀolds would graft equally well
onto unsheathed and sheathed tendons, without hindering
smooth gliding. For tendons that angle around bony prominences, POC scaﬀolds would be flexible enough to maintain
this conformation and remain intact throughout motion.
The Young’s modulus, measured according to Hooke’s
law under stress/strain conditions, is readily available for
most tendon and ligamentous structures (Table 3). Hence,
crafting POC scaﬀolds according to these elasticity and
stiﬀness values allow for a consistent construction for specific
anatomical targets. Additional parameters, such as Poisson’s
ratio, hysteresis, and creep, would further characterize the
target tissue and allow for an even better matched scaﬀold
design.
While the majority of tendon and ligament ruptures
occur in the body of tendon, a proportion do occur at
the fibrocartilage interface as well. In this region, collagen fibers blend into the bony attachment as perforating
fibers (Sharpey fibers) that become continuous with the
periosteum. During slowly increasing loading rates on the
ligament, the insertion point of fibers becomes the weakest
point. The importance of this junction has recently become a
target for therapeutics as well, since weakness at this interface
can jeopardize even the best eﬀorts of reconstruction.
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Table 2: (a) Dermal scaﬀolds for tendon and ligament augmentation. (b) Synthetic scaﬀolds for tendon and ligament augmentation.
(a)

Scaﬀold
Matrix xenografts
Restore
CuﬀPatch
TissueMend
Zimmer collagen repair patch
Permacol
Conexa
Matrix allografts
GraftJacket

Composition

Status

Support for growth factor release?

Porcine SIS
Porcine SIS
Bovine dermal extracellular matrix
Porcine acellular dermal matrix
Porcine acellular dermal matrix
Porcine acellular dermal matrix

FDA approved
FDA approved
FDA approved
FDA approved
FDA approved
Experimental

Yes (TGF-β, VEGF, FGF-2)
Yes (EGF, TGF-β, FGF)
No
No
No
No

Human acellular dermal matrix

FDA approved

Yes

(b)

Scaﬀold
Non degradable synthetic polymers
Polyethylene terephthalate (Stryker-Dacron)
Polypropylene (Kennedy Ligament Augmentation Device)
Poly(tetrafluoro ethylene) (GoreTex)
Biodegradable Synthetic Polymers
Polylactic acid
Polyglycolic acid
Poly(lactide-co-glycolic acid)
Polydioxanone
Polycaprolactone
Hydrothane/PET
x-Repair Device (poly-L-lactide)
Hyaluronan-based non woven mesh (HYAFF11)
Electrochemically aligned collagen matrices (ELAC)
Poly(1,8-octanediol-co-citrate)
Nanofiber matrices
Peptide Amphiphiles

Status

Support for growth factor release?

FDA approved
FDA approved
FDA approved

No
Yes
Yes

FDA approved
FDA approved
FDA approved
FDA approved
FDA approved
FDA approved
FDA approved
Experimental
Experimental
Experimental

Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes

Experimental

Yes

Table 3: Young’s Modulus of Human Tendons and Ligaments. Young’s Modulus = stress/strain = (F/A)/(ΔL/Lo ).
Tendon or ligament
Gracilis
Semitendinous
Patellar
Lateral collateral ligament
Posterior cruciate ligament
Anterior cruciate ligament
Tibialis Anterior
Infraspinatus
Teres minor
Gastrocnemius tendon

Young’s modulus (MPa)
612.8
362.2
1090
350–400
300–400
300–350
1200
527
14
1160

A detailed discussion by Mikos et al. emphasizes that
regeneration of the interface is a “prerequisite for achieving
biological fixation of soft tissue grafts” [87]. In one study,
MSCs were shown to accelerate the remodeling of the tendo
osseous interface when implanted into bone tunnels [88],
implying that MSCs have a potential in this region as well.

Reference
Butler et al. [119]
Butler et al. [119]
Hansen et al. [120]
Butler et al. [121]
Butler et al. [121]
Butler et al. [121]
Maganaris and Paul [122]
Halder et al. [123]
Halder et al. [123]
Maganaris et al. [123, 124]

Instead of attaching tendinous grafts to bone via screws,
the optimal approach is reconstruction using the collaboration of synthetic materials with MSCs. Paradoxically, the very
complexity of the fibrocartilage interface makes it a perfect
candidate for POC utilization. Mimicking the strategy of Lu
and colleagues [89], a scaﬀold with three distinct regions

Stem Cells International

7
Table 4: Summary of growth factors necessary in tendon regeneration.

Growth factor
TGF-β

Size (kDa)
25

EGF

6.4

PDGF-β

12.3

bFGF

22–24

VEGF

38.2
α chain: 69
β chain: 32–34
30–38

Hepatocyte growth factor (HGF)
BMP-12,13,14
Early growth response factor-1 (EGR-1)

75

would allow formation of collagenous tendon along one
edge, osseous material along the other, and a middle zone
representing the transition from tendon to bone. Given
the capacity of MSCs to diﬀerentiate into osteogenic and
tenogenic lineages, a single cell population seeded onto
the scaﬀold could regenerate the complex fibrocartilage
interface. Additionally, POC scaﬀolds could be crafted
according the target tendon interface, relying on Wolﬀ ’s Law
to govern the dynamics and load of the tendon aimed for
reconstruction.

5. Growth Factors and
Cytokines for Angiogenesis
While mature tendons are poorly vascularized and sustained
by synovial fluid [90], developing tendons are highly vascular. The rich capillary network associated with tenogenesis
arises mainly from the muscle-tendon junction, the osteotendinous junction, or from the surrounding connective tissue [91]. As described, tendons may revert to an embryonic
state of intrinsic repair in order to lay down collagen after
injury. From a vascular standpoint, it is not unexpected
then that acutely injured tendons sprout capillary buds at
the site of laceration [90]. Indeed, clinicians are careful to
preserve the richly vascular connective tissue around the
injury in order to surround the graft. Avoiding necrosis and
supplementing the graft so that synovial fluid is not the only
source of nutrition is key to graft survival [90, 92].
Vasculogenesis at the site of injury is dependent on
VEGF [93]. Through tyrosine kinase receptors, VEGF guides
hemangioblasts to diﬀerentiate into endothelial progenitors,
which form new vessels to supply the site of injury. When
angiogenic responses are induced by wounding, endothelial
progenitors are rapidly mobilized. Aided by FGF-1, 2, TGF-β,
PDGF, and TNFα [94, 95] from tenocytes and surrounding
connective tissue, these cytokines and growth factors support tendon grafts and promote tissue remodeling. Results
from embryologic studies reveal that TGF-β increases the
transcription factor scleraxis [96]. Scleraxis is key to tendon

Function
Promotes angiogenesis and collagen production
Mitogenic to fibroblasts and promotes collagenase activity to
remodel the extracellular matrix
Mitogenic to fibroblasts, chemoattractant to macrophages, and
assists angiogenesis
Released from extracellular matrix to promote angiogenesis and
granulation
Vasculogenesis and angiogenesis during tissue hypoxia
Expressed in wound fibroblasts to regulate growth, motility, and
morphogenesis
Promotes tendon-derived stem cell diﬀerentiation into tenocytes
Transcription factor that upregulates collagen and accelerates
wound closure

maturation, and even in adenoviral-mediated transduction
of MSCs with scleraxis gene, the tissue demonstrated
improved stiﬀness, increased stress-to-failure levels, and
a greater deposition of fibrocartilage [60]. A systematic
review of pertinent growth factors adds cartilage-derived
morphogenetic protein (CDMP), IGF, VEGF, IL-10, and FGF
to the repertoire of factors necessary in tendon regeneration
[97]. These factors are summarized in Table 4 [98–107].
Enhancing the reparative eﬀects of a vascular network
around the site of injury can be achieved through direct,
localized delivery of proangiogenic factors. Eﬀorts to transfect these factors into cells, or deliver factors through
liposomal-mediated gene transfer, have been improvements
to direct infusion of recombinant growth factors [108].
However, this approach may not be appropriate for the
tendon microenvironment, since delivery schemes would
not reach avascular regions of the tendon. Moreover, naked
DNA transfection relies on cellular transcription factors to
produce the angiogenic factors, placing great responsibility
upon already damaged tissue to support itself.
The inherent properties of POC oﬀer an alternative
means of growth factor delivery. During the polymerization
of POC, small kDa-sized growth factors may be locked
within the scaﬀold and released upon surface erosion. In
a study by Sharma et al. [75], elastomeric POC scaﬀolds
were modified with heparan sulfate and loaded with VEGF,
FGF2, and IGF-1 prior to rat implantation. These constructs released the pro-angiogenic growth factors through
a systematic and controlled degradation and produced an
increased vascular growth in vivo as compared to controls.
Heparan sulfate, a highly sulfated glycosaminoglycan, serves
to protect bound growth factors and extend their half-life.
Such a construct would also permit the delivery of factors to
modulate degradative enzymes in the healing tissue [16].
Alternatively, POC may be seeded with primitive stem
or progenitor cells alongside MSCs. Sourced from the same
origin as MSCs, this prevents unnecessary intrusion into
patients, as a single bone marrow aspiration can yield ample
cells of each population. Discovery and use of CD34+
hematopoietic stem cells (HSCs), expressing von Willebrand
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Factor (vWF), vascular endothelial-cadherin (VE-cadherin),
and Flk-1, proved to increase neovascularization and reduce
fibrosis when injected to the site of injury [109, 110]. These
markers, in addition to CD133, CD34 and AC133 [111],
allow for ease of isolation through flow cytometry. Given that
endothelial progenitors are compatible with synthetic support matrices [112], blood vessel elongation and branching
will benefit from the porosity of POC scaﬀolds as the cellscaﬀold construct matures. Meticulous studies would have to
be conducted to track the termination of neovascularization,
since mature tendons are avascular. It is presumed that an
overgrowth of vessels would hinder the stability and function
of the graft. At present, the use of stem cells in orthopedic
scaﬀolds is limited to animal studies only [16].

6. Present Barriers and Future Directions
The combinatorial eﬀect of MSCs, POC scaﬀolds, and
growth factors creates a strong approach to treating common
tendon injuries. While Gulotta et al. [35] refutes the therapeutic eﬀects of MSCs in tendon healing, our approach may
suggest otherwise. Findings that state MSCs did not improve
structure, composition, or strength of the tendon [35] can be
attributed to the lack of growth factor use in the construct.
Additionally, the delivery of cells through a fibrin matrix may
not be a suitable substrate for MSC diﬀerentiation under in
vivo conditions.
Initiating a tendon regeneration process requires the
identification and isolation of appropriate cell types that
are able to proliferate and sustain growth over the healing
process while maintaining physiological integrity of the graft.
The function potential of MSCs and CD34+ HSCs is directly
dependent on proper synthetic scaﬀold design. In consonance with POC scaﬀolds, we exploit the vast potential MSCs
to lay down collagen and hematopoietic precursors to weave
vessels through the tapestry of the scaﬀold. Reinforcements
after surgery with therapy and NSAIDs have been shown to
increase insoluble and total collagen, translating to increases
in tensile strength and restoration [113].
Since POC can be customized to various densities, the
application of such a versatile scaﬀold expands beyond
orthopedics. Here, formation of dense regular connective
tissue was discussed, but POC may farewell in regenerating dense irregular and loose areolar connective tissue
as well. For example, POC scaﬀolds could contribute to
three conditions that utilize tissue engineering: (a) dermalepidermal reconstitution for burn victims with MSCs to
supply fibroblasts and adipose tissue, (b) urinary bladder
wall regeneration in neurogenic conditions with MSCs
supplying contractile smooth muscle cells, and (c) cartilage
formation for osteoarthritis and meniscal tears. In every case,
the functional trio of MSCs, POC, and growth factors may
one day supplement current surgical tactics.
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Given the observed eﬃcacy of culture-expanded multipotential stromal cells, also termed mesenchymal stem cells (MSCs), in the
treatment of graft-versus host and cardiac disease, it remains surprising that purity and potency characterization of manufactured
cell batches remains rather basic. In this paper, we will initially discuss surface and molecular markers that were proposed to serve
as the indicators of the MSC potency, in terms of their proliferative potential or the ability to diﬀerentiate into desired lineages. The
second part of this paper will be dedicated to a critical discussion of surface markers of uncultured (i.e., native) bone marrow (BM)
MSCs. Although no formal consensus has yet been reached on which markers may be best suited for prospective BM MSC isolation,
markers that cross-react with MSCs of animal models (such as CD271 and W8-B2/MSCA-1) may have the strongest translational
value. Whereas small animal models are needed to discover the in vivo function on these markers, large animal models are required
for safety and eﬃcacy testing of isolated MSCs, particularly in the field of bone and cartilage tissue engineering.

1. Introduction
BM MSCs were discovered in the late 1970s by a group
led by a Russian-born scientist Alexander Friedenstein,
who showed that BM contains a population of plasticadherent, highly proliferative cells, that were able to form
colony of fibroblasts (hence the name colony-forming
unit-fibroblasts, CFU-F) [1, 2]. Following implantation in
diﬀusion chambers, CFU-Fs spontaneously formed bone,
cartilage, and fibrous tissue in vivo [3]. Whereas Friedenstein
termed them “determined osteogenic progenitors” [4], the
subsequent findings of their multipotentiality toward other
mesenchymal lineages led Arnold Caplan to coin the term
“mesenchymal stem cells” [5], in analogy to “hematopoietic
stem cells” (HSC), which were the best described adult stem
cell type at the time.

2. Potency Markers of Cultured MSCs
The first definitive markers of MSCs were proposed in a
pioneering study of Pittenger et al., the group who also

developed robust and reproducible in vitro assays of MSC
multipotentiality towards bone, cartilage, and fat lineages
[6]. These BM MSC markers included SH2 and SH3,
later shown to correspond to CD105 and CD73 molecules,
respectively [7, 8]. Of note, CD stands for “cluster of
diﬀerentiation”, the standard nomenclature for cell surface
molecules. These two markers alongside CD90 are positively
expressed on MSCs and remain the primary molecules used
to identify MSCs by the International Society of Cell Therapy
(ISCT) position statement [9]. The ISCT position statement
also advices that MSCs should be negative for the expression
of CD11b or CD14, CD19 or CD79a, CD34, CD45, and
HLA-DR [9]. This is primarily to allow the exclusion of
haematopoetic cells which may contaminate MSC cultures.
CD105, also known as endoglin, is the TGF-beta receptor
III, which potentially plays a role in TGF-beta signalling
during MSC chondrogenic diﬀerentiation [7]. CD73 is an
ecto-5 -nucleotidase, which is known to be involved in
BM stromal interactions [8], MSC migration [10], and,
potentially, MSC modulation of adaptive immunity [11].
The exact function of the CD90 (Thy1 antigen) is less well
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defined. It has been proposed to mediate cell-cell interactions
[12, 13], involved in adhesion of monocytes and leukocytes
to endothelial cells and fibroblasts [14, 15], and may have a
role in the stromal adherence of CD34+ cells [16].
Cultured MSCs are uniformly and strongly positive for
CD105, CD90, and CD73, regardless of their passage or
time in culture [6, 17]. However, CD105 and CD73 are also
expressed on skin fibroblasts [18, 19], cells with a much
lower ability to proliferate and diﬀerentiate, compared to
BM MSCs [6, 19]. Furthermore, another plastic-adherent
cell type that is able to propagate in vitro—umbilical
vein endothelial cells—is also CD105 and CD73 positive
[20, 21]. This implies that sole demonstration of CD105
and CD73 expression without CD90 on adherent cultured
cells is insuﬃcient to prove their MSC identity. Another
disadvantage of CD73 and CD105 is a limited cross-reactivity
of anti-human antibodies with animal cells (Table 1), an
issue that will be discussed later in the paper.
A complication regarding the long-term cultivation of
MSCs was raised when Prockop’s group showed a reduction
in their colony-forming eﬃciency with increasing passage
[22]. Earlier passage MSCs were documented to have better
colony-forming eﬃciency compared to later passages [22].
This phenomenon was shown to be linked with telomere
erosion [23] and later described as “in vitro MSC ageing”
[24]. These ideas were further extended by Wagner et al.
who showed that alterations in phenotype, diﬀerentiation
potential, gene expression, and miRNA patterns “are not
restricted to later passages, but are continuously acquired
with increasing passage” from the first passage onwards
[25]. The fact that CD105, CD73, and CD90 are expressed
at similar levels in early-passage (potent) and late-passage
(aged, presenescent) MSCs indicates that their value maybe
limited only to basic MSC characterization. The limitation
of these markers is further demonstrated by the fact that
although CD73 and CD105 are expressed on clonally derived
MSCs [6], only 1/3 of these clones are truly multipotential
[6]. This suggests that CD73 and CD105 expression may not
be directly linked with MSC diﬀerentiation capacity.
Stro-1 was another molecule described to be highly
specific for BM CFU-F [26]. However, the Stro-1 antigen
remains unclustered, limiting its widespread use in human
and animal experimentation. Interestingly, Stro-1 expression is downregulated during prolonged culture [26]. The
function of Stro-1 on MSCs remains largely unknown; in
one study, Stro-1+ -expanded MSCs were reported to have
a better homing capacity, compared to expanded Stro-1−
MSCs, suggesting its potential role in MSC migration and
attachment to extracellular matrix [27]. In 2003, Gronthos
et al. refined their CFU-F isolation strategy, with the
addition of CD106 (VCAM-1) as another MSC marker [28].
Sorting for double-positive cells (Stro-1+CD106+) yielded
cell fractions highly enriched for CFU-F [28]. Similar to
Stro-1, CD106 expression appears to decline in MSCs at
later passages [17, 29, 30]. In contrast to CD105 and CD73,
CD106 expression is also strongly downregulated in MSCs
after diﬀerentiation to adipo-, osteo-, and chondrocytes,
suggesting that it may indeed be a marker of the most
potent/undiﬀerentiated cells within expanded MSC cultures
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[31]. Another recently proposed possibility is that similar
to Stro-1, CD106 (VCAM-1) expression on cultured MSCs
is also related to their homing, migration, and adhesion
capabilities [29].
Based on these and similar published findings, one
can conclude that there exist two categories of markers
for cultured MSCs. One category includes molecules that
are stably expressed in vitro, with little diﬀerence between
donors and little correlation with culture’s in vitro history
and ageing status (such as CD73, CD90, and CD105). The
other, “second-tier” group of markers contains molecules
which show dependency on donor or culture “age” or any
other variables such as cell homing/attachment properties
or cell seeding density (such as Stro-1 or CD106). Another
example is PODXL, a sialomucin in the CD34 family, which
marks highly proliferative MSCs in low-density, low-passage
cultures and is downregulated in high-density cultures [33].
It is tempting to speculate that second-tier markers may
be reflective of the MSC maturity or potency status at
the single-cell level; if this stands true, a combination of
markers from both groups will be needed for quality-control
of MSC batches with characterized levels of potency. A
concerted eﬀort from diﬀerent laboratories is needed to
validate previously reported “second-tier” markers in respect
to donor age, culture conditions, and seeding densities and
to validate correlations and reproducibility between diﬀerent
centers.
A good example of such joint eﬀort can be illustrated in
Wagner et al., where candidate gene expression markers were
validated in 4 centers across Europe [34]. High variability
between centers was found [34] and the measurement of
MSC methylation status was proposed to be a better way
of monitoring in vitro MSC ageing [34, 35]. Alternatively,
the lengths of telomeres in cultured MSCs may serve as a
“true” indicator of MSC age in culture. Gradual telomere
shortening in cultured MSCs was first documented by Banfi
et al. [23] and further demonstrated by Baxter et al. [24] and
other independent investigators [17, 36, 37]. It is noteworthy,
however, that telomere lengths in human populations are
heritable, showing a very high degree of donor-to-donor
variability [38]. Similar to “second-tier” surface markers
described previously, the utility of telomere length analysis
as a measure of MSC “ageing” status may be limited to a
single MSC batch at diﬀerent stages of manufacture, rather
than for comparison between batches from diﬀerent donors.
Such analysis may be very useful for bulk manufacture of
MSCs for allogeneic use, whereby the rate of telomere erosion
between passages can be seen as an indicator of their overall
proliferative potency.
What about markers indicative of MSC propensity to
diﬀerentiate? CD106 was proposed to be such marker by
Fukiage et al. who showed that CD106+ BM MSCs were less
osteogenic and more adipogenic than CD106-MSCs [39].
In this respect it is noteworthy that MSC proliferative and
overall diﬀerentiation capacities are known to be intricately
linked. It is now broadly accepted that aged, presenescent
MSCs have a significantly reduced diﬀerentiation capacity
towards adipogenic and chondrogenic lineages compared
to early-passage MSCs (reviewed in Sethe et al. [40]). This
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Table 1: Surface antigen expression on cultured MSCs from diﬀerent species.
Surface
antigen
CD13

CD29

CD31

CD34

CD44

CD49e

CD45

CD73

CD90

CD105

CD146

CD166

Human

Mouse∗∗

++ [72]
++ [75]
++ [77]
++ [72]
++ [81]
++ [6]
++ [75]
++ [77]
− [72]
− [81]
− [75]
− [72]
− [81]
− [6]
− [9]
++ [72]
++ [81]
++ [6]
++ [77]
++ [81]
++ [77]
− [72]
− [81]
− [6]
− [9]
++ [72]
++ [9]
++ [75]
++ [77]
++ [72]
++ [81]
++ [6]
++ [9]
++ [77]
++ [72]
++ [81]
++ [6]
++ [9]
++ [77]
++ [72]
++ [81]
++ [77]
++ [81]
++ [75]
++ [77]

− [73]∗

Rat

Rabbit

Primate

Dog

Pig

Goat

Sheep

Cow

Horse

NC [72]

NC [72]

NC [72]

NC [72] NC [72] NC [74]

++ [78]∗ ++ [79]∗ ++ [80] NC [72]
++ [73]∗ ++ [82]∗
++ [58]∗

NC [72]
+ [83]

NC [72]
++ [81]
++ [46]
++ [47]

NC [72] NC [72]
++ [84]∗
++ [85]∗

− [78]∗

NC [72]

NC [72]

+− [80] NC [72]
− [87]

NC [72]
− [83]∗

NC [72]
− [81]
− [46]
NC [72]
− [81]

NC [72] NC [72]
− [84]∗
− [85]∗
NC [72] − [61]
NC [72]

NC [72]

NC [72]
+ [83]∗

NC [72]
++ [81]
++ [46]

NC [72]

++ [61] ++ [74]
NC [72]
++ [84]
++ [85]

− [61]∗ +− [74]∗ − (CND) [59]

+ [76]∗

− [86]∗
− [78]∗

+− [73]∗
− [76]∗
+ [86]∗
++ [78]∗
++ [73]∗

+ [82]∗

++ [73]∗ ++ [79]∗
− [78]∗

− [79]∗

++ [59]
++ [62]∗

−(CND) [59]

− (CND) [81]
− [87]

NC [72]
− [83]∗

NC [72]
− [81]∗
− [47]

NC [72]

++ [72]

− [72]

− [72]

− [72]

− [72]

++ [73]∗ ++[79]∗
+ [76]∗ ++[82]∗
− [86]∗ ++ [58]∗
++ [88]∗

++ [72]

− [72]

++ [72]
++ [81]
++ [46]
++ [47]

− [72]

− [72]

+ [78]∗ ++ [79]∗
++ [73]∗

++ [72]
+ [87]

− [72]

− [72]
NC [81]
++ [47]

− [72]

+− [61] NC [74]
− [72]

++ [72]

+ [72]

++ [72]
+ [81]

− [72]

++ [72]

∗

∗

+− [73] +− [82]
− [76]∗ +− [58]∗
− [86]∗
+− [73]∗ ++[79]∗
++[88]∗

+− [73]∗

− [59]
+ [62]∗

+ [83]

− [83]

− [81]

NC [72]
− [84]

++ [85]

NC [74]

− [59]

++ [59]

++ [74]

− [59]
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Table 1: Continued.

Surface
antigen
CD271

Human
+− [72]
+− [81]
− [81]

c-Kit
(CD117)
− [72]

Sca-1

SSEA4

Stro-1
W8-B2/
MSCA-1

− [81]

++ [72]
++ [81]
++ [89]
++ [77]
++ [81]
++ [26]
+ [72]
+ [81]

Mouse∗∗

Rat

Rabbit

++ [78]∗
+− [73]∗
− [76]∗
− [86]∗
++ [78]∗
++ [73]∗
++ [76]∗
++ [86]∗
++ [89]∗

Primate

Dog

Pig

Goat

Sheep

+ [72]

+− [72]

+− [72]
+− [81]
− [81]

+− [72]

+− [72]

− [72]

− [72]

− [72]

− [72]

− [72]

+ [72]

− [72]

Cow

Horse

− [81]

++ [72]

− [72]

++[79]∗

− [72]
NC [81]

+− [81]
+ [72]

+ [72]

+ [72]
+ [81]

− [85]

++ [72]

+− [72]

∗

Species-specific antibody (all others are antihuman antibodies). NC: no cross-reactivity; CND: cross-reactivity not determined. Symbols indicate marker
expression levels: −: no expression; +−: <5% expression; +: 5−50% expression, ++: 50−100% expression. ∗∗ Markers specific for MSCs and MPCs are
included due to confusion in terminology.

implies that measuring the MSC senescence status can in fact
be indicative, to some degree, of their multipotentiality. At
the clonal level, it has been recently shown that the most
proliferative, tripotential clones are rapidly growing, whereas
bi- and unipotential clones expand slower [41]. As early
as 2000, Muragia et al. demonstrated that the majority of
BM CFU-Fs are in fact unipotential towards osteogenesis
[42]. Standard MSC cultures are composed of a mixture of
uni-, bi-, and tripotential CFU-Fs and their precise ratio
and relative rates of growth, in our opinion, determine the
levels of multipotentiality of standard MSC cultures. General
decline in MSC multipotentiality during extended passaging
seems to correlate well with a known decline in CD106+
cells [17, 29, 30] supporting the idea that CD106 may indeed
mark the most immature, multipotent (rather than uni- or
bipotent) progenitors.

3. BM MSC Markers in Animal Models
Animal models have become crucial for preclinical testing
of MSC preparations. MSCs from larger animals (dog,
sheep, goat, and horse) are normally used for a preclinical
evaluation of bone and joint tissue regeneration from MSCs
[43, 44]. Such large animal models carry significant logistical
and financial considerations but can in fact be useful in
some cases whereby veterinary patients can be recruited
(such as race horses) [45]. Pig is emerging as the species of
choice for preclinical evaluation of the immunomodulatory
eﬀects of MSC in terms of both cardiac repair [46] and
prevention of immune rejection after solid organ transplant

[47]. Smaller animals like rats are frequently used for
testing neurological and brain injury repair [48]. Mice have
been used to study the immunomodulatory properties of
MSCs in both autoimmune [49, 50] and neurological [51]
disease models. Although mouse models provide proof-ofprinciple and allow testing of MSC function in a variety of
diseases including arthritis [52, 53], they often fail, in our
opinion, to adequately mirror the human diseases. Naturally
occurring diseases in larger domestic animals can be more
suitable as disease models for some human genetic and
acquired diseases and could help to define the potential and
therapeutic eﬃciency and safety of stem cells therapies [54].
Defining the phenotype of MSCs from diﬀerent animal
species is complicated by a lack of species-specific antibodies
(Table 1). Whilst there is a larger selection of species-specific
antibodies for the more commonly used small animals
such as mouse and rat, species-specific antibodies for larger
animals are less common. In the absence of species-specific
antibodies for common MSC-selective markers in large
animals, the majority of work to date has been performed
using anti-human antibodies which do not always cross-react
with these species. It should also be noted that there is an
increasing amount of data available on MSC phenotype in
various species as determined by immunohistochemistry and
cytochemical techniques [55–58], but given the semiquantitative nature of this data this paper will focus on the MSC
phenotype as determined by flow cytometry.
Many of the antigens which are known not to be
expressed on MSCs in humans, such as CD31, CD34, and
CD45, are also absent on MSCs from other species (Table 1).
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Whilst likely to be a true finding, even negative results
need to be interpreted with caution as the cross-reactivity
of the anti-human antibody clones used have not always
been fully evaluated on the species being investigated. Of
the publications considered in this paper (Table 1) only
a minority give information on whether the anti-human
antibodies being used have been validated for cross-reactivity
with the target species. Whilst some investigators state that
they have not fully validated the antibody cross-reactivity
[59], others have screened antibodies of interest for positive
expression by flow cytometry on other cell types from
the same species [60, 61]. Some investigators have gone
further in their evaluation, by performing western blot
and immunoprecipitation experiments on both MSCs and
control cell types from the same species [62].
Some of the most consistently expressed markers across
species are CD29 and CD44, but since these molecules are
expressed by multiple cells types in many tissues [63], their
lack of specificity may limit their usefulness as a marker for
MSCs. CD44 has been recently proposed to be involved in
stem cell pluripotency and mark several types of cancer stem
cells [64]; its numerous other functions, including roles in
cell-matrix interaction, homing, adhesion, matrix assembly,
and apoptosis resistance [64], preclude, in our opinion, its
widespread use as a robust marker of MSCs.
As mentioned earlier, the current criteria for human
MSCs put emphasis on the positive expression of CD73,
CD90, and CD105 [9]; however none of these markers
are expressed by all species (Table 1). CD90 shows strong
expression in the majority of species tested but is absent
on MSCs in goats and sheep. Interestingly, the actual tissue
distribution of CD90 expression varies with species [65–68]
and in humans CD90 expression is more restricted compared
to mice [16, 69, 70]. Furthermore, diﬀerent strains of mice
express two alternative CD90 antigens (CD90.1/Thy1.1 or
CD90.2/Thy1.2), which only diﬀer by one amino acid [71].
This puts into question the validity of using anti-human
CD90 antibodies for other species since this antigen does
not appear to be well conserved. In our opinion, the variable
levels or complete lack of expression of CD73, CD105 and
CD90 in MSCs from some animal species using anti-human
antibodies is likely to indicate a lack of antibody crossreactivity. Species-specific antibodies would be required to
confirm the true expression pattern of these molecules.
Whilst expression of the same antigens on MSCs across
diﬀerent species is not essential for defining useful MSC
markers, the advantages it would bring to preclinical evaluation in animal models do make this a desirable consideration.
A number of known human MSC markers have yet to be
tested in all species (Table 1). CD146, for example, shows
consistent strong expression in humans, pigs, and sheep
but remains to be tested in the largest animal models such
as cows and horses. Some markers such as CD271 and
W8-B2/MSCA-1 have been used to prospectively isolate
MSCs in humans [90], a subject that will be expanded
on later. The lack of expression of CD271 on cultured
MSCs from any species is perhaps predictable given that
CD271 is downregulated on culture of human MSCs [55,
91, 92]. This raises the possibility that the best markers for
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identification may be diﬀerent between freshly isolated and
culture-expanded cells. Given that expression is observed in
most of the species tested, W8-B2/MSCA-1 is an interesting
candidate for further investigation. The consistent but low
expression (Table 1) could be due to its low-level, homogenous expression on all cultured MSCs or due to a small, but
distinct proportion of W8-B2 positive cells within animal
MSC cultures; this is something to be considered in future
studies addressing W8-B2 expression in MSCs from other
animal species such as mouse, rat, and horse.

4. Markers for Prospective Isolation of
BM MSCs in Humans and Animals
The establishment of robust markers for prospective isolation of MSCs is of utmost importance. Firstly, it is needed
to put MSCs on the same footing as HSCs, in which
the in vivo phenotype is well established [93] allowing
the direct study of the function of uncultured HSCs in
animal models [94]. Secondly, if the phenotype of plasticadherent culture-initiating MSCs was known, the contribution of other adherent cells from the marrow (hematopoietic
progenitors, monocytic-, and endothelial-lineage cells) to
MSC “plasticity” and other characteristics would have been
much clearer. Additionally, freshly isolated MSCs that have
not been artificially “aged” in culture are likely to have
higher multipotential and proliferative capacities compared
to their culture-expanded progeny. Finally, MSC cultures
established from the selected native MSCs free of contaminating (and potentially inhibitory) plastic adherent cells may
have stronger immunosuppressive and lymphohematopoietic engraftment-promoting properties, as shown recently
[95]. Stronger immunosuppressive eﬀects may at least in part
be mediated by an enhanced support of highly suppressive
naive T-regulatory cells [96].
The up-to-date list of candidate markers used to isolate
human BM MSCs has been extensively reviewed elsewhere
[92, 97, 98]. Here we will discuss several issues that have
not been previously highlighted: firstly, the cross-reaction
of these candidate markers with other BM cells. As seen
in Table 2, almost every previously proposed human BM
MSC marker is also expressed on other cell types found in
the marrow, be it of hematopoietic or endothelial lineage.
This does not pose a significant problem in current MSC
manufacture protocols, in which MSCs undergo several
rounds of passaging, leading to a gradual loss of these contaminating cells. However if one considers manufacture of
MSC-seeded scaﬀolds in rotating bioreactors [99], adherent
contaminating cells may by highly unfavorable, taking up
the space and oxygen from growing MSCs. The same considerations apply when freshly purified, uncultured MSCs
are used. In one clinical study BM MSCs were concentrated
using a commercial concentrator device and it was found
that a graft containing >1000 CFU-F/cm3 was eﬀective in
healing nonunion fractures following percutaneous injection
[100]. However it was noted that transplanted MSCs had to
compete with other transplanted cells for oxygen and “one
way to optimize cell survival is to limit the transplanted
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Table 2: Expression of common MSC markers on other cell types found in human bone marrow.
CD13

Mesenchymal
+ [91]
Stromal Cells
Haematopoietic
Stem Cell
Lymphoid
lineage
Myeloid lineage + [109]
Megakaryocytic
lineage
Erythroid
lineage
Endothelial
+ [115]
lineage cells

CD29

CD44

+ [101] + [102]

CD73

CD90

CD105

CD106

CD146

CD200

CD271

STRO-1

SSEA-4

+ [6]

+ [9]

+ [6]

+ [90]

+ [103]

+ [77]

+ [91]

+ [26]

+[89]

+ [104]

+ [16]

+ [105] + [106] + [107]
+ [105] + [110]

+ [108]
+ [111]

+ [112]

+ [113]
+ [110]

+ [116] + [110]

+ [57]
+ [21]

cells to those that contribute to the formation of bone (i.e.,
exclude all others)” [100].
The depletion of undesirable cells and hence an enrichment of human BM MSCs can be achieved by positive selection with markers having the least cross-reactivity with other
cell types (Table 2). Notably, CD271 and W8-B2/MSCA1 have an additional advantage of being highly conserved
between species (Table 1) making them usable for fresh MSC
isolation in large animals. Specifically, CD271 was found useful for the isolation of BM MSCs in bovine [74] and porcine
[81] models. The function of CD271 on MSCs remains
incompletely understood. In human jaw periosteum-derived
cells, CD271+ and CD271− populations were shown to
diﬀer in their mineralizing capacities suggesting that CD271
could “be considered an early surface marker of osteogenic
capacity” [121]. In dental pulp stem cell cultures, CD271
was proposed to have a role in inhibiting their diﬀerentiation
[122]. In another view, CD271 is a general neural crest stem
cell marker [123], thus putatively explaining its expression on
melanoma cancer stem cells [123] and, potentially, on native
follicular epithelial cells [124].
W8-B2/MSCA-1 antigen is identical to tissue nonspecific
alkaline phosphatase (TNAP), an enzyme known to be
expressed at high levels in human liver, bone, and kidney
and in embryonic stem cells [125, 126]. In a knockout mouse
model, TNAP was shown to promote bone mineralization by
providing free inorganic phosphate and by degrading inorganic pyrophosphate, which inhibits mineralization [127].
The STRO-3 antibody has also been shown to bind to
TNAP and be a good marker of uncultured BM MSCs
[128]. Notably, we demonstrated the expression of bone/liver
alkaline phosphatase on the surface of BM CD271+ cells in
2006 [92].
It is generally accepted that the sole positive selection
for CD271 may not be suﬃcient to achieve 100% purity for
human MSCs. The removal or “gating out” of hematopoietic
lineage cells is commonly required, as CD271 is expressed
at low levels on hematopoietic progenitor cells of the
erythroid lineage [57, 129]. When gated only on the nonhematopoietic (CD45−/low fraction), the human BM MSC

+ [117] + [118] + [103] + [108]

+ [26]

+ [114]

+ [119]

+ [120]

population (CD73+CD105+) can be easily found [56]. In
our hands however, CD105 appears to be less discriminative
than CD271, CD73, or CD90 (Figure 1) indicating that
CD271 and/or CD73 gating is possibly the best way for
identifying and sorting human BM MSCs to the highest
levels of purity [129, 130]. Several other studies have been
performed recently aimed at achieving high-purity BM
MSCs using a combination of CD271 and markers other
than CD73, CD105, or CD90. For example, CD146 has
attracted a lot of interest recently, based on seminal papers by
Sacchetti et al. [131] and Crisan et al. [132] linking CD146
expression on MSCs with their pericyte topography and
function. More recently however, it was shown that CD146
expression on CD271+ MSCs correlates more with their in
situ localization [57] and/or the age of donor [133]. Perhaps
more promising for the refinement of the MSC purification
strategy to 100% purity would be further selection for W8B2/MSCA-1 expression [90, 98]; these findings are awaiting
further confirmation by other independent investigators.

5. Molecular Markers of Purified
Uncultured MSCs
It would be advantageous if a molecular marker of MSCs,
in the manner of oct-4 for embryonic stem cells [134],
could be found, helping to identify MSCs in other tissues
and organs. To date, this has proven elusive. Instead,
the simultaneous expression of transcription factors (TFs)
triggering several mesenchymal lineages (including, but not
limited to, adipogenic, chondrogenic, and osteogenic) has
been reported in native BM MSCs [28, 57] or their expanded
progeny [135]. We have recently found strong expression
of pericytic and hematopoiesis-supportive genes in CD271+
BM MSCs [136], confirming and extending earlier findings
obtained using Stro-1 based MSC selection [137]. We
additionally observed prominent Wnt pathway signaling
activity in uncultured BM MSCs, which was significantly
stronger compared to cultured MSCs or skin fibroblasts
[136]. Further advance in qPCR methodology allowing the
simultaneous assessment of thousands of candidate genes
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Figure 1: Coexpression of (a) CD271/CD73, (b) CD271/CD90, and (c) CD271/CD105 on CD45-/low cells in human bone marrow aspirates
determined by flow cytometry. Mononuclear cells were isolated from bone marrow aspirates and stained with antibodies as previously
described [32].

in rare, sorted MSCs is likely to reveal novel gene(s) with
robust, strong expression and high selectivity. These new
gene transcripts could be used as molecular markers of
marrow MSCs leading to clear demonstration of their in vivo
function using knock-out animal models.

through WELMEC, a Centre of Excellence in Medical Engineering, under Grant no. WT088908/Z/09/Z. The authors
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6. Concluding Remarks

References

At present, we cannot definitely conclude that MSCs resident
in diﬀerent tissues are the same or even very similar. For
example, adipose-derived MSCs express CD34 [138] whereas
BM MSCs do not (Table 1). CD271 is expressed in the
synovium [139], but the phenotype of synovial MSCs may
be much broader [140]. W8-B2/MSCA-1 is expressed by BM
MSCs but not placenta-derived MSCs [141]. This suggests
that the search for novel markers, intricately linked to the
fundamental MSC function, including both surface and
molecular markers, should continue. The knowledge of the
phenotype and gene expression profile of BM MSCs in
their original niche should undoubtedly help to develop
new methodologies for expanding these MSCs “in their
native state”, via the design of novel biomimetic scaﬀolds,
surfaces, attachment molecules or cytokine cocktails. This
is likely to yield MSC-based therapeutic products with
significantly improved quality and predictable biological
behaviors. Testing of novel purified and expanded MSCbased products in large animal models will allow through
pre-clinical evaluation of novel products prior to clinical
trials in humans. Additionally, a broader knowledge of native
BM MSCs in diseases related to bone physiology and blood
cell development, including osteoporosis and leukemias, will
lead to a much better understanding of the role of MSCs
in the development of these diseases, potentially identifying
new targets for therapy.

Acknowledgments
S. A. Boxall is supported by PurStem—FP7 project no.
223298. E. Jones holds funding from Wellcome Trust/EPSRC

[1] A. J. Friedenstein, N. V. Latzinik, U. F. Gorskaya, and S. Y.
Sidorovich, “Radiosensitivity and postirradiation changes of
bone marrow clonogenic stromal mechanocytes,” International Journal of Radiation Biology, vol. 39, no. 5, pp. 537–546,
1981.
[2] A. J. Friedenstein, N. W. Latzinik, A. G. Grosheva, and
U. F. Gorskaya, “Marrow microenvironment transfer by
heterotopic transplantation of freshly isolated and cultured
cells in porous sponges,” Experimental Hematology, vol. 10,
no. 2, pp. 217–227, 1982.
[3] A. J. Friedenstein, R. K. Chailakhyan, and U. V. Gerasimov,
“Bone marrow osteogenic stem cells: in vitro cultivation
and transplantation in diﬀusion chambers,” Cell and Tissue
Kinetics, vol. 20, no. 3, pp. 263–272, 1987.
[4] A. J. Friedenstein, “Precursor cells of mechanocytes,” International Review of Cytology, vol. 47, pp. 327–352, 1976.
[5] A. I. Caplan, “Mesenchymal stem cells,” Journal of Orthopaedic Research, vol. 9, no. 5, pp. 641–650, 1991.
[6] M. F. Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science,
vol. 284, no. 5411, pp. 143–147, 1999.
[7] F. P. Barry, R. E. Boynton, S. Haynesworth, J. M. Murphy,
and J. Zaia, “The monoclonal antibody SH-2, raised against
human mesenchymal stem cells, recognizes an epitope on
endoglin (CD105),” Biochemical and Biophysical Research
Communications, vol. 265, no. 1, pp. 134–139, 1999.
[8] F. Barry, R. Boynton, M. Murphy, and J. Zaia, “The SH-3 and
SH-4 antibodies recognize distinct epitopes on CD73 from
human mesenchymal stem cells,” Biochemical and Biophysical
Research Communications, vol. 289, no. 2, pp. 519–524, 2001.
[9] M. Dominici, K. Le Blanc, I. Mueller et al., “Minimal
criteria for defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy position
statement,” Cytotherapy, vol. 8, no. 4, pp. 315–317, 2006.

8
[10] A. Ode, J. Kopf, A. Kurtz et al., “CD73 and CD29 concurrently mediate the mechanically induced decrease of
migratory capacity of mesenchymal stromal cells,” European
Cells and Materials, vol. 22, pp. 26–42, 2011.
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Mesenchymal stem cells (MSCs) are adult stem cells that were initially isolated from bone marrow. However, subsequent research
has shown that other adult tissues also contain MSCs. MSCs originate from mesenchyme, which is embryonic tissue derived
from the mesoderm. These cells actively proliferate, giving rise to new cells in some tissues, but remain quiescent in others.
MSCs are capable of diﬀerentiating into multiple cell types including adipocytes, chondrocytes, osteocytes, and cardiomyocytes.
Isolation and induction of these cells could provide a new therapeutic tool for replacing damaged or lost adult tissues. However,
the biological properties and use of stem cells in a clinical setting must be well established before significant clinical benefits
are obtained. This paper summarizes data on the biological properties of MSCs and discusses current and potential clinical
applications.

1. Introduction
A stem cell is an undiﬀerentiated cell with the capacity for
multilineage diﬀerentiation and self-renewal without senescence. Totipotent stem cells (zygotes) can give rise to a full
viable organism and pluripotent stem cells (embryonic stem
(ES) cells) can diﬀerentiate into any cell type within in the
human body. By contrast, trophoblasts are multipotent stem
cells that can diﬀerentiate into some (e.g., mesenchymal stem
cells (MSCs), hematopoietic stem cells (HSCs)), but not all,
cell types.
Adult tissues have specific stem cell niches, which supply
replacement cells during normal cell turnover and tissue
regeneration following injury [1–3]. The epidermis, hair,
HSCs, and the gastrointestinal tract all present good examples of tissues with niches that contribute stem cells during
normal cellular turnover [3]. The exact locations of these
stem cell niches are poorly understood, but there is growing
evidence suggesting a close relationship with pericytes [1,
4, 5] (Figure 1). MSCs have been isolated from adipose
tissue [6], tendon [7], periodontal ligament [8], synovial

membranes [9], trabecular bone [10], bone marrow [11],
embryonic tissues [12], the nervous system [13], skin [14],
periosteum [9], and muscle [15]. These adult stem cells were
once thought to be committed cell lines that could give
rise to only one type of cell, but are now known to have
a much greater level of plasticity [16, 17]. Despite the vast
variety of source tissues, MSCs show some common characteristics that support the hypothesis of a common origin
[1, 18]. These characteristics are: fibroblast like shape in
culture, multipotent diﬀerentiation, extensive proliferation
capacity, and a common surface marker profile (e.g., CD34− ,
CD45− (HSC markers), CD31− (endothelial cell marker),
CD44+ , CD90+ , and CD105+ (Table 1)). However, there is
no surface marker that uniquely defines MSCs.
The same general approaches are used to isolate all kinds
of MSCs, including the use of Dulbecco’s Modified Eagle
Medium (DMEM) to dissolve collagenase, digestion times
limited to a maximum of 1 hour at 37◦ C, isolation of stem
cells as soon as possible following euthanasia, and the use
of culture medium at temperatures not lower than room
temperature [1].
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Figure 1: Double immunofluorescence staining of microvessels in a mouse inguinal fat pad (paraﬃn embedded). CD34-positive (left;
secondary antibody Texas red) and α-smooth muscle actin-positive (α-SMA, middle; secondary antibody FITC) staining is shown. The cells
surrounding the microvessels are positive for both CD34 and α-SMA (right panel: marked with black arrow heads), suggesting a possible
relationship between pericytes and MSCs. Nuclei were counterstained with hematoxylin. Scale bars, 20 μm.

Table 1: Surface marker expression profiles of main MSCs types.
MSCs
ASCs
BM-MSCs

CD marker expression∗
CD13+ ,

CD29+ ,

CD44+ ,

CD71+ ,

CD90+ ,

CD105/SH2 and SH3+ , STRO-1+ .
CD44+ , CD105+ , CD166+ , CD28+ , CD33+ ,
CD13+ , HLA class I+

ES

SSEA 3&4+ , CD90+ , CD9+ , TRA-1-60+ ,
TRA-1-81+ , GCTM2+ , GCT343+ , TRA-2-54+ ,
TRA-2-49+ , class I HLA+

HSCs

CD34+ , CD90+

PDLSCs

STRO-1+ , CD13+ , CD29+ , CD44+ , CD59+ ,
CD90+ , CD105+

TB-MSCs

CD73+ , STRO-1+ , CD105+

SM-MSCs

CD44+ , CD73+ , CD90+ , CD105+

Periosteum-MSCs

CD90+

M-MSCs

CD34+ , Sca1+

Dermal SSCs∗∗

CD105+ , CD90+ , CD73+ , CD29+ , CD13+ ,
CD44+ CD59+ , VCAM-1+ , ICAM-1+ , CD49+ ,
CD166+ , SH2+ , SH4+ , EGFR+ , PDGFRa+ ,
CD271+ , Stro-1+ , CD71+ , CD133+ , CD166+

WJ-MSCs

CD105+ ,

CD73+ ,

CD90+

∗ MSCs

are commonly negative for CD14, CD16, CD31, CD34, CD45, CD
56, CD61, CD62E, CD104, and CD106.
∗∗ There is still no consensus regarding the location, markers, and subgroups
of human epidermal skin stem cells.

Numerous studies have been conducted by diﬀerent
researchers from diﬀerent scientific disciplines using stem
cells. However, the results are somewhat inconsistent, which
has led to a number of controversies in the literature. To
review all these controversies along with the underlying data
would be an overwhelming task; therefore, the aim of this
paper is to briefly describe the biological properties of the
main types of MSCs and to discuss their potential clinical
applications.

2. Adipose-Derived Stem Cells (ASCs)
ASCs were first isolated by Zuk et al. [19]. ASCs can
diﬀerentiate into ectodermal and endodermal lineages, as
well as the mesodermal lineage [20]. ASCs can be obtained
from either liposuction aspirates or excised fat. Small
amounts of adipose tissue (100 to 200 mL) can be obtained
under local anesthesia. One gram of adipose tissue yields
approximately 5,000 stem cells, whereas the yield from BMderived MSCs is 100 to 1,000 cells/mL of marrow [21].
On average, the yield of ASCs from processed lipoaspirate
comprises approximately 2% of nucleated cells [21]. In their
original study, Zuk et al. noted that ASCs express CD13,
CD29, CD44, CD71, CD90, CD105/SH2, SH3, and STRO1. In contrast, no expression of the hematopoietic lineage
markers CD14, CD16, CD31, CD34, CD45, CD 56, CD 61,
CD 62E, CD 104, and CD106 was observed [20]. Although
ASCs were only identified relatively recently, their ease of
harvest and abundance place them in a unique position
relative to other MSCs.

3. Bone Marrow-Derived-Stem
Cells (BM-MSCs)
BM-MSCs are a primitive population of CD34− , CD45− ,
CD44+ , CD105+ , CD166+ , CD28+ , CD33+ , CD13+ and HLA
class I+ cells [22]. The existence of precursor stromal cells
in bone marrow has long been known and these cells were
first named Westen-Bainton cells [23]. It was Friedenstein
et al., who plated these cells and obtained colony forming
units in vitro for the first time [24]. Studies by CastroMalaspina et al. [25], Fei et al. [26], and Song et al. [27]
supplied a better understanding of biological properties
of bone marrow stromal cells; such as their fibroblast-like
morphology, and the lack of the basic characteristics of
endothelial cells and macrophages. Subsequent studies by
Chailakhyan and Lalykina [28], Ashton et al. [29], Patt et al.
[30], Owen [31], Bennett et al. [32], and revealed the in vitro
multipotent diﬀerentiation capacity of bone marrow stromal
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cells. Two milestone studies documenting the multipotential
diﬀerentiation of BM-MSCs were published by Caplan [33]
and Pittenger et al. [34]. Currently, BM-MSCs are known
to diﬀerentiate into osteogenic, adipogenic, chondrogenic
and neural lineages [22, 35]. MSCs in the BM are thought
to generate and maintain the proper microenvironment for
HSCs by secreting cytokines and growth factors [22, 35,
36]. The estimated frequency of BM-MSCs is 1 in 3.4 ×
104 cells, the lowest among the known sources of MSCs
[22]. Yoshimura et al. [37] showed that rat BM-MSCs were
the least potent stem cell in terms of colony number per
nucleated cell, colony number per adherent cell, and cell
number per colony. Gronthos et al. [38] suggested two
possible origins for BM-MSCs: vascular smooth muscle cells
or pericytes (since BM-MSCs express α-SMA and respond to
PDGF) (Figure 1) or endosteal cells.
The method used to isolate BM-MSCs is diﬀerent from
that used for other MSCs. This is because little extracellular
matrix is present in BM; therefore, instead of collagenase digestion, gentle mechanical disruption by repeated
pipetting is used to create a suspension of stromal and
hematopoietic cells. Upon plating, BM-MSCs rapidly adhere
to culture dishes, whereas nonadherent hematopoietic cells
are washed away by medium changes [5]. The resultant BMMSC population is highly heterogeneous and isolating pure
stem cells from this primary isolate is diﬃcult due to the lack
of unique cell surface markers [5].

4. Periodontal Ligament-Derived Stem
Cells (PDL-SCs)
The periodontium comprises the gingiva, periodontal ligament, alveolar bone, and cementum. The periodontal
ligament, which connects the alveolar bone to the root
cementum and suspends the tooth in its alveolus, contains
stem cells with the potential to form periodontal structures
such as cementum and ligament [39]. The periodontal
ligament contains fibroblasts, cementoblasts, osteoblasts,
macrophages, undiﬀerentiated ectomesenchymal cells, cell
rests of Malassez, and vascular and neural elements that are
capable of generating and maintaining periodontal tissues
[40]. PDL-SCs express the MSC-associated markers CD13,
CD29, CD44, CD59, CD90, and CD105, as well as STRO1 [41]. Similar to other MSCs, PDL-SCs show osteogenic,
adipogenic, and chondrogenic characteristics under defined
culture conditions in vitro [42–44].

5. Trabecular Bone-Derived-Stem
Cells (TB-MSCs)
The pioneering studies on human TB-MSCs were carried out
by Beresford et al. [45], MacDonald et al. [46], Wergedal
and Baylink [47], and Robey and Termine [48]. Tuli et
al. isolated a CD73+ , STRO-1+ , CD105+ , CD34− , CD45− ,
CD144− cell population from human bone fragments. These
cells exhibited stem cell-like characteristics such as a stable
undiﬀerentiated phenotype, and the ability to proliferate
extensively and diﬀerentiate into osteoblastic, adipogenic
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and chondrogenic lineages [10, 49]. Thus, these cells were
named human trabecular bone mesenchymal progenitor
cells [10]. In another study, Sottile et al. demonstrated that
cultures of TB-MSCs are equivalent to cultures of bone
marrow-derived stem cells in terms of proliferation and
multipotent diﬀerentiation capabilities [49]. Since the first
description, in vitro secondary culture of cells derived from
human trabecular bone have been used to examine implantbone interactions and osteoblast biology [10, 49].

6. Synovial Membrane-Derived Stem
Cells (SM-MSCs)
The synovial membrane is a source of relatively homogeneous, fibroblast-shaped, multipotent MSCs [9, 50]. The
protocol used for isolating MSCs and fibroblasts from synovial membranes is the same [51]; however, SM-MSCs have
a phenotype very similar to that of type B synoviocytes, that
is, they contain characteristic lamellar bodies and express
surfactant protein A, a hydrophilic protein also found in lung
surfactant [50]. Fluorescent-activated cell sorting (FACS)
analysis revealed that SM-MSCs are CD34− , CD45− , CD31− ,
CD14− and CD44+ , CD73+ , CD90+ , CD105+ , a phenotype
similar to that of MSCs derived from other tissues [9, 51,
52]. SM-MSCs are immunosuppressive and diﬀerentiate into
chondrogenic, adipogenic, and, to a lesser extent, osteogenic
and myogenic lineages [9, 51]. Yoshimura et al. found that
rat SM-MSCs were superior to bone-marrow-, adipose
tissue-, periosteum-, and muscle-derived stem cells in terms
of colony number per nucleated cell, colony number per
adherent cell, and cell number per colony [37]. In particular,
SM-MSCs showed the highest potential for chondrogenic
diﬀerentiation, making them an ideal MSC type for cartilage
regeneration studies in rat models [37]. Similar findings were
reported [52] for human MSCs derived from bone marrow,
synovium, periosteum, skeletal muscle, and adipose tissue.
Synovium can be harvested arthroscopically with a relatively
low level of invasiveness. Donor site morbidity is also low due
to the high regenerative capacity of the synovial membrane
[52].

7. Periosteum-Derived Stem Cells (P-MSCs)
P-MSCs are essential for bone repair and a reduction in the
availability of P-MSCs leads to a significant decrease in
the healing capacity of bone [53]. Yoshimura et al. [37]
found that rat P-MSCs showed the highest osteogenic
diﬀerentiation potential. The osteogenic potential of P-MSCs
is further supported by Perka et al. [54], who used P-MSCs
seeded into polyglycolid-polylactid acid scaﬀolds to treat
ulnar defects in New Zealand white rabbits. P-MSCs share
a common surface marker expression profile with other
MSCs; thus, they are CD11− , CD45− , and CD90+ . Johnstone
et al. [55] successfully repaired an experimental cartilage
defect using P-MSCs, thereby demonstrating their capacity
to diﬀerentiate into diﬀerent cell lineages.
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8. Muscle-Derived Stem Cells and Satellite
Cells (M-MSCs)
Postnatal skeletal muscle tissue, similar to bone marrow,
contains two diﬀerent types of stem cells, M-MSCs and
satellite cells, both of which can function as muscle precursors [56, 57]. Satellite cells are unipotent cells that
originate from a population of muscle progenitors during
embryogenesis [58]. The origin of satellite cells is among
the most thoroughly studied aspects of morphogenesis.
Segmental mesodermal structures on each side of the neural
tube give rise to the skeletal muscle of the body [58]. A
number of studies show that satellite cells from the trunk
and extremities originate from the central and lateral dermomyotome, respectively, while those in the head originate
from head mesoderm. Satellite cells in an adult constitute
a small fraction of cells (2–7%) relative to the number of
cells that fused to generate a particular muscle fiber [58],
but are necessary for postnatal muscle regeneration [13, 56,
57]. A small subpopulation of satellite cells are stem cells
by definition, since they possess an inherent capacity for
self-renewal and can give rise to daughter cells [56, 57].
Satellite cells maintain a close spatial relationship with the
muscles from which they derive, occupying the grooves
or depressions between the basal lamina and sarcolemma,
which suggests that a local source, rather than a distant one,
produces the satellite cells [56, 58]. The hallmark genes for
satellite cells are Pax 7 and Pax 3, with the latter only being
expressed by a subset of satellite cells [58].
M-MSCs not only act as muscle precursors but also give
rise to a variety of other cell types, including hematopoietic
cells [56, 59, 60]. M-MSCs have a high proliferation and
self-renewal capacity and are CD34+ , Sca1+ , CD45− , and cKit− [57]. M-MSCs are capable of diﬀerentiating into skeletal
muscle cells both in vivo and in vitro and spontaneously
express myogenic markers. Taken together, these data suggest
that M-MSCs are derived from skeletal myofibers [57].
However, a recent study by McKinney-Freeman et al. [61]
suggests that M-MSCs are, in fact, HSCs residing in skeletal
muscle rather than transdiﬀerentiated myogenic cells.

9. Skin Stem Cells (SSCs)
MSCs are found in the dermal layer of skin. Toma et al.
[14] isolated a multipotent, nestin and fibronectin positive,
adult stem cell population from rodent skin. In a recent
study by Vishnubalaji et al. mesenchymal stem cells isolated
from human dermal skin were positive for CD105, CD90,
CD73, CD29, CD13, and CD44 and were negative for
endothelial and hematopoietic lineage markers CD45, CD34,
CD31, CD14, and HLA DR [62]. Shi and Cheng [63] added
that MSCs from newborn dermis were also positive for
CD59, vascular cell adhesion molecule-1 (VCAM-1), and
intercellular adhesion molecule-1 (ICAM-1). Other surface
markers that are reported to be expressed by SSCs are
CD49, CD166, SH2, SH4, EGFR, PDGFRa [64], CD271
[65], Stro-1 [66], CD71, CD133, and CD166 [67]. SSCs
can diﬀerentiate into adipocytes, osteoblast, chondrocyte,
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neuron, hepatocyte, and insulin producing pancreatic cells
[62].

10. Wharton’s Jelly Stem Cells (WJ-MSCs)
WJ-MSCs are obtained from Wharton’s jelly of umbilical
cord [68]. Compared to BM-MSCs, WJ-MSCs exhibit a
higher expression of undiﬀerentiated human embryonic
stem cell (hES) markers like NANOG, DNMT3B, and
GABRB3 [69]; thus, they are more primitive then other types
of MSCs and easy to obtain with no ethical considerations
[70]. They express the typical MSCs markers: CD105, CD73,
and CD90 and negative for CD45, CD34, CD14, CD19, and
HLA-DR [70]. UC-MSCs can be induced into endothelial
cells, adipogenic, osteogenic, chondrogenic, neurogenic lineages [70], insulin producing cells [71], and hepatocyte-like
cells [72].

11. Miscellaneous Stem Cells
MSCs reside in essentially all adult tissues [73]. In addition
to the MSCs discussed in this paper, stem cells have been
isolated from liver, perichondrium, pancreas, hair follicles,
intestinal epithelium, placenta, and amniotic membranes.

12. Clinical Use and Future Perspectives
Using stem cells alone, or in combination with scaﬀolds, to
regenerate organs or tissues is a quite new idea. The type
of cell and the route of administration are both equally
important for the success of such stem cell treatments. ES
cells show the greatest potential for tissue regeneration owing
to their totipotency. Barberi et al. [74], Benninger et al. [75],
and Chiba et al. [76] reported that ES cell-derived neurons
injected into the mouse brain were successfully integrated
and corrected the phenotype of a neurodegenerative disease.
However, the clinical use of ES cells is encumbered by ethical
considerations.
In a comparative study of human MSCs obtained from
various tissues, Sakaguchi et al. [52] demonstrated that
SM-MSCs and ASCs show superior adipogenic potential,
whereas BM-MSCs, SM-MSCs, and P-MSCs show superior
osteogenic potential. ASCs are a relatively new subtype of
MSC that can be obtained by less invasive methods and in
larger quantities than other MSCs [19]. ASCs also have a
multilineage diﬀerentiation capacity similar to that of BMMSCs and can easily be grown in standard tissue culture
conditions [19]. The above data provide a useful guide for
selecting the appropriate type of MSC for use in clinical
regenerative medicine.
The growth factor secretome of hMSCs was characterized
by Haynesworth et al. [36]. The secretory activity of hMSCs
helps them to establish a regenerative microenvironment at
sites of tissue injury [2]. Nevertheless, there is no evidence
for a biologically significant eﬀect of systemic MSC injection
[77]. Tissue engineering oﬀers a number of scaﬀolds to
improve the outcomes of stem cell applications, enabling
more precise targeting of transplanted MSCs. Scaﬀolds can
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be used in a number of diﬀerent ways: (i) scaﬀolds can
be seeded with MSCs in vitro and implanted after a short
incubation period, (ii) loaded scaﬀolds can be kept in
diﬀerentiation medium for 1–2 weeks before implantation to
stimulate MSCs to diﬀerentiate into a specific lineage, or (iii)
MSCs can be induced into a specific lineage before seeding
into the scaﬀold and the scaﬀold implanted shortly thereafter
[78]. The organization of the cells on the scaﬀolds and
formation of vascular channels can be induced using specific
growth factors, but this requires an adequate understanding
of the paracrine mechanisms controlling tissue growth [16].
These complex paracrine mechanisms have attracted a great
deal of interest in recent years, but are still not fully
understood.
The tissues that can readily be engineered using stem cells
are skin [79], cornea [80], bone [81], blood vessels [82],
cartilage [83], dentin [84], heart muscle [85], liver [86],
pancreas [87], nervous tissue [88], skeletal muscle [89],
and tendon [90, 91]. Given the experimental data collected
thus far, tissue engineered cardiac muscle [16], bone [81],
and cartilage [92] seem to be the most suitable candidates
for routine clinical application. BM-MSC transplantation
improves cardiac function in patients with myocardial
infarction and no side eﬀects have been reported [93]. An
alternative method for MSC transplantation is the cell sheet
method [94]. Osiris Therapeutics in the USA launched a
phase 1 safety trial of autologous hMSCs, which are delivered
on a hydroxyapatite implant for alveolar ridge regeneration
prior to dental implantation [92]. The same tissue engineering techniques have been applied to cartilage tissue
engineering, enabling our group to construct ear cartilage
in vitro [92]. MSCs have also been employed for cartilage
regeneration in rheumatoid arthritis and osteoarthritis, but
the results were not satisfactory [95]. Complete in vivo
restoration of cartilage has not yet been achieved.
A search using NIH database (http://clinicaltrials.gov/)
yielded 218 ongoing clinical trials utilizing MSCs. The main
indications are multiple sclerosis, type I diabetes, GVHD,
inflammatory bowel disease, cardiac ischemic diseases, cerebral vascular diseases, various autoimmune connective tissue
disorders, spinal cord injury, ischemic extremity diseases,
liver diseases and, bone and cartilage defects. A potential
clinical use of MSCs is related to their anti-inflammatory
and immunosuppressive eﬀects. The results of phase III and
phase II clinical trials conducted by Osiris Therapeutics and
Le Blanc et al., respectively, suggested that BM-MSCs block
acute graft versus host disease (GVHD) without any side
eﬀects [96, 97]. An additional clinical trial carried out by
Osiris Therapeutics showed improvements in the symptoms
of the inflammatory bowel disease (Crohn’s disease) by at
least 100 points on the Crohn’s disease activity index [96]. A
phase I study by Duijvestein et al. yielded similar results [98].
There a number of studies reporting the usefulness of MSCs
in the treatment of autoimmune disorders such as rheumatic
diseases, autoimmune encephalomyelitis, multiple sclerosis,
and systemic lupus erythematosus (SLE) [99–103]. MSCs are
believed to exhibit their immunomodulatory eﬀects through
soluble factors [104, 105]. In the light of the data obtained
from experimental studies some clinical trials were launched
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and a consensus on the use of MSCs for multiple sclerosis has
already been established [106, 107]. Another clinical use of
MSCs is for the immune-modulation following solid organ
transplants [108].
Once considered rather futuristic, in utero human HSC
transplantation has become technically feasible and may
be the gold standard for treating congenital hematological
diseases and enzyme deficiencies [109].
Muscular dystrophies constitute a special group of
disorders that may also be treated with MSCs. Muscular
dystrophy defines a heterogeneous group of muscular disorders characterized by deficient production of dystrophin,
which links the actin cytoskeleton to the extracellular
matrix protein laminin, thereby protecting the muscle fibers
from contraction induced damage [56]. Loss of dystrophin
leads to damage to the sarcolemma that in turn leads to
continued activation of satellite cells [56]. Repeated cycles of
degeneration and regeneration overwhelm the regenerative
capacity of the satellite cells, causing muscular weakness
as the disease progresses [56]. Stem cell transplantation to
restore the defective dystrophin is a promising treatment
modality [56]. However, there are conflicting reports regarding the success of stem cell transplantation. In a study
performed to investigate whether HSCs can participate in
muscle regeneration, transplanted BM-HSCs were poorly
engrafted in dystrophic muscles and restored dystrophin
expression only in an average of 0.23% of fibers [110]. By
contrast, Qu-Petersen et al. [57] reported successful M-MSC
transplantation into mdx mice, even though the animals
were not immunosuppressed. The number of M-MSCs
found in the mdx muscle was stable over a 90-day period.
Interestingly, the results could not be reproduced using
satellite cells. This was attributed to the lack of expression
of MHC-I by M-MSCs, thereby granting them immuneprivilege, and to the higher self-renewal ability of M-MSCs.
To date, clinically useful levels of stem cell engraftment to
muscle tissue have not been reported [56]. Alternatively,
stem cells could be used to introduce genes into muscle
tissue to increase the production of deficient proteins [5, 56].
MSCs can easily be obtained from patients, manipulated
genetically, expanded to obtain an adequate number of cells
and, finally, reintroduced into body [5]. This treatment
schema bypasses the risks associated with virus vectors [5].
However, the current level of gene transduction into MSCs,
the level of engraftment of MSCs to the target tissues, and
the sustainability of the desired gene expression are the main
issues that need to be improved if this is to become an
eﬀective treatment modality [5]. Furthermore, genetically
modified MSCs may not necessarily incorporate into target
tissues to correct the defective gene, but may also reside in
the connective tissue acting as minipumps that secrete the
gene product [5]. Methods to increase the eﬃciency of gene
therapy are currently ongoing.
The current problems with the clinical application of
MSCs are insuﬃcient engraftment of the stem cells to target
tissues, inadequate vascularization of tissue engineered constructs to ensure long term viability, the possibility of inducing teratomas [16], and immunogenic reactions directed
against allogeneic cells [16]. In addition, the expression of
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one or more proteins specific for a certain cell lineage in
vitro does not necessarily mean that MSCs bearing these
proteins will exhibit the functions of this specific cell type
properly in vivo [111]. Moreover, the study by Terada et al.
raises doubts regarding whether in vivo transdiﬀerentiation
of transplanted MSCs actually occurs, or is the result of cell
fusion misinterpreted as transdiﬀerentiation [92, 112]. Safety
issues regarding the MSCs transplantation have been largely
solved, particularly with autologous transplants; however,
sustained curative benefit has not been established yet.
Increasingly, new stem cell types are being explored and
there are a considerable number of clinical phase I/II trials as
mentioned previously. Even though it is too early to predict
the outcome of these trials at present, early observations of
patients indicate promising results without any significant
side eﬀects [113]. Transfer of xenogenic proteins into human
body along with the MSCs is another potential problem in
clinical use of MSCs. Main source of xenogenic contamination is the fetal bovine serum (FBS) used as a supplement
for in vitro expansion of MSCs. FBS should be replaced with
an autologous or xeno-free supplement in the clinical setting
[114, 115]. As new information is gathered from future
studies, our understanding of the complex diﬀerentiation
mechanisms of stem cells will help us to solve current
problems and achieve crucial improvements in the use of
stem cells for clinical applications.

13. Conclusion
There is no doubt that stem cell therapy is a promising
treatment for the regeneration of damaged human tissues.
Some successful clinical results have been reported by a
number of groups. However, the methods of administration
need to be improved before a broader spectrum of clinical
applications can be successfully achieved. Currently, the
possibility of obtaining a significant clinical outcome after
systemic administration of MSCs without specific targeting
seems remote.
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and B. Scheﬄer, “Functional integration of embryonic stem
cell-derived neurons in hippocampal slice cultures,” Journal
of Neuroscience, vol. 23, no. 18, pp. 7075–7083, 2003.
S. Chiba, Y. Iwasaki, H. Sekino, and N. Suzuki, “Transplantation of motoneuron-enriched neural cells derived from
mouse embryonic stem cells improves motor function of
hemiplegic mice,” Cell Transplantation, vol. 12, no. 5, pp.
457–468, 2003.
P. Bianco and P. G. Robey, “Stem cells in tissue engineering,”
Nature, vol. 414, no. 6859, pp. 118–121, 2001.
A. I. Caplan, “Adult mesenchymal stem cells for tissue
engineering versus regenerative medicine,” Journal of Cellular
Physiology, vol. 213, no. 2, pp. 341–347, 2007.
Z. Ruszczak and R. A. Schwartz, “Modern aspects of wound
healing: an update,” Dermatologic Surgery, vol. 26, no. 3, pp.
219–229, 2000.
G. Pellegrini, C. E. Traverso, A. T. Franzi, M. Zingirian,
R. Cancedda, and M. De Luca, “Long-term restoration of
damaged corneal surfaces with autologous cultivated corneal
epithelium,” The Lancet, vol. 349, no. 9057, pp. 990–993,
1997.
S. P. Bruder, K. H. Kraus, V. M. Goldberg, and S. Kadiyala,
“The eﬀect of implants loaded with autologous mesenchymal
stem cells on the healing of canine segmental bone defects,”
Journal of Bone and Joint Surgery, vol. 80, no. 7, pp. 985–996,
1998.
A. A. Kocher, M. D. Schuster, M. J. Szabolcs et al., “Neovascularization of ischemic myocardium by human bonemarrow-derived angioblasts prevents cardiomyocyte apoptosis, reduces remodeling and improves cardiac function,”
Nature Medicine, vol. 7, no. 4, pp. 430–436, 2001.
B. Johnstone and J. U. Yoo, “Autologous mesenchymal progenitor cells in articular cartilage repair,” Clinical
Orthopaedics and Related Research, no. 367, pp. S156–S162,
1999.
S. Gronthos, M. Mankani, J. Brahim, P. G. Robey, and S. Shi,
“Postnatal human dental pulp stem cells (DPSCs) in vitro
and in vivo,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 97, no. 25, pp. 13625–
13630, 2000.
S. Makino, K. Fukuda, S. Miyoshi et al., “Cardiomyocytes can
be generated from marrow stromal cells in vitro,” Journal of
Clinical Investigation, vol. 103, no. 5, pp. 697–705, 1999.
E. Lagasse, H. Connors, M. Al-Dhalimy et al., “Purified
hematopoietic stem cells can diﬀerentiate into hepatocytes in
vivo,” Nature Medicine, vol. 6, no. 11, pp. 1229–1234, 2000.

Stem Cells International
[87] V. K. Ramiya, M. Maraist, K. E. Arfors, D. A. Schatz, A. B.
Peck, and J. G. Cornelius, “Reversal of insulin-dependent
diabetes using islets generated in vitro from pancreatic stem
cells,” Nature Medicine, vol. 6, no. 3, pp. 278–282, 2000.
[88] A. Björklund, “Cell replacement strategies for neurodegenerative disorders,” Novartis Foundation Symposium, vol. 231,
pp. 7–15, 2000.
[89] G. Ferrari, G. Cusella-De Angelis, M. Coletta et al., “Muscle
regeneration by bone marrow-derived myogenic progenitors,” Science, vol. 279, no. 5356, pp. 1528–1530, 1998.
[90] Y. P. Kato, M. G. Dunn, J. P. Zawadsky, A. J. Tria, and F.
H. Silver, “Regeneration of Achilles tendon with a collagen
tendon prosthesis: results of a one-year implantation study,”
Journal of Bone and Joint Surgery, vol. 73, no. 4, pp. 561–574,
1991.
[91] R. G. Young, D. L. Butler, W. Weber, A. I. Caplan, S. L.
Gordon, and D. J. Fink, “Use of mesenchymal stem cells
in a collagen matrix for achilles tendon repair,” Journal of
Orthopaedic Research, vol. 16, no. 4, pp. 406–413, 1998.
[92] J. Ringe, C. Kaps, G. R. Burmester, and M. Sittinger, “Stem
cells for regenerative medicine: advances in the engineering
of tissues and organs,” Naturwissenschaften, vol. 89, no. 8, pp.
338–351, 2002.
[93] H. F. Tse, Y. L. Kwong, J. K. F. Chan, G. Lo, C. L. Ho,
and C. P. Lau, “Angiogenesis in ischaemic myocardium by
intramyocardial autologous bone marrow mononuclear cell
implantation,” The Lancet, vol. 361, no. 9351, pp. 47–49,
2003.
[94] S. Miyagawa, A. Saito, T. Sakaguchi et al., “Impaired myocardium regeneration with skeletal cell sheets-A preclinical
trial for tissue-engineered regeneration therapy,” Transplantation, vol. 90, no. 4, pp. 364–372, 2010.
[95] S. Wakitani, T. Goto, S. J. Pineda et al., “Mesenchymal
cell-based repair of large, full-thickness defects of articular
cartilage,” Journal of Bone and Joint Surgery, vol. 76, no. 4, pp.
579–592, 1994.
[96] H. Klingemann, D. Matzilevich, and J. Marchand, “Mesenchymal stem cells-sources and clinical applications,” Transfusion Medicine and Hemotherapy, vol. 35, no. 4, pp. 272–277,
2008.
[97] K. le Blanc, F. Frassoni, L. Ball et al., “Developmental committee of the European group for blood and marrow transplantation. Mesenchymal stem cells for treatment of steroidresistant, severe, acute graft-versus-host disease: a phase II
study,” The Lancet, vol. 371, no. 9624, pp. 1579–1586, 2008.
[98] M. Duijvestein, A. C. W. Vos, H. Roelofs et al., “Autologous
bone marrow-derived mesenchymal stromal cell treatment
for refractory luminal Crohn’s disease: results of a phase I
study,” Gut, vol. 59, no. 12, pp. 1662–1669, 2010.
[99] A. Tyndall, “Application of autologous stem cell transplantation in various adult and pediatric rheumatic diseases,”
Pediatric Research, vol. 71, no. 2–4, pp. 433–438, 2012.
[100] D. Y. Oh, P. Cui, H. Hosseini et al., “Potently immunosuppressive 5-Fluorouracil-resistant mesenchymal stromal cells
completely remit an experimental autoimmune disease,” The
Journal of Immunology, vol. 188, no. 5, pp. 2207–2217, 2012.
[101] S. Morando, T. Vigo, M. Esposito et al., “The therapeutic eﬀect of mesenchymal stem cell transplantation in
experimental autoimmune encephalomyelitis is mediated by
peripheral and central mechanisms,” Stem Cell Research &
Therapy, vol. 3, no. 1, p. 3, 2012.
[102] P. J. Darlington, M. N. Boivin, and A. Bar-Or, “Harnessing
the therapeutic potential of mesenchymal stem cells in

9

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

multiple sclerosis,” Expert Review of Neurotherapeutics, vol.
11, no. 9, pp. 1295–1303, 2011.
E. W. Choi, I. S. Shin, S. Y. Park et al., “Reversal of
serologic, immunologic, and histologic dysfunction in mice
with systemic lupus erythematosus by long-term serial adipose tissue-derived mesenchymal stem cell transplantation,”
Arthritis & Rheumatism, vol. 64, no. 1, pp. 243–253, 2012.
A. Tyndall, “Successes and failures of stem cell transplantation in autoimmune diseases,” American Society of
Hematology Education Program, vol. 2011, pp. 280–284, 2011.
E. J. Bassi, D. C. de Almeida, P. M. Moraes-Vieira and N.
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Human mesenchymal stem cells (hMSCs) are presently being evaluated for their therapeutic potential in clinical studies to
treat various diseases, disorders, and injuries. To date, early-phase studies have indicated that the use of both autologous and
allogeneic hMSCs appear to be safe; however, eﬃcacy has not been demonstrated in recent late-stage clinical trials. Optimized
cell bioprocessing protocols may enhance the eﬃcacy as well as safety of hMSC therapeutics. Classical media used for generating
hMSCs are typically supplemented with ill-defined supplements such as fetal bovine serum (FBS) or human-sourced alternatives.
Ideally, culture media are desired to have well-defined serum-free formulations that support the eﬃcient production of hMSCs
while maintaining their therapeutic and diﬀerentiation capacity. Towards this objective, we review here current cell culture media
for hMSCs and discuss medium development strategies.

1. Introduction
Human mesenchymal stem cells (hMSCs), also referred
to as mesenchymal stromal cells [1], demonstrate regenerative properties and multipotentiality, and thus have
been proposed as a potential candidate for cell therapies
and tissue engineering. Clinical studies employing hMSCs
derived from diﬀerent sources have been initiated for the
treatment of several diseases and injuries such as myocardial
infarction, osteogenesis imperfecta, graft-versus-host disease
(GVHD), and Crohn’s disease, spinal cord injury, multiple
sclerosis, and diabetes (http://www.clinicaltrials.gov/). Earlyphase studies with thousands of patients have indicated that
the use of both autologous and allogeneic hMSCs appears
to be safe; however, eﬃcacy has not been demonstrated
in recent late-stage clinical trials [2]. In general, clinical
protocols employ cell culture technologies by which a small
fraction of primary hMSCs are isolated from a selected
tissue source and expanded for multiple passages in order to
generate a clinically relevant number of cells. Consequently,
once the tissue source of hMSCs is determined for an

intended clinical application, the safety and eﬃcacy of cell
therapeutics produced may be significantly influenced by cell
bioprocessing protocols [3]. As a consequence, developing
robust production processes by optimizing culture variables
is critical to eﬃciently and consistently generate hMSCs
that retain desired regenerative and diﬀerentiation properties
while minimizing any potential risks.
Cell culture variables include medium formulation (basal
media and supplements), culture surface substrate, cell seeding density, physiochemical environment (dissolved oxygen
and carbon dioxide concentrations, temperature, pH, osmolality, and buﬀer system), along with subculture protocols.
In particular, the development of well-formulated culture
media for both the isolation and expansion of hMSCs is
imperative, but has been recognized as an extremely diﬃcult
process due to the high complexity of media formulations.
Herein, we review various types of media that are currently
used for clinical studies or under evaluation, along with the
biological characteristics and ex vivo expansion procedures
for hMSCs. It is clear that defined media optimized for
hMSC isolation and expansion would greatly facilitate the
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development of robust, clinically acceptable bioprocesses for
reproducibly generating quality-assured cells. Although several serum-free formulations have recently been developed,
the performance of most media seems to be suboptimal.
Identifying critical factors and their concentrations towards
designing an ideally formulated, chemically defined serumfree medium should be carried out using rational and
systematic approaches. Hence, in the second part of this
paper, we discuss crucial strategies and important decisions
needed for serum-free medium development.

2. Mesenchymal Stem Cells
2.1. What Is an MSC? Friedenstein and colleagues first
reported a small fraction of cells in bone marrow (BM)
attached to and proliferated on tissue culture substrates and
that these cells were able to diﬀerentiate into multiple cell
types such as adipocytes, osteoblasts, and chondrocytes both
in vitro and in vivo [reviewed in [4]]. These cells were
fibroblastic spindle-shaped and readily generated single-cellderived colonies and were originally referred to as colonyforming unit-fibroblasts (CFU-F). Later, these cells were
demonstrated by many investigators to be heterogeneous
populations of nonhematopoietic adult stem/progenitor
cell-like cells residing in marrow stroma and, thus, were
called marrow stromal cells, mesenchymal stem cells, or
multipotent mesenchymal stromal cells [1, 4]. In addition
to BM, similar MSC-like cells have also been shown to
be present in most tissues, including adipose tissue (AT),
synovial membranes, bone, skin, pancreas, blood, fetal liver,
lung, and umbilical cord blood (UCB) [4, 5].

2.2. Characteristics of hMSCs. BM has been the traditional
source of hMSCs for basic research and therapeutic use
because BM harvest is a routine and safe procedure. Therefore, the characteristics of ex vivo expanded hMSCs described
below mostly represent BM-derived hMSCs unless otherwise
stated.

2.2.1. Morphology. Typically, hMSCs isolated and expanded
in classical FBS-containing media are mostly spindle-shaped
(or fusiform) and cuboidal fibroblast-like cells. More specifically, Prockop and colleagues demonstrated that hMSCs
undergo a time-dependent morphological transition from
thin (small), spindle-shaped cells (considered stem cells or
early progenitors) to wider (larger), spindle-shaped cells
(looked like more mature cells) when cells are plated at
1 to 1,000 cells/cm2 [6]. They further showed that the
small, spindle-shaped cells proliferate more rapidly and
have a higher level of multipotentiality, compared to the
slowly replicating large cells, which have lost most of their
multipotentiality but can still diﬀerentiate into a lineage (e.g.,
osteogenic) as a default pathway. The morphology (and size)
of hMSCs may also be dependent upon culture conditions
(e.g., growth media, culture surface). For example, hMSCs
expanded in bFGF-supplemented media were smaller and
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proliferated more rapidly, compared to those in bFGFlacking control conditions [7]. Culture surfaces (e.g., treated
with Matrigel) might also aﬀect the morphology [8].
2.2.2. Growth and Adherence Characteristics. hMSCs are
anchorage-dependent cells, which attach to a plastic surface,
spread out, and grow, when maintained in standard culture
conditions (e.g., DMEM supplemented with 10% FBS).
The initial growth of hMSCs in primary BM cell culture
on a plastic surface is characterized by the formation of
single-cell-derived colonies, when the cells are plated at
appropriate numbers. The cells in colonies generated in the
primary culture can typically be subcultured through multiple passages at various plating densities. In general, hMSCs
have great propensity for expansion in culture, although
their proliferation potential is highly variable, depending on
many aspects such as donor age, tissue source, and culture
conditions. For example, Sekiya et al. demonstrated that
hMSCs proliferate more rapidly when passaged by plating
the cells at low densities (e.g., 10–100 cells/cm2 , compared
to 1,000–10,000 cells/cm2 ) [6]. hMSC proliferation is also
highly variable depending on growth media [9].
2.2.3. Immunophenotype. Currently, no prospective markers
exclusively defining hMSCs are available. In general, hMSCs
are negative for hematopoietic surface markers including
Cluster of Diﬀerentiation (CD) 34, CD45, CD14, CD11b,
CD19, CD79α, CD31, CD133 and positive for CD63, CD105,
CD166, CD54, CD55, CD13, CD44, CD73, and CD90 [10,
11]. However, diﬀerences exist among the studies reporting
the surface marker characteristics, which may be explained
by variations in culture methods and/or diﬀerentiation stage
of the cells [11].
2.2.4. Multilineage Diﬀerentiation Potential. hMSCs have
at least trilineage diﬀerentiation potential in vitro (i.e.,
the ability to diﬀerentiate into bone, cartilage and fat
upon proper induction conditions). This is the most wellestablished characteristic of hMSCs and thus is considered
the hallmark of these cells [12]. It has also been observed
that hMSCs could give rise to other mesodermal cells
and nonmesodermal cell types, such as neuron-like and
endoderm-like cells [11].
2.2.5. Minimal Criteria for Defining hMSCs. Standard culture
protocols for the isolation and expansion of hMSCs have
not been well established, in particular for growth medium.
Therefore, diﬀerent laboratories often use various methods
of isolation/expansion and also diﬀerent approaches to
characterize the cells. This makes it diﬃcult to compare
and contrast the outcomes from various investigators. To
minimize the variations, the Mesenchymal and Tissue Stem
Cell Committee of the International Society for Cellular
Therapy has proposed minimal criteria to define hMSC
populations. These include the following: (i) hMSCs must
be plastic-adherent when maintained in classical culture
conditions; (ii) hMSCs must express high levels (≥95%
positive) of CD105, CD73, and CD90 and lack expression
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(≤2% positive) of CD45, CD34, CD14, or CD11b, CD79α
or CD19, and HLA-DR (unless stimulated by interferonγ) surface molecules; (iii) hMSCs must diﬀerentiate into
osteoblasts, adipocytes, and chondroblasts under specific in
vitro diﬀerentiation conditions [10].
2.3. Potential Therapeutic Properties of hMSCs. hMSCs show
various properties that could be important in therapeutic
applications. Indeed, some of these functions are currently
being exploited in clinical trials with great promise.
2.3.1. Multipotentiality. As described earlier, hMSCs can
diﬀerentiate into distinctive mesenchymal phenotypes, and
thus they have been used to reconstruct damaged tissues
upon transplantation in association with scaﬀolds. In addition, due to their diﬀerentiation potential into nonmesodermal cell types, hMSCs cells have also been proposed for
replacement therapies to treat various diseases and disorders
such as neuronal diseases and diabetes [13, 14].
2.3.2. Tropism for Sites of Disease. hMSCs appear to be
capable of homing to sites of disease or damage. It has been
reported that hMSCs systematically infused into diabetic
mice migrated to damaged sites (i.e., pancreatic islets and
renal glomeruli) and contributed to the repair of tissue [15]
by certain mechanism(s) yet unidentified.
2.3.3. Secretion of Bioactive Factors. hMSCs inherently synthesize and secrete a broad range of bioactive agents
such as cytokines and growth factors [16]. This intrinsic
secretory activity of hMSCs may significantly contribute to
tissue repair or regeneration, presumably by establishing a
regenerative microenvironment at sites of tissue injury or
damage [16]. Originally, therapeutic eﬀects observed with
the use of hMSCs were thought to be due to their transdiﬀerentiation (i.e., diﬀerentiation into nonmesodermal cell
types) potential. However, these beneficial eﬀects were often
demonstrated without evidence for the engraftment and
transdiﬀerentiation of transplanted hMSCs in animal model
studies. Therefore, these indirect, secretory functions of
hMSCs have been proposed as an alternative mechanism
explaining the therapeutic eﬀects, and importantly, these
characteristics have generated clinical interest to use undifferentiated hMSCs for various applications such as repair or
regeneration of damaged tissues [16].
2.3.4. Immunomodulation. hMSCs also display immune
regulatory properties that might represent a critical role
in the therapeutic application of these cells [17]. In vitro
studies using hMSCs demonstrated that these cells suppress
the proliferation of T cells. Further, it was also revealed
that hMSCs inhibit the diﬀerentiation and maturation
of dendritic cells (DCs) and decrease the production of
inflammatory cytokines by various immune cell populations
[18]. DCs are the most potent antigen-presenting cells, which
specialize in antigen uptake, transport, and presentation and
have the unique capacity to stimulate naı̈ve and memory
T cells [17]. In addition to the in vitro eﬀects, it has
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been seen in animal model studies that hMSCs may also
display immunosuppressive capacities in vivo. For example,
hMSCs facilitated engraftment of hematopoietic stem cells
and prolonged skin allograft survival [19]. Further, it has
been demonstrated that the use of hMSCs reversed severe
acute GVHD [19]. However, while in vitro results consistently show the immunosuppressive capacity of hMSCs,
studies in animals and humans suggest that hMSCs are
less eﬀective in producing systemic immunosuppression
in vivo [20]. Therefore, further studies using standardized
hMSC populations are urgently needed to verify their in
vivo immunosuppressive potential and to define the optimal
conditions for the use of hMSCs as immunotherapy.
2.3.5. Immune Privileged or Hypoimmunogenic Property.
When undiﬀerentiated hMSCs were transplanted into recipients in preclinical and clinical trials, these cells produced
various cytokines and growth factors and had an ability to
modify the response of immune cells. Another important
observation is that hMSCs escape immune recognition or at
least possess a hypoimmunogenic character upon allogeneic
transplantation [21]. Indeed, clinical studies showed that
hMSCs evoke little or no immune reactivity in allogeneic
recipients [5]. This indicates that, in addition to the transplantation of autologous cells to patients to minimize the
risk of immune response, allogeneic hMSCs could also be
safely used. If this is the case, the use of allogeneic hMSCs
has an important advantage in that the culture-expanded
cells could be considered as an “oﬀ the shelf ” therapeutic
product. Indeed, clinical studies using allogeneic, as well as
autologous, hMSCs from BM have been initiated for the
treatment of several diseases and injuries such as osteogenesis
imperfecta, GVHD, leukemia, myocardial infarcts, Crohn’s
Disease, cartilage and meniscus injury, stroke, and spinal
cord injury [5, 16].
2.4. Safety of Using hMSCs. A large body of safety data
has been gained from the use of hMSCs in various clinical
applications including the treatment of GVHD and the
facilitation of BM engraftment [14]. That is, until present,
only few adverse eﬀects attributed to hMSC transplantation
have been reported [22]. This has facilitated the rapid
translation of basic research into clinical trials. However,
there are some obvious issues that need to be addressed
before the wide implementation of clinical trials using
hMSCs.
2.4.1. Tumor Formation. In general, it is considered that
hMSCs can be safely cultured in vitro with no risk of
malignant spontaneous transformation [23]. Stenderup and
colleagues cultured several strains of hMSCs from BM at various ages (i.e., aged 18–81 years) until the cells reached their
maximal life span without any evidence of transformation
[24]. Further, there have been no reports with human trials
demonstrating the formation of tumors by culture-expanded
hMSCs [22]. Nonetheless, a potential risk for spontaneous
transformation associated with hMSC proliferation in vitro,
in particular after long-term culture, cannot be ruled out.
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The transplantation of primitive stem/progenitor cells with
considerable proliferative potential can raise the possibility
of tumor formation, and any ex vivo manipulation will
increase the chances of transformation [14]. It has been
recommended by the Food and Drug Administration (FDA)
that “minimally manipulated” cells be used for human
clinical trials. In this regard, attempts are being made to
develop an eﬃcient production system to produce clinically
relevant numbers of hMSCs at relative shorter periods of
time with lower passage numbers [25].
2.4.2. Promotion of Tumor Growth and Development. A
potential risk of treatment with hMSCs can paradoxically
arise from the fact that these cells are capable of suppressing
various immune cells, which may promote tumor growth
and metastasis. The role of hMSCs in tumors is controversial:
some studies have demonstrated enhancement of tumor
growth and metastasis, while others have shown no apparent
eﬀect or inhibition of tumor growth with the use of hMSCs
[26].
2.4.3. Immune Response. Although hMSCs themselves
appear to escape immune recognition, those “cultured in
medium containing FBS” can produce immune reactions
in patients receiving repeated administrations of these
cells [27]. Conventionally, the optimal conditions for
hMSC expansion require media supplemented with FBS
at a concentration of 10–20%, which corresponds to
approximately 5–10 mg FBS proteins/mL of medium. Spees
et al. demonstrated that, when hMSCs were cultured in
medium containing 20% FBS and harvested, 7–30 mg of FBS
proteins were still associated with a standard preparation of
100 million hMSCs, a dosage that probably will be needed
for clinical therapies [28]. Thus, immunological reactions
caused by medium-derived FBS proteins will be a concern, in
particular for certain types of cell therapy involving multiple
administrations of hMSCs. The safety issue associated with
the use of FBS in culture media will be avoided by developing
an alternative culture protocol to produce hMSCs in vitro in
the absence of FBS.
2.5. Sources of hMSCs. Although the traditional source of
hMSCs is BM, it has been demonstrated that cells displaying
similar characteristics with BM-hMSCs can also be derived
from other sources including AT, UCB, umbilical cord tissue,
placenta, amniotic fluid, liver, lung, pancreas, and muscle
[29–34]. The ideal source of hMSCs for therapeutic use
would be one that is readily available and can be expanded in
culture rapidly to yield large numbers of cells. In this regard,
hMSCs from readily obtainable tissue otherwise discarded,
such as AT, may oﬀer a preferable alternative to BM, because
the collection of BM is an invasive procedure. Moreover, AT
is a source of abundant hMSCs, and the AT-derived hMSCs
have shown various potential therapeutic properties both
in vitro and in vivo [29]. UCB, umbilical cord tissue, and
placenta also represent attractive sources of hMSCs because
these tissues are readily available and the derived cells may
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contain less genetic abnormalities and greater proliferative
capacity than adult tissue-derived hMSCs [30–32].
It is important to note that there is much evidence
demonstrating that hMSCs (or similar populations) derived
from various sources showed diﬀerent characteristics in gene
expression profile, proliferation and diﬀerentiation potential,
and functional properties although most of these satisfied
the minimal criteria for defining MSCs and, thus, were
considered as hMSCs as a whole [35–38]. For example,
studies have shown that AT-hMSCs exhibited in vitro
immunomodulatory properties at higher eﬃciencies, compared to BM-derived counterparts [35]. Another example
can be found from a study comparing the diﬀerentiation
potential of hMSCs from BM and pancreas into insulinproducing endocrine cells [36]. This study revealed that
hMSCs derived from the pancreas are committed to an
endocrine fate and thus have a greater propensity to generate
insulin-producing cells compared to BM-hMSCs. Therefore,
to select an ideal source of hMSCs for therapeutic use,
their functional properties (e.g., diﬀerentiation potential,
immunomodulation, secretion of bioactive factors) should
be critically evaluated in comparison with those from other
potential sources, in addition to the availability of tissue and
cell proliferation capacity as mentioned earlier.

3. Generation of Mesenchymal Stem Cells
3.1. hMSC Number. The frequency of hMSCs in BM is
very low. The CFU-F assay is widely used to estimate the
number of MSCs in primary BM cells as well as passaged
cell populations in culture [39, 40]. Using this assay, it
has been reported that MSCs represent 0.01% to 0.001%
of human BM mononuclear cells (MNCs) [39]. It was
also demonstrated that hMSCs comprise approximately 1
in 10,000, 100,000, and 250,000 BM-hMNCs of newborns,
teens, and 30 year-olds, respectively, indicating that the
hMSC frequency is highly variable with age [16].
There is a significant diﬀerence in the frequency of
hMSCs present in other tissues/organs, heavily depending
on the source. Kern et al. reported diﬀerent frequencies of
hMSCs in BM, AT, and UCB. In their study, with cultureinitiating populations (i.e., MNCs of BM and UCB, and
stromal vascular fraction of AT), it was demonstrated that the
number of CFU-Fs (i.e., corresponding to hMSCs) calculated
at the basis of 1 × 106 initially plated cells was highest for AT
(557), followed by BM (83) [37]. In contrast, the frequency of
CFU-Fs in UCB was considerably lower. Similar observations
were reported by others [41, 42].
Although the dosage of hMSCs for their optimal use
in therapeutic applications is still unclear and should be
dependent upon the type of cell therapy, at least 1 to 2 ×
106 hMSCs per kg body weight of the adult patient is
generally suggested [43]. Consequently, the number of
primary hMSCs, regardless of the sources, is insuﬃcient for
research as well as clinical use. Hence, it is necessary to isolate
hMSCs and then subsequently expand them for multiple
passages on tissue culture substrates in order to generate
clinically relevant numbers of cells.
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3.2. Isolation and Expansion of hMSCs
3.2.1. Isolation of hMSCs (Primary Culture). As there are no
universal surface markers available for exclusively defining
hMSCs, these cells have traditionally been isolated from
initial primary cell fractions (e.g., BM MNCs), based on their
selective adherence, compared to hematopoietic cells, to plastic surfaces. Therefore, the hMSCs obtained are intrinsically
heterogeneous. Importantly, it has been demonstrated that
the characteristics of isolated cells are highly dependent upon
culture conditions used. For BM cells, either unfractionated
whole BM, fractionated MNCs by density gradient, or
separated cells by depletion of certain subpopulations are
used, with the fractioned MNCs being the most popular.
3.2.2. Expansion of hMSCs. As a large number of hMSCs
is needed for their clinical use, cells obtained from the
primary culture are further expanded through multiple
passages. Typically, hMSCs obtained from young donors
can undergo 24–40 population doublings (PD) in culture
before they reach senescence, while those from older donors
retain reduced proliferative potential [11]. Similar to other
diploid cells, hMSCs grow at a rather constant rate during
early passages (typically for the first 2 to 3 weeks) and
then with a gradual increase in cell doubling times as the
passage number increases until the growth ceases due to
senescence [11]. It is also known that, after the initial culture,
hMSCs progressively show loss of multipotentiality [44]
under classical media and possibly other culture conditions.
3.3. Culture Media for hMSCs
3.3.1. Classical FBS-Based Media. Conventional media used
for isolating and expanding hMSCs include supplementation
of FBS at 10–20% (v/v). FBS contains a high content of
attachment and growth factors as well as nutritional and
physiochemical compounds required for cell maintenance
and growth. The function and characteristic of serum is
further reviewed later in this paper. FBS-based media remain
a common standard in generating hMSCs for basic research
and clinical studies; however, the use of FBS is not desirable,
raising several safety and other concerns. The inherent
potential problems associated with the ill-defined FBS and
other animal-derived supplements are as follows [45–47]:
(i) risk of contamination associated with harmful
pathogens such as viruses, mycoplasma, prions, or
unidentified zoonotic agents and transmissions of
these contaminants to cells being used for cellular
therapy,
(ii) high content of xenogeneic proteins that can be associated with cell therapeutics during culture, causing
concerns relating to immune reaction in patients, as
described earlier,
(iii) high degree of batch-to-batch variation causing
inconsistency in the generation of quality-assured
cells and thus making standardization of the production process diﬃcult,
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(iv) presence of growth inhibitors, cytotoxic substances,
and/or diﬀerentiation agents. (Beyond its growthpromoting property, serum may also contain components that are inhibitory for the growth of certain
cell types. It has been demonstrated that some cell
types cannot be cultured in the presence of serum
at its typical concentrations in medium due to its
unidentified cytotoxic constituents. It is also well
known that serum is toxic at high concentrations for
most cell types [48]),
(v) requirement of a set of strict quality controls to
minimize the risk of contamination and to select
appropriate FBS lots supporting growth of cells
while retaining their regenerative and diﬀerentiation
properties,
(vi) interference of unidentified factors on the eﬀect of
hormones, growth factors, or other additives under
investigation,
(vii) limited availability,
(viii) ethical issues [49].
Considered together, despite strict selection and testing
for safety and growth-promoting capacity, the use of FBS
represents a major obstacle for the wide implementation of
hMSC-related therapies.
3.3.2. Humanized Media. In order to alleviate the safety and
regulatory concerns raised by the use of animal serum for
generating hMSCs, autologous or allogeneic human bloodderived materials, including human serum, plasma, platelet
derivatives (e.g., platelet lysate), and cord blood serum, are
currently under investigation for their clinical utility as an
alternative medium supplement.
Human autologous serum has been reported to support
hMSC expansion [50–53]. It would be problematic, however,
to acquire amounts suﬃcient to generate clinically relevant
numbers of hMSCs. Moreover, the use of autologous serum
may not be applicable for elderly patients as its capacity
to support cell growth may decrease with their age. The
performance of human allogeneic serum from adult donors
is rather controversial because contradictory results have
been reported [52, 54–58]. Allogeneic human serum from
UCB [59, 60] and placenta [61] has also been proposed as
potential alternatives to replace FBS because these primitive
tissues are a rich source of growth factors [49].
Attempts have also been made by many investigators to
examine the utility of human platelet lysate (hPL), which
has been prepared by mechanical disruption or chemical
lysis of the platelet membrane [49], for the cultivation
of hMSCs. Most of the studies reported that the growth
factor-enriched allogeneic hPLs have considerable growthpromoting properties for hMSCs while maintaining their
diﬀerentiation potential and immunomodulatory properties
[62–70]. However, some other studies reported data that
showed a reduction of osteogenic or adipogenic diﬀerentiation potential when hMSCs were cultured in hPL-based
media [67, 71]. Moreover, a recent report illustrated that,
although cell proliferation was greatly enhanced, the use of
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hPL (supplemented into RMPI 1640 medium) altered the
expression of some hMSC surface molecules and led to a
decrease in their in vitro immunosuppressive capacity [72].
This study also showed that the production of prostaglandin
E2 , which has previously been demonstrated to play a major
role in the suppression of immune cells [73], was lowered
under the use of hPL compared to FBS.
Although considered relatively safer than FBS for human
therapeutic applications, the use of human-sourced supplements is still a matter of substantial debate, prompting
some concerns [74, 75]. There is a risk that allogeneic
human growth supplements may be contaminated with
human pathogens that might not be detected by routine
screening of blood donors. Moreover, these crude blood
derivatives are poorly defined and suﬀer from batch-tobatch variation, and thus their ability to maintain hMSC
growth and therapeutic potentials could be widely variable.
In particular, the variability can be a significant hindrance for
implementing the clinical-scale production of hMSCs simply
because it could make it diﬃcult to obtain cells retaining
desired qualities in a consistent and predictable manner,
which is crucial for minimizing treatment failures.
3.3.3. Defined Serum-Free Media. The concerns raised from
the use of ill-defined serum or human-sourced supplements
demonstrate the need for the development of defined serumfree media. While reducing the problems associated with
such crude materials, defined serum-free media may further
provide additional advantages as follows.
(i) Defined formulations designed to support the generation of a population enriched with a desired cell
type (i.e., hMSCs) while preventing overgrowth of
undesired cells in primary cultures will lead to the
production of more homogeneous hMSCs (i.e., more
precisely, a population of adherent cells containing
a high content of colony-forming multipotent mesenchymal cells). It has been shown that medium
formulations greatly aﬀect the frequency and size of
colonies in the primary and passaged hMSC culture,
and a systematically optimized defined medium for
hMSCs led to significant increased colony-formation
compared to FBS-based cultures [76].
(ii) The well-defined nature of the medium would facilitate enhancing cell bioprocessing protocols, which
may be crucial for increasing clinical eﬃcacy by
producing cells with desired properties. For instance,
based on the proposed mechanism that hMSCs
exert therapeutic benefits via the secretion of certain
soluble molecules, the medium formulations may
need to be modified to enhance expression of specific
genes to achieve an optimal cytokine profile [3].
(iii) When ex vivo diﬀerentiated cells are desirable for
therapeutic use, the transition of an expansion state
to a diﬀerentiation phase under defined conditions
could facilitate the production of such desired cell
types in a more favorable and controllable environment. Davani et al. demonstrated that, in an eﬀort

to diﬀerentiate hMSCs (pancreas-derived) to insulinexpressing cells, the shift of a serum-based expansion
condition to a serum-free diﬀerentiation condition
led to considerable cell death [36]. In principle, it
may be less harsh to cells to switch only key “growthpromoting factor(s)” to “diﬀerentiation-inducing
factor(s)” while maintaining the base condition.
Attempts have been made to develop defined serum-free
media for animal or human MSC growth; however, most
of them have demonstrated only limited performance [77–
80]. These media formulations were only shown to support
cell expansion for single-passage cultures or at slow rates
through multiple passages. Moreover, all of these studies
used cells which had previously been exposed to serum
during the initial isolation/expansion phases. Serum-derived
contaminants are probably carried over with the cells when
they are placed under serum-free conditions after exposure
to serum, and thus, exposure to serum may ultimately limit
their therapeutic use.
The ideal media should consist of chemically defined
constituents that support the attachment and growth of
hMSCs primary cultures as well as passaged cultures,
while maintaining their therapeutic properties. Towards
this objective, our group has recently carried out a study
to identify key attachment and growth factors required
for both primary and passaged cultures, and this study
led to the development of a defined serum-free medium
(PPRF-msc6) for hMSC isolation and expansion [76]. We
demonstrated that PPRF-msc6 medium supported the generation of hMSCs from multiple BM samples in a rapid
and consistent manner, maintaining their multipotency and
hMSC-specific immunophenotype. Furthermore, compared
to a classical serum-supplemented media (i.e., DMEM supplemented with prescreened FBS), hMSCs cultured in PPRFmsc6 exhibited numerous advantages from a production
standpoint. Specifically, these hMSCs had a greater colonyforming capacity in primary as well as passaged cultures,
negligible lag phase and explicit exponential growth, lower
population doubling times (21–26 h versus 35–38 h; between
passage levels 1 and 10), a greater number of population
doublings (62 ± 4 versus 43 ± 2; over a two-month period),
and a more homogeneous cell population, which was smaller
in size [81]. Consequently, the sustained production of
smaller hMSCs in a rapid manner requires less time and
surface area to obtain clinically relevant numbers of hMSCs,
while reducing risk of contamination and saving cost and
labor. Moreover, from a therapeutic viewpoint, the size of
cells to be transplanted into patients could be an important
issue because it has been shown in animal-model studies
that most of hMSCs grown in FBS-supplemented media
were trapped in the lung [82]. Small hMSCs may oﬀer
a significant benefit in transplantation therapies because
the small cells may travel through the lung and home
to the site of injury or disease at high eﬃciencies [83].
Similar to the performance with BM cells, PPRF-msc6 also
allowed for the isolation and extended expansion of hMSCs
from other sources, including AT and pancreatic tissue
samples, more rapidly and eﬃciently compared to control
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FBS-supplemented media [our unpublished data]. In view
of the “defined” status, PPRF-msc6 contains some serum
components, such as insulin, transferrin, serum albumin,
and fetuin, which are often associated with traces of other
serum constituents, and thus further investigations need to
be conducted to refine this medium to a true chemically
defined medium by replacing these components with synthetic alternatives. Recently, for instance, we have successfully
replaced native insulin with a recombinant insulin without
any decrease in the performance of PPRF-msc6 for hMSC
culture. The replacement of native transferrin, albumin,
and fetuin in this medium with recombinant alternatives
or other supplements is currently underway. Nonetheless,
PPRF-msc6 represents the most well-defined serum-free
formulation to support both the isolation and expansion of
hMSCs in the literature to date and a significant step forward
for producing hMSC therapeutics. The protocol for PPRFmsc6 preparation has been described in detail [76] so that
the disclosed formulation or its modifications can be further
developed by any interested party.
Eﬀorts have also been made to test or modify existing
defined medium formulations designed for other stem cell
types in order to cultivate hMSCs. Rajala et al. illustrated
that a defined, xeno-free medium for human embryonic stem
cells (hESCs) allowed, during a single-passage culture, the
expansion of hMSCs previously isolated from AT samples in
the presence of allogeneic human serum [84]. This study did
not report whether this medium supported the growth of
hMSCs in primary culture as well as through multiple passages. Also, Mimura et al. modified a defined hESC medium
to promote the expansion of an immortalized genetically
modified hMSC line [85]. The cells grown in their disclosed
medium formulation demonstrated diﬀerentiation capacity
towards osteogenic and adipogenic lineages while displaying
a rather diﬀerent gene expression profile compared to those
cultured in FBS-based medium.
3.3.4. Commercially Available Media for Expanding hMSCs.
Several commercially available serum-free media have
recently been introduced for the expansion of hMSCs
[reviewed in [86]]. StemPro MSC SFM from Invitrogen represents the first commercial serum-free medium that allows
the isolation and expansion of hMSCs from BM and has
recently been cleared by the FDA as a medical device for clinical trials in the United States (http://www.invitrogen.com/).
Agata et al. demonstrated that this medium supported
hMSC growth more rapidly at early passages while reaching
senescence earlier (at passage 5) with gradually reduced
proliferation rate, compared to a control FBS medium [87].
In addition, although most of the hMSC-specific surface
antigens were expressed on both cell populations expanded
in the serum-free medium and an FBS-based reference
medium, some molecules were expressed in diﬀerent levels
(i.e., CD105 and CD146). Moreover, it appears that both
cell populations displayed diﬀerent levels of stemness as
well as diﬀerent diﬀerentiation potential (i.e., cells expanded
in serum-free medium exhibited lower ALP activity in
noninduced state, but a greater response to osteogenic
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induction compared to serum-based controls). In summary,
this commercial serum-free medium seems to generate
hMSCs with diﬀerent characteristics in comparison with
those derived in classical FBS media.
Aiming towards the widespread implementation of
hMSC-related therapy in later stage of clinical trials, serumfree, xeno-free media for hMSC culture have also been commercialized. However, the formulations of these commercial
media are not disclosed, which may restrict their wide utility
in hMSC research and clinical studies. The identification
of specific medium components allowing for the serumfree isolation and expansion of hMSCs would contribute
significantly to the research and therapeutic applications of
these cells. Moreover, as medium formulations determine
cell characteristics (i.e., growth pattern, gene expression,
phenotype, and functional properties), it is important to
evaluate carefully each of these commercial media for
intended therapeutic applications, preferably in parallel to
select the best choice for each specific target.
We have recently initiated a study to compare these commercial media along with other existing media. The media
under investigation include Mesencult-XF (STEMCELL
Technologies), StemPro MSC SFM Xeno-Free (Invitrogen),
MSCGM-CD (Lonza), PPRF-msc6, and DMEM +10% FBS
(Lonza). Our initial data show that the performance of the
commercial hMSC media on the attachment and growth of
primary BM-hMSCs is questionable and thus should be open
to discussion. Specifically, in a preliminary experiment, the
commercial media were evaluated in parallel with PPRFmsc6 and 10% FBS DMEM by plating human BM MNCs
into human fibronectin-coated T-25 flasks containing each
of the media. Cells were inoculated at 150,000 cells/cm2 , and
nonadherent cells in each medium were removed after 60
hours with 100% medium change. Thereafter, the adherent
cells were allowed to grow with 50% medium replacement
every other day, and then stained on day 12. In this
experiment, none of the commercial media demonstrated
cell growth (Figures 1(a)–1(c)). In contrast, a significant
number of well-developed colonies were found in the culture
with PPRF-msc6 (Figure 1(d)). The serum-based control
culture with 10% FBS DMEM also resulted in the formation
of colonies although most of them were still premature.
Lindroos et al. reported that StemPro MSC SFM Xeno-Free
medium provided significantly higher proliferation rates of
AT MSCs when compared with serum-containing media
[88]. In their study, however, the authors tested the commercial serum-free medium using cells that were previously
isolated and expanded in a serum-containing medium (10%
human serum), and the ability of StemPro MSC SFM XenoFree medium to allow the growth of primary hMSCs was
not addressed. Moreover, Hartmann et al. stated that they
were not able to culture hMSCs derived from the UC tissue
using StemPro MSC SFM Xeno-Free medium without serum
[73]. In contrast, the authors demonstrated that MesencultXF medium supported the isolation and expansion of
UC-hMSCs without the use of serum. In an attempt to
culture hMSCs from BM using a xeno-free protocol (i.e.,
proprietary Mesencult-XF Attachment Substrate as well
as medium), Miwa et al. also showed that the use of
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(a)

(b)

(c)

(d)
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Figure 1: Cultivation of primary human BM MNCs using diﬀerent media including three commercial media. Cells were inoculated at
150,000 BM MNCs/cm2 into fibronectin-coated T-25 flasks, each containing 8 mL of Mesencult-XF (a), StemPro MSC SFM Xeno-Free (b),
MSCGM-CD (c), and PPRF-msc6 (d), and a classical FBS medium (10% FBS DMEM) (e). After 60 h, nonadherent cells in each medium
were removed, and fresh medium was added to the adherent cells (100% medium change). The adherent cells were allowed to grow for
additional 10 days with 50% medium change every other day, and then stained with crystal violet to visualize colonies generated.

Mesencult-XF medium resulted in the growth of primary
BM-hMSCs more rapidly than a serum-containing medium
[89].
The contradictory data between our work and the
literature [73, 89] regarding Mesencult-XF medium may
be due, at least in part, to the use of diﬀerent substrate
materials. Specifically, we used human fibronectin-coated
flasks, while Miwa et al. used a proprietary substrate-coating
product. In this regard, we plated the nonadherent cells,
which were removed from the first medium change during
the primary culture with each medium described earlier, into
new flasks containing the same medium to allow them to
attach to the new substrate and grow. For convenience, here
we call these as “secondary” cultures as opposed to their
original cultures described in the previous paragraph and
Figure 1. The “secondary” flasks were coated with gelatin
(bovine), which is widely used to facilitate the attachment
of many types of anchorage-dependent cells to the substrate.
In these secondary cultures, we observed that a number
of colonies were formed in the culture with MesencultXF medium (Figure 2(a)). Together with the data obtained
from the original culture (Figure 1(a)), this demonstrates
the ability of Mesencult-XF medium to allow the growth of
primary hMSCs, but implying that the performance of the
medium could be improved by manipulating the substratecoating materials. In contrast, StemPro MSC SFM XenoFree medium and MSCGM-CD medium did not allow for
colony formation (Figures 2(b) and 2(c), resp.). These data
suggest that factors required for the isolation of hMSCs from
primary cultures seem to be missed in both media. Similar
with the study by Hartmann et al. [73], we also observed
that the addition of low serum (i.e., 2% prescreened FBS)
into StemPro MSC SFM Xeno-Free medium (and MSCGMCD medium) supported the growth of primary BM-hMSCs
(data not shown). Based on these observations, therefore, we
would argue that it should be desirable to further optimize

all the commercial media described here for the serumfree, xeno-free isolation of hMSCs. Regarding PPRF-msc6,
beyond the high number of large colonies generated in the
original culture (Figure 1(d)), a number of colonies also
appeared in the secondary cultures (Figure 2(d)), which
were initiated with the nonadherent cells that had been
normally discarded in our previous work [81]. In contrast,
the FBS-based culture led to the appearance of only a few
colonies in its secondary culture (Figure 2(e)), indicating
that the majority of hMSCs obtainable from the use of 10%
FBS DMEM attached to the surface of original culture in
the presence of known and unknown attachment factors
included in serum. Considered together, these data imply
that the yield of hMSCs obtained from the primary culture
of BM cells with PPRF-msc6 could further be increased by
modifying the culture protocols, particularly by identifying
optimal attachment factors and/or substrate-coating materials to enhance initial cell attachment eﬃciencies.
A commercial medium (mTeSR) with disclosed composition, which was originally developed for the expansion of
hESCs, has also been tested for hMSC culture [90]. Although
this defined medium together with human fibronectintreated substrate allowed the expansion of BM-hMSCs previously isolated using FBS-based medium, it did not support
cell growth in primary BM cultures. In addition, when
hMSCs were plated into the mTeSR at a very low density
for a CFU-F assay, the colonies derived were significantly
smaller at lower frequency, compared to a control case
with FBS-based medium. Moreover, mTeSR-derived cells
demonstrated significantly decreased adipogenic potential.
Therefore, further studies should be carried out with this
medium to identify factors aﬀecting multipotency as well as
growth of hMSCs to make the disclosed formulation viable
for research and clinical applications.
In summary, although numerous defined hMSC media
are commercially available or have been introduced in

Stem Cells International

(a)

9

(b)

(c)

(d)

(e)

Figure 2: Cultivation of nonadherent cell fractions removed from the culture of primary BM MNCs in diﬀerent media. Nonadherent cells
and spent medium removed from each of the flasks, demonstrated in Figure 1, were replated into a new T-25 flask coated with gelatin
containing 4 mL of the fresh medium—that is, Mesencult-XF (a), StemPro MSC SFM Xeno-Free (b), MSCGM-CD (c), PPRF-msc6 (d), and
10% FBS DMEM (e). After 60 h, nonadherent cells and medium in each flask were discarded, and fresh medium was added to the adherent
cells (8 mL per flask). The adherent cells were allowed to grow for additional 8 days with 50% medium change every other day and then
stained with crystal violet to visualize colonies generated.

the literature to support the growth of hMSCs, one must
realize that the therapeutically relevant properties of cultureexpanded hMSCs could be significantly aﬀected by medium
components. Considering the safety and eﬃcacy required
to produce hMSC therapeutics for intended clinical applications, it is crucial to compare diﬀerent media (and their
formulations if the recipe is disclosed) and probably further
optimize the formulations in a systematic manner. In this
regard, the disclosed medium formulations for hMSCs (e.g.,
those reported in [76, 80, 85, 90]) are best positioned to
be further developed by the many investigators interested in
therapeutic applications of hMSCs.

4. Development of Defined Serum-Free Media
Defined serum-free medium development or optimization
for a specific cell type is a very complicated process because
multiple variables that aﬀect the maintenance, growth, and
characteristics of cells are interrelated. Moreover, designing a
new serum-free formulation for anchorage-dependent cells
such as hMSCs tends to be more fastidious compared to
those grown in suspension culture, as the interaction of cells
with the substrate on which they attach and spread prior
to growth needs to be understood. Medium development
studies should involve rational approaches: (i) to select
appropriate factors (e.g., basal medium formulations and
growth/attachment proteins) and (ii) to screen them in a
stepwise, systematic manner for their eﬀect on cell properties
and growth.
4.1. Cell Culture Requirements. An understanding of the
requirements for successful cell culture is a prerequisite for
designing a rational strategy towards the eﬃcient development/optimization of a new serum-free medium. In addition, since anchorage-dependent hMSCs normally require

serum, namely, some serum components yet unidentified but
responsible for their attachment, spread, and growth, it is
particularly crucial to understand the functions that serum
serve in cell culture in order to identify such components.
Hence, specific requirements of nutrients and nonnutrient
elements for cell culture are briefly reviewed below with a
special emphasis on the constituents and functions of serum.
4.1.1. Nutrients. Nutrients refer to chemical substances that
are taken into cells and utilized as substrates in energy
metabolism or biosynthesis, as catalysts in those processes,
or as structural components of cellular organelles. The
nutrients are divided into organic nutrients, inorganic salts,
and trace elements, and the organic nutrients are further
subdivided into amino acids, carbohydrates, lipids, vitamins,
and others [91]. Generally, the nutrients are considered
as the “defined” portion of culture media. In addition
to the “nutrient” roles, the nutrients also have regulatory
functions. It has been demonstrated that these nutrients
could represent the only requirements for in vitro growth of
certain transformed cell lines [92]; however, more fastidious
nontransformed normal cells typically require additional
growth-promoting supplements for their growth in culture.
Organic Nutrients. Amino acids represent essential elements
of media as building blocks for protein synthesis. In addition,
certain amino acids have other key roles in multiplication
of cells in culture, especially under serum-free conditions.
In particular, glutamine appears to play major roles in
many metabolic pathways, and thus an adequate extracellular
concentration of glutamine is typically needed in cell culture
media. It is common to add 2–4 mM of glutamine to hMSC
media. It is important to note that glutamine is labile under
cell culture conditions, and thus the amount of glutamine
for hMSC culture should be determined considering both
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the requirement for cell growth and its breakdown during
the culture. Moreover, nonessential amino acids have been
added into a defined medium developed for hMSC growth
[80].
A carbohydrate source is essential for the growth of cells
in culture, since neither amino acids nor fats can readily
be used either as the sole energy source or as substrates
to build up a suﬃcient pool of intracellular carbohydrate
intermediates. Glucose is the commonly provided source of
energy for cells in culture, and together with amino acids it
is included in most defined basal medium formulations. It
is known that glucose at high concentrations has harmful
eﬀects on some cell types in culture. For this reason, low
concentrations of glucose (∼5 mM) are commonly used
for hMSC culture. However, recent evidence reveals that
high glucose concentrations (∼25 mM) led to comparable or
higher growth of animal and human MSCs [93–95].
It is known that certain lipids, such as cholesterol,
free linoleic acid and its metabolites, free oleic acid, and
phospholipids containing linoleic acid, stimulate growth of
mammalian cells. Lipids are frequently not included in the
defined portions of cell culture media. Large amounts of
bound lipids are contained in serum; therefore, normally
serum-containing media do not need the supplementation
of additional lipids. In contrast, externally supplied lipids
are generally required in serum-free culture [91]. Lipid
supplements have been added to serum-free media for
hMSCs [76, 80].
In general, mammals require 12 vitamins, including the
4 fat-soluble vitamins (A, D, E, and K) and the 8 members
of the B complex (thiamine, riboflavin, niacin, pyridoxine,
pantothenic acid, folacin, vitamin B12 , and biotin). In
addition, primates, guinea pigs and flying mammals require
vitamin C (ascorbic acid). In contrast, normal diploid cells
in culture exhibit requirements for the B vitamins, while
some cells have shown growth responses to ascorbic acid.
For this reason, most cell culture media include all the B
vitamins but variably contain vitamin C [91]. Other vitamins
are not included in media. The B vitamins function as
cofactors for specific enzymes, and their deficiency can result
in death of the animal. Ascorbic acid functions as an oxygen
acceptor in several mixed-function oxidase systems. Rowe
et al. reported that ascorbic acid had an eﬀect on collagen
synthesis by human diploid fibroblasts and played a role
as a growth-promoting factor for many cell types [96].
The use of ascorbic acid for hMSC culture seems to be
a matter of debate. Gronthos and Simmons demonstrated
that ascorbic acid was a critical component under serumfree conditions for supporting the formation of CFU-F
colonies in primary cultures of human BM cells [97]. We
and others also demonstrated that ascorbic acid promoted
hMSC growth [76, 98]. Moreover, it was observed that
the lack of ascorbic acid in medium significantly reduced
osteogenic potential of hMSCs [76]. On the other hand,
ascorbic acid has typically been used as a supplement in
some MSC diﬀerentiation media. Mimura et al. reported
that ascorbic acid increased osteoblastic marker expression
in hMSCs grown in a serum-free condition, and thus the
authors removed this component from their defined medium
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formulation [85]. It should be noted that ascorbic acid is
very labile under cell culture conditions [99]; therefore, care
should be taken when this substance is used in cell culture.
Inorganic Salts. The salts that are included in most media
are those of Na+ , K+ , Mg2+ , Ca2+ , Cl− , SO4 2− , PO4 3− , and
HCO3 − , and they play several functions. The salts primarily
contribute to retaining the osmotic balance of the cells.
The osmolality of most cell culture media is approximately
300 mOsm/kg, and this represents an optimal value for
most cell lines. It has been shown that many cell lines
tolerate variation of approximately 10% of this optimal
value, and thus care should be taken when extra salts are
added into a medium [45]. Divalent cations, particularly
Ca2+ , are required by some cell adhesion molecules, such
as the cadherins. Ca2+ also acts as an intermediary in signal
transduction, and the concentration of Ca2+ in the medium
can have an influence on cell proliferation or diﬀerentiation.
Na+ , K+ , and Cl− regulate membrane potential, while SO4 2− ,
PO4 3− , and HCO3 − have roles as anions required by the
matrix and nutritional precursors for macromolecules, as
well as regulators of intracellular charge. HCO3 − also plays
a role as a buﬀer and its concentration is determined by the
concentration of CO2 in the gas phase [100].
Trace Elements. In addition to the inorganic salts, other
inorganic elements, such as Mn2+ , Cu2+ , Zn2+ , Mo6+ , Va5+ ,
Se8+ , Fe2+ , Ca2+ , Mg2+ , Si4+ , Ni2+ are present in serum in
trace amounts. These substances are referred to as trace
elements and are included in most medium formulations.
Although the role of these trace elements has been only
partially elucidated, it has been demonstrated that many of
these elements act as enzyme cofactors and are essential to
the survival and growth of most cells [45, 101]. For instance,
selenium is well recognized as an activator of glutathione
peroxidase, a key enzyme essential for detoxifying cytotoxic
oxygen radicals, and has been considered as an essential trace
element for many cell types in culture [92, 102, 103]. It
was also observed that selenium increased the proliferation
of hMSCs from AT [104]. In contrast, numerous reports
demonstrated that selenium suppressed cell proliferation in
culture and induced cytotoxicity [105]. In our study, the
addition of selenium into a serum-based medium reduced
the colony-forming ability of hMSCs [76]. Considered
together, the eﬀect of selenium on hMSC expansion seems
to depend on culture conditions or cell sources.
4.1.2. Nonnutrient Factors. Beyond the nutrients, the growth
of mammalian cells requires additional substances (provided
from serum or other sources). These nonnutrient factors,
including growth and attachment factors and hormones,
generally function in regulatory roles on cellular diﬀerentiation as well as growth and proliferation. These regulatory
factors are not included in most basal media and are
frequently supplemented to serum-free media. Often, the
requirements of nutrients for the growth of cells of interest
could be satisfied by selecting appropriate defined basal
media; therefore, identifying growth-stimulating regulatory
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factors has typically been the key subject in the development of serum-free media. Much eﬀort has been made to
investigate the eﬀect of cytokines and growth factors on
hMSC growth. Many reports showed that bFGF promotes
the proliferation of hMSCs [76, 106–109]. TGF-β1 is also
known to support hMSC proliferation in combination
with other growth factors [85, 106]. It is important to
note that TGF-β1 alone showed a growth-inhibitory eﬀect
on hMSCs, while demonstrating a significant degree of
synergistic eﬀect with bFGF [76]. The impact of PDGF on
hMSCs is controversial. Several studies reported that PDGF
enhanced the proliferation of MSCs from human and animal
BM [77, 97, 106]. Moreover, PDGF-enriched plasma or
platelet lysate has been shown to support the isolation and
expansion of hMSCs. In contrast, our group observed that
PDGF reduced considerably the colony-forming property
of hMSCs [76]. It is presumed that the contradictory data
are due, at least in part, to diﬀerent modes of interactions
with diﬀerent factors present in diﬀerent culture conditions.
Other growth factors, such as EGF, Activin A, aFGF, and
FGF4, have also been shown to promote hMSC proliferation (e.g., [76, 110, 111]); however, their eﬀects could be
masked in the presence of more potent factors (e.g., bFGF)
[76].
Binding proteins such as albumin and transferrin are
commonly added to serum-free media. Parker et al. reported
that the absence of albumin in their serum-free formulation reduced hMSC growth [80]. Supplementation of
key hormone components into serum-free media is also
crucial. We observed no stimulatory eﬀects of insulin and
progesterone under FBS-based conditions in our study [76].
Nonetheless, these components showed growth-promoting
eﬀects for many cell types in serum-free condition [112].
Hydrocortisone has been shown to increase the proliferation
of adherent human BM cells [113]. It has also been
demonstrated that dexamethasone, a synthetic reagent of
fluoridated hydrocortisone, is an essential component in
serum-free medium for the growth of CFU-F colonies in
primary cultures of human BM cells [97]. Interestingly, our
experiments showed that the supplementation of hydrocortisone into an FBS-containing medium significantly inhibited
cell proliferation and caused a change in cell morphology from spindle-shaped to cuboidal (data not shown);
however, this hormone was found to be a key component
in our serum-free media for hMSC growth, displaying
a considerable combined eﬀect with fetuin, particularly
in primary culture [76]. This indicates that the eﬀect of
hydrocortisone is highly dependent upon culture conditions.
Fetuin, a major plasma glycoprotein, has been used as a
requirement for serum-free primary cultures of hMSCs and
other cell types such as mouse fibroblast and epithelial
cells [76, 114]. Heparin, a glycosaminoglycan that typically
acts as an anticoagulant factor, has been shown to have
proliferative or antiproliferative eﬀects on various cell types
[115, 116]. Addition of heparin into culture media led to
a reduced growth of hMSCs from AT and BM [66, 76].
In contrast, Mimura et al. reported the growth-enhancing
eﬀect of heparin on a genetically modified hMSC line
[85].
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4.1.3. Other Variables. For successful cell cultures, it is
also important to control other key variables, particularly
when serum-free media are used. Beyond the nutrients
and nonnutrient factors, medium pH, osmolality, and
partial pressure of dissolved gases in culture are important
for cell growth. In addition, environmental conditions,
including temperature and the nature of culture surface,
have significant impacts. Finally, culture techniques, such as
trypsinization and passaging protocol, are also important
factors. Review of these variables on hMSCs in serum-free
conditions is out of the scope of this paper.
4.2. Serum Components and Functions. Media for the culture
of stem cells must provide all the essential requirements for
cell survival and growth while maintaining their undiﬀerentiated characteristics. These requirements (both defined
and undefined) are normally provided by using serum in
hMSC cultures. Serum is an extremely complex fluid, which
is prepared by defibrination of plasma. It contains a broad
spectrum of biological factors (Table 1) having physiologically balanced growth-promoting, growth-inhibiting, and/or
diﬀerentiation-inducing activities [101, 112]. The important
components of serum and their main functions are as follows
[45, 48, 101, 112]:
(i) growth factors (e.g., PDGF, EGF, FGF, IGF-1, IGF2) promoting cell proliferation: some of these factors
may be cytostatic and induce diﬀerentiation;
(ii) components of base membrane (e.g., fibronectin)
and other adhesion factors (e.g., fetuin and hydrocortisone, particularly present in fetal serum) supporting
cell attachment and spreading;
(iii) trace elements (e.g., selenium), minerals, vitamins
(e.g., ascorbic acid), lipids, and hormones (e.g.,
insulin, hydrocortisone): many of these are bound
to carrier proteins, stimulating cell growth, and are
involved in many other biological activities;
(iv) other nutrients (e.g., amino acids, nucleosides): some
of these are present in solution and the others are
bound to proteins. These nutrient components are
largely included in basal media, but serum also
provides necessary nutrients that may not be present
in basal media or may not be present in suﬃcient
amounts to promote growth;
(v) binding proteins (e.g., albumin, transferrin) carrying
minerals, vitamins, lipids, hormones, and other
nutrients: these proteins play a role to stabilize and
modulate the activity of the components which they
bind;
(vi) buﬀer (e.g., albumin and others) modulating pH: the
role of serum for increasing the buﬀering capacity is
particularly important where the seeding density is
low (e.g., cell cloning experiments);
(vii) protease inhibitors (e.g., α2-macroglobulin) neutralizing proteases: these antiproteases protect cells from
damage caused by their exposure to proteases such as
trypsin used in the passaging procedure or proteases
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Table 1: Constituents of serum [Adapted from [112]].

Constituent
Proteins and polypeptides
Albumin
Fetuinb
Fibronectin
Globulins
Protease inhibitors:
αl-antitrypsin,
α2-macroglobulin
Transferrin
Growth factors:
EGF, PDGF, IGF1 and 2,
FGF, IL-1, IL-6
Amino acids

Range of
concentration
40–80 mg/mL
20–50 mg/mL
10–20 mg/mL
1.0–10 μg/mL
1.0–15 mg/mL
0.5–2.5 mg/mL

2.0–4.0 mg/mL

1.0–100 ng/mL

Urea
Inorganics
Calcium
Chlorides
Iron
Potassium
Phosphate
Selenium
Sodium
Zinc

Range of
concentrationa
0.1–1.0 μM

170–300 μg/mL
0.14–0.16 M
4.0–7.0 mM
100 μM
10–50 μM
5.0–15 mM
2.0–5.0 mM
0.01 μM
135–155 mM
0.1–1.0 μM

0.01–1.0 μM

Lipids
Cholesterol
Fatty acids
Linoleic acid
Phospholipids

2.0–10 mg/mL
10 μM
0.1–1.0 μM
0.01–0.1 μM
0.7–3.0 mg/mL

Carbohydrates
Glucose
Hexosamine
Lactic acid
Pyruvic acid

1.0-2.0 mg/mL
0.6–1.2 mg/mL
0.6–1.2 mg/mL
0.5–2.0 mg/mL
2.0–10 μg/mL

a

Constituent
Polyamines:
Putrescine, Spermidine

Hormones
Hydrocortisone
Insulin
Triiodothyronine
Thyroxine

0.1–200 nM
10–200 nM
1.0–100 ng/mL
20 nM
100 nM

Vitamins
Vitamin A
Folate

0.01–10 μg/mL
10–100 ng/mL
5.0–20 ng/mL

The range of concentrations is approximate and is intended to convey only the order of magnitude.
fetal serum only.

b In

released by the cells during culture. They may also
promote cell attachment;
(viii) protection factors (e.g., albumin and others) contributing to viscosity and thus protecting circulating
cells from mechanical damage (e.g., shear stress
induced by pipetting or agitation in suspension culture): these elements are considered less important
in monolayer culture, but they may be important in
protecting trypsinized cells from the pipetting;
(ix) antitoxins: these factors bind and neutralize toxins.
When serum is omitted from culture media, it is important to find substitutes (i.e., alternative medium supplements
together with appropriate culture protocols) that can replace
the serum functions essentially required for cell survival and
proliferation. In most cases, the requirements are multiple,
and thus it is necessary to investigate the eﬀects of both
nutritional factors and regulatory factors. Typically, native
proteins purified from serum (e.g., albumin, insulin, transferrin, fetuin) and synthetic substances (e.g., recombinant
growth factors) are added into serum-free formulations.
The requirements of these and other supplements vary

greatly, depending on the cell type being studied and the
basal medium selected. Moreover, it is very important to
employ appropriate culture protocols (e.g., culture surface,
trypsinization) to properly examine the eﬀects of the supplements.
4.3. Proposed Approaches for Defined Serum-Free Medium
Development. Typically, to select basal media, growth factors
and other medium supplements in a logical way (i.e.,
understanding serum factors and their functions, and finding
related information from the literature) and then to perform
trial and error experiments may be the only method to
identify the best candidates. The most well-known fundamental strategies for the development of a new serum-free
medium were proposed in the 1960s and 1970s by separate
groups. Together with these classical methods, some practical
approaches are summarized below.
4.3.1. Ham’s Approach. Ham developed a method for substantially reducing (or eliminating in certain cases) the
amount of serum in a medium. This approach is based on
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Procedure of Ham’s Approach. In the attempt to replace the
functions of serum with the quantitative adjustment of the
nutrient concentrations and culture conditions, Ham and
colleagues used the following approach.
(1) The amount of serum is reduced to a level that yields
suboptimal growth in a medium. The medium is
selected, based on its performance for the growth of
a related cell type.
(2) To identify those components whose quantitative
adjustment is the most limiting to growth with the
low concentration of serum, the eﬀect of increasing
and decreasing the concentration of each individual
component of the medium by 5 or 10 times is tested.
(3) The component that has the greatest eﬀect in this preliminary survey is then tested over a wide range
of concentrations. In this step, a typical growthresponse curve is generated and divided into three
parts as follows:
(i) The first is a direct growth response, in which
growth improves as the nutrient concentration
is increased until a saturation value is reached.
(ii) The second is a plateau where further increases
in the nutrient concentration have no eﬀect on
growth.
(iii) The third is a toxic response in which increasing
the nutrient concentration has a detrimental
eﬀect on growth.
Figure 3 shows a schematic growth-response curve typical
for most components, although the growth stimulation to
certain factors is biphasic in rare cases [92]. At the upper
end of the curve in Figure 3, serum proteins have the ability

Plateau of
optimum growth
100
Cell growth (%)

the careful manipulation of media components and culture
conditions (i.e., by modifying the defined constituents of
an existing medium formulation and a culture protocol
previously developed for a related cell type without adding
growth factors) in order to provide cells with an optimal
nutrient balance [92]. In other words, the adjustment of
concentrations of the nutrients to optimum values and
the manipulation of culture protocols enables significant
reduction of the concentration of serum proteins, although
it is unknown what functions of serum are exactly replaced.
It has been demonstrated that variables whose modification
has contributed to reducing the requirement for serum
proteins include (i) the nature of the culture surface, (ii)
the type of trypsinization procedure, (iii) buﬀering, (iv) pH,
(v) osmolarity, (vi) the availability of all nutrients, and (vii)
quantitative adjustment of their concentrations. The basic
concept of Ham’s approach to reduce serum in the medium
is (i) to reduce the amount of serum to a level that restricts
growth and then (ii) to look for changes in the medium or
culture conditions that will improve growth. During their
work, Ham and colleagues found it important to reexamine,
at lower serum concentrations, those factors that had no
eﬀect on growth at higher amounts of serum.
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Figure 3: Idealized growth response curve versus nutrient concentration illustrating the procedure for determining the “optimum”
concentration of a nutrient. The range of concentrations that
support optimum growth (referred to as a “plateau”) is determined,
and its midpoint on the plot is selected as the concentration to be
used in future media (Adapted from [92]).

to protect cells from the inhibitory eﬀect of excess amounts
of nutrients. At the lower end of the curve, a large amount
of serum proteins permit cells to grow at concentrations
of essential nutrients that would be inadequate with lesser
amounts of serum protein. Each time that such a titration is
performed, the midpoint of the plateau region on the growth
response curve is selected as the optimum concentration for
use in future media. This process is useful to keep the selected
nutrient concentration as far separated as possible both from
nutritional inadequacy and from toxicity (i.e., the lower end
and upper end, respectively, of the growth-response curve in
Figure 3).
(4) Once the quantitative adjustment improves growth,
the concentration of serum is reduced until it again
becomes limiting.
(5) At the readjusted lower concentration of serum, the
next most critical component whose concentration
needs to be adjusted is determined repeating the steps
2 and 3.
(6) These steps above are repeated until serum is reduced
to the minimum level or is completely eliminated in
certain cases of transformed cells.
Based on the results obtained using this approach, Ham
and colleagues classified the growth-promoting functions
of serum into two operational categories, “replaceable”
and “nonreplaceable”. The replaceable category consists of
those functions of serum that could be replaced by making
changes in the defined portion of the medium or in the
culture conditions. In contrast, the nonreplaceable functions
are those that could not be replaced using this approach.
Ham’s group reported that serum was completely eliminated
by using their method for the growth of some cell lines
including certain normal cells; however, it was later found
that these cell lines underwent subtle transformations, which
enabled their growth in the absence of serum proteins [117].
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Using this approach, Ham’s group was able to formulate
a variety of basal media, such as Ham’s F12 and MCDB
series, providing optimal nutrient balances to certain cell
types. These medium formulations supported the clonal
growth of many specific cell lines in the presence of a
minimized amount of serum. However, this approach is
extremely labor intensive and time consuming. Further,
as the “nonreplaceable functions” of serum could not be
replaced for the growth of normal cells using this approach,
externally supplied growth-promoting substances, in the
form of dialyzed serum, purified fractions from serum, or
synthetic materials, should still be provided to the cells to
obtain satisfactory growth even with the optimized media
and culture conditions.
4.3.2. Sato’s Approach. In contrast to Ham’s approach, which
is analytical in nature, Sato and colleagues developed a synthetic method for the replacement of serum in culture media.
This approach was based on attempts (i) to understand what
roles serum play for the maintenance and growth of cells in
culture and then (ii) to supplement an existing basal medium
formulation with a combination of key hormones and
growth factors mimicking the growth-stimulatory function
of whole serum while restricting the manipulation of the
basal media components [48]. For example, one of the main
functions of serum is to provide a mixture of hormones,
which is stimulatory for cell growth. In order to identify the
active additives, an array of factors is tested under suboptimal
conditions—for example, at lowered serum concentrations,
as described below.
Procedure of Sato’s Approach
(1) The growth promoting capacity of serum is first
lowered to a level that yields suboptimal growth by
reducing the concentration of serum, in order to see
a stimulation of growth when various factors under
investigation are added to the medium.
(2) Upon understanding what functions serum serve
for cells in culture and the specific requirements of
nutrients and nonnutrient growth factors, a large
array of factors is selected and tested under the
suboptimal conditions.
(3) As active factors are identified, the serum concentration is further lowered and the search continued.
Through their extensive work on many cell types,
Sato’s group identified various key essential supplements,
hormones, binding proteins, lipids, trace elements, and
attachment factors, required for addition to basal medium.
In particular, they demonstrated that insulin, transferrin,
and selenium were essential for the growth of most cells
while hydrocortisone and EGF were additionally needed
for certain cell types. Using their approach, Sato and
colleagues were able, for a number of diﬀerent types of
cells, to replace serum with hormones and growth factors
while leaving the basal medium essentially unchanged.

However, Sato’s approach is still labor intensive and time
consuming.
4.3.3. Top-Down and Bottom-Up Approaches. Considered
as more practical approaches, top-down and bottom-up
approaches can be used eﬀectively for the development of a
new serum-free medium formulation for the growth of a cell
population of interest [45].
Top-Down Approach. This approach involves employing an
existing medium formulation for a similar cell type, and
identifying stimulatory components in the presence of serum
for the growth of the target cells. This process proceeds
as the concentration of serum is gradually reduced. This
concept evolved from the premise that a cell type, which
belongs to a group of cells with similar characteristics,
often requires the same combination of growth factors
for growth. When this approach is used, care should be
taken to identify the existence of any cytotoxic or growthinhibitory components in the medium for the cells being
studied.
Bottom-Up Approach. This approach involves first selecting
an appropriate basal medium (e.g., a medium used for the
growth of a related cell type) and then screening various
selected exogenous factors for their growth-stimulatory
eﬀects. Since only the active components required for the
growth of cells of interest are added into the medium,
the final formulation will represent an eﬃcient and easily
amendable medium. However, this approach is likely to
be labor-intensive and time-consuming. Further, since the
screening of factors being examined is performed in the
absence of serum, the critical functions of serum required to
see their eﬀects should be carefully considered and satisfied
by alternative means (e.g., well-controlled physiochemical
parameters, treatment of culture surface, trypsinization and
passage protocols), because normally the serum-free basal
medium does not provide such functions.
We would like to point out that there is no universal
guideline for screening selected medium additives towards
the development of a new medium, and thus it is important for investigators to understand the advantages and
disadvantages of all the approaches previously proposed
and then to exploit beneficial features of each approach for
designing their own strategies in a rational, eﬀective manner.
As an example, in our study for hMSC serum-free medium
development [76], we selected various medium ingredients
(basal media, extra nutrients, binding proteins, buﬀering
agents, hormones, vitamins, and growth and attachment
factors) based on the understanding of cell culture requirement including the role of serum constituents. And then
the selected factors were examined in a sequential manner, employing some useful suggestions of each approach
described earlier, in order to determine chronologically
their impact on proliferation, attachment, and isolation
of hMSCs (Figure 4). In addition, an eﬀective serum-free
medium development can be achieved by considering other
important issues as discussed below.
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Figure 4: An overview demonstrating a process for the development of a defined serum-free medium for hMSCs. (a) To replace ill-defined
serum with defined supplements, a variety of medium constituents, including basal media, additional nutrients (e.g., lipids and vitamins),
binding proteins, physiochemical reagents (e.g., buﬀer), hormones, growth factors, and attachment factors were selected. (b) A sequential
strategy was designed for screening eﬀectively the selected basal media and medium additives to develop a defined serum-free condition that
supports the isolation and expansion of hMSCs [76].

4.4. Considerations for the Development of
a New Serum-Free Medium

wide range of ingredients. The DMEM/F-12 mixture has
been employed as a basal medium for the development of
serum-free media for hMSCs [76, 80].

4.4.1. Selection of Materials and Testing Methods
Selection of Basal Media. hMSCs are typically cultured
in Dulbecco’s Modified of Eagle’s Medium (DMEM) or
Minimum Essential Medium Alpha (αMEM) with the supplementation of FBS. However, whether these basal media
are appropriate for serum-free culture should be critically
considered for the cell type being investigated, because
each basal medium has been developed or optimized for
a specific application. For example, Ham’s F12, which was
developed for the clonal growth of Chinese Hamster Ovary
cells in low serum, contains a wide range of ingredients at
low concentrations, while DMEM, which was optimized at
higher cell densities for viral propagation, contains fewer
constituents but at high concentrations [45]. For this reason,
a 1 : 1 mixture of DMEM and Ham’s F12 has been used
for the culture of many cell types with serum or as a basis
for serum-free media, since this combination provides a
reasonable compromise between high concentrations and a

Selection of Factors to Be Tested. Recent trends towards
the development of serum-free media for the growth of a
cell type often exclusively focus on the eﬀect of “regulatory growth factors” such as peptide growth factors and
hormones. When an established serum-free medium exists
for those cells or a closely related cell type, this approach
represents a reasonable method, because this type of study
is more likely to be characterized as a medium optimization or modification process, rather than a “significant”
development. When such a medium is not available, the
medium development process will be more extensive and
complicated. In this case, together with the wide-ranging
investigation on growth-promoting growth factors and other
medium supplements, considerations should also be placed
on other properties of cells (e.g., attachment, in particular
in primary culture). In this regard, an understanding of
serum functions and related constituents is important to
select candidates to be examined.
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Culture Protocol for Screening Factors. In the development
of serum-free media for anchorage-dependent cells, as
described earlier, conventional approaches for screening
growth factors include the use of serum with gradual
reduction of its content in media to (a) provide unidentified
adherent proteins for facilitating cell attachment to the
substrate and (b) support suﬃcient growth levels to observe
meaningfully the impact of the additives [48, 92]. However,
this procedure is very labor intensive and time consuming.
As a more practical approach, it has been suggested to plate
the cells initially in serum-containing medium, remove the
medium after the cells attach, and screen the factors in
serum-free medium [48]. It was further recommended that
this protocol would work best in the presence of insulin
and transferrin because these two components are required
for most cell types and their presence is necessary for the
appearance of a stimulatory eﬀect of other factors [48]. This
screening protocol has also been eﬀectively employed for a
serum-free medium development for hMSCs [76].
Necessity of Reexamination of Factors. Through their extensive work on medium development, both Ham and Sato
demonstrated that the composition of a medium formulation could mask eﬀects of certain factors under screening that
could reveal their impact at diﬀerent medium compositions
or their concentrations [48, 92]. For example, it was shown
that some factors, such as transferrin, were not stimulatory
until the serum concentration was substantially reduced
[48]. This is because some serum components at high concentrations covered the eﬀect of transferrin, which became
unmasked at the decrease of their concentrations to certain
levels. Conversely, eﬀects of certain factors under screening
could also be unrevealed in the absence of some medium
components. Therefore, both Ham and Sato proposed that
the examination of selected factors and the adjustment
of their concentrations to optimum values be done in a
stepwise manner at progressively defined compositions and
concentrations of the medium formulation and that certain
factors having no eﬀects at a condition be reevaluated under
a revised screening condition.
Synergistic Eﬀects. Growth factors often act synergistically
or additively with each other or with other hormones. In
this regard, statistical approaches have been widely used
to investigate specific interactions between growth factors
under screening. This method will be powerful when a
good screening medium, which includes requirements for
cell maintenance and at least “minimal” growth as well as
attachment, is available to examine eﬀectively the individual
and synergistic eﬀects of the selected growth factors.
Contamination with Other Trace Elements. It is known that
purified serum proteins, such as albumin, insulin, transferrin, and fetuin, often carry other trace components, which
may aﬀect cell growth. Therefore, it is desirable to use
highly purified substances or completely defined synthetic
materials, if available, to determine conclusively the eﬀect of
such proteins.
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4.4.2. Cell Culture Aspects in Serum-Free Conditions
Cell Handling. Cells grown in serum-free conditions are
more delicate than those grown in the presence of serum and
thus should be handled very gently to minimize cell damage
during the harvesting and passaging procedures.
Buﬀer System of Media. Since the buﬀering function of
serum to modulate pH is omitted in serum-free cultures,
it may be beneficial to further supplement the medium
with a chemical buﬀer such as HEPES, in addition to the
bicarbonate-CO2 system, in order to improve the buﬀering
capacity of the medium. The HEPES concentration could
be increased above 15 mM without toxicity for some cell
lines, but it may be necessary to adjust the osmolality of the
medium accordingly [48].
Lack of Detoxifying Substances. As serum proteins that could
bind and neutralize toxic contaminants are not present in
serum-free conditions, its protective, detoxifying activity is
also omitted. Thus, care should be taken in selecting water,
reagents, as well as culture techniques. The level of purity
of water and reagents and the degree of cleanliness of all
apparatus must be very high [45, 48, 112]. In general, basal
media are recommended to be kept at 4◦ C no longer than
2 weeks because their constituents are more likely to be
decomposed in the absence of those detoxifying serum components. Growth factors and other medium supplements, in
particular labile components such as transferrin, hormones,
and ascorbic acid, should be reconstituted, stored and used
strictly according to the manufacturer’s instruction.
Lack of Protease Inhibitors. The addition of serum to cells
exposed to trypsin during trypsinization neutralizes any
residual proteolytic activity. Protease inhibitors such as aprotinin and soybean trypsin inhibitor could be used to replace
this function. However, the level of their antiproteolytic
action and their potential impact on cell growth should be
examined by testing these materials in a dose-dependent
manner in comparison with a control case using serum. In
addition, as an alternative trypsinization protocol, the use
of native trypsin could be replaced by a less detrimental
protease (e.g., recombinant trypsin) for cell harvesting.
Moreover, recombinant trypsin has eﬀectively been used
for hMSC culture in serum-free conditions [84, 87–90].
When recombinant trypsin is used to detach cells from the
substrate, the use of FBS or other trypsin inhibitors may
not be necessary for serum-free culture. In contrast, Hudson
et al. used serum albumin (1%) in PBS to wash cells after
trypsinization with recombinant trypsin [90].

5. Conclusions
Clinical eﬃcacy for the use of hMSCs has been variable and
probably still insuﬃcient for widespread implementation
of hMSC therapies. Enhancing culture protocols may be
a critical issue to meet eﬃcacy endpoints in upcoming
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clinical studies. Well-formulated chemically defined serumfree media for hMSC isolation and expansion would greatly
contribute to the achievement of this goal. Towards this
objective, significant progress has been made to generate
various medium formulations for hMSC culture in the
absence of ill-defined FBS and human-sourced supplements.
These defined media should be critically evaluated through
in vitro and in vivo analyses and most likely further refined
for optimal performance. In this regard, fully disclosed
formulations should represent important platforms for
enhancing the therapeutic potential of hMSCs. We also
emphasize that the identification of key elements towards the
development and optimization of serum-free media should
follow rational, systematic approaches in order to maximize
the possibility of finding their true eﬀects on hMSCs. All the
issues reviewed herein should thus be considered seriously
when medium development and optimization studies are
carried out.
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Adipose tissue as a stem cell source is ubiquitously available and has several advantages compared to other sources. It is
easily accessible in large quantities with minimal invasive harvesting procedure, and isolation of adipose-derived mesenchymal
stromal/stem cells (ASCs) yields a high amount of stem cells, which is essential for stem-cell-based therapies and tissue engineering.
Several studies have provided evidence that ASCs in situ reside in a perivascular niche, whereas the exact localization of ASCs in
native adipose tissue is still under debate. ASCs are isolated by their capacity to adhere to plastic. Nevertheless, recent isolation and
culture techniques lack standardization. Cultured cells are characterized by their expression of characteristic markers and their
capacity to diﬀerentiate into cells from meso-, ecto-, and entodermal lineages. ASCs possess a high plasticity and diﬀerentiate
into various cell types, including adipocytes, osteoblasts, chondrocytes, myocytes, hepatocytes, neural cells, and endothelial and
epithelial cells. Nevertheless, recent studies suggest that ASCs are a heterogeneous mixture of cells containing subpopulations of
stem and more committed progenitor cells. This paper summarizes and discusses the current knowledge of the tissue localization
of ASCs in situ, their characterization and heterogeneity in vitro, and the lack of standardization in isolation and culture methods.

1. Introduction: Mesenchymal
Stromal/Stem Cells
The pathologist Cohnheim first observed the presence of nonhematopoietic stem cells in the bone marrow in 1867 [1]. He
hypothesized that cells with a fibroblast-like morphology
migrate to the sites of injury and help to regenerate damaged
tissue. The pioneering work of Friedenstein and coworkers in
the 1960s [2, 3] on the isolation, culture, and osteogenic differentiation of bone-marrow-derived cells opened a new field
of stem cell research. Nearly 20 years later, Owen [4] and Caplan [5] introduced the terms stromal stem cells and mesenchymal stem cells (MSCs) to the scientific community.
Whereas, in these initial works, MSCs were isolated from adult bone marrow, in the next decades, MSCs were also found
in nearly all adult tissues (e.g., adipose tissue, synovium, dermis, periosteum, deciduous teeth), in peripheral blood, menstrual blood, and in solid organs (e.g., liver, spleen, lung) [6–
8]. MSCs are a rare and quiescent population in their niche
within fully specialized tissues. At present, there is a strong

amount of data indicating that MSCs represent independent
population(s) of stem cells with self-renewal properties and
established multipotent diﬀerentiation profile in vitro [9].
Furthermore, MSCs are attractive candidates for clinical applications to repair or regenerate damaged tissues, especially
because these cells hold no ethical concerns and can be isolated in appropriate amounts from several sources and proliferated in culture. In addition, MSCs from autologous origin seem to be a safe source for cell-based regenerative approaches.
There is also evidence that MSC preparations are heterogeneous cell cultures comprising a subset of stem cells (or different subsets of stem cells) and more diﬀerentiated (progenitor) cells. To address the inconsistency between the nomenclature and biologic properties of this heterogeneous population, the International Society for Cellular Therapy has suggested that these plastic-adherent cells, regardless of the
tissue from which they are isolated, be termed multipotent
mesenchymal stromal cells, while the term mesenchymal
stem cells should be used only for the subset (or subsets)
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that meets specified stem cell criteria [10]. In general, MSCs
are isolated by their capacity to adhere to culture-dish plastic.
The cells can be expanded in culture while maintaining their
multipotency during standard cell culture and are immunologically characterized by a specific panel of markers. However, the characterization of MSCs remains diﬃcult due to
the lack of a definitive and unique cellular marker. Therefore,
the International Society for Cellular Therapy proposed
three minimal criteria for the definition of cultured MSCs:
(a) plastic adherence, (b) expression of CD73, CD90, and
CD105, and lack of CD11b or CD14, CD 19 or CD79α,
CD45, and HLA-DR expression, and (c) their trilineage differentiation potential into adipocytes, chondrocytes, and osteoblasts [11]. Furthermore, MSCs have reduced immunogenic properties and an immunosuppressive potential, which
make them also attractive for allogenic stem cell therapy [12–
15]. In addition, ideal MSCs for use in therapeutical approaches need to be isolated with minimal harm for the patient, must be available in high cell numbers, proliferate in
culture, and diﬀerentiate into a broad spectrum of lineages.
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The isolation method and the cytological characterization of stromal precursor cells from adipose tissue were
shown at the beginning of the 1970s [30, 31]. Later, the adipogenic and osteogenic potential of this cell population was
analyzed [32–35]. The work of Zuk and coworkers in 2001
and 2002 first characterized the multipotent character of
ASCs [24, 36]. It should be mentioned that a diﬀerent
nomenclature for the isolated cell population was used in
the literature, thus generating a confusing discrepancy. The
terms “adipose-derived adult stem (ADAS) cells,” “adiposederived adult stromal cells,” “adipose-derived stromal cells
(ADSC),” “adipose stromal cells (ASC),” “adipose mesenchymal stem cells (AdMSC),” “preadipocytes,” “processed
lipoaspirate (PLA) cells,” and “adipose-derived stromal/stem
cells (ASCs)” for cells isolated almost by a similar isolation
procedure (plastic adherence) and, therefore, probably the
same cell population(s) were used in the literature. To eliminate this discrepancy, the International Fat Applied Technology Society (IFATS) reached a consensus to adopt the term
“adipose-derived stromal/stem cells” to identify the plasticadherent, cultured and serially passaged, and multipotent cell
population from adipose tissue [28, 37].

2. Adipose-Derived Mesenchymal
Stromal/Stem Cells

3. Origin of ASCs In Situ

Over the past ten years, it has been recognized that fat is not
only an energy reservoir, but also a rich source of multipotent
stem cells. Subcutaneous adipose depots are ubiquitous and
easily accessible in large quantities with a minimal invasive
procedure (by liposuction aspiration). Liposuction surgery is
a well-tolerated and safe procedure yielding large quantities
of aspirate. The method is cheaper and less invasive than
bone marrow aspiration for stem cell isolation. Furthermore,
the lipoaspirate is finally discarded as medical waste, qualifying this starting material as a good source of (autologous)
adipose-derived mesenchymal stromal/stem cells (ASCs) for
further cell isolation. Nevertheless, it is also possible to isolate
ASCs from needle biopsies of human adipose tissue or from
inguinal fat pads in mice, as well as from other mammals
[16–20].
Adipose tissue contains a large number of multipotent
cells, which is an essential prerequisite for stem-cell-based
therapies. It has been described that stem and progenitor cells
in the uncultured stroma-vascular fraction (SVF) from adipose tissue usually amount to up to 3% of the whole cells,
and this is 2,500-fold more than the frequency of stem cells
in bone marrow [21]. Others have also described that adipose
tissue provides large numbers of stem cells compared to bone
marrow. A bone marrow transplant contains approximately
6 × 106 nucleated cells per mL [22], of which only 0.001–
0.01% are stem cells [23]. In comparison, the number of
SVF cells that can be isolated from subcutaneous liposuction
aspirates is approximately 0.5–2.0 × 106 cells per gram of
adipose tissue [22, 24–27], whereby the percentages of stem
cells range from 1 to 10% [26, 28, 29], most likely depending
on the donor and tissue harvesting site. Therefore, approximately 0.5 × 104 to 2 × 105 stem cells can be isolated per
gram of adipose tissue, varying among patients.

Several studies have tried to identify the location of the stem
cell population within intact adipose tissue. This is a complicated endeavour because no single marker specifically and
unequivocally identifies undiﬀerentiated ASCs (as well as
MSCs in general). Results from these histological studies
using immunohistochemical and immunofluorescence techniques suggest that a stem cell population (or populations)
resides in a perivascular location, where ASCs coexist with
pericytes and endothelial cells. It has also been suggested
that ASCs (and MSCs in general) are a subset of pericytes or
vascular stem/precursor cells at various stages of diﬀerentiation located in the wall surrounding the vasculature [38]. It
has also been hypothesized that blood vessels in virtually all
organs and tissues harbour ubiquitous (mesenchymal) stem
cells in their perivascular niche [39].
Several investigations encouraged the hypothesis of a perivascular localization of ASCs. It has been speculated that
ASCs exist as CD34+ /CD31− /CD140β− /α-smooth muscle
actin− (smA) cells in capillaries and in the adventitia of larger
vessels [40]. Zimmerlin and coworkers investigated the localization of known endothelial and perivascular markers in
sections of intact adipose tissue and detected a CD90+ /
CD34+ /CD31− /CD146− /smA− population in the outer adventitial ring of the vasculature [41]. They identified these
cells as supra adventitial ASCs. Traktuev and coworkers described that ASCs are primarily located in the walls of adipose microvasculature in a CD34+ /CD31− phenotype [42].
Another study of this group described that these cells are
capable of stabilizing endothelial networks in vitro, as well as
robustly synergizing with endothelial cells to participate in
the in vivo formation of new vessels which connect with host
vasculature, conduct blood flow, and exhibit network stability for several weeks [43]. Others described a perivascular
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cell subset in the smallest blood vessels and adventitial cells
around larger ones, which natively expresses mesenchymal
stem cell markers and displays multilineage diﬀerentiation in
culture [39, 44, 45]. The authors identified these perivascular
cells by their expression of CD146, neuroglial proteoglycan 2
(NG2), and CD140β, in addition to standard MSC markers
(CD44, CD73, CD90, CD105). Nevertheless, the cell subset
described did not express CD34. In addition, others described CD146+ cells in the perivascular region that exhibit
the biological properties of MSCs if isolated and cultured
[46]. Therefore, due to the expression of CD146, these cells
are clearly distinct from the cells described by Lin, Zimmerlin, and Traktuev. There is also another recent work, in contrast to these studies, which described that only the smA+
cells from murine adipose tissue display a multilineage differentiation potential, while smA− cells only diﬀerentiate into adipocytes in vitro [47].
Whereas all these studies provided much evidence and it
seems likely that ASCs in situ reside in a perivascular niche
in a CD34+ /CD90+ /CD31− /CD45− /CD146− phenotype, the
definite identification of the ASC population(s) in situ has
currently not been achieved. The niche (local microenvironment) is a crucial determinant not only of stem cell fate,
function, and maintenance, but maybe also of the ASCs’
phenotype.

4. Characterization of Uncultured
Primary Isolates
ASCs can easily be isolated by tissue digestion and centrifugation steps, followed by the outgrowth of the plastic
adherent fraction from the primary isolated cell mixture
(the so-called SVF) [24]. SVF is a highly heterogeneous cell
population, because it also comprises the nonadherent cell
population. The composition of the SVF has been reported
with great variability among authors. Cell populations within the SVF could be roughly distinguished by cell size and
granularity in flow cytometry by forward and sideward
scatter diagrams and by their characteristic expression pattern. Miranville and coworkers described some stem cell markers (CD34, CD133, ABCG2) in the SVF from diﬀerent anatomic sources. They first described that freshly harvested
SVF contains large numbers of CD34+ cells and showed
two subpopulations of CD34+ cells [48]. A more comprehensive characterization was done by Yoshimura and coworkers. They identified cell populations in the SVF including the following potential ASCs (CD31− /CD34+ /
CD45− /CD90+ /CD105− /CD146− ), endothelial (progenitor)
cells (CD31+/CD34+ /CD45− /CD90+ /CD105low /CD146+), pericytes (CD31− /CD34− /CD45− /CD90+ /CD105− /CD146+ ),
and blood-derived cells (CD45+ ) by multicolour flow cytometric analysis [49], whereas it is most likely that also
fibroblasts, vascular smooth muscle cells, and preadipocytes
are present in the SVF. It has also been described that the
SVF is composed of 11% CD2+ cells, 18% CD11a+ cells, 29%
CD14+ cells, 49% CD31+ cells, 57% CD45+ cells, and 60%
CD90+ cells (referring to ASCs and endothelial cells) [50].
Others detected a diﬀerent composition of the SVF (nearly
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11% CD14+ cells, ∼2% CD31+ cells, ∼7% CD34+ , ∼9%
CD45+ cells, ∼29% CD90+ , and ∼47% 146+ cells) [51].
It has been demonstrated that more than 85% of the
SVF cells that initially adhered to the culture wells had
a CD31− /CD34+ /CD45− /CD146− phenotype [52]. Within
the CD34+ cells, two subpopulations with diﬀerent phenotypes have been identified (a CD34dim and CD34bright
subpopulation) [51]. In addition, it has been described
that the CD31− /CD34+ /CD45− /CD105+ cells from purified
uncultured adipose tissue display stem cell properties [53].
The authors also compared CD31− and CD31+ cells from
the SVF and showed that only the CD31− subpopulation
displayed multilineage diﬀerentiation in vitro. Nevertheless,
the data currently available are inconsistent and not adequate
for the clear definition of an exclusive ASCs population in
the SVF. Sharing membrane antigens with other cells found
in the SVF, ASCs could not be definitely distinguished in
the whole heterogeneous SVF cell mixture. This is indeed
also based on two facts: (1) that there are several stem cell
subpopulations within the SVF and (2) that the cells are
related to the plastic adherent and cultured population which
dramatically changes the phenotype very early during cell
culture.

5. Characterization and Heterogeneity
of Cultured ASCs
The fraction of adherent cells cultured in standard cell culture medium is considered as multipotent ASCs. The cells of
this fraction are characterized early during primary culture
by a slightly heterogeneous morphology indicating diﬀerent
stem and precursor cell subpopulations and (maybe) more
diﬀerentiated cells (dediﬀerentiated endothelial cells, smooth
muscle cells, and pericytes). Heterogeneity of MSC isolations
in general has been discussed in many publications [54–57].
Nevertheless, when analyzing the adherent population by
flow cytometry, no macrophages, endothelial cells, lymphocytes, or granulocytes seem to remain [50]: for example, the
presence of endothelial cells is not detectable [50]. However,
endothelial cells in culture are extremely susceptible to
culture conditions, such as supplements and particularly
shear stress, and, therefore, may dediﬀerentiate or trigger
apoptosis under static culture conditions [57].
The heterogeneity of cultured ASCs can be reduced by a
washing procedure early in the beginning of the cell culture
[58], indicating that several subsets require diﬀerent time
points to adhere to the cell culture plastic. Other eﬀorts
to reduce the heterogeneity or to isolate specific subsets
of ASCs were carried out by using flow cytometric sorting
or immunomagnetic separation, either by positive or by
negative selection [59–62]. The usage of such techniques for
the reduction of heterogeneity is more or less beneficial but
leads to a very small cell yield. By using immunomagnetic
beads, Rada and coworkers demonstrated that the SVF is
composed of several subpopulations, which express diﬀerent
levels of ASC markers and exhibit varying osteogenic and
chondrogenic diﬀerentiation potentials [60].
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Cultured ASCs show an extensive proliferative ability in
an uncommitted state while retaining their multilineage differentiation potential. In later passages, ASC cultures are
homogeneous and exhibit a fibroblastoid morphology. The
composition of subpopulations, therefore, may change during expansion [63]. Cell culture selects for this homogeneous
morphology, enriching for cells expressing a stromal immunophenotype [28]. Diﬀerent studies have characterized
and compared the immunophenotype of cultured ASCs in
early and later passages over the past few years and found that
the expression profile of ASCs changes during culture time. It
has been repeatedly shown that freshly isolated ASCs express
diﬀerent surface markers than ASCs in higher passages [28,
52]. At the beginning of the culture, ASCs do not uniformly express all surface proteins, which are supposed to
be characteristic. Subsets with distinct phenotypic properties
can be discerned in freshly isolated cells by specific surface
markers [63]. On the other hand, ASCs in passage 2 or 3
uniformly express their characteristic markers (positive for
CD10, CD13, CD29, CD 44, CD49e, CD73, CD90, CD105,
and CD166, and negative for CD11b, CD14, CD31, and
HLA-DR) [35]. The expression of the markers seems to be
dependent on culture conditions or time in culture. The
specific surface markers CD29, CD90, and CD166 increase
during culture [28], while the expression of other markers
decreases [28, 52]. Similar to SVF and contrary to longterm cultured ASCs, freshly isolated ASCs are described as
expressing CD34, CD117, and HLA-DR [52]. In the case
of CD34, it has been demonstrated that more than 95% of
the cells are still CD34 positive after one week of culture,
whereas, subsequently, the expression level of CD34 decreases dramatically during culture. It has also been described that only some ASCs lose their CD34 expression with
increasing culture time and that cell culture in medium 199
supplemented with acidic FGF maintained CD34 expression
for at least 10–20 weeks [49]. On the other hand, expression
of CD105 and especially CD166 is relatively low on the
freshly isolated ASCs but rises to a high extent during cell
culture [52]. Another study also described that stromal cellassociated markers (CD29, CD73, CD166) are initially expressed lower but rise during successive passages, whereas the
expression of CD34 dramatically decreases [28].
Whereas expression of some characteristic markers is
consistently found to be expressed by cultured ASCs and others are consistently not found to be expressed (summarized
in [64]), many studies diﬀer in some of the markers. The expression of some antigens is described in a very contrary way.
Some reports described CD34, CD54, CD107, or CD146 to
be expressed on cultured ASCs, and others did not find the
expression of these antigens. These diﬀering results are due to
diﬀerences in the isolation or culture method or caused by
the investigation of diﬀerent passages of cultured ASCs: for
example, although CD34 is reckoned as a hematopoietic
stem-cell-associated marker, it is expressed by early passages
of ASCs’ subsets and subsequently lost in later passages [28,
49]. Another study compared the CD34+ and CD34− subsets
of ASCs and found that CD34+ cells are more proliferative
and have a higher ability to form colonies, while CD34− cells
have a greater ability to diﬀerentiate into adipogenic and
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osteogenic lineages [65]. CD34+ cells also expressed other
endothelial markers, whereas CD34− cells expressed markers
such as CD146. CD146 is described as lowly expressed by the
whole ASCs population, and this expression decreases with
culture time [28]. Since CD146 is also a marker for endothelial cells and pericytes, it could belong to a subset of ASCs
[26, 49]. Taken together, comprehensive studies are needed
to further characterize the whole expression profile of ASCs
in diﬀerent passages in detail.

6. What about Standardization of the Isolation
and Culture Procedure?
Discrepancies in the results of studies from diﬀerent laboratories may result from many diﬀerent origins. First of all,
ASCs are isolated from diﬀerent donors. These donors diﬀer
in age, body mass index, gender, ethnicity, and their medical
history (e.g., preexisting diseases, nicotine, or alcohol abuse
in humans). It has been shown, for example, that the body
mass index correlates negatively to the number of stromal
cells per gram and their diﬀerentiation capacity [66]. The
liposuction procedure may diﬀer between diﬀerent clinics,
the liposuction (or biopsy) side is diﬀerent, and the time lapse until isolation procedure starts diﬀers between the laboratories. It has been reported for ASCs that liposuction side,
liposuction procedure, age, or body mass index play an important role in the cell yield, growth, and frequency of stem
cells [26, 66–69], but it is not clear whether this favours different subsets in cultured ASCs. All these variables may aﬀect
the composition of the isolated initial cell culture, but it is
extremely diﬃcult, if not impossible, to standardize these
variables.
On the other hand, the methods and quality of isolations
of ASCs from diﬀerent laboratories per se vary tremendously,
resulting in a diﬀerent composition of the initial cell culture. Finally, the culture procedure of isolated ASCs diﬀers
between the laboratories; at the present time, there is no
unique and standardized culture protocol for the culture of
ASCs. There are many variables that impair the cultured cells
(or the composition of subpopulations) in their undiﬀerentiated state: initial plating density and confluency, coating
of culture dishes and stiﬀness of the substrate, composition
of cell culture basal media, cell culture supplements (bovine
serum, human serum, platelet lysate, or growth factors), addition of antibiotics, oxygen supply (hypoxia), and method
of subculturing and cryopreservation (Table 1).
In vivo, many cell types are attached to soft materials,
either other cells or extracellular matrices, but most of what is
known about cell structure and function in vitro derives from
studies of cells plated onto rigid substrates, such as plastic
[70]. As a result, some aspects found in vitro are rarely if ever
seen in vivo [70]. Diﬀerentiation of MSCs, for example, has
been shown to be dependent on the substrate on which
the cells are cultured. Whereas MSCs on stiﬀ substrates
expressed markers of osteogenesis, MSCs on softer substrates
expressed myogenic markers, and cells on the softest gels expressed neuronal markers [71]. Nevertheless, stiﬀness alone
is not suﬃcient to fully diﬀerentiate cells. Furthermore,
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Table 1: Summary of cell culture parameters which aﬀect the
undiﬀerentiated state of ASCs.
→ Medium composition (e.g., DMEM,

(i) Basal medium

αMEM, M199)

→ Glucose content
→ Calcium content
→ Serum (bovine or human)
→ Platelet lysate

(ii) Supplements

→ Growth factors (e.g., bFGF, aFGF, EGF,

PDGF)
→ Corticoids
→ Antioxidants
→ Antibiotics (?)
→ Hypoxia

(iii) Environment → Perfusion culture (Shear stress)
→ Stiﬀness of the substrate (coating)
→ Mechanical strain
→ Confluency (cell cell-contacts)

the influence of plastic coating with collagen or fibronectin
has also been shown to influence the diﬀerentiation state of
MSCs [72]. Therefore, more work about the optimal substrate and substrate stiﬀness to culture ASCs is highly desirable.
Only limited information is available about which medium optimally expands ASCs by maintaining the undifferentiated stem cell character in vitro [73–75]. It has been
shown in cultures of MSCs that basal medium, glucose concentration, quality of FCS, cell plating, and cell density highly
aﬀect the final outcome [76], resulting in the expansion of
populations with totally diﬀerent potential. The media composition, for example, highly eﬀects the expression of the
stem-cell-related transcription factors NANOG, Oct-4, Sox2, and Rex-1 in ASCs [75]. These factors have also been
shown to be expressed by ASCs in earlier studies [27, 77, 78]
and are related to the undiﬀerentiated state of ASCs (and also
to pluripotency of stem cells in general). Many laboratories
use Dulbecco’s modified Eagle medium (DMEM) as a basal
medium to culture ASCs, but there are diﬀerent DMEMs
commercially available, and a further description of the exact
medium used in these studies is often not indicated. We use
DMEM with an approximately physiological glucose content
(100 mg/dL). Others use a standard DMEM with a higher
glucose content, because, in this medium, ASCs show a much
better proliferation rate. Nevertheless, a physiological glucose content is one variable which should be considered to
be near to the in vivo situation. Furthermore, a low calcium
concentration and supplementation with antioxidants have
been shown to accelerate the proliferation of ASCs, but it was
not clearly shown that this culture medium did not alter the
whole diﬀerentiation capacity of ASCs [79].
Most of the investigators use DMEM with 10% foetal calf
or bovine serum as a standard proliferation medium, whereas others use low-serum expansion media supplemented
with one or more growth factors, for example, epidermal
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growth factor (EGF), platelet-derived growth factor, and/or
basic fibroblast growth factor [80–83]. There are many
concerns about the practicability of foetal calf or bovine
serum (infectious complications, host immune reactions)
related to a possible use of ASCs in human therapeutical approaches [84]. Additionally, human serum may be a source
of pathogen contamination or immunoreactivity and shows
batch-to-batch variability. Using defined cell culture medium
is an urgent need in order to produce ASCs for clinical applications. The gold standard for culturing ASCs would be a
medium absolutely free of animal serum or factors, with
well-known ingredients. Parker and coworkers tested eight
commercially available serum-free media developed for use
with other cell lines for their ability to support growth of
human ASCs [74]. None of the available media was suﬃcient
for supporting cell growth as purchased, and none performed better as a base medium than their standard medium
containing serum. Others described serial testing of new medium formulations containing human serum or platelet lysate or tested the use of animal serum- or xeno-free media for
the culture of ASCs in regard to cell morphology, cell proliferation, phenotype, and diﬀerentiation potential [85–88].
As a result of these studies, there is obviously no favourable
serum- and xeno-free medium for the expansion of ASCs
retaining their undiﬀerentiated state. Rajala and coworkers,
for example, described a xeno-free medium that induced significantly higher proliferation rates than medium containing
allogeneic human serum [88]. This medium maintained the
diﬀerentiation potential of ASCs. Nevertheless, the authors
detected significant diﬀerences in the surface marker expression of ASCs cultured in xeno-free medium compared with
human serum.
In summary, modifications in the isolation and/or culture conditions might select for the expansion of subpopulations and have a huge impact on the diﬀerentiation potential of the cells cultured, albeit the primary cells could be
phenotypically identical [57]. Therefore, standardization of
the isolation and culture procedure is highly needed for a
good reproducibility of results from diﬀerent laboratories
and studies.

7. The Differentiation Potential of ASCs
The in vitro diﬀerentiation of ASCs into multiple cell types
of mesodermal origin has been shown in a variety of studies.
ASCs can be cultured by serial passaging without losing their
multipotent properties [27] and have the capacity to maintain chromosome stability in long-term cultures [89]. Diﬀerent studies described ASCs’ plasticity towards chondrocytes,
osteoblasts, adipocytes, and myocytes (cardiomyocytes,
smooth muscle, and skeletal muscle cells) [24, 36, 90–97]. In
general, the induction of ASCs’ diﬀerentiation in vitro is
mainly achieved by culture in selective media with lineagespecific induction factors. The transcriptional and molecular
events triggering the mesodermal lineage-specific diﬀerentiation of stem cells are well known [98–103]. ASCs have also
been shown to be angiogenic and hematopoietic supporting
cells [104–106]. These supporting characteristics of ASCs are
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mainly due to the secretion of antiapoptotic angiogenic and
hematopoietic factors (cytokines and growth factors), such
as macrophage colony-stimulating factor, granulocyte macrophage colony-stimulating factor, insulin-like growth factor, hepatocyte growth factor, vascular endothelial growth
factor, hepatocyte growth factor, and transforming growth
factor-β [107–109].
The potential of ASCs to diﬀerentiate into lineages with
nonmesodermal origin, although ASCs originate from the
mesoderm, is even more exciting. The diﬀerentiation potential of ASCs into cells of ecto- and endodermal origin has also
been shown. Therefore, the term pluripotent stem cells
would be more correct for ASCs (rather than multipotent), as
a diﬀerentiation into cells from all three germ layers has been
shown. Nevertheless, the morphology of ASCs is diﬀerent
to other pluripotent stem cells, and their ability to form
teratoma has not been shown. Therefore, ASCs’ pluripotency
is not accepted overall in the scientific community.
A variety of studies documented the induced in vitro
diﬀerentiation into hepatocytes, pancreatic islet cells, neural
cells, endothelial cells, and epithelial cells [16, 50, 75, 110–
120]. Our studies have clearly verified that ASCs can enter
the epithelial lineage when treated with retinoids [50], conditioned medium (CM) from renal tubular epithelial cells, or
a mixture of growth factors [116–119]. In vivo diﬀerentiation
of ASCs toward renal epithelial cells has also been shown in
a renal ischaemia-reperfusion model [120]. The multiorgan
engraftment of transplanted ASCs has been shown, in combination with epithelial lineage diﬀerentiation [121]. Fang
and coworkers examined the in vivo characteristics and behaviour of human ASCs transplanted in sublethally irradiated nonobese mice with diabetes or severe combined immunodeficiency. They demonstrated that ASCs diﬀerentiate
into epithelial cells of the gastrointestinal tract, liver, and
bronchi, and endothelial cells by using immunofluorescence
staining and in situ hybridization.
The multilineage potential of ASCs has also been shown
at the single cell level [29, 95, 122]. Clonal analysis of single-cell-derived colonies of MSCs demonstrated that not
every cell possesses a trilineage diﬀerentiation potential [63,
123]. This is also the case in single cell clones from human
ASCs, which were induced for adipogenesis, osteogenesis,
chondrogenesis, and neurogenesis using lineage-specific differentiation media [29]. Eighty-one percent of the clones differentiated into at least one of the lineages, and 52% of the
clones diﬀerentiated into two or more of the lineages. The
authors, therefore, reasoned that ASCs are a type of multipotent adult stem cell and not solely a mixed population of
unipotent progenitor cells [29]. It has been demonstrated
that single clones of ASCs isolated from mouse inguinal fat
pads are capable of clonogenic, myogenic, adipogenic, and
neurogenic diﬀerentiation [122].
Several tissue engineering and cell therapeutical approaches using ASCs with or without scaﬀolds have been
carried out in animal experiments to verify ASCs’ in vitro
diﬀerentiation potential. Besides the obvious applications of
ASCs to repair or regenerate cartilage, bone, muscle, or adipose tissue, the possibility of peripheral nerve regeneration,
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hepatic regeneration, insulin-producing islet cell regeneration, functional repair of myocardial infarction, and recovery
of renal function has recently been shown in in vivo models
[124–130]. In most of these in vivo studies, undiﬀerentiated ASCs proliferated under conditions preserving the undiﬀerentiated state were transplanted or used to assemble
tissue engineered constructs. Nevertheless, some researchers
used ASCs prediﬀerentiated in culture [131] or genetically
modified ASCs in their in vivo models [129, 132, 133].

8. Final Remarks
Apart from all the proven basic scientific evidence in in vitro
and in vivo studies which have been accumulated during the
last few years, we are at the beginning of a new era of stem
cell therapy. ASCs are probably one of the most powerful
adult stem cells. Both preclinical studies and clinical trials
using ASCs have been initiated for autologous or allogenic
therapeutical trials (recently reviewed in [134]). Nevertheless, the lack of standardization in the isolation methods and
culture protocols needs to be overcome in order to eliminate
the significant variability in cell quality. Research progress
has also been hampered by the limited knowledge of ASCs’
subsets, due to the lack of unique markers for their isolation.
In addition, good manufacturing practices (GMP), qualified
isolation, and culture protocols are needed for the use of
ASCs in clinical trials [135, 136]. A variety of other questions
need to be answered before ASCs can be used in standard
clinical usages: bio-safety (tumour capacity), reproducibility,
and eﬃciency of transplanted ASCs. Moreover, additional
studies using in vivo models are needed to augment our
understanding of how the migration, growth, and diﬀerentiation of ASCs are governed by interactions with resident
cells, growth factors, and cytokines during regeneration or
repair. Nevertheless, the entirety of recent in vivo studies and
of the few published case reports and clinical trials has shown
that ASCs are on the direct path to their clinical usage for the
treatment of a multitude of diseases.
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